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Abstract

By measuring the energy- and zenith-dependent oscillation probabilities of atmospheric neu-
trinos passing through the Earth, it is possible to determine the hitherto unknown neutrino mass
hierarchy. With this aim, the underwater Cherenkov detector ORCA is being built by the KM3NeT
Collaboration in the Mediterranean deep sea. The atmospheric muon flux entering the detector
from the direction of the water surface is the main background for the detection of neutrinos.

On the one hand, incorrectly reconstructed tracks of atmospheric muons distort the measure-
ment of the upgoing atmospheric neutrino flux passing through Earth. On the other hand, this
background crucially complicates the measurement of the downgoing atmospheric neutrino flux
from above, which could be used for reducing the systematic uncertainties, as it is not modified by
neutrino flavour oscillations.

In this thesis a veto strategy for atmospheric muons is developed in order to allow the deter-
mination of the downgoing atmospheric neutrino flux. The presented veto algorithm achieves a
remaining contamination by atmospheric muons of less than 15% by only applying fast classifica-
tion methods on the pattern of the first hits. By applying standard event reconstruction methods
in addition, the contamination can further be decreased to about 1%. The effective mass for neu-
trinos after the muon veto cut is roughly about 1.75Mton for the neutrino energy regime above
10GeV, which corresponds to about nearly 50% of the effective volume for upgoing neutrinos of a
6m vertical spaced detector.

Furthermore an investigation is presented on the achievable precision with which the atmo-
spheric neutrino flux parameters can be determined within one year, assuming the detection of
downgoing neutrinos with the obtained effective mass. The reachable uncertainty on the neutrino
flux normalization depends on how well the energy scale (detector intrinsic linear energy scaling
factor) can be determined by using other calibration methods, as both are fully correlated. The
neutrino flux zenith slope cannot be determined much better than it is known so far.





Chapter 1

Introduction

Neutrinos are very interesting fermions of the Standard Model of Particle Physics (SM). They
have an extremely low cross-section of about 10−42m2 at 1GeV and thus can traverse nearly every
medium without a reaction. Solar neutrino studies gave the insight that neutrinos change their
flavour [1]. This behaviour is called neutrino oscillation and its existence implies that neutrino have
mass, unlike predicted by the SM. Thus neutrinos give a hint to physics beyond the SM. Besides
studies on solar neutrinos, experiments were performed with atmospheric, reactor and accelerator
neutrinos. Various experiments of those kinds measured the parameters of the neutrino oscillation.

One of the still unknown parameters is the sign of the largest mass difference, called neu-
trino mass hierarchy (NMH). This sign is determinable via oscillations in matter. The KM3NeT-
Collaboration builds the Cherenkov detector ORCA in the Mediterranean deep sea to use atmo-
spheric neutrino traversing the Earth for probing the NMH.

One crucial systematic for the neutrino mass hierarchy measurement is the uncertainty on the
neutrino flux normalization. Therefore, an independent calibration measurement of downgoing
neutrinos is intended. However, the many orders of magnitude greater rate of atmospheric muons
complicates this calibration measurement. The idea how to deal with this is to use some kind of
fiducializing as it is used in similar detectors.

This thesis is organised in the following way: at first, chapter 2 gives an introduction to
the origin of neutrinos and their physics, as well as to the detector structure, simulation and
performance. Then chapter 3 deals with the implementation of the muon veto. Accordingly it
addresses following questions: why is a veto needed (Sec. 3.1), what steps have been taken to
implement it (Sec. 3.2 and Sec. 3.3) and how well does it behave (Sec. 3.4). Finally chapter 4
presents the theoretical uncertainties on neutrino flux parameters (Sec. 4.1) and how well those
could be determined by using the muon veto for a downgoing flux measurement (Sec. 4.3).
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Chapter 2

Scientific background

2.1 Atmospheric fluxes

Figure 2.1: Atmospheric particle cascade caused by cosmic rays. Taken from [2].

There is a diffuse flux of charged cosmic ray particles, mainly protons and some heavier nucleons,
hitting the Earth’s atmosphere. This flux mainly follows a power-law in energy N(E) ∝ E−γ , with
γ ∼ 2.7 [3]. Secondary ‘atmospheric’ cosmic rays are produced by collision of primary comic rays
with atmospheric particles. These are often called cosmic ray showers, as the primary particles
are energetic enough to produce a whole cascade of particles. Produced protons and neutrons will
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2.2. NEUTRINO OSCILLATION CHAPTER 2. SCIENTIFIC BACKGROUND

continue to cause particle showers because of their high energy and large cross-section, whereas
pions immediately decay into e.g. muons and neutrinos. The low cross-section of muons causes
lower energy loss compared to nucleons. Furthermore muons are highly relativistic due to their
high energy and therefore can reach sea level despite their short lifetime of 2, 2 · 10−6 s [3]. Thus,
muons are the dominating part of the secondary cosmic rays reaching the sea level. Muons, which
decay on their way to sea level, produce neutrinos. The main decay chains are given by Eq. 2.1
and the formula’s charge conjugation.

π− → µ− + νµ and µ− → e− + νµ + νe (2.1)

If all muons decay the expected ratios are:

νµ + νµ
νe + νe

∼ 2 , νµ
νµ
∼ 1 and νe

νe
∼ µ+

µ−
. (2.2)

The more energetic the muons are, the less muons decay before reaching ground and therefore
the ratio of muon to electron neutrinos changes. In the absence of neutrino oscillations the neutrino
flux is in good approximation up/down symmetric, although it is not exact for 1GeV or less due
to geomagnetic field effects. The muon flux was measured by various experiments at different
energies and altitudes [4]. MUPAGE provides a parameterised muon event generation for muon
background investigations in Cherenkov neutrino telescopes [5]. The parametrization is based on
full simulations and cosmic ray data. Single muons as well as muon bundles are included.

2.2 Neutrino oscillation

Oscillation in vacuum

The phenomenon that neutrinos change their flavour during propagation is called neutrino os-
cillation. This happens because the neutrino flavour eigenstates are a mix of the neutrino mass
eigenstates (Eq. 2.3). In 2015 T. Kajita and A. B. McDonald were awarded the Nobel Prize for
this discovery. All following formulas are given in natural units and are mainly adopted from [6].

νeνµ
ντ

 = UPNMS ·

ν1

ν2

ν3

 , UPNMS =

1 0 0
0 c23 s23

0 −s23 c23

 ·
 c13 0 s13e

−iδ

0 1 0
−s13e

iδ 0 c13

 ·
 c12 s12 0
−s12 c12 0

0 0 1

 ,
(2.3)

with mixing angles: sij = sin θij and cij = cos θij and with the CP-violating phase: δ;

possible majorana phases were neglected.

The time evolution of a propagating neutrino is given by a plane wave:

|νk(t)〉 = exp(−i(Ekt− ~pk · ~x))|νk(0)〉, (2.4)

where Ek is the energy and ~pk the momentum of the neutrino.
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In the ultra relativistic limit (Ek >> mk) the following approximation holds:

|~pk| =
√
E2
k −m2

k ≈ (Ek −
m2
k

2Ek
)→ Ekt− ~pk · ~x ≈

m2
k

2Ek
L. (2.5)

The probability for detecting a neutrino produced in flavour state να with flavour νβ after
propagating over a distance L is given by the square of the transition amplitude:

Pνα→νβ (L) = |〈νβ |να(t)〉|2 =
∑
k.j

U∗αkUβkUαjU
∗
βj exp

(
−i

∆m2
kjL

2Ek

)
, (2.6)

with the mass-squared difference ∆m2
kj = m2

k −m2
j .

For simplicity of an example only the two flavour case (νe and νµ ) is considered. If Φνe and
Φνµ are the incoming fluxes, the detected fluxes will be:

Φ′νe = P (νe → νe)Φνe + P (νµ → νe)Φνµ (2.7)

Φ′νµ = P (νe → νµ)Φνe + P (νµ → νµ)Φνµ .

Oscillation in matter

During propagation through matter the neutrinos are coherently elastically scattered by electrons
and nucleons (see Fig. 2.2). NC-interactions happen for all flavours, so they just add a flavour
independent phase shift. Yet only electron neutrinos can undergo CC-interaction, because electrons
are the only charged leptons in matter. This leads to an alteration of the propagation of electron
neutrinos described by the effective potential VCC = ±

√
2GFNe, where GF is the Fermi coupling

constant and Ne the electron number density. The ‘+’ is valid for neutrinos and the ‘−’ is valid
for antineutrinos.

Figure 2.2: Neutrino coherent elastic scattering: charged current (CC) interaction conveyed by
W±(left) and neutral current(NC) interaction conveyed by Z0 (right). Only electron neutrinos
can undergo CC-interaction.
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2.3. NEUTRINO MASS HIERARCHY CHAPTER 2. SCIENTIFIC BACKGROUND

The change in propagation causes a change in the mass eigenstates and a change of the mixing
angles (the new mixing angle has the suffix m for ‘matter’):

sin2 2θm = sin2 2θ 1
(A− cos 2θ)2 + sin2 2θ

, (2.8)

with A = 2VCCEν
∆m2

kj

. This is commonly called the MSW-effect 1. (However, the term originally
describes the adiabatic oscillation probability change in the sun, which solved the solar neutrino
problem.) A ≈ cos 2θ implicates a resonance where θm becomes maximal (45◦). If ∆mkj > 0, the
resonance occurs for neutrinos, otherwise for anti neutrinos. The energy at which the resonance
happens is then given by:

Eresν =
∆m2

kj · cos 2θkj
2
√

2GFNe
. (2.9)

The resonance involving ∆m21 was detected via solar neutrino observation by the SNO exper-
iment [8]. The ∆m21 was determined to be positive, whereas resonance involving ∆m31 happens
in the Earth. By inserting the typical density of rock: ρ = 3g/cm3 → ERes = 10GeV and the
Earth’s core ρ = 13 g/cm3 → ERes = 2GeV, it can be seen that the resonance energy is in the
range of a few GeV. Even at energies which are not at the resonance value the oscillation proba-
bility can significantly be enhanced due to abrupt Earth density transitions, particularly between
Earth’s mantel and Earth’s core. This is called ‘parametric enhancement’ [9], but this is not further
relevant in the scope of this thesis.

2.3 Neutrino mass hierarchy

(∆m2)sol

(∆m2)sol

(∆m2)atm

(∆m2)atm

νe

νµ

ντ

(m1)
2

(m2)
2

(m3)
2

(m1)
2

(m2)
2

(m3)
2

normal hierarchy inverted hierarchy
Figure 2.3: Neutrino mass hierarchy - left: nor-
mal, right: inverted - Taken from [10].

Vacuum oscillation of neutrinos is only de-
pendent on the mixing angles, a possible CP-
violating phase and the squared mass difference
of the mass eigenstates. As seen in the previous
section, the sign of the mass difference can be
deduced using the MSW resonance. The sign
of ∆m12 is known from solar neutrino stud-
ies, whereas the sign of ∆m13/∆m23 is hith-
erto unknown. The question about this sign
is called neutrino mass hierarchy (NMH)
which can either be normal (positive sign) or
inverted (negative sign) (see Fig. 2.3). Re-
cently (2012,[11]) the last unknown mixing an-
gle θ13 was measured to be relatively large
(∼ 9◦). This drove the determination of the
NMH within reach [12]. The standard strategy
for NMH determination is to probe νe ⇔ νµ oscillation in presence of matter effects. The os-
cillation enhancement of matter effects is maximal at resonant energy which is Eres ∼ few GeV
for the Earth matter density. Therefore there are good prospects for NHM determination with

1Michejew-Smirnow-Wolfenstein [7]
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atmospheric neutrinos traversing the Earth. Energy(E)-zenith(θz)-oscillograms show a distinctive
pattern for NH and IH (see Fig. 2.4 and Fig. 2.5). The main challenges are that the NH/IH
difference is intrinsically small and that oscillograms are blurred by limited E and θz accuracy.
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Figure 2.4: NH-IH-asymmetry for νe - Taken
from [13].
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Figure 2.5: NH-IH-asymmetry for νµ - Taken
from [13].

