%)\, tau neutrino

atmo, muon neutrinos

cosmic rays

An illustration of the phenomenon of Neutrino Oscillations, described in this thesis. Cosmic
rays impinge the upper atmosphere of the Earth leading to the creation of final state muon
and electron neutrinos. The muon neutrino transmutes into a tau neutrino while traversing
the Earth before being detected at ANTARES. The detector comprises an array of
photomultiplier tubes to detect photons from the Cherenkov light emitted from the passage
of charged particles created in neutrino interactions in sea water. lllustration by the author.
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ix

“Dear Radioactive Ladies and Gentlemen,

... I have hit upon a desperate remedy to save the "exchange theorem” of statistics and the law
of conservation of energy. Namely, the possibility that in the nuclei there could exist electrically
neutral particles, which I will call "neutrons”, that have spin 1/2 and obey the exclusion principle
and that further differ from light quanta in that they do not travel with the velocity of light.......

The continuous beta spectrum would then make sense with the assumption that in beta
decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron
and electron is constant....

But so far I do not dare to publish anything about this idea, and trustfully turn first to
you, dear radioactive ones, with the question of how likely it is to find experimental evidence for

such a neutron. ..

I admit that my remedy may seem almost improbable because one probably would have
seen those neutrons, if they exist, for a long time. But nothing ventured, nothing gained. ..

Thus, dear radioactive ones, scrutinize and judge.”

Wolfgang Pauli [1],
December 4, 1930.
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Abstract

Departamento de Fisica Atémica, Molecular y Nuclear
Instituto de Fisica Corpuscular (UV - CSIC)
UNIVERSITAT DE VALENCIA

Search for Neutrino Non-Standard Interactions with ANTARES and KM3NeT-ORCA
by Nafis Rezwan KHAN CHOWDHURY

The ANTARES neutrino telescope and its next-generation successor, KM3NeT, located in
the abyss of the Mediterranean Sea, have been designed to study neutrinos from a variety
of sources over a wide range of energies and baselines. One of the primary goals of the
experiments is to measure the Earth-matter effects stemming from the energy and zenith
angle dependence of the atmospheric neutrinos in the multi-GeV range. The study of
atmospheric neutrinos is instrumental in addressing some of the outstanding issues in
neutrino oscillation physics, especially the fundamental question of the neutrino mass
ordering, as well as probing new physics scenarios beyond the Standard Model.

In this thesis, we exploit the data of ANTARES and explore the physics potential of
KM3NeT-ORCA (ORCA being the low energy component of KM3NeT) to measure the
sub-dominant effects in the atmospheric neutrino oscillations vis-a-vis non-standard
neutrino interactions (NSIs). The Monte Carlo simulation framework, which comprises
the simulation of neutrino interactions, particle generation and light propagation, event
selection and reconstruction, as well as the statistical treatment of data and systematic
uncertainties has been described in great detail. We present a likelihood search for NSIs
with 10 years of atmospheric muon-neutrino data recorded with ANTARES and explore
sensitivity projections for ORCA based on realistic detector simulations. Moreover, we
outline the impact of NSIs on the discovery potential of ORCA towards the neutrino
mass ordering. In addition, the sensitivity of ORCA towards the octant of 63 has been
reported. Remarkably, the bounds obtained with ANTARES excludes hitherto allowed
regions from current experimental data, and represent the worldwide best limit in the
u — T sector up to date.
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Introduction

“Part of the blame, or the glory, they Bay, may
belong to the flimsiest, quirfie8t and most elusive
element of nature: neutrinos. These ghostly
Bubatomic particled Stream from the Big Bang, the
Gun, erploding Stars and other codmic
catastropbes, flooding the universe and 8lipping
through wall8 and our bodied by the billions every
Becond, life moonlight through a Screen door.“

— DENNIS OVERBYE,
The New York Times, April 15, 2020.

This thesis details a study of the statistical significance with which ANTARES is, and
KM3NeT-ORCA (ORCA in what follows) will be, able to determine a signal from
non-standard interactions of neutrinos and discusses its phenomenological consequences
on the neutrino mass ordering measurement at ORCA. The document is organised as
follows:

Chapter 1 introduces the theoretical background behind neutrino masses, mixing and
oscillations with special emphasis on neutrino non-standard interactions (NSIs).

Chapter 2 discusses the production of atmospheric neutrinos, their relevant interactions
in sea water, detection techniques and an overview of the current detectors. The study of
time calibration of optical devices in KM3NeT is included.

Chapter 3 discusses the MC simulation chain and event reconstruction algorithms in
ANTARES and ORCA. The overall scheme of computation of events is presented.

Chapter 4 presents the results of the search for NSIs with 10 years of ANTARES data as
well as outlines the future sensitivities towards NSIs at ORCA. The impact of systematic
uncertainties and errors on oscillations parameters are investigated.

Chapter 5 explores the phenomenological implications of NSIs on the neutrino mass
ordering (NMO) resolution at ORCA. The effects of NSIs on the NMO sensitivity have
been quantified.

In Chapter 6, we fall back to the scenario of standard three-flavour neutrino oscillations
by switching off NSIs and estimate the sensitivity of ORCA towards the resolution of the
0>3 octant.

Finally, an overview of the thesis is presented in the form of a Summary.






1 Neutrinos in the Standard Model
and Beyond

“Pour theory 8 cragy, but it’3 not cragy enough to

be true.
— NIELS BOHR
Contents
1.1 Electroweak Interactions . . ... .. ... .. ... ...t unnen.. 3
1.2 Neutrino Mass, Mixing and Oscillations . . . . ... ........... 4
1.2.1 Neutrino Oscillations: n Flavours . . . ... ... ... ...... 6
1.2.2 Neutrino Oscillations in Vacuum . . . . . ... ... ... ..... 9
1.2.3 Neutrino Oscillationsin Matter . . . . . . .. ... ... ...... 10
1.2.4 Oscillograms: Vacuumvs Matter . . . . ... .. ... ... ... 12
125 Currentstatus . . . . . . . . . ... 18
1.3 Beyond Standard Oscillations . . ... ... ..... .. ... ..... 20
1.3.1 Non-Standard Interactions . . . . . ... ... ... ........ 20
1.3.2 Neutrino Flavour Transitions with NSIs . . . . .. ... ... ... 22
1.3.3 NSIs at Atmospheric Neutrino Experiments . . . ... ... ... 24
1.3.4 Oscillograms in presenceof NSIs . . . . .. ............. 26
1.35 CurrentlimitsonNSIs . . . ... ... ... ... ... ....... 33

This Chapter aims to give a basic overview on the phenomenon of neutrino oscillations,
which can only be explained by adding mass to neutrinos. First, we introduce the
framework of standard neutrino-matter interactions in Sec. 1.1. Then, the mathematical
formulation behind the simple idea of oscillations is presented in Sec. 1.2, extrapolated
to cases of neutrino propagation in vacuum and special cases of neutrinos passing
through matter. Furthermore, one of the exotic physics scenarios, namely, non-standard
neutrino-matter interactions (NSIs) during neutrino propagation through matter, which
forms the heart of this thesis, is introduced briefly in Sec. 1.3. The impact of standard
as well as non-standard neutrino-matter interactions on neutrino oscillation probabilities
in vacuum are estimated. Finally existing bounds on non-standard interactions model
parameters are reported.

1.1 Electroweak Interactions

The Standard Model (SM) is a Yang-Mills quantum field theory [2] based on the
non-Abelian gauge symmetry group SU(3)c ® SU(2)L ® U(1)y. The group SU(3)c
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describes the strong interaction mediated by eight gluons ( gi, ,i € {1,..,8}) and the
corresponding quantum charges are called colours. The symmetry group SU(2), ® U(1)y
describes the electroweak interaction, mediated by four bosons (W;, ,i€{1,2,3} and By),

whose corresponding quantum charges are called weak isospins (I') and weak hypercharge
(Y). The electroweak group is broken spontaneously [3, 4, 5] by the Brout-Englert-Higgs
mechanism [6, 7]. The remaining symmetry, the Abelian U(1)gy, describes the
electromagnetic interaction, whose charge, Q, is given by the Gell-Mann-Nishijima

relation [8, 9]:
Y

where I3 is the third component of the weak isospin and Y, the weak hypercharge.

After spontaneous symmetry breaking, four gauge bosons (three massive, W', W~ and
Z°, and one massless, ) appear as a combination of the original W, and By, which
mediate the electroweak interactions:

1 ,
W, = ﬁ(w; TiW;), (1.2)
and,
Wﬁ _ | cosby sinbw | |Z, (1.3)
By| |—sinfw cosbw| |Ay|’ :

where W;E, Z, and A, represent the fields of the W*, Z% and v bosons, and Oy (=
arcsin(g)) is the weak or Weinberg angle with e being the electromagnetic charge and
g being the weak coupling constant.

The lepton sector of the SM comprises three generations of left-handed doublets
((lur,var)T) and right-handed singlets' (I,r), with & = e,u or 7. The electroweak
interactions among the particles of the leptonic sector is given by the following
Lagrangian density £:

L= eAﬂ“’yVl“ (EM interaction)
- 55 [W; Var Y lar + W, Lar Y Var] (CC weak interaction)
~5 coi o [Zy (Var Y Var — Loyl — sinzﬂwlx’y?‘lo‘)], (NC weak interaction)

(1.4)

where I,(= Iy —i—‘l,xR), v, are the charged lepton and neutrino fields for flavour «
respectively and ' are the Dirac matrices. CC and NC stand for charged current (CC)
and neutral current (NC) interactions, respectively (illustrated in Sec. 1.2.3).

1.2 Neutrino Mass, Mixing and Oscillations

The discovery of oscillations between neutrino families? has a long history full of
experimental and theoretical insights. We give here a brief and necessarily limited
account of how the story developed.

1The SM does not include right-handed neutrinos, vg.
2The terms "flavours", "types", "generations" and "species" will be used interchangeably in this thesis.

4 of 299
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The idea of neutrino oscillations was first proposed in 1957 by B. Pontecorvo [10]. He

suggested that, in a way analogous to the K® — K’ oscillation phenomenon proposed by
Gell-Mann and Pais [11], neutrinos and antineutrinos could oscillate. In 1962, Lederman,
Schwartz and Steinberger showed experimentally that the neutrino associated with the
muon was different than the one associated with the electron [12]. At around the
same time, Maki, Nakagawa and Sakata discussed the possible "transmutation" between
ve and v, [13]. In 1967 Pontecorvo considered the possibility of oscillations between
flavours [14] and discussed some astronomical implications, for instance that the flux at
the Earth of electron neutrinos coming from the Sun could be smaller than the theoretical
expectations.

In 1965, R. Davies started building the famous "Homestake experiment" to detect solar
neutrinos. It began to take data in 1969 and already the first results indicated a deficit
of neutrinos with respect to the theoretical calculations, deficit which was confirmed
by subsequent results. It took some time to convince the scientific community that
the experimental results and the theoretical calculations were correct within the known
uncertainties [15, 16] and that there was a discrepancy, which was then referred to as the
"solar neutrino problem". Other experiments such as GALEX/GNO [17], SAGE [18, 19],
Kamiokande [20] and Superkamiokande [21] confirmed that the flux of neutrinos was
lower than expected. All these experiments detected only electron neutrinos, which are
the only type of neutrinos produced by the solar nuclear reactions.

The "solar neutrino problem" remained unsolved during a long time and although a
variety of possible theoretical explanations were put forward (literally dozens of them).
One of the most favoured ones was that electron neutrinos changed flavour during their
flight to Earth, i.e. that oscillations among families were taking place.

During the 70s and 80s the theory underlying neutrino oscillations was further developed
and a variety of theoretical predictions and experimental projects were proposed [22,
23]. In 1977, Wolfenstein pointed out that the oscillation pattern and parameters could
change when neutrinos traversed matter [24]. Mikheyev and Smirnov then showed that
under certain circumstances oscillations could be resonantly enhanced when neutrinos
traversed matter [25, 26]. This so-called MSW effect or, in general, matter effects, have
important consequences in the case of neutrinos from the Sun.

In 1984, H. H. Chen pointed out that using deuterium as a target, electron neutrinos
could be detected in charge current interactions and the rest of families in neutral current
interactions [27]. The possibility to measure electron neutrinos on the one hand, and
all neutrino types on the other, could give invaluable information about the source of
the solar neutrino deficit and prompted the proposal to build the SNO experiment. The
results of SNO since 2001, indicated that the total flux of neutrinos of all families was in
agreement with the theoretical expectations and that the oscillation hypothesis was the
best explanation for the electron neutrino deficit [28, 29].

Before that, in 1998, the Super-Kamiokande experiment (Super-K in what follows)
reported that the ratio between muon and electron neutrinos (N, /Ny,) coming from
atmospheric showers induced by cosmic rays was smaller than predicted [30]. This had
already been observed by other experiments, such as Kamiokande [31] and IMB [32],
but Super-K not only observed the effect with higher statistics, but also showed that the
deficit depended on the neutrino’s path length and energy in a way compatible with
what was expected from neutrino oscillations.

5 of 299
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The 2015 Nobel prize in Physics was awarded to A. McDonald (SNO) and T. Kajita
(Super-K) "for the discovery of neutrino oscillations, which shows that neutrinos have
mass”.

The oscillation hypothesis was independently confirmed in experiments that used
neutrinos produced in accelerators, such as K2K (KEK to Kamioka) [33], MINOS
(Main Injector Neutrinos Oscillations) [34] and T2K (Tokai to Kamioka) [35]. In
these experiments the disappearance of muon neutrinos in the beam produced in the
laboratory was observed at long distances and provided better determinations of the
parameters that determine the oscillations, the mixing angles and the squared mass
differences (see next subsections).

Similarly, experiments using neutrinos from nuclear reactors served to pin down
the oscillation parameters. The Kamioka Liquid-scintillator Antineutrino Detector
experiment (KamLAND) using antineutinos from long distance reactors strongly
favoured the large solar mixing angle solution [36] and provided an excellent
determination of the solar squared mas difference [37].

In 2012, the Double Chooz nuclear reactor experiment disfavoured a null value for the
13 mixing angle [38] and two other reactor experiments, Daya Bay [39] and RENO [40],
reported measurements of 63 different from zero with 5¢ significance.

The oscillation parameters have been determined since then with higher precision in a
variety of experiments (for reviews see for instance [41]) and new experiments are being
proposed for further study of neutrinos properties.

Neutrino oscillations imply that at least two neutrino generations have mass, which
in turn leads to a variety of issues that hint to physics beyond the SM. The absence
of right handed neutrinos in the SM prevents to simply include Dirac mass terms
in the SM Lagrangian®. If neutrinos are Majorana fermions, the generation of mass
through the Higgs mechanism is only possible through terms that turn the model
non-renormalizable. Moreover, the smallness of the neutrino masses compared to those
of other SM fermions hints to high energy scales. All these questions exceed the scope of
this introduction (for details look into [43, 44, 45, 46]) and we will limit ourselves in the
following to discuss the phenomenology of neutrino mixing (of masses) and oscillations
(of flavours) which are relevant to our work.

1.2.1 Neutrino Oscillations: n Flavours

Neutrinos {v,} (a representing the flavour family) are produced in charged current
(CC) and neutral current (NC) weak interaction processes. Each (neutrino) flavour
eigenstate v, is a quantum superposition of multiple mass eigenstates {v;} with masses
m;. Oscillations are generated due to interference between different massive neutrinos

3 Attempts to accommodate non-zero neutrino masses in an extended SM have been made by placing
a Dirac mass term "by hand” with a right-handed neutrino field (v,g), which has no gauge interactions.
However, this leads to the problem of large mass difference (eV — GeV) and huge disparities in the values
of the Yukawa coupling (10712 — 10~2) for lepton masses within each generation (e, %, 7). To get around
this problem, one can introduce a Majorana mass term (g [%VC,X RVaR + %V,X RVER] where v$ = Cv]), where
vur is singlet under SU(2) with weak hypercharge 0. Majorana mass term is invariant under SM gauge
transformation. The introduction of a new Dirac-Majorana mass term gives the leverage to choose one heavy
neutrino, predominantly v,z with mass my at a scale O(10'> GeV) high above the electroweak scale O(10?
GeV), thereby producing a light neutrino, predominantly v,; with mass ZIT% This scheme of suppression of
mass scale (thus providing a natural description for the lightness of the lett-handed neutrinos) is known as
type I Seesaw mechanism [42].

6 of 299
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{vi}, which are produced and detected coherently as {v,} with small mass differences.
This implies that when a neutrino of a certain flavour (say v,) is produced in a
weak interaction process and propagates through space (or medium), each of the mass
eigenstates {v;} travel with different speed leading to a phase lag between them. After
a certain distance, the composition of the mass eigenstates is different from the initial
state. The final composition of mass eigenstates might constitute a neutrino of completely
different flavour {vg : B # a}. This process of transmutation of flavour from a v, into a
vg is called neutrino oscillation. It is basically analogous to the quantum mechanics of
mixed states, which itself is equivalent to the classical theory of coupled oscillators. Let
us discuss the theory of neutrino oscillations in a quantitative way in the following.

In the standard theory of neutrino oscillations* with 7° number of light neutrino
generations, a neutrino flavour eigenstate can be expressed as a linear superposition of n
mass eigenstates (or the other way round):

[Ve) = Z ), (or|v) Z Usilva),) (1.5)

where U,; is the mixing matrix, which relates the mass basis {v;} (eigenstates of the
Hamiltonian) to the flavour basis {v,} (eigenstates of the gauge group). U, satisfies
the following conditions:

u+u = ixn, Zuaiugi = 504‘13/ Zuaciu:j = 51] (16)
i o

The Latin indices i,j = 1,2,3... correspond to the mass eigenstates, while the Greek
indices a, B = ¢, 1, T.... correspond to the flavour eigenstates.

The amplitude of |v,) — |vp) transition as a function of time is given by

Ay (1) = (valvp) t_Zu Upgie B, (1.7)

The transition probability then reads
Pl/a*ﬂ/ﬁ(t) = |A|v,¥>—>\vﬂ>(t)|2 = Zu;iuﬁiuajugjei(EﬁEj)t- (1.8)
1

2
For ultra relativistic neutrinos (E; ~ P; + %{: in the limit m? < P;), assuming same

momentum for all massive neutrino components (P, = P Vi) and using light-ray
approximation (t ~ L (¢ = 1)), the transition probability can be approximated by [47,
49]

Pucop (L) = dup — 4 ) Re[UUiUgU ) sin g
i>j
+2 Z]Im[u;iUﬁj uajllgj] sin 2471']'1

i>j

(1.9)

4For a concrete derivation, see [47].
SPrecision measurement of the decay width of Z at LEP [48] indicate that there are three generation of
neutrinos, (accompanying their charged lepton partners) which take part in weak interactions.
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where
> L [eV?][km]

(1.10)

The coefficients of the massive neutrino components of flavour antineutrinos are simply
related to the corresponding coefficients of massive neutrino components of flavour
neutrinos by complex conjugation U,; — U};. Hence, the antineutrino oscillation
probabilities differ from the corresponding neutrino oscillation probabilities only in the
sign of the terms depending on the imaginary parts of the quartic products of the mixing
matrix elements. The imaginary part in Eq. 27 depends on whether neutrinos (+) or
antineutrinos (—) are considered.

Salient features regarding the expression of oscillation probabilities (Eq. 27) are summed
below.

e Non-zero oscillation probabilities not only necessitate unequal neutrino masses
(m; # m;jVi # j), but also non-trivial mixing (i.e. non-zero off-diagonal mixing
elements).

e The oscillation probabilities depend on the quartic product of mixing matrix
elements U,;, which determines the amplitude of oscillations and mass-squared
differences Aml-z]», which decides the phase (both set by Nature). The oscillation
probabilities also depend on the distance between source and detector L and on the
neutrino energy E (both set by experiments).

o AtL > -5 the oscillatory term is averaged out leading to a constant conversion.

27
Ami].

e The mass-squared difference sits inside an even function sinz(qbi]-) in the real term,
thereby making it insensitive to its sign, whereas the imaginary part contains a
component sin(2¢;;) which is sensitive to the sign of the mass-squared difference.

e Eq. 24 translates to conservation of total probability:
a) The sum of the transition probability from a flavour v, to all other flavours vg
(including B = w) is equal to unity:

Y Py =1 (1.11)
B

b) The sum of the transition probability from any flavour v, (including « = p) to a
flavour vy is equal to unity:

Y Py =1 (1.12)
o

In an n-flavour neutrino scenario, there are n(n — 1) /2 mixing angles, (n —1)(n —2)/2
Dirac phases, additional n — 1 Majorana phases (if neutrinos are Majorana-type particles)
and n — 1 mass squared differences. However, oscillation probabilities are invariant
regardless of whether neutrinos are Dirac- or Majorana-type particles.

The oscillation probabilities with « # B are called transition probabilities (referring to
appearance channels) and the oscillation probabilities with « = B are called survival
probabilities (referring to disappearance channels).
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1.2. Neutrino Mass, Mixing and Oscillations 9

1.2.2 Neutrino Oscillations in Vacuum

In the standard oscillation framework involving three active light neutrino species {v,}
with « = ¢, u, T, the 3 x 3 unitary matrix takes the form:

Ve U U Uega| |
VF‘ = uyl Uyz Uyg, 1%) (1.13)
Vg Upn Up Ug| (v

The unitary conditions in Eq. 24 translate into normalisations of three row and three
column elements:

(Upt >+ U2 * + [Uas|* =1, (x=e,p,7), (1.14)
Ui + U + Ui = 1; (1=1,2,3), (1.15)
and six angle closures:
U Uy + Unalfp + U = 0; (w,8) = (e 0), (¢,7), (7),  (116)
| Ueille; + Upilly; + llTZ-U;f]»|2 =0, (i,j)=1(1,2),(1,3),(23). (1.17)

For three generations, the PMNS mixing matrix can be conveniently parameterised by 3
mixing angles (612, 613, 623), one Dirac CP phase (dcp) and 2 Majorana phases (1, 72) as

Uppns = O(623)O0(023, 613)O(012)Om (71, 72)

1 0 0 13 0 513671.50’ c1p s;p O eim 0 0
=10 3 Sy 0 1 0 —S12 ¢1p O 0 €71 0

0 —so3 o3| | —size P O c13 0 0 1 0 0 1

[ —16

€12€13 $12€13 s13€”1CF o
_ 5 5 -
= | —512023 — €12523513€"°CP  C12C23 — S12523513€"°CY  sp3c1z | diag(e'™,e?,1),
5 5
§12523 — €12€23813€"°CP  —C12523 — $12€23513€"°P  (23C13

(1.18)
where s;; = sinf;;, ¢;j = cosf;;. Majorana phases are inaccessible to oscillations, so we
drop them.

The oscillation probabilities for three generations can be obtained from Eq. 27, taking into
account that the Latin indices run from 1 to 3:

3
Poyorig (L) = bap =4 ), Re[UgUpilojUg;| sin® (Amji 1)
7 ) (1.19)
* * 1 2
+2 Z I[m[umuﬁiuajuﬁj] Sm(Amijﬁ)'

i>j=1

For three neutrino states, vj, 12, v3 with masses my, my, m3, there are two unique
mass-squared differences Am%l and Amgl (Am%1 + Am%2 + Am%3 = 0). The sign of Am%1
is known to be positive from solar neutrino experiments [29]. Depending on the sign of
the mass-squared splitting Am3,, the relative mass spectrum of neutrinos can have two
possible scenarios: Normal Ordering (NO) with (m3 > my > mj) or Inverted Ordering
(IO) with (my > my > m3). The two scenarios are nicely represented in Fig. 1.1.

9 of 299



10 Chapter 1. Neutrinos in the Standard Model and Beyond

Normal Ordering Inverted Ordering
Mh M
m’| T Vs v, .
. 2
. Am"soi
vy T
2
Amut'm
B Ve
Am?2,
@y,
! W v
I V2
’ 2
| Amiy {
T V1 vs I

Figure 1.1: The two possible orderings of neutrino masses: Normal (left) and Inverted (right). The
color codes illustrate the mixing between flavour eigenstates v, and neutrino mass
eigenstate v;, quantified by the norm |U,; |2 withaw = e, 1, T.

The expression for the oscillation probability in the electron appearance channel can be
written in the approximation of the mass splitting Am3, and the angle 613 being small and
negligible beyond two orders of magnitude:

AL
PVF*H/E = 0(2 sin2 2612(3%3(7)2 —+ 48%35%351'712(7)
. . AL, . AL AL (120)
+ 2as13 sin 201, sin 2923(7) sm(T) cos(dcp + 7),
where o = iﬁl and A = Aznggl. The probability expressions for other channels can be
31 v
found in [50].

The oscillation probability for two flavour neutrino scheme in much simpler since there
is only one mixing angle 6 and one mass-squared difference Am?. The oscillation
probability in the appearance channel is given by

T CP T
PVV—H/@ == Pve—n/,, == Pﬁe%iy - PV#HV@

L [eVZ] [km] (1.21)
4E, [GeV]
Charge and Parity (CP) transformation (Pve—wy <— Pgﬁyﬂ) changes v, to v,, and Time

(T) transformation (vaﬁve <= Pveﬁvﬂ) changes &« = B. CPT transformation being the
symmetry of any local quantum field theory.

= sin® 26 x sin?(1.27 x Am?

1.2.3 Neutrino Oscillations in Matter

Neutrinos (and antineutrinos) of all flavours, v, v, vr, propagating through matter are
subjected to coherent forward scattering (Fig. 1.2) with fermions (electrons, protons and
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1.2. Neutrino Mass, Mixing and Oscillations 11

neutrons) in the medium via neutral current (NC) weak interactions mediated by Z°
bosons, while electron neutrinos and antineutrinos interact with electrons via charged
current (CC) weak interactions mediated by W+ exchange. These SM CC and NC
interactions are encoded in the Lagrangian in the form:

LSS = —2V2GE[VeypLe][ey Lve] + h.c. = —2V/2Gp[Vey,Lve] [67F Le] + h.c. (1.22)

LNG = —2v2Gr Y [T, Lva [y (81, — 8507 f), (1.23)
a,f

where Gr is the Fermi constant, L = (1 — 75 /2) denotes the left chiral operator and gc
and gj;{ are the vector and axial coupling constants of the Standard Model respectively.

e ,p,n e .p,n
o Ve b, I

v () v (vy)

Figure 1.2: Feynman diagrams representing CC and NC (most right) neutrino interaction
processes through W and Z° exchange.

The effective Hamiltonian governing the evolution of neutrino flavour states in matter
takes the form:

1 m% 0 0 Vee + Vne 0 0
H" = —-Uj | 0 m3 0 | UL+ 0 Ve O (1.24)
v 0 0 mj 0 0 Vnc
where,
Vee = \/EGFNE(X), and Vync = —\fZGFNn(X)/zl (1-25)

with N, (x) and N, (x) being the electron and neutron densities in matter. V¢ is common
to all flavours and hence does not modify the evolution equations. We can always
subtract a phase from each diagonal term of H™, such that H" = H" — V.

After diagonalising the Hamiltonian by orthogonal transformations, we obtain the new
effective mixing angle and mass-squared differences in matter (in terms of their vacuum
counterparts) as:

)

sin?(201%) = sin”(2015) — (1.26)
(cos 2013 — Acc/Am3;)? + sin®(2613)

Am3,, = Am3y[(cos 2013 — Acc/Am3,)? + sin®(2613)], (1.27)

where, Acc = 2E,Vcc. For antineutrinos the particle number is negative and hence
the effective potential Acc flips its sign. A close inspection of the above expressions
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12 Chapter 1. Neutrinos in the Standard Model and Beyond

will reveal that if the mass-squared difference Am%l is positive, a resonance condition is
satisfied and the transition probability hits a maximum for a definite incident neutrino
energy E, and specific potential Vc. This is called Mikheyev-Smirnov-Wolfenstein (MSW)
effect [51, 26]. The effective mixing angle 0% takes the value 7 (irrespective of 63 in
vacuum) at the resonance point defined by:

Acc = Am3,; cos 2013, (1.28)

Moreover, there is no resonance for antineutrinos (Acc — —Acc). On the other hand for
negative Am3,, the situation is exactly reversed. The expression of electron appearance
probability in the One Mass Scale Dominance (OMSD) approximation is given by:

L

i) (1.29)

Py, = sin? 6,3 sin? 207 sin®(Am3,,,
Further expressions for other oscillation channels and discussions on matter effects can
be found in [50].

1.2.4 Oscillograms: Vacuum vs Matter

Atmospheric neutrino experiments consist of a copious source of electron and muon
neutrinos (and antineutrinos) produced in the upper atmosphere. Their energies span
across a few GeV to hundreds of GeV, down-pouring almost iso-tropically on the detector.
For a given set of oscillation parameter values and assumed mass ordering (normal or
inverted), the oscillation probabilities depend on two physical variables (observables) that
we measure at experiments: the neutrino energy E,, and the cosine of the zenith angle
of the incident neutrino cosf,. A value cosf, = —1 corresponds to vertically up-going
neutrinos traversing across the Earth core passing through all the density layers of the
Earth matter, whereas cosf, = 0 corresponds to horizontally moving neutrinos passing
through the Earth atmosphere.

The term oscillogram refers to a 2D heat map of oscillation probabilities in the (E,, cosf;)
plane. Oscillograms are very helpful to gauge the physics potential of atmospheric
neutrino experiments benefiting from its access to a wide range of neutrino energies and
baselines. Typically, they help us to fine tune our detector or analysis in regions of the (E,,
cosf;) plane, where larger effects are expected. In this section, we will use oscillograms of
neutrinos propagating through Earth to observe the effects of standard neutrino-matter
interactions on various oscillation channels at atmospheric neutrino experiments.

For the calculation of oscillation probabilities, the neutrino evolution equation in the full
three-flavour neutrino scheme (Eq. 1.24) is solved numerically (without ignoring Am3,,
012, 013) with the OscProb [52] package taking into account the Earth matter density
profile, consisting of 44 layers, as it is assumed in the Preliminary Reference Earth Model
(PREM) [53]. This model parameterises the Earth’s density into concentric spheres of
uniform density as shown in Fig. 1.3.
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1.2. Neutrino Mass, Mixing and Oscillations 13

Preliminary Reference Earth Model (PREM) layers 15— 71— T 1T
15 ‘ I —
. i
e-ggg_@@% 4
«%‘10, % _
o : ]
° | |
2 _
2 ]
é) 5 ﬁgﬁ_g‘e@@ﬁ@@) _
o%_g_f
§ |
1 cosb, = 0.00
L 4 1S I—
o ! ! | L L L | L L L | 4 8L L L P S R N
2000 4000 6000 .0 0.2 0.4 0.6 0.8 1.0
Radius (km) Path Fraction

Figure 1.3: Left: Density profile of the PREM model [53] consisting of 44 radial layers; right:
Visualisation of the neutrino path (as a function of path fraction = 5 with x, D being the
path length and the diameter of Earth respectively) corresponding to different zenith
angles of an incoming neutrino. cosf; = 0 (—1) corresponds to horizontal (vertically
up-going) neutrinos.

Ve — Vy oscillation channels

Fig. 1.4 depicts oscillograms for electron neutrinos for the vacuum case (left) and in
presence of standard neutrino-matter interactions (right). The upper, middle and bottom
panels correspond to electron disappearance, muon appearance and tau appearance
channels respectively. The sum of the three channels in each column add up to unity.
Hence, a v, deficit is accompanied by v, and v; excesses with respect to the unitarity
condition in Eq. 24. MSW effects [24] are more prominent for mantle-core crossing
(cosf, < —0.8) neutrinos, since they experience large matter effects while traversing
across the Earth before reaching the detector. In these examples MSW resonance happens
for neutrinos since normal ordering (NO) is assumed.
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14 Chapter 1. Neutrinos in the Standard Model and Beyond

Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

o

" 2 3 4567 10 20 3040 100 " 2 3 4567 10 20 3040 10°
(GeV) E, (GeV)
Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

_ _ _ L
1 2 3 4567 10 20 3040 10° 1 2 3 4567 10 20 3040 10°
(GeV) E, (GeV)
Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

!

ol . . A

1 2 3 4567 10 20 3040 10° 1 2 3 4567 10 20 3040 10°
(GeV) E, (GeV

Figure 1.4: Py, (x = e, p, T) for vacuum assumption (left) and in presence of matter (right) as
a function of neutrino energy E, and cosine of the zenith angle cosf,. The top, middle
and bottom panels correspond to electron disappearance, muon appearance and tau
appearance channels, respectively. Normal Ordering is assumed.
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1.2. Neutrino Mass, Mixing and Oscillations 15

UV, — Vy oscillation channels

Fig. 1.5 depicts oscillograms for electron antineutrinos for the vacuum case (left) and in
presence of standard neutrino-matter interactions (right). In NO, even in the presence
of matter, electron antineutrinos follow almost vacuum oscillations, in which they hardly

mix with other flavours. The situation is exactly reversed for neutrinos and antineutrinos
in IO assumption for dcp = 0.

Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

1 2 3 4567 10 20 3040 102 hE 2
E, (GeV)

3 4567 10 20 3040 10°
E (G
Normal Ordering, Oscillations in vacuum

eV)
Normal Ordering, Oscillations in matter

4 2 3 4567 10 20 3040 102 hE 2
E, (GeV)

3 4567 10 20 3040 10°
E (G
Normal Ordering, Oscillations in vacuum

eV)
Normal Ordering, Oscillations in matter

2 3 4567 10 20 3040 102 hE 2
E, (GeV)

3 4567 10 20 3040 10
E, (GeV)

Figure 1.5: Py, 3, (x = e, p, T) for vacuum assumption (left) and in presence of matter (right) as
a function of neutrino energy E, and cosine of the zenith angle cosf,. The top, middle
and bottom panels correspond to electron disappearance, muon appearance and tau
appearance channels, respectively. Normal Ordering is assumed.
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16 Chapter 1. Neutrinos in the Standard Model and Beyond

vy, — Vy oscillation channels

Fig. 1.6 depicts oscillograms for muon neutrinos for the vacuum case (left) and in
presence of standard neutrino-matter interactions (right). The upper, middle and bottom
panels correspond to electron appearance, muon disappearance and tau appearance
channels.

Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

1.0

. ! . tl 0.0
1 2 3 45?51(1((3) 20 3040 102 1 3 4567 10 20 3040 102

2
eV) E, (GeV)
Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter
1.0

X ] . 0 > 0.0
1 2 3 4567 10 20 3040 10° 1 2 3 4567 10 20 3040 10
E, (GeV) E, (GeV)
Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

0.0 1.0

-0.25] 0.8

0.2

[ a1
1 2 3 45867 10 20 3040 10? 1 2 3 45867 10 20 3040 102
E, (GeV) E, (GeV)

Figure 1.6: Py, v, (x = ¢, p, T) for vacuum assumption (left) and in presence of matter (right) as
a function of neutrino energy E, and cosine of the zenith angle cosf),. The top, middle
and bottom panels correspond to electron appearance, muon disappearance and tau
appearance channels, respectively. Normal Ordering is assumed.
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1.2. Neutrino Mass, Mixing and Oscillations 17

Vy — Vy oscillation channels

Fig. 1.7 depicts oscillograms for muon antineutrinos for the vacuum case (left) and in
presence of standard neutrino-matter interactions (right). In NO, even in the presence of
matter, muon antineutrinos follow almost vacuum oscillations, in which they hardly mix
with other flavours. The situation is exactly reversed for neutrinos and antineutrinos in
10 assumption for écp = 0.

Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

1.0

4 2 3 4567 10 20 3040 100 1 2 3 4567 10 20 3040 107
E, (GeV) E, (GeV)
Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

0.0 1.0

—0.8 0.2
ot \
—1.0 iR 0.0 X -
1 2 3 4567 10 20 3040 10? 1 3 4567 10 20 3040 10°
E, (GeV) E, (GeV)
Normal Ordering, Oscillations in vacuum Normal Ordering, Oscillations in matter

20 3040 10

[ - A9 [
1 2 3 4567 10 20 3040 102 hE 2 3 4567 10
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Figure 1.7: Py, 5, (x = ¢, p, T) for vacuum assumption (left) and in presence of matter (right) as
a function of neutrino energy E, and cosine of the zenith angle cosf,. The top, middle
and bottom panels correspond to electron appearance, muon disappearance and tau
appearance channels, respectively. Normal Ordering is assumed.
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18 Chapter 1. Neutrinos in the Standard Model and Beyond

1.2.5 Current status

As mentioned in Sec. 1.2.2, the standard framework of neutrino oscillations with three
generations is governed by three mixing angles, 015, 13, 023, one Dirac CP phase, écp,
and two mass-squared differences, Am%l, Am%l. The current experimental knowledge of
these parameters is summarised below.

e The analysis of solar data collected by KamLAND [54, 36], Super-K [55] as
well as global analyses of oscillation data [56] have determined the solar mixing
parameters 61, and Am%l with great precision.

e The short baseline reactor experiments, namely, Daya Bay [57], RENO [58], Double
Chooz [59] have recently measured the non zero value of 6;3.

e The atmospheric neutrino experiments, namely, ANTARES [60], Super-K [61],
IceCube-DeepCore [62] as well as long baseline experiments, namely, MINOS [63],
T2K [64], NOvA [65] have measured the atmospheric mixing parameters 6»3
and |Am3,|. However the precise values of 63 and Am3; (along with its sign)
are expected to be probed by ongoing and upcoming experiments, namely,
KM3NeT-ORCA [66], IceCube-PINGU [67], Hyper-Kamiokande [68].

e A recent analysis by T2K [69] excluded large phase space area of possible écp
values. Upcoming experiments like P20 [70], DUNE [71], T2HK [72] will have
unprecedented sensitivity to écp, which causes CP violation in the lepton sector.

The current global best fit values of oscillation parameters are listed in Tab. 1.1 and the
30 ranges of the matrix elements are listed in Eq. 1.30.
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19

| NUFIT 5.0 (2020) |

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bfp 1o 30 range bip £1o 30 range

} sin? 012 0.30473015 0.269 — 0.343 0.30470 013 0.269 — 0.343
E | 612/ 33.447978 31.27 — 35.86 33.457078 31.27 — 35.87
(S}
'g sin? 023 0.57075-018 0.407 — 0.618 0.57575-017 0.411 — 0.621
g | 02/° 49.0%1°] 39.6 — 51.8 49.3%19 39.9 — 52.0
g
= | sin®6i3 0.0222115-:90068  (.02034 — 0.02430 | 0.0224015-99962  (.02053 — 0.02436
R 8.57+013 8.20 — 8.97 8.6170:12 8.24 — 8.98
-
=
£ | bcp/° 195751 107 — 403 286727 192 — 360
E Am3

ﬁ 7421030 6.82 — 8.04 7427530 6.82 — 8.04

2
wﬁ{% +2.514705%8 42431 — 4+2.598 | —2.497709%% 2583 — —2.412
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp £1o 30 range bfp £1o 30 range

sin? 012 0.30475:812 0.269 — 0.343 0.30475:013 0.269 — 0.343
g | 02/ 33.447077 31.27 — 35.86 33.45%0 72 31.27 — 35.87
e}
£ | sin’ 623 0.57310:0%0 0.415 — 0.616 0.57570 515 0.419 — 0.617
(]
% 023/° 49.2799 40.1 — 51.7 49.3199 40.3 — 51.8
O -
% sin 013 0.0221979:50962  (.02032 — 0.02410 | 0.02238T:5095%  0.02052 — 0.02428
x 613/° 8571015 8.20 — 8.93 8.607515 8.24 — 8.96
% Scp/° 197127 120 — 369 282126 193 — 352

Am%l +0.21 +0.21
05 o2 7.42702% 6.82 — 8.04 7.42702 6.82 — 8.04
Amgz +0.026 +0.028
W +2'517—0,028 +2.435 — +2.598 _2'498—04028 —2.581 — —2.414

Table 1.1: Global best fit points (bfp) of oscillation parameters and their allowed ranges. The left
column refers to Am3; > 0 for NO and the right column refers to Am3; < 0 for IO.

