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Introduction

The attempt to describe the behaviour of Nature accompanied the human development. At
the end of the XIX century, the incredible technological boost allowed scientists to successfully
explain macroscopic phenomena using microscopic principles. If, in the beginning, the exper-
imental observations came before the theoretical explanations, in the first decades of the XX
century, particle physics studies started to predict the presence of phenomena which would have
been observed only years later. This happened in the 1930, when Wolfgang Pauli noticed that,
being the -decay electron spectrum continuous, a third invisible particle had to be involved.
This particle, with null electric charge and extremely light (or massless), was baptized neutrino
by Enrico Fermi, that in 1934 developed a theory to explain the nuclear 5-decays [1]. The physics
community was eager to observe this particle, which seemed to be necessary to explain the ex-
perimental results. However, a light neutral particle could not be seen directly in a detector; for
this reason, it was clear that neutrinos could only be observed detecting the charged products of
their interactions with other particles. In order to do so, physicists required a neutrino source;
fortunately, in those years the research about nuclear fission was very vivid and several nuclear
plants were available. Since in fission chains [-decays occur, it was clear that if neutrinos were
real, nuclear plant should have been able to provide a large number of neutrinos. However, the
Fermi theory predicted a very crucial feature: the neutrino cross sections are extremely small
and for this reason their interactions are very rare. It took 20 years to develop a technology
adequate to neutrino observation: Clyde Cowans and Fred Reines, placing a detector near to
the Savannah River nuclear plant, observed for the first time in 1956 neutrinos [2] through the
inverse (-decay (IBD) reaction

Ve +p—e€" +n. (1)

This discovery not only confirmed the existence of a particle postulated 26 years in advance,
but also boosted the particle physics research in the neutrino sectors in the theoretical, phe-
nomenological and experimental fields. Indeed, neutrino studies have always been challenging
and required a huge scientific effort.

The 1936 discovery of a heavier counterpart of the electron, namely the muon [3], suggested that
for each particle, there may exist a few copies with different masses. Thus, after the discovery
of the first neutrinos, which coupled to electrons coming from [S-decays, the experimental com-
munity started to search for a second neutrino. In 1962, at Brookhaven National Laboratories,
Lederman, Schwartz and Steinberg, were able to create and detect a muon neutrino beam from
pion decays [4]. One more time, theoretical predictions were confirmed. When in 1975 a third
charged lepton, the 7, was observed [5, 6], it became evident that a third neutrino should have
existed. But, in this case, its discovery was not so straight-forward. First of all, muon neutrinos
can easily be obtained using light meson decays, while tau neutrinos, being always coupled to
the heavy 7 lepton, can only come from heavy (charmed, for instance) hadrons, which are clearly
more complicated to produce. Moreover, the charged current interactions of neutrinos (like the
IBD), which allow to both observe the particle and determine its flavor, in the v, case, require
high neutrino energies, higher than 3 GeV. 25 years after the 7 lepton discovery, in 2000, the
DONUT experiment was able to observe 4 tau neutrinos [7], finding the latest of the leptons. In
this experiment, high energy protons interactions were used to produce charmed meson, whose



decays generated neutrinos of all three flavors; using a very performing detector, some events in
which a 7 lepton appeared after a neutrino interaction were observed.

Besides the first detection of the three neutrinos, a certain number of neutrino experiments were
built in the second half of the XX century. One of their main goal was to observe neutrinos from
different sources: the Sun, the atmosphere, supernovae, particle accelerators or nuclear reactors.
In particular, solar neutrinos, which come from nuclear fusion reactions, were very interesting,
since their abundance is a direct probe of the inner solar composition. The astrophysicist John
Bahcall, together with the particle physicists Raymond Davis Jr., in 1960 developed the idea of
a detector able to observe solar neutrinos [8] through the radiochemical reaction

Ve + 37C1 — ¥Art + e (2)

In order to lower the background this detector was placed underground in the Homestake mine
and lasted from 1970 to 1994. The conclusions [9] were very interesting: solar neutrinos were
observed, but their flux was not compatible to any of the solar models. In particular, only
1/3 of the neutrinos predicted by Bahcall seemed to reach the detector. The solar neutrino
problem started a debate in the scientific community about its origin. The final answer to the
problem came in the 1998. The Super-Kamiokande experiments, looking at neutrinos from the
atmosphere, observed that, depending on the distance they travelled, the flavor composition of
atmospheric neutrinos was different [10]. This suggested that neutrinos undergo the phenomenon
of flavor oscillation. Flavor oscillations are caused by the fact that the mass states do not
correspond to the flavor ones and for this reason, while propagating, particles can change their
flavor. The neutrino oscillation hypothesis, which was first studied by Pontecorvo in 1950s
[11] and then by Nakagawa, Maki and Sakata [12] in the 1960s, was also able to explain the
solar neutrino deficit, but introduced a problem in the particle physics framework: if neutrinos
oscillate, they must have a mass. However, this mass is so small that we have not been able
to observe it so far; a natural explanation of such small masses is one of the most appealing
theoretical aspects of the neutrino sector.

Going back to neutrino oscillations, it can be easily shown that, at least in the standard particle
physics approach, they are governed by only 6 parameters: three mixing angles, one CP-violating
phase, and the two independent neutrino mass differences (or mass splittings). Differently
from the quark sector, in which the oscillation phenomenon is well known since 1960s, neutrino
oscillations are characterized by large mixing angles [13]. Moreover, the two mass splittings
turned out to be very different; this allowed to search for oscillation in different regimes and
using neutrinos from several natural and artificial sources.

In roughly 25 years, oscillation experiments were able to measure almost all the oscillation
parameters (only the CP-violating phase is mostly unknown) with a few percents uncertainty.
However, other than the phase determination, there are also other open questions in the neutrino
oscillation framework; for instance, it is still unknown which of the three mass eigenstates is the
heaviest. Indeed, while the sign of the smallest of the two mass splittings has been measured
(m3 —m? > 0), the sign of the largest one (m% — m?) is still undetermined. For this reason a
few next-generation oscillation experiments are being currently built. Among them, future long
baseline accelerator experiments, which use artificial neutrino beams coming from a particle
accelerator facility, are very promising. In particular, DUNE [14] in the USA and T2HK [15]
in Japan are expected to determine the oscillation parameters with a great precision. For this
reason, oscillation measurements in the next decades may be able to catch also tiny new physics
effects. Indeed, there exists several Beyond the Standard Model (BSM) models which modify the
oscillation probabilities at the percent level. These models may introduce new particles which
mix with neutrinos (like light or heavy sterile neutrinos) or new interactions in the leptonic
sector. Studies about the capabilities of future experiments in constraining these BSM models
suggest that DUNE and T2HK should be be very promising in this context. In this dissertation,
we will present some results about the performances of future Long Baseline (LBL) experiments
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obtained in [16] (short discussion in Sec. 4.1.4), [17] (Sec. 5.2), [18] (Sec. 5.3), [19] (Sec. 6.1),
[20] (Sec. 6.2), [21] (Sec. 6.3) and [22] (Sec. 6.4). The scope of this thesis is to clearly show
how the rich phenomenology of the long-baseline experiments is crucial to extend our knowledge
about neutrino physics. In particular, we want to underline that the extremely large number of
events that the future long-baseline experiments will observe can be analyzed to provide precise
measurements of the standard oscillation parameters and give a great opportunity where to
search for several different new physics effects. To this aim, in the following chapters we suggest
some strategies which can be adopted in order to maximize the sensitivity of the experiments to
standard and new physics parameters, taking full advantage of the unprecedent richness of the
DUNE and T2HK datasets.

The thesis will be organized as follows. In Chapter 1, the Standard Model of particles will be
briefly described, with a focus on the role of neutrinos. In Chapter 2, the phenomenon of neutrino
oscillation will be discussed in details and the current experimental results on the measurements
of oscillation parameters will be presented. In Chapter 3 we will go beyond the Standard Model,
describing how new physics models may affect neutrino oscillations. In particular, we will have
a closer look to a few of them, namely the sterile neutrino, the Non Standard Interactions,
the neutrino decay and the Non Unitarity models. In Chapter 4, the main features of the two
future LBL experiments DUNE and T2HK will be presented. Finally, the main results of this
dissertation will be extensively discussed in Chapters 5 and 6. In the former, after a description
of the software used for the experiments simulations, we will show two examples on how the
complementarity between DUNE and T2HK experiments can be used to improve measurements
in the standard oscillation framework and in a BSM model (the Non-Unitarity model). In the
latter, we will propose four new approaches to bound different BSM models at DUNE.



Chapter 1

Neutrinos and the Standard Model

Since the beginning of our history, we have been aware of the fact that there are some funda-
mental forces behind natural phenomena. In our current knowledge, we can distinguish four of
them: electromagnetic, weak, strong and gravity forces. Quantum field theory [23-25] allowed
us to describe in only one theory the first three. This theory, based on the local symmetry
SU(3) x SU(2) x U(1) is called Standard Model (SM) of particles. The SM is one of the most
successful models in physics, being able to predict with an astonishing precision different pro-
cesses.

The Standard Model describes three of the fundamental forces as mediated by the exchange of
particles, in particular spin 1 bosons. The matter particles, on the other hand, are divided in
three generation of spin 1/2 fermions, each of them including two quarks and two leptons. The
symmetry principles that are behind the construction of the standard model predict that all the
particles must be massless. However, we observe that most of the particles we know do have
masses [13]. The mechanism that generates such masses is a spontaneous symmetry breaking
(SSM) process called Higgs mechanism [26-29]. The particle responsible of this mechanism is a
spin 0 boson, the Higgs boson, which completes the particle content of the SM. This particle,
introduced in the theory in the 1964 has been observed in 2012 at the Large Hadron Collider
[30, 31] confirming the incredible predictive power of the SM.

Despite its great success [32-36], the Standard Model still fails to explain some very important
phenomena [37-43]. One of them, will be central topic of this dissertation: neutrino oscillation.
We will discuss it in details in the next chapter.

1.1 Gauge interactions and particle content

In the SM, fundamental interactions are described by a Yang-Mills theory [44] based on the
non-Abelian local (gauge) symmetry group SU(3)¢ x SU(2)r x U(1)y where C denotes color,
L left-handed chirality and Y the weak hypercharge. The generators of this large group are the
mediators of the fundamental forces. In particular, the color-charged eight generators of SU(3)¢
are the strong force mediators and are called gluons. The four generators of the SU(2), x U(1)y
are on the other hand the mediators of the electromagnetic and weak forces. The gauge bosons
lagrangian can be written as

1 v 7 Uy i j LV
Loy = —Z[FWF” + K, K"+ V), VI* ], (1.1)

where F,,, K}, (i=1,2,3) and V], (j=1...8) are the field strength tensors for U(1)y, SU(2), and

SU(3)¢ respectively, which can be written as



F, = 0,B,—0,B, (1.2)
K, = 0W,—0,W.+ ge"*"WIW}
Ve, = 0,G,—0,G, +d"f7GGE

In these equations, B,,, W/i and GY are the twelve vector bosons fields which mediate the three
fundamental forces described by the SM. Moreover, g and g” are the gauge couplings of SU(2)y,
and SU(3)c and 9% and f¥* are the structure constants of the two groups.

The fermions in the SM are described by the Dirac free massless fermion lagrangian

L; =iy, (1.5)

which, in order to be invariant under the SM symmmetry group, must be modified using the
substitution v
ny T igW;Ti — igSGiaj (1.6)
where g, ¢ and gg are the gauge couplings, Y/2 is the hypercharge operator, 7° and o’ are
the non-abelian groups generators acting on the ¢ field. Mass terms, which can be written as
m1) are not invariant under the group SU(2)., which act differently for the left-handed and
right-handed components of the spinors!. For this reason, at this point, the SM predict all the
fermions to be massless just like the gauge bosons.

We can divide the SM fermions in quarks and leptons. The quarks are organized in a SU(2),

doublet
. ur,
L= ( dr, ) <1'7)

and two SU(2),, singlets ur and dr which denote the right handed components. The leptons,
on the other hand, are organized in a SU(2), doublet

L= ( ?LL ) (1.8)

and one singlet [r. Right-handed neutrinos, which may act as singlet under the full SM group,
are not present in the SM. In the following chapter, we will explore the consequences of the
addition of the right-handed neutrinos in the model.

Omu — D, =0, —ig'B

1.2 The Higgs mechanism

At this stage, none of the matter particles have a mass. This is obviously not in agreement
with experimental observation. Indeed, we know that not only all the charged fermions (quarks
and leptons), but also the two weak interactions mediator bosons are massive. One single
mechanism, introduced in the 1964 [26-29] is able to reconcile all the masses measurements.
This process is based on the spontaneous symmetry breaking (SSB) of the SU(2), x U(1)y
symmetry (electroweak symmetry) down to the electromagnetic gauge symmetry U(1)gy. The
particle which is responsible of this breaking is a SU(2)., doublet of scalar fields

P — ( ?; ) (1.9)

In the chiral representation, every spinor can be written as 1 = (¢r,¢r). BEarly experiments on weak
interactions demonstrated that they involve only the left-handed component of Dirac spinors.




of hypercharg Y = 1. This doublet, the Higgs doublet, allows for two new terms in the SM
lagrangian

Ly = (D) (D"®) - V(|2]) (1.10)

where the former is the kinetic term and the latter the scalar potential. The presence of such
a potential allows these fields to break the electroweak symmetry. Indeed, if the minimum of
V' is not located at |®| = 0, when the scalar field falls into its vacuum state, the lagrangian
spontaneously breaks the SM group. The general Higgs potential can be written as

V(®]) = 42| + Ao (L11)

This potential, if 4> and A are positive, is minimized for |®| = p/v/2\ = v/+/2 where v is called
vacuum expectation value (vev) of the Higgs field. Thus, in its vacuum state the scalar fields can
assume any value for which |®| = v/4/2; the most convenient choice is

By = ( U/Oﬁ ) | (1.12)

We can at this point expand around the minimum of the potential, writing the Higgs field as
® = H + ®y, where H is the physical Higgs particle field which appears as perturbation of the
vacuum state. The constant term &, modifies the gauge boson lagrangian, which now contains
the term

1}2

Egbmass = g[(g/Bu - ngi%)Z + 2g2W:W7M] ) (113)
where W+ = (W' 5 W?)/y/2. These two terms correspond to mass terms for a neutral gauge
boson, namely the combination ¢'B, — ng’ and a charged one (with its antiparticle) W/j .
Introducing the so called Weinberg angle

/

tan Oy = 2, (1.14)
g

we can rotate the two fields Wj and B,, defining two neutral Z,, and A, fields

Z, = Wj’ cos by — B, sin by (1.15)
A, = Wj’ sin Oy + B, cos Oy . (1.16)
After this transformation, the lagrangian mass terms for the gauge boson can be written as
2,2
gv 1 _
L jpmass = Z, 2"+ 2W W H 1.17
gb 8 (0082 Ow " W ) (1.17)

that show that Higgs mechanism generates the masses for the Z neutral boson (mz = gv/2 cos Oy )
and for the W charged bosons (my = gv/2). The other field A,, which is a combination of two
generators of the electroweak gauge group, remains massless. Such a field is nothing but the
photon field, the meadiator of the electromagnetic force, which can be considered as the gener-
ator of the U(1)q symmetry that survives the electroweak SSB. Looking at the fermions-gauge
bosons interactions terms in the elctroweak sector, we obtain

Y L
Eint = gIB,quPYMw + QWZTﬁTz’Y“?ﬂ = (118)

_ Y - Y
= eA " <73 + 5) P+ cosg9 Z, " (cos2 0,73 — sin? HWE) Y+
W
g - _ 7 _
+E(WJ¢V”T+¢ + W,y T )



Q T 73 Y
v | 0 | 1/2 | +1/2] -1
Lepton Left-Handed Doublet PP I B YO R YO
Lepton Right-Handed Singlet | eg | -1 0 0 -2
ur | 2/3 | 1/2 ] 4+1/2 ] 1/3
Quark Left-Handed Doublet 4 312 12 (13
u-quark Right Handed Singlet | ug | 2/3 | 0 0 4/3
d-quark Right Handed Singlet | dg | -1/3 | 0 0 |-2/3

Table 1.1: Electroweak quantum numbers of the SM particles.

where we have defined the electric coupling e = gsin 0y and 75 = 7! £ i72. It is clear that the
strength of the interactions is determined by the quantum numbers of the fermions. In particular,
these numbers are fixed by the so-called Gell-Mann-Nishijima relation [45, 46] Q = 7° + Y/2
which can be defined starting from the electromagnetic interaction term and fixes the electric
charge of the fermions. Since neutrino fields are the upper components of the left handed lepton
multiplets, we have that 75 = 1/2 (see eq. (1.8)). For this reason, we need the hypercharge
of the lepton doublet to be Y;, = —1 in order to obtain neutral neutrinos®. This choice also
allow us to have @) = —1 for the charged leptons, which is what we expect experimentally [47].
Given that, we obtain that neutrinos in the SM interact only via weak interactions, which can
be neutral current (NC) interactions, mediated by the Z boson

g _
L = —— 7K i 1.19
NC 2 cos Oy vy vL ( )

and charged current (CC) interactions, mediated by the W bosons

LCC = i(I/VJrﬂL’}/‘ulL + Wil_L’y‘ul/L). (120)

V2

1.3 Neutrino interactions in the SM

Experimentally, we know that the vector bosons W# and Z have a mass of ~ 80 and ~ 90 GeV,
respectively [48-52]. Thus, they are two of the most massive elementary particles, and if their
kinetic energy is low in respect to the mass (which is a good approximation when we consider
terrestrial neutrino interactions), their mass is the only contribution to the propagator. Thus,
when we consider neutrino interactions, it can be convenient to use the four fermions Fermi
effective theory, in which the effect of the bosonic mediator is only a suppression of the coupling.
The effective NC and CC lagrangian can written as a current-current interaction

NC . .
£eff = —E]Z“JZ (1.21)
G
cc F T .
Eeff = —EJW“J%
(1.22)
where we have defined the Fermi constant
T
Grp = - . (1.23)
V2 sin? Owmz,

2See Tab. 1.1 for a summary of the electroweak quantum numbers for quarks and leptons.



Focusing on the leptonic sector (the quark sector is completely analogous) the currents are
gy = vy (1 —A°) = 207ter, (1.24)

1
o= oy 4 <—1 + 3 sin? 0W> eryter + 2sin® Oy eryter. (1.25)

where the factors —1/2 + sin? fy and sin? fy are usually called g7, and gg, respectively. Using
these currents, it is possible to study all the neutrino interactions in the SM. Let us take the
simplest case, namely the v, scattering on an electron (we will talk about how the neutrino
flavors enter in the game in the next section). In this case, we have two different channels, the
s channel, with a W boson exchange, and the ¢ channel with a Z boson exchange. In the Fermi
approach, the total effective lagrangian density is

£- G_/%{W(l —P)ellEna (1 — )]+ (L~ P Werley — gAw)el}  (1.26)

where gy and g4 are the neutral current vector and axial electron couplings, namely gy =
—1/2 + 2sin*fy, and g4 = —1/2 (notice that these can be obtained rearranging eq. (1.25)
through the relations 2g;, = gy + g4 and 2gg = gy — ga). Performing a Fierz transformation,
this lagrangian becomes

L= G—\/g[w“(l — W1+ go — (1+ ga)ys)e] - (1.27)

We can now introduce the inelasticity defined as

1.2
Ey ) ( 8)

Y

this quantity, being a Lorenz invariant, can be expressed in terms of the scattering angle 6* in
the center of mass frame

1
Yy = 5(1—0080*). (1.29)

For this reason, it is easy to write the scattering cross section in terms of y considering the angular
distribution due to the spin configurations of the process. Indeed, when neutrinos interact with
left handed particles, the total spin is forced to be 0, so the angular distribution in the center of
mass frame is flat. On the other hand, when neutrino interacts with right handed particles, the
total spin is 1, and in terms of the inelasticity, the angular distribution is (1 — y). Thus, given
the lagrangian in eq. (1.27), we have

do(v—e) Gps
dy oo

1 2
(5 + sin? ew) + sin® Oy (1 — y)2] (1.30)

where s is the usual total quadrimomentum. Integrating over the entire range of variability of
y, namely from 0 to 1, we easily obtain

1 1 E,
(5 + sin? 6W> + 3 sin HW] ~ 1074 ( > em? (1.31)

2
_ G%s

™

o(v—e)

GeV

which is a very small cross section compared to other processes in which charged particles are
involved. It is straight-forward to obtain the antineutrino scattering cross section just considering
that in this case the spin configurations are the opposite due to the fact that antineutrinos are
right handed particles. We obtain
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3\2 GeV

1/1 . 9 S 4 —u( By 2
— | = +sin“Oy | +sin* by | ~ 0.5 x 10 cm®. (1.32)

With the same procedures one can compute the cross sections related to the interactions with
quarks and, considering the parton distributions, also with hadrons.

1.4 The fermion masses

The Higgs mechanism is able to generate not only the weak interactions bosons masses, but also
the fermion masses. Indeed, it is possible to consider new invariant and allowed terms in the
lagrangian which correspond to the Higgs-fermions interactions, that can be written as

»CYuk = —deL(I)dR — yuQL(I)CUR — ylEL(I)lR + h.c. (133)

where 4 are the so called Yukawa couplings, that can be taken as real given a rephasing of the
fermion fields, and ®¢ = i72®* is the charge conjugate of ®. Notice that, given the neutrality of
the physical Higgs boson field H, Y3 = +1 and Y. = —1. After the SSB, the vev contribution
to ® generates fermion mass terms (otherwise not allowed in the lagrangian since left and right
handed fields transforms differently under the SM gauge group)

Lim = %[—yddd — g au — y'll] + h.c. (1.34)

that predicts the fermion masses to be proportional to the Higgs vev. It is worth to mention
that the Higgs mechanism does not provide neutrino masses, since the right handed neutrino
fields are missing in the SM.
The particle physics experiments have so far demonstrated that exist three copies of each SM
elementary particle. These copies are called generations and to each generation corresponds a
flavor. The presence of three generations of particles brings some interesting questions in the
game. For instance we do not know why there are exactly three generations and many theoretical
efforts have been done in order to understand if there could be a flavor symmetry® beyond the
SM group that can explain the differences between the particle generations [53, 54]. The three
particle generations lead to new phenomenological implications in the SM framework. Let us
consider the quarks, which in the Standard Model are represented by a left handed doublet and
two right handed singlet for each generation. Their Yukawa lagrangian can be written as

Lyur = —y%@i@d% — y%@i@u% + h.c. (1.35)

where now we have introduced the indices i and j that denotes the three generations. After the
SSB, this lagrangian generates the quark masses and the following terms appear

L= —m%JiLdJé — mlfjﬂiug{ + h.c. (1.36)

Now we have two complex mass matrices, that can be diagonalized through a bi-unitary trasfor-
mation, namely
m® = UlmiUs and m" = Vim"Vy (1.37)

where the U and V' matrices are unitary matrices and the m matrices are real and diagonal.
If we apply the unitary rotations to the quark fields (obtaining now new fields u}, p and d7 p),

3Notice that in the standard model the three generations are just copies of the same structure, thus the
standard model quantum numbers do not depend on the flavor.
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the lagrangian is written in the mass basis and there are no terms which mixes the generations.
However, this change of basis affects the interactions terms. Let us consider the charged current
weak interaction term. In the mass basis it becomes

9 —i i _
Ly = EW:UL’yﬂdL + h.c. = (1.38)
— Lwranul)uuiytdi + he. (1.39)

V2

where now it is clear that when we consider the interactions between actual massive particles
(which are the mass eigenstates u}, p and dj, ) we need to take into account the entries of the

complex unitary matrix VLUE, that is called the Cabbibo-Kobayashi-Maskawa (U“%M) matrix
[55, 56]. A general n X n unitary complex matrix has n? real parameters, which can be chosen
as n(n — 1)/2 mixing angles and n(n + 1)/2 phases. In our case, we can remove 2n — 1 phases
by rephasing the left handed particle fields; indeed performing the same rephasing on the right
handed fields the lagrangian is unaltered, indicating that such phases are not physical. Thus,
the mixing matrix is left with only (n — 1)(n — 2)/2 physical phases. In the SM, where the
number of generation is n = 3, we can write the mixing matrix in terms of 3 mixing angles and
one phase in the following way

—id

C12C13 S$12€13 S513€
. i 19
Uckm = = | —S12023 — C12523513€" C12C23 — S12523513€" 523C13 , (1-40)
& 6
512523 — C12C23513€" —C12523 — S12C23513€" C23C13

where s;; = sin6;; and ¢;; = cos 0;;. These four parameters in quark sector have been measured
with a good precision so far [13, 57| showing that one of the three angles has a considerable
effect (0], ~ 13°) while the other two are very small. The phase, which is responsible of the CP
violation in quarks processes, has also been determined to be different from zero.

In the leptonic sector, the situation is different. The three charged particles are the electron (e),
the muon (u) and the tau (7), which have masses of respectively 511 KeV, 106 MeV and 1.77
GeV [13]. To each of these three particles correspond a neutrino. In absence of neutrino masses,
it is clear that the SM [58] is also invariant under rotations of the electronic, muonic and tau
fields, namely under the group U(1). x U(1), x U(1),. For this reason, we expect that in all
the processes we observe in particle physics, the lepton flavor number must be conserved along
with the total lepton number. Thus, for instance, the process v, + e — v, + e can only occur in
neutral current, otherwise we would need a muon neutrino to turn into an electron through the
W boson exchange violating the lepton flavor number. The fact that neutrinos are massless in
the SM, has also another important consequence: differently from the quark sector, the leptonic
flavor oscillations should not occur. Indeed, in the SM leptonic sector we only have one mass
matrix which is diagonalized by two matrices Uy and Ug. Since the rotation matrix is the same
for both entries of the SU(2) doublet, the weak interaction lagrangian term is left unaltered.
However, neutrino oscillations have been experimentally observed in 1998, bringing to one of the
most important particle physics discoveries of the last decades. The presence of this phenomenon
established that neutrinos must be massive and paved the way for a huge number of theoretical,
phenomenological and experimental studies, as we will widely discuss in the next chapter.
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Chapter 2

Neutrino oscillations

Neutrino oscillations have been one of the most studied processes in the last decades. Several
neutrino experiments succeeded in observing the phenomenon and in measuring the parameters
involved. In this chapter we will discuss the formalism of the oscillations in vacuum and in
matter as well as the strategies one can adopt to measure each oscillation parameter. At the end
of the chapter we will briefly discuss how the neutrino masses, which are non-vanishing since we
observe oscillations, may be introduced in the SM.

2.1 Formalism of the oscillations

If neutrinos are massive, whatever their mass is, they can undergo the phenomenon of neutrino
oscillations. As we will show in few lines, we only require that all the three neutrinos do not
have the same mass. The theory of neutrino oscillations was born at the time of the first neu-
trino observations [11, 59]. Then, in the following decades, such phenomenon has been used to
explain some discrepancies between data and theory [8, 60-64], until it has been observed and
discovered in 1998 by the Super-Kamiokande experiment [10]. We will discuss in the following
sections how neutrino experiments are able to study this phenomenon.

Neutrino oscillations occur when neutrinos change their flavor during their propagation. This
process is governed by the oscillation probabilities, which can be obtained from a mixing matrix
and the knowledge of the differences between neutrino masses. The mixing matrix, which theo-
retically can be obtained in the exact same way of the CKM matrix, is called PMNS (Pontecorvo-
Maki-Nakagawa-Sakata) matrix [11, 59] and can be parameterized using three mixing angles and
a complex phase.

Let us now discuss how to obtain the neutrino flavor transition probabilities. First of all, we can
consider a neutrino flavor eigenstate of momentum p [65]. This state must be created from the
vacuum by the neutrino conjugate field, thus can be written as superposition of mass eigenstates
in the following way

Va(P) Z i [Va(p) (2.1)

where the greek subscripts denotes the flavors, the latin ones the mass eigenstates. The matrix
U is the leptonic PMNS mixing matrix. If we consider the neutrino state after a time t, it
evolves, following the Schroedinger equation

va(p)) = e—zEtZ |va(p) (2.2)

where FE is the neutrino energy. Experiments were able to set very stringent bounds to the
neutrino mass [66-71] so far (m, < 1 eV). Moreover, cosmological observation could set even
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more stringent bounds on the sum of all neutrino masses > >, m,, < 0.1 eV [72-74]. Thus, when
we deal with neutrinos we are always in the ultra-relativistic limit, in which we can write

2
Ei=\[p*+m2~p+ ot (2.3)
K3 7 2p .

where we assumed that all eigenstates have the same momentum. If we want to determine the
probability that a neutrino of flavor a turns into a neutrino of flavor S at a given time t, we
need the following amplitude

Aap = (vs(p)lvalp;t ZUBJ Usie™ " (vi(p)lvi(p)) = (2.4)
= Z UBZU;ZQ_ZE’Lt

which has to be squared

= (2.5)

Z U,Bz Ua*ie—’iEit

= ZU& U Unje BBt

In the ultra-relativistic limit, we can write ¢ ~ L and p ~ F, obtaining that F; — E; =
(mi —m3)L/2E = AmZ,L/2E. Thus, as already mentioned, the oscillation probabilities only
depend on the so- Called mass spittings Am”, this is the reason why we need not only non-
vanishing, but also non-degenerate mass eigenstates to observe neutrino oscillations. Rewriting
eq. (2.6) in a convenient way, we obtain the general neutrino oscillation formula

Am?2.
Pug = Oup —4 UpiUZ,Uj U, sin® 2L 2.6
§ = S AR g (L) + (2:6)
Am?,
+2; [UsU UﬂjUw]sm( 2E3L> :

Some remarks about the probabilities. If we consider antineutrinos, we need the substitution
U — U*. Thus, the first two terms of the probabilities are unaltered, while the last term which
involves the imaginary part of the combination of matrix elements changes sign. For this reason,
if the mixing matrix is real, there are no differences in the probabilities (no CP violation). In
the three neutrino framework, however, we have one complex phase surviving in the matrix
and for this reason we expect in general to observe CP violation. Moreover, any rephasing of
the mixing matrix, do not affect probabilities. Thus, Majorana phases (which will be discussed
later) cannot be determined studying oscillations.

Another interesting approach to obtain oscillation probability, makes use of the neutrino Hamil-
tonian. In this case we describe neutrinos as n level quantum mechanical system. Given that, it
is possible to write the flavor eigenstates vector in terms of the mass eigenstates vector through
the mixing matrix vy = Uv,,. The Hamiltonian of the system in the mass basis is the free
particle one, namely

(Hum)ij = 6 (29 + ;%2) : (2.7)
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Figure 2.1: Feynman diagrams of the neutral current (left) and charged current (right) neutrino interactions

with matter.

The subtraction of a contribution proportional to the identity matrix does not affect the oscil-
lation probabilities. The Hamiltonian matrix can be thus written equivalently as

1
H,, = — diag(0, Am3,, Am3, ). (2.8)
2F
In the flavor basis, the Hamiltonian becomes Hy = UH,,U'. Using the Schroedinger equation
for the Hamiltonian operator, we obtain the transition amplitude

Awp = VgUe*iHmLUTVa: (2.9)

. ) t —iHmnmL TT*
= Ugjvje viUL =
'Amlva

= ) UslUse 2
7

which is equivalent to the previous expression.

2.2 Oscillations in matter

If neutrino travel through the Earth, or in any matter media, they can undergo weak interactions;
this can alter the oscillation probabilities. Wolfestein, Mikheyev and Smirnov [75-77] studied
for the first time the effect of the matter (called MSW effect) in neutrino propagation. Indeed,
the neutrino Hamiltonian can get contributions at the first order in the small coupling G if we
consider the coherent forward scattering on the matter particles. Even though the contribution is
small, it has to be compared to neutrino mass splittings (which appear in the free Hamiltonian)
and for this reason it can become non-negligible.

Let us now consider the processes which occur during neutrino propagation in matter. They
can be Neutral Current (NC) interactions, in which a neutrino of whatever flavor scatters on a
proton, a neutron or an electron exchanging a Z boson, or Charged Current (CC) interactions,
in which only the electron neutrino scatters on matter electrons exchanging a W boson. The
Feynmann diagrams corresponding to the two interactions are shown in Fig. 2.1. We will focus
on the latter contribution first. The lagrangian term is the usual charged current lagrangian
which can be written as

Loo = %wu — e[l — 5] (2.10)
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and becomes

Lee = ZEp (1 =" uller1 = 10)e @.11)

after a Fierz transformation [78]. Since in the medium in which neutrinos are propagating we
have not single particles but an electron number density N,, we can define the electron density
matrix

Z/d?’ e(p ( My, S(0.T) (2.12)

where f is the normalized statistical momentum distribution of electrons at a given temperature
T. Thus, we can integrate out the electrons in the lagrangian using this density matrix in the
following way

L = Tr(Locp.) = (2.13)
_ _Gr 1 1 D, T)=
- Sl Z / N en(t = )ele(F.s)) f(p. T) =
— _C;i/]_ve[yefw(1—fy5)ue]/d3pTr [p;;gnw(l—f’) fp,T) =

GFN 5 / 3, Pu
= v (1 =7")ve] | &>p—f(p,T).
=] [ an g1
In the rest frame of the matter medium the momentum distribution can be considered an even
function. Thus, the integral vanishes unless u = 0. Using the normalization of the distribution,
we finally obtain

S 1 = . @2.14)

Eef f_

This term, linear in the weak coupling G g, becomes a new contrlbutlon to the neutrino self
energy that can be written as écc = V2G NPy, where P, = 1= is the operator which picks
only the left handed neutrino component. The dispersion relatlon thus becomes

(E —V2GErN,)? = m? + p? (2.15)

that, in the ultra-relativistic limit, can be written as

2
E~p+ 7;1 +V2GrN,. (2.16)
P
If we consider the existence of three different neutrino flavors, the Hamiltonian is therefore
modified with the addition of the term

Hee = V2GpN, diag(1,0,0) (2.17)

since only the first neutrino flavor, namely the electron one, can undergo CC interactions during
the propagation. If we consider antineutrinos, pg is negative; for this reason, the matter potential
term in the Hamiltonian changes sign in this case. Thus, the matter potential, together with the
PMNS matrix phase, are the only parameters responsible of the differences between neutrino
and antineutrino oscillation probabilities.

Let us now consider the NC contribution. Such interactions can involve any neutrino flavor
and any matter particle. If we are in a neutral medium, electrons and protons are in equal
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number and for this reason their contributions (which have opposite signs) cancel out. The only
remaining term is due to the neutrons density. Considering the NC lagrangian and repeating the
same procedure discussed for the CC interactions, we obtain a new contribution to the neutrino
Hamiltonian

\/]_2\[" diag(1, 1, 1) (2.18)
where N, is the neutron number density. In this case, since the neutral current interactions are
flavor independent, this contribution does not affect the oscillations, since it is proportional to
the identity and can be subtracted from the Hamiltonian. However, if there are sterile neutrinos
or if we consider other exotic physics this term can be important and can affect oscillations (see
Ch. 3).

If the electron density is constant through the medium, we only have an additional term in
the Hamiltonian which changes its eigenstates and eigenvalues. Thus, the matrix is no longer
diagonalized in the flavor basis by the PMNS matrix, but by a new matrix U that depends on
the mixing angles and phases and on the matter potential. On the other hand, if the electron
density is not constant, the matter neutrino eigenstates in matter will become time-dependent.
In the flavor basis the time evolution equation is in this case

Hye = —

dvy d(UD)
dt

= UH,U'UD (2.19)

where U are the new matter eigenstates and Hy = UtH fU is the diagonalized effective Hamil-
tonian. Since now both the matrix U and the eigenstates are time dependent, the equation
becomes

~dp dU dv aUu
— i =UH, — = |U—U! : 2.2
sz +i o v=UHw — Zdt (U iU dt) (2.20)

From this time evolution equation it is possible to extract the oscillation probabilities in the
most general way.

2.3 Two flavors oscillations

In nature we know that neutrinos can assume three different flavors (or at least three different
active flavors, since we have hints of the presence of sterile neutrinos, but we have not discovered
them yet, see Ch. 3). However, it can be useful to study neutrino oscillations in the two
flavors approximation. In this case the transition probabilities are easier to handle (in the full
framework the expressions can be very cumbersome, as we will discuss later) and can explain
different features of the phenomenon. Moreover, given the two measured values of the mass
splittings (which are very different one to each other, see Sec. 2.5), in certain circumstances, it
is possible to decouple fast oscillations from slow oscillations and study the experimental results
using the two flavors formulae [79, 80].

The two-flavors neutrino mixing matrix can be parameterized using only one angle and can be

written as
cosf) sinf
U= (— sin @ cos@) ' (2.21)

Thus, there are no complex phases and for this reason we cannot expect CP violation. The only

mass splitting is Am? = m2 — m?, and the neutrino Hamiltonian (in vacuum) is

Am? [ cosf sinf 0 0 cosf) —sinf
Hy= 2F (—sin0 cos@) (0 1) (sinQ cosé’)' (2.22)
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which becomes

Hy = (2.23)

Am? [ sin®’6  sinfcos@

2F \sinfcosf  cos*0 '
Since we can subtract a contribution proportional to the identity without changing the oscillation
probabilities, we can write the Hamiltonian also as

Am? (—cos(20) sin(26)
Hy= E( sin(20) Cos(29)) (2.24)

that allows us to obtain the oscillation probabilities very easily. The two eigenvalues of the
Hamiltonian in this basis are indeed just E;,, = +Am?/4E, while the two eigenvectors are
11 = (cosf,sinf) and vy = (sinf, — cosf). Thus, at a given time t (or distance L), the neutrino
flavor states are

. 2 , 2

[Va) = cos fe ' iE" 1) + sin fe' " |v2) (2.25)
. 2 . 2

lvg) = sin Qe i 1) — cos fei i |2

and the transition amplitude is simply

Am2L o Am2L

Aunp = (v3(L)|va(0)) = sinf cos b <e’T —e 4B ) = 7sin(20) sin (

Am’L ) . (2.26)

Squaring it we obtain the probability that a neutrino of energy E changes its flavor after a
distance L, which is

(2.27)

2
Pas = sin?(20) sin? <Am L ) .

4F

We usually refer to this probability as the vz appearance. We can obtain the same result using
the general formula written in terms of entries of the mixing matrix (Eq. (2.7)). It is possible
to notice that the mixing angle 6 define the amplitude of the oscillations. Thus, if the angle is
very small, the appearance probability is very close to zero, while if it is maximal (7/4), then
the probability can easily reach 1 when the oscillating term is maximized. In particular, we can
define an oscillation length

2nE

Lo —
07 Am?

(2.28)

that refers to the distance that a neutrino of energy E should travel to have the maximum
probability of a flavor change, namely P75 = sin?(20). Every odd multiples of the length L,
gives maximum probability, while every even multiples the probability is zero. Moreover, since
the mixing matrix is real, it is easy to demonstrate that Pog = Psq.

Given a neutrino of flavor «, the relation
Y Pup=1 (2.29)
!

must hold, where f = «, 8 is the final flavor. This is a direct consequence of the unitarity of the
time evolution operator, but it is also easy to understand from a practical point of view. From
this relation we can obtain the so called disappearance probabilities

(2.30)

2
Pho = Psz = 1 —sin?(20) sin” (A;nEL>

18



that refers to the probability that a neutrino does not change its flavor after travelling a distance
L (or, the probability that a neutrino of a given flavor does not disappear). When the appearance
probability is maximum, the disappearance is minimum. Thus, for odd multiples of the length
Ly, the disappearance probability is zero. Notice that in the literature, the argument of the
oscillating sine function can be written in terms of the A parameter defined as

Am?2L
A= 2.31
1B (2.31)
that, if we want to express Am? in eV?2, L in km and F in GeV, corresponds to
Am?[eV] L{km]
A =127 2.32
E[GeV] (2:32)

Let us now discuss the effect of the matter potential on the two flavor oscillations in the case
of constant electron density. Introducing the parameter V = v/2GpN,! , in the flavor basis, the
Hamiltonian is

Hy= S (Tl o) v (5 0)- 239

If we subtract an identity matrix proportional to V/2, we obtain a traceless Hamiltonian that
can be rewritten as

Am? (—cos(20) +Q  sin(26)
Hr =5 ( sin(20)  cos(26) — Q> (2.34)

where Q = 2VE/Am?. With some manipulations of the Hamiltonian matrix, our expression
becomes

Am?\/(cos2(20) — Q)2 + sin?(26)

H, = X 2.35
f \E (2.35)
— cos(20)+Q sin(20)
» \/(cos?(20)—Q)2+sin?(20) 4/ (cos?(20)—Q)2+sin(20)
sin(20) cos(20)—Q

\/(cos?(20)—Q)2+sin?(20) 4/ (cos?(20)—Q)2+sin®(20)

that is identical to the vacuum Hamiltonian except for the redefinition of the mixing angle and
the mass splitting, which have to be replaced with

Am? = Am? \/(cos2(29) — Q)% + sin?(20) (2.36)
e sin?(20)
SI20) = 20— QP+ sn?(20)

Thus, it is clear that the matter effect both modifies the amplitude and the frequency of the two
flavor oscillations. Regardless of the value of the mixing angle, the matter potential introduces
a resonance condition in the appearance probability, since if @) = cos(26) the amplitude of the
oscillations is equal to one. This is the MSW (Mikheyev, Smirnov and Wolfenstein) resonance
condition [75-77] which has an amplitude proportional to sin(20). Moreover, at the resonance,
the effective mass splitting is Am? = Am?sin(20) which tells us that the oscillation length
rapidly increases if the mixing angle is small. However, the resonance condition can be fulfilled
by either neutrino or antineutrino oscillations, but not by both. Indeed, since V' > 0 for neutrinos
and V < 0 for antineutrino, for a given sign of the mass splitting, the MSW resonance appears

n convenient units, V ~ 7.5 x 10714p(g/em?)Y, eV where Y, is the number of electrons per nucleon.
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only for particles or antiparticles.
If the electron density is not constant in time, the Schroedinger equation showed in eq. (2.20)
does not have a general solution. However, in the so-called adiabatic condition

> 1, (2.37)

‘ Am?
4E0

namely when the matter potential is slowly changing, the appearance probability is given by [78]
1

P.s = 5[1 — cos(26y) cos(20;) — sin(20) sin(26;) cos(P )] (2.38)

where 6; and 0 are the values of the effective mixing angle at the initial and final time respec-

tively, while @ is defined as
L A2
Am
o, = dl. 2.39
= | 55 (239
If, changing the distance L, ® rapidly oscillates, cos ®; can be averaged out to zero, giving a
very simple solution for the appearance probability

P,z = %[1 — cos(26y) cos(26;)] (2.40)

that, in the case of neutrinos produced in a medium with a very high electron density which
evolves to vacuum adiabatically, simply becomes P,s = cos?*(f) that is a constant value. This
approximation can, under some conditions, be used to compute the oscillation probability of
neutrinos produced in the Sun and detected on the Earth. Other solutions of the time evolution
equation have been studied in [81-88].

2.4 Three flavors oscillations

The addition of one single flavor to the previous case makes the computation of the oscillation
probabilities more complicated. Let us first give a look at the mixing matrix in the 3 flavors case.
As already mentioned, a 3 x 3 mixing matrix can be written in terms of three rotation angles and
one complex phase. We need to choose where to assign the complex phase and the multiplication
order of the rotation matrices; even though the parameterizations are all equivalent, it is widely
accepted to use the following

1 0 0 C13 0 Slgeié C12 S12 0
Upuns = |0 o3 S23 0 1 0 —S12 ¢z 0
0 —S893 Co3 —8136_7;5 0 C13 0 0 1
C12C13 S12€13 s13e~"°
= —512023—6125‘235136“S 012023—812=5‘235136i(S 523C13 (2-41)
512523 — 012023813615 —C12823 — =5‘12C23813€i‘S C23C13

where s;; = sin6;; and ¢;; = cos8;;. It is clear that the full oscillation probabilities become very
cumbersome since each term contains the product of four different mixing matrix entries. How-
ever, if one of the mass splittings is zero (or can be neglected) the general oscillation probability
reduces to the two flavors one, where now 6 is an effective mixing angle which can be written
in terms of the three 0;;. Moreover, also if one of the elements of the mixing matrix is zero,
some of the probabilities can be simplified and written in terms of two-flavors oscillations. For
instance, as we will discuss in the following section, s13 < 1; thus, U.s is very small. Neglecting
it, we obtain that all the mixing matrices combinations which appear in eq. (2.7) where a = e
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and/or B = e are zero. For this reason, all the probabilities which involve the electron flavor can
be written in the form

) : 2 m%lL
Pog = 0ap + [1 — 2005 8in7(20,¢¢)] sin® | A i ) (2.42)

Such equations can be used in some approximations and can be very useful, even though they
are not exact and are not catching all the features of the 3-flavors oscillations. Another approx-
imation that is used in some oscillations regimes, is the fast oscillation one. We will discuss
later that one of the mass splittings (Am3,) is bigger than the other (Am3,). Thus, if we are
observing oscillations driven by the latter, the ones driven by the former can be averaged out
since they are very fast. Defining K;j = UpiUy;Uj;Uaj, the oscillation probabilities become

Am3, L

. Am2. L
Pay = By~ 2RSS + K2) - ARG sin? (2525

— 28(K3) sin ( ) (2.43)
which is much easier to handle than full probabilities. When we are at shorter distances, on
the other hand, we can neglect the slow oscillations driven by Am3, and we can choose a
basis in which we observe two flavors oscillations between two neutrino states v = v, and
Vi = So3v, + Cosvy. The oscillation probabilities can be obtained from the two flavors one sub-
stituting the mixing angle with 6,3 and the mass splitting with Am?2,.

It is worth to mention that, differently from the two flavors case, in the three neutrinos frame-
work, due to the presence of the PMNS matrix phase, the CP symmetry cannot be conserved
unless dop = 0,7. If we assume CPT conservation, however, we have that P,; = Pgs,.
We can therefore in principle define three different CP (or equivalently T) asymmetries as
Pog — Pso = Pag — Paﬁ, However, the unitarity of the probabilities imposes that there ex-
ists only one independent asymmetry [89, 90| that can be written as

. [ Ami,L . (AmisL . [(Am3 L
P, — P, =—-4J {sm <2—£3?2) + sin (2—5) + sin (2—271)} (2.44)

where J is the so called Jarlskog invariant defined as
J = 0%3813812012823023 sin 0 (245)

which encodes all the vacuum effects of the CP violation in the oscillations?.

