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Prelude

‘An rud is annambh is iontach’ is a saying in the Irish language, meaning that something

that is rare is amazing, wonderful, beautiful. The word ‘annamh’ can also mean lonely.

The focus of this PhD thesis is on neutrino physics. Neutrinos are, in a sense, one of

the rarest and loneliest particles that we know of.

Everything in the world that we can touch and interact with is made up of particles.
We have all encountered the concept of atoms in school at some stage, these are the
building blocks of all matter. Atoms themselves are made up of combinations of protons,
neutrons and electrons, particles too small to be seen with the naked eye. The electron is
a fundamental particle, not made up of anything else as far as we know. Neutrinos are
fundamental particles even lighter than electrons. They come in three types. They are
created in nuclear and particle decays, nuclear reactions, in all the stars in the sky, in the
Sun, in the atmosphere, coming from the ground. Billions of neutrinos pass through you,
me and everything else every second.

They are utterly, unimaginably tiny. For quite a while, neutrinos were believed to have
no mass. Now, we know that neutrinos do indeed have mass, a property which allows
them to ‘oscillate” or change from one kind of neutrino to another in a regular rhythm.
They only interact via a fundamental force of Nature termed the “‘weak’ interaction, and
as the name suggests, the strength of this force is quite weak. The probability with which
neutrinos interact with matter (like protons, neutrons, electrons) is therefore tiny. As a

result, detecting neutrinos and measuring their properties is no easy task.

We do not need to give up hope yet though. Experiments are being carried out in vast
detectors, to detect the results of neutrino interactions with matter and measure their
properties. To achieve this, the larger the detection medium the better, which increases
the probability of neutrino interactions. One such experiment is the KM3NeT (Cubic
Kilometre Neutrino Telescope) experiment, which aims to contain and fill a huge volume
of seawater in the Mediterranean Sea with photodetectors, to record the light from the
products of neutrino interactions. KM3NeT is still under construction, consisting of two
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separate detectors, which are currently between 12-16% of their envisaged, completed
sizes. One detector, KM3NeT/ORCA, measures the properties of neutrino oscillations.
By doing so, we can form a very accurate and complete description of how neutrinos
oscillate between the three types. Furthermore, the masses of the three types of neutrino
relative to each other are not known. KM3NeT/ORCA will carry out this measurement,
and determine what we call the ‘neutrino mass ordering’. KM3NeT/ARCA, the second
detector, acts as a telescope. By estimating the direction and energy of detected neutrinos,
KM3NeT/ARCA can pinpoint with extreme accuracy where in our Universe neutrinos
are being created and coming to Earth from. These lonely particles offer us the chance to
explore the Universe and add to our fundamental knowledge on how it works.

Thesis Outline & Contributions of the Author

Within the pages of this thesis, I will go into further detail on neutrinos, how they interact,
and how we can detect them. I also describe how the KM3NeT experiment operates, and
what I contributed to the science goals of the experiment with this research.

In Chapter 1, the physics behind cosmic rays (atomic nuclei which arrive to the Earth
from outer space) and neutrinos is described. A brief history of the discovery of neutrinos
is provided, followed by a description of their interactions, and the properties of neutrino
oscillations and their masses. A summary is provided of the current measurements of
the properties which describe neutrino oscillations.

In Chapter 2, the structure, technology, components and operations of the KM3NeT
experiment is presented. The sources which induce signals in the detector are described,
and the means by which the data signals are recorded, collected, and processed is
outlined. Finally, the scientific research goals of the experiment are outlined, as well as

the current status of the experiment.

In Chapter 3, an overview is given of the simulation software used within the
KMB3NeT experiment. Dedicated algorithms which reconstruct the direction and energy
of detected neutrinos are described, as well as the use of photo-electron distributions as
a function of the arrival time of photons, which are fundamental to the simulation and
reconstruction software within KM3NeT. The simulation of neutrino interactions, cosmic
ray interactions and atmospheric muons is also presented, with particular attention paid
to the atmospheric muon simulation software, which forms the basis for the work carried
out and described in Chapter 4. The description of the track reconstruction algorithm
will form the basis for the work described in Chapter 5.
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In Chapter 4, a tuning of the atmospheric muon flux simulation to KM3NeT data
is presented. This work was entirely carried out by myself. I carried out a study into
which parameters had the the largest impact on simulated physical observables in
the KM3NeT/ORCA-6 detector, and define the statistical test used to compare these
observable between data and simulation. I carried out the parameter scan and compared
the data to the tuned simulation. A comparison is made between the results of the tuned
simulation and for many KM3NeT/ORCA-6 data runs.

In Chapter 5, I developed a means of improving the direction estimate of track-like
neutrino event signatures, particularly for the KM3NeT/ORCA detector. The motivation
for this study is presented, followed by a description of using the length of the estimated
track in its direction estimate, and how this is included in the track reconstruction
algorithm. The direction and energy resolutions for track-like neutrino interactions in the

complete, simulated KM3NeT /ORCA detector are presented, using this new procedure.

In Chapter 6, I introduce a novel track+shower reconstruction algorithm, which was
developed and implemented by myself. The event interaction model and the likelihood
function one can use to describe this event model is defined. I conduct a scan of the likeli-
hood values for different model parameters in the simulated, complete KM3NeT/ORCA
detector. A brief technical description of the algorithm is given, followed by the abil-
ity and performance of this new reconstruction technique in reconstructing track and
shower-like events, and only shower-like events. The expected neutrino direction and
energy resolutions are presented. In addition, an estimate of reconstructing the Bjorken-y
parameter is presented, a parameter which can be directly reconstructed for the very first
time by this track+shower reconstruction algorithm.

In Chapter 7, the novel track+shower algorithm is used to reconstruct neutrino
interactions for data in the KM3NeT/ORCA-6 detector. In this chapter I explore how
this new reconstruction technique can contribute to oscillation analyses using ORCA
data. The distributions which result from the track+shower reconstruction are compared
for different neutrino event types, with differences between the event types showing
that the track+shower reconstruction algorithm can contribute to particle identification
methods. A thorough and comprehensive study of the direction, energy and Bjorken-y
resolutions for the various KM3NeT/ORCA-6 neutrino interactions is also carried in
this chapter. I discuss how the reconstruction can be improved upon following these
investigations. The work presented in this chapter is meant to form a basis for future
studies and physics analyses using the track+shower reconstruction algorithm.
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Relevance & Impact

The tuned atmospheric muon flux simulation offers a means of better describing and
understanding the signal induced in the KM3NeT detectors by atmospheric muons.
These atmospheric muons are studied in cosmic ray analyses by the KM3NeT experiment,
and also form the main background signal in neutrino physics studies. The update to
the track reconstruction software indicates a better reconstruction of the track direction
for KM3NeT/ORCA, an essential part of studying neutrino oscillation parameters and
measuring the neutrino mass ordering. The track+shower reconstruction technique
offers a new means of reconstructing neutrino interactions, and is shown to improve the
estimate of the neutrino energy in the KM3NeT /ORCA detector. This new algorithm also
offers a means of directly reconstructing the Bjorken-y parameter. The work presented in
this thesis, as carried out by the author, improves upon the reconstruction of neutrino
interactions in the KM3NeT/ORCA detector. Improvements in the neutrino direction
and energy resolutions are fundamental to fulfilling the KM3NeT experiment’s potential

and goal in measuring the neutrino mass ordering.



Chapter 1.

Cosmic Ray & Neutrino Physics

Two branches of physics in which there remain many unanswered questions are those
of cosmic ray and neutrino physics. The origin of cosmic rays - atomic nuclei which hit
the Earth from outer space - is still undetermined. Cosmic neutrinos, neutral subatomic
particles likely created in the vicinity of the same sources as cosmic rays, also reach the
Earth and point directly back to their origin, unaffected by magnetic fields they encounter
en route. Both act as ‘messengers’ to study the astrophysical objects which produce them.
Cosmic rays which interact with the Earth’s atmosphere produce further neutrinos, as
well as heavier subatomic particles such as muons. These atmospheric neutrinos offer
the possibility of studying their fundamental properties. In this chapter we begin with
a description of cosmic rays, proceed to their interactions in the atmosphere, and then
follow the production of atmospheric neutrinos and muons. These particles will be
detected and analysed using the KM3NeT experiment in the Mediterranean Sea, which

will be described in later chapters.

This thesis describes research which covers both cosmic ray and neutrino physics,
through a study of the models which describe atmospheric muon production and detec-

tion, and studies into improving the determination of fundamental neutrino properties.

1.1. Cosmic Ray Physics

1.1.1. Cosmic Rays in Space

The Earth’s upper atmosphere is constantly being bombarded by particles. These parti-
cles, broadly termed cosmic rays, are protons and other atomic nuclei coming from both

within and outside our Solar System. Some of these particles originate from the Sun, via
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spontaneous emission in the form of giant plasma clouds called ‘coronal mass ejections’,
or releases of energetic particles from the Sun’s surface known as “solar flares’. As a fur-
ther distinction, the particles which come from the Sun are referred to as ‘solar energetic
particles’ [1]. The term ‘cosmic rays’ is used to describe the particles which come from
elsewhere in the Milky Way and beyond. However, the source of the high-energy cosmic
rays observed thus far is currently one of the outstanding mysteries in astroparticle
physics. Due to the enormous velocity and energy of some of these particles, their
sources must be enormous and powerful astrophysical objects, none of which appear to
be in the immediate vicinity of the Earth. The isotropy (arrival from all directions) of
cosmic rays suggests an extra-galactic origin. No particle physics accelerator made by
humankind can replicate the energies reached by these cosmic assailants. The sources of
cosmic rays are termed ‘cosmic accelerators’, a broad term for the astrophysical bodies
powerful enough to fling these particles outwards at velocities approaching the speed of
light.

The majority of cosmic rays with energies between 1 GeV and 10" GeV are protons,
whilst cosmic rays of heavier nuclei are less frequent — cosmic rays are approximately
85% protons, 12% alpha particles (helium nuclei), 1% heavier nuclei (such as carbon,
oxygen, nitrogen) and 2% electrons [2]. Their energies are highly dependent on the type
of source and the propagation mechanism.

Figure 1.1 shows the all-particle cosmic ray spectrum in the range E (energy-per-
nucleus) of 10" - 10?! eV at the top of the atmosphere, as measured by various experi-
ments. Here, the differential energy spectrum has been scaled by E**, allowing for an
exaggeration of the structure of the spectrum. The region between 10" and 10" eV is
described as the ‘knee’. Another steepening of the spectrum, known as the ‘second knee’,
occurs at about E ~ 10" eV. The change in the shape of the spectrum at E ~ 10'%° eV is
referred to as the ‘ankle’.

These spectral features indicate different cosmic rays produced by different mecha-
nisms. The rigidity R of a particle can be defined as

c
R = Z—e, (1.1)
where p is the particle momentum, c is the speed of light, and Ze is the charge of
the particle in multiples of the electron charge e. The rigidity relates the particle to
influence by a magnetic field: the higher the rigidity /momentum of a particle, the less
it is deflected by magnetic fields. Lower energy, lighter particles are produced more
abundantly and closer-by (to the Earth) than heavier particles, which need very high
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Figure 1.1.: The all-particle cosmic ray flux as a function of E (energy per nucleus) from various
experiments. Taken from Workman et al. (2022) [3].

energies to be accelerated enough to reach the Earth and be detected. Thus, the features
of this spectrum indicate different cosmic rays with rigidity-dependent acceleration
mechanisms. As one follows the shape of the spectrum from the knee to the ankle, the
composition changes, the cosmic rays become heavier, and the sources become further

away.

Within the Solar System, solar energetic particles reach energies of E ~ 10" eV.
Beyond this, cosmic rays from E ~ 10" - 10" eV are expected to be of galactic origin —
that is, coming from within the Milky Way [4]. The knee of Figure 1.1 can be interpreted
as cosmic accelerators within the Milky Way reaching the maximum energy for the
acceleration of protons. Both the knee and the second knee, i.e. a steepening of the
spectrum, can be ascribed to a transition of the all-particle spectrum to heavier nuclei [5].
Beyond 10'® eV, where we see the ankle of the spectrum, the sources of these particles
are considered to be extra-galactic. Further discussion of this spectrum can be found in
Blasi (2013), van Dam (2021) [4, 6].
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1.1.2. Cosmic Rays on Earth

The cosmic rays which collide with atoms in the upper atmosphere are referred to as
primary cosmic rays, and upon collision, produce other particles, referred to as secondary
cosmic rays. Both electromagnetic (electrons, photons) and hadronic (composite particles
made up of quarks) particles are present in these interactions. The majority of the
particles created in these interactions are mesons (comprising a quark and anti-quark)
such as pions and kaons, which themselves decay into other particles. This ‘cascade’ of
particle production, decay into other particles, and re-interaction with molecules in the
atmosphere forms air showers. This phenomenon continues until the resulting particles
lose all their energy. Air showers contain both hadronic and electromagnetic components,
and can be quite extensive in their length and breadth.

Pions, the dominant mesons produced in air showers, follow a few decay modes.

Neutral pions decay to photons, as

=,
whilst charged pions follow the decay
=,
and T U v,

where y and v denote the muon and the neutrino, respectively. Kaons follow similar

decays to muons and neutrinos, mostly via
K" —=utv,

and

<

K —u
The branching fraction of these decays can be found in Workman et al. (2022) [3].

In this way, muons and neutrinos are produced aplenty in the atmosphere as a result
of cosmic ray interactions. These muons, termed atmospheric muons, can travel to sea
level and below and can be used to study the physics of cosmic ray interactions. These
atmospheric neutrinos can be used to study the properties of neutrinos themselves. We

will meet them again in later chapters.
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Since the days of the first detection of cosmic rays, such as in 1912 by Victor Hess in a
hot-air balloon flight [7], the detectors used to study cosmic rays, and their descendants,
have advanced in technology and detection precision. In the 1930s, Pierre Auger pio-
neered the detection of air shower particles [8], measuring the arrival of particles at the
same time, as recorded by equipment scores of metres apart — and thus concluding that
the particles came from the same phenomenon. Nowadays, cosmic ray experiments can
measure the particles from the electromagnetic and hadronic components of air showers
(including atmospheric muons), and also detect the fluorescence light caused by air

showers in the atmosphere across different energy ranges.

For example, the Pierre Auger Observatory [9] is one of the leading experiments
to study and detect air showers from cosmic rays with energy above ~ 10" eV. The
LHAASO [10] and Telescope Array [11] experiments measure cosmic rays with energies
of 10" - 10" eV and above 10" eV, respectively. Not all cosmic ray experiments are
on Earth. For example, the AMS experiment [12] studies cosmic rays before their arrival
on Earth; located on the International Space Station it plays a major role in the study of
these particles and the cosmic ray spectral composition in the energy regime of 107 - 10*
eV. Many outstanding questions remain, and AMS and other experiments aim to solve
them.

Another means of studying the origin of cosmic rays is through electrically neutral
particles such as gamma rays, which reach the Earth from extra-galactic sources, unper-
turbed by the magnetic fields encountered along the way. Gamma rays can originate
from the same sources as cosmic rays. Experiments such as the FERMI-LAT satellite de-
tector [13] and the ground-based gamma ray detectors such as HAWC [14], MAGIC [15]
and HESS [16], cover the combined GeV — TeV energy regime for gamma ray detection.

Another piece of the same cosmic ray puzzle is the neutrino. As mentioned, cosmic
neutrinos are produced by cosmic accelerators in the depths of outer space. The detection
of these neutrinos plays a key role in the identification of their cosmic accelerators and
the potential sources of cosmic rays. Such efforts to detect cosmic neutrinos and identify
their astrophysical origins are carried out by neutrino experiments such as KM3NeT [17]
(discussed in further detail in Chapter 2), IceCube [18], and others. In fact, the neutrino
will form the main protagonist to this piece of work.
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1.2. Neutrino Physics

Neutrinos hold a special place amongst the elementary particles described by the Stan-
dard Model of Particle Physics, a theory which gives a thorough description of three
fundamental forces of Nature (the electromagnetic, weak and strong force, to be precise).
Their ability to avoid detection and their status as the lightest elementary particle grants
them this special rank in the Standard Model. The knowledge we have nowadays about
neutrino physics and the sophisticated technologies needed to detect them are the result

of arduous efforts of many previous physicists and experiments.

As now described in the Standard Modell, neutrinos are light, spin—% particles which
interact with matter via the weak interaction. Their tiny interaction cross section de-
termines their elusiveness for detection. We know today that neutrinos are realised in

Nature as three distinct ‘flavour’ states: v,, v, v, pertaining to the lepton involved in

’,[I
their respective interactions. Forming our current picture of neutrino physics within the

Standard Model is in itself a complex task.

1.2.1. A Brief History of the Neutrino

"All great truths begin as

blasphemies."

George Bernard Shaw

In 1930, Wolfgang Pauli proposed an as-of-yet undetected particle, needed to explain
the B-decay (a type of radioactive decay where an electron is emitted) energy spectrum.
The electrons emitted as a result of B-decay showed a continuous energy spectrum,
implying the presence of another, undetected particle alongside the electron. Pauli
postulated a particle with spin—% which has mass (differentiating it from photons) and is
electrically neutral [19]. The sum of the energy of the electrons from B-decay and the new
particle remain constant, explaining the continuous electron spectra. This new particle is

what we now refer to as a neutrino.

In 1934, Fermi described the interaction governing B-decays [20] with a neutron
converted to a proton, creating an electron and neutrino in the process, and using the
name neutrino’ for the first time (referring to it as a smaller counterpart of the electrically
neutral ‘neutron’ discovered by Chadwick).

To be more precise, as an addition to the Standard Model.
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Although Bethe & Peierls speculated that the neutrino described by Fermi was
unobservable due to its tiny cross section” [21], the experimental challenge was taken
up in the 1950s by Raymond Davis Jr. and separately by Clyde L. Cowan and Frederick

Reines.

The experiment ran by Raymond Davis Jr. sought to capture neutrinos with chlorine

atoms, from the reaction
v3Cl =¥ Are” ,

with nuclear reactors providing the source of neutrinos.

In the end, Cowan and Reines were successful, observing
7p—en,

with a signal which implied a measured cross section of 6 x 107 * em? . They instead
used liquid scintillator to measure the photons produced by the absorption of neutrons
created by anti-neutrino interactions by Cadmium atoms. The distinction between detect-
ing a neutrino and an anti-neutrino allowed for Cowan and Reines’ successful detection
and explains the lack of signal observed by Raymond Davis Jr. [22-24]. Raymond Davis
Jr. is far from forgotten, however, as he is credited with observing neutrinos from the

Sun with the Homestake experiment during the late 1960s.

In the same decade, an experiment performed by Goldhaber et al. (1958) [25] deter-
mined that neutrinos are left-handed particles (that the helicity, the projection of spin
along the direction of momentum, is -1). It has been verified that the weak interaction
only couples to left-handed fermions (such as neutrinos) and right-handed anti-fermions
(such as anti-neutrinos). Neutrinos couple to the weak force in every frame of reference,

obeying chirality, where a phenomenon is not the same as its mirror image.

Following speculation by Pontecorvo (1959) [26] (amongst others such as T.D. Lee
and C.N. Yang) as to whether the neutrinos created in muonic interactions are the same
as those neutrinos taking part in -decay, the evidence for two separate types of neutrino,
one muonic and one electronic, was presented by Danby et al. (1962) [27]. Following the
discovery of the tau lepton [28] - indicating a corresponding tauonic neutrino - the tau

neutrino was first evidenced in the year 2000 [29].

ZWhich was in itself contested by Bruno Pontecorvo, stating that a huge flux can overcome the cross
section.
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Figure 1.2.: Examples of neutrino interactions, in this case showing neutrino-quark interactions.
In (a) we see the neutrino exchange a W boson, resulting in the creation of a lepton of
the same flavour as the neutrino. In (b) we see the exchange of a Z boson. Since no
charge is exchanged, the neutrino is not annihilated.

1.2.2. Neutrino Interactions

Weak Force mediators

The development of electroweak theory by Glashow, Weinberg, Salam, 't Hooft and
Veldman [30-34] surmised the existence of the W and Z bosons, intermediaries of the
weak force. Through the exchange of a charged W boson, a neutrino/anti-neutrino can
interact with quarks in matter and result in the creation of a lepton. Since the W boson
has charge, this interaction is termed a charged-current interaction. Through the exchange
of a Z boson, a neutrino can also interact with matter and continue on its journey without
annihilation. We refer to this as a neutral-current interaction, since the Z boson is without

electric charge. These processes are illustrated in Figure 1.2.

Measurements carried out by LEP (the Large Electron-Positron Collider) included
investigations into the width of the Z boson resonance [35]. Since this total width is
composed of the hadronic contribution, electron contribution, muon contribution, tau
contribution, and neutrino contribution, the measurement of the total width indicates the
total number of neutrino species which interact via the Z boson. Please refer to Figure 1.3
for a depiction of this cross-section measurement as a function of energy. The number of

neutrino species has since been further updated, and found to be [36]
N, =2.9963 £+ 0.0074 .

This implies that only 3 neutrino species undergo the weak interaction, corresponding to
the 3 flavours we have already encountered: the muon, electron and tau neutrino.
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Figure 1.3.: Measurement of the hadron production cross section by the ALEPH, DELPHI, L3
and OPAL collaborations, around the Z boson mass. The predictions for the cross

section given 2,3,4 (weakly interacting) neutrino species is shown. From S. Schael et
al. (2006) [35].

Cross Sections - low energy neutrinos

The probability of interaction of neutrinos, i.e. the cross section, changes with the
neutrino energy. Figure 1.4 illustrates this. Note that beyond ~ 2 GeV the cross section
becomes linear with the energy. Also, the cross section for anti-neutrinos is lower than

that of neutrinos, and is not as precisely measured or with as many statistics.

The cross section can be grouped into different regimes. Here we focus on the lower
energy neutrinos of less than 1 GeV to hundreds of GeV.

At energies below ~ 2 GeV, neutrino-hadron interactions are dominated by quasi-
elastic scattering. In these interactions, the neutrino scatters off the entire nucleon, as
opposed to its constituent partons (quarks). For neutrinos and anti-neutrinos respectively,

interactions are as follows (with n a neutron, p a proton, and ! the resulting lepton):

vin—1 p,
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Figure 1.4.: The total neutrino and anti-neutrino per nucleon charged-current cross sections
divided by neutrino energy, as a function of energy, for an isoscalar target. The
different processes which contribute to the total cross section are shown. Top: cross
section for neutrinos, bottom: cross section for anti-neutrinos. QE - quasi-elastic

scattering, DIS - deep inelastic scattering, RES - resonance production. Taken from
Formaggio, Zeller (2012) [37].

and
np—1"n.

For neutral-current interactions, the scattering is completely elastic, with the neutrino
surviving the interaction.

At energies of a few GeV, resonance production describes when the neutrino can excite
the nucleon to a higher energy state, with a baryonic resonance (a higher energy state
of a baryon, a particle consisting of three quarks, e.g. N*) decaying and usually with a
pion in the final state. Resonant pion production is therefore a common mechanism and
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dominates such interactions. To illustrate:
yN—I N *
N* = nN’,
where N,N' = n,p.

From Figure 1.4, we see that deep inelastic scattering soon dominates the cross section
description, in the range of about 20 — 500 GeV. It is so-named since the scattering takes
place with the constituent partons in the nucleon, rather than the proton or neutron
itself. So, with enough energy the neutrino can probe the internal structure of the target

nucleon. This can be described for charged-current interactions by

VlN—>l_X,
7N =1 X,

and for neutral-current interactions by

VZN—>1/IX,

171N—>171X,

where X denotes the nucleon following the interaction.

Figure 1.5.: A diagram of the deep inelastic scattering process. A weak force mediator (W/Z
boson) is exchanged with the quark of a nucleon, resulting in an out-going lepton
or neutrino and the formation of an hadronic shower. Taken from Garcia et al.
(2020) [38].

Such a process is shown in Figure 1.5. The weak force mediator is exchanged with the
partonic component of the nucleon itself. For a charged-current interaction, an out-going

lepton is produced, whereas the neutrino carries on undetected in a neutral-current
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interaction. In both instances, the resulting quark that is produced creates a hadronic
particle shower. Here we can describe two kinematic properties of the interaction: the

momentum transfer Q:

Q=7 (1.2)
and the inelasticity parameter

_E,—E

v

where g = k - k' (the difference between the incoming and out-going momentum), the
neutrino energy E, and the energy of the out-going lepton E;. The parameter y can be
more easily thought of as the fractional energy transfer from the neutrino to the hadronic
shower, and is sometimes referred to as the ‘Bjorken-y’ parameter.

The cross section ¢ for neutrino/anti-neutrino and quark/anti-quark interactions
(pertinent to deep inelastic scattering) can be described in terms of y [39]. The neutrino-

quark and anti-neutrino-anti-quark differential cross section can be expressed as

Y (1.4)

where g and § are used here to denote the quark and anti-quark, respectively, Gr is a
constant which describes the weak interaction [20] and § is the centre-of-mass energy of
the interaction. Similarly, for anti-neutrino-quark and neutrino-anti-quark interactions,
the differential cross section can be expressed as
Oy doy; G_%

a 1 23 1.5
iy dy n(—]/)s- (1.5)

For these interactions, the differential cross section is modified by the term (1 — y)z.

Deep inelastic scattering cross sections, for neutrinos interacting with nucleons, are a
combination of the cross sections for protons and neutrons. It can be shown that the the
average neutrino differential cross section per nucleon N is [39]

dOJ/N
dy

2
_ GF:N E, [f,+ 1 —v)f;. (1.6)
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The neutrino energy E, and nucleon mass my are used here, while f, and f; represent the
fractions of the nucleon momentum carried by the quarks and anti-quarks, respectively.
Similarly for anti-neutrino nucleon scattering, the differential cross section can be written

as

do,l_/N

dy

2
_ GF:N E [(1=v)2f, + fi]. (1.7)

In measurements of neutrino and anti-neutrino differential cross sections, for example
those carried out by de Groot et al. (1979) [40], a large quark component in the nucleon
and smaller anti-quark component in the nucleon is found. In terms of the Bjorken-y
parameter, for neutrinos this results in an almost-flat cross section as a function of y,
dominated by quark scattering and less so by anti-quark scattering (where the (1 — y)2
term comes into effect). For anti-neutrinos, a peaked distribution of the differential cross
section as a function of y can be shown, now dominated by the quark contribution which

is modified by the term (1 — y)?.

Cross Sections - high energy neutrinos

For neutrinos > 10° GeV (i.e. the TeV - PeV range), their interaction cross sections can be

approximated as

E

N 5.53x10'36cm2(ﬁ)“, (1.8)
NC 36 2, E, \a

where a ~ 0.363, and where CC and NC indicate charged-current and neutral-current,

respectively. This approximation is given in Formaggio, Zeller (2012) [37].

For high-energy neutrinos, the cross section for various interactions (with electrons
or nucleons) is shown in Figure 1.6. A dominant feature is a resonant enhancement from
the formation of an intermediate W boson in v, ¢ interactions, occurring at E = M%v /2m,
= 6.3 PeV (in the rest frame of the electron, where My is the mass of the W boson and m,
is the electron mass). This feature was first predicted by Glashow in 1960 and so is often
referred to as the Glashow resonance [41]. In 2021, the IceCube Collaboration measured
a particle shower consistent with being produced at the Glashow resonance [42]. Note
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Figure 1.6.: The neutrino cross section for various processes across the high-energy regime.
Shown are the electron and nucleon charged-current and nucleon neutral-current
interactions, separately. Here N and X depict the nucleon before and following the
interaction. Also visible is the leptonic W resonance. Taken from Formaggio, Zeller
(2012) [37].

also that with increasing cross sections, the Earth becomes opaque to neutrinos in certain
energy regimes.

The above description of neutrino cross sections is but an overview. For a detailed
study, please consult Workman et al. (2022), Formaggio, Zeller (2012) [3,37]. For a
state-of-the-art calculation of neutrino cross sections in matter, including sub-dominant
effects, please refer to Garcia et al. (2020) [38].

1.2.3. Neutrino Oscillations

Neutrinos undergo oscillations. This means that neutrinos inherently contain the prob-
ability to change flavour as they propagate through space and time. This simple yet
powerful statement is the result of decades of research, which will not be detailed fully
here but is summarised in Nobel Prize Outreach [43], with the discovery of neutrino
oscillations being awarded a Nobel Prize in 2015. That neutrinos undergo flavour oscilla-
tions implies that neutrinos have mass, a fact that was not previously accounted for in
the Standard Model of Particle Physics. Neutrino oscillation is a quantum mechanical
phenomenon that can be described by mixing between mass and flavour eigenstates.
The degree of mixing between these states is described by a mixing matrix.
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A neutrino is created through the weak interaction as a flavour eigenstate |v, ), where
« = e, y or T. This flavour eigenstate is a linear combination (i.e. a superposition) of the
three mass eigenstates |v;), |v5), |v3), with respective masses m;, m,, m;. Conversely,
the neutrino can be described as a mass eigenstate which is a superposition of the
flavour states. As the neutrino propagates through space-time, the phase of each mass
state advances at a different rate to the others, due to the different neutrino masses.
The advancing of the mass state phases with respect to one another is periodic and is
a function of the distance travelled L and the neutrino energy E. This results in the
observed phenomenon of neutrino oscillations: a neutrino of one flavour can be detected
as another neutrino after travelling some distance, dependent on its energy.

These mass and flavour eigenstates can be related via
[va) = ) Ugi i), (1.10)
i
and
Vi) = L Ui ) (111)

where
* v, is a neutrino of definite flavoura =e, por T
* v;is a neutrino of definite mass statei =1,2 or 3

* U,; is the mixing matrix between the states. U,; denotes its complex conjugate. For
anti-neutrinos, the complex conjugate appears in Equation (1.11) and the conjugate

in Equation (1.10).

We can relate the three neutrino flavour and mass states at a moment in time ¢ by

Ve 41
v, | =U | v, |- (1.12)
Vz V3

Two-flavour approximation

An approximation to describe neutrinos oscillations considers oscillation between two

flavours rather than three. This approximation can be pertinent, since neutrino oscillation
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experiments usually focus on a neutrino of one particular flavour being detected as
another flavour.

Consider a neutrino at some moment in time, which exists as a superposition of two
flavour states, v, and vg. These flavour states can be related to two mass states v, and v,
via a single mixing angle 0:

cosf sinf V;
— . . (1.13)

Vg —sinf® cos0 v

Vy

It can be shown that the probability of this neutrino changing from flavour « to

flavour B as it propagates in vacuo is

2
P(v, = vg) = |{(vs | vy (D) [? = sin®(26) sin® (A’ZE L) , (1.14)

with L and E the distance travelled and energy of the neutrino, respectively. 6 here
is referred to as the mixing angle whilst Am? is termed the mass splitting, the mass-
squared difference between the two mass states. So, in the above example, AmJZ-i = m]2 -
m,2 Neutrinos with no mass differences cannot undergo neutrino oscillation between
different flavours. Note that the first term governs the amplitude of the oscillation and

the mass splitting governs the wavelength.

Often, Equation (1.14) is written using the units commonly encountered in neutrino

oscillation experiments:

(1.15)

Amz'i eV?] L[km
P(vy — vg) = sin”(26) sin’ (1.27 st ]>

E[GeV]

Three-flavour description

The three-flavour neutrino oscillation probability is an extension of the two-flavour
approximation. The probability that a neutrino, originally of flavour «, will be detected
as a neutrino of flavour f is (in natural units, in vacuo):
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2
2 * —im?L/2E
P(v, = vg) = [{vg|vu (L))" = Zuna’ Ugie ™ r2E (1.16)
1
which can also be written as
. o\ o AMGL
P(VIX — 1/!3) = 50£‘B —4ZRe(UMU5,U,X]U5]) Sin (T)
= .. (1.17)
m..
*‘ ) ) *' . ]1
—|—2§jIm(UMU51UMUﬁ])sm( o )

For anti-neutrinos, the imaginary part of the equation becomes negative. Here, §,5 =
(v, | vﬁ>. 0yp =1if a = pand = 0 if « #p, thus for neutrinos of the same mass there would
be no probability of flavour oscillation.

The mixing matrix U of Equation (1.11) is referred to as the PMNS (Pontecorvo-Maki-
Nakagawa-Sakata) matrix. It describes the level of mixing between all the mass and
flavour states. In full, this matrix can be defined as:

C12 512 0 C13 0 Sl3e_i5 1 0 0
Upmns = | —=s1p ¢ 0 0 1 0 0 ¢ Spz | (1.18)
0 0 1 _5136—1'(5 0 o3 0 —sy3 o3

where ¢;; = cos 0;;, s;; = sin8;; and ¢ denotes a CP (Charge-Parity) violation phase (i.e.,
whether a physical interaction conserves charge and ‘mirror” symmetry). The angle 6;;
parameterises the level of mixing between states i and ;.

Thus we have three neutrino flavours v,, Vy Ve, and three distinct mass states vy, v,,
v3. We in turn have three mixing angles 6,5, 0,3, 0,3 and three mass splittings Am%l, Amgz,
Amél. Determining the values of the mixing angles and mass splittings with precision is
one of the main research goals of neutrino oscillation experiments.
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1.2.4. Neutrino Masses
Mass Ordering

We cannot directly measure the different neutrino masses from studying neutrino oscilla-
tions, only the respective mass splittings. The value of Am%l has been determined and is
of the order 10~° eV?, with Am3, having a positive sign. Although the value of Amég, (~
Am%3) is measured to be of the order 10> eV?, whether it is positive or negative is not

known —i.e. it is unknown whether vj is the lightest or the heaviest neutrino mass state.

This results in two possible orderings of the neutrino masses:
v < vy < s,
or
vy <1y <1y,

The former is referred to as normal ordering (NO), whilst the latter is referred to as inverted
ordering (10). Sometimes these cases are termed normal hierarchy (NH) or inverted hierarchy
(IH). See Figure 1.7 for a diagrammatic representation of the neutrino mass ordering.
The relative fractional amounts of the flavour state which comprise the mass states is
also portrayed, i.e. the fraction gives an indication on the size of the mixing angle 6;;

between states. Note that such a diagram is representative of a neutrino in a vacuum.

Determining the neutrino mass ordering is of significant importance, for a few rea-
sons. Firstly, an understanding of neutrinos and their masses is by itself an addition to
fundamental knowledge. Neutrinos having mass is an addition to the Standard Model,
and knowing their mass ordering ensures this addition is robust. The ordering of the
masses is also significant in the understanding of flavour physics — quark masses and
mixings, and other analogous properties [44]. It also has implications for cosmology and
the evolution of the Universe, as neutrinos had an impact on the large-scale structure
formation in the Universe. For a thorough review of neutrino cosmology, see Planck Col-
laboration (2021), Lesgourges and Pastor (2014) [45,46]. Determining the neutrino mass
ordering allows for further constraints on the CP-violating phase § of Equation (1.18).
For example, the neutrino experiment Hyper-K [47] aims to resolve the value of § but

relies on the neutrino mass ordering to be determined in order to do so.

The neutrino mass ordering can be determined experimentally, thanks largely to

phenomena referred to as matter effects. When neutrinos pass through matter, the electron
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Figure 1.7.: The neutrino mass ordering (NMO for short) has two possible orderings, referred to
as normal ordering (left) and inverted ordering (right). The sign of the Am3; mass
splitting is - at the time of writing - undetermined.

neutrino flavour can interact with electrons via charged-current interactions, resulting in
an elastic forward scattering for this flavour alone. Figure 1.8 portrays these particular

interactions.

In a vacuum, the Hamiltonian of the system is diagonal in the mass basis. In matter,
the new, effective Hamiltonian can be diagonalised by adding an additional potential V'

to the system in a vacuum. V' is given by
V = +V2Gn,, (1.19)

with G and n, the Fermi coupling constant and electron number density, respectively.
This term V is positive for electron neutrinos and negative for electron anti-neutrinos.
This effect introduces an asymmetry amongst the neutrino flavours travelling through

matter, resulting in a distortion of the oscillation parameters.

For simplification, the two-flavour mixing scenario of Section 1.2.3 is used. We denote
4+ 2F,v/2Gpn, by + A. In this case, the effective mixing angle 6° is given by

tan 20

__£A
Amjz-icosze

tan 20 = (1.20)
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(a) (b)

Figure 1.8.: Examples of neutrino coherent forward scattering due to the presence of electrons.
For (a) anti-neutrinos and (b) neutrinos.

and the effective mass splitting by

Am? = (A c0s 20 — £ A + (Am? sin26)?. (1.21)

For neutrinos traversing matter, these terms replace those in Equation (1.14). Note that in
the limit of low electron number density, n, — 0, the oscillation parameters for neutrinos

in a vacuum are recovered.

A resonance condition is met in Equation (1.20) for

Amjcos20 = £ A, (1.22)

2
jir
probability of flavour transition of Equation (1.14) becomes maximal. This is known as

as 6" — 71/4. Thus for certain values of Am?, 6 and E, (the neutrino energy), the
resonant enhancement. For neutrinos traversing matter of near-constant density (relating
to n,), such as those created in the atmosphere and traversing regions within the Earth, a
similar effect known as the MSW effect® occurs.

A related effect occurs for neutrinos passing through the Earth, termed parametric
enhancement. For regions of abrupt changes in density, such as the boundary between

the Earth’s core and mantle, the neutrino flavour transition probabilities can again be
enhanced.

Due to these combined matter effects, the neutrino mass ordering can be measured.
In the case of normal ordering (see Figure 1.7) for neutrinos traversing matter, the
probability of electron neutrinos changing flavour is enhanced, whereas it is suppressed

for anti-neutrinos. In the case of inverted ordering, it is the flavour transition probability

’Named after Mikheyev, Smirnov and Wolfenstein.
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of electron anti-neutrinos traversing matter which is enhanced, and suppressed for
electron neutrinos. By measuring the number of neutrino events of a certain neutrino
flavour, and comparing to the expected number of events for this flavour transition

probability for both possible orderings, the neutrino mass ordering can be determined.

As mentioned, A = 4 2F,/2Ggn, is positive in the case of neutrinos, and negative
in the case of anti-neutrinos. In the case of maximal mixing, A = Amjz-i cos 291‘]‘/ ala
Equation (1.22), and both A and Am]%- cos 20;; must have the same sign. As a solution
to the solar neutrino problem [43], which observed a deficit in the number of expected
electron neutrinos from the Sun, neutrino oscillations along with matter effects were
invoked. Since the Sun produces only electron neutrinos, and no electron anti-neutrinos,
A is inferred to be positive (due to a deficit seen in the expected number of electron

neutrinos, corresponding to maximal mixing).

Now, in order for A to be positive, the terms Am]zi cos 26;; should both be positive or
negative. In the two-flavour approximation, the flavour state can be expressed as

Ve — COS 612 . Vl —|— Sln912 . VZ .

If cos 26, is positive, then 6;, < 45°, leading to cos 0;, > sin 0;,. In this case, the flavour
state v, is dominantly composed of the mass state v;, which is the lighter state because
Am%l is positive. If cos 20;, is negative, then 6;, > 45°, leading to cos 6;, < sin6;,. The
flavour state v, is then dominantly composed of the mass state v,, which is the lighter
state because Am%l is negative. Thus, in either case, the mass state which couples most
strongly to the v, flavour state is the lightest of the two mass states under consideration.
With the convention that cos 26, is positive, the lightest mass state (which couples most
strongly to the electron flavour) is denoted by v;, and Am%l > 0.

For a more complete description of neutrino oscillation probabilities and matter
effects, please refer to Ohlsson and Snellman (2001), Nosek (2017), Wolfenstein (1978),
Choubey and Roy (2006), Hofestadt (2017) [48-52].

An example of the flavour transition probabilities for neutrinos and anti-neutrinos,
according to both possible orderings, are shown in Figure 1.9 (a) and (b), respectively.
The blue curves describe P(v, — v,,) and the red curves describe P(v, — v,,) transitions.
These probabilities are shown as a function of the energy, for various zenith angle values.
Here, the zenith angle 6, refers to the direction of the incoming neutrino through the
Earth, with cos(6,) = —1 meaning straight through from the opposite side (‘upward-
going neutrinos’). Different zenith angles imply different distances travelled through
the Earth, and therefore different values of L in Equation (1.14). Due to the varying
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Figure 1.9.: An example of the flavour transition probability for P(v, — v,,) (blue) and P(v, — v,)
(red) as a function of the energy, for different zenith angles 6, (distances travelled
through the Earth). The solid lines depict the normal mass ordering and the dashed
lines the inverted ordering. (a) shows neutrinos and (b) anti-neutrinos. This example
is from a neutrino telescope studying atmospheric neutrino oscillations, taken from
Adrian-Martinez et al. (2016) [17].

density profile of the Earth, the amount of matter traversed also changes, giving rise to
matter enhancement effects and differences between the flavour transition probabilities
for the two possible mass orderings. Note that the different orderings are quite similar,
comparing neutrinos to anti-neutrinos, though a difference between the two is still
introduced at certain energies and zenith angles (distances travelled) due to matter

effects.

