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ABSTRACT

While experimental evidence for the presence of dark matter, one of the main
components of the Universe, has strengthened for over a century, its nature
yet remains unknown. Some models predict that dark matter is made up of
particles which interact only weakly with the Standard Model. This connection
with the Standard Model, albeit weak, opens the possibility of detecting dark
matter with different experimental techniques. Neutrino telescopes, such as the
one-cubic-kilometre IceCube Neutrino Observatory at the South Pole, can detect
neutrinos produced in dark matter self-annihilation or decay towards Standard
Model particles as secondary products of these interactions. In particular, dark
matter particles can scatter off nuclei of celestial bodies, lose velocity and be-
come gravitationally trapped in the centre of these bodies, such as the Earth.
The accumulation of dark matter in the centre of the Earth would induce dark
matter self-annihilation into Standard Model pairs of quarks or leptons which
would lead to a flux of neutrinos that might be observed from the South Pole by
IceCube.

This work presents an analysis of the search for dark matter from the centre of
the Earth with ten years of IceCube data. The development of a dedicated event
selection which relies heavily on Monte-Carlo simulations has been necessary to
address the unique position in local coordinates of the centre of the Earth. The
selection was split into two distinct low- and high-energy parts due to differences
in the signal signatures at different dark matter masses. Using the zenith angle
and energy distributions of data as observables, a 2D statistical analysis based
on a method of maximisation of the Poisson likelihood has been developed and
performed. As no significant neutrino excess was found, upper limits were set on
the spin-independent dark matter-nucleon scattering cross-section Ufﬁv- Limits
were also set on the coupling constants for the effective field theory of dark
matter. U%\/ limits show a significant improvement compared to the previous
one-year search and the world’s best limits for the Earth at dark matter masses
m, > 100 GeV.
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RESUME

Recherche de matiére noire au centre de la Terre avec dix ans
de données de IceCube

Alors que les preuves expérimentales de la présence de la matiere noire,
I'un des principaux composants de I'Univers, se sont renforcées depuis plus
d’un siecle, sa nature reste encore inconnue. Certains modeles prédisent que
la matiere noire est composée de particules qui n’interagissent que faiblement
avec le modele standard. Cette interaction avec le Modele Standard, bien que
faible, ouvre la possibilité de détecter la matiere noire par le biais de différentes
techniques expérimentales. Les télescopes a neutrinos, tels que 'observatoire a
neutrinos IceCube qui mesure un kilomeétre cube et est situé au pole Sud, peuvent
détecter les neutrinos produits en tant que particules secondaires lors de I'auto-
annihilation de la matiere noire ou sa désintégration en particules du Modele
Standard. En particulier, les particules de matiere noire peuvent étre diffusées
par les noyaux des molécules de corps célestes (tel que la Terre), perdre leur
vitesse et étre piégées gravitationnellement au centre de ces corps. L’accumula-
tion de matiere noire au centre de la Terre pourrait induire 'auto-annihilation de
cette matiere noire en paires de quarks ou de leptons du modele standard, ce qui
entrainerait un flux de neutrinos qui pourrait étre observé par IceCube depuis le
Pole Sud.

Ce travail présente une analyse de la recherche de matiere noire au centre de
la Terre avec dix ans de données d’IceCube. Le développement d’une sélection
d’événements dédiée qui s’appuie fortement sur des simulations Monte-Carlo a
été nécessaire pour prendre en compte la position unique du centre de la Terre en
coordonnées locales. La sélection a été divisée en deux parties distinctes, 'une
a basse énergie et I'autre a haute énergie, en raison des différences de signa-
tures du signal a différentes masses de matiere noire. En utilisant comme obser-
vables les distributions d’angle zénithal et d’énergie des données, une analyse
statistique 2D basée sur la méthode de maximum de vraisemblance de Poisson
a été développée et mise en place. Comme aucun exces significatif de neutri-
nos n’a été observé , des limites supérieures sur la section efficace de diffusion
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matiere noire-nucléon indépendante du spin afj\, ont été fixées. Des limites ont
également été fixées pour les constantes de couplage de la théorie efficace des
champs de la matiére noire. Les limites o7}, montrent une amélioration notable
en comparaison avec la recherche précédente exploitant un an de données, ainsi
que les meilleures limites mondiales pour le centre de la Terre pour les énergies
E > 100 GeV.
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INTRODUCTION

Cosmological measurements and astronomical observations provide evidence of the ex-
istence of a large (~ 22%) massive component of the Universe interacting almost ex-
clusively via gravitation. Since the first hints of its existence were observed in the Coma
cluster by R. Zwicky in 1933, physicists -theoreticians and experimentalists alike- have
embarked on the quest to unravel this mystery. Dark matter is generally thought to be
made of particles, though other interpretations invoking modifications to gravity cannot
be excluded yet. Weakly Interacting Massive Particles are one of the most relevant dark
matter candidates and these particles have been extensively sought after through the
last decades. However, their discovery remains elusive. Signatures of particle dark mat-
ter can be obtained via indirect detection, direct detection and production at colliders.
Indirect detection aims at detecting the products of dark matter self-annihilation or de-
cay. Direct detection, on the other hand, focuses on observing the scattering of dark
matter particles off Standard Model particles. Finally, dark matter can be produced at
large particle colliders and detected as some form of missing energy in the observation of
these collisions. The current astronomical observations indicate that dark matter forms
halos surrounding galaxies, like the Milky Way, and extends radially up to ~100 000
light-years. At the solar system level, the distribution of galactic dark matter opens the
possibility for dark matter particles to scatter off Standard Model particles in the vicinity
of a massive celestial body such as the Sun or the Earth, lose velocity and gravitation-
ally fall towards the centre of the object where an overdensity of dark matter will be
generated. This thesis is focused on the search for a dark matter signature coming from
the centre of the Earth. Accumulated dark matter in the centre of the Earth will trig-
ger the process of dark matter particles self-annihilation into Standard Model particles,
among which neutrinos will be emitted both as primary or secondary products of the
interactions. Because of their peculiar properties and, in particular, their extreme elu-
siveness, neutrinos can travel through the Earth up to the surface and be detected by
large neutrino telescopes such as the IceCube detector.