The inclusion of the matter effects further complicates the treatment of oscillations. In this case
there is not an exact expression that can be used to discuss how effective oscillation parameters
are modified by the matter potential. However, there are some interesting features that can
be discussed. In particular, in this case, we have two MSW resonances, since there are two
independent mass splittings. These resonances, depending on the signs of Am?j, can appear in
neutrino probabilities, antineutrino probabilities or both. Being Am3; < AmZ,, around the first
MSW resonance averaging out the fast oscillation, we obtain an effective Hamiltonian for the
remaining two-flavors oscillations is the same as eq. (2.33) after the substitutions V' — ¢,V
6 — 012 and Am?* — Ams3,.

Other regimes in which one of the states decouples for large matter effects or around resonances
have been studied in literature. Moreover, in different studies authors have developed strategies
to compute approximate expressions for the 3-flavor oscillation probabilities in matter [91-96].

2From the experimental point of view, it is convenient, on the other hand, to normalize the asymmetries by
the sum of the considered probabilities. This is because in this way we can consider the fact that, even if the
effect of the asymmetry is big, it can easily be considered as a fluctuation if also the sum of the probabilities is
big. In this case, a different asymmetry for each oscillation channel must be defined, as discussed in the following
chapters.
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2.5 Measurements of oscillation parameters

Many neutrino oscillation experiments have been realized in the last 30 years. They used (and
use) neutrinos from different sources to measure the six oscillation parameters (namely 65, 613,
623, 0cp, Am3; and Am3;). Let us briefly discuss the categories of experiments which have been
used so far to measure the oscillation parameters.

2.5.1 Solar Neutrino Experiments

The energy source of the Sun are the nuclear fusion reactions inside its core. When such in-
teractions consist in the electron capture of a nucleus, electron neutrinos are produced. Thus,
a huge flux of solar neutrinos is expected to reach the Earth. Since the 1960s we were able to
observe solar neutrinos with radiochemical methods [8, 9, 60]. The solar neutrino flux provides
a direct probe of the internal composition of the Sun [97-99]; however, the first measurements
were not in agreement with the solar model. The explanation of this problem, known as solar
neutrino problem [60, 100, 101], provided a boost in the study of neutrino oscillations, which
were confirmed in a different type of experiment years later.

The solar neutrinos energy is small: most of neutrinos are below 500 keV and only a few of
them reaches 10 MeV. Since the neutrino interactions cross section grows with energy, we can
expect such neutrinos to be very weakly interacting; however, since their flux is very large (up
to 101! v/em?/s) their observation is possible. Considering that the distance from the Sun and
the Earth is 10® km, the L/E ratio that governs the oscillations is of the order of 10'* km/GeV
which would need a mass splitting of 107! eV/? in order to observe an oscillation pattern; in the
hypothesis that both the mass splittings are much larger than such value, we can average out all
the oscillations. For low energy electron neutrinos, the matter effect is not important (Q < 1),
thus we can consider the disappearance probability, in the 2-flavor approximation, to be simply

1
P,=1- 3 sin?(26,2), (2.46)

where the angle 0,5 has been chosen as the one that drives the solar oscillations. For more ener-
getic solar neutrinos (£ ~ 10 MeV'), however, experiments observed a drop in the probability.
This is because solar neutrinos are produced in the Sun core which has a very high density and
this evolves to vacuum almost adiabatically. Thus, for neutrinos that suffer from matter effects,
the survival probability can be written, following eq. (2.40), as

P..=1—cos?0y. (2.47)

It is therefore clear that the solar experiments are particularly sensitive only to one of the three
mixing angles (which is called for this reason solar mizing angle). The global fit performed
on the data from Homestake, GALLEX/GNO, SAGE, SNO, Borexino and Super-Kamiokande
[60, 64, 99, 102-110] suggests a value for this mixing angle of [111]

015 = 33.447077 °, (2.48)

Other global fits agree at a good confidence level on such value [112, 113]. It has to be noticed
that this mixing angle is quite large (much larger, for instance, than the quark mixing angles)
and it is measured with a good precision (2%). One of the advantages of the presence of matter
effects in the solar neutrino oscillations, is that the disappearance probability for the high-energy
end of the solar spectrum is no longer sensitive to sin2(2912) but to cos? ;5. This allow us to
determine the octant in which ;5 lies (if 15 > 45° or < 45°).

The solar neutrino oscillations can also be used to measure the mass splitting driving slow
oscillations (Am32,, or the solar mass splitting). Indeed, from the observation that the matter
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effect becomes important at around 10 MeV, fixing the solar model that predicts the electron
density, one can obtain Am3, ~ 107® eV2. Notice that the transition from standard oscillation
to the MSW resonance for neutrinos, not only suggests us the magnitude of the mass splitting,
but also fixes the sign of Am3, to be positive (if it was negative, the resonance would have
occurred only for antineutrinos, which are not produced in the su).

In the three neutrino framework, oscillation probabilities in the solar regime are modified in the
following way

Pjeu = Clll?:PeQ(aV + 8%3' (249)

Since the data are well fitted by the 2-neutrinos approximation, solar experiments tell us that
013 must be small.

2.5.2 Reactor Experiments

Nuclear reactors produce energy through nuclear fission reactions. After the heavy nuclei split-
tings, [ decays chains occurs. Such decays produce an intense flux of electron antineutrinos
with energies of the order of the MeV. For this reason, nuclear reactors have been widely used
as neutrino source [114, 115]. However, being the neutrino emission isotropic, the reactor flux
suffers from a 1/r? reduction due to the distance from the source and reactor experiments cannot
have a very long baseline. Most of them have a baseline of few meters [116, 117], which is not
enough to develop oscillation (at least in the 3-neutrino framework, we will discuss about short
baseline reactor experiments anomalies later). However, near very powerful nuclear plants, it
has been possible to increase the baseline. At a distance of around 1 km from the antineutrino
source, the survival probability (which is the same for neutrinos and antineutrinos since matter
effects at short baselines are not important) is

Am2 L
Peewl—sin2(2913)sin2< Z‘E ) (2.50)
where
Am2, L Am2,L Am2, L
A, = TE :sfzsmz( Tg >+c§2sm2( ZE ) (2.51)

If we consider that |AmZ,| ~ 1073 eV? > Am3, (from atmospheric experiments, see later), the
oscillation probability can be simply written as

.2 o (AmE, L
P.. =1 —sin*(26;3) sin (T) . (2.52)
From the phenomenological point of view, this probability tells us that, when the oscillation
term is maximum, we expect to see a depletion on the number of events whose magnitude is
determined by the 63 angle, known as reactor angle. RENO and Daya Bay, together with
Double CHOOZ [118-120] have been recently able to determine the reactor angle with a very
good precision [111]

015 = 85710132, (2.53)

Notice that, even though the probability depends on sin?(26;3), we already know that the angle
lies in the lower octant otherwise we would have seen its effect on solar oscillation. Moreover,
since the measurement of this parameter is influenced also by other experiments that suffers
from the fact that we still don’t know the sign of Am3, (see next section), the best fit is
slightly different if we consider the neutrino mass ordering to be normal (Am3, > 0) or inverted
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(Am3, < 0).

A very important and unique reactor experiment was KamLAND [121-123]. This experiment
had a baseline of 180 km, where we can no longer neglect oscillation driven by the solar mass
splitting. In this regime, the oscillation probability becomes

Am? L
4F

P,. = 1 — sin®*(26;3) sin® ( (2.54)

2
) — sin%(26}5) cos*(26,3) sin” (AleL) )

4F

The effect of the second term is a second and more pronounced (due to the fact that 615 > 6;3)
dip in the oscillation probability for L/E values determined by the solar mass splitting. The
KamLAND experiment has been able to observe such a dip and to measure the solar mass
splitting, which from global fit results to be [111]

Am3, = 7421020 x 107° eV?. (2.55)

2.5.3 Atmospheric experiments

The first evidence of neutrino oscillations has been observed by the Super-Kamiokande exper-
iment in 1998 [10]. This experiment was looking at neutrinos coming from the Earth’s atmo-
sphere. Indeed, when cosmic rays hit the particles in our atmosphere, their interactions will
produce neutrinos. Atmospheric neutrino flux is complicated to predict [124-127], but the en-
ergy range is very wide, going from few MeV, to 10° GeV. Currently, we are able to observe
neutrinos up to 100 TeV [128], but very energetic atmospheric neutrinos are not very useful for
oscillations since they have no time to change their flavor3.

The main process from which atmospheric neutrinos are produced, is the pion decay. These
mesons, created by cosmic rays interactions, decay creating muons and muon neutrinos. If the
energy is below 5 GeV, the muons have time to decay into an electron, an electron neutrino
and a muon neutrino. Thus, for these energies we expect to observe a number of events ratio
Ny, /N, ~ 2. For higher energies, the muons do not have enough time to decay so we expect
mainly muon neutrinos on the Earth surface. Varying the zenith angle (ad thus the travelled
distance) from which neutrinos were observed, the Super-Kamiokande detector noticed that the
number of muon neutrinos was reduced, while the number of electron neutrinos was constant.
This was an evidence that for L/E ~ 10° km/GeV, v. — v, oscillations (driven by the solar
mass splitting) were not developed yet, while muon neutrinos were oscillating in a third neutrino
state (v;) which was not observable by the experiment. The v, — v, oscillation probability can
be written at the leading order as

Am2, L
P =1 — ¢ty sin2(20y3) sin? (%) . (2.56)

This mainly depends on 63, which is known as atmospheric angle and Am?,, or the atmospheric
mass splitting. Atmospheric neutrino experiments measured these two parameters, which how-
ever are also (and better) bounded by accelerator experiments, as we will discuss in the next
subsection. The main result of atmospheric experiments is that |[Am3,| ~ 2.5 x 107® eV? and
sin?(2043) ~ 1 [109, 129-131]. However, with atmospheric neutrino experiments, it is very dif-
ficult to understand in which octant 6o lies (lower octant, LO, if fo3 < 7/4 and upper octant,
UOQ, if 3 > m/4) and which is the sign of the atmospheric mass splitting (normal mass ordering,
NO, if Am2, > 0 or inverted mass ordering, 10, if AmZ, < 0).

30n the other hand, energetic astrophysical neutrinos may be used for oscillation purposes.
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2.5.4 Accelerator experiments

Neutrino beams are produced since 1960s [4, 132, 133]. They come from protons which are
accelerated up to a certain energy and then sent to a fixed target. The interactions of the
protons with the target produce a large number of particles, which are mainly pions. After a
decay tunnel, we obtain a (mainly) forward beam of neutrinos and leptons coming from the
hadron decays. After absorbing or deviating all the charged particles only a pure neutrino beam
survives; of this beam we can predict with a good precision the energy spectrum. Most of the
neutrinos coming from accelerator beams are muon neutrinos, since the pions decays into muons
and muon neutrinos in the majority of the cases. However there is still a remaining contami-
nation (so called beam contamination) of electron neutrinos which mainly come from the kaons
decays. Placing magnets just before the decay tunnel, one can choose the charge of the pions
which generate neutrinos. In this way, we can produce neutrino or antineutrino beams. One of
the main problem of neutrino beams is that there is no way to narrow them and for this reason
if the neutrino detector is very far from the beam source, it sees only a fraction of the produced
neutrinos.

Accelerator experiments usually employ neutrinos with energies from hundreds of MeV to few
GeV. The baselines, on the other hand, can be very different. However, usually one can dis-
tinguish the accelerator experiments in Short Baseline Experiments (SBL) [134-138] and Long
Baseline Experiments (LBL) [139-145]. SBL experiments have a very short baseline, of the order
of few meters. For this reason, they should not see any oscillation (we will describe the SBL
anomalies later), but they observe a huge flux that can be used to measure, for instance, cross
sections [146-148]. Detectors placed few meters from the neutrino beam source can be also used
to control and determine the flux that reaches other detectors placed at longer baselines.

The LBL experiments, on the other hand, are built in order to reproduce the physics of low
energy atmospheric neutrinos but with a controlled and focused beam. For this reason, the
baseline of LBL experiments is chosen in order to sit, at the maximum of the neutrino flux, at
the first oscillation maximum, namely

2k
LLBL - A—2 (257)

M3y

Different LBL experiments have been built so far. The first generation included MINOS, OPERA
and ICARUS [141, 142, 142]. The first one mainly measured the atmospheric parameter using
the muon disappearance channel. The other two were looking at more energetic neutrinos (their
spectrum was peaked at 17 GeV) and successfully [149] tried to observe directly v,. Observ-
ing v, — v, oscillations, which are responsible of the atmospheric oscillations, is very difficult.
Indeed, the v, Charged Current interactions have an energy threshold of 3.1 GeV (due to the
fact that a 7 lepton, which is rather massive, must be produced) and such energies are not very
typical of LBL experiments, since in order to be at the first oscillation maximum with a neutrino
energy of 3 or more GeV, we need a very long baseline (~ 1500 km).

The second generation of long baseline experiments includes T2K and NOvA [140, 145]. These
two experiments were able to collect a large number of data and are still releasing their results
[150, 151]. Their detectors are able to observe not only the muon neutrinos from the disap-
pearance channel, but also electron neutrinos from the appearance channel. The appearance
probability in the atmospheric regime can be written as*

Am2 L

4F )

that is very small due to the presence of the reactor angle squared, but it is sensitive to the
atmospheric angle octant. However, since LBL are very precise, we cannot rely on this simple

P,. ~ sin?(20;3) sin® 03 sin® ( (2.58)

4In the following chapters we will write this probability using different expansions and discussing different
terms.
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vacuum formula, and we can perform a fit considering also small subleading terms, which are
all useful for the parameters determination. Defining A = Am3,L/4E, V = V/Am3, where V
is the matter potential and o = Am2, /Am3,, we obtain

sin?[(1 — V)A]

L2 .2
P,ue ~  Sln (2913) S1n 023 (1 _ ‘A/)2 + (259)
in(VA)sin[(1 — V)A
—arsin § sin?(260)5) sin(26;3) sin(2643) sin Asm(y ) sin|( Y> ) +
V 1-V
+a cos 0 sin(2612) sin(26;3) sin(26,3) cos Asm(‘;/A) sm[(ll - “A//)A)

neglecting all the small O(a?) terms (« ~ 1072). It is clear that, if we can observe the appear-
ance channel in both neutrino and antineutrino channels (for which V and § change sign), our
experiment can be sensitive to the CP violating phase . Moreover, the two subleading terms
are also sensitive to the sign of A and the matter effect can have a non negligible impact.
Thus, long baseline experiments, being able to have access different transition channels (at least
v, — v, and v, — v, but also v, — v, in some cases) and having a good sensitivity to sublead-
ing terms in the probabilities, are very performing in the parameter precision measurements.
Current LBL have determined that [111]

|Am3, | = 2.515100%8 x 1072 eV2. (2.60)

with a 2.50 preference for the NO solution [112, 113, 152]. Regarding the atmospheric mix-
ing angle, non-maximal values are now preferred, but depending on the mass ordering (sign of
Am?,), the value of the CP violating phase and data included in the fit, it can be in the lower
(~ 42°) or in the upper octant (~ 49°). For this reason, all the values between 40° and 50°
are allowed at 30, making the atmospheric angle the most poorly known neutrino mixing angle.
Current LBL experiments are not very sensitive to the CP violating phase; their main result is
that CP conservation is disfavored by the combination of their datasets. However, recent NOvA
and T2K data analysis have shown a mild tension (which we will discuss later) [153-155].
Future long baseline experiments aim to measure with an unprecedent precision all the neutrino
oscillation parameters. In particular the American Deep Underground Neutrino Experiment
(DUNE) and the Japanese Tokai-to-HyperKamiokande (T2HK) [156, 157], which will be dis-
cussed in details later, may be able to determine the neutrino mass hierarchy, the 653 octant
and the value of the CP-violating phase 9, which are the main open questions in the neutrino
oscillation sector®; for this reason, they are also expected to be able to probe different Beyond
Standard Model (BSM) models.

Finally, next-to-next generation experiments aim also to look at the physics of the second os-
cillation maximum. At the second atmospheric maximum, we need a ratio L/E which must be
three times the one at the first maximum (A = 37/2). In this condition, the matter effect is less
important and for this reason the main source of CP violation, seen as the difference between
neutrino and antineutrino oscillation probabilities, would be the phase . Thus, experiments
placed at the second atmospheric peak should be able to provide a very clean environment for
the measurement of the PMNS matrix phase. One of the proposed experiments of this kind is
an upgrade of the T2HK experiment, namely T2HKK [159], which consists in the addition of
a new detector in South Korea placed at a baseline which correspond to the second oscillation
maximum for the T2HK neutrinos. We will discuss about this experiment later. It is worth to
mention also a second maximum LBL experiment proposed in Europe, namely ESSvB [160].

5The JUNO long baseline reactor experiment, which is going to take data very soon, may be able to determine
at least the mass ordering at a great confidence level before the future LBL experiment. This will be possible
since the electron neutrino disappearance, at long distances, can amplify the interference between solar and
atmospheric oscillations, which is sensitive to the mass hierarchy [158].
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2.6 Parameter degeneracies

In the previous section, we have briefly described how the synergies between different neutrino
experiments allowed us to determine all the oscillation parameters with few percents precision
(apart from the PMNS phase which is still mostly unknown). In Fig. 2.2, taken from [161], we
show the best fits values with their uncertainties from the three global neutrino fits [112, 113, 152].
For the solar parameters 615 and Am3,, all the fits are in agreement and the best fits are not
affected by the atmospheric mass ordering. The reactor angle values and allowed ranges in the
three fits are also very similar. However, the situation is different for the atmospheric parameters.
Indeed, for O3 and |Am2 |, while the 30 allowed ranges are compatible in the three analysis,
the best fits can differ from each other. This is particularly evident for the atmospheric mixing
angle. In this case, in IO all the global fits agrees on the fact that the upper octant solution
is favoured; in NO, on the other hand, [152] and [113] obtained a best fit in the lower octant,
while [112] again in the upper octant. It is therefore clear that the o3 measurement is still
very delicate and need more data to be performed with a good precision. It has to be noticed
that in [152], in NO, the preferred octant becomes the upper one if the Super-Kamiokande (SK)
atmospheric data [129, 162] are not considered®. Finally, for dcp all the global fits suggest that
its value may be in the range [180 — 360]°. The best fits are around the maximal value 270° in
IO and closer to 180° in NO. The CP-conserving values 0, 180° are excluded at only 20.

The difficulties in the measurements of oscillation parameters appear since while solar parameters
can be obtained in a rather independent way looking at solar neutrinos, the other four parameters
013, 023, 6" and AmZ, suffer from the so-called eight-fold degeneracy [96, 163-168|.

2.6.1 The eight-fold degeneracy

It is well known that the appearance probability® for neutrinos at a fixed baseline and energy
with input parameters 613 and ¢ has not an unique solution; indeed, there exist a continuous
number of parameter couples (613,0) for which the equation

Pos(013,6) = Pas(013,6) . (2.61)

holds. The most interesting (fy3,9) pair is the one for which the same equation holds also for
antineutrino probabilities, namely

Pop(013,0) = Pag(013,9). (2.62)

Thus, we have that, at least at fixed energy and baseline, there exist two couples of ;3 and
0 which produce identical appearance probabilities for neutrinos and antineutrinos. This is
the so-called intrinsic 613-0 degeneracy. However, as already discussed, there are currently two
other ambiguities in the oscillation parameters measurements: the sign of the atmospheric mass
splitting and the octant of the atmospheric angle. As a consequence, other degenerate solutions
to the equiprobability equations may arise. Defining the two discrete variables [168]

syp = sign(Am3)) (2.63)
Seet = sign(tan 260y3) (2.64)

we have that in the normal ordering case, namely m; < ms < mgs, syyg = +1, while for the
inverted ordering case, namely ms < m; < mg, syy = —1 (see Fig. 2.3); conversely, in the

®Notice that in Ch. 6 we will use in the simulations the best fits from [152] obtained without the inclusion of
SK data, in which the preferred octant is the upper one. These best fits coincide with the ones of the previous
analysis from the same group, in [111].

"From now on, we will refer to the PMNS phase as § or écp.

8In current oscillation experiments, the most interesting appearance probability is the v, — Ve One.
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Figure 2.2: Current 1o (rectangular boxes) and 30 (horizontal lines) allowed ranges for oscillation parameters
obtained by the three global fits in [112, 113, 152]. The blue (red) dots are the best fits in NMO (IMO). Figure

from [161].
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upper octant (UO) case (b3 < m/4), Soet = +1, while in the lower octant (LO) case (fa3 < 7/4),
Soet = —1. Thus, given the fact that we have not determined yet neither sp;y nor s,., the
following equiprobability equations should be considered in addition to the previous ones

v
—~
L
|

Paﬂ(‘gli’)a 57 SMH, Soct) - a6(6137 57 SMH = —SMH, Soct = Soct) (265)
-) = _
aﬁ(013a57 SMHasoct) = 046(013757 SmH = 8MH7§oct - _Soct)
(=) = _
Pa,@(9137 57 SMH, Soct) = aﬁ(gl?n 65 SMH = —SMH, Soct = _soct) .

Clearly, the sets of parameters that solve each of the equations is not the same; however, we still
expect that there exist eight different degenerate solutions

e The true solution and the intrinsic degenerate one obtained solving eqs. (2.61) and (2.62);

e The two wrong hierarchy solutions obtained starting from the true and the instrinsic de-
generate pairs of 613 and & considering fp3 in the true octant and Am2, with opposite
sign;

e The two wrong octant solutions obtained starting from the true and the instrinsic de-
generate pairs of 13 and & considering fp3 in the opposite octant and AmZ, with true
sign;

e The mixed solutions obtained starting from the true and the instrinsic degenerate pairs of
013 and & considering 3 in the opposite octant and Am2, with the opposite sign.

In order to have a complete understanding of the oscillation phenomenon one must completely
break the eight-fold degeneracy, for instance measuring the parameters in different oscillation
regimes which allow to independently measure only one parameter at-a-time. Currently, the
measurement of the reactor angle using electron disappearance at medium baseline reactor ex-
periments, already allowed us to disentangle 6,3 to the other parameters like §. The breaking of
the other degeneracies is the aim of future oscillation experiments. For instance, through pre-
cision measurements of the muon disappearance channel v, — v, in absence of matter effect,
one may determine the 693 value independently from the other parameters. On the other hand,
precise measurements of the v, — v, appearance at LBL experiments or the v, — v, disappear-
ance at long baseline reactor experiments, should be able to finally break also the mass hierarchy
degeneracy?”.

2.7 Neutrino mass models

We have now discussed how to determine all the oscillation parameters and which are the
criticism in the oscillation measurements. However there still is an issue that we have not
discussed yet. If in the SM neutrinos are massless, is it possible to build a model that include
the SM but predict massive neutrinos, that is what we observe experimentally? The answer is
yes, and in the last decades many different mechanisms have been studied. However, all of them
need to introduce in the model new particles which have not been seen so far and for this reason
they all remain plausible. The easiest way to include neutrino masses is to couple them to the
Higgs field, but in this case there exist a problem: why neutrino masses are so small compared to

9n order to break the degeneracies also neutrino factories, namely facilities that produce electron neutrino
beams from muon decays [169-172] have been proposed. In this case, the study of another independent appearance
channel, namely v, — v, channel may help in the degenercy breaking. However, none of these facilities has been
approved so far.
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Figure 2.3: Schematic view of the two possible mass orderings (or mass hierarchies). The colors indicate the

different flavor components of the neutrino mass eigenstates.Figure from [173].

the other fermions? Indeed, different experiments which aim to measure the absolute neutrino
mass are telling us that neutrinos cannot be heavier than 1 eV [66-74]; on the other hand,
the lightest of the massive fermions is the electron, which has a mass of 511 KeV. Moreover,
we must consider that neutrinos do not carry any color nor electric charge. This implies that
they can actually be their own antiparticles. These kind of fermions are known as Majorana
fermions (unlike the Dirac fermions for which particles and antiparticles are different). At the
time being, there are no observations which have been able to determine whether neutrinos
are Dirac or Majorana particles and this is one of the most important goals of non-oscillation
neutrino experiments. However, also the inclusion of neutrinos as Majorana particles fails in
describing such particles in a natural way:.

Among all the models that predict neutrino masses, some of the most appealing and simple ones
are the so called seesaw models'®. In this case we have both Majorana and Dirac mass terms in
the lagrangian. We will discuss them in the following subsections.

2.7.1 Dirac masses

We can include a neutrino mass term in the lagrangian adding SM right-handed neutrinos vg
which are singlets under all the symmetries of the standard model. For this reason, they do not
couple directly to any of the gauge bosons. Apart for their kinetic term, they can only appear
in the Yukawa interaction term

,Cy = —yV.ZL(I)Cl/R + h.c. (266)

that after the SSB becomes

£y =Yt h (2.67)
= — LVR .C. .

Y \/5

This term is a mass term completely analogous to the other fermions ones. However, if Yukawa
couplings y” are of the order of magnitude of the other fermions ones (and there are no reasons
to believe that this is not the case), neutrinos should not be so light. The introduction of a
Dirac mass term has as one of the main consequences, the possibility to have a mixing matrix
and thus explain neutrino oscillations. Indeed, one can construct the PMNS matrix in the exact
same way of the CKM matrix.

0For other neutrino mass models see [174-181].
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2.7.2 Majorana masses

In principle, there is no need to introduce other new particles like right-handed neutrinos in
the game in order to have neutrino masses. Due to the fact that neutrinos are neutral and not
charged under SU(3)¢, it is possible to write a Majorana mass term, that do not distinguish
particles for antiparticles

Loaraj = i%yfa%j; + h.c. (2.68)
which if we denote the different generations with the indices i, j becomes
Muii .
Lora; = i%ﬂga?% + h.c. (2.69)

where M), is the Majorana mass matrix. Considering the anti-commutativity of the Weyl
spinors, the particle content in this mass term is symmetrical. For this reason, M), can be taken
as a complex symmetric matrix. Thus, we can diagonalize it with a unitary matrix U, and
its eigenvalues are real. Redefining the neutrino states in the diagonal basis I//Li =U Mﬂ-jl/%, the
interaction term with W boson becomes

Ly = %W:(UMUDMD'LW“Z'LQ +hec. (2.70)
where Uy, is the left-handed unitary matrix involved in the diagonalization of the charged leptons
mass terms; in this way a mixing matrix U = U LUZTM arises. However, differently from the Dirac
case, a rephasing of the Majorana neutrino fields is not possible, since the Majorana mass matrix
eigenvalues would not be real. For this reason, in the Majorana mass matrix n — 1 new phases
appear. Usually, the mixing matrix in the Majorana case is written as Up K where Up is the
usual PMNS matrix and K = diag(1, ¢!, €™2) in the 3-flavor framework. The new phases are
called Majorana phases; such parameters do not enter in the oscillation probabilities since when
we compute the square of the transition amplitude, the Majorana phases are canceled.
Majorana particles, being particles which coincide with their antiparticles, have a different phe-
nomenology with respect to the pure Dirac particles. Indeed, if there are no differences between
v and v, some processes that are forbidden in the SM, can be observed. The most important
one is the neutrinoless double beta decay (0v2f) [182-188]. This process involves some peculiar
isotopes that can undergo two [ decays at the same time, being the final nucleus more stable
than the intermediate one that could be reached with a single decay. In the SM, this process,
which is very rare (175 ~ 10% yrs) occurs with the emission of two neutrinos

(A Z) — (A, Z+2)+2e +2v,. (2.71)

If neutrinos are Majorana’s, they two 1, can annihilate each other, allowing a process in which
we only have two electrons in the final state

(A, Z) — (A, Z +2) +2e. (2.72)

The decay time for this process is proportional to the quantity

E 2
%

which is called effective Majorana neutrino mass, that depends on the absolute neutrino masses
and on the mixing matrix entries. Since the matrix entries do not appear in their moduli squared,
this quantity depends also on the Majorana phases. Several experiments are searching for this

(Mee) = (2.73)
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very rare process, however none of them successfully observed it. For this reason we could only
put stringent limits on the effective Majorana mass, namely m., ~ O(0.1) eV which corresponds
to Thjo ~ 102 yrs [189-194].

The addition of a pure Majorana term in the SM lagrangian still have some problems, one of
the most important is that it explicitely violates SU(2),. Moreover, the Majorana masses in
this case are free parameters and there are no reasons why they should be very small.

2.7.3 The seesaw mechanism

The simplest and most natural way to introduce very small neutrino masses in the SM is the
seesaw mechanism [195-207]. Through this mechanism, neutrinos are very light since there are
other very heavy particles (with masses at the scale of grand unified theory, namely ~ 10 GeV)
that we have not seen yet. There are different seesaw models that have been studied so far; we
will briefly introduce here the most famous ones.

Type-1 seesaw

When we include right handed neutrinos in the SM in order to write Dirac mass terms, we have
to take into account that such new particles can also be Majorana particles. Their mass term
can be written as

M
Loy Maj = —Z'TRVLJQVE + h.c. (2.74)

The mass Mpg of the Majorana particles is expected to be at a scale above the electroweak one.
Using the charged conjugate of the right-handed neutrinos n; = —io?v%, the Majorana mass
term becomes

Lop Maj =1 g’ IniTo?n) + h.c (2.75)

Now, both Dirac and Majorana mass terms can be merged together in an unique lagrangian
term

,Cma%::izégiAﬁTazA%~+ch. (2.76)

where Nj, = vt for the first n entries (where n is the number of flavors) and Ny, = n’" for the
last n entries. The full mass matrix is in this case

M:(%Eﬁ) (2.77)

mp

where mp is the Dirac mass matrix and Mg is the Majorana one. This block matrix can be
easily diagonalized. Since Mz > mp, neglecting terms O(1/M3%) we obtain

~  (—mpMgzg'ME 0
M—< 0 My (2.78)

where the diagonalizing matrix can be written as

_ 1 myMy " (1«
L I 279

In the diagonal basis we have basically built a Majorana mass term for the combination N 7=
Vi + ayng, that, since o ~ O(mp/Mg) < 1, correspond to a Majorana mass term for the
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physical left-handed neutrinos. In this way, we have produced naturally small neutrino masses.
However, we introduced new particles in the SM, but their extremely big mass make them
impossible to be produced. On the other hand, we need to consider that now the lepton mixing
matrix is a 6 x 6 matrix (in the 3 neutrino framework), since we do not only have the three left
handed neutrinos, but also the three right handed ones. Thus, the mixing matrix that we observe
and measure, is only a submatrix of the total mixing matrix; this submatrix in principle has no
reason to be unitary. For this reason, a way to probe the presence of right handed states which
can mix with left handed ones, is to measure deviations from unitarity of the PMNS matrix.
However, one mast consider that the terms outside the PMNS submatrix are suppressed by
mp/Mpg and for this reason are expected to be very small.

Type-II seesaw

In the type-II seesaw, we do not introduce right handed neutrinos, but a heavy SU(2), triplet
of scalars with hypercharge 42, that can be represented by the matrix

_ A+/\/§ A+t
= (M7 A 250

The lagrangian for this triplet can be written as
La = —mATr(AAY) + [u®TA + & + ik LEo*(it*) ALL) + h.c (2.81)

where ma is the mass of the triplet, k£ and u are couplings. After the SSB, the triplet acquire
an effective potential that can be written as

V =mA(JATT]2 + AT + |A%?) — po?RAL. (2.82)

This potential has its minimum when the (2,1) component of the A matrix is equal to uv?/2ma =
va/2. Thus, when this triplet acquire vev, the interaction between the triplet and left handed
neutrinos term becomes

k
LA, = i%ugazm +he. (2.83)

which is a Majorana term where m, = kva. If we consider different flavors of neutrinos, the
only difference is that we will have a coupling matrix k;;. If we make the natural assumption
that p© and ma are of the same order of magnitude, then we will have that neutrino masses will
be suppressed with respect to the Higgs vev by a large mass ma. Both new particles from type
I and II seesaws can be introduced together in the SM, producing again small neutrino masses.

Type-11I1 seesaw

The same approach considered for the type-I seesaw can be used to generate neutrino masses
including in the SM a right handed fermionic triplet, namely ¥ = (3%, %2, %3), with null hyper-
charge. In the charge basis, we can define three fields which are ¥° = ¥% and ¥+ = (32FX!)/v/2.
The lagrangian in this case contains a new Yukawa-like term that can be written as

Ly = —L Y7 8)®° + h.c. (2.84)

where 7 are the group generators and Yy is a complex matrix. Allowing the lepton number
violation, we can build the Majorana mass term for the new fermion triplet as

1> IR
£E,Ma,j == —§ZMEEC + h.c. (285)
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where again My is a symmetric matrix. After the SSB, we obtain a mass term for neutrinos
which is very similar to the type-I seesaw

__1 — v 0 A4g vy,
Emass — 5 (VR NR) (MD ME) (NL + h.c. (286)

where the Dirac mass matrix is defined as Mp = vYs/ V2 while the flavour neutrino fields, in
the usual basis in which the charged lepton matrix is diagonal, are the following

N="+ (X v=v,+15. (2.87)

Differently from the type-I seesaw, in this case we obtain also a contribution to the charged lepton
mass matrix, which however can be neglected using the hypothesis that the charged X fields have
very large Majorana masses compared to the charged lepton masses. After the neutrino mass
matrix diagonalization, we obtain again naturally small masses which, up to higher order terms
are

M,y ~ —MEMZ M . (2.88)

The seesaw mechanisms in an effective field theory approach

It is worth to mention that, if we consider the possible dimension 5 operators in the SM lagrangian
in effective field theory (EFT), regardless of the UV completion, there is one operator, the
Weinberg operator, which may be able to give small masses to neutrinos:

Cq,
L= A—fLaLgcbcb (2.89)
where @ is the Higgs field, L is the lepton SU(2); doublet, c,p are coeflicients and A is the
energy scale at which EFT is no longer valid. Starting from the four doublets in the operator
we need to build a singlet under SU(2).; in order to do so, there are four possibility for the
contractions

O1 = [(LL)1(PD):]y (2.90)
Oy = [(LP)1(LP)1] (2.91)
O3 = [(LL)3(PD)s]y (2.92)
Oy = [(L2)3(L)s]: - (2.93)

The first one O, is zero, since the singlet built with two identical fields ® vanishes. On the
other hand, in all the other three cases after the SSB it appears a mass term for neutrinos in
the lagrangian
2

Cagl
Ly, = A2
This term, if A is big enough, can naturally be small. Let us now discuss one by one which may
be the new physics origin of Oy, O3 and Oj.

Val/g - (2.94)

e (O, is a four-fermion operator that can arise if an heavy fermion propagator that connects
two fermion-scalar-fermion verteces is integrated out. Considering the SU(2), contractions
in Oy, this heavy fermion must be a singlet. We have thus recovered the type-I seesaw, in
which a heavy fermion singlet (right handed neutrinos) is added to the SM.

e O3, on the other hand, can arise if an heavy scalar propagator that connect two scalar-
scalar-scalar verteces is integrated out. From the SU(2), structure it is clear that we need
a new scalar triplet, recovering the type-II seesaw.
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o (4, finally, has a similar structure to Oy, but with two triplets contractions. Thus, we
need in this case a new fermion triplet just like the type-III seesaw.

We have thus demonstrated in a general way how the simplest models which can generate small
neutrino mass in the SM starting from the standard particle fields and adding only one heavy
SU(2) multiplet are the seesaw ones.

35



Chapter 3

Neutrino oscillations beyond the
standard model

The Standard Model is, as already discussed, the most successful physics theory so far. However,
it still fails in explaining some phenomena. There are different very well known criticisms in the
Standard Model. Some of them are more evident, like the absence of a Dark Matter particle
[208] or the neutrino masses. Other problems are related to the naturalness of the theory,
namely the fact that we expect that free parameters having the same theoretical origin should
not to be very different; among them, we have the strong-CP problem or the flavor problem
38, 40, 41, 209, 210]. Finally, while the SM is able to unify the electromagnetic and the weak
forces at a some energy scales, it fails to do the same with the strong force; moreover, it turned to
be very tricky to include gravity in the particle physics framework, since this process introduces
formal tensions between the general relativity and the standard model of particles.

All these aspects, together with some anomalous measurements in the quark and charged lepton
sectors [48, 52, 211-225], suggest that there should exist some extensions of the Standard Model
which could solve the theoretical and experimental problems without modifying drastically the
astonishing predictions of the SM. High precision accelerator experiments failed to find any
evident new physics up to the TeV energy scale; however, current and next generation neutrino
experiments are expected to provide very clean environment to search for new physics. Indeed,
even though the neutrino sector remains the least known sector of the SM, currently we know
most of the neutrino properties (like the oscillation parameters) with a few percents uncertainties.
Thus, precision neutrino measurements will soon compete with hadrons and charged leptons ones
for the BSM (Beyond Standard Model) searches. We will now briefly describe some of the models
that could be probed with neutrino experiment [226, 227]. After that, we will go into the details
of a few of them.

Sterile neutrinos Long-standing anomalies [62, 64, 117, 228-233] in some oscillation experi-
ments (see Sec. 3.1) have suggested that there may exist at least one additional neutrino flavor
which is sterile, i.e. do not undergo weak interactions. Anomalous oscillation data suggest that
the mass splitting related to such neutrino must be much bigger than the other ones, namely
Am? ~ 1 eV?; for this reason, the sterile-driven oscillation are very fast and can be observed
at very short baselines. The presence of a fourth flavor modify all the oscillation probabilities
and for this reason both v, — v, and v, — v, channels at accelerator experiments, as well as
V. — U, transition at reactor experiments and S-beams can be used to probe such a model.

Non Standard Interactions (NSI) Non standard neutrino interactions (NSIs) [77, 234-236]

are a general and largely studied effective field theory framework (even though UV completion
models exists, see [188, 237-242]) in which we can parameterize new physics in the neutrino
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sector. In particular, they allow to introduce new interactions between neutrinos and matter
particles, mediated by vector, scalar or other spin structures particles [243, 244]. The most stud-
ied case is the vector one; in this case neutrinos can undergo new interactions their production,
propagation or detection. Many different experiments can probe NSIs, including long baseline
experiments, in which the matter propagation is important, or scattering experiments.

Non-unitarity Different neutrino mass models predict the presence of additional heavy fermions
(see type-I seesaw) which in principle would act like an additional neutrino flavor [245-248]. For
this reason, in such models the neutrino mixing matrix is bigger than the usual 3 x 3 PMNS
matrix. Thus, the matrix we measure with oscillation experiment is a submatrix of a bigger
one and no longer has to be unitary (see Sec. 3.4). The effect of the unitarity breaking can be
sizeable [249-254] and can be measured using different neutrino oscillation experiments.

Neutrino decays In the SM neutrinos are stable particles. Moreover, considering their very
small mass and the fact that they couple to other particles only via weak interactions, there
are no kinematically allowed decays in the standard model. However, many new physics models
introduce very light particles (Majorons [255-257]) which in principle could couple to neutrinos
and allow their decay [258-261]. Terrestrial experiments are able to bound the neutrino lifetime
(see Sec. 3.3); however, the strongest constraints on the neutrino decays come from cosmology
[262].

Lorentz invariance violation The violation of the Lorentz symmetry (or CPT) is present in
some BSM models, like string theory [263]. In these cases, a non-trivial spacetime dependence
of the theory vacuum leads to an apparent violation of the Lorentz symmetry. In neutrino
experiments, such violations could cause modifications of the oscillation probabilities, like time
or direction dependent effects, energy dependence of the mass splittings or neutrino-antineutrino
mixing [264-268]. It is possible to parameterize the effect of the Lorentz violation introducing
a new field that, coupling to neutrinos, brings into the game new possible CPT-odd and CPT-
even interactions. The former at the lowest-order modify the probabilities in a NSI-like fashion
[269, 270], while the latter introduce richer phenomenology. For neutrino oscillation analysis in
the context of the Lorenz violation see [271-293].

Large extra dimensions Some neutrino mass models imply that righ-handed neutrinos prop-
agate in extra dimensions and interact with active neutrinos that acquire Dirac Mass [294]. After
the compactification of the large extra dimensions, the so-called Kaluza-Klein modes generate
an infinite number of sterile neutrinos in the bulk. The sterile-active mixing modify the oscilla-
tion probabilities which can depend on the new neutrino masses and the compactification radius
[295-304].

Neutrino tridents Neutrino trident production is a rare weak process in which a neutrino
scatters on an heavy nucleus producing a pair of charged leptons [305-312]. Some measurements
have already been carried out [313-315], but still there is room for new measurements which could
give hints of the presence of new physics. Indeed, a class of Z’ models modify the dimuon trident
cross-section [316, 317]. An excellent environment where to search for an anomalous number of
trident events will be the Near Detectors of future long baseline experiments [318, 319].

Heavy Neutral Leptons Heavy Neutral Leptons (HNL), or heavy sterile neutrinos, other
than being related to the generation of neutrino masses, could play a role as a dark matter
component and as responsible of matter-antimatter asymmetry [184, 320-325]. Also in this
case, Near Detectors could be crucial in the HNL detection [326-328]: indeed, such particles
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produced through rare meson decays, could reach the near detector decaying into SM particles.
Other than direct searches, hints of their presence could be found looking at the mixing with
active neutrinos.

Ultra-light Dark Matter Ultra-light scalar fields are present in different extensions of the
standard model. When such particles couple to neutrinos, the neutrino oscillation probabilities
may change in time, due to the vacuum expectation value of the new field [329-336]. Moreover,
invoking the neutrino interactions with background particles, also the matter effects may result
to be modified with a non-trivial energy dependence [337]. The very rich phenomenology related
to the presence of light particles has been widely studied in different neutrino experiments and
has also been used to explain anomalies in oscillation data [338].

Quantum decoherence Quantum fluctuations in the gravitational field due to micro black
holes may cause the loss of the quantum coherence [339-343]. If pure states may evolve in inco-
herent states, the quantum theory should be modified. The reduction of the coherence between
two states ¢ and j in this model is proportional to an exponential factor e %% which grows with
the baseline [344]. The 7;; parameters can be function of the energy v;; = %Qj(E /GeV)"™ where
n is an integer. A given experiment is sensitive to decoherence when 7,;L ~ 1. In the literature,
models with n < 0 have been studied [345]; however, positive values are more interesting since
some string-theory models predict n > 0 [340-343]. LBL experiments with high energy fluxes
[346-348], as well as atmospheric [298, 344, 349] or astrophysical neutrinos [185, 350-354] can
explore vast regions of the parameters space.

3.1 A closer look to the 341 sterile neutrino model

The history of the sterile neutrino searches is very rich because, since the first oscillation ex-
periments, some hints of the presence of a new sterile neutrino appeared. We know from the
Z boson decays that the active light neutrino species must be 3 at a great confidence level
[355-358]. However, there are no particle physics measurements that can limit the number of
sterile species other than neutrino oscillations. If new neutrinos are much heavier than the ac-
tive ones, it is rather difficult to observe oscillations, since they would be very fast and would
appear as averaged out at any baseline. In this case we expect that the main phenomenological
implication would be the non-unitarity of the 3 x 3 PMNS matrix (see Sec. 3.4). However, if the
sterile neutrinos have a mass which is comparable with that of active flavors, then we may be
able to see some oscillation effects. Even though many models have been explored in literature
[295, 296, 359-367|, the simplest one is the so-called 3+1 sterile neutrino model, in which we
include only a new sterile state. In this case, the full 4 x 4 mixing matrix can be written in
terms of 6 mixing angles and 3 phases. Thus, in total, considering also the new independent
mass splitting Am?,, we have 6 new parameters. For this reason, the oscillation probabilities
results more complicated. Moreover, taking into account the fact that sterile neutrinos do not
couple with matter, we can no longer neglect the NC matter potential; this can cause the pres-
ence of new matter resonances absent in the 3-neutrino framework. In the following subsections
we will briefly describe the anomalies which favors the 3+1 model, as well as the current limits
on the new parameters. Moreover, we will mention some models in which light sterile neutrinos
are included.

3.1.1 Anomalies in the oscillation data

The first experimental evidence for the existence of neutrinos came from the observation of
the antineutrino flux from nuclear reactors. Even though only very precise medium and long
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Figure 3.1: Ratio between the observed number of events and the predicted one (R) for different short (left
panel) and medium (right panel) reactor experiments. Orange lines have been obtained using the Huber-Muller
(HM) flux prediction [388, 389], the green lines using the Hayen-Kostensalo-Severijns-Suhonen (HKSS) flux
prediction [387], while the blue ones using the ab-initio calculations [390]. Figures taken from [117].

baseline experiments like RENO [368], Daya Bay [369] and KamLAND [121] were able to measure
oscillation parameters, a large number of short baseline (few meters) experiments were built in
the last 50 years [233, 370-386]. In such experiments we expect that neutrinos have no time
to oscillate and the number of observed neutrinos should be in agreement with the theoretical
flux predictions. However, the latest flux calculations [387-390] could not reproduce the data
from reactor experiments: most of the experiments observed less events than expected. This
disagreement is known as reactor anti-neutrino anomaly and has a total significance of about
30 [117, 228, 391].

Flux calculations could still hide some criticisms!. Indeed, as shown in Fig. 3.1, depending
on the model used for the flux prediction, the anomaly significance can be drastically reduced.
Some recent experiments like Daya Bay and RENO have developed some methods to measure
the antineutrino fluxes coming from the different fuel isotopes separately [396-402]; the results
seem to point in the direction of wrong flux predictions but there are still different aspects that
need to be considered [117]. In order to separate the possible theoretical uncertainties in the
flux predictions from the presence of new physics, the Neutrino-4 experiment has been built so
to be able to measure the number of neutrino events at different baselines. Recent results from
this experiment claimed a 4.60 anomaly [233]. However, this result has been criticized [117, 403]
and needs further analysis.

The reactor anomaly became more interesting in the 1990s when two gallium solar experiments,
namely GALLEX and SAGE [61, 63] monitored the neutrino flux coming from intense radioac-
tive sources during their calibration. Four measurements have been performed and all of them
observed a number of events which was below the expectations; the combined significance of the

!Many experiments which were able to measure the antineutrino spectra observed also the so-called 5 MeV
bump that still requires more effort to be explained [392—-395]
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gallium anomaly is around 3o [232, 404, 405].