Adapted from [73].
[ NUFIT 5.0 (2020) |
0.801 — 0.845  0.513 — 0.579  0.143 — 0.156
[U|y/e8Kaim — 0933 50507 0461 — 0.694  0.631 — 0.778
0.261 = 0.526  0.471 — 0.701  0.611 — 0.761
0.801 — 0.845  0.513 = 0.579  0.143 — 0.155
|U|yith SK-atm _ {9 934 5 0.500 0.471 — 0.689 0.637 — 0.776
0.271 = 0.525 0477 = 0.694  0.613 — 0.756
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1.3 Beyond Standard Oscillations

The study of new physics at a higher energy scale can be approached in a model
independent way through effective field theories (EFTs). The new physics at some high
scale A can be described in a given EFT as

L) 1 "
Lerr = Loy + Z A Lsy + Z ZWCI‘ Oz'( ), (1.31)
n>5 j

n>5 i

where L) is the Lagrangian density of the Standard Model, O; are operators of higher
mass dimension involving the fields that are relevant at the low energy scale and C; are
the so-called Wilson coefficients. The operators for n > 5 are non-renormalizable and the
corresponding terms are suppressed by factors of A~". The operators can be constructed
so as to respect the corresponding symmetries, gauge and Lorentz invariance.

In the case of neutrinos, the interactions to which the new terms give rise have been
dubbed "Generalised Neutrino Interactions” (GNIs) [74]. Historically the first type
of interactions beyond the SM studied were the so-called "Neutrino Non-Standard
Interactions" (NSIs) [75, 76]. NSIs are a subset of GNIs that include only dimension-six,
vector operators which respect the residual SU(3)c x U(1)., symmetry. The relationship
between NSIs and GNIs is studied in [74]. In this work, we limit ourselves to NSIs.

1.3.1 Non-Standard Interactions

Most models explaining mechanisms of neutrino mass generations [43] imply extra
interactions apart from the standard electroweak interactions (Sec. 1.1). Once we invoke
new physics to explain the mass of the neutrinos, it becomes very unnatural to avoid
the extra interactions rooting from neutrino mass as, for instance, in seesaw models [77].
Most Physics models that predict such non-standard neutrino-matter interactions include
radiative neutrino mass models [78], R-parity violating supersymmetric models [79] and
extensions of SM gauge group [74].

Non-Standard Interactions are interactions between neutrinos of all flavours with matter
fermions (e, u and d) that will affect the neutrino oscillation as a sub-leading mechanism
in neutrino flavour transitions. In general, NSIs can alter the oscillation signals via
charged current (CC) interactions and neutral current (NC) interactions. The CC NSIs
would affect the production and detection processes of neutrino states at a neutrino
oscillation experiment. On the other hand, the NC NSIs would affect the neutrino
propagation by coherent forward scattering of neutrinos in Earth matter.

In the low energy regime, the common ansatz to parameterise these additional
interactions of neutrinos is in terms of 6-dimensional operators appearing in an effective
four-fermion Langrangian (Eq. 1.31). The new operators are of the form [75, 76]:

L85 = —2V2Gr Y ers ™ [War Lig) [fAPPF) + hc, (1.32)
P

LNS = —2V2Gr Y ey WapLugl [P PS), (1.33)
Pf

where Gr is the Fermi constant, P = L, R denotes the chiral operators (1 ++°/ 2)
respectively, f is first generation SM fermion (e, u or d-quarks), f’ belongs to the same
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1.3. Beyond Standard Oscillations 21

weak doublet of f, and « and B denote the neutrino flavours: e, i or T. The dimensionless

coefficients elfﬁc PEE and ei\]ﬁC’P’f quantify the strength of NSIs between the neutrinos of

flavour & and B and the matter fermion f € {e, u or d} (for NC NSIs) and f # f' € {u,d}
(for CC NSIs). The Standard Model scenario is recovered in the limit € — 0.

While the former are tightly constrained and totally discernible at near detectors, we
are interested in NC NSIs that alters the propagation of neutrinos while traversing
across large path lengths before being detected. Solar, atmospheric and long baseline
experiments are expected to give better constraints on NSIs in propagation owing to large
matter effects, while non-oscillation experiments are more sensitive to NSIs in production
and/or detection.

The effect of NC interactions with fermions (f) affecting neutrino propagation in matter
(m) is usually referred as €Z1f . Since the potential is sensitive to the vector part of

the interaction (¢/V = e/I' + ¢/R), neutrino propagation in a medium is sensitive to the
combination:

v N Ny
eﬁﬁ = eqp + WZGZX - ﬁeegg. (1.34)

Most bounds from oscillation experiments are presented in terms of effective Lagrangian
coefficients eig for interactions with d-quarks only. For neutral un-polarised Earth
matter, N, ~ N; =~ 3N,. This makes the relation between components of
NSI couplings very straightforward and one can extrapolate bounds on different
components of NSI couplings by a simple normalisation factor calculated from the
ratio of their relative abundance in matter. The non-diagonal terms €,5 with a # B
allow for new sources of flavour violation and represent flavour-changing-neutral-current
(FCNCQ) interactions, while the diagonal terms €., allow for different neutral current
(NC) interaction-amplitudes for different neutrino flavours which imply lepton
non-universality (NU). They are schematically in shown in Fig. 1.8.

e ,u,d e ,u,d

7! Cap

va(Va) VJ(J’K)

Figure 1.8: Feynman diagram representing a neutral current non-standard interaction process.
A neutrino (or antineutrino) of flavour a interacts with a matter fermion (e, u or
d) mediated by a heavy (non-standard) boson Z’. The strength of the interaction is
parameterised by the NSI coupling parameter €.
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22 Chapter 1. Neutrinos in the Standard Model and Beyond

We are going to consider NC NSI with interactions between neutrinos and d-quarks (e
and u-quark couplings set to 0) parameterised simply as €5 (€45 = eifl;f = %’je% ) for

brevity.

1.3.2 Neutrino Flavour Transitions with NSIs

NC NSIs of neutrinos are usually modelled as perturbations in the standard MSW
potential V¢ [24]. The effective Hamiltonian [75, 80] governing the evolution of neutrino
flavour states in matter in the presence of NSI takes the form:

m> 0 0 Ocf + €ee € €
1 1 N:(x ef ee ey et
HI = —Up |0 m2 0| U+ Ve (*) € € €|, (1.35)
2Ey 0 0 mj ] Ne(x) €* €5 €rr
et UT

where, E, is the neutrino energy; U; is the PMNS matrix [81], which describes
the standard neutrino mixing as rotations between the flavour and mass eigenstates
parameterised by unique mixing angles 6;; and mZZJ is the mass-squared value of the
mass eigenstate i. N¢(x) and N,(x) are the fermion and electron number density along
the neutrino path, respectively, and the €,5 (= |ea5|e’¢“ﬁ) represent the strength of NSI
coupling. In case of antineutrinos, we should flip the sign of N,(x) and N (x) for the
charge current matter and neutral current NSI potential respectively. Setting all €,p to
zero, we will fall back to the SM neutrino oscillations with MSW effects.

From the form of the Hamiltonian in Eq. 1.35, one can find some interesting features
concerning the impact of NSI couplings in neutrino propagation:

a) The diagonal elements in the NSI matrix, €,,, could be interpreted as NSI induced
mass-squared differences (mimicking the standard Am%].), which could induce extra
resonances even in the absence of neutrino mass [82, 83].

b) The off-diagonal elements, €,5, could induce flavour transitions and could be
interpreted as mixing angles. Even in the absence of neutrino mixing, the off-diagonal
terms can mimic oscillations [82, 83].

c) The complex phases e'?# on the off-diagonal elements € could be new sources of CP
violation [84].

Inclusion of real NSIs (¢, = 0) implies the introduction of six additional parameters
€ces €ups €11, €eys €er and €7 (if we account for hermicity and unitary constraints [85]),
which will have further degeneracies with oscillation parameters and systematic
uncertainties [86]. In what follows in the thesis, we neglect possible sources of CP
violation from these new interactions and assume all NSI parameters to be real.

In a similar strategy to the SM matter case (Sec. 1.2.3), one can diagonalise the
Hamiltonian Hysj using a modified unitary matrix Uy

=2

3flv 1™ 02 0 Tt

Hyg; :Euik 0 7, 02 kjr (1.36)
volo 0

where 7ii?s are the effective neutrino mass-squared eigenvalues and U is the effective

mixing matrix when MSW and NSIs are taken into consideration.
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After similar algebra, the transition probability can be read off as

e, 127 X AEL
Py, (L, E) = 64 — 4 Y Re[U,; Uy Uy U] sin®(—————)

L j 4E
i (1.37)
o, 127X AL
+2) " Im [y Uy Uy U] simy (T)

j>i

This expression looks very similar to the vacuum counterpart (Eq. 1.19), while replacing
the vacuum masses m? and the leptonic mixing matrix U with effective ones. The
effective masses 72 with NSIs include the interaction terms corresponding to standard
matter effects plus NSIs, and have the following expressions [87]:

i o~ Am3 [V + as?, + Vee (1.38)
ity ~ Am3[acty — Vsis(euy — €xr) — Vsazcas(€ur + €50) + Ve, (1.39)
3 ~ Am3; (1 + Verr + Vs3s(euu — €xe) + Vsazcas(€pr + €] (1.40)

The elements of the effective mixing matrix are given by:

~ X¥812C12
Uep ~ —=—= + C23€ey — 523€ct, (1.41)

s136 7 + V (s23€eu + C23€e7)

U,; ~ _ , 1.42
e3 1_V ( )
Uyp = 23+ 533623V (€r — €p) + 523V (523647 — C%?)e;i’r)/ (1.43)
Cl;t?) =523+ V[C23€y’r + 5236%3 (eyy - eTT) - 5%35'23((':]41' + e:zr)]' (1~44)

Here, s;; = sinbjj, ¢;; = costij, & = Amypy/Ams, V =Vee/ Am%l and ¢ corresponds to the
CP violating phase. The expressions for three-flavours neutrino propagation in matter
including NSIs can be quite complicated. To illustrate the effect of NSIs on the mixing
parameters and mass eigenvalues, it is easier to work in a two flavour neutrino scheme to
avoid complex calculations. An accurate discussion regarding the two flavour neutrino
scheme in presence of NSIs can be found in [88].

In a hand waving way, for a given neutrino energy E,, and the matter density p, the
impact of propagation NSIs in neutrino oscillation is determined by the magnitude of
the dimensionless quantity:

2.4 x 10 3eV?2

2
Ami].

E,

770(,8 = eaﬁV ~0.1x eaﬁ GeV

i ] . (1.45)

gem—3

The larger the value of 7,5, the larger the impact of NSI in propagation. Usually, NSI
effects are more pronounced at high energies, at which the oscillation signal is mostly
phased out. The presence of NSI will manifest at detectors as a distortion in the oscillation
signal expected with respect to SM 3-flavour oscillation predictions. The observation
of such phenomenon would be considered as an evidence for NSI and a signal of new
physics. In the next section, we will quantify the distortions in the oscillation signal
predicted in presence of NSIs.
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1.3.3 NSIs at Atmospheric Neutrino Experiments

For atmospheric neutrinos, the effect of NSIs can be estimated by studying the muon
neutrino and antineutrino survival probabilities for different zenith angles, cosf,. In
atmospheric neutrino experiments, where the atmospheric neutrino flux is dominated
by v, in the GeV energy range, NSI in the y — T sector can be discerned by probing the
deficit of v, events, which primarily transform into v, governed by a large mixing angle
63 and by the NSI coupling parameter €.

The analysis of atmospheric neutrinos is usually done in a two-flavour neutrino scheme,
considering lepton non-universal v, + f — v, + f and v¢ + f — v + f and flavour
changing v, + f — v¢ + f processes, such that all the NSI electron couplings €., terms are
set to zero. In such an approximation (Am3; = Am? and 6y = 0, Am3, = 653 = 63 = 0),
the 2 x2 Hamiltonian matrix

0 0
0 Am?

A _ 1 a

NSI_E

~ Nd 1) d €
U+ Vee=2 | ¢ Hr , 1.46
cCy, [ eur (€xe— € (1.46)

can be diagonalised with an effective mixing angle given by [75, 76, 89]

~ 1
sin20 = 2 [sin®0 + 2Rosin20sin2f + R3sin®27], (1.47)
where
R = \/[1+ R3 + 2Ro(c0s20c0s2{ + sin20sin2g)]. (1.48)

The NSI couplings are contained in the auxiliary parameters:

Ro = V2GeN,~E e + &2 (1.49)
0~ N 4 ’
1
(= Earctang. (1.50)

The muon survival probability, assuming constant matter density and that neutrinos only
interact with d-quarks, reads

o [ameL
Py, = 1 — sin®2fsin’ [TEg] : (1.51)

The oscillation signature in the muon disappearance channel, predicted in presence of
v, — v NSIs, parameterised by non-zero €, (€, = €:r = 0), at a fixed zenith angle
corresponding to up-going neutrinos (i.e., cosf, = —1.0) is shown in Fig. 1.9.
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Figure1.9:v, — v, (top) and v, — v, (bottom) survival probabilities for fixed baseline
cosf, = —1, corresponding to vertically up-going neutrinos. The red line shows
the global best-fit oscillations [90], while the blue line corresponds to €, = 0.01 NSI,
both assuming NO (solid) and IO (dashed) hypothesis.

Besides the dominant Vy = vy oscillation channel, one can also consider the v, — vy, case
in the presence of NSIs in the e — T sector, meaning non-zero €, €, and €;;. Similarly,
the oscillation signature in the muon appearance channel, predicted in presence of e — T
NSIs, parameterised by non-zero €. (€. = €r¢ = 0), at a fixed zenith angle corresponding
to up-going neutrinos (i.e., cosf, = —1.0) is shown in Fig. 1.10.
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Figure 1.10: vo — vy (top) and v, — v, (bottom) transition probabilities for fixed baseline
cosf, = —1, corresponding to vertically up-going neutrinos. The red line shows
the global best-fit oscillations [90], while the blue line corresponds to €, = 0.1 NSI,
both assuming NO (solid) and IO (dashed) hypothesis.

In both muon appearance and disappearance channels, the impact of NSIs can be clearly
seen from the difference between the red and the blue curves for a definite mass ordering
assumption. For écp = 0, the behavior of neutrinos in NO (IO) is exactly degenerate with
antineutrinos in IO (NO). For an assumed mass ordering hypothesis, although the NSI
effects are anti-symmetric for neutrinos and antineutrinos, they are not exactly opposite,
thereby leading to albeit small yet appreciable signal at charge blind iso-scalar detectors

like ANTARES and KM3NeT.
1.3.4 Oscillograms in presence of NSIs

In this section, we will use oscillograms of neutrino propagating through Earth to
study the effects of presence of non-standard neutrino-matter interactions on oscillation
channels at atmospheric neutrino experiments.
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Ve — Uy oscillation channels

Fig. 1.11 depicts oscillograms for electron neutrinos for the SM case (left) and for
NSI (right), parameterised by €., = 0.5, an arbitrary value chosen within current
experimental limits (Sec. 1.3.5). Non-zero €., induces v, — v; flavour transitions apart
from the standard v, — v oscillations (bottom left), thereby, leading to a deficit of events
in the electron disappearance channel (top right) from SM predictions. These missing
events in the electron disappearance channel shows up as flavour transmuted events
in tau appearance channel (bottom right), which will further decay to v, (BR ~ 17%)
leading to an excess of events in the muon appearance channel (middle right) from SM
estimations. The sum of the three panels in each column adds up to unity.

NSI parameters €, and €., appear in leading order in the probability expression of the v,
oscillation channels. Hence the impact of €., and €., would be more prominent compared
to €, appearing in sub-leading terms. The effect of NSIs is more prominent at higher
energies, since oscillation effects are phased out at those energies.
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Figure 1.11: P,y (x = e, u, T) for SM case (left) and when NSI is considered (right), assuming
€.r = 0.5, as a function of neutrino energy E, and cosine of the zenith angle cosf,.
NO is assumed.
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UV, — Vy oscillation channels

Fig. 1.12 depicts oscillograms for electron antineutrinos for the SM case (left) and for
NSI (right), parameterised by €, = 0.5. Since we are assuming NO, MSW resonance
happens for neutrinos. However, non-zero €. induces v, — v, flavour transitions,
thereby, leading to a deficit of events in the electron disappearance channel (top right)
from SM predictions. These missing events in the electron disappearance channel shows
up as flavour transmuted events in tau appearance (bottom right) and muon appearance
(middle right) channels.

Normal Ordering, Oscillations in matter Normal Ordering, Oscillations with NSI
0.0 1.0
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T —

. X —1,0 . 0.0
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e
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Figure 1.12: Py, _,y (x = e, y, T) for SM case (left) and when NSI is considered (right), assuming
€.r = 0.5, as a function of neutrino energy E, and cosine of the zenith angle cosf,.
NO is assumed.
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vy — Vy oscillation channels

Fig. 1.13 depicts oscillograms for muon neutrinos for the SM case (left) and for NSI (right),
parameterised by €, = 0.05. Non-zero €,; induces v, — v flavour transitions apart
from the standard v, — v oscillations (bottom left), thereby, leading to a deficit of events
in the muon disappearance channel (middle right) from SM predictions. These missing
events in the muon disappearance channel shows up as flavour transmuted events in tau
appearance channel (bottom right). The electron appearance channel (top right) follows
almost like the standard matter oscillations.

Three NSI parameters: €,:, €,, and €, appear in leading order in the probability
expression of the v, — v, disappearance and v, — v; appearance channels. However,
€er and €, play a sub-dominant role in this channel.
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Figure 1.13: Py, s, (x = ¢, p, T) for SM case (left) and when NSIs are considered (right), assuming

eur = 0.05, as a function of neutrino energy E, and cosine of the zenith angle cos0..
NO is assumed.
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Vy — Vy oscillation channels

Fig. 1.14 depicts oscillograms for muon antineutrinos for the SM case (left) and for NSI
(right), parameterised by €, = 0.05. MSW resonance does not happen since NO is
assumed. However, non-zero €, induces flavour transitions in v, — V; channel, thereby
affecting the v, — v, channel. The effect is opposite for neutrinos and antineutrinos. This
is because there is a degeneracy between the sign of €, and the ordering, which in turn
is equivalent to switching between neutrinos and antineutrinos assuming écp = 0.
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Figure 1.14: Py, (x = ¢, p, T) for SM case (left) and when NSIs are considered (right), assuming
€ur = 0.05, as a function of neutrino energy E, and cosine of the zenith angle cosf,.
NO is assumed.
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1.3.5 Current limits on NSIs

Currently, almost all the neutrino oscillation data are consistent with the standard
three-flavour scheme of massive and mixed neutrinos. Thus, if NSIs exist, they will
manifest as a subdominant effect in oscillation data. NSIs in propagation has been
constrained by the oscillation data collected by solar [91], atmospheric [92, 93] and
accelerator neutrino experiments [94] or by a combination of all [95, 96, 97]. Reactor
or short baseline experiments are not relevant in constraining NSIs in propagation due
to negligible matter effects, but they can constrain detection NSIs. Here we review
the current bounds on NSIs in propagation for interaction of neutrinos with d-quarks
(notation used in this thesis) from different experiments.

The Super-K collaboration analysed their atmospheric neutrino data collected during its
first and second phase and obtained constraints on NSIs in the y — T sector assuming
NSIs with d-quarks. The bounds are [92]

leue] < 0.011 and ey — €re| < 0.049 (at90%C.L). (1.52)

The IceCube collaboration also analysed three years of atmospheric muon neutrino
disappearance data collected with DeepCore and placed the following limits [93]:

—67x107% < €ur <81x107% (at90%C.L). (1.53)

The bounds obtained by the MINOS collaboration, translated to NSIs d-quark couplings
are [94]

—0.067 < €4r < 0.023  (at90%C.L). (1.54)

Bounds on NSIs obtained from the analysis of global oscillation data can be found in [97].
In Tab. 1.2, the bounds on NSIs in propagation are collected.
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NSI Couplings Bounds Reference Experiment
Flavour diagonal (FD)

€ee — €y (—0.027,0.474) [98] -

€1t — €up (—0.005,0.095) [98] -

€1t — €up (—0.036,0.031) [99] -

€1t — €y (—0.049,0.049) [92] Super-K
Flavour changing (FC)

€epl (—0.061,0.049) [98] -

€er (—0.247,0.119) [98] -

€er (for €, = —0.5) (—0.05,0.05) [92] Super-K
€er (for €, = 0.5) (—0.019,0.013) [92] Super-K
€nt (—0.01,0.01) [98] -

€ut (—0.0061,0.0056) [99] -
€nt (—0.006,0.0054) [100] -

€t (—0.011,0.011) [92] Super-K
€nt (—0.0067,0.0081) [93] IceCube
€t (—0.067,0.023) [94] MINOS

Table 1.2: Constraints on the propagation NSIs at 90% C.L. for the interaction of neutrinos with
d-quarks. Only one NSI parameter is considered at a time.

In the study presented in subsequent chapters of this thesis, we calculate new constraints
on the NSI model parameters with atmospheric muon neutrino data collected by the
ANTARES undersea neutrino telescope and estimate the sensitivity of its successor
experiment, KM3NeT-ORCA.
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This chapter discusses how neutrinos are produced in the atmosphere, their interactions
in sea water and finally their detection at Cherenkov neutrino telescopes. It also provides
an overview of the two operational neutrino observatories in the Northern Hemisphere,
namely, ANTARES and its sibling KM3NeT. The origin of atmospheric neutrinos is
briefed in Sec. 2.1, their interaction with matter is explained in Sec. 2.2, the basics of
their detection principle at neutrino telescopes is discussed in Sec. 2.3, followed by a
description of the detectors in Sec. 2.4.

This Chapter is completed with the description of a method to obtain time calibration
constants with atmospheric muons in KM3NeT, reported in Sec. 2.5.

2.1 Atmospheric Neutrinos

The upper atmosphere of the Earth is being ubiquitously impinged by cosmic rays almost
isotropically. Primary cosmic ray particles (mostly protons, p,) collide with the nuclei (N)
in the atmosphere, the interactions of which produce charged mesons:
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p+N — X+r5, K*. 2.1)

The decay of these secondary particles to muon and muon neutrinos form a copious
source of the conventional atmospheric neutrino flux [101]:

T U Ty e + Ve + vy + T, (BR: 99.9%)
K™= 40— e +Ve+v,+ 7y, (BR: 63.6%)
40 (BR: 20.7%)
4+t (BR: 5.6%)

— ' +e +7, (BR: 5.1%)
-0 +7, (BR: 3.4%)
| (BR: 1.8%)
(2.2)

The muon decays are the main sources for v, (7, ) production below 1 GeV. However, with
increasing energy, the ratio of (v, +7,) to (v, + ;) decreases due to time dilation of high
energetic muons.

From (2.2), it can be seen that the v, : v, fraction is roughly 1 : 2, the v, : v, ratio is
proportional to the p~ : u™ ratio and the ratio of v, to 7, is proportional to ™ : u~.
The atmospheric neutrino flux follows a power-law energy spectrum E~7 with a spectral
index (7y) close to 3 in the few GeV range. Fig. 2.1 (left) shows the direction averaged
energy spectra of atmospheric neutrino fluxes for each flavour. As expected, v, (7))
have a harder energy spectra compared to v.(v,). The flux of antineutrinos is lower
than neutrinos, especially for muon antineutrinos. The atmospheric flux that reaches
the detectors are different due to oscillation effects. This makes the neutrino flux at
the detectors highly zenith dependent. Fig. 2.1 (right) shows the total v, (and v,) to v,
(and v,) ratio based on different neutrino energies and zenith angles. The ratios change
drastically with neutrino energy and zenith angle due to neutrino oscillations.
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Figure 2.1: Left: direction-averaged energy spectra of atmospheric neutrino flux for {ve, Ve, vy, V}
for different models. Right: isocontour curves of flux ratio (v, 4+ Vy)/(ve + Ve).
From [102].
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Note that no v (V) are produced in cosmic ray interactions. However, they are produced
from transitions of muon and electron flavours driven by P, and Py, , respectively.

For the work in this thesis, the atmospheric neutrino flux model developed by the HKKM
group [103] has been used. It is further illustrated in Sec. 3.3.1. The uncertainty on
the ratio of v, to v,, the modification of the ratio v/v (applied on both v, and v,), the
uncertainty on the ratio of up-going to horizontal neutrinos, and the error on the spectral
index (A7) are adopted from [104] and treated as systematic uncertainties in our study
(Sec. 4.3.3).

2.2 Neutrino Interactions

Neutrinos interact weakly via charged-current (CC, exchange of W¥) or neutral-current
(NC, exchange of Z°) processes. While CC interactions produce a hadronic shower and a
lepton, NC interactions of all flavours induce a hadronic shower and a scattered neutrino.
Fig. 2.2 depicts the four distinct neutrino interaction channels.

y y o«
N AN &

~ ~~électromagnetic

hadronic
shower W shower
— - -
i e — —
o T \ T T
N hadronic N hadronic N hadronic N hadronic
shower shower shower shower

(a) (b) (c)

Figure 2.2: Neutrino interaction channels, mediated by 7% and W=, relevant for neutrino
telescopes. (a) NC interaction of all neutrino flavours resulting in a hadronic shower
and a scattered neutrino. (b) CC interaction of v,, which produces an electromagnetic
shower and a hadronic shower. (c) CC interaction of v, producing a ™~ and a hadronic
shower. (d) CC interaction of v; resulting in two hadronic showers (see text). The N
particle represents any nucleon present in the detector medium. From [105].

NC interactions (Fig. 2.2 (a)) result in the neutrino scattering from a nucleon without
a flavor change. The outgoing neutrino, which is accompanied by a visible hadronic
cascade, remains unobserved in the detector. The NC interactions can be expressed as

viv)+N—=vy@)+X (I=enur1). (2.3)

In CC interactions (Fig. 2.2 (b — d)), the outgoing charged leptons will have the flavour
matching of the flavour of parent neutrinos, due to flavor conservation. Thus, a v, (v))
yields a = (), a v, (v,) yields a e~ (e*) and a v¢ (V;) yields a 7~ (t7). The CC
interactions can be expressed as

(@) +N =+ X (I=eu1), (2.4)
where [ denotes the initial neutrino flavor and N represents any arbitrary nucleon. This

produces a charged lepton of the associated neutrino flavor and a hadronic cascade (X)
localized at the interaction vertex.
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2.2.1 Neutrino - fermion scattering

We first discuss the scattering of neutrinos off fermions, i.e. leptons or quarks [106,
107], which depend on the spin configurations of the initial states. While the CC
interaction is maximally parity-violating choosing only left-handed! neutrinos and
right-handed antineutinos, in case of NC interactions, a left-handed neutrino can scatter
off a right-handed fermion.

In the following, it is assumed that the four momentum transfer Q? is small compared to
the mediating boson mass, i.e. Q* < Méo,wi, and that the centre-of-mass energy /s is
larger compared to the lepton mass, i.e. s > mj%

Neutrino — fermion CC interaction

The process in which a neutrino v; scatters off a free fermion f to produce a lepton I and
a different fermion f’ is

v+ f—=Il+f (1#f). (2.5)
The differential and total cross-section for such a process is given by [108]:
docc(vf)  Gis _ Gfs
a0 - 47_(2/ UCC(Vf) - 7/ (26)

where the Gr (= 1.13 x 107>GeV?) is the Fermi constant. The cross-section linearly
increases with s = 2m(ms + E, ).

Antineutrino — fermion CC interaction

A similar process but with antineutrino in the initial state is

v+ fol+f (1#f). (2.7)

The differential and total cross-section for such a process is given by [106]

dﬁcc(Vf) . GIZ:S
aQ 1672

2
Ges

(1—cosf)?, (1-y)? occ(vf) = 3 (28

dy T

where 6 is the neutrino-lepton scattering angle in the centre-of-mass frame, y is the
fraction of the neutrino energy transferred to the target system, referred as inelasticity
or Bjorken-y:
E, — Ey
y=—F
v
The cross-section for antineutrinos turns out to be three times lower than for neutrinos,
i.e. occ(vf)/occ(Vf) ~ 3. This suppression stems from helicity constraints [109].

(2.9)

1For (Dirac) neutrinos the intrinsic spin is always opposite to the linear momentum which is referred
to as "left-handed", whereas the antineutrinos are always "right-handed". "Right-handed" neutrinos and
"left-handed" antineutrinos do not exist within the Standard Model.
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(Anti)neutrino — fermion NC interaction

The NC interaction can couple to both, left-handed and right-handed components of the
fermion f:

viv) +f—=v@)+f 1#£f). (2.10)

The differential and total cross-section for such a process is given by [107]

donc(vf)  Gis, , 2 2 donc(Vf) _ Gis
iy (g1 + (1 —y)°grl, iy

g7 (1—y)*+grl,  (211)

where g1, and gr are the left-handed and right-handed couplings of the fermion, whose
values are listed in Tab. 2.1.

70 coupling SL SR
T
Ve, Vy, Vr 3 0
e, U, T —J+sin’6y | sin® Oy
u,c, t % — % sin? Oy —% sin? Oy

Table 2.1: Weak neutral current couplings g1 and gr. The value of the weak mixing angle 6y is
~ 29° [106].

The total cross-section for scattering of a muon neutrino off an electron is:

, _ G3s /1 ., 4 4
Utot(v,, +e =y te ) =0Nnc = — (Z —sin” Oy + 3 sin GW), (2.12)
while for scattering of an electron neutrino off an electron, the total cross-section is
composed of CC as well as NC contributions:

G2s 4
Ouot(ve + €~ = ve+e7) = oce +one = o (1 — 2sin’ by +  sin’ ew). (2.13)

2.2.2 Neutrino — nucleon scattering

In the relevant energy range for ORCA, the neutrino cross-section is dominated by the
scattering of neutrinos off nucleons. For neutrino energies of O(GeV), there are three
main processes that contribute to the total cross section. The four-momentum transfer Q?
decides the type of interaction. For higher Q?, the interaction becomes more and more
inelastic.

e Elastic and quasi-elastic scattering (QE): At low Q?, the neutrino scatters off an
entire nucleon. In the case of a charged (neutral) current interaction this is called
quasi-elastic (elastic) scattering. QE scattering dominates at energies < 1 GeV.

¢ Resonance Production (RES): For higher energies, the neutrino can also excite the
nucleon, which then decays, in a resonance production process. The resonance
productions then decay to nucleons along with single or multiple pions, kaons
and/or radiative photons. The RES production plays a dominant role in the energy
range [1 — 4] GeV.

e Deep inelastic scattering (DIS): With even higher Q?, the neutrino can resolve the
internal structure of the nucleon and scatter directly off the quark constituents. This
splits up the nucleon leading to a jet of hadrons. This is the main component in the
vz-nucleon scattering and dominant for energies >~ 4 GeV. For details, see [107].
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Existing measurements of total neutrino and antineutino cross-sections are shown
in Fig. 2.3.

§1.4:— 3 04
~ C o
2 < 0.35F
E12f g
S g 03
=lF 20.25F
8 E
g::s: W o.2F
- c o
2 F 20.15F
§°.4:_ § 01;_
So.2f $0.05F
C o -

> 0 1> 0- Pl

107 1 10 10?
E, (GeV) E, (GeV)

Figure 2.3: Muon neutrino (left) and antineutrino (right) CC cross section measurements and
predictions from the NUANCE generator [110] as a function of neutrino energy. The
contributing processes in this energy region include quasi-elastic (QE) scattering,
resonance production (RES) and deep inelastic scattering (DIS). The error bars
(typically 10 — 40%, depending on the channel) reflect the uncertainties on these cross
sections. Mind the scale on Y —axis. From [111].

Note that each of the above mentioned processes have both CC and NC counterparts, the
NC interaction cross-section being ~ 3 times smaller than the associated CC interaction
cross-sections. Additionally, the cross-section for neutrinos is about a factor of 2 higher
than those for antineutinos.

The resulting cross-sections for all flavours used in the simulation (Sec. 3.3.3) are shown
in Fig. 2.4. The v interaction cross-section is reduced with a threshold of ~ 3.5 GeV, due
to the large T mass. The severely suppressed v, CC cross-section is discussed in [112].
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Figure 2.4: Total neutrino-nucleon interaction cross-section divided by energy for several
interaction channels, as indicated in the labels. Adapted from [111].

2.3 Neutrino Detection

Even though neutrinos cannot be directly detected, the secondary charged particles
produced in neutrino—nucleon interactions in sea water can be observed. The light from
Cherenov radiation produced along the trajectory of the relativisitic charged particles can
be detected by photo-multiplier tubes (PMTs) instrumented within the detector volume.
The charge, time and space information of the digitised signals recorded in the PMTs
(hits), can be used to infer the direction and energy of the parent neutrino.

2.3.1 Cherenkov Radiation

Charged particles travelling in a dielectric medium at a velocity greater than the phase
velocity of light in that medium emit radiation akin to the sonic blast of an aircraft
travelling at supersonic speeds. This phenomenon is called the Cherenkov effect and
the radiation thus emitted is called Cherenkov light [113].
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= // Cherenkov light front

i charged particle

Figure 2.5: A schematic of the Cherenkov effect showing a traversing particle with velocity greater
than the phase velocity of light in the medium, emitting radiations in concentric circles
which overlap and interfere constructively to produce coherent radiation in a cone.
The distance travelled by light is -t while the particle travels a distance of Bct in the
same time f. From [114].

Cherenkov light is emitted in a cone around the direction of the particle with a
characteristic opening angle 0.. The emitting particle lies at the vertex of the cone. The
emitted radiation at each point overlaps and interferes constructively at the edges of the
cone (Fig. 2.5). 0, is related to the speed of the particle (8 = ) and the refractive index n
of the medium by the following formula:

cosf, = ,Bln (2.14)

Assuming B ~ 1 for a highly relativistic particle, the Cherenkov angle becomes
independent of the particle’s energy. For sea water, n ~ 1.35, and hence, 0. ~ 42°.

Most of the observed Cherenkov radiation falls in the ultraviolet region and the blue
band of the visible spectrum due to the dispersion properties of water. The number of
photons N emitted within a wavelength interval dA by a charged particle with charge ze
per path length dx is given by

2N 27 1
dxdd — A2 <1 B [52712) ’ @15)

where A is the Cherenkov photon’s wavelength and a(~ %) is the fine-structure
constant. For the wavelength range of 300 — 600 nm, which is the relevant one to
water-based neutrino telescopes, the above equation provides an estimate of the number
of Cherenkov photons to be expected per track length:
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dN

T = 340 cm 1, (2.16)
The Cherenkov threshold for a particle with rest mass mj is given by:
S L — (2.17)

T V1-1/n?

This translates into a kinetic energy (T, = E. — moc?) of Te(e) ~ 0.25 MeV for electrons
and T,(u) ~ 53 MeV for muons in sea water.

2.3.2 Particle Propagation

While the Cherenkov effect is the main physical process exploited by neutrino telescopes
for detection of muons, it is not the major source of energy loss for muons travelling
in an optical medium. Energy loss for muons in water mainly happens via ionization
(dominantat E, <1TeV), e*e™ pair production (dominant at E,, > 1 TeV), bremsstrahlung
and nuclear interactions. The total contribution can be parameterised as

dE,

—W:‘H‘b‘Ew (2.18)
where the ionization and stochastic loss terms (a and b, respectively) are assumed
independent of the muon energy. The typical values in water are: a = 0.274 GeV m™!
and b = 3.492 x 10~ 2m~! [115, 116].

The signature of few-GeV muons in sea water is a single uniform track, the range, R, of
which can be derived from

1 b-E
R—b-1n<1+ - ) (2.19)

The length of the track is ~ 4 m per GeV. Eventually, the muon decays (Tﬁ'ESt ~ 2.2 us)
into two neutrinos and an electron, which initiates an electromagnetic shower.

Electrons lose energy mainly via bremsstrahlung and ionisation. The radiated photon
in turn undergoes pair production or Compton scattering off electrons. This results
in a cascading of electrons and positrons producing photons and vice versa, called
electromagnetic shower (EM). Compared to clean muon tracks, showers appear as
point-like burst of light sources in the detector localised within a distance below the
Moliere radius [117], which is less than 10 cm in sea water. The mean length and the
total Cherenkov light yield are proportional to the initial shower energy, allowing for a
calorimetric energy measurement. The signature of a hadronic shower is similar to that
of EM showers in the detector to a first approximation, apart from the fact that they
are induced by hadronic interactions rather than EM interactions. The characteristic
evolution of hadronic showers and the corresponding Cherenkov light emission in water
and ice is discussed in [118, 119, 120].

2.3.3 Light Detection

The number, arrival time and arrival direction of the Cherenkov photons are largely
affected by the light attenuation processes, namely, absorption and scattering. While
absorption reduces the photon content, scattering reduces the information content about
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the arrival times and directions. In particular, scattering limits the angular resolution,
since the scattered particles do not point back to their parent particle. The limitations
set by this attenuation on the effective path length of Cherenkov photons determine the
layout of detector elements in a typical under water/ice neutrino telescope.

The parameter governing absorption is the absorption length A, which is
wavelength-dependent. The corresponding parameter for scattering is the mean
scattering length A;. These parameters correspond to the path length x travelled by light
of wavelength A, at which its photon survival probability (intensity) Iy is reduced by a
factor of 1/e:

I(x) = Iy - e, (2.20)

In addition to the scattering length, scattering processes are characterised by the
distribution of the scattering angle 5(6;), also called the phase function which determines
the effective scattering length:

AT = Ao /11 = (cos 6,)], (2.21)

where (cosf;) is the average cosine of the scattering angle. For seawater and a
wavelength of ~ 470 nm, the measured values of these parameters are : A, ~ 60 m [121,

122] and 1Y = 265 m [122].
The arrival time of Cherenkov photons depends on the group velocity v, of the medium:
n

Adn 7
1+ 45

v =c/ng, with ng = (2.22)

where 1, is the group refractive index of the medium. For a photon wavelength of ~ 470
nm, the refractive indices for sea water are n ~ 3.5 and ng ~ 1.4 [123].

The Cherenkov photons reaching the detector are detected using photo-multiplier tubes
(PMTs), which are housed along with associated readout electronics within a spherical
glass called Digital Optical Modules (DOMs). The glass sphere shields the PMTs from
environmental nuances while being totally transparent to Cherenkov photons in the
relevant energy range. Photons incident on the PMT photocathode area are converted
into electrons (via photoelectric effect) with some efficiency (quantum efficiency, QE) and
amplified. The information of the electrical charge and the timestamp of the photon
striking on a PMT with a particular position and orientation is called a hit.

2.3.4 Background

Neutrino physics is a study of low statistics with abundant background. Neutrino
telescopes have mainly two categories of background: optical noise encountered in the
deep-sea environment, and a physical background of cosmic ray induced particles.

Optical noise

Sea water contains a trace amount of some radioactive isotopes, including “°K which
corresponds to 0.012% of potassium in Nature. The dominant decay channels of 4K
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nuclei are:
B~ decay : K — ¥Ca+e” +7, (BR: 89.3%)
Electron Capture : VK47 = VAr+ 9+, (BR: 10.7%)
(2.23)

The resulting electron, emitted in a B~ decay, has a maximal energy of 1.3 MeV, which
is sufficient to generate Cherenkov light. The emitted photon from the excited state of
40 Ar produced via electron capture of “°K has an energy of 1.46 MeV, which can generate
Compton electrons capable of emitting Cherenkov light.

On the other hand, bacteria and other sea microorganisms can create bioluminescence.
Bioluminescent light is spread out over a large band of wavelengths. One is a baseline
noise resulting from a continuum of hits (60 — 120 kHz) throughout the detector; the other
is manifested as short bursts of a few seconds on top of the baseline noise taking the hit
count to over a MHz for those time periods. Seasonal variation of the bioluminescence
baseline rate, due to changing sea currents and vertical convection of heat at the detector
depths. Random optical noise accounts for single noise per PMT (about 10 kHz in
ANTARES [124]), which is vetoed with proper trigger algorithms.
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Figure 2.6: Left: live monitoring of the baseline rate of bioluminescence at the ANTARES site.
Right: fraction of bursts at the ANTARES site. Snapshot from the live monitoring
channel.

Physical background

Cosmic ray protons impinging on the upper Earth’s atmosphere with sufficient energies
produce extensive air showers in the atmosphere, consisting of charged pions and kaons
among other particles, both of which decay to contribute to the muon and neutrino flux
on the Earth’s surface (Sec. 2.1). Neutrino detectors are usually placed at great depths,
shielded by water, rock or ice, to reduce this background of atmospheric muon bundles
arriving at the detector from above.

The muon flux is several orders of magnitude higher than the flux of muon neutrino
induced muons (Fig. 2.7). To chop off atmospheric muons from above, analyses usually
select a rejection criterion based on the zenith angle. However, there can be atmospheric
events near the horizon, which are truly downgoing but reconstructed as up-going
and hence can mimic neutrino-induced signal events. Precise track reconstruction
algorithms, event containment conditions and multivariate classifiers are used to curtail
the atmospheric muon background from signal neutrino events.
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Figure 2.7: Flux of atmospheric muons and atmospheric neutrinos at two depths (1680 and 3880
m water equivalent) for two different muon energy thresholds (100 GeV and 1 TeV) as
a function of the cosine of the zenith angle. From [125].