Another means of determining the neutrino mass ordering comes from experiments
which attempt to measure neutrinoless double beta decays. Some elements decay by
emitting two electrons, as opposed to one; such a process is termed double beta decay. 1f
neutrinos are Majorana particles (the neutrino and corresponding anti-neutrino are the
same), the neutrinos can annihilate, and the decay produces no neutrinos in the final
state. The decay rate for neutrinoless double beta decay is proportional to the effective
Majorana mass squared, (m ﬁﬁ)z. Since the other terms relating the effective Majorana
mass to the decay rate can be calculated, a value for (m B ﬁ)z can be found.
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Figure 1.10.: The Majorana mass nigg as a function of the lightest possible neutrino mass, for
both possible neutrino mass orderings. Alongside these regions are the constraints
from current (grey region) and future (dashed line) neutrino-less double beta decay
experiments. In addition, the region excluded by the constraint on the sum of the
neutrino mass from Planck 2018 [45] is shown. From Vishnudath et al. (2019) [53].

Figure 1.10 shows (mgg) as a function of the lightest possible neutrino mass, for both
orderings [53]. The sensitivity of current and future experiments is shown. With enough

sensitivity reach, a distinction can be made between the two orderings.

Additional mass measurements

A constraint on the sum of the masses of the neutrinos comes from cosmology. The sum
of the neutrino masses is determined from measurements of the Cosmic Microwave
Background (CMB) by the Planck Collaboration (2020) [45] to be

Y m, <0.12eV,

under the assumption of the validity of the ACDM cosmological model.

Another means of measuring the (effective) neutrino mass comes in the kinematic
study of weak interaction processes, such as the f-decay energy spectrum endpoint. By
capturing the electron resulting from these decays, their energy spectra can be measured
and the experimental result and the expected spectrum can be compared. The expected
spectrum incorporates the square of the neutrino mass states ml2 In the quasi-degenerate
energy regime of m; > 0.2 eV, the neutrino mass measured by electron capture is the mass
m,, ~ m; [54]. The KATRIN experiment [55] studies the B-decay endpoint of tritium (3H)
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decays, and as of 2022 has determined an upper limit of
m, < 0.8eV,

with further sensitivity improvements expected for this measurement.

1.2.5. Current Neutrino Oscillation Measurements

A slew of neutrino oscillation experiments have attempted to measure the parameters
associated with neutrino oscillations (outlined in Section 1.2.3), optimising the detectors
based on the neutrino source energy range and baseline (distance from the source).
Experiments such as Super-Kamiokande [56], SNO [57] and Borexino [58] detect(ed)
solar neutrino oscillations, and so measure(d) 6;, and Amgl. Experiments which measure
neutrinos from nuclear reactors, such as Daya Bay [59] and Double Chooz [60], are
sensitive to 6,3 and Amgl. Other experiments, sensitive to regions shown in Figure 1.9,
measure atmospheric neutrinos. These include IceCube-DeepCore [61], Super-K and
measure 6,3 and Am%z. In addition, detectors with a neutrino beam, such as T2K [62],
NOvVA [63] and MINOS [64], contribute to measurements of 63, 8,3 and Am§24.

A combined fit of the neutrino oscillation data, as of 2022, by NuFIT [65] is given
in Figure 1.11. Here the best-fit point (bfp) and the 3¢ significance intervals are given
for the three-neutrino model oscillation parameters. These results are shown for both
the normal and inverted mass ordering, with and without the inclusion of atmospheric

neutrino data from Super-Kamiokande.

Note that here,

A2 Am%l > (0 for normal ordering
Am%z < 0 forinverted ordering

There are a few upcoming neutrino experiments, which aim to determine the neutrino
mass ordering and measure 6,3 with much greater precision. DUNE [66], for example, is
a forthcoming neutrino beam experiment which can discriminate between both potential
mass orderings. A successor to Super-Kamiokande, Hyper-K [47] has the ability to probe
the value of the CP-violating phase §, mentioned in Equation (1.18). Both experiments

are in the early development stages.

*As can be seen, detectors are usually capable of focusing on one mass splitting only, depending on the
detection method. This is why the two-flavour oscillation model remains relevant.
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Figure 1.11.: The NuFIT 5.2 (2022) combined fit of neutrino oscillation data. Shown are the best-fit
parameter values under both neutrino mass orderings, with and without the use of
Super-Kamiokande(SK) atmospheric neutrino data. For reference, please refer to
www.nu-fit.org and Esteban et al. (2020) [65].

Another neutrino experiment, aforementioned, which will measure the neutrino mass
ordering (amongst other physics goals), is KM3NeT. It will be described in comprehen-
sive detail in the following chapter. The research carried out in this thesis is with data

and simulations on behalf of the KM3NeT experiment.
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Chapter 2.

The KM3NeT Experiment

The Cubic Kilometre Neutrino Telescope, or ‘/KM3NeT” for short, is a research in-
frastructure under construction on the Mediterranean Sea floor. KM3NeT foresees
the completion of two neutrino detectors located at different sites in the Mediter-
ranean Sea: KM3NeT/ARCA (Astroparticle Research with Cosmics in the Abyss) and
KM3NeT/ORCA (Oscillation Research with Cosmics in the Abyss). As suggested by the
name, KM3NeT/ARCA will focus on neutrino astronomy, and KM3NeT/ORCA on the
study of neutrino oscillations. The entire research infrastructure will comprise the same
technology and design, with some changes in implementation depending on the physics

goal.

In describing the KM3NeT experiment, we begin with the detection principle, and
from there, describe the detectors, neutrino signals to be detected, backgrounds, and the
data acquisition procedure. The research goals and current status of the experiment are

then summarised.

2.1. Detection Principle

The KM3NeT infrastructure aims to instrument a large volume of water with light
sensors which can detect the Cherenkov radiation from charged particles, in particular
those resulting from neutrino interactions. For this purpose, KM3NeT employs the use of
photomultiplier tubes - also widely known as PMTs - to detect the light signal of interest
and amplify it into an electrical current. The principle behind Cherenkov radiation is
tirst described.

31
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2.1.1. Cherenkov Radiation

When a charged particle propagates through a dielectric medium, it can excite the
molecules around it, which emit energy on returning to their ground state. This energy
is emitted as spherical wavefronts of light which originate from the particle at each point
in space and time. If the velocity of the particle v, is greater than the speed of light in the

medium, i.e. if
p (2.1)

where c is the speed of light in a vacuum and 7 is the refractive index of the medium,
these spherical waveforms constructively interfere. As a result, a cone of light is emitted
in the direction of travel of the particle [67]. This form of electromagnetic radiation is

known as Cherenkov radiation [68]. Figure 2.1 shows an illustration of this effect.

Figure 2.1.: As a particle moves through a dielectric medium, at a speed greater than the speed of
light in the medium, Cherenkov light is released as overlapping spherical waveforms
in the form a cone. The formation of the spherical waveforms is in fact continu-
ous, here they are spaced out for illustrative purposes. The light is emitted at a
characteristic angle 6.

This light cone is emitted at a characteristic angle 0. If § is the ratio between the
speed of the particle and the speed of light, i.e.

p=-", (22)

it can be shown that the angle of emission is given by

cosfOc = 711_,5 , (2.3)
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with 0 the Cherenkov emission angle.

Crudely, assuming the refractive index of seawater to be ~ 1.33, and a particle
moving approximately at the speed of light, we find 6 ~ 41°.

The number N of Cherenkov photons produced per unit path length x by a particle
with charge ge (e is the electron charge), moving with speed = v/c through a medium
(where v is the particle velocity and c is the speed of light in a vacuum), can be expressed
as [3]

d*N 27wcq2 1
dxdd )2 (1 B ‘anz) ' 24)

Here, « is the electromagnetic force coupling constant (= 1/137), A is the wavelength of
light and n is the refractive index of the medium. From Equation (2.4), the majority of
photons are radiated in the ultraviolet region of the electromagnetic spectrum. Cherenkov
radiation is visible as blue light in the visible region of the electromagnetic spectrum,

and for example may be observed from underwater nuclear reactors.

2.1.2. PMTs

PMTs are glass-encased vacuum tubes, used to detect photons in the ultraviolet, visible,
and near-infrared frequency ranges of electromagnetic radiation. They multiply the
electrons caused by incident photons into many more electrons, which are directed from

one end of the tube to the other using a potential difference.

The basic operation of a PMT is as follows. A photocathode emits electrons via the
photoelectric effect, following the absorption of incident electromagnetic radiation. A
high voltage is applied across the photomultiplier tube, in order to create a large potential
difference for accelerating electrons from one end to the other. A focusing electrode directs
the accelerated electrons towards a series of electron multipliers known as dynodes. At
the dynodes, further electrons are created through secondary emission, which is the
incidence of particles of sufficient energy hitting a surface and resulting in the creation
of secondary particles. A potential difference at each dynode ensures the movement
of electrons towards the other side of the PMT. These electrons are focused upon an
anode, which converts the electrons into a measurable electric current. Figure 2.2 shows a
schematic of a PMT with its components, alongside an image of one used as part of the
KM3NeT experiment.
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Figure 2.2.: (a) Schematic of a PMT and its components, from www.hamamatsu.com. (b) A PMT
used as part of the KM3NeT experiment.

The base of the PMT digitises the analog PMT signal pulse, as well as supplying the
required high voltage. Two features of the resulting signal are recorded. The time at
which the pulse crosses a predefined threshold pulse height is read out as the arrival
time of the incident photon. The pulse duration - the time during which the signal pulse
stays above this threshold - is also recorded. This metric for the number of photons
which illuminate the PMT is referred to as the ‘time-over-threshold’. A threshold of
0.3 times the mean pulse height resulting from a single incident photon is used. This
threshold allows for distinguishing the output signal from random noise due to the
PMT electronics. A single datum containing the arrival time and time-over-threshold
information recorded by a PMT is referred to as a ‘hit’, corresponding to 6 Bytes of data (
1 Byte for the PMT address, 1 Byte for the time-over-threshold, and 4 Bytes for the time)

The quantum efficiency (QE) is a unitless number which can be used to quantify
the light sensitivity of a PMT, dependent on the wavelength of light illuminating the
photocathode. It can be defined as the probability to convert a photon into an electron, or

Nelectron ) (2.5)
N, photon

QE =

where Ngjectron 1S the number of electrons produced at the photocathode and Npp,g¢on 15
the number of absorbed photons. A specialised coating on the photocathode is used
to greatly increase the quantum efficiency of a PMT, allowing it to peak at different
wavelengths. Thus the quantum efficiency can be tuned depending on the incident

electromagnetic radiation to be detected.

KMB3NeT first employed the use of Hamamatsu R12199-02 type, three-inch PMTs. For
the later batches of PMTs, the Hamamatsu R14374 three-inch model was adopted. Both
models adopt a bialkali coating of the photocathode. For these PMTs, it takes about 30 ns
for a photon impinging on the photocathode to result in electrons hitting the anode [69].


www.hamamatsu.com
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This time period is called the “transit time’ of the PMT. This quantity is variable, with an
associated spread on its mean value of 1.3 ns for the latest model of PMTs (measured
from the full width at half maximum of the transit time distribution). This ‘transit time

spread (TTS)’ is the main uncertainty on the measured photon arrival time.

Another important PMT parameter is the ‘gain’, describing the overall electron
multiplication factor of a PMT (the average number of electrons released from the
anode following one emitted photo-electron from the photocathode). For the KM3NeT
experiment, the gain is 3 x 10° for the voltage range of 900 — 1300 V [17]. This value
is chosen to maximise the lifetime of the PMTs (i.e. to minimise the effects of ageing)
in accordance with the expected operational time of the detector [70], given the high
counting rate the PMTs will experience in the deep sea.

2.2. Infrastructure

The KM3NeT infrastructure provides the means of instrumenting a large body of water
with PMTs in order to detect the light from neutrino interactions. Due to the minuscule
interaction cross sections of neutrinos and anti-neutrinos, described in Chapter 1, a large
volume of interaction medium is needed in which neutrino interactions can be detected,
in order to increase the interaction probability. Seawater is an abundant and natural
medium fit for this purpose. The infrastructure and technology developed in order to

instrument a volume of seawater with PMTs is described below.

2.2.1. Optical Modules

Pressure-resistant glass spheres of 0.44 m diameter are used to house 31 PMTs each. They
also contain electronics required for supplying power and for the processing and readout
of the PMT signals, and devices for monitoring information [70,71]. This entire assembly
of the glass sphere, 31 PMTs and all contained electronics and devices is referred to as
a ‘digital optical module’. The timing and positioning calibration devices within the
optical module include: a ‘nano-beacon’ - a small light emitting diode (LED) - which
emits light in the violet-blue visible wavelength, a compass and tiltmeter for orientation
calibration, and an acoustic piezo sensor used for position calibration. Calibration
methods are described later in this chapter. A humidity and temperature sensor are also
present in each optical module.
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An electronics board known as the ‘central logic board’ acts as the proverbial heart of
the optical module electronics, controlling all of the instrumentation within and allowing
for communication with the optical module when it is deployed in the sea [72]. Mounted
on the central logic board is a Field-Programmable Gate Array (or FPGA for short), a
type of integrated circuit which can be modified by the user. These FPGAs contain
programmable logic circuits, used to receive data from the 31 PMTs and the piezo sensor,
and to allow for data acquisition and communication with the optical module and its
components. The arrival time and time-over-threshold sent by each PMT is recorded
on the FPGA, with a base clock on each FPGA allowing for timestamping of the hits. A
maximal threshold count rate of 20 kHz per PMT is implemented by the FPGA, with
any recorded data that exceeds this threshold being discarded. This is referred to as the
‘high-rate veto’ and can reduce the signal from the bioluminescence of marine life, as
noted in Section 2.4.

A feed-through component for power and optical fibres for data transmission known
as a ‘penetrator’ is inserted at the top of the digital optical module. It is capped with a
‘break-out box’, which isolates the electronic components within the optical module and
connects to power cables and optical fibres on the outside. Also part of the optical module
is a titanium collar, used for mounting to detection units, described in the following

section.

An image of a digital optical module can be seen in Figure 2.3 (a), conveying the
photon detection area captured by the PMTs. A complete overview of the optical module
can be found in S. Aiello et al. (2022) [70].

2.2.2. Detection Units & Sea Floor Network

18 digital optical modules connected between two Dyneema® ropes form a structure
referred to as a ‘detection unit’. These fibre ropes are 4 mm in diameter and have an
extremely high tensile strength, allowing them to bear the load of the optical modules
while remaining quite light. The optical modules are spaced apart, with a spacing that
differs between KM3NeT/ARCA and KM3NeT/ORCA (described below). The optical
modules are interspersed along these ropes like the rungs of a ladder, and attached via
the titanium collar of each optical module. When deployed, these detection units are
aligned vertically from the sea floor. They are held upright through the buoyancy of
the optical modules, and additionally with a buoy at the top. This keeps the structure
relatively rigid, and attempts to reduce the movement of the topmost optical module
relative to the bottommost one due to sea currents.
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(a) (b)

Figure 2.3.: (a) The bottom view of a digital optical module, showing the coverage achieved
by the PMTs. The grey piezo sensor used for positioning calibration is visible left
of centre of the image. The titanium collar for attachment to a detection unit (see
text) is also visible. (b) An artistic impression of a KM3NeT detector building block,
comprising 115 detection units, each accommodating 18 digital optical modules. A
close-up of one optical module shows the titanium collar and external pressure gauge
meter. Missing in this image is the break-out box (see text). Also present in this image
is the sea floor network of optical fibres and electric power cables.

Along the ropes of each detection unit is a ‘vertical electro-optical cable’, a plastic
tube filled with oil to allow for withstanding water pressure in the depths of the Mediter-
ranean Sea. This cable contains copper wires for power transmission to the optical
modules, and optical fibres for data transmission to and from each optical module [17].
An anchor at the bottom of each detection unit contains a ‘base container’, housing
further optical components. Each detection unit is anchored to a junction box on the
sea floor network. These house electronics and (sometimes) acoustic calibration devices.
This network is fed power through a ‘main electro-optical cable’ which connects to a
shore station back on dry land. A network of separate acoustic emitters on the sea floor is
under construction as part of the KM3NeT infrastructure, used to calibrate the positions

of the optical modules in the water.

115 detection units (also colloquially termed ‘lines’) form a detector ‘building block’.
An illustration of detection units forming a building block, attached to a sea floor network

of power cables and optical fibres, is presented in Figure 2.3 (b).
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2.2.3. Detector Overview

KM3NeT/ARCA will consist of two building blocks upon completion, while the KM3NeT/ORCA
detector will be made up of one building block. These detectors will also differ in size.
KM3NeT/ARCA will have an average spacing between optical modules of 36 m, and

90 m between detection units on the sea floor. It will enclose 2 x 0.48 km®> of seawater,
optimised for detecting neutrinos in the TeV-PeV range. The research infrastructure for
KM3NeT/ARCA is located at at 36° 16’ N 16° 06" E at a depth of 3.5 km, 100 km offshore

of Portopalo di Capo Passero, Sicily.

KM3NeT/ORCA will exist as a denser configuration of the building block, with
an average spacing between optical modules of 9 m along a detection unit, and 20 m
between the detection units themselves. This geometry is optimised for the detection
of neutrinos in the few GeV to 100 GeV range (c.f. Figure 1.9). The sea floor network
for KM3NeT/ORCA is located at 42° 48’ N 06° 02’ E at a depth of 2.45 km, about 40
km offshore of Toulon, France. On completion, KM3NeT /ORCA will instrument about
6.7 x 10° m® of seawater, equivalent to 7.0 Mt.

The geometry of both detectors has been optimised according to their physics goals.
The modular design of the detection units allows for the same technology to be used to
construct two separate detectors.

2.3. Neutrino Event Description

The KM3NeT detectors aim to measure the Cherenkov light from particles, created by
neutrinos interacting in the enclosed volume of seawater. Different neutrino interactions
result in different three-dimensional profiles of light emission (and detection) in the

detector, and so different neutrino events can have a distinctive event ‘signature’.

Following the discussion of neutrino interactions in Section 1.2.2, a neutrino or anti-
neutrino v; of flavour  undergoing a charged-current interaction will produce a lepton
of the same flavour. The three neutrino flavours of Vs Ve, Vz CAN thus result in a muon p,
electron ¢, or tau lepton 7, and likewise for anti-neutrinos. These leptons can produce
Cherenkov radiation. For neutrinos which follow deep inelastic scattering interactions
(Section 1.2.2), the quark of the nucleon with which the neutrino interacts is freed, and
produces hadronic particles. These hadrons, with sufficient energy, can emit detectable
Cherenkov radiation, as can the products of their interactions. Deep inelastic scattering
is dominant for the energy ranges of neutrinos detected by KM3NeT /ORCA.
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The neutrino interactions described above can be categorised into event signatures of
different types, depending on their light-emission topology. Two of the most common
type of neutrino event signatures follow the nomenclature in neutrino physics of ‘track-
like” and ‘shower-like’ events, or more colloquially, ‘track” and ‘shower” events. They
will be described below. The use of this type of event classification is useful to separate
quite distinct events. Neutrino interactions in fact create event signatures which are
combinations of the two, and this type of event classification is merely a simplification of
what actually occurs.The energy and direction of these event types can be determined -
reconstructed - and used as a proxy to estimate the neutrino direction and energy. The
reconstruction software used by the KM3NeT experiment is described in Chapter 3.

A portrayal of the event signatures discussed in this section is given in Figure 2.4.
These neutrino event signatures are not to scale, nor are the detector components, they

are for illustrative purposes.

2.3.1. Track Events

The muons and tau leptons created in (anti-)neutrino interactions travel through the
KMB3NeT detectors in a straight line, with minimal momentum transfer to electrons due
to their large mass. The pattern of light deposited in the detectors follows the path of
these particles, which emit Cherenkov radiation in the form of a Cherenkov cone. These
straight-line events are referred to as track-like events. A pattern of detected hits which
follow this topology can be used to identify such particles (and hence the possible flavour
of the neutrino).

The length of muon or tau lepton tracks is dependent on their mass and energy.
Muons at rest have a lifetime before they decay of about 2.2 x 10 ®s. When travelling
near the speed of light they can travel large distances, depending on the energy, and
so produce long track-like signatures in the detectors. Tau leptons at rest have a much
shorter lifetime 0of 2.9 x 10 s and even when travelling near the speed of light create
much shorter tracks in the KM3NeT detectors.

Muons lose energy when traversing seawater through various means. These include
ionisation energy losses, the production of delta rays (ionised electrons which in turn
cause further ionisation) and photo-nuclear interactions (inelastic collisions with atoms).

According to Workman et al. (2022) [3], the average energy loss of muons with energy E
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Figure 2.4.: Event signatures of neutrino interactions in KM3NeT. The detection units are depicted
as black lines containing circular optical modules. Such diagrams are merely for
purposes of illustration. In (a) we see a muon track y, a typical event signature that
is reconstructed in KM3NeT. The muon neutrino or anti-neutrino involved in this
interaction can produce a hadronic shower at the interaction vertex, in addition to
the out-going muon. In (b) is a typical particle shower interaction, also known as
‘cascades’. The difference between hadronic or electromagnetic showers is described
in the text. Both neutral-current and charged-current interactions result in these event
types. Neutrinos or anti-neutrinos of all flavours produce such showers. Figure (c)
depicts a tau neutrino or anti-neutrino interaction, resulting in a tau lepton track T
between two showers. Such an event is referred to as a ‘double bang’. The tau lepton
can instead decay into a muon track.

in seawater, per unit distance travelled x, can be approximated by

dE
— - =atp-E. (2.6)
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This gives an effective energy loss described by both ionisation and radiative energy loss
processes. For lower energy neutrinos of 1-100 GeV (those detected by KM3NeT/ORCA),
ionisation losses will dominate for the created muons, whereas radiative processes come
into play at higher energies (e.g. for muons detected by KM3NeT/ARCA), with these
muons producing additional particle showers along their tracks (through e*e™ pair
production) or emitting bremsstrahlung radiation. At lower energies, muons and tau
leptons can be approximated as minimum ionising particles, where the particle energy loss
rate is close to the minimum. Using Equation (2.6) and reference values of a = 0.277 GeV
m ' and B =3.53 x 10" ¥ m ™! [69,73], a muon of energy 1 GeV will travel about 4 m in
seawater.

2.3.2. Shower Events

Electron neutrinos and anti-neutrinos can result in electrons and positrons created
through charged-current interactions. Muons can decay to electrons, whilst tau leptons
can decay to electrons, muons or hadronic particles. As mentioned, all neutrino inter-
actions which undergo deep inelastic scattering processes (both charged-current and

neutral-current interactions) can result in the creation of hadronic particles.

These hadronic particles decay into secondary particles of lower energy, which in
turn lead to further particle decay and production, and so on and so forth until there
is not enough energy in the system to create new particles. This avalanche of particle
decays and interactions is termed a shower, akin to air showers produced by cosmic rays,
as described in Section 1.1.2.

Each individual charged particle of the shower with sufficient energy may emit
Cherenkov radiation, which can be detected. These shower-like events appear as bursts
of light in a localised area of the detectors (compared to track-like events which traverse
greater distances). For lower neutrino energies, as detected in KM3NeT/ORCA, the
location of light emission is limited, due to the smaller volume in which the showers
develop. For higher energies, as detected by KM3NeT/ARCA, the showers may be
larger and more expansive. The Cherenkov light from these showers result in hits in the
detectors. The timing and position information of these hits can be used to reconstruct
the overall, average shower direction, energy, and vertex (the starting point of the
interaction). The difference between electromagnetic and hadronic showers is described
below.
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Electromagnetic Showers

The electrons and positrons produced by electron neutrino or anti-neutrino interac-
tions (or the decay of neutrino-induced muons or tau leptons) emit photons through
bremsstrahlung, the electromagnetic radiation resulting from the deceleration of charged
particles in the presence of the electric field of other charged particles. These photons in
turn may produce further electron-positron pairs through pair production, and the cascade
of particles continues. Such a cascade is referred to as an electromagnetic shower, since
these particles primarily interact via the electromagnetic force.

The point of shower maximum is where the most light is radiated by the whole shower,
this is where the average energy of the shower is insufficient in producing further
particles, and the shower begins to diminish in size. The radiation length X, describes
the characteristic amount of matter traversed for the processes of bremsstrahlung and
pair production in a particle shower, measured in g cm” 2 [3]. The length X of the shower

where it reaches maximum size can be expressed as

In EO/EC

X=X In2

(2.7)
Here, E is the energy of the primary particle and E_ is the critical energy, the energy at
which bremsstrahlung and ionization energy losses become equal. In water, the values

for X, and E_ are approximately 36 g cm 2 and 78.3 MeV (for electrons) [3].

Hadronic Showers

Hadronic showers are created at the interaction point of the neutrino, where the neutrino
interacts with a nucleon and hadrons are then produced. These particles are composed of
quarks and interact via the strong force. They in turn produce particle showers, which can
consists of both hadronic particles or electromagnetic sub-showers; the electromagnetic
sub-showers arise from electrons or photons (mainly coming from 7t0 decays) with
sufficient energy. Muons may also be produced in these decays (e.g. from charged pions);
these muon tracks are usually shorter than those produced by neutrinos due to their
lower energy. At lower energies in the GeV range, hadronic showers show more intrinsic
fluctuations in the number of emitted Cherenkov photons and in the angular distribution
of light in the detectors compared to electromagnetic showers [17]. In terms of event
signatures though, hadronic showers are still recognisable as localised areas of light
detection in the KM3NeT detectors.
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The light emission profiles of hadronic and electromagnetic showers are depicted in
Figure 2.5, in the radial and longitudinal direction (the longitudinal direction is along
the shower axis, the radial direction is perpendicular to it). The longitudinal extension
of the showers increases with the logarithm of the energy. The radial extension of the
shower is dependent on how much energy is in the system, and the scattering angle
between particles. At higher energies, relevant to KM3NeT/ARCA, the longitudinal
elongation of the shower becomes quite important in determining its direction and
energy (for electromagnetic and hadronic showers). In KM3NeT/ORCA the particle

showers resemble less expansive, localised bursts of light.
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Figure 2.5.: (a) Longitudinal and (b) radial light emission profiles of electromagnetic (red) and
hadronic (blue) showers in water, at energies of 4 and 40 GeV. The units of light
emission are arbitrary. From Adrian-Martinez et al. (2016) [17].

The point of shower maximum is also used in describing hadronic showers. For these
showers, only a fraction of the energy is converted to particles which emit Cherenkov
radiation. Some neutral particles may be produced which yield no light. The detectable
light can be referred to as the ‘visible energy’ of the shower (which is normalised to the
equivalent electromagnetic shower energy). A comprehensive description of modelling
hadronic showers can be found in Matthews (2005) [74] — although it refers to the cosmic
ray air showers of Section 1.1.2, it is relevant for hadronic showers caused by neutrino

interactions.

The tau neutrino and anti-neutrino are particular cases in terms of event signatures.
It has already been mentioned in Section 2.3.1 that tau leptons can resemble track-like
events. However, as for all neutrino flavours, tau (anti-)neutrino interactions will likely
result in the creation of a hadronic shower. In turn, tau leptons can decay hadronically

and electromagnetically. Hence, the distinguishing interaction signature of a tau neutrino
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or anti-neutrino is a hadronic shower, with a resulting tau lepton, which in turn results
in another particle shower, be it hadronic or electromagnetic. Such an event can be
referred to as a ‘“double bang’. Another possible event signature is the resulting tau
lepton showing a resulting muon track: a muonic tau decay. Such an event signature has
the potential to be classified and reconstructed as a track-like event or a shower-like

event.

2.3.3. A More Realistic Description of Neutrino Interactions: Track &

Shower Events

The spatial /geometrical differences between track and shower events allow for them
to be treated separately. However, at the neutrino energies of interest to the KM3NeT
experiment, for track events a hadronic shower is always created in the interaction
alongside a track signature (due to deep inelastic scattering, see Section 1.2.2). If this
shower is in the vicinity of the detectors, it can result in a detected light signal more
localised than that from a track. For example, muons produced by charged-current
neutrino or anti-neutrino interactions will emerge alongside a hadronic shower. By
considering both the track and shower components of this type of interaction and
determining their respective directions and energies, a more precise determination of the
direction and energy of the neutrino can be made. This in turn can lead to a more precise
estimate of the neutrino mass ordering. In addition, this gives a handle on determining
the fractional energy transfer, or inelasticity parameter, y (of Equation (1.3)). The same

logic can be applied to tau neutrino interactions.

2.4. Backgrounds

A major consideration for any physics experiment is the background signal. The data
arriving on shore from the detectors need to be processed to extract the neutrino events
of interest, and also to reduce the sheer volume of data received. For KM3NeT, there are
a few main background sources of light to consider, which can resemble the neutrino

event signatures described above.
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Potassium-40 decays

Potassium-40 (*’K) is a naturally occurring, radioactive isotope which undergoes two
possible radioactive decays. These are

YK 50 Cate + v,, (B — decay, branching fraction: 89.3%)
YK 4o - A+ v, (electron capture, branching fraction: 10.7%)
—H0Ar + Y.

In the B-decay channel, the electron produced can have an energy up to 1.3 MeV, and
so can produce Cherenkov light. In the electron capture channel, Compton scattering
with the photon produces electrons which may also produce Cherenkov radiation [75].
0K decays can contribute to a significant fraction of the hits recorded by PMTs in
the KM3NeT experiment. For example, K decays can account for ~ 4.7 kHz of the
PMT single hit rate (per second) in the KM3NeT/ARCA environment [69]. The total
background rate recorded per PMT in the KM3NeT experiment environment is 6-8
kHz [17], and so decays due to 40K can account for ~ 60-80% of the measured single hit
rates.

The nature of these decays in the KM3NeT detectors is random. Due to the localised
occurrence of these decays, they can be reduced from the data with simple filters (applied
on shore, as explained later in this chapter), such as considering hits from more than one

PMT on an optical module within a given time window.

Dark/Thermal Noise

There is a non-zero probability of thermal excitation of the PMT photocathodes, and the
subsequent release of an electron, resulting in a signal from the PMT. The presence of an
electric field also contributes to the possibility of electrons being accelerated inside the
PMT environment. It is estimated that electronic noise in the PMT, along with natural
radiation occurring in the glass of the PMT, can account for an additional single hit rate
of ~1.2kHz [69,76]. Thermal electrons can also be emitted from the anodes within
the PMT, resulting in a signal from the PMT. Since this thermal noise pulse is lower in
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amplitude than the thermal noise signal from the photocathode, the threshold signal
pulse height of the PMT attempts to remove this signal.

Bioluminescence

Bioluminescence is the emission of light by living organisms. This phenomena occurs in
various marine vertebrates and invertebrates, which dwell in the dark, deep sea. The
light produced by these organisms can have a large impact on the photon sensors of
KM3NeT, leading to light detection across one or more optical modules. Periods of
strong sea currents correlate with high burst rates of bioluminescence in the detectors.

Atmospheric Muons

For both KM3NeT/ARCA and KM3NeT/ORCA, which aim to identify the muon tracks
induced by neutrino interactions, a very significant background in the neutrino data
analyses comes from atmospheric muons. These muons, introduced in Section 1.1.2, are
created in cosmic ray air showers and travel to underwater depths and to the detectors,
producing Cherenkov radiation as they do so. The light signals from these muons are

identical to the muons produced from neutrino interactions.

Though the seawater surrounding and above the detectors provides a massive natural
shielding from background particles, including atmospheric muons, some atmospheric
muons still manage to reach the detectors. Due to energy loss processes, only high-energy
muons can penetrate greater depths. A measurement of the atmospheric muon flux at
underwater depths has been reported by the KM3NeT collaboration with data from the
tirst deployed detection units [77]. The integrated atmospheric muon flux as a function

of depth below sea level is shown in Figure 2.6.

An efficient method in removing atmospheric muons from the data in KM3NeT
is simply by rejecting all muons with a downward-going direction. Since the chance
of an atmospheric muon traversing the Earth is negligible, upward-going muons in
the detector are certain to be those from neutrino interactions. However, a fraction of

atmospheric muons will end up being mis-reconstructed as upward-going.

These atmospheric muons are far from simply useless background to KM3NeT. For
instance, they can be used for calibration purposes, as mentioned in Section 2.5.2. In
addition, these muons are invaluable to cosmic ray physics studies, as they provide a

means of comparing simulations - assuming a particular cosmic ray flux and air shower
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Figure 2.6.: The measured atmospheric muon flux as a function of seawater depth, from KM3NeT
(red points) and ANTARES (blue points). The systematic errors are shown as the
shaded pink region for KM3NeT, and as a blue shaded region for ANTARES. Also
included is the Bugaev model of the atmospheric muon flux as a dashed black
line, with uncertainties indicates by the grey shadowed area. From Ageron et al.
(2020) [77].

simulation model - to data [78]. The higher energy muons detected by the KM3NeT

detectors act as probes of the primary cosmic ray air shower interactions.

2.5. Data Acquisition

All hits recorded by the PMTs of the KM3NeT detectors, induced by neutrino signals or
background, are sent to shore via a network of optical fibres and processed in real-time
by a series of central processing units (CPUs). This is referred to as an “all -data-to-shore’
principle. The collection and processing of this PMT signal forms the data acquisition
stage of the KM3NeT experiment.

The optical fibre network allows for signals to be sent to control the optical modules
and detection units. A bandwidth (the maximum amount of data transmitted over a
given time) per optical module of 1 Gb/s is maintained. A relative timing offset of
no more than 1 nanosecond between each pair of optical modules are ensured by the
White Rabbit system which piggybacks on the network. This protocol ensures the time
synchronisation of nodes in the optical Ethernet network to a master clock on shore [70].
The White Rabbit functionality extends to the optical modules through a “White Rabbit
Precision Timing Protocol” core on each optical module’s FPGA. The clocks in the optical
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modules are syntonized (operate on equal frequencies) to the master clock, but not

necessarily synchronised (operating in phase).

The data from each optical module are sent to shore in data frames of a specified
time period, usually of 100 ms. The data frames from all optical modules covering the
same period are collected and sent to a node on the computer farm, and so different time
periods are processed in parallel. In addition to this continuous physics data, summary
data of the total number of hits per PMT are recorded with a sampling frequency of 10
Hz to inform on the actual optical conditions present in the detectors.

Acoustic data is also sent continuously from each digital optical module, in parallel
with the optical data. This acoustic data, recorded using the piezo sensor on each optical
module, can come from the acoustic emitters in the sea floor network or from other
sources such as marine life. These piezo sensors take data with a sampling frequency of
~ 195 kHz [70], which then transfer signal to the central logic board and then to shore
via the optical fibre network. ‘Monitoring data’ is used for real-time online monitoring;
this data shows for example the PMT rates. Additional information, termed ‘slow control
data’, is also sent to shore. This slow control data contains information from the compass
of the optical modules (e.g. yaw, pitch and roll information), and information such as the

internal temperature of the optical modules.

2.5.1. Data Filters & Trigger Algorithms

All optical data and acoustic data are processed by the on-shore series of CPUs. This
data flows through the following processes [79]:

DataQueue — DataFilter — DataWriter .

Acoustic data for a specific optical module is sent by the Acoustic DataQueue to the
Acoustic DataFilter, which performs a waveform selection depending on the desired
signal waveform being analysed. The time of arrival of the signals are written to disk for
positioning calibration purposes.

For optical data, the Optical DataQueue assembles the data from the same time period
and sends them to the Optical DataFilter process. Here the data is grouped into data
frames of 100 ms referred to as ‘timeslices’. The aforementioned summary data are
coupled to the timeslices to form ‘summary slices’. In the Optical DataFilter process
trigger algorithms (described below) are applied, to identify neutrino signal events from
the background signal. If the trigger algorithms identify possible neutrino signals in the
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timeslices, the first and last hit in the timeslice define the time window of a triggered
event. The triggered event is written to disk by the DataWriter as a 'DAQEvent’. Each
triggered event is collected alongside all hits in the detector 10 microseconds before and
after the first and last hits, respectively, to form a ‘snapshot’ of the event.

The total data rate for a detector building block of 115 lines will amount to about 25
Gb/s of data [17]. Assuming a background rate of 7 kHz per PMT (from potassium-40
decays and electronic noise), this amounts to ~ 22 Gb/s of background data. This is a
huge amount of data. In order to reduce the volume of data, and more importantly to
select neutrino signals in KM3NeT, various levels of hit correlation are employed to filter
the data.

Filter Levels

All hits, before any filtering or selection, are referred to as ‘L0’ hits, i.e. the level-zero
stage. Uncorrelated, random noise such as that from potassium-40 decays can be reduced
by selecting correlated hits in the same optical module. These ‘L1” hits can be collected
by selecting LO hits which coincide between different PMTs on the same optical module
within the same short time frame, usually within 10 ns'. Further level-two filters may
be used, accounting for the PMT orientations within the optical module on L1 hits,
resulting in ‘L2” hits. While neutrino events are more likely to induce L1 and L2 hits,
these hits still contain background signal. For example, of the estimated rate of L1 hits
per optical module of 1000 Hz, about 600 Hz is due to coincidences caused by potassium-
40 decays [17]. The remaining 400 Hz comes from random coincidences which can be
reduced by a factor of 2 in applying the L2 filter.

Trigger Algorithms

Neutrino-induced signal events in the KM3NeT detectors result in time-and-space-
correlated hits. Dedicated trigger algorithms make use of coincidences between corre-
lated hits to filter the data and extract neutrino signal events.

An important discriminator between background and signal events is in the maximal
three dimensional distance condition for light (from e.g. a neutrino-induced muon) to
travel through the detector. The difference in time between hits on PMT i and j should

!This value is used for physics purposes. For calibration work, longer time windows of up to 25 ns may
be used.
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be less than the time it takes for light to travel the distance between the PMTs. This can

be written as:

— — n
it —tj| < |x;— x5 - = (2.8)

where x indicates the position of the PMT, t represents the time of the hit, n is the
refractive index in seawater and c is the speed of light.

This condition can be made more restrictive when assuming a direction of travel of a

particle emitting Cherenkov radiation under an angle 0:

6= t)e = Gz =51 < (= )+ (5~ 9)?) tamec, 29)

with x, y, z denoting the position of the PMT. Finding a set of N hits that are pair-wise
correlated according to this criteria is the basis of the trigger algorithms. These algorithms
in turn employ cluster algorithms, to identify correlated hits — an example of addressing
the clique problem [80].

There are three main trigger algorithms implemented for the filtering of data arriving
on shore. Since neutrino events can be described by distinctive track and shower-like
event signatures (as discussed previously), the trigger algorithms take advantage of this
fact in discriminating neutrino events from background. These algorithms are as follows.

3DShower trigger. Here the maximal 3D distance is applied. A set of n causally
connected L2 hits are considered, on an m number of optical modules within a sphere of

radius r, corresponding to the maximal distance between PMTs.

3DMuon trigger. A scan over the full sky, and the directional filter condition of
Equation (2.9) is implemented. A set of n causally connected L2 hits are considered
within a cylinder of infinite length and radius R, on m optical modules. R can be
set to a few times the absorption length of light (how far light can travel in seawater
before it is absorbed). The directional condition assumes the direction of the muon,
and this constrained cylinder of hits is scanned around a grid of the full sky. Further
implementation of this geometry is used in the reconstruction software, outlined in later
chapters.

A ‘mixed’ algorithm is also used: the MXShower trigger. As shown in Figure 1.4, at
neutrino energies of ~7-100 GeV, deep inelastic scattering is the dominant interaction
mechanism. Many events have a signature which can resemble a track and a shower,

due to the creation of a hadronic shower in all interactions. This trigger aims to identify
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such events. In this algorithm, set of n causally related LO hits are considered within a

sphere of radius r, in addition to one L2 hit, on m number of optical modules.

The values of n, m, R are adjusted for the different trigger algorithms and KM3NeT
detectors. Example values in KM3NeT/ORCA for the 3DMuon trigger are: n =5, m =5,
R=120m,and n =5, m =5, r = 250 m for the 3DShower trigger.

2.5.2. Calibration Methods

As mentioned, the clock for each respective optical module is set to the time received
from the master clock (at the shore station). Time delays exist in the optical fibre network,

as it takes time for signals to travel to each optical module in a detection unit.

These time delays, and the transit time of the PMT, results in an overall PMT time
offset for each PMT in the detector. Calibration efforts within KM3NeT attempt to
correct for these time offsets (and others, described below), as well as in determining the
physical positions of the optical modules when operating in the sea. Calibrating these
time offsets in the detector with sub-nanosecond timing accuracy, and the positions with
an accuracy of 20 cm, allows for the KM3NeT experiment to achieve its science goals.
Each data run (a discrete period of data taking) is calibrated using the methods outlined
in this section.