Finally, at the end of the last century, a completely different experiment, LSND [136], observed a
third anomaly [229]. In this case, muon neutrinos were produced from stopped pions decays and
were observed in a liquid scintillator detector after travelling roughly 30 meters. Considering the
experiment design, the neutrino flux was almost free from 7, contamination. Nonetheless, a sig-
nificant (30) electron antineutrino excess compared to the estimated background was observed in
the detector. In the last two decades, no satisfactory explanations in terms of systematic errors
or SM uncertainties have been found, even though different hypothesis were explored in the lit-
erature [359-364]. The MiniBooNE [138] experiment at Fermilab was designed to reproduce the
LSND results independently. In this case, pions decayed in flight and produced a neutrino beam
observed by a Cherenkov detector located 541 meters from the source. MiniBooNE confirmed
the short baseline anomaly observing an excess of 4.80 [230, 231, 406]. In this case the esti-
mation of the backgrounds is more complicated than in the LSND case; indeed in MiniBooNE
one need to carefully consider the possible contribution of the hadronic resonances or of the
presence of neutral pions decaying in the detectors [407]. All these possibilities were explored
by the MiniBooNE collaboration, but the anomaly still remains significant [231].

3.1.2 Sterile neutrinos phenomenology

The computation of the oscillation probabilities in the 3+1 model follows exactly the same
procedure used in the standard oscillation framework. In order to try to solve the reactor and
gallium anomalies with the sterile hypothesis, we can imagine that sterile oscillations (in this
case U, — Us, where v, is the sterile state) occur at very short baselines. This means that
Am3; > Am3,. Thus, in the experiments conditions (Am3,L/F < Am3 L/E < 1) we can
consider the two-flavors approximation to compute the probability which reads

Poe ~ 1 —4|Uu)?(1 — |Uey?) sin? ( (3.1)

in terms of the PMNS matrix elements. We can also define a sterile oscillation angle for electron
disappearance experiments as sin® 203, = 4|U 4|>(1 — |U?). Reactor and gallium anomalies
data, together with constraints from other experiments, show a preference for sterile oscillations
with Am?; ~ 1 eV? and |U,y| ~ 1072 (see Fig. 3.2).

If we want to explain the LSND and MiniBooNE anomalies with the sterile hypothesis, we
need to compute the v, — v, probability in presence of a fourth sterile state. At short baseline,
this reads

o (3.2)

2
Pye ~ 4Upal?|Uea | sin® (Am41L)
for which we can define the effective mixing angle sin®26%, = 4|U,4|*|Ues|®. In this case the
analysis in terms of matrix elements is more complicated, since there are two different elements
appearing in the probability. The best fits from all the electron neutrino appearance are Am?; <
1 eV? and sin? 20;, ~ 0.01 (see Fig. 3.3). It is clear that oscillation driven by eV-scale sterile
neutrinos are able to solve all the anomalies considering all the current electron disappearance
and appearance data?. However, we can notice that, if from electron disappearance data we
have that |Ug|? ~ 0.01, in order to explain the LSND and MiniBooNE excesses, we would need

|U,a|?> ~ 1. Thus, the sterile oscillations effect on the muon disappearance probability, which

2Notice that, even though sterile oscillations are bigger at short baselines, they can alter the oscillation
probabilities also at longer distances. For this reason long baseline experiments are also able to set bounds on
sterile parameters.
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Figure 3.2: Constraints on the 3+1 model due to v, /7. disappearance data. The green line represents the limit
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should not be negligible. This effect has never been observed so far in disappearance experiments
(see Fig. 3.4), except for some weak signals from IceCube [414]. This results to the so-called
appearance-disappearance tension. The future Short Baseline Neutrino (SBN) [415, 416] experi-
ment at Fermilab, composed by three detectors at three different short baselines, is expected to
give a final answer to the sterile neutrino issue looking at both muon disappearance and electron
appearance channels. First results from the middle detector, namely MicroBooNE [417], showed
no v, excess, further reducing the allowed parameters space. However, the sterile explanation
for the short baseline experiments is still not completely ruled out.

If we want to measure the non-standard mixing angles, we need to choose a parameterization.
Since in the literature different conventions are used, it is complicated to give universal con-
straints. However, if we chose the parameterization [406, 418, 419]

UPMNS - R(034)R(024)R(023, 52)R(914)R(013, 53)R(012, (51> (34)

. Am?. L
P~ L= A0 (L= U s (275 ) (33)

where R are the rotation matrices®, the last column entries are

Ue4 = sin 614 (35)
UN4 = COS 914 sin 924 (36)
U,y = cosBiycosbyysinbs, . (3.7)

From these equations, we can obtain the limits on the mixing angles, which are very stringent
on 614, while more loose on 6y (see recent reviews [117, 409, 415, 420-423]). The limits on 64,
on the other hand, are very difficult to obtain from current experiments, since they mostly come
from v, oscillations. Future experiments may play a big role in constraining such parameter
[16]. The new phases, on the other hand, are not accessible from present data, but they can
have an important effect on the 3 x 3 PMNS matrix phase (which in such parameterization is d3)
determination [424-428]. Currently, as it happens for many neutrino BSM models, cosmology
constraints on the new parameters are comparable with the terrestrial ones, but we will not
discuss them in details. For more insights on this topic, see [423, 429-431].

3Notice that if the 6;4 are zero, the PMNS matrix reduces to the usual 3 x 3 one.
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3.1.3 Theoretical models which can include light sterile neutrinos

Sterile neutrinos appear in many models used to generate neutrino masses. Indeed, when we
introduce a right handed neutrino as a SM singlet, such a particle can be defined as sterile.
However, as discussed in the previous chapter, in order to have small active neutrino masses,
we usually need large masses for the sterile neutrinos. Nevertheless, there exists some models in
which at least one of the sterile neutrinos can have an O(eV') mass.

For instance, motivated by symmetry reasons [432-434], one can try to lower only one (us) of
the three sterile Majorana masses in the type-I seesaw model. In this case, after the integration
of the two heavy states, the 4 x 4 mass matrix reads

—MpM MY M,
e 39

where M, is a vector whose components are the sterile entries of the Dirac Yukawa matrix, while
s is the Majorana light sterile mass (ug < M, M3,). Diagonalizing such matrix, we obtain
for the active neutrinos

M, ~ —MpMy' M} — Mgug' MZ (3.9)
while for the sterile one
Mg ~ [l . (3.10)

Light sterile neutrinos can appear also in the so called inverse seesaw mechanism [245, 257, 435].
In this case, we introduce two sets of sterile neutrinos N and N’ which carry lepton number.
Defining a vector n = (ve, vy, vy, N', ..., N*, Nt ..., N""), the neutrino mass term becomes

1 | 0 Mp O
Lrs = —énTMn = —§nT ME 0 Mp|n+he (3.11)
0 My u

The p matrix, which couples the N’ sterile neutrinos with themselves, violates lepton number.
Since in the limit ||x|| — 0 the lepton number becomes a conserved quantity, for naturalness, we
can consider the entries of such matrix very small compared to the entries of the other matrices
Mp and Mj,. It can be showed that, in this limit, some light eigenvalues

[lall - (1M |2
|Mp|? + [[Mp]|?

M ~ (3.12)
appear, and they can play the role of light sterile neutrinos. In this model it can be shown
that the mixing between active and sterile neutrinos can also be large, since it is proportional
to ||Mpl|/||Mp||. Other seesaw-like frameworks that could contain light sterile states are the
extended type-1 seesaw models [188] in which a new singlet fermion S is included in addition
to the three usual heavy right handed neutrinos. Under some hierarchical assumptions on the

Majorana mass matrix related to the S sector, light sterile neutrinos with active-sterile mixing
of O(0.1) can be generated.

3.2 A closer look at the Non Standard Interactions

Non Standard Interactions (NSI) have been introduced in the neutrino context since the first
discussion about the MSW effect [77, 234, 436-443]. With the NSI formalism, it is possible to
describe new physics in a model independent way, introducing four-fermions effective operators
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which arise in presence of heavy mediator fields. We can distinguish two types of NSI, one that
describes charged current interactions and one that describes the neutral current ones. In the
oscillation framework, the former can occur at the neutrino production or at neutrino detection,
while the latter occur in neutrino propagation. The general NSI lagrangian thus contains the
two terms

Lyc = —2V2Gp Y e (0.0'PLug)(fO'PY) (3.13)
f,i,P,a,B
ﬁcc = —2\/§GF Z G(Ji’;(ﬂaOiPLlﬁ)(fOin/) (3'14)
f,i,P,a,B
where f, f' = e,u,d are the matter fermions, P = Pj, Py are the chirality operators and O°

are operators that reflect the Lorentz structure of the interactions. The phenomenology of the
NSI is extremely rich and, for this reason, they have been used in many context to interpret
neutrino oscillation data in an unconventional way. We will not go into the details of all the
possible phenomenological implications of NSI, which have been explored in [236, 443] and in
the references therein. In this section, however, we will discuss some implications of the vector
CC NSI on the neutrino production and detection and of the vector and scalar NC NSI on the
neutrino propagation in matter. For discussions on UV complete models which could generate
NSI-like phenomenology, see [236-239, 241, 444-447].

3.2.1 Source and Detector vector NSI

In the Standard model neutrinos can be produced via different weak processes. In oscillation
experiments we usually detect neutrinos coming from nuclear processes (i.e. nuclear fusion
reaction in the Sun core) or nuclei, mesons and muons decays. In all these processes, neutrinos
are produced in a W boson decay together with the corresponding lepton (W* — 1,0t and
W= — ,l;). If some new physics is present in Nature, then it may be that when neutrinos are
produced, other interactions may occurs. Such interactions can couple neutrinos and leptons
of the same flavor or they can violate the lepton numbers conservation coupling particles of
different generations. Using the effective field theory formalism, one can include all the possible
new physics processes in the neutrino production in the following lagrangian

st =Lviat+ Lsp+ LT (3.15)
where

Via = Z STV E Dy (1 — ) o] [Fyu(1 £47) ) (3.16)
ff’

tap = Z SIS 5 (1 = )L (1 £4°) ) (3.17)
ff’

L5 = ngff T30 1) [f 0 f] - (3.18)
V2T

The & 5 parameters are the strengths of the interactions and usually are referred as source NSI
parameters. They are in general complex and for this reason they can be written as £}, =
|53ﬂ|ei¢aﬁ. The same NSI lagrangian could in principle allow new physics processes also during
neutrino detection. In oscillation experiments usually neutrinos are detected through neutrino
CC interactions with nuclei. In such processes the neutrino is absorbed and the corresponding
lepton is created (v,N — N'l or v,N — N'I); when NSI are considered, all lepton flavors in

principle could be generated by all incident neutrino flavors, enriching drastically the number

44



of possible neutrino interactions. All these new physics processes can be again parameterized
using nine complex Eig parameters , called detector NSI parameters.

Source and detector NSI can introduce in the neutrino phenomenology a very large number of new
physics degrees of freedom. Indeed, if we want to separate the vector, axial, scalar, pseudoscalar
and tensor contributions and we want to consider different couplings for each matter particle,
namely electron, protons and neutrons, we have in the most general case hundreds of new
parameters. However, there are some considerations which could be done in order to reduce the
number of parameters. For instance, in most of neutrino experiments, the neutrino production
and detection involves decays of u quarks into d quarks or vice-versa. For this reason, the
only important NSI parameters are the ones for which f = w and f’ = d. Moreover, T neutrino
production is very rare in accelerator experiments and impossible for reactor or solar experiments;
thus, the source NSI parameters for which « = 7 can be neglected. At the same time, reactor
experiments usually only detect electron neutrinos; for this reason all the detector NSI for which
[ # e can be put to zero in these cases. Other considerations involving the allowed and forbidden
Lorentz structures in a given neutrino production or detection process can be done; see [443] for
some discussions about this topic.

From the oscillation phenomenology point of view, it is however convenient to encode all the
possible Lorentz structures in the same parameters, for which we drop all the superscripts except
the ones which refers to either the source (s) and detector (d) NSIs. Thus, in order to obtain
the oscillation probabilities, we can consider that in the neutrino production we do not have a
pure flavor eigenstate, but a mixed state that depends on the source NSI parameters

o) = lva) + Y eiplis) - (3.19)

B=e,u,T

At the same time, when a neutrino is observed, the detector is sensitive to the combination

(Wil = (sl + > ety (val - (3.20)

a=e,uT

Notice that in the source NSI parameters the first index refers to the charged lepton flavor while
the second to the neutrino flavor; for the detector NSI it is the opposite. Moreover, the NSI
matrices in this case have no reasons to be unitary, and for this reason the [v3) and (13| states
are not orthonormal. In this context some approximations can be done. In some studies, for
instance [443, 448-452] the approximation Eop = 6g,a has been adopted considering that the
detection and production processes are very similar at the fundamental level; in particular this
happens if we consider that the interactions only have the structure (V-A)(V-A) [443]. If not
specified, we will not use this approximation, keeping our discussion completely general without
relying on any consideration about the particular production and detection interactions in a
given experiment. The computation of the oscillation probabilities can be done in the following
way

Pas = [{vgle™ |w3) | = (3.21)
= (1 +e%)p(en ™ (14 &%)l = (3.22)
= [[(A+e) e (1 +e) sl (3.23)

where H is the usual neutrino Hamiltonian and £* and & are the matrices whose elements are
the NSI couplings. The oscillation probabilities with source and detector NSI are very compli-
cated due to the large number of parameters involved (see for instance [443] for approximated
formulae). It is interesting to notice that v, — v, probability mostly depends on 52’6‘1 and &2

TE?
while the v, — v, probability depends on %7, % and €¢,. All the phases relative to these

ppr =t
parameters appear in the probability; for this reason, one of the effects of source and detector
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NSI is to worsen the sensitivity to the PMNS phase d¢p.

Bounds from oscillation and non-oscillation experiments on source and detector NSI have been
discussed in [20, 236, 443, 448-450, 450-452, 452-465]. In [448], in particular, it is possible to
find a detailed description of different approaches one can use to set bounds con CC NSI. In
particular, some interesting conclusions that the authors made are the following

e The vector component of the NSI can modify the beta-decay rate. Comparing the CKM
matrix component V,,; extracted from beta-decays and the same extracted from other

hadronic processes which are not affected by NSI, we can set limits on 5%V and 5V,

e Lepton universality measurements can set limits on the axial component of all the source
and detector parameters. Indeed, NSI can modify the relative decay rates of charged pions
and 7 leptons into pions.

e As already discussed, neutrino oscillation depends on the source and detector parameters.
Looking at very small baseline oscillation rates, since the NSI induce zero-distance effects
on the probabilities, one can set bounds on different source and detector couplings. We
will talk about this topic in details in Sec. 6.2.

e The presence of charged current NSI may induce flavor-changing charged leptons interac-
tions at loop level. However, model independent constraints on the NSI parameters cannot
be set except for a single case, the one which may change the = — e~ conversion, namely

SZ’S’L, where with L we denote the NSI operator that only select left handed particles.

Considering all these effects, it is possible to set 90% CL bounds of O(1072) for all the source
and detector parameters, except for e, for which the limit is one order of magnitude bigger.
CKM and lepton universality measurements can set more stringent bounds (1072 — 10~%) but
only on only vector or axial component of the couplings. Finally, the loop level constraints on
muon transition into electron can set and incredibly strong bounds of 1.8 x 107 on 6Z’S’L .

We want to remark that, given the definition of the NSI couplings, they can be linked to the
new physics scale; indeed, if NSI are mediated by a new particles whose mass is Mygsr, then,
considering that the effective lagrangian terms are written in terms of the electroweak scale
(GFr), we expect that € ~ M2,/MZ%¢; [466]. Using this consideration, with present bounds we
can only say that, for source and detector NSI, Myg; > TeV .

3.2.2 Propagation vector NSI

Let us now consider how to treat NC-like NSI. In this case, we have neutrinos in both initial
and final states. Such interactions can occur between neutrinos and matter particles, namely
electrons and quarks, while neutrinos propagate in a matter medium. If we stick to only V' + A
interactions, the lagrangian is in this case

Ns1 = % Y ey " (L= P sl (L £ ) ] + hec (3.24)
f

These operators are the same as the lagrangian terms we obtain when we consider the matter
potential which affect neutrino oscillations. For this reason, in the hamiltonian formalism, the
effect of this kind of NSI is to modify the matter potential oscillation term in the following way

1 00 1+ €ce €ep Eer
VIO 0 0 — VI &, Euw Eur (3.25)
000 Eor  Eur Err
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where V = 2v/2GrN,E, N, is the electron number density and E is the neutrino energy?. We
want to remark that the e,3 parameters that appear in the matter matrix at the Hamiltonian
level are not exactly the ones which appear in eq. (3.24) at lagrangian level. Indeed, when
we write the matter potential matrix, we do so considering the mean electron density; for this
reason, the hamiltonian an lagrangian parameters satisfy the following relation [236]

Ny m
Eaf = Z Ffeaﬁ’f (3.26)

The fact that at the lagrangian level there can exist two terms which are hermitian conjugates,
assure that the propagation NSI matrix is an Hermitian matrix. For this reason, we expect the
three diagonal parameters (known as non-universal, since they can provide flavor universality
breaking) to be real, while the three independent non-diagonal parameters (known as flavor-
changing) can be complex and they carry a phase. Even though the independent ¢,4 are 9, only 8
are testable by oscillations. Indeed, we can subtract an identity matrix proportional to one of the
diagonal parameters without changing the probabilities. Since scattering experiments can put
very tight bounds on ¢, [448, 455], usually for oscillation purposes this parameter is subtracted
out, making the diagonal part of the NSI matrix V(1 +¢ece —€4p, 0,677 —€p,) = V(1 +€.,,0,60).
It is interesting to notice that the presence of NSI can cause an exact degeneracy: a model
without NSI is exactly equivalent to a model with ¢/, = —2 and opposite mass ordering. Another
degeneracy arises since the CPT invariance of the vacuum Hamiltonian can be translated into
a symmetry of the probabilities when the following transformations are performed: AmZ, —
—Am3,, 015 — m/2— 015 and dop — 7™ —dcp. Even though this degeneracy is completely broken
in presence of matter (indeed, as discussed previously, solar experiment can univocally determine
012) the NSI can recover this degeneracy if matter density is constant and &/, — —¢/, —2, &/ —
—e,. and €,5 — —¢€,5. Thus, in principle the NSI can introduce a second-octant solution for 6y,
which is called LMA-Dark solution [467-473]. Finally, Non Standard Interactions can increase
the 693 octant degeneracy increasing the number of parameter sets for which the probabilities
are numerically the same [236, 474].

Using a global analysis on current oscillation data and fixing the ordering to normal, the 90%
CL bounds on the NSI parameters are at the level of 107! for |e.,|, |eer|, €L, and )., while are
one order of magnitude smaller in the |¢,,| case (see [475]) since this last parameter appear at
leading order in the muon neutrino disappearance probability. There are no current bounds on
the phases, however some future experiments are expected to exclude some portions of the their
parameters space [475-477].

In Figs. 3.5 and 3.6 results of the global fit for the LIGHT-NO (615 < 7/4 and Am3, > 0) and
DARK-IO (615 > 7/4 and Am3, < 0) solutions respectively. It is worth to mention that the best
fit for |e.,| is not zero, but roughly 0.06; however this result has not a great statistical significance.
Moreover, the bounds in the two quasi degenerate solutions are very similar. However, the LMA-
Dark solution seem to fit T2K long baseline data but on the other hand is completely disfavored
considering solar neutrino data, as already mentioned [475].

3.2.3 Propagation scalar NSI

We have so far considered the effect of NSI induced by ordinary matter on neutrino oscillations
focusing on vector currents, which may be mediated by a vector mediator [478-481]. However,
neutrinos may also couple to scalar fields. Such couplings should be considered even more

4From now on, we will drop the superscript m from the NSI couplings when we refer to the propagation NSI.
Indeed, this type of NSI is the most studied being the one with the less stringent non-oscillation constraints. In
specific models, however, the strengths of source, detector and propagation NSI are predicted to be the same
[236, 443].
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Figure 3.5: Global analysis of solar, atmospheric, reactor and accelerator oscillation experiments in the LIGHT
(612 < m/4) side of the parameter space and for Normal Ordering of the neutrino states. For the x? analysis, a
marginalization in respect with the undisplayed parameters has been performed. The different contours corre-
spond to the allowed regions at 68%, 95% and 99% CL. Figure from [475].
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natural, since natural mechanisms for neutrinos to acquire masses may come from the presence of
a scalar particle with a non-vanishing vacuum expectation value [243]. It is therefore interesting
to explore the phenomenology of scalar NSI. The effect of this type of NSI has been studied in the
context of neutrinos propagating in some dark matter media [329, 331, 333, 482-486]; however,
we will show that there is a model-independent way to take into account such interactions in
neutrino oscillation considering the ordinary matter density. In this case, the lagrangian four
fermions effective term can be written as

nyaﬁ

TRt (327

EscalarNS[ =

where my, is the scalar mediator mass, y; its coupling with the environmental fermion and Y,5°
its coupling with neutrinos. This lagrangian term cannot be converted to a vector current one
[487, 488]; for this reason, differently from the vector NSI, we cannot expect that scalar NSI
modify the standard neutrino matter potential. On the other hand, in the nonrelativistic limit,
the matter fermions spinors reduces to u; = (£,£)T where £, = (1,0)” and £- = (0,1)7 for the
two spin polarizations. Thus, apu; = 2676 = ny, where n; is the number density of a given
fermion. In this framework, the term in eq. (3.27) can be written as -, nsysYas/mj [Vsval,
which is a correction to the neutrino mass term. Defining 0M = ) s ryrY/ mé, the effective
mass matrix which appears in the neutrino oscillation Hamiltonian is modified to

M?* — (M + M) (M +M)". (3.28)

Since the scalar NSI modify the mass term instead of the matter potential, we expect such
interactions to produce a different phenomenology in neutrino oscillations. If the mediator mass
is light enough, 0 M can survive current constraints obtained from different leptons and neutrinos
observables [489-495]. As usual, we can diagonalize the neutrino mass matrix through the PMNS
matrix U,. However, when such rotation is performed, we cannot rotate away all the unphysical
phases in the scalar NSI contribution 6 M. We can parameterize after such rotation, in a complete
model-independent way, the scalar NSI correction to the mass term in the following way [243]

N Nee Mep TNer
M = \JAmMZ, 0, Ty Tr (3.29)

Ner My Ther

where 7,45 are dimensionless complex parameters (only the diagonal ones must be real in order
to preserve the Hermiticity of the Hamiltonian matrix) and their phases come from both the NSI
couplings and the unphysical phases which appear after the diagonalization. The latter are not
the only standard neutrino parameters which become measurable only in presence of scalar NSI.
Indeed, in absence of new interactions, we only have M? as mass term in the Hamiltonian; from
this matrix we can subtract one of the absolute masses m? without changing the probabilities.
This make the oscillations sensitive only to the mass splittings. When 7,3 # 0, on the other hand,
we cannot perform the subtraction anymore, since the full mass matrix (M + M) (M +5M)T is
no longer diagonal. For this reason, differently from the vector NSI case, the scalar NSI introduce
a dependence of the oscillation probabilities on the absolute neutrino mass scale. Moreover, the
scalar NSI do not conserve chirality [243, 438, 496].

Considering the scalar NSI Hamiltonian, it seems that the genuine mass term and the scalar
NSI ones have exactly the same effect on neutrino oscillation. Thus, oscillations which seem
to be driven by a neutrino mass splitting, may be driven only by scalar NSI; there is however
an important difference. Indeed, while mass splittings can cause oscillations in vacuum, scalar
NSI cannot, since in the definition of the 7-s there is an implicit dependence on the matter

5For a real scalar, Y must be an Hermitian matrix.
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density ny. In general, it is hard to distinguish the true mass splittings from the scalar NSI
induced ones; one of the strategies one can adopt is to look for oscillations at two different
matter densities. In this way, the effective measured mass splittings should be different, since
the scalar NSI-induced modifications may be different in the two cases [243]. For instance, the
presence of a non-zero diagonal term in the scalar NSI matrix could explain the discrepancy of
the Am3, mass splitting measurements of KamLAND and SNO [123, 497] considering that in the
SNO case the matter density is bigger. Recent Borexino data [498] seems to favor nonzero scalar
NSI. Also atmospheric experiments can be affected by such new interactions, since, depending
on the direction of neutrinos, the matter potential is different. Moreover, it has been shown
[499] that scalar NST may also alter the sensitivity of accelerator long baseline experiment to the
CP-violating phase 9.

3.3 A closer look at Neutrino Decay

In the Standard Model neutrinos are stable particles since, being massless and interacting only
via weak interactions [13], there are no particles which may be produced in an hypothetical
decay. Even if we consider that neutrinos are massive, we know that their masses must be very
small, and their decay remains impossible. However, as widely discussed, in order to generate
neutrino masses, we need to introduce new physics processes in the SM. Such process may
be responsible of their decay. For instance, neutrino masses can arise from Yukawa couplings
between right-handed neutrinos and the Higgs field. If we need a mechanism that generates the
right-handed neutrino masses, we can introduce a coupling with a scalar singlet (Majoron) that
takes a non-vanishing vacuum expectation value and in most of the models, being a Goldstone
boson, is massless [255, 500-504]. In presence of such scalar massless particle which couple to
neutrinos, we do have a possibility for the neutrino decay. Indeed, in this case, we can build the
following lagrangian terms
(9p)ij -

‘CVS = (982)” ﬁil/jS —+ ?:TV,L"Y5VJ'S (330)

where S is the Majoron fields and g (g,) are scalar (pseudoscalar) couplings. In presence of such
terms, the heaviest neutrino states can decay in the following way

Vi — Vj + 5. (331)

Moreover, if neutrinos are Majorana particles, we can have both helicity conserving (v — v+ S
and v — v+ .5) and flipping (v — v+ S and v — v+ 5) decays. In principle, we can distinguish
two types of neutrino decays:

e The neutrino in the final state is an active state, namely one of the other two SM neutrinos.
In this case we talk about wvisible decay and the final neutrino can be detected. Since
the decay product will have lower energies than the parent neutrino, one of the typical
signatures of such decay is an increase of low-energy events at the detector.

e The final state is completely invisible since the produced neutrino is a sterile state. In
this case the phenomenology is simpler since we only expect less events at the neutrino
detector. This model is known as invisible decay model.

Solar [497, 505-512] and supernovae [513-515] neutrinos observations have been able to put
strong bounds con the vy (71/m; > 6 x 107°s/eV®) and vy (12/my > 7 x 107%s/eV) lifetimes
in the invisible hypothesis. On the other hand, the v5 invisible decay lifetime [260, 516] is

6Tn this case 7 is the lifetime in the center of mass frame and m is the neutrino mass eigenstate.
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much more difficult to bound (73/m3 > 3 x 1071%s/eV at 90% from a current global fit [517])
since it can be measured at atmospheric or accelerator experiments which have relatively small
baselines”. Using only long baseline data (MINOS and T2K), the bound is reduced by two orders
of magnitude [524]. Thus, being the less known, from now on we will only consider the lifetime
of the third eigenstate, which in NO is the heaviest. Moreover, we will consider the Majoron to
be massless.

In the invisible decay case, the neutrino vacuum Hamiltonian is modified in a very simple way
by the presence of the decay width I's = m3/(73F) in the following way [260]

0 0 0
H=U"|0 & 0 (Ut (3.32)
2
R

where r refers to the neutrino helicity we are considering. The probabilities are thus computed
just replacing the atmospheric mass spitting with Am3; —i['sE. The presence of the imaginary
term produce an exponential dumping of some of the probability terms. If the neutrino lifetime
is very short (I'y — o0), then such terms become negligible and the oscillation probabilities
do not depend anymore on L/E. In presence of matter, we just need to include the matter
potential into the neutrino Hamiltonian (note that here we are considering that the sterile
neutrino which is produced in the invisible decay does not mix with the active ones). Due to
the very simple phenomenology, different studies have been done in order to give bounds on the
invisible decay parameter. It is worth to mention that terrestrial bounds on the invisible decay
are not competitive to the cosmology ones, which can be up to 15 orders of magnitude more
stringent [262, 525-534]; however, such bounds strongly depends on the cosmological model and
for this reason it is still interesting to study the neutrino decay at oscillation experiments.

If the decay is visible, on the other hand, we can define the differential probability that a
neutrino v, with energy E, and helicity r oscillate to a neutrino vg with energy £ and helicity
s as [260]

dPV’V‘ s . .
— 2 P (E)S(Ea — Eg)dre + APY,,.(Ea, Es) (3.33)

dEB vl HZ/E Ve

where the first term is the probability computed in the invisible decay model; the second one,
namely the visible decay correction, can be obtained in the following way

L
AP, (Ba, Ep) :/0 | Avg s (Ba, Eg)[PdL! (3.34)

where A is the transition amplitude, L is the experiment baseline and L’ is the distance at which
the decay occurs. The transition amplitude in this case is proportional to the square root of the
normalized energy distribution of the neutrino decay

Ws? = —_— 3.35

where I's are the vy — v decay widths. Thus, in this model, the new parameters that may
be probed at oscillation experiments are all possible combinations of the decay amplitudes and
decay energy distribution. The fact that we observe a spectral distortion, due to the dependence
of the probabilities to both energies E, and Eg makes the 73/m3 bounds more stringent in the

In principle astrophysical neutrinos at IceCube may bound the vg lifetime, but the large uncertainties on the
initial flux make this measurements difficult [518-521]. See [522, 523] for recent neutrino decay applications in
IceCube measurements.
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visible decay case than in the invisible decay one [258, 507, 535]. For instance, using MINOS
and T2K data, if v3 decays visibly we get 73/m3 > 1.5 x 107! s/eV [259]. However, due to the
fact that there are more new parameters in the game, such bounds depends on the hypothesis
on the scalar and pseudo-scalar couplings [260].

3.4 A closer look at Non-unitarity

Neutrino masses, as widely discussed, are the motivation for many SM extensions. Neutral heavy
leptons (NHL) arise in several of such extensions, among the others the type-I seesaw. Their
phenomenology, depending on their nature and on the gauge structure of the new physics model,
can be very rich. For instance, they can have relevant implications in cosmology, accelerator
direct searches, lepton flavor violation process, neutrinoless double beta decays.

However, even if they are too heavy to be produced in current experiments or if the new physics
processes they induce are too rare, their presence can be indirectly probed with neutrino oscil-
lations. Indeed, every time we introduce new neutral leptons, they can mix with SM neutrinos.
Thus, the PMNS matrix, in presence of new physics, may be larger than the usual 3 x 3 one
[248]. If new particles are much heavier than the 3 usual neutrinos, their oscillations are too
fast to be resolved and their major observable effect is to break the unitarity of the 3 x 3 mixing
matrix, given that only the full matrix must satisfy the unitarity conditions.

3.4.1 Non-unitarity formalism and non-oscillation experiments

A general 3 X 3 mixing matrix, without any unitarity constraints, requires 9 additional real
parameters to be parameterized. One of the most convenient choice for the Non-Unitary mixing
matrix parameterization, is the so-called lower-triangular parameterization. In this case, the
PMNS matrix is written as [203, 249, 536]

N=(14+a)U (3.36)
where U is the 3 x 3 unitary PMNS matrix and
11 0 0
o = Qg1 (92 0 . (337)

Q31 (Qrzp (033

As usual, the three diagonal parameters are real, while the three off-diagonal ones are complex
and carry new phases. Due to the zeros in the first two rows of the o matrix, the non-standard
parameters which are important in the neutrino oscillations which are usually studied in acceler-
ator, atmospheric, solar and reactor experiments are oy, (oo and o (that appear at the leading
order respectively in the v, — v,, v, = v, and v, — v, probabilities). The other parameters
may be probed using v, appearance or looking at the matter induced probability terms. Talking
about the matter effects, the fact that the PMNS matrix is no longer unitary does not allow us
to subtract the NC matter potential to the Hamiltonian matrix as a multiple of the unit matrix.
For this reason, in the probabilities two matter potentials appear, which are related to both CC
and NC interactions with enviromental fermions.

In the hypothesis that the Non-Unitarity comes from the presence of HNL, the «;; parameters
can be written in terms of complex sines (§;; = e %4 sin6;;, where ¢;; are the CP violating
phases) and cosines (¢;; = cos#;;) of the mixing angles [203, 537-539]. In presence of n — 3 new
HLN, the three diagonal parameters are

1 + 11 = CipnCin—-1Cin—2---C14, (338)
14+ ag = copcon—1C2n—2...Cou, (3.39)
1+ ass = C3nC3n—1C3n—2..-C3a (3.40)
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while the three off diagonal ones can be written in a more complicated way, as shown in [249].
However, using such equations, one can derive some relations between off-diagonal and diagonal
parameters®, namely

| < /(1 + @)2(1+ a)? (3.41)

called triangular relations [253].

Bounds on non-unitarity parameters can be extracted, in the HNL hypothesis, using lepton
universality constraints [249, 540]. Indeed, new neutral leptons can enter in the muon and beta
decays amplitude modifying in different ways the effective Fermi constants and breaking the
unitarity constraints of the first row of the CKM matrix [13, 184, 539, 541-546]. From these
measurements one obtain that —2ag — a3y — |91 |* < 0.0005 at 1o. From pion decay branching
ratios [547, 548], it is possible to extract other bounds, for instance —2aq; — a%l < 0.0130 at 90%
CL. If neutrinos are Majorana, bounds con a;; may be set by neutrinoss double beta decays
experiments [203, 549]. Other model-dependent bounds are discussed in [249, 253].

3.4.2 Non-Unitarity and neutrino oscillations

The breaking of the unitarity of the PMNS matrix can certainly change the oscillation probabil-
ities. In this case the flavor transitions will depend not only on the standard mixing parameters,
but also on the new « parameters. This would introduce new phenomenological features of the
oscillations. For instance, the breaking of the PMNS unitarity induces also the breaking of the
probabilities unitarity: 5 Pogp = 1. Moreover, in this case we have the so-called zero-distance
effect, namely P,s(L = 0) # d,5. This can be interpreted, if the non-unitarity is caused by the
presence of new heavy neutral states, as the effect of averaged out very fast oscillations, which
occur at very short baseline.

Thus, from experiments with L ~ 0, we can extract bounds on «yy, ags and as; looking at
Ve = Ve, V, — 1, and v, — 1, oscillation data, respectively. At 90% CL, one gets aq; ~ 1073,
gy ~ 107* and ag; ~ 1073 [80, 253, 411, 550, 551]. Also long baseline experiments data can be
used to set bounds on Non-Unitarity parameters using CC and NC data [551, 552]; however, in
this case, it is crucial to be able to know the flux precisely without the beam monitoring of a
Near Detector, which would be as well affected by non-unitarity via zero-distance effects. We
will discuss this point later.

Another interesting method that has been used to set unitarity bounds on the PMNS ma-
trix consists on the study of the leptonic unitarity triangles®. Indeed, the unitarity relations
> UsU Ez =0and ) UyU, ;j = 0 define closed triangles in the complex planes. If we consider
the following parameters

UnUp  Usly,
Uar Uy, Us. Uz,

Py + My = (3.42)

in the (puy, Nsy) planes, these triangles have two fixed vertices, namely the origin and (1,0) and
a third vertex which depends on the experimental value of the mixing matrix entries. The Non-
Unitarity of the PMNS matrix should cause the opening of the unitarity triangles. A complete
analysis using this approach can be found in [555, 556].

8Notice from eq. 3.40 that in the hypothesis that the unitarity breaking come from the presence of new heavy
states, a;; < 0.

9Unitarity triangles are widely used in the context of the CKM matrix, see [13, 90, 553, 554] and references
therein.
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3.5 Equivalence of the oscillation phenomenology in dif-
ferent BSM models

We discussed different BSM models which modify the neutrino oscillation Hamiltonian matrix.
Such matrix, being a simple 3 x 3 Hermitian matrix, has a relatively small number of degrees
of freedom. Thus, it has been studied the possibility to find connections between new physics
parameters of different models [254]. In particular, among the models we discussed in details, it
has been shown the phenomenological equivalence of the 3+1, Non-unitarity and NSI models.
Let us first consider the equivalence between the 3+1 model and Non-unitarity model. In
this case, we can chose for instance (neglecting the CP violating phases), the PMNS matrix
parameterization

UPMNS - R(934>R(924)R(814)R(623)R(913>R(¢912) . (343)
Doing so, we can write, in the 3 active neutrino sector, the PMNS matrix as
UJ/DMNS = NUE??MNS (3.44)

where U3, 5 is the usual PMNS matrix and N is the 3x 3 sector of the matrix R(034) R(024) R(614).
Such matrix, in this particular parameterization can be written as

cos Oy 0 0
N = —sin 6)14 sin 924 COS 4924 0 (345)
—cosbysinfiysinflzy —sinfessinfsy coslsy

which is a lower triangular matrix, just like the non-unitarity matrix previously discussed. Thus,
we obtain the following relations between Non-unitarity and 341 parameters

14+ o = cosbyy (3.46)
14+ g = cosby (3.47)
14+ 33 = cosbyy (3.48)
97 = —sinfyysinfyy (3.49)
31 = — C0S By, sin iy sin b3y (3.50)
Qizg = — sin Oy sin sy (3.51)

which in the diagonal sector correspond to eq. (3.40) for n=1. It is worth to mention that the
two models have the same phenomenology only if sterile neutrino oscillations can be averaged
out. If not, the new oscillation frequency driven by Am?, would modify the probabilities.

Considering source and detector NSI, we pointed out that the oscillation probability can be
directly computed squaring the quantity (1 + e?)Ue " LUT(1 + ¢%). Tt is evident that we can
map the NSI parameters to the Non-unitarity (and thus to the 3+1) ones using the relations!®

e =€ls=ang. (3.52)

Finally, let us consider the propagation vector NSI. In this case it is more complicated to find
a direct correspondence. However, in the Non-unitary case, the matter effect matrix can be
written as

Vee + Vne 0 0
Nt 0 Ve 0 | N (3.53)
0 0 Ve

10Tn our previous discussions, we used flavor indices for the NSI parameters and numerical indices for Non-
unitarity parameters. Here, with ans we denote o;; where e =1, p =2, 7 = 3.
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where N = (1 + o)Upyns. Neglecting higher order terms in «;; and using the approximation
that neutron and electron densities are the same, we get

2—=2a11 a3 oy
——U.Jr 91 20522 (1/;2 U. (354)

* *

This matrix can be easily mapped to the propagation NSI ones using the relations

Eaa = Caalaa (355)
1
EaB — 50&204 (356)

where c,, = 1 for a = e, —1 otherwise.

The fact that such correspondences exist between BSM parameters allow us to extract bounds
on one model knowing bounds on another one. However, it is important to consider that even if
the phenomenology seems to be the same for all the models, the physics behind for instance NSI
and sterile neutrinos is very different. Indeed, depending on the experiment, we cannot always
probe all the models in the same way. In very short baseline experiments we have access to the
unitarity violation via zero distance effects, but propagation NSI are not developed yet due to
the absence of matter effects. Moreover, in some conditions, if we try to connect 3+1 mixing
angles and NSI couplings, we may obtain unphysical solutions, such as sinf;; > 1.

It is worth to mention another important correspondence that has been explored in literature:
the one between the CPT-odd Lorentz violating parameters and the propagation NSI ones
[269, 270]. Only recently it has been recently proposed a way to distinguish between these two
models using Earth core passing atmospheric neutrinos [291].
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Chapter 4

Next Generation Long Baseline
Experiments

We discussed how rich the oscillation phenomenology can be, considering also all the possible
BSM models that may affect the neutrino oscillation probabilities. However, as already pointed
out, current neutrino data are not enough to answer all the open questions in this sector and
there are still different observables that need to be determined. For this reason, a certain number
of future oscillation experiments have been proposed.

The first next-generation experiment to take data will be the reactor experiment JUNO (Jiang-
men Underground Neutrino Observatory) [557], which will be ready to collect neutrino data in
the next few years. Such experiment, considered as a follow-up of Daya-Bay, will be placed at
a distance of 53 km from different reactor plants in China. Its long baseline (with respect to
reactor neutrino energy) will allow JUNO to look at low frequency solar oscillations modulated
by high frequency atmospheric oscillations. The great expected energy reconstruction of this
experiment will hopefully lead to precise measurements of mixing parameters as well as to the
determination of the neutrino mass ordering [558, 559].

After JUNO, in the 2030s, two long baseline experiments will become operative: DUNE (Deep
Underground Neutrino Experiment) in the USA [560, 561] and T2HK (Tokai to Hyper-Kamiokande)
in Japan [156]. While the former can be considered as a completely new experiment (even though
it will share some facilities with the successful NOvA experiment), the latter will be an upgrade
of the T2K experiment. These two experiments are expected to provide a great environment
for the study of oscillations in the SM as well as in BSM scenarios. We will later discuss their
potential in searching for new physics hints; before that, we will describe in this chapter which
are their essential features and which are their expected performances in constraining standard
physics parameters.

4.1 DUNE (Deep Underground Neutrino Experiment)

The DUNE experiment [14, 560-562], proposed in 2014, whose construction began in 2017, is
expected to start taking data by the end of this decade (possibly in 2027). It will consist of a
far detector located 1.5 km underground at the Sanford Underground Research Facility (SURF)
in South Dakota and a near detector complex [157] located at Fermilab, Illinois. The distance
between the two facilities will be roughly 1300 km; for this reason DUNE will be the neutrino
experiment with the longest baseline ever built. Both detectors will be exposed to the world’s
most intense neutrino beam, which is originated at Fermilab. Its primary science goals are

e Neutrino oscillation measurements using v, and 7, beams from Fermilab. These include
the measurement of the CP phase of the PMNS matrix (the proposed goal is to reach 3o
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sensitivity for the 75% of the possible values of the phase), the determination of the mass
ordering and a precise measurement of o3, which will allow to solve the octant degeneracy.

e Search for proton decay in several modes.

e Detection of the v, flux from a core-collapse supernova within our galaxy.

However, the experimental setup will allow DUNE to have a very rich ancillary science program.
Such program includes the study of BSM physics in the oscillation context, the detection of
atmospheric neutrinos, the searches for dark matter and neutron-antineutron oscillation and the
measurements of neutrino cross sections with a focus on the nuclear effects.

4.1.1 DUNE Detectors

Extensive preliminary studies suggested that for the main DUNE goals, a 1300 km baseline was
well-optimized for neutrino oscillation physics. Considering that the beam facility was already
present at Fermilab for the NOvA experiment, the Homestake mine in South Dakota, where the
SURF is located, has been chosen as far site. In order to attenuate the cosmic rays background,
the far detector should have been built sufficiently underground.

The Liquid Argon Time Projection Chamber (LArTPC) technology [563] will be adopted by
DUNE. These kind of detectors provide a good scalability, an high-performance event imaging
as well as calorimetry and particle identification capabilities. Such features are very important
for an experiment in which the neutrino beam has a wide energy range (see following subsection).
We will now briefly describe the main features of the far and the near detectors.

DUNE Far Detector

The DUNE Far Detector (FD) will consist of four LArTPC modules, each contained in a cryostat
filled with 17.5 kt of liquid Argon; each module has a fiducial mass of at least 10 kt. Thus, the
total far detector mass is of about 40 kt. The DUNE collaboration considered two possible
LArTPC technologies.

e Single-phase: in this case, the ionization charges are drifted horizontally and read out
on wires contained in the liquid argon. Such technology has already been used for the
first LArTPC detector, namely ICARUS [142] and for the SBN (Short Baseline Neutrino
Project) [416] detectors: SBND and MicroBooNE. However, for a large detector like the
DUNE one, the electronics requirements in single phase are very stringent.

e Dual-phase: the dual-phase technology is less established but in principle offers some
advantages. In this case, the ionization charges are drifted in the LAr and transferred
into a layer of gas above the liquid. Here, electron multiplier devices amplify the charges.
The improved charge gain in the gas phase reduces the requirements on the electronics.
However, a dual-phase detector needs an higher voltage, allowing on the other hand an
increased drift length.

Two DUNE prototypes, ProtoDUNE-SP and ProtoDUNE-DP are currently running at CERN.
Each detector is one-twentieth of the expected size of the DUNE FD [564, 565].

Very recent studies based on the performances of the two ProtoDUNE detectors, observed that
the gain from the gaseous phase of the dual phase technology may not be needed. For this
reason, the first FD module has been chosen to be a single-phase detector [566]. For the second
module, a third possibility is being currently studied: the Vertical Drift technology [567-570].
A Vertical Drift single-phase detector may benefit from the advantages of the dual-phase design
while eliminating the complexity due to the liquid-gas interface. In particular, such a detector,
compared to a standard horizontal drift single-phase detector, maximizes the active volume, has
a simpler installation and suffers from less mechanical deformations.
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DUNE Near Detector complex

For long baseline neutrino experiments the presence of a Near Detector (ND) can be crucial.
Indeed, if we analyze the data considering the ratio between the number of the events at the
FD and at the ND, we can reduce many sources of uncertainties. For instance, the ND can be
used to estimate the neutrino flux close to the beam source. In this way one can have a better
understanding of the expected flux composition at the FD. Moreover, if the ND is a rescaled
replica of the FD, most of the systematic uncertainties due to the detector are canceled out when
the ratio between the number of events at the two baselines is computed. Other than that, since
the ND is exposed at a very high intensity flux, it can be used to perform physics measurements,
such as cross sections or BSM oscillation studies.

The DUNE Near Detector complex, located at a distance of 574 metres from the beam source,
will be made up of three components [157]:

o ArgonCube: the main detector, a smaller replica of the FD LAr-TPC. Its fiducial mass
will be at least 50 tons; some references take into account 67 tons. Its main purposes
are the experimental control for the FD as well as the flux composition and spectrum
determinations. This detector can be moved in different off-axis positions in order to
better understand the neutrino beam. Such capability is reffered to as DUNE-PRISM
(DUNE Precision Reaction-Independent Spectrum Measurement). ArgonCube can also
be used to probe BSM models which allow oscillations also at very short baselines.

e Multipurpose detector (MPD): an high-pressure gasseous argon TPC (HPgTPC) with a
fiducial mass of approximately 1 ton. This detector will be placed inside a magnetic field,
differently from the LArTPC-s. For this reason MPD can recognize the charge of the
particles. It can be used as experimental control for ArgonCube and the FD, but also to
measure exclusive final states with low momentum threshold. This last feature makes this
detector very useful for BSM searches not in the neutrino sector. MPD can also be moved

off-axis together with ArgonCube thanks to DUNE-PRIMS.

e System for on-Axis Neutrino Detection (SAND): this detector, which always remains in
the same position, will provide a constant and continuous on-axis flux determination.