2.4 Neutrino Telescopes

The term neutrino telescope refers to an array of optical devices arranged in a definite
geometry within a large volume of natural (and transparent) medium with the objective
of detecting Cherenkov radiation from neutrino interactions [126]. The directional
sensitivity is the reason to call them telescopes.

The first attempt to realise this idea was achieved in the DUMAND project [127] set
up in Hawaii, which unfortunately failed due to technological problems. However, it
was followed by the Baikal detector [128] in the water of Lake Baikal, the AMANDA
detector [129] in the glacial ice at the South Pole and the ANTARES detector [130] in
the abyss of the Mediterranean Sea. Based on the success of some prototype projects,
the larger IceCube detector [131] was built at the South Pole. KM3NeT [66] is being
built in the Mediterranean Sea and Baikal GVD [132] is under construction in Lake
Baikal. In the following, the undersea running telescope in the Northern hemisphere,
i.e. the ANTARES detector, and its successor next generation flagship experiment, i.e.
the KM3NeT detector, will be described in more detail.

24.1 ANTARES

ANTARES (acronym for Astronomy with a Neutrino Telescope and Abyss environmental
RESearch) [130] is an under-water neutrino telescope located 40 km offshore from
Toulon, France at (42° 48’ N, 6° 10’ E), anchored about 2475 m below the surface of the

46 of 299



2.4. Neutrino Telescopes 47

Mediterranean Sea. The first line was deployed in March 2006 and the detector was
completed in May 2008.

Detector layout

Fig. 2.9 shows a schematic view of the ANTARES detector. ANTARES consists of 12
vertical detection lines, instrumented in an octagonal configuration with a (horizontal)
separation of 60-75 m. The lines are anchored to the sea floor by means of a titanium
structure (Bottom String Socket) acting as a dead weight and buoy on its top to stay
vertical (optical modules have also their own buyoncy). Each line holds 25 storeys (apart
from line 12 with 20 storeys) starting 100 m above the sea floor with a (vertical) separation
of 145 m amSounting to a total height of 450 m. The instrumented volume of ANTARES
is ~ 0.01 km”.

o | @ Storey

Storey
(acoustical)

(optical)
4 i

0000000000000000000000000
0000000000000000000000000

_Cable to shore

\
Anchor

~180m

Figure 2.8: Schematic diagram of the ANTARES detector. Photos of two storeys holding optical
and acoustic equipment are shown. From [130].

Optical Module

A storey is a titanium structure that hosts the Local Control Module (LCM), i.e. a titanium
cylinder containing three optical modules (OMs), associated electronics and an ethernet
switch. The OMs are 17-inch diameter (pressure resistant) glass spheres housing 10-inch
Hamamatsu PMTs [133]. A total number of 885 OMs are placed in triplets around the
LCMs with an equal spacing of 120° and facing downwards at an angle of 45° from the
vertical.

The glass sphere is optically coupled to the PMT by means of an optical gel of refractive
index 1.4. A hemispherical p—metal magnetic cage surrounds the bulb of the PMT in
order to shield it from the effects of the Earth’s magnetic field. The PMTs are sensitive to
photons with wavelengths between 300-600 nm, with a transit time spread (TTS) ~ 3 ns
(FWHM) and a quantum efficiency of ~ 25% for a wavelength of 400 nm.

A String Control Module (SCM) placed at the bottom of each line contains the electronics
for the data transfer between the string and the Junction Box (JB). The ]B is linked to the
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Figure 2.9: Schematic view of an ANTARES optical module. From [130].

shore station via a 42 km long and 58 mm diameter Main ElectroOptical Cable (MEOC),
which is responsible for powering the detector, transfer of data, synchronisation of the
clock signals and commands between shore station and the detector.

Data acquisition and trigger

The analogue signals registered by the PMTs is transformed into a readable format
for the purpose of physics analyses. This is achieved through a chain of steps
handled by the Data AcQuisition system (DAQ) [134]. The DAQ framework follows
an “all-data-to-shore” strategy, which entail all the information recorded by the PMTs
being transported to shore where it is digitised, filtered and stored. The DAQ begins
with the digitalisation of the hits by means of two Analogue Ring Sampler (ARS) chips
located in the LCM of each OM. A threshold of 0.3 p.e. (LO threshold) is applied on the
integrated charge in order to reduce the dark current noise of the PMTs. A local clock
and two time-to-voltage converters (TVCs) in each LCM are used to timestamp every hit
above threshold. The ARS chips work in a token-ring configuration in order to reduce the
impact of the dead time of 200 ns which follows the integration time. The signal collected
by the LCMs is transferred to the JB and then sent to the shore station using a Dense
Wavelength Division Multiplexing (DWDM). The optical background determines a data
output rate of the detector around 1 GB/s. A data filtering process is performed by the
Data Filter programs which applies various algorithms (triggers) [135] based on different
physics interests. A list of the most relevant triggers is tabulated in Tab. 2.2.

48 of 299



2.4. Neutrino Telescopes 49

Trigger | Description

LO The level-zero filter (LO) referring to the threshold for the analogue pulses
(0.3 p.e.) which is applied off shore.

L1 The level-one filter (L1) refers to a coincidence of two (or more) LO hits in
the same storey within a 20 ns time window.

3N 5 L1 hits within 20 ns.

T3 2 L1 hits within 100 ns in adjacent storeys or within 200 ns in
next-to-adjacent storeys.

TQ 2L.1 + 4 L0 hits within 20 ns.

Table 2.2: Summary of the "most relevant triggers" used in ANTARES [135].

During its decadal years of operation, the ANTARES Collaboration has produced
scientific results in a variety of analyses, ranging from point source [136], transient
sources [137], diffuse fluxes [138], GRBs [139], dark matter [140] searches to measurement
of neutrino oscillations [60]. The decommissioning of the detector is planned for 2021.

24.2 KM3NeT

KM3NeT (acronym for KiloMetre cube Neutrino Telescope) [66] is a next generation
deep-sea Cherenkov neutrino observatory, currently under construction in the
Mediterranean Sea. Based on the granularity of the optical modules (to target different
neutrino energy regimes), KM3NeT will house two detector sub-arrays:

e ORCA (Oscillation Research with Cosmics in the Abyss): densely instrumented
sub-array of ~ 5 x 1073 km?® volume, located offshore of Toulon, France at (42°41'
N, 6°02’ E), designed primarily for studying neutrino properties and low-energy
astrophysics;

e ARCA (Astroparticle Research with Cosmics in the Abyss): sparsely instrumented
sub-array of ~ 1 km?® volume, located offshore of Sicily, Italy at (36°16’ N, 16°06'
E), designed primarily for detection of high-energy cosmic neutrinos and neutrino
astronomy.

The term "ORCA" ("ARCA") will be used henceforth to designate the KM3NeT-ORCA
(-ARCA) detector.

Detector layout

The three-dimensional array built in a particular layout is called a “building block” (BB).
KM3NeT will consist of two BBs for ARCA and one BB for ORCA to reach the desired
instrumented volumes. Fig. 2.10 shows a schematic view of one BB of the KM3NeT
detector. Each building block will consist of a three-dimensional array of ~ 64,000 PMTs
distributed among 115 detection strings (also known as "DUs"?) with 18 spherical Digital
Optical Modules (DOMs) per line. Starting about 40 m (80 m) from the sea floor, the DUs
of ORCA (ARCA) are 200 m (700 m) high, horizontally separated by about 20 m (95 m),
with 18 DOMs spaced 9 m (36 m) apart in the vertical direction.

2The terms "DU", "string" and "line" have been used interchangeably in this thesis.

49 of 299



50 Chapter 2. Neutrino Telescopes

Figure 2.10: Conceptual view of the KM3NeT detector. The blue line represents an up-going
neutrino undergoing v,~CC interaction close to the fiducial volume leading to
track-like event and creating a Cherenkov cone along its path. From KM3NeT
internal documentation.

Digital Optical Module

Each 17-inch diameter DOM houses 31 PMTs of 3-inch each, looking towards different
directions, along with their readout electronics and other sensors. Within each DOM,
the PMTs are arranged in 5 rings of 6 PMTs each, plus the bottom-most PMT pointing
vertically downwards. The upper hemisphere of the DOM contains 12 PMTs arranged in
2 rings, while the lower hemisphere houses the remaining 19 PMTs arranged in 3 rings.
The consecutive rings are staggered by 30° in zenith and the PMTs within a ring are
separated by 60° in azimuth.
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Figure 2.11: A KM3NeT Digital Optical Module.

KM3NeT uses Hamamatsu R12199-02 PMTs with a maximum quantum efficiency of
~ 30% [141]. The high-voltage bias is set to provide a gain of 3 x 10°. Each PMT can
be individually tuned in voltage. The FWHM of transition time spread is less than 5 ns,
allowing for a good accuracy in photon arrival timing.

The instrumentation mounted in each DOM comprises a piezo-sensor for acoustic
positioning purposes, a tiltmeter and a compass, as well as sensors of the temperature
and humidity inside the DOM for monitoring purposes. A breakdown of the DOM
structure is shown in Fig. 2.12.
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Figure 2.12: Exploded view of a KM3NeT Digital Optical Module (DOM). From [142].

Similar to ANTARES, DOMs are immersed in the sea in ensembles of 18, laid out
vertically, anchored to the seafloor and kept taught by a buoy on the top. Each
DOM is attached to the string via a titanium collar. An electro-optical cable that
provides high-voltage connections to each DOM for power and two optical fibres for
communication and data transfer to the shore is attached to each DU.

Installation sites

The construction of the detector has been distributed into phases. Phase 1 foresees the
deployment of 6 DUs for the ORCA detector (achieved) and at least 24 DUs for the
ARCA detector to be completed by Fall of 2021. Phase 2 includes the construction of the
entire ORCA detector (single building block) and 2 building blocks of the ARCA detector.
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Beyond Phase 2, further detector expansion, with possibly a separate building block at
the Greek site, is planned. Fig. 2.13 shows the three proposed sites for the realization
of KM3NeT. The Toulon site located in the Ligurian Sea at a depth of 2475 m, the Capo
Passero site in the West Ionian Sea at a depth of 3500 m, the Pylos site in the East Ionian
Sea in three possible location at depths of 5200 m, 4500 m and 3750 m from the surface of
the Mediterranean sea. To date, 6 ORCA and 1 ARCA DUs are operational.

*

3500m WO 4500 m - 5200 m

Capo Passero Pylos

Figure 2.13: The installation sites of KM3NeT in the Mediterranean Sea. From [142].

Data acquisition and trigger

Similar to ANTARES, the KM3NeT the Data AcQuisition (DAQ) framework follows an
“all-data-to-shore” strategy [66, 143]. The filtering of interesting events is performed
via trigger algorithms (see Tab. 2.2) based on local coincidences within a particular time
window respecting causality conditions [66, 144].

2.5 Detector Calibration

In order to achieve a good quality in the reconstruction of the events, a precise calibration
of charge, position and arrival time of the Cherenkov photons reaching the PMTs is
imperative. A good charge calibration ensures good energy resolution, while a good
position and time calibration ensure good angular resolution on the reconstruction of the
event direction.
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2.5.1 Position calibration

Since the detection lines are flexible, the upper-most storeys can be dragged by deep-sea
currents up to ~ 10 m. To account for this variation of relative positions of DOMs,
the Acoustic Positioning System (APS) based on acoustic devices, a tiltmeter and a
compass has been developed [145, 146]. The acoustic devices consist of a set of acoustic
transceivers and hydrophones. Using the time of flight of acoustic signals, the calibration
system provides the position of the telescope’s mechanical structures in a geo-referenced
coordinate system. A Tiltmeter-Compass System (TCS) attached to the LCM determines
the orientation of the DOMs by measuring its pitch, yaw and roll.

2.5.2 Charge calibration

When a photon impinges on the photocathode area at the entrance window of a PMT,
it produces electrons, which are then accelerated by a high-voltage field and multiplied
in number within a chain of dynodes by the process of secondary emission. This is the
working principle of a PMT, which is based on the amplification of secondary emission of
electrons off dynodes via photoelectric effect. The charge of the signal generated by the
photoelectrons is digitised by an Analog-to-Voltage Converter into a value, AVC, which
is related to the number of photoelectrons produced in the PMT, N, .., by

AVC — AVCyy.
Np.e_ — .
AVCy. — AVCops,

(2.24)

AVCyp.. refers to the value of AVC corresponding to zero photoelectrons, while AVCy,,.
corresponds to the single photoelectron peak. Regular charge calibration runs are
performed to determine these two characteristic parameters. Over time, the measured
values degrade, so regular high voltages tunings of the PMTs are performed to maintain
a 0.3 p.e. threshold.

2.5.3 Time calibration
The aim of time calibration at neutrino telescopes is two folds:

e absolute time calibration: monitor the absolute timing of an event with respect to
the Coordinated Universal Time (UTC) to correlate events related to any celestial
phenomenon observed by other experiments;

e relative time calibration: estimate the relative calibration constants between PMTs
to obtain a good angular resolution of reconstructed events.

We limit our discussion to the relative time calibration pursued in the context of KM3NeT.
Relative time calibration [147, 148] has some intrinsic, unavoidable limitations, which
add up to the total uncertainty, oo

2 2

2 ’rrs | T 2
0 Npe N’y e

where or7s (R 5 ns) is the uncertainty on the transit time of electrons between dynodes
in the PMTs (Transit Time Spread); 0w (= 2 ns for a traveling distance of 50 m)
is the uncertainty on the light propagation time in sea water due to scattering and
dispersion; N, is the number of Cherenkov photons emitted; o, (=~ 0.5 ns) is the intrinsic
uncertainty due to electronics. Taking into account these intrinsic uncertainties, the
required precision of the time calibration system for neutrino event reconstruction with

54 of 299



2.5. Detector Calibration 55

an angular precision better than 1° should be < 1 ns and their position determined with
better than a meter precision.

Several strategies have been developed to account for these uncertainties within the
KM3NeT collaboration [147, 148].

e Intra-DOM calibration: Simultaneous coincident hits from radioactive *°K decays
in sea water is used for time calibration between PMTs within the same DOM.

e Inter-DOM calibration: Each DOM is equipped with nanobeacons to provide
light detection from one DOM to the neighboring DOMs for inter-DOM time
calibration. Vertically downgoing atmospheric muons also provide inter-DOM
calibration, which is our focus of work (reported in next section). Both methods
serve as a cross-check to each other.

e Inter-DU calibration: Laser beacons installed on the DU base provide light
detection by DOMs on different lines for the measurement of the Round-Trip-Time
(RTT) delay of the laser signal due to the length of the optical fiber.

We limit ourselves to inter-DOM calibration using atmospheric muons.

Inter-DOM calibration with atmospheric muons

Inter-DOM time calibration using atmospheric muons has been previously developed
within the ANTARES Collaboration [149, 150, 151, 152, 153]. A similar technique has
been implemented in KM3NeT [154]. However, the strategy for calculation of time offsets
used in [155] is slightly different and is based on the comparison of hit-time residual
distributions of data with the run-by-run Monte-Carlo (MC). Our work [156] focuses on
implementing the old strategy implemented in ANTARES, which is independent of MC
and converges faster.

Time calibration with atmospheric muons is an off-shore calibration strategy applicable
for inter-DOM calibration. The method is based on the estimation of hit time residuals
(HTR). For each event, the hits recorded by a random DOM ("probe-DOM") are excluded,
and the event is reconstructed using the hits detected by the other DOMs, providing
the values of the expected hit times on the probe-DOM i. The difference between the
expected arrival time (f ;) and the measured arrival time (stamp) is a time residual (f7,s =
trit — tstamp)- Asynchronous clocks and different cable lengths can lead to relative offsets
for each DOM. Moreover, the PMTs can have their own offsets, which are estimated in
intra-DOM calibration with #°K. If a DOM is correctly calibrated, the distribution of these
hit time residuals should peak at zero; otherwise, we must adjust a DOM-specific time
offset (by adding/subtracting a fixed number to all PMTs on this DOM in the detector
file). Our goal is to estimate these time offsets for DOMs corresponding to specific period
of time. Note that these time offsets evolve with time subjected to environmental changes.

Methodology
This method involves the following iterative steps:

e A “probe-DOM” is randomly selected among all DOMs in a line (DU).

e The muon track is reconstructed with a minimum of 7 hits on each DOM (within a
25 ns window) excluding the "probe-DOM".

e Time residuals for the "probe-DOM" are calculated with respect to the fitted tracks.
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e Distribution of these residuals are histogramed and the value of the median of the
distribution is stored.

e The median (t;) is introduced as a correction to the hit times in the detector file.
e The muon track reconstruction is redone with the updated detector file.

e The HTR distribution peaks with a new median (t; 1), which is introduced again in
the detector file as a further correction.

e The process of introducing the median and reconstructing the muon track is
repeated until the recomputed median is < 0.5 ns.

The measured time offset T} at n'' iteration is the cumulative summation of these
medians #;s till the n'" iteration. To account for the asymptotic behavior of the evolution
of the time offsets with the number of iterations and due to the uncertainty on the total
number of iterations, the final average time offset (Tp) is read after by performing a fit to
the measured time offsets per iteration. The fit function follows a simple exponential fit:

Ty = (To) + [w-e ™ 4+ -], (2.26)

where «, B, Ay, andAg are arbitrary constants which are fitted. The quality of
reconstruction improves with the number of iterations i and therefore the number of
reconstructed events with good quality factor also increases.

Proof of principle

In order to cross-check the robustness of the method, we compared the values of time
offests (Tp) obtained from our approach to the method implemented in [154]. The
comparison of time offsets of various DOMs (18 DOMs per DU) of ARCA DU1 is shown
in Fig. 2.14. The MC-independent approach was seen to converge faster and is in good
agreement with the MC-dependent approach within ~ 2.0 ns.
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Figure 2.14: Evolution of cumulative time offsets, Tjj, for ARCA DU1 with the old MC-dependent
strategy [154] (top) and the new MC-independent strategy (bottom) developed for
this work. Each of the 18 coloured curves denotes the evolution of time offsets with
the number of iterations.

Additionally, the calibration procedure has been first employed for ARCA MC runs
assuming a perfect detector (before applying to data runs with a realistic detector). The
ARCA MC files refer to run numbers from 5009 to 5046, which correspond to a run period
between 13/12/2016 and 01/01/2017. The evolution of time offsets is shown in Fig. 2.15
and the final offsets for different DOMs are shown in Fig. 2.16.
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Figure 2.16: Final time offsets, (Ty), for ARCA DU1 & DU2 for MC runs assuming a perfect
detector.
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Results

Finally, the procedure was employed on ARCA and ORCA data runs to calculate the real
time offsets of the DOMs within DUs. A run period for ARCA data similar to the ARCA
MC runs was chosen. The ORCA data files refer to run numbers from 3165 to 3192,
which correspond to a run period between 04-12-2017 and 08-12-2017. The evolution of
time offsets for ARCA DU1 and DU2 are shown in Fig. 2.17 and their final time offsets of

different DOMs are shown in Fig. 2.18.
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Figure 2.17: Evolution of cumulative time offsets, Ty, for ARCA DU1 & DU2. This corresponds to
a run period between 13/12/2016 and 01/01/2017. The final offsets are also listed.
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Figure 2.18: Final time offsets, (Ty), for ARCA DU1 & DU2. This corresponds to a run period
between 13/12/2016 and 01/01/2017.

The corresponding evolution of time offsets for ORCA DU2 and their final time offsets
for different DOMs are shown in Fig. 2.19.
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Figure 2.19: Evolution of cumulative time offsets, T/ (top), and final time offsets, (Tp) (bottom),
for ORCA DU2. This corresponds to a run period between 04-12-2017 and 08-12-2017.

The resulting time offsets were also compared with the ones obtained from inter-DOM
calibration with nano-beacons and was found in comfortable agreement (Fig. 2.20). One
of the limitations of this method was that it does not take into account possible errors
due to DU elongation, i.e. the accurate positioning and orientation of the DOMs. Hence,
turther steps involves developing novel techniques in the light of real-time positioning
of DOMs in sea water.
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Figure 2.20: Comparison of final time offsets, (Tp), for ARCA DU1 (left) & DU2 (right)
obtained from calibration with nanobeacons (yellow squares) and with atmospheric
muons (green circles). They correspond to a run period between 13/12/2016 and
01/01/2017. From [156].
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3 Monte Carlo Simulations and
Event Reconstruction

“Pou Bee my phyfic Studentd don’t underBtand
it... That i3 because T don’t understand it.
Nobody does.

— RICHARD P. FEYNMAN
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The aim of Monte Carlo (MC) simulations is to reproduce the event distributions
expected at the detector in the most realistic way by folding the apparatus response
to the recorded events. The motivation behind MC productions does not lie only in
the understanding of the detector performance, but also in optimising selection cuts
to enhance the sensitivity to signal events. The output of the MC simulation is fed to
the event reconstruction algorithms, which in turn give out the reconstructed neutrino
energy and the direction of the incoming neutrino (among other event properties)
based on the information of the Cherenkov light induced by the propagation of the
secondary particles within the medium. The precision achieved in the reconstruction
of the energy and direction determines the accuracy with which we can probe the
neutrino properties and their sources. In this Chapter, the MC simulation chain
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and the corresponding reconstruction algorithms used in the ANTARES and KM3NeT
experiments are described.

3.1 MC Simulations in ANTARES

A run-by-run MC approach [157] is followed in order to simulate the response of the
detector, which is subjected to seasonal evolution of environmental phenomena and
operational situations leading to changes in the rates registered at the neutrino telescope.
The varying optical background conditions, measured every 0.1 seconds, the acoustic
positioning, performed every few minutes, and PMT efficiencies of individual OMs,
calculated at weekly intervals, are accounted to fold in the temporal evolution of the
detector response in the most realistic way to represent the data taken by the detector as
closely as possible.

The simulation chain in ANTARES involves three steps:

1. particle generation: particles capable of inducing observable signatures at the
detector are generated with a given energy and spatial distribution;

2. particle propagation and light emission: particles interacting with the medium
leading to energy losses and production of secondary particles are simulated. The
Cherenkov light generated by charged particles is tracked;

3. light detection: the response of the apparatus is folded in the form of the photon
arrival information at the OMs.

3.1.1 Particle generation

The instrumented volume of the detector is assumed to be a wide cylinder comprising
all the OMs. A larger cylindrical (generation) volume typically referred as the can,
within which the Cherenkov light is generated, engulfs the instrumented volume. The
dimension of the can has to be large enough to sustain the volume within which most
of the Cherenkov light detected by the experiment is generated. Typically it extends
beyond three absorption lengths of light in water. The geometry of the can used in the
event generation is shown in Figure 3.1. Cherenkov light is generated only for particles
within the can, whereas outside the can, charged particles are only propagated till the
surface of the can.
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Figure 3.1: Layout of detector geometry used for event generation in ANTARES [158].

Atmospheric neutrino generation

Neutrino interactions in ANTARES are simulated following the flux calculation of
Honda et al. [103] and using the interaction physics in the GENHEN [158] package.
The latter allows to simulate neutrino events of all flavours and for both CC and NC
interactions with an energy spectrum ranging from few-GeV to multi-PeV. Neutrinos are
generated following a E~!* power-law energy spectrum (which will be later reweighted
according to the flux we want to reproduce), while the neutrino directions are generated
isotropically. Neutrino interactions O(10'°) are simulated within the generation volume
which is determined by the maximal muon range associated with the highest neutrino
energy (EM** = 108 GeV).

The LEPTO [159] software is used for the calculation of differential neutrino-nucleon
interactions within the generation volume, by using the CTEQ6-D parton distribution
functions.

The probability for a neutrino to traverse the Earth (see Fig. 3.2) depends on the
interaction cross-section (¢ (E,)) and the density of the Earth matter (o(0)) and is

PEarth(Ev/ 9) - e_NAU(EV)P(G), (31)

where N, is the Avogadro’s number and 6 is the zenith angle of the incident neutrino.
(A value cosf, = 0(—1) corresponds to horizontal (vertically up-going) neutrinos
traversing across the Earth. High energy vertically up-going neutrinos are more likely to
interact with Earth matter, thereby having a smaller chance to reach the detector without
interacting.
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Figure 3.2: Probability of a neutrino to traverse the Earth without undergoing an interaction as a

function of the neutrino energy and direction [158].

Since neutrinos are generated with a power law E~7 spectrum, the generated neutrino
can be normalised with a generation weight accordingly to represent atmospheric or
cosmic neutrino fluxes. A generation weight We,, is defined to calculate neutrino fluxes
in accordance to relevant models:

Wgen — Vgen tgen o I - E- g, " P Na - Peayin, (32)

where

Vgen is the generation volume [m3];
teen is the time represented in simulations;

Iy = 271 (c08 O1ax — €OS Byiyy), is the angular factor taking into account the range of
sky with neutrino zenith angle cosf,;

I = | P E=YdE s the energy factor taking into account the range of neutrino

min

energies for which the simulation is performed;

7 is the spectral index of the generated neutrinos;

o, is the total neutrino-nucleon interaction cross-section;

p - N4 is the total number of target nucleons per unit volume, where p is the target

density;
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® Pr,. is the neutrino transmission probability through the Earth.

The atmospheric flux ¢(E,, 8,) is then re-weighted to get the number of neutrino events
N(E,, 6,) per year in each energy and zenith angle bin [160]:

Ween ¢(Ev,6v)
[GeV-Im~2s~1sr~1] = [GeV-m?-s-sr-yr|

N(E,,8,) = (3.3)

In ANTARES, to ensure larger statistics at high energies, the neutrinos (and
antineutrinos) are simulated with a spectral index v = 1.4, within an energy range of
10-10° GeV.

Atmospheric muon generation

Atmospheric muons are generated as the consequence of hadronic showers produced
in the interaction of cosmic rays in the upper atmosphere. They are the most abundant
events, constituting the main source of background. However, a major fraction of these
events are rejected by appropriate selection criteria.

A full simulation of atmospheric muons is done with CORSIKA [161] package, which
allows for the generation of atmospheric showers, the production of muons from
hadronic interactions and their propagation down to the sea surface. However, this
accurate reproduction requires a large CPU usage, for which parameterisations are used.
CORSIKA describes the muon energy spectrum, the angular distribution, the multiplicity
of the muon bundles and all other kinematics of the muon on the surface. The simulation
range extends from 1.5 km to 5 km water equivalent (w.e.) vertical depths and from 0°
up to 85° zenith angles.

3.1.2 Particle propagation and light emission

A GEANT-based [162] package, named, KM3 [163] is used to propagate neutrino events
and their decay products, including muons, hadrons and electromagnetic showers.
Relevant physics processes like multiple scattering, energy losses, radiative processes
and hadronic interactions are taken into account. The Cherenkov photons produced by
the final state particles are propagated through seawater taking into account the influence
of absorption and scattering of light [122] in seawater, before they reach the OM surface,
producing a hit (defined in Sec. 2.3.3.

Cherenkov photons are not tracked from generation to detection at PMTs, being
computationally unaffordable because of their extremely higher number. Rather, KM3
uses the so-called "photon tables", obtained in advance from a full simulation of photons
with GEANT [162], which stores the distributions of the number and arrival time of PMT
hits at different distances, positions and orientations of the PMTs depending on the event
topology (tracks or showers).

The propagation of background muons generated with MUPAGE [164] is similar to that
of the secondary muons from neutrino interactions. KM3 includes a modified version of
MUSIC [165] to propagate muons within the can volume.

3.1.3 Light detection

The TriggerEfficiency program [144] simulates the detector response by taking into
account the electronics and trigger algorithms [166]. Optical noise, from 4°K decays and
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bioluminescence in water, observed from counting rates in data is added to each run to
reproduce the actual data taking situations.

The analogue signal of the PMTs is summed up for a time window of 25 ns taking into

account the angular acceptance and quantum efficiency of the PMTs [167]. The hit times

of the single photoelectron (p.e) signals are smeared by a Gaussian function with width,
_ 13 . . :

o= ns, with N, being the number of photons detected simultaneously, to account

)
for the Transit Time Spread (TTS) of the PMTs. The amplitude of collected charge is
measured by smearing the integrated number of detected photons with a Gaussian of
width 0.3 p.e.

At this point, the output looks like hits from the DAQ [134]. The position, time and
collected charge of the hits are used to infer the direction and energy of the incident
neutrino.

3.2 Event Reconstruction for ANTARES

Event reconstruction algorithms use the timing and position information of the hits at the
PMTs to estimate the location of the outgoing lepton emanating from neutrino-nucleon
interaction vertices as the well as the energy of the lepton. Two different track
reconstruction algorithms are used in ANTARES. We would call them method A and
method B.

3.2.1 Direction estimation

The trajectory of the particle is parameterised by the direction and position of the lepton
at some arbitrary time t as (7, py).

Method A

This is an online fast reconstruction algorithm [168] for quick fit of tracks. Itis particularly
suited for real-time applications like online visualisation of event display and triggering
of follow-up events for multi-messenger studies.

This method [168] assumes a simplified detector geometry consisting of straight vertical
detection lines. The geometry of the OMs is neglected and possible distortions due to sea
currents are ignored.

In order to select direct Cherenkov photons coming from a muon track, a hit selection
based on causality conditions is made. All hits detected within a time window of 20 ns
are merged and events with a multiplicity of 5 hits are accepted.

The photons are then projected along the muon track to find the first and last emission
point within the detector geometry. If the selected points occur on several detector lines,
a multi-line (ML) fit is performed; otherwise a single-line (SL) fit is performed for points
lying on one detector line. The fit function follows the strategy of a x*> minimisation
defined as a function of the time difference between the observed hit time t; and the
expected arrival time of the photon t,. A quality parameter used to discriminate good
and badly reconstructed events is defined as

2

X
Ag = , 3.4
A Ny (3.4)
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3.2. Event Reconstruction for ANTARES 71

where Ny, f. is the number of degrees of freedom in the fit, defined as the number of hits
minus the number of fitted parameters. The median of the angular error is defined as
the difference between the true muon direction and the reconstructed muon direction. In
the 20 GeV energy regime, the median angular resolution is 3° for SL and 0.8° for ML
events [169]. The distributions of A 4 for atmospheric neutrinos and atmospheric muons
are shown in Fig 3.3. More details can be found in [168].

210'E
: [ Data
%10 Atm. Muons o
0 = -
5 E Atm. Neutrinos 7
."‘

10° l

105—

101.“0.5‘1]l'llllll'1.15.l‘.ll‘l‘l‘..ll

2.5 3
Track Fit Quality

Figure 3.3: Distribution of A 4 variable of method A for events reconstructed as up-going, for
ML tracks recorded data (black) compared to MC sample of up-going atmospheric
neutrinos (blue) and downgoing muons (red). From [170].

Method B

This method [171] involves a direction prefit based on a directional scan of isotropically
distributed directions, followed by a maximum log-likelihood fit to get the track
estimation. This method is more robust and is used in the majority of the offline
ANTARES physics analyses.

It consists of a chain of subsequent fits:

e linear prefit: the reconstruction chain starts with a random hit selection based on
local clusters, patterns, coincidence and hits of events in neighbouring floors. It
assumes that the muon track passes through the positions of the selected hits. This
provides a rough estimation of the muon track to be used as a starting point for the
next steps.

e M-estimator fit: hits closer than 100 m of linear prefit and whose time residuals fall
within a time window of £150 ns with respect to the expected hit time are selected.
The expected arrival time t;, of a Cherenkov photon for a given muon position and
direction at an arbitrary time ty is given by:

_ k i k
tan6. v, sin6,

1
ti’h = t() + E(l )/ (35)

where v, is the group velocity of light, . is the Cherenkov angle, and k is the
shortest distance between the track and the OM. The difference between ¢, and
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the measured arrival time of the photon is called time residual. A schematic
representation of the muon track is shown in Fig. 3.4.

r}

Figure 3.4: Geometrical representation of a muon track. The muon passing through the detector
induces a Cherenkov light emission at an angle . w.r.t. its trajectory. A photon
travelling at speed v is detected by an OM at a position ¢, with k being the distance of
closest approach to the muon track. From [170].

e maximum likelihood fit: a probability density function is defined as a function of
track parameters to maximise the likelihood of obtaining a certain event

L(7,p) = [ P(tltw. 7, P), (3.6)

where the sum runs over the number of hits. The probability of a hit being due to
background is also accounted for. The goodness of the reconstruction is quantified

by the parameter:
10 £max
A =8 " 101 x (Neop — 1), (3.7)
Nio.f.

where £ is the maximum value of the likelihood, N, s is the number of degrees
of freedom of the fit given by Ny, r = Npis — 5, with Ny, being the number
oh hits used in the reconstruction, and N¢mp is the number of repetitions of the
M-estimator and the maximume-likelihood prefits which gives a track direction
within 1° from the selected one.

The track angular error estimate can be obtained from the errors on the zenith angle
0p and azimuthal angle oy:

By = \/sin2(9rec)ag, e (3.8)
A median angular resolution better than 0.4° is achieved for energies above 10 TeV.

The distributions of Ap for atmospheric neutrinos and atmospheric muons is shown
in Fig 3.5. More details can be found in [170].
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Figure 3.5: Distribution of Ap variable of method B for events reconstructed as up-going, for
atmospheric neutrinos (black) and atmospheric muons (red). From [170].

3.2.2 Energy estimation

Method A

The muon track length in the detector is used as a proxy for the neutrino energy
estimation. The total length of the track L, is directly related to the energy of the track as

dE
Etracks = ‘MTXV/ (39)
where the differential energy energy loss of a minimum ionising muon in water in the
energy range 10 — 100 GeV, %, is fixed to 0.24 GeV/m [117].

For SL events, the z coordinates of the initial hit and final hit, z; and z ¢, are chosen to
estimate the muon track length:

Ly = (zf —z;i)/ cos s, (3.10)

where 0, is the reconstructed zenith angle. For ML events, the muon track length can
be computed from the difference between the spatial coordinates of the initial and final
track points:

Ly = /(= %2+ (g — )2+ (2 — 22, (3.11)

Whereas for ML events the threshold energy of the final neutrino sample is about 50 GeV,
for SL nearly vertical events set the threshold of the energy estimation in ANTARES as
low as 20 GeV, thereby reaching close to the first oscillation minimum. The presence
of a hadronic shower at the interacting vertex is ignored, as well as the fact that the
muon track might be partially contained. The secondary muon from a primary neutrino
interaction might have entered the detector after traversing a subsequent part of its track
length outside the instrumented volume, thereby making only a fraction of its actual
range accessible to measurement. For muons leaving the detector, only a lower threshold
of their energy can be derived. The energy resolution of the muonic events is found to be
around 50% =4 22% [147].
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Method B

The neutrino energy estimation in this method is based on the total deposited muon
dE, .
energy, .-, on an event-by-event basis [172]:

dﬂw _ Zf\hzits Q 1
ix “PT el L’

(3.12)

where Q; is the charge registered by the OM i, e(7) is the light detection efficiency, L, is
the muon track length and 7 is the muon track direction. The light detection efficiency
depends on the position and direction of the muon track:

Nowms 7
i) = 3 expl—50)

i

;i (6;)

¥

) (3.13)

where the sum runs over all active OMs, 7; is the distance between the OM i and the muon
track, A, is the absorption length and «;(6;) parameterises the angular acceptance of the
OM i with 6; being the impact point of the photon on the OM i.
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3.3 MC Simulation for ORCA

In this section, the scheme for computation of expected event signals in ORCA is
described. The simulation chain involves series of subsequent steps, in which the
process from the atmospheric neutrino flux to the observed event spectra is modelled.
Each subsequent stage, except the (initial) flux stage takes the output of the previous
stage as input and makes a functional transformation. Since the individual stages are
independent of each other, a parameter change affecting one stage does not affect the
transformation induced by other stages. A schematic view of the simulation chain is
shown in Fig. 3.6.

3.3.1 Atmospheric neutrino flux

The first data of interest are the tabulated atmospheric neutrino flux predictions provided
in bins of true neutrino energy E,. and cosine of the true zenith angle cos6,,:

Vi Uy
) and (PE[:rue/ oS Orye” (3 14)

Etrue, cOS Oprye

They represent the number of atmospheric (anti)neutrino of flavour (v,) v, with energy
and zenith angle within the range of [Ey;, cOs 044¢] bin passing through unit area of the
detector per unit time, oscillations neglected.

The table entries are collected from Honda et al. [103] (discussed in 2.1). Due to the
proximity of the Fréjus site! to the ORCA site, the year-averaged tables at solar minimum
without effects of the mountain top at the Fréjus site is expected to resemble the flux at
the ORCA site. The Honda flux tables are provided in 101 equidistant bins of log(E)
from 0.1 to 10,000 GeV and 20 equidistant bins of cos 6, ranging from —1 (up-going) to
+1 (downgoing).

In ORCA simulations, the energy range is divided into 40 bins with bin centers
equidistant in log(E), with E € [1,100] GeV. The zenith angle is binned 40 bins
equidistant in cos @, from —1 to 1. The choice of the binning is made to retain the
numerical accuracy and to reduce the computational load while avoiding smearing out
the physical effects under study.

The Honda flux tables are rebinned using a bilinear spline interpolation for each target
[Etrue, cOs Bir4e] bin, shown in Fig. 3.7 and Fig.3.8. The unoscillated atmospheric tau
(anti)neutrino fluxes are assumed to be negligible. The same binning in true variables is
retained till the detection stage, after which, a coarser binning is used for reconstruction
due to limited resolutions. A 20 x 20 binning in reconstructed space, [Ereco, COS Orecol, 1S
chosen in order to complement the detector resolutions, while ensuring enough statistics
in each bin.

IThis refers to the Fréjus Underground Laboratory located near Modane, France.
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Figure 3.6: Flowchart of the simulation chain. The horizontal blocks represent the intermediate results in bins of either true or reconstructed energy and
zenith angle. The vertical blocks refer to the transformation being carried out at respective stages of the simulation chain. The first three stages
are detector independent, while the latest ones are detector specific. The final event templates observed at the detector are marked in blue (tracks)
and red (showers) boxes.
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Figure 3.7: Distribution of atmospheric electron neutrino (top) and anti-electron neutrino flux
(bottom) based on the year-averaged flux at the Fréjus site without mountain at solar
minimum [103]. The colour code gives the integrated flux over the energy-zenith bin.
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Figure 3.8: Distribution of atmospheric muon neutrino (top) and anti-muon neutrino flux
(bottom) based on the year-averaged flux at the Fréjus site without mountain at solar
minimum [103]. The colour code gives the integrated flux over the energy-zenith bin.

3.3.2 Neutrino propagation through Earth

The Earth is modelled as a series of concentric spherical layers of constant matter
density called shells (Fig. 1.3), and adopted from PREM [53]. The OscProb [52] neutrino
oscillation calculator allows the definition of a radial planetary model and position of the
detector within this model to calculate oscillation probabilities.

The oscillation probabilities as a function of true variables for the adopted binning are
shown in Fig. 3.9 and Fig. 3.10. The oscillation probabilities are multiplied by the
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unoscillated fluxes from the previous step to yield the oscillated neutrino fluxes:

Vg, 0sC Vi
(PEV,cos 0, Z PV/X —Vg (EV’ cos 92) ’ (PET/,COS 0.’
«
g, 0SC 7.
P coso, = 3 Pr—v(Ev, o8 6:) - o oo (3.15)
«

Oscillations effects are negligible for downgoing neutrino events (cosf, > 0).
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Figure 3.9: Py, (x = e, u, T) for neutrinos (left) and antineutrinos (right) as a function of true
neutrino energy Ey and cosine of the true zenith angle cosfy.. The top, middle
and bottom panels correspond to electron disappearance, muon appearance and tau
appearance channels, respectively. Normal Ordering is assumed.
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Figure 3.10: Py, v, (x = e, , T) for neutrinos (left) and antineutrinos (right) as a function of

neutrino energy E, and cosine of the zenith angle cosf,. The top, middle and bottom
panels correspond to electron disappearance, muon appearance and tau appearance
channels, respectively. Normal Ordering is assumed.

3.3.3 Interaction Cross-sections

Neutrino-nucleon interactions are described in Sec. 2.2. Based on the different interaction
types, eight distinguishable interactions indexed by X are considered in the simulated
chain:

e CC interactions for each of the six neutrino flavours v, vy, vz, Ve, vy, and vy;

e NC interactions of all flavours v, and v,,.
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Flavour distributed NC interactions are not considered since their cross-sections are
identical and they leave identical signature at the detector. A total combined CC
interaction cross-section is used irrespective of the type of underlying CC interactions
(DIS, QE, RES) since their experimental signature cannot be probed at ORCA.

