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Abstract

The development of a generic event selection for the Precision IceCube Next Generation
Upgrade (PINGU) is presented. PINGU is a planned infill extension to the IceCube
Neutrino Observatory at the South Pole, designed to lower the energy threshold of IceCube
to „1 GeV. With the PINGU subarray, IceCube will perform precision measurements
of the atmospheric neutrino oscillation parameters, θ23 and ∆m32, and determine the
neutrino mass ordering at 3σ significance within 4 years. The cosmic ray induced muon
flux constitutes the largest source of background for neutrino searches with IceCube at
the trigger level. To demonstrate the physics reach of PINGU, the detector’s ability to
reject the this background must be addressed. This thesis presents a set of algorithms,
developed to identify and reject events caused by atmospheric muons at the earliest levels
of data processing. At the final level, a muon rejection factor of 105 is achieved, as is
needed to reduce the muon rate below the total neutrino rate.
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Chapter 1

Introduction

Of the known particles in the Universe, neutrinos are the second most numerous after pho-
tons. Yet, due to their elusive nature, they are still the least understood. The unknowns
that we are aware of include the absolute mass scale of neutrinos, the correct mass order-
ing, whether neutrinos violate charge-parity conservation, and whether they are Dirac or
Majorana particles. We know that neutrinos interact through the weak force in one of the
three flavor states (νµ, νe, and ντ ) determined by the co-participating charged lepton, and
that they transition between these states as they propagate. The flavor state transitions
are known as neutrino oscillations and require that at least two of the neutrinos have
non-zero masses. The phenomenon is thereby the only experimental confirmation of the
incompleteness of the Standard Model, in which neutrinos are massless.

The idea of neutrino oscillations was prompted by the discovery of oscillations in the
neutral kaon system K0 é K̄0 along with the discovery of a second neutrino flavor - the
muon neutrino - in 1962 [1]. The hypothesis was supported by consistent observations of
a deficit of electron neutrinos from the Sun [2], a mystery which persisted for 30 years.
In 1998, Super-Kamiokande presented the first conclusive experimental evidence of muon
neutrino disappearance [3]. Four years later, the Solar Neutrino Observatory (SNO)
published evidence for conversion of solar electron neutrinos to muon or tau neutrinos [4]
by combining their results with the Super-Kamiokande measurements. The spokespersons
of the two collaborations were awarded the Nobel Prize for physics in 2015.

Since the discovery of neutrino oscillations, several precision experiments have confirmed
the standard oscillation interpretation developed mainly by Pontecorvo, Gribov, Maki,
Nakagawa and Sakata in the 1960s and early 1970s [5] [6]; neutrino oscillations arise due
to the three flavor states (νµ, νe, and ντ ) being mixtures of three mass eigenstates (ν1, ν2,
and ν3). Though the square of the mass differences and the ordering of ν1 and ν2 have
been measured, the complete neutrino mass ordering, i.e. whether the ν3 mass state is
the heaviest or the lightest of the three, has not been established.

Determining the neutrino mass ordering (NMO, also referred to as the neutrino mass
hierarchy) is a vital step towards understanding the origin of neutrino masses and fixing
their absolute scale. The mechanisms that could generate these tiny neutrino masses
require “new physics”. Possible explanations include Majorana neutrinos (i.e. neutrinos
that are their own anti-particles), the existence of heavy sterile neutrinos, or additional
Higgs particles - none of which has so far been observed. The result of the NMO measure-
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ment will improve the sensitivity of the searches for these phenomena as well as searches
for leptonic charge-parity violation which could play a role for the baryon-antibaryon
asymmetry.

The IceCube Neutrino Observatory is the world’s largest neutrino telescope, built deep
in the glacial ice at the South Pole to detect astrophysical neutrinos at the TeV to PeV
scale. With a low energy sub-detector, called DeepCore, IceCube is also sensitive to atmo-
spheric neutrino oscillations at the energy scale of O(10 GeV). The current configuration
has proven to be competitive with dedicated neutrino oscillation experiments. The pro-
posed infill extension, the Precision IceCube Next Generation Upgrade (PINGU), will
lower the energy threshold to a few GeV, targeting signatures of the NMO and precision
measurements of the atmospheric neutrino oscillation parameters, θ23 and ∆m32. The
upgrade will also expand the energy range of indirect dark matter searches, improve the
sensitivity to supernovae neutrino detection, and enable the first ever neutrino-based to-
mography of the earth. The scientific case of PINGU, regarding all the above mentioned
studies, relies on efficient atmospheric muon rejection which is the focus of this thesis.
Specifically, I have developed a generic set of algorithms to identify and separate events
caused by atmospheric muons and neutrinos, respectively, at the earliest levels of data
processing. Through out the thesis, this is referred to as the NBI event selection.

Following this introduction, Chapter 2 offers a brief review of the status of neutrino
physics, thereby forming the theoretical foundation and motivation for the PINGU ex-
periment. The third chapter describes the atmospheric neutrino flux which provides the
signal for oscillation related studies with PINGU, and the atmospheric muon flux which
constitutes the main background for all neutrino observations. The operation principle
of the IceCube detector and the proposed PINGU detector is covered in Chapter 4 along
with the software tools used to simulate PINGU data. Chapter 5 deals with the software
used to reconstruct events in the detector. Chapter 6 is dedicated to the details of a new
method of selecting data for analysis with PINGU simulation and eventually data. The
thesis concludes with a summary of the results obtained with the NBI event selection and
gives an outlook on the future implementation of the event selection in PINGU analyses.
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Chapter 2

Neutrinos in the Standard Model
and Beyond

The theoretical framework of particle physics, known as the Standard Model, was devel-
oped over decades and formulated in the 1970’s in the form that we know today. It has
been immensely successful in providing a self-contained description of most known phe-
nomena in elementary particle physics. The fact that neutrinos have non-zero masses is
the only experimentally observed departure from the Standard Model. Expanding the
model to account for neutrino masses requires further understanding of the their nature.
This chapter briefly covers the theoretical foundation of the physics motivation and de-
tection mechanism of PINGU. We start with a summary of the Standard Model with a
focus on the properties of neutrinos. This is followed by a description of the different
types of interactions between neutrinos and nucleons at the PINGU energy scale. The
third section addresses how neutrino oscillations arise from the mixing of massive states.
From there, the prospective physics reach of the PINGU detector is outlined, focusing on
how the instrument will contribute to solving the persistent enigmas of the lepton sector
of particle physics. Throughout the chapter, natural units are used (c “ ~ “ 1).

2.1 The Standard Model Boiled Down

The Standard Model of Particle Physics is a relativistic quantum field theory describing
the elementary particles that make up all matter and their interactions. The theory is
gauge invariant and built on the symmetry group SUp3q b SUp2q bUp1q which describes
three of the four fundamental forces of nature, the strong and electroweak forces. The most
familiar force in our macroscopic lives, gravity, is not included in the Standard Model.
Though this is a fundamental incompleteness of the “theory of almost everything”, the
influence of gravity is negligible at the minuscule level of elementary particle. The coupling
strength of gravity to quarks is „ 10´37 times the strength of the weak force.

The strong and electroweak forces are represented as gauge fields with associated field
quanta corresponding to the force mediating particles of integer-spin, called gauge bosons.
Equivalently, matter fields have associated field quanta, known as fermions, that have an
intrinsic spin of 1/2.
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2.1. THE STANDARD MODEL BOILED DOWN

Figure 2.1: Schematic of the standard model of the Standard Model. Taken from [7].

The strong force obeys the SUp3q symmetry which has eight massless generators, called
gluons (g). The conserved quantity in strong interactions is the color charge, to which
gluons couple. As gluons themselves are colored, they have self-interactions which restricts
the range of the strong force to the size of a nucleus [8]. Colored objects are subject to
“confinement” which only permits colored particles to persist in bound states of zero net
color. The strong force has the largest coupling constant of all the forces, which means it is
dominant in the presence of color charge. However, the strength of the strong force drops
when the distance over which it acts decreases which means that the quarks confined in
protons and neutrons are approximately free.

The mediator of the electromagnetic force is the massless photon (γ) which couples to
electrical charge with a coupling constant that is about two orders of magnitude weaker
than the strong force. Being itself electrically neutral, it has no self-interactions and,
therefore, the electromagnetic force is not restricted in range. This means that electro-
magnetic forces are dominant on macroscopic scales in the presence of electrical charges.

Weak interactions are mediated by the W˘ and Z0 boson which, unlike photons and
gluons, are heavy. The weak boson masses of about 90 GeV limit their range to the
subatomic scale. At low momentum transfers, the effective coupling strength is about an
order of magnitude smaller than the electromagnetic force, but it increases with energy
as the masses become negligible compared to the available energy. Above 100 GeV the
electromagnetic and weak force merge into a unified electroweak interaction described by
the SUp2qbUp1q gauge group. Independently, the SUp2q group has three generators, one
neutral and two oppositely charged, and the Up1q symmetry has one neutral generator - all
of which are massless. Spontaneous symmetry breaking of the SUp2qbUp1q group, caused
by the Higgs mechanism, gives rise to electroweak mixing of the two neutral generators,
thereby forming the Z0 and γ bosons. Likewise, the two charged generators are combined
to the two massive charged bosons W˘. The fermions of the Standard Model in turn
acquire mass through Yukawa coupling with the Higgs field proportionally to their mass.

The diagram in Figure 2.1, gives an overview of all the Standard Model particles,
grouped according to the bosons that they couple to. Fermions are subdivided in to two

4



2.2. NEUTRINO INTERACTIONS WITH MATTER

classes called leptons and quarks, each consisting of six distinct particles. The six quarks,
up(u), down(d), charm(c), strange(s), top(t) and bottom(b) are paired in three flavor
doublets - three generations - which have identical properties aside from their masses:

ˆ

u

d

˙

,

ˆ

c

s

˙

,

ˆ

t

b

˙

(2.1)

Quarks have color charge and are, therefore, confined. This means that they can only
persist in bound states, hadrons, that are collectively color neutral. Quarks also have
electrical charge and are, thereby, affected by all the forces.

The lepton group consist of the three charged leptons, the electron (e), muon(µ), and
tau (τ), and their corresponding neutral neutrinos νe, νµ and ντ . They are organised in
the same manner as the quarks:

ˆ

e

νe

˙

,

ˆ

µ

νµ

˙

,

ˆ

τ,

ντ

˙

(2.2)

The charged leptons interact primarily through the electromagnetic force mediated by the
photon γ, whereas the neutrinos have neither electrical nor color charge and therefore only
interact via the weak force. According to the Standard Model, neutrinos do not couple to
the Higgs Boson and are, in effect, massless. This prediction is consistent with all direct
measurements of neutrino masses as well as measurements of neutrino helicities, which
show that all neutrinos are left-handed (and anti-neutrinos right-handed). The current
strictest limits on the possible neutrino masses, are included in the diagram Figure 2.1
[9]. These are obtained via the energy spectrum of the outgoing electron in β decay
by the Mainz [10] and Troitsk [11] experiments. The discovery of neutrino oscillations
- first reported by the Super-Kamiokande experiment [3] and the SNO experiment [4] -
are currently the only observations not in agreement with the textbook version of the
Standard Model. We return to the topic of oscillations in Section 2.3.

It was indicated by experiments at SLAC and CERN [12] that there should be exactly
three generations of fermions. As the Z0 can decay into all fermion-antifermion pairs,
provided that the fermion mass is below half the Z0 mass, measurements of the Z0 boson’s
lifetime gives the exact number of fermions with masses below 45 GeV that have weak
interactions. Though there could conceivably be quarks with a mass too heavy to affect
the Z0 lifetime, it is hard to imagine that the fourth neutrino would suddenly jump to
a mass above 45 GeV. Consequently, any potential additional neutrinos should not have
weak couplings: they must either be “sterile” or have non-standard interactions.

2.2 Neutrino Interactions with Matter

While neutrinos can interact with both electrons and nucleons as they propagate through
normal matter, the cross section of neutrino-nucleon scattering is by far the larger. There-
fore, only neutrino interactions with hadrons will be considered in the following. At the
energy range relevant to the present thesis, the total neutrino cross section is very compli-
cated to describe. Below „1 GeV scattering processes can be understood by considering
the nucleon as a coherent object. Above „20 GeV the neutrino interacts with the con-
stituent quarks individually. PINGU covers an energy region of 1 GeV ă Eν ă 50 GeV,
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2.2. NEUTRINO INTERACTIONS WITH MATTER

(a) (b)

Figure 2.2: The total neutrino (a) and antineutrino (b) cross section for CC interactions
divided by energy is plotted as a function of energy. The three components, quasi-elastic
scattering, resonance production, and deep inelastic scattering are also plotted separately
[13].

part of which is typically referred to as the “transition region” as it corresponds to the
boundary between these two regimes. At neutrino energies of 0.1-20 GeV several interac-
tion mechanisms contribute to the total cross section, and there is no clear way to combine
the processes. The interactions fall into three categories [13]:

Elastic or quasi-elastic scattering (QE) is the dominant process below 1 GeV. Neutri-
nos elastically scatter off a coherent nucleon which stays intact as it recoils. “Quasi-
elastic” scattering typically refers to the case where a W˘ boson is exchanged, and
the target proton/neutron is converted to a neutron/proton under emission of a
charged lepton. In the case of a Z0 boson exchange, where the nucleon is not con-
verted, the interaction is referred to as “elastic scattering”.

Resonance production (RES) dominates the cross section around 1-4 GeV. Here the
incoming neutrino excites the target nucleon to a short lived baryonic resonance
state (∆, N˚), which typically decays to a nucleon and a pion.

Deep inelastic scattering (DIS) contributes the most from 10 GeV and up. When
sufficient energy is transferred, the constituents of the target nucleon are resolved,
and the neutrino scatters off a quark rather than the entire nucleon. The nucleon is
completely disintegrated, resulting in a hadronic shower.

The measured contributions from the three scattering processes are plotted in Figure 2.2.
The plot shows how QE scattering is dominant below 1 GeV, resonance production takes
over from 1-3 GeV, and DIS is dominant above 10 GeV. As predicted for neutrinos scatter-
ing off free quarks, the total cross section approaches a linear dependence on energy [14].
The antineutrino cross section is shown to be about half of the neutrino cross section. This
discrepancy is due to the helicities of the states involved, as conservation of angular mo-
mentum along the interaction axis induces a suppression of backwards antineutrino-quark
scattering.

All types of interaction can happen through the exchange of either a W˘ boson, called
a charged current (CC), or a Z0 boson known as a neutral current (NC). In all types of
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2.3. NEUTRINO OSCILLATIONS

CC interactions, a charged lepton of the same flavor as the initial neutrino is produced in
the final state, whereas in NC interactions a neutrino of the same flavor is found in the
initial and final state. Integrating over the full energy region of PINGU, the DIS processes
are the most common. The neutral and charged current DIS of a neutrino on a nucleon
are illustrated in Figure 2.3.

