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ABSTRACT

Physics theories beyond the Standard Model, like supersymmetry
and models with extra dimensions, often invoke Z;-symmetries in
order to avoid new couplings that lead to unobserved new physics,
like unnaturally fast proton decay. This gives rise to the possibility
of heavy new particles being produced in pairs with the lightest of
them being (meta-)stable. Thus, under favorable conditions, neutri-
nos in the PeV range can produce pairs of exotic, charged particles
that can be seen in a km3-sized detector as two parallel, muon-like
tracks with a track separation of a few hundred meters.

This thesis discusses methods for simulating and reconstructing
these exotic double tracks for the case of the IceCube neutrino obser-
vatory located at the geographic South Pole. It deals with techniques
to separate them from other air shower or neutrino-induced muon
events in a model independent way.

The search for such events with data taken by the IceCube detector
in its 79-string configuration between May 2010 and May 2011 re-
sulted in no candidate events. This result can be used to derive limits
that can be applied to explicit exotic models.

As this is the first analysis of its kind, the prospects and require-
ments of future double track searches are also addressed.






I love deadlines.
I love the whooshing noise they make as they go by.

— Douglas Adams, The Salmon of Doubt
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To summarize the summary of the summary:
people are a problem.

— Douglas Adams, The Restaurant at the End of the Universe

INTRODUCTION AND SUMMARY

This work is about charged particles that have an origin in exotic
physics of cosmic ray interactions and the prospect of their detection
in a modern neutrino telescope as parallel tracks.

Chapter 1 is a recapitulation of the phenomenon of so called cos-
mic rays. Due to the high energy some cosmic ray particles have, they
can cause particle interaction cascades in the atmosphere known as
air showers which are discussed in Chapter 2. Understanding the be-
havior of charged particles in bulk matter like the atmosphere or the
Earth itself are thus vital in order to conduct cosmic ray observations
(Chapter 3). However, not all cosmic ray particles are charged. Neutri-
nos, some of which can have very high energies, are being produced
in both air showers and the sources of cosmic rays and can help to an-
swer questions about the origins of the latter. They are of interest for
astroparticle physics and are being observed in experiments known
as neutrino telescopes. Their history and detection principles are dis-
cussed in Chapter 4 and Chapter 5 then goes into more detail for one
specific such experiment with the name IceCube that forms the basis
of this work.

Physics beyond the current Standard Model is needed in order to
explain a number of facts in current particle physics. This is exam-
ined in Chapter 6. It goes into detail on two of the most popular
such frameworks - supersymmetry and models with extra dimen-
sions. Both share several aspects and a common prediction by both
of them is new, yet unobserved particles with rest masses in the TeV
range.

Taking all these aspects together cosmic ray and especially neutrino
interactions can, under favorable conditions, lead to parallel tracks
of said particles in neutrino telescopes as a unique event signature.
This, along with the simulation of both the exotic tracks and possible
standard model backgrounds, is the topic of Chapter 7. The contents
of Chapter 8 then show a way to reconstruct the properties of such
events and how to use their topology to distinguish them from other
events in a km3-neutrino telescope. The cut parameters for the special
case of IceCube in its 79-string configuration and their chosen values
is topic of Chapter 9. A discussion of the difficulties of finding a rare
signal with the low amount of background simulation in a blind anal-
ysis and the influence on the final cut parameters can also be found
here. In Chapter 10 and Chapter 11 the results of unblinding the data
and the limits set on exotic double tracks together with how system-
atic uncertainties of the IceCube detector modify them are shown.

The speed of light
¢ = 1is a common
convention in
particle physics.
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Finally a discussion of the analysis and the prospect of extending it
to more recent and future years of IceCube data taking, especially re-
quirements of background simulation and improvements in filtering,
is done in Chapter 12. Possibly needed improvements when it comes
to reconstruction are also considered here.



Part1

THEORY AND EXPERIMENT






In the beginning the Universe was created.
This had made many people very angry and has been widely regarded as a bad
move.

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

COSMIC RAYS

It has been more than a century since the discovery of cosmic rays and
their function as ionizing particles high in the atmosphere by Victor
Hess which made him the co-recipient of the Nobel Price in 1936 [1].
Yet, we still do not know their exact origins to date. The spectrum of
the particles comprising the cosmic radiation follow roughly a power
law dN/dE = E™Y over many orders of magnitude and shows very
little structure (compare Figure 1). The main exceptions to this are the
so called knee, corresponding to a softening of the spectrum where
the spectral index changes y from ~ 2.7 to ~ 3.1 at around 10'°
eV, and the ankle at ~ 5-10'® eV where the index goes back to y ~
2.7 [2] (compare Figure 2). At lower energies at least, cosmic rays
are mainly made up by protons [3]. At higher energies, especially
between the knee and the ankle, the elemental composition and its
change with energy becomes important when trying to distinguish
between different origins of the spectral structure. It also, however,
becomes harder to measure directly and so data and interpretations
give a conflicting picture [4, 5, 6].

1.1 SOURCES OF COSMIC RAYS

The onset of the knee structure is usually interpreted as the energy
range where high energy particles can no longer be contained within
the galaxy and its associated magnetic fields. For particles with lower
energy it is known that the cosmic rays must have been contained
within the galaxy for a long time before reaching the Earth due to
a very high abundance in spallation products within the cosmic ray
nuclides [2]. If this view is correct, and since the galactic magnetic
field strength is a fixed, albeit unknown, variable, the energy cut-off
should be directly linked to the rigidity

R=P_+.B
q
where 1 is the gyroradius in the magnetic field B, p is the momen-
tum and q the charge of the particle. Higher charge generally means
higher mass of chemical elements. Thus, the cut-off is indirectly also
linked to the mass of the cosmic rays. While there have been support-
ing observations of a change in cosmic ray composition to heavier and
heavier constituents to support this idea, there are still ongoing anal-
yses in this energy range to prove the relation beyond a reasonable

doubt [9]. Sometimes a faint
feature at
E~04—0.7EeV is
instead interpreted
as the point of

5 transition from

galactic to
extragalactic cosmic
rays [10, 11, 12].



The AGASA events
exceeding the
theoretical GZK
cutoff could possibly
be interpreted a sign
of a nearby source.

COSMIC RAYS
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Figure 1: The cosmic ray spectrum shows very little structure over many
orders of magnitude. Taken from [7].

Energies above the ankle are usually interpreted as at least mostly
extragalactic in origin. If this is the case the spectrum has to steepen
again at some point since the particle energy is eventually high enough
to interact with the cosmic microwave background over the distance
to our galaxy. This phenomenon has been predicted by Greisen, Kuzmin,
and Zatsepin at particle energies of around 5-10'%eV [13, 14] and is of-
ten refered to as the GZK-effect. Results of the Pierre-Auger-Observatory
(and earlier results of the HiRes collaboration) point in this direc-
tion [4, 6], even though there is tension with the results of the AGASA
collaboration that observed conflicting behavior of the particles at
highest measured energies [5].

If the GZK-effect really is the main feature that limits the energy
of cosmic rays - instead of it being the lack of sources for such high
energy particles - the drop off in the spectrum should be associated
with very high energetic neutrinos produced by the decay of charged
pions.

y+p =AYt s p+n°

Y+p AT - n+nat



1.1 SOURCES OF COSMIC RAYS

Knee

>
.3

Grigorov

JACEE

MGU <
Tien-Shan

Tibet07

Akeno L)
CASA-MIA
HEGRA =
Fly’s Eye

Kascade

Kascade Grande 2011

AGASA D
HiRes 1

HiRes 2

Telescope Array 2011
Auger 2011

2

T \\I\IH‘DI
< ]
&

]

'
E
>—
Il \I\I\II‘

[y
=

E*F(E) |GeV"* m? s sr-1]
=

i
O
Lol

<0

oxx<cNb>oOdxocDOOSdAdD

L I\IIIIIl L I\\IHIl L L \\\HI‘ L I\\\I\Il L I\IIHIl L L \\HH‘ L \\\\Hl L
10" 10" 10'° 10" 10" 10" 10%°
E [eV]

13

1
10
Figure 2: The structure of all-particle cosmic ray spectrum. Taken from [8].

Yet another explanation for the decrease in extragalactic cosmic
rays is photo-disintegration due to the CMB or extragalactic back-
ground light. This is conceptually very close to the GZK-effect - its
name is usually only used for pion production - but both models have
dependent cut-off shapes, especially for different nucleons [15, 16, 17,
18, 19].

For not too high energies the source of the hadronic part of the
cosmic ray spectrum can be - in principle - found by looking for
gamma ray emission with imaging Cherenkov telescopes (ITCs) [20]
or satellite experiments like FERMI [21]. Hadronic sources will lack
the associated synchrotron emission that links a source to electron ac-
celeration. Though in practice this observation of a source in multiple,
often quite different, wavelengths can be hard to accomplish.

Good source candidates for galactic cosmic rays are objects with
the energetic properties to accelerate particles to the required ener-
gies that are already showing gamma ray emission. An example are
supernova remnants [22]. The supernova itself is also a prime source
candidate for cosmic rays in our galaxy. The rate of supernova explo-
sions in a galaxy like ours is only O(1/century), but even this might
be sufficient to produce the diffuse content of cosmic rays originating
in our galaxy if even only a small part of the star’s mass is converted
to energy and used in the acceleration of particles [23].

When looking for source candidates outside the Milky Way there
is a special class of objects showing high rates of gamma-ray emis-
sion, the so called gamma-ray-bursts (GRB). These events are usually
interpreted as supernova or supernova-like explosions and seem to

7

H.E.S.S., MAGIC,
CTA, etc.



Short GRBs
generally have a
duration of less than
2 seconds.

Long GRBs
generally have a
duration of more

than 2 seconds.

A good example is
the 2006aj type Ic

supernova [27].

COSMIC RAYS

fall into roughly two distinct classes (see Figure 3). The short GRBs
are, like the name implies, shorter in duration and can be found out-
side regions of heavy star formation [24]. Together this hints at an
origin associated with the merger of compact objects like black holes
or neutron stars.
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Figure 3: Duration of gamma ray bursts in the BATSE catalogue [25]. One
can see two populations that can be roughly divided in two main
contributions. Taken from [24].

The long duration GRB population on the other hand is found (al-
most) exclusively in regions of heavy star formation [26]. Older stars
and objects eventually leave the region of space where they have been
formed, while young stars - and very massive stars are always young
- are in the vicinity of their origin. While this does not completely rule
out the scenario of a merger origin if it happens within a short time
frame after formation, long GRBs have been regularly followed by su-
pernova detections and thus make it likely that they are a special case
of core collapse supernova of massive stars [28].

The so called collapsar model is a popular view that makes the
additional assumption of a fast rotating star that can thus form a
rotating Kerr black hole in its core as well as an accretion disk around
it [29]. At the poles of the star jets can form and then escape if the
star has shed its hydrogen hull during its lifetime.



1.2 ACCELERATION MECHANISMS

The jets can be viewed as relativistic fireballs to explain the spec-
tral features of the GRBs. Highly variable, non-thermal, multi-peak
structure is explained by the formation of shocks. Whether as inter-
nal shocks that can potentially collide with one another or as exter-
nal shocks that collide with the medium outside the star, both can
cause the acceleration of electrons to a power law spectrum. These
emit photons via synchrotron radiation which also explains the typi-
cal GRB afterglow feature that has been observed. The leading shock
wave during this process becomes highly relativistic due to the de-
creasing density as it travels towards the surface of the star. When it
is reaching this point a large part of the energy gets released in the
form of gamma rays.

There are also other sources for cosmic rays that can possibly accel-
erate particles to the required energies. These include neutron stars
with unusually strong magnetic fields (Magnetars) and active galactic
nuclei (AGN) [30, 31]. The latter again has a (this time super-massive)
black hole at its center that is fed by an accretion disk generating large
scale jets at its poles.

The conflicting views on possible cosmic ray particles beyond the
GZK-cutoff energy also have lead to speculations about scenarios for
cosmic rays at the highest energies that do not depend on particle
acceleration. Instead, super heavy, meta-stable particles could have
been produced as relics during the Big Bang or produced when topo-
logical defects tied to GUT (Grand Unified Theory) physics collapse or
annihilate. The highest energies for cosmic rays could thus be directly
tied to a scale in fundamental physics [32].

1.2 ACCELERATION MECHANISMS

Since magnetic fields can not accelerate charged particles in a way
that changes their energy, the mechanism has to be directly tied to
electric fields E. Most astrophysical conditions are plasmas and thus
excellent conductors. In these situations it is very hard to produce
large scale electrical currents in the whole plasma volume. The cur-

rent is confined to surfaces that divide different magnetic domains [33].

Here the condition
(E) #0

can be fulfilled on large scales. In the field line picture these are re-
gions where magnetic field lines reconnect. They allow for efficient
particle acceleration with rotating neutron stars and black holes can
be thought of as unipolar inductors that have these additional envi-
ronmental characteristics where acceleration can occur [34].

The other option for particle acceleration is that there are no large
scale electrical currents but there are electrical (and thus magnetic)
irregularities [35]:

(E) =0and (E*) #0.

9
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This mechanism is
known as first
order Fermi
acceleration or
diffusive shock
acceleration.

A only depends on
the compression
ratio of the shock.

COSMIC RAYS

One can no longer accelerate a particle in a direct fashion in such an
environment but there is a way to do it in a stochastic sense with
repeated collisions. Enrico Fermi first imagined the (here: large scale)
irregularities as magnetic clouds that act similiar to a magnetic mir-
ror [36]. In one dimension one can easily see that a particle hitting a
mirror will gain energy if the mirror is moving towards the particle.
It will lose energy if the mirror is moving away. Since there will be
more collisions of the first type in a random environment there is a
net gain in energy for the particle. In practice there will generally not
be a total reflection due to magnetic fields but rather an isotropiza-
tion of direction of the particle momentum. The effect of scattering is
the same, if slightly smaller. Since a process like this has energy gains
€ that are proportional to the square of the speed of the clouds v,
£ o2
it is known as second order Fermi acceleration. The relative energy gain

per time
_1dE

*TEadt
only depends on this energy gain and inversely on the mean free path
L between the clouds:
%
Assuming an escape time scale T for the particle one ultimately gains
a power law for the particle spectrum

N(e)dE o e'+1/(*T)gE

that is not very universal since the combination of parameters T, L,
and v, are not really fixed in a general situation [37].

One can also see that it would be more efficient to find process that
has always direct gain in energy for each collision (and thus be first
order in energy gain) instead of just having an average energy gain
(and thus being second order like discussed above). This is actually
realized in the case of shock waves that have said magnetic inhomo-
geneities on both sides. Here a particle crossing the shock front in
either direction effectively experiences a head-on collision. The situa-
tion also naturally leads to a rather universal power law dependence
because the escape probability of a particle is only linked to the dy-
namics near the shock. So one gets for the number of particles N(e):

i—]: x e
with the spectral index A 2 2 [38].

So instead of the observed A =~ 2.7 of cosmic rays at the Earth one

gets a harder spectrum at the source of acceleration. If one assumes that



1.3 NEUTRINO PRODUCTION IN GAMMA RAY BURSTS

the change in spectral shape has its origin in energy losses of the
cosmic ray particles later on, one can assume that these losses will
probably be absent for neutral particles such as neutrinos. A natural
assumption for the spectral shape of neutrinos produced by interac-
tions of the charged cosmic rays nearby a source still is a power law
with A = 2.

u; > U

___) 7 ' uz
upstream downstream
P, >> P,

B,

B
/V \ZA
shock front

(a) Second order acceleration due (b) First order (diffusive shock) ac-
to magnetized clouds celeration. Taken from [38].

Figure 4: Scheme of Fermi acceleration mechanisms

1.3 NEUTRINO PRODUCTION IN GAMMA RAY BURSTS

Being tied to cosmic rays production, neutrinos at the highest en-
ergies have been linked to most scenarios for cosmic ray accelera-
tion [39, 40, 41] and especially GRBs [42]. Neutrinos are neutral par-
ticles and so can not be accelerated in the stated ways. High energy
neutrinos are instead mostly linked to the decay of charged high en-
ergy pions.

=t vy et v+ v+ vy

T = U +Vy—e +Vet v+
Pions are produced naturally in inelastic collisions of the nucleons
(p —p or p—n) of the accelerated charged nuclei. If protons are ac-
celerated to high energies they can also react with photons already
present in the ambient medium or parts of the synchrotron radiation

and produce pions. The most important of these so-called photo-meson
production processes go via the production of a A-resonance:

y4+p—=At s p+a®
Y+p =+ AT s n4nt
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Apart from the origin of the photons this is a similar situation as
the one described earlier for the GZK-cutoff effect [43]. Neutrinos are
ultimately tied closely to charged cosmic rays and their sources, so
much so that Eli Waxman and John Bachall could set a rather model
independent limit on the neutrino flux from cosmic ray observations

E20, <2-1078GeV/cm?s sr

which has long been used as a general benchmark point for observa-
tions and a lower prediction for GRBs in particular

E2dN/dE ~ 0.3-103GeV /cm?s sr

in the range 10'%eV < E < 10'%eV [44].

In 2012 GRB models got strongly constrained by the results of the
IceCube experiment as main source of cosmic rays [45], though the
implications can be weakened depending on model assumptions [46].
Still, recent results with neutrinos in the PeV range show promise as
a start of the exploration of the neutrino sky [47].



All you really need to know for the moment is that the universe is a lot more
complicated than you might think, even if you start from a position of thinking it’s
pretty damn complicated in the first place.

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

AIR SHOWERS

Primary high energy cosmic ray particles entering the atmosphere
will interact with molecules in the air and produce a number of sec-
ondary particles. Due to their high energy these secondary particles
have also a high chance to interact with the air themselves. This pro-
cess, if it is repeated several times, results in a cascade of interactions.
With each step the energies of the initial primary particle gets shared,
at best, between more and more particles that get produced in each
interaction with an air molecule or when an unstable particle decays.
This process can result in particles on the ground that can be many
kilometers apart and thus the whole phenomenon is known as ex-
tensive air shower (EAS) [48]. The exact properties involved and the
particles produced depend on both the energy and type of primary
particle causing the shower.

Electromagnetic Cascades

Pure electromagnetic cascades are caused by gamma radiation, elec-
trons and possibly positrons. In contrast to hadronic interactions, the
situation is comparatively simple. A high energy gamma photon will
most likely produce an electron-positron pair in the vicinity of an
atomic nucleus. These particles in turn can cause one or more gamma
photons to be produced as bremsstrahlung when they in turn interact
with a nucleus and get decelerated. The shower development stops
rapidly when the average energy loss from radiative effects drops be-
low the scale of other energy losses. The rough phenomenology of the
processes can be easily understood in simplified models such as the
Heitler model [49] that fixes parameters such as the interaction length
and number of produced particles in each interaction (see Figure 5,
left). Still, this model does not reflect all the properties accurately,
such as relative photon to e+/e- particle numbers.

Hadronic Cascades

In contrast to the case of electromagnetic cascades, hadronic primary
interactions produce a more varied class of air showers. An important
part of hadronic cascades are mesons, especially pions, that are very
commonly produced in hadronic interactions. Charged pions with
very high energies commonly re-interact with matter possibly pro-
ducing more pions in another step. Neutral pions can be produced
in a similar number, but unlike charged ones they decay so fast that
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As can be seen the
atmospheric muon
and neutrino
spectrum are closely
related.

The energy loss of a
muon traversing the
atmosphere is
typically

0(2GeV) [3].

AIR SHOWERS

n=1

n=2

Figure 5: Left (Right): Scheme of the Heitler-(Matthews) model for electro-
magnetic (hadronic) air shower development. Taken from [50].

re-interaction is extremely suppressed. The dominant decay of a 7° is
into two photons (or otherwise electromagnetic) and it can cause an
electromagnetic sub-shower [50]:

7° — 2v (98.823%) [51]

m° — et +e +v (1.174%)

The probability for charged pions to decay into muons and neutrinos

= uFvy, (99.9877%)

gets bigger compared to the probability to interact with a nucleus in
the atmosphere the lower their energy E is. In the lower energy limit
nearly all pions will decay. Since the pion and muon mass is similar
the daughter muon will carry most of its primary pion energy at the
point of decay [3]:

(Eu) =0.79 - Ex
(Ey) =021 -En

The kind of particle spectrum expected at the ground is further modi-
tied by the probability of muons to decay and their energy losses trav-
eling through the atmosphere. This produces a low energy cut-off for
muons on the ground while also producing additional neutrinos [3].
Going higher in energy (above a few GeV) where the importance
of muon decay starts to diminish fast, the muon spectrum starts to
mimic the primary spectrum. This is the case until at around 100 GeV
where the probability of pions to interact with air starts to become
dominant (compare Figure 6). While pions that interact with the air
can still produce more daughter pions that might eventually decay,
these will always have much lower energy than the original pion and
thus, together with the sharply falling flux of cosmic rays, have only
a small contribution to the overall muon spectrum. The probability



AIR SHOWERS

to interact with the air rather than to decay rises with energy and
thus the spectrum becomes progressively steeper. This asymptotically
reaches a situation where the interaction cross section becomes inde-
pendent of the energy [3]. This can be thought of as a case where
the particles and nucleons can basically be viewed as hard targets, any
time where they geometrically hit, they will also interact.

One can easily see that within a certain time frame the probabil-
ity to decay decreases with 1/E due to time dilation but the number
of possible target particles stays the same (Vimuon =~ ¢). Thus, due to
the nearly constant cross section, the probability to interact stays the
same. In this limit, the situation also directly leads to an inverse scal-
ing of the muon flux with energy. For a primary cosmic ray spectral
index A, the muon spectral index so becomes A — 1.
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Figure 6: Spectrum of (vertical) atmospheric muons at ground level. Taken
from [52].

The competition between interaction and decay leads to an addi-
tional angular dependence. For not too inclined air showers (zenith
angle < 60°) the Earth’s curvature does not yet play a role and it can
be described as flat.