Neutrino interactions are simulated with the gSeagen code [173], developed within
the KM3NeT collaboration. It is based on the widely used GENIE neutrino Monte
Carlo generator package [174], that incorporates theoretical models and constraints from
experimental data to model neutrino interactions over a wide range of energies for
different neutrino flavours and target material types. Electron and muon neutrinos
(and antineutrinos) in the energy range from 1 GeV to 100 GeV are simulated and
weighted accordingly to reproduce the atmospheric neutrino flux following the Honda
model [103]. The scheme for neutrino event generation in ORCA follows the strategy
adopted for ANTARES, as discussed in Sec. 3.1.1. The cross-section per nucleon is
calculated by taking a weighted mean of the cross-sections on free target protons and
on oxygen nuclei:

2 x c(H) 4 (0
Thucleon = (12 _|)_ 16 (8 ) . (316)

The resulting cross-sections are shown in Fig. 2.4. In simulations, ¢ (E) is interpolated
from these curves for each interaction channel. The v, and v, interaction cross-sections
are almost identical. The neutrino cross-sections are twice or more as high as their
antineutrino cross-sections. The v, interaction cross-section is suppressed with a
threshold ~ 3.5 GeV, due to the large T mass.

The interaction rates are estimated from the oscillated neutrino fluxes Eq. 3.15 by:

CC,uy _ CCy Vg, 0SC
REV,cousGZ =0 a(EV) X (PED;/,COSQZ’
CCy, _ CCy Vy, 0SC
REV,COD;HZ =0 W(EV) X 4)E0;,c0392’
NCv _ _NCyv Uy, 0SC
REV,COSGZ =0 (EV) X Zq)Eﬂ;,cosGZ’
o
NCyv _ _NCyv Vy, 0SC
REV,cosé’Z =0 (EV) X Eq)Ei,cosé‘Z’ (3‘17)
o

where ¢ represents the interaction cross-section per target nucleon for interactions of
type X at a particular neutrino energy E, .

Since the interaction cross-sections are very low, the neutrino interaction rates in Eq. 3.17,
which give the number of interactions per unit time per target nucleon, are also very
small. It is rather convenient to work with interaction rates per unit target mass:

RY/my, (3.18)

where my; is the average between the proton and the neutron masses>.

Fig. 3.11 to 3.14 show the results of the calculations of the expected rates of neutrino
events per megatonne® per year. The oscillation effects for electron neutrinos in Fig. 3.11

2This approximation does not take into account the difference between the atomic mass and the sum of
the mass of the individual nucleons. However, this only incorporates a sub-percent error in the estimation of
the overall expected events, which is rather small compared to the systematic uncertainty on the atmospheric
neutrino flux.

3The mass of large volume neutrino telescopes are usually expressed in megatonne (Mton).
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are hardly discernible due to steep energy dependence of the flux. The disappearance
of muon neutrinos in Fig. 3.12 and the corresponding appearance of tau neutrinos in
Fig. 3.13 are clearly visible. The T threshold suppressing v interactions at low energies
can be seen. The antineutrino rates look very similar to neutrino rates in shape. However
they differ in magnitude, shown by the colour scale.
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Figure 3.11: v, (top) and 7, (bottom) CC interaction rates at the detector. The colour code gives
the number of neutrino interactions (per Megaton per year). Mind the difference in
the colour scales on individual plots.

82 of 299



3.3. MC Simulation for ORCA 83
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Figure 3.12: v, (top) and v, (bottom) CC interaction rates at the detector. See also the caption of
Fig. 3.11.
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Figure 3.13: v; (top) and v (bottom) CC interaction rates at the detector. See also the caption of
Fig. 3.11.
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Figure 3.14: v (top) and v (bottom) NC interaction rates at the detector. See also the caption of

Fig. 3.11.

3.4 Detector Response for ORCA

The second part of the simulation chain models the detector response to neutrino
interactions. Similar to ANTARES, the Monte Carlo chain for ORCA is based on a
multi-stage process consisting of an event generator, a simulator for Cherenkov light
generation and tracking of particles in seawater and simulation of the detector response
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and triggering.

Neutrino induced interactions in seawater are simulated with gSeaGen [173]. All
particles emerging from neutrino interactions are propagated with the GEANT4-based
software package KM3Sim [163] developed within the KM3NeT Collaboration.
Atmospheric muon events are generated using the MUPAGE package [164], and the
KM3Sim package is used for tracking the muons in seawater and subsequent Cherenkov
light production and propagation.

Randomly distributed hits due to Cherenkov light emission from B-decays of K are
also added. An uncorrelated hit rate of 10 kHz per PMT as well as time-correlated noise
per DOM (600 Hz twofold, 60 Hz threefold, 7 Hz fourfold, 0.8 Hz fivefold and 0.08 Hz
sixfold) is added. This optical background rates are estimated from the data of the first
deployed DUs [175].

Trigger algorithms [143] based on only one local coincidence and a tunable number of
causally connected single hits on DOMs in vicinity have been developed to account
for the multi-PMT peculiarities of ORCA. The trigger rate for atmospheric muons is ~
50 Hz and pure-noise events ~ 4 Hz, while atmospheric neutrinos are triggered with
a rate ~ 7.6 mHz*. To reduce the computational load of simulating a "full statistics"
corresponding to several years of equivalent livetime for atmospheric muons and pure
noise, only 14 days of atmospheric muons and 1.4 days of pure noise are simulated. For
atmospheric neutrinos, events with an equivalent livetime of ~ 15 years are simulated.

3.4.1 Effective mass

The next intermediate stage in the simulation chain is the computation of detected events.
The detected events correspond to those neutrino interactions that meet the following
criteria:

e the event passes the L1 trigger’ (Sec. 2.4.1);

e the event is successfully reconstructed by any of the reconstruction algorithms
(Sec. 3.4.2);

e the event passes the atmospheric muon and pure noise rejection criteria (Sec. 3.4.3);
e the event is classified as a track or a shower (Sec. 3.4.3).

The expected number of detected events for each interaction type X', N?, is calculated in
the following way:

RY
NX(EV, cosf;) = — X ngff(EV, cosf,) x T, (3.19)
my
where, R /my is the interaction rate per unit target mass of interaction type X €
{(Ve, Ve, Vy, Uy, V¢, Vo - CC) and (v, v-NC)}, T is the time duration of data taking, Mé‘} 5 is
the energy- and zenith angle-dependent effective mass corresponding to the interaction
type X.

41t should be kept in mind that these quoted rates are not comparable among them, since some refer to
event rates and other to hit events.

5The level-one filter (L1) refers to a coincidence of two (or more) L0 hits from different PMTs in the same
optical module within a 10 ns time window.
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3.4. Detector Response for ORCA 87

The effective mass Mg; ¢ incorporates the totality of the effects related to the detector
instrumented volume as well as the detector’s ability to identify a neutrino interaction.
It is defined as

Mg e = < X Vigen X P (3.20)
where, N is the number of interactions events that meet the requirements to be
counted as a detected event, N, is the total number of interactions generated within
the instrumented volume V., and p, is the density of seawater (=1.025¢g cm_3).

The ORCA detector (Sec. 2.10), upon completion, will consist of 115 DUs arranged in
circular geometry with a radius of ~ 115 m. Along a DU, the average vertical spacing
between DOMs is ~ 9 m. The horizontal spacing between DUs is an optimisation
between the technical constraints of the deployment procedure from the engineering
perspective and the instrumentation density required for the measurement of the the
neutrino mass ordering from the physics point of view. For the NSI study, we are going to
use the two average horizontal distance that have been considered by the collaboration:

e ORCA115-23 m: 115 DUs are spaced apart by 23 m, amounting to an instrumented
volume of ~ 8 Mton.

e ORCA115-20 m: 115 DUs are spaced apart by 20 m, amounting to an instrumented
volume of ~ 6 Mton.

The effective masses are estimated for both detector geometries. They are represented
by eight two-dimensional tables in true energy and zenith angle, as shown in Fig. 3.15 to
Fig. 3.18.
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Figure 3.15: v, (left) and v, (right) CC effective masses as a function of true neutrino energy and
zenith angle for two horizontal spacing of ORCA DUs: 23 m (top panels) and 20 m
(bottom panels). The colour code gives the effective masses in Mton.
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Figure 3.16: v, (left) and v, (right) CC effective masses as a function of true neutrino energy and

zenith angle for two horizontal spacing of ORCA DUs: 23 m (top panels) and 20 m
(bottom panels). The colour code gives the effective masses in Mton.
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Figure 3.17: vy (left) and v (right) CC effective masses as a function of true neutrino energy and
zenith angle for two horizontal spacing of ORCA DUs: 23 m (top panels) and 20 m
(bottom panels). The colour code gives the effective masses in Mton.
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Figure 3.18: v (left) and v (right) CC effective masses as a function of true neutrino energy and
zenith angle for two horizontal spacing of ORCA DUs: 23 m (top panels) and 20 m
(bottom panels). The colour code gives the effective masses in Mton.

The sharp zenith-dependence of effective mass roots from two effects:
e the atmospheric muon rejection criteria disfavours downgoing events;

e the asymmetry in the number of PMTs within the DOMs in either hemisphere.
More downward-looking PMTs (19, housed in the lower hemisphere) and the
fact that Cherenkov light is emitted in the forward direction results in a higher

photon detection efficiency and consequently higher effective masses for up-going
neutrinos.

Integrating over the zenith angles for up-going events, the effective masses for different
neutrino event types are shown in Fig. 3.19. The effective masses increases with energy
since high energy neutrino events produce more light and are more probable to be
detected. At E ~20 GeV, a plateau of the order of the instrumented mass (Vjyst - pw) is
reached for v, and v, CC events.

In case of CC events, the effective masses for antineutrinos are higher than for neutrinos,
since the outgoing lepton on average receives a larger fraction of the initial neutrino
energy in antineutrino interactions. In case of NC events, the effect is reverse. In
antineutrino NC interactions the outgoing lepton on average carries more energy, which
is not visible in the detector. A higher average horizontal spacing of 23 m (compared
to 20 m) results in higher effective mass and consequently higher number of events. A
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turn-on is observed at 20% shifted lower energies due to improved trigger [143] and
effective reconstruction [155] compared to earlier studies in [66].
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Figure 3.19: Effective mass of the detector as a function of neutrino energy E for different neutrino
interaction channels X separated by flavour for the two spacing. Only up-going
events are considered.

The expected number of detected events at ORCA with 20 m horizontal spacing between
DUs are shown in Fig. 3.20 to Fig. 3.23. Most of the detected CC events fall in the energy
range of 3 to 30 GeV. The effect of oscillations is still visible.
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Figure 3.20: Rates of v, (top) and v, (bottom) CC detected events in ORCA as a function of true
neutrino energy and zenith angle for 20 m spacing. The colour code gives the number
of detected neutrino events. Mind the difference in the colour scales on individual
plots.
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Figure 3.21: Rates of v, (top) and v;, (bottom) CC detected events in ORCA as a function of true
neutrino energy and zenith angle for 20 m spacing. See also the caption of Fig. 3.11.
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Figure 3.22: Rates of v; (top) and v, (bottom) CC detected events in ORCA as a function of true
neutrino energy and zenith angle for 20 m spacing. See also the caption of Fig. 3.11.
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Figure 3.23: Rates of v (top) and v (bottom) NC detected events in ORCA as a function of true
neutrino energy and zenith angle for 20 m spacing. See also the caption of Fig. 3.11.

3.4.2 Reconstruction

The next ingredient in the simulation chain for predicting the observed event
distributions is to model the performance of the reconstruction algorithms. So far, the
tables are presented as a function of true neutrino energy and zenith angle. This stage
comprises mapping from true to reconstructed variables, the ones actually observed in
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the detector. The KM3NeT track and shower reconstruction algorithms [170, 155] which
are used for the ORCA analyses, are discussed briefly in this section.

The energy and direction of the incoming neutrino as well as the event topology can
be reconstructed from the arrival time of the Cherenkov photons at the PMTs and the
position of the PMTs. The distribution of reconstructed energy and zenith angles for a
given true energy and zenith angle for MC events gives the resolution of the experiment
at that given true values.

Direction estimation

Similar to track reconstruction in ANTARES (Sec. 3.2.1), the first step is the hit selection
based on local coincidence of causally connected hits and hits which are closer than 50
m to at least 40% of all the hits. This is followed by a "prefit": a linear fit through the
positions of the hits called prefit. The prefit procedure is repeated for different directions
in steps of 5° over the whole sky. This is followed by the likelihood maximisation based
M-estimator fit, that depends on the time residuals, i.e. the difference between the exact
time of the hits and the expected times according to the track hypothesis. After this,
a probability density function (PDF) is created based on the light emission profiles of
muons obtained from simulations [170]. The PDEF, P, is a function of the minimum
distance of the muon to the PMT i, p;, the orientation of the PMT, ¢;, and 6; and the
time residual of the hit, t,.s. P is used to calculate the likelihood:

oP ir i/gi/tres
E:g{ (p ";t )]. (3.21)

Maximising £ gives the reconstructed vertex and the direction of the muon trajectory.
The distribution of reconstructed zenith angles for v, CC and v, CC events in the detector
are shown in Fig. 3.24 and Fig. 3.25. Events with reconstructed vertices within the
detector volume are considered.

The shower reconstruction [176, 177, 178] is performed in two steps. In the first step the
vertex is reconstructed based on the recorded time of the PMT signals and in the second
step the direction, energy and inelasticity are reconstructed based on the number of hits
and their distribution in the detector. In both steps a maximum likelihood fit is performed
for many different starting shower hypotheses and the solution with the best likelihood is
chosen. The neutrino direction resolution is dominated by the intrinsic lepton scattering
kinematics [179]. See [179, 120] for further details on shower reconstruction.

v,-CC classified as cascades v,-CC classified as tracks
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— n
-1 -09 -08 -07 -06 -05 -04 -03 -02 -0.1

€05(6,,,) €05(6,,)

Figure 3.24: Cosine of the true zenith vs cosine of the reconstructed zenith angle for up-going
v, CC classified as shower-like events (left) and Vy CC classified as track-like events
(right). From [180].
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Figure 3.25: Cosine of the true zenith vs cosine of the reconstructed zenith angle for up-going
Ve CC classified as shower-like events (left) and v, CC classified as track-like events
(right) . From [180].

The spread of the distribution for a specific 64, gives a measure of the angular resolution
of the detector. The median relative error, (med|6ye — Oreco|), On the measured direction
is defined as the resolution. The median resolution on the neutrino direction for
Ve/Ve/vy /v, CC eventsis 9.3°/7.0°/8.3°/6.5° at E, = 10 GeV.

Energy estimation

The neutrino energy estimation for muons is performed in two steps: first the muon
energy is estimated by reconstructing the muon track length and the interaction vertex.
The neutrino energy is estimated depending on the reconstructed muon length and the
number of hits used by the track reconstruction algorithm. The number of hits Nj;; is
defined by integrating the PDEF, P, over a time window At. The length of the muon track is
obtained by calculating the distance between the first and last DOM along the track. The
relation between number of hits and the energy of the interacting neutrino, for a certain
interval of reconstructed muon track length, is obtained by fitting the median distribution
of E, as a function of Nj;;s. A short track with large number of hits is an indication of an
energetic hadronic shower and the neutrino energy is scaled up accordingly. In case of
showers, the light yield is in first order proportional to the shower energy [120, 179].

v,-CC classified as cascades v,-CC classified as tracks
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Figure 3.26: True neutrino energy vs reconstructed neutrino energy for up-going v, CC classified
as shower-like events (left) and v, CC classified as track-like events (right).
From [180].
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Figure 3.27: True neutrino energy vs reconstructed neutrino energy for up-going v, CC classified
as shower-like events (left) and v, CC classified as track-like events (right).
From [180].

The median energy resolution for v, CC events is 25% at E, = 10 GeV, while for Vy CC
events, it is ~ 30% since the outgoing muon tends to leave the detector depositing only a
fraction of its total energy (Fig. 3.28).

Energy Resolution (o_/E)
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Figure 3.28: Energy resolution of ORCA as a function of neutrino energy E for different neutrino
interaction channels X separated by flavour.

The reconstruction performance is encoded within response functions
RY (Etrue, Otrue, Erecos Breco), which is used to calculate the number of detected events in
the reconstructed phase space variables:

N}/;‘:m,()mm = RX(EtruEI etruer Ereco; 9reco> X Né\;ue/gmw/ (3-22)
where, R* (Etrues Otrues Ereco,Oreco) represents the conditional probability for an event
occurring in true (Ejye, 044 ) bin to be detected, successfully reconstructed and selected

in the bin of observed characteristics (Ejeco, Oreco)- This is implemented within the
KM3NeT custom oscillation framework SWIM [181, 182].
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The modelling of the detector response is based on full MC simulations rather
than parameterised detector response functions. Each entry in multi-dimensional
response matrices RY (Etrues Otrues ErecorOreco) for different X is represented by a single
dimensionless coefficient (or weight), that gives the efficiency of detection, reconstruction
and selection for a true bin (Eye, 044 and is computed as:

NMC E , 0 . E ) 0
R s )~ M i )

gen

(3.23)

where Nslgc(Etme, Otrues Erecos Oreco) is the number of "selected" (triggered, reconstructed
and classified) MC events in the reconstructed bin (Eyec,, Oreco) for a given interaction
channel X, and Né\g,f (Etrues Otrue) is the number of "generated" MC events in the
true (Etrue, Otrue). Building response matrices would require filling 5-dimensional®
tables in (Etrue, Otrues Erecos Oreco) phase space for each interaction channel X €
{(ve, Ve, Vy, Uy, V¢, Vo - CC)and (v, v - NC)}. Building response matrices involves looping
over selected and generated events and is computationally costly. However, once it is
built, mapping of all the events from true to reconstructed variables spaces is very fast.

The binning scheme adopted for this analysis is listed in Tab. 3.1.

log(Etrue) cos Qtrue log(Ereco) cos ereco
Bins 40 40 20 20
Units [1,100]  [-1,0]  [3,100]  [-1,0]

Table 3.1: Binning scheme adopted for this analysis.

A coarse 20 x 20 binning in reconstructed space is chosen in order to complement
the detector resolutions, while ensuring enough statistics in each bin. Equidistant
logarithmic bins are used in harmony with power-law spectra of atmospheric neutrino
fluxes, to ensure enough statistics in high energy bins. Constant binning in cos 6 is also
a choice to equally populate bins due to the (first order) isotropic nature of atmospheric
fluxes.

3.4.3 Event classification

As discussed earlier, depending on the Cherenkov signatures of the outgoing lepton
from the v, and v, CC and NC interactions, two distinct event topologies are observed
at the detector: track-like and shower-like events. v, CC and those v; CC interactions
with muonic T decays mostly account for track-like topology, since the outgoing muon
appears as a track within the detector. The shower-like topology has events from v, CC, v¢
CC interactions with non-muonic T decays and NC interactions of all flavours. Showers
appear as blob-like light sources within the detector.

The reconstruction information is fed to a Particle IDentification (PID) chain, which is
based on a multivariate analysis (MVA) technique. MVA techniques can be divided into:

e classification: qualitative output predicting a category or class;

e regression: quantitative output predicting the value of a variable.

6 Additional dimension to store a discrete integer flag indexing the type of interaction.
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The Random Decision Forest (RDF) [183] classifier, which is a machine learning (ML)”
algorithm, is used in our case. This is built within the collaboration [184]. RDF
consists of an ensemble of consecutive binary decision trees. Each individual tree in the
random forest of reconstructed heuristics outputs a class prediction and the class with the
majority of votes becomes our prediction. The output score reflects the fraction of trees
that voted for a predicted class. In this way, a tunable output parameter f is obtained,
which can be used to cut on in the analysis. v, CC events have been used to represent the
track-like event topologies, while v, CC and NC events have been used to represent the
shower-like event topologies while training the classifier.

The output ntuples® contain 3 different types of classifiers (f), two to filter out
background and one for physics:

e atmospheric_muon_score: atmospheric muon vs neutrino decision to reject
atmospheric muons;

e pure_noise_score: pure noise vs neutrino event decision to reject events that
appear very noise-like in the detector;

e track_score: to distinguish between track-like and shower-like events.

The event type classifier for neutrinos, f, can be defined as:

N € = féY(Etrw) X NEV 0

EVSCO/ GVECD recors !’L’CD’

(3.24)

where, N gfm B is the number of detected events of interaction type X, C indicates the

NX ,C

PID class (track or shower), is the number of detected events of interaction type

EI‘L’CU s GVL’CO

X and classified as C, f& is the energy-dependent event classification probability for
interaction types & satisfying the condition:

X X X
ZfC = ftmcks + fshower =1 (325)
C
The classifier performance of the event type classifier for neutrinos (f;% ., f¥ ) is

shown in Fig. 3.29 and Fig. 3.30.

"Machine learning (ML) refer to computer algorithms that involve automatic improvement of predictions
through experience/learning. It can be supervised learning or unsupervised learning based on the training with
a sample in which the real output is known or unknown respectively.

8 An ntuple is a tabular representation of events where each event consists of a fixed length row of data.
It uses the same basic format as ROOT [185] trees.
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Figure 3.29: The RDF-based event selection probability for detected events to be classified as a

track f;¥ , (top) or shower f:

X

hower (POttom) for each of the different interaction types

X at ORCA for 23 m horizontal spacing between DUs.
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Figure 3.30: The RDF-based event selection probability for detected events to be classified as a

track f;¥ ., (top) or shower f:'  (bottom) for each of the different interaction types

X at ORCA for 20 m horizontal spacing between DUs.

For E, ~20 GeV the classifier reaches a plateau with 90% of v, CC and 80% v,, CC events
correctly classified and 5% of v, CC and 5% of v-NC mis-classified events as tracks for
23 m horizontal spacing detector geometry. In the case of a 20 m spacing, the classifier
reaches a plateau with 95% of v, CC and 85% v}, CC events correctly classified and 5% of
v, CC and 8% of v-NC mis-classified events as tracks.

An improvement of the classifier for 20 m results from a denser instrumentation and
additional hit-features (based on the likelihood ratios of the time and position of the
hits expected from v, and v, CC events with respect to the reconstructed position
and direction from the shower reconstruction algorithm) that has been fed to train the
classifier. The difference in the classification performance for v, CC and v, CC is due to
the differences in the inelasticity of the Bjorken-y distributions (Eq. 2.9). The fraction of
vz CC events classified as tracks is relatively higher due to the 17% branching ratio of
muonic T decays.
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3.4.4 Eventspectra

The eight distributions indexed by interaction type X' € {(ve, Ve, Vy, ¥y, Ve, V¢ - CC)
and (v, v - NC)} are merged and split into two distributions corresponding to the two
event topologies: tracks and showers. The final event spectra observed at the detector
are shown in Fig. 3.31. Now the oscillation pattern is not well visible. The event
spectra are segregated by cutting on in the track_score’ at 0.6. The contamination from
mis-reconstructed atmospheric muons is estimated from MC simulated atmospheric
muons with a livetime of ~ 14 days. However the absolute number of events that passes
the selection cuts is very small and accounts for 2% of the total sample. A total number of
~ 63,000 (55,000) up-going neutrino events per year (corresponding to a rate of ~ 2 mHz)
is expected at ORCA for 23 m (20 m) horizontal spacing detector geometry.

Tracks - ORCA115 - 23m - 1yr - NO Showers - ORCA115 - 23m - 1yr - NO

2 2
c c
[} ()
> >
[ [
++ **
4 567890 20 30 4050 10° ’ 4 5678910 20 30 4050 10°
Ereco [Gev] reco Gev
Tracks - ORCA115 - 20m - 1yr - NO Showers - ORCA115 - 20m - 1yr - NO
2 g4 2
5 o | 5
=) L
3 8 [ i
#* 0 © e i
4 567890 20 30 4050 10° ' 4 567890 20 30 4050 10°
Ereco [Ge\/] Ereco [GeV]

Figure 3.31: The expected event rates for up-going neutrinos at ORCA per year for 23 m
(top panels) and 20 m (bottom panels) horizontal spacing as a function of the
reconstructed energy and zenith angle for track-like (left) and shower-like (right)
event topologies. Normal Ordering is assumed.

A value of track_score = 1 corresponds to perfect track, while 0 corresponds to perfect shower.
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4 Search for NSIs with ANTARES
and ORCA

“Reutrinos, they are very small.
Zhey have no darge and no mass
9And Do not interact at all.

At night, they enter at Mepal
And pierce the [over and bif (o83
Srom unberneath the bed; vou call
St wonderful; 3 call it crads.”

— JOHN UPDIKE
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As explained in Chapter 1, the presence of Non-Standard Interactions (NSIs) of neutrinos
with matter can produce a significant departure of the event spectra from the predictions
with standard three-flavour neutrino oscillations. In this chapter, we search for such
departures using the data provided by the ANTARES detector and estimate how
sensitive the ORCA detector will be to such effects using simulated events.

In the case of ANTARES, a measurement of the parameters that describe the NSI can
be obtained and in the absence of a statistical significant deviation from the standard
oscillation pattern, limits on these parameters can be established. For ORCA, we can
provide sensitivities to these parameters, i.e. estimates of the values for which the
detector would be able to observe a deviation at a given confidence level.

Since NSIs would show up as sub-dominant effects above the main contribution of
the atmospheric neutrino oscillations, it is natural that the selection of events for the
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standard oscillation analysis is used also for the NSI search. Indeed, a common event
selection allows us to reproduce the results of the standard oscillation analysis and
cross-check and compare to our results for NSIs. Therefore, the event selection criteria
and the data-taking period used in this PhD thesis follows that of the latest analysis
of atmospheric neutrino oscillations with ANTARES, published in [60] and explained in
greater detail in [186]. We have first reproduced the analysis explained in these references
and then used it as a starting point to perform the NSI analysis as presented in Sec. 4.2.

Likewise, for ORCA, final event templates are simulated for a predicted exposure of
3 years of runtime comprising 115 DUs with 23 m and 20 m horizontal spacing between
DUs. The expected event numbers are weighted according to various possible NSI
signal hypotheses (in the light of agreement of pseudo-data with standard three-flavour
oscillations) in order to quantify how large such sub-dominant effects coming from NSIs
can still be viable at ORCA. The method used to compute the sensitivity of ORCA to NSIs
is reported in Sec. 4.3.

In both cases, the analysis methodology follows an Asimov dataset approach [187] to
quantify the median significance of the experiments towards the NSI signal hypothesis.
Finally, after performing a binned likelihood maximisation, the limits in the NSI u — T
sector with ANTARES have been constructed (Sec. 4.2) and discovery potential of ORCA
towards various NSI model parameters has been reported (Sec. 4.3).

4.1 Non-Standard Interactions

The study presented in this section employs a three-flavour neutrino scheme in presence
of NSIs (see Sec. 1.3.1 for details) to calculate bounds on NSIs in the  — T sector. In
experiments like ANTARES, where the atmospheric neutrino flux is dominated by v,
events in the GeV energy range, NSIs in the u — T sector can be discerned by probing the
deficit of v, events, since these events primarily transform into v: governed by a large
mixing angle 63 and by the NSI coupling parameter €, [188].

The effective Hamiltonian governing the propagation of neutrino flavour states in matter
in the presence of NSIs in the 1 — T sector reads [76]

1 0 0 0 ny(x) 0ge 0 0
Hj=—Uy |0 Amd, 0 |Uf+ Ve 0 e |, 41
3 °E 21 kj n (x) H
v 0 0 Am%l ¢ 0 e;jT €rr — €y

where E, is the neutrino energy and Uj is the PMNS matrix [81]. n4(x) and n,.(x) are
the d-quark and electron number densities along the neutrino path, respectively, and
the e, with & € {y, T} represent the strength of NSI coupling in the u — T sector. All
NSIa that couple to v, (e..) are set to zero to switch off the electron neutrino NSIs. The
remaining non-zero parameters (€;;, €,r and €;7) introduce matter-dependent distortions
to standard v, <> v; oscillations and can be exploited to set limits on the NSI parameters
in the y — T sector.
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Under the one mass scale dominance (OMSD) approximation, the asymmetry in the muon
disappearance channel to first order in €, €, and €. is defined as [189, 190, 191]

— pNSI Std.
APy, = Pyt — Pt
A
~ —|eur| A[sin®(2623) A sin(A) + 4'sin(2023)cos? (2023) sin2(§)] 4.2)
A A
+ |€up — €re| Asin?(2023)cos(2653) [E sin(A) —2 sinz(z)],

where A = Am%,L/2E,, A = v2GgN,L/A.

A convenient approximation for the series expansion of otherwise complicated
three-flavour oscillation probabilities is the two-flavour hybrid model including matter NSIs
with two parameters €, = € and € = € — €uu- In such a model, NSI effects in the
vy, — vz coexist with the standard two-flavour (612, 613 and Am%l = 0) v, <> v oscillations.

The signatures of asymmetry in the muon disappearance channel, predicted in presence
of v, — v NSI, parameterised by €, = 0.033 and € = 0.147 for up-going neutrinos’, is
shown in Fig. 1. The asymmetry is maximal for a wide region of core-crossing neutrinos
with energies of ~ 25 GeV.
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+ 05 I 0.5
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N N
% L 0.0 L% L 0.0 !
+ 0 = s 0 =
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-0.6|— g -0.6(— g
3 -0.5 I -0.5
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Figure 4.1: Asymmetry in vy (left) and v, (right) survival probabilities as a function of the neutrino
energy and cosine of the zenith angle. The NSI hypothesis has been parameterised as
€ur = 0.033 and €77 = 0.147. NO is assumed.

Similarly, a model in which the NSI effects in the v, — v, coexist with the standard
two-flavour (61,613, and Am%1 = 0) v, <> v¢ neutrino oscillations is labelled as the
three-flavour hybrid model. All NSIs that couple to v, (€,4) are set to zero. All three flavours
are present in this case. An overall v, — v, transition occurs via standard v, — v;
oscillations driven by large 6,3 working in concurrence with the €, induced v: — v,
conversion:

€et

vy LN Ve — Ve (4.3)

IThis choice of values of NSI parameters is motivated by the experimental bounds set by Super-K [192]
at 90% C.L.
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The effective Hamiltonian governing the propagation of neutrino flavour states in matter
in the presence of NSIs in the e — 7 sector reads [76]

1 0 0 0 n (x) 5de + eee 0 €€T
Hij = 5= Uy |0 Amd 0 | Uf+ Vee- Tt 0 0 0. (44
vlo 0 Amd () | e 0 en

The signatures of asymmetry in the muon disappearance channel, predicted in presence
of v, — v NSI, parameterised by €, = 0.1 and e = 0.147 for up-going neutrinos, is
shown in Fig. 4.2. Although, the electron NSIs do not appear in leading order terms in
the expressions of muon survival probabilities, it can still be discerned as sub-leading
effects in the muon disappearance channel.

Asymmetry, Normal Ordering Asymmetry, Normal Ordering
0.0 ——————r ————————— g 1.0 0.0 ——————r ———————— g 1.0
L b = 0.1, O, = 0.147 L [k = 0.1, O, = 0.147
-0.21— -0.2f—
+ 0.5 + 0.5
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3 I L%t '
r 00 = F 0.0 =
I
8 o 8 g
-0.6— g -0.6(— g
F -0.5 + -0.5
-0.8— -0.8
-1.0 L L e, -1.0 -1.0 L L - | -1.0
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Figure 4.2: Asymmetry in v, (left) and 7, (right) survival probabilities as a function of neutrino
energy and cosine of the zenith angle. The NSI hypothesis has been parameterised as
€er = 0.1 and e;r = 0.147. NO is assumed.

In our case, for the calculation of oscillation probabilities, the neutrino evolution equation
in the full three-flavour neutrino scheme in presence of NSIs is solved numerically with
the OscProb [52] package taking into account the PREM density profile [53].

4.2 Search for NSIs with ANTARES

When searching for NSIs, the first step is to select the event sample on which our analysis
will be performed. This selection is optimised to select charged current interactions
of muon neutrinos, which yield a muon crossing the detector and produces a track-like
event. The muon disappearance channel is selected since it is sensitive to the NSI
sector which we would try to constrain. The background will be dominated by poorly
reconstructed atmospheric muons, v, CC interactions that produce electromagnetic
showers and neutral-current (NC) interactions of all flavours that produce hadronic
showers. In addition, oscillations of v, to v; will produce v; CC events with or without
muons in the final state that can be a potential source of background for this study.

In this section, the event selection procedure followed to obtain the oscillation
parameters, including the possible existence of a sterile neutrino, is described [60]. We
first show the results when the method is applied to simulated data, and summarise the
results obtained when applied to the oscillation analysis.
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4.2.1 Event selection

A total livetime of 2830 days corresponding to a data acquisition from 2007 to 2016 (both
years included) has been used. The event selection criteria employed here has been
optimised by performing a MC-only sensitivity study [186] to select track-like events
coming from v, and v, CC interactions.

Method A criteria

e Direction cut: Events reconstructed with cosf, > 0.15 (cosf, = 0 correspond
to horizontal-going events) are discarded in order to avoid misreconstructed
atmospheric muons closer than 9° from the horizon. For events passing the
selection criteria of both methods (Sec. 3.2), an additional constraint is imposed,
which requires the difference between reconstructed zenith angle values to lie
within an uniform circle of radius 0.15: |cosf4 — cosf| < 0.15 (05 refer to the
reconstructed zenith direction with method B (Sec. 3.2.1)). However, some of
the down-going atmospheric muon background events are still reconstructed as
up-going, which requires further quality cuts.

e Quality cut: The quality parameter A 4 (Fig. 3.3) tends to have larger values for
atmospheric muons. A cut on A4 = 0.8 for SL events and A 4 = 1.3 for ML events
has been chosen to discard events with quality parameter larger than the cut value.

e Multiplicity cut: Algorithm A reconstructs SL and ML events if hits in at least 4
and 5 storeys are found, respectively. However, hits at a minimum number of 5
storeys is required for both SL and ML events to pass the selection criterion.

e Containment cut: A containment condition is applicable to ML events, such
that events with interaction vertex reconstructed far away from the instrumented
volume are discarded. A containment cut, which requires the reconstructed track
vertex to lie within a cube of sides 340 m around the detector center, has been
applied for ML events.

Method B criteria

e Direction cut: In order to curtail the contamination of down-going atmospheric
muon background, only events reconstructed as up-going (cosf, > 0.0) are
considered.

e Quality cut: A quality cut is decided by "goodness of the track fit", a quantity
equivalent to x> per number of degrees of freedom (N, 7.)- The quality parameter
Ag (Fig. 3.5) tends to have smaller values for atmospheric muons. A cutonAg > —5
and B < 1 has been chosen to discard events with quality parameter smaller and
larger than the cut value, respectively.

Events reconstructed by method A and passing the selection criteria are kept. Events
failing to surpass the selection cuts of method A are reconstructed by method B. These
events are also included in the final sample if the corresponding quality cuts of method
B are achieved.

MC composition

The MC expectation from different channels, oscillations excluded, for the final sample,
that pass the selection criteria of cuts are listed in Table 4.1. The muon neutrino
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purity (relative abundance) is 94% and is always the largest over the entire phase space
covered by the observables, as shown in Fig. 4.3. Additional sources of background, at
sub-percent level, are made of events from both v, CC and NC interactions of all flavours
at sub-percent level.

The atmospheric muon background has been obtained from the normalised (and
smeared) PDF of simulated events passing the event selection criteria. These up-going
mis-reconstructed MC muon PDF is then weighted according to the best-fit expectation
value obtained from the fit of standard oscillations [60]. The muon background
contamination is the largest and about 5%.

When applied to data, the event selection criteria leads to a total of 7710 events: 1950
from SL (method .A), 3682 from ML (method .A) and 2078 from method B.

Component Events %

vy + 7, CC 75912 944
Ve + 7, CC 15.8 0.2
NC 23.5 0.3

Atm. y (normalised) 414.0 5.1
Total (MC no osc.) 8044.48 100

Table 4.1: Expected composition and number of data events of the final sample surpassing the
selection criteria and corresponding to a livetime of 2830 days of ANTARES.
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Figure 4.3: The unoscillated MC event distribution, binned in logarithm of reconstructed muon
energy (left), and the reconstructed zenith angle (right), of the muon track. The colour
code depicts the composition of MC after the final event selection.

The correlated true-reconstructed energy distributions are shown in Fig. 4.4. Although
the true energies of the neutrino events span few TeV, the reconstructed muon energies
of the fully and partially contained events extend till 100 GeV.
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Figure 4.4: The unoscillated energy distribution of the final MC sample in the Eyye — Ereco phase
space, summed over zenith bins with cosf, € [0.15,1.0].

Results of standard oscillation analysis

The low-energy threshold of ANTARES (~ 20 GeV) sits above the energy range sensitive
to neutrino mass ordering. However, it is still close to the first oscillation minimum in the
muon disappearance channel, thereby making it sensitive to oscillations irrespective of
the mass ordering. In 2019, ANTARES published the result [60] of fitting 7710 events,
obtaining three-neutrino oscillation parameters to a precision comparable with that
from dedicated neutrino oscillation experiments [193, 194, 195, 62]. The non-oscillation
hypothesis was disfavoured at 4.60. Fig. 4.5 shows the 90% C.L. contours constructed in
the sin? 63 — Am3, plane obtained from the analysis assuming a standard three-flavour
neutrino oscillation hypothesis. The best-fit Am3, is found at 2 x 1073eV? and 6
compatible with maximal mixing. The data was found to have a mild preference for
an energy shifted first oscillation minimum. This feature of data in fact motivates the
consideration of fitting the non-standard oscillation hypotheses to search for new physics
with the ANTARES data.
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Figure 4.5: Constraints on sin?f,; — Am2, plane at 90% C.L. from the analysis of standard
oscillation fit with ANTARES data. In the plot, the black line refers to the results
published in [60]. From [60].

Comparison with sterile neutrino search

Under the assumption of 3+1 PMNS mixing matrix and to cross-check the validity of NSI
search, the measurement of atmospheric neutrino oscillations in the presence of a sterile
neutrino, has been carried out following the analysis in [60]. A non-zero best-fit value of
634 has been found at 25.9°, while 0,4 is found compatible with zero. Left panel of Fig. 4.6
shows the 99% C.L. allowed region in the sterile phase space of |U,4|*(= sin”654) and
| U] (= sin® 034 - cos? 6,4) obtained with the event selection described in this thesis. The
99% C.L. contour are in agreement with the allowed region reported in [60], as shown in
the right panel of Fig. 4.6 with solid black curve.
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Figure 4.6: Left: Constraints on the 341 sterile neutrino model obtained based on the event
selection perfromed in this thesis. Right: 99% C.L limits from the publication [60].
In the right plot, the black line refers to the results published in [60]. Both results are
consistent.
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4.2.2 Analysis

The analysis procedure to probe the presence of non-standard interactions consists on
comparing the data with the MC template oscillated with some NSI model hypothesis.
The parameters in the model are varied and the set of parameters that results most
compatible with the data is obtained after a likelihood maximisation.

Statistical method

The method employed in this pursuit of search for NSI signals is the binned likelihood
approach in presence of nuisance parameters [196].

In our analysis, the likelihood used in the fit is defined as

Mo Hi -
Ln)= ] Hi e' I 1 .=, (4.5)

ie{bins} Hi: je{syst} 2707

The Poisson term defines the probability for the expected number of entries y; from a
certain simulation prediction for observable? in bin i to reproduce the observed number
of events in that data bin n;. The number of predicted events y; in the i" bin is a
function of the set of oscillation parameters, 0 (see Tab. 4.2), as well as on the set of
parameters related to systematic uncertainties, 5. The nuisance parameters s; enter within
the Gaussian term labelled with the subscript j. The hypothesis is allowed to change
based on the change in s;, thereby penalizing their deviation about their mean value §; in
units of their uncertainty ;.