ν

Nucleon

l

W±

Hadronic shower

(a) CC: νl `N Ñ l `X

ν ν ′

Z0

(b) NC: ν `N Ñ ν `X

Figure 2.3: Feynman Diagram of deep inelastic scattering of a neutrino on a nucleon. l
denotes the (anti) lepton flavor (e, µ, τ), N is a target nucleon, and X is the remnant of
N . The diagrams are drawn using JaxoDraw [15].

In both neutral and charged current interactions, the fragments of the nucleon produce
a hadronic cascade. The outgoing neutrino in NC interactions leaves no trace, making it
impossible to distinguish the interacting neutrino flavor. In CC interactions, however, the
outgoing charged lepton can reveal the flavor of of the incoming neutrino. The signatures
of the different neutrino flavor interactions are discussed in Section 4.4.

2.3 Neutrino Oscillations

According to the Standard Model, neutrinos interact in three different flavor states deter-
mined by the co-participating charged lepton in the exchange of a W˘ boson. The original
formulation of the Standard Model assumes all three neutrino states to be massless. How-
ever, observations prove that neutrinos can transform from one flavor to another in flight
with a certain probability depending on the energy of the neutrino and the distance trav-
eled. The phenomenon can only occur if neutrinos interact in a different basis than the
one in which they propagate, i.e. the eigenfunctions of the Hamiltonian. Furthermore,
the Hamiltonian eigenstates must have different non-zero masses which makes neutrino
oscillations the only experimental contradiction of Standard Model predictions.

2.3.1 The two-flavor model

To demonstrate how non-zero masses of the propagating states lead to oscillations between
the flavor states, we consider the case of only two neutrino types. The simplicity of the
solution to the two-flavor problem makes it a useful tool to understand the phenomenology
of neutrino oscillations and make crude predictions. The eigenstates of the Hamiltonian,
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2.3. NEUTRINO OSCILLATIONS

the two “mass states” ν1 and ν2, must be linear combinations of the two flavor states, α
and β, in which neutrinos interact. In order to preserve orthonormality of the states, we
express the flavor mixing as: 1

ν1 “ cospϑqνβ ´ sinpϑqνα , ν2 “ sinpϑqνβ ` cospϑqνα (2.3)

Here ϑ corresponds to a mixing angle that must be determined through experiments.
According to the Schrödinger equation, an eigenstate of the Hamiltonian in vacuum with
the energy E has the time dependence:

νptq “ νp0qe´iEt (2.4)

Choosing να to be the initial state, such that ναp0q “ 1 and νβp0q “ 0, the time evolution
of the mass states goes as:

ν1ptq “ ´sinpϑqe´iE1t , ν2ptq “ cospϑqe´iE2t (2.5)

where E1,2 is the energy of the state ν1,2. By substituting ν1 and ν2 in Equation 2.3
with the expressions in Equation 2.5 and solving for νβ, the probability for the electron
neutrino to convert into a muon neutrino after a time, t, is obtained:

PναÑνβ “ |νβptq|
2
“ psinpϑqcospϑqq2

`

e´iE2t ´ e´iE1t
˘ `

eiE2t ´ eiE1t
˘

“ sin2
p2ϑq sin2

ˆ

E2 ´ E1

2
t

˙ (2.6)

The probability of measuring a νβ appears sinusoidal, rendering the term ‘neutrino
oscillations’ rather appropriate. Assuming relativistic neutrinos (mi ăă Ei ñ v « c), we
can express the energy difference E2 ´ E1 in terms of the mass difference m2 ´m1 and
the time in terms of the distance traveled L and arrive at the relation:

PναÑνβ “ sin2
p2ϑqsin2

ˆ

∆m2

4E
L

˙

, (2.7)

where ∆m2 ” m2
2 ´m2

1. The result of the two-flavor case shows that oscillations only
can occur if there is mixing of the flavor states (ϑ ‰ nπ, n P Z) and a mass difference
between the Hamiltonian eigenstates states (m2 ´ m1 ‰ 0). The maximum oscillation
probability is obtained when

Lmaxosc “
2πE

∆m2
(2.8)

Of course, all three neutrino states must be included in the treatment of oscillations
to get the accurate probabilities. As it turns out, one mass splitting is significantly
larger than the other, making the two-flavor scheme an excellent approximation in many
cases. Using the current best fit value of the mass difference ∆m2

32 “ 2.5 ˆ 10´3eV2 [9]
and converting back to SI-units we get that the maximum probability of the transition
νµ Ñ ντ is obtained at combinations of baselines and energy of the order of magnitude
L{E „ 500 km/GeV.

1The treatment of two-flavor neutrino oscillations in vacuum follows roughly that of Griffiths [8] and
Martin and Shaw [16].
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2.3. NEUTRINO OSCILLATIONS

2.3.2 The three-flavor model

Extending the neutrino mixing scheme to the three-flavor case complicates the algebra
somewhat. The mixing matrix relating the flavor eigenstates to the mass eigenstates
becomes a 3ˆ 3 complex matrix, known as the PMNS Matrix 2.

¨

˝

νe
νµ
ντ

˛

‚“

¨

˝

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

˛

‚

¨

˝

ν1

ν2

ν3

˛

‚ (2.9)

The PMNS matrix U, can be parameterised in terms of three mixing angles pϑ12, ϑ13, ϑ23q

and one complex phase pδCP q:

U “

¨

˝

c12c13 s12sc13 s13e
´iδ

´s12c23 ´ c12s23s13e
iδ c12c23 ´ s12s23s13e

iδ s23c13

s12c23 ´ c12s23s13e
iδ ´c12c23 ´ s12s23s13e

iδ c23c13

˛

‚ (2.10)

where the shorthand notation sij “ sinpϑijq and cij “ cospϑijq is used. The phase factor,
δCP , is related to CP-violation which has yet only been conclusively observed. However,
new data from the neutrino beam experiments, T2K and NOνA, presented at the Neutrino
2016 conference, hint at a value near maximal CP-violation δCP “ ´

π
2

[17] [18].

Deviations from unitarity of the PMNS matrix requires the existence additional neutri-
nos that mix with the three known ones. As mentioned previously, measurements of the
Z0 boson lifetime have ruled out the existence of additional neutrinos which could par-
ticipate in the weak interactions. Therefore, precision measurements of the three mixing
angles are of great importance to establish or reject the existence of sterile neutrinos or
neutrinos with non-standard interactions.

If there are, in fact, only three flavors, the PMNS matrix is unitary and can easily
be inverted to express the mass states in terms of the flavor states. The oscillation
probabilities can be derived following the same principle as in the two-flavor case: by
computing the temporal evolution of an eigenstate of the Hamiltonian, where the initial
state is be given by Equation 2.9.

2.3.3 The Neutrino Mass Ordering

With three neutrino states there are two independent mass splittings: ∆m21 and ∆m32.
Like in the two-flavor case, the mass splittings occur in cosine or sine squared functions,
making oscillation probabilities insensitive to the sign of the (squared) mass difference.
In other words, the size of the neutrino masses can be derived from vacuum oscillation
studies, but not the relative ordering of the mass states. It turns out that we inhabit
a universe where one mass difference happens to be significantly larger than the other:
|∆m32| ąą |∆m21|, but, we do not know the absolute values of the neutrino masses
or even their relative ordering. The question of the neutrino mass ordering (NMO) is
illustrated in Figure 2.4.

2Named after Bruno Pontecorvo, Ziro Maki, Masami Nakagawa, and Shoichi Sakata.
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Figure 2.4: The known oscillation parameters allow for two different orderings of the
neutrino mass states. Figure modified from [19].

The ordering of neutrino mass states can be extracted if neutrinos travel through suf-
ficient amounts of matter. As electron neutrinos created in nuclear processes in the Sun
travel to the surface, the survival probability (PνeÑνe) is affected by the electron density
depending on the sign of the mass splitting ∆m21. Thus, solar neutrino experiments have
established the ordering of the first and second mass state (m2 ą m1) through measure-
ments of the transition probability for νe Ñ νµ.

In the earth, two distinct physical effects influence the neutrino flavor propagation
depending on the sign of ∆m32. The first is the MSW effect [20] which, due to the
electron content in matter, enhances the oscillation probability for either νµ Ñ νe or
ν̄µ Ñ ν̄e, depending on the neutrino mass ordering. The presence of electrons creates an
effective potential affecting only the electron neutrino flux, due to CC coherent forward
scattering. The same goes for anti-electron neutrinos, but the sign of the potential is
opposite. The effective potential introduces a change in the effective mixing angle which
enters in the oscillation probability. In 1985 S. P. Mikheyev and A. Y. Smirnov discovered
that a resonance exists where the oscillation amplitude approaches one. To fulfil the
resonance condition, the sign of the potential and the mass splitting must be the same.
The mass ordering can, thereby, be inferred by the observation (or non-observation) of
the MSW effect.

The second effect arises from the density transition at the Earth’s mantle-core interface
where neutrinos passing through this interface can undergo “parametric enhancement” of
their oscillation probability [21].

2.4 The Physics Portfolio of PINGU

The Precision IceCube Next Generation Upgrade (PINGU) is a proposed in-fill array
for IceCube at the South Pole Station, designed to detect neutrinos in the energy range
of roughly 1-10 GeV. Studying atmospheric neutrinos that undergo oscillations as they
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traverse the Earth, PINGU aims to determine the ordering of the neutrino mass eigenstates
and constrain current limits in the mixing parameters θ23 and ∆32. The results from
PINGU will contribute to illuminate the remaining unknowns in the leptonic sector: the
nature of the neutrino (Dirac or Majorana), the extent to which CP symmetry may be
violated in the leptonic sector, and possible the presence of a potential sterile neutrino. In
addition, PINGU will increase the sensitivity to lower energy neutrinos of astrophysical
origin; potentially from accumulated dark matter or supernovae. A very brief overview of
the various studies to be conducted with PINGU is provided here:

2.4.1 Precision measurements of oscillation parameters

PINGU aims to measure θ23 primarily through the deficit of muon neutrinos in the at-
mospheric flux. In the three-neutrino framework, at the relevant energies and baselines,
νµ-disappearance is largely due to transitions of the type νµ Ñ ντ . Those are mainly
caused by the splitting of the second and third mass eigenstate. The dependence is evi-
dent in the approximate survival probability of the muon neutrino:

PνµÑνµ « 1´ sin2
p2θ23q sin2

ˆ

∆m2
23L

4Eν

˙

(2.11)

where Eν is the neutrino energy and L is the distance that the neutrino has travelled. The
parameters θ23 and ∆m32 are the least well measured of the mixing parameters. Current
global fits pin θ23 close to 45o [9], suggesting that the third mass eigenstate consists of
almost equal contributions from of ντ and νµ. The case of the exact identity θ23 “ 45o is
referred to as maximal mixing and might imply the existence of an unknown fundamental
symmetry. In case θ23 is not exactly 45o, determining whether it is slightly higher or lower
is of great importance for uncovering the origin of neutrino masses.

2.4.2 The Neutrino Mass Ordering

The ordering of ν1 and ν2 is known from solar neutrinos which undergo MSW effect in
the sun. Whether the third mass state ν3 is heavier (normal ordering) or lighter (inverted
hierarchy) than the two is yet to be established. The ordering and absolute masses of
the neutrinos is of intrinsic interest, but also important for oscillation experiments with
sensitivity to leptonic CP violation. Determination of the NMO will influence the interpre-
tation of non-oscillation experiments (neutrino less double beta decay) that are sensitive
to the particle nature of the neutrino (Dirac vs. Majorana). Thus the results will indi-
rectly help to test the popular see-saw neutrino mass models and the related mechanism
of leptogenesis in the early universe [22]. As mentioned, parametric enhancement and the
MSW effect influence the oscillation probabilities of ν and ν̄ differently depending on the
ordering of the NMO. The effects become visible around 2-15 GeV, which is seen in the
“oscillograms”, shown in Figure 2.5. The oscillograms represent the survival probability of
a muon neutrino (PνµÑνµ) across a range of neutrino energies and baselines. By lowering
the energy threshold to „1 GeV, PINGU is expected to determine the NMO with a 3σ
significance in about 4 years of data taking given the normal ordering scenario [23].
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Figure 2.5: The oscillation probability PνµÑνµ as a function of energy and zenith angle
for normal and inverted ordering, respectively. Matter effects are seen for neutrinos (top)
in the case of normal ordering and for antineutrinos (bottom) if the ordering is inverted.
The travel distance is derived from the zenith angle, where cos θ “ ´1 corresponds to a
path directly through the centre of the Earth.

2.4.3 Tau Appearance

Due to the lack of direct measurements of ντ oscillations, unitarity of the PMNS matrix
has yet to be established experimentally. PINGU aims specifically at the ill-constrained
matrix element Uτ3 through detection of ντ -appearance in the atmospheric neutrino flux.
The analysis is technically difficult due to the small ντ interaction rate relative to the other
neutrino flavors as well as the limited ability of PINGU to distinguish neutrino flavors.
The size of PINGU will allow for a substantial rate of 3000 CC ντ interactions per year
[24].

A measured value of Uτ3 «
1
2

would further strengthen the three flavor model and
confirm unitarity of the third mass eigenstate. Deviations from Uτ3 «

1
2
, on the other

hand, would favour an explanation including at least one sterile neutrino or neutrinos
with non-standard interactions.

2.4.4 Bonus PINGU Physics

Taking further advantage of the matter effects influencing atmospheric neutrinos that
propagate through the Earth, PINGU will perform the first ever neutrino-based Earth
tomography. The dependence of neutrino oscillation probabilities on the electron density
of the traversed matter allows PINGU to directly probe the chemical composition of the
Earth’s core which has never been measured.
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Lowering the energy threshold with PINGU will enhance current searches for dark
matter with IceCube and extend the mass range of testable dark matter candidates. One
prominent candidate for dark matter is the Weakly Interacting Massive Particle (WIMP).
Given that they interact gravitationally, WIMPs could be thought to accumulate in the
Sun, the Earth?s centre, the galactic centre, and dwarf spheroidal galaxies. PINGU will
search for an excess in the neutrino flux from WIMPs self-annihilating to neutrinos in the
direction of potential dark matter accumulators.

Last but not least, the detector will have enhanced sensitivity to neutrinos bursts from
supernovae. These neutrinos have energies much lower than those of relevance to PINGU
oscillation studies - O(10 MeV) instead of O(1 GeV). Therefore, individual neutrino inter-
actions can not be detected. Instead, a core-collapse of a supernova in the Milky Way or
a nearby galaxy can be observed as a short-term, coherent increase in the effective noise
rate on all DOMs in the detector.
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Chapter 3

The Atmospheric Neutrino Source
and Background

The PINGU detector will utilise the intense and constant neutrino beam provided by cos-
mic rays interacting in the atmosphere for the purpose of studying fundamental neutrino
properties. This chapter starts with a description of the primary cosmic radiation which
leads to an examination of the creation and characteristics of the resulting atmospheric
neutrino flux. From there, we study the accompanying atmospheric muon flux which
constitutes a main background to any neutrino induced muon search.