A useful , if not fully correct, toy model of the atmosphere’s density
p in a height h from the ground is the barometric formula

p(h) = po -exp(—h/ho) . (1)
More realistic models of the atmosphere also have to take additional
effects, such as chemical composition and heat transport, into account.
In general seasonal variations in atmospheric parameters play a role
that can not be neglected for air shower physics.
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For @ =0 the
parameter X is very
closely related the
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interaction point.

AIR SHOWERS

The probability distribution P of cosmic ray particles interacting in
the atmosphere at different distances | = h/cos(6) from the ground
and an incident zenith angle 0 is governed only by its cross section
with air o and the particle column density X of air along the path to
that point.

P x exp(—X- 0)
with -, -
X= J pdl = J Po - exp(—Llcos(0)/hp) dl
1 1

The cross section o scales only slowly with energy and is mostly de-
pendent on the mass of the primary particle. A particle with a higher
number of nucleons, like iron, will have a much higher chance to
interact than a proton [3].

Using Equation 1 the parameter X can be easily translated into a
local density at the point of primary interaction

. d X — Xcos©
PTat T e
with which the probability pinteract 0f the pion to interact scales lin-
early. At some point in the atmosphere the pion will have to either
interact or decay. The fraction of pions € decaying, and thus produc-
ing observable muons, follow a probability ratio

1
. Pdecay - Pdecay T ho

B Pinteract +pdecay Pinteract X%So(e) B EX COS(Q) '

This discussion is not only applicable to pions but any particles pro-
duced in the air shower. The steeply falling efficiency with energy
means that eventually components other than pions, such as kaons,
become important for the muon flux. The individual branching ratios
for muon decay and muon energy efficiency might differ. For

K+ - pivu(w‘/u)

the branching ratio is ~ 63.5% [51]. For the so called unflavored com-
ponent the branching ratio to muons is very low (< 3.1-10~% for n
particles [53]).

Still the behavior of the components all follow the same behav-
ior from first mimicking the primary spectrum with a uniform an-
gular distribution and then, when interaction with the air becomes
slowly dominant, moving to a steeper spectrum with a spectral index
roughly changed by one that shows an enhancement at higher zenith
angles compared to vertical showers. At the highest energies the at-
mospheric muon spectrum thus is expected to again be uniform and
follow the primary cosmic ray spectrum since heavy hadrons such as
those with a charm component will decay almost instantly and never
interact with the air. For a comparison of the critical energies ¢ when
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€ ‘ €K ‘ €charm
151 ‘ 850 ‘ ~5-107

Table 1: Critical energies in GeV. Taken from [54].

the individual components (mostly 7, K, and ¢) move from mostly
decaying to mostly interacting see Table 1 [54].

Of course in reality each air shower does not have only a single
high energy particle in it that might decay to a muon but a produces a
number of suitable parent particles. This can be taken care of by either
analytically solving the cascade equations governing the shower [55]
or with the help of Monte Carlo methods such as utilized in computer
codes for air shower simulation like CORSIKA [56].
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Figure 7: Contributions to the muon and neutrino flux for the main com-
ponents divided in conventional (pion/kaon-like) and prompt
(charm-like) flux. Taken from [55].

Atmospheric Neutrinos

Muon neutrinos are often, but not always, produced in the same air
shower interactions that also produce muons and so their energy and
angular dependence at the ground is very similar. Unlike muons,
however, they can penetrate hundreds of kilometers of rock and more
because their cross section with matter is so low. This means that they
can also be produced in the atmosphere on the other side of the Earth,
traverse it, and then interact near the detector to come from below. Os-
cillation effects may cause the flavour of the neutrino to be possibly
not conserved after traversing the respective distance for low energy
neutrinos [57]. Above 100 GeV this effect this effect starts to be ex-
tremely low for atmospheric neutrinos. For neutrinos coming from
outside the solar system the path lengths are so long that one ex-
pects a 1:1:1 flavour ratio at the Earth, no matter what was initially
produced at their source.

At roughly 50-100 TeV or more the neutrino cross section finally
starts to get high enough for there to be significant absorption (or
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scattering with significant energy loss) and the Earth starts to act as
a shield even for neutrinos [58]. So in the typical energy range for
a detector such as IceCube (discussed in Chapter 5) one expects the
v, to ve ratio to be comfortably above 1 for the lower energy case
and then eventually reaching 1 once an astrophysical neutrino source
becomes dominant at high energies. Theoretically this is also the first
time v, contribution plays any significant role since they are usually
not produced in standard atmospheric cosmic ray interactions.



Nothing travels faster than the speed of light with the possible exception of bad
news, which obeys its own special laws.

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

RELATIVISTIC CHARGED PARTICLES IN MATTER

For (astro-)particle experiments the main goal of a measurement usu-

ally is both particle identification and measurement of the kinematics.

Energy and direction as well as cross sections or, more directly, rates

of certain particle interactions are related to the fundamental physics

questions being asked. For all these specific tasks one needs to first

understand the basic interactions the primary cosmic ray particles,

and often their daughters and further secondary particles, will have

in matter and how to exploit them for reconstruction. For a large as-

troparticle experiment the atmosphere and the natural medium that  For a Cherenkov
is instrumented is part of the detector. Particle behavior in these very — telescope the
media is usually tied to the prime detection principle. The actual de- "wif;‘;”r llieusually
tector electronics then measure the photons produced in said media.

The following sections will give a brief overview of the most impor-

tant particle interactions in matter and phenomena that are important

for large neutrino telescopes.

3.1 CHERENKOV RADIATION

A particle passing through a dielectric medium can cause coherent
light emission if its velocity exceeds the phase velocity of light in the
respective material [59]. In case of a charged particle it can polarize
the atoms in the medium directly. The polarization and subsequent
return to equilibrium results in the emission of photons. Unlike the
phenomenon called scintillation (or radio-luminescence), where there ~ Note that
is an additional step of excitation and de-excitation of an atom or  scintillation and
molecule before the emission of a photon, this is basically instanta- ZZZZZZZ?;Z’;”:;E
neous and as such coherent. This so called Cherenkov radiation isnotdi- .. thing, even
rectly restricted to any specific wavelength of emitted light and its in-  though the typical
tensity generally rises when going from radio to shorter wavelengths lifetime of an excited
until it reaches its maximum. For water as surrounding medium this Ztl%f:r;‘i’: be quite
maximum is in the ultraviolet range. However when going to X-ray '
frequencies the refractive index of materials generally drops below
one and thus Cherenkov radiation is no longer possible without vio-
lating relativity.

Light emission for Cherenkov radiation is non-uniform. It’s prop-
erties can be visualized by simple Huygens construction of the wave-
fronts (see Figure 8). The direction of light emission follows a fixed
angle 0 that only depends on the ratio of the speed of the charged
particle vparicle = ¢ and the phase speed of light vphase = ¢/1:
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RELATIVISTIC CHARGED PARTICLES IN MATTER

cos 0 = Yphase 1 .
Vparticle np

Similar phenomena can also be achieved not only by the primary rel-
ativistic particle itself but by secondary charged particles it produces
along its way. Any disruption of the electromagnetic field due to a
non isotropic charge distribution and return to a equilibrium results
in light emission.The coherency of this emission depends on the wave-
length of the light. Even a non charged ultra high energy neutrino can
produce coherent radiation in the microwave and radio range when
passing through materials such as ice or lunar regolith [60]. This effect
was postulated by Gurgen Askaryan in 1962 [61].

P Bet

————>ct/n——;

(a) v<e (b) v>c¢
Figure 8: Huygens construction of a Cherenkov cone. Taken from [62].

In practice both the light yield and the characteristic arrival direc-
tion of the light can be used to detect relativistic particles.

3.2 ENERGY LOSSES IN MATTER

When fast charged particles pass through matter they mostly lose
energy in single collisions that can lead to diverse effects such as
ionization, atomic (or collective) excitation, or even production of new
particles in very high energy collisions. While certain processes can
also lead to larger variances, most energy losses are small and thus
the energy loss a particle suffers along a (density weighted) distance
x or stopping power (—dE/dx) in a medium is a very useful property.

3.2.1  The Muon Case

The stopping power of charged particles that are heavier than elec-
trons (such as muons, protons, alpha particles) are usually described
by the well known Bethe formula [63]. This is often done with vari-
ous low and high energy corrections taking into account effects of the
atomic shell structure of the material or the density dependent shield-
ing effects of the electrical field far from the particle path at higher



3.2 ENERGY LOSSES IN MATTER

energies. The stopping power can be parameterized and split into two
main contributions to the energy loss. One term a(E) that dominates
the intermediate energy range where ionization plays the biggest role
and another for the high energy part where radiative losses that all
roughly scale with the energy E become important. In total one gets

<—§> — a(E) + b(E)E

with the parameter b being the sum of the contributions from brems-
strahlung, direct pair production, and photonuclear interactions:

b = bprems + bpair + bnud -

The total energy dependence of the stopping power for the case of
muons can be seen in Figure 9. The exact energy loss depends on
the structure and mass of the particle in question. For the case of the
energy losses being close to the minimum of their respective stopping
function the behavior of different particles is extremely similar and
particles showing such energy losses are often grouped together as
minimum ionizing particles (MIPs). They are all but indistinguishable
by most detectors. A useful parametrization [64] of the ionization loss
is

a(py) =~ 0.08
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Figure 9: Energy dependent stopping power for muons. Taken from [65].

3.2.2  Very Heavy Charged Particles

As will be discussed in Chapter 6, new physics models often intro-
duce heavy new particles. When it comes to direct detection, espe-
cially for charged particles, it is important to understand their energy
losses in matter. This both determines typical detector responses as
well as the attenuation due to energy losses these particles might
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CHAMP is a
general term used
for heavy particles,
but here the focus
lies on lepton-like
ones.

RELATIVISTIC CHARGED PARTICLES IN MATTER

suffer as they pass through large amounts of rock or other bulk ma-
terial. This is especially important to consider when studying par-
ticles reaching underground sites - such as in the case of neutrino
telescopes. The particle mass itself is often the most important param-
eter for the magnitude of energy losses and other parameters such as
spin often only play sub-dominant roles [66, 64, 67]. Only at high en-
ergies (108 GeV) weak interactions with matter start to contribute to
the energy loss. Here the spin structure of the exotic particles and as-
pects like left-right hand mixing of exotic particles change the overall
picture [64]. This means that many of the exotic versions of leptons
introduced later on will show basically the same energy loss behavior
for a wide energy range.

A useful approximation is thus to see a lepton-like CHAMP" as a
heavy muon when doing energy loss calculations [68]. Since ionization
losses are rather independent of particle mass the main changes for
heavy particles come from changes to the radiative processes which
all are subject to a mass suppression for any new particles in the
mass range of hundreds of GeV and more. The biggest change is
for bremsstrahlung processes which scale inversely with the squared
mass of the CHAMPs which makes them negligible for all energy
ranges. This also means that unlike for TeV muons where a catas-
trophic bremsstrahlung loss often can lead to highly variable event-to-
event variations for initially similar particles, energy losses for heavy
particles can be rather accurately treated as mostly continuous.
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Figure 10: Energy loss contribution for a muon and a heavy, exotic particle
(here: T, a so called stau). Taken from [64].

As can be seen in Figure 10, direct pair production and photo-
nuclear losses are roughly suppressed by a factor m,,/m; for a parti-
cle with mass m; compared to a several orders of magnitude lighter
muon with mass m,, [68]. Taking this rough scaling into account and

1 CHArged Massive Particle



3.2 ENERGY LOSSES IN MATTER

comparing the typical range of muons and particles like this in rock
in a continuous approximation one gets

dE dE my
—— ) ——F—=a,+—b,E
< dX> dx H my K

and thus roughly O(1000 km) for the range in standard rock (p =~
2.5g/cm3). This is in the same order of magnitude as the radius of
the Earth.
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For a moment, nothing happened.
Then, after a second or so, nothing continued to happen.

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

NEUTRINO ASTRONOMY

As seen in the previous chapters, one of the open questions of as-
trophysics is the origin of cosmic rays at the highest energies. Can-
didates are extremely energetic cosmic environments, such as Active
Galactic Nuclei, Gamma Ray Bursts, and radio lobes of FR II galax-
ies [69]. Tracing the sources of CRs over galactic or cosmic distances
is difficult. Protons, the main component of CRs, with energies below
10'7 eV are deflected by galactic magnetic fields and lose all direc-
tional information. At higher energies they travel in straight lines but
the flux is suppressed due to interactions with photons from the cos-
mic microwave background (see Chapter 1). When cosmic rays are
accelerated, a fraction of the particles will interact with the ambient
matter present in the source. As discussed before, this astrophysical
beam dump results in the production of pions, which decay into high
energy photons and neutrinos.

Since both do not possess charge, they are unaffected by magnetic
fields and point straight back to their source. High energy photons
may, however, interact with the cosmic microwave background via
pair production. Hence, the probability to observe high energy pho-
tons decreases with distance to the source. Neutrinos, on the other
hand, need to have much higher energies for such interactions to
matter in a significant degree and they only play a major role at the
highest energies. Neutrinos are thus an ideal candidate to probe this
open question.

4.1 NEUTRINO TELESCOPES

Not long after the neutrino was observed in 1956 [70] there were spec-
ulations on its role in astronomy due to its unique properties. Like a
photon it has no electric charge and thus can not be deflected by
magnetic fields. Unlike gamma rays, which can also be produced by
cosmic ray electrons, neutrinos are an unambiguous sign of hadronic
interactions in a source.

Neutrinos have an extremely small rest mass [71] and only only
interact weakly with matter. As such it eventually became clear that
for both the observation of neutrinos from potential cosmic ray accel-
erators like AGNs or GRBs [72] and the equally interesting neutrinos
produced by interaction of cosmic rays at the highest energies with
the microwave background radiation both would require a detector
with a size in the range of a cubic kilometer [73] (compare Chapter 1).
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DUMAND? [74] was the first project that developed the basic de-
sign and technologies still employed by current neutrino telescopes.
Water is used as a medium for a Cherenkov detector made up by
photomultiplier modules that can observe the light produced by rel-
ativistic charged particles from neutrino interactions near the detec-
tor. After the cancellation of the project due to technical issues there
have been multiple smaller sized efforts to build a detector. One such
project was realized in lake Baikal by a collaboration of the same
name (BAIKAL) [75], other projects chose the Mediterranean sea as a
location. The latter is the site explored by the ANTARES?, NESTOR,3
and NEMO#* collaborations [76, 77, 78].

A slightly different kind of detector that uses ice instead of lig-
uid water as a medium is the IceCube detector and its precursor ex-
periment AMANDAS at the South Pole in the Antarctica. IceCube is
the first experiment to reach the previously mentioned scale of Tkm?>

The word and already has produced promising results for cosmogenic neutri-
cosmogenic here is nos [47]. It is also the detector that - in its 79 string configuration -

used only in the provides the data this work is based on.
sense of originating

outside the Earth’s
atmosphere. 4.2 DETECTOR SIGNATURES OF STANDARD MODEL V-INTERACTIONS

When neutrinos interact in a suitable medium for their secondary
particles to produce Cherenkov radiation there can be several differ-
ent event topologies observed in a km3-sized underground detector.
These each correlate with the initial neutrino flavor, its energy, as well
as the arrival direction.

In a neutral current interaction (Figure 11, top) the neutrino transfers
parts of its energy to a nuclear target which then causes a hadronic
cascade. In a charged current interaction (Figure 11, bottom) the neu-
trino not only produces such a cascade (Figure 13a) but also a lepton
that carries a large part of its initial energy.

If the lepton is an electron or tau, it - or it decay products - form an-
other, this time electromagnetic, cascade. In practice those two kinds

Still, there are some of particle cascades are hard, if not impossible, to distinguish and the
properties that o electromagnetic cascade of an electron will overlap with the hadronic
dl{.er dbetween h;th cascade of its production. But for taus at PeV energies it is possible
inds of cascades. that they travel far enough before their decay for the two cascades
This is knowasaso  to be geometrically separated (Figure 13c). Since tau decay also pro-
called double bang  duces a tau neutrino the situation is more complicated. A v signa-
signature. ture in the detector is not necessarily the first reaction at the Earth a
cosmogenic vV has been part of [79]. The original v, could also have

1 Deep Underwater Muon And Neutrino Detector

2 Astronomy with a Neutrino Telescope and Abyss environmental RESearch

3 Neutrino Extended Submarine Telescope with Oceanographic Research Project
4 Neutrino Ettore Majorana Observatory

5 Antarctic Muon and Neutrino Detector Array



4.2 DETECTOR SIGNATURES OF STANDARD MODEL V-INTERACTIONS

U d d U

1% 14 L/ 1%

ZD ZO

u/d u/d u/d w/d

Figure 11: Feynman diagrams for neutrino-quark interactions. Top: charged
current interactions. Botfom: neutral current interactions.

reacted, possibly repeatedly, on the way to the detector. Each time the
tau produces another - but lower energy - v, neutrino.

For an electron the light of the overlapping total cascade seen in
the detector is an excellent energy estimator, since the whole neutrino
energy is contained within the constituting particles. But just like for
an observed tau, the energy deposited in the detector for a simple
cascade event is technically only a lower limit of the primary neutrino
energy. The cause could always be a neutral current reaction.

If a muon gets produced in the primary neutrino interaction the sit-
uation changes significantly from the electron case. As seen in Chap-
ter 3 muons can have such a high range (multiple kilometers, up to
tens of kilometers for extremely high energy muons [80]) that for
high energy neutrinos it is likely that the initial interaction happens
outside the detector volume. This means that both the energy in the
hadronic cascade and the energy losses of the muon on the way to
the detector can not be observed and one only sees a particle track in-
side the detector (Figure 13b). On the other hand the direction of the
muon track is mostly aligned with the primary neutrino and much
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easier to reconstruct than the almost point-like cascade signatures. It
should be noted that cascades still have a non isotropic light emis-
sion with a preference for the Cherenkov angle that can be used for a
rough directional reconstruction [81].

Neutrinos producing long muon tracks can also be seen if their in-
teraction vertex lies outside the detector. This directly leads to a much
higher effective detector area - or rather volume (see Figure 12). On
the other hand one has to deal with the contamination of muons pro-
duced in cosmic ray air showers. These have a much higher rate than
any neutrino signal and have to be distinguished using their direction
(the bulk of the Earth acts as shield for cosmic ray air showers from be-
low) or their energy (the atmospheric muon energy spectrum is much
steeper than expected for neutrinos produced outside the Earth’s at-
mosphere). Alternatively one can only select for tracks starting inside
the detector, but one then loses the increase in effective volume.

Using the Earth as a shield and only observing up-going particles
eventually becomes less useful at higher energies when it becomes
opaque to neutrinos (especially v. and v, get absorbed directly). As
mentioned before the situation for v. is slightly different, but even
here energy information gets lost on the way [82].
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Figure 12: Increase in effective detector area for long (i.e. high energy) tracks
(Vu,ve) compared to electron neutrino cascades for the IceCube
neutrino observatory. The peak in the distribution for v, is caused
by the so called Glashow resonance [83]. Taken from [84].
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(a) Electromagnetic cascade produced in an ve in-
teraction.
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(b) Muon track as produced by a v, interaction.

(c) Possible double bang signature caused by a v,
interaction and subsequent T decay.

Figure 13: Neutrino event topologies in a neutrino telescope. Taken
from [85].






It is a mistake to think you can solve any major problems just with potatoes.

— Douglas Adams, Life, the Universe and Everything

THE ICECUBE EXPERIMENT

IceCube is a cubic kilometer scale high-energy neutrino observatory
near the Amundsen-Scott South Pole Station in Antarctica [86]. Its
main goal is to map the high-energy neutrino sky, which is expected
to include both a diffuse neutrino flux and point sources [87, 88]. The
(initial) detector design allows observation and study of neutrinos
with energies from several 100 GeV up to the EeV range.

The scientific motivation for such a detector and its detection princi-
ple have already been discussed in Chapter 4. This chapter deals with
the structural design, data acquisition, calibration, as well as aspects
of basic event selection and filtering.

5.1 THE ICECUBE DETECTOR

The detector is composed of two parts. A km? surface detector for
general cosmic ray observations (and veto capabilities) called IceTop
and the km? IceCube array inside the ice that is a neutrino and muon
detector.

5.1.1 The Surface Detector

IceTop is made up by pairs of 81 polyethylene ice-filled tanks that
are equipped with two digital optical modules (DOMs) each. The
DOMs are run at different gains to increase the dynamic range of any
signal in the tank. They are located on a roughly hexagonal grid (see
Figure 14). The tank array is designed to detect air showers in the
energy range around 100 TeV - 1 EeV [89].

5.1.2  The IceCube Array

The neutrino and muon detector array is an instrumented volume
1450-2450 m within the ice and so is also sometimes called the Inlce
array. It is made up of 86 long cables called strings, 78 of which house
60 optical modules for light detector. The strings were deployed us-
ing a hot-water drilling technique that created the holes the strings
were originally deployed in. The water refreezes after deployment of
such a string so recovery is impossible. The strings follow the IceTop
configuration on top and they have an inter-string spacing of roughly
125 m. The optical modules are approximately 17 m apart. The other
8 strings are deployed to form a denser instrumented sub-detector
called DeepCore [91] inside the main configuration. The optical mod-
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Figure 14: IceTop tanks deployed in different years of the IceCube construc-
tion. Taken from [90].

ules on these strings have a higher efficiency. Six of them are deployed
with an inter-string spacing of 72 m in a regular pattern. The vertical
spacing of 50 of these DOMs on each string is 7 m. Additionally 10
DOMs on each string are deployed with a spacing of 10 m each. They
form a veto layer above the main DeepCore volume for background
rejection. Additionally to this basic layout two strings that were ini-
tially planned to be on the edge of the basic hexagonal pattern of
the IceCube detector have been converted to be part of the Deep-
Core volume and were deployed within this layout [86]. This leads to
the smallest inter-string spacing within the DeepCore volume of 42
m. Overall the design has been done in order to lower the detection
threshold of the IceCube detector to neutrinos with energies as low
as 10 GeV. For this the main volume has been deployed in very clear
ice to avoid efficiency losses from scattering and absorption. The ice
properties on site will be discussed in the next section.