2.4 Cherenkov detectors

c
t

n

βct

θC

Figure 2.6: Cherenkov light

When a charged particle traverses a medium with
a velocity greater than the speed of light in the
medium, Cherenkov light is emitted in a cone
with an opening angle of θC = arccos 1

nβ , with
the refractive index n and β = v/c (see Fig. 2.6).
For nwater ≈ 1.3 and β ≈ 1 the angle is about 43◦.
Cherenkov detectors detect this light using pho-
tomultipliers (PMTs) in a transparent medium
like water or ice. PMTs make use of the pho-
toelectric effect to convert photons into a elec-
tron cascade. Their efficiency, called quantum
efficiency, is about ∼ 25%. From the amplified
electron cascade the time and charge information
is deduced and called a hit. These PMTs are ar-
ranged within a digital optical module (DOM)
and an array of several DOMs builds up the de-
tector. Neutrinos can be detected by Cherenkov
detectors through their secondary particles produced during an interaction with the medium. At
relevant energies (above 3GeV) deep inelastic scattering (DIS) dominates, therefore, the neutrino
scattering of a nucleon causes a hadronic cascade and an outgoing lepton.

The main discrimination is made between charged current (CC) and neutral current events
(NC) (see Tab. 2.1). A CC event can be written as ↪ ↩ν l + N → l± + X, where l is a lepton,
N a nucleon and X a hadronic cascade. Electrons (e) travel a short path length (∼ 33 cm) till
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2.5. ORCA CHAPTER 2. SCIENTIFIC BACKGROUND

interaction produces an electromagnetic shower. Muons (µ) are minimal ionising particles (mip)
at energies above 1GeV and therefore have a high mean free path, i.e. are track-like. Tauons (τ)
decay after short path such that they appear either shower-like or track-like, depending on their
decay channel. But tau-neutrinos can be ignored in the scope of this thesis. In an NC event instead
of a charged lepton a neutrino is produced escaping without detection. Only the hadronic cascade
is visible.

νµ CC νe CC NC

nukleon hadronic shower nukleon hadronic shower nukleon hadronic shower

track-like shower-like or point-like
hadronic shower and µ-track hadronic and EM shower hadronic shower

Table 2.1: Neutrino interactions

2.5 ORCA: Oscillation Research with Cosmics in the Abyss

Figure 2.7: Digital optical module
(DOM) - Taken from [13].

KM3NeT is the next generation underwater neutrino
telescope in the Mediterranean Sea with two detec-
tors: ARCA andORCA - Astroparticle/Oscillation Re-
search with Cosmics in the Abyss. Both of them use the
same technology and detector design: one building block
consists of 115 instrumented lines, called ‘strings’, which
are anchored to the seabed. Each string carries 18 digi-
tal optical modules (DOMs). Every DOM consists of 31
PMTs arranged in five rings with same zenith angle and
an additional PMT pointing downward (Fig. 2.7).

ARCA’s main objective is the high-energy neutrino
astronomy and is intended to get a square kilometre large
volume like IceCube, whereas ORCA is primarily built
for the NMH determination at lower energy. Thus ORCA
is more densely built than ARCA: optimal parameters
(taking deployment constraints into account) were deter-
mined to be an average 20m inter-string spacing and 9m vertical spacing between the DOMs
(Fig. 2.8, Fig. 2.9).

8
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x (m)
-100 -50 0 50 100

y
(m
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-100
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= 20m
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106 m

KM3NeT/ORCA Preliminary

Figure 2.8: ORCA Footprint. Taken from [13]. Figure 2.9: ORCA Building Block. Taken from
[13].

2.6 Simulation of ORCA

A full Monte Carlo detector simulation of particle interactions, light generation, light propagation
and detector response has been performed in the Letter of Intent [13]. The simulation is conducted
within a cylindrical volume surrounding the instrumented volume, called ‘can’. This ‘can’ exceeds
the instrumented volume by about 40m. The common neutrino event generator GENIE [15] is
used for generation of (anti-)neutrino induced interactions in sea water in the energy range from
1 to 100GeV. Those neutrino events have (Bartol [16]) flux weightings, because the simulation
is made with a less steep spectrum to have more statistics at high energies. Muon background
is simulated using MUPAGE [5]. Particle propagation is then simulated by a software package
based on GEANT4: Cherenkov light generated by primary and secondary particles causes hits,
thereby the light absorption and scattering in the medium as well as the detector characteristics
are taken into account. Additionally random background noise is simulated. Hit selection and
analysis scripts, which have been used or developed in this thesis, are written in python within the
software package Seatray [17].

2.7 Performance of ORCA

This section presents the main performance parameters of ORCA, namely the detection efficiency
and sensitivity to the main measurement that were determined by using the previously described
simulation.

The neutrino detection efficiency νeff can be defined as the interaction rate of detected neutrinos
Rνdet divided by the interaction rate of generated neutrinos Rνgen, which were generated within a
generation volume Vgen. Vgen is chosen in a way that the secondary leptons would pass the detector.

9
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The effective volume Veff is then calculated in the following way:

Veff = νeff · Vgen = Rνdet
Rνgen

· Vgen. (2.10)

The effective volume can be converted into an effective mass Meff by using the water density
ρ = 1.025 g/cm3: Meff = ρVeff. The effective mass is a measure for the efficiency of a detector
that can be compared between detectors. It expresses how much mass a 100% efficient detector
would encompass. Fig. 2.10 shows the effective mass of well reconstructed events as a function of
energy for different detector sizes. Full simulation of muon and neutrino events was only made for
a detector with 6m vertical spacing [13]. Detector response for larger spacing were calculated in
the following way: a mean larger spacing is achieved by ignoring some DOMs and then account
for fewer DOMs by scaling the result accordingly. As the developed muon veto (see chapter 3)
explicitly looks at the position and number of individual DOM hits, this procedure does not work
well in this case. Therefore, the muon veto was optimised and evaluated for a 6m vertical spacing.
To apply it to the detector with 9m vertical spacing, some parameters of the veto have to be
upscaled.

The sensitivity for mass hierarchy determination is dependent on the oscillation parameters,
especially on the true mixing angle θ23 (see Fig. 2.11). The highest sensitivity to the NMH is
reached in the case of 9m vertical spacing. Therefore, this vertical spacing will be chosen for the
construction. The NMH can be determined to about 3σ after 3 years.
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Figure 2.10: Effective mass for
νµ and νµ as a function of the
neutrino energy for well recon-
structed events. - Taken from
[13].
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Chapter 3

Implementation of the Muon Veto

3.1 Aim and approach

3.1.1 Misreconstructed muons

The main measurement of ORCA will be the precise determination of the oscillated neutrino flux
traversing the Earth. No other particles, like muons, can traverse the Earth. Therefore, by selecting
only events reconstructed as upgoing, the main part of muons is suppressed. Only muons which
are falsely reconstructed as upgoing are still a background. This background has already been
dealt with in the Letter of Intent [13]: reconstruction (reco) parameters like the fit quality and
track starting point (more precisely described in Sec. 3.3.4) can directly be used as the preselected
background is small.
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Figure 3.1: Distribution of the reconstructed track starting point for muons (left) and neutrinos
(right). Taken from [13].
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3.1.2 Atmospheric neutrino flux measurement

One crucial systematic uncertainty for the neutrino mass hierarchy measurement is the overall
normalisation of the neutrino flux (see Sec. 4.1). Thus a neutrino flux measurement independent
from the matter oscillation resonance, used for the mass hierarchy determination, would be a good
way to calibrate the NMH measurement. However, just looking at slightly higher energies, which
are not effected by the resonance, would not make the deal, as there is still flavour oscillation. So to
be really independent, this calibration measurement has to be conducted with downgoing neutrinos
in an energy regime of about 10GeV to 60GeV. However, the main problem for downgoing events
is that there is a large background of atmospheric muons to be dealt with:

The trigger rate of downgoing muon neutrino CC interaction-rate is ∼ 150 per day (∼ 5 ·
104 per year), whereas the trigger rate of atm. muons is about ∼ 40Hz (∼ 109 per year). Therefore,
in order to achieve a contamination lower than 1%, a muon suppression of more than 106 is required.
Full event reconstruction is too time-consuming to be run at ∼ 40Hz so that a fast algorithm to
suppress the main part of muons is needed before reco-methods (Sec. 3.3.4) can be applied.

The idea is to use some kind of fiducializing as it is used in similar detectors (e.q. IceCube [18]
and Super-Kamiokande [19]). So the pattern of the first hits of an event should give information
about whether the event started outside of the fiducial volume or not. At first there has to be a
very clean hit selection to be confident that the hits, from which the information shall be deduced,
are not noise hits (see Sec. 3.2). Then various parameters describing the pattern of the first hits can
be calculated and cuts can be applied (see Sec. 3.3.1). When the remaining muon rate is at least
as low as the neutrino rate, full reconstruction similar to the one used to identify misreconstructed
muons (Sec. 3.1.1) can be conducted and cuts on the obtained parameters can be applied (see
Sec. 3.3.4).

For a rough estimation of the required computational time, the time per muon event on the
‘standard’ computer at the computing centre in Lyon [20] is given:

• hit selections: 0.41 s

• rejection criteria without reconstruction: 0.08 s

• full reconstruction: 7.7 s 2

3.1.3 Event display

In order to find parameters to distinguish muons and neutrinos from each other, an event display
optimised for this task has been developed. As the detector is radial symmetric, mainly the radial
projection is important. The radius is scaled quadratically so that areas of the same size correspond
to volumes of the same size. On the y-axis the height in floor numbers is plotted. For a better
visualisation, the DOM-positions are chosen to be extended over the floor height and their upper
edge corresponds to the floor they belong to. The DOM hit colour denotes the time since the
first hit (after hit selection) of the event. The Monte Carlo truth muon track is painted in black
and the reconstructed track is painted in red. Black crosses label the interaction vertex, red ones
the reconstructed vertex (track starting point) and green ones the mean position of first hits (see

2The duration of the reconstruction scales with the number of hits of an event, whereby the average muon event
has quite a lot of hits. Applying reconstruction only on less luminous events would lower the average time.
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Sec. 3.3.1). Arrows display the mean direction of PMT hits on a DOM. An example for the event
display of a muon event is shown in Fig. 3.2.
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Figure 3.2: Event display
of a muon event - black:
Monte Carlo truth particle
track, red: reconstructed
track, green: mean position
of first hits, arrows: mean
direction of PMT hits on a
DOM. The Radius is scaled
quadratically.
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3.2 Hit selections

To deduce information from the alignment of the first hits of an event, these first hits have to be
selected very well so that noise hits are excluded with high confidence. Accordantly, this section
addresses hit selections, which were optimized for vetoing strategies.

3.2.1 Local coincidences of two PMTs: L1

Hits on individual PMTs are called PMT hits. The first step of noise reduction is to select only
hits with local coincidences. An L1-coincidence is defined as at least two hits on one DOM within
a time window (20 ns). Such a coincidence is called a L1 hit. The time of the first PMT hit of the
coincidence is taken as the reference time for the L1 hit. In the Letter of Intent [13] an additional
requirement is set on the angle between the coincident hit PMTs. If the angle between the hit
PMTs is smaller than 90◦, it is called a L2 hit. This requirement was not taken in this thesis.