A pre-requisite for timing calibration procedures is that all PMTs in an optical module
have the same required gain value, ensuring a homogeneous response for every PMT.
A procedure referred to as “high-voltage tuning’ is applied to PMTs in the laboratory
(before integration into an optical module) and during operation of the detector under
the sea, to set the PMT voltage which allows for an operational gain (see Section 2.1.2) of
3 x 10°. The voltage across each PMT is tuned such that the mean value of the resulting
time-over-threshold distributions corresponds to the required gain [70, 81].

Various methods are used to correct for the timing offsets. The dominant background
sources of atmospheric muons and K decays, both being well-understood signals,
provide excellent means of studying PMT time offsets.

Inter-PMT calibration

It is important to determine the relative PMT timing offset, which is the difference
between the PMT time offset and the digital optical module timing offset (defined below)
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for the optical module in question. Potassium-40 decays are taken advantage of to
determine the relative PMT time offset, from data taken in situ (i.e. data taken when the
optical modules are operating in the sea). The coincidence rate for a pair of PMTs, as a
function of the hit time difference between the PMTs, can be modelled as a Gaussian
distribution, the mean of which depends on the difference in time offsets between that
particular pair. A Gaussian distribution is used since the transit time spread of each
PMT can be approximated by a Gaussian distribution. These offsets can be measured by
titting Gaussian functions to data from potassium-40 decays. This inter-PMT calibration
method is outlined in Melis (2021) [69].

Inter-Digital Optical Module calibration

The purpose of inter-digital optical module calibration is to measure the time offsets of

individual optical modules on a single detection unit.

One method of measuring these offsets is in the laboratory pre-deployment, with a
laser pulse illuminating a number of PMTs per optical module. These light signals arrive
on the PMT of each optical module with a fixed time delay. The time at which the laser is
tired and the measured arrival time from the PMT provide these offsets so that the full
detection unit is calibrated in time [82, 83].

The nano-beacon of each optical module can be ‘flashed” for the purpose of measuring
timing offsets of optical modules. These nano-beacon pulses have enough intensity to
illuminate the optical modules on the same detection unit above the reference optical
module [84]. These nano-beacons are flashed when the detection units are operating

underwater.

Atmospheric muons also provide a means of time calibration for the detectors. One
calibration method utilising atmospheric muons for calibration is referred to as ‘L1 dt
calibration’. A likelihood function is used to describe the most probable time offsets
given a set of L1 hits across multiple optical module pairs in the detector, for L1 hits
from data and simulation [85]. This likelihood function is maximised to find the most
probable values of the time offsets between optical modules along a detection unit, given
a reference optical module. Maximum likelihood estimation is elaborated on in the
following chapter, and is used for reconstruction purposes.

A second means of calibration with atmospheric muons can be carried out by calculat-
ing the hit time residuals, the difference between measured L0 hit times and the expected
arrival time of light from atmospheric muons (discussed further in Chapter 3). In this
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procedure, hit time residual distributions are estimated for every pair of optical modules,
and their values are minimised for various detector configurations, which include optical
module positions and timing offsets. A large set of hit time residuals close to zero for
a given detector configuration indicates the most likely detector configuration (as time
residuals close to zero imply the atmospheric muons have been reconstructed accurately,
which occurs for a well-calibrated detector).

Acoustic Positioning Calibration

It is imperative to determine the real-time physical positions of the detection units
and optical modules once they are operating in the sea. The positioning of the optical
modules is required in the simulation and reconstruction of neutrino events, with the
most accurate knowledge of the positions of the optical modules resulting in the most
accurate determination of the neutrino direction and the true location of the resulting
Cherenkov light detection. A positioning accuracy within ~ 20 cm is aimed for in the
KM3NeT infrastructure [17]. This goes hand-in-hand with the aim of a timing accuracy
of 1 nanosecond; both the timing and positioning information of the hits need to be
known with these error margins.

As noted in Section 2.2.2, a network of acoustic emitters is under construction as part
of the KM3NeT infrastructure. This network includes autonomous beacons which reside
on tripods, and other acoustic emitters which are placed on the junction boxes of the sea
floor network. These all emit acoustic pings, a signal of known pulse shape, at a known
frequency. A model which describes the arrival time of acoustic pings on the optical
modules, dependent on the ping emission time and the location of the optical modules,
is fitted to the data. In this way the positions of the optical modules are determined.
These positions are subsequently used in the KM3NeT software packages, described in

Chapter 3. Such position and orientation calibration is carried out every ten minutes.

2.6. Research Goals

As outlined in the KM3NeT Letter of Intent (2016) [17], the primary goal of
KM3NeT/ARCA is the detection of high-energy astrophysical neutrinos of cosmic origin,
and the identification of astrophysical objects, including cosmic ray accelerators, as a

source of such neutrinos. In 2019, the IceCube neutrino experiment at the South Pole iden-
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tified a neutrino which may have originated from a known blazar, TXS-0506+056> [86].
Though the astrophysical neutrino was found to be coincidental with the time and direc-
tion of a gamma ray flare from the blazar with a significance of 3.50, a 5¢ discovery of
a neutrino coincidental with the direction of an astrophysical source remains an open
challenge.

In 2013, the IceCube Collaboration reported a measurement of a neutrino of extra-
galactic origin [87]. Figure 2.7 shows the discovery sensitivity of KM3NeT/ARCA to a
diffuse neutrino flux corresponding to the signal measured by IceCube, as a function of
observation time. The black and red lines indicate the track and shower-like signals in
the detector, respectively. The blue line is the significance for the combined signal as a
function of time. Clearly, KM3NeT/ARCA offers an extremely competitive discovery
potential to the field of neutrino astronomy, claiming a 5¢ discovery potential in little over
half a year. Note that this figure may be understating the potential of KM3NeT/ARCA, as
improvements have since been added to the KM3NeT software and analysis procedures.
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Figure 2.7.: The discovery significance of KM3NeT/ARCA to the diffuse neutrino flux, as re-
ported by IceCube, as a function of observation time. In black is the track signal, in
red the shower signal, and in blue the combined sensitivity from both signals. Also
indicated is the error on both channels. From Adrian-Martinez et al. (2016) [17].

Located in the Northern Hemisphere, KM3NeT/ARCA will be strategically posi-
tioned to study neutrinos coming from the Galactic Centre of the Milky Way, a location
of nearby potential neutrino sources. This detector will also contribute to the multi-
messenger network that is being established across the globe: a collaboration of various

experiments detecting different astrophysical messengers of photons, gamma-rays, neu-

?A blazar is a relativistic jet of material emitted from an active galactic nucleus (AGN): the compact
region of a galactic centre with a high electromagnetic radiation output.
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trinos, cosmic rays and gravitational waves, in order to carry out astroparticle physics

and astronomy.

One means of characterising a neutrino detector is by the number of neutrino events
KM3NeT/ARCA will detect, given a detector volume and assumed neutrino flux. This
is referred to as the “effective area’ of a detector, and can be defined as

. Rtriggered (Evl )

SE,) (2.10)

Aeff ( Ev, )
where Ryjjgoereq is the rate of neutrino events detected at the trigger level and @ is the
flux incident upon the Earth, both as a function of the neutrino energy and flavour E,, .
The expected effective area of KM3NeT /ARCA is shown in Figure 2.8 as a function of
the neutrino energy, for the three neutrino flavours. The events shown here have passed
through the trigger algorithms used to identify neutrino events. The Glashow resonance

(see Section 1.2.2) is visible for the electron neutrino channel.
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Figure 2.8.: The expected effective area of KM3NeT/ARCA for the three neutrino flavours,
as a function of the neutrino energy, averaged over neutrinos and anti-neutrinos
and including charged and neutral-current interactions. The Glashow resonance,
described in Section 1.2.2, is visible for the electron neutrino channel. Taken from
Adrian-Martinez et al. (2016) [17].

The primary focus of KM3NeT/ORCA is the determination of the neutrino mass
ordering, described in Section 1.2.4. It has been estimated that after 3 years of data taking,
KM3NeT/ORCA will achieve a 4.4¢ sensitivity to the neutrino mass ordering if it follows
normal ordering, and 2.3¢ if the neutrino mass ordering follows the inverted ordering.

This sensitivity is shown in Figure 2.9.
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A precise measurement of the neutrino oscillation parameters 6,3 and Am%Z is ex-

pected, narrowing the uncertainty range of these parameters given in Figure 1.11. 6,5 is

expected to be precisely measured to [+1.9°,—3.1°] for normal ordering and [+2°,—7°] for

inverted ordering [88]. A measurement precision of 85 x 10% eV or 75 x 10 eV? is

expected for normal or inverted ordering, respectively, for Am%z. Figure 2.10 indicates the

precision of KM3NeT/ORCA in determining these values, compared to other neutrino

oscillation experiments. These expected results were determined in 2021. Updates to the

reconstruction and analysis methods have improved since, improving the results.
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Figure 2.9.: The sensitivity of KM3NeT/ORCA to the neutrino mass ordering as a function of
time for both potential orderings: inverted ordering (blue) and normal ordering (red).
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Figure 2.10.: Expected precision of KM3NeT/ORCA to the neutrino oscillation parameters of 03
and Am%z, for 3 years of data taking, for both potential mass orderings: (a) normal
ordering (b) inverted ordering. Also shown are the expected precision contours for
other experiments. Taken from Aiello et al. (2021) [88].
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KM3NeT will also contribute to cosmic ray physics. Serving as an atmospheric
muon detector, measurements of atmospheric muon properties such as the flux will
contribute to the field. Since the detectors are at two different locations at different depths,
KM3NeT/ARCA and KM3NeT/ORCA offer a unique measurement of atmospheric

muons at different depths with the same experiment.

Considering the environment in which KM3NeT is located, collaboration with sea

science institutes is also made possible with this experiment, e.g. in monitoring marine
life.

2.7. Current Status

By the time this thesis has come to publication, some of the following information may be
obsolete. KM3NeT/ARCA is currently operating with 28 detection units on the sea floor.
KM3NeT/ORCA is taking data with 18 deployed detection units. These sub-detectors of
KM3NeT are referred to as “ARCA-x"/ ‘ORCA-x’, with x the number of detection units.

As an indication of the potential for KM3NeT, the simulated effective area is shown in
Figure 2.11 for ANTARES and the KM3NeT/ARCA-6-21 detectors as a function of energy,
for only the muon neutrino and anti-neutrino channel. KM3NeT/ARCA operated with
6 detection units in May 2021, before the deployment of additional detection units up to
September 2023. ANTARES [89] is the predecessor to KM3NeT, an underwater neutrino
detector distributed over 0.1 km?, which operated from 2008 to 2022. It incorporates a
different technology to KM3NeT, with a single 10-inch PMT forming the optical module,
3 of which are clustered together. With a limited number of detection units, all of
the ARCA-few-line detectors (which comprise only 3-9% of the envisaged complete
detector) show a better expected performance in the energy region of interest compared
to ANTARES.

Another sign of great potential from KM3NeT is in the measurement of 6,3 and
Am%z by the KM3NeT/ORCA-6 detector. ORCA-6 took data between January 2020
— November 2021 before the addition of more detection units. Figure 2.12 shows the
precision in measuring these parameters from the ORCA-6 data [91]. This amounts to
510 days of data, and taking into account the instrumented volume of the detector, the
data-taking time is presented as 433 kton-years of data. A comparison is also shown
compared to a previous, preliminary analysis of 269 kton-years worth of data from the
ORCA-6 detector [85].
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Figure 2.11.: The effective area of KM3NeT/ARCA-6-21 and ANTARES as a function of en-
ergy for the muon neutrino and anti-neutrino channel. Even with a few detection
units, KM3NeT shows similar or better performance compared to ANTARES, its
predecessor. From Muller et al. (2023) [90].

As KM3NeT/ORCA expands in size, its precision in measuring neutrino oscillation
parameters of interest becomes greater. With 115 detection units, we recover the precision
of Figure 2.10.
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KM3NeT/ORCAG6 Preliminary
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Figure 2.12.: The precision region to measuring 6,3 and Amgz from ORCA-6 data (solid line and
best-fit point), in comparisons to other neutrino oscillation experiments [91]. The
precision as determined from a previous analysis (dashed line) is also shown [85].
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Chapter 3.

Physics Models & Reconstruction

In this chapter, the methods and physical models required for simulating events in the
KM3NeT detectors are described. The simulations employed to do so incorporate our
current understanding of the KM3NeT detectors and the physics of the measured signal
and backgrounds. Confronting these simulations with the data allows for validating
the physical models used, for understanding the detector response to the signal, and for

testing software and improving measurements of the desired signal.

Reconstruction procedures are applied to both simulated data and data recorded by
the detectors themselves, in order to estimate the direction and energy of track-like or

shower-like events. These procedures are also described in this chapter.

3.1. Simulation Chain in KM3NeT

The sequence of software programs used to simulate and reconstruct KM3NeT data is
here referred to as the ‘simulation chain’. The various stages of the simulation chain will
be described in this chapter. Particular attention is given to the parameterised description
of the atmospheric muon flux, and to the reconstruction methods used, since they form

the background knowledge for later chapters.

The simulation chain follows the order of the following (informally named) stages:

Generation — Light — Trigger — Reconstruction.

In the generation stage, either neutrino interactions are simulated and their resulting
particles are tracked through the KM3NeT detector in question, or the atmospheric

61



62 Physics Models & Reconstruction

muons from cosmic ray air showers are simulated. These particles are then propagated
through the detector and their Cherenkov light and detected number of photo-electrons
by the PMTs is simulated in the light stage. In the trigger stage, the detector response is
simulated, and the trigger algorithms are applied to filter simulated events of interest.
The triggered events, composed of hits produced by the various particles, are then
used in the reconstruction stage to determine the direction and energy of track-like or

shower-like events.

The detector configuration is defined throughout the simulation chain using specific
detector files, defining the number of PMTs and their position, orientation and timing
offset. Information on the PMT quantum efficiencies, gain and timing offsets is defined in
a separate PMT parameters file. This PMT information is usually set to nominal values or
else updated following the calibration procedures outlined in Section 2.5.2. The positions
of the optical modules can be simulated as static (e.g. if the positions are not known)
with some default rotation, or are determined through acoustic position calibration
(see Section 2.5.2); the correct positions and rotations can be deduced from the acoustic
fit model parameters stored in separate files. This detector and PMT configuration
information is used in the light, triggering and reconstruction software and is thus
relevant to both simulations and recorded data.

All simulations are based on the concept of Monte Carlo methods. These methods are
used in simulations, including the simulation chain stages defined above, to produce
a set of n simulated data points, distributed according to some probability density func-
tion. These functions describe the probability that a random variable will fall within
a particular range of values in the sample space. A random sequence of numbers is
used to construct a sample of a population, ‘pulled’ from (i.e. generated according to)
these probability density functions. Monte Carlo methods are described in detail in e.g.
Metzger (2002) [92]. They are alluded to in this chapter, for example in the generation of

neutrino events and the simulation of atmospheric muons from a parameterised flux.

In the simulation chain, some software programs take advantage of pre-calculated
tables of the expected number of photo-electrons as a function of the photon arrival time
on a PMT. These tables are widely applicable in the simulation chain, since they provide
a means of simulating the number of detectable photo-electrons in the light stage, and
in defining hit probabilities to be used in the reconstruction procedures outlined later
in this chapter. In the following sections, the method used in calculating the expected
number of photo-electrons for these tables is first described, followed by the simulation
chain in detail.
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3.2. Photo-Electron Distributions as a Function of the

Photon Arrival Time

The KM3NeT collaboration makes use of distributions which describe the expected
number of photo-electrons recorded by a PMT, as a result of Cherenkov light from a
muon or a particle shower. These values are saved in the form of data look-up tables.
Throughout this thesis, these tables shall be referenced. For the sake of brevity, these

tables will be referred to as ‘photo-electron distribution tables’.

The number of photo-electrons recorded by a PMT at a particular time, resulting from
various Cherenkov light emission processes, can be deduced through different methods.
One means of doing this is to simulate (using Monte Carlo methods) the exact number of
photo-electrons recorded by PMTs in the KM3NeT detectors for a given event type, such
as a muon track or particle shower, for a specific set of parameters describing the event
(such as direction, energy, and position relative to the PMT). This requires an extensive
and repeated simulation of such events, in order to get a smooth, tabulated distribution.
Another means of doing so is through analytical formulae which describe the expected
photo-electron yield at a given time for muon and particle shower events. Using such
formulae derives from first principles but requires some approximations to simplify
things. This latter method is used to produce these tables of photo-electron distributions.
These tables are produced within the Jpp software framework, a set of software tools,
methods and applications in the C++ programming language, used within the KM3NeT

collaboration.

3.2.1. Coordinate System

The photo-electron distributions as a function of the arriving photon time are defined
and calculated according to a specific coordinate system, namely one in which the muon
or shower direction is pointing along the z-axis of the standard Cartesian coordinate
system [93], as shown in Figure 3.1. The extrapolated muon or shower trajectory passes
through the coordinate origin (0,0,0). The PMT is positioned in the x — z plane, with an
orientation defined by the angles 6, and ¢ ,. The angle ¢, is mirrored around the x — z
plane. The distance of closest approach R is defined as the minimal straight-line distance
between the muon or shower and the PMT. For the shower however, it is more intuitive
to use the distance from the Cherenkov light emission point to the PMT, denoted by D.
The angle 6, represents the angle under which the light is emitted.
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Figure 3.1.: The coordinate system in which the photo-electron distributions, according to muon
track or shower events, are estimated. The muon or shower points in the z-direction,
with the PMT described by an orientation according to the angles (6, ¢,,) and a
position in the x — z plane. The distance of closest approach between the PMT and
muon or shower is represented by R, such that the PMT is located at position (R,0,0).
The distance between the light emission point and the PMT is denoted by D. 6 is the
emission angle of light. The compass directions are used to illustrate possible PMT
orientations, described in Figure 3.2. Figure taken from M. de Jong (2012) [93].

3.2.2. Calculation of the Number of Detectable Photons

The number of detectable photons are calculated for direct and single-scattered Cherenkov
radiation, assuming a muon or a particle shower. The ingredients entering this calcu-
lation are summarised in this section. Accounting for single-scattered radiation is an
approximation, though the scattering length in water is large enough to justify this [93].

The calculation of multiple-times-scattered radiation is even more complex.

Assuming a light cone from Cherenkov radiation, with the characteristic Cherenkov
emission angle 6, = 0 (as per Equation (2.3)), the number of detectable photons per
unit area (where x is the unit track length) and per unit wavelength at a distance R can
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be expressed as [93]

d*N 1
®o(RA) = i 3R s o’ G1)

following from Equation (2.4).

For particle showers, hadronic and electromagnetic showers are treated in the same
way. The number of detectable photons N per unit shower energy E and per unit

wavelength A can be expressed as

N dx d’N
dEdA ~ dEdxdA’

(3.2)

where x is the equivalent track length per unit shower energy. The angular distribution

of light emission from an electromagnetic particle shower can be parameterised as [93]

dP, —c. €b| cos fy—cos 0 —cos O |" ) (3.3)
d cos Oyd e

where 6 is the emission angle of light — considering the averaged emission angle of
light from particles in the shower, this is not necessarily the Cherenkov angle 6. Here,
¢o is the angle of the PMT with respect to the shower, and 4, b and c are determined
constants. The parameter c is defined such that P, (the light contribution) is normalised
to unity for the full solid angle.

The number of detectable photons per unit wavelength, per unit energy and per unit

solid angle can thus be expressed as a function of the angle of emission by

A*N  dP,

@ ) = .
1(cos 60, A) = TEIX Teos Oydy

(3.4)

The ionisation and radiative energy loss of the muon is given by Equation (2.6). In
addition, the energy loss due to secondary electrons (those generated as a product of
ionisation) referred to as delta rays can be found in Zeyla et al. (2020) [3]. These equations
are used to modify the calculation of the number of detectable photo-electrons in ;1;_%\'

incorporating muon energy loss processes.

The coordinate system defined above is used to define the derivative of the arrival
time of light on the PMT as a function of the wavelength, i.e. 6t /JA.
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3.2.3. Numerical Computation & Examples

For direct Cherenkov radiation from a muon, the distribution of photo-electrons as a

function of the incident photon arrival time is given by

dP _
at

®y(R,A) A (%) e QE(N) e At g/ (3.5)
Here, A is the photocathode area of the PMT, ¢ is the angular acceptance (the sensitivity as
a function of incident angle) of the PMT, d is the distance travelled by the radiation, QE is
the quantum efficiency (see Equation (2.5)), and A, and A, are scattering and absorption
length parameters, respectively. The quantum efficiency and angular acceptance are
included to account for the light detection efficiency. This equation is shown as an
example of such a calculation. The same distributions for shower light and for muonic
energy loss processes are calculated in a similar manner, for both direct and single-
scattered radiation.

These functions are evaluated numerically, involving multi-dimensional integrals.
Their values for a set of muon or shower and PMT parameters in the parameter space are
stored in the form of data tables. The use of multi-dimensional interpolations provides
access to the values, their derivative and partial integrals [94]. The PMT response to
detecting the light can be accounted for by convoluting the arrival times according to a

Gaussian distribution with a width equal to a chosen PMT transit time spread.

While these distributions describe the number of photo-electrons per nanosecond, the
total number of photo-electrons up until a given time can also be calculated and stored in
data tables. These cumulative distributions are useful when calculating the total number
of hits to expect on a PMT given a particular source of Cherenkov radiation, and are
used in the software used to simulate the light stage of the simulation chain.

Two examples of the number of photo-electrons per nanosecond (dP /dt) as a function
of the time difference between the arrival time ¢ and the expected arrival time of light ¢
on a PMT are illustrated in Figure 3.2.

This quantity
At =t—ty, (3.6)

is referred to as the time residual. The value of the time residual is zero when the

observed arrival time coincides exactly with the expected arrival time. For the muon, the
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Figure 3.2.: The number of photo-electrons per nanosecond as a function of the time difference
between the actual and expected arrival time of light, assuming a Cherenkov cone
hypothesis, for (a) muon light and (b) light from an electromagnetic shower. The
energy used is 10 GeV, with a distance from the emission point to the PMT D of 50 m
for the shower. A cosine of the emission angle cos 6, = 0.7 is assumed for the shower.
Reproduced from M. de Jong (2012) [93].

expected arrival time of light on a PMT due to Cherenkov radiation is defined as

Rtan@

(= ———=, (3.7)
where c is the speed of light in vacuo and 6. is the characteristic Cherenkov angle. The
value of 6 used (for direct Cherenkov radiation) is ~42.565°, calculated as an average
over a range of wavelengths. Here t( represents the shortest path for Cherenkov light to

reach the PMT from its emission point along the muon trajectory. Appendix A contains a



68 Physics Models & Reconstruction

derivation of t; . For the case of an electromagnetic shower,

_b-n (3.8)

tshower —
0 C

where 7 is the refractive index. It is also derived in Appendix A.

The number of photo-electrons as a function of the time residual for a muon and
particle shower are shown in Figure 3.2 (a) and (b), respectively. An energy E =10 GeV is
used for both cases, with R = 50 m assumed for the muon, while a cosine of the emission
angle cos 0, = 0.7 is assumed for the shower with a distance between the shower and
the PMT of D= 50 m. Other parameter values, such as that of the angular acceptance,
are the same as in M. de Jong (2012) [93]. In Figure 3.2 (a) the total number of expected
photo-electrons as a function of the time residual, as a result of direct and scattered light
from the muon, direct and scattered light from electromagnetic showers along the muon
track, and direct and scattered light due to delta rays is shown. In the case of Figure 3.2
(b), the total number of expected photo-electrons as a function of the time residual, for
direct and scattered light from an electromagnetic shower, is shown. Four different
PMT orientations, determined by the values of (6,,, ¢,,) are used, corresponding to the
orientation displayed in Figure 3.1.

For a PMT orientated “West’ or ‘South’ (looking at the event), direct and scattered light
is detected, with a sharp peak at At ~ 0 ns. In the case of the PMT oriented ‘East’ or ‘North’
(looking away from the event), scattered light alone is detected. These orientations and
the resulting light yield are determined by the coverage of the track segment by the PMT.
Note that the electromagnetic shower results in more light arriving at the PMT than from

a muon in this example.

3.3. Event Generation

The term ‘event’ is used in this section to refer to the primary particles (such as neutrinos
or cosmic rays) which are generated with a unique timestamp, and the associated

particles which result from their interactions.

3.3.1. The Can

The ‘can’ is an imaginary volume around the instrumented volume of the detector (be it
KM3NeT/ARCA or KM3NeT/ORCA). The can serves as the volume in which Cherenkov
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radiation from particle interactions may reach the detector. Taking the instrumented
volume of the detector as a cylinder, this volume is then enlarged by a number of
times the absorption length of light in seawater to obtain the can. All of the events
leading to Cherenkov radiation in the can are stored for the subsequent particle and light

propagation stage of the simulation chain.

The interaction volume is the volume in which a neutrino interaction can produce
detectable particles, and is either larger than or the same as the can volume, for the cases
of track-like and shower-like events, respectively. In the case of charged-current electron
neutrino interactions and all neutral-current interactions (so, shower-like events), the
interaction volume is the same as the can, where light may reach the detector. In this
case the target media of the interaction volume are the most abundant elements found in
seawater. For track-like events, these may be detected even if the neutrino interaction
occurs outside of the can. The interaction volume is defined using the maximum range of
a muon in rock and water. Since tau neutrino decays may result in muons, the interaction
volume for charged-current tau neutrino interactions are also treated using the maximum
muon range. The interaction volume for track-like events is a cylinder made of a layer
of rock and a layer of seawater. For atmospheric muons, on the other hand, these are
simulated starting from the point where they enter the can.

3.3.2. Event Weights

The particles one wishes to generate, be they neutrinos or primary cosmic rays, are
usually generated according to an energy spectrum from which the energy of the particles
is sampled. The energy spectrum used in particle generation may not be the same as
the physical energy spectrum. For example, for high-energy particles one expects fewer
particles as the energy is increased. Using a physical spectrum would result in few
particles at high energy and result in wasting computational resources on the lower
energy ones. A ‘non-physical’ flux is often used, where the physical spectrum can be
re-obtained through event weights. Important physical effects, such as the neutrino
interaction cross section and oscillation of neutrinos after passage through the Earth, are

accounted for in this ‘non-physical” flux.
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The event weight is calculated from

1

f ( E,0, ¢) generation
1

f( E.O ¢) generation /

W

event —

. f(E, 0, (P)physical ;

W, =

generation

where W, et is the event weight, W,

generation

vent is the generation weight and f(E, 6, ¢)
represents the spectrum, which depends on the energy E and the zenith and azimuth
directions 6 and ¢, respectively. In this formulation, the spectrum according to which
events are generated takes into account normalisation terms, such as the number of
events generated and the direction and energy ranges considered. Calculating the event
weight allows for simulating high-statistics samples of events across a wide energy range,

and allows for changing the physical flux without re-generating events.

3.3.3. Neutrino Interaction Simulation

In simulating neutrino events, the neutrino is generated at a vertex position within the
interaction volume, where it produces other particles. The neutrino energy is sampled
from an energy spectrum of the form dN/dE « E~ 7. The energy spectrum can be
for atmospheric neutrinos, or cosmic neutrinos from astrophysical sources such as
diffuse, point-like or extended sources. The neutrino direction is assumed to be isotropic.
The scattering angle of the neutrino and its momentum transfer to target nucleons
are sampled from the relevant cross section models. All three neutrino flavours are
simulated, for both charged and neutral-current interactions. In practise it is sufficient
to simulate the neutral-current interactions for one flavour only and weight the events

correctly, since neutral-current interactions will lead to the same final state particles.

The neutrino vertices may be simulated on a surface outside of the interaction volume.
This is done for example by the gSeaGen [95] software program, a GENIE [96]-based
code for simulating neutrino interactions for the purposes of neutrino experiments
such as KM3NeT. The generated neutrinos then interact within the interaction volume.
GENIE is developed to simulate neutrino interactions for neutrino oscillations studies,
particularly in the few-GeV energy regime. Within gSeaGen, differential cross sections
for radiative processes and nuclear interactions are computed. As of 2021, gSeaGen has
been extended to be applicable to simulating neutrino interactions from energy ranges of
MeV to PeV [97], and can simulate neutrinos coming from diffuse, point-like or extended
sources. gSeaGen is the standard software package used for simulating events in the
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KM3NeT/ORCA detector. All neutrino simulations mentioned in later chapters of this
thesis make use of gSeaGen.

GENIE relies on parameterised models for the different scattering processes and en-
ergy regimes to describe neutrino-nucleon scattering. Another program, KM3BUU [98],
acts as a wrapper around the GiBUU neutrino simulation tool [99], which splits the
neutrino interactions into electro-weak scatterings and the subsequent propagation of
generated particles through the nucleus. GiBUU provides an alternative means of sim-
ulating neutrino-nucleon interactions. Relevant for simulations of KM3NeT/ARCA
events, Genhen [100] generates neutrino interaction vertices anywhere inside the inter-
action volume. It is a FORTRAN-based neutrino simulation code which was used by
the ANTARES collaboration and also for KM3NeT /ARCA neutrino event simulations,
before the high-energy extension of gSeaGen.

These programs can use external propagator software to propagate muons from
charged-current muon or tau lepton neutrino interactions to the can, if the interactions
occur outside of the can but the muons can still travel to it. For muon propagation,
MUSIC [101] or PROPOSAL [102] can be used. Tau leptons are propagated under the
assumption they are minimally ionising particles, and their decays are simulated with
the TAUOLA [103] software.

3.4. Cosmic Ray & Atmospheric Muon Simulation

For the simulation of atmospheric muons, two main approaches are used. One may
arduously generate primary cosmic ray interactions and track the resulting particles
from the interactions. Such an approach requires models to describe the hadronic,
electromagnetic, and low-energy interactions of the particles forming air showers (see
Section 1.1.2). One such program to simulate cosmic rays and their resulting air showers
in detail is CORSIKA [104]. Particles ranging from protons to heavier nuclei such as
iron are treated as primary cosmic rays. The particles produced in their interactions
are tracked through the atmosphere, including atmospheric muons. These atmospheric
muons are simulated to sea level, and then propagated using external software to the
can. CORSIKA encapsulates our physical understanding of cosmic ray air showers in
the choice of hadronic and electromagnetic interaction models it uses. It provides a
means of studying the cosmic ray or atmospheric muon flux and the accuracy of the
hadronic or electromagnetic interaction models used. Such an approach requires a lot of

computational resources.
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Alternatively, one may parameterise the atmospheric muon flux at the depths of the
KMB3NeT detectors. Such an approach is a far quicker means of simulating atmospheric
muons, by simulating events using Monte Carlo methods from parametric equations
which describe the atmospheric muon flux at a certain depth. A disadvantage of this
method is the parameterised model is tied to a specific flux and to specific interaction
models. One such program to simulate atmospheric muons in this way is MUPAGE [105,
106]. The following sub-section is dedicated to MUPAGE, since it forms the basis of
Chapter 4.

3.4.1. Parametric Muon Flux Simulation with MUPAGE

MUPAGE is a fast atmospheric muon bundle generator (a group of muons ‘bunched’
together forms a bundle), which generates muons on the surface of the can according to
a specific parameterisation. It may be used for underwater or in-ice neutrino detectors.
Parametric equations within MUPAGE describe distributions of the atmospheric muons,
as a function of depth, in terms of the flux (number of particles arriving per unit area
per solid angle per second), lateral spread (radial distance from the bundle axis), single
muon energy spectrum and multiple muon energy spectrum (the energy for muon
bundles is treated separately from that of single muons, which dominate the flux).
MUPAGE is valid from 1.5 — 5.0 km of vertical depth in water, and for a zenith angle
from 0° (completely down-going atmospheric muons) to 85° (where 90° implies muons
coming directly from the horizon). It incorporates the multiplicity of the bundles, i.e.
the number of muons in each bundle. The parameters which form the parametric
equations of MUPAGE are tuned to a cosmic ray air shower simulation with resulting
atmospheric muons, produced with the HEMAS [107] (Hadronic, Electromagnetic and
Muonic components in Air Showers) simulation software, which is similar to CORSIKA.

One can vary the values of the parameters within MUPAGE in order to acquire
a better description of the data from the KM3NeT experiment. Such a procedure is
described in the following chapter. There are multiple reasons for which MUPAGE does
not completely describe the KM3NeT data. The HEMAS air shower simulation that
MUPAGE is tuned to originates from 1990. The hadronic and electromagnetic interaction
models used for cosmic ray air shower simulation have advanced since. Comparisons of
the muon multiplicity simulated by HEMAS and CORSIKA have been shown to agree at
a level of 10% [106]. In turn, HEMAS and the parametric distributions of MUPAGE are
compared and cross-checked to data from the MACRO experiment [108]. The MACRO
collaboration used a transition radiation detector to measure the energy of single and
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multiple muons, reaching the detector at different depths below the surface in rock. The
parameterisations within MUPAGE have been shown to agree to the MACRO data at
a level of 5% [106]. The data set from the MACRO experiment is from 2002, and the
default MUPAGE parameterisations will not necessarily describe atmospheric muons
measured by KM3NeT, measured at different depths and in a different medium.

The “tuning” of MUPAGE parameters to KM3NeT data is described in Chapter 4.
The relevant parameters for the tuning procedure are highlighted below. For a detailed

description of the 40(!) free parameters within MUPAGE, please consult Becherini et al.
(2006) [106].

Flux Parameterisation

The parametric formula to describe the flux of muon bundles with multiplicity m, at a
vertical depth 4 (in kilometres water equivalent = 10° kg m %), and given zenith angle ¢

(in radians) is given by

p(m;1,0) = I;“Zi? (39)
¢ is given in units of m 2s ter
For single muons,
¢(m =1;h,0) = K(h,0) = Ky(h) cos§ - eF1(1)sect (3.10)
with
Ky(h) = Ky, - K5, (3.11)
Ki(h) =K, -h+Kyp. (3.12)

The fraction of the multiple muon flux with respect to the single flux is given by

v(h,0) = vy(h) - e"1(Msect (3.13)
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with

vo(h) = v, - H* +vgp - h+ g, (3.14)

vy(h) = vy, - e (3.15)

The other parametric equations in MUPAGE follow the same form as the ones presented
here. The parameters K, K;, and vy, are used to tune the parameterised atmospheric
muon flux, as described in Chapter 4.

Lateral Spread Parameterisation

In cosmic ray air shower interactions, secondary particles are produced in clusters, with
most of the energy concentrated in the very forward region, coinciding with the shower
axis. As a consequence, in muon bundles, the most energetic muons are expected to
arrive closer to the axis of the shower, following the energy distribution of the parent
particles. Thus, one can parameterise the energy of muons in a bundle using their radial
distance to the shower axis R (the lateral spread).

A variable M which relates to the multiplicity m is used. It is defined as

M=m, ifm<3

: (3.16)
M=4, ifm>4

The average radial distance (R) (in metres) is parameterised within MUPAGE as a
function of h (depth), M, and 6 (zenith angle), as

(R) = p(h,6, M) = po(M) - 1" - E(6). (3.17)

(R) decreases when & increases, as only the most energetic, penetrating muons reach
greater depths underwater or in ice, which are closer to the cosmic ray air shower
axis. For a given depth, (R) decreases with increasing multiplicity, again relating to the
more energetic muons originating from high-energy air shower particles, focused in the
forward direction. In addition, (R) does not depend on the zenith angle 6 below ~ 50°,
then it decreases with increasing 6 [106].
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The parameter p, is used for the tuning procedure, and is defined within the equation

Po(M) = pg, - M+ pgp - (3.18)

Energy Spectrum - single muons

The energy spectrum of single muons is treated separately from that of multiple muon
bundles. The energy loss processes of single muons along the shower axis with energy
E,, per depth X, are described using Equation (2.6), with the parameters « for ionization
energy losses and B for radiative energy loss. The parameter f is used for the MUPAGE

tuning procedure.

The expected energy distribution for the number of single muons N of energy E,, at
a depth X, is written as [106]

dN

d(ogE,) 0 5 [Ey+e(1—e P77, (3.19)

where 7 is the spectral index of the primary, parent particles and € = «/ . The normal-

ization factor G is defined as
G(’)/, ﬁ, €) =2.30- (’y — 1) . 6771 . 3(7*1)'/3’)( . (1 — e*.B'X)(’Yfl) . (3.20)

Here € and the muon energy are in units of TeV, and -y is dimensionless.

Within MUPAGE, 7 is parameterised as

v =7(h) = -In(h) + 7, (3.21)

with 7, used for the tuning procedure also.

Energy Spectrum - multiple muons

For the case of multiple muons, an equation similar to the single muon case, Equa-
tion (3.19), is used. In this case however, 7%, " and €* are used to distinguish from
the single muon case, and depend on the multiplicity M and the radial distance to the



76 Physics Models & Reconstruction

shower axis R, as well as on the vertical depth / and the zenith angle 6 [106]. In brief:

dN

_ . F BX1=) *01 _ B X\
i(ogyo E,) G-E,e [E,+e (1—e )T (3.22)

The parameters by, and dy, relating to " and €” respectively, are also tuned in Chapter 4.

Parameter Values

The default values of the parameters relevant for the tuning procedure of Chapter 4 are
presented in Table 3.1, in the syntax used by MUPAGE. For the full list of MUPAGE
parameter values, please refer to Table C.1.

Parameter | Value
KO0a 0.0072
Kla -0.581
K1b 0.034
nila 0.03
nilb 0.470
BETA 0.420
gl 3.961
RHOOb 28.26
B1b 6.124
DOb 3.955

Table 3.1.: Default values of the MUPAGE parameters, used to tune to KM3NeT data. The syntax
of the parameter names within the program is used here. From Carminati, Margiotta
and Spurio (2008) [105].

3.5. Cherenkov Light Emission & Detection

Following event generation and particle production, the Cherenkov light emission by
these particles, its propagation through seawater, and its detection by the PMTs is
simulated, resulting in the detected number of photo-electrons per PMT.

There are two main methods used to carry out this function. The cumulative number

of photo-electrons recorded by a PMT at a given time can be estimated from the data
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tables described in Section 3.2, for either track or shower event parameters with respect
to the PMT. Thus for these events types, and including direct and single-scattered light,
the number of photo-electrons recorded by each PMT is evaluated. This is carried out by

a program called JSirene, an application within the Jpp framework.

The advantage of this method to evaluate the number of photo-electrons is that the
number of photo-electrons can be readily estimated from pre-existing tables. A more
detailed - but slower - procedure tracking the individual particles and photons and
evaluating the number of photo-electrons induced by each one can be carried out instead.
This offers a more complete description of each individual photon and the resulting
number of photo-electrons on each PMT, in particular at the few-GeV energies relevant
for KM3NeT/ORCA where there are fewer photons and multiple interaction processes
at play. One such program to do this is KM3SIM [109], a program which propagates all
particles separately - including photons - using the GEANT4 [110] particle simulation
package. In both of these methods, the detector response is included in the form of the
PMT quantum efficiencies.

3.6. Triggering and Detector Simulation

As outlined in Section 2.5.1, trigger algorithms are used to extract physics events from
data, which is dominated by background signals. Tracks, particle showers or mixed
track and shower event signatures (mentioned in Section 2.3) are identified. A program
called JTriggerEfficiency within the Jpp framework performs this task of applying
the trigger algorithms and filtering the simulated data (into LO, L1, L2 hits), in the same
way that is done for actual data. The events that pass the trigger conditions are stored
as triggered events, again in the same way that is done for the data. Hits due to K
decays are also added to the simulation. In this simulation stage the detector conditions
following from calibration procedures can be included, in order to properly simulate the
timing and position of the hits in the detector. The detector response is incorporated in
this stage of the chain as the PMT rates and PMT quantum efficiency values.

Often, simulating a particular data-taking run is required, when one wishes to simu-
late the exact detector response for a given period. This includes the specific detector
conditions such as the PMT quantum efficiencies, the levels of high-rate veto, and the
measured background rates. The specific trigger algorithms implemented during a run
are also used in this case. This is referred to as ‘run-by-run”’ mode, where the trigger
algorithm parameters, background rates and statuses of the PMTs are read from the data



78 Physics Models & Reconstruction

and used to simulate the same data set in the given run. Such a procedure is used in

Chapter 4 to simulate the atmospheric muons detected for a specific detector run.

3.7. Reconstruction

In order for KM3NeT/ARCA to achieve its goals of identifying and discovering the
sources of astrophysical neutrinos (and cosmic rays), the direction and energy of cosmic
neutrinos needs to be determined, to associate neutrinos with a likely source. For
KM3NeT/ORCA, the direction and energy needs to be determined for many events
to provide sensitivity to oscillation parameters and the neutrino mass ordering (see
Chapter 1). Thus, it is imperative to reconstruct properties of the neutrino such as its
direction and energy.