The IceCube Neutrino Observatory is an experiment based at the geographical South
Pole that can detect neutrinos interacting in, or in proximity to its one-cubic-kilometre
volume via observation of the so-called Cherenkov effect. IceCube was the first exper-
iment to detect a flux of neutrinos originating in astrophysical phenomena and has
provided world-leading constraints on the atmospheric neutrino oscillations paramet-
ers. While not being its primary purpose, IceCube has been involved in the search for
dark matter since its beginnings with very competitive results in the field of indirect
detection of dark matter.

In the context of this work, an IceCube selection of events has been developed by
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selecting events appearing as quasi-vertical and up-going. The particular local direc-
tion of the signal does not allow for estimating the background from right-ascension
scrambling of the real data as it is usually done in neutrino telescopes, hence, we had
to rely on Monte-Carlo simulations. The main background I had to filter out was the
muons generated in cosmic ray interactions in the Earth’s atmosphere. Though these
muons are down-going (they cannot traverse the Earth), a large fraction of them are
mis-reconstructed as up-going. A machine learning algorithm helped to discriminate ef-
ficiently down-going muons from up-going neutrinos. At the last stage of the selection,
when muons constitute only ~ 10% of the total of the events, neutrinos originated in the
cosmic ray interactions in the atmosphere and that have traversed the Earth remain as
the dominant background. These background characteristics make it indistinguishable
from the dark matter signal. However, the distribution of the zenith angle and energy
can be used to discriminate the atmospheric background from a possible dark matter
signature. Neutrinos coming from dark matter annihilation cannot have energy larger
than the dark matter particle mass and they have their direction close to the vertical at
zenith angles 6 ~ 180°.

A binned Poisson likelihood maximization analysis has been developed. The prob-
ability density functions (PDFs) for this analysis use the 2D zenith angle-energy distri-
butions for background and different signal models estimated with simulations after the
whole event selection chain. A series of nuisance parameters in the likelihood formula-
tion and a study of possible systematic effects were implemented in order to reduce the
effect of the unknown uncertainties in the simulation.

This introduction is followed by the structure of this thesis presentation. Chapter
is a review of the current dark matter theoretical and experimental state-of-art. Chapter
aims at presenting the characteristics of neutrinos and their detection in big instru-
mented water volumes, such as IceCube. The latter will be presented, from a technical
and scientific point of view in Chapter [3| The event selection and analysis method I
developed for the search for dark matter from the centre of the Earth will be described
in Chapters [4| and [5, respectively. Finally, the results obtained with the work prepared
in the previous chapters will be presented in Chapter [6]



CHAPTER 1

DARK MATTER

There’s a sign on the wall, but she wants to be sure
Cause, you know, sometimes words have two meanings!17!

Dark matter (DM) is one of the most intriguing unresolved puzzles in modern phys-

ics. Strong evidence for its existence has arisen throughout the last century from astro-
nomical and cosmological observations, yet its nature remains unknown.
The dynamics of observed galaxies and galaxy clusters show gravitational fields that
cannot be described by their visible content only. Instead, observations seem to suggest
the presence of an invisible mass component, where the average total mass of these
objects is estimated to be hundreds of times larger than the visible mass. The currently
most accepted cosmological model, extraordinarily probed by the study of the Cosmic
Microwave Background (CMB), implies dark matter constitutes ~ 85% of the total mat-
ter content of the Universe and ~ 22% of the Universe composition [30].

A variety of models propose a dark matter component made of new beyond the
Standard Model particles. Most of these models explain the relic abundance of dark
matter via thermal production which requires that these particles have weak coupling
with the Standard Model (SM). Starting from simple extensions of the SM, new stable
particles have been postulated such as neutralinos and axions. The former would arise
from supersymmetric (SUSY) extensions of the SM, while the latter is a hypothesised
particle that would explain the so-called strong CP problem. Other particle candidates
have also been considered, such as the SM neutrino and its theorised counterpart, the
sterile neutrino. Dark matter could also, to some extent, be composed of baryonic matter
or other macroscopic objects that could account for a part of the missing matter in the
Universe.

The connection of DM with SM opens the possibility of detecting DM via the emission
of cosmic rays, gamma-rays, and neutrinos. Looking for an excess of these messengers
from regions with an over-density of DM is the strategy followed by the so-called indirect
detection of dark matter.