3.2.2 Causality Clustering

The next step is to check whether the L1 hits fit to each other globally in the detector. Therefore,
the time light needs to travel the distance d between two DOMs is calculated and compared to the
time difference ∆t between the L1 hits. A time window twindow accounts for possible delays due to
scattering or calibration uncertainty in arrival time. If ∆t > d/cwater + twindow, it is assumed that
there is no causal connection between these L1 hits (twindow = 50ns, cwater = 0.217m/ns). (The
chosen timewindow is larger than the typical value in the Letter of Intent [13] making the selection
slightly less clean. But this choice works better in the context of the muon veto, as it is essential
for the veto to have enough hits in the outer detector part for muon event rejection. So even
scattered light hits are wanted to some extent. The final decision if the these hits should be kept,
is then made by the Distance Filter.) In that way for each pair of L1 hits it is calculated if there
is a causal connection, such that clusters of causally connected hits are obtained. All hits that are
causally connected with all other hits of the largest cluster pass the selection. This algorithm is
therefore called Causality Clustering. Many noise hits and hits due to light scattered under large
angles can be excluded in that way.

But there is a problem with high energetic muons causing an electromagnetic shower. For
explanation of this problem, some definitions are helpful: hits, caused by the muon, are called
track hits and hits, caused by the shower, are called track shower hits. Unlike the muon which
emits light under the Cherenkov angle, the shower emits light spherically (see Fig. 3.3). In that
way light emission backward in the direction of the track occurs such that hits are made later than
causality suggests (see Fig. 3.4). If there are more more shower hits than track hits, the Causality
Clustering algorithm deletes the track hits, because they do not seem to fit the electromagnetic
shower hits.

To solve this issue, hits in the outer part of the detector, which are causally connected to at
least 40 of the hits selected by Causality Clustering, are added again afterwards. Sometimes even
this procedure does not bring back the deleted track hits. Therefore, a second Causality Clustering
of the deleted hits is made and added again if it has more than 10 hits and at least 3 of them are
in the vicinity (dmax = 25m, ∆tmax = 140 s) of hits of the first Causality Clustering.
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EM-shower Track

Figure 3.3: A shower (left) emits light from one point in all directions, whereas a track (right)
emits light under the Cherenkov angle. In both cases is ∆Treal < ∆Tmax. - dotted lines: path
taken by photon, dashed lines: light fronts, circles: L1 hits, red line: distance between the DOMs
and therefore the upper limit for the time difference between them, green line: path that the light
takes and therefore really determines the time difference.

EM-shower

Figure 3.4: A high energetic
muon comes in, produces a
few track hits and then an
electromagnetic cascade.
Dotted lines: light path for
track hits, dotted dashed
lines: light path for shower
hits, dashed line: Cherenkov
cone at the time of the
last track DOM-hit, circles:
DOM-hits, red line: dis-
tance between a track hit and
a backscattered shower hit,
green line: path that actually
has to be taken to get to that
hit; ∆Texp < ∆Treal

3.2.3 Vicinity coincidences: Distance Filter

If noise hits are far away from all the other hits in time and distance, they pass the Causality
Clustering, as the Causality Clustering only looks for a relation between time and distance and
sets no requirement on their absolute values. To get rid of these noise hits an algorithm is needed
that searches for coincidences to L1 hits in their vicinity. In the Letter of Intent [13] the V2L2-
coincidence is defined as a coincidence between two L2 hits on different DOMs which are closer
than 35m and within a time window ∆t = 10ns+ td, where td is the time required by the light to
travel the distance d between the two DOMs.

But sometimes noise builds up small local clusters of up to 3 L1 hits. Reconstruction algorithm
as in the Letter of Intent [13] are not susceptible to such local noise clusters, whereas a muon veto,
based on the location of the first hits, is indeed susceptible to those. If the first hits of an event are
not selected well, the muon veto will not be functional. Therefore, an algorithm called Distance

17



3.2. HIT SELECTIONS CHAPTER 3. MUON VETO

Filter, which is some kind of V4L1, has been developed.
The Distance Filter searches for correlated L1 hits in each L1 hit’s vicinity. The vicinity

is defined as a sphere of radius s ∼ 24m around the hit and therefore spans over some floors
(each floor 6m) of the same string and over direct neighbouring strings (inter-string distance
20m). Furthermore a pair of L1 hits that are in each other’s vicinity should be correlated in
time, i.e. the time difference between this pair has to be lower than the time the light needs
to travel s (t = s/cwater = 110 ns). This means that the time window for each L1 hit within
the sphere is the same and is not dependent on the explicit distance between the DOMs. So
this is a weaker requirement than in Causality Clustering, but as the Distance Filter is made to
be used after Causality Clustering it is sufficient. A further consequence of this requirement is
that neighbouring hits are more highly favoured the nearer they are within the sphere. (The time
window ∆t = tadd+td is constituted by the actual distance light needs to travel td and a additional
window tadd. If ∆t is constant, tadd gets larger as td gets lower. The larger tadd is, the weaker is
the requirement.)

If an L1 hit has 3 correlated L1 hits in its vicinity, it is labelled as a ‘good hit’. L1 hits which do
not satisfy this criterion will be deleted unless they are correlated to such a ‘good hit’ (see Fig. 3.5).
The chosen minimal number of correlated L1 hits in its vicinity is dependent on the number of L1
hits produced in an event, as the mean density of hits drops with the number hits (Tab. 3.1). In
that way it is ensured that not too many hits are deleted in events with low luminosity.

number of L1 hits ≥ 10 ≥ 5 ≥ 2
minimal number of correlated L1 hits 3 2 1

Table 3.1: Chosen minimal num-
ber of correlated L1 hits for dif-
ferent numbers of L1 hits pro-
duced in an event.

1

4
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13

18

Figure 3.5: Distance Filter:
The red L1 hit has three L1
hits in its vicinity, hence, it
is a ’good hit’.
The light blue hit has only
the red hit in its vicinity,
but as the red hit is a ’good
hit’ it is not deleted, whereas
the green L1 hit has no L1
hits in its vicinity and thus
is deleted.
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There is a special treatment of hits at the edges of the detector as those hits mostly have less
neighbouring hits and are extremely valuable for the vetoing strategies: as the vicinity sphere of
those hits is not completely within the detector, one has to account for this deficit by scaling the
radius of the sphere with the factor 1.4. The upper edge is defined as the 3 highest floors, the
low edge as the lowest floor and the radial edge as more than 90% of the maximal radius. If a
hit belongs to one of those edges and there are less than 10 hits belonging to this edge, the hit is
classified to be an edge hit. If there are already 10 hits in that edge, there are more than enough
hits for vetoing and the different treatment would only lead to more noise.

3.2.4 Dumbbell Rejector

The Dumbbell Rejector searches for events with only two small clusters separated by a large
distance (that look like a dumbbell). These events can occur if a muon track only grazes the detector
and produces only a few wide spread hits, which are hardly distinguishable from simultaneous
random noise hits. Most of these events can be rejected by the Distance Filter, but some of them
would require to make the Distance Filter stronger. This would be accompanied by a loss of low
energetic neutrinos, whereas the Dumbbell Rejector has a minor effect on the neutrinos and rejects
such muon events.

The Dumbbell Rejector is only executed if there are ≤ 10 L1 hits and works in the following
way. The algorithm sorts L1 hits into local clusters. L1 hits are sorted into the same cluster if
their distance is lower than s = 27m and their time difference is lower than t = s/cwater. If only
two clusters are built in that way and their centres are separated by more than 45m, the hits
belonging to the smaller one are deleted (see Fig. 3.6).

In many cases this procedure is not definite, but these are mainly those cases that do not
have the described two cluster structure, therefore the algorithm is then aborted. The Dumbbell
Rejector was an idea to reject one very specific kind of event and has eventually a minor effect on
the veto performance.
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Figure 3.6: Dumbbell Rejector: On
the left there is a cluster of 3 noise
hits obviously unrelated to the clus-
ter on the right. But as the time
difference between those clusters is
large enough, they passed the Causal-
ity Clustering. The left cluster could
be deleted by Distance Filter if no ex-
ception for events with low luminos-
ity had been implemented. However,
omitting this exception would cause a
loss of neutrino events. To prevent
this, the Dumbbell Rejector explicitly
searches for that kind of events with a
far lower loss of neutrino events.
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3.2.5 Stepwise application of hit selections

The above described hit selections are applied in the following order:

1. Local coincidences (L1): there has to be a local coincidence of at least two PMTs on one
DOM within a time window.

2. Weak Distance Filter: a L1 hit has to have at least one neighbour L1 hit within 50m and
250 ns. Most of the hits deleted in this way would even not pass Causality Clustering. This
step is mainly for event displays and for cases in which the ratio of hits deleted by Causality
Clustering is important.

3. Causality Clustering: the L1 hits have to be causally connected, i.e. the distance between
them has to be at least the light travel way. The largest causally connected cluster of hits is
chosen.

4. Causality Clustering muon optimization: if a muon produces a large em-shower, Causality
Clustering falsely deletes its track hits. Get the track hits back via a second clustering. This
selection has a significant effect on muons, but nearly no effect on neutrinos.

5. Distance Filter: a L1 hit has to have 3 other L1 hits within 25m and 110 ns. The parameters
of this selection are adaptive to the number and position of hits.

6. Dumbbell Rejector: deletes one of two clusters if there are two clusters separated by a large
distance. It is only applied in the case of few hits to account for the weaker Distance Filter
in that cases. It seldom changes hit selection and its effect is greater for muon events than
for neutrino events.
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3.2.6 Discussion of example events

Some hit selection behaviour examples are shown in the following event displays (see Sec. 3.1.3 for
explanation of used symbols).
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Figure 3.7: Muon causing an em-shower: the track-like part of the event is deleted in the Causality
Clustering (left) and has to be added again with a second clustering (right)
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Figure 3.8: There are only two hits in the outer
part of the detector within the first ∼ 150 ns,
which are very valuable for the veto strategies.
These hits would be lost if the Distance Filter
did not treat them with a larger vicinity sphere
radius and time window.
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Figure 3.9: Muon flying below the detector pro-
ducing only a few hits at the bottom of the de-
tector.
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3.3 Rejection criteria

3.3.1 Fiducial volume criteria

Most of the rejection criteria reject an event due to the information if something is inside or
outside a fiducial volume (Fig. 3.10, Fig. 3.11). To calculate the position of a hit, the position of
the DOM is used and not the individual positions of the PMTs within the DOM. In this way it
is ensured that all PMTs on one DOM are treated in the same way and no DOM gets bisected
by defining the fiducial volume. The normal vector to the photocathode gives the orientation of
the PMT and is referred to as ‘PMT direction’ ( #        »PMT). All the following criteria have advantages
and disadvantages. Sometimes a single criterion cannot give any information about an event.
Therefore, a sophisticated connection between them is essential.
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Figure 3.10: Sketch of events to be kept (left) and events to be rejected (right).
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Figure 3.11: Fiducial volume and parts of the
detector are shown in radial coordinates. The
top is given by the upper non fiducial floors and
the mantle is given by the strings with an great
radial distance to the centre of the detector. The
intersection of the top and the mantle is called
the corner and sometimes the mantle is parted
in the inner mantle and the outer mantle.
The lowest detector floor is called the bottom.

What a muon event looks like depends on whether it is contained (muon track within the
detector) or not. Therefore, both cases should be treated differently. Considering the fact that
not contained events typically produce less hits than the contained ones, the following definitions
are set: An event is defined as having only ‘few hits’ or ‘low luminosity’ if the number of L1 hits
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NL1
hits ≤ 10 and the number of PMT hits NPMT

hits ≤ 25 after the final hit selection. In that case
the fiducial volume cuts get adjusted (see Sec. 3.3.1) and additional criteria have to be passed (see
Sec. 3.3.2).

Outer-criterion: L1 hits in non-fiducial volume and within time margin

A kind of obvious criterion against muons is something like this: if there are hits in the outer
part of the detector at the beginning of the event, the particle came from outside. The required
number of L1 hits outside the fiducial volume is set to be 2 hits within 105 ns with respect to the
first L1 hit. There are difficulties for muons producing only few hits at the beginning and a large
em-shower in the centre of the detector. See therefore previous chapter (Sec. 3.2.3), where the hit
selection was designed in that way that hits in the outer part of the detector are more likely to
be kept. This criterion cannot give any information about the event, if there are not the required
number of hits within the time margin in the whole detector. In this case, the criterion is labelled
to have a bad accuracy and is ignored.