Since we do not observe the neutrino directly, our best handle on the neutrino
direction and energy is in reconstructing the direction and energy of the products of its
interaction, which usually take the form of the event signatures described in Section 2.3.
We reconstruct the direction and energy of tracks, electromagnetic showers and/or
hadronic showers associated with neutrino interactions to estimate these same properties
for the neutrino. As described in Chapter 2, the KM3NeT experiment provides the
arrival time of photon-induced hits in the detector. These hits have associated positions,
according to the positions of the optical modules within the detectors. Thus we know
the time, position and amount of charge associated with hits, and from this information
need to determine the event signature type, and its direction and energy (as a proxy for

the neutrino).

To reconstruct an event requires fitting a model (in fact, model parameters) to data. A
model describing a muon track or a particle shower can be compared to data to estimate
how well the model describes (or ‘fits’) the data. Model parameters can include the
direction, energy, vertex position and time of the event to be reconstructed. Means of
parameter estimation (i.e. model fitting techniques) are outlined in this section, followed
by a description of the methods used to reconstruct track-like or particle shower-like
events in the KM3NeT detectors.
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3.7.1. Parameter Estimation

Parameter estimation is a procedure used to obtain an estimate on the value of the
model parameter 6, with an associated error z in the form 6 & z. Parameter estimation is
described in detail in e.g. Metzger (2002) [92]. Methods of parameter estimation are used

in reconstructing the model parameters of track-like and shower-like events.

Maximum Likelihood Estimate

The likelihood function L(x;6) describes the probability to obtain the outcome x, given
the parameter (or parameter set) 0. For a set of n independent measurements x (with
the individual measurement x;,i=0,1...n) sampled from a probability density function

f(x;0), the likelihood function is given by

n
L(x;0)=]]f(x:0). (3.23)
i=0
The value of 8 which best describes the model f will be that which results in the maximum
value of the likelihood. This best estimate of 6§ implies an unbiased one, with minimum

variance [92].

The likelihood function can result in extremely small or extremely large values. To
make life computationally easier, the minimum value of the negative log-likelihood ¢
can be found instead (which also results in a sum rather than a product of values). It is

defined as

=—InL(x;0) = — ilnf(xi;(?). (3.24)
i=1

A common issue in maximum likelihood estimation for non-linear systems is the
starting value problem - where one begins the fitting procedure in order to determine the
global maximum of the likelihood in the parameter space, where the best estimate of
the model parameters lie. Depending on the shape of the negative log-likelihood in the

parameter space, local minima may exist which should be avoided.
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Least Squares Fitting

Consider N linearly-related data points x;, y;, with uncertainty on y; given by ¢;, and
a functional relationship of the form y = f(x,a,b) where a and b are parameters to be
determined. The values of a and b can be found by minimising the following chi-squared

function:

2=y b fGabl (3.25)
i=1 7i
This procedure of minimising the difference between data points and their expected
value is called ‘least squares’ fitting. When the model is nonlinear, the same equation
can be used. In that case, if the deviations y; — f(x;,4,b) are normally distributed, the
best estimate from this method is the same as from maximum likelihood estimation [92].
If the deviations are not normally distributed, the method of least squares fitting is less
desirable, and a minimisation of the log-likelihood is preferred in giving a best estimate

of the model parameters.

M-Estimators

Least squares fitting can be prone to influence by outliers, i.e. data points several standard
deviations from the expected mean. Functions referred to as M-estimators can be defined
which negate the influence of outliers. These are a broad category of functions which

aim to minimise a function of the form

N
M=) p(x;,0). (3.26)
i=1
These functions have the form p(z) with a minimum at z = 0, and flatten at higher values
of z [69].

3.7.2. Hit Probabilities

The maximum likelihood principle maximises the product of probability density func-
tions which describe expected measurements, given model parameters. The probability
of obtaining hits (the measurements) in the KM3NeT detectors can be defined. These
can in turn be used to define likelihood functions to be maximised. The tables of the
number of photo-electrons as a function of the arrival time of light for muon or particle
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shower events, described in Section 3.2, readily provide values for these functions, for
specific values of track or shower model parameters. In this section some definitions of
hit probabilities are provided.

The Poisson probability for the number of occurrences k of a discrete random variable
X , with parameter A the expected value of X, is given by

AR et
PPoisson (k|)\) = k! . (3-27)

The probability of detecting the number of photo-electrons n,,, on a PMT, given an

p.e.
expected number of photo-electrons 71, can be found following Poissonian statistics. The

probability to detect at least one photo-electron on PMT i is

L =, (3.28)

Defining n(t) as the number of photo-electrons detected by PMT i at a given time ¢,
the probability of observing a hit in the time window [t;, f,] is

. _rh .
phit — 1 g~ Jy (0t (3.29)

This can referred to as the “hit PMT’ probability.

The ‘non-hit PMT’ probability is the chance of observing no hits on the PMT in the

time interval [t;, t,], given by

. t
ppomhit = Jiy n(®)et (3.30)

Another useful quantity is the probability density function for obtaining the first hit
on a PMT in some time interval between t; and t,, given by the ‘first hit probability
deHSity’ P first hit-

N0

pfirsthit _ (1) . (3.31)

1 _ ethotal '
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N(t)(= | ttl n(t) - dt) is the cumulative number of photo-electrons up to that given point
in time, and N, is the total number of photo-electrons in the considered time window.

—N, . . .
The term 1 — e "%l normalises the above expression to unity.

The values of n, N(t) and N, can be obtained from the photo-electron distribution
tables described in Section 3.2. The hit probabilities defined in this section can be used
to define likelihood functions for detecting hits (or no hits) on a PMT. Although not
explicitly stated, the probability definitions above reflect the probability of obtaining
hits or no hits on a PMT for the specific track or shower model parameters under

consideration.

The time residuals used to obtain values from the photo-electron distribution tables
are considered in the reconstruction software within specified time windows around the
t
that of a track or shower, given in Section 3.2. The values of t,,;,, t,,,,, are usually chosen

value of the expected arrival time ¢ of [f, + ¢ to follows the definition for

mins to — max]'
in the range of approximately [-100, 500] ns respectively, reflecting the distributions
shown in Figure 3.2.

3.7.3. Muon Track Reconstruction

The parameters to be reconstructed for the hypothesis of a muon track in the KM3NeT
detectors are the direction of the muon, its energy, and the time and position at which
the first detected light is emitted (the ‘start position”). The start position is often not the
same thing as the interaction vertex, since this can lie outside the detector. The ‘stop
position” of the track is in turn the last point at which detected light is emitted. The
distance between the start and stop point of the track defines the track length. For a
minimum ionising particle, as per Equation (2.6), the track length is proportional to the

energy and is a useful estimate for it.

Fitting muon parameters is no exception to the starting value problem in maximum
likelihood estimation. How do we begin to fit all of these parameters? As a solution, an
initial fit (a “prefit’) is carried out to determine the direction of the muon, where a scan
over starting point directions is made, resulting in a set of prefit candidates which are
used for more accurate direction fit procedures. Doing this reduces the complexity of the
problem. In turn, it is easier to reconstruct the start position and the energy of the muon
track separately (rather than direction, energy and start and end points all at once).
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Reconstruction Chain Ordering

Multiple algorithms are used in sequence to reconstruct the aforementioned parameters.
This sequence of algorithms is referred to as a ‘reconstruction chain’. The algorithm

names and their functions are summarised in Table 3.2.

Function Algorithm name

Prefit direction estimate JMuonPrefit

Intermediate direction fit | JMuonSimplex

Full direction fit JMuonGandalf
Track length estimate JMuonStart
Energy estimate JMuonEnergy

Table 3.2.: Stages of the track reconstruction chain and the corresponding program name.

These algorithms and their usage are subject to development. At the time of writing,
two different sequences of these reconstruction algorithms are used for track reconstruc-
tion in KM3NeT/ARCA and KM3NeT/ORCA. The different orderings are a result of
investigations into the speed and performance of these algorithms when applied to the

different detectors.

For KM3NeT/ARCA, the track reconstruction chain is as follows:

JMuonPrefit — JMuonSimplex — JMuonGandalf — JMuonStart — JMuonEnergy.

For KM3NeT/ORCA, the track reconstruction chain is as follows:

JMuonPrefit — JMuonSimplex — JMuonStart — JMuonGandalf —

JMuonStart — JMuonEnergy.

For KM3NeT/ORCA the track length is estimated twice, since it is a useful constraint
in determining the direction of the muon track. This track length inclusion in the direction
fit is part of the work for this thesis and is described in Chapter 5. After the direction
is determined, the track length is estimated again for further accuracy. The fitting
procedures in this reconstruction chain are described in further detail below. Throughout
the chain, the coordinate system used is the same as that in which the photo-electron

distribution tables are evaluated, with the direction of the track along the z-direction.
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Direction Prefit

An initial fit is made over more than a thousand directions, isotropically distributed over
the sky, with a chosen grid angle between directions. The position and time of the muon
track are estimated for each individually assumed direction using an iterative procedure
to minimise a )(2 function, as a function of the time difference between the arrival time
and the expected arrival time, assuming a Cherenkov cone hypothesis. At the minimum

of this function, the model parameters best describe the data.

For each direction, the coordinate system of Figure 3.1 is used to define the expected
arrival time of photons on the PMT. This arrival time ¢; is

R -tan 6,

t=ty+—~ — ( :

), (3.32)

as derived in Equation (A.12), with z; the distance to the z = 0 plane, c the speed of light
in a vacuum, and 6 the Cherenkov angle. The distance of closest approach between the
muon trajectory and the PMT is given by R, defined as

Rj = \/ (x; = x0)* + (¥, — %0)*, (3.33)

where (x(, ) is the position of the muon travelling in the z-direction when it crosses the

z =0 plane.

The time difference between all pairs of consecutive hits i, j can be described using
the relation
£ — b7 = 2(t; — t))ty = xF — x7 — 2(x; — x;)x 63
2 2 '
+y; ¥ =20y~ yilvo.

as derived in Appendix B.

This equation can be solved using a least squares minimisation. A cluster of causally
related hits is selected from the data in order to limit effects induced by background
signal. The possible outliers are removed if their contribution to the total X is larger
than 3 standard deviations. In this particular algorithm the best fit is determined by
a quality parameter, according to which the fits are sorted, from best to worst. This

quality parameter Q is defined as

1 2
Q = NDF — Zﬁ’ (3.35)
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where NDF is the number of degrees of freedom in the fit.

Dividing by the number of degrees of freedom is carried out in order to be able to
compare the fit directions with small associated hit statistics and fit directions with a
large number of hits. The division by 4 is chosen to provide sufficient separation between
the qualities of the individual fits [111].

Intermediate Direction Fit

The program JSimplex performs an intermediate fit of the muon trajectory to data. All
hits within a specified distance R and time window are used to compare the arrival time
with the expected arrival time due to Cherenkov light from a muon track. In the case of
multiple hits from the same PMT, the earliest hit is used. An M-estimator as a function
of the time residuals is minimised. This step has been found to improve the speed in the
following direction fit for events in the KM3NeT/ORCA detector.

Advanced Direction Fit

Here, the final value of the position and direction of the track is estimated. Taking as
input a chosen number of fits from the previous algorithm, a scan is performed around
the corresponding track hypothesis and the maximum likelihood method is used to
evaluate the track direction and position. The photo-electron distribution tables for

muon light are used in this fit procedure.

The expected arrival time of Cherenkov light from a muon, and the resulting time
residual At = t;;; — 9P s estimated for each hit. All the first hits in the detector are
considered within a cylinder of radius R, and within a time window of [-50,450] ns. The
track length, if already determined, is used to define the length of the cylinder. If not, the
track and cylinder in which hits are considered is treated as infinitely long.

The probability that a hit is only caused by background signal is estimated using
Equation (3.31) for an estimated time residual At, using a constant background rate r
(which can be given as input to the program, or read from the input data). The likelihood
that a hit was caused by background only is

background
Ly, =—1In [P 57" (At 1)] . (3.36)
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Similarly, the probability that a hit resulted from a muon-like signal is found using
Equation (3.31), where the probability values are obtained from the muon photo-electron
distribution tables. The likelihood of obtaining a first hit on a PMT, including background,
given the track parameters (E, R, 6, ¢, At) is

ignal back d
Loy =—In[P50 (E,R,6,¢,At) + Po 50 (AL, 1)], (3.37)

where ‘s+b” stands for signal plus background. The function to be minimised takes the
form
Ly
A= In : (3.38)
Y In(s2)

first hits

This is the same as the maximum likelihood estimation procedure, with an offset in the
likelihood value induced by the background likelihood.

The track parameters which result in the minimum value of A are the most compatible
with the signal hypothesis and least compatible with the background-only hypothesis. A
is minimised using the Levenberg-Marquardt method [112,113]. Following this proce-
dure, the direction, time and position of the track is estimated. The quality parameter
g = —Aminimum 1 used as an indicator of the quality of the fit. The larger the value, the
better the fit. This parameter is used in Chapter 4 of this thesis.

Track Length Estimate

The hits within a cylinder of pre-defined radius and within a defined time window
are back-projected onto the track under the Cherenkov angle. The hits that exceed a
pre-defined signal-over-background threshold along the track are used to identify the
start and end point of the track. The vertex position of the track is then moved to the

determined start point.

Track Energy Estimate

An iterative search within a pre-defined energy range is carried out. A likelihood
function is defined using the hit PMT and non-hit PMT probabilities of Equation (3.29)
and Equation (3.30), respectively. The photo-electron distribution tables for muon light
are used to provide estimates of the probabilities for the track parameters. The energy
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resulting in the maximum of the likelihood within the sampled energy range is taken as

an estimae of the muon energy at the track starting point.

3.7.4. KM3NeT/ORCA Shower Reconstruction

A separate series of algorithms are used to reconstruct the energy and direction of
particle showers in KM3NeT/ORCA. These make use of the electromagnetic shower
photo-electron distribution tables of Section 3.2. Particle showers at the energy range
detected by KM3NeT/ORCA tend to be quite localised, and reconstructing their energy

and direction can be difficult.

Again, the starting value problem makes this fit procedure difficult. An attempt
is first made to estimate the vertex position. The point of shower maximum (defined
in Section 2.3) is the brightest point of the shower. It is approximated as the shower
position. A hit selection of L2 and L0 hits which satisfy the criteria of Equation (2.8) is
carried out, to minimise background. For hits i and j of position and time (x;, y;, z;, t;)

and (xj,y;,zj,t;), respectively, the vertex (xo, Yo, Zo, ) is estimated from

(t;- - t6)2 = (x]' - x0)2 + (yj - ]/0)2 + (Zj - ZO)Z' (3.39)

Here, t’ = nct; and ty = ncty. An estimate of the vertex position and time is again carried
out using an M-estimator of the time residuals, similar to the intermediate direction fit in

the track direction estimation.

As a next step, photo-electron distribution tables pertaining to the isotropic emission
of light by a shower - without a direction and assuming an expanding bright point for
the shower signature - are used to determine the shower vertex position and time of the
event. These tables are pre-defined, in addition to the ones described in Section 3.2. To
estimate the vertex position and time, a likelihood function similar to Equation (3.38)
is minimised, using only first hit probabilities. For this case of a particle shower, the
parameters D (distance from the vertex to the PMT), cos d (the emission angle of the
light), At (the time residual between the actual and expected arrival time of the light) and
E (shower energy) are used. The signal hypothesis likelihood is added to the background
hypothesis likelihood:

Loy = —In[PIE (D, cos 8, At, E) + Press8 (A, )] . (3.40)
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In the next steps of this shower reconstruction chain, the direction and energy are
determined. The isotropic photo-electron distribution tables are used for a prefit of
the energy. Using the hit PMT and non-hit PMT information (Equation (3.29) and
Equation (3.30), respectively) and the isotropic photo-electron distribution tables, the
hit PMT and no hit PMT probability are used to determine a likelihood function to be

minimised, for a pre-defined energy range.

A prefit of the shower direction is then carried out, using the (directional) electromag-
netic shower photo-electron distribution tables of direct and scattered light described in
Section 3.2, with all previous estimates of the energy and vertex as starting points. In
this step the hit and non-hit PMT probabilities are evaluated. This fit is then carried out
again over all parameters to determine the energy and direction of the particle shower

using the electromagnetic shower photo-electron distribution tables.

Fitting shower parameters at lower energies is clearly a complex procedure. A more
thorough overview of the Jpp shower reconstruction algorithms can be found in Domi
(2019) [114].

3.7.5. KM3NeT/ARCA Shower Reconstruction

A separate reconstruction algorithm is used to determine the direction and energy of
particle showers produced by high-energy neutrino interactions, namely those detected
primarily by KM3NeT/ARCA. This algorithm, named aashowerfit, uses the hit and
non-hit PMT information and assumes an expanding sphere for the shower topology.
A description of this algorithm can be found in Melis et al. (2018) [111]. It has recently
been updated and expanded to use the first hit information to improve its performance,

and also for the reconstruction of tau neutrino event signatures [115].

3.7.6. Quantifying the Performance of Reconstruction Procedures

It is useful to quantify how well parameters of interest have been reconstructed by
reconstruction procedures. One way of doing this is recording the errors associated with
the fitted parameters, with these errors usually provided by the minimisation algorithms.
Another useful metric for how well a quantity has been determined is the resolution.
The angular resolution and energy resolution are briefly defined in this section, as they
will be referred to frequently in later chapters.
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Angular Resolution

A valuable metric for quantifying the performance of the direction reconstruction is the
angular resolution, conveying the accuracy in which the direction of the reconstructed
event can be determined. The angular deviation can be defined as the angle between
the true direction and the reconstructed direction. For two vectors A and E, the angle A8
between the two vectors can be found using the dot product between the two vectors:

A-B
A6 = arccos (_,—_,) ,
|A||B|

where | A| and |B| denote the magnitude of both vectors, respectively.

To illustrate the angular resolution, the angular deviation Af can be calculated for
every reconstructed event, resulting in a two-dimensional distribution of Af as a function
of the event energy. Taking quantiles of this distribution, such as the median, can
illustrate the angular resolution as a function of energy. Such plots of angular resolution
can be found in Chapters 5 and 6. This quantity is expected to improve (become smaller)
as the energy of the event in question increases, as more energetic events produce more
hits in the KM3NeT detectors, and with more information the ability to determine the

direction should improve.

Energy Resolution

There are various means of illustrating the energy resolution resulting from reconstruc-
tion efforts. A useful metric for signifying how well the energy has been reconstructed
is

logy (%) ’

the logarithm to the base 10 of the reconstructed energy divided by the true energy. The
closer the value is to zero, the closer the true energy is to the reconstructed energy. This
offset 1og, Eeco — 1083 Eirue can be referred to as the bias.

The quantity 10g;, (Eeco/ Eqrue) can be shown as a function of the energy. One
expects the reconstructed energy to become closer to the true energy as the energy
increases, as there are more hits deposited in the detector, providing more information
for the reconstruction procedure. The width of 108, (Ereco/ Egrue) as a function of energy
indicates the energy resolution, with a more narrow spread around the median value
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indicating a smaller error margin. The standard deviation ¢ can be used to quantify the

width. Such illustrations of the energy bias/resolution are shown in Chapters 5 to 7.



Chapter 4.

Tuning the Parametric Atmospheric
Muon Flux Simulation to KM3NeT Data

In this chapter, efforts to tune the parametric equations describing the atmospheric muon
flux within the MUPAGE program to KM3NeT data are presented. MUPAGE is used to
generate atmospheric muons in the KM3NeT detectors by describing the generated flux
through parametric equations. An overview of the atmospheric muon simulation with
MUPAGE can be found in Section 3.4.1. The atmospheric muons generated by MUPAGE
according to its internal parameterisation are propagated through the simulation chain
described in Chapter 3, from which we extract simulated observables in the detector. These
physical observables can be for example the atmospheric muon zenith angle distribution
or the reconstructed muon energy distribution. The observables obtained from the
simulation are used to tune the MUPAGE parameterisation to KM3NeT data.

This tuning method is proven to be successful, resulting in a better agreement be-
tween the distributions of observables in the KM3NeT/ORCA-6 data and those in the
simulation, for the considered data-taking period. These tuned parameters are then used
to simulate a larger data set over a longer time period, and are again shown to improve
the description of the KM3NeT/ORCA-6 data. An outlook is given at the end of this

chapter, including possible improvements to the tuning procedure.

4.1. Motivation

To illustrate the need for tuning the MUPAGE parameters to KM3NeT data, Figure 4.1
shows the level of agreement between the un-tuned MUPAGE simulation and data from
the KM3NeT/ORCA-6 (sub-)detector for select observables. The nominal values of

91
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all MUPAGE parameters are used here, i.e. those listed in Table C.1. The observables
shown are the reconstructed cosine of the zenith angle distribution (the angle in which
the muons impinge on the detector, from completely down-going (cos(0,cpi) = -1) to
completely up-going (cos(f ,oniin) = 1)), the reconstructed energy (the energy of the muons,
as evaluated by the track reconstruction software), the number of overlays (the number
of simultaneous triggers caused by an event), the number of triggered hits, and the track
reconstruction quality parameter. The quality parameter is the value of the likelihood
from the JGandalf muon direction reconstruction procedure (see Section 3.7.3).

For this tuning of MUPAGE parameters to data, it is beneficial to limit the ranges of
the distributions such that one is not tuning on background noise or mis-reconstructed
events. Therefore, the range of the reconstructed zenith angle is limited to cos(0,epin) =
[-1,0.5]. The muons reconstructed with an upward-going direction are mis-reconstructed.
In addition, the reconstructed energy range is limited to [5, 10°] GeV. Take note of the
‘double bump’ feature in the reconstructed energy distribution. This is thought to come
from the small detector size. With a reduced distance in the horizontal direction, there is
a limit to the maximum reconstructed track length of the muon. Thus, muons with an
energy reconstructed proportionally to the track length (as a minimum ionising particle)
have a maximum bound. The left bump is thought to come from such muons, creating an
artificial two bump feature. This feature is seen in other analyses of KM3NeT /ORCA-6
data. With regards to the number of overlays, the pattern shown here is thought to be
a result of many events inducing simultaneous triggers that are multiples of 3. With 3
trigger algorithms (see Section 2.5.1), events appear more likely to be triggered upon by
multiples of all three algorithms.

These observables are shown for a particular data-taking run in Figure 4.1, as an
example to motivate the need for tuning of the MUPAGE parameters to data in order to
improve the agreement between the data and simulation. For example, the simulation
and data for cos(0,.n;n) > -0.6 are not in very good agreement, and the same holds
for atmospheric muons with reconstructed energy > 10° GeV. There is also a clear
difference between the simulation and data for the reconstructed quality parameter. For
the atmospheric muons which are completely down-going, the data value differs from

the simulation by ~ 8.5%.

The parameters within MUPAGE are ripe for tuning, having never been tuned to
KMB3NeT data before. And so, in this chapter, the approach to tuning the parameters
within MUPAGE to improve the description of observables in KM3NeT data is described.
The strategy in choosing parameters to tune is outlined in the following section. These
parameters are selected and tuned on KM3NeT/ORCA data. The choice to tune on
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Figure 4.1.: The distributions of the (a) cosine of the zenith angle, (b) reconstructed energy, (c)
number of overlays, (d) number of triggered hits and (e) quality parameter (i.e. the
reconstructed likelihood), comparing the data from a select ORCA-6 data run and
the simulation, for the nominal MUPAGE parameter values. The ratio of the data
to the MC is also shown. These distributions are the focus of the MUPAGE tuning

exercise of this chapter.

KM3NeT/ORCA-6 data was made due to the availability of high quality, well-calibrated
data at the time. The level of agreement between the data and MUPAGE simulation
before and after tuning is quantified using a chosen metric.
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4.2. Methodology

From the distributions shown in Figure 4.1 above, it is apparent that both the shape
and scaling can be adjusted to bring about a better agreement between the data and
simulation. Of the 40 free parameters within MUPAGE (see Table C.1), a select few
are identified which have a sizeable impact on the shape or scale of the distribution of
some observables. This is achieved by simulating the observables for the set of default

MUPAGE parameter values, and then altering the values of one parameter at a time.

The simulation chain of

MUPAGE — JSirene — JTriggerEfficiencyRunByRun

— Muon Track Reconstruction Chain

is chosen to simulate reconstructed observables in KM3NeT data. All of these simulation

programs are described in Chapter 3.

4.2.1. Identifying Impactful MUPAGE Parameters

This procedure of varying MUPAGE parameters compared to the nominal value is carried
out for simulated KM3NeT/ORCA-4 data, which was available at the time, in order to
identify the parameters with the most impact on the observables. The ORCA-4 detector
operated from July 2019 to January 2020, before the addition of two more detection units
to make ORCA-6. 10,000 atmospheric muons are simulated for each MUPAGE parameter
at its nominal (un-tuned) value. The same simulation is carried out using 3 times the
default value and 1/3 of the default value (to ensure a wide range of values is covered).
The number of muons being 10,000 is chosen for a statistically significant effect, to ensure
that changes in the resulting distributions are not due to statistical fluctuations but due
to the new parameter values. Altering the parameter values affects the processing time,
since the generated flux is altered and thus the lifetime (the time taken to generate the
required number of particles) of the atmospheric muon simulation changes. For the cases
where the processing time was enormously affected, 2 times and 0.5 times the nominal

parameter value are considered instead, to save processing time.

The parameters which are found to have the most noticeable impact on distributions
of observables are K,, K;,, V13, Pop, B, b1p and dg,. The effect of varying the parameter
v, on the simulated observables is shown in Figure 4.2 as an example. The results
for the other parameters are presented in Appendix D. Varying K, simply scales the
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distributions with no effect on their shapes. The parameter vy, affects the shape of the
reconstructed zenith angle, reconstructed energy and number of overlays in different
ways. The range of zenith angles in these figures is from 0° — 180°, with in this case 180°
meaning completely down-going atmospheric muons. The effect on the multiplicity,
the number of muons in a muon bundle, is also shown. The number of overlays acts
as a proxy for the multiplicity, which is available in the simulation but not (directly)
measurable in the data. The number of overlays relating to the multiplicity can be
understood by individual clusters of causally-related hits in the detector being caused by

separate muons in the bundle (depending on the lateral spread of muons in the bundle).

The distributions of the reconstructed zenith angle, reconstructed energy, number of
overlays and multiplicity are shown for the nominal parameter value in MUPAGE, as
well as for the samples in which the parameter value has been varied. These distributions
are presented as the rate of events (number of events per second) as a function of a range
of parameter values. Underneath each distribution is the ratio of the default value
distribution to the altered distribution. The statistical error bars on the nominal value

points are included.

The parameters K, K;,, and vy, pertain to the parameters used to describe the atmo-
spheric muon flux, the parameter p, relates to the lateral spread of muons in a bundle,
while S is used to parameterise the single muon energy spectrum. The parameters by,
and dy, parameterise the multiple muon energy spectrum. Please refer to Section 3.4.1
for a reminder of the parametric equations in MUPAGE. As can be seen, these MUPAGE
parameters affect all of the observables in non-trivial ways. There are degeneracies in
how these parameters affect the same observable, for example between pg;, and d;,. This

already makes the exercise of tuning parameters to KM3NeT data non-trivial.

4.2.2. The Significance Test

For the process of varying MUPAGE parameters, propagating the events through the
simulation chain to the reconstruction stage, and then comparing the simulated observ-
ables to sea data, a metric is needed to quantify the level of agreement between the data

and the simulation.

A metric referred to as the ‘significance’ is defined. The significance S for two

histograms (graphical representations of distributions) H, and H, can be used to quantify
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Figure 4.2.: The effect of varying vy, on the distributions of the (a) reconstructed zenith angle, (b) reconstructed energy, (c) number of overlays,
and (d) multiplicity. Increasing this parameter value has a greater effect on the distributions than decreasing it. A large difference
is induced for higher values of the reconstructed energy and the number of overlays. As shown in (d), increasing the value of vy,
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the level of agreement between them. S may be defined as

N . _K-b:
S = % . Z |az K b1| ,
=\ @) + K2 ()

(4.1)

where N is the number of bins in each histogram. A bin refers to the interval chosen for
a histogram into which the range of values are divided; the number of entries falling
into that interval is then displayed. S is calculated for each bin i in the two histograms.
K represents the normalisation factor or scaling factor between the histograms, it is the
integral (total number of entries) in histogram H, divided by the integral of histogram
H,,. The standard deviation is denoted by ¢.

Since the number of entries for an individual bin follows a Poissonian distribution,

the denominator in the above equation can be expressed as

V(@) + K2 (b) = \Ja; + Kb

Equation (4.1) comes from the definition of the significance test described by Li & Ma

(1983 ) [116], used to estimate the statistical significance of observations in gamma-ray
astronomy. It can be seen from Equation (4.1) that if 4; = b;, i.e. the two distributions
being compared are the same, then the significance S = 0. This metric offers a quantitative
value on the difference between two distributions, and can be minimised such that the
distributions become more and more equal. Note that the inclusion of K in the definition
of the significance implies the shape is compared between the histograms, and not the
scaling factor. And so, the observables between data and simulation for different values of
select MUPAGE parameters can be compared through the significance test, determining
the best agreement in the shape of the distributions, and then can be re-scaled through
the parameter K,.

4.3. MUPAGE Tuning to KM3NeT Data

4.3.1. Data Run Selection

Following the addition of two more detection units to the KM3NeT/ORCA detector,
these efforts to tune MUPAGE to data switched focus from ORCA-4 to ORCA-6. A
data run from ORCA-6 is chosen to tune MUPAGE parameters on. This run should
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be well-understood, well-calibrated, and should experience minimal bouts of high-rate

veto.

One such run which fits these requirement is run 7398, taken in February 2020. This
run had a sufficient run duration (> 10,000 seconds, for sufficiently long data taking). In
addition, this run was used as a reference for calibration procedures on ORCA-6 data,
due to the detector experiencing a low sea current during the run. This data-taking run
is used to compare the observables resulting from the nominal MUPAGE values to the
data, shown in Figure 4.1. This same run is used for the tuning procedure described
below.

4.3.2. Iterative MUPAGE Parameter Scan

The MUPAGE parameters Ky, V13, Pop, B, b1p and dg, are varied one at a time, scanning
a range of 0.6 — 2.1 times their default value, and used to obtain distributions of the
select observables. As will be shown, this range is sufficient for varying the parameter
values in order to find a new optimum value, according to the significance test. The
individual significance for each observable is calculated between the simulation and
the data, and the total average significance is then used in order to quantify the best
agreement between data and simulation for all the observables considered. Since the
minimum significance (i.e. best agreement between data and simulation) induced by
one parameter value for one observable will not necessarily result in the minimum
significance for another observable, focusing on the average significance value for all

observables simplifies the matter. It gives one metric for one set of MUPAGE values.

When an optimum value of a MUPAGE parameter is found (i.e. a MUPAGE value
which results in the minimum average significance when comparing distributions be-
tween simulation and data), this value is chosen as the new default value for that
parameter, and the scan over parameters is carried out again. This process is continued
until no lower value of the significance can be found — the minimum in the significance
landscape has been reached. This method of tuning MUPAGE parameters to KM3NeT
data is reported in O Fearraigh, B (2021) [117].

An example is shown for the first iteration of this parameter scan. The average
significance as a function of the parameter value, for all 6 MUPAGE parameters, is
presented in Figure 4.3. For some of the parameters, a lower value of the average
significance is found. This value is used as the new ‘default’ MUPAGE parameter value
and the scan is carried out again. As can be seen, the range of parameters scanned
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Figure 4.3.: The average significance as a function of the parameter values, for the parameters (a)
V1p, (b) B, () Ky,, (d) dgyp, (€) by and (£) pgp,, including the significance curves for each
observable. The nominal MUPAGE value and the minimum significance value are
indicated in each figure. The new minima found for each parameter scan are used as
the new nominal values for another iteration of the parameter scan.

appears to be sufficient for finding a new minimum within this range, albeit for the

parameter p;, the average significance shows a rather flat behaviour for larger parameter

values in the range. For the same scan, the contribution from each individual significance
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to the average, for each observable is also shown in Figure 4.3. The significance of
the zenith angle and energy distribution are the most influenced by the changes in the
parameter values. The significance of the reconstruction quality shows a behaviour that
does not follow that of the other observables. This observable appears to be the least
sensitive one when varying MUPAGE parameter values. The parameters which least
affect the shape of the number of hits or the number of overlays are those pertaining to
the flux, i.e. Ky, and vy,,.

Parameter | Nominal Value | Tuned Value
Ko, 0.0072 0.009896

Ky, -0.581 -0.6972

V1p 0.470 0.564

B 0.420 0.630

Pob 28.26 42.39

dop 3.955 3.203

Table 4.1.: MUPAGE parameter values before and after the tuning procedure.

This iterative scan is continued, until a new minimum is found for as many parameters
as possible, and their values are updated. The scan is continued until a new minimum
cannot be found for the remaining parameters. The new, tuned values for the MUPAGE

parameters are shown in Table 4.1.

The scaling of the distributions can be addressed through changing the parameter K.
The amount of time needed to generate the number of muons which can describe the
data run, i.e. the generated lifetime, is used to alter the scaling. The un-tuned MUPAGE
parameter values resulted in a generated lifetime of 10,582 seconds when simulating this
ORCA-6 run. The parameter values shown in Table 4.1 result in a generated lifetime of
14,544 s. With the un-tuned value of K, = 0.0072, the new value can be found via

Kined — 0.0072 x (14, 544/10,582) ~ 0.009896 .

The distributions of the observables are presented in Figure 4.4 for the tuned MUPAGE
parameters, and are compared to the KM3NeT/ORCA-6 data run and the un-tuned
MUPAGE parameterisation. The tuned MUPAGE parameterisation shows a better
description of the data compared to the un-tuned MUPAGE parameterisation, most
noticeably for the reconstructed zenith angle and reconstructed energy distributions. For

example, the most down-going bin for the reconstructed zenith angle distribution shows
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Figure 4.4.: The distributions of the (a) cosine of the zenith angle, (b) reconstructed energy, (c)
number of overlays, (d) number of triggered hits, and (e) quality parameter (i.e. the
reconstructed likelihood), comparing the data from a select ORCA-6 data run and
the simulation, for both the nominal MUPAGE parameter values and the new values
obtained through the parameter scan described in the text. The ratio of the data to
the MC is also shown. The new, tuned values result in an improved description of
the data, in particular for the zenith angle and reconstructed energy distributions.

a difference between the data value and simulation value of 2%. There is also a much

improved agreement between the data and simulation for almost the entire range of the
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reconstructed zenith angle distribution. A better agreement between the simulation and

data has also been induced for the high-energy muons.

This improvement comes into effect for the ranges of parameter values which are
important for physics analyses in KM3NeT/ORCA, for example the down-going atmo-
spheric muons from cos(0,.pnitn) = [-1, 0.0] and reconstructed energy from 10 to 100 GeV.
These regions of the parameter space form the most significant background in identifying
neutrino events which are pertinent to determining the neutrino oscillation parameters

and the neutrino mass ordering.

4.3.3. Two-Dimensional Scan

An attempt is made to further improve the description of the KM3NeT data by MUPAGE
by varying more than one parameter value at once, i.e. by carrying out a two-dimensional
scan of the parameter space. A scan over more than one parameter is attempted to reduce

the remaining deviations seen between the observables from data and simulation.

An additional parameter to be tuned is introduced here: y;. This parameter affects
the slope of the energy spectrum in the MUPAGE parameterisation (see Section 3.4.1). It
was not used in the iterative tuning procedure in order to limit the number of varied pa-
rameters. Three parameters are chosen for this scan which relate to the energy spectrum:
71, B and by;,. For each value of one parameter, a range of values of the other parameter
is used. All of the other MUPAGE parameters are not changed, their values are set to
their nominal values. The tuned values of Table 4.1 are here used as the nominal values

for those parameters.

Again, for each set of varied parameter values, the simulation chain of atmospheric
muon generation, light propagation and detection, (run-by-run) triggering and muon
track reconstruction is ran. The same ORCA-6 run as before is used. The average
significance is calculated to estimate the best agreement between simulation and data.

The parameter space of the average significance for these 2-D scans is shown in
Figure 4.5. A grid of points is shown, with each point representing a unique set of the
two parameters being varied, each with an associated value of the average significance.
The average significance in between each points is filled via the interpolation method
used to create these plots. The position of the nominal value is also indicated in the
parameter space. For the case of Figure 4.5 (a), the average significance for different
values of (q,8) is calculated. No value of the average significance is found with a value
lower than that for the nominal parameters for the parameter space values indicated by
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Figure 4.5.: 2-D scans of the average significance parameter space for values of (a) (5, 1), (b)
(b1p, 1), and (c) (byp,B). The parameter combinations which are used for this scan
are indicated by the red points. Each point has an associated average significance
value, and the plotting tool used here interpolates the average significance between
these points. The location of the nominal value (updated to the new, tuned values) is
indicated in each figure.

the points in the figure. Figure 4.5 (b) and Figure 4.5 (c) show the parameter space for
values of (1 ,by,) and (byy,B), respectively. The values of 74, by, = (9.18, 3.565) result in
an average significance lower than that of the nominal value. However, in comparing
the zenith and energy distributions, the difference between the nominal distribution
and this parameter set are within the error margins associated with the distributions.
Any improvement in describing the data is marginal and within the realms of statistical
fluctuations. Similarly, by}, = (11.02, 1.134) results in a parameter combination which
yields a lower average significance than that of the nominal parameters. Again, there is
little difference between the zenith angle and energy distributions for this parameter set
and the nominal values. As such, the nominal MUPAGE parameters are not updated

following the results of this scan.
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4.4. Applying the MUPAGE Tuning to KM3NeT/ORCA-6

The updated MUPAGE values of Table 4.1 following this tuning procedure are used
to simulate the atmospheric muons for some runs of the ORCA-6 data set. A total of
9 data runs are simulated with the MUPAGE default parameter values and also the
tuned parameter values. In this way the performance of the tuning is checked over a

larger time scale, to see if it improves the data and simulation agreement for a larger
KM3NeT/ORCA-6 data set.
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The results are shown in Figures 4.6 to 4.8. The reconstructed zenith angle, recon-
structed energy distribution, and track radial position distribution (an observable often
used in KM3NeT/ORCA analyses) are shown, with no cuts (left figures), and with an
anti-noise cut used in KM3NeT/ORCA analyses, which requires that the number of
triggered hits > 15 (right figures). The values obtained with data divided by the values
from the simulation are also shown. The data-simulation agreement improves when
the anti-noise cut is added. The tuned parameters improve the description of the data
compared to the nominal MUPAGE values. The tuning procedure is again shown to be

successful for a larger data set.

4.5. Outlook & Discussion

This method of tuning MUPAGE parameters to KM3NeT data has been proven successful,
with the new parameters resulting in an improved description of the data, in particular
for the reconstructed zenith angle and reconstructed energy distributions. Using the
significance test as a metric by which to determine the level of agreement between the
distributions from simulation and data has also been proven successful. The selected
parameters to be tuned - only 6 out of a potential 40 - are varied one by one, and bring
about an improved data-MC agreement. There is potential for a multi-dimensional scan
of the parameter space, as has been shown by carrying out a 2-D scan. The iterative scan
of the parameter space is quite coarse and further probing of the significance landscape as
a function of the different parameters could yield even further improvement in describing
the data.

Noticeably, there is some remaining discrepancy between the observables from sim-
ulation and data; the observables are not in 100% agreement following the tuning
procedure. There is a correlation between the high energy muons and those which
are mis-reconstructed in direction, they end up in the upward-going direction regime
(specifically cos(0,pnitn) = [-0.2, 0.5]). The two-dimensional scan attempted to address
this relation by tuning parameters which affect the slope of the energy spectrum. This
correlation is an outstanding one and requires further investigation in the context of
parametric tuning of observables in simulation to data.

As alluded to already, the tuning procedure itself can be improved. In addition to
this, the MUPAGE parameterisation itself may be incomplete in its description of the

atmospheric muon; it is merely a parameterisation after all. There may be aspects of the
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flux which are not simulated correctly or at all. The number of overlays was used as a

proxy for the multiplicity, a quantity we have no direct access to in the data.

Tuning these MUPAGE parameters on one ORCA-6 data run results in an improved
description of the data for the ORCA-6 data set spanning much longer time periods
than a single run. Applying the tuned parameter values to KM3NeT/ARCA are the
natural next step of this research, though this falls outside the realms of this thesis. This
tuning procedure is carried out for one ORCA-6 data run, however there is potential to
perform a tuning across both of the KM3NeT/ARCA and KM3NeT/ORCA detectors
simultaneously.

A simulation which describes the recorded KM3NeT data to a high degree of precision
and accuracy is vital for the physics analyses which can be performed by the KM3NeT
experiment. As discussed, the atmospheric muon signal forms the primary background
for the neutrino physics research in KM3NeT/ARCA and KM3NeT/ORCA, be it the
determination of the neutrino mass ordering or the identification of astrophysical neu-
trino sources. Also, cosmic ray air shower simulations which encapsulate air shower
interaction models can be tuned to both data and to the MUPAGE atmospheric muon
simulation, as means of determining the interaction models and atmospheric muon flux
which best describe the data.
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Chapter 5.