However since we are comparing hypotheses, the absolute value of the log-likelihood is
irrelevant, what matters is the relative difference. The expression in Eq. 4.5 is simplified
by taking a logarithm and dropping the constant terms:

A2
s 3

InL(pu,n Zyl +En1 In 1;(0,5) — 2(122]) (4.6)

j

In the case of a Poissonian distribution, the number of events y; diverges from the
Gaussian approximation because of the small number of entries. However, an alternative
to the Gaussian-motivated Neyman’s [197] or Pearson’s [198] x> has been proposed
in [199], suggesting the use of the following logarithm of likelihood ratio (LLR):

ek oyl

“2LLR(p,n) = —2- 1n]‘[£ (i) _ . 1n]’[”’

(ni,n n! nle

—2. 2 [yi(é,si) — 4+ nn <ﬂ(’és>>] (4.8)

Eq. 4.8 gives the same values of (9,5) at the minimum as Eq. 4.6, since only a constant
term has been added to the log-likelihood function in Eq. 4.6 (if we avoid the Gaussian
penalty term for now). It provides a goodness-of-fit information and motivates the choice
of Eq. 4.8 as the test statistic according to the Wilks” theorem [200], since it asymptotically
obeys a x? distribution.

(4.7)

2E, and cos 6; in our case.
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In the event of n; being large enough to be approximated by a Gaussian with standard
deviation /n;, the LLR reads

—2LLR(p) =Y. (”_P;("S))Z +ny(In 27 + 2Inor) (4.9)
= x*(p) + const. (4.10)

Eq. 4.10 defines the so-called Neymans’s x? variable; when 7; is replaced by y;, it is called
Pearson’s x>. Maximising LLR is equivalent to minimising x? (off by a sign inversion).

However, the test statistic (TS), that we will consider assuming Poisson statistics
including the Gaussian penalty terms for nuisance parameters, is

—2LLR(p) =2- Y [P‘i(‘”) ~ it il <Vi(r(;i,§)>

ic{bins}

. 38.)2
+ ) M (4.11)
jelsysty )

Binning scheme

The resulting MC and data events are split into 136 bins in reconstructed muon energy
and cosine of the zenith angle. The reconstructed energy is split into 8 bins: the low
energy part of the spectrum has a wide logarithmic bin between 10793 and 102 GeV,
while the rest has 7 logarithmic bins between 10! and 10> GeV. The reconstructed cosine
of zenith angle, cosf),, is split into 17 bins between 0.15 and 1.0, the latter referring to
vertically up-going events.
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Figure 4.7: The un-oscillated MC event distribution (left) and selected data (right), binned in
logarithm of reconstructed muon energy, logio(Eyeco/GeV), and the reconstructed
cosine of the zenith, cosfyec,, of the muon track. (cosf.., = 1 corresponds to vertically
up-going neutrinos.)

Statistical Significance

Fig. 4.8 shows the signed-/x2 maps: the total number of events expected with and
without NSI, for reconstructed events. The absolute value of \/)? is stored, so that each
bin content represents the contribution to the total \/x2 from each event class. The sign
information is retained to represent the excesses and deficits. The total statistical \/x2 for
each bin is computed from:

ey - NER (o)~ N =0)
XE@ e,xﬁ — . (4.12)
NE9 (e(xﬁ = 0)
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NggS is the expected number of events in the corresponding (logy(Ereco), 08 Breco)
bm weighted under standard oscillation hypothesis with parameters adopted from
NuFit 4.1 [90]; while, Nfgegt is the number of expected events in the same
(logy0(Ereco), €08 Breco) bin but with non-zero test values of NSI parameters, as quoted
on the plots.
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Figure 4.8: Expected pulls of predicted event numbers as a function of the reconstructed neutrino
energy (log;y(Ereco)) and direction (cosfeco). Both panels correspond to different
NSI hypothesis parameterised by €,4s as quoted on the plots. Normal Ordering is
assumed. The color code indicates the values of signed-/x?, as defined in Eq. 4.12.

The total significance quoted is the sum of the absolute values of the y/x? from each
bin. Mind the difference in the colour scales.

Fig. 4.8 demonstrates that the effect of NSIs is manifested for up-going events since larger
amount of matter is traversed. This is also the zenith region where MSW resonances
manifest themselves such that interference with them is possible.

4.2.3 Systematics

Systematic uncertainties (s;) included as nuisance parameters affecting the shape and
normalisation of the expected event distribution are listed in Table 4.2. Their central
values, §;, and priors, 0s,, are motivated in this section.
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Nuisance parameters Treatment Central value Prior
Oscillation parameters (0)

612(°) fixed 33.82 -
Am3, (x107%eV?) fixed 7.39 -
Am?, (x1073eV?) fitted 2.494 -
023 (O) fitted 47.2 -
913 (o) fitted 8.54 0.28
dcp (O ) fitted 234 -
Systematic uncertainties (3)

Atmo. u tixed 441.0 -
N, fitted 1 -
Ay titted 0 0.05
Av/v (o) fitted 0 1.0
AMy(0) fitted 0 1

Table 4.2: List of nuisance parameters along with their central values and priors (if any). The
parameter values refer to the ANTARES NSI analysis.

Minimisation

The ROOT MINUIT package [201] has been used to minimise Eq. 4.13. The
program performs a scan of the multi-dimensional log-likelihood landscape in the
gradient-descent approach, and returns a set of parameter values that yields the
minimum value of TS (or maximum LLR). Different values of parameters are injected
as starting points on the parameter space to ensure that the minimiser finds the true
global mimima.

The NSI parameters are extracted from the global minimum obtained by the likelihood
maximisation of the two-dimensional histograms in the plane of logio(Eseco/GeV)
and cosbreco (shown in Fig. 4.7) weighted under a certain oscillation hypothesis with
parameters adopted from NuFit 4.1 [90]. The fit is done following an Asimov
dataset® [187] approach, by minimising the Poissonian log-likelihood ratio function:

Ndata(g, 5 sj—§j)?

—2LLR=2- Y |NI(g,3) —N?ata(5,§)+Nfata-1nAM + ) #
ic{bins} i(0,5) jefsysty 5

(4.13)

where the first sum runs over the histogram bins, N idata (0,5) is the number of data events
in the i" bin and N!*(, 5) is the number of expected MC events in the i/ bin. The second
sum runs over penalty terms of the number of nuisance parameters, j, taken into account,
$j and cTSZj being the assumed prior and Gaussian standard deviation of the parameter j,

respectively.

Oscillation parameters

The solar mass splitting Am3, is fixed to 7.5 x 10~°> eV? and the mixing angle 61, to 33.48°.
The reactor angle 6,3 is treated as a systematic uncertainty and is assigned a Gaussian
prior with a central value of 8.54° and an uncertainty of +0.28°. Although no impact
was found on the final results, écp has been fitted without prior. No prior constraints are

3An Asimov dataset is a single instance of "representative dataset’ obtained by replacing all random
observables with their expected values.
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used on the atmospheric oscillation parameters Am3; and 6,3 which vary freely in the fit.
A normal neutrino mass ordering is assumed. The fit is done is both octants (sin6a3 <
0.5 and > 0.5) and the value yielding the maximum likelihood is accepted. All the above
values are taken from [90].

Flux parameters

Our nominal flux model is based on the calculation of Honda et al. [103]. A global
neutrino normalisation factor, N,, is accounted without constraints and treated as a free
parameter. The spectral index <y, applied as a function of E/, accounts for a change in
the neutrino spectrum due to uncertainties in the primary cosmic ray spectrum. A< is
the change in spectral index v; its central value is Ay = 0. The spectral index is fitted
with a 5%-width Gaussian prior. Uncertainties on the neutrino-antineutrino flux ratio,
v/7, and on the flux asymmetry between up-going and horizontal flux, vy, /vje,, come
from calculations done in [104]. A unique nuisance parameter based on parameterised
uncertainties on the flux ratios by the IceCube Collaboration [62], is considered in the fit.

Cross-section parameter

Uncertainties on the neutrino interaction models can be parameterised using axial
masses from quasi-elastic (QE) and resonant (RES) scattering cross-sections. Dedicated
studies have been performed by the ANTARES Collaboration with gSeaGen [202], which
uses GENIE [174] to model neutrino interaction cross-sections. For the CC resonant
production, its value is MG“RES = 1.12 GeV with an uncertainty of £20%. Expected event
numbers are computed in the final fit by varying this parameter by +1c.

Detector and sea water parameters

Detector and sea water related systematics in ANTARES has been studied in [167,
203]. Two different MC productions have been made with modified OM photon
efficiency [204] and water absorption lengths* varied at +10% from their nominal values.
The effect has been accounted while estimating the event weights as a function of true
energy. The effect of the modified OM photon efficiency and water absorption lengths
are found compatible with the functional form of f(E) ~ A - EB (Fig. 4.9) and hence are
absorbed within the global normalisation factor N, (= A), which is left unconstrained,
and by the uncertainty on the spectral index Ay (= B), which is fitted with a prior.

4For a photon wavelength of ~ 470 nm, an absorption length A, ~ 60 m is measured in sea water [121,
122].
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Figure 4.9: Expected event weight corrections for a +10% (red) and —10% variation from the
nominal value of OM photon detection efficiency and water absorption length as a
function of true neutrino energy, computed for v, + v, CC events. From [186].

Atmospheric muon background

The value and the uncertainty of the atmospheric muon background contamination has
been obtained with a data-driven technique [205], by fitting the muon data distribution
extrapolated to the signal-like region, as shown in Fig. 4.10.
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Figure 4.10: Left: normalised muon background PDF used in this analysis. Right: distribution
of X%;B,S ;, values (= Ap) variable of BBFit for data (black) compared to MC sample
comprising atmospheric neutrinos (red) and muons (green). The fit is shown along
with its extrapolation to the signal-like region. The vertical line at X%B,SL = 0.8
indicates the value of the applied cut on this parameter. From [186].

The fitted mean value of the atmospheric muon background and its standard deviation
have been injected as the starting point and corresponding prior, respectively, in the fit
of ANTARES data with the standard oscillation hypothesis [60]. The muon background
PDF in this work has been normalised to 414.0, the best-fit value obtained from the fit
with the standard oscillation hypothesis. Fixing the muon background at +1¢ variations
from the best-fit value yields compatible results (as will be shown in Fig. 4.17).

4.2.4 Results

The complete list of fitted parameters obtained from the minimisation of the
log-likelihood function for the NSI hypothesis is shown in Table 4.3.
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The best-fit value for er has been found at a non-zero value of 3.5 x 1072, which is
in compliment with ll$4 for the sterile search with ANTARES [60]. €. finds a value
distant from origin (corresponding to standard oscillations), to mimic the mild preference
of ANTARES data for an energy-shifted first oscillation minimum [60]. The best-fit
value for €, has been found at 1.3 x 103, which is consistent with results reported
by other analyses [93]. The non-NSI hypothesis has been examined by performing
the minimisation by setting null values for NSI parameters and is found to be slightly
disfavoured with a significance of ~ 2.3¢c (~2ALLR = 5.5), which corresponds to a
2-parameter p-value of 9.3%.

A strong pull is found for Am3; due to a strong anti-correlation with €,r. The best-fit
Am3, is found at a higher value of 3.1 x 107%eV2. The mixing angle 6,3 is found to be
compatible with maximal mixing within its error at 52.2°. The reactor angle 6,3 finds
a best-fit value at 8.41°. The effect of écp was found flat on all parts of the likelihood
landscape. The best-fit 6cp is found at 0.01°.

The global normalisation factor for neutrinos, N,, is found to be 15% lower than unity,
which falls within the atmospheric neutrino flux uncertainties. This is compensated by a
non-negligible pull on v/7, which finds a minimum at 1.2. No significant deviation from
the mean value is obtained for the spectral index correction A+y.

Parameter best-fit
NSIs

€nt -1.3 x1073
€rr 3.5 x1072
Oscillation

AmZ, (eV?) 3.1 x1073
023(°) 52.25
613(°) 8.41
dcp(°) 0.01
Flux

N, 0.85
Ay —0.01
v/v 1.2
Cross-section

AMy(0) 0.1

Table 4.3: Best-fit point (bfp) values obtained from the minimisation for all parameters considered
in the analysis. NO is assumed.

The distribution of MC events as a function of the ratio of the reconstructed energy and
the cosine of the reconstructed zenith is shown in Fig. 4.11. The red dashed line assumes
MC with no oscillations, whereas the black points refer to data. All the Ereco/cos8reco
bins nicely match the simulation. This is reflected by the goodness-of-fit parameter
X*/d.o.f. = 164.31/126, where d.o.f. is the number of bins (i = 8 x 17) minus the
number of nuisance parameters (= 10) varied in the fit.
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Figure 4.11: Ereco/costreco distribution for data (black points), MC without oscillations (red
dashed line) and MC assuming best-fit values of this analysis (stacked).

The oscillation effects are more prominent in linear scale, as shown in Fig. 4.13
and Fig. 4.12. In Fig. 4.12, the MC distributions are compared to the data bin-by-bin.
The data and MC at the best-fit point are in good agreement after the fit.
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Figure 4.12: Data (black points) and MC (solid lines) comparisons of this analysis, as a function of
the reconstructed zenith angle, cos 6y, for the eight different energy, E;eo bins. The
blue colour corresponds to the MC at the best-fit from this work and the green to the
MC assuming standard oscillations.

The ratio of data and MC assuming best-fit oscillation from this work with MC assuming
the standard oscillation hypothesis is plotted in Fig. 4.13. The mild preference of data
towards the NSI hypothesis is visible at the first few bins. The MC no oscillation
hypothesis is discarded at ~ 4.6¢.

121 of 299



122

Chapter 4. Search for NSIs with ANTARES and ORCA

1200

| L L

T T

vvvvvvvvvvvvvvvv

[ : : : - === MC no osc. -
B -- _.I" —— MC NSl best fit i
Do [oeee eve s ) WL . MC std. osc. fit i
1000f—=== -—I—I i + : 1
L5 N - =—4— Data (2830 days) a
o : : : : -
800} i
. [
= B : : : :
2 600
= [ : ]
aoof T ]
- -
D00 | — T g —
ANTARES Preliminary ‘ : .
b "
o .
E -
)
pzd i ;
z L | | | | | | | Ld
05 L1l L1l L1l L1l L1l L1l L1l L1l LAl L
20 40 60 80 100 120 140 160 180 200
E eco/C0S6,., [GEV]

Figure 4.13: E;ecp/cOsOreco distribution for data (black points), MC without oscillations (red
dashed line) and MC assuming standard oscillations fit (green) and MC assuming
best-fit values of this analysis (blue). Top plot shows the number of events whereas
the bottom plot gives the event ratio with respect to MC standard oscillations fit
(green).

Exclusion regions

After finding the log-likelihood ratio value LLR,,;, at the global minimum represented
by (0min, Smin) by fitting N (= 10, in our case) number of total fitted parameters, we can
construct confidence limits in a reduced parameter space of €, and €. This is done by
calculating LLR values around the global minimum with respect to LLR;;,:

—2ALLR = —2LLR(€yr, €77) — < - ZLLRmin(émin,simin)), (4.14)
where LLR (€, €¢¢) is the value of LLR in the N — 2 phase space. This is obtained by
titting all N parameters, except the two in which the confidence region is to be built.

Thus, using Eq. 4.13, a value of LLR is computed over a 2-dimensional grid of parameter
phase space defined by €,; and €;r, where €, ranges from —1.2 x 103 to 1.2 x 1073
and e, ranges from —1.5 x 1072 to 1.5 x 10~ 2. The fit is performed on a 151 x 101 grid
over this space by maximising the likelihood over the N — 2 = 8 fit parameters listed in
Table 4.2.

Exclusion contours are drawn in the form of confidence level intervals for two d.o.f.
assuming Wilks” theorem [200]. The median significance of the test statistic is computed
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in this way without the need of producing ensembles of toy-MC. However, in the absence
of asymptotic approximations, based on Wilk’s theorem, there are other methods as
proposed by Feldman and Cousins [206]. However, they are computationally expensive
and require comparison of test statistic distributions of pseudo-experiments for each
point in the parameter space. In this work, we restrict ourselves to the choice of Wilks’
theorem, which allows to approximate asymptotically —2LLR as x>.

The resulting sensitivity and exclusion limit contours at 90% C.L., derived from this
analysis in the €,; — €7 plane, are shown in Fig. 4.14 and Fig. 4.15. Fig. 4.14 corresponds
to a MC-only sensitivity analysis with the toy-MC weighted according to the standard
oscillation hypothesis (point (0,0) in the NSI phase space). Fig. 4.15 shows the 90% C.L.
upper limit obtained with data. The red cross depicts the best-fit point in the €, — €:¢
phase space. The (0.in, Smin) parameters that do not appear on the plot are marginalised
over.
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Figure 4.14: MC-only sensitivity at 90% C.L. after 10 years of ANTARES livetime obtained in this
work is shown.
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Figure 4.15: 90% C.L. upper limits allowed after 10 years of ANTARES livetime obtained in this
work are shown. The cross depicts the best-fit point obtained. The top and right
lateral plots show the 1D projections on €, and e;r axes respectively.

Finally, limits on the NSI matrix elements are obtained by profiling over the other
variable:

—42x1073 < €4 <27 %1073 (at90%C.L),
—61x1072 <e€rr < —21x1072 and 21x1072<err <73 x1072 (at90%C.L).
(4.15)
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Comparisons with other experiments

Fig. 4.16 shows the exclusion regions in the first quadrant of log-scaled €ur — €1t phase
space. In this case, a coarser grid of 60 x 50 points over the parameter phase space defined
by €, and €;;, where both €, and e€;; range from 1073 to 1, is chosen. Finally, 90% C.L.
and 99% C.L. contours are drawn w.r.t. to the best-fit point lying in the second quadrant
(Tab. 4.3). Note that the Super-K constraints have been drawn assuming a two-flavour
hybrid model approximation (Sec. 4.1).
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Figure 4.16: 90% (top) and 99% (bottom) C.L. upper limits in the €, — €;¢ phase space allowed
after 10 years of ANTARES livetime obtained in this work, together with MC-only
sensitivities (dashed) and limits (assuming a two-flavour hybrid model approximation)
from Super-K [192] are shown.

Contours for 90% C.L. have been re-evaluated by setting the atmospheric muon
background at +1c errors from the nominal value of 414753, obtained from the best
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fit with standard oscillations [60]. The muon background was found to be negatively
correlated with €,;. Nevertheless, as shown in Fig. 4.17 the effect on the final results is
rather small.
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Figure 4.17: Comparison of 90% C.L. upper limits for different muon background estimations.

We also considered an effective Hamiltonian in the presence of NSIs in the e — T sector to
compare with Super-K. A similar analysis has been pursued thereafter, resulting in limits
in the €,r — €;; phase space. Best-fit points obtained on fitting this NSI model hypothesis
are listed in Tab. 4.4. 90% C.L. contour for €, = 0 (fixed) is drawn as shown in Fig. 4.18.
Note that the Super-K constraints have been drawn assuming a three-flavour hybrid model
approximation (Sec. 4.1).

Parameter best-fit
NSIs

€t —6.8x 1072
€rr —1.9x 1072
€ee 0 (fixed)
Oscillations

Am3, (eV?) 3.0 x1073
623(°) 38.52
613(°) 8.41
dcp(°) 0.01
Flux

Ny 0.84

Ay —0.01
v/v 1.06
Cross-section

AMA (0') 0.1

Table 4.4: Best-fit point (bfp) values obtained from the minimisation for all parameters considered
in this analysis. NO is assumed.
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Figure 4.18: 90% C.L. upper limit in the €, — € phase space allowed after 10 years of ANTARES
livetime obtained in this work, together with MC-only sensitivities (dashed) and
limits (assuming a three-flavour hybrid model approximation) from Super-K [192] are
shown.

For comparison with IceCube Deepcore [93], limits on NSI €, with e;; being kept fixed
or fitted, have been computed and drawn in Fig. 4.19. The case when €. is fitted, the
best-fit points bfp coincides with the previous analyses presented in Table 4.3. The bfp,
when e+ is fixed at zero, is presented in Table 4.5. A x?/d.o.f. = 169.24/127 is obtained
in this case with nine free parameters in the fit.

Parameter best-fit
NSIs

€ -12x1073
€rr 0 (fixed)
Oscillations

Am3, (eV?) 2.0 x1073
623(°) 45.83
613(°) 8.41
dcp(°) 360
Flux

N, 0.8
Ay —0.01
v/v 1.2
Cross-section

AMA (0') 0.1

Table 4.5: Best-fit point (bfp) values obtained from the minimisation for all parameters when e
is fixed to zero. NO is assumed.

A limit on the NSI parameter €, (V ey = 0) is obtained:
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—38x 1073 < ey <1.6x1073 (at90%C.L), (4.16)
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Figure 4.19: Limits on €, after 10 years of ANTARES livetime obtained in this work when e,
is fixed at zero. Sensitivity projections from ANTARES (red dashed) as well as
limits from IceCube DeepCore [93] (green) and Super-K [192] (cyan) are drawn for
comparisons.

While, the IceCube Deepcore analysis restricts high energy events with a fiducial
volume cut, which is essentially equivalent to a cut on reconstructed energy at 56
GeV, the ANTARES true energies of events considered in this analysis span till 10 TeV.
These partially contained high energy neutrino events bring enhanced sensitivity to
non-standard effects in ANTARES. However, to be in line with IceCube Deepcore, it
has been verified that the limit degrades (marginally) when a cut on true/reco energy
is imposed as shown in Fig. 4.20.
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Figure 4.20: Comparison of 90% C.L. limits for cuts on true and reconstructed energies. The cut
on true energy has the largest impact, since partially-contained high energy events
bring enhanced sensitivity to NSI effects.

In conclusion, a first ANTARES analysis constraining the NSI sector has been presented.
In this analysis, ANTARES data has been used to set world-wide competitive limits
in the NSI parameter space, using the same dataset used in the analysis of standard
oscillations [60]. The limits for NSI obtained with ten years of atmospheric muon
disappearance data collected by ANTARES are more stringent than allowed by current
experimental limits, and thereby constitutes the world’s best limits in the u — 7 sector.
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4.3 Sensitivity to NSIs at ORCA

This section details the method employed to estimate of the sensitivity of
KM3NeT-ORCA towards different NSI sectors. The strategy for event selection, statistical
methods for calculating the sensitivity and the list of systematics included in this study
are discussed in detail.

4.3.1 Event selection

The analyses concerning ORCA have been pursued adopting two different strategies for
event selection and two possible detector geometries, on what the horizontal spacing
between DUs is concerned. We shall refer to them as ORCA115-20m and ORCA115-23m
MC throughout this thesis:

e 23 m -2 PID bins: assuming 23 m horizontal spacing between DUs and with two
event classes (tracks and showers) with the following selection criteria:

— muon cut: a relatively aggressive cut on atmospheric_muon_score < 0.05 for
the neutrino to atmospheric muon background is used to reach a few percent
muon contamination in the final sample;

— noise cut: a cut on pure_noise_score < (.1 is imposed to reject pure-noise
events;

— zenith cut: only up-going events with cos 6., < 0 are considered;

— shower cut: passes shower selection (trigger and reconstructed by the shower
algorithm) && (track_score < 0.6);

— track cut: passes track selection (triggered and reconstructed by the track
algorithm) && (track_score > 0.6).

The resulting event distributions passing the selection cuts for tracks and showers are
shown in Fig. 4.21.

Tracks - ORCA115 - 23m - 1yr - NO Showers - ORCA115 - 23m - 1yr - NO
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€0S6,¢c0
# events

4 567890 20 30 4050 10° " 4567890 20 30 4050 102
Ereco [Gev] Erecu [GEV]

Figure 4.21: The expected event rates at ORCA with 23 m horizontal spacing per year as a function
of reconstructed energy and zenith angle for each event topology. NO is assumed.

e 20 m - 3 PID bins: assuming 20 m horizontal spacing between DUs and with three
event classes (tracks, middles and showers) with the following selection criteria:

— muon cut: atmospheric_muon_score < (0.05;

— noise cut: pure_noise_score <0.1;
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— zenith cut: only up-going events with cos 0., < 0 are considered;
— shower cut: passes shower selection && (track_score < 0.3);

— middle cut: passes shower selection && (0.3 < track_score < 0.7). An extra
event class translates into having an extra binning in Bjorken-y distribution
(or PID), which adds up an extra component at the x? level.;

— track cut: passes track selection && (track_score > 0.7).

The resulting event distributions passing the selection cuts for each topology are shown
in Fig. 4.22.
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Figure 4.22: The expected event rates at ORCA with 20 m horizontal spacing per year as a function
of reconstructed energy and zenith angle for each event topology. NO is assumed.

The MC expectation for one year of ORCA exposure comprising 115 DUs from the eight
different interaction channels, oscillations included (weighted under standard oscillation
hypothesis with parameters adopted from NuFit 4.1 [90]), for the final samples that pass
the selection criteria of cuts are listed in Table 4.6.
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Component Tracks (23m/20m) Middles (23m/20m) Showers (23m/20m)

v, CC 12508 /12000 -/4423 9149/2295
v, CC 6760/6679 -/1997 3489/501
v, CC 807/511 -/3998 14268 /8351
v, CC 333/208 -/1539 5328/3117
v CC 313/280 -/516 2476/1364
vy CC 156/140 -/231 1038/573
v NC 208/143 -/1197 5007 /2981
v NC 60/40 -/348 1401/824
Total 21145/20001 -/14249 42156 /20006

Table 4.6: Expected composition of the final oscillated MC sample of atmospheric neutrinos
surpassing the selection criteria and corresponding to a livetime of one year of full
ORCA with 115 DUs for 23 m and 20 m detector geometries. The "middle" selection is
only applied to the 20 m geometry. NO is assumed.

In the track selection, a 93.3% purity of v, + vV, is achieved for a 20 m detector geometry
compared to 91.1% in case of a 23 m geometry. In the shower selection, v, + v, events
comprise 57% (46.4%) of the total events for a 20 m (23 m) detector geometry. A higher
purity is achieved in the case of a 20 m geometry due to the hard PID cuts. The events
which are not classified as "good" tracks (track_score > 0.7) or "good" showers (track_
score < 0.3) fall into the intermediate middle class.

4.3.2 Statistical significance

Fig. 4.23 - Fig. 4.26 show the signed-x? maps for reconstructed events in the three event
classes for 3 years of full ORCA (115 DUs) runtime with 20 m horizontal spacing. 20
logarithmic bins were chosen in the reconstructed neutrino energy (E,) € [3,100] GeV,
while 20 linear bins in cosine of the reconstructed zenith angle (6,) € [—1, 0]. The absolute
value of )(2 is stored, so that each bin content represents the contribution to the total )(2
from each event class. The sign information is retained to represent the excesses and
deficits. The statistical signed-x? for each bin is computed as:

(it () Nt = 0)) ¢ [Nt () (g = 0
Nggf(ew =0)

Xzzs,ez (ea/s) = (4.17)

NE§S is the expected number of track/middle/shower events in the corresponding
(E,’Gz) bin weighted under standard oscillation hypothesis with parameters adopted
from NuFit 4.1 [90], while N is the number of expected events in the same (E, 6;)
bin but with non-zero test values of NSI parameters, €,4.

The “total sensitivity”, x7,(e.p), at any given NSI point represented by €4, refers
to the sum of the absolute values of the statistical x> from every (E,6,) bins for that
particular NSI hypothesis. In case of Poissonian distribution of events, x is replaced by
the log-likehood ratio, —2LLR (Eq. 4.8)°. X%ot(eaﬂ) is calculated in the following way:

X%ot(ezxﬁ) = Z X%,ez(erxﬁ) + Z Xlzs,az (Gaﬁ) + Z Xlzs,ez(ea/ﬂ) . (4.18)
E.0; tracks E,¢0. middles E.¢0. showers

5We use —2LLR as our test statistic for further calculations.
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The square-root of the absolute value of total sensitivity is termed as the “significance”,
010t (€ap)- The significance gives an estimate of how well an experiment can measure €,
from a given experimental dataset.
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Figure 4.23: Statistical signed-x* maps for 3 years of exposure of ORCA-115 lines corresponding
to 20 m horizontal spacing between DUs as a function of reconstructed neutrino
energy (Ereco) and zenith direction (cosfreco) for track (left column), middle (middle),
and shower (right) event topologies. The NSI hypothesis parameterised by €., = 0.02.
NO is assumed. The plots for IO assumption are not shown for brevity. The color
code indicates the values of signed-x?, as defined in Eq. 4.17. The total sensitivity
quoted is the square-root of the sum of the absolute values of the x? from each bin.
Mind the difference in the colour scales.
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Figure 4.24: Statistical signed-x? maps for 3 years of exposure of ORCA-115 lines corresponding
to 20 m horizontal spacing between DUs as a function of reconstructed neutrino
energy (Ereco) and zenith direction (cosfreco) for track (left column), middle (middle),
and shower (right) event topologies. The NSI hypothesis parameterised by €,r = 0.02
. NO is assumed. See caption of Fig. 4.23 for more info.
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Figure 4.25: Statistical signed-x? maps for 3 years of exposure of ORCA-115 lines corresponding
to 20 m horizontal spacing between DUs as a function of reconstructed neutrino
energy (Ereco) and zenith direction (cosfreco) for track (left column), middle (middle),
and shower (right) event topologies. The NSI hypothesis parameterised by €,; =
0.002 . NO is assumed. See caption of Fig. 4.23 for more info.
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Figure 4.26: Statistical signed-x? maps for 3 years of exposure of ORCA-115 lines corresponding
to 20 m horizontal spacing between DUs as a function of reconstructed neutrino
energy (Ereco) and zenith direction (cosfreco) for track (left column), middle (middle),
and shower (right) event topologies. The NSI hypothesis parameterised by e, = 0.01
. NO is assumed. See caption of Fig. 4.23 for more info.

Thus the individual contributions from track, middle and shower event classes are added
in quadrature to compute the “total significance”, o,

Otot = \/m

e

The contribution from three event classes to the total statistical significance for different
assumed NSI model hypotheses are shown in Fig. 4.27 to Fig. 4.30. Sensitivity curves
corresponding to IO assumption are also drawn.

(4.19)

+(—2InL) +(=2InL)

tracks middles showers
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(a) 20 m geometry with 3 event classes: tracks (red), middles (blue) and showers (green).
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(b) 23 m geometry with 2 event classes: tracks (red) and showers (green).

Figure 4.27: Contribution from tracks (red), middles (blue) and showers (red) to the total
statistical significance as a function different test values of €. For 20 m (top panels)
and 23 m geometries (bottom) assuming NO (left) and 10 (right). The dashed

horizontal line corresponds to 90% C.L. limit.

NSI e, receives contribution from both the track (primarily muon appearance channel)
and shower (primarily electron disappearance) classes as shown in Fig. 4.27.
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NSI €.
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(b) 23 m geometry with 2 event classes: tracks (red) and showers (green).

Figure 4.28: Contribution from tracks (red), middles (blue) and showers (red) to the total
statistical significance as a function different test values of €,;. See caption of Fig. 4.27
for more info.

NSI €, modify the v, oscillation probabilities and hence get the largest contributions from
the shower class (Fig. 4.28). The contribution from the middle class is most pronounced
for NSI €,+.
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(b) 23 m geometry with 2 event classes: tracks (red) and showers (green).

Figure 4.29: Contribution from tracks (red), middles (blue) and showers (red) to the total
statistical significance as a function different test values of €. See caption of Fig. 4.27

for more info.
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(a) 20 m geometry with 3 event classes: tracks (red), middles (blue) and showers (green).
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(b) 23 m geometry with 2 event classes: tracks (red) and showers (green).

Figure 4.30: Contribution from tracks (red), middles (blue) and showers (red) to the total
statistical significance as a function different test values of €. See caption of Fig. 4.27
for more info.

NSI €,; and €, distort the v, oscillation probabilities and get the largest contributions
from the track class (Fig. 4.29 and Fig. 4.30).
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4.3.3 Systematics

This section discusses the uncertainties associated with the systematics and their impact
on the event distribution corresponding to different NSI hypotheses. Tab. 4.7 summarises
the exhaustive list of systematic parameters considered in the fit, along with their
statistical treatment (fixed or fitted), nominal values and external constraints, if used.
They can be grouped in four categories:

Nuisance parameters Treatment Nominal values Priors

Oscillation

612(°) fixed 33.82 -
615(°) fitted 8.60 0.13
623(°) fitted 48.6 free
dcp(°) fitted 221 free
Am3,(x1075eV?) fixed 7.39 -
Am?; (x10~3eV?) fitted 2.528 free
Flux

Track norm. fitted 1 free
Shower norm. fitted 1 free
Middle norm. fitted 1 free
vy, /v, skew fitted 0 5%
vy, /Uy skew fitted 0 5%
Ve /7, skew fitted 0 5%
Energy slope (A7) fitted 0 5%
Zenith slope fitted 0 2%
Cross-section

NC scale fitted 1 5%
Detector

Energy scale fitted 1 10%

Table 4.7: The list of systematics studied in the NSI ORCA analysis, along with their statistical
treatment, injected nominal and prior values (if any).
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e Oscillation parameters: The solar parameters (612, Am%l) are kept fixed at their
nominal values (adopted from NuFit v4.1 [90]), since ORCA being an atmospheric
oscillation experiment is not very sensitive to them. The mixing angle 63 has a
large effect on oscillation probabilities. Hence existing experimental constraints
are used to exploit the full potential of ORCA for estimating the sensitivity to the
NSI parameters. It is reflected by a prior of 0.13°. No priors are used on the
atmospheric oscillation parameters (623, Am3;) and dcp since they are also supposed
to be measured by ORCA. Due to the degeneracy between the octant of 6,3 and the
sign of Am%l (4/— correspond to NO/IO), a starting value of 0,3 in both octants
(623 < 45° € lower octant or 63 > 45° € higher octant) is chosen and the minimum
value of —21n £ is stored. The effect of these uncertainties on oscillation parameters
on the final event distributions are shown in Fig. 4.31 to Fig. 4.34.
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Figure 4.31: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when 613 is set at +1c away from its nominal value listed
in Tab. 47. X— and Y—axis represent reconstructed energy and cosine of the
reconstructed zenith direction, respectively. Modification of event numbers for a test
point of 013 at —10 away from its nominal value is not shown for brevity.
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Figure 4.32: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when 6,3 is set at +10 away from its nominal value listed
in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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Figure 4.33: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when Am%1 is set at +10 away from its nominal value listed
in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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Figure 4.34: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when dcp is set at +1c away from its nominal value listed
in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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e Flux systematics: Systematic parameters compared to atmospheric neutrino flux
uncertainties are considered. The total number of events in each event class has
an associated normalisation factor: "Track norm.", "Middle norm." and "Shower
norm.", which is fitted without any constraint. This also takes into account
the uncertainty on the effective mass and on the interaction cross-sections of
neutrinos. The effective change in the event numbers in any [E, cos#6,] bin is
directly proportional to the normalisation factor.

The ratio between the total number of v, and v, ("v, /v, skew" ), v, and v, ("v,, /7,
skew") and v, and v, ("v./V. skew") events are allowed to vary with a standard
deviation of 5% of the parameter nominal value. The prior value (5%), which is
independent of energy and zenith angle, is more conservative than the current
estimated flux uncertainties [207]. The effect of these uncertainties on the final event
distributions are shown in Fig. 4.35 to Fig. 4.37.
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Figure 4.35: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when v;, /v, is set at +-5% away from its nominal value listed
in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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Figure 4.36: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when v, /7, is set at +-5% away from its nominal value listed
in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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Figure 4.37: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when v, /7, is set at +5% away from its nominal value listed
in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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The "energy slope” error Ay, applied as a function of E;, accounts for a change in
the neutrino spectrum due to uncertainties in the primary cosmic ray spectrum.
The energy slope error is allowed to vary within £5% around its central value of
Ay = 0. Similarly, the uncertainty on the ratio of up-going to horizontal-going
neutrinos, named "zenith slope", is allowed to vary with a standard deviation of 2%
of its nominal value. The effect of these uncertainties on the final event distribution
is shown in Fig. 4.38 and Fig. 4.39.
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Figure 4.38: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when energy slope (A7) is set at +10% away from its nominal
value listed in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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Figure 4.39: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when zenith slope (vyp/vy,,) is set at +10% away from its
nominal value listed in Tab. 4.7. Read caption of Fig. 4.31 for more info.
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e Cross-section systematics: While lepton universality means the cross section ratios
between flavours are well known, the same is not necessarily the case for the ratio
between CC and NC events. Therefore, the neutral current event normalisation
is also fitted with a prior of 5%. Uncertainties on the absolute CC and NC
cross-sections are not considered in this study. However they would be somewhat
absorbed within the flux normalisations. The effect of NC scale normalisation on
the final event distribution is shown in Fig. 4.40.
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Figure 4.40: Percentage modification of event numbers for tracks (left), middles (middle) and
shower (right) classes when NC scale factor is set at +1¢ away from its nominal
value listed in Tab. 4.7. Read caption of Fig. 4.31 for more info.

e Detector systematics: Among the systematic parameters incorporated into this
analysis, the track, middle and shower normalisations and energy scale can be
considered detector effects. The energy scale depends on the PMT efficiencies and
water properties [179]. If events are systematically brighter or less bright than
expected, this will cause a shift to the normalisation of the effective mass. This
is accounted in the energy scale which is fitted with a 10% Gaussian width across
its nominal value.
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Analysis

Systematics are included in our simulation using the “pull” method described in [208,
209]. The final fit is done following an Asimov dataset [187] approach, by minimising the
Poissonian log-likelihood ratio function:

—2InL=2- ) |N{®,5) — N"*(5,5) + N"* - In NTEAT ). b= &)

ie{bins} l , l , l Nl‘teSt(é’ §) je{syst} 0’52], .

(4.20)

The number of predicted events N; in the i*" bin is a function of the set of oscillation
and NSI parameters, 9, as well as on the the set of parameters related to systematic
uncertainties, 3. N}me(é, §) is the expected number of track/middles/shower events in
the i" bin weighted under a certain standard oscillation hypothesis with parameters
adopted from NuFit 4.1 [90]; while, N!*t(g, 5) is the number of expected events in the i
bin with non-zero test values of NSI parameters. The first sum runs over the histogram
bins Ejeco, OS Breco. The second sum runs over penalty terms of the number of nuisance
parameters, j, listed in Tab. 4.7, §; and (752/_ being the assumed prior and Gaussian standard

deviation of the parameter j, respectively.

The effect of systematics on the sensitivity to NSI parameters (€c, €er, €yr and €zr7),
when fitted uniquely or cumulatively are shown in Fig. 4.41 to Fig. 4.56 for two possible
detector geometries corresponding to 20 m and 23 m horizontal spacing between DUs
and for NO and IO truth assumptions. The systematic with the most drastic effect on the
sensitivity to a particular NSI parameter corresponds to the curve that lies farthest from
the statistical-only (black) curve in all the figures.
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Figure 4.41: Effect of systematics (listed in Tab. 4.7), when fitted uniquely (top) and incrementally
(bottom), on the sensitivity to €., at ORCA with 23 m horizontal spacing for NO
assumption and 3 years of runtime. The black curve on both panels corresponds
to the statistical-only sensitivity. The effect of systematics represented by colour
coded curves at a particular NSI point can be gauged by looking at the relative
separation from the stat-only curve. Top: each colour coded curve refers to the
effect of that particular systematic which is uniquely fitted while the rest are kept
fixed at their nominal values. Bottom: each colour coded curve corresponds to the
effect of that particular systematic plus (+) the ones appearing on top of it being
fitted simultaneously. The systematics are added cumulatively in the sequence as
they appear in the legends from violet to red. The final sensitivity can be read from
the widest (red) curve, which refers to the case of inclusion of all the systematic
uncertainties accounted in this study throughout this thesis. Negative NSI points
are not scanned for brevity.
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Figure 4.42: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €., at ORCA with 20 m horizontal spacing for NO assumption.
See caption of Fig. 4.41 for more info.

th3 and dcp are found to exhibit strong pulls in the cumulative fits of NSI €., assuming
normal ordering (NO), as seen in the lower panels of Fig. 4.41 and Fig. 4.42. The effect
of the uncertainty on 6,3 (which is fitted with a starting value in both octants) is rather
negligible. The ordering is assumed to be known (NO) and kept fixed in the fit.
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Figure 4.43: Effect of systematics (Tab. 4.7), when fitted uniquely (top) and incrementally
(bottom), on the sensitivity to € at ORCA with 23 m horizontal spacing for 10

assumption. See caption of Fig. 4.41 for more info.
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Figure 4.44: Effect of systematics (Tab. 4.7), when fitted uniquely (top) and incrementally
(bottom), on the sensitivity to €, at ORCA with 20 m horizontal spacing for 10
assumption. See caption of Fig. 4.41 for more info.

th3 and d¢cp are found to exhibit strong pulls in the cumulative fits of NSI €., assuming
inverted ordering (I0), as seen in the lower panels of Fig. 4.43 and Fig. 4.44. The effect
of the uncertainty on 6,3 (which is fitted with a starting value in both octants) is rather

=
o

ORCA115 - 20m - 3 yr - Inverted Ordering

O = N W A O O N 0 ©

- H H N N
-_—IlllllllllllIIIIIIIIIIIIIIII

Stats
TrackNorm
ShowerNorm
MiddleNorm

v /v, Skew -
v, /V, Skew

v /V, Skew
FluxEscale ...
NC Scale
EnergySlope
ZenithSlope ...