MeanPos-criterion: mean position of hits within time margin

The MeanPos-criterion is a bit more sophisticated: it evaluates more precisely where the first hits
of the event were made in the detector. At first, only L1 hits within a time margin, w.r.t the first
hit, are selected. The time margin is an input parameter (55 ns) but it is not fixed: if there are
less than three L1 hits within this time margin, it is extended, and if there are more than 7 L1
hits within this time margin, it is shortened. The shortening is done because taking more than
7 L1 hits of luminous events would shift the mean position nearer to the centre of the detector.
The greatest possible time margin is two times the initial time margin. Then the mean position of
selected L1 hits is calculated and weighted by the number the individual PMT hits of the L1 hit.
The error is calculated unweighted. The radial part of it is normed on the string distance (20m)
and the vertical part is normed to the inter-DOM distance on a string (6m). The norm of the
error (

√
x2
err + y2

err + z2
err) is an estimation of the spread of the hits, which is mainly independent

of the detector geometry. If the norm of the error is greater than 1.7, the criterion is labelled to
have a bad accuracy.

As the mean position is computed only from few L1 hits, each L1 hit has a significant impact
on the resulting mean position and its error. To reduce this susceptibility to noise, outliers are
ignored: for each of the selected hits the mean position and standard error without the questionable
hit (and without the described normalization) is calculated. If the distance between the position
of the questionable hit and the new mean position is more than 4 times the new standard error,
the hit is classified as an outlier. If less than 30% of the selected hits are outliers, the outliers are
deleted. Elsewise the hits are quite dispersed and the outlier definition makes no sense, therefore,
no hits are deleted.

The cut on the mean position is made in radial coordinates via a polygonal shape. Two
different shapes are considered dependent on the number of hits (Fig. 3.12, Fig. 3.13). In ‘normal’
muon events, muons enter the detector from above or in radial inward direction. Therefore, the
distribution of the mean position is mainly populated at the top and at the mantel. These
‘normal’ muon events are described by many hits and good accuracy (Fig. 3.12). The volume
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enclosed by the cut is 1.87 · 106 m3. On the other hand, muons with tracks outside the detector
only cause a few dispersed hits within the detector (‘low luminosity’ events). The distribution of
the mean position changes: less positions at the top, whereas more at the mantel and at the
bottom (Fig. 3.13). The cut chosen in this case encloses a volume of 1.69 · 106 m3.
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Figure 3.12: Mean position
of luminous ‘normal’ muon
events: the Distribution is
peaked at the top and at
the mantel. The contour of
the chosen cut is shown as
a black line. The histogram
is normalised such that the
total rate, the sum of all en-
tries, is 1.
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Figure 3.13: Mean posi-
tion of low luminosity muon
events: less positions are at
the top, however, there are
more at the mantel and at
the bottom detector part.
The contour (black line) of
the chosen cut as well as
the cut for the normal case
are shown in comparison.
Events excludable by Nhits-
rejection-part were ignored.
The histogram is normalised
such that the total rate is 1.

For analysis reasons there is even a weaker cut on the mean position of hits (weak MeanPos-
criterion). This one is independent of the number of hits and has no lower border. Furthermore
its height is 10m higher and its radius 5m larger compared to the ‘normal’ cut.

The mean position of neutrino events is nearly uniformly distributed (see Fig. 3.14). A small
excess is seen at the top and at themantel. This is caused by neutrino events with vertexes outside
the detector. Further deviations of a uniform distribution are caused by the detector geometry.
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Figure 3.14: Mean position muon neutrino events: normal events (left) and low luminosity events
(right). Events excludable by Nhits-rejection-part were ignored. The histogram is normalised such
that the total rate is 1.

MeanDir-criterion: mean direction of hits within time margin

Another idea is to use the directional information of the PMT hits: if there are hits outside the
fiducial volume but they are caused by an event inside of it, they should point towards the surface
of the fiducial volume (inward). As for the MeanPos-criterion only L1 hits within a time margin,
w.r.t the first hit, are selected. The time margin is an input parameter (125 ns) that gets extended
if there are less than 8 PMT hits within the initial time margin. The greatest possible time margin
is 1.5 times the initial time margin. For L1 hits at the top, the angle between upward êz and PMT
direction #        »PMT is calculated for each PMT. Whereas for the mantel, the angle between radial
outward êr and PMT direction is computed. The L1 hits in the corner are only counted but no
angle is calculated because an inward direction is not well defined for this part. If there are enough
hits in the inner mantel, hits in the outer mantel are ignored. Elsewise hits in the inner and outer
mantel are treated together (see Fig. 3.15 for explanation).
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Figure 3.15: If a muon goes down
within the radial outer part, it pro-
duces hits pointing inward (outer
mantel) and outward (inner mantel).
Therefore, if there are enough hits in
the inner mantel, the use of their
mean direction is more reliable than
the use of the mean direction of all hits
in the mantel.

For the hits in themantel and for the hits at the top the mean value of the cosine of their angles
as well as the standard error on it are calculated. As for MeanPos-criterion, outliers are ignored:
for each of the selected hits the mean direction and standard error without the questionable hit
is calculated. If the cosine of the angle between the direction of the questionable hit and the new
mean direction is more than 6 times the new standard error, the hit is classified as an outlier. If less
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than 20% of the selected hits are outliers, the outliers are deleted. Elsewise the outlier definition
makes no sense, therefore, no hits are ignored.

For reminder, the cosine of the angle between two normalized vectors, #        »PMT and êr,z, is given
by: #        »PMT · êr,z. At first, it is individually decided for the top and for the mantel if the event
passes: the mean cosine has to be lower than −0.3 (pointing inward) and the standard deviation
has to be lower than 0.4 (no great spread). If there are less than 5 PMTs in the part in question,
the event passes regardless of the mean and deviation values. Then it is decided if the event passes
in both parts, which implies a logical AND between both parts with the additional restrictions:

1. not in both parts are less than 5 PMT hits unless in both are zero PMT hits

2. there have to be less than 2 L1 hits in the corner

Fig. 3.16 shows the distribution of #        »PMT · êz vs #        »PMT · êr. If there are less than 5 PMT hits in
one of both parts (top or mantel), the corresponding direction is shown as −1. Events excludable
by MeanPos-rejection-part and Nhits-rejection-part were ignored in this plot. In most neutrinos
events the hits outside the fiducial volume point inwards, whereas those of muon events do not.

The outcome of this criterion is then used in the Connect-criterion (see Sec. 3.3.3) in a logical
OR to the Outer-criterion. Not just evaluating the number of hits outside the fiducial volume, like
in the Outer-criterion, but even evaluating whether these hits were caused by an event inside of
the fiducial volume, like in MeanDir-criterion, gives a better neutrino detection efficiency.
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Figure 3.16: Distribution of #        »PMT · êz vs #        »PMT · êr for events in which not both parts have less
than 5 PMT hits. If a part has less than 5 hits, its mean cosine is set to -1. In that way events
can be shown of which only the direction in one of the parts is obtainable. The point (-1,-1) is
not shown as it contains too many neutrino events. Events excludable by MeanPos-rejection-part
and Nhits-rejection-part were ignored. In most neutrinos events (left) the hits outside the fiducial
volume point inwards, whereas those of muon events (right) do not. The contour of the chosen cut
is shown in black.

3.3.2 Criteria against events with dispersed hits: Nhits-rejection-part

In the case of ‘low luminosity’ events, the adjustment of the fiducial volume is sometimes not
sufficient to reject muons. Therefore, other criteria have to reject events characterised by very few
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dispersed hits produced by muons which are only grazing the detector.
At first the characterization of ‘dispersed hits’ is addressed: as described in Sec. 3.2.3 the

Distance Filter selects hits with vicinity coincidences. Per definition events with dispersed hits
have less vicinity coincidences than normal events, therefore more hits get deleted by the Distance
Filter. Thus the fraction of hits passing the Distance Filter gives an estimation of how dispersed
the hits are. The lower the fraction is, the more dispersed the hits are. A good cut is found to be 0.6
(see Fig. 3.17). But as the less hits an event has, the less vicinity coincidences the Distance Filter
requires, the requirement on the fraction is insufficient for events with very few hits. Therefore,
those events have to be rejected in another way: if an event has less than 5 L1 hits after the last
hit selection, a requirement on the number of PMT hits is set: NPMT

hits > 5 ·
√
NL1

hits (see Fig. 3.18).
This means that events with very few L1 hits have to have many PMT hits on each DOM.
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Figure 3.17: To reject events
with dispersed hits, the frac-
tion of hits passing the Dis-
tance Filter has to be greater
than 0.6. Events exclud-
able by MeanPos-rejection-
part and Outer-rejection-
part were omitted and the
restriction of Fig. 3.18 was
already applied.
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Figure 3.18: The number of PMT hits is plotted against the number of L1 hits for muon (left) and
neutrino (right) events. The histograms are normalised such that the total rate is 1. Events with
less than 5 L1 hits have to satisfy: NPMT

hits > 5 ·
√
NL1

hits (shown as black line). Events excludable
by MeanPos-rejection-part and Outer-rejection-part were omitted.
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3.3.3 Connection of criteria

The Connect-criterion is a logical connection of the previously described criteria. For a better
understanding it has been decomposed in rejection-parts connected with an logical AND. These
parts are illustrated in the diagram Fig. 3.19. See Appendix A for criteria that were studied but
not used.

Outer:
<2 hits outside

MeanDir:
DOMs pointing inward
and their directional

deviation is low

yes

criteria concerning DOM hits outside a
fiducial volume within a time window

or

yes

criteria concerning number of hits and their
ratios to exclude events with too dispersed hits

very few hits:few hits:
<10 DOM hits
<25 PMT hits

too few hits with neighbours:
fraction of hits

passing Distance Filter<0.6no

yes

or

no

passed

MeanPos part:

Outer part:

Nhit part:

cut on the mean position of hits
within a time window and

no events a with large spread of hits

Figure 3.19: The muon veto decision tree consists of three rejection-parts, which are connected via
a logical AND: MeanPos-rejection-part, Outer-rejection-part and Nhits-rejection-part.
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3.3.4 Criteria based on reconstruction

All the following methods are based on a log-likelihood maximisation for reconstructing the di-
rection of the track. This procedure is called ‘track fitting’. Those fits are performed with the
FilteringFit algorithm [22] within SeaTray. This algorithm scans the whole phase space by gener-
ating a discrete number of isotropically distributed track hypotheses. In that way prefit candidates
are obtained. For each track candidate direct track hits, i.e. hits that fit to be produced by this
track, are selected. These hit selections are added up and the final track fit is executed. Although
it is a track fitting algorithm, it is also used for the shower-like events (νe CC and NC) to be
independent from shower-like/track-like classification. Rejection criteria based on event recon-
struction, short ‘reco-criteria’, are more computational time consuming than the before described
‘non-reco-criteria’.

Fit quality

The quality parameter Λ is defined as the log-likelihood per degree of freedom:

Λ = logL
Nd.o.f.

(3.1)

whereby the number of degrees of freedom Nd.o.f. is given by the number of hits minus the number
of fit parameters: Nd.o.f. = Nhit − 5.

This quantity takes negative values and is larger (i.e. closer to zero) for better reconstructed
tracks.

Λ-
3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
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CCeν NCµν

NCeν

Cut

Figure 3.20: Fit quality Λ of events with only ‘few hits’ that passed all other rejection criteria. A
cut at Λ = −5 (grey line) is chosen to exclude muon events (black).

Fig. 3.20 presents the fit quality distribution of events with only ‘few hits’ (definition see
Sec. 3.3.1) that additionally passed the Connect-criterion and the cut on the reconstructed track
starting point, which is described in the next section. By requiring a fit quality of at least Λ = −5,
most of the remaining muon events can be excluded. Regarding neutrino events, the median fit
quality of shower-like events is slightly worse than for track-like events, as it is the false event
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hypothesis. However, the impact of this fact on the neutrino effective volume of shower-like events
is low.