Improving the Track Reconstruction for
the KM3NeT/ORCA Detector

In this chapter, the inclusion of the track length in the track direction estimate of KM3NeT
events is described. This is shown to improve the performance of the reconstruction of
low-energy events, relevant for the KM3NeT/ORCA detector. The angular resolution
is shown to be improved for the case of muons produced by v,, charged-current (CC)
interactions. The energy resolution is also shown to be marginally improved for these
low-energy muons. Simulated v,,-CC events for the 115-line KM3NeT/ORCA detector
are used in this study, in order to quantify the performance of the reconstruction for the

complete detector.

5.1. Inclusion of the Track Length in the Track Direction

Reconstruction

5.1.1. Motivation

As noted in Section 3.7.3, the hits used for the various track reconstruction stages are
considered within a cylinder around the hypothesised track, of user-defined radius and
of infinite length — implying an infinitely-long muon track. Considering an infinitely-
long cylinder aims to include as many hits as possible in the fitted direction of the track.
Once the direction (and also position and time) of the track has been found, the track
length is then estimated as described in Section 3.7.3. Reconstructing the direction of
track-like events in the KM3NeT detectors is aided by the ‘lever arm” effect. Typically,
the greater the distance between hits measured along the length of the track, the better
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the estimate of its direction. A longer lever arm (and track length) contributes to a better

constraint on the direction.

A reminder of the different track reconstruction chain sequences between the KM3NeT/ARCA
and KM3NeT/ORCA detectors can be found in Section 3.7.3. Using a cylinder of in-
finite length is done throughout the track reconstruction chain for events detected by
KM3NeT/ARCA. This same approach (and reconstruction chain ordering) was also used
to reconstruct events for KM3NeT/ORCA.

Thanks to the following investigation, the track length is now used to constrain the
length of the cylinder used in the advanced direction fit stage of the track reconstruc-
tion chain, for KM3NeT/ORCA events. This direction fit stage is carried out by the
JMuonGandalf program (see Section 3.7.3). For the neutrino energies detected by the
KM3NeT/ORCA detector, the muon tracks can have short track lengths of a few metres;
including hits many metres beyond the physical muon track length are of little help to

the direction estimate and serves to introduce more background hits to the fit procedure.

5.1.2. Constraining the Hits

The track length is determined by a program named JMuonStart, and is estimated as
described in Section 3.7.3. The beginning and end point of the track are determined in
this fit stage. Here, Z,;, and Z

measured along the track.

max denote the respective start and end points of the track,

The selection of hits to be used in the advanced direction fit has been updated to
include the track length; if Z ;. and Z_,, have been determined, they are used to define
the length of the cylinder in which to select hits. The coordinate system of Figure 3.1
is used throughout the track reconstruction software and allows us to define Z ;, and
Zm

along the positive z-axis.

ax- As a reminder, the coordinate system is defined such that the track direction is

The condition to be satisfied is the following (c.f. Figure 3.1):

Zhit — Ztrack > Zmin;

R..
hit, track <7

Zhit — Ztrack — tan 9C = “max *

where z;; and z,,. are the z-coordinates of the hit and the track, respectively. The first

condition ensures z;; is downstream (towards positive values along the z-axis) of or
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equal to the track start point. The second condition ensures that z;;; is upstream (towards
negative values along the z-axis) of the track end point, and includes the distance in
the z-direction in which direct (un-scattered) Cherenkov light may travel from the track
z-position to the hit (i.e. PMT) position.

So, if the track start and end points have been determined, they are used to define the
length of this cylinder around the track in which hits are considered for the direction
fit. If not, the values of Z_.. - and Z
way the same software can be used for track reconstruction in the KM3NeT/ARCA and
KM3NeT/ORCA detector.

min max are set to those of an infinitely-long track. In this

5.1.3. Comparing Muon Direction and Energy Estimates
Extensions to the Start & End Point

Before evaluating the impact of this addition to the track reconstruction, the range of
[Zmins Zmax] In defining the track length is investigated, in terms of its resulting angular
resolution. The conditions outlined above in defining Z .. and Z, ,, only account for
direct Cherenkov radiation from the track. Upstream of the track start point, some
Cherenkov light from the muon can be scattered in the backwards direction which can be
detected by PMTs. Downstream of the track end point, the Cherenkov radiation emitted
by the muon track may still reach some PMTs through scattering.

A few test cases are investigated, where the length of the cylinder in which hits
are considered for the direction fit is extended upstream of the track start point and
downstream of the track end point. This is carried out for a sample of simulated v, -
CC events for the ORCA-115 line detector, in the range 1-10 GeV. The neutrinos are
generated using the gSeaGen program, and the simulation of the number of detected
photo-electrons is carried out by JSirene. The events are propagated through the trigger

stage and the reconstruction chain sequence of

JMuonPrefit — JMuonSimplex

— JMuonStart — JMuonGandalf .

In quantifying how well the muon direction is reconstructed, the angular resolution
is determined, a metric described in Section 3.7.6. The angle between the true muon

direction (known from the simulation) and the reconstructed muon direction is found,
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denoted by Abye 4, reco - The median angular resolution is shown in Figure 5.1 for these
test cases. The muon energy is shown up to a value of 9 GeV, since beyond this point
there are limited statistics in the simulated event sample. For example, [-3,+3] m implies
the length of the cylinder is defined as Z,;, — 3 and Z,, + 3, in metres. From these
examples, the best angular resolution is achieved by including hits 3 metres upstream of
the track start point and +9 metres downstream of the track end point. These values allow
for the inclusion of hits which are likely caused by the muon track emitting Cherenkov
radiation. These values of [Z;, — 3, Z ..« + 9] are used in comparing to the case of an

infinite track length in the following section.

100

104

median, extensions to zmin,zmax:
— [-3,+9] m
[-0,+0] m
— [-3,+3]m
— [-9,40]1 m
1 4 9
Etrue, [GeV]

A61.‘rue U, recou [d €g ]

Figure 5.1.: The angular resolution relative to the true muon direction is shown as a function of
the true muon energy. The length of the cylinder used to constrain the hits in the
direction fit is extended a few metres upstream and downstream of the track start
and end point, respectively, for a few different values.

Angular Resolution

To investigate whether the inclusion of the track length in the track direction reconstruc-
tion procedure yields an improvement, two cases are considered. In the first case, the
direction is reconstructed according to the sequence of direction prefit - intermediate

direction fit - advanced direction fit, i.e. following the sequence

JMuonPrefit — JMuonSimplex — JMuonGandalf [no track length inclusion].
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The second case carries out the same direction fit, with the track length estimated before

the advanced direction fit stage, following the aforementioned sequence of

JMuonPrefit — JMuonSimplex

— JMuonStart — JMuonGandalf [track length included] .

The impact on the full 115 line KM3NeT/ORCA detector is evaluated for these
two cases, for v,-CC events propagated through the simulation chain as before, in the

neutrino energy range of 1-100 GeV.

Again, A0

direction of the neutrino is the ultimate quantity to be determined - pertaining to how

true i, recou 18 determined to illustrate the angular resolution. Since the
well KM3NeT/ORCA can determine the neutrino mass ordering - the angular deviation
between the true neutrino direction and reconstructed muon direction is also evaluated,
denoted by A8
a function of the true muon and true neutrino energy, separately. The median of both

The quantities A and Abyey, reco  are determined as

truev,reco true u, reco p

distributions of the angular deviation as a function of the respective energy are used to

illustrate the angular resolution as a function of energy.

The angular resolution of reconstructed v,,-CC events, with and without the inclusion
of the track length in the direction reconstruction, is shown in Figure 5.2. The median
angular resolution of the reconstructed muon direction with respect to the true muon
and true neutrino direction is shown as a function of the true muon and true neutrino
energy, respectively. In addition to the median (the 50% quantile), the 16% and 84%
quantiles are also shown. The muon energy is shown up to a value of 80 GeV, since

beyond this point there are limited statistics in the simulated event sample.

Especially at lower energies, using the track length to constrain the length of the
cylinder in which hits are considered yields an improvement in the angular resolution.
The band from 16% — 84% shifts downwards on the plot, indicating improved values of
the angular resolution. No selection criteria are incorporated here; this gives an overview

of the performance of the reconstruction alone.

At higher energies, the inclusion of the track length in the direction estimate brings
about an improvement for muon energies up to ~ 25 GeV. It is apparent that the resolu-
tion is better when comparing the true and reconstructed muon direction, as opposed to
the neutrino direction. The reconstructed muon direction only serves as a proxy for the
true neutrino direction, with an inherent scattering angle existing between the two. In

addition, for VV-CC events, there is a hadronic shower created in this interaction which
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Figure 5.2.: The angular resolution is compared between the cases of excluding (blue line) and
including (red line) the track length in the direction reconstruction. Also indicated as
a band for both cases is the 16% — 84% region. The angular deviation between the true
muon and reconstructed muon as a function of muon energy is shown in (a), whilst
the angular deviation between the true neutrino direction and the reconstructed
muon direction as a function of neutrino energy is shown in (b).
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is not reconstructed by the track reconstruction algorithms. To determine the neutrino
direction accurately, the full kinematics of the event, muon track and hadronic shower,
should be considered.

Energy Estimation

Given the improvement in the angular resolution when using the track length estimate
as a prefit to the advanced direction fit, the results of the track energy estimate are also
investigated. If the track direction has been determined more accurately, the energy
estimate of the track should also improve.

The same two cases as before are investigated, with the addition of a second estimate
of the track length (i.e. determining the track length now with the improved track
direction estimate), and the track energy estimate. The track energy is estimated by
fitting the energy, as described in Section 3.7.3. In terms of the reconstruction chain
ordering, these two cases are

JMuonPrefit — JMuonSimplex — JMuonGandalf

— JMuonStart — JMuonEnergy,
and

JMuonPrefit — JMuonSimplex — JMuonStart

— JMuonGandalf — JMuonStart — JMuonEnergy.

In the latter sequence, the track length is included in the advanced direction fit stage.

The quantity 10g; (Ereco/ Etrue) as a function of the true muon energy, is determined.
This means of quantifying the energy bias and resolution is mentioned in Section 3.7.6.
The same two cases described above are compared from the same simulation of v,-CC
events for the 115-line KM3NeT/ORCA detector. This is shown in Figure 5.3. Again, all
events are included here, no selection criteria are used to select events. The median and
16% — 84% quantiles are indicated. Again, the muon energy is shown up to a value of 80

GeV, since beyond this point there are limited statistics in the simulated event sample.

At lower energies, there is a marginal improvement from including the track length
in the direction fit, with a slight reduction of the spread around the median value (the
resolution) and a slightly reduced bias (the median line is closer to 108, (E;eco/ Etrue) =

0). At higher energies, the performance of the reconstruction in determining the energy
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Figure 5.3.: The quantity 10g;,(E eco/ Eqrue) @s a function of the true muon energy is compared
between the cases of excluding (blue line) and including (red line) the track length in
the direction reconstruction. Also indicated as a band for both cases is the 16% — 84%
region. The effect of introducing the track length on the direction fit is marginal in
improving the energy estimation.

is almost the same between the two cases, with almost no change in the resolution and
bias. In addition to this, there are some noticeable features of these figures. Below
~5 GeV, there is a large spread on the values of 10g;(E cco/ Eqrue), indicating a poor
energy resolution. At these energies, the muon tracks are quite short and difficult to
distinguish, not producing many hits in the detector. Beyond E;. ;e muon ~ 5 GeV, the
energy estimate improves. From approximately 5-15 GeV, the median of the distribution
moves closer to 10g;,(E eco/ Etrue) = 0, as the true muon energy increases. In this energy
regime, the muon has a sufficiently-long track length and energy to be reconstructed well,
with the track length proportional to the energy as exhibited by a minimum ionising
particle [3]. The resolution becomes worse beyond ~ 15 GeV (the spread on the median
value becomes wider). This is likely to be caused by events with sufficiently-long track
lengths to leave the detector. For these events, the number of hits induced by the track

and the reconstructed energy from these hits does not equate to the true track energy.
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5.1.4. Discussion

As aresult of this investigation, the reconstruction procedure for track events in KM3NeT/ORCA
has been updated. The estimated track length is now used in the advanced direction fit

stage, to constrain the length of the cylinder in which hits are included in determining the

track direction. This improvement is implemented in the reconstruction of events from

the deployed KM3NeT/ORCA detection units which are currently taking data, and also

in sensitivity studies to the neutrino mass ordering and neutrino oscillation parameters,
where this reconstruction is applied to simulated events for the full KM3NeT/ORCA
115-line detector [88].

The angular and energy resolution of KM3NeT/ORCA to muon track events, pre-
sented in this chapter, are valuable performance checks of the track reconstruction. In the
following chapter, we will attempt to improve upon these resolutions further through a

novel reconstruction technique.
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Chapter 6.

A Novel Approach: Simultaneous Track
& Shower Reconstruction

6.1. Motivation

The standard procedure to reconstruct events in the KM3NeT detectors is to apply both
a track reconstruction and shower reconstruction algorithm to them. As mentioned in
Chapters 2 and 3, two separate algorithms are used because track events and shower
events produce distinctive signatures in the detectors, which can be treated separately in
their reconstruction. In fact, the same procedure is applied in other Cherenkov-based
neutrino detectors such as IceCube [118,119]. The reconstruction of either of these event

signatures is already a non-trivial task.

Applying both a track and shower reconstruction to the same event demands addi-
tional time and computational resources, but also necessitates another step in physics
analyses - termed ‘particle identification” - which tries to identify the reconstructed events
as shower-like or track-like. For high-energy neutrino interactions, as detected by
KM3NeT/ARCA, the muon track signature alone is an incredibly clearly-defined one,
with tracks spanning hundreds of metres (the track length of a muon is proportional to its
energy), and resulting in many hits in the detector which comply with the hypothesis of
Cherenkov radiation from a muon track. Particle showers also grow with increased neu-
trino energy, and since they expand in the longitudinal and radial direction, they can be
distinguished from very long tracks. This makes track identification in KM3NeT/ARCA
a manageable task. For KM3NeT/ORCA however, with extremely localised events at low
(< 10 GeV) neutrino energies, muon tracks can be produced with a low energy and hence
a short track length, and may not be so easily distinguishable from particle showers —
in Chapter 5 we already encountered the need for special treatment of track events at
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low energies, where the reconstructed track length was needed to better reconstruct the

muon direction.

As discussed in Section 1.2.2, neutrinos with energies above 2 GeV will almost
always create a hadronic shower in their interactions, following the hadronisation of
particles created by resonant production processes or when a quark is freed from the
nucleus following deep inelastic scattering processes. All neutrinos and anti-neutrinos
which result in track-like events (i.e. of the muon or tau lepton flavour) will thus be
accompanied by a hadronic shower. A reconstruction algorithm which can reconstruct
both the track and shower components of such neutrino interactions would describe

these events more completely.

When assuming only a muon or shower event in the reconstruction procedure, the
kinematics of the event is not fully described, including information on the total energy of
the interaction, the fractional energy transfer to the hadronic shower y (c.f. Equation (1.3)),
and the actual neutrino direction. The reconstructed shower or muon direction and
energy are currently used as a proxy for that of the neutrino direction and energy (the
difference between the muon direction and the actual neutrino direction has already
been illustrated in Figure 5.2). Although this standard procedure results in competitive
angular and energy resolutions for KM3NeT/ARCA and KM3NeT/ORCA events [17,88],
a more complete description of the event in its reconstruction should result in more
precise estimates of the neutrino direction and energy. This would improve the ability of
the KM3NeT experiment in determining the neutrino mass ordering, for example — the
neutrino oscillations for normal and inverse ordering (see Section 1.2.4) are defined in

terms of the neutrino energy and direction.

Ideally, a track and shower reconstruction procedure would also be able to reconstruct
shower-like events even when the track component is not present (e.g. for neutral-current
interactions or electron neutrino interactions). This track and shower reconstruction
would also allow for a direct reconstruction of the fractional energy transfer to the
hadronic shower, mentioned above. Reconstructing this physical parameter offers a
means of fully understanding and describing the neutrino interaction. As described
in Section 1.2.2, reconstructing y can allow for a discrimination between neutrinos and
anti-neutrinos, based on the shape of the distributions. As an additional point, the
dedicated electromagnetic shower reconstruction procedure (described in Section 3.7.4)
is the one applied to events in KM3NeT /ORCA. There is no dedicated reconstruction
technique used at the moment for the reconstruction of hadronic showers, for example
a reconstruction algorithm making use of hadronic shower photo-electron distribution
tables.
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In this chapter, the conceptual description, technical implementation and perfor-
mance of a novel track+shower reconstruction algorithm is described. The focus of this
reconstruction is for events detected by the KM3NeT/ORCA detector. The angular and
energy resolution of the reconstructed track and shower components is investigated,
as well as the resolution of the neutrino direction and energy. This is carried out for
charged-current muon neutrino interactions (which represent an event with a track and
shower component), and charged-current electron neutrino interactions, simulated in
the complete ORCA-115 line detector.

6.2. Event Model

The event model to be used in the reconstruction procedure is defined here. This model
will be fitted to data, by maximising a likelihood function defined later in this chapter.
The photo-electron distribution tables for muon and shower light described in Section 3.2

will be used to calculate the likelihood values for the event model parameters.

hadronic shower

Vertex //t

Figure 6.1.: The event model describing the track+shower event to be reconstructed. The neutrino
v creates a muon y and hadronic shower at the interaction vertex. This vertex is
denoted by the position (x,, o, z) at a time ;. Both the track and shower components
of this event have an associated energy and direction. The angle between the two
components is given by 0, .

The neutrino interaction point is termed the ‘vertex’, which has an associated position
(X0, Yo, 29) at a time £,. At the vertex position, the particles created by the neutrino
interaction are formed, and hence the vertex is the beginning point of both the track and
particle shower. In the separate track and shower reconstruction techniques described in

Chapter 3, the muon is estimated at its vertex position, while the shower is estimated
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at the point of shower maximum (see Section 2.3). In this model, the muon and shower
components both have an associated energy E, and E, respectively, as well as an
associated three-dimensional direction: which can be defined using the angles (Gy, qby)
for the muon and (6, ¢,),) for the shower. An illustration of this event model is shown
in Figure 6.1. These model parameters, the vertex position and time, and the component
energies and direction, are the ones to be reconstructed. The muon is finite in length,
beginning at the vertex and ending at the point at which it no longer produces detectable
Cherenkov light. The end point of the track is not explicitly estimated, it is defined by

being proportional to the muon energy (as explained in Section 2.3.1).

There is already an approximation used in this model. A particle shower consists
of many particles created at the vertex (which then re-interact further) with their own
directions and energies. Here, a total energy of the shower is assumed, as well as one
total direction of the shower. For a hadronic shower, the charged particles within can
produce Cherenkov radiation. The neutral particles within the shower produce no
Cherenkov radiation, but can re-interact or decay and result in charged particles. Only
the hits resulting from the Cherenkov radiation of charged particles in a shower allow
the shower to be reconstructed. The true direction of the shower can thus not be fully
reconstructed as the neutral particles go undetected, carrying some of the directional
information with them, leading to an approximate estimate of the direction. In defining
the true direction and energy of the shower component of this event, the visible shower
energy E ;; will be used throughout this chapter unless stated otherwise. This concept is
previously described in Section 2.3.2. The visible energy is the detectable energy from the
shower due to Cherenkov light emission; for electromagnetic showers this is equivalent
to the total energy, whilst for hadronic showers some of the energy is transferred to
particles which produce no detectable light. The visible energy for hadronic showers is
thus defined as the electromagnetic-equivalent energy produced by a hadronic particle,
following the formulations in Dentler (2012) [120]. The true shower direction will be
defined by the visible shower direction; it is the averaged direction of all particles in the

hadronic shower, weighted by the visible shower energy.

6.2.1. Model Constraints

The beginning and end point of the track are defined when evaluating the expected num-
ber of photo-electrons along the track. Though the vertex position and time are included
in the fit procedure described later, the end point is not included as a fit parameter. This
is in contrast to what is done in the track reconstruction software, where the beginning
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and end point are determined by a particular algorithm in the track reconstruction chain,
by finding the points along the track where the signal probability exceeds a pre-defined
threshold value (as described in Section 3.7.3). For the track+shower reconstruction
algorithm, photons are not taken into account from points along the track where the
track energy is below the muon threshold energy to emit Cherenkov radiation. This

condition indirectly defines a track length.

A choice is made in this track+shower algorithm to make use of the pre-defined
tables of the expected number of photo-electrons given the model parameters of an
electromagnetic shower. A description of these tables can be found in Section 3.2. These
tables for electromagnetic shower light are readily available and used in many parts of the
KM3NeT simulation software, as described in Chapter 3. There are no equivalent tables
for the photo-electron distributions of light from a hadronic shower. To avoid extensive
simulations in order to produce such hadronic shower light tables, the electromagnetic

shower ones are used in this track+shower reconstruction procedure.
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Figure 6.2.: The fraction of the visible shower energy over the hadronic shower energy
E.is/ Enadronic @s a function of the hadronic shower energy. The median of the proba-
bility density of this function is shown. The values have been taken from Figure 11.4
in Melis (2021) [69], using the WebPlotDigitizer tool [121].

The use of the photo-electron distribution tables for electromagnetic shower light is a
glaring approximation used in reconstructing hadronic showers with this track+shower
reconstruction. Making use of tables for hadronic shower light is beyond the scope of
this work and remains to be addressed in future studies. In Section 2.3.2, the difference



126 A Novel Approach: Simultaneous Track & Shower Reconstruction

between the light emitted by electromagnetic showers and the light emitted by hadronic
showers is discussed. Figure 6.2 shows the ratio between the hadronic shower energy
E}dronic and the visible shower energy E,;, as a function of the hadronic shower energy;,
as extracted from simulations [69]. As the hadronic energy increases, the hadronic and
visible energy become closer in value, as the electromagnetic component of the hadronic
shower increases with energy. Atlow, few-GeV energies, the hadronic and visible shower
energy can be quite different, implying a large difference between the true shower energy
and the detectable light produced.

The emission of light from the vertex position is an assumption used to define the
photo-electron distribution tables for electromagnetic shower light. There is however
an offset z,¢s.; along the longitudinal z-direction that needs to be accounted for if
the shower profile is considered (i.e. the shower is not considered to be a point-like
emission of light from the vertex, but it has structure). As depicted in Figure 2.5, the
maximum point of shower light emission is not at the vertex, and this point differs
between electromagnetic and hadronic showers. The average energy deposition profile
for a hadronic shower can be parameterised by a Gamma function of the form:

Za—l . e—z/b
F(Ehadroniu z,a, b) = Ehadronic ’ W ’ (61)

where z is the distance along the longitudinal direction, I' is the Gamma function, and
the parameters a and b are [69,122]

E, .
a=426+0364-In (%) ,

b = 0.56 [m] .

To define an expression for the maximum point of hadronic shower light emission,

the derivative of Equation (6.1) can be found and equated to zero. Doing so yields
Zoffset = (a—1)-b,

where z, ¢, is the offset z-position from the vertex.

An expression for the true hadronic energy is then needed, as it appears in the a
term of Equation (6.1). The function E;;/ Ej,,4,0nic In Figure 6.2 is parameterised and
used to find a parametric relationship between the hadronic shower energy Ej,,i,nic

and the visible shower energy E, ;. This estimated value of E}, ., is used to calculate
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the value of z,¢.,. This value is then used when estimating the expected number of

photo-electrons from the particle shower in the coordinate system shown in Figure 3.1.

6.2.2. Expression for the Reconstructed Neutrino Direction & Energy

Given the event model described above, the neutrino direction and energy can be
estimated from the track and shower directions and energies.

The four-momentum (energy and direction vector) of the hadronic shower p;, = (E;,,p},)
can be determined. Following the convention of Adridn-Martinez et al. (2017) [123]:

Pn =Py —Pi/ (6.2)

where p,, is the four-momentum of the original neutrino, and p;, is the four-momentum
of the out-going lepton (in this case a muon). In general, p,, is a broad definition of
whatever particles are produced in the interaction, which can include the momentum
of the target nucleus, and sub-nuclear effects [123]. Here, the momentum of the target
nucleus is not considered, an approximation used to simplify things. Additionally,
hadronic final states with the same p,, can result in different numbers of particles and
particle types, resulting in fluctuations in reconstructed quantities like direction and
energy. By excluding the target four-momentum, variations between interactions with

the same p,;, will be included in the fluctuations due to different hadronic states [123].
areco

Note that the hadronic shower direction can be defined as 6, = p},/|pj|-
The reconstructed neutrino energy E;’ and the normalised, reconstructed neutrino
direction 6, can be expressed respectively as [123]
EI‘/BCO — E;@CO + E;;ECO , (63)
reco reco
G;eco = w]/l W 9;660 + wy, W GZE‘CO . (64)
v v

The reconstructed neutrino energy is the sum of the reconstructed muon energy E,

and the reconstructed hadronic shower energy E; . The reconstructed muon direction

6" and hadronic shower direction " are weighted by their energy divided by the
total neutrino energy. In addition, these contributions can have a respective associated
weight w, and wj,. Decreasing w), and increasing w, reduces the larger fluctuations in

the shower direction, which in general leads to a better estimate of the reconstructed
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neutrino direction 6,°. The values which may be used for these weights are discussed
in Adridn-Martinez et al. (2017) [123]; they will not be studied in depth in this chapter.

6.3. Event Likelihoods

The photo-electron distribution tables described in Chapter 3 readily provide the ex-
pected number of photo-electrons for a certain photon arrival time, given a muon track
or electromagnetic particle shower. The number of photo-electrons can then be used in
calculating the probability of detecting hits from such events, which in turn are used in
likelihood functions describing the event. The separate muon track and particle shower
reconstruction procedures used in KM3NeT/ORCA maximise such likelihood functions
to obtain the best estimates of the model parameters describing the event. The formula-
tion of (separate) muon track and particle shower likelihood functions in this manner

are described in Chapter 3.

For the track+shower event model, the maximum likelihood estimation technique
is also chosen to find the model parameter best describing this complex event. The
likelihood function describing the probability of obtaining hits or no hits from a muon
track and hadronic shower event is defined below.

Likelihood Formulation

The first hit, hit PMT, and non-hit PMT likelihood definitions are given in Section 3.7.2.
All three likelihoods are combined to form a total likelihood expression for the track+shower
event. As outlined in Section 6.3.3 below, all three likelihood components are useful in

constraining the model parameters associated with this event.

The total likelihood of recording the first hits, hits and no hits on all the PMTs in the

detector for a particular track and shower event is

~ Niirst hit PMTs P Nt pyvrs hit Nnonchit PMTs non-hit
i

i i

where i denotes the i-th PMT under consideration, x is the measurement of a number of
photo-electrons, N is the total number of PMTs, and P is the probability of obtaining the
hit following the definitions used in Section 3.7.2. As mentioned, these probability defi-
nitions depend on x and 6, these arguments are omitted from the probability functions
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for the sake of brevity. Here 6 denotes the parameters to be estimated which describe the

track and shower event model, which are

0 = [xO/ Yo, Zo, to, ew (Pw Qsh/ Pshs Ew Esh] .
Re-writing this as the negative log-likelihood gives

Nhit PMTs firt hit Nhit PMTs hit Npon-hit PMTs onchit
—log L(x;0) =~ )}, log(P™™) — }  log(R™) — )} log(P™"™).
1 1 1

(6.6)

6.3.1. Hit Probability Evaluation

The expected number of photo-electrons are determined for each event, for the track
and shower component using the pre-defined photo-electron distribution tables, and
for the background. The number of photo-electrons are then used to calculate the
first hit, hit PMT and non-hit PMT probabilities. The number of photo-electrons are
estimated separately for the track and shower since the coordinate system used for the
tables is defined using the respective track or shower direction. The expected number
of background photo-electrons can be set as a default value of ~ 7 kHz (the expected
rate observed in KM3NeT/ORCA, see Chapter 2), or can come from the measured rates
in the data, available per PMT. For the track, shower and background, we obtain the
expected rate of photo-electrons as a function of time #n(t), the combined cumulative
number of photo-electrons up to a given time, and the total number of photo-electrons
within the time window. These are all the ingredients necessary to determine the value
of the likelihood defined in Equation (6.6).

First hit probability calculation

The probability of observing the expected number of photo-electrons for first hits (the
earliest hits recorded on the PMT in the time window under consideration) from a track
and a particle shower are determined in a similar manner. The hit position and direction
are rotated according to the track direction and the shower direction, respectively, and
the hit is rotated into the x — z plane. The hit orientation is defined by (&, ¢).

For the track, the values of the instantaneous, cumulative and total number of photo-
electrons are estimated from the pre-defined muon photo-electron distribution tables
for the parameters (R, E;™*", 8, ¢,,, At,). E;"" is the energy of the muon at the
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emission point in the coordinate system of Figure 3.1. The time residual A, between the

expected

hit time fy,;; and the expected arrival time of light from the muon £, ,

At, =ty — 5P, (6.7)

is used, with tZXPECtEd defined as in Equation (3.32).

For a particle shower, the distance D from the emission point of shower light to the

PMT is determined. The time residual At is estimated from

shower
o expected
AtShOWer - thlt - tshower ’ (68)
expected D-n
tshower =ty+ c ’ (6.9)

where 7 is the refractive index in seawater. An additional parameter used is the angle
0 between the shower direction and PMT position. The energy of the shower at the
vertex Ey e is used. The values of the instantaneous, cumulative and total number

0
Pshower Atshower) from the pre-defined tables for the photo-electron distribution tables

of photo-electrons are then determined for the parameters (D, cosd, E

showers Yshowers

for electromagnetic shower light.

Hit and non-hit probability calculation

For the hit and non-hit probabilities, no timing information is included, so the time
residuals defined above for the muon and shower are not used. The total number
of photo-electrons within the considered time window is estimated from the muon
photo-electron distribution tables for the parameters (R, Ezmiss ion, d,, ¢,), and from
the electromagnetic shower photo-electron distribution tables for the parameters (D,
coso, E

expressions in Section 3.7.2.

showers Ushowers Pshower)- 1he probability values can then be found following the

6.3.2. Combined Photo-Electron Distribution Example

An example is shown in Figure 6.3 of the photo-electron arrival time distribution when
combining the expected number of photo-electrons from a track+shower event model.
The number of photo-electrons from background sources are not included here. The
parameters used to define this event and the PMT position relative to the event vertex
are provided. For this illustration, the time residual Af = f3;; — £, pecteq is chosen such
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that 0 corresponds to direct Cherenkov light from the muon. A time window of [-
10, +500] nanoseconds is chosen around this time residual. The expected number of
photo-electrons is calculated separately for both the track and shower as outlined in
Section 6.3.1. For both cases, the same PMT orientations as described in Section 3.2 are
used, with “West” and ‘East’” indicating that the PMT faces towards or away from the
track/shower direction, respectively. The separate contributions from muon and shower
light are visible in this example. The energy of both the track and shower is 10 GeV, and

there is an angle of ~29.5° between the track and shower directions in this example.

R=50m,D=51m,E=10GeV, cos6yg= —0.52

PMT orientation:
—— West: (6,=n/2,¢,=n)
East: (6, =n/2,¢,=0)
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Figure 6.3.: An example of the combined electromagnetic shower and muon photo-electron
distributions as a function of the photon arrival time is shown here for a track
and shower event model, relative to a PMT. These distributions are shown for two
different PMT orientations.

6.3.3. Event Likelihood Landscapes

In order to test whether the event likelihood of Equation (6.6) can be used to estimate
the model parameters describing a track+shower event, the value of the likelihood for
a range of the model parameter values is investigated for simulated charged-current
muon neutrino (Vy-CC) events in the complete ORCA-115 line detector. These likelihood
‘landscapes’ should indicate a maximum likelihood value - equivalently, a minimum

negative log-likelihood value - at the true value of the model parameters for these events.
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A set of 1,-CC events in the range of 10-100 GeV are chosen to study the event
likelihood and event model. These events are propagated through the generation, light
and trigger simulation stages described in Chapter 3; the true energy distributions of
the muons and showers for these events are shown in Figure 6.4. The majority of muons
have energies from about 5-30 GeV, while the showers tend to have less energy, with
most showers having energies of 1-10 GeV. A sample of events are then selected in
order to study the behaviour of the event likelihood. The criteria chosen for these events
are that there is at least one muon or shower particle (photon, electron, hadron) per
event, and that each event results in at least 200 hits in the detector. Only events with
a vertex that lies within the instrumented volume of the detector are considered. The
events which meet these criteria are used to perform the likelihood scans described in

this section.
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Figure 6.4.: The true energy of the muon and showers used to perform the likelihood scan, as
described in the text. Some showers have a visible energy less than 1 GeV.

The impact of the likelihood components of Equation (6.6) - the first hit likelihood, the
hit PMT likelihood and the non-hit PMT likelihood - in evaluating the model parameters
is investigated here. The value of the negative log-likelihood — log £ is calculated for
a range of values of the model parameters — the vertex positions x, y, z, the track
and shower directions (0, ¢,,) and (6, ¢s),), respectively, and the track and shower
respective energies E, and E;,. For each parameter, the parameter value is varied across
a range of values and —log £ is calculated for each value. A time window of [-1000,
+1900] ns (relative to the expected arrival time of muonic Cherenkov radiation) is used to
evaluate the expected number of photo-electrons for each event; these wide time ranges
are used to ensure the track and shower signal is found for each event (i.e. ensuring the
maximum of the photo-electron distributions can be found for the track and shower).
The background signal due to potassium-40 decays and thermal PMT noise is simply set
to the average expected value of 7 kHz.
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For the selected v,-CC events, —log L is calculated for each event, varying around the
true value of one parameter while keeping the other parameters fixed at their true values.
The minimum value of the likelihood for all events is subtracted from the calculated
likelihood value, this quantity is denoted by Alog £ (to give a minimum value close to
zero). The median value of Alog £ in this parameter space is then illustrated for the

sample of events.

Figure 6.5 shows the results of these likelihood scans for different values of the vertex-
z position, muon direction, and muon energy. On the left are the results for the first
hit likelihood, the first hit likelihood + hit PMT likelihood, and the total —log £. The
figures on the right show Alog L for the track+shower model compared to the case
where the presence of a muon track only is assumed (i.e. only the expected number of
photo-electrons from a muon and background are considered, the presence of a shower

is not considered).

When varying the vertex z-position and the muon direction, each additional like-
lihood component offers extra constraint to the parameter, resulting in a more clearly
defined minimum value of the likelihood. The minimum of Alog £ is located at or
close to the true model parameter. When varying the three model parameters, the
track+shower likelihood is very similar to that of the likelihood from a muon-only model.
This would suggest a similar performance in estimating these track parameters with
either event model). When varying the muon energy, the total likelihood is necessary in
determining a minimum at or close to the true parameter value, shown in Figure 6.5 (e)
where the total likelihood gives a more constraining estimate of the parameter compared

to the other likelihood formulations.

The likelihood scans of the shower model parameters result in many events for which
the likelihood landscape is completely flat. This implies little or no sensitivity to the
parameters since a minimum is difficult to find for these parameters. The majority of
events showed this flat behaviour of Alog £ and hence the median over events is not
illustrated for the likelihood scan over shower model parameters. Instead, Figure 6.6
shows some example events for which the minimum value of Alog £ are close to or
far from the true shower energy and true shower direction. The visible energy of the
hadronic shower and the total number of hits from the shower (i.e. the hits due to
all hadronic particles, electrons and photons in the event) are indicated in the figures.
The minimum value of Alog L is also shown. These likelihood landscapes suggest the
difficulty in reconstructing the shower direction and energy alongside the track. The
likelihood values do not change much across the entire range, compared to those of the

muon depicted in Figure 6.5.
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Figure 6.5.: The likelihood landscape for an example set of v,-CC events, as a function of the
track+shower model parameter values. The median value of Alog L is used to
illustrate the likelihood, with a minimum value of zero. On the left, the figures
show the cases for the likelihood landscape with various likelihood formulations as
function of deviations from the true model parameter values. On the right, the track
and shower total A log £ is shown compared to a muon-only event model.

These likelihood scans suggest that the event likelihood and model can be used

to estimate the vertex position and muon direction and energy, though estimating

the shower direction and energy will be quite difficult. The majority of the hadronic

showers in the sample of selected events have an energy from 0.1-10 GeV as displayed
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Figure 6.6.: The likelihood landscape for an example set of v,-CC events, as a function of the
track+shower parameter values, namely the shower direction and energy. (a) and (b)
show deviations from the true shower direction, showing a minimum far and at the
true value, respectively. (c) and (d) show scans of the likelihood when varying the
true shower energy, again for a minimum likelihood far from and close to the true
value, respectively. These figures illustrate the difficulty in fitting a hadronic shower
component in the selected neutrino events.

in Figure 6.4. The lower the shower energy, the fewer hits should be recorded in the
detector. These hits should also be spread out in the detector across different PMTs in
order for the event (and in particular the shower component) to be reconstruct-able.
Not all events will be reconstructed well, especially those with few to no hits, though
the events which find a minimum of Equation (6.6) near the true value of the model

parameter can be identified. This will be discussed further in Section 6.5.
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6.4. Technical Implementation

6.4.1. Choice of Time Window

In the standard track or shower reconstruction algorithms used for KM3NeT /ORCA, a
time window around the expected arrival time of Cherenkov light from a muon track or
shower is used. In order to avoid the use of a time window relative to the photo-electron
distributions (in which the photo-electrons from the track and shower arrive at the PMT
at unknown times relative to each other), the full event time is used as the range in which
to evaluate the hits in each event. This range is in fact the first and last hit in the timeslice

defining the event time window, as described in Section 2.5.

6.4.2. Minimisation Procedure

The choice was made to use MINUIT2 [124], a library of algorithms used in minimising
a user-defined function. With this library widely used in particle physics, MINUIT2 was
the minimiser of choice for the track and shower likelihood definition of Equation (6.6).

The model parameters are not fitted all at once. This would result in too many degrees
of freedom in which the function should be minimised. Instead, the parameters are
fitted in a sequence in order to aid MINUIT2 in determining the function minimum. The
parameters are fitted to the data in the following order (those that are not fitted are kept
fixed):

1. The vertex parameters (X, Yo, Zo, o), by minimising the first hit negative log-likelihood

only. This is done to give a quick estimate of these parameters.

2. The vertex parameters and the muon direction parameters (6,, ¢,,) are fitted by
minimising the full likelihood expression of Equation (6.6).

3. The vertex parameters and the shower direction parameters (6, ¢,;,) are fitted by
minimising the full likelihood expression of Equation (6.6).

4. All model parameters, including the muon and shower energies (Ey, E,,), are fitted

by minimising Equation (6.6).

The ordering of the fit procedure described here resulted in the optimal performance

of the algorithm, yielding the best track and shower angular and energy resolutions.
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6.4.3. Starting Values

The starting value problem (mentioned in Section 3.7.1) is an issue for this track and
shower model fit to data — where does one begin the fit procedure?

As mentioned at the beginning of this chapter, both the standard track and shower
algorithms are applied to KM3NeT/ORCA data, the results of which are then used for
physics analyses. In the following chapter, this track+shower reconstruction is applied
to data from the KM3NeT/ORCA-6 detector. The events are reconstructed twice with
this algorithm, once using the standard track reconstruction procedure as a prefit and
once using the standard shower reconstruction procedure as a prefit. The results are
compared between the two cases. A detailed study of the reconstruction performance
for many neutrino interaction types using both prefits can thus be found in Chapter 7.

A case study is presented of the performance of the reconstruction in the following
section, for simulated data, using only one of the standard reconstruction algorithms to
provide starting points to the track+shower reconstruction. For v,-CC events, the track
reconstruction algorithm is used as a prefit for the track+shower fit parameters. For
v,-CC events, the electromagnetic shower reconstruction algorithm is used as a prefit for
these events, for both track and shower fit parameters. The results from the track+shower

reconstruction algorithm are compared to those from the prefits used.

6.5. Performance of the Track & Shower Reconstruction
Algorithm

The performance of the track+shower reconstruction is described in this section. The re-
construction is evaluated for simulated v,,-CC and v,-CC events in the KM3NeT/ORCA
115-line detector, for neutrino energies ranging from 1-100 GeV. These events are sim-
ulated via the generation, light propagation and detection, and trigger algorithms de-
scribed in Chapter 3. There are many events for which the low-energy particle showers
induce few or no hits in the detector. It is thus important to focus the evaluation of
the reconstruction on events which can be reconstructed well. A selection of events is
made in the following sections; it is important to make this selection using reconstructed
variables and not Monte Carlo truth information, since the latter is not available in the

recorded data.
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6.5.1. Charged-Current Muon Neutrino Events

The true energy distributions for the tracks and showers associated with these simulated
v,-CC events are presented in Figure 6.7. The angular and energy resolutions presented

in this section reflect the events with true energies distributed as shown.
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Figure 6.7.: The true energy of the muon and showers for the v,-CC events used to evaluate the
track+shower reconstruction performance.

