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1 Introduction

1 Introduction

Although neutrinos were postulated as early as in 1930, it was not until 1956 that the
first detection of a neutrino was confirmed. Since then, neutrino physics has become a
major field in particle physics. Neutrinos are leptonic particles with no electric charge and
a small rest mass. In the Standard Model of particle physics, there are three different
neutrino flavor states, v, v,, and v,, each corresponding to one of the charged leptons,
e, 1 and 7. Neutrinos only interact via the weak interaction and have very small cross
sections. Therefore, to study their properties, huge detectors are necessary in order to
collect sufficient event statistics.

Currently, IceCube is the biggest neutrino detector with an instrumented volume of 1km?
of ice at the South Pole [1]. As many other neutrino detectors, IceCube makes use of the
Cherenkov effect: the neutrinos interact inside the detector and produce a charged lepton
that travels faster than the speed of light in the medium. Therefore, the passage of the
lepton causes a flash of light that can be detected with PMTs.

In the last decades, a lot of progress in neutrino physics was made using Cherenkov de-
tectors. A major milestone was the detection of neutrino oscillations in 1998 by Super-
Kamiokande [2| and in 2002 by the Sudbury Neutrino Observatory [3| (shared Nobel Prize
2015). Neutrino oscillations describe the phenomenon that a neutrino of a certain flavor
oscillates into another flavor as it propagates. The precise measurement of the oscilla-
tion parameters is a crucial goal of many neutrino experiments. Further open questions
in neutrino physics are for example the neutrino mass ordering and whether neutrinos
violate CP-symmetry. Also, there could be still unknown effects that modify neutrino os-
cillations.

One of these effects, called quantum decoherence, is proposed in different theories of quan-
tum gravity. Decoherence emerges when the neutrino system is treated as an open quan-
tum system that couples to the environment [4]. Since decoherence modifies the oscil-
lation patterns, it could potentially be verified by detectors like KM3NeT/ARCA and
KM3NeT/ORCA (Astroparticle & Oscillations Research with Cosmics in the Abyss), which
are two Cherenkov detectors that are currently being built in the Mediterranean sea. While
ARCA is primarily designed to detect high energy cosmic neutrinos, ORCA is aimed at the
precise measurement of atmospheric neutrino oscillations [5]. In this work, the sensitivity
of both detectors to decoherence effects in neutrino oscillations is studied.

This work uses a phenomenological model to describe decoherence effects. The model will be
introduced in the first chapter after discussing standard neutrino oscillations. The second
chapter covers the details of the sensitivity calculations and the software used for the
analysis. In the third chapter, calculated oscillation probabilities with decoherence effects
are presented. Finally, the fourth chapter contains the detector sensitivities as well as a
discussion of systematic parameters.






2 Scientific background

2 Scientific background

In this chapter, an overview of the theory of standard neutrino oscillations in vacuum
and matter is given. Taking matter effects into account is highly relevant for the KM3NeT
detectors since, in order to suppress the atmospheric muon background, only neutrinos that
have passed through the Earth before they reach the detector are identified as neutrino
events. In Sec. 2.2 decoherence effects are included in the oscillation model. Also, as the
Earth’s density is not constant, the case of non-uniform matter is discussed. Furthermore,
the properties of atmospheric neutrinos as well as the detection technique of the KM3NeT
detectors ARCA and ORCA is explained.

2.1 Standard neutrino oscillations

The theory of neutrino oscillations describes the transition of one flavor to another one
during the propagation of the neutrino. This mechanism was first proposed in 1957 to
explain the discrepancy between the flux of electron neutrinos arriving at the Earth, and
the flux predicted from the Sun. the predicted flux was too high, since it did not account
for flavor transitions into muon neutrinos.

Neutrino oscillations arise from the fact that the flavor eigenstates |v,) (with o = e, p, 7)
are not identical to the mass eigenstates |v;) (with ¢ = 1,2, 3). While neutrinos are produced
and observed with a certain flavor, the propagation occurs in the mass basis. In standard
neutrino oscillations the eigenstates are related by

Va(t)) = ZUM vi(t) (2.1)

where U is a unitary matrix, called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-
trix. Using this relation, we can calculate the probability P(v, — v) that a neutrino v,
is detected as vg after propagation:

Starting from Schrodinger’s equation

.d
i Vi(t) = Hac |vi(t)) (2.2)

the time evolution of the mass states in vacuum is given by
vilt)) = e ) (2:3)

where E; = m?/2E are the diagonal elements of Hy,. = diag(F1, E9, E3) in the vacuum mass
basis, with the neutrino masses m; and the average neutrino energy £ = %(El + Ey+ E3).
Using Equation 2.1 and the relation (v;|v;) = d;;, the amplitude for a flavor transition can
be written as
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(vplva(t)) = UbUnie it (2.4)
i
The probability for a flavor transition is therefore given by

P(ve — v5) = | (alva(0) [ = Y Unill5iUs;Usy e B0, (2.5)
4]

where AE;; = (E; — Ej) is the energy difference of two mass states.

2.1.1 Neutrino mass hierarchy

From Equation 2.5 it becomes apparent that the squared mass difference

m? — m?

_ J
AE;; = —5E (2.6)
of the neutrino states determines the frequency of the oscillations. This also means that
only the squared mass differences, and no absolute neutrino masses can be determined in
oscillation experiments.

The value of Am3; was measured very precisely [6] using solar neutrinos and it is often
referred to as Amgol. The sign of Amzol was determined taking advantage of matter effects,
so it is known that m3 > m2. For the larger squared mass difference |Am3,| ~ |AmZ,|,
only the absolute value has been measured until now. This parameter is often referred
to as Am2,,,, since it is measured most precisely by experiments that detect atmospheric

neutrinos.

Depending on the sign of Am2, , two scenarios are possible for the mass hierarchy of the

neutrino states. For normal hierarchy (NH), the state v3 has the largest mass whereas for
inverted hierachy (IH), the state v3 has the smallest mass. The two scenarios can be seen
in Figure 2.1. Since the neutrino mass hierarchy is not known at the time, both scenarios
are taken into account in the sensitivity studies presented in this work.

2.1.2 Mixing angles and CP-violating phase

While the squared mass differences determine the frequency of the oscillations, the elements
of the PMNS matrix determine the amplitude, as can also be seen from Equation 2.5. The
PMNS matrix can be written more conveniently in terms of three mixing angles ©13, O13,
and O3 and a complex phase dcp as |7]

Uer Ue Ues €12€13 $12€13 s1ze”ocr
i6 i6
Ua Uue Uuz | = | —s12c03 — c12523513€"°C" 12023 — 512823513€"°°P  Sa3¢13 ;
i6
Ui Ur2 Uz 512523 — C12C23S13.i6cp  C12523 — S12C23513€"°°Y  Ca3C13
(2.7)
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where s;; = sin (0;;) and ¢;; = cos (0O5).

normal hierarchy (NH) inverted hierarchy (IH)

m2 A Am?

(50 )

Figure 2.1: Two scenarios for the neutrino mass hierarchy depending on the sign of the
larger squared mass difference Am?2, . Additionally, the ratio of the flavor
eigenstates is shown for each mass state where red corresponds to electron

neutrinos, blue to muon neutrinos, and green to tau neutrinos.

Since the PMNS matrix is not necessarily real, CP violation could be possible, which means
that in general P(vq — vg) # P(Vq — 7). This is described with the CP-violating phase
dcp. At the time, this parameter is not known very precisely. While the mixing angle O13
was measured very accurately using reactor neutrinos [8], the uncertainties for ©12 and ©a3
are still relatively large. ©12 corresponds to the amplitude of the wavelength associated with
the smaller squared mass difference Amgol. At the energy range of atmospheric neutrinos,
this wavelength is longer than the diameter of the Earth. Since the longest baseline of
atmospheric neutrinos is given by the Earth’s diameter, ORCA is not sensitive to this
parameter. ARCA is not sensitive to any oscillation parameter, since the oscillations vanish
completely for the high energy neutrinos that ARCA can detect.

From the data taken with solar, atmospheric, reactor and accelerator neutrinos, the current
global best fit values for the oscillation parameters (for NH) are [9]:

O12 = (33.4470:77) °
O3 = (49.2779)°,
©13 = (8.477013)°,
dop = (194753) °,
Am?2, = (7.427035) - 107°eV?,

Am?Z, = (2.51510058) - 1073 eV2.

atm

Together with the neutrino energy F and the distance that the neutrino travels, these
parameters determine the oscillation probabilities.
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2.1.3 Standard neutrino oscillations in matter

So far, no matter effects have been included in the oscillation model. In matter, the neutri-
nos can interact with the surrounding electrons via elastic forward scattering by exchanging
a Z-boson (neutral current interaction) or a W-boson (charged current interaction). While
the neutral current interaction is equally likely for all flavors and therefore does not change
the oscillation probability, the charged current interaction is only possible for electron
(anti-)neutrinos. Hence, the electron (anti-)neutrinos acquire an effective potential of the
form

v {+\/§GfNe, for v, (2.8)

—V2G¢N,, for 7,

where Gy is the Fermi coupling constant and N, is the electron number density. The
interaction Hamiltonian can be written as

1 00
Hig = £V2GiN. [0 0 0 (2.9)
000
in the flavor basis. The full Hamiltonian in the mass basis is given by
H = Hyye + U Hy U , (2.10)

and is no longer diagonal in the vacuum mass basis. This causes the vacuum mass states
to mix. However, it is possible to diagonalize H by a unitary matrix U, which leads to
decoupled effective mass eigenstates in matter. From now on, the diagonalized Hamiltonian
in the effective mass basis will be denoted as

H =U'HU = diag(Ey, Es, Es), (2.11)

with E; = m?/2E where m; are the effective neutrino masses in matter.