The following sections of this chapter will develop the subjects introduced above.
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The evidence for dark matter will be presented in section The cosmological model
and the latest measurements of the Cosmic Microwave Background (CMB) will be dis-
cussed in section Section [1.3| will expose the currently most valid DM candidates.
The distribution of DM in the Universe and the Milky Way, in particular, will be presen-
ted in section DM interactions, and in particular its capturing at the centre of the
Earth, will be discussed in section Finally, an overview of the latest DM experi-
mental results will be given in section (1.6

1.1 Evidence for dark matter

Relevant evidence for the existence of dark matter comes from the estimation of the
mass of galaxies and galaxy clusters. These estimations show that the mass content of
these objects is far larger than their luminous mass (i.e. the mass of the stars). Such
observations can be obtained by measuring the distribution of the rotational velocity
depending on the distance from the centre of gravity or by observing the gravitational
lensing effect (see below) on objects at nearby angles. Strong evidence for DM also
comes from the observation of the Cosmic Microwave Background. Its small temperat-
ure anisotropies are a powerful tool for measuring the amount of DM in the Universe.
The Planck CMB mission provided outstanding results on the CMB anisotropies. More
details on this evidence will be given in|1.2

1.1.1 Gravitational lensing

Before entering the details of the mass deficit observations, it is important to explain
how matter is estimated in astronomical observations. One of the most interesting pre-
dictions of general relativity is the effect of gravitational lensing [128]]. The gravitational
field of a massive object curves the trajectory of the photons passing through the field.
As a consequence, background objects appear deformed or displaced, as if they were
passing through an optical lens.

For a cylindrical symmetrical gravitational potential, the deflection angle for a photon
incoming at a distance b from the centre of gravity of the lens can be expressed as [[128]]:

4G M(b)
a=— (1.1)

where G is the gravitational constant and M (b) is the mass in a sphere of radius b.
Therefore, the deflection is proportional to the mass of the lens object.

A fascinating effect can be seen in the case where the source, the lens, and the ob-
server are perfectly aligned. A so-called Einstein ring is formed: the background galaxy
appears as a ring around the lens. Perfect Einstein rings are rare due to the extreme
precision of the needed alignment while, more often, background galaxies appear dis-
placed or distorted in shape. When the deflection is significantly large and two or more
images of the background object can be observed the effect is called strong lensing. The
latter is opposed to the more frequent weak lensing when background objects appeared
sheared and distorted.

Another relevant lensing effect, called microlensing, can be observed in the Milky
Way. Considering a compact massive object as a point-like lens, the flux of a background
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Figure 1.1 — Deep field image from the James Webb Telescope. The effects of gravitational
lensing are visible in multiple arcs and distorted objects.

star will be amplified compared to the flux expected without lensing: stray light will be
curved towards the observer during the passage of the compact object. Microlensing has
been used to search for dark massive compact objects as an explanation of dark matter.

Gravitational lensing is, hence, a valuable tool for estimating the mass of cosmolo-
gical objects such as galaxy clusters and galaxies in the search for dark matter.

1.1.2 Galaxy clusters

Galaxy clusters are groups of gravitationally bound galaxies. The largest known objects
of this type can contain as many as thousands of galaxies. The estimation of their mass
provides compelling evidence for the presence of non-baryonic mass [128]].

The first observation of a large mass-to-light ratio in galaxy clusters comes from
the study of the velocity dispersion in the Coma cluster by R. Zwicky [149] in 1933.
The mass-to-light ratio is the ratio between the estimated mass of an object and its
luminosity. Using the Sun as a baseline of M /Lq = 1, larger values than one indicate
that the mass of these objects does not reside on stars but in some form of dark matter.

To estimate the velocity dispersion of the Coma cluster, R. Zwicky used the virial
theorem. Under dynamic equilibrium, the virial theorem is valid and can be written in

the form: .

being 7" and U the kinetic and potential energies of the system, respectively. For a galaxy
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orbiting the centre of gravity of a cluster at a distance r with velocity v(r), Eq. (1.2)
translates into:

v (r) = , (1.3)

where G is the gravitational constant and M (r) is the cluster mass included in a radius
r from the centre.

For the Coma cluster, the measured velocity dispersion implied a far bigger mass con-
tent than the one supposed by light observations. Zwicky’s study alone, updated with
the current estimations of the Hubble constant value, indicates a mass-to-light ratio
M/L ~ 60, meaning that the mass of the cluster galaxies is far beyond the mass which
can be inferred from visible stars.

In modern days, the baryonic content of a cluster mass can be estimated via X-ray
observations of the temperature of the gas component of the cluster. The total mass of a
galaxy cluster is either assessed by the measure of the velocity dispersion of the galaxies,
by the X-ray temperature, or by gravitational lensing. Searches led to the result [128]]:

Mbaryons
Mtotal

~0.16hg*/* ~ 1/6. (1.4)

where hy = Hy/100 km/s/Mpc is the dimensionless Hubble parameter. This measure-
ment represents strong evidence that galaxy clusters are embedded in a DM halo.

Bullet cluster

Striking evidence of the existence of dark matter is the so-called Bullet cluster [67] .
The system really consists of two galaxy clusters, the sub-cluster (1E 0657-558) which
collided with the main cluster (1E 0657-56) at redshift = = 0.296 [[139]. In a collision
between clusters, their galaxies, having a small cross-section and interacting via the
gravitational force only, are not affected by the collision, so the galaxy components of
the clusters remain unaltered and pass through each other. In the gas of the inter-cluster
medium ionised particles are subject to electromagnetic interactions and are slowed
down. Fig. shows the optical (galaxies) and X-ray (tracing the gas component)
observations of the system, along with the gravitational contours obtained via weak
gravitational lensing computations. The X-ray picture shows how the gas clouds of the
clusters have been ”left behind” by the galaxies. An important characteristic of this
system is the high mass-to-light ratio. In an only baryonic model, the majority of the
mass should, thus, reside in the gas clouds. The gravitational contours in fig. show
however that the mass is rather concentrated in the regions where the galaxies are,
after having passed without interacting through the gravitational potential of the other
cluster favouring the idea that a third component made up of dark matter also went
through unaffected by the collision. The observation of the bullet cluster is, hence,
a strong, “photographic” indication of the presence of DM halos as the main matter
component of clusters.