4.1.2 Neutrino fluxes, event rates and detectors’ performances

The current generation of long-baseline neutrino experiments (NOvA and T2K) used narrow-
band beams in order to study neutrino oscillations. Moreover, such experiments have their FD
located off-axis. This essentially means that the beam is not exactly focused to the Far Detector.
The main advantage is the low background rate in v, appearance and v, disappearance channels
from misidentified NC interactions of high-energy neutrinos. However, this comes at a cost of
flux and spectral information with respect to an on-axis configuration [571, 572]. DUNE has
as its basic concept the use of a wide-band on-axis beam, which allows to scan over a wide
L/E ratios and assures an high event statistics. The background mitigation is granted by the
highly-performant detector technology.

Beam Facility and Neutrino Fluxes

The neutrino flux is generated by the collision of a proton beam on a fixed target. After the
protons interactions, a certain number of mesons, mostly pions, are created and focused in a
decay tunnel. While travelling in such tunnel, mesons decay producing neutrinos (mainly v,
with small v, contamination due to the rare pions electronic decays and kaons decays) and other
particles, like leptons or other hadrons. These last particles are absorbed or deviated away by a
magnetic field: the only remaining particles are the neutrinos which are now relatively focused

29



Q10" [a) 3
[T F e [T F .
T . Taac ¥ N R 5] — \LH .....
= f f . © = I W ¢
01010 -H'L """ e O 1010 B 7 e
g- 3 LLH VYV g- j 1LLH —u
o . o L
— L J— — L_.-.,F_-'—H- J—
3_(! 1‘/\: \ﬁ.‘_’, H"‘-\_‘_ u 3_(1 . T o i
< 10° . e < 10 E
?’ H_\"“L.-H_L 1 ?) mﬁ?—r}
Q T Q ]
E E
3 10° : = 10°
= =
> > i e
10’ : 10’ E
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Energy (GeV) Energy (GeV)

Figure 4.1: Neutrino fluxes at the DUNE FD in neutrino (left) and antineutrino (right) modes. Figure taken
from [561].

in a beam and sent to the Near and Far detectors complexes.

In the DUNE experiment, many configurations are being studied. However, the last DUNE
Technical Design Report (TDR) [560, 561] takes into account 1.2 MW of 120 GeV primary
protons! sent to a 2.2 m long graphite target. This corresponds to 1.1 x 10*! POT /year (protons
on target per year) and a total exposure of 480 kt-MW-yrs. Then, the hadrons produced by
proton interactions are focused by magnetic horns: when positive (negative) charged hadrons
are selected, DUNE runs in v-mode (7-mode), namely the neutrino flux will be mostly composed
by v, (7,). Since the negative hadrons produced by proton interactions are less than the positive
ones, we expect the antineutrino flux to be less intense than the neutrino one.

In Fig. 4.1 we show the initial non-oscillated neutrino fluxes at the far detector taken from
the DUNE TDR [561]. It is clear that in both neutrino and antineutrino modes, the flux is
peaked around 2.5 GeV. This is what we need in order to have the largest statistics at the first
atmospheric peak (Am32,L/4E ~ 7/2). However, the flux is only reduced of a factor of 4 in the
broad range [0-5] GeV. This clearly shows the meaning of broad-band beam experiment: we have
an important neutrino flux for a wide range of L/E ratios and we can even observe oscillations at
the second atmospheric maximum, which comes at around 0.88 GeV. In each mode, the wrong-
sign neutrinos (7, in neutrino mode and v, in antineutrino mode) represent a non-negligible
fraction of the total neutrino flux. This has to be taken into account since the DUNE LArTPC
FD will not be able to distinguish the sign of the lepton produced by the neutrino interaction.
On the other hand, the electron neutrino beam contamination is only a subdominant fraction
of the flux (~ 1% at the beam peak). Fig. 4.2 shows the v, and v, spectra expected at the far
detector after oscillation given the initial fluxes described above and the parameters best fits in
NO from [152]. The DUNE running time considered here is 3.5 years in neutrino and 3.5 years
in antineutrino modes. The DUNE running time is divided by the collaboration in different
stages: one year with 20 kt, two years with 30 kt and the rest with the total 40 kt of fiducial
mass; after 6 year, the beam is also upgraded up to 2.4 MW?2. For each oscillation channels also
the background events are shown. These are

e For the v, appearance channel, the v, and v, CC events due to the electron neutrino beam
contamination as well as misidentified NC, v, CC and v, CC events.

e For the v, disappearance channel, the misidentified NC, v, CC and v, CC events.

n earlier studies also 80 GeV protons have been considered [14, 562].
2When not specified, we do not adopt such running staging.
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Figure 4.2: v, (top left), v, (top right), v, (bottom left) and 7, (bottom right) fluxes at the Far Detector
considering neutrino oscillations with best fit parameters [152] in NO. The total running time in this case is
3.543.5 years staged. Figure taken from [561].
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Expected events (3.5 years staged)
v mode
v, Signal NO (10) 1092 (497)
v, Signal NO (I0) 18 (31)
Total Signal NO (10) 1110 (528)
Beam v, + v, CC background 190
NC background 81
v, + v, CC background 32
v, + v, CC background 14
Total background 317
v mode
v, Signal NO (I0) 76 (36)
v, Signal NO (I0) 224 (470)
Total Signal NO (10) 300 (506)
Beam v, + v, CC background 117
NC background 38
v, + v, CC background 20
v, + v, CC background 5
Total background 180

Table 4.1: Integrated rates of selected v, and 7, events signal and backgrounds. For backgrounds NO has been
assumed. dop has been fixed to 0. Table from [561].

Expected events (3.5 years staged)

v mode
v, Signal 6200
v, Signal 389
Total Signal 6589
NC background 200
v, + v, CC background 46
ve + v, CC background 8
Total background 254

7 mode
v, Signal 2303
v, Signal 1129
Total Signal 3432
NC background 101
v, + v, CC background 27
v, + v, CC background 2
Total background 130

Table 4.2: Integrated rates of selected v, and 7, events signal and backgrounds. dcp has been fixed to 0. Table
from [561].
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In Tabs. 4.1 and 4.2 the total expected number of signal and background events are reported.
Now we can discuss together the tables and the figures. First of all, in the appearance channel,
we expect, roughly 1100 signal events in v-mode and 300 in 7-mode in the Normal Ordering
hypothesis. If we consider the Inverted Ordering, we expect roughly 500 events in both cases.
The total background rate is 300 events in the v-mode and 180 7-mode. From fig. 4.2 we can
see that, in NO, around the oscillation maximum, the number of background events is 7 (5)
times smaller than the number of signal events in neutrino (antineutrino) modes. Thus, the
backgrounds become very important only below 1.5 GeV and above 5 GeV.

In the disappearance channel, where the mass ordering has not a considerable impact, we expect
6600 signal events in neutrino mode and 3400 in antineutrino mode. The number of background
events are respectively roughly 200 and 150. Thus, the backgrounds are even less important
in this channel. In Fig. 4.2 we observe that the disappearance spectra have two peaks, which
correspond to the atmospheric oscillation minima, around 1.5 GeV and 4 GeV. Around the first
oscillation maximum (2.5 GeV), on the other hand, we have a minimum in the spectra. The
number of background events is negligible. On the other hand, the wrong sign events, which
can be considered as signal since the DUNE detector cannot distinguish the lepton charge, are
negligible in neutrino mode, while very important, in particular for £ > 3 GeV in antineutrino
mode.

It is worth to mention that the flux peaked at 2.5 GeV is not the only one which has been
proposed by the DUNE collaboration. Indeed, an high-energy flux, peaked at around 5 GeV (Fig.
4.3) with a considerable high-energy tail, is under consideration. This flux would allow DUNE
to collect many v, events, which come from v, — v, oscillations. Indeed, v, CC interactions
have a very high energy threshold (3.1 GeV) and with the usual neutrino flux we expect DUNE
to be able to observe only a few tens events (see Sec. 4.1.4). Studying v,-s may be very
interesting since so far only the DONUT and OPERA experiments were able to detect few of
them [7, 149, 573].

Efficiencies and Energy resolutions

As already mentioned, the DUNE experiment, as usual for long-baseline experiments, will mostly
study the electron appearance and the muon disappearance channels. For the first one, the de-
tector observes v, CC interactions with nuclei. In such processes, an electron is generated, which
creates an electromagnetic shower, which leaves a particular signature in the LArTPC. On the
other hand, in order to collect disappearance events, the detector observes v, CC interactions
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. Detection . Angular

Particle type Threshold Energy resolution resolution
Contained tracks: track length o

H 30 MeV Exiting tracks: 30% :
p-like contained tracks: track length

7r 100 MeV | w-like contained tracks: 5% 1°
Showering or exiting tracks: 30%

e/ 30 MeV | 2% @ 15%/VE[GeV] 1°
p<400 MeV/c: 10% o

P S0 MeVe | 1400 MeV fe: 5% @ 30%/VE [GeV] | °

n 50 MeV | 40% /v E [GeV] 5°

other 50 MeV | 5% @ 30%/VE [GeV] 5°

Table 4.3: Energy and spatial resolution for particles in the DUNE detector [14].

with nuclei, where a muon is generated. This particle, having a long lifetime and being at its
ionization minimum when the energy is O(GeV), does not create a shower, but a long single
trace exiting the detector.

Thus, the LArTPC, which has a very good imaging capability, performs very well in distin-
guishing the two types of events. In Fig. 4.4 we show the selection efficiency in the appearance
and disappearance channels in neutrino (FHC, Forward Horn Current) mode and antineutrino
(RHC, Reverse Horn Current) modes in function of the reconstructed neutrino energy. For the
appearance channel, the efficiency is expected to be maximum at the spectrum peak, and it is
about 85% in both FHC and RHC modes. It is clear that the background rejection capability
of DUNE is very good since only a few percents of the total number of background events is
expected to be selected. In the disappearance channel, the selection efficiencies reaches a plateau
around 95% for neutrino energies above 2 GeV.

For the DUNE energy resolution, we need to consider that LArTPCs also act as calorimeters;
thus, we expect that the FD will be performing in reconstructing the neutrino energies. In Tab.
4.3 we summarize the DUNE energy and angular resolutions for several particles, as well as the
detection threshold. More refined simulations were able to produce migration matrices so to
better evaluate the probability that, given a true event energy, the experiment reconstructs a
certain energy value [561]. With these it is possible to summarize the energy response of the
detectors; for this reason, they have been used in order to obtain all the results shown in the
following sections.

Systematic uncertainties

The systematic uncertainties estimations is a very complicated task, which has been extensively
studied by the DUNE collaboration (see Ref. [561] and references therein for detailed discussion
about all the possible source of systematics). In general, we can divide them in three categories.
The flur uncertainties arise primarily due to the hadrons produced off the target and to the
uncertainties in the design parameters of the beamline. These are highly correlated across energy
bins and neutrino flavors. Nowadays they are estimated to be at the level of 8%, but future
hadron production measurements should improve this number. Moreover, flux uncertainties
could be drastically reduced by ND flux measurements.

The interactions uncertainties are related to the cross section estimations. These uncertainties
have many sources, which span from the initial and final state uncertainties, to the multinucleon
hard scattering contribution to the total cross section. As in the previous case, interactions
uncertainties may be reduced by further theoretical and experimental studies and can be partially

65



v, appearance channel
Signal ve and v, CC events from v, oscillations 2% sys
Beam v, and v, CC events 5% sys
Backgrounds Misidentified v, and 7, CC events 5% sys
Misidentified v, and 7, CC events 20% sys
Misidentified NC events 10% sys
v, disappearance channel
Signal v, and v, CC events 5% sys
Backgrounds Misidentified v, and 7, CC events 20% sys
Misidentified NC events 10% sys

Table 4.4: Backgrounds and signal systematic uncertainties proposed by the collaboration for the DUNE
simulations [562, 574].

CP Violation Sensitivity

I DUNE Sensitivity 7 years (staged) DUNE Sensitivity W 7 years (staged)
L All Systematics 10 years (staged) All Systematics 10 years (staged)
10|~Normal Ordering Median of Throws 40" Normal Ordering _— L‘:’)ﬁ:’:l E:::f‘::l
- sin?20,, = 0.088 + 0.003 to: Vriaions of sin’26,,=0.0880.003 . 6., unconstrained
r 0.4 <sin®0,,<0.6 statistics, systematics, 35 sin,, = 0.580 unconstrained
- and oscillation parameters i
8- ]
T
- o
L )
F o T
c
=NN s
1] /_\ -]
© i -
o
i ®
T //\\ // \\ y
3]
o
[ \/ \
P P U PUTU T SO FUTU T P T 0 .
-1 -08-06-04-02 0 02 04 06 08 1 -1 08-06-04-02 0 0.2 04 06 08 1
SCPIn Bcpln

Figure 4.5: DUNE §cp sensitivity and precision as a function of the true phase value. Figures taken from
[561].

simplified if measurements are performed at both ND and FD.

The detector uncertainties come from wrong energy reconstruction, as well as from acceptance
and efficiencies misunderstanding. Again, since near and far detectors share the same technology,
these uncertainties can be reduced.

The total systematic uncertainties estimated for DUNE considering the impact of the Near
Detector as well as the expected improving of our knowledge of the neutrino sector, are listed
in Tab. 4.4. For the v, appearance and v, disappearance signals, the DUNE collaboration
considers respectively 2% and 5% of normalization error.

4.1.3 Sensitivity to oscillation parameters

In this subsection we will briefly show which are the expected DUNE capabilities in measuring
some neutrino oscillation parameters. Results mentioned here have been taken from the latest
DUNE TDR.

In Fig. 4.5 (left panel) we show the expected sensitivity to dcp using the staged DUNE running
already described for a total exposure of 7 (3.5+3.5) and 10 (5+5) years. The Ax? function is
defined as

AXiep =X (0cp) = x*(0cp = 0, 7). (4.1)
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Mass Ordering Sensitivity
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Figure 4.6: DUNE mass hierarchy sensitivity as a function of the true phase value. The true ordering has been

taken as Normal. Figure taken from [561].
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Figure 4.7: Atmospheric angle octant sensitivity of the DUNE experiment. Figure taken from [561].
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Physics Goal Exposure (staged years)
5o Mass Ordering (dcp = —7/2) 1
50 Mass Ordering (any dcp) 2
30 CP Violation (dcp = —7/2) 3
30 CP Violation (50% of dcp values) 5
50 CP Violation (0cp = —7/2) 7
5a CP Violation (50% of dcp values) 10
30 CP Violation (75% of dcp values) 13
dcp Resolution of 10° (dcp = 0) 8
(Scp Resolution of 20° (5CP = —7T/2) 12
sin? 26,3 Resolution of 0.004 15

Table 4.5: Exposure in staged years after which the DUNE experiment will reach certain physics goals. The true
value for o3 has been chosen so that sin? 053 = 0.58 (the timing shown here is very sensitive to the atmospheric

angle true value). Figure taken from [561].

We can observe that the oscillation parameters variation (in particular the 6,3 variation, as we
will discuss later) have a huge impact on the sensitivity. Indeed, for the 7 years configuration,
50 (\/Ax? =5 for the Wilk’s theorem [575, 576]) median sensitivity is reached only for positive
values of dcp in the range [0.3-0.7]m, but such interval can drastically change varying the param-
eters. On the other hand, the 3o sensitivity, which is considered to be the main goal for DUNE,
may be reached even with 7 years running for more than 50% of the possible phase values. In
the right panel of Fig. 4.5 we show the d¢p resolution which may be reached by DUNE, defined
as the 1o uncertainty. In this case the minimum uncertainty, namely 13° for 7 years, is reached
for CP conserving values of d¢op, 0 and 7. On the other hand, if the CP violation is maximum,
the uncertainty will be between 21° and 27°.

The neutrino mass hierarchy, on the contrary, will be determined by DUNE at a very high sta-
tistical significance for any value of dcp, as shown in Fig. 4.6. The Ax? function is defined here
as

Ax* = Xxo — Xio (4.2)
The maximum (minimum) sensitivity is reached for the negative (positive) maximal value of the

PMNS matrix phase [96]. The DUNE experiment should also be able to establish the 623 octant.
Indeed, as shown in Fig. 4.7, where

Axgza = X2(‘923) - X2(7T/2 — b3, (4.3)

after 10 years of staged data taking, DUNE will distinguish the atmospheric angle octant at 3o
if sin? B3 < 0.46 or sin® By < 0.56 (fo3 € [0.24 — 0.26]7). We will discuss later how the presence
of matter effects will negatively affect the capability of DUNE to measure 63 if its true value
is close enough to 7/4 (see Sec. 5.2). The measurements of Am3, and 6,3 performed by DUNE
are also expected to be extremely precise [14, 561]. We quote in Tab. 4.5 after how many years
of staged running DUNE will reach some physics milestones regarding the mass hierarchy, the
CP violation and the ;5 measurement for sin? fy3 = 0.58.

4.1.4 The v, channel

The tau neutrino is the last fermion to be discovered so far. Indeed, only in 2000 the DONUT
experiment [7] was able to see this particle. The reason why v,-s are so difficult to observe is that
their CC interactions, as already mentioned, have a relatively high energy threshold (3.1 GeV)
with respect to the usual detectable neutrinos. Thus, even if in long baseline experiments we
study atmospheric oscillations, which are dominated by the v, — v, transition, we usually look
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for the disappearance of muon neutrinos instead of the appearance of taus. Only the OPERA
(149, 573] experiment?®, where a 17 GeV peaked neutrino beam was employed, has been able to
detect v,-s in the context of neutrino oscillations.
Even in presence of enough energetic neutrinos, however, the v, detection results to be very
challenging; if v, CC and v, CC interactions produce stable or long-living particles, v, CC
interactions produce the very short living 7 leptons which, at neutrino beam energies, decay
very close to the interaction vertex. The charged decay products can be electrons (18%), muons
(18%) or hardons (64%). These particles can leave traces in the detector and their identification
may in principle lead to the possibility of the v, detection.

DUNE, considering its high energy flux tail and its very good imaging capability, should be

v mode 7 mode
v, Signal 277 v, Signal 68
v, Signal 26 v, Signal 85
Total Signal 303 Total Signal 153
ve + v, CC Bkg (beam) 333 + 38 ve + v, CC Bkg (beam) 117 + 104
ve + v, CC Bkg (oscillation) | 1753 + 12 || v, + . CC Bkg (oscillation) | 90 + 188

Table 4.6: Expected total number of events after oscillation at the 40-kt far detector for Signals and Backgrounds
(Bkg) obtained using no selection efficiencies hypothesis in the case of the standard flux and for Normal Hierarchy
(NH). 6cp = 215° is assumed [578]. The events correspond to DUNE running for a total of 7 years (3.5 years in

neutrino mode and 3.5 years in anti-neutrino mode).

v mode v mode
v, Signal 2673 v, Signal 98
v, Signal 34 v, Signal 983
Total Signal 2707 Total Signal 1081
ve + v, CC Bkg (beam) 688 4+ 63 || v + 1. CC Bkg (beam) | 176 + 177
ve + v, CC Bkg (oscillation) | 1958 4 11 || v, CC Bkg (oscillation) | 76 + 324

Table 4.7: Same as table 4.6 but for the optimized flux.

able to identify a few v events. These events may come from the identification of the 7 hadronic
[579] or electronic [16] decays. In the former case, the most important source of background
should be misidentified NC events, where hadrons are produced. On the other hand, in the
latter case, the background events mainly come from v, CC interactions®. The studies of the
physics potentials of the v, appearance channel at DUNE produced many results in the last years
[16, 18-21, 555, 579, 582-585]; a review about the perspectives about the 7 neutrino physics at
DUNE and other experiments can be found here [586].

In [16], we showed that in DUNE roughly 450 v, and 7, events are expected; this number can
be increased of almost a factor of 10 if an high energy flux will be used for the same amount
of time (see Tabs. 4.6 and 4.7). To this number one should apply the selection efficiencies,
which depend on the decay mode we are considering and on the detector efficiency. In Fig. 4.8
we show the potentials of the DUNE Far Detector in constraining 63, 613 and Am3, using the
v, appearance channel with subsequent electron decay in different hypothesis on the selection
efficiency (100% and 30% of electron events, respectively 18% and 6% of the total events)

3High energy neutrino candidates have been recently observed by neutrino telescopes [577].
4The performances of LArTPCs in the v, detection have been studied in the context of the first LArTPC
ever built, the ICARUS detector, in [142, 580, 581].
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and on the signal over background ratio (18.6 and 2.45). These choices have been taken from
the LArTPC detector of the ICARUS experiment predictions [580, 581]. We estimated the
systematic uncertainties related to this channel to be at the level of 20%, much larger than
the other channels’ ones; this is so mainly because reconstructing the v, interaction topology is
much difficult, and because we do not have many information about the v, CC cross section.
It is clear that the performances of this channel are not comparable to the other channel’s
ones. These results can be improved with the high-energy flux (in Fig. 4.9 we show the results
in this case with an aggressive 10% systematics hypothesis) but still very large portions of the
parameters space (fa3 € [30—60]°, 13 < 20° and Am2, € [2.3—2.8] x 1073 eV?) are allowed. This
essentially means that this new transition channel will not be able to substantially improve the
standard oscillation parameters measurements. In Fig. 4.10 we show a comparison between the
performances of each channel, considering a running time of 3.5+3.5 years with the standard flux,
where it is clear that the performances of the v, appearance channels are poor in constraining
standard oscillation parameters. Similar results have been obtained in [579] using the events in
which the 7 leptons decay in hadrons. They estimate that 30% of the hadronically decaying 7
leptons (20% of the total v, sample) may be observed at DUNE. The main backgrounds in this
case are misidentified NC events.

However, the v, sample at DUNE could be useful not only to study the properties of this particle,
like the interaction cross section, but also to study BSM physics [16, 18-21, 555, 579, 582-586],
as we will discuss later on.

5.0 5.0

[
a
=]

Standard Flux
20% systematics

[
o
[=]

»

=)
»
=)

n N
(=] a
=] =]

6cp (Degrees)
a
(=]

Amg? (x 107 eV?)
w
o

Amg,? (x 102 eV?)
w
o

-
=]
=]

2.0} e 20
18% sig + 18.6 S/B
18% sig + 245S/B
6% sig + 18.6 S/B

6% sig + 245S/B -

0 10 20 30 40 0 10 20 30 40 10 20 30 40 50 60 70 80
6,3 (Degrees) 613 (Degrees) 623 (Degrees)
350 80 350 i

2]
=)

-
=)
=)

(2]

o

=]
~
(=]
[
o
=]

250

n N
o a
o =)

-
o
(=]

&cp (Degrees)

Scp (Degrees)
6,3 (Degrees)

-
o
=]

o
=)
n
(=]
o
=]

0 10| 0
10 20 30 40 50 60 70 80 0 10 20 30 40 1.0 2.0 3.0 4.0 5.0

6,3 (Degrees) 6,3 (Degrees) Amg,? (x 10%eV?)

Figure 4.8: Correlations among oscillation parameters using only v, appearance channel with the DUNE
standard flux and 20% systematics. The curves show the allowed parameters space regions at 68% confidence

level with different efficiencies and S/B (signal/background) ratios.

4.2 Hyper-Kamiokande (HK)

In 2013, the T2K experiment in Japan established v, — v, oscillation at 7.3¢0 [587], opening,
together with the NOrvA measurements, the road towards the CP violation determination in
neutrino experiment. The T2K success lead in 2015 to the proposal of an experiment upgrade,
which is known as Hyper-Kamiokande (HK) [156, 159]. Hyper-K, which will use all the already
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Figure 4.9: Same as Fig. 4.8 but with the 7-optimized flux and 10% systematics.
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Figure 4.10: Correlations among oscillation parameters using separately v, disappearance (red solid line), v,
appearance (blue dashed line) and v, appearance channels (6%, 2.45 S/B and 20% systematics, green dotted
line) with the DUNE standard flux. The curve shows the allowed parameters space regions at 68% confidence

level. The star represent the best fit point.

well-proven technologies tested at T2K, will be an highly performing long baseline neutrino
experiment, which in principle will be able to observe also proton decays, atmospheric, solar and
supernovae neutrinos. The construction has been approved in 2019 and the begininning of data

taking is planned for 2027, the same year as DUNE.

71



4.2.1 HK Detectors

The HK facilities will be placed at J-PARC (proton accelerator and Near Detector Complex) and
in the Kamioka mines where, 8 km south from the T2K far detector, the HK far detector will
be built. The distance between the neutrino source and the main detector will be 295 km. This
distance needs 0.6 GeV neutrinos in order to sit at the first atmospheric oscillation maximum.
It is interesting to notice that in this case, even though we measure the same oscillation features,
HK has a much smaller baseline compared to DUNE. This will drastically reduce the matter
effects, which can negatively affect the dcp measurements, but on the other hand will not allow
to observe high energy neutrinos.

HK Far Detector

The T2K detector, known as Super-K, is a huge water Cherenkov detector. The Hyper-K
detector, will be built using the same technologies, but its fiducial mass will be almost 9 times
larger, namely 187 kt. The enormous Hyper-K water tank® proposed dimensions are 60m of
height and 73 m of diameter. The detector will be placed 650 m underground and it will be
surrounded by almost 10° photon multiplier. These devices will be able to catch the Cherenkov
light produced by charged particles generated in neutrino interactions. Differently from the
DUNE LArTPC, which is going to observes particle traces, the HK Cherenkov detector will see
light rings, which depending on the particle and on its energy will have different features. This
type of detector, being filled with purified water and not with Liquid Argon can reach bigger
dimensions. However, some features of the detector are relatively worse in the water Cherenkov
detectors. The high transparency of the water is crucial for the HK detector: this feature allow
us to be able to observe most of the Cherenkov light produced in the detector. At the same
time, the transparency assure that the number of impurities (like the Radon nuclei) which can
produce background events are extremely low. One option that is being explored for the HK Far
Detector is the Gadolinium addition in water. This element is highly performing in capturing
thermal neutrons. Since the neutron capture produce a well known light signature (which has
been used since the first neutrino detection experiments), the Gadolinium doping may be very
useful for several reasons [588-592]. For instance, it can help in distinguishing neutrinos from
antineutrinos since the interactions of the latter produce more neutrons. Moreover, the doping
can improve the energy determination or the NC background reduction. It is worth to mention
that the Gadolinium nuclei should not compromise the water transparency.

HK Near Detectors

The HK Near detector complex consists in a few detectors, each having a crucial role in the
experiment. Indeed, they should be able to reduce systematic uncertainties and determine the
neutrino beam properties like the v, and the wrong-sign v, contamination. Moreover, they
should be able to measure other interactions features like the neutron multiplicity.

The first Near Detector will be an improvement of the T2K ND280 detector. ND280 will be a 4.3
tons 2.5° off-axis detector placed 280 m far from the neutrino source. Differently from the HK
Far Detector, it will be composed by a Time Projection Chamber (TPC) tracker® surrounded
by a neutral pions detector, an electromagnetic calorimeter and a muon detector. The flux
determination made by this Near Detector will reduce the systematic uncertainties on flux and
cross section of a factor of 3 [156]. However, being ND280 a different detector with respect to
the FD, it will not be able to reduce the detector systematic uncertainties.

At the same ND280 distance, the on-axis INGRID detector will be built using 16 iron-scintillator

A configuration with two identical tanks is also under consideration [156, 159].
6The target nuclei have not been decided yet. However, the current T2K ND280 uses water [593].
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Figure 4.11: Neutrino spectra composition at Hyper-Kamiokande without oscillations in neutrino (left panel)

and antineutrino (right panel) mode. Figure from [156].

signal BG

v —v. Vo7, | 1b,CC 7,CC 1 CC 7, CC NC | BG Total | ot

o Bvems | 1643 05 7 0 218 11 131 | 400 | 2058
Eff(%) 63.6 47.3 0.1 0.0 24.5 12.6 1.4 1.6 —

o Bvems | 200 1183 > > 01 216 196 | 517 | 1006
Ef. (%) | 45.0 708 | 003 002 135 308 L6 1.6 .

Table 4.8: Expected number of v, /v, signal and backgrounds events and efficiencies at HK. Normal mass
hierarchy with sin? 2013 = 0.1 and 6cp = 0 are assumed. Table from [156].

modules in a cross pattern. Its primary purpose will be to constrain precisely the neutrino beam
direction.

The third 1 kt HK Near Detector, called IWCD (Intermediate Water Cherenkov Detector) is
going to be placed off-axis, around 1-2 km from the neutrino source. Since IWCD will use the
same technology of the Far Detector, being a water Cherenkov Detector, it will help in reducing
the detector uncertainties at the FD. Such detector will be complementary to ND280, that, on
the other hand, should be capable of tracking particles which are below the Cherenkov light
production threshold, performing more precise measurements. The two main IWCD features
will be the capabality to be moved at different off-axis angles and the Gadolinium doping.

4.2.2 Neutrino fluxes, event rates and detectors’ performances

The accelerator neutrinos detected by Hyper-Kamiokande will be produced at the Japan Proton
Accelerator Research Complex (J-PARC). All the accelerator facilities and the ND complex will
be located there. Differently from the DUNE experiment and just like the previous experiment
T2K, HK is going to adopt the well-known strategy based on a narrow-band 2.5° off-axis neutrino
beam. As already mentioned, this type of beam assures a reduction of the NC background to
both disappearance and appearance channel. This is crucial for a water Cherenkov detector,
where the event reconstruction is more difficult with respect to a tracker. However, having an
off-axis detector reduces the total number of neutrinos; moreover, the narrow beam does not
allow to study the oscillation at different L/E ratios.

Beam Facility and Neutrino Fluxes

The T2HK experiment has a much smaller baseline than DUNE. For this reason, in order to
study oscillations at the first atmospheric oscillation maximum, it needs neutrino with an energy
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v, CCQE  1,CCnon-QE  7,CCQE  7,CCnon-QE v, +7., CC NC vy, = v, total

» mode Events 6043 2981 348 194 6 480 29 10080
Eff. (%) 91.0 20.7 95.6 53.5 0.5 8.8 1.1 —

7 mode Events 2699 2354 6099 1961 7 603 4 13726
Eff. (%) 88.0 20.1 95.4 54.8 0.4 8.8 0.7

Table 4.9: Same as Tab. 4.8, but for the disappearance channel. Th number of events here is divided in
Quasi-Elastic (QE) events and non-Quasi Elastic (non-QE) events. Table from [156].

Appearance v mode Appearance v mode
% 250 % -
s s — Total s E — Total
- Signal 200~ Signal
S ok — Signalv, - v, | o F — Signalv, — v,
o 2000 Signalv, - v, | Q F Signalv, - ¥
(%] r u e D C n e
F=Rn —BG v, +V, | © 150 —BG v +7V,
0 - —BG v, +v, | - —BG v, +V,
»q—) - .,q;) 100 |-
o 100~ o r
5 | 5 |
-g 50~ 'g sof-
> r > r
Z C L L L h Z C I L L L L L
% 02 04 06 0.8 1 12 %9 02 0.4 06 038 1 12
Reconstructed Energy E™*° Reconstructed Energy E*
Disappearance v mode Disappearance Vv mode
S To0p S 800~
(] E (] r
= 600 = r
% 500; % sooj
E 400; E AOOi
O 00 2 r
(] E o r
g 200; g 200}
E  100F 1S L
=} C =
zZ £ =z r
0 0

S

rec

Reconstructed Energy E

rec

Reconstructed Energy E
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of about 0.6 GeV. For this purpose, at J-PARC, 30 GeV protons will be sent to a 91 cm long
graphite target. The beam power will be 1.3 MW, that corresponds to 2.7 x 102 POT /year. The
total expected experiment exposure will be 2431 kt-MW -years, five times the DUNE one. Like in
the DUNE experiments, magnets will be able to select the charge of the mesons produced in the
proton interactions. This will create neutrino or antineutrino enhanced beams. After a decay
tunnel, an absorber should stop all the particles but the neutrinos, which will be mainly v,. At
the T2HK energies, the v, beam contamination is expected to be less than 1% and it should
mainly come from muon decays. The 2.5° off-axis location of the detector takes advantage of
the pion decay kinematics that produces a narrow band beam peaked at 600 MeV, which is the
desired energy. Neutrino fluxes are shown in Fig. 4.11. It is evident how the beam is much
less broad than the DUNE one. On the other hand, the compositions of the DUNE and T2HK
fluxes are very similar.

In [156] it is possible to find a detailed discussion about all the possible analysis that may be
performed at Hyper-Kamiokande. For accelerator neutrino oscillation purposes, the Japanese
experiment will be, as already mentioned, very powerful in studying the v, appearance and
the v, disappearance. For the former, taking into account only neutrino CC interactions with
oxygen nuclei, the events candidates should satisfy the following criteria: the reconstructed ring
is an electron-like (fuzzy) ring, the visible energy is greater than 100 MeV, the reconstructed
energy is less than 1.25 GeV and the event is not compatible with a 7° decay. The irreducible
background to this channel is made of v, — v, events from the beam contamination as well as
misidentified v, and NC events. The total number of signal events is 1600 in v-mode (2.5 years)
and 1400 in 7-mode (7.5 years)”. On the other hand, the total number of background events
is expected to be 400 in v mode and 500 in 7 mode (see Tab. 4.8 for details). The resulting
events spectrum at the far detector, considering the best fits for oscillation parameters, NO and
dcp = 0 is shown in Fig. 4.12 (top panels).

For the v, disappearance events, the criteria are a muon-like Cherenkov ring, reconstructed en-
ergy greater than 200 MeV /c and at most one decay electron associated to the event. Irreducible
backgrounds are misidentified v, and NC events. The total number of expected events are 9500
in ¥ mode and 13000 in 7 mode (mostly Quasi-Elastic), with 500 and 600 background events,
respectively (see Tab. 4.9). Top panels of Fig. 4.12 show the resulting neutrino spectrum for
the disappearance channel at the far detector. It is possible to see how, due to the narrow beam,
the double peaked shape observed in DUNE is less pronounced even though the total number
of events is larger.

Efficiencies and Energy resolutions

The narrow-band T2HK beam allows us to neglect the energy dependence of the detector effi-
ciency. We summarize the selection efficiencies at the Far Detector in Tabs. 4.8 and 4.9. It is
clear that for the v, appearance channel, the T2HK experiment should reach 64% (71%) signal
efficiency in v (7) mode. The wrong-sign signal efficiency should be around 45%. The great
background rejection capabilities will reduce the selection efficiency of the misidentified events
up to 1.6% in both modes; the component which is difficult to reject the most is, obviously,
the one related to the v, events from the flux contamination. For the disappearance channel,
the T2HK collaboration distinguish the various types of interactions. For the CC-quasi elastic
(CCQE) interactions, the selection efficiency is around 90% (95%) for v, (7,). The efficiency
after all the kinematics and energetic cuts for the non-QE interactions is around 21% for muon
neutrinos and 50% for muon antineutrinos. In this case, the remaining background events are
only a very small fraction of the total non-v, CC events.

The energy resolution functions suggested by the collaboration are, for the electron appearance

"The running time ratio 1 : 3 has been chosen by the collaboration in order to have a similar number of events
in both modes.
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Appearance channel Normalization Error | Calibration Error
ve (7e) Signal 5% 5%
Intrinsic v, (7.), misidentified v, (7,) and NC Backgrounds 10% 5%
Disappearance channel
v, (7,) Signal 3.5% 5%
Misidentified v, (7.) and NC Backgrounds 10% 5%

Table 4.10: Proposed systematics for the HK experiment [15]. See [156, 597] for other possible less conservative
hypothesis.

channel [156]

v—mode — o(E)=12%E +7T%VE (4.4)
v—mode — o(E)=12%E + 9% (4.5)

where the term proportional to E encodes the instrumental effects, the one proportional to v E
reflects the statistical fluctuations and the constant term is due to the redout electronic noise.
For the disappearance channel, on the other hand, we have, for both modes [156]

o(E) = 6%VE +6%. (4.6)

Systematic uncertainties

The T2HK collaboration based their estimation of the systematic uncertainties on the T2K
experiment results [594, 595]. The main sources of systematics, as for DUNE, are the flux and
cross section uncertainties as well as near and far detectors response uncertainties.

In order to reduce the flux prediction systematics, measurements about the proton beam, the
horn field, the beam-line alignment and the hadron production are needed. These uncertainties
are the dominant source of systematics. The presence of a Near Detector can reduce the impact of
the flux uncertainties, but still the near-to-far flux extrapolation have a residual 0.5% fractional
error.

The interaction model uncertainties can come from the poor knowledge of the neutrino cross
sections. The nuclear model, for instance, can increase the total uncertainty up to 20%; this
number can be reduced of a factor of 10 using the Near Detector constraints. For this purpose,
the presence of IWCD is very useful.

The detector uncertainties in T2K have been estimated using atmospheric neutrinos as a control
sample. Thus, the error reduction is limited by statistics. However, since Hyper-Kamiokande
is expected to collect a much larger number of atmospheric events, we expect to have a better
knowledge of the detector performances.

Discussion about correlation between errors in different types of events can be found in [159, 596].
The total systematics suggested by the T2HK collaboration are listed in Tab. 4.10. In particular,
we expect 5% normalization error for the v, appearance signal and 3.5% normalization error for
v, disappearance signal. The collaboration also proposes 5% energy calibration error. It is worth
to mention that, compared to DUNE, the T2HK experiment is expected to behave better, in
terms of systematics, in the disappearance channel and worse in the appearance channel. This is
mainly because the huge dimension of the Hyper-K water Cherenkov detector allow to observe
more precisely long-living particles events, while the DUNE imaging capabilities allow to better
reconstruct the more complicated electromagnetic showers produced by v, CC events.

4.2.3 Sensitivity to oscillation parameters

Let us now discuss briefly the perfomarnces of T2HK in the determination of the PMNS phase,
the mass hierarchy and the atmospheric angle octant. The Ax? analysis described here are the
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Figure 4.13: Left panel: §cp T2HK sensitivity after 10 (2.5+7.5) running years. Oscillation best fits are taken
from [578], ordering fixed to Normal and f3 = m/4. Right panel: reachable error on dcp as a function of the

running time (neutrino-antineutrino modes ratio is fixed to 1:3). Figures taken from [156].
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Figure 4.14: Mass Hierarchy determination for true NO (red) and IO (blue) as a function of the true 653 value.
The d¢cp effect is shown as band width. Figure from [156].
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Figure 4.15: Sensitivity to the a3 octant of the HK experiment for NO (red) and IO (blue). The bands show
the effect of varying the phase dcp. Figure from [156].
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Detector Location | Signal \ Wrong-sign Signal \ Intrinsic v, 7, \ NC \ CC v, \ Total
OAA, L Neutrino Mode

2.5°, 1100 km 87.9 1.7 28.3 12.5 1.7 132.2
2.0°, 1100 km 122.6 2.0 33.8 21.4 24 182.3
1.5°, 1100 km 140.6 2.4 39.1 39.1 3.7 224.8
OAA, L Antineutrino Mode

2.5°, 1100 km 89.8 15.5 39.4 14.3 0.8 159.8
2.0°, 1100 km 131.5 19.8 46.3 23.4 1.1 222.1
1.5°, 1100 km 159.1 23.9 54.3 39.5 1.7 278.5

Table 4.11: Expected number of v, and 7. candidate events at different proposed locations for the second
Korean Detector. Normal mass ordering with sin? 013 = 0.0219 and 6., = 0 are assumed. The first column refers
to different off-axis angle (OAA) and baseline (L) combinations. Table from [15].

same as the DUNE ones.

Using a 10 years (2.5+7.5) experiment running, as showed in left panel of Fig. 4.13, T2HK should
be able to reach 5o sensitivity for wide range of possible dcp values®, namely [—135, —40]° and
[40, 145]°. Comparing these intervals to the DUNE ones, T2HK is expected to perform better;
however, this highly depends on the 653 true value, as we will discuss in the following chapter.
The better T2HK performances can come from smaller matter effects, since the matter potential
can induce a larger fake CP violation in DUNE [598-600]. The error on d¢p is also expected to
be similar to the DUNE one, after 6 years of T2HK running time (Fig. 4.13, right panel).
About the mass hierarchy determination (see Fig. 4.14), the T2HK measurements are not ex-
pected to discover the sign of the atmospheric mass splitting at high confidence level for any true
value of the oscillation parameters, differently from DUNE. This is mainly because of the smaller
matter effects, which in DUNE enhance the probability terms sensitive to the mass hierarchy and
the narrower T2HK neutrino beam, which does not allow for a full spectral analysis. Moreover,
the true value of the atmospheric angle may have a huge impact on such measurement. The
addition of the atmospheric neutrino sample to the accelerator one, may drastically improve the
mass hierarchy sensitivity [156]. On the other hand, the fs3 octant determination capabilities
are expected to be very similar to the DUNE ones (see Fig. 4.15).

It is clear that, from the standard oscillations point of view, DUNE and T2HK will indepen-
dently determine most of the neutrino oscillation unknown. However, as we will show later, the
complementarity between the two experiments can play an important role for both standard and
BSM physics measurements.

4.2.4 Second oscillation maximum physics: T2HKK

For the T2HK experiment, the main strategy which has been investigated is to build two identical
260 kton water Cherenkov detectors [159]. For the second detector, different locations are under
investigation. One of the most promising choices benefits of the fact that South Korea is ~1100
km far from the J-PARC facility [15, 156]. This distance correspond to the one needed to study
oscillations at the second atmospheric oscillation maximum for 0.6 GeV neutrinos. Even though
the neutrino beam in Korea would not be as intense as in Japan, a second detector placed at the
second oscillation maximum should further enhances the physics capabilities related to neutrino
oscillations [15, 156, 160, 601, 602]. Let us for instance consider the v, appearance probability
in presence of matter in the atmospheric regime, neglecting higher order terms in the small solar

8As true values for the oscillation parameters, T2HK collaboration used sin® 26013 = 0.1 and sin® a3 = 0.5
[15, 156].
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Detector Location | Signal \ Wrong-sign Signal \ NC \ CC-ve, \ Total
OAA, L Neutrino Mode

2.5°, 1100 km 1275.0 32.7 58.5 1.9 1368.1
2.0°, 1100 km 2047.2 42.8 107.7 2.5 2200.2
1.5°, 1100 km 3652.0 55.4 210.4 2.9 3920.7
OAA, L Antineutrino Mode

2.5°, 1100 km 1119.5 300.6 61.9 2.0 1484.0
2.0°, 1100 km 1888.5 390.0 102.6 2.4 2384.4
1.5°, 1100 km 3579.2 490.8 185.1 2.8 4257.9

Table 4.12: Same as Tab. 4.11 but for disappearance channel.

splitting [15]

sin?(As, — al)

P(VM — Ve) ~ SiIl2 023 Sin2 2013 (Agl — aL)2 Agl + (47)
in(Asz; — alL in(alL
+ sin 2093 sin 26,53 sin 26,5 cos 03 sin(Ag) — al) A3y sinfal) Aoy cos Azpcosd +
A31 —alL alL
in(Ag —al) . sin(aL
—sin 2623 sin 2613 sin 2912 COS 913 Sln( 3 a ) Agl Sln(a ) Agl COS Agg sin d +
A31 —alL al
2 L
+ cos? 013 cos? O3 sin? 20,5 sin“(al) Agl

(aL)?

where Ay; = AmZ;L/4E and a = GpN,/ v/2 is the matter potential. For antineutrino probabil-
ities, a changes its sign, as well as dcp. It is clear that the oscillation phase, which in vacuum
is Agq, is shifted by the quantity aL; thus, at a fixed energy, the second and the third terms
are enhanced when the baseline is bigger. This makes the oscillations at the second oscillation
maximum more sensitive to both the mass hierarchy and the CP-violating phase. For this rea-
son, the matter effects, which at the first oscillation maximum induce a fake CP-violation that
can reduce the sensitivity to dcp at the second oscillation maximum, enhancing the subleading
terms in the probabilities, can improve the phase measurements.

The resulting neutrino-antineutrino oscillation asymmetry is therefore bigger in correspondence
of the second maximum, and this can partially compensate the larger statistical uncertainties
we may have at a longer baseline (see event tables 4.11 and 4.12 for different locations of the
Korean detector). However, many complications [15], such as the fact that the second oscillation
maximum is narrower than the first one, do not allow a stand-alone detector in Korea to have the
same performances of Hyper-Kamiokande in Japan. On the other hand, the combination of the
two detectors placed at the two oscillation maxima can improve significantly the performances of
the whole T2HK experiment. From now on, we will refer to the T2HK detector in Japan equiv-
alently as JD (Japanese detector) or T2HK; conversely, the Korean detector will indicated as
KD or T2HKK (Tokai to Hyper-Kamiokande to Korea). In Fig. 4.16 we show the mass ordering
sensitivity (with maximal 6,3) for five different configurations: JD only, two copies of JD in the
same place and JD+KD with the Korean detector at an off-axis angle of 2.5°, 2.0° and 1.5°. It is
evident that the presence of KD will improve significantly the T2HK capability to discover the
mass hierarchy for most of the values of d¢p, reaching the same DUNE performances. In Fig.
4.17, the sensitivity to dcp is also shown for the same experimental configurations. When the
mass ordering is fixed, the presence of the a second detector, independently from its location,
will improve the sensitivity to the CP violation. This suggests that at the second oscillation
maximum location, the improvement of the dcp effect completely balance the reduction of the
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Figure 4.16: Mass Hierarchy sensitivity T2HK (JD) only and different combinations of two detectors. With
JDx2 we refer to the possibility of having two identical detectors close to each other in Japan. Figures from [15].

number of the events. On the other hand, if we marginalize over the mass hierarchy (we per-
form the fit with both Am3, > 0 and Am3, < 0), the Korean detector drastically improves the
sensitivity for dcp € [0, 7] if the true ordering is normal and for Agp € [—m, 0] when the true
ordering is inverted. All these results suggest that the most convenient location for the second
T2HK detector should be in Korea. From now on, we will consider in our following results the
2.5° off-axis location for KD for the sake of simplicity, being this the same JD off-axis angle.
However, we must consider that, as shown in the previous figures, other off-axis angle choices
may improve the experimental performances.

9In this case, the detector would be build under the Minjuji mountain.
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Figure 4.17: CP violation sensitivity Tcpy (in unity of o-s), for different combinations of detector locations.

