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Abstract

While there is evidence for the existence of dark matter, its properties have yet
to be discovered. Simultaneously, the nature of high-energy astrophysical neutrinos
detected by IceCube remains unresolved. If dark matter and neutrinos are coupled
to each other, they could exhibit a non-zero elastic scattering cross section. Such an
interaction between an isotropic extragalactic neutrino flux and dark matter would
be concentrated in the Galactic Centre, where the dark matter column density is the
greatest. This scattering would attenuate the flux of high-energy neutrinos, which
could be observed in the IceCube South Pole Neutrino Observatory. In this thesis, an
unbinned likelihood analysis is performed to set sensitivities for the seven year medium
energy starting event cascades dataset for a signal considering possible dark matter-
neutrino interaction scenarios. This signal would be observed as a suppression of the
high-energy astrophysical neutrino flux in the direction of the Galactic Centre. It is
shown that IceCube can set constraints on possible dark matter-neutrino interactions
that are complementary to constraints set by large scale structure surveys and the

cosmic microwave background.
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Chapter 1

Introduction

One of the greatest problems in astrophysics is in determining what composes the
Universe. To date, the best understanding of what makes up the Universe can be
extracted from Planck observations of the cosmic microwave background (CMB),
which indicate that 5% of the Universe is regular matter, while the rest is dark
matter (DM) (26%) and dark energy (69%) [17]. Whereas the Standard Model of
particle physics allows one to reasonably understand the 5% of regular matter, the
nature of the majority of matter remains unresolved.

Over the last century the presence of DM has been implied by numerous observa-
tions of its gravitational e ects, however, it has yet to be detected. Various theories
have been developed to describe DM as a particle including weakly interacting mas-
sive particles (WIMPs), axions, and sterile neutrinos [18]. Experiments to search for
these models of DM have thus far proven fruitless (there have been some reports of
DM detection, but none that have been veri ed). Despite this lack of a signal, some
information about DM can be gleaned, by ruling out various theorized models and
constraining parameters. These searches usually involve searching for possible inter-

actions between DM and Standard Model particles and are typically directed towards

1



areas where a large signal can be expected, such as the Galactic Centre.

The IceCube Neutrino Observatory is a 1 krhice Cerenkov detector located at
the geographic South Pole. The detection of high energy (TeV-PeV) neutrinos of
astrophysical origin in 2013 marked a key turning point in the history of multi-
messenger astronomy [19]. These neutrinos are believed to have originated in the
high energy astrophysical sources outside the Milky Way, like active galactic nuclei
(AGNSs) [20,21]. In addition to supplementing the information from electromagnetic
astronomy, the observation of high energy neutrinos also provides a novel means
through which to probe the properties of DM [22].

As most past searches for DM have been directed at DM interactions with quarks
or electrons, DM-neutrino interactions are one of the least explored (and constrained)
connections of DM with the Standard Model. In certain DM models, neutrinos could
elastically scatter with DM particles. This interaction would be concentrated in
the Galactic Centre where the DM density is highest and would lead to an energy
dependent shadow in the astrophysical neutrino ux in the direction of the Galactic
Centre that could be observed by IceCube [1]. The goal of this thesis is to perform a
sensitivity analysis for IceCube, so that future analyses can place constraints on the
properties of DM. Through an unbinned likelihood analysis searching for a shadow
in the high energy neutrino ux at the Galactic Centre,sensitivities are obtained for
a model of DM-neutrino scattering. This model is particular to a sub-GeV scale DM
that can scatter with neutrinos. It will be shown that the neutrino observations from
IceCube can be used to probe areas of parameter space unreachable by cosmology.

This thesis is organized as follows. Chapter 2 reviews the evidence and possible

candidates for DM as well as the di erent density models used to describe the DM



in the Milky Way. Chapter 3 provides an overview of IceCube and the high energy
neutrinos it observes. Chapter 4 delineates the DM-neutrino interaction mechanisms
in the context of cosmology and particle physics. Chapter 5 explains the Bayesian
likelihood method that was used. Chapter 6 gives the results of the analysis and the
sensitivities that can be achieved with IceCube. Chapter 7 concludes this thesis with

a discussion on future work.