In order to eliminate the events with zero hits and /or which are reconstructed quite
poorly, reconstructed variables are used as selection criteria (‘cuts’). The selected events
have a reconstructed muon energy from 1-80 GeV, a reconstructed shower energy from
0.3-80 GeV, and a hit PMT likelihood value from 1720-2200. Figure 6.8 shows the
difference in the true and reconstructed angle and energy of the muon as a function
of the hit PMT likelihood. The chosen range removes the events at low values of the
likelihood with large differences between the true and reconstructed track direction and

energy.

Although the reconstruction algorithm is applied on all events for which there is
a prefit, only the events which comply with the cuts are shown in this section. The
effect of these cuts on the events and their resolution is presented in Table 6.1. These are
merely an example of some cuts that can be applied to these neutrino events in order
to evaluate the reconstruction performance, they are not definitive and are used here to
convey the ability of the reconstruction to estimate the track+shower model parameters.
More rigorous selection criteria are applied in physics analyses of KM3NeT/ORCA data,
e.g. in Nauta (2021) [85], Carretero (2023) [91]. The cuts noted in Table 6.1 improve the
angular and energy resolution by reducing the number of events with a large angular
difference between the true and reconstructed direction of the track and shower, and
by reducing the standard deviation (the width) of the distributions of 10g;(E eco/ Etrue)-
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These quantities have been mentioned before in Section 3.7.6 when quantifying the

angular and energy resolution from a reconstruction algorithm.
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Figure 6.8.: The angular difference Ay, reco y @0 108 (Ereco/ Etruett) are shown as a function
the hit PMT negative log-likelihood. A range of —log £ from 1720-2200 is selected to
remove some poorly reconstructed events. The colour-bar indicates the number of

events.
Quantity Before Cuts | After Cuts
Number of events with fit result 74,787 33,664
Median Abye , reco 6.7° 3.4°
Median Ay 5p reco sh 41.7° 35.7°
logy(Ereco/ Etrue) muon (standard deviation) | 0.8 0.2
10g1(E eco/ Etrue) Shower (standard deviation) | 1.4 0.8

Table 6.1.: The effect of some example cuts, as described in the text, used for the charged-current
muon neutrino events on which the track+shower reconstruction performance is

evaluated.

Vertex reconstruction

The distance between the true neutrino vertex position and the reconstructed vertex

position for both the track+shower reconstruction and the standard track reconstruction

is shown in Figure 6.9. Both reconstruction procedures result in similar estimates of the
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Figure 6.9.: The distance between the true neutrino vertex and reconstructed vertex position, for
the track and shower reconstruction (blue histogram) and track reconstruction (red).
With the same number of events in each distribution, the track+shower reconstruction
succeeds in reconstructing more events < 10 m from the true vertex position.

vertex position, most importantly with many events being reconstructed very close to

the true position.

Direction reconstruction

The angular resolution (as described in Section 3.7.6) as a function of the true muon
and shower energy respectively is determined to quantify how well the directions of
the track and shower components are reconstructed. The angle between the true and

reconstructed muon Af is used to show the angular resolution of the muon

true y, reco u

direction as a function of the muon energy. The angle A8 between

visible shower, reco shower
the true, visible shower direction and the reconstructed shower direction is estimated and
used to convey the angular resolution of the shower direction. The angular resolution
for the muon and shower case are shown in Figure 6.10. In addition to the median of the

distributions (the 50% quantile), the 16% and 84% quantiles are indicated.

For the track direction, the angular resolution from the track+shower reconstruction
is very similar to that from the standard track reconstruction, shown in Figure 6.10 (a).
The reconstruction succeeds in determining the muon direction, likely aided by the
starting value from the track direction (which may already be close to the intrinsic limit
for these events). The 16% — 84% quantiles are slightly more narrow in the case of the
track reconstruction. This is expected as with another component to reconstruct, the
muon direction in the track+shower case has a larger degree of freedom to vary during
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Figure 6.10.: The angular resolution for the (a) muon component and (b) shower component, as
estimated by the track and shower reconstruction. For both cases, the median and
16%-84% quantiles of the distributions are indicated, for the angle between the true
and reconstructed component direction as a function of the true energy. In the case
of the muon direction, the angular resolution from the track+shower reconstruction
is compared to the result from the track reconstruction.

the fit procedure. Both reconstructions show an angular resolution of less than 2° above
20 GeV.

For the hadronic shower direction, the median angular resolution falls below 20°
above 10 GeV. This is in agreement with the results from the study of the intrinsic limits
on the shower resolution in KM3NeT/ORCA [123]. Due to limited statistics, the angular

resolution is not shown beyond a shower energy of 40 GeV.

Given that the direction of both the muon and shower is reconstructed, an attempt
is made to reconstruct the neutrino direction itself, using Equation (6.4). Naively, the
values of the weights w are set to unity. The angular deviation between the true and

reconstructed neutrino direction is calculated, and compared to the angular deviation
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Figure 6.11.: The angular deviation between the true and reconstructed neutrino direction and
the angular deviation between the true neutrino and reconstructed muon direction is
presented as a function of the neutrino energy, in terms of the median and quantiles
of the distributions. The reconstructed directions of the neutrino and muon are
those evaluated from the results of the track+shower reconstruction.

between the true neutrino and reconstructed muon direction, as a function of the neutrino
energy. The median of both of these distributions is presented in Figure 6.11, alongside
the associated 16%-84% quantiles. Although the results are similar, it is apparent from
this formulation of 6/ that the reconstructed muon direction acts as a better proxy to
the true neutrino direction than the reconstructed neutrino direction. This is as result
of the determination of the hadronic shower direction, a difficult quantity to determine,
which has a larger associated error compared to that of the reconstructed muon direction.
The reconstructed direction errors are not accounted for in the definition of the above
neutrino direction. A study of the effect of the values of the weights in Equation (6.4) on

the reconstructed neutrino angular resolution is not included in this work.

Energy reconstruction

The reconstructed muon energy is presented in Figure 6.12 in the form of

log;(Eeco/ Etrue) and the reconstructed muon energy as a function of the true muon
energy. The quantity log;(E eco/ Erue) is compared between the track+shower recon-
struction and the standard track reconstruction. Both results are quite similar. The width
of the distributions can indicate the resolution to the energy; it can be quantified using
the standard deviation ¢. For the track reconstruction and track+shower reconstruction,
o =0.23 £ 0.0009 and 0.22 £ 0.0008, respectively. This indicates a slightly better reso-
lution from the track+shower reconstruction. Figure 6.12 (b) shows that many events

from the track+shower reconstruction are reconstructed with an energy close to that
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of the true muon energy, as indicated by the diagonal line. The equivalent plots are
/ Etye) for the
shower energies is shown in Figure 6.12 (c). The standard deviation of this distribution

presented for the reconstructed shower energy. The quantity log,,(E

reco true

is 0.77. The majority of events are reconstructed with an energy close to that of the true
visible energy, with a spread of events with under- and over-estimated energies. This is
reflected in Figure 6.12 (d), where the reconstruction shows sensitivity to reconstructing
the shower energy above ~ 3 GeV, and the events are distributed around the diagonal
=E

line where E

reco true-

KM3NeT/ORCA v,-CC 1-100 GeV events
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Figure 6.12.: (a) The distribution of log;,(Eeco/Eirue) for the muon components of the
track+shower reconstruction (blue), compared to that of the track reconstruction
(red). (b) The reconstructed muon energy from the track+shower reconstruction, as a
function of the true muon energy. (c) The quantity 1og;,(E eco/ Eirue) for the shower
component of the track+shower reconstruction. (d) The reconstructed shower en-
ergy from the track+shower reconstruction, as a function of the true, visible shower
energy.
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The quantity log;,(E eco/ Eqrue) can be presented as a function of the energy, as is
illustrated in Figure 6.13 (a) for the reconstructed muon energy and Figure 6.13 (b) for
the reconstructed shower energy. The behaviour of the energy resolution and bias for the
track energy is described in Section 5.1.3. The standard deviation ¢ of log;(E eco / Etrue)
for the muon and shower case are presented in Figure 6.13 (c) and (d) respectively.
At Eqyey = 10 GeV, 0 =~ 0.16 for both the track reconstruction and track+shower re-
construction. Beyond 10 GeV both reconstruction procedures continue to yield a very
similar value of o. Below 10 GeV, the resolution of the track energy is better from the
track+shower reconstruction than that from the track reconstruction. In the case of the
reconstructed shower energy, at Ei e shower = 10 GeV, o =~ 0.44.

Finally, the reconstructed neutrino energy E, " of Equation (6.3) is presented in
Figure 6.14 (a) as a function of the true neutrino energy. Figure 6.14 (b) shows the
reconstructed muon energy from the track reconstruction (the prefit energy) as a function
of the true neutrino energy. Using both the muon and shower energy components
appears to improve upon the estimate of the true neutrino energy, compared to using
the muon energy estimate alone as a proxy for the neutrino energy, with more events
appearing along the diagonal line. Figure 6.15 (a) shows the median and 16 — 84%
quantiles of 1og;,(E eco/ Eiruer) a@s a function of the true neutrino energy, while the
width o of this quantity is shown in Figure 6.15 (b). In both figures, log;,(E eco/ Etrue )

is presented for the case of the reconstructed track energy E (in red, from the

reco

track+shower reconstruction) and the reconstructed neutrino eneﬁ*gy E ecoy (in blue,
from the track+shower reconstruction), which is calculated using the addition of the
reconstructed track and shower energies as given in Equation (6.3). Figure 6.15 (a) shows
a similar behaviour of both distributions as a function of the neutrino energy, with
a different bias, coming from the additional shower energy used to define E In
Figure 6.15 (b), the value of ¢ for E

energy range compared to that of E

recov:

is lower across almost the entire true neutrino
recou- AtE =10 GeV, 0 ~ 0.145 and 0.161 when

using the reconstructed neutrino energy and reconstructed muon energy, respectively.

recov

truev

The energy resolution is better when using the reconstructed neutrino energy from this
track+shower reconstruction, rather than the muon energy alone as a proxy for the true
neutrino energy. Such a result justifies the use of this novel track+shower reconstruction

algorithm.
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Figure 6.14.: The true neutrino energy is shown in (a) vs. the reconstructed neutrino energy, and
in (b) vs. the prefit track energy. The colour-bar indicates the number of events. The
diagonal line indicates the region where the true and reconstructed energies are
equal.
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(a) The median and quantiles of the distribution of 10g;,(E eco/ Eqruev) as a function
of the true neutrino energy, using the reconstructed neutrino energy (blue) and the
reconstructed muon energy (red), from the track+shower reconstruction. (b) The
width of the distribution shown in (a) is shown (i.e. the energy resolution) when
using the reconstructed neutrino energy (blue) and the reconstructed muon energy

(red) as a proxy for the true neutrino energy.
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Opening Angle & Bjorken-y

The opening angle between the muon and shower direction Af is shown in

,shower
Figure 6.16, for the true and reconstructed directions respectively,yas a function of the
neutrino energy. The median and 16%-84% quantiles of both distributions are presented.
For the true opening angle, the difference between both directions decreases with energy,
as expected, as with higher energies events the muon and shower components should

become more co-linear along the neutrino direction axis.

90

80

70 16-84% quantiles
16-84% quantiles

true .

- Aemuon,showerr median
I reco -

Aemuon,showerr median
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Figure 6.16.: The median and 16%-84% quantiles of the distributions for the true (blue) and
reconstructed (red) opening angle between the muon and shower directions, are
shown as a function of the neutrino energy. The muon and shower are reconstructed
within 15° of each other, smaller than the true difference.

The reconstructed opening angle however does not change with the energy. In fact

for the entire energy range, A0 ~ 15°. The reconstructed directions are

reco |, reco shower
more co-linear than the true directions are, indicating a bias in the direction estimate
of the track+shower reconstruction. It is important to note that the shower direction
uses the track prefit direction as a starting point, and the fit result has not diverged
much from the muon direction. It is likely that the shower direction, which is difficult
to estimate, is reconstructed along the same direction as the track, which tends to have
more energy and produce more hits in the detector than the shower. The larger spread
on the reconstructed opening angle indicates the difficulty in resolving the directions.
Beyond 40 GeV however, the true and reconstructed opening angle become closer in

value.

The Bjorken-y of the events, the fraction of the energy transferred to the associated
hadronic shower, is also reconstructed. The true value of the Bjorken-y is not available
from the simulation software version used to simulate these events. The ‘true’ Bjorken-y
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Figure 6.17.: (a) The true Bjorken-y is shown as a function of the true neutrino energy. (b) The

median and 16% — 84% quantiles of 3™ — y™ is shown as a function of the

neutrino energy.

is instead calculated using its definition in Equation (1.3). The reconstructed Bjorken-y is

approximated as

reco reco
T — (6.10)

reco
EU

reco

where E;

is defined in Equation (6.3) as the sum of the reconstructed muon and shower
energies. Figure 6.17 (a) shows the distribution of the true Bjorken-y value as a function
of the true neutrino energy. For events from approximately 3—30 GeV, the true Bjorken-y

value is < 0.2, for the majority of events. This energy range contains the majority of



150 A Novel Approach: Simultaneous Track & Shower Reconstruction

events in the event sample (c.f. the true energy distribution of Figure 6.7). Figure 6.17 (b)

reco true : :
—y  as a function of the neutrino energy. For

shows the median and quantiles of y
true neutrino energies of approximately 10-100 GeV, the median difference between the
true and reconstructed Bjorken-y is about 0.1. The quantiles indicate the resolution to
the quantity, which at 10 GeV shows a total spread of 0.4 between the maximum and
minimum value of the quantiles band. Note that this quantity has only been investigated
for neutrinos and not anti-neutrinos. The difference between the reconstructed Bjorken-y

for neutrinos and anti-neutrinos is explored in Chapter 7.

This is the first time the Bjorken-y has been reconstructed directly for events in the

reco true .
—y — ~ 0.1. For comparison,

KM3NeT experiment, showing a median difference of y
in Adrian-Martinez et al. (2016) [17], the Bjorken-y is estimated from the time residual
distribution of hits from either a track or shower hypothesis — certainly not a direct
estimate. In that case, the reconstructed Bjorken-y is estimated for 4 different intervals of
the true Bjorken-y value. Again, the use of such a track+shower reconstruction algorithm

is justified from its ability to reconstruct the Bjorken-y parameter.

6.5.2. Charged-Current Electron Neutrino Events

The performance of the reconstruction is also examined for charged-current electron neu-
trino (v,-CC) events. These interactions result in the creation of both an electromagnetic
and a hadronic shower. The results from the electromagnetic shower reconstruction for
KM3NeT/ORCA events, described in Chapter 3, are used to provide starting points to
the reconstruction for these events. The fit procedure is applied to a number of simulated
v,-CC events, simulated in the same manner as for the muon neutrino events described
above, with energies of 1-100 GeV. The energy spectrum of these events is shown in
Figure 6.18, with a comparison between the true visible shower energy and the energy of
the electron which initiates the shower. The visible energy definition accounts for the
hadronic shower particles which have more (electromagnetic-equivalent) energy than
the initial electron alone. In this section, the electron energy is chosen to represent the
true energy of the shower when presenting the resolution in the following pages.

During the fit procedure the track direction and energy parameters are not fixed,
they are free to converge on the best estimated value. In this way we check how the
track+shower reconstruction responds to the absence of a track in the neutrino event.
Again, to select better reconstructed events for this performance evaluation, a simple
cut is made on the total negative log-likelihood value of —log £ >22500 & —log £ <
28000. This range can be shown in Figure 6.19, where the angular resolution and
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Figure 6.18.: The true energy of the particle showers for the v,-CC events used to evaluate the
track+shower reconstruction performance. A comparison is shown between the
true visible and the initial electron energy.
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Figure 6.19.: The angular difference Ay reco and 10g;,(Eeco/ Eqrye) are shown as a function
the total negative log-likelihood, comparing the true and reconstructed shower
directions and energies. A range of — log £ from 22500-28000 is selected to remove
some poorly reconstructed events. The colour-bar indicates the number of events.

log;(E eco/ Etrue) are shown as a function of —log £. This simple cut is chosen to im-
prove the angular and energy resolution. Many poorly-reconstructed events congregate
around low values of —log £. This may be due to limited information to reconstruct
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these events properly. The effect of this cut on the number of events and resolutions is

presented in Table 6.2.

Quantity Before Cuts | After Cuts
Number of events with fit result 23,389 8,917
Median Ay electron reco s 18.8° 13.0°

0 on 108, (Ereco shower/ Etrue electron) | 0-5 0.4

Table 6.2.: Example cuts used for the charged-current electron neutrino events on which the
track+shower reconstruction performance is evaluated.

The distance between the neutrino vertex and reconstructed vertex is shown in
Figure 6.20 for both the track+shower and standard shower reconstruction algorithms.

Most events are reconstructed < 5 metres from the true vertex position.

KM3NeT/ORCA v.-CC 1-100 GeV events

3000 I track+shower reconstruction
[1 shower reconstruction

2500
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o (6] o
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500 _\—

0 2 4 6 8 10
Distance between true v, reconstructed v vertex [m]

Figure 6.20.: The distance between the true neutrino vertex and reconstructed vertex position,
from the track+shower reconstruction (blue) and standard shower reconstruction
(red), for v,-CC events. Most events are reconstructed with a vertex position very
close to the true neutrino position.

The direction resolution of the track+shower reconstruction in reconstructing show-
ers is presented in Figure 6.21, with the resolution from the shower reconstruction also
shown. The median of the distributions, alongside the 16% — 84% quantiles, are illus-
trated. The angular resolution for both reconstructions is similar, with the slightly better
resolution from the shower reconstruction probably coming from the track+shower
reconstruction attempting to also reconstruct a muon direction — perhaps treating the
electromagnetic shower and hadronic shower as separate components. In comparing the
median of both lines, the values are very similar, with the track+shower reconstruction
providing an angular resolution of ~ 10° from the true direction at 10 GeV.
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Figure 6.21.: The angular resolution of the shower direction as a function of the electron energy,
for both the track+shower reconstruction (blue) and the standard KM3NeT/ORCA
shower reconstruction (red). For both cases, the median and 16% — 84% quantiles of
the distributions are indicated.
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Figure 6.22.: (a) The reconstructed energy from the track+shower reconstruction, and (b) the
reconstructed shower energy from the KM3NeT/ORCA shower reconstruction,
both as a function of the true electron energy. The diagonal line in both figures
shows where the reconstructed energy is equal to the true energy.

In Figure 6.22 (a) and (b), the reconstructed energy and prefit (from the standard
shower reconstruction) shower energy as a function of the true electron energy (the
electron which initiates the electromagnetic shower) are presented, respectively. Al-
though the KM3NeT/ORCA-dedicated shower reconstruction somewhat overestimates
the electron energy, many events lie close to the diagonal line with relatively little spread
in the distribution, indicating a good reconstructed energy estimate. The reconstructed
energy from the track+shower reconstruction also lies close to the true energy for many

events, though with a larger spread around the diagonal line compared to the prefit
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case. Though the track+shower reconstruction employs the pre-defined photo-electron
distributions for electromagnetic showers, the position of light emission for the shower
is assumed to be that of a hadronic one (c.f. Section 6.2.1). This may contribute to the
difference between the results from the two reconstruction procedures. The fact that
these events consist of an electromagnetic and hadronic shower may also impact the
track+shower reconstruction performance; the model assumed in this reconstruction
is of a track and shower. Whether these two showers are treated separately by the
track+shower reconstruction should be investigated in a future study.
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Figure 6.23.: (a) The median and quantiles for log;;(E e/ Eqye) as a function of the elec-
tron energy are illustrated for the track+shower reconstruction (blue) and the
KM3NeT/ORCA-dedicated shower reconstruction (red). (b) The value of the stan-
dard deviation o on 10g,(E cco/ Etrue) as a function of the electron energy, for the
track+shower reconstruction (blue) and the KM3NeT/ORCA-dedicated shower
reconstruction (red).
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The distribution of log;(E eco/ Eirue) is shown for the track+shower reconstruction
and shower reconstruction as a function of the shower energy in Figure 6.23 (a). The
median and quantiles of both reconstructions show the expected behaviour; the width
of the distribution (i.e. the resolution) is worse (wider) at lower energies and improves
(narrows) as the energy increases. Likewise, the bias reduces as the energy increases.
Figure 6.23 (b) shows the width ¢ of 10g;(E eco/ Erue), Where E
the track+shower reconstruction and the standard shower reconstruction algorithm. At

is estimated by both

reco true reco

Eirue electron = 10 GeV, 0 2~ 0.23 and 0.36 for the shower reconstruction and track+shower
> 15 GeV, the values from
both reconstruction algorithms are quite similar. This may result from the hadronic

reconstruction procedures, respectively. For E. . clectron
shower scaling of the shower maximum point, as described in Section 6.2.1. The scaling
between the true hadronic and visible energy becomes less prominent beyond ~ 10
GeV, as shown in Figure 6.2. For low energies below E, . clectron ~ 10 GeV, the difference
in the energy resolution between the two reconstruction procedures is larger, with
the dedicated electromagnetic shower reconstruction procedure resulting in a better
resolution compared to that from the track+shower reconstruction.

As already mentioned, the track+shower reconstruction assumes an emission point
in the longitudinal direction of a hadronic shower, which may have an impact on these
resolutions. There are many events for which a non-zero track energy is reconstructed, as
depicted in in Figure 6.24. During the reconstruction procedure, the starting point energy
is set to 0.1 GeV for events with energies < 0.1 GeV. This is why many events have a
reconstructed muon energy of 0.1 GeV, no better value is found in the fit procedure. The
reconstructed shower energy, meanwhile looks more similar to the true energy spectrum
of Figure 6.18.

The fact that the muon parameters must be left free in fitting these particle show-
ers with this reconstruction technique is likely affecting the performance compared to
the KM3NeT/ORCA-dedicated shower reconstruction, however, when reconstructing
data from the KM3NeT detectors this reconstruction cannot discriminate between neu-
trino flavours, and so both the track and shower parameters are left free in the fitting

procedure.

6.6. Discussion

For the first time, a reconstruction algorithm has been developed and implemented with

the goal to reconstruct both the track and (hadronic) shower components of neutrino-
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Figure 6.24.: The distributions of the reconstructed muon and shower energies determined by
the track+shower reconstruction procedure for charged-current electron neutrino
events.

induced events detected by the KM3NeT experiment. Such a reconstruction is espe-
cially relevant for v,-CC events which can more accurately be described by this track
and shower event model. The track+shower reconstruction procedure is applied to
simulated sets of charged-current muon and electron neutrino events in the complete
KM3NeT/ORCA detector. For the v,-CC events, it is shown to be capable of recon-
structing the vertex position, the direction and energy of the muon component, and the
direction and energy of the shower component of the events. Furthermore, this allows
for an estimate of the neutrino energy and direction, no longer requiring the shower or
muon direction alone as a proxy for the neutrino direction and energy. For v,-CC events,
the reconstruction procedure is capable of reconstructing the direction and energy of
v,-CC showers, even when assuming a track in the event model. The emission profile for
hadronic showers is implemented in this reconstruction procedure, as outlined in Sec-
tion 6.2.1. Such an implementation may result in differences between the electromagnetic
shower reconstruction algorithm and this track+shower algorithm. The performance of
the track+shower algorithm will be studied for neutral-current neutrino interactions (i.e.

pure hadronic shower events) in Chapter 7.

The likelihood function of Equation (3.23) has been implemented and used to scan
the likelihood space for the model parameters describing this model. For the track
model parameters, the likelihood minimum coincides with the true parameter value.
For the case of the hadronic shower direction and energy, the likelihood landscape
can be a difficult one for the minimiser to navigate, and the true value of the shower
direction and energy cannot be found for all events in the likelihood scan carried out.
As indicated in Section 6.3.3, the task of reconstructing the direction and energy of a
hadronic shower is a challenging one, with the minimum value of the total likelihood
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function at a different position in the parameter space from the true parameter value. For
a vast majority of events, the total likelihood is flat for a scan of the shower direction and
energy values. The results of the track+shower reconstruction, presented in Section 6.5,
show a good performance of the reconstruction procedure — e.g. the shower direction
is estimated within 20° of the true direction at shower energies of 10 GeV, and with an
energy resolution of o = 0.4 at shower energies of 10 GeV. These resolutions are likely
aided by the resolution of the standard track reconstruction procedure, which provides
the starting points to the fit.

In Figure 6.16, the reconstructed shower direction is shown to be estimated with
a direction close to that of the muon direction, the two directions are reconstructed
within 10 degrees of one another for all considered v,,-CC energies. The use of the muon
direction as a starting point to the shower fit likely influences the result. Figure 6.16
shows the true muon and shower direction differ in angle by > 15° below 40 GeV;
the shower direction may not vary enough in the fit procedure to find the optimal
estimate. The shower energy, meanwhile, is estimated well enough to show a promising

contribution in estimating the actual neutrino energy (e.g. as shown in Figure 6.15).

The visible shower direction is compared to the ‘true’ momentum direction of the
shower, as can be calculated from Equation (6.2), for vy—CC events in Figure 6.25. For
many events, these two directions are within 7° of one another for neutrino energies
above 10 GeV. At neutrino energies of about 6 GeV, these two direction definitions
can differ by ~11°. However, the momentum-direction definition should incorporate
the neutral particles produced within the shower which carry some of the momentum,
but produce no Cherenkov light. These particles simply cannot be reconstructed. The
visible direction definition is maintained as a definition of the light which can actually
be detected and reconstructed from the shower. Events which have neutrino energies < 5
GeV are excluded due to a lack of statistics in the sample.

There are means of improving the performance of this track+shower reconstruction
algorithm. Different minimization algorithms and different means of minimising the
likelihood can be explored for the track+shower reconstruction procedure, which may
lead to further improvements on the performance. As mentioned multiple times in
this chapter, electromagnetic shower photo-electron distribution tables are used in this
reconstruction to estimate the hadronic shower model parameters. This is an outstanding
approximation in this reconstruction technique, which is thus far not fully addressed.
More accurate probability density functions, created through the simulation of many
hadronic shower events, can be obtained and used to improve upon the estimation of

the photo-electron yield. Such studies remain outside the scope of this particular thesis.
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Figure 6.25.: The angular difference between the shower direction as defined by the visible
direction and the momentum-defined direction, as a function of the neutrino energy.
The median and 16-84% quantiles are indicated.

Another factor which can influence the evaluation of the performance of this track+shower

reconstruction is the simulation of the events for the 115-line

KM3NeT/ORCA detector, which is outdated. This simulation contains many known
issues, an example being that the final state particles cannot be tagged, affecting the
definition of the true visible shower direction/energy. As a result, all particles in the
event are used to define the visible energy and direction. In addition, the Bjorken-y
is not calculated and stored in this simulation version of the ORCA-115 line detector,
and thus is calculated using Equation (1.3) instead. A new simulation of all-flavour
neutrino/anti-neutrino and atmospheric muons is being carried out at the time of writ-
ing for the complete KM3NeT/ORCA detector. The performance of this reconstruction
procedure will likely be affected by the updates in the software, but such a study will
not be addressed in this thesis.

This reconstruction procedure paves the way for reconstructing the ‘golden’ quantity
in neutrino interactions, the Bjorken-y parameter. This parameter allows for a complete
description of the neutrino interaction. As shown in Figure 6.17 (b), events can be
reconstructed by this novel algorithm for which the true and reconstructed Bjorken-y
are within 0.15 in value, for neutrino energies of 1-100 GeV. Using this track+shower
reconstruction as an input to a neutrino oscillation parameter analysis will be explored

in the following chapter.



Chapter 7.

Towards an Oscillation Analysis

It has been demonstrated in Chapter 6 that the novel track+shower reconstruction algo-
rithm, developed as part of the work for this thesis, can be used to estimate the vertex
position, event time, and the directions and energies of the track and shower components
of neutrino interactions. This reconstruction procedure is shown in Chapter 6 to improve
the estimate of the neutrino energy for events simulated in the envisaged, 115-detection
unit KM3NeT /ORCA detector, and for the first time to directly estimate the Bjorken-y pa-
rameter. In this chapter, the track+shower reconstruction method is applied to simulated
data in the KM3NeT/ORCA-6 detector, and the potential of using this reconstruction
algorithm for a future analysis is explored. Although a precise determination of the neu-
trino oscillation parameters (an ‘oscillation analysis’), and ultimately the determination
of the neutrino mass ordering, are main goals of the KM3NeT experiment, many analyses
require the same input, hence the studies carried out in this chapter are applicable to
many possible analyses with the KM3NeT/ORCA-6 data.

A step in an analysis termed ‘particle identification” is usually employed to identify
and discriminate between track- and shower-like (UF-CC, v,.-CC), shower-like (VH-NC,
v,-CC) and atmospheric muon-like events. Machine learning algorithms are used to
identify particular features of these different event types, and assign ‘scores’ to them
based on how track-like, shower-like, or atmospheric muon-like they are. An example
of this particle identification step, for the oscillation analysis of KM3NeT/ORCA-6
data, is described in Carretero (2023) [91]. The track+shower reconstruction procedure
reconstructs some variables not provided by the separate track or shower reconstruction
algorithms, including the directions and energies of the respective track and shower
components and the reconstructed likelihood components defined in Equation (3.23).
Distributions of the likelihood, resulting from the track+shower reconstruction, are

presented in Section 7.2.1, for neutrino events containing only particle showers and

159
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events comprising a track and shower. Differences between these distributions are
found for the two event classes. As is explained in Section 7.2.1, these differences can
complement and provide further discriminatory input to the particle identification step

in an oscillation analysis.

As discussed in Chapter 6, the track+shower reconstruction algorithm results in an
improved estimate of the neutrino energy for the envisaged KM3NeT/ORCA detector,
compared to estimating only the track or shower energy as a proxy for the neutrino
energy. In order to see if this improvement, and any other improvements to the resolution,
also pertains to the ORCA-6 detector, the expected resolution on the neutrino direction,
neutrino energy and Bjorken-y is determined and presented in Section 7.2.2. These
resolutions are shown for the various neutrino interaction channels in the ORCA-6
dataset, comparing the results between track- and shower-like and shower-like events.
The resolution performance is also compared between the ORCA-6 detector and the
envisaged, complete ORCA-115 detector.

A summary and discussion of the results of this study are presented later in this
chapter, followed by conclusion and future outlook for this work.

7.1. Data Set - ORCA-6

The data set taken by the ORCA-6 detector is used in this chapter in exploring the
performance and potential of the track+shower reconstruction algorithm. This data set
is well-understood and has been used in other physics analyses of KM3NeT data. As
shown in Figure 2.12 and discussed in Carretero (2023) [91], a data set from the ORCA-6
detector amounting to 510 days of data-taking is used to perform an oscillation analysis.

The data used in this chapter is merely a subset of that.

Figure 7.1 (a) presents the cumulative exposure (data-taking time period) of the data
set used in this chapter from run numbers 7224 — 7495, as a function of the date. The
data runs which are suitable for physics analysis must comply with a set of criteria,
which include a sufficient run duration and minimal periods of high-rate veto (defined
in Chapter 2). The data runs which comply with these conditions are referred to as the

‘selected runs’, their cumulative exposure is also presented in Figure 7.1 (a).

The triggered event rate (triggered events are referred to as DAQ Events, as described
in Section 2.5) for the selected data runs is shown in Figure 7.1 (b) as a function of
the time, alongside the rate of DAQ events from the individual trigger algorithms (see
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Figure 7.1.: (a) The cumulative livetime of the ORCA-6 data set on which the track+shower
reconstruction is applied is presented. The full data set (blue line) and selected
quality data runs (red line) are indicated. (b) (Top) The mean PMT rate (blue line)
and high-rate veto fraction (orange line) for the selected runs are shown as a function
of the date. (Bottom) The trigger rate is shown for all triggered events (black line)
and from the respective trigger algorithms, which are described in Chapter 2.

Section 2.5.1). As previously mentioned, the mixed trigger algorithm MXShower aims
to identify events with both track-like and shower-like characteristics at lower neutrino
energies. Clearly, the majority of triggered events are identified as such. The mean (per
day) PMT rate and high-rate veto (see Chapter 2) fraction (i.e. the fraction of times one
optical module reaches the high-rate veto) is illustrated in Figure 7.1 (b). The high-rate
veto fraction and the PMT rate are clearly correlated, since the veto is implemented for
high PMT rates. The trigger rate is anti-correlated with the high-rate veto fraction, since
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more photons are rejected during these periods, and fewer events are identified by the

trigger algorithms.

7.2. Simulated Neutrino Dataset

The track+shower reconstruction algorithm is applied to the data runs, simulated follow-
ing the generation, light and trigger run-by-run software described in Chapter 3. The
considered neutrino events are simulated with an energy from 1-100 GeV; this energy
range is chosen as it is pertinent to neutrino oscillation studies. The true, simulated
energy distributions for these simulated data sets can be found in Appendix E. Given the
livetime of the data runs, the appropriate number of neutrinos and atmospheric muons
are simulated to comply with the run livetime. The number of generated events for
each run and the spectral index 7y (of the energy spectrum E~ ') according to which the
events are generated, are given for the different channels in Table 7.1. Since the v,,-NC
channel is used to represent neutral-current interactions of all flavours, more events are
generated than for v,-CC events. For the v.-CC and v,-CC channels, fewer events end
up being triggered on since they are simulated in a larger volume than the shower-like
interaction channels. As a result there are less statistics available in reconstructed v,-CC

events compared to v,-NC events, for example.

Type  Generated Neutrinos Energy Range (GeV) Spectral Index

v,-CC 7.0 x 10° 1-100 2.5
v,-CC 6.0 x 10* 1-100 3.0
v,-NC 2.0 x 10° 1-100 2.5
v,-CC 2.0 x 10° 1-100 2.0

Table 7.1.: Number of generated neutrinos for each channel, according to a spectral index -y, for
each simulated ORCA-6 run.

Currently in physics analyses of KM3NeT data, both the track and shower reconstruc-
tion algorithms are applied to the data and simulated data, as described in Chapters 3
and 6, followed by particle identification steps in order to identify track-like events,
shower-like events, and background. In this section, the performance of the track+shower
reconstruction algorithm is presented for each neutrino interaction channel, using the
separate track and shower reconstruction algorithms to provide the starting points to the
track+shower fit procedure. These are referred to as the “track reconstruction prefit’ and

‘shower reconstruction prefit’ in the below section, respectively.
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In the track+shower fit procedure, the prefit direction is used as the starting directions
for both the track and shower component, and likewise the prefit energy is used as the
starting value of the energy for the track and shower component. Only muon-flavoured
neutrinos are simulated to represent neutral current events for each data run.
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Figure 7.2.: Distributions of the angular difference Aby,c, reco, and the logarithm of the energy
ratio 108,y (Eeco v/ Etrue v) as a function of the negative log-likelihood — log £ from
the track+shower reconstruction. These distributions are shown for various simulated
interaction channels.

A cut on the total negative log-likelihood — log £ is used to improve the resolution
to the track and/or shower direction and/or energy, and to show reconstructed distri-
butions from the track+shower reconstruction, as presented later in this section. This
selection criteria is used to select the well-reconstructed events resulting from the fit
procedure. The — log £ which comes from the track+shower reconstruction is related
to the quality of the angular and energy resolution. In general, events with a better
resolution are reconstructed with a lower value of —log £, as also shown in Chapter 6.
Some examples of the angular difference between the true and reconstructed neutrino
direction and log;;(E eco v/ Etrue v) @s a function of —log £ are shown in Figure 7.2,
respectively. The definitions of the reconstructed neutrino direction and energy follow
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# of events | ABiruc recon | Mimveshrecosh | T 10810 (Ereco/ Eirue) | 0" 10810 (Ereco Eirue)
v,,-CC (track prefit) 1,773 966 8.6° 4.9° 35.4° 30.8° 04 04 14 1.3
Sﬂﬂﬂ (shower prefit) 1,746 972 33.5° 29.4° 41.3° 38.1° 0.8 0.8 1.1 09
v,-CC (track prefit) 13,151 5,009 - - 40.0° 36.6° - - 0.8 0.7
v,-CC (shower prefit) | 13,054 4,994 - - 39.1° 35.0° - - 0.7 0.6
v,.-CC (track prefit) 7,237 3,281 6.8° 4.5° 39.9° 36.3° 04 04 1.3 1.2
v.-CC (shower prefit) | 7,065 3,201 33.9° 31.3° 33.8° 28.8° 0.8 09 0.8 0.6
v,,-NC (track prefit) | 16,088 7,006 - - 41.5° 38.7° - - 12 1.2
v,-NC (shower prefit) | 15,886 7,003 - - 37.2° 32.7° - - 0.8 0.7

164

Table 7.2.: The effect of the selection criteria —log £ > 900 on the reconstructed, simulated events in the ORCA-6 detector. The values in each
column are given with no selection (left value) and with the selection criteria (right value). These values are presented for the
neutrino channels resulting from both prefit cases, displaying the number of events and the angular and energy resolution values
for the reconstructed track and shower compared to their true values.



Towards an Oscillation Analysis 165

from Equations (6.3) and (6.4). The distributions in Figure 7.2 are shown for various
interaction channels. From Figure 7.2, a range of the likelihood from 900-2,200 is cho-
sen to attempt to remove poorly-reconstructed events. At values of —log £ <900 the
spread on the angular and energy deviations are large, and are therefore removed by the
selected range. The effect of this cut, and its improvement on the resolution, is presented

in Table 7.2, for the neutrino events (not anti-neutrinos).

Distributions which result from the track+shower reconstruction, relevant to parti-
cle identification, are compared below for the different neutrino interaction channels,
followed by a discussion of the performance of the reconstruction. All of the following

results use the cut on — log £ as described.

7.2.1. Providing Input for Particle Identification Methods

In this section, distributions of the likelihood are compared between events which
contain only a hadronic shower (i.e. 7,-NC events) and track- and shower-like events
(7,-CC). The events from v,-CC interactions and v,-CC interactions are omitted in this
study. For v.-CC interactions, fewer events are generated (for this data set) compared to
v,-CC interactions, meaning the reconstructed distributions are sparse in the number
of statistics. For v,-CC interactions (i.e. electromagnetic and hadronic showers), the
distributions are found to be quite similar (but not identical) to those reconstructed from
v,-NC events (i.e. hadronic showers only). The two channels compared here are intended
to show the maximal difference between likelihood distributions. A comparison is not
made between the reconstructed distributions for neutrino and anti-neutrino events, as
these can be shown to be near-identical, except in comparing the reconstructed Bjorken-y
parameter. The resolution on the Bjorken-y parameter with the ORCA-6 data will be
illustrated later in this chapter.

Figure 7.3 shows the various likelihood components of Equation (3.23), for track-
and shower-like events and shower-like events, as reconstructed using both prefits. The
values of —log £ and —log £L/NDF are shown, respectively, where NDF denotes the
number of degrees of freedom. The number of degrees of freedom for each negative
log-likelihood component is defined as the number of hits (or, no hits) considered, and
subtracting the number of fit parameters. The —log £/NDF is used to normalise the

events, removing the effects of those with very many or very few hits.

It is apparent that there are differences between these two event classes when these
distributions are compared. Regardless of the prefit used, there is a difference be-



166 Towards an Oscillation Analysis

tween the 7,-NC and 7,-CC events, in the distributions of —log L ;,qy;;/ NDF and
—log L,ispmr/ NDEF. For example, there are more shower-like events reconstructed with
—log L ¢irsnir/ NDF > 7.5 and —log Ly;ppr/ NDF > 4 compared to track- and shower-
like events. There is a difference in the shape of these distributions for the two event
classes.

Using both prefits to provide starting points to the track+shower reconstruction can
be exploited to also find a difference between the two event classes. The difference
in the values of the negative log-likelihood distributions between both the track and
shower prefit case, for the two event classes, is shown in Figure 7.4. The difference in
—log Lyispmr/ NDF and —log L,,,,,_ni:/ NDF are chosen as examples. Again, the two
event classes show different shapes in the distributions.
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The likelihood components resulting from the track+shower reconstruction in the
ORCA-6 detector, for events containing only a hadronic shower (7,-NC) and events
containing a track and shower (7,-CC). The bottom-row figures of (a) and (b) show
the likelihood divided by the number of degrees of freedom.
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Figure 7.4.: The difference in the values of —log L;;ppir/ NDF and —log L,,,,,_i:/ NDF, as re-
sulting from the track and shower prefits, are shown for two different event classes.