0.005

0.010

0.015

0.020

|l

0.025

0.030

ORCA115 - 20m - 3 yr - Inverted Ordering

0.035

Stats

+ TrackNorm -
+ ShowerNorm
+ MiddleNorm

+v, /v, Skew -
+v,/V, Skew

+ Vv, /V, Skew

+ FluxEscale ...
+ NC Scale

+ Am3,
e,
+0p L
- + 9
0 : -l- = = T I L L L L I L L L L I L L L L I L L L L I L L L I I L L L L
0.005 O 010 0.015 0.020 0.025 0.030 0.035
|5,

negligible. The ordering is assumed to be known (I0) and kept fixed in the fit.
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Figure 4.45: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 23 m horizontal spacing for NO assumption.

See caption of Fig. 4.41 for more info.
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Figure 4.46: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 20 m horizontal spacing for NO assumption.
See caption of Fig. 4.41 for more info.

Since sensitivity on €, is mostly driven by the shower channel, a non-trivial pull is
exhibited by the shower normalisation. Besides this, dcp is found to employ a strong
pull in the cumulative fits of NSI €,r assuming normal ordering, as seen in the lower
panels of Fig. 4.45 and Fig. 4.46. The effect of the uncertainty on 6,3 (which is fitted with
a starting value in both octants) is rather negligible. The ordering is assumed to be known
(NO) and kept fixed in the fit.
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Figure 4.47: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 23 m horizontal spacing for IO assumption.

See caption of Fig. 4.41 for more info.
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Figure 4.48: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 20 m horizontal spacing for IO assumption.
See caption of Fig. 4.41 for more info.

Similar to the NO case, a non-trivial pull is exhibited by the shower normalisation, since
sensitivity on €.; is mostly driven by the shower channel. Jcp is found to employ a
strong pull in the cumulative fits of NSI €,; assuming inverted ordering, as seen in the
lower panels of Fig. 4.47 and Fig. 4.48. The effect of the uncertainty on 6,3 (which is fitted
with a starting value in both octants) is rather negligible. The ordering is assumed to be
known (IO) and kept fixed in the fit.
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Figure 4.49: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €,r at ORCA with 23 m horizontal spacing for NO assumption.

See caption of Fig. 4.41 for more info.
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Figure 4.50: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 20 m horizontal spacing for NO assumption.

See caption of Fig. 4.41 for more info.

Since sensitivity on €, is mostly driven by the track channel, a non-trivial pull is
exhibited by the track normalisation. Besides this, dcp and 6,3 are found to employ strong
pulls in the cumulative fits of NSI €, assuming normal ordering, as seen in the lower
panels of Fig. 4.49 and Fig. 4.50. The ordering is assumed to be known (NO) and kept

fixed in the fit.
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Figure 4.51: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 23 m horizontal spacing for IO assumption.

See caption of Fig. 4.41 for more info.
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Figure 4.52: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to €, at ORCA with 20 m horizontal spacing for IO assumption.
See caption of Fig. 4.41 for more info.

Similar to NO case, a non-trivial pull is exhibited by the track normalisation, since
sensitivity on €, is mostly driven by the track channel. Besides this, 6cp and 63 are found
to employ strong pulls in the cumulative fits of NSI €,; assuming inverted ordering, as
seen in the lower panels of Fig. 4.51 and Fig. 4.52. The ordering is assumed to be known
(IO) and kept fixed in the fit.
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Figure 4.53: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to e;r at ORCA with 23 m horizontal spacing for NO assumption.
See caption of Fig. 4.41 for more info.
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Figure 4.54: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to e;r at ORCA with 20 m horizontal spacing for NO assumption.
See caption of Fig. 4.41 for more info.
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Since sensitivity on €, is mostly driven by the track channel, a non-trivial pull is
exhibited by the track normalisation. Only 6,3 is found to employ a non-negligible pull
in the cumulative fits of NSI €;; assuming normal ordering, as seen in the lower panels
of Fig. 4.53 and Fig. 4.54. The ordering is assumed to be known (NO) and kept fixed in
the fit.
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Figure 4.55: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to e;r at ORCA with 23 m horizontal spacing for 10 assumption.

See caption of Fig. 4.41 for more info.
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Figure 4.56: Effect of systematics (Tab. 4.7) when fitted uniquely (top) and incrementally (bottom)
on the sensitivity to e;r at ORCA with 20 m horizontal spacing for IO assumption.
See caption of Fig. 4.41 for more info.

Similar to the NO case, a non-trivial pull is exhibited by the track normalisation, since
sensitivity on €¢; is mostly driven by the track channel. Only 63 is found to employ a
non-negligible pull in the cumulative fits of NSI €, assuming normal ordering, as seen
in the lower panels of Fig. 4.55 and Fig. 4.56 The ordering is assumed to be known (IO)
and kept fixed in the fit.

4.3.4 Results

The final sensitivities after inclusion of all the systematics listed in Tab. 4.7 can be grouped
in two categories:
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e One-NSI sensitivities: one-dimensional sensitivities when only one NSI parameter
is allowed to be non-zero, while the rest are kept fixed at zero.

e Correlated NSI sensitivities: two-dimensional sensitivities when two NSI
parameters are allowed to be non-zero, while the rest are kept fixed at zero.

One-NSI sensitivities

ORCA one-dimensional sensitivities to €, €., €,rand € are shown in Fig. 4.57
to Fig. 4.60. The sensitivities are calculated after fitting over the nuisance parameters
and marginalising over the oscillation parameters as listed in Tab. 4.7. Marginal
improvements have been observed for the 20 m geometry with 3 PID classes for the
electron NSIs: €ep and €.;. A higher instrumentation density with better resolution in the
shower channel leads to this marginal improvement. Final limits are read from curves
referring to the 20 m geometry in coherence with the benchmark set by the KM3NeT
Collaboration.
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Figure 4.57: Projected sensitivity to €., for three years of running of full ORCA detector
comprising 115 string, with either 23 m (blue) or 20 m (red) horizontal DU spacing.
Normal (Inverted) ordering is assumed in the top (bottom) plot. All NSI parameters
except €, are kept fixed at zero. The dashed horizontal line correspond to the 90%
C.L. limit.
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Figure 4.60: Projected sensitivity to €;;. See caption of Fig. 4.57 for more info.

Correlated-NSI sensitivities

The 90% C.L. interval regions in the NSI parameter space allowed after 3 years of running
of ORCA are shown in Fig. 4.61 to Fig. 4.66 for NO and IO assumptions, respectively.
Each panel depicts the sensitivities for two considered detector geometries corresponding
to 23 m and 20 m horizontal spacing between DUs. The sensitivity contours are drawn
around the orgin (0, 0), where the pseduo-data is simulated keeping all NSI parameters
fixed at zero. The contours are drawn after profiling over the nuisance parameters and
marginalisation over the oscillation parameters listed in Tab. 4.7. The allowed region

corresponds to the area contained within the contours at a given C.L.
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Figure 4.61: 90% C.L. regions in the correlated €., — €. NSI phase space, allowed after three years
of running of full ORCA detector comprising 115 strings, with either 23 m (blue) or
20 m (red) horizontal spacing. Normal (Inverted) ordering is assumed in the top
(bottom) plot. The NSI parameters not appearing on the plots are kept fixed at zero.
Pseudo-data is simulated at the standard oscillation point, represented by (€, €.7) =
(0, 0), which corresponds to the assumed best-fit point (bfp).
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Figure 4.62: 90% C.L. regions in the correlated €., — €, NSI phase space, allowed after three years
of running of full ORCA detector comprising 115 strings, with either 23 m (blue) or
20 m (red) horizontal spacing. Normal (Inverted) ordering is assumed in the top
(bottom) plot. See caption of Fig. 4.61 for more info.
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of running of full ORCA detector comprising 115 strings, with either 23 m (blue) or
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(bottom) plot. See caption of Fig. 4.61 for more info.
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Figure 4.64: 90% C.L. regions in the correlated €,r — €, NSI phase space, allowed after three years
of running of full ORCA detector comprising 115 strings, with either 23 m (blue) or
20 m (red) horizontal spacing. Normal (Inverted) ordering is assumed in the top
(bottom) plot. See caption of Fig. 4.61 for more info.
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Figure 4.65: 90% C.L. regions in the correlated €, — €+ NSI phase space, allowed after three years
of running of full ORCA detector comprising 115 strings, with either 23 m (blue) or
20 m (red) horizontal spacing. Normal (Inverted) ordering is assumed in the top

90% C.L. - ORCA115 - 3 yr - Normal Ordering

IIIIIIIII

— 23 m spacing

...... — 20 m spacing

TTTT

TTTT

(|
\

N~

TTTT

TTTT

KhIASNeT Preliminar

L1

90% C.L. - ORCA115 - 3 yr - Inverted Ordering

eer

.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10

lllllllll

---23m spécing

,,,,,, = == 20 m spacing

TTTT

o m,

N v 09 T

TTTT

. T

TTTT

l

TT 1T

KM3NeT Preliminar

v v b by

T T B S

11l

11

11

11l

eer

(bottom) plot. See caption of Fig. 4.61 for more info.
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Figure 4.66: 90% C.L. regions in the correlated €, — e NSI phase space, allowed after three years
of running of full ORCA detector comprising 115 strings, with either 23 m (blue) or
20 m (red) horizontal spacing. Normal (Inverted) ordering is assumed in the top
(bottom) plot. See caption of Fig. 4.61 for more info.
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Finally, expected bounds on NSIs obtained from this work are reported in Tab. 4.8. The
projected limits correspond to the ORCA configuration of 115 strings spaced 20 m apart
horizontally and for a livetime of 3 years.

NSI Couplings \ Assumed True NMO \

Bounds (90% C.L.)

|

eey

€TT

NO
10
NO
10
NO
10
NO
IO

(
(
(
(
(
(
(
(

—1.7x1072,1.7 x 107?)
—2.0x 1072, 2.0 x 1072)
—1.8x1072,2.1 x 1072)
—3.1x1072,2.7 x 1072)
—1.7x1073, 1.7 x 1073)
—1.7x1073,1.7 x 1073)
—0.8x1072,1.1 x 1072)
~1.1x1072,0.8 x 1072)

Table 4.8: Bounds on NSI couplings of neutrinos with d-quarks at 90% C.L. for a runtime of 3 years
of full ORCA comprising 115 DUs with 20 m horizontal DU spacing. Only one NSI
parameter is considered at a time.
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Comparisons with other experiments

Fig. 4.67 shows the exclusion regions in the first quadrant for comparison of ORCA
sensitivites obtained from this work with limits from Super-K [192]. Note that the
Super-K constraints have been drawn assuming a two-flavour hybrid model approximation
(Sec. 4.1).
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Figure 4.67: 90% (top) and 99% (bottom) C.L. intervals in the €,r — €zr phase space allowed
after 3 years of ORCA livetime obtained in this work is shown together with limits
(assuming a two-flavour hybrid model approximation) from Super-K [192].

We also considered an effective Hamiltonian in the presence of NSIs in the e — T sector to
compare with Super-K. A similar analysis has been pursued thereafter, resulting in limits
in the €,; — €¢; phase space. The 90% C.L. contour for €. = 0 (fixed) is shown in Fig. 4.68.
Note that the Super-K constraint has been drawn assuming a three-flavour hybrid model
approximation (Sec. 4.1).
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Figure 4.68: 90% C.L. region in the €, — €¢¢ plane assuming €., = 0 allowed after 3 years of ORCA
livetime obtained in this work is shown along with limits (assuming a three-flavour
hybrid model approximation) from Super-K [192].

For comparison with IceCube Deepcore [93], sensitivities on NSI €, have been drawn
in Fig. 4.69. The ORCA sensitivity curve has been superimposed on contours from
IceCube [93] and Super-K [192] assuming a two-flavour hybrid model approximation
(Sec. 4.1) for comparison.
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Figure 4.69: Sensitivity to €nt after 3 years of ORCA livetime obtained in this work when €. is
fixed at zero. Limits from IceCube DeepCore [93] (green) and Super-K [192] (cyan)
are drawn for comparison.
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In conclusion, an analysis to estimate the discovery potential of KM3NeT-ORCA for
different NSI sectors has been presented. It has been demonstrated that ORCA has an
excellent potential to put tighter constraints on various NSI parameter spaces by one
order of magnitude better than what is allowed by current experimental limits. Finally,
expected bounds on NSI parameters have been reported.
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at ORCA

“S5 turned my attention for a while to gamma ray
astronomy and 8oon began the first in a continuous
Berie3 of erperiments at the Savannab River Site
to Btudy the propertied of the neutrino.

— FREDERICK REINES

Contents
51 The NeutrinoMassOrdering . . . ... ... ................ 186
5.2 NMO in the Standard Oscillation Framework . . . . . .. ... ... .. 186
521 Event selection and statistical significance . . . . .. ... ... .. 189
522 Systematics . . .. .. ... L L o 191
523 Results . . ... ... 194
53 NMOinpresenceof NSIs. ... ......... ... ..., 194
53.1 Ordering - NSl degeneracy . . .................... 195
532 Systematics . ... ... ... L o 196
533 Results . . .. ... .. 198

In Chapter 4, we have explored the discovery reach of ANTARES and KM3NeT-ORCA
neutrino experiments for the search for NSI of neutrinos. Thereafter, limits in the NSI
u — T sector with ANTARES are constructed and sensitivity of ORCA towards various
NSI model parameters are reported. Infusing non-standard interactions of neutrinos
with matter fermions is one of the minimal extensions of the Standard Model (SM),
which leads to a rich phenomenology. This Chapter demonstrates the phenomenological
implications of NSIs on the neutrino mass ordering measurement with KM3NeT-ORCA.

Analyses estimating the sensitivity for neutrino mass ordering (NMO) at ORCA have
been covered in great detail in previous works within the KM3NeT Collaboration. These
studies [120, 180, 182, 210] entail a detailed estimation of the ORCA sensitivity to the
NMO measurement, corresponding to a detector geometry of 23 m horizontal spacing
between DUs. In order to estimate the NMO sensitivity with ORCA in a NSI test
hypothesis, the study of NMO in the standard oscillation framework has been pursued
earlier for completeness and reference. The study laid out in this Chapter, not only
presents an updated study of the NMO sensitivity based on a denser instrumentation
of ORCA with 20 m horizontal spacing between DUs, but also estimates the impact of
sub-dominant effects in neutrino oscillations coming from NSIs on the NMO sensitivity
at ORCA.
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After a short introduction in Sec. 5.1 on the NMO problem, Sec. 5.2 reports the sensitivity
study for NMO in the standard paradigm of three-flavour neutrino oscillations. Sec. 5.3
investigates the interplay between the mass ordering and NSIs and estimates the
degenerate effects on the final sensitivity of NMO at ORCA in the presence of NSIs.

5.1 The Neutrino Mass Ordering

As seen in Sec. 1.2.2, for three neutrino states, v1, v», v3 with masses my, m,, ms, there are
two unique mass-squared differences Am3; and Am3, (Am3, + Am3, + Am3, = 0). The
sign of Am%l is one of the three current unknowns in the recipe of standard three-flavour
neutrino oscillations, the octant of the atmospheric mixing angle 6»3 (See Chapter 6) and
the CP violating phase dcp between neutrinos and antineutinos being the other two.
Depending on the sign of the mass-squared splitting Am?,, the relative mass spectrum of
neutrinos can have two possible scenarios: Normal Ordering (NO) with m3 > my > my
or Inverted Ordering (IO) with m; > m; > m3. The two scenarios are represented in
Figure 1.1.

Oscillations in vacuum cannot tell us about the sign of Am3,. The sensitivity towards
the sign of |Am3,| stems from the differential matter-induced modifications of neutrino
oscillation probabilities for neutrino and antineutrino channels. However there is a
serious degeneracy between the helicity states and the mass ordering. The degeneracy
is exact if we assume no CP violation (0)cp = 0), and partial if we assume that
there is non-zero CP violation in the neutrino sector. To be sensitive to helicity states
(-1 = ‘left-handed"! neutrinos and +1 =— "right-handed" antineutrinos), one
requires a detector which can discriminate between neutrinos and antineutino events
on an event-by-event basis. This is achieved in atmospheric neutrino experiments like
the magnetised Iron Calorimeter at INO [211], which is sensitive to the charge of
the outgoing lepton from the neutrino interaction, or in long-baseline experiments like
NOvA [212], T2K [213], DUNE [214], where the initial helicity (and flavour) state is
known a priori. However, for iso-scalar charge-blind detectors like ANTARES [130],
KM3NeT [66], IceCube or Super-K, an event-by-event separation of particles and
antiparticles is not possible. However, Nature comes to our rescue in this case. The
atmospheric neutrino flux is almost twice the corresponding antineutino flux (Fig. 3.7 and
Fig. 3.8). Moreover, interaction cross-sections (Fig. 2.4) of neutrinos and antineutrinos are
also different. Since the distortions in oscillations due to matter effects are different, the
expected event counts are different for either orderings (NO or 10). This gives a handle
to disentangle the two orderings by looking for a statistical excess or deficit of (v + V)
events in the "asymmetry distribution” (Ngv)’COS 6, — NEI\EOS p.) of event predictions with
either ordering assumptions. In case of real data, the best-fit to data decides the true
ordering.

5.2 NMO in the Standard Oscillation Framework

The basic idea to determine the NMO is to identify if matter induced resonance occurs
for neutrinos (NO) or antineutinos (I10). Before going into how it is usually achieved at
helicity blind detectors like ORCA, let us explore first the partial degeneracy between the
helicity and the NMO at the probability level.

IFor (Dirac) neutrinos the intrinsic spin is opposite to the linear momentum which is referred to
as "left-handed", whereas the antineutrinos are always "right-handed". "Right-handed" neutrinos and
"left-handed" antineutrinos do not exist within the SM.
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Figure 5.1 (and Fig. 5.2) depicts oscillograms for electron (and muon) neutrinos (helicity
state = —1) and antineutrinos (helicity state = +1) for normal (Am%1 > 0) and inverted
ordering (Am3, < 0) hypotheses. Matter effects are prominent for neutrinos in case of NO
and for antineutrinos in case of I0. As shown in the figures, the behaviour of neutrinos
in NO is identical to antineutrinos in IO, as expected.

Neutrinos - Normal Ordering Antineutrinos - Normal Ordering

! 2 3 4567 10 20 3040 102 ! 2 3 4567 10 20 3040 107
(GeV) E, [GeV]
Neutrinos - Inverted Ordering Antineutrinos - Inverted Ordering

'1 2 3 4567 10 20 3040 1020 " 2 3 4567 10 20 3040 102
E, (GeV) E, [GeV]

Figure 5.1: P,,,y, for NO (top panels) and IO (bottom). Neutrinos on the left and antineutrinos on
the right. Behaviour of neutrinos in NO (IO) is identical to antineutrinos in IO (NO).
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Neutrinos - Normal Ordering Antineutrinos - Normal Ordering
0.0 1.0

1. > 0.0 .
1 2 3 45867 10 20 3040 102 1 2 3 4567 10 20 3040 10?
E, (GeV) E, [GeV]
Neutrinos - Inverted Ordering Antineutrinos - Inverted Ordering

1 2 3 4567 10 20 3040 102 1 2 3 4567 10 20 3040 10?
E, (GeV) E, [GeV]

Figure 5.2: Py, .y, for NO (top panels) and IO (bottom). Neutrinos on the left and antineutrinos
on the right. Behaviour of neutrinos in NO (IO) is identical to antineutrinos in 10
(NO).

Thus, the oscillation probabilities for v in NO are nearly degenerate with v in IO.
However, due to the difference in the atmospheric neutrino flux and interaction
cross-sections, a net asymmetry in the v + v events between NO and IO for a particular
neutrino flavour can be observed. This asymmetry A can be defined as

Nwo — N
4 = Nwo e}
Nto

where N7 is the number of expected interacting events in a (E, 6,) bin for an assumed
true mass ordering (TO = NO or I0) and Ny is the number of expected interacting
events for the wrong mass ordering (WO = IO or NO, respectively). Fig. 5.3 shows the
asymmetry for muon and electron CC events (no smearing due to detector resolutions
have been applied). If resolution effects are incorporated, the asymmetry is further
blurred and partially washed out.

(.1)
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Asymmetry - (v,+V,)-CC - 3yr - NO Asymmetry - (v,+V,)-CC - 3yr - NO

T1 2 3 4567 10 20 3040 10° 1 2 3 4567 10 20 3040 10°

E, [GeV] E, [GeV]

Figure 5.3: Asymmetry (Eq. 5.1) between the number of v 4 7 events expected in case of NO and
IO as a function of true neutrino energy and cosine of zenith angle for muon- (left) and
electron-CC (right) events. The colour code indicates the value of A in each bin. True
NO is assumed. The results are computed for a 115 lines ORCA detector with 20 m
spacing between DUs for 3 years of runtime. Mind the scales on individual plots.

A higher asymmetry is observed in the muon channel than in the electron channel at the
interaction level. However, the detector cannot separate (v, Ve, Vy, Vy, Vg, Vr - CC) and
(v, 7 - NC) events but distinguish them as two event classes: track and showers (a third
class "middles" is also used for ambiguous cases (Sec. 4.3.1)). The asymmetry from each
class after incorporating the detector effects is discussed in the next subsection.

5.2.1 Event selection and statistical significance

The event selection strategy is kept at par with what has been pursued for the NSI
analysis with ORCA (Sec. 4.3.1) corresponding to a detector geometry of 20 m horizontal
spacing between DUs. The number of expected events from different channels entering
into the final MC sample can be found in Tab. 4.6.

The test statistic in this case is defined as
WO TO WO TO
(NE,GZ - NE,GZ) X |NE,6‘Z — Ngg,

TO
N Ef,

XEg, = (5.2)

Ng(gz is the expected number of track/middle/shower events in the corresponding (E, 6)
bin weighted under an assumed true mass ordering (TO) hypothesis (NO or IO); while,
Ngve(z) is the number of expected events in the same (E, 6,) bin for the wrong mass ordering
(WO) hypothesis (IO or NO, respectively).

Fig. 5.4 shows the signed-x? maps for reconstructed events in the three event classes for
3 years of full ORCA (115 DUs) runtime with 20 m horizontal spacing. 20 logarithmic
bins were chosen in reconstructed neutrino energy (E) € [3,100] GeV; while 20 linear
bins in cosine of the reconstructed zenith angle (6,) € [—1,0]. The absolute value of x>
is stored, so that each bin content represents the contribution to the total )(2 from the
respective event class. The colour codes represent the excesses and deficits.
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Figure 5.4: Statistical x> maps for 3 years of exposure of ORCA corresponding to 20 m horizontal
spacing between DUs as a function of reconstructed neutrino energy (Ereco) and zenith
direction (cosbreco) for track (left column), middle (middle), and shower (right) event
topologies. The color code indicates the values of signed-x?, as defined in Eq. 5.2. The
total sensitivity quoted is the square-root of the sum of the absolute values of the x?s
from each bin. Mind the difference in the colour scales on individual plots.

The individual contributions from track, middle and shower event classes are added in
quadrature to compute the total significance, o,:( Eq. 4.19).

A higher (statistical-only) sensitivity (~ 6.70) is observed in the shower class (mostly v, +
v, CC events). This happens due to an interesting feature of oscillation probabilities and
atmospheric neutrino fluxes. The transitions between v, and v, are almost symmetrical,
ie. Pvﬂﬁve ~ Pve%vy, as seen in Fig. 1.4 and Fig. 1.6. Now, since v, (U;,) flux is almost
4 times larger than the v, (v,) flux, the resulting v, (v,) flux reaching the detector is
significantly higher compared to the unoscillated flux in case of NO (IO). Furthermore,
the difference in v./v, cross-sections (Fig. 2.4) and the initial v, /v, flux difference
(Fig. 3.8) lead to a significant different number of v, (v,) events for NO and IO in a large
(Ereco, Breco) region of interest. The difference in event numbers are robust compared to
the detector resolutions leading to a higher asymmetry effect in the shower channel.
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5.2. NMO in the Standard Oscillation Framework 191

5.2.2 Systematics

A similar set of systematics as accounted in the NSI analysis (Sec. 4.3.3) has been
considered for the NMO sensitivity analysis. Tab. 4.7 summarises the exhaustive list of
systematic parameters considered in the fit along with their statistical treatment, nominal
values and external constraints, if any.

The final fit is done following an Asimov dataset [187] approach, by minimising the
Poissonian log-likelihood ratio function:

o o N. (S'—
—2InL=2- Z NZ‘V\’O(O,S>—NZTO(O,S)—{—NZ'TO'IHI\IZT@S_) + Z ]72,
ie{bins} i ’
(5.3)

where the first sum runs over the histogram bins. N1°(5,5) is the expected number
of track/middles/shower events in the i’ bin weighted under an assumed true mass
ordering (NO or 10); while, NZWO(G, §) is the number of expected events in the it" bin
for the wrong mass ordering (IO or NO, respectively) hypothesis. Both N1°(5,5) and
N}’VO(G, §) are a function of the set of oscillation parameters, 0, as well as on the set
of nuisance parameters, 5. The second sum runs over penalty terms of the number of
nuisance parameters, j, listed in Tab. 4.7, §; and 0'52]_ being the assumed prior and Gaussian
standard deviation of the parameter j, respectively.

The effect of systematics on the sensitivity to neutrino mass ordering at ORCA, when
fitted uniquely and/or cumulatively, are shown in Fig. 5.5 and Fig. 5.6 for NO and 10
true orderings, respectively.

191 of 299



192

Chapter 5. Neutrino Mass Ordering and NSI at ORCA

10

ORCA115 - 20m - 3 yr - Normal Ordering

o= \-2InL
\'

— Stats

— TrackNorm

— ShowerNorm
— MiddleNorm
— v, /v, Skew
— v, /V, Skew
— V. /V, Skew -
—— FluxEscale

KMéNeT Preliiminary

o IIII|IIII|IIII|IIII|IIII|IIII|IIII

6 —— NC Scale ...
EnergySlope
5 — ZenithSlope
N
e13
4 ........................................................................................................... — écp .....
- e23
3 ! ! ! ] ! ! ! ] ! ! ! ] ! ! ! ] ! ! ! ] ! ! ! | ! ! ! | !
4 42 44 46 48 50 52 54
0,5 [°]
ORCA115 - 20m - 3 yr - Normal Ordering
10 ; ; .
= KM3NeT Preliminary g ; — Stats
o) EE O EiS SCR R i e = + TrackNOorm -----

o= \-2InL

+ ShowerNorm

— + MiddleNorm
— +V, /v, Skew
— +v,/V, Skew
— +V,/V, Skew
—— + FluxEscale
—— + NC Scale -
+ EnergySlope
+ ZenithSlope
+ A,
+ e13
+0p
— + 0,
|

Figure 5.5:

52 54

Effect of systematics (see Tab. 4.7), when fitted uniquely (top) and incrementally
(bottom), on the projected NMO sensitivity at ORCA with 20 m horizontal spacing
for true NO assumption. The black curve on both panels corresponds to the
statistical-only sensitivity. The effect of systematics represented by colour coded
curves for a particular value of 6,3 can be gauged by looking at the relative separation
from the stat-only curve. Top: each colour coded curve refers to the effect of that
particular systematic which is uniquely fitted while the rest being kept fixed at
their nominal values. Bottom: each colour coded curve corresponds to the effect
of that particular systematic plus (+) the ones appearing on top of it being fitted
simultaneously. Systematics are added cumulatively in the sequence as they appear
in the legends from violet to red. The final sensitivity can be read from the widest
(red) curve, which refers to the case of inclusion of all the systematic uncertainties
accounted in this study.
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Figure 5.6: Effect of systematics, when fitted uniquely (top) and incrementally (bottom), on
the projected NMO sensitivity at ORCA with 20 m horizontal spacing for true 10
assumption. Read the caption of Fig. 5.5 for more info..

A starting value of 6h3 in both octants (63 < 45° € lower octant and 63 > 45° €
higher octant) is given to the fitter and the minimum yield for —2In £ is adopted. The
drastic effect of marginalising over 6,3 around ~ 42°(48°) for NO (IO) happens due to
the degeneracy between the octant of 6,3 and the sign of |Am%|. For true NO, values of
3 € lower octant (LO) are in partial degeneracy with values of 0,3 € higher octant (HO)
in the IO hypothesis. So the fitter finds the global minimum in the wrong (higher) octant
for true NO. The situation is exactly reversed for true IO assumption.

Precise measurement of 6h3 or deciphering its true octant is imperative for disentangling
the mass ordering in a relatively quicker time frame. Vice versa, it can also be said
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that knowledge of the true mass ordering will help in ruling out the wrong octant in
a smaller time scale compared to the case when the NMO is unknown. We will study the
later case in Chapter 6 in more detail. Besides this fact, the shower normalisation factor
("ShowerNorm") is seen to exhibit a "strong-pull" on the wrong-ordering fits.

5.2.3 Results

The final predicted mass ordering resolution achieved at ORCA is plotted as a function
of true values of 63 for both NO and IO assumptions including the effect of all other
oscillation and systematic parameters. Sensitivity curves for sparse detector geometry of
23 m horizontal spacing are also estimated and drawn for comparison.

ORCA115-3yr

6 : : : : : : : : :
 NO-20m KM3NeT Preliminary
---NO-23m : : : : : :

ST —10-20m s

-=-10-23m

o=\-2InL
N
T 17T * 1T 17T * 1T T * T 17T * T 17T

111131111;1111;1111ixlxlixlx1;1111;1111;1111;1111
2IO 41 42 43 44 45 46 47 48 49 50

0,5 [°]

Figure 5.7: Projected sensitivity to the NMO after 3 years of ORCA runtime, as a function of true
023, for NO (red) and IO (blue) assumptions, with a global best-fit écp of 221° (228°)
for NO (I0). Solid (dashed) lines refer to 20 m (23 m) horizontal spacing between DUs.

A higher sensitivity with a denser detector geometry of 20 m horizontal spacing is
achieved due to the improved resolutions and additional "hit-features" used for training
the PID classifier, leading to a purer event sample and finally three event classes which
adds up their contribution at the x? level.

After 3 years of data taking, the NMO can be determined at the level of ~ [2.5 — 5]¢
([2.5 — 3]o) depending on the true value of 6,3, given the true ordering is NO (IO). The
sensitivity is maximum for NO at true 63 € HO since, in the NO hypothesis, MSW
resonance [26] happens in the neutrino channels, for which the initial atmospheric flux
and the cross-sections are higher which further undergo large oscillation effects driven
by high values of 63.

5.3 NMO in presence of NSIs

The conventional model of three-flavour neutrino oscillations provides a successful
interpretation of the data taken by various experiments. This is true since the statistical
tits to experimental data are usually done in the context of no NSI. One of the goals of
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5.3. NMO in presence of NSIs 195

the present and future generation neutrino experiments is to firmly establish the correct
framework to understand neutrino interactions. This motivates the phenomenological
study of neutrino oscillations in the context of various exotic scenarios like the presence
of NSIs [215, 216, 217]. In this work, we study the NMO sensitivity of ORCA in an
assumed hypothesis of three-flavour neutrino oscillations in presence of NSI of neutrinos
with d-quarks.

5.3.1 Ordering - NSI degeneracy

First, let us explore the partial degeneracy between the mass ordering and the sign of the
NSI parameter €,;. The muon disappearance probability, in presence of v, — v NSIs,
parameterised by non-zero €, reads (Eq. 1.51)

< Am?L
Py, =1— sin2295in2[ TE em]. (5.4)

From Eq. 5.4, it is clear that a sign change in €, (€, — —€y¢) is equivalent to flipping the
ordering (Am* — —Am?). Fig. 5.8 demonstrates the sign dependence of €, in the muon
disappearance channel. In the [30, 100] GeV range, we can see a parametric enhancement
in the oscillation signature for €,; = —0.033 in NO (top-left) which is congruent with
€ur = 0.331in IO (botom-right). Similarly, a parametric suppression is also seen for €, =
—0.033 in IO (top-right), which is in congruence with €, = 0.33 in NO (bottom-left).

This boils down to the problem that experimentally obtained NNO(e,r = 0) and
NI (eyr # 0) or NJ9(eur = 0) spectraand NNO(e,,r # 0) spectra might look very similar.
Moreover, this degeneracy can have serious implications on the task of fitting theoretical
models to experimental data. We will account for these degenerate effects coming from
NSIs while estimating the mass ordering sensitivity at ORCA in the next section.
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Figure 5.8: Py, ., for (a) NSI €,z = —0.033 (top panels) (b) NSI €, = 0 (middle) and (c) NSI
eur = 0.033 (bottom). NO on the left and IO on the right. Negative NSI €, in NO
(top-left) is similar to positive NSI €, in IO (bottom-right plot). Similarly, negative
NSI €7 in IO (top-right) is similar to positive NSI €, in NO (bottom-left). The case is
exactly reversed for antineutrinos.

5.3.2 Systematics

In presence of sub-dominant new physics effects such as NSI, the resolution of neutrino
mass ordering can be severely affected. If we assume €,5 = 0, then a certain level of
experimental precision is required to resolve the NO oscillation spectrum from an IO
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oscillation spectrum. But, if €, # 0 is assumed, much better experimental precision
is needed to distinguish between both ordering spectra. The degree of precision can be
quantified by doing a log-likelihood analysis with a modified test statistic:

NT©(5,5,€,5 =0
—2InL=2- Y |N"9(0,5 &) — N/9(0,5,Ep =0)+ N/ - In— ( roap )
ie{bins} i (0,5,&p)

poy boES 5 ’

je{syst} USJ'

(5.5)
NZ.TO(G, S,€up = 0) is the expected number of track/middles/shower events in the ith
bin weighted under standard oscillations (e,5 = 0) with an assumed true mass ordering,
N"O(o,5,&,p) is the number of expected events in the i’ bin for the wrong mass ordering
(IO or NO, respectively) hypothesis weighted under a certain NSI hypothesis (€,5 7# 0).
The second sum runs over penalty terms of the number of nuisance parameters, j,
which now also include the NSI parameters. They are allowed to vary without any
constraints /priors during the fitting procedure.

The effect of treating NSI parameters (over which we have obtained constraints in the
previous chapters) as systematic uncertainties while fitting over in the alternate mass
ordering hypothesis is shown in Fig. 5.9.
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Figure 5.9: Effect of NSI parameters, when fitted uniquely on the projected NMO sensitivity at
ORCA with 20 m horizontal spacing for true NO (top) and IO (bottom) assumptions.
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5.3.3 Results

The impact of NSI on the expected mass ordering resolution at ORCA for an exposure
of 3 years is shown in Fig. 5.10. While the effect of fitting an NSI model is seen to be
marginal in the case of true NO for possible values of 0,3, in case of true IO, depending
on true value of 6,3, there can be ~ 1¢ dilution in the sensitivity at ORCA. This is caused
by the pulls exerted by the NSI parameters in the true IO fits (see Fig. 5.11).
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Figure 5.10: Projected sensitivity to the NMO after 3 years of ORCA runtime, as a function of
true 03, for NO (red) and IO (blue) assumptions, with a global best-fit §cp of 221°
(228°) for NO (IO) assumptions. Dashed (solid) lines refer to the case when the NSI
parameters are simultaneously fitted (fixed at 0).

The resulting best-fit values of NSI parameters in the wrong ordering fits remain within
the allowed range of the projected ORCA sensitivities (listed in Tab. 4.8), which are by
far tighter than the current experimental limits and bounds from cosmology [76]. The
best-fit values of NSI €,4 are shown in Fig. 5.11. While only NSI €-; is seen to exhibit a
negligible pull in the true NO fit, in the case of true IO fit, all the NSI parameters exert
non-negligible pulls on the final sensitivity, as seen in Fig. 5.10. Their best-fit values are
compatible with current experimental limits.
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Figure 5.11: The best-fit values of NSI parameters for true NO (solid) and 1O (dashed) fits, when
they are all simultaneously fitted, as a function of true 6,3. Strong pulls are exhibited
in the true IO fits. Mind the difference on Y-axis scales.

In conclusion, this work takes into account the uncertainty of fitting models to
experimentally observed oscillation spectra and emphasizes the importance of testing
different frameworks for better understanding and high precision measurements of the
oscillation parameters. It also estimates how much the presence of NSIs can impair
the sensitivity of ORCA to the measurement of neutrino mass ordering. Synergistic
measurements from different experiments can resolve these ambiguities and point out
to the correct framework realised in Nature.
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6 Octant Sensitivity at ORCA

“Reutrinos are a billion time3 more abunbant than
the elementary particle of whidy we’re made. So
clearly, if pou want to understand the universe, pou
have to understand the neutrinos.*

— BORIS KAYSER
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In Chapter 5, we have estimated the potential of ORCA to identify the true neutrino
mass ordering (NMO) and explored the degenerate effects between the ordering and
the octant of 0,3 on the NMO sensitivity at ORCA. In this Chapter, we will quantify the
resolving power of ORCA to disentangle the two octants of 6,3 and explore the effects of
this degeneracy on the octant sensitivity.

Sec. 6.1 poses the ambiguity in the determination of the true octant of 6,3 and possible
ways to resolve it in the light of three-flavour neutrino oscillations in matter driven
by a non-zero t3. Sec. 6.2 and Sec. 6.3 present the event selection strategy and list of
systematics, respectively, employed in this study. Finally, based on an Asimov dataset
approach [187], sensitivities to the octant of 6,3 are reported in Sec. 6.4.

6.1 The Octant Problem

The “general” definition of the octant problem refers to the present uncertainty in the
measurement of 63 [90]. However, the octant degeneracy implies the indistinguishability
between 6,3 and 71/2 — 63. This is exact in case of vacuum oscillations, since the
oscillation probabilities are functions of sin® 203. Depending on the true value of 63,
we can have three solutions:
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e Maximal mixing: 63 = 45°. This is called maximal mixing since sin? 2653 appears
as an amplitude term in the oscillation probabilities and a value of 45° correspond
to maximum oscillation effects driven by sin® 26,3 = 1.

e Lower Octant! (LO): 63 € [0°, 45°).
e Higher Octant? (HO): 6,3 € (45°, 90°].

The source of this ambiguity in the determination of the value of 6,3 can be classified into
two categories:

e Intrinsic degeneracy: This happens when oscillation probabilities are function
of sin? 26,3 and hence it is impossible to distinguish between 63 and 77/2 — 653.
This is inherent and cannot be lifted if 6,3 corresponds to maximal mixing 45°.
Mathematically,

P(055) = P(rt/2 — 053%). (6.1)

e Parameter degeneracy: This refers to the degeneracy of 6,3 with other oscillation
parameters, which leads to the confusion of the true octant in this case. This
happens when oscillation probabilities are function of sin 63 or cos 63 : P(f)%“e) +
P(m/2— 95’3”3). However, for different values of the parameters 013 and dcp and the
uncertainty of the knowledge of the true mass ordering, the oscillation probability
functions become identical for values of 63 in opposite octants for different choices
of values of these parameters. Mathematically,

P(655', Am3y, 013, 6cp) = P(71/2 — 055, —Am3), 613, 5¢p). (6.2)
More generically, it can be expressed as
P(05, Am3,, 013,0cp) = P05, —Am3, 013, 0¢p). (6.3)

Although 6,3 is known with great precision from current experiments, dcp covers a
wide range of allowed values [90]. Apart from this, the neutrino mass ordering
is still unidentified, which is one of the biggest sources of uncertainty in the
determination of the octant of 6,3. These degeneracies are studied closely in the
next section.

6.1.1 Parameter degeneracies

A continuous degeneracy in the 6,3 — 613 — dcp plane has been studied in [218].
However, for our study, we present the estimation of octant sensitivity in the light of
well-constrained non-zero 613 [219]. This drastically reduces the uncertainty on the
measurement of 6,3. A precise measurement of 03 is imperative for resolving the octant
degeneracy [220, 221]. We classify eight degenerate solutions corresponding to different
combinations of hierarchy® — octant — §cp. The harmonic dcp plane can be divided into
two parts, “Lower-Half-Plane" (LHP) (with écp € [0°,180°]) and “Upper-Half-Plane"
(UHP) (with é¢cp € [180°,360°)).