3.1 Cosmic Rays

The earth is bombarded by high energy particles known as cosmic radiation arriving from
all directions at a rate of 1000pm2sq´1. Today, 100 years after their discovery, the origin of
the highest energy cosmic rays is still not understood [25]. They consist mostly of protons
(„90%) and alpha particles („9%), but also include a small fraction of heavier nuclei up
to uranium as well as elementary particles as electrons, positrons, and neutrinos [26]. The
energy spectrum of cosmic rays can be described by a power law of the form

BNpEq

BE
9E´γ (3.1)

which spans 12 orders of magnitude from 108 eV to 1020 eV. The spectrum is relatively
featureless, with a spectral index of γ “ 2.7 everywhere except between the “knee” around
E « 4 PeV and “ankle” at E « 1018 eV. In that region it steepens to γ « 3.0. The
all-particle energy spectrum is shown in Figure 3.1.

The primary particles typically interact at a height of about 25 km above sea level with
energies far exceeding the binding energy of the air molecules (usually oxygen or nitrogen).
The deep inelastic scattering creates a shower of pions and kaons that decay into lighter
particles such as muons and neutrinos, see Figure 3.2.
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Figure 3.1: Primary cosmic ray spectrum. Figure taken from [27].

A typical interaction chains is:

p`N Ñ X`π˘

ë µ˘ `
p´q

νµ

ë e˘ `
p´q

νe `
p´q

νµ

(3.2)

The fully ionised nuclei, constituting the bulk of cosmic rays, are deflected by galactic
magnetic fields, which render their arrival directions mostly randomised. The result is
an isotropic flux of secondary electrons, muons and neutrinos reaching the surface of the
earth at comparable rates.

Though part of the cosmic ray flux can be attributed to supernovae remnants in our
galaxy, sources of the highest energy cosmic rays are still unknown. As mentioned, the
primary cosmic rays also have a small neutrino component which, contrary to the charged
constituents, points back to their origin. By measuring the arrival directions of primary
neutrinos at the TeV to PeV energy scale, IceCube seeks to uncover astrophysical sources
of the high energy flux of cosmic rays. For neutrino astronomy, the secondary neutrinos
and muons created in the atmosphere are the main sources of background. However, for
the studies of fundamental neutrino physics, also conducted with IceCube, the atmospheric
neutrino flux constitutes the signals.
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Figure 3.2: Neutrino production in cosmic ray shower. Figure taken from [28].

3.2 The Atmospheric Neutrino Source

The cosmic ray interactions in the atmosphere provide a stable flux of neutrinos with
a wide range of baseline-to-energy ratios below 500 km

GeV
, where signatures of neutrino

oscillation become visible. Equation 3.2 indicates that the νµ flux is about twice as
high as the νe flux, since the νµ component arises from both the muon production and
decay, whereas the νe production only comes from the muon decay. However, neutrino
oscillations cause a deficit in the νµ flux, especially in the up-going direction. Being highly
relativistic, the lifetime of secondary particles in the cosmic ray air showers are Lorentz
boosted proportionally to their energy, E. Correspondingly, the probability of a secondary
particle producing a neutrino as it decays drops with energy. The result is roughly a factor
of 1{E suppression of the conventional atmospheric neutrino spectrum with respect to the
primary cosmic ray spectrum. Several models of the atmospheric neutrino flux exist and
they roughly agree on both the absolute flux and flavor type ratios below 100 GeV, where
the production is dominated by pions. Comparisons can be found in [29]. Measurements
of the atmospheric neutrino flux have been done by IceCube, its predecessor AMANDA,
Super-Kamiokande, and Frejus. The results are found to be consistent with the theoretical
predictions, but the measurements are not sensitive enough to discriminate between the
different flux models, as is shown in Figure 3.3.

The magenta band indicates a predicted component of the atmospheric neutrino flux
which has yet to be observed. The, so called, prompt neutrinos are produced by the decay
of charmed mesons. Due to the high energy threshold of charmed meson production,
prompt neutrinos are only created with energies above 10 TeV. The short lifetimes of
charmed meson, compared to pions and kaons, allows them to decay before interacting
with an air nucleus. Thus, the energy spectrum of the prompt neutrino flux is expected
to follow the primary cosmic ray spectrum, but with a smaller normalization due to the
low production probability of charmed mesons in hadron showers [30].
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Figure 3.3: The atmospheric muon neutrino and electron neutrino flux. The modelled
spectrum of neutrinos from pion decays are shown in the bands labeled “conventional”.
The figure is modified from [29].

3.3 The Atmospheric Muon Background

Apart from neutrinos, muons above a few hundred GeV are the only products of cosmic
radiation which can penetrate deep enough into the Earth to be detected in IceCube. At
the surface of the Earth, the integrated muon flux above 1 GeV is around 70 m´2s´1sr´1

and the mean energy 4 GeV [31]. As the muons propagate, they deposit energy through
continuous ionisation and radiative processes at a rate depending on their energy and the
material they cross. Above a few GeV muons are minimum ionising, and deposit about
200 MeV per meter of water (or ice) they traverse. This amounts to an approximate
energy loss of 300 GeV for vertical muons in the 1.5 km of ice shielding the IceCube
Detector. The muon intensity in water, including contributions from both atmospheric
muons and neutrino-induced muons, integrated over energy is shown as a function of depth
in Figure 3.4. The contribution from neutrino-induced muons is roughly constant with
depth and is seen not to dominate until depths of „20 km where the intensity plateaus.

In the fiducial region of PINGU, around 2 km below the ice surface, atmospheric muons
outnumber neutrino-induced muons by a factor of 106. Thus, efficient background rejec-
tion is of vital importance for any neutrino induced muon search.
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Figure 3.4: The vertical muon intensity as function of depth using the community standard
of meters water equivalent [31]. The intensity plateaus where the neutrino-induced muon
flux begins to dominate.
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Chapter 4

Chapter 4: Neutrino Detection with
IceCube-PINGU

The detection principle of the proposed detector upgrade, PINGU, relies widely on the
same mechanisms, hardware, and software as its predecessor, IceCube-DeepCore. Hence,
Cherenkov based neutrino detection is introduced in the context of IceCube-DeepCore,
along with a description of the data acquisition system. Equipped with the necessary
terminology, we proceed to explore the proposed PINGU upgrade and the software tools
used to simulate PINGU data which also closely align with most DeepCore methods. The
final section offers an overview of the different types of events visible in IceCube and the
topology by which they can be partially identified.

4.1 The IceCube-DeepCore Detector

Encompassing a cubic kilometre of ice, the IceCube Neutrino Observatory is the world’s
largest neutrino detector. It consists of 5160 detection units buried kilometres deep in the
Antarctic ice at the geographical South Pole. Neutrino interactions are detected indirectly
through the blue light emitted when a charged particle traverses a medium faster than
the local propagation speed of light, a phenomenon known as the Cherenkov Effect [32].
The detection units, called Digital Optical Modules (DOMs, see Section 4.1.3), collect
Cherenkov light from charged particles produced by neutrino interactions in the ice. The
telescope, though primarily designed to look for astrophysical neutrino sources, is a multi-
purpose facility. The surface array, IceTop, serves as a veto and calibration detector.
However, it can also measure arrival direction, flux, and composition of cosmic rays with
the aim of uncovering their origin. In addition, a more densely instrumented sub-array in
the clearest region of the ice, called DeepCore, allows IceCube to study the fundamental
properties of neutrinos by exploiting the large atmospheric neutrino flux. The increased
resolution of DeepCore along with higher quantum efficiency DOMs effectively lowers the
energy threshold of the detector from about 100 GeV to 10 GeV. By incorporating the
surrounding IceCube strings as an active veto region, DeepCore enables observations of
neutrino oscillations as well as searches for sterile neutrinos and indirect detection of dark
matter. An overview of the detector layout is shown in Figure 4.1.
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(a) (b)

Figure 4.1: (a) Layout of the IceCube/DeepCore Detector. Each black dot corresponds
to a DOM and the red area indicates the region of the DeepCore instrumentation. (b)
Overview of the string geometry. DeepCore strings are represented by red dots and the
original IceCube array by green dots.
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4.1.1 Medium and Location

The tiny neutrino-nucleon cross section of about 10´38 cm2

GeV
imposes certain requirements on

the detection medium used for neutrino telescopes. At the GeV to PeV scale and upwards
neutrino detection requires a very large detector volume (Opkm3

q) for two reasons: (i)
A larger volume increases the probability of seeing an interaction. As the atmospheric
neutrino flux decreases with energy, the volume necessary to obtain sufficient statistics
increases, correspondingly. (ii) At the high end of the IceCube energy range, the light
emission can extend hundreds of metres. A large detection volume allows for more light
to be collected resulting in a better estimate of the initial neutrino energy. The demand
for a kilometre scale detector volume encourages the use of naturally and abundantly
occurring materials with good optical properties. The 3 km deep Antarctic glacier at the
geographical South Pole meets all the requirements for both atmospheric and astrophysical
neutrino Cherenkov detection. The 1500 m of ice covering the detector provides effective
shielding from atmospheric muons and the cold environment suppresses thermionic noise
in the electronics. The deep ice is formed through 100,000 years of compression of lower
layers of snow by the layers above. The slow process creates an environment of very
low radioactivity. At the depths of the instrumentation, 1500 m below the surface, the
transparency of the ice far exceeds that achievable for laboratory-grown ice [33]. In the
clearest region, the average scattering length is about 50 m for light with a wavelength of
400 nm which is close to the peak of the DOM sensitivity. At these depths, the radioactive
contamination ranges from 0.1 ´ 1 ¨ 10´12 g of Uranium or Thorium and 0.1 ´ 1 ¨ 10´9 g
Potassium per 1 g of ice [23].

Though the transparency generally increases with depth, two striking features have to
be accounted for when modelling the ice. At a depth of 2000 m to 2100 m, a band of high
dust concentration is found, known as the dust layer. There, the scattering length drops to
about 5m. Below this dust layer, the clearest ice is found, allowing for the most efficient
Cherenkov light collection. The other notable characteristic of the detection medium
is the ice immediately surrounding the DOMs which has a much larger concentration
of bubbles. The hole ice is an effect of the deployment method, where holes slightly
wider than a DOM are drilled with hot water. After the instrumentation is in place the
water refreezes, leaving the optical properties in the holes different from the bulk ice.
The scattering length of the hole ice is modelled to about 0.5 m. The ice properties are
calibrated using data taken with a “dust logger” device lowered down the holes during the
deployment. Calibration data is also taken during operation using LED flashers attached
to the DOMs. The ice model is fitted to the data assuming that the optical properties
change with depth and are constant in the horizontal plane with the exception of the hole
ice.

In addition to the excellent optical and radioactivity properties of the deep ice at the
South Pole, the nearby Amundsen-Scott Station provides the necessary infrastructure for
running and maintaining the detector. This includes electrical supply, satellite communi-
cation, data acquisition, and accommodation for scientist and technical support.
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4.1.2 Geometry

The Digital Optical Modules are arranged on a total of 86 strings that each have 60 DOMs
attached at depths from 1450 m to 2450 m. The 78 strings that constitute the original
IceCube array, form a hexagonal pattern with an average horizontal string distance of
125 m and a vertical DOM spacing of 17 m. The DeepCore fiducial volume includes
the seven central “standard IceCube strings” and eight additional “DeepCore strings”,
placed between the central string and the innermost hexagon with an average string
distance of 75 m. On the DeepCore strings, 50 DOMs are placed in the very clear deep
ice below the dust layer with a 7 m vertical spacing. The remaining 10 DOMs are placed
immediately above the dust layer with a spacing of 10 m to provide additional vetoing
against atmospheric muons. An overview of the central detector baseline including a
proposed layout of the PINGU strings is shown in Figure 4.3.

4.1.3 Digital Optical Modules

The detection units in IceCube are called Digital Optical Modules (DOMs) and serve the
purpose of converting Cherenkov light from the charged particles of a neutrino interaction
into electronic signals. The principal component of a DOM is the 25 cm Hamamatsu
photomultiplier tube (PMT) and a main board housing most of the electronics. Both are
enclosed in a 33 cm glass sphere as shown in Figure 4.2. The PMT is optically coupled
to the glass sphere by optical gel, which also provides protection and stability to the
PMT. With 10 dynodes yielding a total amplification of 107, the DOMs are sensitive to
single photons. The Standard IceCube PMTs have a maximum quantum efficiency of
about 25% at a wavelength of 390 nm which is close to the peak of the Cherenkov light
spectrum. The PMTs used in DeepCore DOMs are similar to the original IceCube DOMs,
but have a different cathode material with a roughly 40% higher quantum efficiency. All
PMTs are oriented downwards in the direction where IceCube is most sensitive to neutrino
oscillations. A small voltage is supplied through the string cable and transformed by a
high voltage divider to provide the high voltage needed for the PMT. Each DOM also
contains a flasher board with 12 Light Emitting Diodes (LEDs) used for studying ice
properties, as mentioned in the previous section.

When a photon is absorbed by the PMT photocathode an electron gets emitted which
is then amplified by the series of dynodes. The resulting signal is readout as a change
in the voltage of the PMTs anode. When the voltage on the anode exceeds a threshold
of 25% of the peak of a single photoelectron, the DOM is said to be hit. A hit causes
the measured time series of charges (the waveform) to be read out by the main board
where the waveform is digitised by three different circuits running in parallel; two analogue
transient waveform digitisers (ATWDs) and one fast analogue-to-digital converter (fADC).
The waveforms from the ATWDs have an integrated timing precision of 3.3 ns and a
maximum duration of 426 ns. The high time and charge resolution is necessary for event
reconstruction algorithms to determine the possible origin of single unscattered photons
to a sub-metre precision. The second ATWD is only needed in case the DOM is hit again
while the first ATWD is still digitising. The fADC is available for long signals and is
sampled every 25 ns for a maximum duration of 6400 ns.

The high quantum efficiency of the PMTs also entail a high rate of “random noise hits”
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(a) (b)

Figure 4.2: (a) Schematic illustration of the components in a Digital Optical Module. (b)
Photograph of a DOM.

caused by radioactive decays in the glass sphere or thermal electrons from the cathode.
Therefore, it is neither feasible or beneficial to read out every hit DOM. To reduce the
contribution of noise hits in data, the DOM has a circuitry to check for hits in local coinci-
dence with itself. A discriminator is fired whenever a neighbouring or next-to-neighbouring
DOM on the same string is also hit within a time-window of ˘1μs. For historical reasons,
hits fulfilling this requirement are referred to as “hard local coincidence” (HLC) hits and
the rest as “soft local coincidence” (SLC). If the local coincidence requirement is met, the
DOM sends signal to the Data Acquisition System (DAQ), where the triggers are formed.
Whenever one of the trigger requirements (see Section 5.1.1) are met, both the high and
low resolution waveforms of the DOMs in HLC mode are read out for processing. The
SLC waveform information is reduced to three fADC bins around the peak value. The low
charge and timing resolution of the SLC hits is sufficient to discriminate dim atmospheric
muons that slip through the upper part of the detector without causing HLC hits.

