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i

“The best that most of us can hope to achieve in physics is simply to misunderstand at a deeper level.”

Wolfgang Pauli
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Abstract
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Determining Detector Efficiency And Timing Through Muon Tomography And Simulation
Calibration Using Graph Neural Networks On IceCube Data

by Simon C. DEBES

Some physical effects cause measurements (pulses) in the detector to be split needlessly,
and a pulse merging algorithm is developed. The algorithm, when applied to both MC and
data improves the similarity of the charge distributions in HLC hits and the number of pulses
per DOM. Since DynEdge trains on pulses, the pulse-level data/MC agreement improvement
could improve DynEdge’s performance while slightly decreasing the size of the data.

By geometrically reconstructing a photon vector for each DOM, the efficiency of the entire
detector is determined to be 0.22 exp� x

44m + 0.020 for data and 0.45 exp� x
42m + 0.025 for MC,

where x is the distance the photon propagates, to great statistical precision. The plot of effi-
ciency as a function of the zenith angle of the photon is shown to have a different shape in data
than it does in MC, and the efficiency is found to be non-uniform in azimuth. The efficiency
also varies greatly with the z-coordinate, seemingly in accordance with previously determined
values of absorption lengths in the ice as a function of z.

The reconstructed photon vectors are also used to compute the time at which the muon
stops (tA) from all pulses. How much tA varies, indicates the resolution of the timing in the
detector, and how much the photons scatter in the ice. The resolution is measured for different
distances to the DOMs and is fitted with the linear function 0.75 ns

m � x + 50ns in data, and 0.65 ns
m �

x + 48ns where x is the propagation distance of the photon. The offset corresponds to the
resolution excluding the effects of the ice. Lastly, the resolution is calculated for MC using
the true values and the reconstructed values. The difference between the two makes up the
resolution due to the imperfect resolution.
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Chapter 1

Introduction

Neutrinos are very light fundamental particles that only very rarely interact with anything.
Their low interaction rate makes them very hard to detect but also makes them more interest-
ing to study. The traditional method of astronomy relies on the observation of photons that
are easily absorbed or bent by electromagnetic or gravitational �elds. Neutrinos on the other
hand do not interact with anything until we detect them here on Earth. Therefore they will
travel in a straight line from the point of creation to the point of observation, which cannot
be guaranteed by photons, allowing for more accurate source detection. This is the premise
of multimessenger astronomy , allowing us to observe events through different methods that
offer different bene�ts. Neutrinos in themselves also have some very interesting and poorly
understood properties such as neutrino oscillation and neutrino mass ordering, the study of
which could lead to physics beyond the standard model.

The IceCube collaboration lowered thousands of detectors into a cubic kilometer of ice at the
south pole to detect these weakly interacting particles for the study of the concepts mentioned
above, along with many others detailed in �gure 1.1.

FIGURE 1.1: Illustration showing the different areas that IceCube are studying.
Illustration from [1].
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In all these endeavors, they use recorded data from the detector alongside events simu-
lated using Monte Carlo (MC) techniques. IceCube bases their reconstruction on simulations,
meaning that the reconstruction is only as good as the simulation. The goal of this thesis is to
improve on the systematic errors of both the simulations, by investigating the disagreement
between data and MC, and the measurement of data, through an investigation of the timing
resolution of data events and MC events. These simulations depend on many parameters, such
as how photons propagate in the ice, and the synchronization of the many modules to main-
tain consistent timing, and it is these parameters we aim to understand better in this thesis.
Such an improvement would result in better performance for all reconstruction and analyses
in IceCube.

The current algorithm used for event reconstruction at IceCube, RETRO, is relatively slow.
In recent years it has been proven that machine learning methods can improve reconstruction
speeds by orders of magnitude, while also improving performance considerably [2]. DynEdge
of the GraphNeT [3] python library has proven to be one of the top models available regarding
neutrino telescope event reconstruction, and it is therefore used here to identify and reconstruct
stopped muons using machine learning at higher statistics than previously seen, to achieve
optimal resolution.

Muons are very well suited for calibration because they are so abundant compared to the
elusive neutrinos. Stopped muons are even better because we know where they stop, from
which we can infer their energy more accurately. They also have lower energy than muons
that make it through the detector, and therefore lose energy at a more constant rate, and thus
behave more predictably, making them easier to reconstruct.

With this large sample of stopped muons I will begin my analysis of three parts. The �rst
part, Pulsemerging, attempts to highlight where data and MC are different and introduces my
algorithm PulseMerger . PulseMerger combines measurements (pulses) where there is reason
to believe a pulse was mistakenly split, and the signal is represented more accurately as one
pulse.