Track starting point

Hits are back-projected under the Cherenkov angle θC onto the track to determine the emission
point of the photon (see Fig. 3.21). The track starting point is then the emission point of the first
detected photon.

Figure 3.21: Hits (open circles) are back-projected under the Cherenkov angle θC onto the track
(horizontal arrow). Taken from [13].

Muons typically have reconstructed track starting points outside of the detector (Fig. 3.22),
whereas the track starting point of neutrinos is mostly reconstructed to be inside the detector
(Fig. 3.23). Such that most of the remaining muon events can be excluded by placing a cut on it
in cylindrical coordinates. Events with bad fit quality were omitted in all plots.

The reconstruction was executed if a weaker than normal cut on the mean position of hits (weak
MeanPos-criterion) was passed (see Fig. 3.24 left). In that way it was possible to analyse where the
reconstructed track starting point of the events, which have passed specific criteria, lies. The weak
MeanPos-criterion reduces the number of track starting points above and radial outside of the
detector (compare Fig. 3.24 left to Fig. 3.22 left). Criteria on the number of hits (Nhits-rejection-
part) primarily exclude events with track starting points reconstructed in the radial outside area
(see Fig. 3.24 right). The cut on the mean position of hits (MeanPos-rejection-part) mainly let
pass track starting points which are above the detector (see Fig. 3.24 left). The criteria on the
number of hits and mean direction of hits in the outer detector part (Outer-rejection-part) mainly
let pass track starting points which are below the detector (see Fig. 3.24 right), because they do
not care about hits at the bottom of the detector as the MeanPos-criterion does.
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Figure 3.22: Reconstructed track starting point of muon events: without veto criteria (left) and
with Connect-criterion (right). For the left plot only 7% of the full event sample was chosen.
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Figure 3.23: Reconstructed track starting point of neutrino events: without veto criteria (left) and
with Connect-criterion (right). For the left plot only 33% of the full event sample was chosen.
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Figure 3.24: Reconstructed track starting point of muon events: events passing weak MeanPos-
criterion (left) and events rejected by Nhits-rejection-part (right).
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Figure 3.25: Reconstructed track starting point of muon events: events passing MeanPos-rejection-
part (left) and events passing Outer-rejection-part (right).

3.3.5 Discussion of example events

In total, 15 · 106 muon events were simulated, which equals a livetime of half a month. Only ∼ 100
out of these events passed all non-reco-criteria (Connect-criterion) and only 5 passed all criteria.
Some of those events are shown in the following event displays (see Sec. 3.1.3 for explanation of
used symbols).
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Figure 3.26: Passed all criteria: the
first 4 hits are in this case noise hits
which are in a local cluster in the cen-
tre of the detector far away from the
real event at the top. The Causality
Clustering only deletes clusters of up
to 3 hits and the Dumbbell Rejector
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and Outer-criterion only consider hits
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Furthermore even the reconstruction
of the track starting point is too near
to the detector.

32



CHAPTER 3. MUON VETO 3.3. REJECTION CRITERIA

F
lo
o
r
[D
O
M
ID
]

0

2

4

6

8

10

12

14

16

18

20

22 m
in

t-
t

0

20

40

60

80

100

120

140

160

180

200

Radius [m]
0 50 100

Figure 3.27: Passed all criteria: too
few hits in the outer part of the detec-
tor.
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Figure 3.28: Passed all criteria: dis-
persed hits that could not be charac-
terized by NHitPart. A criterion on
the mean direction of the hits with-
out time window could be used for
rejection, but such a criterion would
be accompanied by a distortion of the
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(see Sec. A).

33



3.4. MUON VETO RESULTS CHAPTER 3. MUON VETO

3.4 Muon Veto Results

3.4.1 Contamination and efficiency

The following section deals with the interaction rate, which is defined as the detected number of
interactions per unit time. The interaction rate is estimated by a Monte Carlo simulation of muon
and neutrino events (see Sec. 2.6). 7000 muon files are used with a livetime of ∼ 3min each, which
makes a total equivalent livetime of about half a month.

The muon contamination is defined as µcon = Rµpass/R
ν
pass, where Rµpass is the muon rate

passed through fiducial criteria and Rνpass is the passed neutrino rate, respectively. For muons, a
suppression µsup = Rµpass/R

µ
tot and for neutrinos an efficiency νeff = Rνpass/R

ν
tot can be defined,

whereby Rtot stands for the total rate. The relation between efficiency and effective mass was
outlined in Sec. 2.7. In this section the contamination and effective mass are averaged over energy
and zenith angle with interaction rate weightings.

For the suppression/efficiency Bayesian statistics 3 are used to estimate asymmetric 1σ errors.
The errors on the contamination can then be obtained by error propagation. This is carried out
independently for the upper and lower errors (no error on total rate Rtot is assumed):

µcon,err = µcon

√
(µsup,err/µsup)2 + (νeff,err/νeff)2. (3.2)

The rejection parts (see Fig. 3.19) and reco-criteria (see Sec. 3.3.4) are successively applied.
The contamination is plotted against the effective mass for each step and for different neutrino
interaction types (see Fig. 3.29 and Fig. 3.30). For ↪ ↩νµ CC-interactions the first rejection by the
MeanPos-rejection-part achieves a contamination of 2.6, then the Connect-criterion lowers it to
0.12 and by applying the reco-criteria additionally the contamination drops to 0.006. The different
contamination for the other interaction types is mainly due to the different rates. However, the
different turnon behaviour affects the mean effective mass (see Fig. 3.31). For a more detailed
discussion of combining the rejection criteria see Appendix B.
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Figure 3.29: Contamination vs effective mass averaged over energy and zenith angle (only down-
going events: cos θz > 0) for step by step application of rejection parts - left: νµ CC, right: νe
CC.

3https://root.cern.ch/doc,TGraphAsymmErrors::BayesDivide
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3.4.2 Energy and zenith dependency of effective mass
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Figure 3.31: Energy dependency of effective
mass averaged from cos θz = 0 to cos θz = 1:
nearly constant above 10GeV.
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Figure 3.32: Energy and zenith angle depen-
dency of effective mass as 2D plot. The plot
shows νµ CC-interactions as example, but the
plots for antineutrinos and other interaction
types look similar. The distribution is nearly
independent of cos θz. Only a slight deficit in ef-
fective mass for cos θz ∼ −1 at high energy can
be seen.

The effective mass is nearly constant above 10GeV, whereby the NC-interactions have a bit
greater extended turnon range than CC-interactions (see Fig. 3.31). Furthermore, the effective
mass only shows a minor zenith angle (θz) dependency: at high energies, there is a slight deficit
in effective mass for an zenith angle of cos θz ∼ −1, which corresponds to upgoing neutrinos
(see Fig. 3.32). This is caused by the cut in reconstructed starting track position, maybe further
optimisation could reduce this anomaly. But as this muon veto is only intended for downgoing
neutrinos, this can be neglected. Tab. 3.2 shows the effective mass above 10GeV for CC events
and above 15GeV for NC events, respectively. The effective mass at saturation is about 1.75Mton,
which equals about 44% of the instrumented volume (3.9 · 106 m3).
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Table 3.2: Effective mass/volume at saturation for each interaction.

interaction νµ CC νµ CC νe CC νe CC ν NC ν NC

effective mass
[Mton] 1.81±0.02 1.79±0.02 1.74±0.02 1.78±0.03 1.75±0.02 1.76±0.03

effective volume
[106 m3] 1.76±0.02 1.74±0.02 1.69±0.02 1.74±0.03 1.71±0.02 1.71±0.03

3.4.3 Energy dependency of muon contamination

As only 5 muon events passed all criteria, it is impossible to make a statistical meaningful E- cos θz-
plot. To get more statistics, a weaker combination of criteria is chosen: the cut on the mean position
is loosened, the Outer-criterion andMeanDir-criterion are ignored, whereas theNhits-rejection-part
as well as the reco-criteria are applied unmodified. Furthermore, as reconstructed energy of muons
and neutrinos could differ, the number of hits distribution after the Causality Clustering, which is
some kind of energy estimator, is chosen for a comparison instead of the energy distribution.

number of L1 hits after Causality Clustering
5 10 15 20 25 30 35 40

ev
en

ts
 p

er
 y

ea
r

210

310

R+2,H+3 R+5 H+5
Connect
R+2,H+3 R+5 H+5
Connect
R+2,H+3 R+5 H+5
Connect
R+2,H+3 R+5 H+5
Connect

number of L1 hits after Causality Clustering
5 10 15 20 25 30 35 40

co
n

ta
m

in
at

io
n

-210

-110

1

10

R+2,H+3 R+5 H+5
Connect
R+2,H+3 R+5 H+5
Connect
R+2,H+3 R+5 H+5
Connect
R+2,H+3 R+5 H+5
Connect

Figure 3.33: Energy dependency of muon contamination: muon flux (left) and muon contami-
nation (right) as function of the number of L1 hits after the final hit selection. A smoothing was
applied on the right histogram to account for statistical variations.

By weakly enlarging the fiducial volume of the MeanPos-criterion both in height and radius
one gets a mainly constant number-of-L1-hit-distribution of muon events. This means that the
contamination increases with the number of L1 hits as the neutrino rate falls. When only scaling
the radius, the contamination for more than 10 L1 hits is increased. However, only increasing the
height results in a muon contamination enhancement at low number of L1 hits (‘few hits’ regime)
and at high number of L1 hits (>35).

The slightly higher contamination at high energy is caused by the fact that atmospheric muons
are usually more energetic than neutrinos. Therefore, one would need a greater suppression at
high energies than at low energies. For comparison, the neutrino rate has its maximum at 8 L1
Hits (7 · 103 events per year) and falls about one order of magnitude towards 40 L1 Hits. In the
binning of Fig. 3.33, one muon event with 40 L1 Hits results into a contamination of about 0.1 in
the bin in question.
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3.4.4 Conclusion

The muon veto was optimised and evaluated for a 6m vertical detector spacing. It uses a kind of
fiducializing as it is used in similar detectors, i.e. the pattern of the first hits of an event gives
information about whether the event started outside a fiducial volume or not. At first a very clean
hit selection was developed to be confident that the hits, from which the information is deduced,
are not just noise hits (i.a. Causality Clustering and Distance Filter). Then various parameters
describing the pattern of the first hits are calculated and cuts are applied (i.a. MeanPos-rejection-
part and Outer-rejection-part). Events from which no reliable information can be deduced are
classified by the Nhits-rejection-part. By these criteria already a contamination by atmospheric
muons of less than 15% is achieved. Finally, full reconstruction is applied and cuts on calculated
parameters are placed (i.a. track starting point). This decreases the contamination further to
about 1%. The effective mass for downgoing neutrinos after the muon veto cut is roughly about
1.75Mton for the neutrino energy regime above 10GeV, which corresponds to about nearly 50%
of the instrumented volume.
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Chapter 4

Flux investigations

Having obtained the efficiency for detecting downgoing neutrinos (Sec. 3.4.2), investigations on
the precision of a downgoing neutrino flux measurement can be made. For simplicity no flavour
separation is assumed and only muon and electron (anti-)neutrino fluxes are used. In the following
E refers to the neutrino energy and θz to its zenith angle, as far as not otherwise referenced.

4.1 Theoretical neutrino flux

Neutrino flux calculations were made by various groups [16, 23, 24] based on the detected muon flux
and hadronic interaction models calibrated by accelerator data. The latest and most sophisticated
calculation is HKKM15 [25]. Accordingly, this work uses the flux calculation of HKKM15 for the
Frejus site (without a mountain over the detector at solar-minimum), which corresponds to the
flux at ORCA site to good approximation. The flux is averaged over the azimuth angle.