In the top panels the hierarchy is assumed to be fixed (left NO, right 10); in the bottom, a marginalization over

the mass or

dering is performed. Figures from [15].
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Chapter 5

Complementarity between future long
baseline experiments

matched with

| Characteristics DUNE JD/KD
Baseline (km) 1285 295 (1100)
Beam extension of NuMI beam JHF beam
Beam Type wide-band, on-axis narrow-band, 2.5° off-axis
Beam Power 1.2 MW 1.3 MW
Proton Energy 120 GeV 80 GeV
P-O-T-/year 1.1 x 10* 2.7 x 10%
Exposure (kt-MW-yrs) 480 2431
Flux peaks at (GeV) 2.5 0.6
P,. I ( 2°7) max. (GeV) 2.6 (0.9) 0.6 (0.6)
Detector mass (kt) 40, LArTPC 187 each, water cherenkov
run-time (v + 7 ) yrs 545 25475
Sig. Norm. Err. (App.) 2% 5%
Sig. Norm. Err. (Disapp.) 5% 3.5%
Binned events 574 15]

Table 5.1: Charateristic features of long-baseline experiments.

DUNE and T2HK, which represent the next generation of long-baseline experiment, despite
being similar from the point of view of their concept, are very different experiments. In Tab.
5.1 their main features are summarized. DUNE will see higher energy neutrinos travelling for
1300 km, while T2HK will study oscillations at a shorter baseline and lower energies, without
being affected strongly by matter effects. Moreover, DUNE will be an on-axis broad band beam
experiment, while T2HK will be an off-axis narrow band beam experiment. For this reason,
even though they are both meant to determine the oscillation unknowns, the two experiments
will have different performances. However, due to their differences, the combination of their
data may contain more information than the single experiment ones. In this chapter, we will
discuss two examples in which the complementarity between DUNE and T2HK can improve the
performances of the two experiments taken one at a time. Before showing the numerical results,
we will first discuss the software that has been used to perform the experiments simulations.
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5.1 The GLoBES software and the oscillation analysis at
LBL experiments

Before discussing the main results of this manuscripts, which have been obtained by a full sim-
ulation of the future LBL experiments, we want to briefly describe a very useful tool that can
be used in order to simulate long baseline experiments. This is the GLoBES (General Long
Baseline Experiment Simulator) software, developed since 2004 [603, 604]. It is very useful to
simulate and analyze neutrino oscillation at LBL or reactor experiments using a complete three
flavor description of the probabilities. The definition of the experiment can be done in a specific
abstract language, the AEDL (Abstract Experiment Definition Language), which allows to eas-
ily describe the experimental features of a given experiment. One can split the description of a
neutrino experiments in three parts: source, oscillation and detection.

About the source, the GLoBES software can simulate experiments which have stationary point
sources. Moreover, the best description is obtained for experiments that have only one single
point like source. However, some approximated simulations can be obtained in the case of re-
actor experiments using several distant reactor blocks (i.e. Daya Bay [369]). The geometrical
effect of a source distribution, on the other hand, are not implemented in the software; for this
reason, atmospheric or solar experiments cannot be simulated properly. Also time-dependent
sources like supernovae are not covered by GLoBES.

The description of the oscillation is very simple; the software numerically diagonalize the Hamil-
tonian matrix in matter and propagates the neutrino transition amplitudes. This method is
called evolution operator method [605]. For the probability computation, the matter density
profile is divided into layers of constant matter; however, since the uncertainty on the matter
density can be included in the simulation, usually it is enough to consider a single layer with an
average density.

The detection of the neutrinos, on the other hand, is much more complicated to evaluate. Indeed,
in this case many detector features have to be considered at the same time. The basic assump-
tion of a detector description is the linearity, namely the fact that two neutrino events never
interfere with each other. Then, another basic concept is that the true neutrino energy and
the true neutrino flavor are reconstructed by the detector: they cannot be directly observed,
but the observation of secondary particles translates into a distribution of possible energy or
flavor values'. The features of this distribution depends on the detector performances, which
are encoded in the experiment efficiencies and resolutions given as an input. Of course, these
quantities must be obtained by a full detector simulation outside GLoBES.

The full experiment definition is obtained using some abstraction levels (see Fig. 5.1). The
first is the channel, which basically is the link between the oscillation physics and the detection
properties of a given oscillation pattern (i.e. v, disappearance, v, appearance...). In particular,
it maps a specific flavor produced at the neutrino source into a reconstructed neutrino flavor in
the detector.

With different channels we can build a rule. The rule is a description of what the experiment
actually sees when searching for a certain type of neutrino events. Indeed, it contains one or
more signal and background oscillation channels normalized to their efficiencies. In each rule,
the GLoBES software implements the signal and background normalization and calibration sys-
tematic errors separately. At the rule level, the total number of observed events is computed by
the software; this number can be used to perform a x? analysis. The sum of all the x? computed
for all the rules defines the experiment, which is the final simulation level.

!'Neutrino reconstructed energy and flavor are the only observables considered in a neutrino event in GLoBES.
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Figure 5.1: Schematic view of the most important GLoBES components: channel, rule and experiment. Figure
from [603].

5.1.1 The computation of the number of events

The number of events spectra in function of the reconstructed energy E’ can be computed by
the GLoBES software. The event rate is given by?

e —N/ / dEAE ®,(E)x

5.1
7 Py (B L s, B b, Ay, A ) o

05 (E)kﬁ (E — E) X TB(E)VB(E — £
where we can recognize four different contributions.

e The first one is the production term: it depends on the flux of v,, where « is the initial
flavor. The energy E is the true incident neutrino energy, which is not directly accessible
to the experiment.

e The second term is the propagation term. It depends on 1/L?, where L is the baseline of
the experiment, and on the oscillation probability from the initial flavor « to the final one
B. p is the matter density.

e The third term is the interaction term. aéT is the total cross section for vz and for the I'T
interaction type. kéT is the energy distribution of the particle produced in the interaction,

namely the one that is detected. E is the energy of such a particle.

e The last term is the detection term. It depends on a threshold function 7 and on a energy
resolution function Vj3, both features of the detector. The energy E’ is the reconstructed
neutrino energy, namely the one measured by the experiment.

Given this formula, it is clear that, as inputs, the GLoBES software needs several information.
In particular, the initial flux ®,(F) as a function of the true energy and of the neutrino flavor,
which have to be computed in a full MonteCarlo simulation, must be specified in the simulation.
Then, in order to numerically compute the probabilities, the needed inputs are the experiment
baseline L, the oscillation parameters and the matter density (or the matter densities if we
consider neutrinos passing through several layers). For the interaction term computation, on

2We include here also a normalization factor N which may be useful in some experimental configurations and
encodes for instance information about detector mass, and beam power.
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the other hand, we need to know the interaction cross section; finally, the detection term encodes
the detector responses, which can be contained in the so called smearing matrices. The detector
efficiencies can be included at this level, if they are energy dependent?® or at the rule level if they
can be treated as an overall number.

Notice that given its simplicity, the GLoBES software can be used also to simulate neutrino
oscillation in presence of new physics; in this case, it only needs to be modified at the probability
level.

5.1.2 The systematics implementation and the y? function definition

The systematic uncertainties implementation is one of the most delicate issue in GLoBES. By
default, the software supports four types of systematical errors: signal and background normal-
ization error and signal and background tilt or energy calibration energy. The tilt (T) error is
implemented as a linear distortion of the spectrum around the center, while the calibration (C)
is considered like a stretching of the reconstructed energy scale.

In order to include the systematics, GLoBES uses the pull-method [606-608]. In this case, nui-
sance parameters (; are introduces, so that the signal and background event rates in each energy
bin ¢ are scaled in the following way

s(C1) = (1 +Ci)si bi(G2) = (1 + G)bs - (5.2)

The y? function, which can be used to fit simulated data with a given theory, includes the
systematics in this fashion

I
=E.

LS
() = mir (x%X,cl,...cmzj—g) (53)

‘ j=1 ¢

where x%(\, (;...¢x) is the usual Poissonian® y? function, which depends on the oscillation pa-
rameters vector X and the nuisance parameters. Added to the x? we find the Gaussian penalties
CJ? / agj where o are the actual systematics indicated in the GLoBES code. As an example, for
a simple background free measurement, with only normalization errors, the y? definition, in the
Poissonian case, can be written by

- - O; a?
Xa)=Y 2((1+a)T, - O, + O;log —— | + &
x° (X, a) (( +a)T; — O; + O; Og(l—i—a)Ti)+

: o2
=1

(5.4)
a
where o, is the normalization error, n is the number of energy bins, O; are the observed rates and
T; are the theoretical ones we are using for the fit. The x? value will be thus obtained not only
minimizing on the theory input values, but also on the nuisance parameter a. The x? function,
however, can be also defined with user-defined systematics; for this reason, the complexity of
the GLoBES software allows us to better control with a simple software all the sources of errors.
Whenever we include a prior on the oscillation parameters, take for instance a Gaussian prior
on 63 from reactor experiments, the x? is modified in the following way
> o O3 — 0
2 2 13 13
Xpull()\> — Xpull()\) + - 9 (55)
9015
where 6?5 is the central value for the input and oy, is the 1o Gaussian error; if the error on a
given parameter is not Gaussian, custom error functions can be implemented..

3Energy dependent efficiencies are fundamental for broad band beam where a spectral analysis can be per-
formed.

4For large number of events, the Poissonian definition coincides with the usual Gaussian one, which we will
use in following chapters for simplicity.
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5.2 The DUNE-T2HK complementarity and the CP cov-
erage

As widely discussed, one of the main goals of the future LBL experiments will be to determine
the PMNS phase dcp. The DUNE collaboration [561] suggested as milestone for the next gener-
ation experiment, the reach of 75% 30 CP coverage; this means that a great result for the future
LBL experiment would be to have at least a 3¢ sensitivity for the 75% of the possible o p values.
The reach of this goal, however, strongly depends on the true value of the atmospheric angle,
which has a strong impact on the CP violation determination and has not been determined yet
with a satisfactory precision by other experiments. Indeed, current measurements allow at 3o
all the values of fa3 between 40° and 60° (sin” 63 € [0.4,0.6])°.

Let us now consider what happens at the probability level. At long-baseline (LBL) experiments,
we mostly probe the v,(7,) — v,(7,) disappearance and the v,(7,) — v.(7.) appearance chan-
nels. Following the approach in Ref. [161], we can further simplify the appearance probability
expression in Ref. [94] that considers series expansion up to the second order term in « and
sin #,3 as follows

P,~N sin® 03 + O sin 20,3 cos(A + dcp) (5.6)
where,
) N o
N = 4sin?gy, A= DAL (5.7)
(A—1)
in AA sin[(A — 1)A
O = 2asinfi3sin 26, S - Sm[(A )A] . (5.8)
A A—-1

This grouping of terms allows us to visualize the dependence on the atmospheric mixing angle
(A3). In the above equations, A = Am2 L/4E, o = Am3,/Am2,, and A = A/Am2,, wherein
A = 2V2GpN.E = 7.6 x 107° x p (g/ecm®) xE (GeV). From eq. (5.6), we observe that the
CP-violating term contains sin 26,3 and thus is insensitive to the octant of the atmospheric an-
gle [96, 164, 165, 609-611]. Moreover, changing from neutrino to antineutrino mode notably
A changes its signs, thus leading to matter-induced or fake (extrinsic) CP violation [598-600).
This will have a dominant contribution as it is present in the coefficient of the leading term N
(refer to eq. (5.7)). While the presence of the Dirac CP phase in the sub-leading term gives rise
to the genuine (intrinsic) CPV (refer to eq. (5.8)).

One useful observable to probe CPV in oscillation experiments is to note the difference between
neutrino and antineutrino probabilities. The quantity which is strongly correlated to the sensi-
tivity in dcp is the CP asymmetry [612-615].

The CP asymmetry in the appearance channel is defined as

pe Pue — Ppe

S 5.9
CP P/,Le—i_Pue ( )

Different expansions have been done to understand the behavior of such an asymmetry in terms
of mixing angles [21]. However, if we want to outline the role of the atmospheric mixing angle
in the dcp sensitivity, we can fix the other mixing angles to their best-fit values (sinf;3 ~ 1/7
and sinfy ~ 1/ \/§) and expand A up to the first order since the matter parameter is small at
the future LBL experiments under consideration. The resulting asymmetry can be written as
follows:

C = [Alblvac + A[ALp lmar + O(A%), (5.10)

®Depending on the global fit and on the used dataset, upper or lower octant values are preferred [111-113].
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Figure 5.2: The Absolute CP asymmetry (| A%L|) as a function of Scp and sin? a3 for first oscillation maximum
(L = 1285 km, F = 2.5 GeV) and second oscillation maximum (L = 1285 km, E = 0.9 GeV) in DUNE are
shown in the top and bottom panels, respectively. The left and middle panels in both top and bottom plots are
obtained in a vacuum (intrinsic or genuine AZ}) and finite matter density (both intrinsic and extrinsic A{L)
scenarios, respectively. While the right panel represents the difference between the first two (only extrinsic or

fake AZ%). Best-fit values of the other oscillation parameters are taken from Ref. [113]. NO is assumed.

where ) _
—28a A cos a3 sin dcp sin A

3v/2 8in f93 sin A + 28 A cos a3 cos dep cos A

pe _ in2 o 126aA cos 023 cos Sop cos A+18sin? fa3 sin A
[ Cp]mat o SIL 023(A cos A Sl A) (3sin? @23 sin A47v/2c cos dcp cos A sin? (2623))2 (5'12)

[ lé%]vac =

(5.11)

It is clear that, when the value of 693 increases, the denominator of both the contributing term in
eq. (5.11) and eq. (5.12) increases. For this reason, the absolute value of the asymmetry becomes
smaller, and we expect less CP violation sensitivity. So, at the first oscillation maximum,
(A = 7/2)° the asymmetry reduces to:

7 A
AL~ —ga\/iwcotaggsin(scp+2/1, (5.13)

whose modulus decreases with an increase in #3. Notice that the genuine CP contribution has the
opposite sign to the fake or matter-induced contribution. Thus, there exists some combination
of A3 and 0° < dcp < 180°, such that the asymmetry vanishes. It is interesting to note that
the vacuum contribution becomes three times larger when considering the second oscillation
maximum (A = 37/2). Therefore, observing the CP violation at such L /E combinations can give
much more sensitivity to dqp [160, 601, 602]. The exact numerical behavior of the CP asymmetry
in the appearance channel (| AZ5|) is shown in Figs. 5.2 for (L = 1285 km, E = 2.5 GeV), (L =
1285 km, E = 0.9 GeV) which corresponds to the first and second oscillation maxima in DUNE.

6To be maximally sensitive to the oscillation probability, we must have A = (2n + 1)%, where n =0,1,2, ...
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Figure 5.3: |ALL| as a function of dcp and sin® 6o for first oscillation maxima in JD (L = 295 km, E = 0.6
GeV) and second oscillation maxima in KD (L = 1100 km, E = 0.6 GeV) assuming NO are shown in the top
and bottom panels, respectively. The left and middle panels in both top and bottom are obtained in a vacuum
(intrinsic or genuine AZ%) and finite matter density (both intrinsic and extrinsic AZL) scenarios, respectively.
While the right panel represents the difference between the first two (only extrinsic or fake AZ}). Best-fit values

of the other oscillation parameters are taken from Ref. [113].

For each L/E combination, we show three panels: in the left column, we show the vacuum or
dcp-induced contribution (intrinsic). In the central panel, we illustrate the total asymmetry, and
in the right column, we display the contribution due to the matter effects (extrinsic). In all the
panels, we only plot the absolute value of the asymmetries since the most important aspect is to
stress the difference between the asymmetries in the CP-violating cases with the CP-conserving
ones. For the top left panel in Fig. 5.2, we observe that the intrinsic contribution is the same in
both maximal CP-violating values of dcp (90 and -90°). Moreover, keeping the CP phase fixed
to any value, the asymmetry reduces when we increase the value of 653 from lower octant (LO)
to higher octant (HO) (as expected from eq. (5.11) and eq. (5.12)). Contrastingly, the extrinsic
CP asymmetry (top right panel), which occurs solely due to the matter effect, is asymmetric,
being larger for favorable dcp in NO (negative half plane) and smaller for unfavorable dcp in
NO (positive half plane). Therefore, the total asymmetry (middle panel) is no longer the same
for the maximal cp-violating values of dcp. Further, due to contribution from fl, the intrinsic
|AZL|, which was zero at CP-conserving values (dcp = 0°,180°), now has a finite value. Hence,
from the top middle panel, it is clear that the asymmetries in CP-violating cases tend to shift
closer to the CP-conserving value when 6,3 increases. For the bottom row, where we plot the CP
asymmetry at the second oscillation maxima (E = 0.9 GeV), the matter effect becomes smaller,
and the intrinsic component completely dominates the total asymmetry. Similarly, in Fig. 5.3,
we plot the CP asymmetry for the T2HK (JD) setup with L = 295 km and F = 0.6 GeV at
the first oscillation maxima (top row) and T2HKK with L = 1100 km and £ = 0.6 GeV at
the second oscillation maxima (bottom row). The top panel does not observe any significant
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contribution due to matter (L = 295 km). Thus we can expect the J-PARC based experiments
to provide a cleaner environment for the measurements of dcp, even though the values reached
by the asymmetries in these cases are not as large as the DUNE one. On the other hand, the
bottom panels of Fig. 5.3, which correspond to the second oscillation maximum L/FE choice for
T2HKK, behaves just like the bottom panels in Fig. 5.2.

One interesting aspect that has an important role on the dcp determination, is the fact that
also in the disappearance channel the asymmetry is different from zero in presence of matter
effects. For this reason, also the disappearance channel may have an impact on the measurement
of the PMNS phase. Following the same convention, as discussed in Ref. [161], we write the
disappearance probability as

P~ 1 — M sin?(2053) — N sin® Oy — Rsin 2093 + T sin 46,3 , (5.14)

where:

M = sin? A — acos? 015\ sin 2A +

2 . sin[(A—1)A] A
+— sin? 03 SinACOS(AA)M — —Asin2A | (5.15)
A—-1 A—-1 2
in AA sin[(A — 1)A
R = 2«sin6;3sin 2605 cos dcp cos ASlnA sm[(A n )4 , (5.16)

1 A in AA A
T = 7 1Ozsin 015 sin 26,5 cos d¢cp sin A (A sin A — smA cos[(A — 1)A]> )

(5.17)

and N has already been defined in eq. (5.7). The detailed analytical discussion of fake CP
asymmetry in the disappearance channel results in a cumbersome expression. However, for first
oscillation minima (A = 7/2) and using the approximated numerical values of the solar and the
reactor mixing angles (sinf;, = 1/v/3 and sinf3 = 1/7), one can calculate the CP asymmetry
in the v, — v, disappearance channel, defined as

P, —P
Ak = 5.18
CP quu +Pp,p, ( )

neglecting the higher order terms, obtaining

A /124 sin? A5 4+ 7v/2(% — 4)a cos dep sin 2093
cP 6 + 141 cos 2053 '

(5.19)

This asymmetry increases with the increase in fs3 until the expansion breaks at cos26y3 =
—6/141. This occurs for sin® fo3 > 0.5 (HO). While after this value, the magnitude in asymmetry
starts decreasing with the increase in 3. In Fig. 5.4 we exhibit the absolute value of the
disappearance asymmetry (| A%5]) for (L = 1285 km, £ = 2.5 GeV) and (L = 295 km, £ =
0.6 GeV) that also corresponds to DUNE and JD at their respective first oscillation maxima
energy. We do not show the plots corresponding to the second oscillation maxima since the
fake CP asymmetry in disappearance is solely due to the interaction with the Earth matter
potential, whose effect becomes minimal in such conditions. It can be noticed that JD, bearing
a relatively small baseline (L = 295 km) and for this reason suffering for very small matter
effects, exhibits very minute fake asymmetry even at first oscillation maximum, as shown in the
right panel of Fig. 5.4. On the other hand, DUNE has a larger baseline (L = 1285 km), thus
exhibiting consequential | A | that reaches values as large as &~ 0.6 (see left panel in Fig. 5.4),
which is almost comparable to the total |A{p| (= 0.8 ) (see top middle panel in Fig. 5.2). We
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observe that |A¢p| is minimal at the two extremes of octant of 3 for any value of dcp. The
asymmetry gradually increases while proceeding towards the MM from either side for almost all
dcp. However, |A¢| manifests two maxima around dcp = 0°, one each in the two octants: LO
(sin? fy3 &~ 0.49) and HO (sin® fy3 ~ 0.52). As discussed previously in the analysis of eq. (5.19),
we observe a critical point in HO in the figure as well, around which the nature of A%, changes;
in that point, while our expansion breaks, the full asymmetry A{f, ~ 0 due to higher order terms

that we neglected in our expansion. This nature of fake AP is crucial in our result. Given all
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Figure 5.4: The asymmetry | AL | as a function of dcp and sin? fy3 assuming NO for first oscillation maxima in
DUNE (L = 1285 km, E = 2.5 GeV) and JD (L = 295 km, F = 0.6 GeV) is shown in the left and right panels,

respectively. The best-fit values of the other oscillation parameters are taken from Ref. [113].

these discussions, we expect that the CP sensitivity, and consequently the CP coverage, are
mainly driven by the electron appearance channel, as it is well known in the literature [616].
The fact that the related asymmetry decreases with 63 let us expect that the coverage decreases
when the atmospheric angle increases. However, we should take into account another issue: we
do not know exactly the value of 63, which should be determined, together with the PMNS
phase, at LBL experiments. For this reason, we expect that, while fitting the T2HK and DUNE
data, we would need to marginalize over the current allowed range for 6,3, which at 30, as
already mentioned, is rather large and contains, in NO, all the values between 40° and 60°. In
the marginalization process, it may occur that, given the couple of true values (623,0cp), it exists
a degenerate couple (fa3,0cp) for which

P,ue(‘9237 5CP) = P,ue<9_237 SCP) 5 (520)
Pue(923a 5CP) = P/w(9237 5CP) . (521)

Using the above expressions (eq. (5.6)) for the probability, we obtain that, for 0,3 = 45°
Sin913 = 1/7, and sin 812 = 1/\/§,

2mﬂA—UAP+4¢%mm@p+Aﬁmm4—UMamAA)

P,ue(ﬂ-/47 5CP) = 49<A _ 1)2 21A(A — 1)

(5.22)
Assuming that the degenerate atmospheric angle is not too far from the maximal value, we

define it as o3 = 7/4 + . Now, considering terms only up to the first order in o we obtain:

4z sin[(A — 1)A]?
9(A—12

PHG(W/4+x>SCP) = Pue('/r/4> SCP) + (523)
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For the above scenario, the system of equations in eq. (5.20) and eq. (5.21) reduces to the
following two equations-

%[ms@ — dcp) — cos(A — dcp)] = fin;tj: = (5.242)
cos(A 4 dcp) — cos(A + dcp)  sin[(A—1)A]1+ A (5.24b)

cos(A — dcp) — cos(A — dcp)  sin[(A+1)AJA—-1°

It is clear that, in vacuum (A — 0), the only solution is z = 0 and d¢p = d¢p; on the other hand,
when the matter effect is non-negligible, it is possible to find solutions in which, for instance,
dcp = 0,7, while dcp has a value that violates CP. This degeneracy is thus important and can
affect the CP coverage for DUNE, in which the long baseline increases the effect of the matter
potential. On the other hand, the 093-0cp has almost no effect on T2HK for which A ~ 0.
However, there is a way for DUNE to reduce the effect of such degeneracy. If the analysis is
performed using both appearance and disappearance data, the degenerate solution is valid only
if it solves also the two equations

P,uu(9237 5CP) = P,uu(é237 SCP) (525)
PMM(Qgg, (SCP) = PW(QQ;;, 5013). (526)

This is unlikely to happen, since the disappearance probability has only a mild dependence on
the PMNS phase. Thus, when a full analysis is performed, the disappearance channel provides
an almost dcp-independent measurement of 6y3 that breaks the degeneracy in the appearance
channel, which is now able to measure better the PMNS phase. There is an important exception:
when the true value of the atmospheric angle is around its maximal value, the matter effects
enhance the dcp dependence of the disappearance probability (see Fig. 5.4). In this case, it is no
longer possible to provide a d¢p-independent measurement of #53 and the appearance degeneracy
cannot be broken.

All the discussed effects are clearly shown in Fig. 5.5, where we show for DUNE and T2HK the
CP coverage as a function of 63 in three cases:

e The dotted line has been obtained fixing the atmospheric angle in the fit to its true value;
in this case we know from external inputs which is exactly the value of 6a3

e The dashed curve has been obtained marginalizing 63 over its current 3o allowed range
using only the appearance channel

e The solid curve shows the case in which in the marginalized fit, we include also the disap-
pearance channel.

In all simulations, the other mixing parameters have been fixed to their best fit values (shown
in Tab. 5.2). Firstly, the general decreasing tendency of the coverage when 63 increases is
clear for both experiments. Looking at the single experiments, in the T2HK (JD) case, the
three blue lines almost overlap. This happens because, in absence of matter effects, neither
the marginalization nor the disappearance channel has any impact on the coverage, since in
this case the appearance channel alone completely drives the sensitivity. At DUNE, on the
other hand, the marginalization has an important role which can be drastically reduced by
the disappearance channel, through which, as already mentioned, it is possible to measure the
atmospheric angle precisely. However, around the maximal mixing, the disappearance channel
becomes less important for our purposes, since the measure of 0y3 is now dcp dependent and
therefore we observe a dip in the coverage.
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. . : Am3, (eV?) | Am3, (eV?) J Mass

2 2 2 31 21 Cp

sin” 612 sin” s sin” 013 x1073 x107° (°) Ordering
0.303 0.455 0.0223 2.522 7.36 - 43 Normal

[0.263 : 0.345] | [0.4: 0.6] | [0.0204 : 0.0244] | [2.436 : 2.605] | [6.93 : 7.93] | [175 : 139] | (NO)

Table 5.2: The benchmark values of the oscillation parameters (refer to the second row) and their respective
30 uncertain ranges (refer to the third row) from [113]. In our study, we only use the 3o allowed range of sin? O3

when a marginalization is performed.
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Figure 5.5: CP coverage as a function of true sin? fo3 assuming NO. The solid curves considers all possible con-
tributions from both appearance and disappearance channels in establishing the CP coverage when marginalized
over sin® 0,3 in our theory. The dashed curves are obtained by considering contribution from only the appearance
channel after marginalizing over sin? f23. The dotted curves correspond to CP coverage by fixing identical sin? fa3
in both data and theory (fixed-parameter scenario). The curves red and blue are for DUNE and JD, respectively.

5.2.1 Reaching the 75% CP coverage milestone

In our simulations, in which we fix all the oscillation parameters to their best values and we
marginalize over the atmospheric angle only, it is clear from Fig. 5.5 that neither T2HK, nor
DUNE are able to reach 75% coverage using their nominal values for the systematics, the running
time and the exposure (Tab. 5.1). Moreover, it is possible to notice that the DUNE coverage
is always better than the JD one when we marginalize over the atmospheric angle and we use
also disappearance data, except for the 053 values around 45°. This is mainly due because of the
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lower appearance systematic uncertainties in DUNE (2%) with respect to T2HK (5%).

We can now ask ourselves what happens if we combine DUNE and T2HK data, or if we consider
also the possibility of the second T2HK detector in Korea (KD). We show in Fig. 5.6 the CP cov-
erage results as a function of the 53 true value, considering the full appearance+disappearance
analysis in the marginalized case. We observe that the combination of at least two experi-

85 -

CP coverage = 30 (%)

DUNE =———
u T2HK (JD) =——
65 i DUNE + T2HK (JD) DUNE: [5v + 59 ] yrs

| T2HKK (JD + KD) JD,KD:[2.5V + 7.5V ]yrs N
" DUNE + T2HKK (JD + KD)

0.4 0.45 0.5 0.55 0.6

sin®0.5 (true)

Figure 5.6: Percentage of true dcp which can effectively establish CPV with a sensitivity of at least 30 C.L. as
a function of true sin® fy3. The curves represent the CP coverage when marginalizing over the uncertain range of
sin? B3 as mentioned in Table 5.2. The curves: red, blue, black, magenta, and orange are for DUNE, JD, DUNE
+ JD, JD 4+ KD, and DUNE + JD + KD neutrino oscillation experiments, respectively. We assume true NO,

benchmark exposure, and the nominal run-time as mentioned in Table 5.1.

ments makes CP coverage for the entire canvas of sin?#y3 above 75%. This points out that the
complementarity between DUNE and JD or JD and KD can help attain a better CP coverage
irrespective of the sin? fo3 value in Nature. Thus, if we are concerned about only CP coverage,
there may be no remarkable advantages in adding a second detector to T2HK as DUNE + JD
attains a better CP coverage than JD + KD combined. In all the setups, there is a general trend
of CP coverage decreasing as we increase sin® fy3 in our data; the reason for that can be found
in the behavior of the appearance asymmetry, as previously discussed. In the DUNE+JD case,
the 30 CP coverage decreases from 82% to 77% when 6,3 increases from 40° (sin? 63 = 0.4) to
60° (sin? fo3 = 0.6), while in the JD+KD case it decreases from 80% to 76% for the same.

It is interesting to see if the complementarity between the two different experiments may allow
us to reach the coverage milestone also after a fraction of the running time or if the systematics

93



are larger than those predicted by the collaborations. In Fig. 5.7, we show how the CP cov-
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Figure 5.7: The CP coverage as a function of scaled exposures assuming true NO for true sin? fy3 = 0.45 (LO,
left panel), 0.5 (MM, middle panel), and 0.55 (HO, right panel). Here, we define scaled exposure as the ratio of
assumed exposure with the nominal exposure of each experiment. Thus, (chosen/nominal exposure) = 1 is the
benchmark exposure of the considered experiment. The solid curves are obtained by marginalizing over f3 in
our theory. The curves: red, blue, black, magenta, and orange are for DUNE, JD, DUNE + JD, JD + KD, and
DUNE + JD + KD neutrino oscillation experiments, respectively.

erage is influenced by the change in total exposure of the experiments for sin®fy; = 0.45 (left
panel), 0.5 (middle panel), and 0.55 (right panel). The curves are shown for DUNE (red), JD
(blue), DUNE + JD (black), JD + KD (magenta), and DUNE + JD + KD (orange). We obtain
these by marginalizing the atmospheric angle. Looking first at the performances of the single
experiments, we observe that by keeping the true value for sin? fy3 fixed in LO and doubling the
exposure from the nominal value of 2431 (480) kt-MW-yrs in JD (DUNE), the coverage increases
from 74% to 79% in DUNE and from 71% to 75% in JD. On the other hand, if the exposure is
reduced up to half the nominal value, the CP coverage drastically reduces for both experiments.
It is worth mentioning that DUNE has better performances than JD on comparing both the ex-
periments with their 70% of exposure. Even though going from LO to MM we observe a similar
trend of increasing CP coverage with exposure, the maximum reachable coverage is now reduced
(76% for DUNE, 72% for JD). Moreover, JD performs better than DUNE in this scenario at the
nominal exposures. This happens due to strong 053 — dcp degeneracy in DUNE near MM, which
results in the reduction of CP coverage as compared to JD. In the HO case, coverage worsens
further for JD (maximum coverage 70%), but not for DUNE, which now suffers less from the
023 — dcp degeneracy in the non-maximal case. We have checked that, following the previous
results, if we fix the value of sin? o5 then the DUNE performance considerably increases in MM,
while it slightly improves in the HO case. Coming back at our discussion about the comple-
mentarity between DUNE and T2HK (JD). we observe that the combination between the two
experiments datasets enhances our result to much more than 75% coverage even if we consider
half the exposure in both DUNE and JD for any value of fo3. As discussed earlier, the addition of
KD to JD also increases the CP coverage for any value of true sin? fy3. Also, under the nominal
exposure, the combination of DUNE, JD, and KD achieves CP coverage always above ~ 80%
irrespective of the values of 53. On the other hand, in Fig. 5.8, we illustrate the effect of the
systematic uncertainties in the appearance channel for various setups on the CP coverage when
marginalized over sin?#y3. It is clear that the JD curve has a steeper slope than the DUNE:;
however, one must remember that the nominal uncertainties in JD (5%) are higher than that of
DUNE (2%). Recently the T2K collaboration [617] has been considering conservative uncertain-
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Figure 5.8: CP coverage as a function of scaled systematic uncertainties in v, — Ve assuming NO is portrayed
wherein, 1 represents the benchmark-systematic uncertainty for DUNE as 2% while for both JD and KD it refers
to 5%. In the left, middle, and right panels we show the CP coverage by considering true sin? fo3 = 0.45 (LO),
0.5 (MM), and 0.55 (HO) when marginalized over the uncertain range of sin? f,3 in our theory, respectively. The
curves: red, blue, black, magenta, and orange are for DUNE, JD, DUNE + JD, JD + KD, and DUNE + JD +
KD neutrino oscillation experiments, respectively. The blue colored filled and unfilled circles in the figure depict

the CP coverage corresponding to 2.7% and 4.9% systematic uncertainties, respectively.

ties in the v, appearance systematics of about 4.9%, which they further expect to improve to
about 2.7% by the time T2HK starts taking data [597]. These two possibilities have been shown
in Fig. 5.8 (refer to blue unfilled and filled circles). Thus, comparing now the CP coverage
obtained with the expected T2HK systematics of 2.7% (filled blue circles) and the nominal in
DUNE (2%), we observe that T2HK outperforms DUNE for all three possible choices of fa3. We
have also checked that in DUNE, the impact of the marginalization becomes negligible when
systematics are higher than 5%, so the scenario is completely systematics dominated. Thus even
if we consider half the nominal systematics (2.5%) for each value of the sin?fy3 (true), DUNE
fails to reach the landmark of 75% CP coverage in both the MM and the HO cases, while JD
does (notice that, for equal systematics JD always has better performances than DUNE due to
its larger statistics). . If the real systematics turns out to be about 1.5 times higher than their
nominal values in both DUNE and T2HK experiments, combining them is the only option to
achieve 75% of CP coverage in all the three possible choices of 6,3: 0.45, 0.5, and 0.55. Also,
with the second proposed detector KD, when included in the analysis, we achieve our goal easily
even if systematics are increased by a factor of 2.5 for all the three possible choices of 3.

Another interesting factor to be taken into account is the fraction of total running time in which
the experiments run in antineutrino mode. For DUNE and T2HK, we find two completely dif-
ferent approaches. In DUNE, the collaboration proposes 5 years in neutrino and 5 years in
antineutrino modes. In this way we have a time-balanced running. However, being the antineu-
trino flux lower than the neutrino one, with this configuration we expect that the number of
DUNE events in neutrino mode will be much higher than the number of events in antineutrino
mode. The T2HK collaboration, on the other hand, proposes to run in antineutrino mode for
a time which is 3 times bigger than the neutrino mode running time (2.5+7.5 years). In this
way, being the antineutrino flux approximately 1/3 of the neutrino one, one expects roughly the
same number of neutrino and antineutrino events. We show this in Tab. 5.3 where we compute
the number of DUNE and T2HK events for different choices of 855 and dop. We also show here
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Param. 0 5CP: 0° 5CP = 90° 5(313 = —90°

EXp. * (V67 Ve, g;) (V€7 Ve, g;) (Vev Ve, g;)
40° | 1274, 354, 0.56 | 965, 398, 0.41 | 1611, 270, 0.71
DUNE 45° | 1526, 417, 0.57 | 1213, 462, 0.44 | 1869, 332, 0.69
50° | 1779, 480, 0.57 | 1471, 524, 0.47 | 2117, 396, 0.68
40° | 1242, 920, 0.14 | 875, 1191, -0.15 | 1622, 618, 0.45

JD 45° | 1489,1098, 0.15 | 1116, 1373, -0.1 | 1875, 790, 0.4
50° | 1736, 1275, 0.15 | 1369, 1546, -0.06 | 2117, 972, 0.37

Table 5.3: Total v. appearance event rates in v, 7 modes, and N&p (see eq. (5.27)) for DUNE (JD) corre-

sponding to different sets for dop : 0°,90°, —90° and 623 : 40°,45°, and 50° are shown in the second (third) set
of rows, respectively.

the integrated asymmetry, namely

e Npe = Nye

= —-——— 5-27
CP Nue + Nue ( )

where Ny (N,e) is the number of events in the neutrino (antineutrino) mode, with the aim of
demonstrating that also at the events number level the asymmetry decreases for high values of
the atmospheric angle.
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Figure 5.9: CP coverage as a function of ratio of the run-time in neutrino and antineutrino (v : 7) modes. The
left, middle, and right panels represent CP coverage with true sin? 63 = 0.45 (LO), 0.5 (MM), and 0.55 (HO),
respectively. The dashed lines are obtained by considering identical sin” 623 in both data and theory, while the
solid lines show CP coverage when marginalized over #s3 in the theory. The curves: red, blue, black, magenta,
and orange are for DUNE, JD, DUNE + JD, JD + KD, and DUNE + JD + KD neutrino oscillation experiments,
respectively. The red and blue dots depict the CP coverage for nominal run-time in DUNE [5 v + 5 7] years and
T2HK [2.5 v + 7.5 »] years, respectively. We assume true NO.

In Fig. 5.9, we represent how the ratio between neutrino and antineutrino run-time affects
the coverage for all the considered setups and the usual three choices of sin? fy3 (true) (LO, MM,
and HO). We distinctly show two possible scenarios: first by fixing the same set of oscillation
parameters in both data and theory (dashed curves) and second by marginalizing sin? a3 (solid
curves) in our theory and fixing all other parameters to our best-fit from Table 5.2. In the
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LO case, while the nominal choice for JD [2.5 4+ 7.5] turns out to be the best, DUNE has no
advantage of running in antineutrino mode. Instead, we observe that the best coverage (77%)
for DUNE is acquired when only neutrino mode is employed for the full 10 years of run-time.
The reason is simply due to the dcp independent measurement of sin® f,3 by the disappearance
channel in LO. Once the atmospheric angle is constrained by disappearance, the appearance
channel benefits more from the increment in statistics by following [10 4 0] years instead of a
balanced number of neutrino and antineutrino events, because of the small DUNE systematics
(2%). In the maximal mixing case, the JD remains almost the same; contrastingly for DUNE,
the subdued abilities of the disappearance channel in the marginalized 6,3 scenario are overcome
by the balanced run-time of [5 + 5] years, achieving the best coverage of 68%. While the HO
case is intermediate: the best coverage in DUNE is neither obtained by the balanced [5 + 5]
years nor with the highest number of events in [10 + 0] years, but the [6.5 + 3.5] years scenario.
This can be understood from our previous discussions. We observe that sin? fy3 (true) = 0.55 is
still in the dip region (refer solid red in Fig. 5.5) but not completely, thus disappearance is not
able to constrain sin®#,3 in the fit much and so we can see the effect of fa3 — dcp degeneracy
that requires both neutrino and antineutrino modes to resolve.

However, the complementarity between the experiments plays a crucial role irrespective of sin? a3
in Nature. On combining DUNE and JD or adding KD, the coverage becomes almost insensitive
of the choices in run-time and undisputedly reaches 75% in all the cases.

5.3 Complementarity and BSM: the Non-Unitarity case

So far we have discussed how the two future long baseline experiments may be used together
to perform the desired measurement of the CP-violating PMNS matrix phase. However, the
complementarity between DUNE and T2HK can be fundamental also in the context of BSM
models. We present here a detailed discussion about the capabilities of the future LBL in
constraining the full new physics parameters space in the Non-Unitarity case (see Sec. 3.4).
We already discussed how to parameterize a Non-Unitary PMNS matrix. One possibility consists
of factorizing the deviation from unitarity into a matrix « in such a way that the non-unitary
neutrino mixing matrix N is expressed as’:

N=({I+a)Upuns, (5.28)

where the matrix a has a lower triangular structure and contains nine free parameters organized
as follows:

Q11 0 0
o = |0121 |61¢21 99 0 . (529)
’a31‘6i¢31 ’&32’€i¢32 Q33

This parameterization simplifies the oscillation probabilities and let the parameter o;; to be
the main source of non-unitarity for the oscillation channel v; — v; (4, = e, pr, 7). Bounds on
the «;; parameters have been recently computed, among others, in Ref. [551] and reported for
convenience in Table 5.4. These results have been obtained using data from the short-baseline
experiments NOMAD and NuTeV, and the long-baseline experiments MINOS/MINOS+, T2K,
and NOvA. For the off-diagonal Non-Unitarity Neutrino mixing (NUNM) parameters, the au-
thors also used the triangular inequalities®: a;; < /1 — (1 + a;)%/1 — (1 + ay;)? [253], which

"We choose the convention in which the matrix «, which invokes non-unitarity, is added to the identity
matrix. Note that other phenomenological studies adopt the relation N = (1 — ) Upprns [254]. Our results can
be compared to the others just changing the sign in front of the diagonal elements.

8Note that, in this model, the diagonal parameters can only be negative.
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11 (65))] 33 |0421’ ’0431| ]a32|
< 0.031 | <0.005 | <0110 | < 0.013 | < 0.033 | < 0.009

Table 5.4: 90% confidence level (C.L.) limits on the NUNM parameters using data from various short-baseline

and long-baseline experiments, as obtained from the Ref. [551].

appear due to the assumption that the standard 3x3 active neutrino mixing matrix is a non-
unitary sub-matrix of a larger unitary mixing matrix. In the following discussion, we do not take
into account these inequalities with the aim of studying the capability of long-baseline experi-
ments in constraining NUNM parameters in a complete model-independent fashion. Taking into
account the expression in eq. (5.28), the complete effective neutrino propagation Hamiltonian in
the mass-eigenstate is:

1 0 0 0 a.+a, 0 0
H= 0 Am2, 0 + Nt 0 a, 0 |N|. (5.30)
v 0 0 Amj 0 0 a,

As usual, the matter potential parameters are given by a, = 2v/2E,GrN, and a,, = —/2E,GrN,,
where, N, and N,, are the electron and the neutron number densities, respectively. Note that in
this framework, the neutral current (NC) matter potential is necessary since the non-unitarity
of the matrix N does not allow the subtraction of an identity matrix proportional to a,. From
the Schroedinger equation, the transition probability at a given baseline L is obtained from the
following expression:

Pog = |(NemENT) g, 2. (5.31)

The relevant probabilities for long-baseline experiments are the v, — v, appearance and v, — v,
disappearance channels. In order to get approximate analytical expressions for the transition
probabilities, we observe that the vacuum approximation cannot be sufficiently precise in exper-
iments like DUNE, since the matter effects can modify the appearance probability up to about
10%. For this reason, we derive approximate analytical expressions in the presence of matter.
We use perturbation theory in the small expansion parameters (r, s, and a) defined as follows:

%, infyy — %(1 +s),  sinfa = %(1 +a), (5.32)
where, r, s, and a represent the deviation from the tri-bimaximal mixing values of the neutrino
mixing parameters, namely, sinfy3 = 0, sinflys = 1/4/2, and sinf, = 1/v/3 [618, 619]. Given
the recent global fit of neutrino oscillation data, we can assume that r, s,a ~ O(0.1) and we can
expand them up to the second order [111-113, 620]. To further simplify the notation, we also
introduce Az = Am2, L/AE,, A, = a.L/AE, and A, = a,L/4FE,; at the DUNE peak energy,
namely, F, = 2.5 GeV, A, ~ 0.36 and A, ~ 0.18, we can further expand in the small matter
potentials up to the first order. Note that for the other experimental facilities discussed in this
paper, this approximation is even better; in fact, for the Tokai to Hyper-Kamiokande (T2HK)
setup with a far detector in Japan (JD), at beam energy of E, = 0.6 GeV, we have A, ~ 0.08
and A, ~ 0.04, while with a second in Korea (KD) at a distance of 1100 km from the source
with same energy, we get A, ~ 0.30 and A, ~ 0.15. Also, we use one mass scale dominance
(OMSD) approximation (As; >> Ay, where Ay; = Am3,L/4E,) in our derivation; this is a
valid approximation in the atmospheric regime (As; ~ 7/2).

sin 913 =
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In the case of the v, — v, appearance probability, we thus obtain:

2
Pue = (—) sin Agl [(Agl + QAG) sin Agl — 2A31A6 COS Agl] -+

2|laiz1|r : ;
( ’ 31’ ) An Sin A31 [COS((SCP — ¢31) Sin A31 — Agl COS((SCP + A31 - ¢31)] +

Qo1|r . )
(' 21 ) {sin Agy 2431 (Ac + Ay) cos(dep + Azt — do1) — Ay sin(dop — Az — ¢or)] +
sin(5cp + A31 — ¢21> [(—2A31 — 2Ae + An) SiIl A31 + 2A31A6 COS Agl]} +

Q1| .
<M> A, [—2A31 Slﬂ(%l - ¢31) + COS(2A31 — o1 + ¢31) - COS(¢21 - ¢31)] +

('0‘21‘2) [Ag1 — Ap(1 — cos2A4))] . (5.33)

From the above expression, it is clear that the v, — v, appearance probability strongly depends
on |agy| and |agy|. The parameter |ag;| survives in the vacuum case while |ag; | always appears
with the matter potential A,. This essentially means that an experiment in which the matter
effect is not negligible is able to put strong bounds also to |asz;| which, otherwise, would not be
accessible by P,.. Note that due to the loss of unitarity property of the neutrino mixing, some
terms remain non-zero in v, — 1, appearance probability expression even when the neutrino
propagation length L is zero, which is known as zero-distance effect:

P/fezo ~ |0421|2. (534)

So, it is clear that even the near detectors (ND) of long-baseline experiments could contribute to
the bounds of non-unitarity parameters. Finally, we point out that the vacuum limit of eq. (5.33)
assumes a particularly simple expression:

P;ngc = |0z21|2 + 7“2 sin2 Agl — 2|O[21|’T‘ sin Agl Sin((;(jp + Agl — ¢21) s (535)

which, in the limit of vanishing solar mass difference, agrees with the results presented in
Ref. [249].