The second part reconstructs the trajectories of a large amount of recorded photons and uses
them to analyze the ef�ciency of the detector as a function of the angles, depth, and distance to
the DOM.

The third part uses the reconstructed photons to study their scattering and how well the de-
tectors are synchronized based on the timing of the photons. The resolution of the detector will
is modeled and the contributions from different components are identi�ed. How the photons
propagate in ice also reveals properties of the ice, which will also improve simulations.

In �gure 1.1, this thesis would fall under cosmic ray physics, glaciology, and Earth tomog-
raphy. Nevertheless, the result of this work would improve every other analysis, as it could
improve the simulations in IceCube.
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Chapter 2

Particle Physics

2.1 The standard model

The standard model (SM) is currently the best singular model physics has to offer to explain
the fundamental particles and forces of the universe [4]. It explains and describes matter, an-
timatter, and their interactions through the electromagnetic force, the weak nuclear force , and
the strong nuclear force . Simply put, the strong force is the force that keeps atoms together,
and the weak force is the force that breaks them apart or changes them. Notably the model is
incomplete as it is not compatible with gravity and multiple other phenomena, such as neutri-
nos having mass. Studying neutrinos could therefore be the key to a more complete model of
the universe.

FIGURE 2.1: The particles of the standard model and their properties. Illustration
from [5]

The elementary particles of the standard model are split into two groups; the fermions and
bosons. The bosons are integer-spin particles that obey Bose-Einstein statistics. The gauge
bosons are the mediators of the fundamental forces covered by the standard model. The gluon
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mediates the strong force, the W and Z bosons mediate the weak force, and the photon mediates
the electromagnetic force. Lastly, the Higgs boson is what gives all the other massive particles
their mass [6].

The fermions , all spin 1/2 particles that obey Fermi-Dirac statistics, are further split into
two groups; the quarks and the leptons . The quarks, unable to exist in singular form, make
up baryons (quark-trios) like protons and neutrons, and mesons (quark-pairs) like pions and
kaons. Particles that consist of at least two quarks are also calledhadrons.

The leptons consist of the three charged particles, electron, muon, and tauon, and their
respective neutrino counterpart (electron-neutrino, muon-neutrino, tau-neutrino).

�
e�

ne

�
,

�
m�

nm

�
,

�
t �

nt

�
(2.1)

There are three generations (or �avors) of fermions, and their masses increase with each
generation. Due to the law of conservation of lepton numbers, each charged lepton must decay
into its corresponding neutrino.

2.2 The Neutrino

The neutrino was �rst postulated by physicist Wolfgang Pauli in 1930 [7] when looking at b-
decays [4]. A b-decay is a process where a neutron in a nucleus decays into a proton, or a
proton decays into a neutron.

(Z, N ) ! (Z + 1,N � 1) + e� + n̄e (2.2)

(Z, N ) ! (Z � 1,N + 1) + e+ + ne (2.3)

where (Z,N) is a nucleus with proton number Z and nucleon number N. Due to conserva-
tion of charge, this decay demands the emission of a b-particle, which can be either an electron
(e� ) or a positron ( e+ ). Initially, b-decay processes were believed to be two-body problems.
Since only singular electrons would be emitted from the nucleus, it was expected that they
would assume speci�c discrete energies, but that was not what was observed. Instead, the
energies of the emitted electrons were continuous. In an attempt to explain this phenomenon,
Pauli postulated that b-decays were not a two-body problem, but a three-body problem. If the
process produced another particle alongside the b-particle, and the energy would be shared
between the two produced particles, it would explain the continuous energy distribution. As
the two-body problem satis�ed charge conservation already the proposed particle would need
to be neutral, hence the nameneutrinowhich means "little neutral one" in Italian.

In the absence of neutrinos in eq. (2.2) all the energy lost by the nucleus

Ee = DMc2 = [M (Z, N ) � M (Z + 1,N � 1)] c2 (2.4)

would go to the emitted electron. Since the antineutrino is there as well, the energy of the
electron is only bounded by

mec2 � Ee � (DM � mne) c2. (2.5)

Since the two leptons share the energy in any fraction, the upper bound on the electron
neutrino mass also can be estimated experimentally in this way, by isolating mne when Ee =
max(Ee).

In 1956 Clyde L. Cowan and Frederick Reines published Detection of the Free Neutrino: a Con-
�rmation [8], wherein they described the �rst experimental observation of neutrinos. They used
radioactive �ssion products from a reactor, that were likely to experience b-decay, producing
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many antineutrinos. These antineutrinos would interact with protons, in inverse b-decay pro-
cesses, producing positrons, which upon annihilation with an electron, would produce gamma
rays that were ampli�ed by a liquid scintillator, and detected by a photomultiplier tube.