Some peculiarities of this flux were plotted for discussion. The neutrino flux mainly follows a
power-law in energy N(E) ∝ E−γ with the spectral index γ ∼ 3 in the relevant energy regime
(Fig. 4.1) as the primary cosmic ray flux does (Sec. 2.1). The explicit index is dependent on the
flavour. Fig. 4.2 shows the cos θz-dependency: the ratio horizontal (cos θz ∼ 0) to up- or downgoing
(| cos θz| ∼ 1) is about 2. Furthermore the flavour ratios (Eq. 2.2, Fig. 4.3) are quite important as
they reflect the properties of the interaction producing the neutrinos.

Uncertainties of flux parameters were evaluated by the Bartol-Group in 2006 [34] and the
energy dependent uncertainty was recently re-evaluated by [35]. In the relevant energy range
around 10GeV the uncertainty dropped by about 40% due to better measurements in the last
decade (see Fig. 4.4). In both evaluations the uncertainties on the initial cosmic ray fluxes and the
uncertainties on the atmospheric interactions were tracked through the simulation of the resulting
neutrino flux. The neutrino flavour ratios have lower uncertainty than the overall flux, because
some sources of uncertainty cancel each other out (see Fig. 4.5). This is especially the case for the
(νµ+νµ)/(νe+νe) ratio, which has only an uncertainty of around 1%. Fig. 4.6 shows the ratios of
horizontal to upgoing cos θz, which are quite low, too. To conclude, the overall uncertainty on the
flux normalisation is about 15%, whereas shape and neutrinos flavour ratios are widely known.
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Figure 4.1: The energy slope of the neutrino flux mainly follows a power-law with the spectral
index γ ∼ 3. Therefore, the flux Φν is multiplied by E3 for better comparison. The plots are
averaged from cos θz = 0.0 till cos θz = 0.1 (left) and from cos θz = 0.9 till cos θz = 1.0 (right),
respectively.
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Figure 4.5: Uncertainties in neutrino-type ratios
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4.2 Calculation of the detector response

To estimate the measured rates using the initial fluxes, the following steps have to be made: first
the differential neutrino flux has to be convoluted with the cross-section and effective mass to get
a rate per E- cos θz-bin for each flavour. Then the reconstructed energy and zenith angle have
to be estimated via a binwise smearing. Binwise smearing means that for each E- cos θz-bin a
E- cos θz-histogram, which shows how the bin is smeared, is calculated. Therefore, the interaction
kinematics as well as the limited detector resolution have to be taken into account. Finally the
rates of all neutrino flavours have to be added up as no flavour identification is assumed.

4.2.1 Rates

The rate density for a specific neutrino type α is given by:

dnα(E, cos θz)
dEd cos θzdt

= 18NA
mmol

· 2πΦα(E, cos θz) · σα(E) · ρVeff,α, (4.1)

with differential neutrino flux Φα (from [25] azimuth averaged at solar minimum), the cross-
section per nucleon σα and the effective detector mass ρVeff,α as obtained previously (Sec. 3.4.2).
18 · NA = mmol is the number of target particles per unit mass and for water the molar mass is
mmol = 18 g/mol.

For the CC cross-sections a parametrization of [36] by [37] is taken (see Eq. 4.2 for E > 3GeV)
and the NC cross-sections are taken to be 1/3 of the CC cross-sections [38].

σνCC
E

=
(
−0.063 log

(
E

GeV

)
+ 0.804

)
× 10−42 m2 GeV−1, (4.2)

σνCC
E

=
(
−0.022 log

(
E

GeV

)
+ 0.372

)
× 10−42 m2 GeV−1

41



4.2. DETECTOR RESPONSE CHAPTER 4. FLUX INVESTIGATIONS

4.2.2 Kinematic smearing

The Bjorken inelasticity parameter y = E−El
E , with the energy El of the outgoing lepton, describes

the fraction of the energy transferred to the hadronic cascade due to the kinematics of the in-
teraction. For CC events it is assumed that the lepton energy as well as the energy of hadronic
cascade can be measured such that the neutrino energy can be deduced, whereas the reconstructed
direction is given by the direction of the outgoing lepton. To account for the deviation between
the lepton and the neutrino direction, the neutrino direction has to be smeared according to the
Bjorken y distribution. (It is to some extend possible to deduce the direction from the lepton as
well as the direction from the hadron shower. Thus, this smearing step tends to underestimate
the directional resolution, i.e. it is more strongly smeared than it should be.) For NC events the
energy and direction of the outgoing neutrino is unavailable and only the direction and energy of
the hadronic cascade can be measured. Such that the direction as well as the energy has to be
smeared and the correlation between both smearings has to be considered.

The space angle γ between the incoming neutrino and the outgoing lepton or cascade can be
calculated in the following way:

cos γ = sin θin sin θout · cos ∆ϕ+ cos θin cos θout, (4.3)

whereby θin is the zenith angle of the incoming neutrino, θout the zenith angle of outgoing particle,
and ∆ϕ the difference in the horizontal angle.

The mean Bjorken y is nearly constant above a few GeV and is higher for neutrinos than for
anti-neutrinos (see Fig. 4.7). This means that the space angle for anti-neutrino CC events is smaller
on the average than for neutrinos and greater for NC events, respectively.
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Figure 4.7: Mean Bjorken y - left: CC, right: NC - nearly constant above a few GeV and higher
for neutrinos than for anti-neutrinos. The MC-simulation described in Sec. 2.6 was used.

Charged current (CC) events

Parametrization of the space angle distribution is done via a fitted Landau distribution in energy
bins analogue to [37]. Two parameters describing the Landau distribution are the most probable
value (MPV) and the spread ω. A relation between both parameters (Eq. 4.4) and between ω and
E can be deduced (Eq. 4.5,Fig. 4.8).
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Figure 4.8: Kinematics CC - left: relation between MPV and ω, right: relation between ω and E.
The MC-simulation described in Sec. 2.6 was used.

ωνµ = 0.39 ·MPVνµ + 0.27 ωνe = 0.39 ·MPVνe + 0.30 (4.4)

ωνµ = 0.37 ·MPVν̄µ − 0.14 ωνe = 0.38 ·MPVν̄µ − 0.20

ωνµ = 10.8
(mp

E

)0.55
ωνe = 11.1

(mp

E

)0.55
(4.5)

ωνµ = 6.0
(mp

E

)0.64
ωνe = 6.2

(mp

E

)0.65

Therefore, the obtained Landau distribution L(γ,E) is a function only dependent on space
angle γ(θz,in, θz,out, ϕ) and energy E. The fraction of the rate in a E- cos θz,in-bin ending up in
E- cos θz,out-bin can then be calculated by an integral over the cos θz-bin-edges and ϕ:

N(E, θz,in, θz,out) =
∫ θz,out,upper edge

θz,out,low edge

∫ 2π

0

L(γ,E)
2π sin γ sin θzdθzdϕ. (4.6)

The factor 2π sin γ is a phase space correction, which accounts for more possibilities to obtain
a larger value of γ.

Neutral current (NC) events

For NC events no such parametrization was found. Therefore, a space angle distribution in energy
and Bjorken y slices is obtained from MC-simulation (Sec. 2.6) and smoothed in order to account
for limited statistics. The bins of the obtained three dimensional histogram serve as sampling
points for interpolation of points in this 3D space. A similar approach to the one described above
is chosen: for every bin in the E- cos θz-histogram a E- cos θz-histogram for smearing is calculated.

Then it is looped over every E- cos θz-bin in each E- cos θz-smearing-histogram. It is integrated
over the bin boundaries and for each energy value the corresponding Bjorken y is calculated. Then
it is integrated over the resulting θz,out-ϕout -combinations to obtain the space angle γ. The value
of the energy-y-γ-coordinates is interpolated from the 3D-histogram.
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One of the resulting E- cos θz-smearing-histograms is seen in Fig. 4.9. The initial energy and
zenith angle of this histogram are Eν = 57.25GeV and cos θz = 0.10, respectively. The less energy
is transferred to the hadron, the wider is the zenith angle distribution due to relativistic boosting.

4.2.3 Detector resolution smearing

In the second smearing step the limited detector resolution is taken into account analogue to [37].
The detector resolution in space angle σγ and energy σE is taken from [39]. As only values in the
interval 1GeV to 20GeV are provided, the energy dependency was parametrized by power-laws to
extrapolate to higher energies (see Fig. 4.10).
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Figure 4.10: Parametrization of energy dependent detector resolution in space angle (left) and
energy (right). For CC-interactions the achievable resolution of muon and electron (anti-)neutrino
events is plotted. For NC-interactions the achievable resolution of hadron showers is plotted.
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Furthermore a systematic shift in energy for NC events is used to account for the lower light
yield of hadron showers [39]:

fh(Eh) = 1− 0.681
(

Eh
0.863

)−0.207
. (4.7)

The detector resolution can be approximately implemented by a two dimensional Gaussian
smearing in energy and space angle, whereby the Gaussian in each dimension is given by:

G(x, x0, σx) = 1
N

exp
(
− (x− x0)2

2σ2
x

)
, x = E, γ. (4.8)

For each initial bin in the E- cos θz-plane with the bin centre coordinates (Ek,θl) a smearing
histogram is calculated. The bin centre coordinates in the smearing histogram are referred to as
(Ei,θj). The content of bin (i,j) in the smeared histogram for the initial bin (k,l) is then given by:

Nkl
ij =

∫ Ei,up

Ei,low

dEi
∫ θj,up

θj,low

sin θjdθj
∫ 2π

0
dϕG(Ei, Ek, σE(Ek)) ·G(γjl, γll, σγ(Ek)), (4.9)

whereby the subscripts ‘low’ and ‘up’ denote the lower and upper bin edges. In this notation the
space angle γ (Eq. 4.3) can be expressed as:

cos γjl = sin θj sin θl · cosϕ+ cos θj cos θl. (4.10)

Finally each smearing histogram is normalized to the content of its corresponding bin (k,l) in
the initial histogram.

4.3 Flux variations

The HKKM15 [25] neutrino flux is varied in different ways to investigate to which extent the flux
uncertainties (see Sec. 4.1) can be reduced by using the downgoing neutrino flux. Beside these flux
uncertainties even a possible shift in the detector energy response is examined.

The variations are applied to the neutrino flux in a toy parametrized way. For a more sophis-
ticated study, variations should be applied to the primaries and interactions as the Bartol-Group
did [34]. The difference could mainly lead to an incorrect handling of correlations between the
variations.

The normal and varied E- cos θz-rate-histograms are calculated in the energy range from 1GeV
to 91GeV and in the full zenith range −1 < cos θz < 1. To restrict the analysis to the downgoing
phase space region without turnon effects and sufficient flux, only bins with 10 < E < 61GeV and
cos θz > 0 are selected after application of smearing and variation. The larger initial ranges are
taken to account for smearing and shifting (caused by variations) effects, through which bins out of
the selected range affect bins in the selected range. In that way, for example, upgoing events that
were reconstructed as downgoing are included and smearing and shifting of energy is considered.
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After this range restriction E- cos θz-rate-histograms with varied flux are compared to the one
without variation. Therefore, an asymmetry variable is defined to identify the phase space regions
where the flux variation effects are largest:

Ai = Rvar,i −Ri√
Ri

, (4.11)

with Ri =normal rate in bin i and Rvar,i =varied rate in bin i.
Similar to the significance estimation approach for measuring the mass hierarchy of [12], the

squared significance after one year can be estimated as:

S2 =
NBins∑
i

A2
i =

NBins∑
i

(Rvar,i −Ri)2

Ri
. (4.12)

Each of the variations can have similar effects on the rate, thus, it is important to see how well
it can be differentiated between them. Therefore, two variations were applied simultaneously. In
that way 2D significance plots, which show the discrimination power between the variated rate and
the standard rate, were created for each parameter combination. For a more sophisticated study
of correlations a N-dim minimization fit should be carried out. But for time limitations this study
is restricted to a two dimensional approach.