Chapter 2

Dark Matter

2.1 Evidence of Dark Matter

Despite not having been directly detected, DM comprises 85% of the matter in the
Universe [17]. The existence of DM is well motivated by the observation of its grav-
itational e ects across multiple scales of astronomy and cosmology including: the
cosmic microwave background (CMB), large scale structure, galactic rotation curves,

collisions between galaxies, and gravitational lensing [23].

2.1.1 Velocity Dispersion

The e ects of DM were rst hinted at in 1933 when Fritz Zwicky noticed that the
galaxies in the Coma cluster had a large scatter across the velocities [24]. By applying
the virial theorem to estimate the total mass of the galaxies and comparing this with

an estimate based on the average mass of visible galaxies, he measured a mass-to-
light ratio of about 500 [25]. While this mass-to-light ratio was later re ned, his
conclusion remained that same: that there existed a missing 'dark matter' that was

more abundant than luminous matter [23].



2.1. EVIDENCE OF DARK MATTER

2.1.2 Galactic Rotation Curves

The next major advancement providing evidence for DM came in the 1970's when
Vera Rubin and others discovered that the galactic rotation curves also indicated
there was missing matter [23]. This was done with observations of the velocity of
visible stars and gas for various radial distances from the galaxy's centre. These
rotation curves indicated that galaxies were rotating too quickly to agree with the
orbital mechanics of only visible matter, signifying the presence of a dark matter [26].

For stars orbiting around the centre of a galaxy, the centripetal and gravitational
forces will be equal allowing the orbital velocity to calculated:

r

GM (r)
r

; (2.1)

where M (r) is the mass enclosed within an orbit at radius and G is the gravita-
tional constant [18]. By measuring the velocities of stars, the total mass contained
within a galaxy can be determined with Eq. (2.1). Since the luminous mass appears
concentrated in the Galactic Centre, the enclosed mass would be expected to remain
constant at large radii. From Eq. (2.1) this would lead to the expectation that velocity
would drop o at large radii asr 2 [18].

Rubin and collaborators continued to observe galactic rotation curves using spec-
trographs, and found that the rotation curves did not fall o as expected at large
radii [26]. An example of this is shown in Fig. 2.1. Alongside numerous other re-
searchers, galactic rotation curves provide evidence that either there existed some

unseen (dark) matter or the gravitational model was incorrect [18].



2.1. EVIDENCE OF DARK MATTER

Figure 2.1: Galactic rotation curves observed by Rubin and collaborators for seven
spiral galaxies. These curves are compared with the no DM curve. Figure
is modi ed from Ref: [3].

2.1.3 Cosmic Microwave Background

Evidence for the existence of DM is also found in the observations of the cosmic
microwave background (CMB). In the Early Universe, ordinary matter was ionized
and interacted with radiation through Thomson scattering. About 370 000 years
after the Big Bang, the Universe had expanded and cooled enough for electrons and
protons to form hydrogen in what is known in recombination [27]. At this point

photons were able to freely stream. These photons mark the earliest signals that can
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2.1. EVIDENCE OF DARK MATTER

be observed, and are referred to as the cosmic microwave background. Observations
of these photons can be used to determine the temperature eld at recombination [27].
In particular, it is the deviation in the temperature that is important [28]:

T(; ) hTi

()= FTi ; (2.2)

where is the deviation from the average temperature at a location ( ) in the sky.
This can be rewritten with spherical harmonics as [28]:
X1 X=!
(5 )= am Yim (5 ); (2.3)

I=0 m= |

where Y|, is the spherical harmonic function with modesm and I, and a,, is a

R, R,

coecient given by: am = ., ., ( ; )Y,dd . The power spectrum (Fourier

transform) of these temperature uctuations,C,, is given as [28]:

haym a-|0m0i = o mmoCi: (2.4)

Assuming an isotropic sky and assuming no correlations between modes, the two

point temperature eld is described by [4, 28]:

C = hjaym j2i : (2.5)

m= |

These temperature uctuation are usually plotted as'('z;l)q vs. the multipole mode
| [29] as shown in Fig. 2.2.