1.1.3 Galaxies

Apart from the large clusters of galaxies, individual galaxies also hint at the presence of
dark matter based on the estimation of their masses. The latter can be computed from
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Figure 1.2 — Bullet cluster. Left: Optical map from the Magellan images for this cluster.
Right: 500 ks Chandra X-ray map. The green contours are the gravitational lensing mass
distribution map. From [67]].
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Figure 1.3 — Radial velocity distribution in function of r for galaxy NGC 6503. Data indicate
the presence of a dark halo extending to r > rqisk ~ 5 kpc. From [101]].

the rotation curve of spiral galaxies [[101]]. The circular velocity as a function of the
distance r from the centre of the galaxy assumes a constant value out to much further
extents than the radius of the stellar disk. Following Newton’s law, the mass interior to
r is M(r) « r, implying the existence of a much larger than the visible mass content,
which can be described as a dark spherical halo surrounding the galaxy. The rotational
velocity can be estimated by observing stars or gas clouds. The first measurement of
this kind was a study by V. Rubin and W. K. Ford [130] of the rotational curve of the
Andromeda Galaxy (M31) in 1970. Rubin’s pioneering work over the seventies was the
first evidence of a DM halo in galaxies and opened the ground for all the subsequent as-
tronomical observations. A precise measurement of the rotational curves of the galaxies
comes from the Doppler effect on the 21cm H-line [128]]. Figure shows how, for an
only baryonic mass galaxy, the velocity would rapidly drop, not reflecting the observed
behaviour.

The study of weak gravitational lensing is also a useful tool for measuring the total



6 CHAPTER 1. DARK MATTER

mass of a galaxy. A foreground galaxy causes small distortions in the shape of back-
ground galaxies. Since the shape of a galaxy is a-priori unknown and the effect is as
small as 1%, the lensing can be put in evidence by averaging over numerous background
galaxies, searching for systematic distortions of their shapes towards the direction of the
foreground galaxy centre. The effect must be studied on multiple foreground galaxies.
The galaxy mass-to-light ratio estimated in this way is of the order of M /L ~ 60 [128].
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1.2 The cosmological model

In this section, I will describe the salient points of the currently most accepted cos-
mological model: the Lambda Cold Dark Matter (A-CDM) model, with an emphasis
on the dark matter role and on how the cosmological properties of dark matter have
been experimentally probed by recent results of Planck [30]. In|[1.2.1| we present the
cosmological model. Results from Planck and the way they constrain the cosmological
parameters will be discussed in The role of dark matter as indicated by the Planck
results will be explained in

1.2.1 The A-CDM model

As previously mentioned, the most supported theory to describe the evolution of the
Universe is currently the A-CDM model [60]. By observing the CMB temperature aniso-
tropies (more details will be given in[1.2.2), we can deduce that the space is the same
for every direction we observe, namely; it is isotropic. The Copernican principle, stating
that we are not at a special point in the Universe, suggests that the space should look
the same from every point of observation, i.e. it is homogeneous. The Universe is, thus,
a spherically symmetric space which evolves in time. This homogeneous, isotropic, and
expanding Universe can be described by the Robertson-Walker metric, which can be
expressed as [128]:

dr?

~ k2

ds® = —dt® + a?(t) [1 + r2d§22} : (1.5)

where ¢ is the time coordinate, r is the radial coordinate and 2 is the solid angle co-
ordinate. The term a(t) is known as the scale factor and « is the curvature parameter.
The spatial part of the metric can be expressed in spherical coordinates for the proper-
ties explained above. It is worth mentioning the three possible scenarios given the value
of k:

* k < 0: negative curvature, the Universe is open;
¢ k= 0 : no curvature, the Universe is flat;
* k> 0: positive curvature, the Universe is closed;

The most recent results (see(1.2.2]) point at a flat Universe with « ~ 0.
Being p and p the density and pressure, respectively, the energy-momentum tensor of a
uniform and isotropic Universe can be described as a perfect fluid:

T;w = (p + p)(U,uUz/ +pg;w)7 (1.6)
which, by raising an index, becomes:
T“z/ = diag(—p,p,p,p), (17)

thus, the trace is:
T =—p+ 3p. (1.8)
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The Einstein equation applied to these metric and tensor leads to the two so-called
Friedmann equations which describe the evolution of the scale factor:

.\ 2

a 1 A K

a _ = v 1.
<a> 3 PT3 (1.9)
a 4G A
Z__ = 1.10
. 3 (p+3p) + X (1.10)

where A is the cosmological constant describing the vacuum energy component of the
Universe and the Hubble rate H is defined as

=2 (1.11)
a

and its current value is H,, or Hubble constant, which is often expressed as
Hy = 100h km/s/Mpc.
Friedmann equations can be rewritten by introducing the definition of a density para-

meter:
p 881G

E = 3H2 P
where p. = 3H?/87G is the so-called critical density. At present, the critical density

assumes the value p? = 3H2/87G.
We can now re-formulate (1.9) as:

Q= (1.12)

K

Q-1=1m3

(1.13)

When considering a flat Universe, the curvature parameter has a value x = 0. Eq. (1.9)
can then be simplified as:

1 :ZQZ-, (1.14)

where i are the different energy density parameters for the radiation (2r), matter (/)
and vacuum (25) content of the Universe, each of which will evolve differently with the
Universe’s expansion. The radiation density accounts for the density of the relativistic
particles mostly accounted for by the CMB, while the matter density includes all matter
that is non-relativistic including dark matter, €2, .