5.2 ICE PROPERTIES AT THE ICECUBE SITE

The ice around IceCube formed over a time of around 100,000 years
in many, mostly horizontal, layers. Each thin layer formed originally
due to snowfall and their optical properties strongly depend on the
impurities like dust that were introduced at the year they formed.
They are thus linked strongly to the changing short and long term
dust levels in the atmosphere.

These impurities strongly affect the optical properties in the ice.
Ice layers with high concentrations of dust will results in lowered
optical transmission coefficients due to both increased scattering and
absorption [92].
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Figure 15: Schematic layout of the IceCube array and the DeepCore sub-
detector. Taken from [91].

Scattering is frequency dependent and usually parameterized via
an effective scattering length A.¢ that depends on the mean scattering
angle 0 per scattering event

)\scat.

1 — (cos 0)

The measurement of absorption and scattering is done in two ways.
IceCube DOMs are fitted with flasher LEDs [93]. The photon arrival
time distributions of data produced with this artificial signal can be
used to measure both absorption and scattering length - albeit with
limited resolution in depth.

The other method was done via so called dust logger devices de-
ployed into the still unfrozen holes directly after the hot-water-drilling
procedure [94]. This method has a much better depth resolution (~
2 mm) and can also be used to can again access about additional in-
formation such as the tilt of individual layers. While scattering in the
ice on top of the detector is dominated by air bubbles, the situation
in the vicinity of the actual instrumented area of IceCube is different.
All air bubbles in this depth will have been converted to air hydrates
due to the high pressure. Instead, dust has the dominating effect on
ice properties. Generally the ice gets clearer towards the bottom of
the detector apart from a large dust layer structure at around 2100 m
depth that shows very high absorption [95, 92].

Aeff =
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The ice column near
the DOMs that has
refrozen is often
called hole ice. It
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amount of scattering
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compared to its
surroundings.
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It should also be noted that the drilling and deployment of the
DOMs of course also leads to different ice properties around each
string of the detector. All these factors and measurements are put
into the different ice models used for IceCube simulation and recon-
struction [93]. One such ice model can be seen in Figure 16.
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Figure 16: Scattering and absorption at the IceCube site, taken from [92].
Clearly visible are the high amount of effective scattering closer
to the surface and the prominent dust layer structure deep within
the clear ice.

5.3 ICECUBE HARDWARE AND SOFTWARE

In order to comprehend how IceCube data-taking is done one has to
understand both the hardware and the software components that go
into reconstructing a basic event. This includes all parts from basic
layout of the optical modules up to software-filtering of events before
they get sent to the north.

5.3.1 Digital Optical Modules

The sphere-shaped pressure vessel that makes up the outer part of
the IceCube DOMs are made up by o.5 inch thick borosilicate glass
spheres that transmit light with a wavelength of around 350 nm or
more [96].

It is connected to a photo multiplier tube (PMT) inside using a
optical coupling gel. The sphere also houses additional electronics
on the DOM main board and light-emitting diodes for calibration
purposes. A schematic drawing of a DOM and its components can be
seen in Figure 17.

The DOMs use Hamamatsu Ryo81-02 PMTs and are sensitive to
photons with a wavelength of 300-650 nm [98]. While these PMTs
have a peak quantum efficiency at around 25%, the PMTs used in
the DeepCore DOMs of the detector reach a higher efficiency of up
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Figure 17: Schematic drawing of an IceCube digital optical module and its
components. For details see [97].

to 33%. The PMTs are encased in a mu-metal shield that reduces the
effect of the Earth’s magnetic field. The range of the signal response
in the ice is much smaller than for air showers near the surface. And
so, unlike the PMTs in the IceTop detector that are operated at two
different gains of 10° and 5 - 10° [89], the PMTs in the DOMs deep in
the ice are operated at a single gain of 10”.

The PMTs have their cathode on ground level and the anodes are
coupled to the main board via a toroidal transformer designed for a
frequency from 8 kHz up to more than 100 MHz. The decay time for
a square wave signal is > 15 ps for most DOMs. Only the first 1200
DOMs built have a 1.5 ps decay time and so can show some droop.
This, however, is later removed in a digital filter [96].

Figure 18 shows the single photo electron response of a PMT mea-
sured via illumination by a low intensity LED. The low charge struc-
ture as well as the secondary structures for delayed hit times are
thought to be caused by backscattering at the first dynode in the PMT.
The main peak of the charge spectrum has a resolution of approxi-
mately 30% if described as a Gaussian. The main peak for the time
structure has a resolution of 2 ns but around 4% of the hits come more
than 25 ns later with some structure at a delay of up to 130 ns [98].
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Figure 18: Single photo electron response of an IceCube PMT with a clearly
visible two peak structure. Taken from [98].

5.3.2 Data Aquisition Electronics

The main components of the data acquisition (DAQ) system within
the DOMs are responsible for the waveform digitization [97, 99]. These
are the Analog Transient Waveform Digitizer (ATWD) and the fast
analog-to-digital converter (fADC). Digitization is triggered by a volt-
age threshold corresponding to 1/4 photon electrons.

The 40-MHz-system clock is used to give an event a time stamp
with a corresponding 25 ns resolution when the DOM has launched.
A better time resolution can later be achieved by analyzing the whole
waveform. An ATWD chip has multiple input channels connected to
the PMT signal. Three of which have different gains (ration 16:2:1/4)
to get an increased dynamic range. If any of the AWTD channels
overflows the next lowest gain is used in digitization. Each DOM
has two ATWD chips to reduce the dead-time, if one is currently
digitizing the other one is live. Since the trigger signal formation in
the FPGA® takes some time, the PMT signal is sent to the ATWD
through a 75 ns delay line. A schematic drawing of the electronics
can be seen in Figure 19.

The fADC system uses a continuously running 40 MSPS? digitizer
chip and is preceded by a shaping amplifier (180 ns shaping time).
All in all this setup covers a time window of 6.4 ps, records 256 fADC
samples, and has a photon arrival time resolution of better than 5 ns.
The fADC gives valuable information for late arriving photons but

1 Field Programmable Gate Array
2 Mega Samples Per Second
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Figure 19: Scheme of the main board electronics. Taken from [97].
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since it suffers from a limited dynamic range it already overflows for
medium sized signals [97].

IceCube has two basic modes for sending DOM data to the surface.
In hard local coincidence (HLC) mode the full waveforms are being
transmitted if there has been any signal in one of neighboring or next-
to-neighboring DOMs on the same string within a 1 ps time window,
else the data is discarded. Most HLC hits are caused by muons and
only very rarely by pure noise. Full launch waveform information is
made up of all the required ATWD waveforms, the time stamp, and
then additionally local coincidence signals from adjacent DOMs. The
different waveform information is illustrated in Figure 2o0.

The other mode is the so called soft local coincidence (SLC) mode [86].
Here no outside signal in the coincidence time window is required
but instead of the whole waveform information only the three highest
of the first 16 fADC samples and the timing of the highest sample is
being sent to act as a coarse charge stamp. Unlike HLC data, SLC
hits are clearly noise dominated and their rate is at the DOM dark
rate (typically around 350 Hz). SLC hits have to be cleaned later on in
software to get physics event information. Still, once an physics event
has been identified, SLC hits retain additional physics information
and can be used to improve reconstructions.

5.3.3 DOM Calibrations

There are multiple calibration techniques used in IceCube that ensure
stable time and amplitude information of observed light pulses. A
low intensity on-board LED is used for intensity calibration of single
photo electrons. The charge distribution of these measurements is
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Figure 20: Sketch of the waveform information of the different channels.
Once one channel with high gain saturates, lower gain channels
become important in order to not lose information on the initial
waveform. Taken from [100].

sent to the surface where the single photo-electron (SPE) peak is fitted.
When the LED is pulsed the delay time between the pulse current
and to the PMT response in the ATWD is measured to determine
the total PMT transit time along with the pulse delay in the delay
line. The second timing calibration is done by sending a pulse to the
surface of the detector along the cable and an identical signal back.
By comparing both signals the transmission time can be measured
to a precision of around 3 ns [96]. The technique is called reciprocal
active pulsing calibration (RAPcal).

Additional calibration can also be done with 337 nm nitrogen lasers
mimicking Cherenkov light emission via a reflective cone acting as
standard candles [101] or directly via cosmic ray muons. The latter
are especially useful for accurately determining the horizontal posi-
tions of individual DOMs since this is hard to do with string-to-string
measurements. Even though the overall wavelength of the standard
candles is a bit shorter than typical Cherenkov radiation they also can
be used to get a reasonable hardware simulation of particle cascades
up to the PeV range.
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Figure 21: A RAPcal waveform including several time marks (arrows). The
relative shift of the waveform is used to determine the offset be-
tween the DOM clock and the DOR master clock. Taken from

[97].

5.3.4 Surface Hardware and Software

The IceCube Laboratory (ICL) near the center of the IceTop detec-
tor houses the surface DAQ hardware. The ICL is also the location
where data is later either saved on tape or sent north via satellite after
pre-processing and filtering. Each string of DOMs is connected to an
industrial PC called DOM-Hub that receives data via multiple DOM
readout (DOR) cards controlling, receiving data and powering up to 8
DOMs each. Each DOM-Hub hosts String Hub software components
where the time calibration of the DOM time stamps is being done
with the help of GPS receiver acting as master clock. The calibrated
information is cached and partially sent to the trigger handlers that
work on multi-string conditions. The full information gets read out if
one of the trigger conditions is met [86].

The two main trigger conditions are 8 HLC hits firing within 5 us
or 5 ouf of 7 adjacent DOMs on a string with hits in a time window of
1.5 ps. This is known as the simple majority (or sometimes simple mul-
tiplicity) trigger - or simply SMT8. There exist additional triggers that
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use topological information. Examples are triggers requiring multi-
ple hits on a single string (string/cluster-trigger [103]) or triggers for
more specialized cases. This can be triggers for very slow track-like
events (for magnetic monopole searches) or triggers for the DeepCore
low energy extension. When a trigger occurs all data within a £10 us
window is saved. If multiple windows overlap they are merged and
saved in the same event (Figure 22).

The situation for IceTop is slightly different when it comes to the
coincidence criterion that initiates data taking. If one tank has a signal
in the high gain channel and the nearby tank has a low gain signal
the pair of tanks is considered to be hit [89]. If either 3 or 8 pairs of
tanks are hit the event is triggered. Only a pre-scaled subset of the 3
hit condition is used for trigger building.

layer 3 - events - -

- detector readout
- "hit gaps”

intermediate layer 2 -

7throughput” =~ overlap

i

-~ event length

|

Figure 22: Individual triggers get combined into a global trigger with a
shared readout. Note that the time-frame for combining trig-
gers is longer than the individual readout windows in older de-
tector configurations. Current detector configurations realize so
called hit-spooling [104] and sub-threshold hits are no longer lost.
Scheme taken from [105].

5.4 DATA FILTERING

While all triggered events are saved on tape there is only limited
bandwidth for immediate transmission to the Northern Hemisphere
via satellite. Thus a significant amount of reconstruction and on-line
filtering is being done directly at site for a pre-selection of possibly
interesting physics data to be sent.

The IceCube location at the South Pole is inaccessible during the
austral summer. The drilling and construction thus lead to a yearly
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rhythm of data-taking with varying but fixed numbers of strings for
each of these seasons. IC79 stands for the data-taking in the season
2009-2010.

Since 2011 and the season with the first full 86-string detector con-
figuration the waveforms for some data streams are also sent in a
lossy compression in so called superDST format. This allows higher
data rates to be sent to the North for processing. Some notable filters
are the EHE3 [106] filter that selects high energy events by deposited
charge in the detector, the minimum bias filter that selects a random
and thus unbiased sample of all events at a reduced rate, the cascade
filter [107] that is based on events with a (ve) cascade-like structure,
filters for events coming from positions correlated with the sun, the
moon, or the galactic center, and the low up filter [108] that selects for
low energy up-going events with a veto on events that trigger the top
(= 5 DOMs layer) part of the detector. The DeepCore sub-detector
also has separate, specialized filters [109].

A very important filter is the muon filter stream. As will be dis-
cussed later on, it forms the filter stream the analysis in this work
is based around. It is a filter that mainly aims to select for muons
produced in muon neutrino interactions near the detector. As the fil-
ter with the highest event rate in IceCube it also serves well as an
all-purpose filter for track-like events. It selects for well reconstructed
track-like events with an emphasis on up-going events. Selection cri-
teria are the deposited charge, the reconstructed zenith angle and a
variable that is closely tied to the the (reduced logarithmic) likelihood
of a track reconstruction (see Section 5.4.1). Details on the exact muon
filter criteria can be found in [110]. It is of note that the filter explicitly
selects for events with a high likelihood as single tracks using a vari-
able that is almost identical to one selected against in the cut strategy
employed in this work (compare Chapter 8).

5.4.1 Basic Event Reconstructions

The physics filters discussed before are already based on information
gained by a basic event reconstruction scheme used for all events. The
typical reconstruction chain is done in several steps, the first of which
is to calibrate the measured PMT waveforms of individual DOMs and
to extract the absolute times and voltages from the recorded ATWD
and fADC information. This can then be used to determine individual
photon arrival times used in event reconstruction [111, 112, 113]. A
first guess method for the event topology in the detector is done by
treating the photon arrival times as if caused by a plane wave.

This already gives some idea of the basic physics properties of the
event, a speed close to the speed of light speaks for a muon-track-
like event and a slower reconstructed speed could be caused by a

3 Extremely High Energy
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particle cascade. In a second step this is then used to seed a likelihood
hypothesis [114]. The probability of photons radiated from a track
with known properties such as position and direction are described
by functions fit with the help of M.C. simulations [115].

They can then be used to perform a maximum likelihood fit to
the hypothesis in question - for example an infinite muon track. This
gives both an improved angular resolution and a handle to veto events
with a low likelihood or non-converging fit hypotheses. For details
on the maximum likelihood reconstruction and the parameters used
see [114].

5.4.2 Further Event Reconstructions

Events at this stage of reconstructions often form the basis of individ-
ual physics analyses. Further reconstruction and filtering of events
no longer follows a fixed processing and filtering chain but usually
depends on the event topology of the physics signal at hand. An anal-
ysis looking for electron neutrinos for instance will usually require
an especially detailed reconstruction of a single particle cascade. This
cascade should be fully contained within the detector to ensure the
best energy resolution and to remove the danger of a single (v.-like)
cascade being confused with a sudden bremsstrahlung loss of a high
energy muon. Physics analyses with muons on the other hand will be
more focused on reconstructions that look for track-like events and
might even try and remove the effects of highly variable cascades
along the track when it comes to energy reconstruction [116].

There are some common reconstructions in place for particular
analyses looking for similar signals (cascades, muons, low and high
energy events) but many searches for exotic events - like double tracks
in this work - have no common processing scheme with other anal-
yses. The simple fit (linefit) and likelihood fits already used for the
muon-filter also are an important part for further reconstruction in
this work as will be discussed in more detail in Chapter 8.



There is a theory which states that if ever anyone discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced by
something even more bizarre and inexplicable. There is another theory which states
that this has already happened.

— Douglas Adams, The Restaurant at the End of the Universe

PHYSICS BEYOND THE STANDARD MODELL

Now that the Higgs boson has been measured in 2012 at the CMS [117]
and ATLAS [118] detectors at the LHC experiment the whole parti-
cle content of the Standard Model has been observed. Many of its
properties have been measured and tested, time and again, by exper-
imentalists since its inception - often to an astonishing degree. Yet
there are some problems that lead to the conclusion that it can not
be a fundamental description of nature. For once, gravity is not yet
part of the model and its coupling strength is far too weak to be di-  Still we have reasons
rectly measured at colliders. It is thought that only near the Planck  fo believe gravity
scale (= 10'? GeV) it will become as strong as the other three forces Z“ght be mediated
Y a massless spin-2
of nature [119]. boson - a graviton.
This view is guided by the idea that all forces of nature will unify
at a very high energy scale, just like the unification of the electric
and weak force into a single electroweak force which has been accom-
plished within the Standard Model. This proposition is supported by
the extrapolation of the gauge couplings to higher energies. They all
meet at a common point at approximately 10'® GeV as illustrated in
Figure 23. This match is, however, not exact if one assumes that there
is no new particle content between the electroweak scale (~ 100 GeV)
and this point. In supersymmetric extensions to the Standard Model
this match becomes much more exact, so it is commonly used within
so called GUT (Grand Unified Theory) models [120, 121] that treat
this unification.
Another question that remains is why the mass of the Higgs boson
and the electroweak scale is so much lighter than this energy scale of
unification for the other forces. It requires quantum corrections that
many physicists regard as unnatural. This is known as the hierarchy
problem [122].
Yet another challenge to the Standard Model comes from cosmol-
ogy. Already in 1933 Fritz Zwicky’s observation of the Coma galaxy
cluster suggested that its mass was not mainly concentrated in the hot Usage of the viral
X-Ray gas but made up by a yet unknown form of matter he dubbed  theorem suggestsa
dunkle Materie - dark matter [123]. Structure formation in the universe ZZOCZ;UZZ;Z:SZ,OH
together with constraints from the formation of early elements, the ¢, constituting
so called Big Bang Nucleosynthesis, suggest that this dark matter isnot  galaxies than
baryonic in nature but made up by particles that interact only gravita-  observed in galaxy
tionally and, at most, weakly. Neutrinos are the closest match within ::ZIS;WZZ OOZZOlmt
the Standard Model but they are too light to make up a significant digrectly

amount of this new form of matter. This makes them highly relativis-  observable matter
dominated by X-Ray
Qas.

43



44

PHYSICS BEYOND THE STANDARD MODELL

tic and unable to realize the structure formation of as we observe it
in the universe [124].

Also, in recent years an acceleration of the expansion of the uni-
verse has been measured [125]. Before, it was thought that the speed
of expansion of the universe should decrease with time. An addi-
tional energy density in the universe - in the simplest form as a pa-
rameter known as the cosmological constant - is needed to explain
this behavior. This is now know as dark energy [126]. Even less is
known about the properties and origins of dark energy than about
dark matter but it is another sign that the Standard Model can not be
a complete description of the physics in the universe at large.
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Figure 23: Two loop renormalization evolution of the inverse gauge-
couplings o~ . For the SM (dashed line) the couplings only meet
approximately. The match is much more precise in supersymmet-
ric models - to be exact MSSM models (solid lines). Illustration
taken from [122].

6.1 SUPERSYMMETRY

Supersymmetry (SUSY) is a spacetime symmetry between bosons and
fermions. It introduces (one or more) symmetry operators Q that can
relate a bosonic to a fermionic state:

Q [boson) = |[fermion)

Q |fermion) = [boson)
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Like mentioned before, many supersymmetric models make the uni-
fication of forces easier when looking for models with a good match
of the running coupling constants. This makes it likely that such a
model is a better candidate for physics up to the GUT scale than the
SM. This, however, was not the original motivation of supersymme-
try. This motivation goes back to electro-weak symmetry breaking
and the introduction of the Higgs particle.

Quantum corrections to a scalar particle

Note that the Higgs particle takes up a special place in the Stan-
dard Model since not only is it responsible to effectively give other
fermions and bosons a mass term due to coupling to the Higgs field
but it is also the only scalar (spin o) particle. While all particle masses
are subject to loop corrections, the loop corrections for a scalar parti-
cle are special because they do not depend on its bare mass.

Looking at the Yukawa interaction term of the Higgs H with a
fermion and coupling A¢ one gets:

L= -APHY

Given that the Higgs mechanism is used to explain masses, A is pro-
portional to the mass of the fermion in question. So for a fermion
loop correction (like Figure 24) up to some cutoff scale Ayoft for the
Higgs mass-squared m#, results in a term

A2 (2)

cutoff T -+

that is quadratically divergent [122]. Given that A¢ never is a very
large number and one wants to have a theory that works at least
roughly till the coupling constants meet for Grand Unification, it fol-
lows that Acyor = O(10'® GeV). The situation for spin-1 bosons is
quite similar though corrections for a boson loop are different in sign
due to their different statistics (i.e. fermionic single loop corrections
are negative, bosonic positive). While the bare Higgs mass is still a
free parameter, without any fine tuning one would expect to have
a Higgs squared-mass that is around (10'® GeV)? = 1032 GeV? or
higher from the corrections alone.

The real Higgs mass on the other hand is close to the weak scale,
many orders of magnitude lower in energy. This has been known
by electroweak precision measurements for the Vacuum expectation
value of the Higgs field

(H) = (Gpv2) /% = 246 GeV

and recently the measurements of the mass of the Higgs boson it-
self of ~ 125 GeV [51, 127]. Since mass for fundamental SM particles
mostly comes from coupling to the Higgs fields, the particles with the

45



46 PHYSICS BEYOND THE STANDARD MODELL

highest mass - top quarks - will make the largest contributions, but

the problem exists for the lighter SM particles as well to some degree.

There exist other  This whole situation is known as a fine tuning problem of the Standard
fine tuning Model.

Eiﬁ:lsg}::aﬁafe% There are two different ways to solve this problem in extensions
weakness of gravity to the Standard Model. One way is to come to the conclusion that
(hierarchy problem) ~ the predicted cut-off scale A.yioff is much lower than predicted and

and the lack of CP rather close to the TeV-scale. A way to do this will be discussed in
violation in the Gootjon 6.2. The other way is to assume an internal symmetry like
strong foree. SUSY that protects the quantum corrections from getting too high.
Especially if one compares Equation 2 with the corrections another

scalar particle t (compare Figure 24, bottom) would give to the Higgs

mass
A

S
16m2
it is easy to notice that two such scalars would mostly cancel out the
spin 1/2 fermion corrections under the assumption that

Amlz_l == [Acutoff + } 7 (3)

Afl = As] .