In the following subsections the asymmetries induced by variations and the correlations between
them are discussed. Thereby two kinds of plots are used:

• asymmetry plots: on the x-axis the reconstructed (smeared) energy and on the y-axis the
reconstructed cos θz is plotted. The asymmetry is colour coded (example: Fig. 4.11). The
significance in σ and the variation of the parameter under question in percent are given for
each plot.

• correlation plots: on each axis (x- and y-axis) the variation of one parameter is given in
%. The significance of discriminating this variation from the unvaried case is colour coded.
Furthermore, the 1σ and 3σ isolines are shown. The parameter range is chosen so that the
correlation is well visible. Therefore, the range is mostly chosen as 3 times the obtained
reachable uncertainty without correlation, unless 3 times the current uncertainty is lower
than this value (example: Fig. 4.17).

4.3.1 Variations affecting normalisation

Flux: overall normalization The main uncertainty is the overall flux normalization of the
neutrino flux that is about 15%. It is implemented in a way that the flux of each flavour is scaled
by the same factor resulting in an overall increase/decrease of the rate. The induced asymmetry
mainly looks like the rate spectrum (see Fig. 4.11) and is similar to Fig. 4.12.

Detector: energy scale The energy scale is a linear scaling in energy accounting for a misrecon-
struction in energy (uncertainty in PMT efficiency and optical water properties). Its uncertainty
is assumed to be about 10%. As it is a detector intrinsic factor, the offset is applied after the
kinematic smearing. It is implemented in a way that shifts by a ·E to the right: E′ = E · (1 + a).
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Figure 4.11: Asymmetry: flux normalization
(3σ, 3.3%).
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Figure 4.12: Asymmetry: energy scale (3σ,
1.4%).

Correlation A rough approximation shows that a variation of the energy scale translates into a
variation of the flux normalization (N):

R = Φσ ∼ N · E−2 → R′ = N · ((1 + a) · E)−2 = 1
(1 + a)2N · E

−2 = N ′ · E−2. (4.13)

Therefore, the asymmetry induced by a positive energy scale mainly looks like the rate spectrum
(see Fig. 4.12). This can also be seen in the correlation plot of energy scale and flux normalization
(Fig. 4.13). The correlation is linear: the error on the flux normalization is about two times
the error on the energy scale. Both are fully correlated within their uncertainty range. So to
determine one of them better than known, the other one has to be independently determined by
another method. On the other hand, the correlation effectively makes one parameter out of two.
As both parameters are currently free parameters of the mass hierarchy fit [13], the number of free
parameters could be lowered in this way.

The zenith dependency of the flux shape in energy (Fig. 4.1) induces a deviation of the rough
approximation above. The obtained nearly full correlation already indicates that the discrimination
strength due to this zenith dependency is low. To identify the magnitude of this discrimination
strength, a variation of energy scale which was normalised to the total rate was investigated
additionally (Fig. 4.14). One sigma is reached for a negative variation of a = −11% or a positive
variation of a = 22%.
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Figure 4.13: Correlation of norm and energy
scale: strongly correlated - an energy scale shift
to higher energies can be reversed by a lower
flux normalization. The 1σ isoline is not shown,
because of resolution issues.
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4.3.2 Variations affecting zenith slope

Flux: zenith slope Variations of atmospheric parameters like density and temperature would
affect the probability of muons to decay towards the horizon. This would alter the slope in zenith
angle of the neutrino flux.

Therefore, the flux is tested for a linear slope variation parametrized by:

Φ′ = Φ · (1 + 2a cos θz)
Φnorm

Φ′norm
, (4.14)

whereby a is varied. The renormalization (Φnorm/Φ′norm) is chosen to investigate the zenith slope
variation independently of the flux normalization. The prefactor 2 of a is taken such that a
corresponds approximately to the percental variation of the downward to horizontal ratio. For
example, in the case of a = 10% the percental variation of the downward to horizontal ratio goes
from 9% (at 10GeV) to 11% (at 60GeV). The current uncertainty on this ratio is about 4%.

The asymmetry originating from the variation of zenith slope (Fig. 4.15) looks different from
most other asymmetries. A decrease at low cos θz and an increase at high cos θz is visible. This
decrease/increase structure mainly originates from normalizing the histogram to the flux normal-
ization before variation.

Detector: cos θz-dependent energy scale Apart from the normal energy scale (Sec. 4.3.1),
also one with a cos θz-dependency was evaluated: E′ = E · (1 + a cos θz). This dependency can
occur due to the multi PMT structure of DOMs. As the DOMs get dirty in the upper part, it
could be that high cos θz values lead to less hits and therefore to a lower reconstructed energy. The
definition of the energy scale with cos θz-dependency gives rise to an excess at high cos θz, but it
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was normalised to the total rate to compare it to the cos θz flux slope (see Fig. 4.16). Following the
introduction of the cos θz-dependency, a negative sign of the variation is more likely. The current
uncertainty is estimated to have about the same value as the uncertainty on the normal energy
scale: 10%.
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Figure 4.15: Asymmetry: zenith slope (3σ,
7.3%).
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Figure 4.16: Asymmetry: energy scale with
cos θz-dependency (3σ, 5%).

Correlation The zenith slope and cos θz-dependent energy scale are weakly correlated, as they
both influence the zenith dependency (see Fig. 4.17). It would be advisable to determine the
cos θz-dependent energy scale independently by using event by event calibration methods. On the
other hand the uncertainty on cos θz-dependent energy scale could be lowered, as the zenith slope
is relatively well known.
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4.3.3 Flavour and antimatter ratios

The variation of the three ratios (2.2) are examined: The ratio of muon neutrinos νµ to electron
neutrinos νe and the ratios between neutrinos νµ,e and antineutrinos νµ,e.

Each is implemented in a way that the ratio under question is scaled by a factor a, leaving
the total flux and the other ratios invariant. This means, by varying the flavour ratio

Φ′
νµ+νµ

Φ′
νe+νe

=

a · Φνµ+νµ
Φνe+νe

the norm Φtot = Φνµ+νµ + Φνe+νe
!= Φ′tot as well as the antimatter ratios Φν

Φν
!= Φ′

ν

Φ′
ν

should be left invariant. This results in following formulas:

Φ′νµ+νµ =
a · Φνµ+νµ · Φtot

Φνe+νe + a · Φνµ+νµ
, Φ′νe+νe = Φνe+νe · Φtot

Φνe+νe + a · Φνµ+νµ
, (4.15)

Φ′νµ = Φ′νµ+νµ/(1 +
Φνµ
Φνµ

), Φ′νe = Φ′νe+νe/(1 + Φνe
Φνe

), (4.16)

Φ′νµ = Φ′νµ+νµ/(1 +
Φνµ
Φνµ

), Φ′νe = Φ′νe+νe/(1 + Φνe
Φνe

). (4.17)

The antimatter ratios are handled for each flavour separately:

Φ′νµ = (Φ′νµ+νµ/(1 + a ·
Φνµ
Φνµ

)), Φ′νµ = a ·
Φνµ
Φνµ

· Φ′νe , (4.18)

Φ′νe = (Φ′νe+νe/(1 + a · Φνe
Φνe

)), Φ′νe = a · Φνe
Φνe
· Φ′νe . (4.19)

As no flavour identification is assumed, only the zenith dependency of the ratios and the
different cross-sections for matter and antimatter leave a possibility of identification. A greater
(νµ + νµ)/(νe + νe) ratio results in an excess at the zenith but even a greater νµ/νµ ratio results
in a weak excess at the zenith (see Sec. 4.1 and Fig. 4.18). The correlation between both is seen
in Fig. 4.19. However, a variation in the νe/νe ratio in the allowed regime leads to no identifiable
pattern. The theoretical errors on each ratio are much lower than what could be achieved within
one year without flavour identification.

Fig. 4.20 shows the correlation between νµ/νµ ratio and flux normalization. Both are strongly
correlated mainly due to the different cross-sections of neutrinos and antineutrinos. (The cross-
section is fully correlated to the flux normalization as R = σΦ.)

For a tabular overview of uncertainties on the variations and further correlation plots see
Appendix C.
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Figure 4.18: Asymmetry: (νµ + νµ)/(νe + νe) ratio (left) (3σ, 35%) and νµ/νµ ratio (right) (3σ,
22%).
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(νµ + νµ)/(νe + νe) is already well known, it is
negligible.
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normalization: strongly correlated mainly due to
the different cross-sections of neutrinos and an-
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4.3.4 Conclusion

The energy and zenith angle dependent interaction rate was calculated by using the HKKM15
flux, the cross-section and the effective mass, which was obtained in the previous chapter. How the
energy and zenith angle would be reconstructed, the so called ‘detector response’, is estimated by
a smearing procedure. Several variations in the flux and the interaction rate were applied in order
to investigate to which precision flux (normalization, zenith slope, flavour ratios) and detector
response (energy scale) parameters can be determined by using the downgoing neutrino flux. The
flux normalization is fully correlated with the energy scale within their current uncertainties.
Hence, one of both has to be independently determined to obtain a lower uncertainty on the
other one. On the other hand, the correlation makes effectively one parameter out of two. As
both parameters are currently free parameters of the mass hierarchy fit [13], the number of free
parameters could be lowered in this way. As the zenith slope is already relatively well known,
it cannot significantly better be determined by a measurement of the downgoing neutrino flux
with ORCA. The flavour ratios are not able to be determined without flavour identification (for
simplicity no flavour identification was assumed here).

Note that the effective mass is obtained and applied for a 6m vertical spaced detector whereas
the actual detector will be 9m vertical spaced. The effective mass is expected to scale with the
detector. This will reduce the uncertainties on the parameters.
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Conclusion and Outlook

One of the still unknown parameters of neutrino oscillation is the sign of the largest mass difference,
called neutrino mass hierarchy (NMH). This sign can be determined via oscillations in matter. The
KM3NeT-Collaboration builds the Cherenkov detector ORCA in the Mediterranean deep sea to
use atmospheric neutrino traversing the Earth for probing the NMH.

A crucial systematic for the neutrino mass hierarchy measurement is the neutrino flux normal-
ization. Therefore, an independent flux measurement of downgoing neutrinos is intended. However,
the many orders of magnitude greater rate of atmospheric muons complicates this unoscillated neu-
trino flux measurement.

Accordingly, a muon veto was developed in this thesis. It uses a kind of fiducializing as it is
used in similar detectors, i.e. the pattern of the first hits of an event gives information about
whether the event started inside a fiducial volume or not. At first, a very clean hit selection was
developed to be confident that the selected hits, from which information is deduced, are not just
noise hits. Then, various parameters describing the pattern of the first hits are calculated and
cuts are applied. Events, from which no reliable information can be deduced, are identified and
rejected. By these criteria already a remaining contamination of atmospheric muons of less than
15% can be achieved. Finally, a full reconstruction is applied and cuts on calculated parameters
are placed. This decreases the contamination further down to about 1%. The effective mass for
neutrinos after the muon veto is roughly 1.75Mton for the neutrino energy regime above 10GeV,
which corresponds to about nearly 50% of the instrumented volume.

As the veto relies on the hit selections mentioned above, studies should be conducted on how
well they perform if the noise rate is higher than simulated, for example because of bioluminescence.
Maybe some of the hit selection parameters should be adjusted in that case. Moreover, the chosen
veto configuration can still be optimized, for example, by relying more on the reconstruction
methods.

Furthermore, assuming the detection of downward-going neutrinos with the obtained effective
mass, an investigation was conducted on the achievable precision with which the atmospheric neu-
trino flux parameters can be determined within one year. The main problem is the full correlation
between flux normalization and energy scale, which is a linear scaling in energy accounting for a
energy uncertainty in the detector response. Therefore, only in combination with other calibra-
tion methods it will be possible to separate detector response parameters from flux parameters to
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reduce the uncertainties on either of the both.
Unfortunately, the muon veto could only be conducted for a 6m vertical spaced detector,

whereas the final decision for the vertical spacing was 9m. Therefore, some hit selection and veto
parameters have to be scaled to adapt to the larger detector. If a similar good neutrino efficiency
can be achieved, the effective mass will increase with the larger detector volume, i.e. the flux
measurement will be more accurate.