2.2 Neutrino oscillations with decoherence

When oscillations are modified due to loss of coherence this is generally referred to as
decoherence. In this work, we will consider non-standard decoherence, induced by the
coupling of the quantum system with the environment.

Non-standard decoherence differs from standard decoherence, which is caused by the sepa-
ration of wave packets (see for example [10] and [11]). In a neutrino system with standard
decoherence effects, the time evolution is still unitary and can be described within the Stan-
dard Model. Including non-standard decoherence effects, the time evolution of the quantum
system alone, excluding the environment, is generally not unitary [12]. Non-unitary time
evolution can be studied in the context of open quantum systems.

A description of the open system approach applied to neutrino oscillations for two flavors
in vacuum can be found in [13]. An extension of the mathematical formalism to three
families can be found in [14]. As pointed out in [15], the effects of decoherence strongly
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depend on the neutrino mass ordering and on matter effects. Therefore we will describe
decoherence in the full three-flavor framework, including matter effects.

In an open quantum system, a pure quantum state can evolve into a mixed state. For
this reason we will use the density matrix formalism to describe the time evolution. The
standard time evolution of a density matrix p is given by the Liouville-von Neumann
equation. The decoherence effects can be parametrized by an additional term D|[p]. Thus,
the equation for the time evolution of the density matrix is given by [15]

&P = —i[H, p| — D|p|, (2.12)

where H is the full Hamiltonian in matter as defined in Equation 2.10.
Equation 2.12 can be simplified by imposing the following physical restrictions:

e Probabilities should be conserved for any initial state.
This is equivalent to demanding that the time evolution should be trace-preserving.

e Probabilities should always remain positive.
This means that the eigenvalues of p, which are interpreted as probabilities, should
remain positive. This requirement is fulfilled when D[p] is completely positive [13].

With the conditions of trace conservation and complete positivity, the decoherence
term can be written in the so-called Lindblad form [15]

Dlp] =>_({p, DD}, } — 2DmpD},), (2.13)

m
where the D,, are general complex matrices.

e The von Neumann entropy S = — Tr[pIn(p)], should increase with time.
This is ensured by taking the Dy, to be Hermitian, so Dy, = D}, [15].

e The average energy of the neutrino system should be conserved.
This can be expressed as

d
ﬁTr(Hp) =0. (2.14)

More specifically, since H is the Hamiltonian in matter, this last condition requires
that the energy is conserved in the effective mass basis, including matter effects.
As H changes with the matter density, this implies that decoherence is modified
by matter interactions and, furthermore, it is modified in a way that it will ensure
energy conservation. This is not a well established assumption. However, non-unitary
evolution with energy conservation is characteristic for decoherence, while energy
loss is characteristic for dissipation [16]. In this work, we will only consider systems
without dissipative effects where energy conservation holds.

Assuming that the energy is conserved simplifies the calculation of the time evolution
since in this case [15]
[H, D] =0, (2.15)
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which means that H and the D,, can be diagonalized simultaneously in the same
basis. Thus, the D,, can be written in the effective mass basis as

Dy, = U'D,, U = diag(d},,d?2,d3), (2.16)

analogous to Equation 2.11.

e Finally, the CZ,; should be independent of the matter density and remain constant
as the neutrinos propagate through the Earth. Note that this does not mean that
decoherence is independent of matter effects. The matrices D,, still depend on matter
effects through U.

With the conditions discussed above, Equation 2.12 can be written as

0= —ilH. 0] = 3 ({p. D%} ~ 2DpDy). (2.17)

m

In the following, this equation is solved for the case of uniform matter. Knowing the time
evolution of p, the oscillation probabilities including decoherence effects can be calcu-
lated.

2.2.1 Decoherence effects in uniform matter

To solve Equation 2.17 in uniform matter, we need to change to the effective mass basis.

Usmgp—UpUT H =UHU?', and D,,, = UD,,U, we obtain

—(UpU") = —iU[H, p|U ZU {p, D%} — 2D, pD,,)UT . (2.18)

In general, the UM are time dependent, since the matter density can change along the
propagation path of the system. Thus, the left-hand side is of Equation 2.18 reads

d d -\ _~ ~(d )\ - _(d -~
T - 1Al 25 T 51 7t
dt(UpU ) = (dtU> pU +U<dtp> U'+Up (dtU> . (2.19)

Multiplying with U from the left and with U from the right, Equation 2.18 can be rewritten
as

&= il f ~ Y ({5, D} — 2DypDy) ~ U (th) -7 (jﬁ) 7. (220

m

In uniform matter, the last two terms vanish, as the U are not time dependent. In this
case, the time evolution is given by

70 =—ilH. 7l =Y ({7 D%} ~ 2DmpDnm). (2.21)
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Since H and D,, are diagonal in the effective mass basis, Equation 2.21 can be written for
the components of p as

d o S
dtp” —i pij (Ei — Ej) Z pisl( dj ) - 2d,,d;))]
= pij(—i AE;; — vij), (2.22)

where AEU = E‘i — Ej and we defined the decoherence parameter

vijg = Y (i, —di)?. (2.23)

m

So, the time evolution in uniform matter is given by
pij = pij(0) e AFutat (2.24)

where p;;(0) is determined by the initial conditions of the system. For example, for a source
that produces only neutrinos of flavor «, the initial condition is given by

A (0) = (vl p(0) [vg) = Uil (2.25)

where 5\ (t) = |va(t)) (va(?)]-

The oscillation probabilities in the presence of decoherence effects therefore read [15]

P(vy = vg) =Tr [ﬁ(o‘) )p®(0)

= (vg| P(t) |vp)
= ZUgiUﬁj <V1‘ p(a)(t) ’Vj>

‘7j

—Z%m@&)

= Z U030 U e APt =it (2.26)

Comparing this to the case without decoherence effects (see Equation 2.5), it becomes
apparent that the only difference is the presence of a damping term e~ 7! in the oscillation
probabilities. This means that decoherence suppresses neutrino oscillations. The strength
of the damping depends only on the decoherence parameter.

The decoherence parameter itself may depend on the neutrino energy as

E n

!Note that a different convention of the relation between mass and flavor states is used here, so the
probabilities have to be complex conjugated to equal the results in this work.
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In this work, the cases n = 0,£1,+2 are considered. Also, from Equation 2.23 it can be
seen that the v;; are not independent of each other. To simplify the analysis, a typical
approach for decoherence studies is to distinguish three representative cases where one of
the 7;; is set to zero and the other two are equal. The representative cases are:

e Atmospheric limit: y91 = 0 (32 = ¥31),
e Solar limit 1: y30 = 0 (721 = 731),
e Solar limit 2: 31 = 0 (721 = 732)-

In [15] it was shown that these limits correspond to the most conservative bounds of the
more general case that all ~;; are different from zero. In each of the limits, decoherence
effects are dominated by only one parameter that will be denoted as ~.

2.2.2 Decoherence effects in non-uniform matter

As already mentioned, the neutrinos that are used for oscillation studies have passed
through the Earth in order to avoid the large background of atmospheric muons com-
ing from above. The matter density inside the Earth’s mantle and core is not uniform.
For non-uniform matter, the last two terms in Equation 2.20 do not vanish, since UM is
now time dependent. This makes solving the equation for the time evolution of p more
complicated.

To avoid this complication, the matter profile is divided into layers of constant density, as
indicated in Figure 2.2. This is a well established approximation for neutrinos that travel
through the Earth. In each layer M, the time evolution is simply given by [15]

P} = b (targ) A T B (2.28)

where Aty = tar — taro is the time for the propagation through layer M. To match the
evolution at the boundaries of two layers A and B correctly, it is necessary that [15]

Ps(ta) = pls(teo) (2.29)
where the transformation to the flavor basis can be done using
pa(tar) = [OMpM (tar) (UM ]as - (2.30)

With this procedure the oscillation probability can be calculated for an arbitrary num-
ber of layers. The more layers are added, the more accurate non-uniform matter can be
described.

10
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detector

Density (g/cm®)

Figure 2.2: Earth model with 42 layers of different densities. The zenith angle © 7 describes
the path of the neutrino from production to detection site. The dashed lines
indicate the boundaries of the three major compositional layers: inner core,
outer core, and silicate Earth [17].

2.3 Oscillation research with atmospheric neutrinos

In order to understand the results obtained with neutrino detectors correctly, it is impor-
tant to describe the expected neutrino flux as precisely as possible. Therefore, the most
important properties of the atmospheric neutrino flux are briefly discussed in this chapter.
Afterwards, the detection principle of Cherenkov detectors and the setup of ARCA and
ORCA is explained.

2.3.1 Properties of atmospheric neutrinos

When a cosmic ray particle interacts with the particles in the Earth’s atmosphere, sec-
ondary particles emerge from the interaction. In the subsequent decay of the secondary
particles, neutrinos are produced. At low energies, this occurs mainly via the decay of
pions and the subsequent decay of muons:

ot
T = u U, (2.31)
pt = et + e+,

wo—e +r.tuv,.

s

Also the decay of kaons contributes to the conventional flux at low energies. At higher
energies, neutrinos emerge from the decay of heavier mesons containing a charm quark.
This is called the prompt component of the flux. Assuming that the decays in Equation 2.31

11
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happen at equal rates, there should be approximately twice as many muon neutrinos as
electron neutrinos. However, this is only true for low energies of a few GeV. As the energy
increases, more and more muons reach the ground without decaying. Therefore, the ratio
of muon to electron neutrinos rises with increasing energy. The ratio is shown as a function
of energy and arrival direction in Figure 2.3. Also, as cosmic rays consist mainly of protons,
in the first interaction with the atmosphere more 77 than 7~ are produced. As a result,
there should be more v, than 7,, and more v, than 7., as can be seen in Figure 2.4.