The situation for spin 1 vector bosons is quite similar and a spin 1/2
fermionic partner can again solve the problem [122]. In both cases the
change in spin is 1/2. Both relations can be achieved by introducing
supersymmetry. Note that while there are a multitude of both spin
1/2 particles and spin 1 gauge bosons in the SM, none of them seem
to belong to the same group of a supersymmetry transformation. So
the price to pay for SUSY is at least the doubling of the known particle
content.

H I 1
-——— -——— H \ 7

Figure 24: Feynman diagrams of a one loop Higgs-particle mass correc-
tions for a fermion f (left) and a scalar particle S (right). Taken
from [122].

6.1.1 Broken Supersymmetry and the MSSM

Perfect supersymmetry predicts at among other things bosonic (fermionic)
states for each of the known Standard Model fermions (bosons) with
the same charge structure (electric charge, weak hypercharge, etc.) -
including the same mass.

When looking at how SUSY might might be realized in our world
one can see quickly that it must be broken. Else it would not only
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spoil the results of known particle physics experiments but also basic
atomic structure as we know it. A simple reason for this is that bosons
are not suffering from the Pauli exclusion principle (see Figure 25).

OO
o ® ® ®

ONO

Figure 25: In perfect SUSY models an ordinary excited atom can emit a
massless photoino ¥ instead of a photon, turning an electron e
into a selectron €. This can happen multiple times just like nor-
mal photon interactions and turn all electrons into selectrons. But
the selectrons can, being bosonic, subsequently also all fall to the
ground state. This means such an atom now has atomic interac-
tions that are all made up by many particles in the ground state
and no longer dominated by a few valence electrons, changing
chemistry as we know it completely.

So it is known that supersymmetry must be broken in a way that in-
creases the new particle masses. In particular, the mass has to be high
enough to not have been observed already but at the same time can
not be too high. If one wants to retain the original motivation and
canceling of quantum corrections talked about earlier one can not,
however, make these masses too large either. The higher the mass
splitting of SM particles to SUSY partners is, the more of the original
fine tuning problem will resurface. While there is no definite way to
define what amount of fine tuning of parameters is acceptable and nat-
ural, it is usually thought that a mass splitting of more than O(1 TeV)
is problematic [128]. Thus supersymmetry should be in range of col-
liders like the LHC and cosmic ray experiments [129].

Even with resulting masses in the TeV range, any good SUSY model
has also to (at least approximately) preserve the parameters and nor-
mal degrees of freedom of the Standard Model fields as well as all its
properties (gauge invariances, etc.) while still staying supersymmet-
ric. In practice the latter requirement is ensured when model building
by promoting Standard Model fields to so called superfields and using
the mathematical concept of (anti-commuting) Grassmann numbers as
additional spacial coordinates.

Breaking supersymmetry without additional restrictions almost al-
ways leads to new effects like proton decay (as depicted in Figure 26)
as well as generally high amounts of (unobserved) flavor changing
neutral currents (FCNC) [130].
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Figure 26: Randomly breaking supersymmetry without restrictions gener-
ally leads to proton decay. Depicted here is an example of
a Feynman-diagram showing decay by exchange of a strange
squark. Taken from [122].

Many of these requirements are difficult to realize in dynamically
broken SUSY models so Howard Georgi and Savas Dimopoulos pro-
posed what they called a softly broken supersymmetry [131]. The SUSY
breaking terms (like gaugino and scalar field mass terms) do not spoil
ultraviolet behavior but they explicitly break the supersymmetry. If
one assumes that supersymmetry is a real symmetry and only spon-
taneously broken at some very high energy scale, a soft supersymme-
try breaking Lagrangian term Ly.¢ makes a SUSY theory a low energy
effective theory.

MSSM

The simplest, phenomenologically viable supersymmetric extension
of the Standard Model is known as the Minimal Supersymmetric Stan-
dard Model (MSSM) [132, 133]. It introduces a new particle for each
of the known SM particles, referred to as superpartner(s) of the respec-
tive particle (see Figure 27). Per convention the superpartners p are
indicated by a ~ over the respective Standard Model particle p.

To be more exact, each of the two chiral components f of the mas-
sive SM fermions has a scalar superpartner f. They are called scalar
fermions or short sfermions. This scheme gets repeated for individ-
ual particles, i.e. a right-handed tau Tr becomes a right-handed stau .
Note that as scalar particles the handedness is of course not defined
and only serves as a naming convention. The two states of different
handedness have the same quantum numbers and can freely mix to
form two mass eigenstates, usually named f; and f, unless they can
be closely related to their apparent handedness.

For technical reasons the MSSM also introduces an additional Higgs
field [135, 122]. One of the Higgs-doublets (H,,) couples to up-type
particles and one (Hg4) to down type particles and (s)leptons. This
doubles the degrees of freedom in the Higgs sector while still only
needing 3 degrees of freedom to give each of the spin 1 bosons
(Z°,W#) mass. So this additional field leads to five instead of one
free Higgs particles after weak symmetry breaking. The most conven-
tional Higgs particles are the two scalars (h°, H°). The other ones
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Field Content of the MSSM
Super- Boson Fermionic

Multiplets Fields Partners | SU(3) | SU(2) | U(1)

gluon/gluino g g 8 1 0

gauge/ wE, w0 | wE wo 1 3 0

gaugino B B 1 1 0

slepton/ (r,e7 ), (r,e7)p, 1 2 -1

lepton €p cn 1 1 -9
squark / (iip.dr) (u,d)p, 3 2 1/3
quark upR UR 3 1 4/3
dp dp 3 1| —2/3

Higgs/ (HY.H;) |(H).H;) 1 2 ~1

higesino | (H;F. HY) | (H; . HY) 1 2 1

Figure 27: Scheme of the MSSM field content. Taken from [134].

are A°, a pseudo-scalar, and the charged H*. The lighter of the two
scalars is named h® by convention and it is often very SM-Higgs-like.
The addtional Higgs particles as well as the SM vector bosons all
have spin 1/2 leptonic superpartners. They are named by adding -
ino at the end of the particle name. The charged Higgsinos and the
gauge bosinos as well as the neutral Higgsinos and gauge bosinos
can each mix. This leads to 2 charged and 4 neutral mass eigenstates,
called charginos %7, and neutralinos )”(?,2,3,4 respectively. By conven-  Sometimes

tion the index increases with mass of the eigenstates. Note that while neutralinos and
charginos are also

charginos are Dirac fermions the neutralinos are Majorana fermions . <0
.- . written as N3’ and
and can annihilate with themselves. ox
1
R-Parity

A prime property of the MSSM that makes sure not to spoil known
precision observations is its (multiplicative) R-parity invariance. R is

defined as
R= (_1 )3(B—L)+ZS

where B, L and S are the baryon number, lepton number and spin
of a particle [122]. R-parity has important phenomenological conse-
quences. Standard Model particles always have even R-parity whereas
their superpartners always have odd R-parity. So starting with any
number of SM particles R-odd superpartners can only be produced
in pairs. When a R-odd particle decays there will always be an odd
number (and thus at least one) of other R-odd particles at produced.
The lightest R-odd particle, called LSP (Lightest Supersymmetric Par-
ticle), takes a special place must be stable. Heavier particles like the
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NLSP (Next-to-Lightest Supersymmetric Particle) can also be stable
if their decay into the LSP is not kinematically allowed or meta stable
if their decay is suppressed.

In the early universe such particles would have been produced in
great numbers during the Big Bang. This means that either R-parity is
not exactly conserved or the LSP is a neutral, at best weakly interacting
particle that is hard to observe. The latter could indicate that these
particles explain the dark matter phenomenon [136].

Extensions of the MSSM

Allowing violation of R-parity is but one of the many possible exten-
sions of the MSSM. Almost any kind of new particles can be included
as long as the general structure of the model is kept intact. Commonly
explored models are the addition of fermions, like right handed (ster-
ile) neutrinos vg and their partners ¥, and models that add bosons
like the axion. There also exists models that include extensions in
the Higgs sector like the NMSSM (Next-to-Minimal Supersymmetric
Standard Model [137].

The most common inclusion is a particle that is expected to exist
if there is a quantum theory of gravity: its hypothetical gauge bo-
son known as the graviton (G). Theoretical considerations give it a
vanishing mass, no charge and - unlike other gauge bosons - a spin
of 2 [119]. The particle itself only interacts with gravitational strength
and so is virtually impossible to observe but its superpartner, the spin
3/2 gravitino (G) might be [138].

Simplifications

It is noteworthy that the MSSM adds 105 new parameters to the Stan-
dard Model even when preserving R-parity completely [139]. But only
a tiny region of the parameter space is interesting to be tested exper-
imentally. The rest still shows meaningful FCNCs and high amounts
of CP violation or they have parameters without phenomenological
consequences. These considerations have lead to the phenomenological
MSSM (pMSSM) that is only governed by 19 real parameters while
staying model independent by still not considering any specific su-
persymmetry breaking mechanism [140, 141]. This is still a huge pa-
rameter space for SUSY searches and excluding models by sampling
can possibly be prone to error. If some phenomenology only shows
up because of an exact relation of multiple parameters (maybe due to
the SUSY breaking mechanism) it might never show up in a (finite)
random sampling of parameters. So, from both the standpoint to re-
duce the number of parameters further and to possibly increase the
relevance of the models, efforts have been made to relate the MSSM
parameters to (fewer) high energy parameters, closer to the mechan-
ics of SUSY breaking.
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Spontaneous Symmetry Breaking

Before going into details about how spontaneous SUSY breaking at
high energies affects the low energy effective theory it is worthy to
discuss the general effects of spontaneously breaking supersymme-
try. If any continuous symmetry gets spontaneously broken it im-
plies the existence of a massless particle that is tied to the generator
of said symmetry. Since in most cases the symmetry has no relation
to the spin of the particles, the generators of the symmetries are usu-
ally scalar particles and are called Nambu-Goldstone bosons. Examples
where they appear is in the framework of BCS superconductivity and
the theory of electroweak symmetry breaking [142, 122]. In the latter
they get eaten by gauge-bosons as result of the Higgs-Mechanism giv-
ing the gauge-bosons an additional polarization state and thus mass.
A supersymmetry generator does change the spin of a particle by a
half-integer and so most carry a corresponding spin charge itself. The
corresponding Goldstone particle has to be a fermion and called a
goldstino. In the MSSM the generator(s) change the spin of the parti-
cles by 1/2 and the goldstino is a spin 1/2 particle with 2 spin states.
Corresponding to the Higgs-mechanism this goldstino can be eaten by
a massless spin 3/2 fermion - the Gravitino. The gravitino so becomes
a massive spin 3/2 fermion with 4 spin states. Unlike the graviton it
might also interact non-gravitationally since the two spin 1/2 states
relate to the goldstino modes. As a neutral particle the massive grav-
itino is an excellent dark matter candidate.

Constrained MSSM Models

The concept of Grand Unification of the 3 Standard Model forces and
maybe an eventual Theory of Everything (ToE) that includes gravity
has driven the idea that the SUSY-breaking terms can be simplified
on some high-energy scale. The scale could be the Planck scale, the
GUT scale or even the scale of some messenger field that transmits
the actual supersymmetry breaking from some hidden sector where it
occurs.

The most basic form of how to transmit SUSY-breaking to the visible
sector is gravity. It seems to be a sound assumption that any new parti-
cles couple to it and thus it is a factor that is always present, even if it
might not be the dominant one. Pure gravity-mediated supersymmetry
breaking results in m to be at the electroweak breaking scale. The
gravitino will only interact with gravitational strength and so be im-
possible to produce at colliders (though it can be the LSP). A special
case of gravity mediated supersymmetry breaking is anomaly medi-
ated SUSY breaking where the breaking is communicated through a
conformal anomaly [143].

Another possibility is gauge-mediation via a messenger particles that
take part in gauge interactions or direct gauge-mediation where the par-
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ticles in the SUSY-breaking sector have SM charges themselves. In
these scenarios the gravitino can be in the eV to GeV mass range and
will definately be the LSP. The interactions of its &1 helicity compo-
nents will be much stronger and so it might be accessible in collid-
ers [144, 122].

Once one has established the scale of the parameter unification and
chosen the numerical value of the constrained parameter space, it is
possible to compute the actual consequences for the full amount of
low energy MSSM parameters via the renormalization group equa-
tions. Models built in this way are known as constrained MSSM. Since
this renormalization group running has to be done for each high en-
ergy parameter combination of a model there exist computer codes
that facilitate these computations. Examples of commonly used pro-
grams are SuSpect [141], SPheno [145] and SOFTSUSY [146].

mSUGRA

One of the most popular such constrained models is the mSUGRA
(minimal SUperGRAvity) framework [147, 122]. It has five parame-
ters: A unified scalar mass parameter m3, a unified gaugino mass
m? /2 @ trilinear coupling parameter Ao as well as uo and By, Planck
scale values for the usual Higgs parameters p and B. The last pa-
rameters m3,, is the gravitino mass. It is independent of all other
parameters and does not influence the rest of the particle spectrum.
Usually the complex Ag,Bo,1o and m3,, are chosen to be real when
model building. Sometimes the mSUGRA model with a small, com-
monly used parameter transformation for o and By to sgn(up) and
the weak scale parameters mz and tan 3 is called CMSSM.

There exist many variation of the mSUGRA model like the NUHM
(non-universal Higgs mass) models that divide m3 into separate pa-
rameters for the diagonal Higgs scalar squared-mass parameters and
the other universal scalar mass.

GMSB

Contrary to the situation in supergravity the universality of the slep-
ton and squark mass parameters is guaranteed in models with gauge-
mediation [148, 144].

The most basic model here is called minimal gauge mediated super-
symmetry breaking (GMSB). It’s effective scale A is the universal mass
scale for low energy phenomenology and the main parameter. The
other parameters are the usual Higgs parameters p and B already
mentioned for mSUGRA. The last possible parameter is the particle
content in the messenger sector.
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Typical Mass Spectra

Unlike for the pMSSM where setting any a-priori probability to the
combination of suitable model parameters is highly questionable, the
lower amounts of parameters in the constrained models show some
common properties in them that maybe can be generalized somewhat
more reasonably. Generally the colored particles like gluinos (§) and
squarks (g) are heavier than the ones not taking part in the strong
interaction like the neutralinos or sleptons. In most mSUGRA models
the lightest neutralino )28 is the best LSP candidate. In GMSB models
where the LSP is almost always the gravitino the lightest slepton, the
(mostly) right handed stau tg or the X3 can be the NLSP.

Other common models are those with stop t LSPs due to heavy mix-
ing in the third generation or %3/%r co-NLSP scenarios. For a typical
mass spectrum considered in the pre-LHC era compare Figure 28.
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Figure 28: A constrained MSSM mass spectrum (here: GMSB with SPSy
benchmark parameters). Typical LSPs in the constrained MSSM
models are gravitinos, staus and neutralinos. Taken from [149].
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6.1.2  SUSY Searches and Detector Phenomenology

Since supersymmetry introduces such a wide range of new parame-
ters and particles, the exact detector phenomenology is highly model
dependent. The most examined collider aspect is the commonly present
mass gap between the heavy squarks and gluinos and the lighter un-
colored SUSY particles (compare Figure 6.1.1).

In a hadron collider like the LHC the most important SUSY produc-
tion mechanism should be particles that couple to the strong force un-
less those are out of reach due to their high mass. From here the heavy
particles produced in the primary interaction will cascade down to
light and lighter SUSY particles and eventually reach the lightest su-
persymmetric particles (LSP) or at least the lightest SUSY particle that
is detector-stable. Due to an assumed R-parity conservation there will
be a SM particle produced at each step. This can lead to a high num-
ber of leptons from the multitude of slepton decays since sleptons and
neutralinos are usually among the lighter SUSY particles. Also, since
the lightest SUSY particle has to be neutral - and thus invisible to any
tracker - another very common SUSY signal property is the missing
energy or - in practice more often - missing transversal momentum in
the detector (see Figure 29) [150].

This signature might be eroded if all observable SUSY particles
are somewhat degenerate in mass. In this case the missing energy
can only be seen in special circumstances such as the occurrence of
notable initial state radiation [151].
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Figure 29: One of many examples for SUSY particle production and a fol-
lowing decay chain. Typical is the production of high energy lep-
tons, jets and missing transversal momentum due to the escape
of neutral particles. Taken from [152].

Heavy Metastable Charged Particles

If the lightest detector-stable particle is charged though and long-
lived enough to only decay outside a typical detector most of the
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time, the missing energy signature might be missing in most interac-
tions. Such models and models with similar phenomenology are the
main focus later on during this work. Here the search strategies have
to use the high mass of the (meta-)stable particle and its effect on
the detector. If the mass is high enough compared to its energy, its
speed is noticeable slower than muon tracks in the detector which
mostly have a speed 3 ~ 1. The speed difference to muons can either
be determined directly by measuring the time of flight of the heavy
particle or by observing the increased ionization energy loss such a
particle will have on its way [153].

Cases like this are often found in GMSB frameworks but they can
happen in any scenario where the NLSP is charged and the decay to
the LSP is either suppressed due to kinematics or lack of interactions
(G, ¥R, etc. is LSP).

The livetime of heavy, charged particles is somewhat constrained
since they can form bound systems with nuclei and catalyze the syn-
thesis of light elements during the Big Bang nucleosynthesis [154].
Conversely, with the right livetime, they might be able to solve the
primordial lithium problem [155]. Especially in bound states the de-
cay of such a particle can cause efficient (photo-)disintegration of light
nuclei.

Collider Constraints

The considerations about the Higgs mass quantum corrections at
the start of this section have lead many people to believe that su-
persymmetry would be just around the corner and could possibly be
observed by experiments at LHC not too long after the start of opera-
tions. These hopes were not fulfilled and the two phases the detector
ran with roughly half its design center-of-mass energy (7 and 8 TeV)
have so far only excluded large parts of the parameter space of con-
strained models [156]. Most limits on squark and gluino masses of
the many diverse searches and varying model dependencies are well
above 1 TeV. The Higgs mass also seems higher than can be natu-
rally explained by most of the basic GMSB models without adjust-
ments [157]. The masses of the other particles that do not take part
in the strong interaction are less constrained than at a lepton collider
probing a similar energy range. At a hadron collider they can still be
created in a processes such as Drell-Yan production which have the
advantage that they are quite model independent. The current limits
for meta-stable charged particles (like Tr) produced in this way are
~ 340 GeV [153].

While it is not impossible that the LHC will still find signs of super-
symmetry with future runs, these results at least question the natural-
ness of most of the commonly used constrained SUSY models and has
lead to the change to more model independent search strategies [158].
It should be noted that among all the SUSY searches at the LHC many
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models with long-lived ¥ might still not be fully explored in the cur-
rent searches [159].

6.2 MODELS WITH EXTRA DIMENSIONS

In 1921 Theodor Kaluza published his idea of unifying the field the-
ories of gravitation and electromagnetism into a single one by intro-
ducing a 5th space-time dimension [160]. To simplify the equations he
introduced the idea that no part of the 5-dimensional metric depends
on the new 5th dimension.

In the wake of the rise of quantum mechanics Oskar Klein later
reinterpreted Kaluza’s theory in this new setting and explained this
additional condition by the assumption that the 5th dimension is
small and curled up. The simplest, but still very instructive, way to
view such an extra dimension is to view it as a circle of very small
size. Any such compact dimension also directly leads to interesting
phenomenology when viewed respective to quantization in this new
dimension. Klein himself had the notion that this explained the quan-
tization of electrical charge and calculated the size of the dimension
according to this view [161].
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Figure 30: A circle is the simplest way for compactification of an extra di-
mension (called S' in topology). Imposing chirality defining par-
ity breaks the translation symmetry in the s5th dimension. The
extra dimension now can be topologically identified as a line. Il-
lustration taken from [162].

It should be noted that there are multiple ways to create compact
extra dimensions. For example, if the underlying theory for the field
has to be invariant under parity (Z,) symmetry, as is commonly the
case, the underlying group properties have to be taken into account
during compactification. The result is that, topologically, the extra di-
mension is no longer a circle of radius 1. but a line of length r.7. This
is illustrated in Figure 30. This process is known as orbifold compact-
ifiction [163]. The situation becomes more and more complicated as
more dimensions are added.
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6.2.1 Large Extra Dimensions

There are multiple modern particle physics models with extra dimen-
sions that try to embed the findings of the Standard Model within
them. Notable here is the model with large extra dimensions (LED)
suggested by Nima Arkani-Hamed, Savas Dimopoulos, and Gia Dvali
in 1998 [164, 165].

It tries to explain the weakness of gravity (as seen by on/ap ~
10732 , where o and oy are the typical electroweak and expected
gravitational coupling constant [166]) by assuming that, unlike other
tields within the Standard Model, it propagates in additional spatial
dimensions. If these dimensions are large compared to the typical
Planck scale there would be a much steeper power law for the law
of gravity for small distances r following oc 1/r%*2 where k is the
number of spatial dimensions above three. For larger distances that
are bigger than the scale of these extra dimensions, the power law
naturally changes to the well known 1/r2 dependency.

Thus with both physical size as well as number of these extra
dimensions the actual physical Planck scale moves progressively to
lower energies. It could even approach the weak scale and be in range
of a collider experiments.