4.2 The Future low-energy extension: PINGU

An integral part of the proposed detector upgrade, IceCube-Gen2, is the Precision Ice-
Cube Next Generation Upgrade (PINGU). With an even denser infill of optical modules
in the DeepCore region, PINGU aims to lower the energy threshold from the current
10 GeV to about 1 GeV. Though the main objectives of PINGU is the determination of
the neutrino mass hierarchy and precision measurements of oscillation parameters, the
increased efficiency at low energy will also extend the sensitivity range for indirect dark
matter searches, and increase sensitivity to supernova neutrino detection. With the sen-
sitivity to matter effects influencing the oscillation probabilities of neutrinos traversing
the Earth, PINGU will also enable studies of the composition of the Earth core through
neutrino based tomography.

The exact layout of PINGU is not yet settled upon. The Monte Carlo Data used in the
work presented in this thesis is simulated with the former baseline geometry, called V36. It
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consists of the current DeepCore strings and 40 additional strings with an average spacing
of 22 m. Each string supports 96 DOMs distributed at a depth of 2150 m to 2450 m with a
3 m spacing. The design of PINGU is currently being optimised to lower the construction
expenses without compromising the science reach. The new configurations that are being
tested can be deployed in only two seasons. They consist of 20-26 strings with a total of
192 DOMs with a vertical spacing of 1.5 m. The results presented here for the achievable
muon background rejection is expected to be reproducible with either of the proposed
geometries given suitable reoptimizations of the cut values.

The Standard PINGU DOM (PDOM) is a slightly modified version of the DeepCore
DOM. The biggest change is a simplification of the waveform digitisation by using state-
of-the art electronic components which were not yet available when DeepCore was con-
structed. The three components running in parallel in the IceCube and DeepCore DOMs
will be replaced by a single analogue-to-digital converter that can be read out continuously.

Another planned improvement of PINGU is a reduction of air bubbles in the hole ice.
To avoid the significant decrease in scattering length around the DOMs (see Section 4.1.1)
the melted water will be degassed as part of the drilling process.
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Figure 4.3: An overview of the central strings of the IceCube detector including the
former baseline geometry for PINGU. Below, a scetch of the energy range of the individual
subdetectors.

4.3 Data Simulation

The investigations presented in this thesis are based on simulated data. The Monte Carlo
Software tools developed for IceCube can also be used to simulate the PINGU detector as
the detection principal is identical. The detector response is modelled like the DeepCore
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Figure 4.4: Side view of the IceCube Detector, including DeepCore and the proposed
PINGU (geometry V36). On the right, a zoomed in figure of the central detector region.
The black dashed line indicates the fiducial volume of PINGU.

DOMs without modifications. As the PINGU DOMs mainly differ from the DeepCore
DOMs in the digitisation electronics, the data extraction should be functionally the same.

4.3.1 Atmospheric Neutrino Simulation

The first step of the simulation chain is the event generation which is carried out with the
GENIE (Generates Events for Neutrino Interaction Experiments)[34] software package.
GENIE models the neutrino interactions starting off with an isotropic flux on the surface
of a cylindrical generation volume. The energy spectrum follows a user-defined power-law
distribution - typically E´1. All neutrinos that pass through the detector volume are
forced to interact inside the detector. The type of interaction (see section 2.2) is chosen
semi-randomly and the events are weighted according to their probability. The interac-
tion is modelled in detail and all the created particles are stored for further processing.
The particle propagation is carried out by GEANT4 [35] and the Cherenkov photons are
tracked using CLSim, a GPU-based software which treats depth-dependent photon scat-
tering in IceCube.

4.3.2 Atmospheric Muon Simulation

MuonGun is a toolkit for efficiently simulating atmospheric muons deep in the ice [36].
Instead of simulating full cosmic ray air showers and propagating the muons through
the firn and ice, MuonGun constructs a parameterization of the muon flux under the
ice and draws muon bundles from the parameterised distribution. The method is less
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precise than the full shower simulation, but much more efficient, as it allows the user
to only generate muons which interact in the detector and have the desired energies.
MuonGun generates muons starting on a fixed cylindrical surface. Samples are drawn
from a parametrization of the atmospheric muon flux as a function of vertical depth,
zenith angle, multiplicity, energy, and for bundles, the distance of each muon from the
shower axis. The events used in the for the work presented in this thesis are weighted
according to the GaisserH4a flux model [37]. The Muons are propagated through the
detector using the IceCube software, Muon Monte Carlo (MMC). Like in the neutrino
simulations, Cherenkov photon propagating is done with CLSim.

4.4 Event Topologies

The typical separation between DOMs in PINGU limits the ability to determine the fla-
vor of individual neutrino interactions. The four distinct combinations of neutrino flavor
and boson exchange result in either a track-like or cascade-like energy deposition and of-
ten a combination of the two. Cascades arise from hadronic and electromagnetic showers
which typically overlap and cannot be separately distinguished. They appear as point-like
sources with a typical size of the order of one metre or less. Cascade are approximately
spherical, but have some directionality due to momentum conservation. Tracks are only
created by relativistic muons traversing the detector while emitting Cherenkov radiation.
The signatures of the different neutrino flavor interactions are summarised below:

NC all flavor: In neutral current interactions, only the hadronic cascade is detected.
The size of the hadronic cascade depends on the momentum transfer and neutrino scatter-
ing process. The energy carried away by the outgoing neutrino is not seen in the detector,
so the energy reconstructions are biased towards lower energies.

CC νµ: If the energy taken by the outgoing muon is sufficient for it to traverse sev-
eral layers of detection modules, it can create a track pointing away from the interaction
vertex. Muons at typical PINGU energies of a few GeV have a range on the order of ten
or twenty metres which is comparable to the string spacing. Therefore, muon tracks in
PINGU only elongate the spherical cascade topology slightly.

CC νe: The outgoing electron induces an electromagnetic shower overlapping the
hadronic shower. The energy of the electron is deposited quickly through radiation of
high energy photons (Bremsstrahlung) and following e˘ pair production which, in turn,
emit more Bremsstrahlung.

CC ντ : With a lifetime of only 3ˆ10´13 s, a few GeV tau travels less than a millimetre
before it decays. The tau decay has a branching ratio of „ 17% into a muon which leaves
a track pointing away from the initial hadronic cascade, just like the CC νµ events. In
such decays, two outgoing neutrinos carry away some of the initial state energy. The
remaining „83% of the τ decays produce either an electromagnetic or hadronic cascade
which cannot be independently resolved from the initial hadronic cascade. Only in the
rare case of a tau being created with an energy of tens of PeV can the event be uniquely
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identified as having two cascades connected by a track.

Different analyses may prefer different detection channels depending on the relative im-
portance of the accuracy on energy and direction reconstruction of the incoming neutrino.
Directional reconstructions benefits from the longer ‘lever arm’ of a track-like topology
and, therefore, the best angular resolution is usually achieved in the CC νµ detection
channel. High angular resolution is typically a priority for point source and indirect dark
matter searches, which look for a small excess of neutrino events in a certain direction. The
energy reconstruction quality depends mainly on the fraction of initial neutrino energy
that is deposited inside the detection volume, i.e. whether the event is ‘fully contained’.
For energy reconstructions an outgoing muon can be a disadvantage as it might proceed
out of the detector, leaving a signal that is only partially contained.
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Chapter 5

Event Reconstruction

The two key observables to neutrino oscillation measurements are the energy carried by
the initial neutrino and the path length it has travelled. The neutrino energy can be
estimated from the amount of light created in the event and the topology. In the case
of atmospheric neutrinos traversing the earth, the path length can be deduced from the
direction of the light deposition. Precise reconstructions of energy and direction are
essential to oscillation studies as well as extra-terrestrial neutrino source searches, dark
matter induced neutrino searches, and Earth tomography.

In order to obtain a precise reconstruction of the energy and direction of an incident
neutrino, a complete account of the event is necessary. For a CC νµ event that amounts
to a total of eight variables to reconstruct: the position and time of the interaction vertex,
the energy of the hadronic cascade, and the length/energy of the outgoing muon. This
chapter briefly covers the main steps of the translation from the set of waveforms sent
from the DOMs to the full description of the neutrino interaction. Focus is on the software
applied to simulated PINGU data which also closely aligns with most DeepCore methods.

5.1 Event Building

The first step of the reconstruction chain is the classification of a set of DOM launches as
an “event”. The definition of an (potentially interesting) event is represented by a set of
trigger conditions, which determine when the DOMs are read out. For further processing,
the raw data, consisting of both HLC and SLC waveforms, is calibrated and individual
photon hits and times extracted.

5.1.1 Trigger Conditions

The high quantum efficiency DOMs used in DeepCore have, individually, a noise rate of
roughly 600 Hz [38] which is mostly caused by thermal electronic noise or radioactive
decay in the glass housing. The high noise rate makes it meaningless to store all hits in
local coincidence. Instead, certain trigger requirements have to be met in order to build
an event from a set of fADC and ATWD waveforms. The DAQ accommodates various
triggers intended for the various purposes of IceCube that are based on the multiplicity
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of HLC hits in spatial or temporal coincidence [39]. For the PINGU simulations used in
this study, a Simple Multiplicity Trigger 3 (SMT3) has been used. The PINGU SMT3
requires at least three HLC hits on PINGU DOMs within a time window of 2.5 μs. When
a trigger condition is met, the full detector is read out within a 10 μs time window around
the time of the triggering hit. The data from overlapping time windows is combined to an
event and stored in an IceCube specific formatted file which is passed on to the Processing
and Filtering framework.

5.1.2 Feature Extraction

In the Processing and Filtering (PnF) framework the Feature Extraction tries to break
down the waveforms into single photon hits and corresponding time stamps. As the finite
time and charge resolution does not always allow individual photons to be identified, the
concept of a pulse is introduced. A pulse holds a time stamp t, duration ∆t, and the
integrated charge deposited on a DOM in the time interval rt; t ` ∆ts. The charge is
normalised to the single photon waveform and measured in units of photoelectrons (PEs).
The term ‘pulse’ is often used interchangeably with ‘hit’, but has a less direct physical
interpretation. The outcome is a pulse series (or hit series), which contains all the pulses
of an event and the DOMs on which they occurred. The pulse series is the object that is
used in the filtering and reconstruction algorithms.

5.2 Noise Cleaning

While the trigger only counts the HLC hits, all the non-local coincidence (SLC) hits in the
relevant time window are also read out and included in the pulse series produced by the
waveform deconvolution. Most of these hits are caused by thermal noise in the electronics
or radioactive decay in the DOM glass housing, and muddle the appearance of the phys-
ical event. The HLC hit sample represents a very clean pulse series. However, removing
all SLC hits from the event engenders a non-negligible loss of ‘physics hits’ which can
be important for the energy reconstruction and for particle identification. Efficient noise
cleaning that keeps as many physics hits and as few noise hits as possible is crucial for the
event reconstruction, as well as for the muon background rejection. Several hit cleaning
algorithms exist, but for most PINGU purposes the two following are used consecutively:

SeededRT cleaning: The algorithm starts out with a subset of seeds that are mostly
physics related hits. All hits within a time window (T ) and radius (R) from one of the
seeds are then added iteratively until no more hits are added. The method is illustrated
in Figure 5.1. Only SLC hits close to the initial seeds are kept in the SeededRT (SRT)
cleaned pulse series. For the simulated PINGU data, a cluster of HLC hits around the
DOM that caused the trigger are used as seeds. The RT-range is set to R “ 40 m and
T “ 250 ns for PINGU DOMs and R “ 150 m and T “ 1000 ns for IceCube DOMs.

Time-Window cleaning: Depending on the purpose of the hit cleaning, either a
static or a dynamic time window is used. In the latter case, the pulse series is scanned to
find the time window containing the most amount of charge. All hits outside that time
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Figure 5.1: Illustration of the Seeded RT-cleaning, taken from [40].

window are removed. With Static Time-Window (TW) cleaning, a time window around
one or more relevant triggers is defined and all hits outside it are removed. With PINGU
simulations a time window of 6 μs is used for dynamic TW cleaning and a time window of
3.5 μs before and 4 μs after the PINGU SMT3 trigger is applied for static TW cleaning.

5.3 Reconstruction Algorithms

Once the event has been built and noise hits have been mostly removed, several recon-
struction algorithms can be applied which either assume the event to have a track-like
topology, a cascade-like, or a combination of both. At the energy scale relevant in PINGU,
muon neutrinos typically deposit a large fraction of the transferred energy in the hadronic
cascade. With PINGU events, the best performance is obtained from a reconstruction
algorithm allowing for a combination of a track and a cascade. Here I present the methods
that are referred to later in the text.

5.3.1 CLast

Likelihood based reconstructions typically require a good “seed”, i.e. a first guess of the
event properties. For cascade-like events, the algorithm CLast is used to provide an esti-
mate of the vertex position, energy, and direction. The vertex position is determined as
the charged weighted average of the positions of all hit DOMs in the TW-SRT cleaned
pulse series. The time is set from a number of test times to be the earliest one resulting
in four direct hits. A direct hit is defined as a hit that could be caused by an unscattered
photon from the interaction position and time in regard. The cascade direction is estab-
lished from the tensor of inertia of the hit positions, where the eigenvector of the smallest
eigenvalue points along the elongation of the pattern.
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5.3.2 Monopod

Monopod is a likelihood based reconstruction algorithm, that assumes a cascade-like en-
ergy deposition. Using the interaction time and position from CLast as a seed, Monopod
receives the expected number of photons per unit energy at each DOM from immense
six-dimensional tables, called Photonics tables. To avoid doing the expensive simulation
of photon propagation for each event guess, these are done in advance for all possible
depths and directions, and the results stored as Photonics tables. The Poisson likelihood
can then be calculated from the expected number of photons and maximised to find the
most probable values of the event parameters. At PINGU energies, the track of a possible
outgoing muon will typically have a length of ten to twenty metres which is comparable
to the string distance. Therefore an outgoing muon from a charged current νµ interaction
only deform the topology of the hadronic cascade a little, and Monopod gives a sufficiently
reliable estimate of the vertex position for coarse data filtering purposes.

5.3.3 HybridReco/MultiNest

The most sophisticated reconstruction algorithm used for PINGU analyses is the Hy-
bridReco/MultiNest, usually referred to just as MultiNest. The reconstruction process
consists of two parts, HybridReco which is responsible for the event hypothesis and Multi-
Nest which is the minimizer. In contrast to CLast and Monopod, HybridReco includes
the possibility of an outgoing muon in the event hypothesis. A muon track introduces
three additional variables to the problem; the direction defined by two angles and length
of the track. Fortunately, the direction of the muon track only differs by a few degrees
from the direction of the hadronic cascade at typical PINGU energies which is far below
the angular resolution of the detector. Therefore, the cascade and track are assumed to be
aligned. This reduces the additional parameters to the outgoing muon energy Eµ, which
is proportional to the length of the track, since the muon is minimum ionising. Yet the
complexity of the likelihood space is dramatically increased as there are now two different
sources from which any hit could originate, namely, the hadronic cascade and the muon.
The multimodal nested sampling algorithm, MultiNest [41], provides a robust method for
finding the global maximum in such a likelihood space with many local maxima. In order
to reduce the computation costs of event reconstructions, limits are set on the coordinates
of the vertex position. Forming a square of 100 m by 100 m the MultiNest limits enclose
the full PINGU volume which has a radius of roughly 80 m. Because events at the final
analysis level are generally required to interact within the instrumented PINGU area,
the limits on MultiNest should not affect the reconstructions of the final event sample.
The boundaries of the MultiNest parameter space are shown along with the overview of
the PINGU detector geometry and the requirement on the interaction vertex position in
Figure 5.2.
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Figure 5.2: The PINGU V36 geometry with the approximate horizontal boundary of the
fiducial volume (see section 6.1.3) and MultiNest limits.
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Chapter 6

Generic Data Selection with PINGU

In this chapter I present a generic data selection scheme for PINGU, called the NBI events
selection. The method accommodates the practical issues of data processing at the South
Pole while reducing the atmospheric muon contamination by five orders of magnitude at
the final analysis level. The results demonstrate that the atmospheric muon flux will not
be a substantial background at the analysis level.