Not only the composition of the atmospheric neutrino flux is important, but also the energy
dependence and the absolute value of the flux. As the cosmic ray spectrum follows a power
law, also the neutrino flux follows a power law:

n(E) < E~%, (2.32)

where o = 3. The measured spectrum is shown in Figure 2.5. It can be seen that specially
at high energies the uncertainties of the flux are still large. The uncertainties of the flavor
ratios, the ratio of neutrinos and anti-neutrinos, and the uncertainty of the power-law
index « should be taken into account to make predictions about detector sensitivities more
realistic.

cos(6,)

10
E, (GeV)

Figure 2.3: Ratio of muon to electron neutrinos as a function of energy and neutrino arrival
direction for neutrinos that cross the Earth [18].

12
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Figure 2.4: Predicted atmospheric neutrino fluxes per flavor [18].
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Figure 2.5: Measured spectrum of atmospheric neutrinos [19].
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2.3.2 Neutrino detection with Cherenkov detectors

Since neutrinos only interact via the weak interaction, they can not be detected directly.
Instead, the particles emerging from a neutrino interaction are detected. For atmospheric
neutrinos, the dominant interaction process is scattering on a nucleon X:

ve+ X —e+Y, (2.33)
v+ X = pu+Y,

where Y is the hadronic final state. For energies above 5 GeV the nucleus breaks up in the
process and many hadronic particles are produced. The final state particles are relativistic,
which means that they induce Cherenkov light when they travel through a medium. As the
signatures of of electrons, muons, and hadrons differ from each other, the initial flavor of
the neutrino can be determined from the intensity and angular distribution of the observed
Cherenkov light. The leftmost diagram in Figure 2.6 shows the CC interaction of v, with a
nucleon as well as the subsequent electromagnetic and hadronic shower. In a v, interaction,
the emerging muon produces a track-like event. The signature of a v, are two shower-like
events: one from the neutrino interaction and one from the decay of the 7 particle which
has a very short lifetime. The rightmost diagram in Figure 2.6 shows a NC interaction of
any flavor, which results into a hadronic jet and no other traces.

Charged Current Neutral Current
v v v v
W W W 'z

nucleon hadronic jet nucleon hadronic jet nucleon hadronic jet nucleon hadronic jet

V), V, \). V,

e n T X
\. high energy \ \. \

\ electron . high energy .
hadronic‘ hadronic‘ JJ hadron& T hadromc\ Vx
jet & jet Y jet Egv jeto

ha

Figure 2.6: Feynman diagrams for neutrino interactions on a nucleon and signatures for
each flavor [20].

2.3.3 Oscillation research with KM3NeT

KM3NeT/ARCA and KM3NeT/ORCA are water Cherenkov detectors which are under
construction in the Mediterranean sea (see [5]). Water is used as the medium for the
neutrino interactions, as well as for the production of Cherenkov light. The light is then
detected with PMTs that are fixed inside digital optical modules (DOMs), as shown in
Figure 2.7 on the right-hand side. The left-hand side of Figure 2.7 shows a detection
string. Each of the detection strings hosts 18 DOMs.

14
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Figure 2.7: Detection string (left) and digital optical module (DOM) for KM3NeT [5].

ORCA will consist of a collection of 115 strings with a relatively small spacing of 20m
between the stings and a spacing of 9m between the DOMs. With the small spacing, low
energy neutrinos of just a few GeV can be detected, even though they produce only a small
amount of Cherenkov light. ORCA will have an instrumented volume of 1 Mt.

ARCA will consist of two building blocks of 115 detection strings each. For ARCA, the
spacing between single DOMs and detection strings is much larger with 36 m between the
DOMs and 90 m between the stings. ARCA is designed to target high energy astrophysical
neutrinos. These high energy neutrinos produce more Cherenkov light in a single inter-
action, but their flux is lower, so that a bigger instrumented volume is needed for the
detection. Naturally, ARCA can detect atmospheric neutrinos as well. In total, ARCA will
have an instrumented volume of 1 Gt.

The correct identification of the neutrino flavors is crucial for oscillation experiments, as
the number of detected neutrinos per flavor is compared to the expectation. In this way,
either the survival probability P(v, — V), or the disappearance probability P(v, — vy)
for a neutrino of initial flavor o can be measured.

For atmospheric neutrinos, both, v, and v, contribute to the flux and both flavors can be
detected and distinguished from each other by the event signatures. The KM3NeT detec-
tors can identify track-like and shower-like events based on the event topology. Since the
reconstruction strategy depends on the event topology, dedicated algorithms are used for
the reconstruction of track- and shower-like events. However, some concepts are applicable
for all events (see [17]):

First, the hit selection discards hits that are very likely caused by optical background using
space-time coincidences of different PMTs and DOMs.

15
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For the remaining hits, the time residuals are determined. The time residual is the differ-
ence between the observed hit time and the hit time predicted from a hypothesized source.
A function of the time residuals of all selected hits is minimized via a likelihood fit to
determine either the interaction vertex position or the track direction.

To find a suitable starting point for the likelihood fit, a prefit scan selects the best per-
forming points by scanning over a grid.

The track reconstruction algorithm maximizes the likelihood that the pattern observed
with PMTs is consistent with Cherenkov light emission from the fitted muon trajectory
[5]. For the track-like events, the direction of the neutrino can be reconstructed with good
precision. The direction is given by the zenith angle © 7, where cos(0z) = —1 corresponds
to a path directly though the center of the Earth as can be seen in Figure 2.2. The energy
estimate is determined from the length of the track, which is calculated based on the first
and last DOMs hits along the track [17]. For the track-like event, not all the Cherenkov
light is radiated inside the detector, which makes the energy reconstruction less precise
than for the shower-like events. For all detectors, the track reconstruction is done with the
algorithm JGandalf.

For the shower-like events, the direction reconstruction is less precise, but the energy
reconstruction is better than for a track. The shower reconstruction algorithm uses the
spacial position of the PMTs and the arrival time of the hits to determine the position of
the interaction vertex. The energy of the neutrino can be estimated from the amount of
Cherenkov light. For this, the number of PMT hits within a certain time window of the
expected Cherenkov light-front is used [5], where a spherical light emission is assumed.
Hadronic showers can be distinguished from electromagnetic showers because they are less
bright, as more energy goes into the production of particles. The direction of a shower-
like event can be estimated from the average direction of the hits with respect to the
vertex position [5]. The shower reconstruction algorithms that were used for the Monte

Carlo samples considered in this work are Dusj and JShower for different configurations of
ORCA and Aashower for ARCA.

The calculation of the expected rates of shower- and track-like events inside the detector
is explained in the next chapter.
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3 Analysis methods and Software

To calculate the expected number of events inside the detector, many computational steps
are necessary: starting from input models of the neutrino flux and cross section, the oscil-
lation probabilities inside the Earth are calculated and the detector response is modeled.
In this work, the software package SWIM (see [17]) is used for the rate calculations as well
as the calculation of the detector sensitivities. SWIM relies on the ROOT data analysis
framework [21] and models the detector response based on Monte Carlo simulations. This
chapter gives a short overview of the computation chain. Furthermore, the calculation of
the detector sensitivities is explained.

3.1 Neutrino event rates

SWIM calculates the expected event rates at the detector site as a function of the recon-
structed neutrino energy and zenith angle. The strategy for the calculation is illustrated
in Figure 3.1, where the indicated steps are very general and not specific for SWIM. The
input models for SWIM are the atmospheric neutrino flux, the interaction cross section, an
Earth model and the density of the target nuclei at the detector site. For ORCA, the initial
flux follows the simulations of M.Honda et al. [22]. For ARCA, a component of prompt
neutrinos is added to the Honda flux.

To obtain the expected number of neutrinos for each flavor at the detector site, the oscil-
lation probabilities need to be calculated for different trajectories through the Earth. The
calculation is done with the software OscProb (see [23]) and follows the approach of layers
of constant matter density discussed in subsection 2.2.2. The Earth model is given by the
Preliminary Reference Earth Model (PREM) [24]. The more layers are added, the more
accurate the matter density inside the Earth can be described, as can be seen in Figure 3.2.
The Earth model used for this study consists of 425 layers.

As already seen in section 2.1, the oscillation probabilities depend on the energy E of a
neutrino and the time of the propagation. The propagation time is given by the length of
the path that a neutrino travels which depends solely on the zenith angle © 7. Therefore, the
probabilities are typically shown in dependence of E and cos(©z). These two-dimensional
histograms are called oscillograms. The binning of the oscillograms in OscProb follows the
same scheme as in the interaction event histograms: the zenith angle is binned linearly in
cos(©z) while the energy bins have an equal logarithmic width. For ORCA, 40 bins are
used for the the true energy ranging from 1GeV to 100 GeV The zenith angle is binned
linearly in cos(©z) with 40 bins in the range —1 < cos(©z) < 0. The same binning is
applied for ARCA, although for the zenith angle a finer binning may prove useful in future
studies, since the directional reconstruction with ARCA is very accurate. The energy for
ARCA ranges from 100 GeV to 10 GeV.
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From the flux at the detector site and the interaction cross section the interaction rate is
determined. To obtain the number of detected events the effective mass of the detector has
to be taken into account. The effective mass is defined as [5]

NselA

N 3.1
Ngen. ( )

Mg = Vgen. * Pwater

where Vgen. is the event generation volume, pyater is the density of sea water, Ngep. is
the number of generated events and Ng is the number of events that are successfully
reconstructed. A successful reconstruction requires that the event is processed by one of
the reconstruction algorithms and passes the pre-PID cuts. The pre-PID cuts include a cut
on the zenith angle cos(©z) < 0 in order to reduce the atmospheric muon background as
well as quality cuts that are specific for each algorithm.