6.2.2  Warped Extra Dimensions

Not all models try to make the size of the additional compact dimen-
sions responsible for this behavior but instead add a warped space-
time. A popular such model is the RS model of Lisa Randall and
Raman Sundrum proposed in 1999 [167]. It adds a single extra di-
mension along which space-time is heavily warped. This can heavily
influence the natural energy scale at opposing ends of this dimension.
The extra dimension does no longer have to be necessarily compact
(RS1 model) but can also be infinite (RS2 model [168]). The special prop-
erty of the RS models is that the apparent weakness of gravity is now
tied to the graviton being located at a different place along the extra
dimension than other fields. The fundamental scale for unification of
the forces can be near the TeV, but moving along the 5th dimension
has strong (exponential) effects on the apparent scales of the other
four dimensions - and thus the energy. This makes it look like the
fundamental scale of gravity is the Planck scale and thus seemingly
creating the hierarchy problem when the situation is actually only
an effect of the warped space-time (see Figure 31). Since the Randall-
Sundrum models no longer strongly depend on the size of the extra
dimension they are viewed as more natural than the LED models by
its proponents.
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Figure 31: The situation with warped extra dimensions (here: RS 1 model).
The scale of gravity looks like it is at the Planck scale due to
the heavily warped metrics in the 5th dimension that the gravi-
ton propagates into (L = 7r¢). The actual fundamental scale for
unification of the forces is at TeV energies - in range for collider
experiments. Illustration taken from [169].

6.2.3 Universal Extra Dimensions

The previous works on extra dimensions inspired theories of extra
dimensions that are no longer restricted to gravity alone. For exam-
ple, adding a single compact extra dimension like in the LED model,
but letting all Standard Model particles propagate into them has some
interesting phenomenological consequences. This is because a single
extra dimension with some size r. with cyclic boundary conditions
leads to possible states my? = n? /rg. For Standard Model particles
at tree level one thus gets \/mn? 4+ mgy? as masses for the so called
Kaluza-Klein (KK) excitations [170]. This means that in this simple case
the KK mass spectrum is nearly degenerate, though radiative correc-
tions remove this degeneracy and can lead to a significant splitting.
In any case one gets a Kaluza-Klein tower (Figure 32, Figure 33) of
new particles above the mass spectrum of the usual Standard Model
particles that in this simple model will be roughly evenly spaced in
energy, the additional energy is simply the momentum in the extra
dimension. Since momentum is conserved the KK-number n is also
conserved. The realistic case is slightly more complex and in order to
not violate SM electroweak precision measurements one has to break
exact n number conservation during compactification but one can keep
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a discrete symmetry. The implicated conserved parameter then is the
so-called KK-parity (—1)™. It is conserved for all interactions at all
orders - unlike the KK-number n that is now only conserved at tree
level [170].
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Figure 32: 4D KK-spectrum of a 5D fermion. It is sometimes known as a
Kaluza-Klein tower. Taken from [162].

The collider phenomenology of these models is quite close to the
one seen for supersymmetry. In this minimal model the new particles
also can only be produced in pairs in SM-collisions due to KK-parity
conservation that acts like the R-parity in the MSSM. The simple
model discussed here is known as mUED (minimal Universal Extra
Dimension). While the missing energy for interactions producing KK
particles will be high, the missing transverse momentum will be low
due to the quasi degeneracy. This makes the model effects more chal-
lenging to find at colliders. Just like for supersymmetry the model
can be modified in many ways: KK-parity can be broken, non Stan-
dard Model particle (right handed neutrinos vg, gravitons G, etc.)
can be introduced, more dimensions can be added or their geometry
modified to get a UED version of a Randall-Sundrum model [171].

The main difference to SUSY models is that there is also an arbi-
trary number of additional particles due to higher order excitations
at even higher masses and that the new particles keep their bosonic
or fermionic nature. Like for SUSY, the lightest Kaluza-Klein parti-
cle (LKP) is very important for any observed phenomenology. If it is
neutral is can also be a dark matter candidate [172, 173].
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Figure 33: The mass spectrum of (the lightest) additional particles in a sim-
ple UED model (5D). It (almost) only depends on the size of the
extra dimension 1. and the energy cutoff of the theoretical de-
scription (here: T2 1 =500 GeV). Taken from [174].
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I don’t believe it. Prove it to me and I still won't believe it.

— Douglas Adams, Life, the Universe and Everything

NEUTRINO INDUCED DOUBLE TRACKS

Taken together the considerations from the previous chapters can be
used to build a plausible model for experimentally observable exotic
physics at km3-sized neutrino telescopes. A PeV (or higher) energy
neutrino hits the Earth reaching possible center of momentum ener-
gies in the TeV range. Thus it is able to produce exotic particles ex-
pected in this energy range in many BSM-models. These particles will
probably be produced in even numbers due to required symmetries
(e.g. R-parity) and then decay fast to at least two of the lightest, possi-
bly meta-stable particles (e.g. NLSP) in the respective exotic physics
models (see Chapter 6).

If these particles are charged they can be observed in a neutrino
detector as two tracks. The particles can traverse large parts of the
Earth due to the large mass suppression of energy losses (see Chap-
ter 3). This long range has a distinct effect on the later observed de-
tector signature: the tracks will be almost completely parallel and
some have much higher track separations than possible for similar
Standard Model interactions. This is sketched in Figure 34.

Secondly, the much higher range compared to muons also means
that the tracks can come from much further away and still reach the
detector. This increases the effective volume of any detector searching
for this signal. Even though exotic interactions are expected to be
suppressed compared to SM-interactions by orders of magnitude the
enhancement might still make it possible to reach an observable event
rate for favorable models.

7.1 AIR SHOWER MUON AND NEUTRINO SIMULATION

Events in IceCube are generally either caused by muons produced
in air showers or secondary leptons created in neutrino interactions.
Both have to be simulated in order to account for background events.
Air showers are simulated using the software package CORSIKA [56]
used in many astroparticle experiments. It handles the simulation of
air showers from the initial interaction in the atmosphere through
the evolution and properties of the secondary particles. CORSIKA
supports multiple models describing the hadronic interactions in the
atmosphere that show conflicting data when comparing observables
like the number of muons [175]. The CORSIKA datasets described in
this work are based on the SIBYLL interaction model [176]. The COR-
SIKA simulation in use for IceCube has been adjusted to account for
the South Pole atmosphere and location of the detector. If done for
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exotic particles

neutrino

Figure 34: A high energy neutrino interacts in the Earth to produce two -
like particles that can be seen as two parallel tracks far from the
interaction point. Due to the long range of these heavy, charged
particles the tracks are extremely parallel and can have much
higher track distances than can be achieved by Standard Model
Particles.

the in-ice IceCube detector it only considers muons that have enough
energy to reach the array. These are then injected in the MMC [80]
simulation at ground level. The MMC code then handles the further
propagation in the ice. The initial Cosmic Ray spectrum injected into
CORSIKA for the datasets used in this work are based on a polygo-
nato model [177].

Neutrino simulation within IceCube is usually done assuming a
generic power law energy spectrum for the primary neutrinos. The
index of the power law for a specific dataset is chosen in order to gen-
erate sufficient statistics for the energy range in question with both
E—2 general purpose datasets and E~' high energy datasets being the
most common indices. The energy of the individual neutrinos is then
re-weighted in order to reproduce any desired neutrino flux model.
In this work the model considered is the one of Honda et al. [178]
for the conventional neutrino flux. Higher energy neutrinos in the
range of the prompt flux do not play a role for the double track back-
ground and so no model had to be specifically chosen for this energy.
The generation and propagation of neutrinos is handled by the neu-
trino simulation package NUGEN. Each generated neutrino is forced
to produce a secondary charged lepton near or in the detector vol-
ume. This particle, its kinematics, and its respective weight are then
passed on to other modules for further simulation.

7.2 DOUBLE TRACK SIMULATION

While standard simulations for normal air shower and neutrino events
already exist for use of the whole IceCube collaboration, most of the
double track simulation had to be redone from scratch. Existing mod-
ules that had been started to do similar simulations were either non-
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existent, faulty or largely incomplete. The simulation was done to
model the two most important types of double tracks: signal tracks
and di-muon events caused by a neutrino near the detector.

7.2.1  Simulation of Exotic Double Tracks

The first step in signal simulation is to get hold of a model and all its
associated model parameters. Models are usually defined by a com-
bination of high energy scale parameters as described in the previous
chapter for constrained SUSY or the UED parameters (number, size
and cut-off scale of the dimensions, etc.). The parameters then need
to be translated into low energy scale parameters that can be used to
compute cross sections and masses.

For some popular models, such as the MSSM in supersymmetry,
this is quite easy due to the existence of the SLHA [179] convention
that lays out how to organize SUSY data files for high compatibility
between programs. So high scale inputs can be put into almost any
tool (e.g. SuSpect, SPheno, etc.) that does the RGE running in order
to get the low energy parameters (masses, coupling constant, decay
times, etc.). For other models the situation is generally more compli-
cated. So, for now, the choice was made to start with SUSY simula-
tions but keep the tools used general enough to allow for other exotic
models with minor modifications.

At this point, with access to all required data, it is possible to com-
pute the cross sections of the primary neutrino-matter interactions
and the subsequent particle decays all down to the level of meta-
stable CHAMP:s (i.e. T for many SUSY models). However, due to the
high number of possible interactions and decays it is impossible to
compute every interaction by hand in all but the simplest cases. Ad-
ditionally, processes like string fragmentation need to be taken into
account for a completely accurate description since the target parti-
cles, the nucleons in the Earth that the neutrinos hit, are colored.
PYTHIA [180] is a framework commonly used at colliders experi-
ments and elsewhere to do these calculations. So it, or more precisely
its FORTRAN based version 6.4, is also the code of choice for the
double track simulation.

Being very collider based, PYTHIA is, however, mostly focused on
interactions between charged particles (e.g. proton-proton). It does
not directly support the event generation of neutrino-nucleon interac-
tions. Additionally, there are other problems that are also connected
to the implicit expectation that the simulation is done for a typical col-
lider phenomenology. This is particularly noticeable for MSSM simu-
lations. Here the assumption in PYTHIA is that the lightest neutralino
is the lightest SUSY particle. Once produced, it does not decay even if
the SLHA parameters provided have a slepton in it with a lower mass.
Even though gravitinos are also allowed as LSP by an additional flag,
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the neutralino decay channels still show the same problems and the
lightest one still only decays to gravitinos.

Fortunately, the lightest stau and neutralino are very close in mass
for many MSSM models explored here (e.g. see Figure 28) and the
decay of a neutralino into a stau only creates a very small change of
stau momentum. Thus, treating neutralinos that are stuck and have
not decayed in the PYTHIA output for the interaction as staus only
introduces a minor error and a reasonable solution for the results
within this work. Ideally the dependence on PYTHIA should be re-
moved at a later stage (like done in Section 7.2.3) to avoid the issue
altogether.

Simulating the Primary Interaction

While PYTHIA does not provide a way to do the event generation
of the primary neutrino interaction directly, it does allow for the
introduction of externally generated events provided in the LHEF*
format [181] for further processing. So the issue of non-supported
neutrino-nucleon interactions can be resolved by the use of external
event generators. A number of event generators exist that can supply
LHEEF event information - like CompHEP [182] or CalcHEP [183].

After some testing MadGraph 5 [184] was chosen due to ease of use.
It allows both for the calculation of cross sections as well as acting as
tree level event generator. At a basic level it only provides access to
protons and not neutron as a composite target. For the time being, the
decision was thus made to treat all nucleons as protons for further
simulation. This does mean, however, that the relative quark content
within the Earth is not modeled quite correctly, a bias that should be
kept in mind. Under this assumption, it is possible to calculate a good
approximation of both the neutrino-nucleon (v —n) cross section and
the branching ratio to exotic (SUSY) particles. The PDFs? used for the
proton description is CTEQ6 [185] - a set assembled by the CTEQ3
collaboration.

Both MadGraph and PYTHIA interactions are computed at fixed
beam (i.e. initial particle) energies. This means that the code is opti-
mized to be fast when additional events at the same energy are being
done but there is a significant overhead for initialization when chang-
ing the energy. The strategy employed here is thus the following: gen-
erate a high number of events (=~ 1000 — 10000) at each primary neu-
trino energy E and write out all the outgoing particles, associated
kinematics, as well as cross sections. Then proceed with simulating
again at a slightly higher energy E + AE and repeat the process. Do
this until the whole energy range is covered. The energy separation
AE(E) is chosen so that there is a good coverage of the whole energy

1 Les Houches Event Files
2 patron distribution functions
3 Coordinated Theoretical-Experimental Project on QCD
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Figure 35: Result for the cross section calculation at the SPSy [149] MSSM
benchmark point compared to the Standard Model.

spectrum. For improved accuracy at intermediate energies and for
easier handling of further calculations the cross-sections are fitted by
a spline. For an example see Figure 35.

With this preparatory work done, all the parts for a basic double
track simulation are in place. The simulation can be now done in the
following way. The energy of the primary neutrino is generated by
sampling from the presupposed spectrum. For now the hypothesis is
that the flux follows a power law @, o E~2 as is usually assumed for
a generic cosmogenic neutrino source (see Chapter 1). The neutrinos
are generated with a uniform arrival direction at the edge of Earth’s
atmosphere.

The next step is determining whether the neutrino interacts on the
way to IceCube. Postulating a neutrino is lost during any SM interac-
tion on the small path through Earth dl one gets

dN = —N(1) - osMNaPgarth (1)dl

with N being the number of neutrinos and N being the (approxi-
mate) relation of mass and nucleon number and pg,, the density of
the Earth. The probability p of a neutrino interaction is then

N(0) —N(U)

p= No) 1— eXp(—USMNAJpEarth(UdU :

Here the density of the Earth pg,n (1) is modeled by the PREM# [186]
model that is re-parametrized according to the incident neutrino an-
gle. One can easily see that for high energies the interaction prob-
ability gets close to 1, so there is an option in the simulation code
for skipping the previous simulation step and just assuming a neu-
trino interaction - if so desired . This can, however, lead to overesti-
mation of the double track flux near the horizon for models with a

4 Preliminary Reference Earth Model
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Figure 36: The preliminary reference Earth model [186] used for the density
calculation within the simulation.

very low production threshold and should only be done with caution.
The probability of an exotic neutrino interaction pexotic is then simply
determined by the branching ratio to exotic particles

Oexotic Oexotic

~

Pexotic =P Oexotic T OSM Osm

In any case, the depth of the interaction 1 is randomly drawn from
the distribution N(1) in order to generate the position of the interac-
tion vertex within the Earth in a separate step once an interaction has
been determined.

It should be noted that the procedures described so far are not actu-
ally done in separate calculations but in a single M.C. operation. This
avoids a high number of unnecessary calculations. If there are any
interdependent variables (e.g. energy and direction) in a simulated
event and the event itself is discarded the M.C. generation of them
have to be redone for the next event. This is especially an issue in the
case of highly unlikely events that can potentially happen a lot - for
example neutrino interactions with low cross sections but high flux.
In this situation it is much more efficient to directly draw an event
from the convolution of the incoming neutrino energy distribution
with the interaction cross section. This approach has been chosen in
the double track simulation in all cases where it was easily possible
(convolution of primary energy E., % ratio, etc.) though the situ-
ation gets more complicated once multiple variables play a role and
the distributions the event parameters have to be drawn from become
multi-dimensional. The total interaction probability within the Earth,
for example, is dependent on both the neutrino energy and its related
variables as well as the amount of matter between the neutrino and
the detector - a variable dependent on arrival direction.

For maximum accuracy all the simulation steps so far should be
performed for each kind of neutrino separately - including the distinc-
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tion between neutrino and anti-neutrino. The cross sections for high
energy neutrinos and anti-neutrinos, however, become quite similar
for the energy range considered here (~ 103 TeV) [187] due to the
dominating impact of the quark sea to the nucleon PDF. So, for sim-
plicity, the calculations shown in this work have simply been done
with an average contribution of all neutrinos in each step.

Finally a point is reached where an event describing an exotic neu-
trino interaction with known primary energy, direction and distance
from the detector is generated. Now data from the pre-simulated
v — n-interactions at this energy can be randomly drawn to get the
kinematics (i.e. energy and opening angle) of the CHAMP pair. This
pair of particles has to be propagated to the detector. In this step of
the simulation some specific properties of the particular exotic model
could be simulated: the losses of the double track flux due to meta-
stable CHAMP decay, energy losses along the way to IceCube, as
well as scattering and the effect on the double track opening angle.
As such it has been kept highly modular. For now it has been set to a
simple hypothesis. There is no significant effect on the opening angle
from scattering, the CHAMPs do not decay and the energy losses are
approximated [68] by the muon energy losses

dECHAMP ~ mu ) dEu
dX mcpamp  dX

This extremely simple model is not quiet correct but captures the
basic dependencies and energy scaling for a wide array of models and
has the huge advantage of only using a single parameter mcpyamp of
the exotic model. The energy losses of the exotic particle on the path
to the IceCube detector can be treated in a very simple way by this
continuous function. Unlike for similar muon simulations, this can
be done because catastrophic energy losses - like bremsstrahlung - do
not play a role for the CHAMPs considered here. If the distance of the
CHAMPs to the detector is smaller than the range calculated by the
energy loss of the lower energy CHAMP the event is discarded. Else
the energy loss calculation is done for the other CHAMP and both can
be assumed to have reached the detector with the calculated energies.
The track opening angle and their energies can be used to calculate
the respective track distance at the detector. These are now written
out along with other data of note (primary energy, zenith direction,
opening angle, etc.) for future use (see Figure 37) or directly be put
into the next part of the simulation.

In a second step this data is used for the detector simulation itself.
There are two minor considerations to be made. Among all kinds of
CHAMPS, the MMC particle propagation code used in IceCube only
simulates T particles, though the mass parameter can be freely con-
tigured. Also the energy of the ¥ and all other exotic heavy particles
is kept constant within the MMC simulation - no matter how big the
energy losses are. So stopping t-tracks can not be simulated. This is,
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Figure 37: Simulated track separation distribution for a detector like Ice-
Cube for some SUSY models. For the exact parameter values,
please see [188, 149]. Note that the SUSY particle masses here
do not vary much from model to model.
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Figure 38: Simulated IceCube detector response for a CHAMP (left: T with
ms = 200 GeV) and a muon (right). Shown is a very simple energy
estimator, the number of DOMs with a signal (NCh).

however, not a big constraint. It is quite unlikely that a particle that
has propagated through hundreds if not thousands of kilometers of
the Earth stops exactly in the O(1 km) path intersecting the detector
volume. The restriction to only % particles is also not very problematic.
Comparing the models in [64] and [67] for example shows that there
should be no distinction between any of the double track CHAMP
candidates, no matter if they are scalar particles or fermions. Both
can be treated the same, as can be assumed for any exotic particle
with an energy loss low enough to reach the high track separations
needed for a double track signal in the first place. Additionally, the
exact energy of a T or T-like CHAMP only plays an extremely minor
role in the detector response at the expected energy range (Figure 38).
Other factors, like the track distance from the optical modules or the
incident track angle, have a much more dominating impact.
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The simulation near the detector volume is done with the usual Ice-
Cube simulation framework [189]. To generate a realistic double track
at the edge of the detector the same techniques can be used as for a
single track. This is done by first calculating the mean direction and
position of the two tracks. These two values can be used to generate
a straight line that should be in the middle of both tracks. This line
can now be treated like a single “track” and the M.C. sampling near
the detector can be done following the usual steps.

The direction of the “track” and the middle of the detector volume
is used to construct a disk that is perpendicular to the line connect-
ing them. Now the starting point of the “track” is moved to this point
while keeping the “track” direction the same. The disk radius is cho-
sen big enough to not lose any potential “tracks” hitting the detector.
This disk has to be placed well outside the detector volume. Now the
problem can be treated again like a double track by putting the two
tracks back to their relative positions around the mean “track”. For
some additional safety of the calculation and to avoid computational
artifacts it makes sense to randomly rotate the track tracks around
the mean “track” at this point. At this point both tracks can safely
inserted into the normal IceCube simulation chain and propagated
by MMC. The simulation of light and detector response follows the
same scheme as for any other ICyg9 simulation. To save some sim-
ulation time, the double track signal assumption can be minimally
enforced by demanding both tracks to be within ~ 100 — 200 m of the
detector volume.

7.2.2  Simplifications

Apart from this more detailed and very model-specific simulation,
another, much simpler but very generalized, simulation was created
for this work. Due to the negligible impact of the CHAMP energy on
detector response (compare Figure 38) and the fact that most parti-
cles will be produced far from the detector, and thus be extremely
parallel (see Figure 39), one can simplify the simulation near the de-
tector. This is done by assuming some arbitrary CHAMP candidates,
like t-particles with a reasonable mass ~ 200 GeV and energy ~ 10°
GeV, as perfectly parallel tracks and directly throwing them into the
IceCube detector simulation in the vicinity of the detector. Arrival
direction and track separation distances can be drawn from uniform
distributions and later re-weighted to any particular exotic model.
This disentangles the highly model-dependent simulation of the gen-
eration and propagation through the Earth from the simulation of the
IceCube detector response to these tracks.

Using data from this simple simulation as a baseline, all results of
the current analysis can thus be presented in a form that does not de-
pend on any of the model assumptions and specific approximations
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Figure 39: A simulated exotic double track. The tracks are extremely parallel
once they have reached the detector.

described in Section 7.2.1. Moreover, model expectation and special
cases like scattering [190] and energy losses can be added or refined
after the analysis is complete if any particular model warrants it. None
of the IceCube specific simulations have to be redone.

7.2.3  Di-Muon Signal

The di-muon simulation developed for this work shares many con-
cepts with the signal simulation. Still, there are a number of differ-
ences that result from the different origin of the tracks. Note that
results of the simulation were not used to inform any analysis cuts
for this work, so not all parts will be discussed in detail.

The simulation models the SM di-muon background caused by
charm production during neutrino interactions with a nucleon n within
the Earth and subsequent decay:

vn— pu_He — p_pyHyv.

Here H. denotes a charmed hadron and H, any generic hadron (i.e.
strange or non-strange). This is not the only di-muon process that
could lead to separated tracks, but probably the dominating one and
it is refereed to in the respective proposals for double track detec-
tion [64]. So it serves here as an example of typical high separation
SM processes to be considered.