The peaks in this power spectrum are determined by the interactions in the Early
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Figure 2.2: Angular power spectrum of the CMB. The large peaks correspond to
acoustic oscillations, while the high multipole numbers are reduced by
Silk damping. Fig from Ref: [4].

Universe. In the low multipole region of the power spectrum 1 | . 100 the Sachs-

Wolf e ect is the dominant perturbation. Here perturbations in the gravitational

potential can a ect the temperature eld through:

1

gra\/ = é?. (2.6)

At higher multipoles, the acoustic oscillations determine the magnitude and loca-

tion of the peaks. These oscillations are the result of the counteracting forces of



2.2. DARK MATTER PARTICLE CANDIDATES

gravitational attraction by dark and baryonic matter and the outward pressure from
photon-matter interactions. These oscillations are analogous to sound waves hence
the term acoustic. The peaks from acoustic oscillations are dependent on the amount
of matter, with the second peak being constrained by the baryon density, while the
third peak is constrained by the DM density. At high multipole numbers [ & 1000)
Silk damping becomes dominant. This damping is caused by di using photons that

travel from hot regions to cold regions and equalize the temperatures [4].

2.1.4 Large Scale Structure

On the large scales of the Universe, structures are formed due to the density pertur-
bations in the Early Universe. These density perturbations collapsed to form stars,
galaxies and the cosmic web [30]. N-body simulations of large scale structure are
sensitive to the presence of DM and can be used to determine the relic DM den-
sity. While baryonic matter alone is washed out through constant interactions with
the dominant radiation, DM does not interact with radiation and can is allowed to

condense into structures [18].

2.2 Dark Matter Particle Candidates

There exists a myriad of models that have been theorized to describe DM. In the
CDM model DM is cold, collisionless and long-lived [31].
2.2.1 WIMPs

Weakly interacting massive particles (WIMPSs) are a popular DM candidate that are

massive (GeV scale) and interact through the weak force or a simple weak coupling.



2.2. DARK MATTER PARTICLE CANDIDATES

WIMPs are motivated by the WIMP miracle, where the annihilation of GeV weakly
interacting DM patrticles to Standard Model particles can lead to the correct present

abundance of DM [31].

WIMP Miracle

In the Early Universe, when the temperature was high, DM production and self
annihilation were in equilibrium. However, as the Universe expanded and cooled
there was not enough energy for SM patrticles to form DM particles. At this point,
DM annihilation continued while DM production stopped, leading to the DM density
falling exponentially [5]. After the universe further expanded, the DM density became
so low that the DM particles could no longer annihilate. The DM density then

becomes constant and is said tiveeze out This happens when [5]:
n hvi= H; (2.7)

wheren is the number density of DM,hv i is the thermally averaged annihilation
cross section andH is the Hubble parameter.

The self annihilation cross section that leads to the proper relic abundance of
DM can be found by solving the Boltzmann collision equation. With the Boltzmann

collision equation the number density of DMn can be found as:

dn : _
a+3Hn = h vi(n® n&); (2.8)

where hv i is the thermally averaged annihilation cross section is the Hubble

10



2.2. DARK MATTER PARTICLE CANDIDATES

constant and neq is the number density at thermal equilibrium [18]. In the non-

relativistic limit negq becomes:
— m=T .
Neg= 0 —— e ; (2.9)

whereg is the degrees of freedomm is the mass of the particle andr is the temper-
ature of the plasma.
After expanding in powers ofv?, the relic density parameter can eventually be

approximated as [18]:
3 10 Zcm’s 1

h2
h:vi

(2.10)

For a relic density ofh? =0:12, the cross sectionifvi 3 10 ?5cm’s *. This
cross section is consistent with a 100 GeV mass particle that interacts via the weak
force. This is what is known as the WIMP miracle [5]. The evolution of the DM
number density is shown in Fig. 2.3, where it can be seen that varying the the self

annihilation cross section will result in di erent relic abundances of DM.