In the late 1960s, after the discovery of electron neutrinos, Raymond Davis and John Bahcall
conducted the Homestake experiment [9], named after the mine in South Dakota in which it
took place. A large tank was placed deep below the Earth's surface to detect the �ux of electron
neutrinos from the Sun. The tank contained Chlorine-37, which becomes Argon-37, as electron
neutrinos interact with it. When the experiment was done, they determined the amount of
Argon-37 in the tank and found it was 1/3 of the expected amount based on neutrino �ux
calculations in the Sun. This problem was called the solar neutrino problem and was explained
many years later by the inception of the idea of neutrino oscillation , where neutrinos can
change �avors as they propagate. The Sun almost only produces the electron �avor neutrino
and upon reaching the Chlorine tanks, two-thirds of the neutrinos had changed �avor to muon
and tau neutrinos.

As the neutrino has no charge, it cannot interact electromagnetically and only interacts
through the weak force. A criterion for the ability to oscillate is that there exist mass states
of different masses, meaning neutrinos cannot have zero mass as predicted by the standard
model. At lengths greater than the scale of an atom (femtometers), the strength of the weak
force diminishes drastically, unlike the electromagnetic force, meaning that the weak-force
cross-section is much lower than the electromagnetic cross-section. Therefore neutrinos in-
teract much less often than their charged cousins, so much that even though about 100 trillion
neutrinos pass through your body every second, only around 275 neutrinos are detected in the
cubic kilometer of ice in IceCube per day [10]. Therefore a neutrino detector needs to be very
big, as the detection rate scales with interaction volume. The low detection rate has also earned
the neutrino the nickname "the ghost particle".

2.3 Neutrino Oscillation

Neutrino oscillation is the phenomenon where a neutrino changes into another �avor of neu-
trinos after traveling for a long enough distance, i.e. it oscillates between neutrino states. This
cannot occur without neutrino mixing , which is the assumption that the three �avor states of
neutrinos ne, nm, and nt do not have a certain mass, but exist as linear combinations of three
mass eigenstates,n1, n2, and n3, with de�nite mass m1, m2, and m3 [11]. The oscillation then
occurs between these mass states, and because oscillation has been observed, the mass of the
three states must be different and therefore non-zero [4]. The relationship between the �avor
states and mass states is governed by the unitary mixing matrix U, called the PMNS matrix 1

[12].
2

4
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3
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4
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3

5 (2.6)

Each �avor state, a = e, m, t , can be expressed by its mass state components,i = 1, 2, 3,
through the PMNS matrix elements

jnai = å
i

Uai jni i . (2.7)

Each element of the matrix Uai represents the amplitude of the mass state i, in terms of
the �avor state a and jUai j

2 describes the fraction of na being in the mass state ni . U can be

1Named after Pontecorvo, Maki, Nakagawa, and Sakata.
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expressed as a product of three separate matrices that dictate the oscillation between the three
possible combinations of the three states.

U = U23U13U12 =

2

4
1 0 0
0 c23 s23

0 s23 c23

3

5

2

4
c13 0 s13eidCP

0 1 0
s13eid 0 c13

3

5

2

4
c12 s12 0

� s12 c12 0
0 0 1

3

5

=

2

4
c12c13 s12c13 s13e� idCP

� s12c23 � c12s23s13eidCP c12c23 � s12s23s13eidCP s23c13

s12s23 � c12c23s13eidCP � c12s23 � s12c23eidCP c23c13

3

5

(2.8)

where sin qi j and cosqi j is shortened to si j and ci j respectively, q is the mixing angle, and dCP

is a charge-parity violating phase.
For simplicity, let's consider the mixing between 1 and 2, governed by U12, where we will

leave out the third row.
�

na

nb

�
=

�
c12 s12

� s12 c12

� �
ni

nj

�
(2.9)

Then the two �avor states become

na = ni cosqi j + nj sin qi j (2.10)

nb = � ni sin qi j + nj cosqi j . (2.11)

The probability of �nding na asnb is given as

P(na ! nb) � sin2 (2q) sin2
�

L
L0

�
(2.12)

where L is the distance traveled, and L0 is the oscillation length de�ned as

L0 =
4Eh̄c

�
m2

j � m2
i

�
c4

(2.13)

and usually ranges from O(102)m to O(105)m [4]. Here E is the energy of the particle, and
h̄ is the reduced Planck constant. Equations 2.12 and 2.13 show that the probability depends on
the distance traveled, L, the masses ofni and nj and the energy of the particle. The oscillation
length depends on the mass difference of ni and nj , and if they were equal, the denominator
would be 0, and the length would be unde�ned, showing that neutrinos must have mass.