Unlike for exotic events, the energy is in the range where atmo-
spheric neutrinos dominate. This makes the situation slightly more
complicated. Instead of following a E~2 spectrum and a uniform
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arrival direction for the neutrinos, the distributions are taken from
existing models for conventional [178] and prompt [191] neutrino
fluxes. Due to compatibility issues when injecting this class of events
into PYTHIA, the matrix element event generator had to be switched
from MadGraphs to WHIZARD 2 [192, 193]. Unlike MadGraph, this
code can access the string fragmentation routines used by PYTHIA
internally directly and so could be used to simulate the whole decay
process without needing to pass events from one event generator to
another. For consistency, the PDFs provided to WHIZARD are the
same ones used for the NUGEN simulation (i.e. CTEQ4-DIS [194]).

As a simplification, all particles apart from muons are forced to
decay directly at the interaction vertex and only muon particle infor-
mation and kinematics are written out. This was done to avoid hav-
ing to do additional steps like using a toolkit such as Geantg [195]
to simulate all interactions in matter and speeding up the simulation
process. Comparing the situation with interactions in the atmosphere
(see Chapter 2) where the number of potential high energy muons
goes down when mesons re-interact instead of decaying, this immedi-
ate decay can be seen as a conservative assumption that will produce
additional muons and thus additional background events.

Unlike CHAMPs, muons need to be generated close - O(10" —
102 km) for the highest energies - to IceCube to have a chance of
reaching the detector. The simulation is thus done in two steps. First
the calculation of the number of v, reaching the vicinity of the de-
tector along with their direction and energy. The maximum possible
distance to the detector a muon can have and still be able to reach it
is then determined. This is a highly energy dependent variable. It is
chosen following the same principles as in the MMC simulation code.

The range is parameterized like in Section 3.2.1. Instead of using
the parameter values a and b for the mean muon energy loss, however,
these two parameters are adjusted as to incorporate outliers in the
energy loss distributions. The values are the same ones as used in
the MMC code to ensure that at least 99.9% of muons do not lose all
their energy in a given range. Only neutrino interactions that take
place within this range (E, > E,) are further simulated. The same
applies for muons produced in the interaction. The simulation is then
concluded in the IceCube simulation framework as described for the
exotic double tracks.

Additionally, because not all muon events in charm production are
interesting as a double track background, all events that can not pos-
sibly generate a double muon signal in IceCube are discarded. This
is done in almost all intermediate simulation steps. Examples of dis-
carded events are neutrinos that can not produce two muons with
enough energy (Ey < 2-E, min) to reach the detector, events that
only produce single muons, and events where it is impossible to reach
mid-detector separations > 50 m with a certain energy-opening angle
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combination at the neutrino interaction vertex. Removing non suit-
able events makes it easily possible to generate > 10 years of livetime
within the simulated di-muon dataset. Due to the many intermediate
cuts on the phase space, it is not easy to picture in detail what the
simulated event and their flux mean as a total dataset. Still, they can
be used to estimate an upper limit to the total charm double track
background after all analyses cuts since they include all interesting
di-muon events.

7.3 COINCIDENT EVENTS

Due to the large size of the IceCube detector and the accordingly
high rate of muons, coincident events (i.e. events with two indepen-
dent particles entering the detector within the same trigger window)
are common in IceCube data. This means that this special class of
events also has to be simulated to correctly describe the data, espe-
cially since it poses special challenges when it comes to reconstruction
and background rejection for almost every IceCube analysis. Within
the IceCube simulation software this is done by merging the previ-
ously individually simulated events in a realistic fashion. This can be
done in three ways. The first way is realized by merging events within
pure CORSIKA simulation according to their expected (fixed) event
rate. This results in a dataset consisting of both single events and
coincident ones up to any arbitrarily high order (i.e. double, triple,
quadruple, etc.). This yields a more or less realistic mix of air shower
events and so is used for most IC79 air shower simulations without
writing the single air shower data to disk. There also exist methods
for merging events with a fixed number of coincidences (e.g. only
triple coincidences) which can be useful for special cases. But since
this information can now also be extracted from the normal simula-
tion, generating a data set of this kind is often redundant. The third
kind of merging functionality deals with coincidences of neutrino (or
signal) events and air showers. Other coincidences, like two neutrino
events in the same trigger time, are rare due to the low rates of indi-
vidual events involved and generally do not need to be simulated.

7.4 PHOTON PROPAGATION AND DETECTOR SIMULATION

Once particles reach the detector and are propagated through the
detector volume by the MMC module [80], their energy losses and
secondary particles are written out and are treated in the same way
from this point on - no matter if they are muons or exotic in origin.
The next step is considering the light emitted by these particles along
with their secondaries and determining the number of photons reach-
ing each IceCube DOM as well as their respective arrival times. For
the ICy9 simulation this was done in two different ways. One option
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was the PHOTONICS software [115] working with tabulated photon
arrival times. It requires the input of an ice model made up by hor-
izontal layers of wavelength dependent ice properties (i.e. scattering
and absorption). Models of note are the AHA model based on data
taken in 2005 with the AMANDA-II detector and the more recent
SPICE model [93]. In use for most simulation for the IC79 data was
the model internally known as SPICE-MIE, a SPICE variation with
more realistic scattering following the angular expectation for Mie-
scattering in ice. Using these inputs, PHOTONICS determines the
photon arrival probability and time distributions depending on the
relative position of the DOM to the photon source. So, for each DOM,
the single photons can be sampled from these distributions according
to the absolute light yield expected. These calculations are all is done
within the HitMaker module.

The other option for photon propagation is the direct propaga-
tion of single photons. This is done using the PPC [93] code. Direct
propagation is more processing intensive than sampling from look-
up tables, but has the advantage of not needing huge pre-processed
datasets in memory and the absence of sampling artifacts due to
binned data. Single photons and their propagation can be treated
independent from each other which allows for parallelization. This
means PPC could be developed for use on GPUs - thus speeding
up simulation time considerably and counteracting the previously
mentioned disadvantage in processing speed. It should be noted that
many newer IceCube simulations are being done using direct photon
propagation codes, but most IC79 datasets are still based on PHO-
TONICS.

The simulated photons are often referred to as MChits. Additional
noise hits are then added by the noise-generator module that assumes
an additional constant Poissonian background noise of hits. A newer
noise generating module that can also simulate correlated noise bursts
has been developed since then but it is not used yet in the current
analysis. The raw M.C. hit data is then given to the pmt-simulator and
DOMsimulator modules that respectively simulate the PMT response
(including the discriminator threshold) and the DOM main board re-
sponse (including the local coincidence conditions). The result is a
collection of simulated digitized waveforms modeling the hardware
output presented in Section 5.3.2. The final step of the simulation is
then the application of the known trigger logic and shifting all simu-
lated time stamps in the data to match a realistic event according to
the trigger time.
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There is an art to flying, or rather a knack. Its knack lies in learning to throw
yourself at the ground and miss.

— Douglas Adams, Life, the Universe and Everything

DOUBLE TRACK RECONSTRUCTION AND CUT
VARIABLES

The double track reconstruction is realized in several steps within the
icetray software framework [189]. It starts at a basic level with event
data comprised of reconstructed photon arrival times in the DOMs
(compare Section 5.4.1). The reconstruction itself does not distinguish
between signal (parallel tracks) and background events (single or non-
parallel tracks) but the finished reconstruction can be used to better
establish cut variables to do so. The main focus is maintaining a high
signal efficiency while recovering the properties of simulated double
track events.

The first step is the rough separation of DOM pulses and assigning
them to two tracks. Since the tracks are assumed to be parallel there
exist a number of planes between them that separate the tracks from
each other. If such a plane is roughly in the middle of both tracks any
hit in a DOM on one side of the plane is usually more likely to be
caused by the track on the same side of the plane than the one on
the other side. Thus the pulse series is approximately separated in a
geometric fashion. All that remains to do is to find such a plane.

8.1 TENSOR OF INERTIA BASED RECONSTRUCTION

One way to do so is to calculate the tensor of inertia (Tol) of the charge
distribution caused be the event in the detector. The amount of charge
in a DOM takes the place of a mass point in a classic tensor of inertia.
The center of gravity is the center of charge. In most circumstances
this point should be somewhere between the two tracks - probably
close to the middle of both of them if their respective particle charac-
teristics (energy losses, track length, etc.) are not too unlike each other.
If one takes this as the reference point used in the Tol calculation one
can take advantage of its eigenvalues and eigenvectors. The relative
size of the eigenvalues can be easily visualized by correspondence of
a rotation of the DOMs with hits around the symmetry axes given by
the eigenvectors (compare Figure 40).

If one now looks at the eigenvalues of the tensor and the symme-
try of the problem one can see that the smallest eigenvalue belongs
to the eigenvector that aligns with the direction of the double track
event. The next biggest eigenvalue is the one corresponding to the
direction pointing from any position on one track to the closest point
on the other track. The last and biggest eigenvalue belongs to a vec-
tor perpendicular to the plane both tracks lie in. Using this direction
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and the direction along the tracks one can construct the separating
plane in question. In this analysis though, the eigenvector along the
track has been replaced with a simple single track fit (compare linefit
in Chapter 5) on the whole charge distribution of the detector. The
additional time information implicitly used this way helps to make a
more accurate guess for the double track direction. For the eigenvec-
tor perpendicular to the tracks this is less critical since even a heavily
tilted plane will still separate the pulses close to the tracks almost as
well as well the correct one.

(a) Single Track (b) Double Track

Figure 40: The basics of the tensor of inertia reconstruction can be easily
visualized by a simple, schematic DOM hit pattern around each
track. An imaginary rotation of the pattern around the center of
gravity yields a eigenvector aligning with the x,y, and z axes. A
plane generated by the smallest (z) and the largest (y) eigenval-
ue/eigenvector combination then divides a double track (right).
For a single track (left) the method only yields a small separation
of the hit pattern. The simple picture breaks down once the track
separation gets closer to the size of the detector or the tracks are
too close to each other so that the DOMs with significant amounts
of hits overlap for both tracks. Taken from [196].

The rough tensor of inertia behavior has been used in [196] in order
to try and establish a filter for double track events - though ultimately
it did not work to a satisfactory degree. While it works for a large
number of events, just as many good events that can easily be split
up into two pulse series by eye are mis-reconstructed due to the finite
detector geometry. Tracks with large track separation (close to the size
of the detector) for example will have a smallest eigenvalue that no
longer aligns with the direction of the two tracks through the detector
as seen in Figure 43.

It is possible to recover these - very common - mis-reconstructed
events though by finding a better guess for the initially assumed dou-
ble track direction. A relatively simple way to do this is to look at
track fits done on each of the two clusters of (possibly falsely) split
DOM pulses. Very often a mis-reconstruction results in a quite un-
even false assignment of pulses to the two tracks. If this is the case,
one track reconstruction is heavily affected and only of very lim-
ited worth to recover the double track direction. The other cluster
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of pulses, though, often has no or very few pulses from the unrelated
track. In this case a track fit on the latter will give a good estimate
of its direction and thus - for parallel tracks - the direction of both
tracks. Repeating the reconstruction with this new direction as input
now leads to a good - or at least better - result. If one wishes to do
so this technique can be repeated multiple times to get further im-
provements. The end result is then fitted with a more robust linefit
technique that reduces the effect of outliers [197].

Figure 41: In a non ideal (i.e. finite) detector the reconstruction can fail for
large track separations, especially if the tracks are not parallel
to begin with or have a significant time delay (like for many ran-
dom coincidences). In such a case the event either needs a refined
track reconstruction (signal) or additional parameters to remove
it (background).

8.2 Kk-MEANS BASED RECONSTRUCTION

In order to automate this procedure, however, one needs to find a
method of pulse splitting that not only separates the tracks in mul-
tiple, recursive reconstructions but also gives a way to choose which
of these possible results is the best reconstruction and which one is
more likely to be a mis-reconstruction. Since the simple tensor-of-
inertia method mentioned so far does not intrinsically provide such a
measure, another way of separating the pulses using a k-means clus-
tering algorithm [198] is used here instead. Note that k is the number
of reconstructed centers of this algorithm, so here one could also call
it 2-means clustering.

Again, one starts with a simple fit like a linefit to get a rough di-
rection of the tracks. Now all DOM positions are projected onto a
plane that is perpendicular to this direction (see Figure 42). This is
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done so that the shortest distance of the hits to a cluster center is a
meaningful variable to separate the pulses with and the algorithm
does not separate the pulses at the start of the track and the pulses
close to where the particles exit the detector (or stop). Technically,
since one can assume that the double tracks move with the speed of
light, it is possible to use the k-means algorithm also in all 3 dimen-
sions by using a co-moving reference frame that follows the double
track propagation. This requires, however, a very good estimate of
the track direction in the first place and thus is not helpful at this
step. This 3D-clustering could give some additional time information
to further separate random coincident events. Even so, it is ultimately
not used for this analysis as it can be unstable and hard to interpret
for badly reconstructed initial directions. Still - with further refine-
ment - it could be serve as an additional step for future analyses,
especially when the direction of the event is already well defined.

A k-means clustering algorithm assigns the clusters by the shortest
distance to a cluster center. With k = 2 only two clusters are present
and the reconstruction again ultimately defines a plane that separates
the DOMs in the detector. And just like before the reconstruction can
be repeated using the fits emerging from the separated pulses. The
average distance of hits to a cluster center, however, can now be used
to measure how well the clustering has worked depending on initial
projected direction: the one with the smallest spread around the cen-
ters can be assumed to be the best direction. The spread S is defined
via the sum of the quadratic distances of the cluster constituents at
location xy ; to their center cy:

$T=) Y (xi—a)?

i k=1,2

The spread S is also the value that is being optimized by the k-
means clustering algorithm. The smallest spread usually means the
best splitting of the DOM signals, though in some cases the regular
IceCube geometry can favour sub-optimal cluster locations.

8.3 LIKELIHOOD RECONSTRUCTIONS

So far the reconstructions have assumed that each DOM can only
have some signal from a single track at a time. Of course, especially
for not too well separated tracks and a certain amount of scattering
of light, this it not the case. Thus, to get a better description, the
reconstructed best track pair serves as a seed for a fit using a two
track likelihood hypothesis. It no longer uses the geometrically split
pulse series but instead tries to fit both tracks at the same time based
on the complete information of all DOMs. The word best here means
that the fits are based on the pair of clusters with the smallest spread
S.
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(a) The hits are separated by a plane (b) Projection of the events into

constructed with the help of the a common plane perpendicular
tensor-of-inertia (DOM charge) of to the approximate track direc-
the event. tions, followed by k-means clus-

tering (k=2).

Figure 42: Visualization of the two alternative reconstructions.

This gives a much more detailed and accurate angular information
about the event. Unlike the linefit procedure that describes the tracks
as plane waves with variable speed the likelihood fit not only fixes
the speed at c, like expected for high energy muons and muon-like
tracks, but also takes the Cherenkov cone and scattering effects into
account (see likelihood fit in Chapter 5).

There already exists such a double track fit for muons in the Ice-
Cube reconstruction software. It has been used in the past to fit later-
ally separated muons and muon bundles at the same time [199]. Un-
fortunately, it often has problems with convergence due to the high
number of free parameters.

For roughly half of all signal events the fit fails completely. Us-
ing only these events in the final analysis would lead to a big and
unneeded loss in signal efficiency. So instead of the full likelihood
information only the improved angular resolution of the fit is used
if the fit is successful. If not, angular cuts at this stage fall back the
original double track linefit seed the likelihood fit is based on.

To amend the problems of the fit and make sure it succeeds for
most signal events it has been adjusted to automatically mirror par-
allel double tracks. This removes some degrees of freedom in the
tit parameters. Instead of using two totally independent fits with a
start point (3 d.o.f."), and a direction (2 d.o.f.) each (10 d.o.f. total),
the tracks are forced to be parallel by having a common direction (8
d.o.f. total). An additional degree of freedom could be removed by
also requiring the particle distance along both tracks to be always the
same as the track separation and thus assuming that they arrive in
the detector at the exact same time. But because the fit convergence
problem already had been solved at this point and in order to have
a fit parameter that can possibly absorb small irregularities in the ice

1 degrees of freedom
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and light propagation modeling the 8 parameter fit was deemed to
be the better choice.

The (reduced) likelihood value of this adjusted fit can now be used
directly as a cut variable and is by far the most effective and efficient
variable used in this analysis. The number of fit parameters is still
high compared to a single track fit and this makes the fit much more
computationally intensive. So necessarily the fit can not be used on all
data but some previous data reduction cuts are required. These cuts
will be discussed in the next section.

(a) 10 parameter double track fit (b) 8 parameter (parallel) double track
fit

Figure 43: Two kinds of likelihood fits are used in this analysis. The non-
parallel likelihood still retains angular information but can not
be used on many signal events, the parallel one has no explicit
angular information but has fewer problems with convergence
and automatically describes the signal events better.

8.4 DATA SELECTION CUTS

The cuts used in this analysis can be roughly categorized into those
cuts that improve basic data quality and make reconstructions mean-
ingful and those that separate double track events from background
events. The latter can be further distinguished between single (muon)
track events that are an important background for double tracks with
only very small track separation and coincident events where multiple
particles (usually muons) trigger the detector at the same time. For
coincident events the true properties of the primary particles causing
it, especially the directionality, have little in common with the result
of basic reconstructions and fits. This is especially true if none of the
sub-events is clearly dominating - contrary to, for example, an ex-
tremely high energy particle cascade and a low energy muon. This
is very unlike signal events of completely parallel tracks where the
direction of simple fits very often aligns - at least roughly - with the
true arrival direction.

The most common source of coincident events is two muons from
separate air showers. Due to the sheer number of this class of events
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it is also the most relevant background for this analysis, especially for
well separated double tracks. Technically any kind of physics event
can fall into this class if another event just happens to fall into the
same trigger window, but random coincidence with an air shower
muon is almost always the most relevant one. In practice cuts de-
signed to remove uncorrelated (down-going) air shower muons prove
to work almost just as well for muons caused by (possibly up-going)
neutrino paired with an air shower muon. The potentially dangerous
combination of two muons caused by independent atmospheric neu-
trinos is very low at ~ 0.0008 events per year before even requiring
them to have roughly the same direction [200].

The irreducible background of two neutrinos from the same air
shower producing two correlated muons is also extremely low (= 0.07
events per year [200]). Double muon production in charmed neu-
trino interactions has been discussed in literature as a typical back-
ground [64] and has been simulated as discussed in Chapter 7. It
never proved to be dominant at any level of the analysis and so re-
quires no specific additional cuts.

In a strict sense there is another class of events which does not
fall in the previous categories of track-like or very low quality events:
large particle cascades such as those caused by v or v:. None of
these events, however, are very signal-like or very common in the de-
tector and no dedicated cuts are needed to remove them. They never
get close to dominating the background expectation at any cut level
and get inadvertently removed by cuts dedicated for more common
background events.

8.4.1  Muon Filter

Due to a lack of a better alternative the muon filter is the start of
the current double track analysis. It is a zenith dependent filter that
selects for reasonably well reconstructed up-going tracks. It has by
far the highest passing rate for double tracks among the ICy9 filters.
Around 1/2 to 2/3 of simulated CHAMP double tracks that cause at
least 1 hit each in some DOM pass the filter. Still, there is a undeniable
pre-selection for track that look more like single track within the filter.

8.4.2  Basic Quality Cuts

Data quality cuts are made so that the output of fits and other recon-
structions can be trusted. Only then can the latter be used to inform
cuts on data. Most of them are done early in the processing chain and
remove a high number of useless events. In this way they save CPU
time for later analysis steps.
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NCh and NString

Requiring a number of DOM channels with a signal (NCh), either as
a SLC or a HLC hit, is one of the most simple quality cuts. Defining
two parallel tracks using only DOMs on a single string is impossible.
A sensible reconstruction also needs a minimum of DOM hits on a
number of different strings (NString).

Zenith Angle Cuts

Most events coming from above the horizon are muons that can be re-
moved by a cut on the zenith angle of a linefit reconstruction. Neutrino-
induced CHAMP:s are also almost always coming from well below the
horizon. Doing a global fit based on the hits in the whole event with-
out trying to recover the individual tracks is good enough to not lose
many (< 1%) signal events by just cutting at the horizon. The zenith
angle cut is repeated on the likelihood fits of the individual tracks once
they become available.

Opening Angle and Track Separation

When looking for parallel, well separated events both the opening
angle and the distance from one track to the other are useful cut vari-
ables. After the first Tol reconstruction, though, these variables are
not yet good enough to correctly describe the signal events in many
cases. So only events where the reconstruction can be trusted are be-
ing cut. These are clear single track events with a low reconstructed
track separation and opening angle at the same time.

After the iterative k-means clustering later on, the reconstruction of
signal events has become good enough to also cut away events with
a large opening angle.

It should be noted that the mathematic distance of two infinitely
long straight lines is not a useful description of track separation. Of-
ten the distance can become very small for points far outside the
detector, which can arbitrarily lead to large spread of distances even
for only minor changes in track direction. The track separation pa-
rameter used in this work is defined differently. The mean direction
of both tracks is used to construct a plane that is perpendicular to
it and goes through the middle of the detector. Now the distance of
the points where the tracks intersect this plane is a stable description
for track distance at the detector for parallel or nearly parallel tracks.
For extremely non-parallel tracks, however, this definition of track
separation remains rather meaningless and is not useful for cuts.

CoG Position

The z-position (i.e. depth) of the center of gravity is useful to describe
where in the detector (i.e. top/bottom) most of the light output of
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the event has taken place. So events that only clip the top or bottom
of IceCube will have a CoG that is not too far from the top (z ~
500 m) or bottom (z ~ —500 m) edge. Events clipping the detector
can often not be properly reconstructed or the reconstruction follows
the detector edges. For neutrino background events, most up-going
events clipping the detector will be at the bottom.