The next step is the particle identification (PID). This is done with a random decision
forest [17] that returns a score 0 < p < 1 for each event based on the event feature. The
scores for the PID are [17]

® Dblkg,noise fOr the rejection of pure noise events,
® Pikg,u for the rejection of atmospheric muons that passed the pre-PID cuts,
® Piack for the distinction between track-like and shower-like events.

Using these scores, PID classes can be defined by first cutting on ppig noise and ppig,, and
then classifying the remaining events with a cut on the track score pirack. In this work,
different cuts on the track score were investigated where either two classes (tracks and
showers) or three classes (tracks, showers and middles) were used. This is explained in
more detail in chapter 5.

The last step in the computation chain is the application of the detector response. In SWIM,
this is done with a response matrix that is calculated from the number Ngl\gr? of generated
Monte Carlo events and the number NYC of selected Monte Carlo events (see [17]). The
generated events represent all simulated neutrino interactions and are characterized by the
interaction channel v,, the true energy F, true zenith angle ©7, and true inelasticity .
The selected events refer to all events that are successfully reconstructed by one of the
reconstruction algorithms. These events are characterized by the measured energy E’, the
measured zenith angle ©’,, and the measured inelasticity 3, as well as a discrete event

category i. The response matrix is then given by the ratio [17]

, NMC, = |(E,04,y,E', 0,y
RV7N(E, 07,y E,0,y) = === e AL A2 3.2
( #V) NS (B, 02, &
The detector response is applied to obtain the number of reconstructed events n’,., in a
PID class i from the number of interacting events n;% via [17]
Vg in
n;eCO(E/’ /Z’ y,) - Z Z R[ Z](Ev 6Z7 Y, Elv @,Za y/) * Myer - dMe;f (E) 627 y) : (33)

Vo E,Ozy
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Here, dniji/dM.q is the number of interactions in channel v, per unit of target mass. The
reference target mass Mot = pwater - Vet 1S calculated from the reference generation volume
Ve, which takes into account events which are generated outside the instrumented volume
but can still be successfully reconstructed [17]. As this is especially important for high-
energy track-like events, Vier is an energy-dependent volume.

The reconstructed events n’.., are stored in histograms for each PID class, where in prin-
ciple any number of PID classes ¢ can be implemented. For the reconstructed events, 20
logarithmic bins in E’ and 20 bins in cos(©’,) were used for ORCA and ARCA. The inelas-
ticity was reconstructed in four bins for ORCA, and one bin for ARCA. The histograms

can then be used to calculate the detector sensitivity, as explained in the next section.

Atmospheric (a) A‘meSPhe"c
X Neutrino Fluxes
Flux Histograms E P N
true: Virue (1) Oscillation
(b) Neutrino | and Earth Model
Fluxes at Detector
Etrue, Btrue > (2) Interaction
(c) Interaction — Cross Section
Rates at Detector
Etrue, etrue ™
(3) Effective Mass
Backgrounds (d) Number of —
Misreconstructed Detected Events
atm. muons Etrue, Btrue ™ (4) Classifier
(=Particle D)
(e) Classified Events ||
Etrue. Btrue i~
(5) Detector Resolutions
(f) Reconstructed Events “1

EfECOs efCCU

Figure 3.1: Flowchart showing the steps in the computation chain to obtain the expected
neutrino events at the detector site [5|. The blue blocks show intermediate
results while the red blocks indicate the steps between the intermediate results.
The green blocks describe additional input.
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Figure 3.2: The Earth’s matter density profile described by models with different numbers
of layers [17].

19



3 Analysis methods and Software

3.2 Calculation of detector sensitivities

The calculation of sensitivities from reconstructed event histograms is based on the Asimov
dataset approach [17]|. This means that the average experiment is evaluated by setting all
event rates to their expectation values pp, . Here, the hypothesis Ho corresponds to the
case of no decoherence. This hypothesis is tested against a set of alternative hypotheses H;
(1=1,2,3,...) that correspond to different strengths of decoherence effects.

When no prior knowledge about systematic parameters is taken into account, the Ay?
function [17]

Ax? = min [~21n Ly (1o [1)] — min [=21n Ly, (ur;[n)] (3.4)

is used for the hypothesis testing, where

]Vclasses_1 Nbins_ j nl],

1 J
L= 11 LI exp[—(u] Lanhl® (5.5)
=0 b=0

J
nb.

is the binned statistical likelihood for all PID classes and all bins in energy, zenith angle
and Bjorken-y. The minimization of the Ax? function is done over a set of systematic
uncertainties denoted as n. This approach assumes that the expected number of events in
each bin follows Poisson statistics.

In practice, the term

Nelasses—1 Npins—1

AXGar = [2 <MH0 = py; + ”Z In <'uHi ))} (3.6)

=0 =0 HHo

is minimized in ROOT by Minuit 2. This is a minimization package foreseen for statistical
analysis [25]. It provides different minimization methods, where in this work MnMigrad was
used (see [26]), which can handle interactions between the parameters in 7. Put simply,
the fit tries to match the number of counts in the model with decoherence and the number
of counts in the model without decoherence for each bin.

The Ax? function can also be written as

AX2 = mnin [sztat] (3~7)

which gives a measure for the remaining discrepancy between the two models after the fit
has converged. As different strengths of decoherence effects are considered, Ax? becomes
a function of the decoherence parameter ~y.

The considerations above have not taken into account any prior knowledge about the sys-
tematic parameters. However, some parameters are better constrained by other experiments
than by KM3NeT. To counteract the possibility that the fit finds minima with values that
are far from the values determined by other experiments, some parameters are constrained
by priors. It is assumed that these parameters follow a Gaussian distribution.
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In practice, penalty terms Axgyst are added to Ax?2.,;. The bigger the discrepancy between
the prior and the value determined by the fit is, the bigger the penalty term becomes.
The total Ax? function reads

AX%ot = mnin [Axgtat + Axgyst] : (38>

The significance to exclude decoherence effects is then given by [17]

S = \/|1AxEl- (3.9)
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4 Calculated oscillation probabilities

In this chapter, the oscillation probabilities calculated with OscProb are presented.
OscProb consists of a set of classes aimed at the computation of exact neutrino oscillation
probabilities for different models [23]. The available models include for example standard
neutrino oscillations for three families or any number of neutrino flavours, oscillations with
Lorentz Invariance Violation, neutrino decay or absorption, and oscillations with deco-
herence effects. The muon and electron neutrino survival probabilities with decoherence
effects are discussed and compared to the case of standard oscillations. Furthermore an
approximation of the distribution of track-like events with decoherence is shown.

4.1 Survival probabilities

Recall that the three representative cases for oscillations with decoherence effects are

e Atmospheric limit: v91 = 0 (732 = 731),
e Solar limit 1: 30 = 0 (721 = 731),
e Solar limit 2: y31 = 0 (721 = 732),

and the decoherence parameter may depend on the neutrino energy as
o EY
Yij = Yij GeV )

Figure 4.1 shows the muon neutrino survival probability for all three representative cases
for n = 0, as well as the standard oscillations case for neutrinos that travel directly through
the center of the earth?. As discussed in section 2.2, decoherence introduces a damping term
in the oscillation probabilities. The damping can be seen up to an energy of £, ~ 100 GeV.
At higher energies, standard neutrino oscillations vanish completely. Nevertheless, here it
becomes apparent that decoherence can also be probed at E, > 100 GeV due to an overall
shift in the probabilities.

where n = 0,+1,£2.

In [15], the equivalences
(Atm. limit)¥" « (Solar limit2)™
(Solarlimit2)™" « (Atm. limit)™ (4.1)

(Solar 1imit2)™" « (Solar limit1)™

2The strength of the decoherence effects was set to a constant value '7% = 10723 GeV for all plots shown
in this chapter.
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for E, > 15GeV were identified. These equivalences can also be seen in Figure 4.1. We
will later see that they are also apparent in the detector sensitivities.

1.0 Normal hierarchy I‘nverted hierarchy .
I s
0.81 % IR O LA B S -
/ A TAY s
\ it 5N 1/
/ AN /
Atm. limit il N — amoimit
Solar limit 1 LY N Solar limit 1
] — - Solar limit 2 Wi by 7 — - solarlimit2
------- Standard osc. i Y \ -+ Standard osc.

— Atm. limit

Atm. limit

] Solar limit 1 v Solar limit 1
<1h — - Solarlimit 2 — - Solar limit 2
H WA RS Standard osc. R | L N A Standard osc.
0.0l i B
10! 102 103 10! 102 103
E, [GeV] E, [GeV]

Figure 4.1: Oscillation probabilities for neutrinos (upper panels) and anti-neutrinos (lower
panels) that travel through the center of the Earth for normal (left panels) and
inverted (right panels) hierarchy for n = 0.

The dependence of the muon neutrino survival probability on the zenith angle is shown in
Figure 4.2 for standard oscillations and for all limits, assuming normal hierarchy. While
the Atmospheric limit does not differ too much from standard oscillations, the contrast of
the oscillograms for Solar limit 1 and Solar limit 2 is smaller and the discrepancy between
these limits and the standard oscillation case is bigger. This can be seen more distinctly
in Figure 4.4, where the difference between standard oscillations and the individual limits
is shown for both hierarchies for muon neutrinos (P,,) and anti-neutrinos (Pgz). From
Figure 4.4 it becomes apparent that the impact of decoherence effects for the representative
cases depends strongly on the mass hierarchy and on whether neutrinos or anti-neutrinos
are considered.