Figure 2.2 shows the probability of a muon neutrino produced in the atmosphere being
detected as a tau neutrino upon reaching IceCube. The probability depends on the energy,
and the zenith angle of the neutrino, as it dictates the distance from the outer atmosphere to
the detector. The structure of the plot is periodical because the muon neutrino will oscillate
between the states.

It is known that n1 and n2 have similar but not identical masses and that n3 either has a much
larger mass (called normal mass ordering, NMO) or a much smaller mass (called inverted mass
ordering, IMO). These orderings are also studied at IceCube.

2.4 Cherenkov Radiation

The IceCube detector records data by measuring light, but as we have established, neutrinos do
not interact electromagnetically and are thus incapable of emitting light. What IceCube actually
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FIGURE 2.2: A plot showing the probability of a muon neutrino having becoming
a tau neutrino upon reaching IceCube, as a function of the zenith angle and the

energy of the particle. [11]

records is the Cherenkov radiation from the charged secondary particles the neutrinos decay
into. Therefore neutrinos are only measured indirectly after they decay. Muons on the other
hand are charged particles that emit Cherenkov radiation.

It is commonly known that nothing can move faster than the speed of light in a vacuum,
c = 299, 792, 458 m/s. If light has to travel through some optical medium such as water or the
ice at the south pole, it will decrease the phase velocity of the light. The phase velocity decreases
because photons, being electromagnetic �elds, interact with the electromagnetic �elds of the
charged particles in the ice. These particles absorb the photons and re-emit them in the same
direction. This process does not change the direction of the light but introduces a slight delay.
The ratio between cand the velocity of the light in the medium is called the mediums refractive
index , h. The refractive index generally increases with the density of the medium, as there will
be more charged particles to interact with. Cherenkov light is a continuous spectrum, but peaks
around 420nm [13], producing the characteristic blue color. The refractive index of ice varies
slightly with the depth of the ice, and the wavelength of the light. A study in IceCube was
done to describe the refractive index more accurately [14], but the error was deemed minimal,
so they decided to use a �xed value of h = 1.32, and so will we in this thesis.

With this value, we can calculate the velocity of light in the ice to be

vg =
1
h

c =
1

1.32
c �

3
4

c. (2.14)

As the charged particle travels through the medium, it will polarize the medium, exciting
the electrons in the atoms. As the particle travels away, the electrons fall back into lower en-
ergy states and emit photons. If the charged particle causing this polarization is moving slower
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than the phase velocity of light, these light waves emitted from the medium will interfere de-
structively, which is why we don't see it. If, on the other hand, the particle moves faster than
the phase velocity of light, the waves will interfere constructively, and form a wavefront. The
polarization occurs isotropically around the charged particle, such that light is emitted in all
directions. If the source moves faster than the emitted waves, they will bunch up in front of the
source, creating a cone of light like in �gure 2.3.

FIGURE 2.3: On the left, a charged particle moving slower than the phase velocity
of light. On the right, a charged particle moving faster than the phase velocity of

light, causing the wavefronts to bunch up.

The Cherenkov angle can be calculated directly from only the refractive index and the ve-
locity of the particle

qC = arccos
�

1
bh

�
(2.15)

where b is the velocity relative to c, b = v/ c. For ultra-relativistic muons b � 1, so eq. 2.15
becomes

qC = arccos
�

1
h

�
= arccos

�
1

1.32

�
= 40.75� , (2.16)

which is the value used in this thesis.

2.5 Interactions

In order for neutrinos to be detected they must decay into other charged particles, that are able
to produce Cherenkov radiation. In IceCube, we observe this through four separate interac-
tions that are either charged current (CC) interactions (mediated by the W � boson) or neutral
current interactions (NC) (mediated by the Z0 boson).

In �gure 2.4 we see that:

a) NC interaction does not change the �avor of the neutrino and only produces a cascade.

b) The CC interaction between an electron neutrino and a nucleon results in both electro-
magnetic and hadronic cascades.

c) The CC muon neutrino interaction is the only one that produces a muon, which can travel
far, in addition to the hadronic cascade.
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FIGURE 2.4: A plot showing the Feynman diagrams of the neutrino interactions.
[15]

d) The tau neutrino also produces its corresponding lepton, but with the short lifetime of
tau, it quickly decays. Most often it will produce hadronic and electromagnetic showers,
but sometimes it will also produce a muon and thus resemble (c).

Figure 2.6 shows that the rates of these interactions depend on the energy of the particle.
Interactions below 1 GeV are dominated by the quasi-elastic scattering (QE), where a neutrino
interacts with a nucleus in the ice, and a nucleon is scattered off. Higher energies (10+ GeV) are
dominated by the deep inelastic scattering ( DIS ) where once again a nucleon is hit, but with
enough energy to split the nucleon and produce a cascade of hadrons. Between 1 and 10 GeV,
we �nd the resonant production ( RES), where the neutrino excites the nucleon to a resonant
state, which then decays to create a hadronic cascade.