The first section introduces the basic principles and constraints of atmospheric muon
rejection in low-energy neutrino studies with IceCube. A short review of the event selec-
tion formerly applied to all PINGU analyses, the PINGU Standard Processing (PSP), is
given in the second section. The aim is to motivate the development of a new scheme and
provide a baseline to which the performance of the NBI event selection can be compared.
The third section covers the variables and performance of each individual level of the
NBI events selection. Throughout the section, intermediate results are compared to the
corresponding level of PINGU Standard Processing. Finally, a few remarks are given on
some supplementary work proceeding in other groups which is related to the prospective
implementation of the NBI event selection.

6.1 General Remarks on Atmospheric Muon Rejec-

tion

In the full IceCube detector atmospheric muons outnumber atmospheric neutrinos roughly
by a factor of 106 at the trigger level. The DeepCore SMT3 trigger reduces this number
by about an order of magnitude. With the current geometry and trigger settings, a
comparable ratio is expected in PINGU. The goal of an atmospheric muon filter must
therefore be a background rejection factor of at least 105 to reduce the atmospheric muon
rate below the rate of atmospheric neutrino events.

6.1.1 Practical Limitations

The location of IceCube poses some constraints on the event classification methods used
for data processing. All daily data transmission to the northern hemisphere happens via
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satellite which has a limited bandwidth. Therefore, the first part of the data processing
must run at the South Pole in order to reduce the amount of data prior to transmission.
At the South Pole, computing and electricity resources are limited which means that the
filtering algorithms must be as computationally light weight and as efficient as possible.

Events that pass Step1 will be transmitted from the South Pole via satellite to the
IceCube central repository in the United States, allowing for more sophisticated recon-
structions. However, the offline processing has often had to be redone several times in
IceCube for full years of data. Therefore, it is preferred to reduce the amount of data as
much as possible using lightweight algorithms before running computing intensive recon-
structions. The constraints on computing resources available for data processing, online
as well as offline, must be accommodated in the event selection used for analysing the
prospective sensitivities of PINGU.

6.1.2 Muon Vetoing

Atmospheric muons at the GeV scale deposit energy continuously along their trajectory
all the way through the ice, thereby creating long, down-going tracks starting in the top of
detector. The signature of an atmospheric muon differs from that of low energy neutrino-
induced events that are generally more cascade-like, as described in Section 4.4. Unlike
muons, neutrinos can have any direction and start anywhere in the detector. However,
at the energy scale of O(10 GeV) and below, neutrinos are far more likely to cause a
PINGU trigger if the interaction happens within or close to the PINGU region. The basic
principle of the early muon rejection is, therefore, to define an outer ‘veto volume’ and
an inner ‘fiducial volume’, and reject all events seemingly starting outside the fiducial
volume. This approach has proven to be powerful with DeepCore, where the online muon
filter employed in the data stream, obtains a muon rejection of about 90% relative to the
trigger level at a muon neutrino efficiency above 99% by using the entire exterior detector
volume as an active veto region [38].

Figure 6.1 shows the raw data of an atmospheric muon and a νµ event before any cleaning
algorithms have been applied to the pulse series. The example illustrates that simply
rejecting events based on the number of hit DOMs in the veto region will not provide
the needed background rejection at an acceptable ν signal efficiency. Typically, several
supplementary variables are constructed to reject atmospheric muon background, based
on the spatial and temporal distribution of hits in the veto and fiducial region. It was
mentioned in Section 5.2, muon veto techniques generally rely on good noise cleaning.
Sometimes a single isolated hit on an outer DOM can reveal the track of an incoming
muon. If it is mistaken for noise and removed, the muon will appear as starting within
the detector. Similarly, a kept noise hit in a neutrino event can be misidentified as the
trace of an incoming muon and cause the neutrino to be vetoed.

6.1.3 Event Quality

The physics portfolio of PINGU relies not only on efficient muon rejection, but also on the
detector’s ability to accurately reconstruct the direction and energy of the initial neutrino.
The reconstruction quality of events at the GeV scale depends on the ‘containment’ of the
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(a) Typical muon event in PINGU. (b) Typical neutrino event in PINGU

Figure 6.1: Event displays of the two fundamental types of events that we want to distin-
guish between. In (a) the typical signature of an atmospheric muon leaving a clear track
is shown. (b) shows the signature of a 10 GeV muon neutrino starting in the PINGU
fiducial volume. Colors correspond to the event time scale where red indicates early hit
times and blue represents late hit times.

event, i.e. the fraction of energy deposited inside the densely instrumented PINGU region,
and the number of hit DOMs. Collectively, characteristics related to the reconstruction
quality are referred to as the ‘quality’ of an event.

The necessary event quality depends highly on the analysis. Some analyses select only
fully contained events, by requiring both the start and end point of the reconstructed
event to be found inside the fiducial volume. Due to the absence of a clear outgoing muon
track in most low energy PINGU events, the containment requirement can be reduced to
the containment of the vertex.

Vetoing events that start outside the fiducial volume serves two purposes: it reduces
the atmospheric muon contamination and it enhances the quality of the neutrino events
in the final sample. The fiducial volume should optimize the signal-to-bakground ratio
within a region determined by the reconstruction quality.

6.2 PINGU Standard Processing

For the simulated data samples used in all current analyses of PINGU, a two step event
selection, called PINGU Standard Processing (PSP) is applied. The first step is aimed
at removing the most obvious atmospheric muon background. The second step rejects all
events with a reconstructed vertex outside of the PINGU fiducial volume with the two
fold purpose of filtering out atmospheric muons and neutrinos that are likely to be badly
reconstructed. The PSP methods were developed before enough muon simulation had
been produced to test and optimise the cuts. Therefore, the variables and cut values were
based mostly on DeepCore experience.
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6.2.1 PSP Step1

The first step of the PINGU Standard Processing exploits the different spacial and tem-
poral distribution of charge for atmospheric muon and low energy neutrino events. It is
based on three topological variables proven to have good separation power with DeepCore,
and two variables related to the position of the interaction vertex which is reconstructed
with CLast and Monopod.

‚ Time90% ă 2 μs: Events caused by atmospheric muons typically last longer than
those caused by low energy neutrinos. Atmospheric muons traversing the entire de-
tector deposit energy steadily over the course of 3000 ns. The outgoing muon from
a CC νµ interaction of O(10 GeV) has a much shorter track length, and cascades in
general last only for a few ns. Therefore, the time taken to accumulate 90% of the
charge in a cleaned pulse-series is required to be less than 2 μs for the event to pass.1

‚ C2QR6 ą 0.5 : Following the same logic regarding the time evolution of energy
deposition, the fraction of all charge deposited in the first 600 ns can also be used
as a discriminating variable. The two first hits are excluded from the calculation,
as they can be noise hits, making neutrino events appear longer in time. Thus the
variable is defined as:

C2QR6 “

řt3`600ns
t3

Qi
ř

Qi

(6.1)

where the subscript i sums over the pulses in the event between the time of the third
pulse t3 and 600 ns later, and Qi is the charge of the ith pulse. The fraction of charge
in the event deposited during the first 600 ns, must be larger than 0.5 to pass.

‚ zTravel ą ´30 m : For a down-going atmospheric muon track, early pulses are
expected to be found higher in the detector than the late pulses. The ‘down-going-
ness’ of events is indicated by subtracting the average z-coordinate of the first quartile
of hit DOMs from the z-coordinate of each hit DOM and taking the mean:

zTravel “
1

N

ÿ

i

pzi ´Ąz1{4q , Ąz1{4 “
1

N{4

N{4
ÿ

i“0

zi (6.2)

where N is the number of pulses in the event and zi is the z-coordinate of the ith
pulse. For atmospheric muons the average z of the first quartile should be relatively
high compared to the rest of the hits, thus the ‘zTravel’ value should be negative.
Events with zTravel ą ´30 m pass the cut.

‚ zCLast ă ´200 m : Atmospheric muon tracks typically appear to be starting high
up in the detector, if not above it. The vertical position of the interaction vertex re-
constructed with CLast is therefore required to be below z “ ´200 m in the IceCube
coordinate system.

1A more detailed argument is given in Section 6.3.1.1, as this variable also occurs in the NBI event
selection.
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‚ rMonopod ă 95 m : A cut is also placed on the radial distance from the vertex re-
constructed with Monopod to the centralmost IceCube string. Selecting events with
a vertex closer than 95 m further reduces the atmospheric muon rate and ensures
that only potentially high-quality events are passed on to the full reconstruction in
Step2. To reduce processing time, Monopod only runs on events that pass the four
cuts described above .

6.2.2 PSP Step2

As the most obvious atmospheric muons are rejected by the Step1 cuts, Step2 makes
use of the full HybridReco/MultiNest event reconstruction. All the cuts concern the
containment of the interaction vertex with the aim of rejecting the remaining background
events and selecting high quality neutrino events.

‚ ´500m ă zMultiNest ă ´180m : The upper limit of the PINGU fiducial volume
rejects down-going events starting in the upper half of the IceCube detector as well
as events originating from far below the instrumented volume. The upper bound-
ary is moved slightly upwards compared to Step1 (zCLast ă ´200), as the straight
down-going muon contamination is expected to be significantly reduced by Step 1.
Occasionally, events reconstruct below the instrumentation. Those reconstructions
are unreliable and discarded by the lower boundary of the PIGNU fiducial volume.

‚ rMultiNest ă 85m : To ensure that the events used in the precision measurements
of neutrino oscillation parameters have reliable zenith angle reconstructions, a strict
radial containment cut is imposed on the vertex. The radial containment cut also
targets the more horizontal atmospheric muons which enter from the side of the
detector and might therefore have survived the Step1 cuts.

‚ cos(θMultiNest)>0: The cut on the zenith angle is optional as the various analyses
done with PINGU look for a signal in different directions. This is discussed in greater
detail in Section 6.3.3.

6.2.3 PSP Performance

The rates of atmospheric muon and neutrino events achieved with PINGU Standard Pro-
cessing are shown in Table 6.1 and also illustrated in Figure 6.2. Testing the PSP Step1
performance on atmospheric muon background files reveals several issues. Most remark-
able is the computing cost of the first step, which will have to run at the South Pole on real
data. The PSP Step1 takes on average 2.8 seconds per atmospheric muon event to run,
including reading the file and writing it out. With a total trigger rate expected to be a
few hundred Hz, the computing power needed exceeds the computer logistics limitations.

The two most time consuming components of the Step1 code are the reconstructions,
CLast and Monopod, taking on average 0.015 seconds and 60 seconds per event, respec-
tively. This means CLast can reconstruct muon events at a rate of 67 Hz and Monopod
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Figure 6.2: Rates at different levels of PINGU Standard Processing. The neutrino rates
include both CC and NC interactions.

Rates (mHz) MuonGun Genie νµ Genie νe Genie ντ

Trigger level 50 ¨ 103 11.1 5.44 0.654

PSP Step1 299 6.88 3.36 0.388

PSP Step2 17.8 4.66 2.62 0.278

PSP Step2 Upgoing 1.13 1.90 1.33 0.223

Table 6.1: Atmospheric muon neutrino rates after each step of PINGU Standard Process-
ing.
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Module MuonGun rate Processing speed
CLast 50 Hz 67 Hz

Monopod 1.7 Hz 0.017 Hz
MultiNest 300 mHz 0.2 mHz

Table 6.2: For each of the three reconstruction algorithms used in PSP, the processing
speed (in events per second) is compared to the atmospheric muon rate which is recon-
structed by that algorithm.

0.017 Hz. Table 6.2 presents the time consumption of the three reconstruction methods
used in PSP based on a trial data sample of 3 ¨ 105 events.

Monopod only reconstructs the events that pass the four other cuts of Step 1, which is
on average 3.4% of all the triggered events. This leaves a MuonGun rate of 1.7 Hz to be
processed at a rate of 0.017 Hz. Due to the limited electricity and computing resources
at the South Pole, we do not expect to have 100 computers available for the first step of
PINGU data processing. The rates suggests that Monopod is not feasible to use in an
online filter at the South Pole.

Furthermore, Table 6.2 shows that the muon rate after Step1 is almost 300 mHz and
that MultiNest takes about 1 hour pr. event. Assuming a capacity of about 1000 CPUs
available for the second step of PINGU processing, it would be possible to do the recon-
struction in real time. However, that also means that if the processing needs to be redone,
1000 computers will be occupied for a year in order to reprocess one year of data.

In conclusion, the PSP scheme does not provide a realistic measure of the background
reduction achievable with PINGU. Apart from the method being unrealistic, the resulting
background reduction is also not sufficient. The current sensitivity estimate of PINGU to
both the neutrino mass ordering and the earth tomography are based on the ansatz that
the muon contamination will be negligible at analysis level. Figure 6.2 shows that the
muon-to-neutrino ratio is around 1/3 for the up-going sample and 2/1 for all directions,
clearly inconsistent with that assumption.

6.3 NBI Event Selection

The basic processing of PINGU data is meant to be a generic event selection applied to
all data. Depending on the measurement of interest, whether it be ντ -appearance or the
neutrino mass ordering, the signal is located at different regions in zenith and energy space.
Therefore, this event selection is not designed to favor any signal region or neutrino flavor,
but seeks to optimise the sensitivity to all measurements by maximising the quantity

S “
Nν

a

Nν `Nµ `Nnoise

(6.3)

where Nν is the total neutrino rate, Nµ the muon rate, and Nnoise the noise rate.

That being said, the quality of events is also considered in the evaluation of the individ-
ual variables and passing criteria. By regarding low quality neutrino events as dispensable,
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stricter cuts can be justified to achieve more background rejection. The NBI event selec-
tion consists of three steps in total:

Step 1) Removes the most obvious atmospheric muons in order to reduce the data rate
for satellite transmission. The variables used for Step1 are fast enough to compute that
they can run online at the South Pole.

Step 2) Targets atmospheric muons with dim tracks that are removed by the noise hit
cleaning and reduces the muon rate sufficiently to run sophisticated likelihood based
event reconstructions.

Step 3) Identically to PSP Step2, incoming events are rejected based on the recon-
structed vertex position from MultiNest, but the radius of the PINGU fiducial volume
is expanded slightly. This reduces the atmospheric muon background contamination
further and ensures the reconstruction quality of events used in analyses.