1.2.2 The Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is an isotropic signal in the microwave sky.
It is the best measured black body spectrum [[125]] and is one of the furthest observables
in the Universe It consists of light emitted at the epoch of recombination, i.e. when ions
in the early Universe recombined to form atoms and photons traveled freely without
interacting with matter, when the Universe was aged tcyp ~ 380 000 y. For an observer
today, the CMB is seen as a distribution of temperatures with an average temperature
that has been measured with extreme precision at Toyp = 2.72548 + 0.00057 K [82].
This temperature is remarkably isotropic all over the sky, however it has shown to have
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Figure 1.4 — CMB spectrum as a function of the angular scale ¢. The solid line repres-
ents the model with Qys,Qx = (0.27,0.73). Other combinations represented are (0.27,0)
(dashed line) and (1,0) (dotted line). The dash-dotted curve is given by the combination
Qar, 2,2 = (1,0,0.004).

small anisotropies, of the order of ATcyp ~ 10~° K, which are a powerful tool to probe

the cosmological model.
Temperature anisotropies can be decomposed over the bases of spherical harmonics, so

that:
inf +¢

=2 m=—/
where Y;,,(0, ¢) are the spherical harmonics. The variance Cy of ay,, is defined [54] as:

L
DY > laml, (1.16)

m=—/{

CZ = <|a€m|2>

which, in plots, is generally shown as ¢(¢ + 1)Cy /2.
The shape and features of the CMB anisotropies spectrum are strong indicators of the
different cosmological parameters [128]:

* x # 0 makes the low ¢ region less flat while 2, # 0 mildly affects the same region
in the same way;

e O)rh? affects the position of the first peak and the amplitude of the peaks;

* the density of dark matter, 2, h?, affects the ratio between the heights of the
second and third peaks. Therefore a relatively high third peak is an indication of
the presence of DM;



10 CHAPTER 1. DARK MATTER

o ,h? affects the overall height of the peaks.

Fig. shows the CMB spectrum for different combinations of the parameters.

The CMB was first discovered [122] in 1964 by the radio astronomers Arno Penzias
and Robert Wilson as an excess in the radio signal noise of their antenna. In the fol-
lowing years, many (including balloon and space satellite) experiments observed and
measured the CMB. Data from the Planck satellite mission provided an extremely precise
measurement of the CMB temperature anisotropies, which allowed for an accurate es-
timation of the parameters of the A-CDM cosmological model (see[1.2.T)). A map of the
CMB anisotropies measured by Planck can be seen in fig[1.5 The Planck temperature
power spectrum as a function of the angular scale ¢ is shown in fig[1.6

= R

Figure 1.5 — Full sky map of the CMB temperature anisotropies by Planck [[125].

Results from Planck are consistent with a flat universe with a low radiation

contirbution Qg < Qyy, and Q7 ~ 0.31, Q4 ~ 0.69. This means we are in a vacuum
dominated epoch where, nonetheless, matter still has a relevant role. Furthermore, if
(), is constant in time, we are in a Universe that will continue expanding. The current
value of the Hubble parameter is Hy ~ 67.66 km/s/Mpc.
We can consider 2, to be the sum of a baryonic (€2;) and a non-baryonic (£2,) compon-
ent of the matter. Planck results give 0,/ ~ 0.18, meaning that there is a matter
component, beyond the baryonic one, which constitutes the majority of the matter con-
tent in the Universe. This is possibly the most compelling evidence for the existence of
dark matter.

1.2.3 Thermal dark matter

Let us consider a model that assumes there was an equilibrium between the creation
and annihilation of dark matter when the Universe was dense enough. As the Universe
expands, the rate of DM annihilation decreases (dark matter particles are separated
from each other and they cannot self-annihilate) and this equilibrium is lost leaving
behind a frozen density of DM that still exists today. This time is called the freeze-out
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Figure 1.6 — Planck temperature power spectrum. The blue line is the best fit cosmological
model. The horizontal scale changes from logarithmic to linear after ¢ > 30. From [30].

of dark matter. The time of freeze-out is defined as the time when the annihilation rate
becomes of the order of the Hubble rate [[106]:

I'a =ny(oav) ~ H, (1.17)

where n, is the DM number density which, for cold (non-relativistic) dark matter de-
pends on the temperature 7' (or Universe expansion) as a Maxwell-Boltzmann distribu-
tion:

ny ~ T2~/ (1.18)

where m,, is the DM particle mass. Hot dark matter will have a different dependence
with the temperature.

Assuming there is kinetic equilibrium, given by interactions of the type xSM — xSM,
and according to the Boltzmann equation, in an expanding Universe the moment of the
freeze-out (at the temperature T7,) is given by the condition:

nx(Tfo) (oav) = 3H<Tf0), (1.19)

and a relation between the DM density €2, and the annihilation cross-section (o) can
be estimated [[101]]:

Qb2 = 3x107%" cms™!