(A ) Event with
track signature

(B) Event with cascade
signature

FIGURE 2.5: Each dot is a DOM. The size indicates the measured charge, and the
color indicates the time, where red dots are early hits, and green dots are later

hits. [16]

All non-noise events in IceCube are classi�ed as either track or cascade. A cascade event
will activate a lot of detectors around the interaction vertex, where a track will form a long trail
of activated DOMs. Cascade events feature interactions with hadronic cascades, where tracks
will indicate the trajectory of a far-reaching muon, as muons are the only charged particles to
travel far in the detector. Figure 2.5 shows the detector signatures of the two types of neutrino
events. As track events trigger DOMs along its path, and cascade events only trigger DOMs
around the interaction point, it is easier to �t a vector to the long arrow-like track than to the
spherical cascade.
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FIGURE 2.6: Two plots showing the cross-section of each of the three charged
current interactions as a function of energy. The left image is for neutrinos and

the right image is for antineutrinos. Illustration from [17]

FIGURE 2.7: The stopping power of a muon as a function of muon momentum in
copper. Illustration from [18]

Figure 2.6 shows that for low-energy neutrinos, all three charged interactions need to be
considered, but for higher energies, only DIS is observed. This is true for both neutrinos and
antineutrinos although their corresponding shapes are different in the �gure.

2.6 The Muon

The lifetime of the muon is 2.2 µs. Light can travel 660m during the lifetime of the muon,
which is far below the distance from the outer layer of the atmosphere to IceCube. Cosmic
and atmospheric muons will therefore only reach IceCube if they are moving fast enough to be
relativistic, because relativistic particles experience time-dilation, where time is perceived as
passing slower than for an observer at rest. This mechanic allows muons to travel far enough
to be detected in IceCube. As a result, all muons detected in IceCube are going at approximately
the speed of light. The electron has a very low mass and is very easily stopped, so it does not
travel far. The tauon, while much heavier, has a very short lifetime, and does not travel far
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either. The muon, being from the middle generation, has a mass and lifetime that allows it to
travel far. Therefore it is also the particle that is recorded by IceCube by far the most.

2.7 shows the stopping power of muons as a function of the momentum of the muon in
copper, but the curve is similar in ice, and the same principles apply. The stopping power of a
particle is de�ned as the amount of energy the particle loses per distance traveled. The stopping
power between the energies 100 MeV and 100 GeV is low, and for 100+ GeV it rapidly increases.
This means that high-energy muons will lose their energy relatively quickly, lessening the dif-
ference in propagation length for high and low-energy muons. The similar propagation lengths
mean that we see a broader spectrum of energies in muons that stop within the detector. It also
causes a broader energy spectrum for any angle interval. This is bene�cial for IceCube because
the wider representation of energies and angles in stopped muons gives us a better foundation
for simulating particles in all combinations of angles and energies.

2.6.1 Stopped Muons

IceCube is a neutrino observatory and muons are not the primary area of interest and are not
studied very much in IceCube. Nevertheless, because neutrinos are observed so rarely com-
pared to muons, the high statistics make muons more suited for calibrating the simulations.
The subset of muons that decay within the detector is even better suited. Because we can fairly
accurately deduce where they stop in the detector, and we know from �gure 2.7 how muons
lose energy, we can more precisely infer the energy of the muon. This is the reason the main
analysis presented in this thesis is regarding stopped muons.
The stopped muons are obviously also the ones with the lowest energy, otherwise, they would
not stop. The low-energy muons are more predictable because they emit light at a constant rate
and intensity, unlike high-energy muons, and can therefore be reconstructed more accurately.

Muons are also used to determine the resolution with which IceCube can determine the
angles of particles. The Moon blocks cosmic rays, and its position can therefore be determined
by �nding the missing circle of muons in the sky. Because we know exactly the position and
size of the Moon, it is easy to compare results.

2.7 The Origins Of The Particles

The neutrinos detected at IceCube have multiple sources. The most interesting are active galac-
tic nuclei, black holes, supernovae, and other cosmic events because they can be used to en-
lighten us about these mysterious phenomena.

Unfortunately, IceCube only detects neutrinos down to about 1 GeV, and as �gure 2.8
shows, from around 0.1 GeV to 10 TeV, the �ux of atmospheric neutrinos caused by cosmic
rays dominates other sources.