In order to assess the modifications in the v, — v. appearance probabilities caused by the
presence of non-unitary neutrino mixing, in Fig. 5.10, we show the exact v, — v, appearance
probabilities as a function of energy. In the extreme left column, we consider a baseline of
1300 km for DUNE. In the middle column, we show the results for the JD baseline of 295 km.
In the extreme right column, we deal with the KD setup having a baseline of 1100 km. Note
that for both JD and KD, we consider the neutrino energy range of 0 to 1.5 GeV having a
peak around 0.6 GeV. In every rows, we switch-on one off-diagonal NUNM parameters at a
time, while maintaining the others to zero. The effect of |aw| is shown in the top panels, ||
in the middle panels, and |ass| in the bottom panels. In each panel, the solid black curves
correspond to the probabilities in the unitary neutrino mixing (UNM) case, while the colored
curves correspond to the NUNM cases with four benchmark values of the phases associated with
each off-diagonal NUNM parameters, as reported in the legend. As we can see, the impact of
the NUNM parameter |ao| (top panels) is comparatively larger than the other two off-diagonal
NUNM parameters |as;| and |ase| even though the strength of the |as| is much smaller than
the other two. This feature is more clear for JD in the middle columns. In fact, from the
approximated analytical expression of v, — v, appearance probability in Eqgs. 5.33 and 5.35,
we see that only terms containing |ag;| survive in vacuum, while the effect of |ag1| and |ass]| is
linked to A, and A,, which are very small at the considered baseline. This is not the case for
DUNE (L ~ 1300 km) where, given the largest baseline under consideration, A, and A,, are no
longer negligible and the impact of || and |ags| on P, is of the same order as |ag;|.
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Figure 5.10: v, — v. appearance probability as a function of energy in the presence of off-diagonal NUNM
parameters. Left, middle, and right columns correspond to the baselines of 1300 km (DUNE), 295 km (JD), and
1100 km (KD), respectively. The four colored curves correspond to four benchmark values of the phases associated
with off-diagonal NUNM parameters: 0°, 90°, 180°, and —90°. We consider dcp = 0° and sin® fa3 = 0.5. The
values of the other oscillation parameters are taken from Table 5.2.

For the v, — v, disappearance channel, we get:

P, = cos® Az (1 4+ dagy) — 2|asa| Ay, sin 2A31 cos ¢sp + 4a? sin® Az +

2| g1 |? cos Agy [2sin Agy (A, + A,) + cos Agy] + 6a3, cos? Agy —

2|0421|T‘ Sin(2A31>(Ae + An) COS((SCP — ¢21) +

8
(A_a) (oo — aizz) A, sin Agy (sin Agy — Agy cos Agy)
31

—2’0(21 ’ ’agl ’An sin 2A31 COS(¢21 — ¢31) — 80&22‘0432|An Sin 2A31 COS ¢32
—2|a32 |O./33An sin 2A31 COS ¢32 s (536)

from which we learn that all the NUNM parameters «;; but ai; enter into the probability
expression. Also, in this case, we get the zero-distance expression of the v, — v, survival
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Figure 5.11: v, — v, disappearance probabilities as a function of neutrino energy in the presence of the
NUNM parameters age and |ass| assuming ¢so = 0 one at a time. Left, middle, and right columns correspond
to the baselines of 1300 km (DUNE), 295 km (JD), and 1100 km (KD), respectively. We consider dcp = 0° and
sin? fo3 = 0.5. The values of the other oscillation parameters are taken from Table 5.2.

probability, given by:
PL=0 ~ 1+ 2an | + 603, + dam, (5.37)

and the vacuum approximation (also in agreement with Ref. [249] in the limit of vanishing
Am3)):

Py = cos? Az (1 + 2]ag |2 + dagy + 604%2) + 4a®sin® Ay . (5.38)

In Fig. 5.11, we show the exact v, — v, oscillation probabilities as a function of energy for the
baseline lengths corresponding to DUNE (left panel), JD (middle panel), and KD (right panel)
setups. In each panel, the black solid curves correspond to the UNM case, while the red and
blue curves show the presence of s and azo, respectively with strength reported in the legend?,
one at a time. The impact of these two NUNM parameters can be understood from our approx-
imated analytical expressions in eq. (5.36). When matter effects are negligible (for example, in
the middle panel of Fig. 5.11), we expect that the parameter asy dominates the deviation from
UNM since it appears already at first order in FP,,. This remains true when matter parameters
are switched-on; the relevant difference compared to the vacuum case relies on the fact that also
|asa| enter at first order, although suppressed by A,. Thus, we expect that for DUNE and KD,
one can see deviation from the UNM predictions, as visible in Fig. 5.11. Note that the impact
of a3y is amplified by the larger benchmark value compared to the choice for ass.

At the number of events level, we summarize for some benchmark values of the NUNM parame-
ters the expected rates at DUNE, JD and KD, considering for DUNE a running time of 3.54+3.5
years in Tabs. 5.5 and 5.6. The impact of NUNM parameters on the number of events is fully
in agreement with our analytical discussions. First of all, as shown in eq. (5.33), the appearance
channel is mainly influenced by |ag;|, even in vacuum. This reflects in an enhancement of the
number of events by roughly 5% in both JD and DUNE. On the other hand, the NUNM param-
eters |asz;| and asg are also relevant but they are coupled to the matter potentials, so we expect

9Even though the analytical expression of P,, reported in eq. (5.36) shows the presence of other NUNM
parameters, we have numerically checked that they do not have any significant impact.
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Ve appearance U, appearance
DUNE [ JD [KD |DUNE [ JD [ KD
| UNM | 1259 | 1836|169 | 221 | 767 31 |
| NUNM  |DUNE | JD [KD |DUNE | JD | KD |
laz| (=0.025) | 1328 | 1893 | 169 | 232 | 756 | 29

lasi| (=0.1) | 1420 [ 1893 | 187 [ 264 [754[ 30
o] (= 0.25) | 1300 [1855[ 172 213 | 756 | 30
an (=-0.02) | 1203 [1761 | 162 | 214 [ 738 29
az (=-0.015) [ 1223 [1782 | 164 | 215 [ 744 30
ag; (=-0.15) | 1208 [1817 | 168 | 227 [779] 30

Table 5.5: Comparison of the total signal rate for the v, and 7, appearance channels in DUNE, JD, and KD
setups in UNM case as well as in presence of various NUNM parameters. The relevant features of these facilities
are given in Table 5.1. The values of the standard oscillation parameters used to calculate event rate are quoted

in Table 5.2. The phases associated with the off-diagonal NUNM parameters are considered to be zero.

v, disappearance v, disappearance
DUNE\ JD \ KD DUNE\ JD \ KD
| UNM | 10359 | 9064 | 1266 | 6034 | 8625 | 1144 |

 NUNM |DUNE]| JD | KD [DUNE]| JD | KD |
[t | (= 0.025) | 10371 | 9074 | 1264 | 6045 | 8640 | 1149
laa1] (= 0.1) | 10351 | 9062 | 1261 | 6035 | 8627 | 1168
lasz] (= 0.25) | 10978 | 9203 | 1255 | 6005 | 8467 | 1158
an (=-0.02) | 10359 | 9064 | 1266 | 6034 | 8625 | 1145
ax (= -0.015) | 9748 | 8531 | 1192 | 5681 | 8120 | 1077
ass (= -0.15) | 10406 | 9077 | 1268 | 6040 | 8619 | 1145

Table 5.6: Comparison of the total signal rate for the v, and v, disappearance channels in DUNE, JD, and KD
setups in UNM case as well as in presence of various NUNM parameters. The relevant features of these facilities
are given in Table 5.1. The values of the standard oscillation parameters used to calculate event rate are quoted

in Table 5.2. The phases associated with the off-diagonal NUNM parameters are considered to be zero.

them to be relevant primarily for DUNE, where matter effects are more important: in fact, ||
causes an increase in the number of events up to 10%, while a3 provokes a small but visible
reduction of the order of 4%. Finally, some impact on the number of signal events is also given
by aq1, even though it only appears at higher orders in our perturbative expansion and has not
been displayed (but it present in the vacuum probabilities reported in Ref. [249]). Note that
the number of v, and 7, events in KD is only slightly influenced by the NUNM parameters due
to fact that the experiment works close to the second oscillation maximum of the atmospheric
oscillation (v, — v;), where the v, — v, appearance probability approached one of its minima
and the effects of new physics are suppressed.

For the disappearance channel, the parameter ags, which enters at the first perturbative order
in eq. (5.36), produces a reduction of about 6% in the number of events for all three detec-
tors. This can be roughly understood from the fact that the standard disappearance probability
is multiplied by 49y = 0.06, which causes a reduction by a similar factor in the number of
events. The other relevant NUNM parameter is |asz| which, being coupled to matter potential
in eq. (5.36), can cause a ~ 6% increase of events especially in DUNE. The other parameters at
their benchmark values only have a negligible impact on the number of disappearance events.
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5.3.1 Constraining all the NUNM parameters at the Far Detectors

In this subsection, we present our numerical results showing the expected constraints on the six
NUNM parameters (o;;) that DUNE, JD, KD, and JD+KD setups can place. We study the
NUNM parameters by fixing the mixing angles 65, 03, and two mass-squared differences Am3,,
and AmZ, both in data and theory at their best fit values as given in Table 5.2. We check that the
marginalization over the atmospheric mass-squared difference Am3; does not have any significant
effect on our analysis. On the other hand, the only notable effect of the marginalization over
the reactor mixing angle ¢;3 (which has a very small experimental uncertainty of 3%), is the
worsening of the a;; bound at the level of 15%. This is due to the fact that there is a correlation
between these two parameters, which appear in a term proportional to o, sin® 26,3 in the Vy — Ve
transition probability as shown in Ref. [249]. Finally, we marginalized fa3 in its current 3o allowed
range [113], which is approximately [40°, 50°] and the CP phase dcp in its entire possible range
[—180°, 180°]. We keep both these parameters with true values as in Table 5.2. Moreover, we
consider one NUNM parameter at a time, i.e., when a parameter is taken into account the
others are considered to be zero. Finally, the phases associated with each off-diagonal NUNM
parameters are marginalized over the entire possible range from —180° to 180°. The statistical
significance with which we can constrain the NUNM parameters (q;;) in a given experiment is
defined as

2 . 2 2
Ax* = I R (aij #0) = x“(ay; = 0)| , (5.39)

where, x?(a;; # 0) and x*(a;; = 0) are calculated by fitting the prospective data assuming
NUNM (ay; # 0) and UNM (a;; = 0). Note that x*(ai; = 0) = 0 because the statistical fluctu-
ations are suppressed to obtain the median sensitivity of a given experiment in the frequentist
approach [621]. While estimating the constraints, we marginalize over the most uncertain oscil-
lation parameters (23, dcp) and the phases associated with the off-diagonal NUNM parameters
(¢i;) in the fit. We also minimize over the systematic pulls on signal (A;) and background (\s).
In Fig. 5.12, we plot the Ay? function for the six NUNM parameters analyzed in our paper
considering only the far detectors in a given setup. Upper (lower) panels show the results for the
diagonal (off-diagonal) NUNM parameters. The red curves in each panel refer to the sensitivities
obtained for the DUNE setup considering a total of 336 kt-MW-yrs exposure, corresponding to
a total 7 years of data collection with equal run-time in neutrino and antineutrino modes. The
green curves show the results for JD for which we consider a total exposure of 2431 kt-MW-
yrs with 10 years of total run-time (2.5 years in neutrino mode and 7.5 years in antineutrino
mode). The magenta curves correspond to KD assuming the same exposure. We also estimate
the results for JD+KD as shown by the blue curves. From the upper left panel, we observe
that DUNE and JD+KD place similar constraints on aj;. The sensitivity to this parameter
comes from two contributions: the intrinsic v, beam contamination disappearance background
and the v, appearance. For both contribuiting channels, DUNE has better systematics and
JD+KD more statistics. As a result, limits on «y; are found to be almost the same for the
two setups. However, for ass (upper middle panel), JD+KD has significantly better sensitivity
compared to DUNE setup. This is because sy is mainly constrained by the disappearance
channels, which due to the large statistics, is primarily limited by the systematic uncertainties.
Since the normalization error for this channel is 3.5% (5%) for JD+KD (DUNE), it is clear
that JD+KD can put better limit than DUNE. We have checked that if we consider the same
amount of systematic uncertainties for both the setups, DUNE shows slightly better sensitivity
than T2HKK. For |ay;|, DUNE and JD+KD have comparable sensitivities (see lower left panel).
The slightly better limit on |ag;| achieved in the case of JD+KD as compared to DUNE; is due
to the fact that JD4+KD has larger statistics in the appearance channels. For the other three
parameters |asi|, |age| and ass, which enter the v, — v, appearance channel through matter
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Figure 5.12: Expected limits on the NUNM parameters from DUNE (red curves), JD (green curves), KD
(magenta curves), and JD+KD (blue curves). The upper (lower) panels are for the diagonal (off-diagonal) NUNM
parameters one at a time. True values of 23 and dcp are 45° and — 90°, respectively. For the diagonal NUNM
parameters, we marginalize over 23 in the range [40°,50°] and dcp in the range [—180°,180°] in the fit. For the
off-diagonal NUNM parameters, apart from 033 and dcp, we also marginalize over the associated NUNM phases
in the range of —180° to 180°.

parameters A, and A,, (see eq. (5.33)), DUNE outperforms JD+KD setups because of its large
matter effects.

DUNE JD KD JD+KD JD+KD+DUNE | T2K+NOvA
a1 | [-0.020, 0.020] | [-0.025, 0.025] | [-0.040, 0.040] | [-0.022, 0.022] | [-0.017, 0.017] | [-0.06, 0.06]
ags | [-0.014, 0.014] | [-0.0087, 0.0087] | [-0.013, 0.013] | [-0.007, 0.007] | [-0.006, 0.006] | [-0.02, 0.02]
Q33 [-0.2, 0.17] < 0.6 < 0.63 < 0.476 [-0.17, 0.17] < 0.64
oot | < 0.022 < 0.015 < 0.10 < 0.016 < 0.012 < 0.06
|z < 0.15 < 0.48 < 0.70 < 0.34 < 0.11 < 2.20
s | <0.33 <12 < 0.85 < 0.71 < 0.27 <14

Table 5.7: Bounds on the NUNM parameters at 90% C.L. (1 d.o.f.) using DUNE (second column), JD (third
column), KD (fourth column), and JD4+KD (fifth column). Sixth column shows the results for the combination
of DUNE and JD+KD. Last column depicts results using the full exposure of T2K and NOvA.

We summarize our results in Table 5.7, where we give the bounds on the six NUNM parame-
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Parameter | DUNE (3.5 yrs+3.5 yrs) | DUNE (5 yrs+5 yrs)
an [:0.020, 0.020] [:0.020, 0.018]
s 0.014, 0.014] [0.013, 0.013]
s [0.2, 0.17] [0.10, 0.15]
‘0421| < 0.022 < 0.016
‘0531| < 0.15 < 0.12
‘@32| < 0.33 < 0.31

Table 5.8: 90% C.L. (1 d.o.f.) limits on the NUNM parameters considering two different exposures of DUNE:
total run-time of 7 years (see second column) and 10 years (see third column) equally divided in neutrino and

antineutrino modes.

ters at 90% C.L. for the various long-baseline experimental setups discussed so far. As clear from
our previous discussion, the expected constraints on NUNM parameters from DUNE is better
than the other two experiments JD and KD (and their combination) except for the parameters
9o and |agg|, where JD has better sensitivity than DUNE. Finally, in the sixth column of the
Table, we give the final constraints on the NUNM parameters by combining the expected re-
sults from DUNE and JD+KD setups. As we have anticipated, the bounds experience a general
improvements by ~ 20%, with the precise magnitude depending on the parameter under consid-
eration. For a comparison with the ongoing long-baseline experiments, we also add the expected
constraints from the combination of the T2K and NOvA setup in the last column. For T2K, we
consider a total exposure of 84.4 kt-MW-yrs with 22.5 kt detector mass, 750 kW proton beam
power, 5 years run-time (2.5 years each for neutrino and antineutrino mode). For NOvA, the
considered exposure is 58.8 kt-MW-yrs with 14 kt detector mass, 700 kW proton beam power,
and 6 years for total run-time (3 years each for neutrino and antineutrino modes). Also, due to
the limited statistics, we observe that the expected constraints from T2K+NOwvA setup is worse
than the DUNE or JD+KD setup.

Note that the if some information coming from Near Detector measurements (e.g. the initial
neutrino flux) are used to analyze Far Detector data, constraints on asy and «q; could be
deteriorated (see Sec. 5.3.2). However, our approach in which the far detector data alone are
considered, is in principle valid also for the diagonal parameters aq; and o, if the initial fluxes of
both experiments can be determined without relying on the ND data. For instance, theoretical
data and simulations could be used to predict the neutrino flux. Moreover, as it happened for the
flux determination at MINOS/MINOS+, one could obtain the neutrino flux using only hadronic
data, which are not affected by oscillations [622]. In such cases, the systematic uncertainties
used in our simulations may be too optimistic. Nevertheless, we verified that for ass and aq; our
bounds are mostly dictated by systematics; hence, for example, a doubling of the systematics
will roughly cause a doubling of the upper limits. We compare now our results summarized
in Table 5.7 with the bounds reported in Table 5.4!1°. We observe that the bound we achieve
from the DUNE+JD+KD (DUNE+T2HKK) setup for the diagonal ay; is ~80% better than
the bound quoted in Ref. [551]. In the agy case, the two results are comparable, with a slightly
better limit when the global neutrino data analysis is performed. For the remaining diagonal
parameter ass, NC data from MINOS/MINOS+ give a 60% stronger bound [551] compared
to the one expected from the DUNE+JD+KD setup. As for as, the authors of the Ref. [551]
make use of the triangular inequality as well as the data from the short-baseline experiments; this
allows to constrain the mentioned parameter very tightly. However, due to the large statistics
and good systematics of DUNE and JD+KD setups, we can achieve an almost similar bound

0Tn order to get their results, the authors of Ref. [253] left free the standard oscillation parameters a3, dcp,
and Am3; and the NUNM parameters a1, a1, age. Conversely, in our work we marginalize over dcp and fo3
only, but we have checked that the marginalization over Am3; does not have any significant impact.
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Parameter | Other «;;’s zero | Other «;;’s free
11 [-0.017, 0.017] [-0.02, 0.02]
V99 [-0.006, 0.006] [-0.006, 0.006]
33 [-0.20, 0.17] [-0.35, 0.33]
|0631| < 0.11 < 0.18
|aza| < 0.27 < 0.40

Table 5.9: 90% C.L.(1 d.o.f.) limits on various NUNM parameters. Second column shows the constraints
considering only one NUNM parameter at a time, while other NUNM parameters are assumed to be zero in the
fit. Third column depicts the bounds on a given NUNM parameter when all other NUNM parameters and the
phases associated with the off-diagonal parameters are kept free in the fit. True values of the standard oscillation

parameters are taken from Table 5.2. We marginalize over #3 and dcp in the fit (see text for details).

without using any external hypothesis on the relations between the c;;. On the other hand,
constraints on ag; and asy in Table 5.4 are substantially better than the ones we obtain from
DUNE+JD+KD setup. Also, in these cases, the triangular inequalities which link them to the
diagonal NUNM parameters play an important role, together with the short-baseline experiments
limits on the v, appearance. However, it is important to stress that all our results are obtained
in a complete model independent fashion, relying only on the expected data from DUNE and
T2HKK. We checked that for our best setup, namely DUNE+T2HKK, the only bound which
would benefit using the inequalities in a considerable way is the |ass|, but only if the near detector
normalization is not taken into account. The poor limits obtained for a3 and the already strong
ones for |ag;| do not allow improvements for the other parameter’s bounds.

As already pointed out in the previous subsection in the context of the CP coverage, the
DUNE collaboration [574] exploited the possibility of increasing the exposure of the experiment
from 336 kt-MW-yrs to 480 kt-MW-yrs (corresponding to an increase of the data taking time
from 7 years to 10 years with 5 years in neutrino mode and 5 years in antineutrino mode). In
Table 5.8, we compare our previous constraints from the DUNE experiment, Table 5.7, with those
obtained in the (5 + 5) years configuration. We observe that the constraints on all six NUNM
parameters improve by small amount except for |ag;|, which shows a significant improvement.
This happens because the higher run-time increases statistics of the v, — v, appearance channel,
which is the one driving the g sensitivity. On the other hand, the v, — v, disappearance
channel is almost already saturated by systematics after 3.5 years + 3.5 years of running. This
leads to only small improvements on the other NUNM parameters sensitivities.

For sake of completeness, we show in Tab. 5.9 the limits that the combination of DUNE, JD
and KD would be able to put if a full marginalization over the NUNM parameter space is
performed. It is clear that the three most constrained parameters aji, age and |ag;| do not
suffer much the marginalization, while the bounds on the other three are considerably worsened.
This happens because in v, disappearance and v, appearance channels, |as1|, [as2| and ass often
appear multiplied to other NUNM parameters.

Our discussion on the Non-Unitarity has a very important outcome: DUNE and T2HK, in this
context, have very different performances: T2HK can put stringent bounds, due to the higher
statistics, to the parameters which affect the most the probabilities, namely ags and |as;|. On
the other hand, DUNE, should be able to bound the other parameters due to the matter effects.
This means that with the combination of the two experiments dataset, we may be able for the
first time a full model independent set of bounds on all the NUNM parameters.
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5.3.2 NUNM and the Near Detectors

Near detectors (ND), as already widely discussed in Ch. 4 are a fundamental component for long-
baseline neutrino experiments. Indeed, a detector placed very close to the beam source (from
hundreds of meters to a few kilometers) is able to monitor the neutrino beam, measuring the
flavor composition, and the total number of neutrinos emitted from the source. Near detectors
are not expected to improve any of the standard oscillation parameter measurements, since at
such short distances, oscillations do not develop for neutrinos with energies in the GeV range.
However, in some new physics scenarios, in which, oscillation probabilities contain zero-distance
terms, near detectors can be used to constrain non-standard parameters in a very straightforward
way. This is the case of the non-unitarity framework under discussion where, as already pointed
out, at vanishing distances we have zero-distance terms in case v, — v, appearance channel:
Plf’ezo ~ |ag %, and v, — v, disappearance channel: PML;O ~ 1+ 2|ag |* + 62, + 4agy . Thus, we
can expect that T2HKK and DUNE near detectors would be able to constrain two parameters
|ag1| and ae from v, — v, appearance and v, — v, disappearance channel, respectively, but
also ay; considering the v, beam contamination, since it can be showed that [18]

PL=0 1 4 4ay; + 607, . (5.40)

So, in this section, we analytically infer the order of magnitude of bounds implied by ND
measurements. Let us consider the total number of events of a given channel as [20]:

N = N()Palg(Oéij) s (541)

where, the normalization factor Ny includes all the detector properties. For an oscillation channel
Vo — Vg, Ny can be defined as (see Ch. 5.1):

dda
Ny = [E dE, o5(E,) dg(E,,)gﬁ(Ey), (5.42)

where, o3 denotes the production cross-section of the [ lepton, €3 represents the detector effi-
ciency, and ¢, stands for the initial neutrino flux of flavor a.. If we want to put bounds on new
physics parameters, we can use a simple x? test with a gaussian y? defined as
Nops — Nyig)?
2= Wobs = Nyit)” . ) (5.43)
o
where, o represents the uncertainty on the number of events; in this case, neglecting the back-

grounds, we get:
o NG fity ]2
=2 (b0 = Pasled)] (5.44)
For the v, — v, disappearance channel, the leading term of the probability is Plfu:o =1+ 4dags.
Therefore, the y? assumes the form:

2 _ 16N304§2

o2

X (5.45)
At a chosen confidence level, represented by a cut at y32, it is possible to exclude the region
satisfying:

Xio
4Ny

(5.46)

|O[22| >

Since the disappearance channel is expected to produce a huge number of events at the near
detector, one can consider the uncertainty to be dominated by systematic errors og,,. Thus, it
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a1 )
Expt. w/onorm | w/norm w/onorm | w/ norm
| DUNE | [-0.02,0.02] |[-0.043,0.034] | [-0.014,0.014] | [-0.036, 0.048] |
| JD+KD | [-0.022,0.022] | [-0.048, 0.040] | [—0.007,0.007] | [-0.038, 0.050] |
| DUNE+JD+KD | [-0.017,0.017] | [-0.036, 0.026] | [-0.006,0.006] | [-0.026, 0.039] |

Table 5.10: 90% C.L. (1 d.o.f.) limits on the NUNM parameters a1; and asgy for the two setups, DUNE,
JD+KD, and combination of them. Second and fourth column correspond to the constraints assuming only
far detector. Third and fifth columns correspond to the constraints using the FD and ND correlation (or with

normalization factor in the probability).
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Figure 5.13: Upper panels show the improvements in the sensitivities to a11, aaa, and |az;| due to the presence
of 67 tons LArTPC near detector placed at distance of 574 meters from the neutrino source for DUNE. Lower
panels portray the same for JD4+KD having a 1 kt water Cherenkov near detector placed at a distance of 1 km
from J-PARC. The blue curves show the performance with only near detectors. The red curves represent the
combined sensitivities due to both near and far detectors. True values of the standard oscillation parameters are
taken from Table 5.2. We obtain our resultsamount of non-unitarity is even marginalizing over dcp in the range
[—180°, 180°] and fs3 in the range [40°, 50°] in the fit. We also marginalize over the associated phase ¢o1 in the
range [—180°, 180°] for the off-diagonal NUNM parameter |aa1]|.

is possible to approximate o ~ Nyog,s, where Ny represents the number of events in absence of
zero-distance effects, being the disappearance probability in that case equal to 1. This allows to
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simplify eq. (5.46) as follows:

2
vV Xgo
|crga| > —XZ *, (5.47)
which tells us that, neglecting backgrounds effects, the near detector limits would be of the order
of the chosen systematic uncertainty. A similar approach can be used for the v, — v, oscillation
channel, which arises from the v, beam contamination, obtaining an inequality for |a;;| of the
similar form:

VX605

4 Y
where og¢ refers to the systematic uncertainty on the v, — v, transition.
For the appearance channel, the zero-distance probability reads P#Le:0 = |ap]?; the x? function
can therefore be written as:

(5.48)

|0411| >

N2 21 4
X = —OLQ | : (5.49)

and the excluded region is expected to be determined by the following relation:

20.2
oo | < § X](\’[g . (5.50)

Since the number of events at the near detector is in principle very small (being only caused
by new physics), the uncertainty is dominated by statistics. Thus, given a certain number of
observed events, o ~ /Ny and the excluded values of |ag;| reduced to:

2
4] XoNobs
NG

oz | < (5.51)

suggesting that the bounds are very sensitive to the number of events and to the running time
of the experiment.

Both DUNE and T2HKK, as discussed previously, will have near detectors [157, 623, 624]
which may play a crucial role to probe various new physics scenarios including the possibility
of non-unitarity of the PMNS matrix which is the main thrust of this work. In our analysis, for
DUNE, we consider a 67 tons LArTPC near detector placed at a baseline of 574 meters from
Fermilab [157]. For JD+KD, we consider a 1 kt water Cherenkov near detector located at a
baseline of 1 km from J-PARC which is known as IWCD [625, 626]. In order to simulate their
responses, we scale the far detector fluxes for ND baselines and take into account their fiducial
masses. We follow a very conservative approach as far as the systematic uncertainties at the
near detectors are concerned. We multiply the FD systematic uncertainties by a factor of three
and consider them as inputs for the ND. In DUNE near detector, we expect O(107) v, and 7,
events, which provide bounds on as,. DUNE can place stringent constraints on a7 and aoq using
O(10%) v, and 7, events at ND, which stem from both intrinsic v, (7.) beam contamination and
via v, = v, (7, — U.) appearance caused due to zero-distance effect. For the NDs, we consider
their appropriate baselines, fiducial masses, and systematic uncertainties which we assume to be
larger than the systematic uncertainties considered for the FDs.

Before discussing the limits that the Near Detectors could be able to set using their own data,
we want to quantify the effect of the ND flux measurements on the Far Detector constraints.
Indeed, if the initial neutrino flux is monitored at the near site and then extrapolated to the far
site, the probability which could be inferred at the FD is the effective probability defined as

et = Lo
R

(5.52)
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Parameter | DUNE (ND) | DUNE (FD+ND) | JD+KD (IWCD) | JD+KD (FD+IWCD)
an [0.020, 0.024] | [-0.043, 0.034] [:0.029, 0.033] [-0.048, 0.040]
(2 [-0.033,0.037] | [-0.036, 0.04] [-0.019, 0.020] [-0.038, 0.050]
o | < 0.007 < 0.022 < 0.01 < 0.015

Table 5.11: 90% C.L. (1 d.o.f.) bounds on the NUNM parameters ay;, aae, and |ao;| obtained with and
without near detectors in DUNE and JD4+KD. Note that IWCD is the near detector for JD4+KD setup.

The PL=Y term that appears in the denominator is the initial flavor neutrino survival probability
at the source or the zero-distance term which acts as a normalization factor. If we normalize
the v, — v, survival probability at the far detector using the zero-distance term in eq. (5.37),
it is observed that the contribution from asy gets canceled at the leading order. As a result,
sensitivity to the parameter agy is worsened for a given setup. The same happens for aqq,
whose contribution in the effective v, — v, disappearance probability is canceled at the leading
order (see [18]). Since the sensitivity to such parameter arises partially due to the intrinsic v,
that we have in the beam to begin with, the near detector normalization causes a deterioration
of aqp limits. In Table 5.10, we show how the constraints on aq; and ass would be modified
when taking into account the FD and ND correlation for the three setups DUNE, JD+KD, and
DUNE+JD+KD. We observe that the bound on «; is increased by a factor of almost two when
we consider the correlation between the FD and ND. For asgs, the bound is deteriorated at least
three times compared to the FD case only. We have checked that no other NUNM parameter
is affected significantly if we consider the FD and ND correlation. Indeed, the non-diagonal
parameters and ass can be constrained using appearance channels (for which we do not have
full cancellations in the effective probabilities) or using the interplay with matter effects, which
are not developed at the near site.

The bounds obtained using the above-mentioned near detectors are shown in Fig. 5.13 for
DUNE and T2HKK together with the results we got using the far detectors data with effective
probabilities. For a1, the two near detectors can put by themselves bounds better than the one
set by the FDs considering the ND normalizations due to the very high statistics and the strong
aq1 dependence of the zero-distance probability. The improvement is roughly a factor of two for
DUNE and 60% for T2HKK (see Table 5.11). Note that the obtained limits are in agreement
with the predictions deduced from eq. (5.48), once we insert a normalization uncertainty of 6%
(15%) for DUNE (JD+KD).

For the second diagonal parameter sy we can observe a similar situation, in which the
ND alone can put more stringent bounds than the Far Detector when the normalization is
considered, despite of the increased systematics. The improvement can be quantified as rougly
25% in DUNE and a factor of two in T2HKK. Once again, the analytical predictions from
eq. (5.48) are sufficiently recovered by the numerical simulations, considering that the near
detectors normalization systematics are 15% for DUNE and 10.5% for T2HKK. Notice that the
bounds that the far detector alone could set if the near detector data are not taken into account
would be considerably better than the near detector ones.

Finally, for the NUNM parameter |ag;| the near detectors bounds are considerably better
than the far detector ones, thanks to the zero-distance effect outlined in eq. (5.34). In particular,
the limits are ~ 3 times smaller than the one set by the far detector in the DUNE facility and
~ 70% smaller in the case of T2HKK. Considering a number of observed events of O(10), and
taking into account that we expect Ny ~ 10° per year [157], our analytic estimate for |ag;| is
comparable with the numerical results.
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5.3.3 NUNM and v, appearance in DUNE

It has been recently pointed out the possibility of collecting a v, sample at the DUNE experiment,
considering that the high energy tail of the neutrino flux should overcome the 7 lepton production
threshold. In presence of Non-Unitarity, also the v, appearance probability is modified. In
particular we have that, using the expansion already described in this section, the probability
reads

P;M' = Sin2 Agl (1 + 20&22 + 20[33 — 4&2 —|— 0432 —|— agg —I— 40[220133) —I—
|aza] sin 2A13 [2A,, cos ¢3o — sin ¢ss] +

2
(—) SiIl(Agl) [2A31A6 COS A31 — sin Agl (A31 + QAE)] +

31

—) <|0z21|2 + |0431|2) An sin Agl [sin Agl — Agl COS Agl] +

) sin Agy [sin Az cos(dcp — ¢21)(Ast + Ac — Ay) — Az1 A, cos(dop + Asy — ¢or)+
As1 Ay, cos(dop — Az — dan)] +
) [sin A (sin Az; cos(dcp — ¢31)(Az1 + Ac — Ap) — Azi A cos(dep — Azi — d31)+

2
(]a32| ) (A, sin 2032 (sin 245, — 2A3; cos 2A31) + Ag cos? Ags] +

31
8a

Ag1 A, cos(bcp + Azt — ¢31)] + (A_
31

) ((1/22 — 0133) An SiIl A31 (Agl COS Agl — SiIl Agl) +
4alasy| sin® Agp cos ¢sg +

2|aa || . i

( | 2” 31‘) sin Agy [2A31(Ac + Ay) cos(Aszy — ¢a1 + ¢31) + 24, sin Az cos(pa; — ¢31)—
31

Agy sin(Asz; — ¢o1 + ¢31)] +

40422|Oé32|sinA31< cos P32 (sin Agy + 2A5; cos Ag)

Az
B (2\0432‘0433
Az

— COS Agl sin ¢32) +
> sin Agl [QAn COS ¢32(Sin Agl - 3A31 COSs Agl) + Agl COSs Agl sin qf)gg] . (553)

This rather complicated equation, depends at the leading order, without the matter coupling,
on the "third generation” parameters asz and |ass|. Since these parameters are only weakly
constrained by the DUNE experiment using the v, disappearance and the v, appearance chan-
nels, we may wonder if the inclusion of the v, appearance could improve the already discussed
NUNM bounds. In fact, introducing the v, channel as discussed in Sec. 4.1.4, we obtain the
results shown in Fig. 5.14. It turns out that the allowed range of as3, which appears only at
the second order in the probability, is reduced of ~ 13% by the inclusion of the new oscillation
channel, and the new limits are set into the range [-0.16, 0.15] (see Table 5.12). On the other
hand, the sensitivity to |ass|, which impacts linearly the v, appearance probability, is signifi-
cantly improved: in this case, the new upper bound is roughly 60% smaller than the one set by
the standard oscillation channels, namely |ass| < 0.19.

5.3.4 NUNM and the )op determination

It is well known that the Non-Unitarity model, as well as most of the BSM models that affects
neutrino oscillations, introduces new phases in the probabilities. This can affect the measurement
of cp. Let us consider, for instance, the v, appearance probability in eq. (5.33). The dominant
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Figure 5.14: Comparison between the DUNE sensitivities on |ass| (left panel) and ass (right panel) when
v, appearance channel is included in the analysis (red lines) and the case where no 7 events are analyzed (blue
lines). True values of the standard oscillation parameters are taken from Table 5.2. All results have been obtained
marginalizing over dcp in the range [—180°,180°] and 633 in the range [40°,50°]. For |asz| (left panel), we also

marginalize over ¢35 in the range [—180°,180°].

Parameter | w/o v, appearance | w/ v, appearance
s 0.2, 0.17] 0.16, 0.15]
|C¥32| < 0.33 < 0.19

Table 5.12: 90% C.L. limits on the NUNM parameters a3z and |ass| from the DUNE setup. Second (third)

column shows the results without (with) 7 in the analysis.

term which contains a non-standard phase is

—2|0621|7n sin Agl Sin((SCP — (Z521 + A31)- (554)

In the hypothesis of a non-vanishing || this term can contribute to the total asymmetry; this
contribution will be proportional to sin(dcp — ¢o1) and for different values of the new phase
can affect the sensitivity of a given experiment to dcp''. Not only, this term also changes the
precision that an experiment may achieve. If we sit at around the first oscillation maximum,
namely As; = 7/2 + ¢, we can study the derivative of this term, which will give information of
its contribution to the reachable uncertainty on the standard CP-violating phase. We obtain,
expanding in € and neglecting O(e?) terms

2|agr|rlecos(dcp — ¢a1) — sin(dop — ¢a1)]. (5.55)

This show us that both modulus and phase of s, affect the precision we can reach with a given
experiment. Moreover, it is also clear that the non-standard phase can also be responsible for a
shift of the d¢p value for which we obtain the best precision, namely

Scp = arctan € + ¢q + n. (5.56)

1Notice that this term will affect the probabilities also if we neglect the small Am3,, while the leading term
in cp in the standard oscillation framework is always proportional to the small ratio Am3, /Am3,.
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Figure 5.15: dcp sensitivity of the DUNE and JD+KD experiments in the standard case (black line) and in
presence of NU. In the fit procedure we marginalized over 23, 613 and the phase of the NU parameter which
was considered to be different from zero. True values for the non-standard phases are 90° (top plots) and —90°
(bottom plots)

In Fig. 5.15 we show the dcp sensitivity at DUNE and T2HKK (JD+KD) when the true
values of the new phases (we consider here also ¢31) is 90° or 90°. In this analysis we marginalize
over Oo3, 613 and the NUNM phases, while we set the new NUNM moduli to |ag| = 0.025 and
|asi| = 0.1. When the true value of the phases are 90° (in particular in the case of |ag;|), the
sensitivities are mostly reduced if the dcp true value is positive, while are almost unaffected by
new physics if it is negative. The main reason is that when the dcp and ¢;; have opposite sign
and are maximal, sin(dcp — ¢;;) is suppressed, while cos(dcp — ¢;;) is maximized but negative.
This leads to a reduction in the number of neutrino appearance events due to terms like the one
in eq. (5.55).

When on the other hand, the phase true value is —90°, the situation is different. In the DUNE
case, the reduction of the sensitivity (25% in the case of |ag| and 30% in the case of |az;]) is
similar for positive and negative values of the true PMNS phase value. This is due to some terms
which appears in the appearance probability only if the solar mass splitting is not neglected,
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value of the NUNM phases are assumed to be 90° (—90°) in the simulation.
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which are proportional to sin¢;; and negative in the case of neutrinos (see for instance Ref.
[249]); such terms are responsible to a reduction of the statistics for any value of the true dcp
phase value. In JD+KD this effect is less visible and the sensitivity results to be reduced of
roughly 15% only in the case of positive dop values.

In the context of the precision on the dcp measurement, we considered fixed the true values of
the phase dcp then we fitted the data varying its value in the entire allowed range and eventually
we determine the 1o uncertainty on the parameter finding the values for which Ay? = 1. Since
the interval could be asymmetrical, we define

it it
oLt — 5L

Adcp = 5

(5.57)

where 62 (1 0£") is the d¢p fit value for which Ay? = 1 which lies on the right (left) of 8%4e. Tt
is well known [602, 627, 628] that the behaviour of the precision of the phase measurement is
the opposite that of the sensitivity. Indeed, the best dop sensitivity is reached when the phase
is maximal, while the best dcp precision is reached when the phase is CP-conserving. In Fig.
5.16, we show the precision on the dcp measurement at DUNE and T2HKK when |ag;| = 0.025,
for ¢o; = 90°, —90°. According to our analytical prediction of the contribution to the precision
due to the leading new physics term, we find that when the new phase is positive, the minimum
is shifted to the right, while when negative, it is shifted to the left. Moreover, the precision in
this case is worsen of about 20% for DUNE when new physics is present. The worsening is less
important for JD+KD, which is more performing also in the NU scenario. The combination of
the DUNE and the T2HKK data set has been shown to be able to improve the dcp precision
in the standard oscillation framework [629]; we expect the same to happen also in presence of
BSM phases.
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Chapter 6

The DUNE experiment: new
approaches to the study of BSM models

In this final chapter, we will discuss some new approaches to search for BSM effects in neutrino
oscillation at DUNE. In the literature, DUNE simulations have been performed in the context
of several BSM models (see references in the next sections). However, its unprecedent experi-
mental features may allow us to develop new strategies to find great limits on the new physics
parameters, overcoming the capabilities of the other experiments.

6.1 Invisible neutrino decay: the multi-channel analysis

We introduced the invisible decay model in Sec. 3.3. In LBL experiments, it is interesting to
consider that the only decaying mass eigenstate is the third one, the heaviest in normal mass
ordering (NMO). So far, the terrestrial limits' set by current and past LBL experiments are the
following [524, 630]

m3/ms > 7.8 x 107 s/eV (T2K) (6.1)
m3/mz > 2.8 x 1072 s/eV (MINOS) :
m3/ms > 1.5 x 107" s/eV (T2K + NOvA) (6.3)

where 73 is the third neutrino lifetime and mg its mass. On the other hand, a combined analysis
of atmospheric and LBL data set the limit [517]

m3/ms > 9.3 x 107 s/eV (SK + K2K + MINOS) . (6.4)

In the context of the DUNE experiment, the expected bound using the standard analysis based
on the v, disappearance and v, appearance channels with a 5+5 years exposure is [631]

m3/msz > 4.5 x 107" s/eV DUNE. (6.5)

while other bounds that may be obtained by future experiments can be found in [632-635].

As discussed, in the invisible decay model, a sterile neutrino is involved, but in this case we
consider the hypothesis in which this fourth sterile state does not mix with the active states.
Thus we can neglect the sterile sector and the Hamiltonian is simply [636]:

L [0 0 0 L {000 A0 0
H=U | = 0 Am3, 0 —igz7 |0 00 U+{0oo0o0f, (6.6)
0 0 Aml BsE\o 0 1 000

IFor cosmological bounds, see [262, 525-534].
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where 83 = 73/m3 and the term A = 2v/2G pn.E is the neutrino electron scattering in matter,
GF is the Fermi constant, F the energy of the neutrino, and n, the electron density.

In a long baseline experiment, the impact of the matter potential on the oscillation probabili-
ties depends on the L/F ratio. In the case of a matter density of 4 g/cm?, the comparison of the
energy behavior of the oscillation probabilities with and without matter effects (in the standard
case of stable neutrinos) for an approximately 1300 km baseline shows the largest difference in
the v, appearance probability, where the vacuum case can be roughly 9% smaller for energies
around 2 GeV. However, the related effect on the number of events is not so relevant since the
integral of the probability between 0.2 and 15 GeV is only 5% bigger in the matter than in
the vacuum case; this difference does not change much even when (3 < oo. For this reason,
throughout the rest of the paper, matter effects will not be taken into account in the numerical
simulations of the rates in DUNE.

We now derive the oscillation probabilities in the case of unstable 5 eigenstate. If \; are
the eigenvalues of the Hamiltonian matrix and S is the diagonalizing matrix, the transition
amplitude can be obtained in the following way:

V5|V04 Zsﬁl zal N L (67)

where L is the distance travelled by the neutrino after its creation. Notice that the hamiltonian H
in Eq.(6.6) is non-Hermitian, thus the inverse of S must appear in the amplitude. The expression
of the resulting transition probabilities are quite cumbersome, thus we prefer to present the
v, — vy oscillation formulae (with f = e, p1, 7) expanded up to the second order in the parameter
a= Am?l L. We separate various terms according to the convention P, = P(O) +aP( ) +a2P( )
where the superscripts (0), (1), (2) refer to the respective perturbative order For the sake of
simplicity, we quote here the zeroth-order results only, which capture the main effects of the
decay; for higher order expansions, see [19]. For the v, — v, transition we obtain:

1 L
1z Am2, L 1—e F2E\?
P/E(e)) = sin® 26,3 sin? Oy3 [e 53 26 sin? ( TE} ) + ( 62 ) ] 7 09

while for the v, — v, appearance we get:
i Am3, L 1—e 720 \?
P[E?') = cos? 013 sin? 2045 [e 3 28 sin? ( 51 ) + ( c” ) ] . (6.9)

Finally, for v, disappearance our result reads:

2
P,Eﬂ) =142 (3_%% - 1) cos® 13 sin” O3 + (6_5713% — 1) cos? 013 sin® Oy3

1 L
— e 7328 (cos” 013 sin” 2003 + sin® 26013 sin® fp3) sin® ( 5

We see that the decay parameter has two main roles. On the one hand, it acts as a damp-
ing factor, reducing the amplitudes by the quantity 6_713%. On the other hand, it adds to
the probabilities constant terms (i.e., not depending on the mixing angles) that contain the
factor <1 - e_%%) Thus, for small values of the decay parameters, we expect the appear-
ance probabilities no longer to depend on the ratio L/FE and to converge to a fixed value
(1/4 for both v, — v, and v, — v, transitions). In the disappearance channel we observe
again the same behaviour for small §3 although the constant limiting value is approximated by

P = (1—cos? 613 sin® fa3)? ~ 0.21. The explanation of this effect resides on the fact that, if the
decay parameter is small, all neutrinos in the third mass eigenstate decay before reaching the far
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detector and since at leading order we are neglecting the mass difference between vy and v5, the
three neutrinos are no longer affected by oscillations. We finally observe that, since the effect
of decay is encoded in the damping factor which is common for every transition, all oscillation
channels will be equally sensitive to the decay parameter. Thus a collection of events in each
channel can be very powerful in constraining fs.

Notice that, in the presence of neutrino decay, Egs. (6.8), (6.9) and (6.10) imply:

e?/‘L7T

ZPW = 1—{—(6_%

indeed, if 3 can decay into a sterile neutrino during its travel, the total number of active
neutrinos will decrease when the distance travelled by the particles increases. So we expect that
the total number of active neutrinos will decay exponentially from the maximum, obtained when
we are close to the neutrino source (small L), to an asymptotic value that depends at the leading
order on 3 and 6,3 only.

Plots showing the exact dependence in vacuum of P,, on L/E between 0 and 1300 km/GeV
are reported in Fig.(6.1) for different values of the decay parameter: 83 = 107! s/eV (blue
dashed line), 5 x 107! s/eV (green dotted line), 107! s/eV (magenta dot-dashed line) and
2 x 1072 s/eV (yellow densely dotted line). These values have been chosen being of the order
of the decay parameter limits set by oscillation experiments as discussed above. For the sake
of comparison, we also show with red solid lines the behavior in the absence of decay, that
is in the standard three neutrino framework. As it can be seen, the main effect of the decay
parameter in the L/F region accessible by long baseline experiments like DUNE is a decrease
of the probabilities around the atmospheric peak (L/E ~ 500 Km/GeV). This reduction is
approximately of 1.5% when 83 = 107! s/eV, 3% when 83 = 5 x 107" s/eV, 15% when
B3 =107 s/eV and 45% when 83 = 2x 10712 s/eV. The flattening of the probabilities previously
discussed can be noticed around the valleys, where on the other hand P, and P,, increase.

ool

— 1) cos? 013 sin? O # 1; (6.11)

6.1.1 The inclusion of the NC channel

Parameter  Central Value  Relative Uncertainty
012 33.82° 2.3%
Ba3 48.3° 2.2%
013 8.61° 1.4%
dop 222° 13%
Am3, 7.39x107° eV? 2.8%
AmZ, 2.523x1073 eV? 1.3%

Table 6.1: Best fit value and relative uncertainty of neutrino oscillation parameters used in our simulation from

a global fit to neutrino oscillation data [578].