In addition, it would be interesting to apply this veto strategy to the far more larger ARCA-
detector. In this way astrophysical downgoing neutrinos could be detected.
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Appendix A

Discarded rejection criteria

Finding good rejection criteria like in Sec. 3.3 was not a straight forward development. The
presented criteria were altered in different ways before they reached their final configuration. But
it was not just their configuration that was investigated, there were ideas to some other criteria,
too. Those other criteria, which were discarded, are presented in this appendix.

Inner-criterion: L1 hits in fiducial volume and within time
margin

The Inner-criterion was meant as a positive criterion for neutrinos: if there are hits in the inner
part of the detector within the first nanoseconds, the particle was produced inside the detector.
The disadvantage of this criterion is that it cannot exclude high energetic muons which go to centre
of the detector on the shortest way and therefore produce hits in the inner part within the time
margin. Nevertheless, these hits are mostly excludable with the Outer-criterion. This criterion
can give no information about the event, if there is not the required number of hits within the
time margin in the whole detector. In this case the criterion is labelled to have a bad accuracy
and the criterion does not let the event pass. Low energetic neutrinos often get the bad accuracy
label, therefore a connection of criteria has to have a logical OR between Inner-criterion and Inner-
criterion with bad accuracy. As this criterion does not give any new information compared to the
other criterions, it was finally dropped.

MeanDirTx-criterion: mean direction of hits without time
margin

In some cases the hit selection does not work well and the first hits within the time margins of
various criterions are just noise. Sometimes those events cannot even be characterized by the
Nhits-rejection-part. Those are mainly events with muons flying radially inwards. For these cases
a criterion similar to the MeanDir-criterion (see Sec. 3.3.1) was investigated that has no time
margin: MeanDirTx-criterion. This is only a criterion on the mean direction of PMT hits located
in the mantel (see Fig. 3.11).
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Figure A.1: Effective mass distortion of MeanDirTx-criterion: Connect-criterion without Me-
anDirTx-criterion (left) shows no zenith angle dependency. Whereas additionally applying Me-
anDirTx-criterion causes a deficit of upgoing neutrinos (right).

If the standard deviation of those PMT hits is lower than 0.4 and there are 5 or more PMT
hits in the mantel, the following requirement is set: the mean cosine of angle between the PMT hit
direction ( #        »PMT) and the radial outward direction (êr) has to be lower than 0.4 ( #        »PMT · êr < 0.4→
not pointing outwards) and the number of PMT hits in the corner has to be lower or equal 5. In
that way only events with hits explicitly pointing outward should be rejected. But it was observed
that such a criterion would be accompanied by a distortion of the neutrino effective mass E- cos θz-
plane (see Fig. A.1 and Sec. 3.4.2). It is not sure why this is the case. But as most of the above
described events can even be rejected by a cut on the reconstructed track starting point, further
investigation on this criterion was regarded to be not worth the time.

Back projection of mean DOM direction

Another possibility of using the directional information of PMT hits was investigated as an al-
ternative to the MeanDir-criterion. The idea is similar to the MeanDir-criterion (see Sec. 3.3.1)
but instead of dividing the detector into parts (see Fig. 3.11), another approach is taken. An
intersection between the linear extension of the mean direction of each L1 hit with the surface of
a cylindrical fiducial volume is searched for. If a L1 hit can be back-projected in that way onto
the surface of the fiducial volume, the L1 hit points inward. The fraction of L1 hits that can be
back-projected, gives information whether an event has its origin within the fiducial volume or
not. The main advantage over the MeanDir-criterion would be that even the direction of L1 hits
in the ‘corner’ could be used. However, the main disadvantage is that there is no parameter for
the variance of the directions. Thus it is difficult to estimate its reliability. The described disad-
vantage dominated in the executed tests. In order to get similar or even better results compared
to MeanDir-criterion there would be more work to do.
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Median position of L1 hits

Even an alternative to the MeanPos-criterion (see Sec. 3.3.1) was examined. Instead of taking
the mean position of L1 hits and discarding outliers, the idea was to take the median position of
L1 hits. However, the median position is not uniformly distributed like the mean position. The
individual positions of DOMs were seen in the distribution instead. As this attempt offered no real
advantage and had a more difficult distribution, it was not studied any further.
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Figure A.2: Median position
of luminous muon events.
Similar to plot Fig. 3.12, but
less uniformly distributed.
Only 1.4% of the muon
events, which were used for
Fig. 3.12, were used for this
plot.
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Appendix B

Combination of rejection criteria

This appendix belongs to the chosen connection between rejection criteria and the resulting con-
tamination (see Sec. 3.4.1). Interesting questions are how strong each of the criteria is on its own
and whether relying more on the reconstruction would result in a better neutrino efficiency. See
Sec. 3.3.3 for explanation of the used nomenclature.

To recall: the reconstruction was executed if a weaker than normal cut on the mean position
of hits (weak MeanPos-criterion) was passed. In that way it is possible to analyse at which point
of the rejection criteria the reconstruction should set in. But it is not possible to analyse how
the reconstruction would perform on its own. So in order to do a fair comparison lets set that at
least the weak MeanPos-criterion has to be passed before comparing criteria. The weak MeanPos-
criterion suppresses ∼ 99.5% of the muon events and reaches a contamination of a bit less than
∼ 200. Therefore, it saved a lot of calculation time to apply reconstruction only if the event passed
this criterion without resulting in a big effect on the analysis. For all criteria in Fig. B.1 at least
the weak MeanPos-criterion was passed.

It should be stressed again that each of the criteria has quite loose cuts and is designed in a
way that they complement each other. This can especially be seen for criteria on the quality of
the event like Nhits-rejection-part and fit quality. When they are applied on events that passed
the weak MeanPos-criterion, these criteria seem to have a larger effect on neutrino efficiency than
on the muon contamination (see Fig. B.1 left) and are therefore quite useless. Only by applying
them after strong rejection criteria, it can be seen that criteria on the quality of the event exclude
muon events that cannot be otherwise excluded (see Fig. 3.29). Furthermore, by only using the
chosen cut on the reconstructed track starting point, the contamination is higher than using the
MeanPos-criterion, as the track starting point was only used to exclude some remaining events in
the chosen veto configuration (see Fig. B.1 left, Reco part stands for a logical AND between the
reconstructed track starting point and fit quality).

Fig. B.1 (right) illustrates combinations of rejection criteria: a logical OR between Outer-
criterion and MeanDir-criterion builds up the Outer-rejection-part, thereby gaining efficiency but
worsen the contamination. Additionally, applying theNhits-rejection-part lowers the contamination
below the one reached by the MeanPos-rejection-part. The difference between MeanPos-criterion
and MeanPos-rejection-part is only that MeanPos-rejection-part uses the error on the mean posi-
tion additionally to the mean position.
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To see how strong a cut on the reconstructed track starting point can be, a harder cut was
chosen (see Fig. B.2). The new Reco part reaches a lower contamination and much better efficiency
than the Connect-criterion. Fig. B.3 shows the performance of the rejection parts applied to events
that passed the Reco part with the stronger cut. The AND connection between Outer-rejection-
part and Nhits-rejection-part seems like a good deal. Thus, a 14% higher effective mass could be
reached by using: weak MeanPos AND Outer part AND Nhit part AND (strong) Reco-part. For
this configuration the reconstruction sets in at a contamination of about 2. So depending on how
much computational time is available, better configurations of the muon veto should be found.
Even a boosted decision tree on the parameters calculated by the rejection criteria would help to
find a better configuration.
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Appendix C

Further Flux investigations

This appendix belongs to the flux variation studies in Sec. 4.3.
Tab. C.1 gives an overview of the current uncertainties and within one year reachable uncer-

tainties on the variations, whereby correlations are neglected. For example, the energy scale and
flux normalization seem to be determinable to very good precision, but they are correlated. The
normalised energy scale gives a better estimation how well the energy scale can be determined
independently of the flux normalization. The (normalised) cos θz-dependent energy scale is cor-
related to the zenith slope and the not normalised cos θz-dependent energy scale is correlated to
the normal energy scale. But even by neglecting correlations the flavour ratios are not able to be
determined without flavour identification.

Some further correlations plots are presented here (Fig. C.1-Fig. C.16), too.

Table C.1: Percental uncertainties on flux parameters in the energy regime of 10−60GeV. Current
uncertainties were evaluated by the Bartol-Group [34] and updated by [35] (see Sec. 4.1). Uncer-
tainties at the significance levels 1σ and 3σ were obtained by the procedure described in Sec. 4.3.
The results are too optimistic, as correlations are neglected.

energy scale energy scale
normalised

energy scale
cos θz-dependent

energy scale
cos θz-dependent
not normalised

current
uncertainty 10 10 10 10

1σ −0.6
+0.4

−10.7
+22.6

−2.0
+1.6

−1.2
+0.9

3σ −1.8
+1.4

−26.8
+74.1

−5.6
+5.0

−3.0
+2.6

flux
normalization

zenith (cos θz)
slope

νµ+νµ
νe+νe

νµ/νµ νe/νe

current
uncertainty 15 4 2 10 10

1σ −1.1
+1.1

−2.2
+2.3

−8.6
+10.0

−6.4
+6.9

−22.2
+33.9

3σ −3.3
+3.3

−6.4
+7.3

−23.3
+34.5

−18.0
+22.2

−54.9
+168.5
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Figure C.1: Correlation of flux normalization
and zenith slope - uncorrelated by definition.
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Figure C.2: Correlation of flux normalization
and cos θz-dependent energy scale - uncorrelated
by definition.
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Figure C.3: Correlation of energy scale and
zenith slope - uncorrelated by definition.
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Figure C.4: Correlation of energy scale and
cos θz-dependent energy scale - uncorrelated by
definition.

62



  σ

0.5

1

1.5

2

2.5

3

3.5

4

 [%]µν/µν
-15 -10 -5 0 5 10 15 20

 s
lo

p
e 

[%
]

zθ
co

s 

-6

-4

-2

0

2

4

6

Figure C.5: Correlation of νµ/νµ ratio and
zenith slope - uncorrelated.
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Figure C.6: Correlation νµ/νµ ratio and cos θz-
dependent energy scale - uncorrelated.
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Figure C.7: Correlation νe/νe ratio and zenith
slope - weakly correlated, but the uncertainty on
the ratio is much higher.
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Figure C.8: Correlation (νµ + νµ)/(νe + νe) ra-
tio and zenith slope - weakly correlated, but the
uncertainty on the ratio is much higher.
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Figure C.9: Correlation of cos θz-dependent en-
ergy scale and (νµ+νµ)/(νe+νe) ratio - weakly
correlated, but the uncertainty on the ratio is
much higher.
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Figure C.10: Correlation of cos θz-dependent en-
ergy scale and νe/νe ratio - weakly correlated,
but the uncertainty on the ratio is much higher.

  σ

0.5

1

1.5

2

2.5

3

3.5

norm [%]
-3 -2 -1 0 1 2 3

) 
[%

]
eν+ eν

)/
(

µν+ µν(

-6

-4

-2

0

2

4

6

Figure C.11: Correlation of flux normalization
and (νµ+νµ)/(νe+νe) ratio - weakly correlated
due to cross-sections.
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Figure C.12: Correlation of flux normalization
and νe/νe ratio - weakly correlated due to cross-
sections.
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Figure C.13: Correlation of energy scale and
νe/νe ratio - weakly correlated due to cross-
sections.
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Figure C.14: Correlation of energy scale and
(νµ+νµ)/(νe+νe) ratio - weakly correlated due
to cross-sections.
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Figure C.15: Correlation of νµ/νµ and νe/νe ra-
tio - weakly correlated due to cross-sections.
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Figure C.16: Correlation of (νµ + νµ)/(νe + νe)
and νe/νe ratio - weakly correlated.
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