2.2.2 Sterile Neutrino

Sterile neutrinos are a hypothesized fourth avour of neutrinos that do not inter-
act through the electroweak force [32]. They only interact with the Standard Model
through neutrino avour mixing. Sterile neutrinos have been constrained by cosmol-
ogy to have a massn . 10 keV [18]. IceCube has searched for a matter enhanced
oscillation that would occur for light sterile neutrinos. They found no evidence of a

fourth neutrino and constrained the mixing matrix elements [33, 34].

11



2.2. DARK MATTER PARTICLE CANDIDATES

Figure 2.3: The evolution of DM density is shown, where the comoving number of
density of DM Y = n=s s plotted over x = m =T, which can be taken
as a proxy for time. n is the number density,s is the entropy density,
m is the DM mass andT is the temperature.In the Early Universe (left)
the temperature is high and DM annihilation and production to/from
standard particles are in equilibrium. As the Universe expands and cools
there is not enough energy for the Standard Model particles to produce
DM, while the DM continues to annihilate. This leads to the number
density of DM dropping exponentially. Eventually the Universe will have
so much that the DM can no longer annihilate and the DM becomes
constant (freeze out). The point at which freeze out occurs is dependent
on the annihilation cross sectiorhv i. Figure from Ref: [5].
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2.3. DARK MATTER DENSITY PROFILES

2.2.3 Axions

Axions were introduced to solve the strong CP problem and have been considered as
a DM candidate. Axions are constrained to be very light 10 2 eV. They are also

very weakly interacting with normal matter [18].

2.3 Dark Matter Density Pro les

Numerous models to describe the DM density distribution have been proposed to
agree with N-body simulations including the the Einasto, NFW, Burkert, and isother-
mal pro les. These density distributions are important for this thesis, as the number
of DM particles with which neutrinos interact is required to determine the attenuation
in neutrino energy. These distribution are shown in Fig. 2.4.

DM density pro les are generically parameterized with a double power law as

shown with the Zhao pro le [35]:

DM(r)=(+ a3 1+ir) — (2.11)

for DM density at radius r, where parameters; ; ; describe the shape of the
halo, ¢ is the local DM density, andrs is the scale radius of the halo.

The Navarro-Frenk-White (NFW) pro le is described with parameters (; ; ; )
of (1,3,1,0) [36] and the Burkert pro le has parameters (2,3,1,1) [37].

The Einasto pro le is [38]:

(= oexp =2 RL 1 (2.12)

13



2.3. DARK MATTER DENSITY PROFILES

Figure 2.4: Popular DM density pro les. Most pro les are similar outside the orbit
of the solar system ( 8.5 kpc radius). These pro les are parameterized
based on Ref: [6].

The DM pro le that was used in this analysis was the NFW prole. The param-
eters that were used have been constrained by Benito et al in Ref: [39] and up-
dated in Ref: [40]. They placed limits on the prole density and scale radius us-
ing data from Gaia and GRAVITY. The local DM density has 2 limits between
0:3 o 0:8GeV/icm®. They nd that the often used local DM density o = 0:3
GeV and local distance to the Galactic Centré&ko = 8:5 kpc is excluded by more than

4 . They also found that there was no preference for a cored versus cuspy pro le.

In this thesis the following parameters are used: a scale radiusRf = 26 kpc, scale

14
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density o= 0:4GeV/cm 3, and distance to the Galactic CentreRg,, = 8:178 kpc.