8.4.3 Coincident Event Cuts

Cuts to remove coincident events mostly aim for the randomness of
time and space pattern the individual sub-event cause in the detector
and the associated gaps this leaves in reconstructed tracks and other
parameters.

Opening Angle

The opening angle can be a useful tool to detect non parallel coinci-
dent events. So the cut is redone once the reconstruction of the indi-
vidual tracks becomes stable (i.e. after the k-means reconstruction).

Linefit Speed

The linefit assumes a plane wave, but the speed of the wave is a vari-
able. CHAMPs and muons can be assumed to move with the speed
of light ¢ and the linefit speed of the individual track linefits recov-
ers the speed reasonably well. Exceptions are often due to scattering
and the break down of the linefit description for light far from the
actual track. Especially cases where high energy particle cascades are
triggered within the detector that lead to a lot of scattering of lower
energy particles will lead to a reduction of the linefit speed from c.
This is rare for the case for the kind of CHAMPs assumed in this
work though.

Coincident events have a random time pattern because the linefit
usually connects the first and second series of hits. This leads to a
large spread of linefit speeds, both bigger and smaller than c.

Likelihood Cut

The likelihood of the double track hypothesis obtained during the
titting procedure is a strong cut variable. It is, however, dependent on
the the number of degrees of freedom and thus the number of DOMs
with a signal (NCh). If nuisance parameter like NCh is removed from
a likelihood 1, it is called the reduced likelihood. For computational
reasons a likelihood is often expressed as a (negative) logarithmic
likelihood logl instead.

The cut parameter logl/(NCh —4) used here is very close to the
negative reduced likelihood (rlogl = logl / d.o.f.) from now on called
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that for simplicity. It can now be used as a 1-dimensional cut param-
eter independently from the NCh - and thus energy - of the event
(compare Figure 44).
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Figure 44: The (negative, logarithmic) likelihood of the double track hypoth-
esis is a strong variable separating it from air shower background
events. There scaling of the parameter with the number of chan-
nels that has to be removed in order to make it a 1-dimensional
cut variable. The distribution is shown for a late cut level.

Z Pattern

Coincident events can fool a linefit reconstruction to connect the first
sets of hits of one event and the second set of the other to get an
overall up-going behavior. Still, the individual hit patterns of the sub
events will be down-going for air shower muons and this can be ex-
ploited.

If the hits in the detector are ordered in time one can form pairs
of hits that directly follow each other. Any down-going sub-event
will usually have more pairs of hits that are also down-going (i.e.
the z coordinate of the second hit will be lower). If there is some
time overlap between events there will be some pairs that show no
clear preference but overall the hit pairs with the correct pattern will
generally outnumber the wrong or random ones.

The cut variable z pattern is made up of all these pairs of hits: start-
ing with o, each time a pair of hits is up-going (z> > z1) the variable
is increased by 1, each time it is down-going (z; < z7) it is decreased
by one. Up-going single and double tracks will have a z pattern > 0.
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Events dominated by air shower muons mostly have z pattern < 0 and
are cut.

Time Gaps

Coincident events have a random, and thus often long, time gap be-
tween the individual sub events. This can be used by cutting on the
maximum time between one hit and the next within an event.

T Pattern

Even if there is some overlap in the arrival time of the sub-events
or there are noise hits spoiling the time gap, the time structure of
hits can still be used to identify them. Most hits of the sub-events
will be spread into two parts instead of being spread over the whole
event. Moreover, such events tend to be longer than non-coincident
ones. The spread of the hit pattern in time - defined by its standard
deviation - is a useful parameter that increases with both factors.

The standard deviation gives different answers depending on if a
pulse gets reconstructed into a single hit with a higher charge or mul-
tiple hits with lower charges. This is sometimes not perfectly modeled
by simulation. Thus, to ensure data to M.C. agreement, the variable
was modified and each hit is weighted according to its charge relative
to the charge of the whole event.

K-Means Distortion Parameter

The k-means technique has a distortion parameter that is used during
the optimization of the clusters that can also be used as a cut variable.
A higher distortion (i.e. standard deviation of the distance of hits to
their cluster center) can indicate a mis-reconstruction.

8.4.4 Single Track Cuts

Single track cuts use reconstructions to find and remove events that
are mostly single track like. Examples are (single) muon neutrino
events and track-like events with very low track separations.

Track Separation

The track separation is a useful variable to detect single tracks show-
ing a small (i.e. usually 50 - 150 m) reconstructed track distance.
Failed reconstructions generally lead to a high track distance. For
parallel fits this often happens when one track hypothesis is outside
the detector. This is a valid assumption for a single track, but leads
to a meaningless high track separation. The same is the case for non-
parallel fits where mis-reconstructions lead to large, random opening
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angles and thus often a large - and again meaningless - high track
distance in the middle of the detector.

Likelihood Ratio

Comparing how single track like a reconstruction looks compared to
double track like can be done in a likelihood ratio test. The reduced
likelihood variables are used instead of the likelihood in order to
remove the energy dependence of the parameter.

Using a monotonous logarithmic transformation the likelihood ra-

l-double

tio becomes

single

1
o (M) = log(ldouble) - log(lsingle) =

single

= lOglsingle - LOg]'double X ﬂ'oglsingle - T‘]'Ogl'double :

For events that are clearly more double track like than single track
like Tloglyoupte — Tloglgingle decreases and is an effective cut variable.

8.4.5 Final Quality Cut

As will be discussed in the next chapter, a final quality cut was intro-
duced at the end of the analysis. Is has properties that remove both
single track and coincident background events. It is defined for each
track after the associated hits are (orthogonally) projected on onto it.
The quality parameter Q is defined as

Q=) ilog(l+di/f)-f<) d

with d; being the distance from a hit i to the next hit i+1 (Figure 45)
and the scale factor f = 100 m. For small steps in d; between hits
compared to f one thus gets Q ~ } ; d;. To increase effectiveness of
the Quality parameter, only HLC hits are counted for computation
of Q. The parameter gets bigger for long tracks that have many hits
along them and gets smaller for tracks with short length or big gaps
with no HLC hits.

8.4.6 Data / M.C. Mismatch

There is a well known data/M.C. rate mismatch at the level of the
muon filter for IC79. There is a ~ 30% higher data rate for real data
compared to air shower simulation and for down-going reconstruc-
tions there is a shape mismatch at high zenith angles. For the up-
going part the rate mismatch approaches a factor ~ 2. This larger
mismatch can be partially understood. The rate of coincidences rises
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Figure 45: Sketch of the final quality parameter Q.

faster than linearly with the mean rate of air-showers and up-going
tracks at this analysis level are actually mis-reconstructed coincident
events.

Fortunately - unlike for the down-going part - the shape for pa-
rameter distributions agrees well for up-going events (see Figure 46).
Only the total rate of M.C. events has to be adjusted upwards.
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Figure 46: Zenith angle distribution after the zenith cut for simulation data
normalized to real data at this cut level. Data is dominated by
coincident showers and the data/M.C. mismatch has mostly been
removed apart from a constant factor.
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Clearly, it is this second part, the missing, that presents the difficulties.
— Douglas Adams, Life, the Universe and Everything

CHOICE OF CUTS

The cuts described in the last chapter form the basis of the analysis.
This chapter now deals with the principles of how the explicit values
of the cut parameters were chosen and the data sets used to do so.

9.1 DATA SETS

Before going into the details about how cut parameters it is impor-
tant to understand all the data sets involved in the process. They can
be divided into simulated data sets for signal and background con-
tributions and real data that is also required for verification of the
simulation/data agreement.

9.1.1 Simulated Data

The data sets mostly contributing to the overall cut strategy in the
analysis are a weighted NUGEN neutrino dataset (v,,, E~! spectrum)
for single tracks that still had the highest number of events of all
available neutrino datasets for the 79 string configuration and an
unweighted CORSIKA dataset including both single and coincident
air showers. Datasets with coincident neutrino and air shower events
were also viewed but the relatively low statistics of the data sets made
them not important for any choice of cuts. Cuts removing pure coin-
cident air shower muons also proved to be effective at removing all
these events. As discussed, the same is true for the di-muon simula-
tion data set compared to the NUGEN (single muon) neutrino dataset.
Signal data is made up of a SUSY dataset of T double tracks with uni-
form arrival direction and track separation. While the livetime of the
simulated di-muon and exotic double tracks is easily sufficient, the
livetime of the air shower dataset is in the order of 1:100 compared to
the full ICy9 data gathered during a year of data taking. The livetime
of the NUGEN dataset is overall higher than the CORSIKA dataset,
especially for high energies. But due to the weighted spectrum its
statistics also breaks down in the lower energy part that is also im-
portant for this analysis.

9.1.2 Real Data and Burn Sample
In order to ensure high data quality, all runs of IceCube data-taking

are monitored and later assembled into a so called good run list. The
list does not contain runs with issues like significant hardware faults,
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very short runs or runs where artificial light (like used for calibration)
have been introduced into the detector. It also contains additional in-
formation and flags that show if the detector was only operated with
a partial configuration (e.g. no IceTop, missing strings, etc.). The cur-
rent analysis is based on the good run list for the 79 string config-
uration (May 2010 - May 2011) [201]. From this list only runs were
chosen that had consisted of a complete detector geometry for the
in-ice array (i.e. no inactive strings).

Blind Analysis and the Burn Sample

Like many other IceCube analyses, the search for double tracks deals
with extremely rare events. Thus one has to exercise caution when
viewing the events to be analyzed before finalizing search strategies,
cuts and determining the procedure for setting the confidence inter-
vals. Knowledge of the data introduces a bias that is impossible to
quantify and the bias can go in any direction. Especially high dimen-
sional data is prone to these effects: any event is rare if the dimension-
ality of parameters gets higher. Thus machine learning algorithms
also heavily affected and are practically never trained directly on the
data to be analyzed.

A solution to these problems is to blind the scientist from knowl-
edge about the data as much as possible. Still, only depending on
simulations without verifying its accuracy at least on a basic level is
not practical and equally problematic. The strategy for many IceCube
analyses, and this one in particular, is to keep most of the data hidden
to be used in the finished analysis. Only ~ 10% of the data is viewed
to verify the data/simulation agreement and possibly inform anal-
ysis cuts. This data, know as the burn sample, is then discarded and
not used anymore once the reconstruction strategy has been finalized.
Only then the analysis is run on the previously blinded data. The total
livetime of this final data set in the current analysis is approximately
280 days.

9.2 OPTIMIZATION OF CUT PARAMETERS

The various cuts used here fall into three areas that differ in the way
they are optimized. The first pre-cuts are simple basic cuts that en-
sure the basic event topology: somewhat up-going events (linefit) that
might be separated tracks are kept. The focus lies on data quality im-
provement for further reconstructions and the retention of high qual-
ity signal events, even if their reconstruction might have failed. It does
no lie on signal to background rate optimization at this time. Since
none of the events are restrictive on signal events and the knowledge
about high quality tracks is hard to define, all cut values were chosen
by hand. Another principle here was data reduction to enable more in-
tricate reconstructions that need a higher amount of CPU processing
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time. The cut on the number of DOMs and strings hit, for example, is
chosen close to the one required for further reconstructions.

Most single air shower muons are removed by the basic cuts as
well as some neutrinos and double tracks that are reconstructed as
clear single tracks (i.e. below 70 m reconstructed separation). The
main background from here on are coincident muons. After doing
improved reconstructions, like k-means clustering and later on likeli-
hood reconstructions, the situation is in a state where signal double
tracks are successfully and quite accurately reconstructed and opti-
mization makes sense.

Removal of Coincident Events

The dominant fraction of coincident events is air shower muons, so
the CORSIKA dataset was exclusively used for optimization. Half the
dataset was passed to a machine learning algorithm for cut optimiza-
tion, the other half kept for evaluation. Since efficiency of many of
the weaker, but computationally cheap, cuts is somewhat correlated
to the efficiency of the extremely strong likelihood cut, a very gen-
eral optimization algorithm, a genetic algorithm, was chosen for the
task. A genetic algorithm is a population based evolutionary algo-
rithm that is modeled after inheritance in genetics with crossover of
parent genomes (i.e. in this specific case: cut values). For simplicity
it this was done with the help of the TMVA (Toolkit for MultiVariate
data Analysis) toolkit [202] with a standard population of 300. Initial
conditions were set around reasonable cut values set by hand at the
stage most cut variables were first explored to improve chances of
convergence near a global instead of a random local maximum. The
cut parameter combination being optimized are all cuts described in
Section 8.4.3.

The optimization was chosen for maximum number of signal events
while removing all background in the evaluation data set. This is al-
most identical to requiring maximum significance or comparable re-
quirements because a realistic exotic signal can be assumed to be of
the order of only a few events per year at best, a rate that is two orders
of magnitude lower than the available air shower M.C. statistics.

Single Track Cuts

Having removed the background of coincident air shower muons up
to the level possible by simulations data alone without further as-
sumptions, one has reached a background purity where the number
of muon tracks induced by neutrinos can no longer be ignored. Op-
timizing cuts for significance by a machine learning does not make
much sense anymore for the remaining events if the optimization is

93

Most signal double
tracks removed this
way have one of the
tracks almost
completely outside
the detector. Only
one of the tracks is
reconstructed.



94

CHOICE OF CUTS

done down to a level that is 1 - 2 orders of magnitude lower than the
air shower statistics.

This is best illustrated in an example: A low O(1) event signal ex-
pectation could possibly benefit from cuts with a reduction of single
track background events from 1 to o.1 if that is the only contribut-
ing background, even at the cost of sizable (10 —20%) loss in signal
efficiency if this is the only contributing background. If another, un-
known, background is added that can be in the range of O(100) events,
however, one clearly is going to lose significance from the same cut
in a large amount of cases.

Technically, the unknown background expectation can be taken
into account in a (semi-)Bayesian way when optimizing but this only
leads to an optimization close to the known uncertainty of the back-
ground rate O(100). None such optimization has any effect on the
ability of claiming a discovery of exotic double tracks in a completely
blind fashion using statistics alone. The real flux of exotic double
tracks at the detector would have to be in the range of O(1000) well
separated tracks per year. No model predicts even close to such an
amount of flux. Moreover, any model like this would already have
been clearly visible in the burn sample events.

The choice was thus made to do the cuts removing single track
events in a heuristic fashion. The surviving events in the neutrino
dataset as well as exotic events with a small track separation (< 100
m) served as a baseline for single track events.

While some of the previous quality cuts do remove a certain per-
centage of very clear single track events, the reconstruction and cut
parameters so far are rather inefficient at removing tracks below 100-
150 m of reconstructed separation. Signal simulation with 1-100 m
separation (M.C. truth) shows that the reconstruction at these low
separations scatters up to 150 m - irrespective of the true separation.
This amount of minimum separation was thus chosen as a reliable
cut value. Before doing the cut and losing all but a few (low weight)
neutrino events, the events were also used to inform the likelihood
ratio-like cut. Due to the relatively large amount of neutrino events
clipping the flat bottom of the detector volume producing parallel
tracks a cut on the center of (charge) gravity was also implemented.
The cut values here were chosen by eye. Doing these three cuts has
the effect of removing all simulated background events - apart from
a handful neutrino events with very low weight.

Due to the danger of ending up with a high number of events in
the final data set and thus getting only a very bad upper limit from
the available data, several attempts were made to model background
rates at the after the 150 m track separation cut level. Both predic-
tions using a generalized linear model that reproduces the effects of
the cuts and their correlations as well as predictions using multivari-
ate decision trees - or rather forests - were tried. Ultimately no solution
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that was deemed both stable and clearly without bias was found that
yielded a prediction below the already known rates of the burn sam-
ple.

The lack of a reliable background prediction means that the analy-
sis can not make any signal discovery and so it was decided to treat
any event as possible signal for a pure - and very robust - upper limit.
Figure 47 shows how an upper limit compares with a confidence
interval encompassing the approximate knowledge of CORSIKA air
showers due to the M.C. statistics. However, due to the danger of still
finding multiple events and a final quality cut (see Section 8.4.5) was
introduced that removes more typical background events. The cut
can be seen as a gamble, since it was not clear at this point to what
degree the loss in signal efficiency associated with it would undo its
potential. It is tuned for at least one of the tracks to show a clean
signature of a long track (removing coincident events) and the other
track having at least mediocre quality (removing extra tracks that are
only made up by low quality scattered photons or noise hits).
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Figure 47: Comparing the number of events seen (x-axis) with the confi-
dence interval of the signal events. The pure upper limit is shown
in red. The green area is the union of the Feldman-Cousins con-
fidence intervals when varying the background from null to the
approximate knowledge of CORSIKA data M.C. statistics for a
year of data taking. Note that these are event number confidence
intervals and not fluxes - efficiencies are not included.
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Cut Order

Having set and finalized all cut values (compare Table 2), only the
order of cuts was changed to improve the processing time. Some of
the fast quality cuts imposed further to the end of the analysis were
swapped and moved to the start and any of the extremely slow likeli-
hood reconstructions were moved to a later cut level. The datasets at
their respective cut level are shown and discussed in Appendix A.
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cut name min ‘ max ‘ notes optimized

DOMs with signal 18 300 | quality cut -

(a.k.a. NCh)

strings with signal 4 quality cut -

(a.k.a. NString)

distance of Tol linefits [m] 70 THIS OR -

angle of Tol linefits [rad] 0.2 THIS

z position of CoG [m] -350 o is the center of IceCube -

zenith angle (linefit) [°] 90 180 | require up-going tracks -

zpattern 0 remove down-going +
topology

tpattern [ns] 28.3 | 195 | charge weighted standard +
deviation of pulse hits

time gap [ns] 0 1294 | biggest time gap between +
one hit and the next

speed of each k-means 0.23 | 0.36 | remove coincident events that do | +

linefit [m/ns] not match v~ c¢=0.3 m/ns

distance of k-means 70 single and coincident quality cut | -

linefits [m] THIS AND

angle of k-means o} 0.3 THIS

linefits [rad]

zenith angle of each 90 180 | require up-going tracks -

k-means linefit [°]

k-means distortion 76.1 removes coincident events

angle of likelihood 0 0.39 | only optimized opening angle cut | +

fit [rad] (linefit is fallback)

parallel likelihood variable 6.9 | strongest cut variable, +

loglaouble track fit/ (NCh - 4) heavily correlated to other cuts

likelihood ratio variable -1.2 | remove events that do not look -

rloglsingle track fit = T10gldouble track fit much more like double tracks

distance of closest 150 mostly removes the random (but | -

pair of fits [m] rare) upward fluctuations

quality parameter Q [m] 500 remove tracks with few HLC hits | -

(other, lower Q track) (150) along them

Table 2: Cuts and their respective parameters.






"The Answer to the Great Question... Of Life, the Universe and Everything... Is...
Forty-two’, said Deep Thought, with infinite majesty and calm.

— Douglas Adams, The Hitch Hiker’s Guide to the Galaxy

RESULTS

At this point of the analysis all parameters had been fixed and the
analysis strategy fixed as a pure upper limit search. The analysis was
thus performed on the remaining data set that had not been burned
before (compare Section 9.1.2). The complete livetime of data used
was 279 days, 17 hours and 54 minutes. Of all planned runs, only a
single 1h run (117014) was not used due to a missing calibration file.

The result was no data surviving the complete chain of cuts.

In order to see if the additional quality cut was warranted, the events
surviving all but this cut were examined - yet knowing that it would
not be possible to remove this final cut without introducing a bias. In
the end, two events could be observed at this level (see Figure 48 and
Figure 49). Both are fine examples of exactly the kind of events the cut
was designed to suppress. One event resembles a coincident topology
with a very divided clusters of hits and one with a clear track going
through DeepCore accompanied by only two SLC hits that make up
the total light yield of the second reconstructed track. This track so
is with high probability just noise, but in any case of extremely low
quality. Comparing a possible limit that could have been computed
using these two events with the final limit calculations (no events)
shows a small improvement in the overall limit for most cases. Only
for double tracks that are just slightly below the horizon there is a
small loss in efficiency when applying the additional quality cut.

Overall the question about the importance of the final quality cut
for further analyses stays somewhat inconclusive due to the low statis-
tics, but clearly the cut variable does remove relevant background
events and it should be studied further. The consequences of the null
finding and limit result is shown in the next chapter where the sys-
tematic uncertainties are also dealt with.

99



100 RESULTS

Figure 48: An event that shows the typical coincident topology it has in com-
mon with most background events in the analysis.

Figure 49: An event with a clear track through DeepCore. The other recon-
structed track only consists of two SLC hits.



The Guide is definitive.
Reality is frequently inaccurate.

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

SYSTEMATIC UNCERTAINTIES

With an ideal experiment and full knowledge about all possible out-
side factors as well as a complete and perfectly accurate modeling of
the experiment itself, the uncertainty of the measurement of a vari-
able only really depends on the statistics of the measured variable.
The longer such an experiment goes on or the more often it is re-
peated, the more accurate the measurement generally gets - though
there are often diminishing returns.

No real experiment, however, is perfectly modeled. Measurement
errors that are caused by inaccurate modeling are generally known as
systematic errors. Unlike statistical errors, repeating an experiment or
(increasing the exposure for a counting experiment) does not help to
reduce their impact on the measurement. The contributions to the sys-
tematic uncertainties are often quite varied. They can, for example, be
simply tied to the imperfect knowledge of the quantum efficiency of
a detector. They can also be tied to imprecisions in some parts of the
theoretical description. For instance, the background modeling, like
an air shower computer code, always has a multitude of inaccuracies
in its underlying variables. Sometimes the systematic uncertainties
can also be quite subtle. The commonly used Monte-Carlo technique
has an intrinsic uncertainty. Even with perfect knowledge of all vari-
ables, the (pseudo)probabilistic approach means that the precision is
also limited by the amount of simulated data. The associated prob-
lems this has in the current analysis have been discussed in the pre-
vious chapters.