The same is true for electron neutrinos, for which the survival probability for normal
hierarchy is shown in Figure 4.3. At low energies around 7 GeV and for cos(0z) < —0.6
the MSW effect can be seen for v, (v,) for NH (IH). This is an energy dependent matter
effect that induces a resonant behavior in oscillations for neutrinos in the case of normal
hierarchy and for anti-neutrinos in the case of inverted hierarchy. When the MSW effect is
present, the difference between the standard oscillation case and the three limits is of the
same order of magnitude as in the muon survival probability. This can be seen in Figure 4.5
where the survival probabilities for electron neutrinos (Pe.) and anti-neutrinos (Pgz) are
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shown. When the MSW effect is not present, the difference between standard oscillations
and the limits is about an order of magnitude smaller (note the different scaling in the
color bars in Figure 4.5).

Standard oscillations Atmospheric limit

Solar limit 1 Solar Limit 2

E, [GeV] E, [GeV]

Figure 4.2: Oscillograms for the muon neutrino survival probability for NH and n = 0.

Standard oscillations Atmospheric limit

Solar limit 1 Solar Limit 2

E, [GeV] E, [GeV]

Figure 4.3: Oscillograms for the electron neutrino survival probability for NH and n = 0.
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4.2 Decoherence in track-like events

To find out for which limit the highest sensitivity is expected, it is useful to investigate
the distribution of track-like events at the detector site. In KM3NeT, both, neutrinos and
anti-neutrinos are detected and can not be distinguished from each other in individual
interactions. To obtain an estimate of the distribution of track-like events, the overall
probability of detecting a muon (anti-)neutrino is calculated as

1 1 1
Prirack = P(vy, — v,) + §P(’7u —v,) + §P(1/6 — v+ ZP(DE — 7). (4.2)

This approach is motivated by the fact that the cross-section for neutrinos is about twice
as big as the cross-section for anti-neutrinos. Furthermore, there are about twice as many
muon neutrinos as electron neutrinos in the initial atmospheric neutrino flux at low ener-
gies. At higher energies, where this approximation is no longer adequate, the oscillations
from electron to muon neutrinos vanish at any rate 3,

The distribution of track-like events is more suitable than the survival probabilities for the
prediction of detector sensitivities, since there is a one-to-one correspondence between the
cases shown here, and the cases for which the sensitivities are calculated.

The difference between standard oscillations and the limits in Pi.5qc for n = 0 is shown in
Figure 4.6. Solar limit 2 for inverted hierarchy has the lowest contrast, since only muon
anti-neutrinos contribute here. The same applies for the distribution of track-like events
for n = —2 (see Figure 4.7) and n = 2 (see Figure 4.8). Thus, this is the case for which the
lowest sensitivity is expected.

For n = —2, decoherence effects are visible only up to an energy of F, ~ 12GeV and
the contrast is generally lower than for n = 0. For n = 2, it is apparent that decoherence
effects are stronger than for n = 0, especially for small zenith angles.

Note, that %Qj was always set to the same constant value in order to compare the models
with different energy dependencies to each other. For n = 2 the current bounds on the
decoherence parameter are about nine orders of magnitude smaller, as we will see in the
next section.

3In the calculation of the detector sensitivities no such approximations are made but instead an energy
dependent model for the cross-sections and flavor composition is used.
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Figure 4.6: Difference between standard oscillations and the three limits

approximated distribution of track-like events for n = 0.
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Figure 4.8: Difference between standard oscillations and the three limits in the
approximated distribution of track-like events for n = 2.
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5 Detector Sensitivities

In this work, the detector configurations of ORCA and ARCA with 115 detection strings
are considered. This corresponds to the full ORCA detector and to one building block for
ARCA, which will consist of two building blocks in total. Additionally, the sensitivity of
ORCA with 6 strings is investigated, since for this configuration data is already available at
the time. The data taking time is set to 3 years for ORCA115, 1 year for ARCA115 and 600
days for ORCAG, respectively. The intention here is to compare the sensitivity of ORCA115
to the results reported with three years of DeepCore data, and to compare ARCA115 with
the result obtained with one year of IceCube data. The values for DeepCore and IceCube
were taken from [15]. For ORCAG6, the data taking time corresponds to a rough estimate
of the full dataset since no official number is available at the time.

For all sensitivities reported in this work, the bounds on the decoherence parameter are
determined at the 95% CL in order to be consistent with previous studies and publica-
tions.

In a first simple approach, no systematic uncertainties are included in the analysis. The

sensitivity is then directly given by
§ = /102l (5.1)

with Ax2,; is taken to be as defined in Equation 3.6.

Figure 5.1 shows the bounds vj;;,, on the decoherence parameter obtained with this approach
for all energy dependencies for the Atmospheric limit. The behaviour of the detector sen-
sitivities for the Solar limits is analogous (see Appendix A).

It becomes apparent that the sensitivity of ORCA has the same dependence of n as the
bounds obtained with DeepCore, and both detectors have the best sensitivity for v oc E~1
and v o< £~2. This is not surprising as ORCA and DeepCore, are designed to target low
energy neutrinos of a few GeV, which contribute most to the divergence from the standard
oscillation case for v o E~! and v oc E~2 (see Figure 4.7).

ORCA115 and even ORCA6 might be able to lower the bounds on the decoherence param-
eter for these two power dependencies. To further specify the potential of the detectors,
systematic parameters are included in the analysis, as will be discussed in section 5.2.
The sensitivity of ARCA is comparable to the bounds obtained with IceCube. ARCA has
the best performance in the cases v o< E' and v o< E?, since it targets neutrinos of high
energies. Consequently, these two power dependencies are studied in more detail for ARCA
in the next section.
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Figure 5.1: Sensitivities to decoherence at the 95% CL for ORCA115, ORCA6 and
ARCA115 in dependence of the power-law index n for normal (left) and in-
verted hierarchy (right) obtained with a simple approach with no systematic
parameters. The limits from IceCube and DeepCore reported in [15] are shown
for comparison.

5.1 ARCA

The specifications for the analysis for ARCA115 are summarized in Table 5.1, where the
PID classes refer to the classes with best cut values. The determination of the best cut
values is explained in the next section. Afterwards, the sensitivities obtained with the best
cuts are presented. The sensitivities reported for ARCA are given by Equation 5.1, as no
systematics were included in the analysis.
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ARCA115

Data taking time 1 year

Showers: pirack < 0.3
PID classes Middles: 0.3 < pirack < 0.95

Tracks: pirack > 0.95
Additional cuts Pbkeg,u <0.05
MC sample ARCA v6_ 2020
Energy reconstruction | Showers/Middles: Aashower
algorithm Tracks: JGandalf

Table 5.1: Specifications for the analysis for ARCA115.

5.1.1 Optimization of PID cuts

Recall that the particle identification (PID) classes are defined by cuts on the scores
Pbke,noises Pbkg,u and Pirack. For ARCA, the impact of the cut on piracc on the sensitiv-
ity is investigated for v oc E' and v o< E2. The results for normal and inverted hierarchy
can be seen in Figure 5.2 and Figure 5.3, respectively, where the bounds on the decoherence
parameter are shown in dependence of the cut value for all three limits?.

In a first approach, a standard two-class strategy is pursued: For pgack < peut, €vents are
classified as showers. For pirack > peut, €vents are classified as tracks. The bounds obtained
with this strategy are indicated by the dots in Figure 5.2 and Figure 5.3.

The sensitivity can be further improved by introducing a middles class. In this case, show-
ers are defined by pirack < 0.3, the middles class contains events with 0.3 < Pirack < Peut,
and the tracks class consist of events with pirack > peut- The bounds obtained with the
additional middles class are indicated by the crosses.

As can be seen in both figures, the best cut value is peyt = 0.95 for most cases. The only
exceptions here are Solar limit 2, v o< E? for normal hierarchy and Solar limit 1, v oc E?
for inverted hierarchy. In these two cases, an even stricter cut of peyt = 0.99 resulted in a
slightly better sensitivity.

The improvement in sensitivity when applying strict cuts can be attributed to a higher
purity of the tracks class. However, it is expected that even more stringent cuts should
lower the sensitivity, due to the reduction in statistics for the tracks class.

Figure 5.4 shows the statistical Chi-square in dependence of the decoherence parameter
for the best cut value peyt = 0.95. The solid lines correspond to the interpolation between
the calculated \/Ax2,; values. The contributions from each individual PID class is shown
as dotted /dashed line in the respective color for each limit. Here it becomes apparent that
the tracks class contributes most to the sensitivity, while the contribution from showers
and middles class is about ten orders of magnitude smaller. This is because shower-like
events are not detected very efficiently with ARCA due to the large separation between
the detection strings.

4The assumed data taking time is 3 years here. This does not affect the dependence of the bound on the
PID cuts.
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Figure 5.2: Sensitivities for different cuts on the tracks class for ARCA115 assuming

normal hierarchy. The abbreviations in the legend refer to Tracks, Showers and

Middles.

1e—28 Atm. limit

1e—285S0lar limit 1
5

1e—285So0lar limit 2

1.90 « T + Sh. . + Sh. b « T + Sh.
x Tr. + Sh. + M. x Tr. + Sh. + M. x Tr. + Sh. + M.
1.20
_.1.85
S 5.0
]
W 1.80 . 1.15 .
¥ = :
48
> ->§_1.75
: 1.10 : .
1.70 : . . 46 . .
«t | 105 T %
025 050 0.75 1.00 025 050 0.75 1.00 025 050 0.75 1.00
1e-33 1e-33 le-32
. 3.2].
« T +Sh. 325 . + Sh. « T+ Sh.
7.0 « T+ Sh. + M. « T+ Sh. + M. 3.0 « T+ Sh. + M.
— 3.00
~ 565 2.8
w 2.75
8 d L .
6.0 2.6
> E 2.50
5.5 . 2.4 .
* 2.25 * .
2 . ' 55 ° .
5.0 *22] 500 * *x
025 050 0.75 1.00 025 050 0.75 1.00 025 050 0.75 1.00
Pcut Pcut Pcut

Figure 5.3: Sensitivities for different cuts on the tracks class for ARCA115 assuming
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Figure 5.4: Statistical Chi-square as a function of the decoherence parameter for the
Atmospheric limit (blue), Solar Limit 1 (orange) and Solar Limit 2 (green) for
normal hierarchy. The contributions from the individual PID classes are shown
as dotted and dashed lines in the respective colors.
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5.1.2 Sensitivity with ARCA115

Figure 5.5 compares the sensitivity obtained with the best cuts for ARCA115 to the results
obtained for one year of data from IceCube. The values are listed in Table 5.2. Note that
for IceCube a set of systematic parameters was fitted, which was not done in the analysis
for ARCA. This might explain why ARCA115 has a better performance than IceCube in
this comparison, even though the instrumented volume of ARCA115 is only about half as

big.