The variables and cut values were fixed using a sample of simulated atmospheric muon
and νµ events that fulfil the conditions of a PINGU SMT3 trigger. The GENIE νµ
simulation corresponds to about 100 days of detector livetime with an energy range of
1-80 GeV. The muon events are generated with an energy range of 160-500 GeV and the
event sample corresponds to about 2.5 days of detector livetime.

6.3.1 NBI Step1: Obvious muon rejection

The first step of the NBI Event Selection refrains from likelihood based event reconstruc-
tions by quantifying several differences between the topology of a typical atmospheric
muon event and a centrally starting neutrino event. An ensemble of one dimensional
(or “straight”) cuts is used as a classifier, in order to make the method robust against
changes in the trigger conditions and detector geometry. Though certain machine learning
techniques can offer a better separation of signal and background events, the agreement
between data and the Monte Carlo simulations is not expected to be sufficient at the
trigger level to use more involved classifiers. By applying straight cuts at the first step,
the predicted rates should roughly apply given changes in the data acquisition or minor
deficiencies in the Monte Carlo simulations.

6.3.1.1 Step1 Variables

Step1 incorporates ten variables in total. Six variables are designed to identify atmospheric
muons based on the activity in the veto region. Three variables exploit the longer duration
and track of a typical atmospheric muon event compared to low energy neutrino event.
One variable is included to identify and remove events caused purely by noise in the
DOMs.

The motivation and description of each variable is given below and the distributions of
each variable for atmospheric muons and muon neutrinos are shown in Figure 6.6.
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Pure Noise Events
The high quantum efficiency of the DOMs used in DeepCore result in a dark noise rate of
roughly 600 Hz [38]. Assuming the same sensitivity and trigger settings for PINGU, the
chance of an SMT3 trigger to be caused by coincident noise hits on neighbouring DOMs
is non-negligible. As the signature of a low energy neutrino interaction appears similar to
that of a cluster of noise hits, the removal of noise events is unavoidably associated with
a loss of neutrino events. Therefore, the need to eliminate noise events from data must
be accounted for in the predicted neutrino efficiency of PINGU.

‚ NoiseEngine: The NoiseEngine algorithm scans the cleaned pulse series with a
sliding time window of 750 ns to find the period with the maximum number of hits.
Hit pairs satisfying a constraint ([0.1; 1.0] m/ns) on the possible velocity of a particle
causing both hits are identified and mapped on to a sphere of 192 directional bins in
zenith and azimuth. A minimum of one bin with more than three hit pairs is required
for the event to pass. The apparent velocity range is intentionally wide to keep as
many physics hits as possible. The passing conditions of NoiseEngine are fulfilled
by 88% of neutrinos and 92% of muons. The settings have not been optimised for
PINGU. They align with the standard DeepCore settings, except for the number of
directional bins which is four times higher due to the higher number of DOMs in the
configuration.

Incoming muon tagging with trigger and HLC logic
The bulk of atmospheric muons are easy to identify by the large amount of light deposited
outside the PINGU volume. In most cases incoming muons leave at least one HLC hit and
often enough to cause an SMT8 trigger before entering PINGU. These muons are tagged
by two veto algorithms, that combined reject 97% of atmospheric muons while keeping
96% of all flavor neutrino events after the PINGU SMT3.

‚ Trigger Veto: A simple and very efficient method to identify incoming muons is
provided by the time ordering of the different triggers in IceCube. Most atmospheric
muons will cause an SMT8 trigger as they enter the IceCube instrumented volume
and a possible PINGU SMT3 trigger will have a later timestamp. By requiring that
the first trigger of the event has to be a PINGU SMT3 the muon rate is reduced by
95% while 98% of the neutrinos are kept. The neutrino initiated events that fail this
cut start outside the PINGU volume.

‚ HLC Veto: To identify the muons that do not cause an SMT8 trigger, an al-
gorithm is run to search for HLC hits in the veto region that are consistent with a
hypothesis of an incoming muon. This method has proven to have good rejection
power with DeepCore, where it is used alone as the online filter. The algorithm esti-
mates the “centre of gravity” (COG) and time of the event from the average position
and time of all hits inside the PINGU volume. The COG is then improved by remov-
ing all hits outside one standard deviation from the average time and recalculating
the COG. Events with more than one HLC hit in the veto region consistent with
a particle travelling at the speed of light from the HLC DOM and to the COG are
discarded. This reduces the atmospheric muon rate further by 39% while keeping
98% of the remaining neutrinos. A schematic illustration is shown in Figure 6.3 along
with the distribution of the number of HLC veto hits for atmospheric muons and
muon neutrinos, respectively.
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(a) Schematic illustration of the HLC Veto filter.

(b) Normalised distribution of the to-
tal number of HLC veto hits.

Figure 6.3: In (a) an example of a down-going muon that would be vetoed by the HLC
veto. DOMs are represented by the black dots and the colored circles represent hits. The
figure is taken from [38]. The distribution of HLC veto hits for νµ event and atmospheric
muons is shown in (b). All events to the right of the green dashed line are removed.

The trigger veto and the HLC veto are responsible for the most dramatic reduction of
the data rate. Though the majority of muons are removed by the veto cuts, the resulting
muon rate is still „100 times larger than the neutrino rate (see Table 6.4). Most of the
muons that pass the trigger and HLC veto either slip through the ‘empty corridors’ in the
IceCube grid (illustrated in Figure 6.4) or arrive vertically in between strings. To bring
the background rate down further, seven variables are computed to catch the atmospheric
muons that do not cause a veto trigger or an HLC veto hit. The rejection power of each
variable is evaluated after the trigger veto, HLC veto, and NoiseEngine cut are applied.
The distributions of all seven variables is shown in Figure 6.6 for atmospheric muons and
muon neutrinos (CC+NC) that pass the veto cuts.

Rate of energy deposition
It can take about 3000 ns for a muon travelling at the speed of light to propagate through
the full IceCube detector, while generating Cherenkov light constantly. In comparison,
neutrino-induced hadronic and electromagnetic cascades yield more light per unit length,
but last only a few nano seconds. Since neutrinos at the PINGU energy scale often de-
posit a large fraction of energy in the initial cascade, the temporal distribution of collected
charge is different for neutrino interactions versus atmospheric muons. At the PINGU en-
ergy scale, the longest lasting events are CC νµ interactions of „50 GeV. The outgoing
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Figure 6.4: Examples of ‘corridors’ in the IceCube grid where incoming muons can sneak
through without leaving veto hits.

muon with an energy E ă 50 GeV will be stopped well within 800 ns. 2 Three different
variables exploit the cascade-like topology of the low energy neutrino interactions:

‚ Time75% ă 900 ns: The time taken to accumulate 75% of all charge in the event
should be smaller for neutrino events than for atmospheric muons. The variable is
calculated from the time-window-seededRT (TWSRT) cleaned pulse series, setting
the time t=0 at the first hit. A range of values for the charge fraction were tested
from 50% to 90% to get the best separation between νµ events and atmospheric
muons. The discriminating power for each value of the charge fraction was evaluated
at a 98% signal efficiency. The best separation was found by requiring 75% of all
charge to be accumulated within 900 ns.

‚ C2QR6 ą 0.6: Based on the same reasoning, the ratio of charge accumulated
in the first 600 ns to all the charge in an event should be close to 1 for neutrino
interactions and anywhere between 0.1 and 1 for a through-going muon depending
on its direction (i.e. the length of the track). As in PSP Step1, the ratio is computed
from the TWSRT pulses, ignoring the first two hits which might be noise. Events
with a charge ratio below 0.6 are rejected.

‚ iLineFit Speed ą 0.25 m/ns: This variable does not directly use the temporal
distribution of charge collection, but rather the lack of long muon tracks in low en-
ergy neutrino events. Assuming a track-like topology, the event is fit to a straight
line with the simple reconstruction, Improved Line Fit. The fit provides an estimate
of the speed of the particle creating the track. The spherical nature of the hadronic
cascade causes the speed reconstruction to be shifted downwards, whereas the long
track of an atmospheric muon allows for a more accurate speed reconstruction close

2The mean inelasticity in a deep inelastic neutrino-nucleon scattering for a neutrino energy of 50 GeV
is xyy “ 0.5 [42]. A 25 GeV muon deposits 0.2 GeV per metre, such that all energy is deposited within

25GeV
0.2GeV{m¨3¨108m{s “ 400 ns.
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to the speed of light. Events with a reconstructed speed lower than 0.25 m/ns pass
the cut.

Hits in upper part of detector
An obvious consequence of the down-going-ness of atmospheric muons is that the event
usually starts in the upper part of the detector. Neutrinos, on the other hand, can interact
with equal probability in the whole detector, but are unlikely to trigger PINGU if they
do not interact close to the fiducial volume at energies below 50 GeV. Thus, atmospheric
muons also generally leave more hits above the PINGU volume than low energy neutrinos.

‚ Charge above -180 ă 12 PE: Based on an uncleaned pulse series, all charge
deposited above the PINGU instrumentation - corresponding to z=-180 m in Ice-
Cube coordinates - within a time window of [0, 2000] ns before the PINGU trigger
is summed. The length of the time window is set to cover all possible hits from an
atmospheric muon. Events with more than 12 PE are discarded.

‚ z-coordinate of first hit ă -180 m: To minimize the probability of the first
hit being a noise hit, the very clean TWSRT pulse series is used for this variable.
Atmospheric muon events that pass the trigger and HLC veto cuts typically have
only sparse hits in the veto region, which are often removed by the SeededRT hit
cleaning. Therefore, the distribution of the z-coordinate of the first hit in a TWSRT
pulse series peaks around the top of the PINGU instrumentation for atmospheric
muons that pass the other veto cuts. For neutrino induced events, the first hit in
the TWSRT pulses is more equally distributed across the vertical range of PINGU.
Events are required to have their first hit in the TWSRT pulse series recorded below
z “ ´180 m.

Hits in veto region
If the early hits from an atmospheric muon are too far apart and therefore removed by
the hit cleaning algorithms, these will not contribute to the time duration of the event.
Atmospheric muons that arrive nearly horizontally will not leave many hits in the upper
detector layers, and might pass the cuts described above. To target the remaining atmo-
spheric muons, two algorithms are incorporated in the event selection which look for SLC
hits anywhere in the veto volume close enough to the PINGU trigger in time and space
to reveal an incoming track.

‚ Hits in RT cluster ă 6: The algorithm looks for a cluster of hits in the veto
region by splitting the SeededRT cleaned pulse series into a PINGU pulse map and
a veto pulse map. For each pulse in the veto pulse map the SeededRT cleaning is
redone with that single hit as a seed. If a cluster in the veto region has more than 6
hit DOMs occurring before the PINGU trigger, the event is rejected.

‚ Isolated veto charge ă 16: The uncleaned pulse map is used to find isolated
hits on the veto DOMs that could be causally connected to the PINGU trigger. Such
hits are identified from their spatial and temporal distance from the hit that caused
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the PINGU trigger. The rationale is depicted in the left plot of Figure 6.5, where
hits before the trigger are assigned a positive time difference and hits after a negative
time difference.

Figure 6.5: Schematic representation of the veto charge cut and motivation. The lines
on the right plot represents the “veto region”, where hits from an incoming muon are
expected.

The algorithm defines a “veto region” in the time-distance plane, shown in the
right plot of Figure 6.5. Hits that are consistent with the hypothesis of an incoming
particle, travelling at the speed of light, and causing the trigger are expected to be
found in the veto region. The slope of line 1 and 3 corresponds to the speed of light.
Line 3 is shifted 2µs to account for late hits from scattered photons. Line 2 marks
the limit of a possible hit from an outgoing muon. Hits to the right of line 4 occur
more than 750 m from the trigger and are not taken into consideration. The cut
requires the total charge from hits within this veto region to be less than 16 PE.
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Figure 6.6: Distributions of the the
NBI Step1 variables for atmospheric
muon events (MuonGun), shown in
red, and νµ events (GENIE) in blue.
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6.3.1.2 Choice of Variables and Cut Optimization

The NBI Step1 variables were picked from a selection of test variables, that were mainly
developed for low-energy DeepCore analyses. The choice of variables and cut values is
based on the separation between νµ events and atmospheric muons. As muon neutrinos
give rise to both track-like and cascade-like events, the event selection does not favor any
particular event topology. The set of passing conditions were optimised “by hand”, exam-
ining a few variables at a time, starting with the ones that had the most discriminating
power.

For each variable, the muon rejection power was evaluated at a νµ efficiency of 98% after
the application of the trigger veto, HLC veto, and NoiseEngine. Four variables were found
to have strong discriminating power in the first iteration of testing: Time75%, RTCluster
Hits, qAbove180, and iLineFit Speed. The cuts were set on each variable individually
around values corresponding to a νµ efficiency of 95-99%, depending on the quality of the
failing νµ events.

From the descriptions of the variables, it is clear that several of them are likely to be
correlated. To avoid using redundant variables, the “mock-up sensitivity” (Equation 6.3)
was calculated four times - each time applying three of the four cuts and alternating which
variable to leave out. The sensitivities obtained with the different combinations of three
cuts were compared to that obtained with all four cuts combined, thereby checking that
each individual cut had a positive effect on the sensitivity. If one variable was redundant,
the sensitivity would be the same whether that cut was omitted or all four cuts were
applied.

After applying the first four cuts, three variables still looked informative. Criteria on
those were inferred in the same manner by tweaking each cut value, individually, around
a 95-99% νµ efficiency. To check if the last three variables were redundant, the sensitivity
was computed after the full Step1 cut ensemble, and again omitting one of the three
variables at a time.

The numerical method for rectangular cut optimisation, provided by the ROOT Toolkit
for Multivariate analysis (TMVA), can be competitive with more involved classifiers when
given a few variables with good signal-to-background separation, but it typically under-
performs with many weak and correlated variables. Attempts were made to optimize a
few of the variables at a time with the TMVA method, but eventually the best sensitivity
was obtained by manually tuning the cut values. Further efforts were not put into numer-
ical cut optimisation, because additional fine tuning will not be relevant given a change
of geometry, trigger settings, pulse cleaning settings, etc.

6.3.1.3 Step1 Performance

Applying the Step1 cut ensemble reduces the total data rate from 50 Hz to about 250 mHz
which is more than sufficient to transmit via satellite. The rates following each step of
the NBI event selection are shown in Table 6.3 along with the rates obtained with PSP
Step1. The results show that a 25% lower muon rate and a 20% higher neutrino rate are
obtained with NBI Step1 relative to PSP Step1.
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Rates (mHz) µatmo νµ νe
ντ

Trigger level 50.4 ¨ 103 11.1 5.72 0.676

NBI Step1 224 8.32 4.43 0.503

PSP Step1 299 6.88 3.36 0.388

Table 6.3: Rates after the first step of NBI Event Selection. The PSP Step1 rates are also
included for comparisons.

Variable Cut value µatmo νµ

Trigger Veto True 5.3 % 98 %
HLC Veto True 3.3 % 96 %

NoiseEngine True 3.1 % 85 %
Time75% ă 900 ns 1.7 % 83 %

iLineFit Speed ă 0.25 m/ns 1.4 % 82 %
qAbove180 ă 12 PE 1.2 % 81 %

RTCluster Hits ă 6 0.85 % 80 %
C2QR6 ą 0.6 0.72 % 79 %

Isolated veto Charge ă 16PE 0.56 % 74 %
z of first hit ă ´180m 0.44 % 74 %

Table 6.4: Summary of the Step1 cuts and their individual efficiency. The efficiencies are
relative to the rate at trigger level.