How well the boundaries and interdependencies of these uncertain-
ties are known can often vary wildly. Sometimes one has only, at best,
a handful of different models for some aspect of the experiment. The
detector medium a neutrino telescope is surrounded by or the air of
the atmosphere an air shower develops in are prime examples. In this
case one often has to fall back to varying between the models and
seeing the effects of the (simulated) experiment to at least get an ap-
proximation of the effects. The interdependence of this modeling with
other detector effects - like the aforementioned quantum efficiency of
optical modules - can sometimes be quite opaque. On the other hand
effects like the uncertainties introduced by limited M.C. statistics are
quite easy to narrow down by statistical analysis and are in many
cases almost guaranteed to be perfectly independent of other errors.

This chapter discusses all the main systematic errors that are in-
volved both in this analysis specifically as well as similar analyses
that could be built upon it and how they effect the results of the anal-
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ysis. Taking all the uncertainties into account one can put the null
observation of the previous chapter into an upper limit for double
tracks at the detector. This is shown at the end of the chapter.

11.1 MONTE CARL STATISTICS

The lack of Monte Carlo statistics for the most common kinds of back-
ground simulation has already been discussed in detail. In the current
analysis the background exact uncertainty plays no role in the result-
ing limit calculation. There are two equivalent ways to rationalize the
situation depending on one’s point of view. It could be so because
the background rate is also being measured - it is the upper limit
of all events, including the background events. The alternative view
is that the background event uncertainty does play a role but it is
conservatively assumed to be infinitely high.

Conversely, the M.C. statistics of the signal simulation does not play
a role in any case. Since it is easy to simulate many thousands to mil-
lions of years of lifetime of rare double track events in a comparatively
short time frame, the number of simulated events is not a limiting
factor unless one wants to study the correlations of a high number
of signal variables. This is not the case in the current work: only two
variables - the track distance and the zenith angle of the incoming
double tracks - are considered.

11.2 ICE MODE AND PHOTON PROPAGATOR

The modeling and measurement of the ice properties IceCube vicinity
have already been mentioned in Section 5.2. The ice models consid-
ered in this analysis were the SPICE MIE ice model and the (older)
AHA ice model. They describe the scattering and absorption of the
ice at varying depths. It is very hard to accurately quantify the error
introduced by the fitting procedure used to generate these models in
a general way. They depend highly on the cuts of an individual anal-
ysis. In this work an approximation is used. The error introduced by
the fitting procedure itself is estimated by comparing the event rates
of the baseline SPICE MIE and the AHA models. In addition to the
fitting procedure there can also be global effects that change these
models at all depths of the ice layer. For example, an uncertainty in cal-
ibration of measurement devices will change the measured scattering
of all ice layers in a fixed direction, no matter what fitting strategy
is used to produce the ice model. To account for this, the scattering
and absorption of all the model ice layers are shifted globally by up
to 10%. It should be noted here that the measurement of scattering
and absorption of the ice is not fully independent. The main effect is
in both cases the same and a DOM will see fewer incoming photons
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from a fixed source no matter which of these variables is increased.
The further away from the source, the bigger the effect.

Additionally, the properties of the so called hole ice near the strings
with the optical modules can also be varied in the simulation to ac-
count for incorrect modeling.

Even for a fixed ice model, there are still other parameters that
can be changed that affect the simulated light propagation. Within
the IceCube software framework there exist various computer codes
for photon propagation as discussed in Section 7.4. Just like the ice
model itself, they can also be changed in order to get an approximate
estimate on their effect on event rates. Not all ice models currently in
use by the IceCube collaboration are compatible with every photon
propagator though, so some cross-variations are not easily possible.
The photon propagation codes used in this work are the PHOTONICS
and the PPC module.

11.3 DOM EFFICIENCY

A very straightforward error is the uncertainty of the relative DOM
efficiency. At first glance it appears similar to the problem of uncer-
tainties in scattering and absorption. Lowered DOM efficiency also
reduces the amount of photons that can reach a DOM, just like in-
creased absorption does. Unlike absorption though, this is indepen-
dent on the distance the photon has to travel to reach the DOM. So
the relative effects of uncertainties in the DOM efficiency and the ice
modeling and their effects heavily depend on the analysis cuts and
reconstructions. The stronger the cleaning and selection of data for
photons arriving directly without scattering and produced close to
the DOMs, the less important scattering and absorption become. The
uncertainties introduced by the effects of DOM efficiency, however,
can not be so easily reduced.

11.4 BACKGROUND EVENTS

Although the limit calculation in this analysis uses no information
about the background rates and thus is also completely independent
on their theoretical errors, it is still instructional to consider the effects
in light of possible future double track searches with access to higher
M.C. statistics.

11.4.1  Atmospheric Muons

As one of the most important backgrounds, the properties of simu-
lated atmospheric muon events must be studied further if one wants
to use them for a dependable prediction of mis-reconstructed back-
ground events. As discussed in 8.4.2 the air-shower simulation data
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used for the IC79 Icecube configuration exhibits a too low muon event
rate that influences the rate of coincident events in a non-linear way.
Even though simple rescaling of events that are mostly coincident
muons showed promise in this work when comparing simulated to
real event ratios, there is a need to quantify the error introduced by
this approximation. Ideally, new muon simulation datasets will show
the right rates and remove the need for this rescaling. It should be
noted, though, that even simulation with an adjusted and correct
mean muon event rate will need further consideration. Any signifi-
cation varability in muon rates on any time scale - there is at least the
annual muon flux modulation [203] - will have a higher rate of coin-
cident events than the simple assumption of a fixed muon rate that is
assumed in the current IceCube simulation tools. Again, this has to
be either accounted for, or fixed in the simulation code itself.

11.4.2 Neutrino Events

Adding simple single neutrino events to the background expectation
does not introduce many big additional errors beyond their statis-
tics. If any absolute event rate rescaling is needed, this seems to be
less problematic. The neutrinos falling into the category of producing
double track background event candidates are typically not too far
from the TeV range and so in a range that still has a high amount of
statistics. They can be well measured without any extrapolation and
the errors introduced here will be small. Stringent energy dependent
cuts uncertainties in neutrino simulation and specific neutrino-cross
sections probably do not play a large role as long as the total rate can
be fixed because an analysis like the current one does not rely on a
detailed energy reconstruction.

Regarding neutrinos that are part of coincident IceCube events,
though, the same considerations as in Section 11.4.1 must be taken.
Since these events are so similiar to the much more common situa-
tion with two coincident muons, it might be possible that this kind of
event stays sub-dominant even with higher M.C. statistics.

11.4.3 Di-Muon Events

Like discussed before, for a single year of data and the current anal-
ysis scheme, di-muon events are another clearly sub-dominant back-
ground compared to mis-reconstructions. In a significantly improved
analysis (i.e. multi year, considerable increase in background M.C.
statistics, etc.; compare Chapter 12) one will eventually come to a
point where these events do play a role. Then they have to be in-
cluded in the analysis or - at the very least - treated as additional
systematic uncertainty that shows up as irreducible background rate.
If a similar di-muon simulation is done as conducted within this work
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(see Section 7.2.3) a variation of the respective cross sections within
their known limits and the inclusion of additional di-muon produc-
tion channels should also be explored as systematic uncertainty.

11.5 SIGNAL MODELING

Within reasonable explored energy limits 103 to 107 GeV for a 200
GeV T - no clear effect of the energy dependence of the exotic particle
energy on the reconstruction efficiency could be found.

Though it seems reasonable that due to the chosen cuts and recon-
struction - a minimum required pulses for reconstructions and a very
loose maximum measured pulses - higher energy and thus brighter
events will be slightly preferred. As such, the later shown limit should
automatically also prove to be quite model independent even if some
exotic model somehow produces slightly brighter events.

There are many additional uncertainties tied to various aspects like
production, primary neutrino flux and propagation of exotic particles
through the Earth that can have significant effects. All of these effects
- including the relevant high energy cosmic neutrino flux - are ex-
tremely model dependent. But since these only change the expected
signal flux and track separation distribution near the detector - but
not the signal efficiency - they can be ignored when calculating an up-
per limit of the double track flux in the immediate vicinity of IceCube.

When this limit is then used to test a specific double track model
later on, however, these considerations can no longer be avoided.

11.6 INCLUSION OF SYSTEMATIC UNCERTAINTIES

As discussed before, the only remaining uncertainties for the current
double track search that treats all potential events as signal, and thus
produces a pure upper limit, are the uncertainties for the signal ef-
ficiency. These uncertainties were calculated for a fixed track sepa-
ration (M.C. truth) by combining the effects of the main sources of
errors: the DOM efficiency, various effects within the ice model, and
the simulated signal statistics of a given track separation bin. The
track separation binning was chosen big enough so that the error in-
troduced by signal M.C. statistics is always sub-dominant. The signal
simulation was done for double tracks with a separation of up to
1000 m for a number of datasets (see Table 3) while varying the main
systematic variables. The chosen combinations of variables follow the
typically used variations for systematic datasets of the IC79 season
within the IceCube collaboration.

For each track separation bin the result with the highest signal ef-
ficiency - and thus most conservative limit - was chosen for the final
limit calculation. This automatically takes co-variation between the
systematic uncertainties into account and does so in a conservative
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icel absorp. | scatt. | photon DOM modified
mode propagator sensitivity | hole ice?
AHA PHOTONICS

SPICE 1 PHOTONICS

SPICE MIE PHOTONICS 90%

SPICE MIE PHOTONICS

SPICE MIE PHOTONICS 110%

SPICE MIE PPC

SPICE MIE | -10% -10% | PPC 90%

SPICE MIE PPC 120%

SPICE MIE -10% -10% | PPC 110%

SPICE MIE | -10% -10% | PPC 120%

SPICE MIE | +10% | +10% | PPC

SPICE MIE PPC 100 cm
SPICE MIE PPC 30 cm
SPICE MIE | -10% -10% | PHOTONICS

SPICE MIE | -7.1% | -7.1% | PPC 120%

SPICE MIE | +10% | +10% | PHOTONICS

SPICEMIE | +10% | +10% | PPC 90%

Table 3: Datasets generated for the inclusion of systematic effects. Note that

110% Dom Efficiency is probably closer to the true DOM efficiency.

100% DOM efficiency refers to an outdated baseline still used in the
simulation software. This - possibly slightly confusing - labeling has
been kept for clarity of the software settings used.

fashion. The small additional error from M.C. statistics of the bin is
independent and taken into account by assuming a simple 1-0 inter-

val of the M.C. statistics. The resulting upper limit can be seen in

Figure 50. It shows also the dependency of the zenith angle of the in-

coming double track compared to this mean upper limit for an isotropic

double track flux at the detector. This is computed in a similar fash-

ion by replacing the track separation bins by zenith angle bins. The
effects of both these variables are only very weakly correlated.
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(a) Upper limit of the double track search - including systematic
and statistical uncertainties - for varying track separations. The
calculation assumes a uniform arrival direction distribution in
cos(zenith) for the up-going tracks.
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(b) The relative efficiency for different zenith directions of the incom-

ing double tracks. The distribution is only weakly correlated to
the track distance efficiency.

Figure 50: Results of the double track search. In order to get specific results
the limits shown here have to be convoluted with the separation
and zenith probability distributions of the model in question.






Time affords us the ability to blame past errors on others while whole heartedly
pronouncing our futures successes.

— Douglas Adams

DISCUSSION AND FUTURE IMPROVEMENTS

The results in the previous chapter suggest that an exotic model that
is on the verge of being detected could easily accommodate ~ 100
double tracks with a separation of above 150 m without being de-
tected. In light of this, one can easily see that there still is both room
and need for improvement when it comes to the reconstruction effi-
ciency and sensitivity beyond just combining multiple years of data.
Moreover, in view of undefined background rates, the inclusion of
additional data using the full 86-string IceCube configuration is not
even guaranteed to improve the limit one can set on double tracks.

This bears further discussion, especially since any SUSY or UED
not in tension with the current collider experiments easily requires
improvements of more than an order of magnitude in background-
less sensitivity. The most straightforward conceivable improvement
is the inclusion of a double track filter guided by the reconstruction
cuts used in this work and thus no longer being reliant on the muon
filter. Its pre-selection of tracks that have a high likelihood of being
a single track is, in a way, antithetical to the proposition of looking
for two distinct tracks. Removing this requirement has a good chance
of significantly improving signal efficiency without adding many ad-
ditional background events. Furthermore, eventual IceCube detector
upgrades might also lead to some opportunities for an enhanced dou-
ble track search. Combining all these factors might be essential in
probing more interesting parameter space.

Additional M.C. Data

Any improvement of the analysis that has the goal of a sensitivity
in the single-track-per-year range has an important feature: the need
for additional M.C. statistics for standard (both single and coincident)
neutrino as well as muon backgrounds. Not only does this allow one
to actually claim the discovery of a potential double track signal or -
at least - improve limit calculations, but it also can be used to inform
cuts. It seems plausible that the final quality cuts used in this analysis
could then be replaced by precisely tailored cuts, easily leading to an
improvement of signal efficiency by a factor of two - if not more.

Adjusted Search Strategies

It is useful to consider two general cases why an exotic double track
model - assuming it is realized in nature - would not yet have been
detected. One option is that the track separation, while high for SM
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particles, is almost exclusively below the chosen reconstruction win-
dow of separation (150 m). By comparison with the UED and SUSY
models considered by Albuquerque et al. [64, 67] one can assume
that this means the model will have rather low particle masses (there:
~ 450 GeV center-of-mass production threshold and squarks/KK!'-
quark masses of ~ 300 GeV). Realistically such models should have
been easily observed by the experiments at the LHC.

Still, in the unlikely event that a model has special properties that
somehow hide it at collider experiments, it might be desirable to
probe for double tracks with separations in the range 100 — 150 m
with IceCube. The best and cleanest option to do searches in this re-
gion without upgrades to the detector is to look for mostly vertical
track separation. After all, inter-DOM spacing is much closer than
inter-string spacing. One can not only look for vertical gaps in the
DOM hit distribution but can also try to reconstruct overlapping light
patterns if restricting the reconstruction to direct (i.e. non-scattered)
photons.

The downside of this technique is the somewhat limited efficiency:
For it to work, the tracks have to both travel close to the string and be
mostly vertically separated - a requirement not met by a large fraction
of tracks.

Prospects of Detector Upgrades

Using a tighter string space, like it already exists for the DeepCore
sub-detector, would be another solution for the problem of detecting
tracks with only small separations. Two tracks intersecting DeepCore
with a separation of 50 to 100 m should be easily reconstructed as two
individual tracks. The issue here is that the current volume of Deep-
Core, and thus achievable effective area, is not big enough. Even the
ideal, purely geometric size of the sub-detector is too small to allow
for any measurable flux of double tracks that both intersect the more
densely instrumented section. Having a detector extension of the size
of the whole IceCube array with the string separation of DeepCore
would be a technical solution. But this is a scenario that is both cost
prohibitive and lacking virtually any other physics cases.

The other option for a hidden signal is that, like expected, the dou-
ble track signal shows a significant amount of high separation tracks
in it. The total flux is just too low to be detected. Here the search strat-
egy can mostly be kept as it is - with the exception of a few key areas
and detector extensions could be more relevant. A popular consider-
ation for IceCube is a high energy extension with additional strings
added outside the current detector volume [204]. The increased ge-
ometric area, of course, is directly a chance for an increase of the
effective area for double tracks, assuming the exotic tracks do not
slip through wide inter-string spacings. Seeing how this is already
partially the case for the current instrumentation this will be a chal-
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lenge. A less regular string spacing than for the existing array might,
however, alleviate the problem. Additional simulations are required
to answer this question.

A bigger detector could also help the analysis beyond just im-
proving the geometric cross section of the detector. Muons, unlike
CHAMPs, have a limited range on a scale at least somewhat close
to the scale of IceCube. If the size of the extended detector is big
enough and the energy reconstruction can be done accurately enough,
it might be possible to distinguish them from standard model muons
when observing very long tracks. This idea also requires further stud-
ies. Especially the energy estimation has to be quite exact seeing how
while a 400 GeV muon only has a range of up to ~ 1.5 km, a 2 TeV
muon already can reach track lengths of 5 — 6 km [80] - enough to
fully traverse even some extended IceCube array. At the very least,
a coincident air shower event can definitely not be mistaken for a
long track. These events are the events most prone to be mistaken
for a high track separation signal. An interesting aspect here is that,
if feasible, this method of CHAMP search does not require a double
track signature. Only needing a single track to hit the detector is an
automatic gain in efficiency.

Whether as double tracks or not, CHAMPs remain an interesting
signature for exotic Physics and large neutrino observatories are an
ideal instrument to further explore this signal.
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reconstruction such
a multi km track
will probably have to
pass the current
IceCube volume
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ADDITIONAL PLOTS

This appendix shows most of the cut variables at their respective cut
order used in the final analysis. It should be stressed again that this
cut order is mostly optimized for processing speed and not to show
a maximum signal to background improvement at each cut level.
Specifically very simple cuts that only require the application of the
cut and no additional reconstructions are done very early.

For all cuts shown the horizontal (and vertical) red lines highlight
the choices of the cut parameters used in the analysis (see Chapter 9).
The histograms are normalized and show the relative distributions for
each dataset on a linear scale. For the 2-dimensional plots the color
bars show the relative amount of events in the 2-dimensional his-
togram. Note that these numbers can not necessarily be compared be-
tween different datasets. Especially the neutrino dataset has a much
higher normalization than the other datasets.

All simulation datasets shown are based on PHOTONICS with SPICE
MIE photon tables. The dataset names are:

STAU
An signal dataset with uniform track separations (1 to 1000 m)
and arrival directions

BURN
The ICy9 burn sample

CORSIKA
Unweighted muon air shower simulation done with CORSIKA
(dataset 6451)

NEUTRINO
NUGEN neutrino dataset with a E~! spectrum weighted to an
atmospheric [178] model (dataset 6454)

DIMUON (CHARM)
A di-muon enriched unweighted dataset for neutrino interac-
tions involving charmed hadrons; based on same atmospheric
neutrino model as the NUGEN dataset above (see Chapter 7)
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The center of gravity
cut is a prime
example. It is a
quality cut that is
done to remove
neutrino events that
clip the bottom of
the detector. The
variable is, however,
already computed
during the
tensor-of-inertia
reconstruction.
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Figure 51: Rate (events per year) for various signal and background datasets.
The makers on the right hand side show the limit of statistics (i.e.
weight of one event for each M.C. limited dataset. The neutrino
dataset is an exception and weighted on the per event level.
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Figure 52: Rate for various signal and background datasets (continued). Not
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analysis that removes all simulated background events as well as
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linefit direction cut
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Figure 54: Simple cut on down-going events after a global linefit reconstruc-
tion. Background data is dominated by single air shower muons
at this level. Note that the signal for neutrino induced CHAMPs
will be made up of up-going tracks but the simulation was
done with a completely uniform arrival direction including down-
going tracks.
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Figure 55: Zenith angle distribution after the zenith cut for simulation data
normalized to real data at this cut level. Data is dominated by
coincident showers at this level. Data and M.C. shapes agree now.
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Figure 56: Cut on the center-of-gravity of the charge distribution to remove
events only clipping at the bottom of the detector. This cut also
helps to improve data/M.C. matching.
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Figure 58: The charge weighted standard deviation of hits in time. A vari-
able that grows with long events, especially if they have large
gaps in the time pattern.
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Figure 59: Another time based parameter - the maximum time between each
DOM hit to the next within an event. Like the previous cut it
removes coincident events with long time gaps between events.
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Figure 60: Cut on the double track opening angle and separation distances
for the iterative k-means reconstructions after which many exotic
tracks are already fairly well reconstructed. Removes obvious sin-
gle track events (low separation), obvious coincident events (large
opening angles) and extremely badly reconstructed signal events

that are hard to recover in the following reconstruction steps.
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Figure 61: Another cut on down-going events, this time on the separately
reconstructed tracks after the k-means reconstruction. It serves as
a minor Quality Cut.
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Figure 62: The clustering algorithm is based on minimizing the standard
deviation of the hits in the clusters from their respective clus-
ter center. The directions of coincident muons tend to not align
with their reconstructed direction. This often causes an additional
spread. The same is true for badly reconstructed signal events.
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Figure 63: Cut on the variable linefit speed reconstruction. True double
tracks have both the speed of light while random coincidences
of two events within the trigger time have a larger spread of re-
constructed speed. Cut is done for both fits.



ADDITIONAL PLOTS 125

Ilh_angle

burn
corsika
stau
neutrino

(0000

events (normalized)

M —-==—_n——=-——\uﬂw U :.L o
0.0 0.5 1.0 1.5 2.0 2.5 3.0
separation angle [rad]

Figure 64: Cut on the opening angle after the (non-parallel) likelihood fit.
This is done for each track. Minor quality cut due to the improved
reconstruction. If the likelihood fit is not successful the cut is not
applied.
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Figure 65: Cut on a likelihood parameter closely related to the (negative)
reduced log-likelihood of the fit. Efficient at removing coincident
events but can also remove some neutrino events.
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Figure 66: A cut closely related to a kind of likelihood ratio. A cut to remove
events that are not clearly more double track like than single track
like. (Note that unlike in the rest of this work rlogl in this picture
is the positive logarithmic likelihood - and the sign is reversed.)
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Figure 67: Track separation cut that removes tracks with a separation lower
than 150 m. The track separation used for this cut is the minimum
of the results of any of the fit pairs - i.e. linefit (k-means reco.)
and likelihood fits (parallel and non parallel).
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Figure 68: The quality parameter Q for signal events. The cut removes tracks
that have only very few HLC hits along or are very short. The cut
is chosen in order to require a high quality track and another of
at least mediocre quality.
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Figure 69: The quality parameter Q for the last surviving neutrino events.
They can reach high lengths but one track is usually only scat-
tered light or noise hits (often SLC hits).
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Figure 7o: The quality parameter Q for CORSIKA events at an earlier cut
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tion cuts). Coincident events tend not to have the highest quality
tracks with gaps along the tracks.
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