10-26 NH, y x E! 10-30 NH, y « E2
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Figure 5.5: Sensitivity to decoherence for one year of data taking time with ARCA115 in

comparison with the bounds obtained with IceCube.
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The behaviour of the sensitivities for the different limits is as expected:

First of all, the equivalences stated in Equation 4.1 for the oscillation probabilities can be
seen in the sensitivities in Figure 5.5 (compare e.g. the Atmospheric limit NH to the Solar
limit 2 IH). Furthermore, the sensitivity is best for the Solar limit 2 (Solar Limit 1) for
normal (inverted) hierarchy. These are the limits for which the divergence from standard

oscillations is largest, as we saw in Figure 4.8.

n=1 n=2
Atmospheric limit | 8.6-10728 | 7.0- 10732
NH Solar limit 1 3.0-1072% | 1.4-10732
Solar limit 2 1.9-1072® | 5.8-10733
Atmospheric limit | 3.0-10728 | 1.4- 10732
IH Solar limit 1 1.8-10728 | 5.7-10733
Solar limit 2 88-1072 | 7.4-10732

Table 5.2: Bounds on the decoherence parameter «;; in GeV for one year of data taking

time with ARCA115.
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5.2 ORCA

The details for the analysis for ORCA115 and ORCAG6 are listed in Table 5.3. The PID
classes listed here again refer to the classes with best cuts, which are determined in the
same way as for ARCA.

ORCA115 ORCAG6
Data taking time 3 years 600 days
Showers: pirack < 0.3 Showers: pirack < 0.3
PID classes Middles: 0.3 < prrack < 0.9 Middles: 0.3 < prrack < 0.8
Tracks: pirack > 0.9 Tracks: pirack > 0.8
Pbkg,u < 0.05
iy bkg,noise < 0.1
Additional cuts gangglalf_loose_is_selected Poigye < 0.05
is_good recoJGandalf
MC sample ORCA115_20x9_MX_PID 20190222 | ORCA6_v6_ 2021
Energy reconstruction | Showers/Middles: Dus;j Showers/Middles: JShower
algorithm Tracks: JGandalf Tracks: JGandalf

Table 5.3: Specifications for the analysis for ORCA115 and ORCAG.

5.2.1 Optimization of PID cuts

Figure 5.6 to Figure 5.9 show the sensitivities for different values of p.yy for ORCA115 and
ORCAG for normal and inverted hierarchy. The optimal cuts for ORCA115 are in an area
between peyt = 0.8 and peyy = 0.95 for all limits and powers. For ORCAG, the best cut
value is poyt = 0.8, except for the Atmospheric limit assuming inverted hierarchy, where
Peut = 0.7 resulted in a better sensitivity.

It can be seen that, just as for ARCA, introducing a middles class improves the sensitivity
compared to the two-classes approach. When introducing a middles class, the contribution
from the shower class is reduced a little bit due to the loss of statistics. However, the
impact is very small because it is compensated by a higher purity of the shower class.
The additional contribution from the middles class is about as big as for the shower class,
as can be seen in Figure 5.10 and Figure 5.11, where the contribution of the individual
PID classes to the sensitivity is shown. This additional contribution from the middles class
leads to a higher sensitivity compared to the two-class approach. Compared to ARCA, the
relative contribution of the showers and middles class is bigger. Due to the smaller spacing
between the detection strings, ORCA can detect shower-like events with higher efficiency.
Nevertheless, also for ORCA tracks are the most important PID class in the sensitivity to
decoherence. The PID classes in Table 5.3 are chosen for the further analysis for ORCA.
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Figure 5.8: Sensitivities for different cuts on the tracks class for ORCAG6 assuming
normal hierarchy.

1e—20 Atm. limit 1e—21 Solar limit 1 1e—21 Solar limit 2
‘ « T + Sh. p-25 Tr. + Sh. 340" < Tr. + Sh.
1.3 « Tr.+Sh.+ M. & o0 « T +Sh. + M. « Tr.+Sh. + M.
—1.2 3.2
o~ % 4.75
woll
5 — 4.50 3.0
~ E1.0 . ‘
= . 4.25 28
0.9 .
. 4.00 < .
0.8 x x 2.6 x e
* .75 x :
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
1:2—22 3.4 le—22 1?—22
9.0 e Tr.+ Sh. Tr. + Sh. 21 - T + Sh.
85 x Tr.+Sh.+M. |3, « Tr. + Sh. + M. «  Tr. + Sh. + M.
—_ 2.0
wo 1.9 .
3 '—'E7.5
> <, o . |28 18
6.5 ‘ «| 26 x 1.7 <
02 0.4 0.6 0.8 02 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Pcut Pcut Pcut

Figure 5.9: Sensitivities for different cuts on the tracks class for ORCA6 assuming
inverted hierarchy.
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Figure 5.10: Statistical Chi-square for ORCA115 as a function of the decoherence param-
eter for the Atmospheric limit (blue), Solar Limit 1 (orange) and Solar Limit
2 (green) for normal hierarchy.
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Figure 5.11: Statistical Chi-square for ORCAG6 as a function of the decoherence parameter
for the Atmospheric limit (blue), Solar Limit 1 (orange) and Solar Limit 2
(green) for normal hierarchy.
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5.2.2 Sensitivities with ORCA115 and ORCA®b6

To make the sensitivity calculations more realistic, the oscillation parameters and a set
of systematic parameters are fitted in the determination of the Chi-square. Table 5.4 and
Table 5.5 show the fitted parameters along with their corresponding (starting) values as
well as their treatment in the minimization. Each parameter is either fixed to a certain
value, left completely free in the fit, or constrained by a prior.

As explained in Sec. 3.2, the parameters constrained by a prior are assumed to follow a
Gaussian distribution. The mean m of the distribution is given by theoretical calculations
and/or global best fit values. The value given by the prior corresponds to the the standard
deviation o of the Gaussian distribution. It is determined based on the uncertainty of each
parameter. For each parameter with a prior, a penalty term of the form (z—m)*/52 is added
to the statistical Chi-square, where x is the value determined by the fit. The penalty term
is bigger, the bigger the discrepancy between the fit value x and the mean m is, and the
smaller the standard deviation o is.

Some of the parameters, as those describing the flavor composition, depend on the neutrino
energy. In this case, the deviation from the expected value is returned by SWIM.

The parentheses in Table 5.4 indicate the cases where a different value was taken for
inverted hierarchy. The parameters as well as their individual impact on the sensitivity is
discussed in detail in the next chapters.

Until now, the oscillation parameters were fixed to the values from [9], where no decoher-
ence is assumed. This means that potential decoherence effects in other experiments could
have affected these values. This is relevant for ORCA, since the detector is sensitive to some
of the oscillation parameters. By having a prior on ©13 we assume that the experiments
that determine this parameter are not sensitive to decoherence in the same way as ORCA.
Note that for ARCA the oscillation parameters should have no impact on the sensitivity.

Parameter Central value (IH) Prior
Am2,, [eV?] | 2.515-1073 (—2.498-1073) | free
AmZ, [eV?] 7.42-107° fixed

O12[°] 33.44 fixed
O13[°] 8.57 0.13
O23 [°] 49.2 free
dcp [°] 149 (287) free

Table 5.4: Oscillation parameters.

Figure 5.12 and Figure 5.13 show the total Chi-square with all parameters fitted for both
detectors and both mass hierarchies, as well as the 95% CL. The solid lines again corre-
spond to a linear interpolation between the points. Note that for ORCA115, NH, v oc E~!
the fit failed for two values of . The additional dashed lines in this plot indicate the
case where only oscillation parameters were fitted. The two points where the fit failed lie
even above these limits, which indicates that the fit was not able to find the minimum.
Therefore, these two points were excluded in the determination of the sensitivity.
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The sensitivities can be seen in Figure 5.14, where the current bounds from DeepCore are
shown for comparison. The values obtained with all parameters fixed are also shown, in
order to see the impact of fitting systematics. The results are additionally summarized in
Table 5.6 and Table 5.7.

Even with all systematics fitted, ORCAG6 has a better sensitivity than DeepCore for all
cases. This means that the bounds on the decoherence parameter could potentially be
lowered with the dataset that will soon be available for ORCAG.

The sensitivity of ORCA115 is more than one order of magnitude better than the bounds
from DeepCore. With ORCA115 it will be possible to lower the bounds on the decoherence
parameter considerably for certain power dependencies.

Parameter Prior
Energy slope 0.3
Energy scale 0.06

Zenith angle slope | 0.02
Ve[, 0.07

i/, 0.05
(VH+17#)/(V5+17@) 0.02
Nshowers free
Nmiddles free
Ntracks free

Table 5.5: Systematic parameters.

ORCA115 n=—2 n=—1
Atmospheric limit | 3.2-10722 | 4.5-10723
NH Solar limit 1 3.5-10722 | 3.5-10723

Solar limit 2 23.107%22 | 23.107%
Atmospheric limit | 2.9-1072? | 3.5-10723
IH Solar limit 1 26-107%2 | 2.6-10723
Solar limit 2 6.8-10722 | 7.5-107%

Table 5.6: Bounds on the decoherence parameter +;; in GeV with three years of data taking
time with ORCA115.