We have already mentioned that in [631] the authors performed a DUNE simulation in
presence of invisible neutrino decay using the v, disapperance and the v, appearance channels.
We observed that also the v, appearance depends on the decay parameter. Moreover, also the
number of Neutral Current events will depend strongly on (3, since in this model the total number
of active neutrinos is not conserved. In fact, the number of NC events will be proportional to
the > Pa, which, as showed in eq. 6.11 depends on the decay parameter. For these reasons,
we decided to include in our DUNE analysis both the v, appearance and the NC channels, in
order to study which may be their impact on the 5 sensitivity.

The v, channel has been included as described in Sec. 4.1.4, while the NC channel has been
defined as in [637], namely with an overall 90% signal detection efficiency; since the backgrounds
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Figure 6.1: Exact L/E dependence in vacuum of P, (top-left panel), P,, (top-right panel) and P,,, (bottom
panel). Different values of the decay parameter are shown: B3 = 1071% s/eV (blue dashed line), 5 x 107! s/eV
(green dotted line), 107! s/eV (magenta dot-dashed line) and 2 x 107!2 s/eV (yellow densely dotted line). Red

solid lines refers to the behavior of P, s in the absence of decay.

come from the mis-identification of charged current events, we add to the background sample a
conservative 10% of the v, and v, CC events and all the v, CC events where the 7 lepton decays
hadronically.

In Fig.(6.2) we report our results for the sensitivity to S35 when only CC (blue dashed line) and
CC+NC events (red solid line) are taken into account. The curves have been obtained with true
values of the standard oscillation parameters listed in Tab.(6.1). As fit values, we considered the
same central points with their quoted uncertainties. For this analysis we used the full matter
Hamiltonian showed in Eq. (5.30).

First of all, we notice that the addition of the NC events will be able to increase the lower
bound on S3 by roughly 16%. In particular, the lower limit from the CC+NC analysis, f3 >
5.2 x 107! s/eV, would be the best world limit set by a single long-baseline experiment. It is
worth to mention that the limit set by the CC-only analysis (namely 33 > 4.4 x 107! s/eV) is
very similar to the one discussed in Ref. [631] where only v, disappearance and v, appearance
channels (and a longer DUNE running time) were considered. This essentially means that the
inclusion of the v, events in the analysis provides only a small contribution to the sensitivity,
due to the (somehow) limited statistics. This fact can be appreciated in Fig.(6.3), where we split
the contributions to the DUNE sensitivity to 83 given by the different channels (see the caption
for details). We see that the v, appearance is sensitive only to very small decay parameters,
while the largest contribution comes from the v, — v, disappearance channel because, beside
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Figure 6.2: DUNE sensitivity to the decay parameter. The blue dashed line has been obtained using only the
CC channels, while the red solid one has been obtained adding the NC channel. Here Ax? = x% — x2,,,,-
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Figure 6.3: Contributions to 33 by the different transition channels: red solid line refers to the v, CC events,
the magenta dot-dashed line to the v, CC events, the green densely-dot-dashed line to the v, CC events while
the blue dashed line represents the NC contribution.

providing a larger number of interactions, the variation of the events as (33 decrease is larger
than in the other channels.

As for a precision measurement of a possibly finite decay parameter, we show in Fig.(6.4) an
example in which the true value 33 = 8.5 x 10712 s/eV (best fit obtained by MINOS and T2K
data [524]) is assumed; the numerical results highlight that roughly 23% and 20% precision can
be achieved, if CC only or CC + NC are considered in the analysis, respectively. Finally, in
Tab.(6.2) we collect both the 90% CL bound and the 90% CL error regions that DUNE will be
able to set on (3. For reference, we also included the results for two more assumptions on the
true B3 value: B3 = 1.2 x 107! s/eV (MINOS best fit) and 83 = 1.6 x 107'2 s/eV (T2K best
fit [524]). We clearly see that the precision we can achieve varies from a maximum of ~ 30% for
B3 =1.2x 107" s/eV to a minimum of ~ 10% for the smallest f33; this is due to the fact that
the difference among the values of a given transition probability computed at two different [5’s
is amplified in the case of small decay parameter.
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Figure 6.4: Ax? as a function of 33 obtained with a true value 33 = 8.5 x 1072 s/eV/, corresponding to the
best fit from MINOS and T2K data analysis [524]. The blue dashed line has been obtained using only the CC
channels, while the red solid has been obtained adding the NC channel.

] CC only \ CC+NC |

B3 = 0o B3 >4.4 x 1071 s/eV B3 >5.1x 107" s/eV
B3=12x10""s/eV | B3 €[0.91 — 1.78] x 107" s/eV | 33 € [0.94 — 1.67] x 107! s/eV
B3 =85x 10712 s/eV | B3 € [0.65 — 1.12] x 107 s/eV | B3 € [0.70 — 1.05] x 107! s/eV
B3=1.6x 10712 s/eV | B3 € [1.46 — 1.83] x 107"% s/eV | B3 € [1.48 — 1.79] x 107'* s/eV

Table 6.2: 90% CL lower bound (83 = 0o) and ranges on the decay parameter (3 that will be set by DUNE
when using the CC sample only (second column) or CC+NC events (last column). Several assumptions on a

finite 83 are reported.

6.2 Source and detector NSI: the Near Detector sample

Discussing the source and detector Non Standard Interactions (see Sec. 3.2.1), we pointed out
that oscillation experiments, in particular LBL, may not provide the clearest environment where
to probe them. Indeed, it is clear that we would need a simultaneous determination of all
standard and non standard mixing parameters, including the propagation NSI ones. Selected
classes of neutrino experiments, however, have been used to constrain some of the entries of
the ¢ matrices. This is the case of solar neutrino experiments?, where 90% confidence level
(CL) bounds on [ef, .| ~ O(107" — 1072) [453, 454] are extracted. Also reactor as well as
long baseline experiments have been probed to be useful, in particular, to restrict the various
e59] ~ O(1072) [448, 449]. Although the bounds achieved from non-oscillation experiments on
source and detector NSI [236, 455-459] are strong and robust at the level of (generally speaking)
percentage, future LBL experiments may improve current oscillation bounds [450-452, 460-465];
in this panorama, DUNE places itself in a relevant position thanks to the capability of improving
the NSI bounds, in particular the propagation NSI ones [16, 579, 638-641]. However, as discussed
in [642], the DUNE Far Detector (FD) is expected to be less performing in constraining source
and detector NSIs. Indeed, the bounds obtained in their analysis with €™ = 0 and summarized
in Tab. 6.3, are just a 10-40% improvement with respect to the existing literature pertinent
to long baseline experiments. These constraints are further relaxed when propagation NSI are
taken into account into the fit. We can try to (partially) fill the gap, trying to constrain a
subset of the ¢*? matrix elements by means of data that will be collected at the DUNE Near

2Notice that the NSI parameters that affect neutrino oscillations are combinations of those entering the
Lagrangian describing the interaction processes. We assume here that the quoted bounds directly apply to .
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Parameter | DUNE FD 90% CL bounds
A 0.017
EA 0.070
e, 0.009
B 0.021
Ef 0.028

Table 6.3: 90% CL limits on the source and detector NSI parameters obtained in [642] using the DUNE Far
Detector analysis for a total of 10 years of data taking. New phases are unconstrained.

Detector only. Since the ND is not affected by NSI in the same way as the FD [254], we expect
on the one side to scrutinize more in details those parameters also accessible at the FD and,
on the other hand, to access to a complete new set of parameters on which the DUNE FD is
not particularly sensitive. In this context, the role of the ND is promoted as a complementary
tool to FD studies [319, 328, 623, 643-648|, more than a mere (although important) indicator
of fluxes and detection cross sections [649]. It is worth to mention that at the Near Detector,
we do not have any flux monitor; for this reason, in order to perform any kind of analysis, we
need external inputs like MonteCarlo simulation, theoretical calculations or data from another
zero-distance detector whose data are not affected by neutrino oscillation [157, 650, 651].
Let us first discuss the oscillation probabilities at zero distance. The transition probabilities can
be simplified to:

Pag = [+ 7 (1 + )]sl (6.12)

Considering that the oscillation phase (Am2,L/4E) ~ O(1073) and the current bounds on %4
are of the order of 1071 — 1072 [236, 448, 449, 455-459], we expect the approximation in eq.(6.12)
to be reliable up to the second order in €. Parameterizing the new physics complex parameters

s/d | _s/dy i®%/? . e . .
as €,3 = |45 € *# , the disappearance probabilities (a = 3) read:

POéa :1 + 2|€Zo¢| COs (I)zza + 2|€io¢| COS (I)glza + ‘E(sxa‘z + |€g¢o¢|2+

+ dledalledyl cos @5, cos DL, + 2 |ed slled, | cos (@5, + B4,) (6.13)
Ba

while the appearance probabilities (o # [3) are given by:
Pop = |5Z/3|2 + |5i5|2 + 2|525||5i5| cos (Pp5 — (biﬁ)- (6.14)

In the disappearance case, the dependence on the diagonal NSI parameters appears already
at the first order and the whole probabilities (including second-order corrections driven by the
off-diagonal matrix elements) depend on twelve independent real parameters; in addition, the
leading order and the diagonal next-to-leading terms display a complete symmetry under the
interchange s <+ d, so that we expect similar sensitivities to e59. The off-diagonal second order
corrections are no longer symmetric since two flavor changes are needed to have the same flavor
at the source and at the detector.

In the appearance case, the new parameters appear at the second order and only four inde-
pendent of them are involved. The relevant P,. and P,. are completely symmetric under s <+ d
because, at short distances, the flavor changing can happen at both source or detector with no
fundamental distinction.

The drastic reduction of independent NSI parameters the ND is sensitive to, allows to derive
simple rules on how their admitted ranges can be strongly limited compared to the existing
literature. Indeed, let us work in the simplified scenario where the experiment counts a certain
number N of events when searching for v, — v oscillations; since the probabilities in eq.(6.12)
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show no dependence on neutrino energy, baseline, matter potential and standard mixing param-

eters, N assumes the form:
N = NoP,gs(e, %), (6.15)

where the normalization factor Vg includes all the detector properties and, given an observation
mode v, — v, is defined by:

dda
NP = [E VdEyaﬁ(Ey) dg(Ey)gg(E,,), (6.16)

in which o3 is the the cross section for producing the lepton 3, €5 the detector efficiency and
¢, the initial neutrino flux of flavor .. Suppose now that we want to exclude a region of the
parameter space using a simple x? function defined as:

Nos_Ni 2
2 = Bovs = Npa)” 5 sie) (6.17)

[

where o represents the statistical uncertainty on the number of events. Assuming vanishing true
values of all NSI parameters, the y? function becomes:

2 Ng d 2
X = ﬁ[éaﬁ — Pap(efi €5u)]”- (6.18)

For appearance analysis, eq.(6.14) allows us to write:

N2
X = J—§[|€Zﬂ|2 + |5i5|2 + 2|535||5i5| cos (@55 — q)ig)]27 (6.19)
whose minimum can always be found when cos A® = —1. Thus, for every pairs of (|}4], |5iﬂ|):
N2
inin = U_g(|5iﬂ| - |5i6|)4‘ (6.20)

Indicating with X%,a 5 the value corresponding to the cut of the x? at a given CL, we can exclude

the region delimited by:
2 2
S X07a6 g
lleasl = leasll > 4/ NT (6.21)

which is external to a band in the (|f4], [e%5])-plane of width

4x32 502
Aap = 1| Tg (6.22)

centered on the line [e%5| = |e4|. Thus, A,z provide a measure of the allowed parameter space.
Clearly, the excluded region is larger when the uncertainty on the number of events o is smaller
and the normalization factor Ny is bigger.

Consider now the disappearance case; neglecting second order terms, the x? function is now:

) AN

4N?
X o2 (|53a| COS @Za + |€Zoc| cos q)ia)Q =

o2

[R(es,) + R(L )P (6.23)

Following the same procedure as for the appearance case, the excluded region in the [R(g2 ), R(¢2,)]-
plane is delimited by:

IR(e2,) + R )| > Xin (6.24)
(6707 [e70% 4Ng Y
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where, in this case, the band width is:

2 2
XO,aa o

Aozoa - I
IN?

(6.25)

with x§ .. being the desired cut of the x> Notice that, for the same ¢ and Ny, we expect
the disappearance channels alone to be more performing than the appearance ones. This is
essentially motivated by the absence of first order terms in € in the appearance probabilities.
Notice also that eqs.(6.21) and (6.24) show a perfect symmetry under the interchange of source
and detector parameters which, however, could be (partially) disentangled if a multi-channel
analysis is performed. For example, the parameter \5fw| appears in the v, — v, oscillation but
also as a correction to the v, — v, probability, differently from the case of |€Ze| which is present
in the y — e transition only. Nevertheless, given the relatively small contributions of the second
order terms compared to the first order, we expect such corrections to have a negligible impact.

6.2.1 The CC Near Detector sample

For the Near Detector simulations, we make the hypothesis that the ND performances are
the same as the FD ones. The included channels are the v, and v, appearance as well as
the v, disappearance. The systematics considered in our study will be dominated by cross
sections and flux normalization uncertainties. While the former could be in principle improved
by future data and calculations, the latter will anyway remain as the dominant source of error
because of the hadroproduction processes and uncertainties in the focusing system at the LBNF
beam. Differently from similar studies involving the DUNE ND [319, 648]?, where the same
systematic uncertainties reported in the DUNE Far Detector GLoBES configuration file have
been used, we decided to consider worst systematics since the ND cannot benefit of a (partial)
systematic cancellation provided by a detector closer to the neutrino production region. In
particular, we took into account an overall systematic normalization uncertainty of 10% for the
v, disappearance, v, disappearance and v, appearance channels signals and of 25% for the v,
appearance signal. For the NC background we considered a 15% uncertainty. In our numerical
simulations we use exact transition probabilities and we set all NSI true values to zero; we
marginalize over all absolute values of the parameters appearing in the probabilities up to the
second order (with no priors) and over all relevant phases, which are allowed to vary in the
[0,27) range *. Since, as showed in the previous section, the strongest constraints on 52’2 can
be obtained from the corresponding oscillation probability F,s, we simulated one transition
channel at a time. To make a comparison with the bounds obtainable at the FD (see Tab.(6.3))
we consider 5 + 5 years of data taking.

In the disappearance sector, the interesting pairs of NSI parameters for the ND are [§R(€

R )]

Zu>’ Hp

and [R(g2,), R(%,)], which are mainly constrained by the v, — v, and v, — v, transitions, re-
spectively. The regions that could be excluded by the DUNE ND are displayed in Fig.(6.5),
where we also superimposed the limits set by the FD analysis only® [642] (no limits can be put
on £9). As it is clear from the left panel, the numerical results completely reflect the analytic
anticorrelations discussed in eq.(6.24): even though for every value of (e ,) there is an interval
of ER(gfm) for which the x? is small, it is nonetheless possible to exclude a sizable portion of the

parameter space allowed by FD analysis. Similar considerations can be done on the parameters

3In these papers different physics models than NSI are analyzed, less sensitive to systematics.

4The standard oscillation parameters are fixed to the central values reported in [578] because they have no
effects in our fit.

5Horizontal and vertical lines showed in our plots do not represent the results of a correlation analysis at the
far detector, but only the sensitivity limits obtained after a full marginalization on the parameter space.
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Figure 6.5: 90% CL excluded regions (in red) in the [R(e5,), R(e%,)]-plane (left panel) and [R(ef,), R(el,)]-
plane (right panel) by the DUNE ND. The FD excluded zones are shown with horizontal gray bands.

R(e%4) shown in the right panel, for which the ND is able to rule out a relevant fraction of them,
a goal otherwise not possible with the DUNE FD alone.
Given the band width in eq. (6.25), the above considerations can be summarized as follows:

Ay =012 A, =011. (6.26)

Notice that, for 90% CL, x2 = 4.6 (2 degrees of freedom) and Ny is roughly 107 events per
year for the v, — v, channel and 10° events per year in the v, — v, channel. The obtained
values of the band are of the same order of the systematics discussed in the previous section,
namely 10% for the signal and 15% for the background, and are almost the same for the two
channels even though the number of v, events is two order of magnitude larger than the number
of v, events. This reflects the fact that, for the disappearance channels, we cannot be sensitive
to NSI parameters which cause changes to standard oscillation probabilities smaller than the
adopted systematic uncertainties. However, even with our realistic assumptions, the result on
A, permits to exclude parts of the parameter space allowed by the general analysis performed
in [448] ([e7,,| < 0.068 and [e5,,| < 0.078). On the other hand, the result on A, is worse than the
one set by reactor experiments like Daya Bay [449] (Je.| < 2x1073) that have been obtained, we
have to outline, under the restrictive assumption * = £%*. In the case of the appearance channels,
eq.(6.14) highlights that the interesting pairs of parameters are (|e5,|, [¢4,]) and (|e3,],[e%.]).
We show the 90% CL excluded regions in Fig.(6.6) where we also displayed the bounds that
would be set by the FD. Also in this case, the correlations outlined in eq.(6.21) is recovered
and large portions of the parameter spaces can be ruled out, in particular for the v, appearance
channel. On the other hand, the small signal to background ratio in the v, appearance channel
results in a larger band width; thus, the region excluded by the ND but allowed by the FD is
delimited by [e%_| > 0.024. The appearance results are summarized by the following widths:

Aue = 00065 A, =0.026. (6.27)

A better background rejection in the v, channel could reduce the band width by up to one order
of magnitude. An important role in defining the allowed ranges for the appearance parameters
52| and |€Z/Td\ is played by the CP violating phases @74 and ®%;. Recalling eq.(6.20), it is
clear that the degeneracy that let the x? vanish when the absolute values of detector and source
parameters are the same, occurs only when Ad,g = &7 5 — @iﬁ is very close to m. For all other
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As discussed previously, the choice of the systematic uncertainties

determination of the limits that the Near Detector could be able to set. In order to understand
performed the same simulations for a data taking time of 545 years considering three different

how much the band widths A, would change in the case of a different choice of systematics, we
cases:

Figure 6.7: Contours at 90% CL in the
planes obtained by our DUNE ND simulations.



e (Case A: the standard (optimistic) case, namely the one implemented in the DUNE Far
Detector GLoBES configuration file. In this case the systematics are 5% for the v, disap-
pearance channel, 2% for the v, appearance and disappearance channels and 20% for the
v, appearance channel. The uncertainty on the NC background has been considered to be
10%.

e (Case B: the more realistic choice used in the previous section, where we fixed 10% for the
ve appearance, v, disappearance and v, disappearance, 25% for the v, appearance and
15% for the NC background.

e (Case (C: a more pessimistic case in which the systematics are 15% for v, appearance,
ve disappearance and v, disappearance, 30% for the v, appearance and 20% for the NC

background.
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Figure 6.8: Variation of the allowed band widths A,z for a data taking time of 5+5 years and four different
choice of systematics: optimistic (A), standard (B) and pessimistic (C).

The results of our simulations are reported in Fig.6.8. We clearly see that A.. and A, are
the parameters which are affected the most by the systematics, as previously discussed. Indeed,
being the survival probability at L=0 in the standard model equal to 1, the number of observed
events will be, even in presence of the small effect of the NSI, of the same order of magnitude
as Ny. Thus, when statistical errors are negligible, the definition for the band width (eq.(6.25))
can be simplified to:

2
XO,aa

2

Aga ~ Osys » (6.29)
where we used o ~ Nyogys .

For the appearance parameters, we register a less evident increasing of the band widths passing
from the case (A) to (C), since in this case statistic uncertainties are always dominating over
systematics. Indeed, for the two appearance channels, Ny is ~ 107 per year in the v, — v,
channel and ~ 10° per year in the v, — v, channel, but the observed number of events is small
due to the very short baseline. For a given small number of observed events N, we have
0% = N2,02, + Nobs ~ Nops. Thus, the width can be simplified as follows:
4 4X%7a5Nobs

Bas =5

(6.30)
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This quantity is roughly independent on the systematics and for Ny, = O(10) is of the order
of 1073, This number is in agreement with our numerical results for A, while for A, the
agreement is confined to the case where the NC background (which in addition suffers by the
increase of the systematics) is turned off.

We want to outline that we recomputed the various A,z also for several positioning of the
DUNE ND at different off-axis angles with respect to the beam direction [652] and found a
general worsening of the ND performances due to the decreased number of collected events.
In fact, spectra distortions of signal and backgrounds cannot improve source and detector NSI
analysis since probabilities in this regime do not depend on neutrino energies.

6.2.2 Achievable precision on non-vanishing source and detector NSI

The relatively simple strategy we used to find analytic bounds on NSI parameters can also be
applied to compute the precision on the measurement of non-vanishing parameters, that is in
the case where the true values of the source and detector parameters are non zero. In this case

eq.(6.18) becomes:
2

N S
X2 = U_g[éaﬁ + Kap — Pa5<5fit’ E;l‘it)]Q ) (6.31)

where K,z is defined as the true P, for the appearance channels and F,, —1 for the disappear-
ance channels.
Let us start from the disappearance. Given the structure of the x? function:

L,

[

[Kaa/2 — R(e5) — R(L)]” (6.32)

o2

the allowed regions in the [R(eZ,), R(2,)]-plane are identified by:

ax

d s X(Z),aoz0-2
|§R(€ao¢) + §R(goza) - Kaa/Q‘ < W . (633)
0

This means that the allowed regions around the values of R(e% ) and R(e2,,) chosen by Nature
have essentially similar shapes as those presented in Fig.(6.5) but with a band centered on the
line N(cd,) = —RN(e2,) + Koa/2.

In the case of the appearance channel, the x? function reads:

N2 s s s 2
Y2 = 0—3 [Kap — le5s” — 6251 — 2le55]let5] cos (D5 — DL5)] (6.34)

Kaﬁ_|535‘2_|6iﬁ|2
2‘5Zﬁ‘|5gg|
1, A®,,;, is forced to be either 0 or . Fixing the cut of the x? (xo0.s) at a given CL, the allowed

regions are delimited by:

X% aﬁO'Z d 2
Mazx O7K065 - iNv2 < (|EZB| + |€a6|) < Kaﬁ
0
[~,2 2
s 2 XO,a,BU
0

As an example, we report in Fig.(6.9) the results of our numerical simulations of the pre-
cision achievable in the measurement of the NSI parameters whose true values are fixed to
[(R(2,),R(e5,)] = (0.01,0.01) (left panel) and (|e?_|,]e5,]) = (0.02,0.03) (right panel).

o o

The minima of the x? are always in (cos A®,,,;,,) = < >; however, when | (cos A®D,,;,) | >

(6.35)
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Figure 6.9: 90% CL allowed regions in the measurement of the NSI parameters; true values are fixed to

[(R(2,), R(e5,,)] = (0.01,0.01) (left panel) and (|ef, |, [e5,]) = (0.02,0.03) (right panel).

As we can see, the allowed regions strictly follow the analytic results reported in eqs.(6.33)
and (6.35). In these two examples, data permit to exclude the point (0,0) corresponding to the

2 2
X0,a87

absence of NSI, but this is not the general case as, for different input values, if K3 < s
0

or

2 2
Koo < XO’]@%U , the standard oscillation framework cannot be excluded at the desired confidence
0

level.

6.3 Hints of new sources of CP violation: the role of the
integrated asymmetries

In the previous sections, we discussed some examples in which it is possible to bound new physics
models performing a fit on the oscillation data at DUNE. However, we propose here a way to
search for hints of the presence of new physics effects, which does not require to perform a fit
on the data. In particular, we consider here the effect of the new phases which appear in a
given BSM model. We chose for this purpose two cases, the 3+1 sterile neutrino model and the
propagation NSI model; however, the analysis may be repeated for any model with new phases.
Defining P(v, — v3) as the transition probability from a flavor « to a flavor /3, one can construct
the CP-odd asymmetries® as:

P(Va — VB) — P(ﬂa — Dﬁ)

Aog = )
g P(v, — vg) + P(0, — U3)

(6.36)

It is well known that matter effects modify the behaviour of the asymmetries as a function
of the Standard Model CP phase § (see, e.g., [653]): in fact, the passage of neutrinos through
matter introduces fake CP-violating effects which allows A,z # 0 even when sind = 0. In
principle, to extract genuine CP violating effects, one could defines the subtracted asymmetries
as A% (0) = Aap(0) — Aap(d = 0). However, we prefer to deal with more directly measurable

SNotice that we already discussed asymmetries in Sec. 5.2. However, since in that case we were interested in
the dependence on the atmospheric mixing angle, we used a different expansion to compute them.
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quantities and we will use eq.(6.36) which, for non negligible matter effects, are non vanishing
when 6 = 0, £.

To derive the analytic expressions for the asymmetries we use an expansion similar to the one
described in Sec. 5.3. In particular, we expand up to the second in the small a = Am3,/Am3,
ratio [443] and in r,s and a, which represent the deviation from the tri-bimaximal mixing
values of the neutrino mixing angles 63, 012, 023. Moreover, after defining Ay, = Am3, L/4E,,
Az = Am3,L/AE, and Voo = AccL/203 = 2AccE,/Am?,, we further expand in the small
Voo up to the first order.

To start with, let us consider the vacuum case; for the v, — v, channel, the leading term of
the asymmetry is the following:

SM, 12 . .2
A = A r gy sin 0 sin® Agy (6.37)

1

where
fi = 9r¥sin® Ay + 4aAg; (aAg; + 3rcos d cos Agp sin Agy) . (6.38)

Being the numerator and the denominator of eq.(6.37) doubly suppressed by small quantities,
we expect Aplo ~ O(1).

For the v, — v, channel, on the other hand, we find that the leading contribution to the
asymmetry is given by a simpler expression:

S Moy
uT

4
= grozAgl sind, (6.39)

which is clearly smaller than A,.. Notice also that, differently from A, this asymmetry becomes
negative if § > 180°, as emerging from fits to neutrino oscillation data [111, 112].

A third possible asymmetry, namely A,,, is obviously vanishing in vacuum because of CPT
conservation but can assume a relevant role when matter effects are taken into account (as we
will discuss later on).

As it is well known, the inclusion of matter effects complicates the analytic expressions of
the transition probabilities and, more importantly, that of the asymmetries. In order to deal
with readable formulae, we can work in the regime of weak matter potential Voo < 1 which,
as outline before, is a good approximation in the case of DUNE. Thus, we can organize our
perturbative expansion as follows:

Ang = AZN° + Voo ASYH + O(VEe) (6.40)

where Agéwl represents the first order correction to the vacuum case Voo = 0. Thus, the
asymmetries considered in this study acquire the following corrections:

Aié”l = —%r (Azq cos Agp — sin Agy) [2aAgy cos 6 cos Azy + 3rsin Ag+

— ?c—jlroﬂ sin? d A3, sin® Az | (6.41)
Aiyl = —2r%(1 — Ag cot Agy) + 28—7042A§1 cot Agy, (6.42)
Aii”l = %raAm cos 0 (Az; — tan Agy) — %JA% tan Az . (6.43)

It is evident that A, increases because a term proportional to 2/ f; appears, which is of O(1).
Since at the atmospheric peak sin Ag; > cos Az, the 72/ f; correction is positive and adds an
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O(Vee) contribution to the total A, that at the DUNE peak energy becomes roughly 1/2.
On the other hand, Aﬁyl contains only terms proportional to Voor? and Vioeca? which are not
balanced by any small denominator. Thus, both contributions set a correction to the vacuum
asymmetry. A similar situation arises for A,,, where only terms proportional to Veoera and
Vooa? appear.

6.3.1 Asymmetries in the NSI case

As discussed in Sec. 3.2.2, propagation NSI modify the neutrino oscillation Hamiltonian intro-
ducing new parameters in the matter potential term, which becomes

1+ ¢cce Eep Eer
ACC 19
19

en Eup Epr
:T EZT Err

where the off-diagonal parameters can be written as e,5 = |€qs/e?*#. We want to remark, as
already discussed, that we can always subtract a matrix proportional to the identity without
changing the transition probabilities. If we choose to subtract ¢,,1, only two independent diag-
onal parameters (¢, = €., — £,, and . = e,, —¢,,,) will appear in the NSI matrix’. Coming
back to the CP-odd asymmetries, since NSI effects are strongly intertwined with standard matter

effects driven by Ve, the asymmetries can be cast in a form which generalizes eq.(6.40):
Agp = AL + Voo (AZ + ANFT) + O(VEe) (6.44)

where Aig/lo’l refers to the pure Standard Model results and all the effects of the NSI are included
in the AYS term.

Bounds on the magnitude of the NSI couplings have been widely discussed [654]; even though
some of them could in principle be of O(1) and give rise, for example, to degeneracies leading to
the so-called LMA-Dark solution [655], we decided nonetheless to consider all £,4’s on the same
footing and of the same order of magnitude as the other small standard parameters a, s, r, a and
Veoe. In this way, we are able to catch the leading dependence on NP carried on by the CP
asymmetries.

For the v, — v. channel, the leading order NSI contributions can be arranged as follows:

NSI e er
Aye = geﬂaZe# + €€Ta’;e ) (645)

where the a’s functions are given by:

asr = fi 67 cos(0 — dey) sin Agy (Aszy cos Agy + sin Agy) +

e
1
404A31 COS 5,.3” (Agl -+ cos A31 sin Agl)] (646)

—  —rasindA}; sin? Ay [3rsin(d — 6.,) + 2asinde,)]

3

ater = fi (67 cos(d — 0er) sin Agq (—Aszq cos Agy + sin Agzy) +

ne
1

204A31 COS (5,37— (—2A31 + sin 2A31)] (647)

2

+ 7—27“04 sin 6A3; sin? Ay [37sin(8§ — 6.r) — 2a8in 6., ] -

1

f

"Notice that non-oscillation experiments bounds on ¢, are very stringent; thus e/, ~ e.. and €., ~ &,,.
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For the sake of simplicity, the symbols €,3 with o # 3 indicate the moduli of such parameters.
The only NP parameters appearing at the considered perturbative level are e, and €., which,
in turn, carry the dependence on the CP phases dc, der. All in all, the NSI contributions set an
O(Vee) correction to Aiyo. We also notice that the largest of the considered terms, namely the
ones linear in 7 in the numerator, have similar expressions in both a,¢ and in ase, apart from
the sign in front of cos Ag;. This means that, around the atmospheric peak, the phases J., and
der are equally important even though the magnitude of their impact strongly depends on the
value of the standard CP phase §.

For the asymmetry in the p7r-channel, we found the following structure:

Aﬁ;sj = 8eyr 080, Agy cot Agy +
4
— gozAgl (eeu COS O¢y, — Ecr COS Oy — 47 COS 07 csc? Agl) + (6.48)

— 27 [geu cO8(0 — Oep) + Eer €OS(0 — )] (1 — Agy cot Agy)
-+ 4a€' (1 — A31 cot Agl) .

TT

In this case, four different NSI parameters enter the leading order corrections, namely €7, €7, €cp
(together with their phases) and €’ . Contrary to the pe case, the largest correction to the
vacuum expression is given by the first order term ¢,, in the first line of eq.(6.48), which is
not suppressed by any of the standard small parameters a,r, s and «. Considering that Aiiwo ~
O(ra), this makes the p7-channel very promising for searching for NP, at least at the probability
level where possible complications due to small 7 statistics do not enter. Finally, for the uu
channel, matter effects generate a substantial difference in the propagation of neutrinos versus
antineutrinos, which results in the following NSI contributions:

ALVMSI = —8¢,;A31 cos 0, tan Agy — 4re., Asy cos (0 — de,,) tan Agy +

4
-+ 4@8;7 (Agl — tan Agl) tan A31 — 50{A31 X (649)
(€60 €08 Oy (Asy + tan Agy) — €y €S der (Azy — tan Agy) —

4A31€,r COS Oyyr sec? Agl] .

As expected from unitarity relations, we get an opposite linear dependence on ¢,, but with
a coefficient proportional to tan Ag; which, close to the atmospheric peak, gives an important
correction to A2,

6.3.2 Asymmetries in the 341 case

The next NP scenario under discussion is the so-called 3+1 model (see Sec. 3.1), in which a
sterile neutrino state supplements the three standard active neutrinos. Even though the new
state cannot interact with the ordinary matter, it can have a role in neutrino oscillations thanks
to the mixing with the active partners. The long-standing reactor, gallium and short-baseline
anomalies [422] suggested that, if present, the fourth mass eigenstate m, should have a mass
such that Am? = m3 — m3 ~ O(1) eV?, that is orders of magnitude larger than the solar and
the atmospheric mass splittings, thus capable to drive very fast oscillations visible at accordingly
small L/E. In addition to the new mass splitting Am3,;, the PMNS matrix becomes a 4 x 4
matrix which can be parametrized in terms of 6 angles and 3 phases. Here, we adopt the following
multiplication order of the rotation matrices R(6;;) [406, 418, 419]:

U= R(834)R(024)R(614)R(923, (53)R(913, (52)R(612, 51) (650)

Apart from 6y, which becomes the standard CP phase for ms — 0, we have two potential
new sources of CP violation, encoded in two phases d; and d3. In the description of neutrino
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propagation in matter, we cannot disregard the role of the NC interactions because the sterile
state does not feel at all the presence of matter; this results in the following evolution equations:

VC

d vy
L _ 6
it | v (

]/S
0 0 0 0 ACC_ANC 0 0 0 Ve
R 0 Am2, 0 0 . 0 “Aye 00 ”
Vo 0o amg o |UT 0 0 —Axc 0 v
0 0 0 Am? 0 0 0 0 vy

where v, is the new sterile state, Acc is the usual matter charged current potential and Aye is
the matter NC potential, Ayc = 1/ V2G pn, with n, being the neutron density in the Earth
crust.

The parameter space of the 34+1 model is therefore enlarged compared to the SM case by three
new mixing angles 6,4, two more CP phases d; 3 and the mass-squared difference Am3,. Thus,
in addition to the expansion parameters used in the previous sections (r, s, a), we also expand
in the small s14, 94 and s34 (where s;4 = sinf;4) that we can still assume of O(0.1). To further
simplify the analytic expressions of the asymmetries, we also introduce Vyc = AncL/2A3;. Tt
is useful to present the results in a form similar to eq.(6.44):

Ang = A5+ AXH+ O\, (6.52)

where Agf\f are the SM asymmetries and the symbol A represents a common order of magnitude
of all small quantities used in our perturbation theory, including Voo (but not Vye, whose
dependence in A,z is exact). The exponent amount to n = 3 for A,.,A,, and n = 2 for
A,e. Notice that, due to the parametrization adopted in this manuscript, the SM phase d of
eqs.(6.37)-(6.43) must be replaced by the combination dy — §; — d3. Averaging out all the fast

oscillations driven by Am?,, the various Aijgl have the following expressions:

Afjgl ~ 814f824 {—6 [2aA3; sin §1 + 3r cos Agy sin(dy — d3) sin Az} +
1

81;?4 {216r*aAs; cos(6y — 83)sin(d; — 6o + 65) sin® Agy},

1

Aijl = 2824834 cot Agl (Sin 53 + 2VNOA31 COS 53) s (653)
Ai:l = —4824834VNOA31 COS (53 tan Agl .

To avoid large expressions, for A,. we only quote the corrections due to the new mixing angles.

First of all, we notice that the corrections to the pe asymmetry are only linearly suppressed
compared to the leading order results; thus, we expect such an asymmetry to be quite sensitive
to new sources of CP violation. Then, both corrections to the p7 and the pp asymmetries are
linear in the combination sg4s34. Since the angle 034 has weak constraints (values of 20 — 30° are
still allowed), these corrections can be relatively large. Notice also that, since Vy¢ is roughly
of the same order of magnitude as V¢, Azil is expected to provide a large correction to the
standard model asymmetries, making the v, appearance channel, at least in principle, very
sensitive to NP effects. As for the PMNS phases, all leading order corrections depend only on
the new phase d3. This means that a long baseline experiment is mostly sensitive only to the
combination d, — §; — d3 and to the single phase 0.

Beside the results of eq.(6.53), it is worth considering a new asymmetry corresponding to the
v, — v, transition. Even though sterile neutrinos cannot be directly detected, the probability
P(v, — vy) is a measure of the NC events in the detector. Indeed, being the NC interactions
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Asymmetry | SM | NSI | 341
Ape 1 A A
Ay A3 A2 A2
Aur A2 A2 A2
Aus - - 1

Table 6.4: Order of magnitude estimates of the various contributions to the asymmetries discussed in this

paper. A is a common order parameter such that: r,s,a, As1, Voo, €ag, 0ia ~ O(N).

flavor independent, the number of events is proportional to the sum of the transition probabilities
from the starting flavor (v,) to the three active final flavors (v, .,) because of the unitarity
relation P(v, — vs) = 1—P(v, = Ve, -). The new asymmetry has vanishing matter corrections
and, at the leading non-vanishing order, reads:

2594834 81N 03 sin Agq cos Az

AL = (6.54)

2 2 2 i 02

This is clearly an O(1) result since both numerator and denominator are of O(A?). In Tab.(6.4)
we summarize the outcome of our analytic considerations on the magnitude of the NP corrections
to the asymmetries discussed in this paper.

6.3.3 DUNE and the integrated asymmetries

As a case study to investigate the effects of the non-standard sources of CP violation, we choose
the DUNE experiment. Our simulations have been performed considering all the CC channels
and the NC channel [637], as in the previous discussions. For the running time we choose 3.543.5
years, while as neutrino flux we used both the standard one, peaked at 2.5 GeV, and the already
mentioned high-energy one [652, 656].

The relevant question now is related to the experimental capability to measure the asym-
metries we are considering: in fact, if the CP violating quantities will not be measured with a
sufficient precision, then we cannot distinguish the deviation from the SM results due to NP.
Instead of considering the asymmetries at the probability level, we deal with the experimentally
relevant integrated asymmetries built from the number of expected events Ng and Ng:

N — Ns
Aup N, £ N, (6.55)
where the event rates for the v, — v3 and the CP conjugate 7, — 3 transitions are computed
from:

Ny = [ dERo(E)ou(E) e () es() (6.56)
No = [ 4B, PlB) os(E) (B eal B, (6.57)

v

in which o3 is the cross section® for producing the lepton (), €55 the detector efficiency
to reveal that lepton and ¢,(4) the initial neutrino flux at the source. Since in the SM the only
dependence on the CP phase is carried on by 9§, the correlations between the pair of asymmetries,
for instance (A,;, A,.) and (A,;, A,,), is maximal and a close curve appears in the related
physical planes. If, in addition, we also take into account the experimental errors on angles

$We used NC and CC inclusive cross sections from GENIE 2.8.4 included in the DUNE GLoBES files [562, 574],
which are of the order of o/E = 10739-107% cm?/GeV.
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Figure 6.10: Numerical evaluation of the SM asymmetries of eq.(6.16) at DUNE, with standard flux. The SM
parameters have been allowed to vary in their 1o range, while all possible values for the CP phase have been
taken into account. The blue dots represent asymmetries in the normal hierarchy hypothesis, while the orange

ones represent asymmetries in the inverted hierarchy hypothesis.

and mass differences, the curves are scattered as reported in Fig.6.10, for the DUNE standard
flux and in Fig.6.11 for the optimized flux. The blue dots are obtained using parameters in the
normal hierarchy, while the orange ones are obtained using the inverse hierarchy hypothesis.

The first striking features of the integrated asymmetries is related to the fact that their
sign is always positive; in fact, being integrated quantities, they are influences not only by the
relative differences among v and 7 probabilities, but also by the differences among v and v
fluxes and cross sections. The other important observation is that, as discussed above, A, is
the asymmetry that changes the most with a change of the CP phase. On the other hand, the
other two asymmetries A,, and A,, change at a much slower rate.

Eventually, it is worth mentioning that, for each pair of asymmetries, the closed curves corre-
sponding to NH and IH never overlap. This means that, at least in principle, one could be able to
solve the neutrino hierarchy problem simply looking at the CP asymmetries. However, in DUNE
as well as in other future experiments, the foreseen experimental errors on such asymmetries will
probably be too large to allow for such a discrimination. Now we are ready to apply our strategy
to check whether other sources of CP violation carried on by NP can be sufficiently distinguished
from the SM phase. In order to do that, we first need to evaluate the experimental errors on the
SM asymmetries and then recompute them as predicted by the NSI and the 341 sterile models.
From Fig.6.10 we see that the uncertainties on the standard angles and mass splittings are not
playing an important role. A simple but accurate estimate from error propagation gives:

- 4N52(6N5)2 + 4N§(5N5)2
(5‘4045) - ¥ )
(Ng + Ng)*

where 0N is the uncertainty related to the number of expected events which receives contribu-
tions from the systematic error and the statistical error. For the v, disappearance channel, the
first source of uncertainty is always dominating, since the number of events is very large and the
statistical error is reduced. On the other hand, in the other two channels both terms are impor-
tant. In particular, in the v, appearance, systematic errors are quite large (due to the poorly
known cross section and to the systematics related to the complicated event reconstruction) and
the number of events is small. Thus we expect 0A,,; to be particularly large.

In Fig.6.12 we show the values of the asymmetries where the effects of NSI are taken into
account, computed by using the standard neutrino flux. The blue stars represent the asymme-

(6.58)
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Figure 6.11: Same as Fig.6.10 but with the optimized flux. Notice the different vertical scales on the left and
right panels.

NSI parameters | 20 bounds
el (-0.2 , 0.45)
e (-0.02 , 0.175)
|€ep] <0.1
|€er] <0.3
€ ur <0.03

Table 6.5: 20 bounds on the moduli of the NSI parameters, from [475].

tries in the standard case (fixing all the standard parameters to their best fits? but varying the
values of §), while the orange dots are the results obtained in presence of NSI, computed from
the number of events corresponding to random flat extraction of the couplings in the ranges
shown in Tab.6.5. The sides of the grey rectangles represent the maximum lo error bars on
the standard asymmetries at different chosen values of 0 as computed from eq.(6.58). For the
sake of illustration, we do not show here the error bars associated to the NSI points because the
number of events is not much different from the standard case, thus the error bars in the NSI
framework are of the same order of magnitude as the displayed ones.

It is clear that A, is very sensitive to New Physics. Indeed, the SM asymmetry has almost a
fixed value A,; ~ 0.245, as showed in Fig.6.10, while the NSI contributions can turn A, into the
range [0.21,0.27]. However, the error bars are much larger than the produced variation, making
this asymmetry at the DUNE conditions not useful for discerning new CP phases. Even though
the A, asymmetry gets very different values in the standard case (in the range [0.28,0.55]), the
inclusion of the NSI is able to even extend the foreseen asymmetry beyond such a range, enough
to reach values outside the error bars of the standard asymmetries. The problem in this case is
that, as discussed before, we should also take into account the error bars on the orange dots so
that, when we include them, also A,. cannot give hints of NP at DUNE. Finally, for the 4,,
the very same analysis done for A, applies.

With a higher energy flux, the results partially differ from what illustrated above (see
Fig.6.13). Even though the larger number of events reduces the error bars, the A,, and A, with
NSI do not change enough in such a way to be clearly distinguished at an acceptable confidence

9We present here only results in Normal Hierarchy, for the Inverted Hierarchy case the conclusions are very
similar.
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Figure 6.12: Integrated asymmetries in the (A,,;, A,e) (left plot) and (A, 4,,,) planes (right plot). Blue stars
represent the asymmetries in the SM case while the orange dots are the values obtained in presence of NSI. The
grey rectangle shows the 1o error range on the standard asymmetries. For sake of simplicity, we do not report
here the error bars on the orange dots. Standard neutrino flux has been employed to compute the number of

events.

level from the SM case. On the other hand, A,. can assume values very different from the SM
ones, in particular, a sets of NSI parameters can push it toward negative values. Indeed, as
it is clear from eqs.(6.45-6.47), NSI corrections to the asymmetries can be comparable to the
SM case when ¢., and ., are of O(0.1). With higher energy fluxes, the appearance transition
probabilities are mainly evaluated off peak, making the cosine of Ag; in eqs.(6.46,6.47) no longer
negligible. Thus NSI corrections become more and more important, causing an opposite sign of
the asymmetry with respect to the SM case when cos(0 — d.,, ;) terms become negative.

In Fig.6.14, we report our numerical results for the 3+1 case, obtained for fixed Am?2, = 1
eV? and all mixing angles and phases extracted randomly flat in the ranges showed in Tab 6.5.
Standard neutrino fluxes have been employed. As previously mentioned, we have four indepen-
dent asymmetries. Three of them (A, A,, and A,;) are accessible through the corresponding
oscillation channels. The other one, namely A, can be measured looking at the NC events.
Indeed, since the NC interactions are flavor independent, the number of events in this channel
depends on the sum:

Nye < P(v, = v.) + P(v, = v,) + P(v, = v;), (6.59)

which, from the unitarity relation, corresponds to 1 — P(v, — v;). Thus, the integrated asym-
metry

Aye = ¢ NC (6.60)

is closely related to the pus asymmetry.
We present our results in the (A,;, A,.) and (A,,, Anc) planes, see Fig.6.14, for the standard
flux. The situation is quite clear: even though the analytic corrections to A, ~ O(A) and to
Ay ~ O()N?), the relatively large uncertainties do no allow the 341 points to spread outside
the error bars.

As before, the use of the higher energy flux reduces the error bands and increases the number
of points outside the SM uncertainties, see Fig.6.15. Furthermore, as for the NSI case, the
asymmetry which vary the most when NP enters into the game is A, since, as shown in (6.53),
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Figure 6.16: T2K (blue) and NOvA (red) appearance results in the d¢p-023 plane for NO (left panel) and 10
(right panel). A combined analysis is also shown (black lines). Figure from [155].

the correction to SM asymmetry is at first order in our perturbative expansion. It is clear from
the left panel of Fig.6.15 that there are some points at more than two sigmas away from the
standard values but, differently from the previous case, A,. never becomes negative.

On the other hand, in the (A,,, Ayc) plane, no orange point lies outside the grey rectangle.