All variables and passing conditions are summarised in Table 6.4 including their indi-
vidual signal efficiency and fraction of accepted muons. The NoiseEngine algorithm is
responsible for the biggest loss of neutrinos. Despite this, NoiseEngine is necessary to
include in the event selection, as it has shown to significantly improve the agreement be-
tween data and Monte Carlo simulations at low energies with DeepCore [43]. To check
that NoiseEngine does not remove high quality events, the distribution of the number of
DOMs in the TWSRT pulse series, NDOM , is shown in Figure 6.7 for νµ events that fail
the NoiseEngine criteria. The majority of the lost events produce less than six hits and
are, therefore, likely to yield unreliable reconstructions.

In Figure 6.8 is shown the efficiency of the combined NBI Step1 cuts as a function
of the main observables, energy and zenith, as well the vertical and radial position of
the interaction vertex which is relevant for the event quality. For simplicity I define
a coordinate system shifted in the x,y-plane of the IceCube coordinates, such that the
origin is on the centralmost PINGU+DeepCore string3:

x “ xIC ´ 46.3m (6.4)

y “ yIC ` 34.9m (6.5)

z “ zIC (6.6)

For CC events, the Step1 cuts mildly favor low energy neutrinos, as high energy events
are more likely to extend into the veto region. The efficiency drops from about 80% at
5 GeV to about 60% at 50 GeV for CC νµ. Neutral current events have a worse efficiency

3The central string in the DeepCore-PINGU configuration is number 36
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Figure 6.7: Number of hit DOMs in TWSRT pulse series for νµ events that fail the
NoiseEngine criteria, but pass the other Step1 cuts.

at low energies. Because of the ‘missing’ energy carried away by the outgoing neutrino,
NC events generally have a smaller light yield relative to charge current events of the
same energy. Therefore, NC events of a few GeV are more likely to be discarded by the
NoiseEngine algorithm than CC events. The ντ efficiency drops to zero at zero energy
due to the threshold energy of tau production of Eντ « 3.5 GeV. As is illustrated with the
dashed lines, central events in both radius and z are favored. The efficiency is roughly
between 70% and 90% for all flavors with an interaction vertex in the PINGU fiducial
volume. At large vertex radii, CC νµ events have a better efficiency, as the outgoing muon
is more likely to extend far enough to cause a PINGU trigger without producing veto hits
than a cascade.

Because the current sensitivity predictions for PINGU are based on the PSP event
selection, the NBI even selection must keep approximately the same number of neutrino
events within the fiducial volume. To compare the vertex positions of the νµ events passing
the NBI Step1 to those passing PSP Step1, the ratio of passing events as a function of
the radial and vertical coordinates pr, zq is plotted in Figure 6.9. The green dashed line
indicates the PINGU fiducial volume. Although PSP Step1 mainly relies on containment
cuts on the reconstructed vertex position from Monopod, the resulting number of events
with contained true vertices is similar for the two event selection. The spatial ratio
distribution shows that the integrated rate over the full fiducial volume is, in fact, slightly
higher following NBI Step1 than for PSP Step1.

6.3.2 NBI Step2: Sneaky Muon Rejection

As it is the case for PSP Step1, the rate following NBI Step1 of 250 mHz is too high to
reconstruct with MultiNest. Reconstructing one year of data would occupy for a year
„1000 of the „6000 CPUs available for all IceCube data processing. Reducing the data
rate by roughly an order of magnitude would bring down the time required to reconstruct
one year of data to a little more than a month. Thereby, significant delays of physics
results could be avoided.
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Figure 6.8: Efficiency of NBI Step1 relative to the trigger level. The grey dashed lines
indicate the boundaries of the PINGU fiducial volume.

Figure 6.9: Spatial ratio distribution of νµ events passing NBI Step1 to PSP Step1. The
radius is measured from the central PINGU-DeepCore string.
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The second step of the NBI processing reduces the muon rate by an order of magnitude
using only trigger level observables, similarly to NBI Step1. Most of the atmospheric
muons that pass the Step1 cuts are harder to identify because they leave just a few
hits along their tracks caused by scattered photons. The variables devised for Step2
are, therefore, more weakly separating than at Step1 and machine learning techniques
are necessary to exploit the information. A Boosted Decision Tree (BDT), is used to
construct a single highly discriminating variable - the BDT Score.

A decision tree is a binary tree structured classifier which splits the data into a number of
nodes to be classified as either signal or background by applying sequential cuts. Decision
trees are easy to visualise and interpret, but also sensitive to statistical fluctuations in
the training sample. A Boosted Decision Tree is created from a ‘forest’ of decision trees,
created by reweighting events that are misclassified. Boosting increases the separation
power and stability of the classifier [44]. BDTs are known to work well ‘out of the box’
and require little tuning, even in multivariate analyses with many weakly discriminating
and correlated variables, but require a high level of agreement between data and the
simulations used for training. The Toolkit for Multivariate Data Analysis with ROOT
(TMVA) provides a BDT classifier, which randomly picks events to use for training and
testing, respectively, from the list of files given. Therefore, a separate set of files is used
for all checks and calculations done subsequent to the BDT cut. The files used for training
the BDT include CC and NC νµ and ν̄µ events.

6.3.2.1 Step2 Hit Cleaning

Design studies for DeepCore showed that atmospheric muon events with sparsely dis-
tributed hits along their trajectory limit the performance of veto algorithms [? ]. Isolated
hits far away from the first trigger are easily misidentified as noise hits by the SRT clean-
ing which can make an incoming muon appear identical to a neutrino event starting inside
the detector. Because the NBI Step1 is based on similar veto techniques as the DeepCore
Veto, the same is true for PINGU.

Studying the event displays of a subsample of atmospheric muon events that pass NBI
Step1 shows that, in most cases, the track hits are either partially or completely removed
by the SRT cleaning. The variables constructed for NBI Step2, are derived from a less
strict pulse selection in order to keep every trace of an incoming muon. A static time-
window cleaning is applied to the pulse series, preserving all hits from 3500 ns before
the PINGU trigger to 500 ns after the trigger. The time-window is asymmetric around
the trigger because the muon track is expected to appear prior to the trigger. This
method of noise cleaning will be referred to as Time-Window-Before cleaning (TWB) and
is illustrated in Figure 6.10. To calculate the variables that specifically look for track-like
behaviour in the veto region, the PINGU hits are excluded from the TWB pulse series.

The event display of an atmospheric muon event after the TWB and TWSRT cleaning
is shown in Figure 6.11. In the case of this particular muon, a clear track appears in the
TWB pulses by which the incoming muon can be vetoed. The track is not present after
the TWSRT cleaning, and the pulse map appears identical to that of a neutrino event
starting on an outer PINGU DOM.
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Figure 6.10: Schematic of the pulse selection used to calculate the variables devised for
NBI Step2. The time scale is represented by colors shown in the color bar, where t is the
time of the PINGU trigger. The central area is shaded, to indicate that PINGU hits can
be omitted from the TWB pulse series and only the veto hits considered.

Figure 6.11: Events displays of the same muon event after TWB and TWSRT cleaning
respectively. The example demonstrates that the clear track which is present in a time
window before the PINGU trigger, is absent after the TWSRT cleaning.

6.3.2.2 NBI Step2 Variables

The variables devised for Step2 of the NBI event selection make use of the fact that the
veto hits in a TWB pulse series are randomly distributed for neutrino induced events,
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whereas they cluster around the track of atmospheric muon events. Step2 combines six
variables in a BDT: four variables constructed to identify clusters in the TWB pulse
series and two variables recycled from Step1 that still have rejection power. Furthermore,
a straight cut is placed on the number of hit DOMs, to ensure the quality of the events
passed to MultiNest at Step3 is high.

‚ TrackEngine: The NoiseEngine algorithm, described in section 6.3.1.1, is typ-
ically used to identify pure noise triggers by looking for several hits in the same
direction, but was originally designed for the opposite purpose of finding tracks. For
NBI Step2 TrackEngine requires slightly changed settings; hit pairs have to satisfy a
narrower velocity constraint ([0.25, 0.45] m/ns) and the length of the time-window is
set to 3500 ns, which should cover all the hits from a muon travelling at the speed of
light all the way through the detector („1 km). TrackEngine is given only the veto
hits from the TWB pulses, and returns the maximum number of hit pairs found in
a single (zenith,azimuth)-bin.

‚ Average distance between consecutive veto DOMs: This variable exploits
the spatial distribution of veto DOMs in the TWB pulse series. From the list of
veto DOMs, ordered according to the time of their first pulse, the distance between
each DOM and the previous one is computed and the average distance used as a
discriminating variable.

‚ Average z-position of hits: The average vertical position is calculated from all
hits (PINGU + veto) in the TWB pulse series. The randomly distributed veto hits
in the νµ TWB pulse series have have only slightly lower z-coordinates on average
than the more down-going atmospheric muon tracks. As the PINGU hits generally
constitute a bigger fraction of the TWB pulse series for neutrino events than for
atmospheric muons, including the PINGU hits in the calculation of the average-z
coordinate improves the separation between νµ events and atmospheric muons.

‚ Length of position vector sum: Summing the position vector of all the hits in
the TWB pulse series indicates whether the hits are randomly distributed or have
some common directionality. If several hits are found in the the same direction, their
coordinates add up, whereas randomly distributed hit positions on average cancel
out. For simplicity only the x and y coordinates of each hit is used; adding the
z-coordinate does not provide better separation. Again, the origin px, yq “ p0, 0q
is set at the central PINGU+DeepCore string (see eq. 6.4). The length of summed
position vectors is scaled with the number of hits in the pulse series.
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(6.7)

Here N is the number of hits in the pulse series and the subscript i sums over the
pulses in the pulse series.

‚ Isolated veto charge: Though the variable is used in Step1 it has rejection power
after applying the full set of Step1 cuts. As described in section 6.3.1.1 the number
of isolated hits causally related to the trigger is found from the uncleaned pulse series.
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‚ Time50%: Using the time duration of an event requires a clean pulse series if the
time t “ 0 is defined by the first hit. When the first hit is caused by noise, the time
taken to accumulate 50% of charge in the event can appear much longer than the
true value. Therefore, Time50% is computed from the TWSRT pulse series, as in
NBI Step1. A range of values for the charge fraction were tested from 25% to 90%
and the best BDT performance was found using the time to accumulate 50% percent
of charge in the event.

‚ NDOM ą 4 : Events with few DOMs are harder to reconstruct and can preferably
be removed before running costly reconstruction algorithms. The passing criterion
of NDOM ą 4 is set based on the NDOM distribution for events that pass a prelim-
inary cut from a BDT trained with the six above listed variables. Passing muon
events have a spike around NDOM “ 4 while the νµ distribution does not. The final
BDT is trained on events that fulfill the NDOM cut. Figure 6.13a shows the NDOM

distribution for atmospheric muons and νµ events that pass the final BDT cut. The
additional cut on NDOM ą 4 reduces the muon rate further by 5 % and the total
neutrino rate by 0.5%.

To check that ‘interesting’ neutrino events are not discarded by requiring NDOM ą

4, Figure 6.13b shows the energy distribution of the νµ events that pass the BDT
cut, but not the NDOM ą 4 cut. The energy distribution in the upper plot has a
sharp peak at 1 GeV and from the ratio plot below, we see that it corresponds to,
maximally, a few percent additional loss.

The distributions of the six variables combined in the BDT are shown in Figure 6.12. The
BDT was trained with the above listed six variables on atmospheric muon and νµ events
that pass the cut on NDOM . The resulting distributions of BDT score for atmospheric
muons and νµ is shown in Figure 6.14.

For the purpose of optimising the BDT cut, all events that pass NBI Step1 were re-
constructed with MultiNest and the relation between BDT score and reconstructed inter-
action vertex position examined. Figure 6.15 shows the two-dimensional distribution of
the BDT score and radial distance of the reconstructed vertex from the central string for
atmospheric muon and νµ events that satisfy NDOM ą 4 and ´500 m ă zreco ă ´180 m.
As expected, atmospheric muons reconstruct further out than the muon neutrinos. The
distribution shows that by placing the BDT cut as low as possible with respect to the
computational limitations on reconstruction ability, most central neutrinos are kept and
the remaining muons will be discarded by the containment cuts.

6.3.2.3 Step2 Performance

The second step of the NBI event selection reduces the atmospheric muon rate to 21.7 mHz,
with a total data rate of 33.7 mHz. Not only does Step2 limit the processing time required
for Step3 by an order of magnitude, the BDT cut also removes events that would not have
been rejected at the final level which is seen in Figure 6.15.

In addition, a few percent more neutrinos are kept than with PSP Step1. The rates at
each level are listed in Table 6.5. Averaged over the three neutrino flavors, the NBI Step2
cuts keep roughly 90 % of the neutrinos that pass NBI Step1. The muon and neutrino
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Figure 6.12: Distributions of the Step2 variables used to train the Boosted Decision Tree
for events that pass the NDOM ą 4 cut. Atmospheric muon events are shown in red and
the muon neutrino distributions in blue. For ”the veto”, the impact of the Step1 cut is
seen at 16 PE.
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Figure 6.13: (a) Distribution of NDOM from the TWSRT pulse series following the final
cut on the BDT score. Atmospheric muons (MuonGun) are shown in red and muon
neutrinos (GENIE) in blue. (b) Energy distribution of νµ with NDOM ă 5 (top) and νµ
efficiency of the NDOM cut as function of energy (bottom).
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Figure 6.14: Final BDT score distribution after cut on number of DOMs in the TWSRT
pulse series.
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(a) All directions (b) Up-going only

Figure 6.15: Events with ´500 m ă zreco ´ 180 m and NDOMs ą 4 distributed in BDT
score and radius from the central string for atmospheric muons (red) and muon neutrinos
(blue).

Rates (mHz) µatmo νµ νe
ντ

NBI Step2 21.7 7.41 4.12 0.472

PSP Step1 299 6.88 3.36 0.388

Table 6.5: Rates following the NBI Step2 cuts. The PSP Step1 rates are also included for
comparisons.

efficiencies of the individual Step2 cuts are shown in Table 6.6, where the ratios are relative
to the rate following NBI Step1.

Figure 6.16 shows the neutrino efficiencies of Step2 as a function of the energy and
direction of the incoming neutrino, as well as the vertical and radial position of the
interaction vertex. Again, the ratios are relative to the Step1 rate as we are interested in
studying the effect of Step2 alone. Lost events are evenly distributed in zenith angle for
all neutrino flavors. The efficiency decreases with energy for all flavors, as the incoming
neutrino events are more likely to have a high energy. These high energy events are likely
to be recovered in other data streams in IceCube. Within the PINGU fiducial volume,
the efficiencies are about 90% or more. The spikes at high radius and z are statistical
artefacts due to the very low statistics in those regions - less than five events per bin after
the Step2 cuts.