ORCA6 n=—2 n=-—1
Atmospheric limit | 1.6 -1072° | 9.0-10~%?
NH Solar limit 1 5.2-10721 | 3.1-107%2

Solar limit 2 3210721 | 1.9-10722
Atmospheric limit | 5.1-1072! | 3.2.10~%?
IH Solar limit 1 3.4-10721 | 2.0- 10722
Solar limit 2 29-10720 | 1.4-1072!

Table 5.7: Bounds on the decoherence parameter 7;; in GeV with 600 days of data taking
time with ORCAG.
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Figure 5.12: Chi-square for ORCA115 with all parameters fitted.
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Figure 5.13: Chi-square for ORCAG6 with all parameters fitted.

45



5 Detector Sensitivities

-2 -1
Lo-1o. NH, y«<E Lo-20 NH, y«<E
— 10-20/ - x 10-2114 DeepCore
> ' x . S = ORCAG, fit
O o x|+ ORCAS, fixed
E o *| e ORCA115, fit
>107" 10774, . ORCA115, fixed
'] . : .
10—22 . . . 1 =231, . .
Atm. Solar1l Solar?2 Atm. Solar1l Solar 2
Limits Limits
IH, y <« E~2 IH, yx E~1
10—19 ’ V 10—20 ’ Y
— 10-20 * ’ 10-21. . x  DeepCore
2 . " " = ORCAS, fit
O, . - x +  ORCAG®, fixed
£ _22 e ORCALILS5, fit
~107" 10 .|+ ORCAL15, fixed
[} H
-221 i . =231, . .
10 Atm. Solar1 Solar 2 10 Atm. Solar1 Solar 2
Limits Limits

Figure 5.14: Sensitivity to decoherence for three years of data taking time with ORCA115
and 600 days of data taking time with ORCA6, compared to the bounds from
DeepCore. Additionally, the results when all parameters were fixed are shown.

5.2.3 Impact of oscillation parameters

This section discusses how the individual oscillation parameters affect ORCA’s sensitivity
to decoherence. Figure 5.15 and Figure 5.16 show the normalized difference in sensitivity
when only the parameter inscribed on the x-axis is fitted and the sensitivity when all
parameters are fixed. The inscription all refers to the case when all parameters were fitted
simultaneously. In general, the impact of fitting the parameters is bigger for ORCA6 than
for ORCA115. However, the relative impact of the individual parameters is comparable for
both detectors. It can be seen that of all parameters ©23 has the biggest influence on the
sensitivity for both, ORCA115 and ORCAG.
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Figure 5.15: Normalized difference of the sensitivity for ORCA115 with the oscillation pa-
rameters fitted and all parameters fixed.
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Figure 5.16: Normalized difference of the sensitivity for ORCA6 with the oscillation pa-
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The behaviour of ©23 in dependence of the decoherence parameters is shown in Figure 5.17
for normal hierarchy. The behaviour for inverted hierarchy is analogous (see Appendix A).
For all limits the parameter tends to drive towards maximal mixing. The reason for this is
that ©23 — 45 ° enhances neutrino oscillations and counteracts the damping of decoherence
effects. This leads to a reduced contrast in the histograms for the sensitivity calculation.
For very strong decoherence effects ©23 can reach unphysical values. Therefore, the current
bounds from DeepCore are shown as vertical lines in Figure 5.17. It can be seen that the
values of ©53 are reasonable at least up to these bounds.
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Figure 5.17: Behaviour of ©s3 in the minimization in dependence of the decoherence pa-
rameter for normal hierarchy. As the strength of decoherence effects increases,
O93 — 45° counteracts the damping of neutrino oscillations.

Since ©93 has a high impact on decoherence studies, the dependence of the sensitivity
on the true value of this parameter was investigated. This can be seen in Figure 5.18.
As expected, the minimum is around ©93 = 45 °, since for this true value oscillations are
maximal and therefore a damping in the oscillations can be seen most clearly. The same
behaviour is found for the Solar limits (see Appendix A). The reason that the minimum
in the fit is not exactly at O3 = 45° is due to the contribution of ©13 to the oscillation
amplitude.
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Figure 5.18: Dependence of the sensitivity on the true value of ©s3 for the Atmospheric
limit. The sensitivity is best around maximal mixing.
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Figure 5.19: Behaviour of ©13 in the minimization in dependence of the decoherence pa-
rameter for normal hierarchy. ©13 was fitted with a prior of 0.13.
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The behaviour of ©13 in the fit is shown in Figure 5.19. The parameter stays within the
bounds provided by the prior but shows a tendency towards higher values for ORCA115.
For ORCAG6 ©43 is almost constant which indicates that ORCAG is not sensitive to this
parameter.

The influence of dcp on the sensitivity is relatively small. Nevertheless, the fit values for
this parameter are shown in Figure 5.22 for normal hierarchy and in Figure 5.23 for in-
verted hierarchy. Since the CP-violating phase is not very well constrained at the time, the
sensitivity was calculated for three extreme cases: dcp = 0 and dcp = 180°, which corre-
sponds to no CP-violation and dcp = 90°, which corresponds to maximal CP-violation.
All other parameters were kept fixed. The ratio of the sensitivity for each of these cases and
the case where dcp was set to the NuFit value is shown in Figure 5.21 and ?? for normal
and inverted hierarchy. This plot confirms that dgp can have an impact on the sensitivity
of a few percent. The impact is larger for inverted hierarchy for all limits, which might also
explain the larger fluctuation of dcp in the fit for inverted hierarchy. For most cases the
sensitivity is better for the cases with no CP-violation.

Finally, the fit values for Am2,, can be seen in Figure 5.24. Since varying Am2,, only
changes the oscillation frequency, the impact of fitting this parameter is relatively small.
For both detector configurations a similar behaviour of Am2,, can be observed. Note
that for inverted hierarchy, the behaviour is very much alike for each of the limits if the
equivalences stated in Equation 4.1 are taken into account (see Appendix A).

The dependence of the sensitivities on the true value of Am?2,,, is shown in Figure 5.25. For
smaller values the sensitivity increases slightly. This indicated a larger deviation from the
standard oscillations for higher frequencies, which possibly stems from a higher number of

oscillation amplitudes that contribute to the deviation per energy range.
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Figure 5.20: Ratio of the sensitivity with different values of dcp and the case where the
NuFit value (see Table 5.4) was taken for normal hierarchy.
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Figure 5.21: Ratio of the sensitivity with different values of dcp and the case where the
NuFit value (see Table 5.4) was taken for inverted hierarchy.
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Figure 5.22: Behaviour of dcp in the minimization in dependence of the decoherence pa-
rameter for normal hierarchy.
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Figure 5.23: Behaviour of dcp in the minimization in dependence of the decoherence pa-
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ORCA115, y « E~2

le-3
o Atm. i
2.8 Sol. 1 : L
N x  Sol. 2 o 0
3 2.6 Sl R
_é 2 = 2 amssssemETTT 2 B¥ ...?\
N x
g 24 |
) %
2.2 »
o 107% 10720 10-19
y [GeV]
le-3 ORCASG, y E_2
D
> i
& :
.2. 2.6 RR— xx"xx’.",‘“./—’v 3 T .\%
c -
N
S 2.4 ?%
g
2.2
o 107% 10720 10-19
y [GeV]

Figure 5.24: Behaviour of Am2

m

parameter for normal hierarchy.

ORCA115, yx E~!

3007, e | /’.-
a 200 3
O .
© Sm— o..o.-‘/.
100 - et
1%_23 10722 10-21 10-20
y [GeV]
ORCAG, yxE~1
; =
30042 | ’..'
o’
520 —
100
it e
1%723 10722 1021 1020
y [GeV]

ORCA115, yx E~!

le—3
2.8 5
g |
%26 xiiiml!!!*ﬁfﬂ':" -‘.\
2.4 i %
g |
< ! * _—
2.2 i N S
i e
10—23 10—22 ' 10—21 10—20
y [GeV]
1e-3 ORCAG®b, Yy « E-1
2.8 :
) |
2.6 o
gé % X R R !'“mk Se,
T4 LN
g i x
2.2 ; &
10—23 10—22 ' 10—21 10—20
y [GeV]

52

in the minimization in dependence of the decoherence



5 Detector Sensitivities

le—22 ORCA115, y « E~2 1e-23 ORCA115, yx E~1

4.0 4.0
—— NH
;-35 ...... IH 3.5 //
()
—— NH
9 3.0/ of H
: //
>25 2.5

2'%.0023 0.0024 0.0025 0.0026 2'%.0023 0.0024 0.0025 0.0026
true Am2,,[1073 eV?] true Am2, [1073 eV?]

le-20 ORCA6, y x E2 le—22 ORCA6, y x E-1

1.0 10
—— NH
;0.8— // 8 H
(O]
0.6 NH 6,
= | IH
E 4
e T —— 4
0.21 3 B
0.0023  0.0024  0.0025 0.0026 0.0023  0.0024  0.0025  0.0026
true Am2,, [10~3eV?] true Am2, [10~3eV?]

Figure 5.25: Dependence of the sensitivity on the true value of Am2, = for the Atmospheric
limit.
5.2.4 Discussion of systematics

Here, the impact of systematics stemming from uncertainties in the flux and the energy
reconstruction is presented. The following systematics are taken into account in the fit:

Energy slope: uncertainty in the spectral index a of the atmospheric neutrino flux.

Zenith angle slope: uncertainty of the zenith angle distribution.

Ve /e, Vi[5, VutPu)/(ve+7.): uncertainties in the flavor composition.
® Nghowers, Mmiddles, Ntracks: uncertainty in the flux normalization for each PID class.
e Energy scale: shift in the reconstructed energy.