In conclusion, for both New Physics scenarios, the A,. asymmetry can reach values well
beyond the Standard Model expectation, including the foreseen statistics and systematic uncer-
tainties, when an high energy flux is employed. A special mention should be devoted to A,,;:
while analytic considerations indicates that New Physics sets large corrections compared to the
Standard Model results, the uncertainties involved in the evaluation of the number of expected
events obscure this important feature. An experimental effort should be carried out to reduce
the uncertainties in 7 detection. Moreover, further studies should try to find a way to distin-
guish the different new physics models at the asymmetry level; indeed, our approach can clearly
suggest us the presence of BSM effects, but cannot tell us which is th source of such effects.

6.4 The T2K-NOvrA tension BSM solutions: differenti-
ating viable models at DUNE

Our last discussion will have as main topic how to distinguish the different models which can
(partially) solve the T2K-NOvA tension. This 20 tension [153-155], as already mentioned, is
about the first measurement of the PMNS phase. Indeed, the appearance data from T2K seems
to favour, in NO, dcp values around 3/27; on the other hand, NOvA, favours all the other
values. We show this in left panel of Fig. 6.16. In IO, on the other hand the tension is much
milder (see right panel of Fig. 6.16) and both experiments prefer dcp > 7. Different attempts
to reduce the tension have been done in the literature [551, 657-662]. We discuss here three
BSM scenarios which may reduce the tension: vector and scalar propagation NSI and 341 sterile
neutrino models.
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€ee | & | Ew | e ] Epur
[-0.31,0.40] | [0.11,0.15] | [-0.11,0.02] | [-0.12,0.10] | [-0.004,0.011]

[-2.40,-1.70] | [-0.01,0.01] | [0.00,0.11] | [-0.13,0.13] | [-0.011,0.008]

LMA
LMA-Dark

Table 6.6: The constraints at 90% for parameters taken one at a time for the Earth from [477]. The upper line
is for the standard solution and the lower line is for Am3, < 0 and the opposite sign on the atmospheric mass

ordering.

6.4.1 Vector propagation NSI

Since the introduction of the matter effects in neutrino oscillations, the possibility that neutrinos
can undergo NSIs with matter has been widely studied. As already mentioned in Sec. 3.2.2, we
can describe them using an effective theory approach, including in the Lagrangian the following
terms -
L3 = —2V2Gr Y el y(arovs) (F171) (6.61)
f7a7ﬁ

where G is the Fermi constant, 6£ﬁ is the parameter which describes the strength of the NSI,
f is a first generation SM fermion (e, u, or d) and a and [ denote the neutrino flavors e, u
or 7. The e parameter can be related to the parameters in a simplified model or even a UV
complete scenarios, since these details do not affect oscillations, we focus only on the ¢ effective
parameter. The presence of such interactions modifies the neutrino oscillation Hamiltonian to

1 L+ece €cp Eer
H= o= UMU'+a| €, cu Eur : (6.62)
8:7’ 6:,7’ €TT

where U is the PMNS matrix [11, 663], M? = diag(0, Am2,, Am2,), a = 2/2GrN,E, and N,
is the electron number density. Due to the hermiticity of the Hamiltonian matrix, the diagonal
NSI couplings e,, must be real, while the non-diagonal ones are in general complex and can be
written as €,5 = |as]€’?*#. Since we can subtract a matrix proportional to the identity without
changing the oscillation probabilities, only two of the diagonal NSI parameters are independent.
Without loss of generality we will focus on e, and ., for concreteness.

Various analyses of oscillation data!’ have been considered under different assumptions. A
recent global analysis of oscillation data in the context of NSIs has estimated the constraints on
the NSI parameters when translated to the Earth’s crust [477] shown in table 6.6. Both LMA
and LMA-Dark results are shown, with the difference mainly affecting ... The LMA-Dark
solution [22, 468-470, 655, 672-675] is the solution with €., ~ —2 and the opposite sign'! on
Am?,, Am3,, and §. For a recent discussion of LMA-Dark in the context of the latest reactor
constraints see [22].

Naively it would appear that charged lepton flavor violating constraints would be much
stronger than those from oscillations, but numerous UV complete models with large €,5 2 0.1
exist in the literature [236-239, 241, 444-447]. All of these models can be recast into the language
of NSI which is exactly what makes NSI such an attractive BSM scenario to investigate.

Considering the same expansion in small parameters presented in the previous sections (see
Sec. 6.3) and expanding also up to the second order in the NSI couplings, we obtain for the

10Scattering data are also sensitive to NSI [22, 470, 472, 473, 491, 664], although these data sets have a non-
trivial dependence on the mediator mass, while oscillation data are essentially [240, 242, 665-671] independent
on it.

1'We take the definition of the three mass eigenstates as |Ug1| > |Uea| > |Ues|. Thus 12 < 45° by definition
and the sign of Am3, has been measured experimentally with solar neutrinos. Some define the mass eigenstates
by my < ma, |Ue| > |Ues|, and |Uga| > |Ues|. In this case Am3, > 0 by definition and the octant of 65 is to be
determined experimentally. See [675, 676].
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electron appearance as corrections to the standard model probability,

4
P(VM — VE)NSI = §VaA31[A31 (567- COs ¢€T — Eepu COS ¢€#)

— 8in Az1€e,(cos Az €o8 ¢er — sin Agy sin ¢, ) (6.63)
— sin Ay, (cos Agy cos ¢y, — sin Agy sin ¢, )]

— 2Vrsin Az [Asy cos Asy (e 08(0 — Pepy) — Eer €OS(0 — der))

+ Agy sin Agy (7 8In(6 — Per) — €cpsin(d — dep))

+ sin Ay (e €0S(0 — Pep) + Eer €0S(6 — Per))] -

We observe that, at the perturbative order taken into account, the probability depends on e,
and ., only. In particular, if ¢.; = ¢, the only relevant combinations are €., +¢., and €., —¢€c-.
The same happens if ¢, = 7 + ¢.-. For the muon disappearance channel, the NSI contribution
is

4
P(v, — yﬂ)NSI = V{ — 8Ag1€,- cOS @ cOs Agy sin Agy + gozAgl [Eer COS Gor cOS® Agy

— €6y COS ey, cos? Az + de 7 cos Ppr (1 — 2 sin? As;)]
+ 4tA31€7-7- COS Agl sin A31 (664)
+ 4rAsziec, cos(d — Pep) cos Agy sin Agy — dae,, sin? Ay

+ gO[Agl [Eer COS Per cOS Azy SIn Agy — £y, COS Pey, €OS Agp sin Ay } .
Compared to the previous case, all NSI parameters but e.. contribute. However, the term in ¢,
is not suppressed by any of the small parameters r, s and ¢t. Thus, this probability is expected
to be more sensitive to €,, and its phase. The modification of the probabilities, in particular to
the appearance one, may go in the same direction of the T2K-NOvA tension. This can happen,
for instance, since at NOvA and T2K, the matter effects are very different. In the former case,
we have a longer baseline, 810 km, with a matter density of 2.84 g/cc; in the latter case, the
baseline is reduced almost by a factor of 3 (295 km) and the matter density is 2.6 g/cc. It
has been shown in [657] that in presence of a non-vanishing e.g with § = p, 7, if the matter
potential are different, two experiments can measure two separate values of the PMNS phase.
In particular, it holds that

2 . .
$12C12Co3TAMS, |SIn dpoi — Sindnova

|ees| ~ (6.65)

2523w arak — ANOvA
where, wg = Sa3(co3) for f = p (7). Given the results of the two experiments, we expect
that |e.5| ~ 0.2 may reduce the tension. Performing a fit on the appearance data of the two
LBL experiment, authors of [657] found the results in Tab. 6.7 for different choices of the
non-vanishing off-diagonal vector NSI parameters.

It is clear that in NO, when &, (e.;) is turned on, the fit is significantly better than the
one performed with the SM, namely Ax? = x%,; — X%s; = 4.44(3.65). The best fit values
for the magnitude of the NSI couplings is the one expected analitically. The other best fits
can improve the fit, but not significantly. It is however interesting to notice that all possible
scenarios improves the SM fit.

6.4.2 Scalar NSI

In addition to a vector mediator, one can consider different Lorentz structure for the underlying
theory behind a new neutrino interaction (see Sec. 3.2.3). Scalar NSI has been investigated
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MO | NST || |eag| | dap/m | 6/7 | Ax?
€ep || 0.19 | 1.50 | 1.46 | 4.44
NO | €, || 0.28 | 1.60 | 1.46 | 3.65
€ur || 0.35 | 0.60 | 1.83 | 0.90
€ep || 0.04 | 1.50 | 1.52 | 0.23
IO | €, || 0.15 | 1.46 | 1.59 | 0.69
€ur || 0.17 | 0.14 | 1.51 | 1.03

Table 6.7: Best fit values to NOvA and T2K data and Ax? = xZ\; — x%g for a fixed MO considering one
complex vector NSI parameter at a time.

in the context of some neutrino oscillation experiments as well as early universe constraints
243, 499, 670, 677-679]. All previous studies, to our knowledge, focused on the diagonal scalar
NSI parameters; we focus on the off-diagonal parameters. Early universe constraints and fifth-
force probes may be stronger than terrestrial probes in many cases, although not necessarily
all, depending primarily on the mediator mass [670]. That said, we do caution the reader to be
aware of important non-oscillation constraints on scalar NSI.

The effective Lagrangian for scalar NSI is

E:(J;Zar NSI — nyaﬂ(ﬁaVﬁ)(ff) ) (6.66)

which is no longer a matter potential, but it can be seen as a Yukawa interaction term for Dirac
neutrinos that induces a mass term that depends on the density of fermions sourcing the term.
The Hamiltonian governing neutrino oscillations is modified from the the diagonal M? term to
(M +3M)(M + 6M)T. We then parameterize the correction term 6M as

Nee Tew Ter
oM = ’Am§1| 77:,u Nupe Mpr | (6.67)

Ner Mpr Mrr

where we have chosen to scale the size of M relative to \/|Am3;| to make the parameters of
the model, 7,3, dimensionless. We have also chosen to make A/ Hermitian although it need not
be (see e.g. [680]) depending on if the scalar mediator is real or complex; we encourage further
research into the non-Hermitian case. Unlike in the vector case with the €, parameters, 744,
are proportional to the matter density. As in the vector case, the diagonal parameters are real
while the off-diagonal elements are complex, 7,5 = |nasle**>#. To be explicit, we can relate these
Mo parameters to the parameters of the underlying theory as

1

Nap = ——F=—== ) NYsYap.
m?sv |Am, | Z

!

(6.68)

We will also later rescale all 17,5 — 7,5(3) relative to a density at 3 g/cm? for the self-consistent
comparison among different experiments at different densities. While the effect of this rescaling
is minimal in long-baseline experiments as their densities are similar, it is essential in order
to perform a correct comparison, and would have a larger effect when also considering atmo-
spheric neutrinos and/or solar neutrinos. As discussed in Sec. 3.2.3, in this case, the oscillation
probabilities depend also on the lightest of the neutrino masses.

Using the same expansion procedure described in the previous section and expanding up
to the second order also in the parameter 7;; it is possible to obtain approximate expressions
also for the scalar NSI case see Ref. [499]. In order to avoid cumbersome expressions, we did
not show here the effect of the solar mass splitting and of the lightest neutrino mass. In this
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context, neglecting the solar mass splitting which would complicate significantly the formulae,
the correction to the the appearance probability in presence of scalar NSI is

Py, — v )V = [ngu + 02+ 21Ney cos(6 + P12) + 2rner cos(d + P13)] sin? A3+
+ 20epNer c08(Pr2 — B13) sin® A3+
— 2V[n§u + 02, 4 2 co8(8 + B12) + 27ner cos(d + rz)] x (6.69)
x [Ar3cos Ajzsin Az — sin? Aps]+
— 2V NepNer cos(dr2 — ¢13) sin® A13[A13 cos Az sin Az — sin® Ays).

It can be noticed that the probability depends only on 7, and 7.,. Both parameters appears in
second order terms, proportional to n? or to 1.
The v, disappearance probability, on the other hand, can be written as

P(VM — VM)NSI = = A13<nuu + Nrr + 277;m' COS ¢m’) sin 2A13+

1 . .
— §A13(n§u + 12, + 4%, sin ¢ ) sin 27134
— 4A%3nfw cos ¢iT sin 2A43+
1 .
+ §(ni# + 72 )1 — (1 — AL) cos 2A13 — Ajzsin 2A 3]+ (6.70)
— 2A13[r ey c08(0 — Pep) + T1er cOS(6 + @er)] sin 2A15+
+ 2t(’l77—T — nMM)[_l -+ cos 2A13 + Alg sin 2A13]+
— 3A13NepNer COS(Pep — Per) SIN2A 13+
— 22130, Mpur €OS @ur (2013 cOs 2A13 + sin 2A13)+
+ Muper [—1 + (1 — 2A%;) cos 2413 + Ay sin 2A3)+
— 2A1377W—777—7— COS ¢HT<2A13 COS 2A13 + sin 2A13)

In this case, all the scalar NSI parameters but 7., appear. n,,, .- and 7,, modify the prob-
ability at the first order in perturbation theory; we expect them to strongly affect the Am?,
measurement, since they are strongly correlated to the quantity sin 2A;3. Apart from the atmo-
spheric mass splitting, the scalar NSI parameters in this probability appear coupled also to r
and t. Notice that, in our analytical approach, the probabilities are symmetric under the n.,-7.,
exchange.

Also in this case, depending the scalar NSI parameters on the matter density, two different ex-
periments like T2K and NOvA may perform two different dop measurements in presence of this
new kind of interactions. We redo the analysis described in [657] in the context of vector NSI,
also for scalar NSI. We show our results in Fig. 6.17 and in Tab. 6.8, where we also consider
different values of the lightest neutrino mass.

We make some comments on these results. We note that the 1O is always preferred over
the NO, but at even lower significance than for vector NSI. In addition, we also recall that
SuperK’s atmospheric data prefers the NO [111, 657, 681] and will be affected by scalar NSI in
quite a different fashion to long-baseline data [243, 499]. Thus we find that scalar NSI is not a
satisfactory improvement to the slight NOvA and T2K tension, but we can still regard the best
fit points as valuable benchmarks moving forward.

Unlike in vector NSI, for scalar NSI the absolute neutrino mass scale plays a role. In general
the effect of Mmygntest, €ven to values quite a bit larger than allowed by cosmology [682] where
the upper limit is ~fewx 1072 eV, on the results is quite small. That said, in some cases we see
that the best fit value changes by a fair amount as migness changes; this is due to the existence
of multiple quasi-degenerate local minima that slightly change as myightest changes.
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Figure 6.17: The preferred and disfavored regions of scalar NSI given by NOvA and T2K data with information
from Daya Bay and KamLAND data as well. Am2,, 63, and § are minimized over and 613, 612, and Am2; are
fixed to the best fit values from Daya Bay and KamLAND. The top, middle, and bottom rows correspond to
Nen(3), Ner(3), and 71, (3) respectively, and the left and right columns correspond to the NO and IO respectively.
The mass of the lightest neutrino is taken to be zero here. The (3) refers to the fact that the scalar NSI parameters
are plotted as rescaled to a density of 3 g/cm®. The blue stars are the best fit points, the light gray regions are
slightly disfavored and the dark gray regions are disfavored at 68% CL. The successive orange colors represent

integer units of Ay?2.
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Miightest = 0 eV

MO | NST [ [nas(®3) | Gas/7 | 0/7 [ B

Ne,(3) || 0.009 | 1.40 [ 1.17 [ 0.04
NO | 7.-(3) | 0.016 | 1.42 | 1.10 | 0.02
nur(3) || 0.006 | 1.22 | 1.11 | 0.08
Ne,(3) || 0.016 | 1.82 |1.86 | 2.33
10 | 7..(3) | 0.013 | 0.66 |1.89|2.20
Mur(3) || 0.057 | 1.60 | 1.85 | 2.33

Miightest — 0.05 eV
MO | NST_[ [0 | 0us/7 [ /7 [ A%

Ne.(3) || 0.002 | 1.66 | 1.18 ] 0.10
NO | 7.-(3) | 0.003 | 0.62 |1.13|0.08
n.(3) | 0.009 | 0.56 | 1.17 | 0.06
n.,(3) || 0.010 | 1.72 [ 1.88 [ 2.21
10 | 7.-(3) | 0.010 | 0.58 |1.90 | 2.18
n.+(3) | 0.033 | 1.58 | 1.79 | 2.36

Milightest = 0.10 eV

MO | NST [ [1as @) [ Gus/7 | /7 | Ax®
Ne.(3) || 0.001 | 1.74 | 1.17 [ 0.12
NO | n-(3) | 0.002 | 0.64 | 1.14{0.11
n.(3) | 0.006 | 0.56 | 1.19 | 0.06
Ne.(3) || 0.006 | 1.72 | 1.86 | 2.20
10 | 7e-(3) || 0.006 | 0.60 | 1.88 |2.19
nur(3) | 0.024 | 1.56 | 1.83 | 2.36

Table 6.8: Best fit values to NOvA and T2K data and Ax? = xZ; — xZg for a fixed MO considering one
complex scalar NSI parameter at a time, rescaled to what it would be for a density of 3 g/cm3 for various values
of Myigntest- (For the SM, x%o — X3 = 2.3.)
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6.4.3 Sterile neutrinos

Sterile neutrinos are a simple, phenomenologically rich, and theoretically and experimentally
motivated extension to the standard three-flavor neutrino scenario. Since neutrinos have mass,
there are additional particles and sterile neutrinos are present in many of the explanations.
In addition, there are numerous hints of various significances (see Sec. 3.1) and robustness
that indicates that new light (my < 10 €V) neutrinos may exist [228, 229, 231, 232, 683-685]
although strong constraints also exist [414, 552, 686], see refs. [117, 409, 415, 420-423] for recent
reviews. Sterile neutrinos also play a role in long-baseline accelerator neutrino experiments,
although typically at somewhat lighter masses than the above hints ~ 1 eV [418, 419, 424—
427, 637, 659, 687-703]. We focus on the scenario with a single light sterile neutrino which
modifies the neutrino oscillation Hamiltonian to

0 V-V
_ 1 Am%l T =V
H= 5B U, Am2, Uy + v , (6.71)
Am3, 0
where

Us = R34(034) Roa(024) R14(014)Uaz (023, 623)Ur3(013, 613)Ur2(012, 612) , (6.72)

the relevant 2 x 2 submatrix of U;; is
Ui (05, 0:) = Cij sije”" (6.73)

g \Yijs Vg _Sijeuﬁj Cij ) .

and R;;(0;;) = Ui;;(0,0). At the probability level, performing the same expansion discussed
above and expanding up to the second order also in the small s;4 = sin ;4 angles, we obtain as
correction to the standard oscillation probabilities

p3t o= (6.74)
and

ijiuu = — 2534 COS2 A31 - 2V/A31824834 COS (523 sin 2A31 . (675)
where V' is the NC matter potential, which appears in the probabilities due to the presence
of a fourth sterile state. Notice that given our PMNS parameterization, in the standard model
probabilities we should substitute the usual 3x 3 phase dcp with the combination d19+0d13—0d03. It
is clear that, at our expansion order, only o4 modifies the disappearance probabilities, multiplied
however to the small (at the atmospheric peak) cos® Az;. For this reason, the NOvA and T2K
data are not substantially improved by the addition of a light sterile neutrino; one can nonetheless
perform the analysis. In Ref. [659] they considered a benchmark point of 614 = 64 = 8° and
O3, = 0 with Am3, = 1 eV2 We note that long-baseline experiments are not particularly
sensitive to the value of Am?, so long as it is well above Am3,. Meanwhile, these values of
the two non-zero sterile mixing angles, 6,4 and 6,4 are near the existing limits from solar data
[704] and long-baseline disappearance data [552] respectively. We then consider two benchmark
points for each mass ordering and complex phases from a fit to to NOvA and T2K data which
is somewhat constraining for d;3, the usual CP phase, it is not constraining for d14, a new CP
phase that is physical due to the fourth neutrino. The benchmark points are then shown in table
6.9.
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MO H Amil [eV2] ‘ 914 ‘ 924 ‘ 513/71’ ‘ (512/71’
NO 1 8% | 8&° 1.9 0.7
10 1 8% | 8° 0 0.5

Table 6.9: Benchmark sterile neutrino parameters from NOvA and T2K data from Ref. [659].Sterile parameters

not shown are zero and standard oscillation parameters not shown are taken to the standard values from [111].
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Figure 6.18: The difference in neutrino appearance probabilities for two benchmark cases (see table 6.7 as a
function of baseline and neutrino energy. On the left the difference is between the probabilities with vector NSI
and €., and €., in normal ordering and the right is between probabilities with scalar NSI and 7., and 7., in
inverted ordering. The regions probed by the different long-baseline experiments are indicated. The density is
taken to be that for DUNE, 2.848 g/cm3, throughout.

6.4.4 DUNE sensitivity to T2K-NOvrA analysis benchmark models

We have shown that different CP-violating models can be used to assess the T2K-NOvA tension.
This basically means that these two long baseline experiments should not be able to distinguish
at a considerable confidence level such models. Moreover, due to the relatively small Ay? values
with respect to the SM, we can also say that the considered models cannot be discerned by
the standard oscillation at a good confidence level. We can now ask ourselves if, on the other
hand, the more performing DUNE experiment may have better performances in probing the
benchmark values. We expect that this can happen, as we can see in Fig. 6.18, where we plot
at the appearance probability level, which are the differences between two benchmark values
in the vector and scalar NSI models. In particular, we plot Pc(€ey) — Pue(€er) in NO and
Pe(ep) — Pue(ner) in 10. It is clear that at the atmospheric peak, the differences between the
probabilities are very small; however, the DUNE broad band beam is able to cover a wide range
of L/E so that the differences become more important.

Vector NSI

We discuss here the performances of the DUNE Far Detector in constraining the NSI parameters
in the benchmark scenarios discussed above. For the vector NSI case, we observe that the most
interesting results are obtained when the mass ordering is normal, since the Ay2-s with respect
to the standard model, when the fits are performed considering e.,, and .., are respectively 4.44
and 3.65 (see table 6.7 taken from [657]); however, for sake of completeness, we show the results
considering also the IO scenarios. Fig. 6.19 shows the DUNE allowed regions at 68, 90, and 99%
CL in the (€43 — ¢ap). The top (bottom) panels show the results using the NO (IO) hypothesis.
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Figure 6.19: 68% (solid lines), 95% (dashed lines) and 99% (dotted lines) contours in DUNE in the vector NSI
(|eij| — #ij)-planes when data are generated using vector NSI best fits considering one parameter at a time. The
top (bottom) panels with red (blue) contours have been obtained usign NO (IO) best fits.

In order to obtain the contours, we consider as true values for the two mass splittings and the
mixing angles the ones from [111] and the values for €,4, ¢p and 0 from the T2K-NOvA fit. For
the fit we marginalize over the oscillation parameters with pull terms. All the NSI parameters
that do not appear in each plot are fixed to 0 both in the theory and in the fit.

It is clear that DUNE is expected to be able to measure all the above mentioned vector NSI
parameter with a good precision. Indeed, when ¢, is considered in NO, in the 2-dimensional
plane (2 degrees of freedom), the 68% CL allowed region includes the intervals [0.16,0.21] for e,
and [1.3,1.8]m for ¢.,. This means that in the first benchmark scenario, DUNE would be able
to determine both NSI parameters with a precision of roughly 10%. In the IO case, since the
best fit value for e, is smaller (0.04), the allowed region is bigger, but still excludes at 99% CL
the standard model.

In the middle panels, namely when the benchmark scenario presents non-zero values for e,
and ¢.,, it is possible to observe that the DUNE performances are similar to the previous case.
In particular, the allowed regions includes the intervals [0.22,0.34] for €., and [1.4,1.8|7 for ¢,
which correspond to a precision of roughly 20% for the magnitude of the parameter and 10% for
its phase for the NO case. When we consider the IO scenario, the precision on the parameters
remains basically the same, even though the best fit value for the NSI coupling magnitude is
reduced by almost a factor 2.

The results are very different when ¢, is switched on. In this case, the best fit value for
¢pur from T2K and NOvA is very close to m/2 in the NO case. Since the NSI correction to the
v, disappearance probability depends at the leading order to the combination €,, cos ¢,., see
Eq. (6.64), DUNE is expected to be very sensitive to small variation of the phase around 3/2m,
but is not adequate to constrain the magnitude |e,,| with the same precision reached for the
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Figure 6.20: 68% (solid lines), 95% (dashed lines) and 99% (dotted lines) contours in DUNE in the vector NSI
(|eij| — ¢ij)-planes when data are generated using NSI best fits marginalizing over all the NSI parameters. The
three top (bottom) plots with red (blue) contours have been obtained using NO (IO) best fits.

other parameters. When we consider the IO hypothesis, the situation is the opposite, since the
phase best fit is close to zero: the magnitude is tightly constrained while the phase can vary in
a relatively large interval.

When a full marginalization over all the NSI parameters is performed in Fig. 6.20, the
contours are obviously enlarged, however DUNE is still be able to exclude large portions of
the parameters spaces in the studied benchmark scenarios. For the marginalization we use the
following priors: €,, < 0.02 (when undisplayed) [705] and e.. < 0.3 [475]. The most interesting
features that can be observed are the following

e In the NO case, when we consider €., a degenerate solution around ¢,, ~ 3/27 appears.

e In the IO case, now the SM is allowed at 99% (95%) CL in the e, (e.,) scenarios.

Scalar NSI

For the sensitivities performed using the scalar NSI benchmark scenarios, we use the same
approach described in the previous subsection. Differently from the previous case, the results
with more statistical significance in the T2K-NOvA fit are the IO ones. In Fig. 6.21 we show
our results in the (1,3 — ¢ap) planes in the case in which the lightest neutrino mass is zero.
When the mass ordering is inverted, DUNE is expected to constrain scalar NSI at the fol-
lowing levels at 68% CL: || € [0.012,0.035] and |n.,| € [0.008,0.012]. On the other hand,
DUNE cannot set remarkable bounds on the phases, being able to exclude at 68% CL only one
third of the possible values of ¢, (from 0.447 to 1.17) and one sixth of the possible values of
¢er (from 1.6 to 1.97). For the non-zero 7),, scenario, in which the scalar NSI coupling best
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Figure 6.21: 68% (solid lines), 95% (dashed lines) and 99% (dotted lines) contours in DUNE in the scalar NSI
(Inij| — ¢i5)-planes when data are generated using scalar NSI best fits (with myigntest = 0) considering one NSI
parameter at a time.The three top (bottom) plots with red (blue) contours have been obtained using NO (IO)
best fits.

fit is bigger, we have a different situation. Indeed, DUNE is expected in this case to bound
with a good precision the phase, but can only set a lower limit (|n,,| < 0.02 on the magnitude
(the upper limit correspond to a big unrealistic value of the NSI coupling). set In the NO case,
the T2K-NOvA results are characterized by very small best values and small Ax?-s. When
we perform sensitivity scans with DUNE, we can observe that this experiment is not able to
distinguish the new physics scenarios from the Standard Model not even at 68% level. Moreover,
the magnitudes of the three non diagonal scalar NSI parameters cannot be bounded from above
and the phases are unconstrained by DUNE.

We checked that when a full marginalization is performed, DUNE is not able to exclude
remarkable portions of the parameters space at a good confidence level. Indeed, the scalar NSI
scenarios produce very similar phenomenology at DUNE (see Sec. 6.4.5); thus, when we allow
all the parameters to vary in the fit, the effects of the n-s can be reduced by the presence of
other non-zero parameters.

We have mentioned that one of the most interesting features of the scalar NSI model is
that the oscillation probabilities in this case depend on the neutrino mass scale. A non-zero
Myightest can slightly change the T2K-NOvA best fits. In particular, increasing the neutrino
mass scale, the phase best fits are almost the same, while the magnitudes of the 7;; parameters
decrease. The most significant reduction of the best fits can be observed in the 10O case, in
which, as already pointed out, the phenomenology would allow us to distinguish the scalar NSI
parameters from the SM oscillations. In Fig. 6.22 we show the 68% contours using the best fits
for myigntest = 0,0.05,0.1 eV. It is clear that the contours shapes are not drastically altered by
the decrease of the scalar NSI parameters magnitudes. However, when the lightest neutrino is
not massless, DUNE is expected to be able to set upper limits on 7, |1,-| < 0.08 (0.06) at 68%
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Figure 6.22: 68% contours in DUNE in the (|n;;| — ¢;;)-planes when data are generated using scalar NSI best
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CL when my;ghiest = 0.05(0.1) eV.

Sterile neutrinos

In Fig. 6.23 we show the performances of the DUNE Far Detector in constraining the 341
parameters if the best fits are the ones reported in table 6.9 from NOvA and T2K data. In the
analysis, we marginalize over the undisplayed parameters, giving the upper bound 6,4 < 25° on
the non-standard mixing angles. In both IO and NO, in the (f24 — 614) planes, it is evident an
anti-correlation between the two parameters. Moreover, DUNE is expected to have a similar
sensitivity to both the mixing angles. Indeed, if the true values are 8°, the 68% allowed ranges
are [5-12]° for 614 and [4-10]° degrees for f2,. When we scrutinize the DUNE capabilities in
measuring the 3+1 phases, we observe in Fig. 6.23 that, if d;5 ~ 0.57, then there exists two Ay?
minima, one around the best fit and one around d15 ~ 1.57 for both the IO and NO case. We
checked that, on the other hand, given the best fits in table 6.9, the DUNE experiment should
not be sensitive to 013 and da3.

6.4.5 Differentiating the models

We now discuss the ability for DUNE to differentiate among different benchmark scenarios. We
take one benchmark new physics point and attempt to reconstruct with a different new physics
parameter in either the same model or a different model. The minimum Ax?’s are shown in
tables 6.10 and 6.11. For the y* computations we marginalize over all the standard oscillation
parameters and we consider only one NSI parameter at a time, varying its magnitude up to 0.5
and its phase over the entire 27 range. In the last column, we show also the y? that correspond
to the case in which the data are fitted with the 341 sterile neutrino models, considering Am3,
in the range [107° — 10] eV?, and the mixing angles in the range [0 — 30]°'2.

In the case in which data are generated using the best fits related to the scalar NSI model, it
is clear that, for NO, the minimum y? values are very small even in the standard model scenario
(when all the new physics parameters are fixed to zero). This is because the fit at the T2K and
NOvA data, if performed adding the scalar NSI in NO, gives very small best fit values for the n
couplings. For this reason, we expect that DUNE would not be able in this case to distinguish

12\We do not consider here any limit on the new physics parameters obtained by other oscillation experiments,
since our goal is to show at which confidence level DUNE would be able to distinguish various model without
external inputs on the new physics when the fit is performed.
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at any confidence level these scenario with the standard three neutrino framework. If we fit data
with models in which other n parameters are used in the fit, we obtain even smaller minima for
the 2, as expected. The same happens in the case in which we fit the scalar NSI data with
sterile neutrino models. On the other hand, when we try to fit them with vector NSI models,
apart from the 7., case, the best fit point is always found when ¢;; = 0. The best fit for the
scalar NSI parameters in the IO case give even more interesting results. In this case, the three
neutrino framework is completely excluded (x* > 30 in all three cases). However, we can found
minima of the y? much smaller the standard model ones when we fit data with other scalar NSI
models. In particular, if data are generated using the best fits for n.,, DUNE would have very
limited discrimination capabilities when we switch on only 7., or 7,, at more than 1.50. On
the other hand, when data are generated with 7., or 7,, best fits, the x? related to the fits with
the other n models are in the range 4.6 — 6.3. Thus, DUNE would also have some difficulty
distinguishing different scalar NSI models in the 10 if the true values for the 7-s are the ones
compatible with the NOvA-T2K tension. If we try to fit scalar NSI data with single parameter
vector NSI models, DUNE would differentiate them at a good confidence level. Only in the
Nur case, the vector NSI models could be rejected at less than 5o. Finally, the IO scalar NSI
models generated with 7., and 7, best fits cannot be distinguished at more than 3.2¢ from the
sterile neutrino models. On the other hand, we reach almost 5¢ in the case of the 7., model.
Even though our analytical approach (eq. (6.69) and 6.70) the probabilities are symmetric under
the 1e,-ne, exchange. However, from table 6.11, it is clear that this symmetry cannot be exact.
Indeed, we checked that, when we consider include in the expansion also the solar mass splitting,
the symmetry is broken. From table 6.11 we can also interestingly see that, even though the
disappearance probability strongly depends on 7, since the best fit for ¢, is similar to /2,
the leading term in the probability is suppressed. Thus, the fits to the data generated with 7,
are better than the ones where data are generated using the other scalar NSI parameters.

Let us now focus on the case in which data are generated using the best fit points for vector
NSI. In this case, both in the NO and IO case, the data could not be fitted appropriately with the
three neutrino standard probabilities (x? > 60). Moreover, all the models obtained generating
data with e best fits from the T2K and NOvA data can be distinguished at at least 7o from
the scalar NSI models. When we try to fit the vector NSI data with other vector NSI models or
3+1 models, the only interesting case (namely the only case in which DUNE would struggle in
differentiating the models) is when data are generated using e, best fits in the IO case. In this
framework, the minima of the x* are 10, 13 and 3 when we fit the data with the e.,, €,, and
3+1 models respectively. In light of the analytic formulae shown in eq. (6.69) and (6.70), we can
try to understand the results in table 6.10. It is clear that, due to the strong dependence of the
disappearance probability to €,,, if we generate data with this parameter’s true value different
from zero, we expect very high x2. Indeed, it is very difficult to find some values for the other
parameters which fit well the disappearance data. Moreover, even if the appearance probability
has the same dependence on €., and €., the disappearance probability contains one more term
in e.,. For this reason, it is easy to fit data generated with €., # 0 with a theory that contains
Eeu, but the opposite is more complicated. This is clear from table 6.10, since x? in the €., rows
are bigger with respect to the e., ones.

All these results have been obtained considering only one parameter at-a-time for each model,
namely switching on only one off-diagonal scalar or vector parameter for each fit model. We
checked that, if we vary all the off diagonal parameters together, varying their phases in the
entire allowed range, the results are not changing drastically. This means that, for instance, if
we fit data generated with one of the n’s best fits using the vector NSI model in which we scan
over the whole (., €er, £,r) Parameter space, the minimum of the y? is very close to the smaller
minima of the x2-s obtained using only one parameter at-a-time. This suggest that there are no
strong correlations between parameters that could mimic data generated with a different model.
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AX? [ SM | ey | Mer | Mur | Een | €er | €pr | 341
€ep NO | 200 | 140 | 140 | 170 / 180 | 160 | &0
€er NO | 60 | 48 | 50 | 45 | 50 / 50 40
€ur NO | 200 | 180 | 170 | 180 | 160 | 180 / 80
€ep 1O | 170 | 80 | 75 | 90 / 10 | 13 3
ger 10 70 | 50 | 50 | 45 | 45 / 60 20
eur 1O | 500 | 400 | 400 | 400 | 300 | 350 / 160

Table 6.10: Ax? obtained fitting to each case all the models taken into account using as true values the best
fits of the vector NSI case.

A2 [SM [0 [ ner [ Mur € |er |euwr | 341
Tew NO [ 0.14 |/ [0.005 | 0.088 | 0.071 | 0.033 | 0.055 | 0.02
er NO | 0.08 [0.003| / |0.041] SM | SM | SM |0.01
e NO [0.60 | 048 | 048 | / | SM | SM | SM | 0.02
Nep 10 | 100 |/ 47 | 63 | 80 | 70 | 90 | 21
ner 10 | 60 | 1.0 / 15 | 44 | 38 | 50 | 11
me 10 | 30 | 46 | 48 / 23 | 20 | 29 | 12

Table 6.11: Same as table 6.10 but with true values set to the best fits of scalar NSI.

Finally, when the data are obtained in the 3+1 framework (see table 6.12), with the best
fits shown in table 6.9, we observe that the SM solution is excluded with Ax? = 20, namely
at 4.50. On the other hand, when the fit is performed with the NSI models, it is clear that in
both NO and IO, the Ay? is reduced up to 5.2 in the vector case. The vector model which can
be distinguished more easily from the 3+1 is the one where we turn on ¢,, in NO (Ayx? = 10).
This is because €, in DUNE, as already mentioned, is the one that modifies the most the
disappearance probability. In the scalar case, on the other hand, the Ax? are not drastically
reduced with respect to the Standard Model case if the mass ordering is inverted. Indeed, if
we perform the fit allowing 7, to vary we reach Ax? = 13, while in the opposite case, when
we change the value of 7.,, the best fit is achieved when the scalar NSI parameter vanishes,
namely in the Standard Model case. This suggests us that in inverted ordering, if the sterile
neutrino mixing angles are as small as 8° and 634 is fixed to zero, the phenomenology of 341
and scalar NSI models are moving in the opposite direction. On the contrary, in the scalar NSI
NO case, the the Ax? are as low as the vector NSI ones. We checked also in this case that a full
marginalization over the NSI parameter spaces do not alter significantly the Ax?-s.

Looking at the probabilities in eqs. 6.74 and 6.75, we can understand why in table 6.12 the
Standard Model is excluded only at 4.50 even if the true values for 614, and 094 are relatively
big (8°). Indeed, up to the second order only the disappearance probability is modified by the
small quantity s3,. Moreover, it is clear that, since d;5 ~ 1.97 or 0 in two best fits, the DUNE
sensitivity to the CP violating phase translates directly to the sensitivity to d12, whose best fits
are maximal. Another interesting feature of the disappearance probability is that it is always
reduced if 6oy # 0. This explains why, for instance, a scalar NSI model in NO fits better the
3+1 data than the same model in I0. We can indeed observe that, the third line in eq. (6.70)
reduces the disappearance probability in NO, while it enhances the probability in IO.

AX? [ SM | N | Mer | Mur | €ep | Eer | €0ir
3FINO | 20 |82 |79 6.7]152]6.6] 10
34110 | 20 | 13 [SM | 18 |74 16295

Table 6.12: Same as table 6.10 but with true values set to the best fits of 341 sterile neutrino model.
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Conclusions and discussions

The discovery of neutrino oscillation is one of the most important particle physics result of the
last decades and we are now entering in the precision measurements era in the neutrino sector.
Indeed, a relatively large number of oscillation experiments have been able to determine the
neutrino oscillation parameters with a good precision and the next generation generation of
experiments is expected to improve all the measurements and to answer all the open questions
in the oscillation sector. In the context of accelerator experiments, in which a muon neutrino
beam is generated artificially, two experiments are expected to start their data taking at the end
of 2020s: DUNE, in the USA and T2HK in Japan. These two experiments have very different
features, even though their scopes are very similar. In particular, T2HK will employ a narrow-
band off-axis beam with a short baseline (~ 300 km), while DUNE will use a broad-band on-axis
beam with a longer baseline (~ 1300 km). Moreover, the Japanese experiments may also be
extended with a second detector in Korea, at a longer baseline. Both experiments are expected
to be very performing in measuring the oscillation parameters; moreover, due to their precision,
they may also be able to put stringent bounds on new physics models. Indeed, there exist a large
number of BSM (Beyond Standard Model) models in which the neutrino oscillation probabilities
are modified; thus, in principle, precise experiments should be able to catch the tiny new physics
effects. In this thesis, we discussed the performances of DUNE and T2HK in various contexts.
Our main results are the following.

e The most unknown standard oscillation parameter is the PMNS phase dcp and one of the
main goal of the future long baseline experiments will be to measure it. We checked that,
if we set as primary physics goal the reaching of a 3o sensitivity for at least 75% of the
possible dcp values (75% CP coverage), both DUNE and T2HK may not reach it after
10 years of data taking. In particular, we studied how the CP coverage is affected by the
true value of 63, which is currently the mixing angle with the largest uncertainty. Our
main results are that large values of the atmospheric mixing angle worsen the sensitivity to
dcp (as it is well known in the literature [96, 165, 609-611]). Moreover, due to its smaller
systematic uncertainties, DUNE capabilities overcome the T2HK ones for every reasonable
value of o3 except for an interval around maximal mixing (fa3 = 45°), where the relatively
large matter effects in DUNE enhance the dcp — 03 degeneracy. Even though the single
experiments may fail in reaching the 75% CP coverage goal in 10 years of data taking, we
showed in Sec. 5.2 that the combination of DUNE and T2HK data may be enough to reach
the goal for all possible choices of the atmospheric angle 6,3 in its current 3o allowed range.
In addition, we demonstrated that the complementarity of the two experiments may allow
to reach more than 75% coverage also with half of their nominal exposure or with larger
systematic uncertainties. It is worth to mention, that if a second T2HK detector will be
built in Korea at the second oscillation maximum, the combination of all data from future
long-baseline experiments may improve the 30 CP coverage up to 85%.

e In Sec. 5.3 we showed that not only the standard PMNS parameters measurements but also
the bounds on BSM models may benefit of the combination of the two LBL experiments
data. In particular, we considered a model in which the PMNS matrix is no longer unitary,
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having in mind that the loss of the unitarity of the mixing matrix is one of the main
phenomenological consequences of most of the SM extensions in which new heavy neutral
leptons are added refs. In such a model, six new parameters «;;, where 7,7 = 1,2,3 and
1 > j, can be used to encode all the new physics effects. The possibility to measure
some of these parameters using neutrino oscillation data has been extensively studied in
literature [249-254]. In our analysis, we showed that DUNE and T2HK alone have different
performances: while T2HK is able to set tight bounds on as1, s and aq; due to its larger
statistics and lower disappearance systematics, DUNE have access also to the other three
Non-Unitarity parameters due to the presence of larger matter effects. However, none of
the two experiments may be able to bound in a satisfactory way all the parameters at the
same time. We demonstrated that the combination of the data from the two experiments
should allow to set bounds on all six Non-Unitarity parameters competitive to the bounds
obtained by current global neutrino oscillation analysis [551]. We also discussed how
our results can be improved considering data from Near Detectors, from the DUNE v,
appearance sample or from the possible T2HK second Korean detector.

The DUNE experiment is expected to be able to collect events from different charged
current oscillation channels: v, and v, appearances and v, disappearance. However, there
are some BSM models in which, after neutrino propagation, the total number of neutrinos
is not conserved. In this case, the Neutral Current (NC) events sample, which usually
is insensitive to the oscillation parameters, may be sensitive to new physics. In Sec.
6.1 we took into account one of these models: the neutrino invisible decay model. We
consider the third neutrino mass eigenstate to be unstable and to decay into invisible
particles, in particular a massless scalar and a lighter sterile neutrino. We performed a
full analysis of the DUNE data sample, including all the charged current and the neutral
current channels. Our main result is that the inclusion of the NC sample improves the
DUNE bound on the third neutrino state lifetime by about 15%. In particular, we found
B3 =713/ms3 > 5.1x 107" s/eV, where 73 is the lifetime and mj is the third neutrino mass.
This upper bound is expected to be the best among the ones obtained from the analysis
of current and past long-baseline experiments [524, 630-635].

The DUNE Near Detector will have many purposes. Apart from being a beam monitor,
it should be able to collect a large number of events. If new physics introduce probability
terms which are different from zero also at zero baseline, the Near Detector may be able
to bound them. In Sec. 6.2 we showed how this can be possible considering as BSM
model the source and detector Non Standard Interaction (NSI). In this model, during
their production or detection, neutrinos can undergo new interactions whose strength are
proportional to the parameters 52/5 , where o, 8 = e, u, 7. Since these new physics effects
do not need propagation in order to occur, the DUNE Near Detector provides a very clear
environment where to probe them. Performing a simple Gaussian x? analysis using only
the total ND number of observed events in all the charged current channels we showed
that it is possible to exclude large portions of the NSI parameters space. Our results are
complementary to the ones which have been obtained in literature using the DUNE Far
Detector [642]. We also discussed the effect of the systematic uncertainties on our results,
being crucial when a Near Detector analysis is performed. It is interesting to notice how
all the numerical results showed in this context are corroborated by our strong analytical
prediction.

The unprecedent capabilities of the DUNE experiment to determine the CP-violating phase
dop suggest that the CP-odd probability asymmetries may be also useful to search for
hints of the presence of new physics if the non standard effects involve new sources of
CP violation. In Sec. 6.3 we studied the effects of new physics on the DUNE integrated
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Ng—Npg
Ng+Ng
and N is the number of events in antineutrino mode in each oscillation channel v, — vg.
This really simple and relatively easy to evaluate observable is closely related to the CP-
odd probability asymmetries and for this reason may unveil the presence of CP-violating
new physics effects. We computed the possible values of such integrated asymmetries in
DUNE given the standard neutrino oscillation probabilities and we compared them with
the asymmetries one would obtain in presence of a light sterile neutrino (3+1 model) or
in presence of propagation Non-Standard Interactions. We showed that the effects of new
physics are in principle too tiny to be observed using only the integrated asymmetries.
However, if DUNE will employ an high energy neutrino flux, which has been proposed to
optimize v, appearance searches, the measurement of the integrated asymmetries related
to the v, appearance channel may be enough to at least reveal the presence of new physics.

asymmetries, defined as A,3 = where N is the number of events in neutrino mode

e The T2K and NOvA experiments were able to perform the first measurements of the PMNS
phase. However, their results show a 20 tension [155]. In the last two years, it has been
studied how in presence of CP-violating propagation NSI or in presence of sterile neutrinos,
the tension can be reduced. In Sec. 6.4 we showed for the first time that this happens
also in presence of scalar NSI. In such a model, we consider the Non-Standard neutrino
interactions with matter to be mediated by a scalar particle. This introduces a completely
new phenomenology in which the neutrino mass matrix is modified. In our analysis, after
providing a list of all the BSM models which in principle may alleviate the T2K-NOvA
tension, we studied the capability of the future DUNE experiment to differentiate among
them. Even though several DUNE analyses have been already performed for the NSI and
sterile neutrino cases (see [706] for a recent review), our study is particularly interesting
since we investigated the DUNE phenomenological implications of specific models selected
to reduce the current small but significant long-baseline tension on the dcp measurement.
We found out that DUNE is expected to be very performing in the identification of the
various models; moreover, if the source of the T2K-NOvrA discrepancy is vector NSI in
Normal Ordering or scalar NSI in Inverted Ordering, DUNE should be able to distinguish
them from the other models presented in our work at a very high confidence level.

With our results, briefly described here, we want to stress that phenomenological studies in the
neutrino oscillation context have an important and primary role in suggesting how to get the
most from an experiment. This is particularly useful if we consider BSM models: indeed, other
than observing tensions between data and theories, an experiment should be able to develop a
strategy to determine which is the most probable source of new physics. For this reason, the
parallel development of phenomenology and experimental physics will be crucial in the next
years.
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