Cosmic rays are 99% hydrogen and helium nuclei, but can also be heavier nuclei up to
uranium [19]. Upon reaching Earth, the cosmic rays interact with nuclei of atoms in the atmo-
sphere to produce a shower of different particles, as shown in �gure 2.9, but mainly pions ( p ).
These pions quickly decay to produce muons and neutrinos that can reach the surface, whereas
the rest of the products of the shower do not.
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FIGURE 2.8: A �gure showing the neutrino �ux as a function of the energy.

FIGURE 2.9: Illustration of the subatomic particles that are created in the air
shower produced when incoming cosmic rays decay in the atmosphere.
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Chapter 3

The IceCube Neutrino Observatory

In the 1960s it was proposed to build neutrino detectors with extremely large detection volumes
to make up for the low interaction rate of neutrinos. The proposed media were freshwater
(BAIKAL in Lake Baikal), seawater (DUMAND off the coast of Hawaii), and ice (AMANDA
in Antarctica) [20]. As this was uncharted territory, it was hard to know what to expect, and
it was not certain which medium was best suited, so all were tested. The two detectors in
water proved to be problematic, due to currents, animals, and changing conditions, whereas
the detector in the ice proved to be a better �t than anticipated. Especially the clarity of the
ice was an unexpected, but welcome perk. Water has a higher absorption rate, but a lower
scattering rate than ice, so ice is not de�nitively better, and more neutrino telescopes in water
are being planned.

The Antarctic Muon And Neutrino Detector Array (AMANDA) was built into the antarctic
ice in the early to mid-90s and served as proof of concept for IceCube before they merged under
the name of the latter in 2005 in conjunction with the beginning of the construction of IceCube.
AMANDA was turned off in 2009, and IceCube completed construction on December 17, 2010.

This section explains the architecture of the detector, the more intricate details of how the
machinery works, and the properties of the ice that encapsulates the detector.

3.1 The Detector

The IceCube detector is one cubic kilometer of instrumented ice located below the Amundsen-
Scott South Pole Station in Antarctica, making it the largest neutrino telescope in the world.
5160 Digital Optical Modules (DOMs) distributed onto 86 strings have been put in the ice at
depths between 1450m to 2450m. Figure 3.1 shows the almost hexagonal layout of the detector,
where the strings are placed in a triangular lattice with approximately 125m (some up to 157m
and down to 97m) in between. The detector has three parts, the IceCube main array, DeepCore,
and IceTop. The DOMs on a given string in the IceCube main array are separated by around
17m vertically. The detector is of�cially sensitive to particles of energies between 10 GeV to 1
EeV [21], but can also detect particles slightly outside this interval, but with decreased accuracy.

3.1.1 DeepCore

The original IceCube array detects particles in the 150 Gev - 1 EeV energy range, but �gure 2.8
showed that there are interesting neutrinos in the sub-GeV energy regime. This motivated the
addition to IceCube called DeepCore, which lowered the lower boundary on detectable particle
energy 10 GeV [21]. It was named DeepCore because extra DOMs were added to the deepest
part of the center of the detector. Figure 3.2 shows that Deepcore was placed just below the
dust layer, where the absorption and scattering is the lowest, to ensure the maximum amount
of signal is recorded. It also shows that DeepCore consists of 8 newer DeepCore strings and 7
of the older IceCube strings.
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FIGURE 3.1: Schematic showing the architecture of the IceCube detector.

6 of the 8 new strings called HQE (High Quantum Ef�ciency) DeepCore Strings are equipped
with newer hardware, that has a 35% higher quantum ef�ciency, while the last 2 strings (called
DeepCore In�ll Strings) have the original hardware. Quantum ef�ciency is de�ned as the ratio
of emitted electrons to absorbed photons of the photocathode. A higher quantum ef�ciency
therefore means that they are more sensitive to light, allowing them to detect lower energy
photons, and therefore lower energy neutrinos. The new strings are split into two parts by the
dust layer, where DeepCore is the part below, at depths of 2100m to 2450m, and the part above
is called the veto cap. The veto cap allows for vetoing atmospheric particles [21]. The 50 DOMs
per string in DeepCore, on top of being more sensitive to light, are only 7m apart vertically
and 75m horizontally, and the 10 DOMs per string in the veto cap have the same horizontal
distance, because they are on the same strings, but are 10m apart vertically.

With the higher quantum ef�ciency and the 5 times higher DOM density than the rest of the
array, DeepCore is more sensitive to signal, decreasing the lower energy boundary for detection
[22]. The horizontal axis in �gure 2.2 shows that oscillations occur at energies below 100GeV.
Most of the structure in the �gure occurs at energies below 10 GeV, so while DeepCore has been
important for oscillation analysis, another upgrade of the sensitivity of IceCube would allow
for the lower energy interval to be explored.