(oav)

The constrain on 2, presented in can be applied to (1.20), to obtain an
estimate on the annihilation cross-section for thermal dark matter of the order of
(oav) ~ 3 x 10726 cm? s ~!. Coincidentally, the value of (oav) that explains the ob-
served DM relic density that we observe, is in the range of the weak-force interactions,
a coincidence that is commonly known in the literature as the "WIMP miracle”.

(1.20)
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1.3 Dark Matter candidates

As we have seen, astronomical and cosmological observations support the idea that the
matter deficit is indeed caused by unseen matter. One of the most supported theories to
explain DM is that it is made of particles. As stated in[1.2] a cold DM model implies that
these particles were non-relativistic at the time when galaxy formation started. Many
candidates have been proposed to explain DM [54]. Results from Planck (see
indicate that the majority of the matter in the Universe must be non-baryonic. Non-
baryonic particle candidates are, thus, among the most interesting DM theories. The
most popular non-baryonic candidates are Weakly Interacting Massive Particles (WIMPs)
and axions. WIMPs arise from extensions of the Standard Model. The most popular
WIMP candidate is the neutralino which arises from supersymmetric extensions of the
SM. The neutralino mass ranges from a few GeV to a few TeV. Axions were postulated to
explain the strong CP problem and have mass m, < eV. Alternative DM theories have
also been proven valuable, including the Kaluza-Klein WIMP model and dark objects
like primordial black holes (PBHs). In the following paragraphs, I will present the most
relevant dark matter candidates.

1.3.1 WIMPS

Supersymmetry

In the Standard Model (SM) of particles, bosons are the mediators of interactions and
carry integer spin, while fermions are the constituents of matter and have half values of
spin. Supersymmetry (SUSY) [101] is a theory which aims at a unified representation
of bosons and fermions, introducing a new symmetry which links them. The lightest
of these supersymmetric particles constitute a good DM candidate. SUSY provides a
technically natural extension of the SM.

The minimal supersymmetric standard model (MSSM) is the simplest possible su-
persymmetric theory as it only requires an extra Higgs doublet and the supersymmetric
partners of the known particles, which differ from their standard partners by one-half
spin. Interaction are the ones permitted by the SM gauge symmetry SU(3) xSU(2) xU(1).
The most interesting characteristic of this theory is the conservation of R-parity, defined
as [101]]:

R = (_1)3(B—L)-‘v—257 (121)

where B and L are the baryonic and leptonic number operators, respectively, and S is
the spin. R = +1 for SM particles and R = —1 for their supersymmetric partners. SUSY
particles cannot thus decay into SM particles, meaning that the lightest SUSY particle
is stable. The lightest supersymmetric particle (LSP) is a well-motivated candidate for
cold dark matter. In this model, Z° and the neutral Higgs boson carry the same quantum
numbers so that at the breaking of the electroweak symmetry they form four mass ei-
genstates called neutralinos. The lightest neutralino is the best candidate to be the LSP
and can thus be written as a linear combination [101]]:

X = NiyB + N3W? + N3 HY + Ny HY, (1.22)

where B and W3 are the SUSY partners of the gauge fields B and W3 which form the
photon and Z, and HY and HY are the two neutral higgsinos. The neutralino can only
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interact weakly with SM particles and would be highly non-relativistic at the current
epoch. It can be referred to as a weakly interacting massive particle (WIMP) and is a
good DM particle candidate.

Kaluza-Klein dark matter

Another interesting WIMP dark matter candidate arises from models with universal
extra dimensions [62]. In such models, all the SM particles propagate into compact
extra-dimensions. The momentum conservation is described by the conservation of the
Kaluza-Klein (KK) number. KK-parity implies the existence of a lightest Kaluza-Klein
particle (LKP) [[132], which is stable and interacts with the SM particles. Many hypo-
theses have been proposed on the nature of the LKP. The simplest extensions, includ-
ing one extra-dimension, can give rise to LKP candidates such as the KK-photon and
KK-neutrino. One of the advantages of the KK theory is that it generally needs a low
number of assumptions, including essentially one free parameter, which is the mass of
the LKP. For the latter being in the hundreds of GeV range, KK dark matter fulfills the
dark matter relic density measured in cosmological observations [132].

1.3.2 Axions

The mathematical formulations of the quantum-chromo-dynamics (QCD) include the
possibility of breaking the CP-symmetry [[147], but no experimental evidence for this vi-
olation has been found so far. This puzzle is referred to as the strong CP problem. Axions
were introduced by Peccei and Quinn (PQ) [120] to resolve the strong CP problem. The
PQ scheme is, in fact, an appealing way of preserving the CP-symmetry in QCD.

Axions [150] are pseudo-scalars which acquire a mass via a small explicit symmetry
breaking. The scale of their interaction must be much bigger than the electroweak
symmetry-breaking scale: f, > vgw. The relation between the mass of the axion and
its interaction strength is fixed by the mixing with 7. A more general variety of axion-
like particles (ALPs) arises when considering the mass and coupling as independent
parameters.

Axions are very weakly coupled light particles. Their characteristics make them
a good DM candidate and the chances of discovering them are considered realistic.
Searches for axions/ALPs include observation of axion dark matter and solar axions.
Typical laboratory experiments attempt at the detection of light shining through a wall.