Let us look at occurrence of different degenerate combinations one by one. We restrict our
arguments to the electron appearance channels P, ,, (and/or Py,—y,), since this "golden
channel" is sensitive to all three parameters (dcp, 623 and sign of Am%z) and is also one of
the dominant channels in both atmospheric and long-baseline experiments.

1 Also known as First Octant (FO) in literature.
2Also known as Second Octant (SO).
3The term “hierarchy” is used here instead of “ordering” to avoid confusion with the initials of octant.
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1. Wrong hierarchy (WH) — Wrong octant (WO) — Wrong écp: This corresponds to
isoprobability curves such that P(NH, LO, LHP) = P(IH, HO, UHP).

2. Wrong hierarchy (WH) — Wrong octant (WO) — Right écp: P(NH, LO, LHP) = P(IH,

HO, LHP).

3. Wrong hierarchy (WH) — Right octant (RO) — Wrong dcp: P(NH, LO, LHP) = P(IH,
LO, UHP).

4. Wrong hierarchy (WH) — Right octant (RO) — Right dcp: This does not exist at the
probability level.

5. Right hierarchy (RH) — Wrong octant (WO) — Wrong écp: P(NH, LO, LHP) = P(NH,
HO, UHP).

6. Right hierarchy (RH) — Wrong octant (WO) — Right écp: This does not exist at the
probability level.

7. Right hierarchy (RH) — Right octant (RO) — Wrong dcp: P(NH, LO, LHP) = P(NH,
LO, UHP).

8. Right hierarchy (RH) — Right octant (RO) — Right écp: The correct solution.

The eight combinations are schematically represented in Fig. 6.1 (for neutrinos) and
in Fig. 6.2 (for antineutrinos). In each figure, the right (left) annular rings represent
the parameter space for NO (IO). The outer (inner) ring corresponds to the choice of
octant HO (LO). In each ring, the angular direction denotes the value of écp, which is
divided into two half planes: LHP and UHP. Thus, the complete parameter space in each
figure is divided into eight regions, corresponding to the two choices of ordering, octant
and half-plane of dcp. The ordering — octant degeneracy is depcited in yellow while the
ordering — écp degeneracy is shaded with red stripes. The parts of the rings that are
marked in green are free of parameter degeneracies.

Note that, moving from neutrinos in Fig. 6.1 to antineutrinos in Fig. 6.2 is equivalent to
flipping the mass ordering (rings switched sideways) followed by a CP phase change by
7t (rings rotated upside-down). The ordering — octant degeneracy is discrete, while the
octant — dcp is continuous.

270°

[P(NH, HO) = P(H, L0) [ | [ PN, unP) = P(H, LHP) || | No degeneracy ||

Figure 6.1: Schematic representation of parameter degeneracies in three-flavour neutrino
oscillations. From [222].

203 of 299



204 Chapter 6. Octant Sensitivity at ORCA

[P(NH,L0) =P(IH,HO) | | |PINH,UHP) =P(H, LHP) | Y| | No degeneracy | |

Figure 6.2: Schematic representation of parameter degeneracies in three-flavour antineutrino
oscillations. From [222].

Some of these degenerate cases can be alleviated at long-baseline experiments by looking
at the neutrino and antineutino data separately. But in our case, this is not possible
since neither ORCA is sensitive to the helicity states, nor it can differentiate between
appearance and disappearance channels. However, we can still measure the true 03
by looking for statistical excess or deficit of (v + V) event distributions relative to the
combination of hierarchy — octant — écp that fits the data most accurately. This will lead
to the rejection of hypotheses that correspond to some of these eight combinations.

6.1.2 Lifting the degeneracy

In the light of atmospheric experiments like ORCA, the relevant oscillation channels to
which the octant of 6,3 is mostly sensitive to are the muon disappearance and electron
appearance channels. The probability expressions in the OMSD approximations [219]
read

A 2 A A 2 mlr,
By, :1_C0529{n351n22923sin2<[ My + Acc + (Am3,)"] )

E
Ami + A Am2 )" L
— sin? 6}% sin® 26,3 sin’ <[ il CCE+ (Am5,)"] ) (6.4)
. . o ((AmE)"ML
— sin* 03 sin? 2675 sin? (%)
and o
. . ) AmsltL
Pz Sy, = sin? 6,3 sin? 207 sin’ ( Ez ), (6.5)
where,
.2
20
sin?20!1 = sin’( 13) — (6.6)
(COS 2013 — Acc /Am31)2 + sin” 2613
(Am3)™ = Am3;[(cos 2613 — Acc/Am3;)* + sin® 2613]. (6.7)

Py, has leading terms proportional to sin? 20,3, which give rise to the intrinsic octant
degeneracy. However, 67} in matter gets amplified to maximal values near resonance and
the combination sin* 055 sin” 2613 no longer remains invariant over opposite octants of 6,3.
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The value of sin? 2613 becomes close to unity in both octants, irrespective of the value of
f13 in vacuum.

The signatures of the asymmetry in the muon neutrino disappearance channel, predicted
for a true value of 655 = 48.6° in HO and corresponding degenerate test value of 655" =
(90 — 48.6)° in LO, are shown in Fig. 6.3. The asymmetry is maximal for a wide region of

core-crossing neutrinos with energies € [20, 30] GeV.

Asymmetry, Normal Ordering Asymmetry - Inverted Ordering
———r g 1.0 ———T ————————— g 1.0

03;° = 48.6°, 0 = 41.4° 1U° _ 48 6° 6°°' = 41.4°
23 23

1 2 3 4567 10 20 3040 102 " 2 3 4567 10 20 3040 10°
E, (GeV) E, (GeV)

Figure 6.3: Asymmetry in P)_,, channelas a function of neutrino energy and cosine of the zenith

angle for NO (left) and IO (right) assumptions. The true value of 6,3 is set at 48.6°
(adopted from [90]) in HO and the test value at 95%“ = 41.4°. The behaviour for
antineutrinos is equivalent to mass ordering being flipped (given dcp = 0).

Py, has the leading term proportional to sin® 023, which is sensitive to the octant.

The strong octant-sensitive behaviour of the term sin? 0,3 sin? 2075 near resonance can
alleviate the degeneracy. However, this channel is affected by the large uncertainty in
dcp since, in this case, sub-leading corrections appear while estimating the oscillation
probabilities numerically.

The signatures of asymmetry in the electron neutrino appearance channel, predicted for
a true value of 647 = 48.6° in HO and corresponding degenerate test value of 655" =
(90 — 48.6)° in LO, are shown in Fig. 6.4. The asymmetry is maximal for a wide region
of mantle-crossing neutrinos with energies € [4, 10] GeV. Since matter effects happen for
antineutinos in IO, the asymmetry in the electron neutrino appearance channel for 10 is

negligible.
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Figure 6.4: Asymmetry in P, ,, channelas a function of neutrino energy and cosine of the zenith

angle for NO (left) and IO (right) assumptions. The true value of 6,3 is set at 48.6°
(adopted from [90]) in HO and the test value at 95%“ = 41.4°. The behaviour for
antineutrinos is equivalent to mass ordering being flipped (given dcp = 0).

6.2 Event selection and statistical significance

The strategy for event selection is kept at par with what has been employed in the NSI
and NMO analyses with ORCA (Sec. 4.3.1) corresponding to a detector geometry of 20 m
horizontal spacing. The number of expected events from different channels entering into
the final MC sample can be found in Tab. 4.6.

The test statistic in this case to disentangle the octants of 653 is defined as
WO TO WO TO
(NE,GZ B NE,GZ> X )NE,GZ — Ngg,

TO
N Ef,

XEg, = (6.8)

NE,(G)Z is the expected number of track/middle/shower events in the corresponding (E, 6)
bin weighted with a true value of 6,3 under an assumed octant hypothesis (LO or HO),
while NE’G? is the number of expected events in the same (E, 6,) bin in the wrong octant
(HO or LO, respectively). We set the values of true and test values such that, 9563” =
/2 — ofe.

Fig. 6.5 and Fig. 6.6 show the signed-x? maps for reconstructed events in the three event
classes for 3 years of full ORCA (115 DUs) runtime with 20 m horizontal spacing. 20
logarithmic bins were chosen in reconstructed neutrino energy (E,) € [3,100] GeV, while
20 linear bins in cosine of the reconstructed zenith angle (6,) € [—1, 0]. The absolute value
of x? is stored, so that each bin content represents the contribution to the total x? from
respective event class. The colour codes represent the excesses and deficits.
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Figure 6.5: Statistical x> maps for 3 years of exposure of ORCA corresponding to 20 m horizontal
spacing between DUs as a function of reconstructed neutrino energy (Ereco) and zenith
direction (cosbreco) for track (left column), middle (middle), and shower (right) event
topologies. The true 63 is kept in HO (= 48.6°) [90], while the test point is fixed at
023 = 41.4° in the wrong octant. Normal Ordering (NO) is assumed. The color code
indicates the values of signed-x?, as defined in Eq. 6.8. The total sensitivity quoted is
the square-root of the sum of the absolute values of the x? from each bin. Mind the
difference in the colour scales on individual plots.
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Figure 6.6: Statistical x> maps for 3 years of exposure of ORCA corresponding to true Inverted
Ordering (I0). See also caption of Fig. 6.5.

A higher (statistical-only) sensitivity is observed in the shower class for both orderings.
The statistical-only sensitivities are higher for true NO, since in the true NO hypothesis
(top panels), matter effects [26] happen in the neutrino channels, for which the initial
atmospheric (neutrino) flux and (neutrino) cross-section are larger than for antineutrinos.
The individual contributions from track, middle and shower event classes are added in
quadrature to compute the total significance, oo; Eq. 4.19.

6.3 Systematics

A similar set of systematics as accounted in the NSI and NMO analysis (Sec. 4.3.3) has
been considered for the octant sensitivity analysis. Tab. 4.7 summarises the exhaustive
list of systematic parameters considered in the fit along with their statistical treatment,
nominal values and external constraints, if any.

The final fit is done following an Asimov dataset [187] approach, by minimising the
Poissonian log-likelihood ratio function

N
—2InL=2- Y |N"(5,5) - N(@5,5) + N0 In "=
ie{bins} Ni

(6.9)

where the first sum runs over the histogram bins. N1©(,5) is the expected number of
track/middles/shower events in the i bin weighted under an assumed true octant (LO
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or HO), while NZ.WO(é, §) is the number of expected events in the it" bin for the wrong
octant (HO or LO, respectively) hypothesis. Both NT©(g,5) and N¥O(5,5) are a function
of the set of oscillation parameters, 0, as well as on the set of nuisance parameters, 3.
The second sum runs over penalty terms of the number of nuisance parameters, j, listed
in Tab. 4.7, §; and (752]_ being the assumed prior and Gaussian standard deviation of the
parameter j, respectively.

The effect of systematics on the resolution of the octant at ORCA, when fitted uniquely or
cumulatively, is shown in Fig. 6.7 and Fig. 6.8 for NO and IO true orderings, respectively.

Note that, for each curve, except the widest (red) curve that corresponds to the case

of marginalising over 63 in the wrong octant, the test values of 655" have been fixed

at 7t/2 — 64¥¢. This is rather an arbitrary choice of 655!, motivated by the fact 645" is

partially degenerate with 71/2 — 64 (as we have seen at the probability level discussions
in Sec. 6.1). Thus, the effect of 63 appears to be the most drastic among all other
systematic parameters considered in the fit. Apart from 6,3, the shower normalisation

factor ("Shower Norm") is seen to exhibit a strong pull in the wrong-octant fits.
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Figure 6.7: Effect of systematics (Tab. 4.7), when fitted uniquely (top) and incrementally (bottom),
on the octant resolution at ORCA with 20 m horizontal spacing for true NO
assumption. The black curve on both panels corresponds to the statistical-only
sensitivity. The effect of systematics represented by colour coded curves for a
particular value of 63 can be gauged by looking at the relative separation from the
stat-only curve. Top: each colour coded curve refers to the effect of that particular
systematic which is uniquely fitted while the rest being kept fixed at their nominal
values. Bottom: each colour coded curve corresponds to the effect of that particular
systematic plus (+) the ones appearing on top of it being fitted simultaneously.
Systematics are added cumulatively in the sequence as they appear in the legends
from violet to red. The final sensitivity can be read from the widest (red) curve which
refers to the case of inclusion of all the systematic uncertainties accounted in this study.
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Figure 6.8: Effect of systematics, when fitted uniquely (top) and incrementally (bottom), on the
octant resolution at ORCA with 20 m horizontal spacing for true IO assumption. Read

the caption of Fig. 6.7 for more info..

6.4 Results

Results of the sensitivity to the octant resolution of 63 at ORCA are presented in different

physics planes in the following sub-sections.

6.4.1 Sensitivity vs dcp

The final octant sensitivity achieved at ORCA is plotted in Fig. 6.9 as a function of
true values of écp including the effect of all other oscillation and systematic parameters.
For each true value of écp, sensitivities corresponding to four possible combinations of
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ordering — octant are drawn. Note that for each case, the true ordering is kept fixed in the
test hypothesis which is fitted. Hence, the Wrong Ordering — Wrong Octant combinations
are not taken into account for brevity. This translates into the optimistic assumption of
the NMO being correctly identified beforehand ORCA is set to resolve the octant.

ORCA115-20m - 3 yr
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Figure 6.9: Resolving power of ORCA in disentangling the octant of 63 as a function of true
dcp for various possible combinations of the true ordering and the octant. Normal
(Inverted) ordering is assumed for the red (blue) curves. True 6,3 is assumed at 48.6°
in the higher octant (solid curves) or at 42.4° in the lower octant (dashed).

If we compare the true HO cases (solid lines), the sensitivities are higher in NO than 10
due to higher statistics of neutrinos encountering matter effects in true NO hypothesis.
On the other hand, if we compare true HO and true LO cases (solid and dashed) for a
specific mass ordering (NO or 10), sensitivities are higher for true LO than true HO. This
is because x> ~ (NLO/HO _ NHO/LO)2 /NHO/LO for true HO/LO. The numerator is the
same in both cases whereas the denominator is larger for a true HO resulting in a lower
sensitivity. Note that, to a first order approximation, the octant sensitivity is mostly flat
in the dcp plane. This is expected since atmospheric experiments are not so sensitive to
dcp, stemming from the fact that they observe events from disappearance (sensitive to
dcp) as well as appearance channels simultaneously.

6.4.2 Sensitivity vs 03

Since atmospheric experiments are not so sensitive to dcp, it is more appropriate to plot
the sensitivities as a function of true values of 6»3. In Fig. 6.10, the octant sensitivity is
plotted as a function of true values of 653 for both NO and IO assumptions for a predicted
exposure of 3 years of ORCA. Due to the existence of the ordering-octant degeneracy, two
additional curves are obtained by minimizing over not only the regular set of systematic
parameters, but also over the ordering itself. This translates into the case when the true
mass ordering is not identified.
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Figure 6.10: ORCA sensitivity to the octant of 63 after three years of runtime for the true neutrino
mass ordering. The solid curves refer to the test ordering being kept fixed at the
truth, while for the dashed curves it is treated as a free parameter in the fit. The
dashed horizontal line indicate the 90% C.L. sensitivity.

If the ordering is normal and correctly identified, ORCA will allow the octant to be
determined at more than 90% C.L. if 6,3 < 42.5° and 63 > 47.5°. However, if the ordering
is inverted, it will resolve the octant at more than 90% C.L. if 6,3 < 42.2° and 0,3 > 48.2°.
Sensitivities are, in general, higher in NO.

The “shoulders” at 03 ~ 42° (true NO) and 60,3 ~ 49° (true IO) correspond to the
regions where the uncertainty in the true knowledge of the NMO degrades the octant
sensitivity. If the true ordering is NO, testing for a wrong octant solution within the 10
has a significant effect on the octant sensitivity for 6,3 < 42°. For true IO, testing for a
wrong octant solution within the NO has rather mild effect on the octant sensitivity for

03 > 49°.

6.4.3 Sensitivity vs runtime

In addition to a fixed exposure of 3 years, we have also investigated how many years
it would require for ORCA to make a 1/2/3c C.L. measurement of the octant, again
depending on the true NMO and true 0,3. The results are shown in Fig. 6.11 and Fig. 6.12.
Curves referring to minimization over the ordering are also included.
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Figure 6.11: Expected runtime in years required for ORCA to exclude the wrong octant of 6,3 at
1/2/3c C.L. as a function of true 63 for NO assumption. The solid curves refer to the
test ordering being kept fixed at the truth, while for the dashed curves it is treated as
a free parameter in the fit.
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Figure 6.12: Expected runtime in years required for ORCA to exclude the wrong octant of 63 at
1/2/3c C.L. as a function of true 6,3 for IO assumption. The solid curves refer to the
test ordering being kept fixed at the truth, while for the dashed curves it is treated as
a free parameter in the fit.

The very flat behavior of the value of —2In £ when 6,3 is near the maximal mixing
value observed in Fig. 6.10 finds its counterpart here in the very steep rise in runtime as
maximal mixing is approached from both sides. The “shoulder” in the true NO case for
3 < 42° and 63 > 49° for 1O again correspond to the regions where misidentification of
the NMO degrades the octant sensitivity and leads to an increase in the runtime required
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to determine it. ORCA is projected to make a 1o C.L. determination of the octant of 03
within less than a year if the NO is true and either 623 < 42.5° or 63 > 47.6°, or if the IO
is true and either 63 < 42.2° or 6,3 > 48.0°. A five-year measurement at the 1o C.L. is
achieved for NO and 0,3 < 42.2° or 6h3 > 46.2°, or for IO and 6,3 < 42.4° or 63 > 47.0°.
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Summary

“Light thints it travel8 faster than anything but it
i8 wrong. No matter how fadt light travels, it
find8 the dartness has alwapsd got there first, and
if waiting for it.*

— TERRY PRATCHETT,
The Reaper Man.

During the past decades, a plethora of evidences, accumulated from solar [29],
atmospheric [223], accelerator [224] and reactor [36, 38, 39] experiments, testify for the
transmutation of neutrino flavours while they propagate through macroscopic distances.
This phenomenon, called neutrino oscillation, is simply explained by the non-degenerate
neutrino mass and lepton flavour eigenstates. The discovery of the neutrino oscillations
itself caps the study of new physics beyond the Standard Model (SM). Although the
paradigm of the SM plus neutrino mass, mixing and oscillations has been verified by a
gamut of experiments, there are a few experimental signals that cannot be accommodated
within this model, which motivates the study of new physics Beyond the Standard
Model. The study of non-standard interactions (NSIs) of neutrinos with matter fermions
is envisaged from this phenomenological point of view, since their existence provides a
probe to the nature of new physics beyond the Standard Model.

The presence of such additional interactions of neutrinos are expected to produce a
significant modification in the spectra of events predicted with the standard three-flavour
neutrino oscillations. The ANTARES neutrino telescope and its successor low energy
sub-array, KM3NeT-ORCA (ORCA in what follows), have the potential to measure
atmospheric neutrino oscillations with enhanced precision to sub-dominant effects
arising from new physics beyond the SM like NSIs.

Objectives

The thesis ventured out in the development of a strategy to identify the signal from
non-standard neutrino interactions at ANTARES and ORCA neutrino telescopes. The
signal is affected by uncertainties on the atmospheric neutrino flux models and the
neutrino-nucleon cross-sections in sea water, as well as by the detector performances,
like thresholds and resolutions. The effect of these individual systematic uncertainties
on the final signal strength has been quantified and the physics reach of ANTARES and
ORCA explored.

The major objectives of the thesis can be grouped as follows:
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e Search for NSIs with 10 years of ANTARES: The atmospheric muon-neutrino
disappearance data collected by ANTARES in the period 2007-2016 has been
analysed and bounds on the NSI phase space in the y — T sector has been
constructed.

e Sensitivity to NSIs at ORCA: Future sensitivities at ORCA towards the discovery of
NSIs with three years of run-time has been evaluated.

e Effect of NSIs on neutrino mass ordering (NMO) at ORCA: Apart from the standard
8 fold octant-ordering—CP-phase degeneracy, the presence of NSI causes additional
degeneracies, which might affect the determination of neutrino mass ordering at
ORCA. The impact of various NSI parameters on the ORCA sensitivity to the NMO
has been explored.

e Sensitivity to the octant of 63 at ORCA: Non-zero 643 drives large matter effects in
atmospheric neutrino oscillations and can be used to study deviations of 6,3 from
maximal mixing and deciphering its octant. The projected sensitivity of ORCA to
the 0,3 octant has been estimated for an exposure of three years.

Theory: Neutrino Oscillations and Non-Standard Interactions

Neutrinos {v,} (a representing the flavour family) are produced in charged current
(CC) and neutral current (NC) weak interaction processes. Each (neutrino) flavour
eigenstate v, is a quantum superposition of multiple mass eigenstates {v;} with masses
m;. Oscillations are generated due to interference between different massive neutrinos
{v;}, which are produced and detected coherently as {v,} with small mass differences.
This implies that when a neutrino of a certain flavour (say v,) is produced in a
weak interaction process and propagates through space (or medium), each of the mass
eigenstates {v;} travel with different speed leading to a phase lag between them. After
a certain distance, the composition of the mass eigenstates is different from the initial
state. The final composition of mass eigenstates might constitute a neutrino of completely
different flavour {vg : B # wa}. This process of transmutation of flavour from a v, into a
vg is called neutrino oscillation. It is basically analogous to the quantum mechanics of
mixed states, which itself is equivalent to the classical theory of coupled oscillators. Let
us discuss the theory of neutrino oscillations in a quantitative way in the following.

In the standard theory of neutrino oscillations* with # number of light neutrino

generations5, a neutrino flavour eigenstate can be expressed as a linear superposition
of n mass eigenstates (or the other way round):

lvy) = Z v, (or |vy) Z Usilva),) (10)

where U,; is the mixing matrix, which relates the mass basis {v;} (eigenstates of the
Hamiltonian) to the flavour basis {v,} (eigenstates of the gauge group). U, satisfies
the following conditions:

UTU =Toxn, Y Unilly; = 6ap, Y Unily; = 5. (11)
i o

4For a concrete derivation, see [47].
5Precision measurement of the decay width of Z at LEP [48] indicate that there are three generation of
neutrinos, (accompanying their charged lepton partners) which take part in weak interactions.
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The Latin indices i,j = 1,2,3... correspond to the mass eigenstates, while the Greek
indices a, B = e, }, T.... correspond to the flavour eigenstates.

The amplitude of |v,) — [vg) transition as a function of time is given by

Ay (1) = (valvg)e = Y UnUge 5. (12)
7

The transition probability then reads
Pva—wﬁ(t) = ‘A|ua>ﬂ\vﬁ>(t)|2 = Zu:iuﬁiuajugjei(EiiEj)t- (13)
ij

2
For ultra relativistic neutrinos (E; >~ P; + gl—é in the limit m% < P)), assuming same

momentum for all massive neutrino components (P, = P Vi) and using light-ray
approximation (f ~ L (c = 1)), the transition probability can be approximated by [47,
49]

Pvaﬁw (L) = 501/5 —4 Z]Re[u;iuﬁiu“]'ugj] Si].’lz (Pij

i>j

) . (14)
+2) Im[UyUpUyUg ] sin 24,
i>j
where ’
L L [eV?][k
¢ii = AmZ——— ~ 1.267Am? eV ]lkm] (15)

ii4E, iE, [GeV]

The coefficients of the massive neutrino components of flavour antineutrinos are simply
related to the corresponding coefficients of massive neutrino components of flavour
neutrinos by complex conjugation U,; — U};. Hence, the antineutrino oscillation
probabilities differ from the corresponding neutrino oscillation probabilities only in the
sign of the terms depending on the imaginary parts of the quartic products of the mixing
matrix elements. The imaginary part in Eq. 27 depends on whether neutrinos (+) or
antineutrinos (—) are considered.

The oscillation process is determined by the Pontecorvo-Maki-Nakawaga-Sakata mixing
matrix (PMNS) [14, 13] and the difference of squared masses. In the conventional
three-flavour scheme with Dirac neutrinos, the relevant parameters are three mixing
angles, 015, 013, 023, two mass-squared differences, Am%l, Am%l, and one CP phase, écp.
Our present knowledge of these parameters can be summarised as follows: 01, ~ 31-36°,
013 ~ 8-9°, 023 ~ 41-51°, Am?, = 7-8 x 107° eV?, | Am3, | (| Am?; |) ~2.4-2.6 x 1073
eV2 and dcp ~ 200 — 350°. We ignore if 03 is in the first or second octant, the sign of Am§3
(the mass ordering) and we lack an accurate determination of dcp (see review 14 in [225]
for conventional definitions and further details).

When neutrinos propagate in matter, their evolution is further affected by interactions
with the medium due to the coherent forward elastic scattering of neutrinos with matter.
The overall effect can be described by effective potentials associated to the charged (CC)
and neutral (NC) currents. In the case of neutrinos travelling through Earth, the only
relevant potential is the one stemming from the electron neutrino components interacting
with electrons in matter, that turns out to be [24]: Vo¢c = /2 Gr n,, where Gr is the Fermi

219 of 299



220 Summary

coupling constant and 7, is the electron number density across the neutrino path. The
relevant Hamiltonian is:

v 1

H3
2E,

UM?U" + Ve diag(1,0,0), (16)
where U, the PMNS mixing matrix, performs the rotation of the relevant mass matrix
M? = diag(0, Am%l, Am%l) in the neutrino flavour space.

The existence of NSI can be described as a new potential that will translate into an
additional term in the Hamiltonian:

n
HNS = Vee nff €, (17)

e

where n i and 7, are the fermion and electron number density along the neutrino path
and neutrinos are assumed to interact with down quarks which are roughly three times
as abundant as electrons, n F=ng = 3 n, and the matrix € (g, Br &, B = e, u, T) gives the
strength of the NSI. The diagonal terms of this matrix, if different from each other, can
give rise to the violation of leptonic universality, while the off-diagonal terms can induce
flavour changing neutral currents, which are highly suppressed in the SM. Hermiticity,
unitarity constraints and the tracelessnes of the € matrix reduce its components to six
effective parameters [226]. Furthermore, in an experiment like ANTARES in which the
atmospheric neutrino flux is highly dominated by v, transforming mainly to v, the main
contribution to NSI would come from the matrix elements with «, § = p or T. Moreover,
it is customarily assumed that €,;, ~ €. Therefore, in our analysis we will investigate
the two real parameters € and €.

The dominant atmospheric neutrino oscillation v, — v gives rise to the disappearance
of vy's, whose magnitude depends on their energy and path length. Since a neutrino
telescope as ANTARES mainly detects v, CC interactions that yield track-like events, the
influence of neutrino oscillations can be studied measuring the deficit of these events as
a function of their energy and arrival direction. In the range from ~10 GeV to above
~100 GeV, the detector is able to provide an estimate of the neutrino energy measuring
the muon range [60]. Furthermore, given the actual values of 63 and Am3;, the effect
of the v, — v oscillation is important in that energy range: a minimum of the survival
probability takes place at ~25 GeV and the v}, deficit is noticeable up to 100 GeV [60].

NSI are expected to have sub-dominant effects and therefore they would be observed
as deviations from the distributions of the the energy and arrival direction expected for
standard oscillations. As an example of the expected effect, we show in in Fig. 1 the
variation of the oscillation pattern due to NSI. The difference of the survival probabilities
for the NSI and the standard oscillations cases is shown as a function of cos 6, and
E,. The left plot shows the difference for neutrinos and the right plot for antineutrinos.
Normal ordering is assumed in both cases. Although the NSI effects are anti-symmetric
for neutrinos and anti-neutrinos, they are not exactly opposite, thereby leading to small
but appreciable effects at a charge-blind isoscalar detector as ANTARES. The plots have
been produced for a value of €, of 0.01, to which most of the current neutrinos telescopes
are sensitive. The effect of NSI is more prominent for vertical events (cos 6, ~ 1) and
since NSI shift the minima of the oscillation, they also produce more impact at the
corresponding energies, although the effect of NSI on the survival probability extends
to higher energies.
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Figure 1: NSI induced modifications in v, (left) and 7, (right) disappearance probabilities as a
function of the neutrino energy and cosine of the zenith angle. The NSI test point has
been set at €, = 0.01. Normal ordering is assumed.

Instrument: Neutrino Telescopes

The term neutrino telescope refers to an array of optical devices arranged in a definite
geometry within a large volume of natural (and transparent) medium with the objective
of detecting Cherenkov radiation from neutrino interactions [126]. The directional
sensitivity is the reason to call them telescopes.

ANTARES

ANTARES (acronym for Astronomy with a Neutrino Telescope and Abyss environmental
RESearch) [130] is an under-water neutrino telescope located 40 km offshore from
Toulon, France at (42° 48’ N, 6° 10’ E), anchored about 2475 m below the surface of the
Mediterranean Sea. The first line was deployed in March 2006 and the detector was
completed in May 2008.

Fig. 2 shows a schematic view of the ANTARES detector. ANTARES consists of 12 vertical
detection lines, instrumented in an octagonal configuration with a (horizontal) separation
of 60-75 m. The lines are anchored to the sea floor by means of a titanium structure
(Bottom String Socket) acting as a dead weight and buoy on its top to stay vertical (optical
modules have also their own buoyancy). Each line holds 25 storeys (apart from line 12
with 20 storeys) starting 100 m above the sea floor with a (vertical) separation of 14.5 m
amounting to a total height of 450 m. The instrumented volume of ANTARES is ~ 0.01

km?°.
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Figure 2: Schematic diagram of the ANTARES detector. Photos of two storeys holding optical and
acoustic equipment are shown. From [130].

KM3NeT

KM3NeT (acronym for KiloMetre cube Neutrino Telescope) [66] is a next generation
deep-sea Cherenkov neutrino observatory, currently under construction in the
Mediterranean Sea. Based on the granularity of the optical modules (to target different
neutrino energy regimes), KM3NeT will house two detector sub-arrays:

e ORCA (Oscillation Research with Cosmics in the Abyss): densely instrumented
sub-array of ~ 5 x 103 km? volume, located offshore of Toulon, France at (42°41
N, 6°02’ E), designed primarily for studying neutrino properties and low-energy
astrophysics;

e ARCA (Astroparticle Research with Cosmics in the Abyss): sparsely instrumented
sub-array of ~ 1 km?® volume, located offshore of Sicily, Italy at (36°16’ N, 16°06’
E), designed primarily for detection of high-energy cosmic neutrinos and neutrino
astronomy.

The term "ORCA" ("ARCA") will be used henceforth to designate the KM3NeT-ORCA
(-ARCA) detector.

The three-dimensional array built in a particular layout is called a “building block”
(BB). KM3NeT will consist of two BBs for ARCA and one BB for ORCA to reach the
desired instrumented volumes. Fig. 3 shows a schematic view of one BB of the KM3NeT
detector. Each building block will consist of a three-dimensional array of ~ 64,000 PMTs
distributed among 115 detection strings (also known as "DUs"®) with 18 spherical Digital
Optical Modules (DOMs) per line. Starting about 40 m (80 m) from the sea floor, the DUs
of ORCA (ARCA) are 200 m (700 m) high, horizontally separated by about 20 m (95 m),
with 18 DOMs spaced 9 m (36 m) apart in the vertical direction.

6The terms "DU", "string" and "line" have been used interchangeably in this thesis.
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Figure 3: Conceptual view of the KM3NeT detector. The blue line represents an up-going
neutrino undergoing v,—CC interaction close to the fiducial volume leading to track-like
event and creating a Cherenkov cone along its path. From KMB3NeT internal
documentation.

Methodology

An event-by-event separation of the NSI signal at the detectors is too challenging. What
is possible is to look for a statistical excess or deficit of neutrino plus antineutrino events
at the detectors predicted with a certain NSI test hypothesis. The first step is to compute
the number of events corresponding to a specific oscillation hypothesis with or without
NSI. The total number of charged current muon neutrino events expected at the detector
for a certain runtime t is given by:

d?N¢C d24) 42
L i Pu. cc 4cC
dE d cos6 <dEdcos(9 W—i_dEdcose e") X o, Ay~ Xt

(18)

d24717 dz(l)-
(P p oy Bdn p ) ccce g,
(dEdcosG M dEdcosf " T
N, is the number of detected muon events within the range of energy dE and cosine
of zenith angle dcos; ¢,, (¢s,) is the atmospheric flux of neutrinos (antineutrinos) of
flavour x at the detector site; P,p is the probability of oscillation of a neutrino flavour
vy to a neutrino flavour vg; %C,,C is the charged current cross-section of muon neutrino
with nucleons in sea water; AGC (A5C) is the energy and zenith angle dependent effective
area of the detector corresponding to muon neutrinos (antineutrinos) undergoing CC
interaction within the detector.

However, the detector cannot separate (v, 7, Vy, Vy, Vr, Vr - CC) and (v, v - NC) events.
Depending on the Cherenkov signatures of the outgoing lepton from the v, and v, CC
and NC interactions, two distinct event topologies are observed at the detector: track-like
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and shower-like events. v, CC and v, CC interactions with muonic 7 decays mostly
account for the track-like topology, since the outgoing muon appears as a track within the
detector. The shower-like topology corresponds to events from v, CC, v CC interactions
with non-muonic T decays and NC interactions of all flavours. The eight distributions
indexed by interaction type X € {(v,, V., Vy, Vy, vz, Vr - CC) and (v, v - NC)} are merged
and split into two distributions corresponding to the two event topologies: tracks and
showers.

The method to estimate the sensitivity to a test parameter in a model hypothesis is based
on a binned likelihood approach [196]. In the case of a Poissonian distribution of event
numbers, the test statistic after inclusion of Gaussian penalty terms reads

—2LLR(A,n) =2+ ) [/\-(6§)—n-+n-ln< L >]+ ) (=57 (19)
7 - 1 7 1 1 /\i(—,—) *

2
i€{bins} 0,5 je{syst} 2(7j

The number of predicted events A; in the i bin is a function of the set of oscillation
parameters, 0, as well as on the the set of parameters related to systematic uncertainties,
5. The second term runs over penalty terms of the number, j, of nuisance parameters,
$j and (7]2 being the assumed prior and Gaussian standard deviation of the parameter j,
respectively.

The individual contributions from track and shower classes are summed to compute the
total significance, oo

Ttot = —ZLLR(/\,TI)

(20)
- \/ (—=2LLR) + (—2LLR)

tracks showers

The value of 0y, indicates the level of agreement or disagreement between a model
prediction A(9,5) and the dataset n and quantifies the sensitivity of the detector to that
particular model hypothesis given a certain runtime.

Systematics

Tab. 1 summarises the exhaustive list of systematic parameters considered in the fit, along
with their statistical treatment (fixed or fitted), nominal values and external constraints,
if used. They can be grouped in four categories:

224 of 299



Summary 225

Nuisance parameters Treatment Nominal values Priors

Oscillation

612(°) fixed 33.82 -
613(°) fitted 8.60 0.13
023(°) fitted 48.6 free
dcp(°) fitted 221 free
Am3,(x1075eV?) fixed 7.39 -
Am?; (x10~3eV?) fitted 2.528 free
Flux

Track norm. fitted 1 free
Shower norm. fitted 1 free
Middle norm. fitted 1 free
vy, / Ve skew fitted 0 5%
vy, /v, skew fitted 0 5%
v, /V, skew fitted 0 5%
Energy slope (A7) fitted 0 5%
Zenith slope fitted 0 2%
Cross-section

NC scale fitted 1 5%
Detector

Energy scale fitted 1 10%

Table 1: The list of systematics studied in the NSI ORCA analysis, along with their statistical
treatment, injected nominal and prior values (if any).
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e Oscillation parameters: The solar parameters (612, Am%l) are kept fixed at their

nominal values (adopted from NuFit v4.1 [90]), since ORCA being an atmospheric
oscillation experiment is not very sensitive to them. The mixing angle 63 has a
large effect on oscillation probabilities. Hence existing experimental constraints
are used to exploit the full potential of ORCA for estimating the sensitivity to the
NSI parameters. It is reflected by a prior of 0.13°. No priors are used on the
atmospheric oscillation parameters (623, Am3;) and dcp since they are also supposed
to be measured by ORCA. Due to the degeneracy between the octant of 6,3 and the
sign of Am%l (4/— correspond to NO/IO), a starting value of 0,3 in both octants
(623 < 45° € lower octant or 63 > 45° € higher octant) is chosen and the minimum
value of —21n £ is stored. The effect of these uncertainties on oscillation parameters
on the final event distributions are shown in Fig. 4.31 to Fig. 4.34.

Flux systematics: Systematic parameters compared to atmospheric neutrino flux
uncertainties are considered. The total number of events in each event class has
an associated normalisation factor: "Track norm.", "Middle norm." and "Shower
norm.", which is fitted without any constraint. This also takes into account
the uncertainty on the effective mass and on the interaction cross-sections of
neutrinos. The effective change in the event numbers in any [E, cosf,| bin is
directly proportional to the normalisation factor.

The ratio between the total number of v, and v, ("v,, /v, skew" ), v, and v, ("v,, /7,
skew") and v, and v, ("v./V, skew") events are allowed to vary with a standard
deviation of 5% of the parameter nominal value. The prior value (5%), which is
independent of energy and zenith angle, is more conservative than the current
estimated flux uncertainties [207]. The effect of these uncertainties on the final event
distributions are shown in Fig. 4.35 to Fig. 4.37.

The "energy slope” error Ay, applied as a function of E, accounts for a change in
the neutrino spectrum due to uncertainties in the primary cosmic ray spectrum.
The energy slope error is allowed to vary within £5% around its central value of
Ay = 0. Similarly, the uncertainty on the ratio of up-going to horizontal-going
neutrinos, named "zenith slope", is allowed to vary with a standard deviation of 2%
of its nominal value. The effect of these uncertainties on the final event distribution
is shown in Fig. 4.38 and Fig. 4.39.

Cross-section systematics: While lepton universality means the cross section ratios
between flavours are well known, the same is not necessarily the case for the ratio
between CC and NC events. Therefore, the neutral current event normalisation
is also fitted with a prior of 5%. Uncertainties on the absolute CC and NC
cross-sections are not considered in this study. However they would be somewhat
absorbed within the flux normalisations. The effect of NC scale normalisation on
the final event distribution is shown in Fig. 4.40.

Detector systematics: Among the systematic parameters incorporated into this
analysis, the track, middle and shower normalisations and energy scale can be
considered detector effects. The energy scale depends on the PMT efficiencies and
water properties [179]. If events are systematically brighter or less bright than
expected, this will cause a shift to the normalisation of the effective mass. This
is accounted in the energy scale which is fitted with a 10% Gaussian width across
its nominal value.
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Results

The results of the four physics analyses have been summarised in subsequent subsections
below for both mass orderings: Normal Ordering (NO) and Inverted Ordering (I10). The
results of the search for NSIs with ANTARES and the performance estimation of ORCA
has been grouped together for brevity. This is followed by the estimation of the neutrino
mass ordering resolution at ORCA in presence of NSIs. The last one corresponds to the
resolution of the octant of 6,3 at ORCA.

Search for NSIs with ANTARES and KM3NeT-ORCA

A first ANTARES analysis looking for NSIs in the atmospheric neutrino oscillation data
has been presented. No significant excess/deficit was observed and the data was found
consistent with standard oscillation hypothesis at > 2.2¢. This resulted in limits in the
NSI 4 — T sector.

For KM3NeT-ORCA, final event templates are simulated for a predicted exposure of
3 years of running. The expected event numbers are weighted according to various
possible NSI signal hypotheses in order to explore the detection potential of ORCA
towards NSIs. The ANTARES limits and ORCA sensitivities are shown in Fig. 4 to Fig. 6
along with comparisons from other experiments.
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Figure 4: 90% (top) and 99% (bottom) C.L. limits (blue solid curve) in the €, — €7 phase space
set after 10 years of ANTARES running obtained in this work, shown along with
MC-only sensitivities with ANTARES (blue dashed) and ORCA (red) and limits from
Super-K [192].
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Figure 5: 90% C.L. limits (blue solid curve) in the €. — err phase space set after 10 years of
ANTARES running obtained in this work, shown along with MC-only sensitivities with
ANTARES (blue dashed) and ORCA (red) and limits from Super-K [192].
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Figure 6: Limits on €, phase space (blue solid curve) set after 10 years of ANTARES running
obtained in this work, shown along with MC-only sensitivities with ANTARES (blue
dashed) and ORCA (red) and limits from Super-K [192].