3.1.2 IceTop

As mentioned in section 2.7, a lot of neutrinos and muons are created when hydrogen and
helium nuclei collide with the atmosphere. When looking for extra terrestrial neutrino sources,
it is necessary to �lter out these atmospheric neutrinos, which is the purpose of IceTop. IceTop
is a cosmic ray air shower array located on the surface of the ice. It consists of 162 tanks of ice
containing two DOMs each [23]. As these atmospheric neutrinos are created in showers, they
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FIGURE 3.2: Figure showing the DOM distribution in the detector as well as how
the absorption varies with depth. Illustration from [22].

usually come in a larger group of charged particles, unlike cosmic neutrinos. If IceTop detects
a shower in conjunction with a neutrino of the same angle, it is probably atmospheric.

3.1.3 Challenges of the Detector

While the detector is as good as we could have hoped for in many ways, there are a few prob-
lems arising from the fact that the detectors have to endure extreme conditions being frozen
deep in the ice. Out of the 5160 DOMS, some so-called "dead DOMs" have stopped working,
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but are still in the ice, due to the large amount of resources it would take to replace them. Be-
cause the DOMs are inaccessible after deployment, it is not possible to alter the hardware, it is
only possible to make corrections in the software.

The construction of neutrino telescopes on such a large scale was still not an easy ordeal,
even after building AMANDA, meaning that some unforeseen obstacles were inevitable. One
problem that in hindsight could have been avoided, is caused by the hexagonal structure of the
IceCube Array along with the triangular grid of strings. This constellation of neatly ordered
rows of strings means that there are also rows of absence of strings, (so-called corridors). Some-
times muons will enter the detector volume through these corridors, with adequate distance to
the nearest DOM so as to not be detected, until it gets close enough to a DOM to be detected. In
this case, the �rst measurement of this muon will occur somewhere in the center of the detec-
tor. A muon appearing in the middle of the detector is the hallmark of the decay of a neutrino
which births a muon, and these corridor-muons will usually be classi�ed as neutrinos.

3.2 Digital Optical Modules

The measurement in IceCube is done by the DOMs shown in �gure 3.3, which are glass spheres
containing photomultiplier tubes, that are connected to the surface by transfer cables. The
13mm thick glass is designed with a refractive index close to that of the ice, allowing photons to
pass through seamlessly while resisting the pressures at great depths. The DOMs are �lled with
dry nitrogen, meaning the gas has been stripped of water molecules, at a pressure of around
half the atmospheric pressure. The DOMs are �tted with pressure sensors [24] to monitor
pressure, and �asher boards to calibrate PMT responses. These �asher boards will emit light,
and based on the nearby recording times, the distance between DOMs can be calculated [25],
to calibrate the DOMs. The glass surrounding the detector is designed to have a low impurity,
so it contains as little as possible radioactive material, such that particles emitted from the glass
is a negligible source of noise. The glass is also lined with a gel to minimize photon scattering
and �tted with a metal mesh to shield it from Earth's magnetic �eld.

FIGURE 3.3: The schematics of a digital optical module. Illustration from [24].
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3.2.1 Photomultiplier Tubes

There are two types of photomultiplier tubes (PMTs) used in IceCube. The original DOMs
deployed in the �rst round in 2010 were �tted with Hamamatsu Photonics R7801-02, and when
DeepCore was created in 2016, the newer HQE model Hamamatsu R7081MOD [26] [27] was
used. Within the PMT, the photons initially hit a photocathode that uses the photoelectric effect
to emit photoelectrons towards the 10 serialized dynodes in the PMT [28], as shown in �gure
3.4. The dynodes are charged metal plates brimming with electrons, such that a very small
charge is able to knock electrons off one plate, sending them towards the next plate, which
in turn knocks off a larger amount of electrons, creating an amplifying chain reaction. These
electrons produce a charge after the �nal ampli�cation, which is measured as the strength of the
signal. The higher the energy of the photon, the more electrons will be knocked off initially, and
therefore the energy of the photon will be directly proportional to the output charge. There is
some uncertainty in the photon-energy-to-output-charge ratio due to the variance in how many
electrons are knocked off during each step, as it depends on multiple factors, such as the angle
of the incident photon.

The PMT in the DOMs is located on the underside, which favors the observation of up-
going particles more than the down-going. This design choice also acts as a noise �lter, as
neutrinos are the only particles we observe going through Earth. Newer proposed DOMs called
D-eggs for a future upgrade of IceCube have both an upwards and a downwards-facing PMT
[29].

FIGURE 3.4: Schematic showing the composition of a PMT. Illustration from [27].