Numerous observations in the past century have found evidence for DM, and
many models have been theorized to describe it. While its true nature has yet to
be determined, it is known to compose most of the matter in the Universe and form
halos around galaxies. As one of the least explored interaction channels DM neutrino
interactions could potentially occur in the DM halo of the Milky Way for which a
signal could be detected in the IceCube Neutrino Observatory. The neutrino signal

detected at IceCube will be explored in the next chapter.
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Chapter 3

Neutrinos and IceCube

Generally, cosmic ray research aims to answer three complementary questions: where
do cosmic rays come from, how are they energized, and how do they propagate. Mul-
timessenger astronomy can be used to answer these questions by analyzing data from
gamma rays, gravitational waves, charged particles, and neutrinos. Here, data from
each of the di erent 'messengers' provide di erent insights into astrophysical pro-
cesses. As neutrinos are one of the most weakly interacting elementary particles in
the Standard Model, they travel from their source to Earth without attenuation and
without de ection by magnetic elds. They are also one of the most abundant par-
ticles in the Universe and may serve as an ideal probe of extra-galactic astrophysics.
This weak interaction also makes them di cult to detect, as they require massive
detectors, like IceCube, to obtain a statistically signi cant signal [41]. This chapter
describes the neutrinos that are detected at IceCube, which will be an important part

of the analysis technique in Ch. 5.
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3.1. NEUTRINOS

3.1 Neutrinos

Neutrinos were theorized in 1930s by Wolfgang Pauli to account for the missing mass
in beta decays. Enrico Fermi then coined the name neutrino or 'little neutral one'.
Neutrinos were rst observed in 1956 by Reines and Cowan with their underground
reactor experiment [42]. Neutrinos are one of the most abundant particles in the
Standard Model both in the Early Universe and today. They are predicted to have
a small non-zero mass.( 1 eV) [43], be electrically neutral, [4] and oscillate between

avours [44]. There are three avours of neutrinos: electron, muon, and tau.

3.2 Neutrino Sources

Neutrinos are produced from a variety of sources across a wide energy range as shown
in Fig. 3.1 [7]. They can come from cosmic rays scattering with CMB photons,
astrophysical sources, atmospheric cosmic ray showers, nuclear reactors, the Sun, and
the Earth [7]. At the lowest end of the energy spectrum, the neutrinos that come from
the cosmic neutrino background (CB) and from big bang nucleosynthesis (BBN)
have yet to be detected due to the high energy resolution that would be required
to detect them. At the highest energy part of the spectrum, cosmogenic neutrinos
have yet to be detected due to their low ux and signi cant background [45]. Since
IceCube is sensitive to neutrinos in the energy range of GeV to PeV, the neutrinos
that IceCube observes are from atmospheric and astrophysical sources. In this case
atmospheric neutrinos dominate the ux in the low energies and need to be modelled
as a background, while the DM-neutrino signal will be incorporated in the model of
the astrophysical neutrinos.

It is predicted that astrophysical neutrinos are produced in the highest energy
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3.2. NEUTRINO SOURCES

Figure 3.1: The grand uni ed neutrino spectrum shows the neutrino ux from a va-
riety of sources across energy. Figure is taken from Ref: [7].

extragalactic sources such as the super-massive black holes at the centre of active
galactic nuclei [46, 47], the collapse of massive stars in gamma ray bursts [48, 49],
or in star burst galaxies [50]. Although some potential points sources have been
identi ed and there is growing evidence for the blazar connection [51, 52], the exact
nature of astrophysical neutrino sources remain uncertain [53{62].