Variable Cut value µatmo νµ νe ντ

NDOM ą 4 97.7 % 99.2 % 99.3 % 98.8 %
BDT score ą 0.0 9.69 % 89.1 % 93.0 % 93.8 %

Table 6.6: Efficiency of each cut of the NBI Step2 event selection. Efficiencies are relative
to the rate after NBI Step1.
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Figure 6.16: Efficiency of NBI Step2 relative to the rates after NBI Step1. The grey
dashed lines indicate the boundaries of the PINGU fiducial volume.

To compare the functionality of the NBI event selection with PINGU Standard Process-
ing, the spatial distribution of the surviving neutrinos are compared. Figure 6.17 shows
the ratio of the number of νµ events passing NBI Step2 to PSP Step1 distributed in verti-
cal and radial position pr, zq of the interaction vertex. The majority of events gained with
NBI compared to PSP interact outside the PINGU fiducial volume, but the integrated
rates inside (marked by the green dashed lines) are comparable.

6.3.3 NBI Step3: Quality Cuts

The third step of the NBI event selection is a set of containment cuts almost identical to
PSP Step2. The containment cuts are designed to ensure a high reconstruction quality
of the events at the analysis level, as well as provide further atmospheric muon back-
ground rejection. Events are required to have a reconstructed interaction vertex within
the PINGU fiducial volume. To determine the optimal range of the fiducial volume, the
angular resolution is studied at different vertex radii.

6.3.3.1 Step3 Variables

Just like PSP Step2, the NBI Step3 cuts only regard the containment of the recon-
structed vertex position. All reconstructed values in the following refer to the Hy-
bridReco/MultiNest reconstruction.
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Figure 6.17: Spatial distribution of νµ events passing NBI Step2 relative to PSP Step1.
The radius is measured from the central IceCube string and the z-coordinate refers to the
IceCube coordinate system

‚ ´500 m ă zvertex ă ´180 m : The vertical vertex containment cuts are identical
to the ones in PSP, and the reasoning behind them the same. The upper limit is at
the exact depth of the topmost PINGU DOMs, and is mainly aimed at additional
muon background rejection. The lower boundary is meant to remove events with
unreliable reconstructions.

‚ rvertex ă 90 m : The radial containment cut also discards both atmospheric
muons and low quality neutrinos. The optimal radius of the fiducial PINGU vol-
ume depends on the reconstruction quality of neutrinos at different radii and where
the atmospheric muon events reconstruct. In order to determine how the angular
reconstruction changes with the radius of the PINGU fiducial volume, the νµ zenith
resolution is plotted as a function of energy for four different radius bands, shown in
Figure 6.18. The radius bands are illustrated along with an overview of the PINGU
geometry.

As expected, the quality is worse for interaction vertices reconstructing at higher
radii. The resolution bands indicate that the νµ reconstruction quality could be suf-
ficient up to a radius of about 100 m, given the current priors on the parameters, x
and y, in the MultiNest likelihood space. It would require rerunning the full analy-
ses to determine whether reclaiming neutrinos events reconstructing in a band from
85 m to 100 m would increase the final sensitivities. Therefore, it is reasonable not to
discard those events in the generic data processing. However, expanding the radius
of the PINGU fiducial volume also increases the muon rate, as seen in Figure 6.15.
Therefore, the final radius of 90 m is optimised as the one between 85 m and 100 m
that maximises the mock-up sensitivity, defined in Equation 6.3.

‚ cos(zenith)>0: (optional) The highest neutrino purity of the event sample is
obtained in the up-going region which is a general preference for all PINGU oscil-
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Figure 6.18: The zenith resolution of the detector for interaction vertices in at different
radius bands. The dashed line shows the median resolution as a function of true energy.
The blue error bands cover 68% of the energy bin content. The top plot shows the radial
bands overlaying the PINGU string geometry for reference.
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Figure 6.19: Radial distribution of reconstructed vertices for atmospheric muon events
that pass NBI Step2 and fulfil ´500 m ă zreco ă ´180 m. The coordinates refer to the
IceCube coordinate system.

lation analyses. For the mass hierarchy and Earth tomography measurements, only
neutrinos that have undergone oscillations in the matter potential of Earth are of
interest. This means that only events that are reconstructed as up-going are selected
in the final data samples. However, searches for dark matter self-annihilating in the
galactic centre can not be as picky, as they look for a neutrino excess in a direction of
astrophysical dark matter accumulators above the horizon. The down-going neutrino
sample is also used as a control region, e.g. for the normalisation of the atmospheric
neutrino flux or to estimate the remaining background contamination at the final cut
level. Consequently, the directional cut is provided as an option.

6.3.3.2 A Side Note: The MultiNest Boundaries

The radius of the PINGU fiducial volume is currently constrained by the bounds on the
likelihood space that MultiNest maximises (see Figure 5.2). Event reconstructions that
converge to the edge of the MultiNest limits are generally less trustworthy. It suggests that
the true vertex is somewhere outside of the MultiNest limits. The fact that the angular
resolution of the MultiNest reconstruction is good up until a radius where the MultiNest
boundaries are tangent to the fiducial volume, implies that the reconstruction quality
of events with a true vertex radius slightly above 100 m could improve if the MultiNest
boundaries were widened. Thereby, the PINGU fiducial volume could also be expanded.
Furthermore, Figure 6.19 shows that the atmospheric muon reconstructions are pushed
to MultiNest boundary, indicating that the muon vertices would move further out if the
boundary was widened. Ergo, if the MultiNest boundaries were expanded, the PINGU
fiducial volume could potentially also increase without loss of muon rejection power.

6.3.3.3 Step3 Performance

The containment cuts applied in NBI Step3 reduce the muon rate by more than 90 %
compared to the rate following NBI Step2 at the expense of about 35 % neutrinos. The
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Variable Cut value µatmo νµ νe ντ

zvertex ă ´180m 87.1 % 96.6 % 82.0 % 97.0 %
zvertex ą ´500m 78.8 % 88.4 % 75.7 % 86.0 %
rvertex ă 90m 9.01 % 66.5 % 63.3 % 65.3 %

cos(zenith) < 0 1.35 % 28.6 % 32.8 % 53.2 %

Table 6.7: Summary of the NBI Step3 event selection. Percentages are relative to the rate
after NBI Step2.
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Figure 6.20: Efficiency of NBI Step3 relative to the rates after Step2 as a function of
incident neutrino energy, direction, and vertex position.

efficiency of the Step3 cuts, separately, is shown in Table 6.7. The radial containment cut is
responsible for the most atmospheric muon rejection. The relatively high muon acceptance
of the upper containment cut implies that the previous two steps have successfully removed
the atmospheric muons which would have reconstructed in the upper part of the detector.

The combined efficiency of the Step3 cuts are shown as a function of the true zenith
and energy of the incoming neutrino as well as radius and z-coordinate of the interaction
vertex in Figure 6.20. Again, the neutrino efficiencies are all relative to the rates after NBI
Step2, as we are interested in studying the effect of Step3 alone. The efficiency plots for
NBI Step3 show the same behavior as the two previous steps. Lost neutrinos are evenly
distributed in zenith angle and across the PINGU fiducial volume. For all flavors, the
efficiency drops from about 70% at low energies to 50% at higher energies, as incoming
events are more likely to have a high energy.

Finally, to compare the spatial distribution of νµ events passing the NBI Step3 and
PSP Step2, the ratio of the two (r,z)-distributions is plotted in Figure 6.21. The NBI
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(a) All directions (b) Up-going only

Figure 6.21: Spatial distribution of νµ events passing NBI Step3 relative to PSP Step2.
The radius is measured from the central IceCube string and the z-coordinate refers to
the IceCube coordinate system. The green dashed lines indicated the boundaries of the
PINGU fiducial volume.

Rates (mHz) µatmo νµ νe
ντ

NBI Step3 1.97 4.93 2.61 0.298

PSP Step2 17.8 4.66 2.62 0.278

NBI Step3
Upgoing

0.292 2.12 1.35 0.241

PSP Step2
Upgoing

1.13 1.90 1.33 0.223

Table 6.8: Rates following the NBI Step3 cuts. The PSP Step2 rates are also included for
comparisons.

event selection keeps more νµ events in the veto region at the final level. Inside the
PINGU region, the integrated νµ rates are approximately equal, but the atmospheric
muon contamination is much lower for the NBI events. Table 6.8 shows the final rates for
both event selections, with and without the cut on zenith angle. Compared to PINGU
Standard Processing, the NBI event selection yields a muon rate which is 9 times lower
in all directions and 4 times lower in the ‘only up-going’ case. The resulting rates of each
step are also illustrated in Figure 6.22.

6.3.4 NBI Event Selection Summary

The NBI Event Selection provides an efficient and realistic method for rejecting atmo-
spheric muons while keeping neutrinos of all types that interact in the fiducial volume
of PINGU. The event selection capitalises on the principles of atmospheric muon vetoing
with DeepCore. Some variables are taken from DeepCore low energy analyses and others
are devised specifically for PINGU. All the variables and cut values are listed in Table
6.9.
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Variable Passing Criterium

Step1

Trigger Veto True
HLC Veto True
NoiseEngine True
TimeToSum75 < 900 ns
C2QR6 > 0.6
Speed from iLineFit < 0.25 m/ns
qAbove180 > 12 PE
zfirst hit < -180 m
RT CLuster Hits < 6
Causal Veto Hits < 16

Step2

TimeToSum50
Causal Veto Hits
TrackEngine Veto Hit Pairs
Mean Distance BDT Score > 0.0
Mean z
Position Vector Sum
NDOM >4

Step3
zvertex > -500 m
zvertex < -180 m
rvertex < 90 m

Table 6.9: Summary of the NBI Event Selection. Events that pass all criteria are kept for
analysis.
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Level µatmo νµ νe ντ

Step1 0.44 % 74.3 % 77.4 % 74.4 %
Step2 0.043 % 66.2 % 72.0 % 69.8 %
Step3 3.9 ¨ 10´3 % 44.0 % 45.6 % 44.1%

Step3 upgoing 5.8 ¨ 10´4 % 18.9 % 23.6 % 35.5 %

Table 6.10: Total efficiencies of each step of the NBI event selection. The efficiencies are
relative to the SMT3 trigger level.

Rates (mHz) µatmo νµ νe
ντ

Trigger level 50.4 ¨ 103 11.1 5.72 0.676

NBI Step1 224 8.32 4.43 0.503

NBI Step2 21.7 7.41 4.12 0.472

NBI Step3 1.97 4.93 2.61 0.298

NBI Step3
Upgoing

0.292 2.12 1.35 0.241

Table 6.11: Rates at the different steps of NBI event selection.

Table 6.10 summarises the efficiency of the three processing levels. The containment
cuts are responsible for a large fraction of the lost neutrinos, but significantly enhance
the reconstruction reliability. A muon rejection factor of over 105 versus trigger level
is obtained in the up-going region. The rejection power is estimated from simulated
atmospheric muon events with energies less than 500 GeV. As higher energy muons are
generally easier to identify, the muon rejection factor is expected to improve for the full
range of energies.

Table 6.11 shows the rates of atmospheric muon events and neutrino induced events for
the three flavors separately. At the final level the atmospheric muon rate is reduced to
1/4 of the all flavor neutrino rate for all directions and 1/12 in the up-going direction.

6.3.4.1 Description of the Final Sample

The final sample and the efficiency of all three steps combined (excluding the zenith cut in
Step3) is described in Figure 6.23. The features of the efficiencies that have been discussed
for the individual steps are also visible for the efficiencies of the three steps combined. The
event selection is slightly biased towards lower energies which is an effect of the veto logic;
high energy starting events are more likely to extend into the veto region, and incoming
events are more likely to have high energy. The efficiencies are relatively stable across
zenith angles, and the bulk of the atmospheric neutrinos of all flavors interact within the
PINGU fiducial volume.
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Figure 6.22: Rates at the each level of the NBI event selection. The neutrino rates include
both CC and NC events.

6.4 Outlook

To get a full perspective of the performance and adequacy of the NBI Event Selection,
the effect of the remaining atmospheric muon background on the final sensitivities must
be estimated. The most thorough measure would be to rerun the existing full analyses
with the NBI event selection, but seeing as the atmospheric muon background has not yet
been included in any analyses, the analysis tools do not currently support the background
simulation files. The software tool used for most PINGU analyses, PINGU Simulation
Analysis Tool (PISA), is currently being updated to a version suited to include different
types of background. The new version is imminent, but due to the time constraint on this
thesis, it is not possible to include the sensitivities of a full analysis with the new event
selection.

As an indication of how the atmospheric muon background might effect the prospective
sensitivity of PINGU to the neutrino mass ordering, the location in energy and zenith
of the muons that pass all three steps of the NBI event selection is shown in Figure 6.24
along with the approximate location of the expected NMO signal. The majority of passing
muons are found in the down-going region. The ones that do end up in the final up-going
sample mainly reconstruct at higher energies and zenith angles than the NMO signal,
indicating that they will not influence the current sensitivities greatly.

Work is currently going into optimizing an algorithm for PINGU which, specifically,
targets muons that enter through the ‘corridors’ that were shown in Figure 6.4. Once this
is done and combined with the NBI Event Selection, and PISA 3.0 is complete, we have
a full picture of how the atmospheric muon background affects the final sensitivities.
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(c) Radial distance of interaction vertex from from center
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(d) z-coordinate of interaction vertex

Figure 6.23: True distributions at final level. Efficiency of NBI Step3 relative to the
trigger level.
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Figure 6.24: The distribution of final level muons in reconstructed zenith and energy. The
location of the expected signal is sketched as a pink ellipse.
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Chapter 7

Concluding Remarks

In this thesis the development of an analysis independent data selection for the planned
PINGU experiment has been presented. The NBI event selection reduces the atmospheric
muon background efficiently and can be employed in the PINGU data stream when the
detector is built. In a three step procedure, a background rejection factor of more than 105

relative to the trigger level is achieved in the up-going direction. Thereby, the atmospheric
muon background rate is reduced well below the total neutrino rate. Though the best
neutrino purity is obtained in the up-going direction, the neutrino efficiency and muon
rejection is sufficient across the full zenith and energy range for the event selection to be
applicable to all PINGU analyses.

Current estimates of the prospective sensitivities of PINGU are based on a computing
intensive event selection which will not be feasible to run with actual data. The NBI
event selection provides an efficient and minimally computing intensive method to obtain
equivalent neutrino rates and a lower atmospheric muon rate than PINGU Standard
Processing.

The presented event selection accommodates the practical restrictions associated with
computing resources and data transmission from the South Pole. Using lightweight soft-
ware, feasible to run online at the South Pole, the first processing step reduces the atmo-
spheric muon background sufficiently to transmit the data stream to the IceCube central
repository via satellite. With a Boosted Decision Tree based on trigger level observables,
the second step reduces the atmospheric muon background further, and allows for a com-
puting intensive reconstruction algorithm to be employed in the third step.

The methods used in the NBI event selection are designed to be robust against changes
in the detector layout, trigger conditions, and minor deficiencies Monte Carlo Simulations.
With the suitable reoptimization of the cut values, the results are expected to be similar
for the final detector geometry.
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