1.3.3 Neutrinos

As neutrinos are only weakly interacting particles, they have been considered possible
dark matter candidates. We can estimate their contribution to the total content of the
Universe with [150]:

>
Q= = (1.23)

which, assuming the Planck results [125]], gives a limit of:

Q, < 0.002. (1.24)



14 CHAPTER 1. DARK MATTER

The result in indicates that neutrinos cannot account for the entirety of dark
matter.

The existence of the so-called sterile neutrino [141]] have been proposed to explain
some characteristics of active neutrinos. It is known that neutrinos have left-handed
chirality and have mass. Hence, a motivation for sterile neutrinos comes simply from the
observation that every other left-handed lepton has a right-handed companion. Also, the
presence of sterile neutrinos brings a natural explanation to the neutrino mass. Sterile
neutrinos could also explain some anomalies observed in neutrino oscillation patterns
in various experiments. Sterile neutrinos only interact with SM particles gravitationally
and via mixing with the other neutrino flavours. Light mass candidates have been ex-
cluded for the same reasons as SM neutrinos, but heavy sterile neutrinos are still viable
dark matter candidates.

1.3.4 Macroscopic dark matter candidates

Although strong constraints were put on the mass of a baryonic dark matter hypothesis,
a space for a class of macroscopic objects which, possibly made of baryonic matter, could
be a part of the invisible content of the Universe still remains open. Massive compact
halo objects (MACHOSs) such as brown dwarfs and planets were constrained by micro-
lensing observations in the Magellanic clouds [[138]]. Cosmological observations related
to the Big-Bang Nucleosynthesis (BBN) strongly constrained the baryonic content of
the Universe. The last interesting macroscopic dark matter candidate currently under
investigation is primordial black holes (PBH). PBHs would have formed in the early Uni-
verse. An example of formation is that interaction of fragments of a scalar condensate
called Q-balls [70] leads to the formation of PBHs. This phenomenon is predicted in
many SUSY models [[90]. The mass of these black holes could account for a part of DM.
PBHs could also explain some of the events detected with the LIGO experiment. Future
gravitational waves detectors will be sensitive to gravitational wave events originated
from PBHs up to Mppy ~ 10~ 2M, [50].

1.4 Dark matter distribution

As written in dark matter effects are visible from the largest to the local scales. In
this section I will expose how DM is distributed, starting from the overall distribution in
the Universe (1.4.1)), then zooming in to the distribution in the Galaxy (1.4.2)).

1.4.1 The Universe

The dark matter distribution in the Universe can be estimated via complex numerical
simulations [133]]. The structure of DM appears non-homogeneous at small scales. In
fact, following the initial fluctuations observed in the CMB [38], it would form a sort of
web, with filaments and sheets. In the A-CDM model, matter collapses into bigger and
bigger clusters to form halos. Galaxies would form at the gravitational centre of those
halos and clusters of galaxies would form subsequently to even further aggregation.
Simulations are in agreement with the large-scale structure of the observable Universe.
The map [89] in figure shows the structure of the Universe around the Earth up to a
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Figure 1.7 — Projected map of the sky, showing SDSS galaxies up to a distance of 2.74 Gly.
From [89].

distance of 2.74 billion light-years. The map gives a glance at the aggregation processes
of the Universe: the further we look, the younger is the Universe and the less structure
is visible.

1.4.2 The Milky Way

The distribution of DM in galaxies can be modelled from the observation of the rotation
speed and simulations. A spherical halo formed as explained in and its density
increases towards the centre. The Milky Way is a typical spiral galaxy so that, with
measures of the rotation speed, for example, of the satellite galaxies, we can infer the
parameters better describing its DM distribution. The Standard Halo Model (SMH) is
the most accepted model, and it assumes a Maxwellian velocity distribution. The velo-
city parameters assumed in this work are the average velocity v = 220 km s~! and the
velocity dispersion vrys = 270 km s~!. It must be noted that the recent GAIA results in-
dicate the presence [115], at least locally, of non-trivial substructures in the velocity dis-
tribution due to particles that are not in equilibrium. The local halo DM density cannot
be stated with certainty and is expected to be in the range 0.1 < ppy/GeV em ™ < 0.5
[115]. The value assumed conventionally and used for the analysis presented in this
work is ppy = 0.3 GeV ecm—3. Many uncertainties are still unresolved, especially in the
description of the inner distribution of the halo. Some profiles, like the Navarro-Frank-
White (NFW) [[114], predict a more peaked distribution in the centre of the Galaxy than
others, like the Burkert [59] one. The solar system, located at ro ~ 8.5 kpc, is well
inside the DM halo. Models are in good agreement outside the solar circle, as shown
in fig. The following section will focus on the mechanisms that could enhance the
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concentration of DM in peculiar sites such as the centre of massive bodies.
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Figure 1.8 — Dark matter galactic distribution for the NFW and Burkert profiles. From [41]]

1.5 Dark matter interactions

The aim of this section is to describe the possible types of interactions that link dark
matter with the Standard Model. Firstly, dark matter particles can scatter off SM nuc-
lei, producing a nuclear recoil. A wider ensemble of interactions is possible in general
depending on the DM model. The effective field theory of dark matter allows for con-
straining the interaction couplings independently of the model. Dark matter particles
also can, if they are Maiorana particles, self-annihilate. A possibility is, as well, left open
for DM particles to decay into SM particles. Scattering and annihilation are the basic
ingredients in the process of capture and annihilation in the centre of celestial objects
such as the Sun and the Earth. This section is, thus, key to the understanding of the
work developed for this thesis, which will be described in chapters 4 and

1.5.1 Scattering off Standard Model particles

Dark matter particles can scatter off Standard Model particles although the coupling is
expected to be weak, so the cross-section for this process is small. The cross-section for
dark matter scattering off Standard Model nuclei can be generally described [56] with:

do(E,)  my
dE,  2v2u?