IceCube, which detects neutrinos in the TeV to EeV range (10 10 eV), is
dominated by atmospheric neutrinos and atmospheric muons. Atmospheric neutrinos
are produced when cosmic rays interact with the Earth's atmosphere to produce
mesons. In 2013, IceCube detected an excess of neutrinos above 100 TeV that could
not be explained by atmospheric sources. This excess was consistent with an an

isotropic distribution and hinted to an extragalactic origin. This marked a key turning
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3.3. NEUTRINO PRODUCTION

point in the history of multi-messenger astronomy [19]. These neutrinos are posited to
have originated in the highest energy astrophysical sources outside the Milky Way like
AGNs. The astrophysical nature of these high energy neutrinos was further con rmed
in 2018 when IceCube along with the gamma-ray telescopésmi-LAT and MAGIC

announced the simultaneous detection of neutrinos and photons from blazar TXS
0506+056. This observation of neutrino and gamma-ray emission from TXS 0506+06
is the rst evidence that blazars can produce the most energetic neutrinos and cosmic

rays [20, 21].

3.3 Neutrino Production

Most models for astrophysical neutrino production have neutrinos as the byprod-
ucts of cosmic ray interactions with gas and radiation via hadronicpf, pn), and
photohadronic (p, n) interactions. In these interactions, protons that have been
accelerated produce unstable mesons such as charged pions, kaons and D mesons
that subsequently decay into neutrinos of all avours [63]. The dominanpp and p

interactions are summarized as:

p+p! N[%+ *+ ]+X;

8
She *, (3.1)
Lo

p+
p+

where p is a proton, is a photon, N is a constant, are charged pions, ° are
neutral pions andX represents other cosmic ray particles that are produced alongside

pions [64]. These interactions occur while the protons are accelerated, while they exit
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3.4. NEUTRINO PROPAGATION

their source and while they travel to Earth and involve transferring energies up to
5% of the energy of progenitor protons or nuclei to neutrinos. The pions produced
through the mechanism of Eq. (3.1) subsequently decay through the dominant channel

to muons [64]:

(3.2)

The muon can then decay into:

(3.3)

These neutrinos can then travel long distances without interacting to eventually be

detected on Earth.

3.4 Neutrino Propagation

Due to the low average interstellar matter density, neutrinos can be expected to
propagate through space without signi cant attenuation or de ection. This means
that neutrinos observed on Earth can be expected to have retained their source energy

and direction.

3.4.1 Extragalactic Neutrino Oscillation

While neutrino oscillation is an important factor to be accounted when observing neu-
trinos from nearby sources (like the Sun), avour e ects from astrophysical neutrinos
can be shown to average out over extragalactic scales. In the case that the charged
pion and subsequent muon decay are the dominant processes at astrophysical sources,
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3.4. NEUTRINO PROPAGATION

then Egs. (3.2) and (3.3) lead to the production of two muon neutrinos for every one
electron neutrino (and zero tau neutrinos). This is contained in the neutrino avour
ratioof (¢: ; )" (1:2:0). While this is the expected avour ratio at the
source, over the long distances the avours average out and the composition at the
detector is expectedtobenear¢: : )' (1:1:1)[65]. Thisis shown here by
calculating the oscillation probability and taking the long distance average.

In the three neutrino avour case the mass eigenstates ; ,; 3) and avour
eigenstates (¢; ; ) are related by the PMNS matrix U [65]:

0 1 0 1

-1}

3

where each component of the PMNS matrix)J; , shows the mixing of the avours
into the three mass eigenstates where U is:

0 1

Uel Ue2 Ue3
U %uluzu3§: (3.5)

U; Uy Ugs

In a vacuum the probability that a neutrino of avour  will oscillate to avour

after a distancelL is [65]:

X X m? L
P( ! ;L)= juUjjju;j*+2 Re U;U; U;U; cos 2EJ
J. .

i>]

(3.6)