Currently, the particle identification step used in analyses with ORCA-6 data takes
a list of features (from the reconstructed data, such as likelihood values) as input, and
makes use of machine learning techniques known as ‘Boosted Decision Trees’ [125]
to classify how track-like, shower-like and atmospheric muon-like an event is. These
Boosted Decision Trees are employed as they are powerful tools in identifying subtle
differences between features for such classification, exactly like the subtle differences
in the likelihood distributions shown in Figures 7.3 and 7.4. However, many features
with differences between event classes are needed to train these Boosted Decision Trees
such that they can discriminate effectively between different events. One feature cur-
rently used in ORCA-6 analysis to distinguish neutrino events from atmospheric muon
background events, and track-like events from shower-like events, is the ratio of the
likelihoods which come from the two separate track and shower reconstruction algo-
rithms. The examples presented in this section, of differences between the negative
log-likelihood components coming from the track+shower reconstruction, can clearly
provide additional input to the particle identification step used in ORCA-6 analyses,
alongside the variety of features already used. There are many other features from the
track+shower reconstruction, such as the estimated vertex position or the opening angle
between the track and shower component, that may differ between shower-like and
track- and shower-like events and which can also be explored as input to the particle
identification step in an analysis. Such studies are outside the scope of this thesis but
should be carried out in future research.
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7.2.2. Resolution on the Neutrino Direction, Energy, Bjorken-y

The reconstructed angular and energy resolution are illustrated in this section, using
the same quantities as in Chapter 6 to indicate the resolution to the direction or energy.
The distance between the true and reconstructed vertex position is also presented, as
well as an estimate on the reconstructed Bjorken-y. The results are shown separately
for neutrinos and anti-neutrinos, in order to compare and contrast the reconstruction
performance between both particle types. Though the resolution on the vertex, energy
and direction should be almost equivalent between neutrinos and anti-neutrinos, a
difference is expected between the Bjorken-y distributions. This is due to different
neutrino-nucleon and anti-neutrino nucleon differential cross sections, as discussed in
Section 1.2.2.

The reconstructed neutrino direction and energy is compared to the reconstructed
track or shower directions and energies. This is done in order to give an idea of which
reconstructed variable gives the best estimate for track- and shower-like (v,-CC, v.-CC)
or shower-like (v,-CC, VV—NC) events. Note that for the cases of the track direction and
energy resolution presented below, the condition is enforced that there must be a true
muon track in the event (in order to determine to angular and energy resolution to true
track events only). As a result of this condition, there are less statistics available in e.g.

the tau neutrino channel.
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Vertex Resolution

The distance between the true and reconstructed vertex positions, for all the simulated
neutrino interaction channels, is presented in Figures 7.5 to 7.8, for the two different
prefits used. The shower prefit results in events which are reconstructed closer to that of
the true neutrino vertex position for every event type, except for the v,-CC interactions,
for which the track and shower prefit give quite similar results (slightly more events are

reconstructed closer to the true vertex position for the track prefit case).
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Figure 7.5.: The distance between the true and reconstructed vertex position for charged-current
v, and 7, events simulated in the ORCA-6 detector. The results from the track
(blue) and shower (red) reconstructions are shown, providing starting points to the
track+shower fit procedure.
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Figure 7.6.: The distance between the true and reconstructed vertex position for charged-current
v, and 7, events simulated in the ORCA-6 detector. The results from the track
(blue) and shower (red) reconstructions are shown, providing starting points to the
track+shower fit procedure.

Considering that the tau lepton decays into a muon track ~ 17% of the time and
mostly creates a shower-like signature [3], the results for the tau neutrino channel show
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the shower prefit giving the better vertex estimate. In general, these results suggest that

the shower prefit should be used to provide the starting points in estimating the vertex

position in the track+shower reconstruction. This in turn would lead to a better estimate

of the other reconstructed parameters.
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Figure 7.7.: The distance between the true and reconstructed vertex position for charged-current
v, and 7, events simulated in the ORCA-6 detector. The results from the track
(blue) and shower (red) reconstructions are shown, providing starting points to the
track+shower fit procedure.
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Figure 7.8.: The distance between the true and reconstructed vertex position for neutral-current
v, and 7, events simulated in the ORCA-6 detector. The results from the track
(blue) and shower (red) reconstructions are shown, providing starting points to the
track+shower fit procedure.

Angular Resolution

The angular resolution as a function of the true neutrino energy is shown for track-

and shower-like events in Figures 7.9 and 7.10 for neutrinos and anti-neutrinos. Using

the track reconstruction as a starting point to the reconstruction procedure results in a
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better angular resolution, which improves with increasing neutrino energy. The direction
of the out-going track gives a better estimate of the true neutrino direction (i.e. a
lower median value, and a more narrow spread in the quantiles), as opposed to the
reconstructed neutrino direction definition of Equation (6.4). This observation is also
made in Chapter 6 when evaluating the performance of the track+shower reconstruction
for v,-CC events in the ORCA-115 line detector. The track+shower reconstruction is
capable of reconstructing both v,, and v, events with a similar precision; the direction of
the muon track is reconstructed with an angular resolution of ~ 10° at higher energies.
Using the shower reconstruction as a prefit results in a much poorer angular resolution
for the events, and the median values are similar when using the reconstructed track
and reconstructed neutrino direction. Note that only the events which contain a muon
i.e. there are far more
For the track

prefit case, the reconstructed muon direction alone provides a much better estimate on

are used to illustrate the median and quantiles of Aby ey, reco s

statistics used in determining the median and quantiles for Ay e, recov-
the true neutrino direction compared to the reconstructed neutrino direction. Using
the shower prefit, the median and quantiles ranges of the angular resolution are more

comparable in value.

For shower-like events, the angular resolution as a function of the true neutrino
energy is shown in Figures 7.11 and 7.12 for neutrinos and anti-neutrinos. The shower
prefit results in a better angular resolution compared to using the track reconstruction
as a prefit. The improved resolution on the direction is likely aided by the better vertex
position estimate. The resolution on the neutrino direction improves with increasing
energy. Both the reconstructed shower direction and reconstructed neutrino direction
from the track+shower fit result in very similar values of the median and quantile range
of the angular resolution on the neutrino direction. The angular resolution is slightly
better for the case of v,-CC events compared to neutral-current interactions. This may
result from the use of the electromagnetic photo-electron distribution tables, described
in Chapters 3 and 6. It is however clear that the track+shower reconstruction algorithm
is capable of reconstructing hadronic shower events with an angular resolution within
20°-40° of the true neutrino direction, for the few-line ORCA-6 detector.
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Figure 7.9.: The angular resolution as a function of the true neutrino energy for charged-current v,
and 7, events simulated in the ORCA-6 detector, reconstructed with the track+shower

reconstruction procedure.
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Figure 7.10.: The angular resolution as a function of the true neutrino energy for charged-
current v, and 7, events simulated in the ORCA-6 detector, reconstructed with

the track+shower reconstruction procedure.
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Figure 7.11.: The angular resolution as a function of the true neutrino energy for charged-
current v, and 7, events simulated in the ORCA-6 detector, reconstructed with
the track+shower reconstruction procedure.
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Figure 7.12.: The angular resolution as a function of the true neutrino energy for neutral-
current v, and 7, events simulated in the ORCA-6 detector, reconstructed with
the track+shower reconstruction procedure.
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Energy Resolution

The energy resolution for track- and shower-like events as a function of the true neutrino
energy is shown in Figures 7.13 and 7.14. The reconstructed neutrino energy of Equa-
tion (6.3) is compared to using the track energy alone to determine the true neutrino
energy. The track prefit gives a much better estimate of the neutrino energy compared to
using the shower prefit. The reconstructed neutrino energy gives an improved (or very
similar) estimate of the true neutrino energy compared to using the reconstructed track
energy, with the improvement being quite apparent when the shower prefit is used. The
worsening of the resolution at higher energies is likely from the track component leaving
the detector (i.e. longer tracks at high energies), with the hits it produces not being fully
contained.

The energy resolution for shower-like events as a function of the true neutrino energy
is shown in Figures 7.15 and 7.16. Using the reconstructed neutrino energy of Equa-
tion (6.3) is compared to using the shower energy alone for these shower-like events.
Using the reconstructed neutrino energy gives an improved estimate of the true neutrino
energy for the case of the track prefit, for both neutrinos and anti-neutrinos. When the
shower prefit is used, the reconstructed neutrino energy gives a slightly worse estimate
of the true neutrino energy above E ., ~ 10 GeV. Below this energy, the values are
comparable between the two energy estimates.

For v,-CC events, the improvement in the energy resolution (comparing the recon-
structed neutrino energy or shower energy) is greater than for v,,-NC events. This may be
due to the hypothesis that the electromagnetic shower is treated as the track component,
and the hadronic shower as the shower component (or vice versa, but this is in need of
further investigation). However, the assumption of a track in the event model may lead
to the worsening resolution at higher energies for v,-CC events. For the neutral-current
events, which result in only a hadronic shower, ideally the track+shower reconstruction
would reconstruct only the shower energy (with no reconstructed track energy), but cur-
rently there is a non-zero energy associated with the reconstructed track. The non-zero
track energy in hadronic shower events is discussed again in Section 7.2.3.
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Figure 7.13.: The standard deviation ¢ of log;(E eco/ Eqrue) @s a function of the true neutrino
energy for charged-current v, and 7, events simulated in the ORCA-6 detector,
reconstructed with the track+shower reconstruction procedure. The values for
the reconstructed track energy (blue) and reconstructed neutrino energy (red) are
compared.
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Figure 7.14.: The standard deviation ¢ of 10og;(E eco/ Eqrue) @s a function of the true neutrino
energy for charged-current v, and 7, events simulated in the ORCA-6 detector,
reconstructed with the track+shower reconstruction procedure. The values for
the reconstructed track energy (blue) and reconstructed neutrino energy (red) are
compared.
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Figure 7.15.: The standard deviation ¢ of 10g;,(E eco/ Etrue) as a function of the true neutrino
energy for charged-current v, and 7, events simulated in the ORCA-6 detector,
reconstructed with the track+shower reconstruction procedure. The values for the
reconstructed shower energy (blue) and reconstructed neutrino energy (red) are

compared.
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Figure 7.16.: The standard deviation ¢ of log;(E eco/ Eqrue) @s a function of the true neutrino
energy for neutral-current v, and v, events simulated in the ORCA-6 detector,
reconstructed with the track+shower reconstruction procedure. The values for the
reconstructed shower energy (blue) and reconstructed neutrino energy (red) are

compared.
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Bjorken-y Resolution

For track- and shower-like events, the difference between the true and reconstructed
Bjorken-y as a function of the energy is presented in Figures 7.17 and 7.18 for neutrino
and anti-neutrino events, for both prefits. The reconstructed Bjorken-y is defined using
Equation (6.10), with the reconstructed track energy. The track reconstruction prefit gives
a better estimate of the reconstructed Bjorken-y, with 3" — " closer to 0 following
this prefit, and with a more narrow quantile (i.e. better resolution) as the energy increases.
Using the shower prefit, the reconstructed shower energy and hence reconstructed y
tends to be overestimated, resulting in positive values of 1" — y""**. The distributions
are slightly different between neutrino and anti-neutrino events, suggesting a potential

to discriminate between the two.
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Figure 7.17.: The difference between the true and reconstructed Bjorken-y, as a function of the true
neutrino energy, for charged-current v, and v, events simulated in the ORCA-6 de-
tector, reconstructed with the track+shower reconstruction procedure. The median
and quantiles when using the track reconstruction (blue) and shower reconstruction
(red) to provide starting points to the fit are shown.
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Figure 7.18.: The difference between the true and reconstructed Bjorken-y, as a function of the true
neutrino energy, for charged-current v, and 7, events simulated in the ORCA-6 de-
tector, reconstructed with the track+shower reconstruction procedure. The median
and quantiles when using the track reconstruction (blue) and shower reconstruction
(red) to provide starting points to the fit are shown.
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The value of ¥ — 4" as a function of the energy is presented in Figures 7.19

and 7.20 for shower-like events. The reconstructed shower energy is used to define 3",
instead of the track energy in Equation (6.10). Using the shower prefit results in a better
resolution with increasing energy (as the quantiles band becomes more narrow). The
track prefit results in a worse resolution. Again, there is a slight difference between
neutrinos and anti-neutrinos.
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Figure 7.19.: The difference between the true and reconstructed Bjorken-y, as a function of the true
neutrino energy, for charged-current v, and 7, events simulated in the ORCA-6 de-
tector, reconstructed with the track+shower reconstruction procedure. The median
and quantiles when using the track reconstruction (blue) and shower reconstruction
(red) to proivde starting points to the fit are shown.
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Figure 7.20.: The difference between the true and reconstructed Bjorken-y, as a function of the true
neutrino energy, for neutral-current vy and v, events simulated in the ORCA-6 de-
tector, reconstructed with the track+shower reconstruction procedure. The median
and quantiles when using the track reconstruction (blue) and shower reconstruction
(red) to provide starting points to the fit are shown.

For v,-CC events, the track reconstruction prefit results in an overestimation of "¢,

compared to the shower prefit wich results in an underestimation. Conversely, for v,-NC

the track prefit results in an underestimation of y'""* frue

reco

, compared to an overestimated y
using the shower prefit. In calculating yy ", there is a non-zero track energy reconstructed
by the track+shower reconstruction, for both event types. For the v,-CC events, one of
the electromagnetic and hadronic components of the shower may be reconstructed as a

track. For v,-NC events, the track+shower reconstruction should ideally only reconstruct
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a hadronic shower. This performance of the reconstructed Bjorken-y for the the two

shower-like event classes warrants further investigation.

7.2.3. Summary of Reconstruction Performance

Some values of the presented median angular resolution and the standard deviation ¢ of
10g;(Ereco/ Etrue) are summarised in Table 7.3, for the different interaction channels and

using both prefits. Median values of " — ytme

are also given. Again, only the values
for neutrinos are indicated, not for anti-neutrinos. These resolution values are shown for

E, ~ 10 GeV as an example value.

AT T oy (Ene/ Famer) | 9 — 9™
v,,-CC (track prefit) 18.8° 0.45 -0.02
v,-CC (shower prefit) 28.6° 0.70 0.57
v,-CC (track prefit) 33.7° 0.31 0.25
v,-CC (shower prefit) 28.9° 0.54 -0.23
v,-CC (track prefit) 37.1° 0.37 0.12
v.-CC (shower prefit) 33.5° 0.59 0.62
v,,-NC (track prefit) 39.7° 0.38 -0.35
v,-NC (shower prefit) 36.8° 0.60 0.14

Table 7.3.: A summary of the neutrino direction, neutrino energy, and Bjorken-y resolutions
presented in this section for the track+shower reconstruction, at a true neutrino energy
of ~ 10 GeV. These resolution values are indicated for all interaction channels for the
neutrino events, when using either the track or shower reconstruction as a prefit to
the track+shower reconstruction.

Given the values noted in Table 7.3 and the performance of the track+shower re-
construction for the different neutrino and anti-neutrino interaction channels, some

observations can be made.

The track+shower reconstruction algorithm, with the track prefit, is better at recon-
structing the direction, energy and Bjorken-y of track- and shower-like (v,,-CC, v-CC)
events, compared to using the shower prefit. For these events, using the reconstructed
neutrino energy definition of Equation (6.3) gives an improved estimate of the true

neutrino energy, compared to the reconstructed muon energy.

Using the shower reconstruction as a prefit results in better resolutions on the direction
and Bjorken-y for shower-like (v,-CC, v,-NC) events. When applying the track prefit on
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the shower-like events, using the reconstructed neutrino energy gives a better neutrino
energy estimate compared to the shower energy. When using the shower prefit, the two

energy estimates are very similar.

In estimating the true neutrino direction, for all of the above channels and for neu-
trinos and anti-neutrinos, the reconstructed neutrino direction does not give a much-
improved estimate of the true neutrino direction, compared to using the direction of the
track or shower components. For shower-like events, the two direction estimates are very
similar in value. For track-like events, with the track prefit the muon direction estimate
gives a starkly-improved angular resolution compared to the reconstructed neutrino esti-
mate. This is also discussed in Chapter 6, where a similar conclusion is reached for muon
neutrino events in the ORCA-115 line detector. When using the shower prefit for these
track-like events, the two direction estimates are more comparable. An improved esti-
mate of the neutrino energy is of major importance for an oscillation analysis (amongst
others) with KM3NeT data. An improved energy estimate has the potential to improve
the sensitivity of the experiment in measuring the neutrino oscillation parameters and

determining the neutrino mass ordering.

The resolutions presented above suggest a more optimal implementation of the
starting points used in the track+shower reconstruction procedure. The shower prefit
results in a better vertex estimate for the majority of the interaction channels, and also
gives a better resolution on the shower direction. The track prefit results in a better
estimate of the track direction and the track and shower energy. A combination of the
prefits to provide starting points to the track+shower reconstruction algorithm may
result in an improved performance: using the shower prefit for the vertex and shower
direction parameters, and the track prefit for the track direction and and track and
shower energies. It is also clear that using the reconstructed neutrino energy results in
an improved estimate of the true neutrino energy, compared to the reconstructed track
or shower energy alone. This observation holds for both track- and shower-like events,

and shower-like events.

Comparison to the ORCA-115 Detector

The angular, energy, and Bjorken-y resolution of the track+shower reconstruction is
compared between ORCA-115 and ORCA-6. This is done for v,,-CC events at energies of
1-100 GeV using the track reconstruction as a prefit. This neutrino interaction channel
offers a benchmark for the performance in reconstructing events, since these events

contains both a track and a shower component.
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Figure 7.21.: The (a) angular resolution and (b) energy resolution achieved for the ORCA-115
(blue) and ORCA-6 (red) detectors, for v,-CC events at energies of 1-100 GeV using
the track reconstruction as a prefit.

The angular resolution achieved by the track+shower reconstruction is compared in
Figure 7.21 (a) between the ORCA-6 and ORCA-115 detectors. The difference between
the true and reconstructed neutrino direction is used, as a function of the neutrino energy.
The angular resolution is better for the case of the detector with 115 detection units,
with a much reduced quantiles band. At an energy of E, ~ 10 GeV, for example, the
median angular resolution is ~12° and ~ 23° for the ORCA-115 and ORCA-6 detectors,
respectively.

The energy resolution is shown in Figure 7.21 (b), where the standard deviation ¢ of
logy(Ereco/ Etrue) i shown for the true and reconstructed neutrino energy, as a function
of E,. Note that a different binning is used here between the two detectors, though
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the trend is clear: the neutrino energy resolution is much improved for the case of the
115-line detector. At E, ~ 10 GeV, ¢~ 0.15 and 0.45 for the ORCA-115 and ORCA-6
detectors, respectively. The behaviour of the resolution as a function of the energy has
been discussed previously in Chapters 5 and 6.

A comparison of the reconstructed Bjorken-y is made for the ORCA-115 and ORCA-6
detectors. In order to check events with a well-reconstructed Bjorken-y, the condition
is added to the considered events that E =0.85-1.0 X E,,, for the v,-CC chan-
nel. This comparison is shown in Figure 7.22. From the 2D distribution of true and

recov

reconstructed y, in each bin of true y the mean value of the reconstructed y is taken,
alongside the error on the mean value. For the ORCA-115 detector, more events lie
closer to the diagonal line of "™ = /* than in the ORCA-6 detector. Also for the
ORCA-115 detector, events with higher values of y show a correlation between the true
and reconstructed value. For these events, more energy goes into the hadronic shower.
With improvements to the (energy) reconstruction of the hadronic shower, more events
should be reconstructed with an even closer value to the true y value. For the ORCA-6
detector, there are much fewer events shown due to the limited number of statistics.

1-100 GeV events

Lo v-CC, ORCA-115 v,-CC, ORCA-6
0.8 0.8
S
g 0.6
*% c
3 0.4
0.2

- ®
0'%.0 0.2 0.4 0.6 0.8 1.0 0'%.0 0.2 0.4 0.6 0.8 1.0
ytrue ytrue

Figure 7.22.: The true and reconstructed y distributions are shown for v,,-CC events in the ORCA-
115 detector (left) and the ORCA-6 detector (right). For every true y bin, the mean
value of the reconstructed y is shown alongside the associated error.

The better angular, energy, and Bjorken-y resolution in the ORCA-115 detector is likely
due to the fact that with far more detection units and PMTs, there is more information
available to determine the direction and energy of both the track and shower components
of the events. A larger detector encloses the events more completely, and there is more
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information available for reconstructing these events. The ORCA-6 detector has a much
longer vertical reach than horizontal, making it difficult to detect the energy deposited
by a track (or shower) traversing the entire detector (except diagonally). The ORCA-6
detector is also much smaller, making the reconstruction in this detector more susceptible
to effects coming from the edge of the detector, where events are not contained. More
optical modules clearly bring about a better ability to reconstruct the energies and thus
the Bjorken-y parameter. The ORCA-6 detector is too small to do so, but with the addition
of more detection units KM3NeT /ORCA becomes sensitive to the Bjorken-y with this

track+shower reconstruction.

7.2.4. Limitations of the Reconstruction Performance

The reconstructed track and shower energies are shown in Appendix E for all the
simulated neutrino channels, before any quality cuts are applied. As discussed already,
the trend is also apparent that the prefit which is more suitable for the event signature
results in a better reconstructed energy — that is, the track prefit yields more track
and shower-like events reconstructed between 1-100 GeV, and comparatively for the
shower prefit and shower-like events. Two distinctive features in the reconstructed
energy distributions are many events reconstructed at E,,., ~ 0.1 GeV and 0.003 GeV.
A minimum threshold of 0.1 GeV is implemented in the track+shower minimisation
strategy to fit the energies; some events remain at (or close to) this value after the fit
procedure. The events with a reconstructed track or shower energy at ~ 0.1 GeV tend
to have true energies of a few GeV, and are reconstructed with values of —log L <
1200. These low values of the likelihood may be related to not much hit information
available to the fit. The large distribution of events at ~ 0.003 GeV comes from the prefit
reconstruction. A minimum threshold is also reached in the minimisation strategy for
this reconstruction and some events are not fitted with an energy other than these values.

Selection criteria, such as on — log £, can be used to exclude such events.

It is apparent from the reconstructed energy distributions and the above studies that
a reconstructed track energy and direction are estimated for events in which there are no
tracks. This is apparent in both v,-NC and v,-CC events. In Figure 7.23 (a), the recon-
structed track and shower directions are shown for 7,-NC events, as an example set of
events showing this issue. The angle between the true neutrino and reconstructed shower
is shown in comparison to the angle between the reconstructed track and reconstructed
shower direction. The track direction is reconstructed very close to the shower direction,
much closer than the reconstructed shower differs from the neutrino direction, with a
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Figure 7.23.: (a) The angular resolution of the true and reconstructed shower directions (blue)
is shown alongside the angular resolution of the reconstructed track and shower
directions (red). (b) The reconstructed shower energy is shown distributed as a
function of the reconstructed track energy. Event interaction types of 7,-NC are
shown here to portray events which contain only a hadronic shower and no track
component in the event interaction.

median angular deviation of ~ 10 across the entire neutrino energy range. The hits from
the shower are used to estimate a track direction in the fit procedure. In Figure 7.23 (b),
the reconstructed shower energy is shown compared to the reconstructed track energy
for these events. Many events have a track energy reconstructed close to the shower
energy, as indicated by the diagonal line. The track+shower reconstruction uses some of
the hits induced by the hadronic shower to attempt to fit a track alongside the shower.
The reconstructed track energy tends to be reconstructed with a value < 10 GeV.

The non-zero reconstructed track energy for such hadronic shower events results in

misleading values of the reconstructed Bjorken-y, as noted in Section 7.2.2. Improvements
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to the reconstruction procedure should reduce the number of events mis-reconstructed
as a track. In addition, the events which are reconstructed as a track for v,-CC should be

investigated in a future study.

7.3. Discussion & Conclusion

The novel track+shower reconstruction algorithm has been applied to a sub-set of the
KM3NeT/ORCA-6 data. The additional features provided by this reconstruction, such
as the likelihood components of Equation (3.23), should offer additional input and
discriminatory power to the particle identification step in analyses. Alongside the
standard track or shower reconstruction methods, this reconstruction offers means of
discriminating between track-like, shower-like, and atmospheric muon-like events. This

can contribute to the particle identification stage of neutrino oscillation analyses.

A detailed overview of the performance of the reconstruction has been presented,
categorised per neutrino interaction type and for both neutrino and anti-neutrino interac-
tions. A summary of the angular resolution and energy resolution which can be expected
for the track+shower reconstruction, applied to this data set, is given in Table 7.3. The re-
sults have been summarised, depending on the prefit used and the resolution differences
have been outlined between neutrinos, anti-neutrinos and the prefit used per neutrino

interaction channel.

The neutrino energy estimate is shown to be improved upon, compared to using the
track or shower energy as a proxy for the neutrino energy. Improvements to the energy
resolution are essential to improving the sensitivity of KM3NeT/ORCA to the neutrino
oscillation parameters and the neutrino mass ordering. The Bjorken-y parameter is also
directly estimated using the track+shower reconstruction. Although for the ORCA-6
detector the resulting resolution on y"““ is poor, with additional detection units the
resolution will improve. An imperative study to improve the oscillation analyses with
ORCA data will be using the (improved) reconstructed Bjorken-y parameter as an

additional fit parameter to an oscillations analysis.

For future studies, the prefit starting points should be combined. One update that
can be made to the reconstruction procedure is: using the shower prefit to provide the
vertex, shower direction and shower energy starting points, and the track prefit for the
track direction and track energy starting points.
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With regards to the performance of the track+shower reconstruction, the reconstructed
neutrino direction should not be used as the direction estimate of events. Reconstructing
the direction of hadronic showers is quite a difficult task, as conveyed in this thesis.
The reconstructed track or shower directions give a better estimate of the true neutrino
direction compared to the reconstructed neutrino formulation of Equation (6.4). As
mentioned previously, this formula neglects the four-momentum of the target, and the
weights assigned to the shower and track directions are in need of further investigation.

The reconstructed neutrino energy should be used as the neutrino energy estimate in
analyses with the ORCA data, as opposed to the reconstructed track or shower energies
themselves. A reduced version of the track+shower fit should also be investigated, where
the directions are not estimated but the vertex time and positions, and the track and
shower energies are estimated. This would lead to a faster minimisation and provide a
benchmark reconstruction which avoids difficult descriptions of the hadronic shower

direction.

This reconstruction technique has been shown to improve the neutrino energy esti-
mate and directly estimate a value of the Bjorken-y parameter for neutrino events. With
further improvements to the reconstruction method, better estimates of these parameters
are also expected. This in turn should lead to an improved sensitivity in measuring the
neutrino mass ordering, which still eludes us. Hopefully, the development and use of
this novel reconstruction algorithm, described in this thesis, is just the beginning of the
story.
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Appendix A.

Derivation of Hit Time Residuals

Consider a muon, originating from a point z, travelling in the z-direction. The muon
travels a distance A, at which it emits a Cherenkov photon. The distance to the PMT
from this point is denoted as D. The muon travels another distance, B, until it is at the
point of closest approach to the PMT; this distance is denoted by R and this point is
denoted by z. This geometry is shown in Figure 3.1.

The time for the light to reach the PMT will be

A D A D A D-n
c water c c¢/n c c

with 7 the refractive index of the medium, ¢ the speed of light in water, and c the

water
speed of light in a vacuum. With an emission angle of cos § = #, and B~ 1,

cosf- = 1.
Thus,
NI "
The following relations can be made:
sinf- = D (A.3)
cos .- = g, (A4)
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and
A= (z—B). (A.5)
Now, the arrival time becomes
z—D -cosfc R
t1 =1t A.6
1=t +sin9c-cos(9c-c (A.6)
z R cosf R
=ty4+ = — = C4_ . (A7)
c sinf- ¢ sinfc - cosOc - ¢
Re-arranging:
z R - cos? 0c +R
th=ty+-— A8
! 0—’_c (sin9c-cosﬂc-c) (A.8)
z R(1 — cos® fc)
=ty + - — A9
0+c (sinGC-COSGC-c) (A9)
z R(sin” 6.)
=ty+ - — A.10
O+c (sinQC-COSGC-C) ( )
z  ,R(sinf.)
=ty+-—(———). All
O+c (cosé)c-c) ( )
This becomes
R-
b= ty+- (ﬁ) . (A12)

For a muon, a reference expected arrival time to use for the time residual definition is
where the muon emits light directly at the point where the light only travels to the PMT.
In this case, the first two terms of Equation (A.12) are not necessary and

ted R -tan 0,
prrpected - (2220%C), (A1)

For the case of a particle shower, again the distance D between the light emission
point and the PMT can be considered, rather than the road-width. From Equation (A.1),
a reference expected arrival time for light from a shower is

texpected _ D-n (A.14)

shower c




Appendix B.

Derivation of Hit Time Relation

We define two relations:

f— U i (B.1)
I tan(d,) tan(6,)’ '

and

r fpe
ty = tan(6,) (B.2)

We can re-arrange Equation (B.1) and Equation (B.2) to give:

L (B.3)

and

t; tan (6
ty = Ot%(c) . (B.4)

Substituting these into Equation (3.32) gives:

Ttz (B.5)
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—> ti =ty +R;.

With

/ 1
t—ty =R,

and using Equation (3.33),

— 1=ty = /(= %) + (v~ o),

2

2
= (1) = (%) + ;=90

Thus

t;-z — 2t;-t6 + tf)z = x]2- — 2x;xg + x%

+y7 =2y + Yo -

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)

Following the same logic for a hit i on the PMT with expected arrival time ¢; and

distance of closest approach R; gives

t;z — 2t§t6 + t62 = xz-2 —2x;x0 + x%

Y7 — 200 + o -

Subtracting Equation B.11 from Equation B.10 leaves us with

2

fj

— t;z — 2t;~t6 4 2tity = x]2 — x? — 2xxg + 2x;xg

Y7 — y7 — 2y + 2y -

(B.11)

(B.12)



Appendix C.

List of MUPAGE Parameters

The default values for the parameters within the parametric equations are listed in
Table C.1, in the syntax used within MUPAGE.
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Parameter Value | Parameter Value
Flux Lateral Spread
KOa 0.0072 | RHOOa -1.786
KOb -1.927 | RHOOb 28.26
Kla -0.581 | RHO1 -1.06
K1b 0.034 | THETAO 1.3
nila -0.0771 | Fpiccolo 10.4
niOb 0.524 | ALPHAOa -0.448
ni0c 2.068 | ALPHAOD 4.969
nila 0.03 | ALPHAla 0.0194
nilb 0.470 | ALPHA1Db 0.276
Energy - Single Muons Energy - Multiple Muons
BETA 0.420 | AO 0.0033
g0 -0.232 | Al 0.0079
gl 3.961 | BOa 0.0407
ela 0.0304 | BOb 0.0283
eOb 0.359 | Bla -0.312
ela -0.0077 | B1lb 6.124
elb 0.659 | QO 0.0543
Q1 -0.365
C0a -0.069
COb 0.488
C1 -0.117
D0a -0.398
DOb 3.955
Dla 0.012
D1b -0.35

Table C.1.: Default values of the parameters used within parametric equations in MUPAGE, from
Carminati, Margiotta, and Spurio (2008) [105].
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Figure D.1.: The effect of varying K, on the distributions of the (a) reconstructed zenith angle (b) reconstructed energy (c) number of overlays

(d) multiplicity. Changing this parameter results in a scaling of the distributions, with no effect on the shape.
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Appendix E.

True & Reconstructed Distributions in
the ORCA-6 detector

E.1. True Energy Distributions

The distributions of the true energies of the track and shower events are presented here,
for the four interaction channels that are simulated for the ORCA-6 detector.

KM3NeT/ORCA-6 v.-CC 1-100 GeV events KM3NeT/ORCA-6 v.-CC 1-100 GeV events
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Figure E.1.: The true energy of the visible showers for the v,-CC and 7,-CC events used to
evaluate the track+shower reconstruction performance.
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Figure E.2.: The true energy of the muon tracks and visible showers for the v,-CC and 7,-CC
events used to evaluate the track+shower reconstruction performance.
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Figure E.3.: The true energy of the muon tracks and visible showers for the v.-CC and 7,-CC
events used to evaluate the track+shower reconstruction performance.
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Figure E.4.: The true energy of the visible showers for the v,-NC and 7,-NC events used to
evaluate the track+shower reconstruction performance.
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E.2. Reconstructed Energy Distributions

The reconstructed energy distributions of the track and shower components are presented
here, when using both the track or shower reconstruction prefit, for the four neutrino
interaction channels. No cuts have been applied for these distributions, in order to show

the output of the track+shower reconstruction for all reconstructed events.

In the following figures, the shape of the energy distributions are very similar when

the same prefit is used, i.e. the distributions appear similar in shape for most channels

when the track or shower prefit is used.
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Figure E.5.: The reconstructed energy of the visible showers for the v,-CC and 7,-CC events, as
resulting from the track+shower reconstruction to ORCA-6 data.
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Figure E.6.: The reconstructed energy of the muon tracks and visible showers for the v,-CC and
7,-CC events, as resulting from the track+shower reconstruction to ORCA-6 data.
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Figure E.7.: The reconstructed energy of the muon tracks and visible showers for the v.-CC and
7,-CC events, as resulting from the track+shower reconstruction to ORCA-6 data.
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Figure E.8.: The reconstructed energy of the visible showers for the v,-NC and 7,-NC events, as
resulting from the track+shower reconstruction to ORCA-6 data.
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Summary

‘Since the dawn of time, mankind has looked to the stars and wondered—’

We do not need to resort to such highfalutin speech to introduce someone to science.
‘Science’, by the way, should not be such a scary word as it is to some people. In this
summary chapter, I will try to present the work I carried out during my PhD in as least a
scary way as possible.

The title of this thesis is ‘Following the Light; Novel event reconstruction tech-
niques for neutrino oscillation analyses in KM3NeT/ORCA'. This PhD thesis - put
simply - is all about light, and in particular the kind of light caused by neutrinos.

Everything in the world that we can interact with, the tables we sit at, the air we
breath, the planet we live on, is made up of atoms. Let us start not being scared by the
word ‘atom’. An atom is the basic building block of matter. The cells in your body are
building blocks of you and everyone you know. What makes up every cell, the parts
of the cells, are atoms. Atoms are they themselves made up of smaller particles, called
protons, neutrons and electrons. The different combinations of the number of protons,
neutrons and electrons that are put together make up different atoms. In this way we get
atoms of oxygen, gold, silver and so on: elements we are familiar with. Now, electrons
are fundamental particles; they cannot be broken down into anything smaller. Electrons
have some properties that define them, such as their mass and electric charge. The flow
(movement) of electrons is a flow of electric charge that gives us the electricity we are
familiar with in everyday life.

Neutrinos are also fundamental particles, much, much lighter than electrons. They
do not ‘stick” to protons the way electrons do to form atoms. They are neutral particles,
meaning they have no electric charge associated with them. Neutrinos are created in
interactions between particles, particle decays, and in the decay of atoms. Protons,
coming from outer space, hit the Earth’s atmosphere, which create neutrinos, raining
down from the sky and passing through you, me, and all other atoms on Earth. Neutrinos

are also created in radioactive decays, where an atom changes into another kind of atom;
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this is caused by neutrons turning into protons and electrons, and emitting a neutrino. In
fact, the neutrino was first thought of because the laws of physics of these decays made
little sense without the existence of neutrinos. Because of their creation in decays and
nuclear fusion (where protons can combine to form new atoms), every star in the sky
produces neutrinos. So, neutrinos are created in the atmosphere and also in outer space.
Our Sun sends 100 billion neutrinos through an area the size of your thumbnail every
second.

Okay, what I just suggested is very scary. We are apparently subject to an onslaught,
a barrage of neutrinos every second. Should we be living in fear because of this? The
answer is no, because of neutrinos being extremely light and having no electric charge.
This means they pass through atoms usually without doing anything, and just continue
travelling through the Universe until the very, very rare chance that they do interact with
a particle they encounter. This however, makes them nearly impossible to detect and
study. Why would we want to study them, you must be wondering? Well, we want to
learn everything about the Universe we live in, of course. Neutrinos come in 3 types,
which we call “flavours’. Neutrinos have been proven to ‘oscillate’, or change from one
flavour to the other at any given moment in time and space. That means when we detect
a neutrino (finally) interacting with an atom, there is a certain probability associated with
what kind of neutrino we will see at that moment in time. This understandably crazy
concept is not something we see in day-to-day life, tables do not spontaneously turn into
chairs, or water to beer, alas. We naturally want to study and understand this concept
of ‘neutrino oscillations’. Furthermore, the fact that neutrinos oscillate mean they have
mass. This was for a very long time not believed to be the case, we used to think of
neutrinos as massless, the same way light has no mass. The three flavours of neutrinos
have three corresponding masses, but to make things more complicated it is not true
that neutrino of flavour A has a mass of X. Instead, because the quantum mechanical
(i.e. the particle) world does not behave the same way as the world we can see and
touch, at any given moment a neutrino exists as a combination of all three masses and
all three flavours at once. When neutrinos interact with atoms we can figure out what
flavour they were (because of the kind of particles they create - more on this later), and
because we understand the mathematics of their oscillations, we can build a picture of
what combinations of masses they had at that moment of interaction. At the moment,
we know that one of the mass ‘states’ is heavier than another. The third, we have no idea
if it is the heaviest or the lightest of the three. Finding this out, known as the ‘neutrino
mass ordering’ problem, is an urgent and fundamentally important goal in the field

of particle physics research. It is a major goal of the KM3NeT experiment, along with
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understanding and precisely measuring neutrino oscillations. Knowing the neutrino

mass ordering has important implications for how our Universe works and was formed.

How can we study these complex, invisible particles, which I just said do not interact
very often? Well, they do interact, you just need a very large volume in which neutrinos
will interact, and study that volume. Since the probability of neutrinos interacting with
an atom is so very small, increasing the number of atoms you have, i.e. the volume,
increases the probability of them interacting and you detecting them! Now what kind
of volume should we study? Well, we can never ‘see” a neutrino, but when they have
enough energy they will interact with an atom and create other particles that we can
detect. We cannot see these new particles with the naked eye, but when the neutrino has
enough energy it results in the creation of particles which emit light as they travel. Light

is something we can definitely see and detect.

About 70% of the Earth’s surface is covered in water, seas, oceans, and polar ice
caps. We understand well how light travels through water. This makes water a very
abundant and natural volume in which we could study neutrino interactions. The Cubic
Kilometre Neutrino Telescope, or ‘'KM3NeT" for short, is an experiment being built right
now to do exactly that. In the Mediterranean Sea, two locations off the coast of France
and Italy are being dedicated to enclose a huge volume of water with digital sensors,
which can detect and record light as a signal. This involves filling glass spheres with
light sensors, and arranging the spheres along vertical lines connected to the sea floor.
KM3NeT records the data (the light signals) and sends them to computers on shore to be
analysed. An illustration of the KM3NeT experiment is shown in Figure S.1. The two
different locations are used to measure different kinds of neutrinos, one site detects low
energy neutrinos created in the atmosphere, like I described above, and the other site
detects high energy neutrinos created in outer space: in stars, in the centres of galaxies,
in turbulent and unimaginably high-energy processes we are still trying to understand.
The detector dedicated to measuring neutrino oscillations and determining the neutrino
mass ordering is called KM3NeT/ORCA. Upon its completion, the ORCA detector will
consist of 115 of these vertical lines. The work carried out in this thesis is dedicated to
both the envisaged 115-line detector, and to the 6-line ORCA detector, which operated
from January 2020 — November 2021 before the addition of more lines.

So, KM3NeT records light from neutrino interactions, we send them to computers,
and then analyse the data to figure out these scientific mysteries - easy. Alas, not so easy.
Since neutrinos interact infrequently, we need to collect many years of data to record
enough neutrinos that can give us a precise measurement of their oscillations, and also

enough neutrinos to allow us to distinguish between the case of the third mass state
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Figure S.1.: The glass sphere, filled with golden digital light sensors, is shown. These glass
spheres are in turn arranged along vertical lines and connected to a network on the
Mediterranean Sea floor. This infrastructure forms the KM3NeT experiment.

being the lightest, or it being the heaviest — the difference between the two cases changes
the probability of neutrino oscillations and what we measure, but the difference is subtle.
Furthermore, even in the dark depths of the Mediterranean Sea, other light sources exist
besides the particles created in neutrino interactions. Microscopic sea creatures emit light,
and radioactive decays in the sea water also can be detected as light signals in KM3NeT.
Neutrinos are not the only particle that make it to the depths either. Muons (particles
a bit heavier than electrons) are also created in the atmosphere, and can also make it
below sea level. These muons also emit light, and to make matters worse muons are
also a particle created in neutrino interactions! These atmospheric muons form a main
‘background’ signal to the products of neutrino interactions we want to detect. Luckily,
atmospheric muons mainly come from straight above the detector, while neutrinos can
pass through the Earth, and create a muon in the KM3NeT detectors that goes upwards.
This difference in direction gives us a handle on how to exclude atmospheric muons

from analyses.