3.2.2 Digitizers

The charge produced from the PMT is transformed into digital waveforms through a digitizer.
Each DOM uses two types of digitizers. One has a higher sample rate in a short time win-
dow, and the other has a lower sample rate in a longer time window. The Analog Transient
Waveform Digitizer (ATWD) takes 128 samples with 3.3 ns in between. For longer signals,
a second digitizer with a lower rate is used. The Fast Analog to Digital Converter (FADC)
takes 256 samples with 25ns in between resulting in a period of 6400ns, which is chosen as it is
longer than any physical signal is expected to last. Each DOM has two ATWD chips, that take
turns measuring to prevent downtime due to the export of data, such that the second chip can
measure while the �rst reads out, and vice versa [26].

Figure 3.5 shows how the digitizers respond to a signal. The two ATWDs record with a �ne
resolution in a window too small to capture the entire signal, whereas the FADC captures the
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entire signal, but with a lower resolution. The bottom plot shows how the �nal pulsemap looks
after the waveforms have been processed to produce pulses with timestamps. Although it is
not shown here, the charge of the reconstructed pulse is also saved.

FIGURE 3.5: Images showing how the three digitizers respond to the same signal,
and in the bottom image, the resulting pulses. Illustration from [30]

3.3 From Photon to Hit

When the PMT in the DOM receives a Cherenkov photon from a particle, it starts the domino ef-
fect described in section (3.2.1), producing photoelectrons. If an incident photon has an energy
corresponding to a charge greater than the onboard discriminator trigger threshold (approxi-
mately 1.2mV or 0.23PE1 [26]), it produces a digital waveform representing the measurement.
The waveform seen in �gure 3.5 shows the charges recorded on a time axis. From the wave-
form, a list of pulses with discrete times and charges are inferred through a linear algebra based
�tting algorithm called WaveDeform [31] that �ts a linear combination of single photoelectron
basis functions (or SPE pulse templates) to the waveform, where the SPE pulse templates emu-
late the response of a single photoelectron hitting the PMT. Such a template is shown in �gure
3.6.

Thus each pulse is reconstructed separately. Two pulses arriving in quick succession might
be digitized as one, although measures are in place to reduce this effect [26]. The SPE distri-
bution is found by averaging measurements of 118 PMTs in an above-ground freezer meant to
emulate the conditions in the ice.

Figure 3.7 shows the process of converting recorded photons to a pulsemap. As soon as the
discrimination threshold is surpassed, the timestamp is saved and a signal is sent to neighbor-
ing DOMs, to see if they also recorded a signal. The signal then goes through the digitizers to

11 PE or 1 photoelectron is a unit equal to the charge of 1 electron.
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FIGURE 3.6: Single photon electron (SPE) template. Illustration from [26].

produce the digital waveform, and checks if any neighboring DOMs recorded coincidence hits,
which decides the resolution the waveform data is saved with before being sent to the surface.

3.4 Ice Properties

The Antarctic ice is the product of millions of years of compounding layers of snow. As snow is
covered by newer layers of snow, it is compressed by the weight, turning it into ice [32]. Since
the snow properties depend on multiple parameters that shift in time, such as sun exposure
and atmospheric composition, each layer of ice will also have different properties. Further-
more, the ice experiences greater pressure, the more ice accumulates on top, leading to the
deeper ice being more compressed, also changing its properties. Figure 3.8 shows that the ef-
fective scattering length of photons and the absorption length vary greatly with depth. It is
also worth noting that the two graphs are not linear, meaning that it is not as simple as the ice
simply becoming clearer with depth, although they do trend downward. Part of the success of
IceCube can be attributed to the very high clarity of the deep glacial ice, which causes the high
absorption lengths, meaning photons can travel far before being absorbed.

Figure 3.9 shows how the temperature varies with depth in the ice [33]. The measurement
was done using thermistors 2 in AMANDA boreholes. As IceCube spans the depths 1450m -
2450m, the temperature spans from around -42� to -20� , which affects the rate of noise created
in the DOMs.

The ice in Antarctica is constantly shifting and the bottom layers are moving faster than the
top layers, causing the angle of the strings to change by less than 0.01 degrees per year [23], so
it can be safely neglected.

2A portmanteau of "thermal" and "resistor". A type of resistor that is especially sensitive to temperature.
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FIGURE 3.7: Schematic showing how a photon becomes a hit. Illustration from
[25]

FIGURE 3.8: Plots showing the effective scattering length and the absorption co-
ef�cient as a function of depth in the ice. Illustration from [23].

In order to place the DOMs in the ice, it was necessary to drill holes in the ice that they
could lower the strings into. This was done using a hot water drill, to melt a 60cm diameter hole
down to depths of 2450m [34]. After lowering down the strings, the thawed ice refroze, creating
cylinders of the so-called "hole ice", with different optical properties than the surrounding ice.
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