< &

27 miL

i>j
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3.4. NEUTRINO PROPAGATION

where m; is the di erence between square masses of the mass eigenstataad K,
E is the neutrino energy, andL is the distance the neutrino travels.
Taking the limit of Eq. (3.6) asL ! 1  and averaging over rapid oscillations this
becomes:
x3
P(C ! L1 )= jUijiu;j? (3.7)
i=1
The oscillation probability between each avour can then be expanded as a matrix:
0 1 0 1 0 1
Pee Pe Pe er1j2 erij er3j2 0:55 025 Q2
P % P P P E E@ju 1% U 2% U 5 g = %0:25 Q37 0382(3-8)
Pe P P jU 1j% jU 52 jU 32 0:2 038 Q42

where the PMNS values were used from [65]. Now, the extragalactic neutrino ux in

the far distance can be expressed as a product®fand the intrinsic ux F°( )( =

e ; )
0 1 0 1
F(e) FO( e)
%F( )EzP%FO( )E: (3.9)
F( ) Fo( )
With an initial avour ratio assumed to be ( : : )=(1:2:0) from pion
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3.4. NEUTRINO PROPAGATION

decay, the long distance avour ratio can be found:

0 1 0 10
F(e) jUetj? U 4% jU 4j2 1
%F( ) E jUe2j? U 2% jU ,j2 g%zg

0

F( ) jU:eL3j2 jU 3% jU 32

1
1 E : (3.10)
1

Therefore, the ratio of the cosmic high-energy neutrino uxes over extragalactic

?
|

distances is about (e : )" (1:1:1). A avour ratio consistent with this

has been observed at IceCube as shown in Fig. 3.2. In this thesis a avour ratio
of (e: : )=(1:1:1) at the detector is assumed. This is reasonable given
the low statistics possible at present detectors and uncertainty about the oscillation

parameters at the source [8,66,67].
3.4.2 Neutrino Attenuation in Matter

Neutrino attenuation in the Earth

In determining the attenuation of an extra-galactic neutrino ux as observed on Earth,
the interaction with visible matter should be considered. The propagation length of
neutrinos can be characterized by its mean free path, which describes the distance

a particle travels before scattering [68]:

matter = —- (3.11)
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3.4. NEUTRINO PROPAGATION

Figure 3.2: Triangle plot of avour ratio observed in IceCube's 7.5 year high en-
ergy starting event sample. While the avour ratio is not strongly con-
strained it is consistent with a source ratio of (1:2:0) which would indicate
neutrino production from pion decay (red marker). The other coloured
markers show di erent avour ratios at neutrino production, that are all
allowed.The best t point is shown with the black star, and 1 and 2
contours are shown with black lines. Figure from Ref: [8].
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3.4. NEUTRINO PROPAGATION

wheren is the number density of intervening particles and is the scattering cross
section.

In the case of neutrinos scattering in the Earth, neutrino-nucleon deep elastic
scattering is the dominant mechanism, where the number density Na= cm?®, and
the cross section for neutrino weak interactions in the lab frame is roughlyay
Ge(EM) 10 ¥ cm?*El; [68,69]. HereE is the energy of the neutrinoM is the
mass of the nucleonN, is Avogadro's number, andGg is the Fermi constant. For

nucleons with masses on the order 1 GeV the mean free path is then:

1 10%cm
matter =y (E /GeV)

(3.12)
With the diameter of the Earth as 10 cm, this means that the Earth starts
to become opaque to neutrinos above 100 TeV. This is con rmed with numerical
simulation [70]. While neutrino detectors often use the Earth as a shield against the
main background of muons, the ux of high energy astrophysical neutrinos will also
be attenuated to a degree after passing through the Earth. This motivates the use of

neutrino detectors in the Southern Hemisphere that use advanced veto techniques to

observe high energy neutrinos in the direction of the Galactic Centre.