The study of atmospheric muons and the particles that created them is in itself a whole
research area. The scientific community would also like to understand these interactions
as well as possible. However, these interactions in the atmosphere are very complex,
they involve the creation and decay of many particles, and are not so easily simulated.
It takes quite intensive computer simulations to model these processes. One thing I
contributed to KM3NeT as part of my research is improving one of the atmospheric muon
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Figure S.2.: A distribution of the cosine of the direction angle 6 of the atmospheric muons, as
represented by data points (black), the old MUPAGE simulation (orange), and the
new MUPAGE simulation (blue). The top figure shows the number of events per
second for a particular data run, the bottom figure shows the data divided by the
two simulations, where data/simulation = 1 is the most desirable outcome.

simulations so it describes the data better. This simulation software, called ‘"MUPAGE’, is
less complex and intensive than others, as it describes using some formulae, the energy
and direction of atmospheric muons measured at different depths at or below sea level.
MUPAGE however, does not perfectly perfectly describe the atmospheric muon data we
collect in KM3NeT, meaning we do not simulate or understand our background well
enough. (Take note that although for neutrino analyses these muons are background, for
the study of atmospheric muon development and the particles that created them, these
muons are in fact signal! That is a story for another day). I performed a ‘tuning’ of the
formulae within MUPAGE to better describe the data we take in KM3NeT/ORCA. A
result of this tuning is shown in Figure S.2. When we look at the angle of the arriving
atmospheric muons, you can see the data points, the old simulation, and the new one I
have tuned. The new simulation much better describes the data. This new simulation has
in fact been used to simulate the background atmospheric muons in the latest published
research using KM3NeT data.

Back to neutrinos. When they interact in the detectors, their flavour (and how they
interact) determines the kind of particles they create. We call some of these particle
signatures, like those created by muons, ‘tracks’. They travel through the detector in

a straight line, emitting light we can detect. Another signature is called a ‘shower’,
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caused by electrons or heavier particles which result in a burst of light, usually more
localised than a track signature. Conventionally, because they are easy to separate,
we ‘reconstruct’ neutrino interactions as tracks or shower, not both. To reconstruct in
this context means determining their energy and direction. Treating these signatures
separately is a bit naive, though. In fact, almost every neutrino interaction will result in
a shower. For neutrino interactions which result in a track signature, there will also be a
shower, and reconstructing the energy and direction of both of these would result in a
much better determination of the direction and energy of the neutrino that created them.
What'’s more, such a track and shower reconstruction directly gives you an estimate
of how much energy has gone into the muon and into the shower (something we call
‘Bjorken-y’). Knowing this quantity means we could describe neutrino interactions far
more accurately. I spent the vast majority of my PhD research developing such a track
and shower reconstruction, as is described within this book.

Figure S.3 shows the neutrino energy resolution (how well we can determine the
neutrino energy) as a function of the true (simulated) neutrino energy in the fully-
complete KM3NeT/ORCA detector. Using the new, reconstructed neutrino energy from
the track and shower reconstruction results in a much better estimate than using the
track energy by itself — the lower the resolution in value, the better we can determine
the energy.

Some neutrinos with a very close value of true and reconstructed Bjorken-y (or y
for short) in the KM3NeT/ORCA detector are shown in Figure S.4. There are many
neutrinos which lie close to the diagonal line, indicating the neutrinos for which the true

and reconstructed Bjorken-y are the same.

This new track+shower reconstruction is capable of reconstructing the neutrino
energy with an improved resolution, and the Bjorken-y parameter for the first time.
This track+shower reconstruction can also be used to differentiate between neutrino
events with tracks, and those without, as discussed within this book. The improved
energy resolution and the Bjorken-y parameter are essential ingredients to analyses
with the KM3NeT/ORCA data, and will lead to more precise measurements of the
oscillation parameters and a more precise determination of the yet-unknown neutrino

mass ordering.
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Figure S.3.: The energy resolution as a function of the true neutrino energy for the
KM3NeT/ORCA detector, using the track+shower reconstruction technique. The
energy resolution of the reconstructed neutrino energy (blue points) is better (lower
in value) than the reconstructed track energy (red points), meaning the reconstructed
neutrino energy gives a better estimate of the true neutrino energy. This is valid
across the entire energy range relevant for KM3NeT/ORCA.
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Figure S.4.: The energy transferred from the neutrino to the shower it creates (called ‘Bjorken-y’)
is determined by the track+shower reconstruction. For some neutrinos simulated
in the KM3NeT/ORCA detector, the true and reconstructed values of Bjorken-y are
very close, indicated by the diagonal line.
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Samenvatting - Nederlands

‘Sinds het begin der tijden keek de mensheid naar de sterren en verwonderde zich—’

We hoeven niet zo hoogdravend te doen om iemand kennis te laten maken met
wetenschap. “Wetenschap’ zou trouwens niet zo'n eng woord moeten zijn als het voor
sommige mensen is. In deze samenvatting zal ik proberen om het werk dat ik tijdens

mijn promotie traject heb gedaan zo min mogelijk eng uit te leggen.

De titel van dit proefschrift is “‘Following the Light; Novel event reconstruction
techniques for neutrino oscillation analyses in KM3NeT/ORCA'. Dit proefschrift gaat
- eenvoudig gezegd - over licht, en in het bijzonder over het soort licht dat door neutrino’s

wordt veroorzaakt.

Alles waarmee we in contact kunnen komen in de wereld, de tafels waar aan we zitten,
de lucht die we in ademen, de planet waarop we leven, is opgebouwd uit atomen. Een
atoom is is de bouwsteen van de materie. De cellen in je lichaam zijn bouwstenen van jou
en iedereen die je kent. Waar elke cel uit bestaat de onderdelen van de cellen, zijn atomen.
Atomen zijn op hun beurt opgebouwd uit kleinere deeltjes, protonen, neutronen en
elektronen genaamd. De verschillende combinaties van het aantal protonen, neutronen,
en elektronen die samengevoegd worden, vormen verschillende atomen. Op deze manier
krijgen we atomen van zuurstof, goud, zilver enzovoort: elementen die we kennen. Nu
zijn elektronen fundamentele deeltjes; ze kunnen niet worden opgesplitst in iets kleiners.
Elektronen hebben een aantal eigenschappen die hen definiéren, zoals hun massa en
elektrische lading. De verplaatsing van elektronen is het bewegen van elektrische lading,
die en geeft elektriciteit zoals we die in het dagelijks leven kennen.

Neutrino’s zijn ook fundamentele deeltjes. En ze zijn veel en veel kleiner dan elektro-
nen. Ze ‘kleven’ niet aan protonen zoals elektronen dat doen om atomen te vormen. Het
zijn neutrale deeltjes, wat betekent dat ze geen elektrische lading hebben. Neutrino’s
ontstaan door interacties tussen deeltjes en het verval van atomen. Protonen, atkomstig
uit de ruimte, botsen op de atmosfeer van de aarde, waardoor neutrino’s ontstaan die

uit de lucht naar beneden regenen en door jou, mij en alle andere atomen op aarde
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heen gaan. Neutrino’s ontstaan ook in radioactief verval, waarbij een atoom verandert
in een ander soort atoom; dit wordt veroorzaakt doordat neutronen in protonen en
elektronen veranderen en een neutrino uitzenden. In feite werd het neutrino voor het
eerst bedacht omdat de natuurkundige wetten van deze vervalprocessen niet klopten
zonder het bestaan van neutrino’s. Door de creatie van neutrino’s in verval en kernfusie
(waarbij protonen kunnen combineren om nieuwe atomen te vormen) produceert boven
dien elke ster aan de hemel neutrino’s. Neutrino’s ontstaan dus in de atmosfeer én in de
ruimte. Onze zon stuurt elke seconde 100 miljard neutrino’s door een gebied zo groot als

je duimnagel.

Oké, wat ik net suggereerde klinkt heel eng. We zijn blijkbaar onderworpen aan een
aanval, een vloedgolf van neutrino’s elke seconde. Moeten we daarom in angst leven?
Het antwoord is nee, omdat neutrino’s extreem licht zijn en geen elektrische lading
hebben. Dit betekent dat ze meestal zonder iets te doen atomen passeren en gewoon
door het heelal blijven reizen tot de extreem zeldzame kans dat ze een interactie aangaan
met een ander deeltje dat ze tegenkomen. Dit maakt het echter bijna onmogelijk om ze te
detecteren en te bestuderen. Waarom zouden we ze willen bestuderen, zul je afvragen?
Nou, we willen natuurlijk alles leren over het heelal. Neutrino’s zijn er in 3 soorten, die
we ‘smaken’ noemen. Het is bewezen dat neutrino’s ‘oscilleren’, of op elk moment in tijd
ruimte van de ene smaak naar de andere veranderen. Dat betekent dat wanneer we een
neutrino detecteren, dat (eindelijk) een interactie heeft met een atoom, er een bepaalde
kans is verbonden aan welke neutrino smaak we op dat moment zullen zien. Dit concept
is niet iets wat we in het dagelijks leven zien. Tafels veranderen niet spontaan in stoelen,
of, jammer genoeg, water niet in bier. Natuurlijk willen we het concept van ‘neutrino
oscillaties” bestuderen en begrijpen. Daarnaast betekent het feit dat neutrino’s oscilleren
dat ze massa hebben. Dit werd lange tijd niet voor waar aangenomen. We dachten
dat neutrino’s massaloos waren, net als licht dat geen massa heeft. De drie smaken
neutrino’s hebben drie corresponderende massa’s, maar om het nog ingewikkelder te
maken is het niet zo dat neutrino van smaak A een massa heeft van X. Omdat de
kwantummechanische wereld (d.w.z. de deeltjeswereld) zich niet op dezelfde manier
gedraagt als de wereld die we kunnen zien en aanraken, bestaat een neutrino op elk
moment uit een combinatie van alle drie de massa’s en alle drie de smaken tegelijkertijd.
Wanneer neutrino’s een wisselwerking hebben met atomen, kunnen we achterhalen
welke smaak ze hadden vanwege het soort deeltjes dat ze creéren - hierover later meer.
Omdat we de wiskunde van de oscillaties begrijpen, kunnen we ons een beeld vormen
van de combinaties van massa’s die ze op het moment van interactie hadden. Op dit
moment weten we dat één van de drie zwaarder is dan de andere. Van de derde weten

we niet of die de zwaarste of de lichtste van de drie is. Dit staat bekend als het ‘neutrino
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mass ordering” probleem, en is van fundamenteel belang binnen de deeltjesfysica. Het
probleem is een belangrijk doel van het KM3NeT experiment, samen met het begrijpen
en nauwkeurig meten van neutrino oscillaties. Kennis over de ordening van neutrino

massa’s heeft belangrijke implicaties voor ons begrip van het heelal.

Hoe kunnen we deze complexe, onzichtbare deeltjes bestuderen, waarvan ik net
zei dat ze niet vaak interageren? Nou, ze interageren wel, je hebt alleen een heel
groot volume nodig om interacties te bestuderen. Omdat de kans op interactie tussen
neutrino’s en een atoom zo klein is, moet je het aantal atomen dramatisch vergroten. Als
het volume vergroot, vergroot de kans dat ze op elkaar reageren en dat jij dit detecteert!
Wat voor volume moeten we nu bestuderen? Nou, we kunnen een neutrino nooit ‘zien’,
maar als ze genoeg energie hebben, zullen ze een wisselwerking aangaan met een atoom
en andere deeltjes creéren die we kunnen detecteren. We kunnen deze nieuwe deeltjes
niet met het blote oog zien, maar als het neutrino genoeg energie heeft, ontstaan er
deeltjes die lucht uitzenden terwijl ze reizen. En licht kunnen we wel degelijk zien en

detecteren.

Ongeveer 70% van het aardoppervlak is bedekt met water, zeeén, oceanen en poolkap-
pen. We begrijpen goed hoe licht door water reist. Dit maakt water tot een zeer
overvloedig en natuurlijk volume waarin we neutrino interacties zouden kunnen bestud-
eren. De ‘Cubic Kilometre Neutrino Telescope’, kortweg ‘'KM3NeT’, is een experiment
dat op dit moment wordt gebouwd om precies dat te doen. Op twee locaties voor de
kust van Frankrijk en Italieé in de Middellandse Zee wordt een enorme hoeveelheid
water omsloten met digitale sensoren die licht als signaal kunnen detecteren en reg-
istreren. Hiervoor worden glazen bollen gevuld met lichtsensoren en langs verticale
liinen op de zeebodem geplaatst. De KM3NeT detector registreert de gegevens (de
lichtsignalen) en stuurt deze naar computers aan wal voor analyse. Een illustratie van
het KM3NeT experiment wordt getoond in Figuur N.1. De twee verschillende locaties
worden gebruikt om verschillende soorten neutrino’s te meten, één locatie detecteert
laagenergetische neutrino’s die in de atmosfeer ontstaan, zoals ik hierboven. De andere
locatie detecteert hoogenergetische neutrino’s in de ruimte ontstaan: in sterren, in de
centra van sterrenstelsels, in turbulente en onvoorstelbaar hoogenergetische processen
die we proberen te begrijpen. De detector die is gewijd aan het meten van neutrino
oscillaties en het bepalen van de ordening van neutrino massa’s heet KM3NeT/ORCA.
Na voltooiing zal de ORCA-detector uit 115 van deze verticale lijnen bestaan. Het werk
in dit proefschrift is gewijd aan de ORCA detetctor met 6 lijnen, die van januari 2020 to

november 2021 in werking was voordat er meer lijnen werden toegevoegd.
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Figure N.1.: De glazen bol, gevuld met gouden digitale lichtsensoren, wordt getoond. Deze
glazen bollen zijn op hun beurt langs verticale lijn en bevestigd verbonden met een
netwerk op de bodem van de Middellandse Zee.

Dus KM3NeT registreert het licht van neutrino interacties, dat sturen we naar com-
puters en analyseren de gegevens om deze wetenschappelijke mysteries op te lossen:
eenvoudig. Jammer genoeg, niet zo eenvoudig. Omdat neutrino’s niet vaak interageren,
moeten we vele jaren aan gegevens verzamelen om genoeg neutrino’s te registreren. Dit
zal een precieze meting van hun oscillaties kunnen geven, en ook genoeg neutrino’s om
ons in staat te stellen onderscheid te maken tussen het geval dat de derde massatoestand
de lichtste is en het geval dat deze de zwaarste is. Het verschil tussen de twee gevallen
verandert de effecten van neutrino oscillaties, maar het verschil is subtiel. Daarnaast
bestaan er zelfs in de donkere diepten van de Middellandse Zee andere lichtbronnen
dan de deeltjes die ontstaan bij neutrino interacties. Microscopische zeediertjes zenden
licht uit en radioactief verval van zeezout kan ook worden gedicteerd als lichtsignalen
in KM3NeT. Neutrino’s zijn ook niet de enige deeltjes die de diepte bereiken. Muonen
(deeltjes die iets zwaarder zijn dan elektronen) worden ook in de atmosfeer gemaakt
en kunnen ook onder zeeniveau komen. Deze muonen zenden ook licht uit en tot
overmaat van ramp zijn muonen ook een deeltje dat ontstaat bij neutrino interacties!
Deze atmosferische muonen vormen een belangrijk ‘achtergrond’-signaal voor de pro-
ducten van neutrino interacties die we willen detecteren. Gelukkig komen atmosferische
voornamelijk recht boven de detector vandaan, terwijl neutrino’s door de aarde heen
kunnen gaan en in KM3NeT detectoren een muon creéren dat omhoog gaat. Dit verschil
in richting geeft ons houvast om atmosferische muonen uit te sluiten van analyses.
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Het bestuderen van atmosferische muonen en de deeltjes die deze muonen creéren
is op zich al een heel onderzoeksgebied. De wetenschappelijke gemeenschap zou ook
graag deze interacties zo goed mogelijk begrijpen. Deze interacties in de atmosfeer zijn
echter zeer complex: ze omvatten de creatie en het verval van vele deeltjes en zijn niet zo
gemakkelijk te simuleren. Er zijn behoorlijk intensieve computersimulaties nodig om
deze processen te modelleren. Als onderdeel van mijn onderzoek heb ik onder andere
bijgedragen aan KM3NeT experiment door een van de atmosferische muonsimulaties
te verbeteren, zodat deze de metingen beter beschrijven. Deze simulatiesoftware, ‘"MU-
PAGE’ genaamd, is minder complex en intensief dan andere, omdat het met behulp
van een aantal formules de energie en richting beschrijft van atmosferische muonen die
op verschillende diepten op of onder zeeniveau worden gemeten. MUPAGE beschrijft
echter niet perfect de atmosferische muon data die we verzamelen in KM3NeT. Dit
betekent dat we onze achtergrond niet goed genoeg simuleren of begrijpen. (Merk op
dat hoewel deze muonen voor neutrino analyses achtergrond zijn, de muonen voor de
studie van atmosferische muon ontwikkeling en de deeltjes die deze muonen creéren
in feite signaal zijn! Dat is een verhaal voor een ander keer). Ik heb een ‘afstemming’
van de formules binnen MUPAGE uitgevoerd om de data die we in KM3NeT/ORCA
gebruiken beter te beschrijven. Een resultaat van deze afstemming is te zien in Figuur
N.2. Als we kijken naar de hoek van de aankomende atmosferische muonen, zie je de
data punten, de oude simulatie en de nieuwe simulatie die ik heb afgestemd. De nieuwe
simulatie beschrijft de gegevens veel beter. Deze nieuwe simulatie is in feite gebruikt
om de atmosferische muonen te simuleren in het laatst gepubliceerde onderzoek met
KMB3NeT gegevens.

Terug naar neutrino’s. Wanneer ze reageren (in de detectoren), bepaalt hun smaak
(en het type reactie) het soort deeltjes dat ze creéren. Sommige van deze deeltjes, zoals
muonen, noemen we ‘sporen’. Ze reizen in een rechte lijn door de detector en zenden
licht uit dat we kunnen detecteren. Een andere ‘signatuur’ heet een deeltje ‘lawine’,
veroorzaakt door elektronen of zwaardere deeltjes die resulteren in een uitbarsting van
licht, meestal meer gelokaliseerd dan een spoor signatuur. Het is conventie om neutrino
interacties als sporen of lawines te reconstrueren, niet allebei, omdat ze gemakkelijk te
scheiden zijn. In deze context betekent reconstrueren het bepalen van hun energie en
richting. Deze eigenschappen apart behandelen is echter een beetje naief. In feite zal
bijna elke neutrino interactie resulteren in een deeltje lawine. Voor neutrino interacties
die resulteren in een spoor signatuur zal er ook een lawine zijn, en het reconstrueren van
de energie en richting van beide zou resulteren in een veel beter bepaling van de richting
en energie van het neutrino dat de reactie. Bovendien kun je met zo’n spoor- en lawine

reconstructie direct schatten hoeveel energie in het muon en in de lawine is gegaan (dit
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Figure N.2.: Een verdeling van de cosinus van de richtingshoek 6 van de atmosferische muonen,
zoals weergegeven door data punten (zwart), de oude MUPAGE simulatie (oranje)
en de nieuwe MUPAGE simulatie (blauw). De bovenste figuur toont het aantal
events per seconde voor en bepaalde datarun, de onderste figuur toont de data
gedeeld door de twee simulaties, waarbij data/simulation = 1 de meest wenselijke
uitkomst is.

noemen we ‘Bjorken-y’). Als we deze Bjorken-y kennen, kunnen we neutrino interacties
veel nauwkeuriger beschrijven. Het overgrote deel van mijn promotieonderzoek heb ik
besteed aan het ontwikkelen van zo'n spoor- en lawine reconstructie, zoals beschreven
in dit boek.

Figure N.3 toont de neutrino energieresolutie (hoe goed we de neutrino energie
kunnen bepalen) als functie van de ware (gesimuleerde) neutrino energie in de volledige
KM3NeT/ORCA detector. Het gebruik van de nieuwe, gereconstrueerde neutrino
energie uit de spoor- en lawine reconstructie resulteert in een veel betere schatting dan
het gebruik van de spoor energie op zichzelf - hoe lager de resolutie waarde, hoe beter

we de energie kunnen bepalen.

Enkele neutrino’s met een zeer dicht bij elkaar liggende waarde van ware en gerecon-
strueerde Bjorken-y in de KM3NeT/ORCA-detector getoond in Figure N.4 worden. Er
zijn veel neutrino’s die langs of dicht bij de diagonale lijn liggen, wat aangeeft dat voor

deze neutrino’s de ware en gereconstrueerde Bjorken-y hetzelfde zijn.

Deze spoor- en lawine reconstructie is in staat om de neutrino energie met een ver-

beterde resolutie te bepalen, en voor het eerst de Bjorken-y-parameter te reconstrueren.
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Deze spoor- en lawine reconstructie kan ook worden gebruikt om onderscheid te maken
tussen neutrino’s met en zonder sporen, zoals in dit boek beschreven. De beter en-
ergieresolutie en de Bjorken-y-parameter zijn essentiéle ingrediénten voor analyses met
de KM3NeT/ORCA gegevens, en zullen leiden tot nauwkeurigere metingen van de
oscillatie parameters en een nauwkeurigere bepaling van de nog onbekende neutrino
mass ordening.
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Figure N.3.: De energieresolutie als functie van de ware neutrino energie voor de
KM3NeT/ORCA detector, met behulp van de spoor- en lawine reconstructietech-
niek. De energieresolutie van de gereconstrueerde neutrino energie (blauwe punten)
is beter (lager in waarde) dan de gereconstrueerde spoor energie (rode punten), wat
betekent dat de gereconstrueerde neutrino energie een betere schatting geeft van
de ware neutrino energie. Dit geldt voor het hele energiebereik dat relevant is voor
KM3NeT/ORCA.
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Figure N.4.: De energie die wordt overgedragen van het neutrino naar de deeltje lawine die hij
creéert (genaamd 'Bjorken-y’) wordt bepaald door de spoor- en lawine reconstructie.
Voor sommige neutrino’s die in de KM3NeT/ORCA detector zijn gesimuleerd,
liggen de werkelijke en gereconstrueerde waarden van Bjorken-y zeer dicht bij
elkaar, aangegeven door de diagonale lijn.
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‘O this ama, t4 iontas déanta ag an gcine daonna de na réaltai sa spéir—"

Nil ga ar bith le héraid bhred chun eolaiocht a mhiniti do dhuine. Ni ga go mbeadh
daoine neirbhiseach no faiteach faoin focal ‘eolaiocht’. Sa chaibidil seo, déanfaidh mé
achoimre ar an obair a rinne mé i rith mo thrachtais chomh héasca agus soiléir is féidir
liom.

An teideal até ar an trachtas seo nd “Following the Light; Novel event reconstruction
techniques for neutrino oscillation analyses in KM3NeT/ORCA’. Baineann an trachtas

seo le solas, go hdirithe le solas a bhaineann le neoidrionénna.

T4 gach uile rud ar domhan déanta de adaimh - an t-aer, an chathaoir ar a shuimid,
ar bplainéad. Adambh is ea bloc tégéla dbhar. Blocanna tégéla diot féin is ea na cealla i do
chorp. T4 gach cuid d’ar gcealla déanta de adaimh. Ta na hadaimh déanta de phiosai,
no cdithnini, nios 14, ar a dtugtar prétéin, neodréin agus leictreoin. Nuair a chuirtear
teaglaim éagstila uimhreacha de na prétéin, neodréin agus leictreoin le chéile, is € sin is
ctis le na hadaimh éagstla. Is mar seo a chruthaitear adaimh de ocsaigin, 6r, airgead
agus rl: ddile a aithnimid. Is cdithnini buntdsacha iad leictreoin nach féidir a dhéanamh
nios 1. T4 cdiliochtai dirithe ag leictreoin a dhéanann cur sios orthu, mar shampla a
mais agus a lucht leictreachais. Gluaiseacht leictreoin is ea sruth lucht leictreachais a

thugann 4ar gcuid leictreachais dainn.

Caithnini buntsacha freisin is ea neoidrionénnd, ata i bhfad nios éadroime na le-
ictreoin. Ni ‘ghreamaionn’ said le prétéin mar a dhéanann leictreoin chun adaimh a
dhéanamh. Nil aon lucht leictreachais ag baint le neoidrionénna. Cruthaitear neoidrionénna
san idirghniomhaiocht idir chaithnini agus mheath adaimh. Buaileann prétéin, a tha-
gann 6 spds, atmasféar an Domhain agus cruthaitear neoidrionénnd a thagann anuas
6n spéir agus a ghabhann tri dhaoine agus tri gach adamh eile ar Domhan. Cruthaitear
neoidrionénnd chomh maith i meath radaighniomhach, nuair a athraionn adamh go
cinedl eile adamh; tarlaionn sé seo nuair a athraionn neodréin go prétéin agus leic-

treoin agus astaitear, ni chuirtear amach, neoidrioné. I nddirire, thaining eolaithe ar
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thuairim an neoidrioné ar dtts mar ni raibh ciall na bri le rialacha fisice na meath seo
gan neoidrionénnd a bheith i lathair. De bharr a gcruthti i meath agus i gcomhlea nai-
cléach (nuair a thagann prétoin le chéile chun adaimh nua a dhéanamh), gineann gach
réalt sa spéir neoidrionénnd. Mar sin, cruthaitear neoidrionénnd san atmasféar agus i
spas. Seolann ar nGrian 100 billitin neoidrionénnd tri achar méid do ionga orddige gach

soicind!

Is costil go mbimid faoi ionsai ag na neoidrionénna seo gach soicind, ach ni ga
go gcuirfeadh sé seo faitios orainn, mar td neoidrionénna an-éadrom agus nil lucht
leictreachais iontu. Gabhann siad tri adaimh gan tionchar ar bith, agus leanann siad
orthu trid An Chruinne, agus is fior-annamh a idirghniomhaionn siad le cdithnin lena
mbuaileann siad. T4 sé beagnach dodhéanta, mar sin, iad a bhraith agus staidéar a
dhéanamh orthu. Cén fath staidéar a dhéanamh orthu? Bhuel, tugann siad nios moé
eolais duiinn faoin Chruinne ina mhairimid. T4 3 shaghas neoidrioné ann, ar a nglaotar
‘blasanna’. Ta sé cruthaithe go ndéanann said ‘ascalt’, n6 athrd, 6 bhlas amhain go blas
eile uair ar bith in am agus spas. Mar sin, nuair a bhraithimid neoidrioné (ar deireadh)
ag idirghniomhd le hadambh, ta déchdlacht i geeist leis an saghas neoidrion¢ a léiritear ag
an am dirithe sin. Ni theictear an coincheap aisteach seo indr saol laethtil, ni athraionn
bord go cathaoir, n6 uisce go beoir, faraor. Ni mor staidéar a dhéanamh ar an ‘ascalta
neoidriond’ seo agus € a thuiscint. Ciallaionn an t-ascalt a dhéanann siad go bhfuil mais
acu. Ceapadh ar feadh i bhfad nach raibh mais acu, faoi mar nach bhfuil mais ag solas.
Téa an tri bhlas neoidrionénnd comhfhreagrach le tri mhais, ach ni fior go bhfuil mais X
ag neoidriono le blas A. In ionad sin, toisc nach bhfuil an iompar céanna ag an domhan
candam meicnitil (domhan caithnin) is atd sa domhan againne, maireann neoidrioné mar
chomhcheangal den tri bhlas agus an tri mhais le chéile. Nuair a bhionn idirghniomhu
idir neoidrionénna agus adaimbh, is féidir an blas a bhi acu a dhéanamh amach mar
gheall ar na caithnini a chruthaionn siad, agus toisc go dtuigimid mata a n-ascalaithe, is
féidir linn comhcheangal na mais a dhéanamh amach ag am an idirghniomht. Ag an
am seo, tuigimid go bhfuil ceann amhdin de ‘staid’ na mais nios troime na an ceann eile.
Nil tuairim da laghad againn an € an triti mais an ceann is éadroime no is troime diobh.
Tugtar ‘the neutrino mass ordering’ n6 ‘ord mais neoidriond” ar an gceist seo agus t4
sé prainneach go réiteofar é seo i dtaighde fisic chaithnini. Is aidhm an-mhor é sin den
turgnamh KM3NeT, chomh maith le hascalt neoidrionénna a thuiscint agus a thomhas
go cruinn. T4 impleachtai suntasacha ag réiteach na ceiste faoi ‘ord mais neoidriond” ar
conas mar a cruthaiodh agus a n-oibrionn ar gCruinne.

Conas a dhéantar staidéar ar na caithnini casta, dofheicthe seo, nach ndéanann moéran

idirghniomhti? Ar ndéigh, m4 mhéadaitear an méid adaimh ata againn - an toirt - ansin
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méadaitear an seans go ndéanfaidh siad idirghniomhi, agus is féidir iad a aimsita! Anois,
cén toirt a bheadh i gceist? Ta neoidrionénna dofheicthe diinn, ach méd bhionn go leor
fuinnimh acu déanfaidh siad idirghniomhu le hadamh agus cruthéfar caithnini eile gur
féidir linn a aimsit. Beidh na cdithnini nua seo dofheicthe don tstil dhaonna, ach ma
bhionn go leor fuinnimh ag an neoidriono, cruthéfar caithnini a astaionn solas nuair a

ghluaiseann siad. Gan ambhras, ta solas sofheicthe ddinn.

T4 breis is 70% de dhromchla an domhain cltidaithe le huisce, farraigi, aigéin agus
oighearchaidhpeanna polacha. Tuigimid conas a ghluaiseann solas tri uisce, mar sin is
toirt ndduartha agus flairseach é uisce inar féidir staidéar a dhéanamh ar idirghniomha
neoidrionénnd. Is é sin direach an turgnamh atd 4 thégdil i lathair na huaire chun an
staidéar sin a dhéanambh, sin an ‘Cubic Kilometre Neutrino Telescope’, n6é ‘KM3NeT’. T4
dha shuiomh amach 6 chésta na Fraince agus na hlodaile, sa Mheanmhuir, roghnaithe
ina bhfuil braiteoir{ digiteacha curtha i dtoirt ollmhor uisce, agus braitheann na braiteoiri
sin solas mar chomhartha, agus déanann siad taifeadadh air. Liontar sféir ghloine le
braiteoiri solais, agus leagtar iad i linte ceartingearacha atd ceangailte le grinneall na
farraige. Togann KM3NeT na sonrai taifeadta (na comharthai solais) agus seoltar go
riomhairf ar ais ar tir. T4 léardid den turgnamh KM3NeT i bhFigitr G.1. Usdidtear an d4
shuiomh chun cinealacha éagstla neoidrionénna a thomhas, braitheann suiomh amhain
neoidrionénna le fuinneamh iseal a cruthaiodh san atmaisféar, mar até luaite cheana,
agus braitheann an sufomh eile cinn le fuinneamh nios airde a cruthaiodh sa spas: sna
réalta, i lar réaltra, i bpréisis shuaite ina bhfuil fuinneamh ard doshamhlaithe nach
dtuigeann eolaithe f6s. Tugtar KM3NeT/ORCA ar an mbrathadéir ata dirithe ar ascala
neoidrionénnd a thomhas agus an t-ord mais neoidrioné a dhéanamh amach. Beidh 115
de na linte ceartingearacha seo sa bhrathad6ir ORCA nuair a bheidh sé réidh go hiomlan.
Téa an obair sa trachtas seo dirithe ar am mbrathadéir ORCA 6-line, a d’oibrigh 6 Eanair
2020 go Samhain 2021 sular cuireadh linte breise leis.

Mar sin, déanann KM3NeT taifeadadh ar sholas 6 idirghniomhti neoidrionénna,
cuirimid na sonrai go riomhairi gus déanaimid anailis ar na mistéir eolaiochta seo: éasca.
Faraor, nil sé chomh héasca sin. Is annamh a dhéanann neoidrionénné idirghniomhd,
mar sin ni moér blianta de shonrai a bhailiti chun go leor neoidrionénné a thaifeadadh
a thabharfaidh tomhas cruinn ddinn ar a n-ascalaithe. Freisin, beidh go leor uainn
chun a fhail amach an é an triti staid mais an ceann is éadroime no is troime — ta an
difriocht caolchtiiseach ach athraionn sé déchtlacht ascalti neoidrioné agus conas iad a
thomhas. Lena chois sin, fit amhdin i ndoimhneacht dhorcha na Medanmbhara, ta foinsi
solais eile ann seachas na caithnini ¢ idirgniomht neoidrioné. Astaionn ainmhithe mara

micreascOpacha solas, agus bionn comharthai solais 6 mheath radaighniomhach sa tséile
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Figure G.1.: An sféar gloine, lan le braiteoiri solais digiteacha 6ir. Leagtar na sféir ghloine seo i
linte ceartingearacha ata ceangailte le gréasan ar ghrinneall na Meanmhara.

le braith i KM3NeT. Sroicheann caithnini eile, seachas neoidrionénnd, doimhneachtai na
farraige freisin, mar shampla mudin (caithnini atd nios troime nd leictreoin) ata cruthaithe
san atmaisféar. Astaionn siad sin solas, agus nios measa f6s, is caithnin é an mtén a
chruthaitear in idirghniomhaiochtai neoidrionénna! Is ‘ctlra’ iad na miéin 6n atmaisféar
do na cédithnini at4 cruthaithe in idirghniomhaiochtai neoidrionénna gur mian linn a
bhraith. T4 an t-4dh linn go dtagann na m6in atmaisféaracha seo 6 direach taobh thuas
den bhrathadéir, cé gur féidir le neoidrionénnd a mbealach a dhéanamh trid an Domhan,
agus muoén a chrutht sna brathad6iri KM3NeT a théann in airde. Tugann an difriocht seo
sa treo ina ghabhann na m6in treoir ddinn ar conas na muéin 6n atmaisféar a thagdil ar

14r 6n anailis.

Is taighde ann féin é an staidéar seo ar mhadin 6n atmaisféar agus ar na cdithnini a
chruthaigh iad. T4 suim mhoér ag an bpobal eolaiochta sna hidirghniomhaiochtai seo agus
ta siad ag iarraidh iad a thuiscint chomh maith agus is féidir. T4 na hidirghniomhaiochtai
seo san atmaisféar an-chasta , afach, mar ta crutht agus meath a lan caithnini i gceist,
agus is deacair ionsamhla a dhéanamh orthu. T4 ga le hionsamhla riomhaireachta
an-dian chun na préisis seo a mhunla. Mar chuid de mo thaighde féin, ionchur amhéin
a rinne mé do KM3NeT nd chuir mé feabhas ar ionsamhlt mtén atmaisféarach amhéain
chun bheith in ann cur sios nios cruinne a dhéanamh ar na sonrai. Tugtar ‘MUPAGE’
ar an mbogearrai ionsamhlaithe seo, nach bhfuil chomh casta na chomh dian le cinn
eile, mar Gisdideann sé roinnt foirmli chun cur sios ar fuinneamh agus treo na maoéin

atmaisféaracha a thomhastar ag doimhneachtai éagsula faoi leibhéal na farraige. Ni
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dhéanann MUPAGE cur sios iomldn cruinn ar na sonrai 6 muéin atmaisféaracha a
bhailitear i KM3NeT, dfach; ni ionsamhlaimid na ni thuigimid an ctlra seo go hiomlan.
(Nota: is ctlra iad na m6in seo do anailis neoidriond, ach maidir le staidéar ar fhorbairt
muodin atmaisféaracha agus na cdithnini a chruthaigh iad, is comhartha iad na mt6in
seo, i nddirire. Ach sin scéal eile). Rinne mé ‘titinéil” ar na foirmli i MUPAGE chun cur
sios nios fearr a dhéanamh ar na sonrai a thogtar i KM3NeT /ORCA. Léirionn Figitr G.2
toradh an tianala sin. M4 dhirimid ar uillinn na mdéin atmaisféaracha a thagann isteach,
feictear na pointi sonrai, an sean ionsamhld agus an t-ionsamhlt nua até tiinélta agam.
Déanann an t-ionsamhlii nua cur sios i bhfad nios fearr ar na sonrai. Ar ndoéigh, t4 Gsdid
a bhaint as anois chun na maéin atmaisféaracha a ionshamhla sa taighde foilsithe is

déanai ag tsaid sonrai KM3NeT.
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Figure G.2.: Daileadh an chomhshinis den treo uillinn 6 de na mtdéin atmaisféaracha, léirithe ag
pointi sonrai (dubh), an sean MUPAGE ionsamhlt (ordiste), agus an t-ionsamhlt
nua MUPAGE (gorm). Léirionn an figitir ag barr méid na n-eachtrai gach soicind do
chiirsa airithe sonraf, l1éirionn an figitir ag bun na sonrai roinnte ag an d4 ionsamhlg,
nuair is data/simulation = 1 an toradh is inmhianaithe.

Ar ais go neoidrionénnd anois. Nuair a idirghniomhaionn siad sna brathadéiri,
braitheann an saghas cdithnini a chruthaionn siad ar a mblas (agus ar an sli a dhéanann
siad idirghniomh). Tugtar ‘traiceanna’ ar chuid de na saghsanna préifili caithnini seo,
mar shampla na proifili atd cruthaithe ag mt6in. Gluaiseann na caithnini seo trid an
bhrathadéir i line dhireach, ag astti solais gur féidir linn a bhraith. Saghas préifil eile is ea
‘cith’, a thagann 6 leictreoin n6 6 chdithnini nios troime, a astaionn pléasc solais a bhionn

nios larnai nd an préifil solais a thagann as traiceanna. De ghndath, déantar ‘atégail’
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ar idirghniomht neoidrioné mar traic né mar chith, mar t4 sé éasca iad a dheighilt
6na chéile. Chun at6géil mar seo a dhéanamh, ni mér an fuinneamh agus an treo san
idirghniomh a chinntit. Ni dhéanann sé ciall iomlan iad a dheighilt 6na chéile, 4fach,
mar bionn toradh cith ar beagnach gach idirghniomht neoidrioné. M4 bhionn toradh
traic ar idirghniomhti neoidrionénnd, beidh toradh cith ann chomh maith, agus tri treo
agus fuinneamh an déd cheann a atégdil, bheadh cinntit i bhfad nios fearr ar treo agus
fuinneamh an neoidrioné a chruthaigh iad. Freisin, tugann at6gail traic agus cith tomhas
direach ar an méid fuinnimh atd imithe isteach sa mhtén agus sa chith (ar a dtugtar
‘Bjorken-y’). Leis an eolas seo, tdimid in ann cur sios i bhfad nios cruinne a dhéanamh ar
idirghniomhti neoidrionénna. Chaith mé formhér de mo thaighde trachtais ag forbairt

atoégadil traic agus cith da leithéid, mar a phléigh mé sa leabhar seo.

Léirionn Figitr G.3 réiteach fuinnimh neoidrioné (chomh maith agus is féidir an fuin-
neamh neoidrioné a chinntit) ag feidhmiti mar chuid den fior fuinneamh ionsamhlaithe
sa bhrathadé6ir KM3NeT/ORCA nuair ata sé criochnaithe. Bionn tomhas i bhfad nios
fearr ag an fuinneamh neoidrioné athégtha nua seo 6n atégdil ‘traic agus cith’ le chéile
na 6n fuinneambh traic leis féin — da laghad é luach an réitigh, is ea is fearr gur féidir an

fuinneamh a chinntia.

Léirionn Figitir G.4 neoidrionénn4 le luach an-chéngarach don Bjorken-y fior agus
athogtha (n6 y) sa bhrathad6ir KM3NeT/ORCA. T4 a 1an neoidrionénnd ina lui gar don

line trasnadnach, a léirionn go bhfuil an Bjorken-y fior agus athdéghta mar an gcéanna.

T4 an at6gdil traic+cith nua seo in ann an fuinneamh neoidrioné a chinntit le
réiteach nios fearr, agus an Bjorken-y a chinntiti don chéad uair. Is féidir an atégdil
traic+cith seo a tsdid freisin chun idirdhealt a dhéanamh idir idirghniomhu neoidrioné
le traiceanna, agus iad sitid nach bhfuil traiceanna ann, mar a phléitear sa leabhar seo. Is
comhdbhair riachtanacha iad an réiteach feabhsaithe fuinnimh agus an Bjorken-y chun
anailis a dhéanamh le sonrai KM3NeT /ORCA, agus beidh tomhais nios beachta ar na
paraiméadair ascalaithe agus cinneadh nios cruinne ar an ord mais neoidriond, nach

bhfuil a fhios againn go f6ill cén ord ata air.
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Figure G.3.: An réiteach fuinnimh mar fheidhm den fuinneamh neoidrioné fior sa bhrathadéir
KM3NeT/ORCA, ag tisaid an modh athégala traic+cith. T4 réiteach fuinnimh nios
fearr (luach nios isle) ag an fuinneamh neoidrioné athégtha (pointf gorma) na ag an
fuinneambh traic athégtha (pointi dearga). Mar sin tugann an fuinneamh neoidrioné
athégtha tomhas nios fearr den fior fuinneamh neoidrioné. T4 an feabhas seo le
feicedil don réimse iomlan fuinnimh a bhaineann le KM3NeT/ORCA.
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Figure G.4.: Cinntionn an at6gdil traic+cith an fuinneamh a aistritear 6n neoidrioné go dti an
cith a chruthaionn sé (ar a dtugtar ‘Bjorken-y’). T4 an Bjorken-y fior agus ath6gtha
an-chéngarach - léirithe ag an line trasndnach - do chuid de na neoidrionénna
ionsamhlaithe sa bhrathado¢ir KM3NeT/ORCA.
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