The impact of each of these parameters on the sensitivity is shown in Figure 5.26 to
Figure 5.29. The oscillation parameters were always fitted, which is why the plots show
the the normalized difference to the case with just oscillation parameters fitted. Note that
the energy slope and the zenith angle slope do not have any impact on the sensitivity.
The overall impact of fitting the systematics in addition to the oscillation parameters is
smaller for ORCAG6 than for ORCA115. However, this could be due to the fact that fitting
the oscillation parameters already has a very high influence on the sensitivity for ORCA6
so that adding the systematic parameters does not lower the sensitivity too much further.
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Figure 5.26: Impact of individual systematic parameters and all systematic parameters
together on the sensitivity of ORCA115 for normal hierarchy. Note that the

energy slope and the zenith slope angle do not have any impact.
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Figure 5.27: Impact of individual systematic parameters and all systematic parameters
together on the sensitivity of ORCA115 for inverted hierarchy.
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The energy scale shifts the reconstructed energy in the event histograms and emulates
the possibility that the energy estimate from the amount of Cherenkov light is either too
low or to high. The high influence of this parameter in some of the cases is not intuitive.
Nevertheless, the behaviour of this parameter in dependence of v is shown in Figure 5.30.
The parameter stays within the value given by the prior.
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Figure 5.30: Deviation of the energy scale from the central value as a function of the
decoherence parameter for ORCA115, assuming normal hierarchy. The energy
scale was fitted with a prior of 0.06.

The energy slope and the zenith angle slope do not have any impact on the sensitivity to
decoherence. The parameters themselves fluctuate very little around their central value.

The ratios of neutrinos to anti-neutrinos have a relatively high impact since neutrinos
generate more events in the detector than anti-neutrinos. Changing the ratios therefore
is another possibility to change the contrast in the oscillograms. The deviation of each of
the ratios from their theoretical value is shown in Figure 5.31 to Figure 5.33, where the
vertical lines once more correspond to the current bounds from DeepCore. At least up to
this bound ve/p. and (“u+7u/(ve+7.) stay within the value given by the prior whereas v/p,
is outside of this range in some of he cases.
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Figure 5.31: Fluctuation in the ratio of electron neutrinos and anti-neutrinos for ORCA115.
The ratio was fitted with a prior of 0.07.
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Figure 5.32: Fluctuation in the ratio of muon neutrinos and anti-neutrinos for ORCA115
fitted with a prior of 0.05.
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Figure 5.33: Fluctuation in the ratio of muon neutrinos and electron neutrinos for
ORCA115 fitted with a prior of 0.02.

Finally, it is not surprising that the overall normalization norm. = ngpowers +"middles + P tracks
has the largest impact on the sensitivity for most cases. This parameter can counteract
the damping of decoherence effects by changing the number of events for each PID class.
Figure 5.34 to Figure 5.36 show the fluctuation in the normalization for each individual
PID class when fitting nghowers + Mmiddles + Mtracks Simultaneously. As the tracks class is

the PID class that contributes most to the sensitivity, it makes sense that ni,cs has the
biggest variation.
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Figure 5.34: Behaviour of ngpowers when fitting the overall normalization for ORCA115
assuming normal hierarchy.
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Figure 5.35: Behaviour of npiqqles When fitting the overall normalization for ORCA115
assuming normal hierarchy.

NH, yxE~2 NH, yx E71
1.04 s Atm. 1.04 x
Sol. 1 ; ;‘:./

1.02] « Sol.2 P 1.02
£1.00 5 s K R £1.00 PEEL ) x::.,_____\" a:*
& %. 00® .XXEH{ IS X x

0.98 " 0.98

0.96 0.96

10722 1072 10720 10710 10723 10722 1072 10720

y [GeV] y [GeV]

Figure 5.36: Behaviour of niaqs when fitting the overall normalization for ORCA115 as-
suming normal hierarchy.
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6 Conclusion and outlook

The analysis in this work was performed in a full three-family framework including matter
effects. For KM3NeT /ORCA a fit of the oscillation parameters as well as a set of systematic
parameters was performed.

It was shown that ORCA has a better sensitivity to decoherence than DeepCore for both
mass hierarchies and all investigated energy dependencies of decoherence effects. The full
ORCA detector can improve the bounds on the decoherence parameter by more than
one order of magnitude for v oc E~2 (all limits), and v o E~! (Atmospheric limit).
Furthermore, even ORCA with only six detection units can already provide new bounds
for these cases. Note that the Solar Limits are better constrained by KamLAND [27] for
yox E7L

Some aspects that could be investigated further are the correlations between different
systematic parameters as well as the problem of not finding a minimum when no prior is
set on the energy slope. It could also be interesting to find out how the sensitivity improves
with the data taking time for ORCA115 to see whether this is limited only by statistics.

KM3NeT/ARCA with 115 detection strings has a sensitivity comparable to IceCube. Since
ARCA targets neutrinos of higher energies, it has the best sensitivity for v o< E' and
v o< E?. However, for ARCA no systematic parameters were included in the analysis. Due
to the different energy range the systematic uncertainties from the neutrino flux are not
the same as for ORCA. For example, the spectral index of the prompt neutrino flux is not
very well constrained. Also the uncertainty of the ratio of muon to electron neutrinos is
different at high energies. Therefore, for ARCA it is necessary to include new systematics
and different priors to gain more realistic results. The oscillation parameters could not
be fitted in the analysis for ARCA, since in the energy range considered there are no
oscillations. However, in [15] it was stated that the oscillation parameters were fitted in
the analysis for IceCube. It is not really clear how this was done. This is is a point that
requires further investigation for a better comparison of the performance of ARCA and
IceCube.

All in all, especially the sensitivities to decoherence for KM3NeT /ORCA are very promis-
ing. Since for ORCAG6 data is already available, new bounds on decoherence effects can be
set in the near future. Also, as the ORCA detector will be taking data during construction,
the bounds will improve with the detector size over the years. This allows to constrain the
decoherence parameter further even before the construction has finished.
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Figure A.1: Bounds on the decoherence parameter at the 95 % CL for ORCA115, ORCAG
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A Additional Figures
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B Decoherence in SWIM

B Decoherence in SWIM

The programs used in this work can be found in the branch https://git.km3net.de/
sbourret/Swim/-/tree/dev-decoherence.

B.1 Calculated oscillation probabilities

The oscillation probabilities can be calculated and plotted with the programs available at
https://git.km3net.de/sbourret/Swim/-/tree/dev-decoherence/Applications/Decoherence/
DecoProbabilities. The three different programs have the following functionalities:

e DecoProb.C: calculate oscillation probabilities in dependence of the neutrino energy
for a fixed zenith angle.

e DecoProb2D.C: calculate oscillation probabilities in dependence of the neutrino en-
ergy and the zenith angle (only up-going events).

e DecoTracks2D.C: calculate an estimate of the distribution of track-like events in
dependence of the neutrino energy and the zenith angle (only up-going events).

There are three parameters that can be varied in all of the programs: the power-law index
(n = £2,+£1,0), the strength of decoherence effects 'yzoj, and the mass hierarchy.

In DecoProb.C, DecoTracks2D.C also the initial and final neutrino flavor can be specified.
Furthermore, it can be distinguished between neutrinos and anti-neutrinos. DecoProb.C
additionally takes the zenith angle as input.

Each of these programs returns a table that contains calculated oscillation probabilities,
which can be plotted using the notebook PlotOscillationProbabilities.ipynb.

B.2 Sensitivity studies

There are two programs to calculate the Ax? to obtain the sensitivity to decoherence in
SWIM:

e SimpleDeco.cc: calculate x2,, without fitting any parameters for a simple estimate
of the sensitivity.

e DecoFit.cc: calculate Y2, fitting any number of oscillation parameters and system-
atics that are implemented in SWIM.

Some of the parameters that can be passed when running the programs are the MC sample,
the mass hierarchy, the limit/model (Atmospheric limit, Solar limit 1 or Solar limit 2), the
power-law index (n = £2,41,0), and whether ARCA or ORCA are considered.

The parameters that should be fitted as well as their priors need to be set directly in
DecoFit.cc.

69


https://git.km3net.de/sbourret/Swim/-/tree/dev-decoherence
https://git.km3net.de/sbourret/Swim/-/tree/dev-decoherence
https://git.km3net.de/sbourret/Swim/-/tree/dev-decoherence/Applications/Decoherence/DecoProbabilities
https://git.km3net.de/sbourret/Swim/-/tree/dev-decoherence/Applications/Decoherence/DecoProbabilities

B Decoherence in SWIM

The determination of the 95 %CL as well as the visualization of the results was done with:
e SimpleDecoBestCuts.ipynb: using the output of SimpleDeco.cc.

e FitOscillationParams.ipynb: using the output of DecoFit.cc with oscillation only
parameters fitted.

e FitOscillationParams.ipynb: using the output of DecoFit.cc with all oscillation
parameters and additional systematics fitted.

Further dependencies were investigated with:

e PID_comparison.ipynb: use the output of SimpleDeco.cc with different PID classes
and compare the detector sensitivities for the different cases. The PID classes need
to be set directly in SimpleDeco.cc before creating the response matrix.

e DecoTheta23.ipynb: use the output of ContourTheta23.cc to calculate the sensi-
tivity as a function of the true value of ©23. Note that ContourTheta23.cc is equal
to SimpleDeco.cc except for an additional loop on Q3.

e DecoDeltaM. ipynb: use the output of ContourDeltaM.cc to calculate the sensitivity
as a function of the true value of Am2,, .. Again, this program is equal SimpleDeco.cc
except for an additional loop on Am2, ..

e CP_phase.ipynb: use the output of SimpleDeco.cc with different with different val-
ues of dcp.
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