Neutrino Attenuation in the Intergalactic Medium

An estimate for the attenuation of the astrophysical neutrino ux after scattering
with baryonic matter in the intergalactic medium can be found to con rm that normal

matter interactions are negligible. Assuming the baryonic matter in the galaxy can
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3.4. NEUTRINO PROPAGATION

be separated into a disk and bulge, the bulge density is described as [71]:

b;0

b= me)(p[ (r%reuw)?l; (3.13)

with r0= P R? + (z=92, which was found to have best t values of =0:18,rq =
0:075 kpc,re = 2:1 kpe, g = 0:5 and po = 9:93 10'°M . The disk density is
described as [71]:

d;0 JZJ

aRiz)= - “exp( = o) (3.14)

which was found to have best t value of scale heighty  0:6 kpc, scale radius

Rgs 3 kpc and central density 4o 60M pc 2.

With these a column density can be estimated as:

z
() = n(x)dx; (3.15)

l.o:s

from which the mean free pathis =( ) !. For the aforementioned disk and bulge
distributions, a path with an angle near the Galactic Centre leads to a column density

1 g/cm3. For a cross section ,, GgEM 10 380#%; the mean free path
through galactic matter is on the order of

10%cm

—_ 3.16
baryon (E =G eV) ( )

Considering that the Milky Way is on the order of 60 kpc 1 10? cm in diameter
and that neutrinos observed by IceCube are GeV-PeV, scattering e ects between

baryonic matter and neutrinos can be neglected.
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3.5. DETECTING NEUTRINOS

3.5 Detecting Neutrinos

Due to the weakly interacting nature of neutrinos, a large detector volume is required
in order to detect a statistically signi cant number of neutrino events. This require-
ment has led to the construction of numerous water Cherenkov detectors around the
world. These detect the optical signals that come from charged patrticles traveling
faster than the local speed of light in a medium. While these detectors do not directly
detect neutrinos, the optical signal (Cherenkov radiation) from secondary charged
particles can be used to reconstruct the energy and direction of the associated neu-
trino. The arrival time of photons is used to determine the particles trajectory and
the number of photons is used as a proxy for the deposited energy [10].

These secondary particles that provide insight into their parent neutrino are the
result of deep inelastic scattering with the quarks in a nucleus in the medium. In
these processes the nucleus breaks apart and leads to hadronic shower that can be
observed using Cherenkov radiation. This weak interaction between the neutrino and
up or down quark can either be a charged current (CC) when mediated by a W boson,
or a neutral current (NC) when mediated by a Z boson [10]. The Feynman diagrams
for these interactions is shown in Fig. 3.3.

While neutral current interactions leave the neutrino intact, charged current inter-
actions produce a charged lepton associated with the initial neutrino avour. At these

energies 80% of the neutrino energy is transferred to its charged lepton partner [72].

3.5.1 IceCube

IceCube is a cubic kilometer ice Cherenkov detector located at the geographic South

Pole just outside the Amundsen-Scott South Pole Station. It is composed of 5160
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3.5. DETECTING NEUTRINOS

(@) CC (b) CC (c) CC (d) NC

Figure 3.3: Charged and Neutral current interactions Feynman diagrams representing
the interactions that IceCube can detect.

digital optical modules (DOMSs) that detect Cherenkov light from charged particles
which are produced after high energy neutrinos interact with the ultraclear ice [10].
The large volume of the detector allows for a su cient number of neutrino events

to be observed. A graphic of IceCube's con guration is shown in Fig. 3.4.
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3.5. DETECTING NEUTRINOS

Figure 3.4: Graphical layout of IceCube [9]. The detector is composed of 86 vertical
strings suspended in the ice across a hexagonal grid with 125 m spacing.
Each string contains 60 DOMs that are each separated by 17 m. The
DOM are buried from 1450 m to 2450 m below the ice's surface. IceCube
is composed of a surface array, IceTop, and a denser inner subdetector,
DeepCore, that signi cantly enhances the capabilities of the observatory,

making it a multipurpose facility. DeepCore lowers the neutrino energy
threshold to 10 GeV [10].

3.5.2 Event Morphologies

Events at IceCube are generally described by the optical signature that is left in the
detector and separated into three morphologies: track, cascade, and double bang.

Characteristic events for each event morphology are shown in Fig. 3.5.
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