The limits for NSI obtained with 10 years of atmospheric muon disappearance data
collected by ANTARES is more stringent than allowed by current experimental limits,
thereby constitutes the world’s-best limits in the y — T sector. ORCA demonstrates
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an excellent potential to put tighter constraints on various NSI parameter spaces by
one order of magnitude better than what is allowed by current experimental limits.
Finally, expected bounds on NSIs with ORCA are collected in Tab. 2 and the limits from
ANTARES in the u — T sector are defined in Eq. 21 and Eq. 22.

NSI Couplings Assumed True NMO Bounds (90% C.L.) ‘

10

Eep NO (—1.7x 1072, 1.7 x 1072)
10 (—2.0x 1072, 2.0 x 102)
€or NO (—1.8x1072,2.1 x 1072)
IO (—3.1x1072,2.7 x 1072)
€ur NO (—1.7x 1073, 1.7 x 1073)
10 (=17 x1073,1.7 x 1073)
€rt NO (—0.8 x 1072, 1.1 x 1072)
(

—1.1 x1072, 0.8 x 1072)

Table 2: Bounds on NSI of neutrinos with d-quarks at 90% C.L. for a runtime of 3 years of full
ORCA comprising 115 DUs with 20 m horizontal DU spacing. Only one NSI parameter
is considered at a time.

—42x107% < ey <27x1073 (at90% C.L),

—61x1072 < e€rr < —21x1072 and 21x1072< e <73x1072 (at90%C.L).
(21)

—38%x107° < €4 <1.6x107° Verr =0 (at90%C.L), (22)

Impact of NSIs on the NMO sensitivity at KM3NeT-ORCA

The sensitivity of ORCA towards the neutrino mass ordering (NMO) in the light of an
assumed NSI hypothesis is presented in Fig. 7. This incorporates the uncertainty of fitting
models to experimentally observed oscillation spectra and emphasizes the importance of
testing different frameworks high precision measurements of oscillation parameters. In
case of true IO, the NMO resolution at ORCA can be significantly impaired in presence
of sub-dominant effects in neutrino oscillations coming from NSIs depending on the true
value of 0p3. The effect is negligible if the true mass ordering in normal. Hence, the
presence of NSIs can affect the physics potential of ORCA in measuring the standard
oscillation parameters.
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Figure 7: Projected sensitivity to the NMO after 3 years of ORCA run time, as a function of true
623, for NO (red) and IO (blue) assumptions, with a global best-fit dcp of 221° (228°) for
NO (IO) assumptions. Dashed (solid) lines refer to the case when the NSI parameters
are simultaneously fitted (fixed at 0).

Sensitivity to the octant of 03 at KM3NeT-ORCA

We have investigated how many years it would require for ORCA to makea1/2/30 C.L.
measurement of the octant, depending on the true NMO and true 6»3. The results are
shown in Fig. 8 and Fig. 9. Sensitivity curves referring to minimization over the ordering
are also included.

The “shoulders” at 03 ~ 42° (true NO) and 623 ~ 49° (true IO) correspond to the regions
where the uncertainty in the true knowledge of the NMO degrades the octant sensitivity
and leads to an increase in the exposure time required to determine it. If the true ordering
is NO, testing for a wrong octant solution within the IO has a significant effect on the
octant sensitivity for 6,3 < 42°. For true IO, testing for a wrong octant solution within
the NO has rather mild effect on the octant sensitivity for 6,3 > 49°.
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Figure 8: Exposure time in years required for ORCA to exclude the wrong octant of 6,3 at 1/2/3¢
C.L., as a function of true 6,3 for true NO assumption. The solid curves refer to the test
ordering being kept fixed at the truth, while for the dashed curves it is treated as a free
parameter in the fit.
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Figure 9: Exposure time in years required for ORCA to exclude the wrong octant of 6,3 at 1/2/3¢
C.L., as a function of true th3 for true IO assumption. The solid curves refer to the test
ordering being kept fixed at the truth, while for the dashed curves it is treated as a free
parameter in the fit.

ORCA is projected to make a 1o C.L. determination of the octant of 6,3 within less than a
year if the NO is true and either 6,3 < 42.5° or 63 > 47.6°, or if the IO is true and either
B3 < 42.2° or B3 > 48.0°. A five-year measurement at the 1o C.L. is achieved for NO
and 03 < 42.2° or 6,3 > 46.2°, or for 10 and 6,3 < 42.4° or 63 > 47.0°.
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Conclusions

Atmospheric neutrinos and antineutrinos of muon and electron flavours represent a rich
source of information on neutrino oscillations stemming from its energy and zenith angle
dependent multi-layer matter effects. In the light of high statistics atmospheric neutrino
experiments, ANTARES and KM3NeT can make strong contributions in understanding
of neutrinos as well in the precise measurement of neutrino oscillation parameters.

Studies explored in the scope of this thesis indicate that ORCA is going to be the first
atmospheric experiment to measure the neutrino mass ordering with a significance of
30. However, before ascribing any measurement to the oscillation parameters in the
standard vanilla three-flavour neutrino paradigm, it is crucial to study the correlations
and degeneracies that might arise due to extra parameters from new physics scenarios
like NSIs. ORCA is expected to constrain many of such exotic physics cases that might
contribute to the signal in the extraction of standard oscillation parameters. Moreover,
ORCA is envisaged to precisely determine the value of 63 with just few months of data
taking.

Apart from this, the possibility of sending a neutrino beam from Protvino, Russia
to ORCA (project nicknamed P20) to measure CP violation in the neutrino sector is
underway [70]. P20 will provide unparalleled sensitivity to matter effects in Earth,
thereby allowing a measurement of CP violation at >2¢ level within 15 years at a modest
beam power of 90 kW (= 0.8 x 10%° protons on target). The prospect of a ten times
denser ORCA configuration, a so-called Super-ORCA [227], is also under consideration.
Super-ORCA can probe the neutrino mass ordering (NMO) at >2¢ level within 5 years.
In this exciting era of neutrino physics, ANTARES and KM3NeT can make significant
contributions in addressing many unresolved issues in particle physics by studying
neutrinos at the abyss of the Mediterranean sea.
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“%a [ug piensa que viaja mds rdpido que cualquier
coda, pero B¢ equivoca. No importa cudn rdpido
viaje [a (ug, Siempre encuentra que la o8curidad ha
[legabo all{ anted v le eBtd esperando™

— TERRY PRATCHETT,
El Segador.

Durante las tltimas décadas, una plétora de evidencias, acumuladas en experimentos
solares [29], atmosféricos [223], de aceleradores [224] y de reactores [36, 38, 39], ha
demostrado la transformacién del sabor de los neutrinos cuando se propagan a través
de distancias macroscépicas. Este fenémeno, llamado “oscilaciones de neutrinos”, es
explicado de manera simple por estados propios de sabor y de masa no degenerados. El
descubrimiento de las oscilaciones de neutrinos por si mismo supone el estudio de nueva
fisica més allad del Modelo Estdndar (MS). Aunque el paradigma del MS con neutrinos
masivos, mezcla y oscilaciones se ha comprobado por multitud de experimentos, hay
algunas sefiales experimentales que no han podido ser acomodadas por este modelo,
lo que motiva el estudio de nueva fisica mds alla del Modelo Estandar. El estudio de
interacciones no estdndar de neutrinos (INE o NSIs por sus siglas en inglés) con los
fermiones de la materia proporciona una sonda para estudiar la naturaleza de nueva
fisica.

Se espera que la presencia de interacciones adicionales de neutrinos produzca una
modificacién significativa en los espectros de sucesos predichos por las oscilaciones
estindar de tres sabores de neutrinos. El telescopio de neutrinos ANTARES y la
configuraciéon de bajas energias de su sucesor, KM3NeT-ORCA, tienen el potencial
de medir oscilaciones de neutrinos atmosféricos con buena precision para efectos
subdominantes provenientes de nueva fisica como las INE.

Objetivos

Esta tesis tiene por objetivo el desarrollo de una estrategia para identificar la sefial de
interacciones no estdndar de neutrinos (INE) en los observatorios ANTARES y ORCA. La
sefal estd afectada por incertidumbres en los modelos de flujos de neutrinos atmosféricos
y en las secciones eficaces neutrino-nucleén en el agua, asi como en las caracteristicas
del detector como su umbral y sus resoluciones. Se ha cuantificado el efecto de estas
incertidumbres sistematicas en la intensidad de la sefial y se ha explorado el alcance de
fisica de ANTARES y ORCA.

Los objetivos principales de la tesis se han agrupado de la siguiente manera:
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e Busqueda de INE con diez afios de datos de ANTARES: Los datos de desapariciéon
de neutrinos muoénicos atmosféricos tomados por ANTARES en el periodo
2007-2016 se han analizado y se han puesto limites en el espacio de fase de las
INE en el sector y — 7.

e Sensitividad a INE en ORCA: Se ha evaluado la futura sensitividad de ORCA para
el descubrimiento de INE en tres afios de funcionamiento.

e El efecto de las INE en el ordenamiento de las masas de los neutrinos (OMN) en
ORCA: Ademas de las degeneraciones 6ctuples estandar en octante-ordenamiento
y fase CP, la presencia de INE causa degeneraciones adicionales, que pueden
afectar la determinacién del ordenamiento de masas con ORCA. Se ha explorado el
impacto de varios pardametros de INE en la sensitividad de ORCA.

e Sensitividad de ORCA al octante de 6»3: El valor no nulo de 63 lleva a grandes
efectos de materia en las oscilaciones de neutrinos atmosféricos y puede ser usado
para estudiar la desviacién de 6»3 respecto al angulo maximo de mezcla y aclarar
su octante. Se ha estimado la sensitividad de ORCA para el octante 63 para una
exposicién de tres afios.

Teoria: Oscilaciones de neutrinos e interacciones no estandar

Los neutrino, {v,} (donde a representa la familia de sabor) son producidos en procesos
de interaccion débil de corrientes cargadas (CC) y corrientes neutras (NC). Cada estado
propio de sabor {v,} es una superposicién cudntica de varios estados propios de masa ;.
Las oscilaciones se generan debido a la interferencia entre distintos neutrinos masivos
que son producidos y detectados coherentemente como {v,} con pequefias diferencias
de masa. Esto implica que cuando un neutrino de un cierto sabor (por ejemplo {v,} es
producido en un proceso de interacciéon débil y se propaga a través del espacio (0 un
medio), cada estado propio de masa viaja con una velocidad diferente, dando lugar a un
retraso de fases entre ellos. Después de cierta distancia, la composiciéon de los estados
de masa puede hacer que se detecte como un estado de sabor diferente. Este proceso
de transmutacién de un sabor {v,} en {vg} se conoce como oscilaciones de neutrinos. Es
andalogo a los estados cudnticos de mezcla, que son a su vez equivalentes a los osciladores
acoplados en mecdnica cldsica. Podemos discutir la teoria de las oscilaciones de neutrinos
en un modo cuantitativo de la siguiente manera. En la teoria estandar de oscilaciones de
neutrinos con n generaciones de neutrino ligeros, un estado propio de sabor puede ser
expresado como una superposicion lineal de estados de masa (o viceversa):

lvy) = Z vy, (or|v) E Uil va),) (23)

donde U,; es la matriz de mezcla, que relaciona la base de sabor (los estados propios del
hamiltoniano) con la base de sabor (los estados propios de grupo gauge). U,; satisface las
siguientes condiciones:

u+u = Iy xn, Zuaiugi = 5&&/ Zuaiuz]' = 51] (24)
i o

Los indices latinos i, j = 1,2, 3...corresponden a los estados propios de masa mientras que
los indices griegos «, B = e, j1, T.... corresponden a los autoestados de sabor.
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La amplitud de la transicién |v,) — [vg) en funcion del tiempo es
Ay (1) = (valvpg)e = Y UpiUge Bt (25)
i

La probabilidad de transicién queda como

Pu— () = [Aj) sy (DP = 1 UgiUpillagUge™ 5" (26)
Lj

2
Para neutrinos ultra-relativistas, (E; >~ P; + % en la limita ml2 < P;), asumiendo el mismo
momento para tods las componentes de neutrinos masivos, (P; = P Vi) y usando la
aproximacién de rayo de luz (f ~ L (¢ = 1)), la transicién se puede aproximar como [47,
49]:

Pvaﬁw (L) = 501/5 —4 Z]Re[u;iuﬁiu“]'ugj] Si].’lz (Pij

i>]
donde
L L [eV?
o = b= = 1.267am2 L 2V k] (28)

iT4E, TE, [GeV]

Los coeficientes de las componentes de sabor de los antineutrinos neutrinos
estdn relacionados con los coeficientes correspondientes de los neutrinos como el
complejo-conjugado U,; — U}, Por lo tanto, las probabilidades de oscilacion
correspondientes difieren solamente en el signo de los términos dependientes de las
partes imaginarias en los productos cudrticos de los elementos de la matriz de mezcla.
La parte imaginaria en la ecuacién 5 depende de si los neutrinos (4) o antineutrinos (—)
son considerados.

El proceso de oscilacion estd determinado por la matriz de mezcla
Pontecorvo-Maki-Nakawaga-Sakata. (PMNS) [14, 13] y las diferencias de los cuadrados
de las masas. En esquema de tres sabores con neutrinos de Dirac, los pardmetros
relevantes son los tres angulos de mezcla, 01, 613, 6h3, dos diferencias de masas al
cuadrado, Am%l, Amgl, y una fase CP, écp. Nuestro actual conocimiento de estos
pardmetros se puede resumir como: 6o ~ 31-36°, 613 ~ 8-9°, 63 ~ 41-51°, Am%z ~
7-8 x 107° eV?, | Am§3 | (=] Am%3 |) ~24-2.6 x 1072 eV2 y 6cp =~ 200 — 350°..
Ignoramos si 63 estd en el primer o segundo octante, el signo de Am%3 (el ordenamiento
de masas) y tampoco tenemos una determinacién precisa de dcp (ver revision 14 in [225]
para las definiciones convencionales y para mas detalles).

Cuando los neutrinos se propagan en la materia, su evolucion estd ademads afectada
por las interacciones con el medio debido a la dispersion forward coherente de los
neutrinos con la materia. El efecto global se puede describir mediante potenciales
efectivos asociados a las corrientes cargadas (CC) y neutras (NC). En el caso de neutrinos
viajando a través de la Tierra, el tinico potencial relevante es el que viene de las
componentes de neutrino electrénico interaccionando con electrones de la materia, que
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resulta ser [24]:Vee = /2 G n,, donde Gr es la constante de Fermi yn, es la densidad
numero de electrones a lo largo del camino del neutrino. El hamiltoniano relevantes es:

1
HY = Euzvﬂu* + Ve diag(1,0,0), (29)
v

donde U, la matriz de mezcla PMNS, realiza la rotacién de la matriz de masa M? =
diag(0, Am3;, Am3,) en el espacio de sabor.

La existencia de INEs puede ser descrita como un nuevo potencial que se traducira en un
nuevo término en el hamiltoniano.

n
H'™NE = Vee 7Tf €, (30)

e

donde ns y n, son la densidad nimero de fermiones a lo largo del camino del
neutrino y se asume que los neutrinos interaccionan con los quarks down, que son
aproximadamente tres veces mds abundantes que los electrones, ny = ny; ~ 3 n, y que
la matriz € (€,5, &, p =€, y, T) dala fuerza de la INE. Los términos diagonales de esta
matriz, si son diferentes entre ellos, pueden dar lugar a la violacién de la universalidad
lepténica, mientras que los elementos fuera de la diagonal pueden inducir corrientes
de neutras que cambien el sabor, algo fuertemente suprimido en el Modelo Estandar.
Condiciones de hermicidad y unitariedad y la falta de traza de la matriz € reducen
sus componentes a seis pardmetros efectivos [226]. Ademads, en un experimento como
ANTARES en el que el flujo de neutrinos atmosféricos esta fuertemente dominado por v,
transformdndose principalmente en v, la principal contribucién a INE vendria por los
elementos de matriz con &, B = p or 7. Ademas, es usual asumir €,;, ~ €. Por lo tanto,
en nuestro anélisis investigaremos los dos pardmetros reales €;; and €.

La oscilacion dominante atmosférica v, — v; da lugr a la desaparicién de v,’s, cuya
magnitud depende de su energia y camino. Dado que un telescopio de neutrinos como
ANTARES detecta principalmente interacciones v, CC que dan lugar a eventos de traza,
la influencia de las oscilaciones de neutrinos se puede estudiar midiendo el déficit de esos
sucesos como funcién de su energia y direccién de llegada. En el intervalo de ~10 GeV
hasta més de ~100 GeV, el detector es capaz de proporcionar una estimacion de la energia
del muon a partir de la medida del rango del muon [60]. Ademads, dados los valores
actuales de 6,3 y Ams3;, el efecto de la probabilidad de oscilacién v, — v, es importante
en ese intervalo de energia: un minimo de la probabilidad de supervivencia ocurre a
unos 25 GeV y el déficit de v, es apreciable hasta 100 GeV [60].

Se espera que las INEs tengan un efecto sub-dominante y por tanto serian observdas
como desviaciones de las distribuciones de energia y direcciones de llegada respecto
a las oscilaciones estdindar. Como ejemplo de los efectos esperados, mostramos en
la Fig. 10 la variacién del patrén de oscilaciéon debido a INE. La diferencia entre la
probabilidad de supervivencia para INE se muestran en funcién de cos 6, y E,. El
plot de la izquierda muestra la diferencia para neutrinos y el plot de la derecha, para
antineutrinos. Se asume ordenamiento normal en ambos casos. Aunque los efectos de
INEs son anti-simétricos para neutrinos y anti-neutrinos, no son exactamente opuestos,
lo que da lugar a diferencias pequefas pero apreciables en detectores insensibles a la
carga isoscalar como ANTARES. Los plots han sido generados para un valor de €,;
de 0.01, para el que la mayoria de los telescopios de neutrinos actuales son sensibles.
El efecto de INEs es mds prominente para sucesos verticales (cos 0, ~ 1) y dado que
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las INEs desplazan el minimo de oscilacién, también producen mayor impacto a las
correspondientes energias, aunque el efecto de INEs en la probabilidad de supervivencia
se extiende a energias més altas.

Change in oscillation probability Change in oscillation probability
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Figure 10: INE inducen modificaciones en las probabilidades de desapariciéon de v, (izquierda) y
7y, (derecha) en funcién de la energia del neutrino y el coseno del dngulo cenital. El
punto de prueba INE se ha establecido en €, = 0.01. Se asume un orden normal.

Instrumento: Telescopios de neutrinos

El término telescopio de neutrinos se refiere a una red de dispositivos 6pticos distribuidos
en un gran volumen de un medio transparente y natural con el objetivo de detectar la luz
Cherenkov de las interacciones de neutrinos [126]. La sensitividad a la direccion es la
razén de que se llamen telescopios.

ANTARES

ANTARES (acrénimo de Astronomy with a Neutrino Telescope and Abyss
environmentalRESearch) [130] es un telescopio de neutrinos submarine localizado
a 40 km de la costa de Tolon (Francia) a (42° 48’ N, 6° 10" E), situado a 2475 m bajo
la superficie del mar Mediterrdneo. La primera linea se instalé en marzo de 2006 y el
detector fue completado en mayo de 2008. La Fig. 11 muestra un esquema del detector
ANTARES. ANTARES consiste en 12 lineas de detecciéon verticales instrumentadas en
una configuracién octagonal con una separacién horizontal de 60-75 m. Las lineas estan
ancladas al lecho marino mediante una estructura de titanio (Bottom String Socket) que
actia de peso muerto y una boya en su parte superior para que la linea permanezca
vertical (los médulos 6pticos también tienen su propia flotabilidad). Cada linea tiene 25
pisos (salvo la linea 12 con 20 pisos) empezando a 100 sobre el fondo marino con una
separacion vertical de 14.5 metros, lo que da una altura total de 450 m. El volumen total
instrumentado en ANTARES es ~ 0.01 km?.
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Figure 11: Diagrama esquematico del detector ANTARES. Se muestran fotos de dos pisos con
equipamiento optico y actistico. De [130].

KM3NeT

KM3NeT (acrénimo de KiloMetre cube Neutrino Telescope) [66] es un telescopio de
neutrinos de nueva generacién actualmente en construcciéon en el mar Mediterrdneo.
Segtn la granularidad de los médulos 6pticos (para estudiar distintos intervalos de
energia de los neutrinos), KM3NeT albergard dos sub-detectores:

e ORCA (Oscillation Research with Cosmics in the Abyss): detector densamente
instrumentado de of un volume ~ 5 x 10~3 km?, situado frente a la costa de Tol6n
(Francia) en (42°41' N, 6°02" E), disefiado para estudiar las propiedades de los
neutrinos y astrofisica de bajas energfas.

e ARCA (Astroparticle Research with Cosmics in the Abyss): detector instrumentado
con baja densidad, con un volumen de ~ 1 km?, localizado frente a la costa de Sicilia
(Italia) a (36°16’ N, 16°06’ E), disefiado para la deteccion de neutrinos de alta energia
y astronomia de neutrinos.

Los términos ORCA y ARCA se usardn en lo que sigue para designar a los detectores
KM3NeT-ORCA y KM3NeT-ARCA respectivamente. La red tridimensional de cada
configuracién particular se denomina “Building Block” (BB). KM3NeT consistird en dos
BBs para ARCA y un BB para ORCA para alcanzar los volimenes instrumentados
deseados. La Fig. 12 muestra una vista esquemadtica de uno de los BBs del detector
KM3NeT. Cada builiding block consistird en una red tridimensional de 64,000 PMTs
distribuidos en 115 lineas de deteccién (también llamadas DUs) con 18 médulos digitales
(DOMs) por linea. Empezando a unos 40 m (80 m) del fondo marino, las DUs de ORCA
(ARCA) tienen una altura de 200 m (700 m) y estdn separados horizontalmente por unos
20 m (95 m), con 18 DOMs separados 9 m (36 m) verticalmente.
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Figure 12: Vista conceptual del detector KM3NeT. La linea azul representa un neutrino
ascendente que experimenta una interaccién v, - CC cerca del volumen fiducial que
conduce a un evento similar a una pista y crea un cono de Cherenkov a lo largo de su
trayectoria. De la documentacién interna de KM3NeT.

Metodologia

Una separacion suceso a suceso de la sefial de INE en los detectores es demasiado
complicada. Lo que es posible en cambio es buscar un exceso o déficit estadistico en
los sucesos de neutrinos y antineutrinos predichos por una determinada hipétesis test de
INE. El primer paso es calcular el nlimero de sucesos correspondiente a una determinada
hipétesis de oscilaciéon con o sin INE. El ntimero total de sucesos de corriente cargada con
neutrinos mudnicos esperado en el detector para un periodo ¢ es:

d2NEC dch 42
£ U P CC aCC
dE d cos <dEdcos(9 it JE dcosd e”) X Oy Ay X

(1)
@y, &, cC 4CC

* (dE dcosd it dEdcos@PE’*) x oy, Ay x b
N, es el ntimero de sucesos mu6nicos en el intervalo de energia dE y de coseno de dngulo
zenital d cos 0; ¢,, (¢y,) es el flujo de neutrinos (antineutrinos) de sabor x en la localizacién
del detector; P4 es la probabilidad de oscilaciéon de un neutrino de sabor v, a neutrino
de sabor vg, aﬁc es la seccion eficaz de corriente cargada del neutrino con nucleones del
agua del mar; Af,:yc (Af—,:yc) es drea efectiva del detector, dependiente de la energia y del

angulo, correspondiente a neutrinos (antineutrinos) que ha sufrido una interaccién CC
en el detector.

Sin embargo, el detector no puede separar sucesos (v, Ve, Vi, Vy, V7, Ve - CQ) y (v, ¥ -
NC). Dependiendo de las sefiales Cherenkov de los leptones salientes de las interacciones
CC de v, y v, se observan dos topologias distintas en el detector: sucesos tipo traza y
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tipo cascada. Las interacciones CC v, CC y vr con desintegracion muodnica del T dan
cuenta de la mayoria de los muones que aparecen como traza en el detector. La topologia
tipo cascada corresponde a sucesos de interacciones CC v,, CC v; con desintegraciéon
del tau no mudnica y las interacciones de corriente cargada de cualquier sabor. Las ocho
distribuciones indexadas por tipo X € {(ve, Ve, Vy, Vy, vz, Vr - CC) and (v, V- NC)} se han
mezclado en dos distribuciones correspondientes a las dos topologias: trazas y cascadas.

El método para estimar la sensitividad a un pardmetro test en una hipétesis del modelo
estd basado en una estrategia de verosimilitud con bines [196]. En el caso de distribuciéon
poissoniana en el nimero de sucesos el test estadistico tras incluir los términos de
penalizacion gaussianos es

—2LLR(A,n) =2 Y [A-(5§)—n-+n-ln< i >]+ y 5i=%° (32)
T Y P\ (o, 9) 207

ie{bins} je{syst} 0}

El namero de sucesos predicho A; en el bin i-ésimo es una funcién de un conjunto de
pardmetros, 0, asi como del conjunto de parametros relacionado con las incertidumbres
sistematicas 5. El segundo término corre sobre los términos de penalizaciéon j de los
parametros de ruido, siendo §; y 0']2 los priors y la desviacién estdndar gaussiana del
pardmetro j, respectivamente.

Las contribuciones individuales de las clases de traza y cascada se suman para calcular
la significancia total, oy,

Ttot = —ZLLR(/\,YI)

(33)
= \/ (=2LLR) + (—2LLR)

tracks showers

El valor de oy, indica el nivel de acuerdo o desacuerdo entre la prediccién A(3,5) de un
modelo y el conjunto n de datos y cuantifica la sensitividad del detector a una hipétesis de
modelo particular dado un tiempo de funcionamiento.

Incertidumbres sistematicas

La Tab. 3 muestra una lista exhaustiva de los pardmetros de incertidumbres sistematicas
considerados en el ajuste junto con su tratamiento (ajustados o fijos), valores nominales
y restricciones externas, si se usan. Pueden ser agrupados en cuatro categorias:
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Pardametros molestos Tratamiento Valor nominal Priors
Oscilacién

612(°) fijos 33.82 -
613(°) ajustados 8.60 0.13
023(°) ajustados 48.6 libre
dcp(°) ajustados 221 libre
Am3, (x1075eV?) fijos 7.39 -
Am3,(x1073eV?) ajustados 2.528 libre
Flujo

Normalizacién de la traza ajustados 1 libre
Normalizacién de las cascadas ajustados 1 libre
Normalizacién de los intermedios  ajustados 1 libre
vy, / Ve skew ajustados 0 5%
vy /Uy skew ajustados 0 5%
v,/ V. skew ajustados 0 5%
Pendiente de la energia (A7) ajustados 0 5%
Pendiente de zénit ajustados 0 2%
Secciones eficaces

Escala de NC ajustados 1 5%
Detector

Escala de energias ajustados 1 10%

Table 3: El listado de sistemaéticas estudiadas en el andlisis INE ORCA, junto con su tratamiento
estadistico, valores nominales y previos inyectados (si los hubiere).

e Pardmetros de oscilacién: los pardmetros solares (012, Am3,) se mantienen fijos
a su valor nominal (adoptado de NuFit v4.1 [90]), ya que ORCA, al ser un
experimento de oscilaciones atmosféricas, no es muy sensible a ellos. El dngulo
de mezcla 60;3 tiene un efecto grande en las probabilidades de oscilaciéon. Por tanto,
los limites experimentales actuales se han usado para aprovechar plenamente el
potencial de ORCA para estimar la sensitividad de los parametros de INEs. Esto
se refleja en un prior de 0.13°. No se han usado priores para los parametros
de oscilacién atmosféricos ((23, Am3;) y dcp, ya que se supone que se medirdn
por ORCA. Debido a la degeneraciéon entre el octante de 03 y el signo de Am%1
(4/— corresponde a NO/IO), se usa un valor inicial de 6,3 en ambos octantes
(B3 < 45° € primer octante o 03 > 45° € segundo octante) y se toma el
valor minimo de —21In £. El efecto de estas incertidumbres en los pardmetros de
oscilacion se muestra en las Fig. 4.31 hasta Fig. 4.34.

e Incertidumbres en el flujo: Se han considerado los efectos sistematicos de los
pardmetros del flujo atmosférico. El ntiimero total de sucesos de cada clase tiene
un ndmero asociado de factor de normalizacién: “Normalizacion de la traza”,
“Normalizacién de las cascadas”, “Normalizacién de los intermedios”, que son
ajustados sin ninguna restricciéon. También se tienen en cuenta las incertidumbres
en la masa efectiva del detector y de las secciones eficaces de interaccién de los
neutrinos. Se permite variar hasta un 5% respecto al valor nominal el cociente
entre el nimero total de v, y de ve ("v;,/ve skew" ), v, y vy, ("v,/V, skew") y 1. y
Ve ("ve/V. skew"). El margen del 5%, que es independiente del d&ngulo zenital y la
energia, es mas conservador que las actuales incertidumbres estimadas para el flujo
de atmosfércos [207]. El efecto de estas incertidumbres en la distribuciones finales
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se muestra en las Fig. 4.35 hasta Fig. 4.37.

El error en la “pendiente de la energia”, A7y, aplicado en funcién de E7, tiene
en cuenta el cambio en el espectro de la energia debido a incertidumbres en el
espectro primario de rayos cédsmicos. Se permite variar la pendiente de la energia
hasta un 5% alrededor del valor central Ay = 0. Andlogamente, se permite variar
hasta un 2% el cociente de neutrinos ascendentes respecto a descendentes, llamado
“pendiente de zénit”. El efecto de estas incertidumbres en las distribuciones finales
de sucesos se muestra en las Fig. 4.38 y Fig. 4.39.

e Incertidumbres en las secciones eficaces: Mientras que la universalidad de
leptones implica que los cocientes entre distintos sabores son bien conocidos, lo
mismo no ocurre necesariamente para los cocientes entre sucesos CC y NN. Por
tanto, también se ajusta la normalizacion de las corrientes neutras dentro de un 5%.
Las incertidumbres en las secciones eficaces de CC y NC absolutas no se consideran
en este estudio. Sin embargo, son absorbidas en la normalizacién del flujo. El efecto
de la normalizacion de la escala de NC sobre la distribucion de sucesos se muestra
en la Fig. 4.40.

e Incertidumbres del detector: Entre las incertidumbres incorporadas a este anélisis,
las normalizaciones de trazas, intermedios y cascadas y en la escala de energias
pueden ser consideradas efectos del detector. La escala de energia depende
de las eficiencias de los PMTs y las propiedades del agua [23]. Si los sucesos
son sistemdticamente mds brillantes o menos de lo esperado, esto causard un
desplazamiento en la normalizacién de la masa efectiva. Esto se tiene en cuenta en
la escala de energia, que se ajusta dentro de una incertidumbre de 10% alrededor
de su valor nominal.

Resultados

Los resultados de los cuatro anélisis de fisica se resumen en las siguientes subsecciones
para ambos ordenamientos de masa: ordenamiento normal (ON) y ordenamiento inverso
(OI). Los resultados de la busqueda de INE con ANTARES y la estimacién de la capacidad
de ORCA se han agrupado en aras de la brevedad. A esto sigue la estimacién de la
resoluciéon de ORCA para la determinacién del ordenamiento de masas en presencia de
INE. Por dltimo, se muestra la resolucién de ORCA para el octante de 6,3.

Busqueda de INE con ANTARES y KM3NeT-ORCA

Se presenta a continuacion el andlisis de ANTARES en busca de INE en los datos de
oscilacién de neutrinos atmosféricos. No se ha observado un exceso o déficit significativo
y los datos son consistentes con la hipétesis de oscilaciones estdndar a > 2.2¢. Esto resulta
en limites en el sector  — T de las INE.

Para KM3NeT-ORCA, se han simulado distribuciones de sucesos para un periodo de
exposicion de tres afios. El ntiimero esperado de sucesos se ha pesado de acuerdo a
varias hipétesis de sefial de INE para explorar el potencial de ORCA para INE. Los
limites de ANTARES vy la sensitividad de ORCA se muestran en las Fig. 13 — Fig. 15
con comparaciones con otros experimentos.
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Figure 13: Limites (izquierda: 90% C.L., derecha: 99% C.L.) en el espacio de fase €ur — €77 tras diez
afios de funcionamiento de ANTARES, comparado con la sensitividad del detector y

los limites de Super-K [192].
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Figure 14: Limites (90% C.L.) en el espacio de fase €. —
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Figure 15: Limite en el espacio de fase €,; obtenidos tras diez afios de funcionamiento de
ANTARES, junto con la sensitividad del detector y los limites de Super-K [192].

Los limites para INE obtenidos tras diez afios de datos de desaparicion de muones
atmosféricos tomados por ANTARES son més restrictivos que los obtenidos por otros
experimentos, de manera que son los mejores limites existentes hasta la fecha en el
sector u — 7. ORCA muestra un excelente potencial para poner limites mas restrictivos

246 of 299



Resumen 247

en un orden de magnitud en varios espacios de pardmetros de INE. Finalmente, las
sensitividades para INE esperados para ORCA vy los limites obtenidos por ANTARES
en el sector mu-tau se muestran en la Tab. 4y enlas Eq. 34 y Eq. 35, respectivamente.

INE Couplings Assumed True NMO Bounds (90% C.L) |
€ep NO (—1.7 x 1072, 1.7 x 1072)

10 (—2.0x 1072, 2.0 x 1072)
Eer NO (—1.8x1072,2.1 x 1072)

10 (—3.1x1072,2.7 x 1072)
€nt NO (-17x1073,1.7 x 1079)
(_
(
(

10 1.7 x 1073, 1.7 x 1073)
€1t NO —0.8x1072, 1.1 x 107?)
10 —1.1x1072,0.8 x1072)

Table 4: Sensitividades (90% C.L.) para INE de neutrinos con quarks d para tres afios de datos
de ORCA con 115 lineas espaciadas 20 m horizontalmente. Solo un pardmetro de INE se
considera cada vez.

—42x107% <€y <27x1073 (at90%C.L),

—61x1072 <€ < —21x1072 and 21x1072<err <73x1072 (at90%C.L).
(34)

—38x10° < €,r <16 x107% Verr =0 (at90%C.L), (35)

Impacto de las INE en la sensitividad de KM3NeT-ORCA

La sensitividad de ORCA para el ordenamiento de masas de los neutrinos para la
hipétesis de INE se presenta en la Fig. 16. Esta incorpora la incertidumbre de los modelos
de ajuste a los espectros experimentalmente observados y enfatiza la importancia de
probar diferentes marcos con medidas de alta precision de los pardmetros de oscilacion.
En el caso de OI verdadero, la resolucién de ORCA para el ordenamiento de las masas
se puede ver perjudicada de manera significativa en presencia de efectos subdominantes
provenientes de INE, dependiendo del valor verdadero de 6»3. El efecto es despreciable
si el ordenamiento de masas es normal. Por tanto, la presencia de INE puede afectar al
potencial de ORCA para medir los pardmetros de oscilaciones estdndar.
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Figure 16: Sensitividad prevista para el ordenamiento de masas tras tres afios de funcionamiento
de ORCA en funcién del valor verdadero de fzpara ON (rojo) y OI (azul), con
un mejor ajuste global dcp de 221° (228°) para la hipétesis ON (OI). Las lineas
discontinuas (continuas) corresponden al caso en el que los pardmetros de INE se
ajustan simultdneamente (fijados en 0).

Sensitividad de KM3NeT-ORCA al octante de 653

Hemos investigado cudntos afios requeriria ORCA para hacer una medida a 1/2/3c del
octante de 0,3, dependiendo de los verdaderos valores del ordenamiento de masas y
de 0p3. Los resultados se muestran en las Fig. 17 y Fig. 18. Las curvas de sensitividad
correspondientes a la minimizacién sobre el ordenamiento también se incluyen.

Los “hombros” en 63 ~ 42° (ON) y 63 ~ 49° (OI) corresponden a regiones donde la
incertidumbre en el conocimiento del ordenamiento degrada la sensitividad del octante
y lleva a un incremento del tiempo de exposicién necesario para determinarlo. Si el
ordenamiento verdadero es ON, probar una solucién falsa del octante en la hipétesis
OI tiene un efecto significativo en la sensitividad el octante para 6,3 < 42°. Cuando
el ordenamiento verdadero es O], la solucién falsa del octante para ON tiene un efecto
pequefio sobre la sensitividad para 03 > 49°.
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Figure 17: Tiempo de exposicién (en afios) requerido para que ORCA pueda excluir el octante

falso de 6,3 a 1/2/30, en funcién del valor verdadero de 053

asumiendo ordenamiento

ON. La curva continua se refiere al caso donde el ordenamiento se ha fijado al
valor verdadero, mientras que la curva discontinua corresponde al caso en el que el

ordenamiento se trata como un pardmetro libre en el ajuste.
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Figure 18: Tiempo de exposicién (en afios) requerido para que ORCA pueda excluir el octante

falso de 6,3 a 1/2/30, en funcién del valor verdadero de 053

asumiendo ordenamiento

Ol La curva continua se refiere al caso donde el ordenamiento se ha fijado al
valor verdadero, mientras que la curva discontinua corresponde al caso en el que el

ordenamiento se trata como un pardmetro libre en el ajuste.

Se prevé que ORCA pueda hacer una determinacién a 1¢ el octante de 6,3 en menos de
un afio si el ordenamiento de masas es normal y si 63 < 42.5° 0 63 > 47.6°, 0 si el
ordenamiento es inverso y 63 < 42.2° o 03 > 48.0°. Con cinco afios de datos se puede
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hacer una medida a 10 para ON y 63 < 42.2° 0 3 > 46.2°, 0 para Ol y 03 < 42.4° o
03 > 47°.

Conclusiones

Los neutrinos y antineutrinos atmosféricos de sabor muénico y electrénico representan
una rica fuente de informacion sobre las oscilaciones de neutrinos gracias a la
dependencia de sus flujos con el d&ngulo y la energia y los efectos de materia. Gracias a
la alta estadistica de neutrinos atmosféricos, ANTARES y KM3NeT pueden hacer fuertes
contribuciones a la comprensién de los neutrinos la medida precisa de sus parametros de
oscilacion.

Los estudios llevados a cabo en esta tesis indican que ORCA serd el primer detector de
neutrinos atmosféricos capaz de medir el ordenamiento de masas con una precisiéon de
3c. Sin embargo, antes de atribuir cualquier medida a las oscilaciones estdndar en el
paradigma badsico tres sabores de neutrinos, es crucial estudiar posibles correlaciones y
degeneraciones que podrian aparecer debidas a nuevos parametros de nuevos escenarios
fisicos como las interacciones no estdndar de neutrinos. Se espera que ORCA pueda
restringir muchos de esos casos de fisica exéticos que podrian contribuir a la sefial en
la extraccion de los pardmetros de oscilaciones estdndar. Ademds, se prevé que ORCA
pueda medir con precision el valor de 63 tras solo unos meses de toma de datos.

Ademads, se ha propuesto el proyecto P20 con el objetivo de mandar un haz de
neutrinos desde Protvino (Rusia) a ORCA para medir la violacién de CP en el sector
de neutrinos [70]. P20 proporcionard excelente sensitividad a los efectos de materia en
la Tierra, permitiendo una medida de la violacién de CP a >2¢ en 15 afios con un haz
de potencia modesta (90 kW ~ 0.8 x 10% protones en el destino). La posibilidad de
una versiéon de ORCA diez veces mds densa, llamada Super-ORCA [227], también esta
en consideracion. Super-ORCA puede probar la hipétesis de ordenamiento (NMO) a
>20 en cinco afios. En esta excitante era de fisica de neutrinos, ANTARES y KM3NeT
pueden hacer contribuciones significativas a muchas cuestiones no resueltas en fisica de
particulas estudiando neutrinos en el fondo del mar Mediterraneo.
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List of Abbreviations

ANTARES Astronomy with a Neutrino Telescope and Abyss environmental RESearch

ARCA Astroparticle Research with Cosmics in the Abyss.
ARS Analogue Ring Sampler

AVC Analog to Voltage Converter

BSM Beyond the Standard Model

CcC Charged Current

CLB Central Logic Board

DAQ Data AcQuisition system

DIS Deep Inelastic Scattering

DOM Digital Optical Module

DU Detection Unit

HO Higher Octant

IO Inverted Ordering

KM3NeT  KiloMetre Cube Neutrino Telescope.
LCM Local Control Module

LLR Log Likelihood Ratio

LO Lower Octant

MC Monte Carlo

MEOC Main ElectroOptical Cable

NC Neutral Current

NMO Neutrino Mass Ordering

NO Normal Ordering

NSI Non Standard Interactions

ORCA Oscillation Research with Cosmics in the Abyss.
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