[eS F3(E,) + o"PF3y(E,)] (1.25)

where FE, is the nuclear recoil energy and p is the reduced mass of the DM-nucleus
system. The former term in brackets represents the spin-independent (SI) component,
which is a scalar interaction. The latter is the spin-dependent (SD) component, which is
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an axial-vector interaction. Fg; and Fgp are the form factors for spin-independent and
spin-dependent scattering, respectively.

The spin-independent WIMP-nucleus cross section, relative to a nucleon n of the
considered nucleus, can be reduced [56] to:

oSt = Lo A2, (1.26)
229
where (i, is the reduced mass of the DM-nucleon system and o, is the WIMP-nucleon
cross-section. The proportionality to the square of the atomic number A? indicates that
spin-independent scattering is favoured for heavier compositions.
The spin-dependent WIMP-nucleus cross-section can be expressed [56] as:

SD
5’%? = %O a0y (5, + an{Su)? ngg)‘)’ e

where | 7| is the total momentum transfer, and (S,) and (S,,) are the expectation values
of the spin operators for protons and neutrons, respectively. S(|¢|) is the spin-structure
function and J is the nuclear spin of the target.

1.5.2 Effective field theory

An effective field theory (EFT) for dark matter arose in an attempt to loosen the tension
between results in dark matter direct detection experiments [81] (see [1.6.2). Non-
etheless, an EFT for dark matter is appealing because it considers a wide range of
possible interactions, including momentum-dependent ones. The different approach
consists in not probing a particular model. Instead, the aim is to explore the leading
non-relativistic coupling operators between DM and SM nuclei. The operators arising
in the construction of this EFT include spin-independent (SI), spin-dependent (SD), an-
gular momentum-dependent (LD) and spin and angular momentum-dependent (LSD)
interactions.

The form of the interactions is constrained by multiple symmetries[|81]. The Ga-
lilean invariance, in particular, can be described by two invariants: the momentum
transfer ¢ = p’ — p and the relative incoming velocity between the DM particle and the
SM nucleus v = 7,(,2-” e ~,in- If we consider that the interactions must be Hermitian,
the complete set of variables with which the interaction operators can be described is
iqd, U+ =V + ¢ /2un and the two spin operators S, and Sy for the DM particle and
the SM nucleus, respectively. py is the reduced mass of the nucleus-DM system.

The general Lagrangian for non-relativistic elastic scattering interactions is composed of
four-field operators in the form:

Ling= Y > eNOxT\ N'N, (1.28)

N=n,p 1

where x* and N+ are the four fields, two for DM and two for SM, respectively. ¢ are
the coupling constants, for neutrons n and protons p. Usually results are presented in
the form of iso-scalar ¢? = ¢ + ¢ and iso-vector ¢} = ¢! — ¢ coupling constants [124].
Table resumes the set of operators O; from [61]. The first 12 operators are the basic
set. Further operators can be obtained as products of the type O;0; of the first 12 [81]].
Usually, each operator is probed singularly by setting all the other coupling constants to
0.
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Table 1.1 — Set of effective field theory operators appearing in (1.28)) for a single nucleon
N of mass my. From [61]]. The standard SI and SD operators are [[124] O1 and Oy,
respectively.

1.5.3 Self-annihilation and decay

Dark matter particles can produce SM particles mainly in two ways: by self-annihilation
and by decay. The flux of neutrinos from self-annihilation of dark matter from a source

1S:
d® 1 ( poa \? (oav) dN,
dE_471<mDM> > ZF Brl\as, ). (1.29)

while for decay we can write:

d(I) 1 PDM sz/
- —_Mp NTR . 1.30
dE ~ 47 mpu DXF: F(dE,,>F (1.30)

For both equations (1.29) and|1.30| ppy is the dark matter density at the source and Bp
denotes the F' branching fraction into a specific annihilation/decay channel. (oav) is
the velocity-averaged annihilation cross-section, while I'y is the inverse lifetime of the
dark matter particle.

In a more general fashion, the dark matter density ppy in equations and
can be substituted with the so-called J-factor, which is an integral of ppn (p),
for the annihilation case) over the angular extension of the source and the line of sight.
This factor accounts for the fact that the Galactic Halo, which surrounds the Solar Sys-
tem, is itself a source, and some sources cannot be considered point-like.
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1.5.4 Capture in celestial bodies

The work described in this thesis follows the theorised process of accumulation of dark
matter in the centre of celestial bodies, which will be described in detail in this section.
Dark matter particles can scatter off nuclei in the vicinity of a massive celestial body,
lose velocity and become gravitationally trapped in the centre of the object. The process
could be led by either the spin-independent or spin-dependent scattering interactions,
depending on the elements on which there is a higher chance of scattering off. An
accumulation of dark matter in the region of the centre of the body can trigger dark
matter self-annihilation into SM particles. If N, is the DM density in the centre of a
celestial body, the evolution is described by the following equation [92]:

Ny = Cc — CAN} — CgNy, (1.31)

where C( is the capture rate, which is proportional to o,,, CAN 2 = I'p/2 is the an-
nihilation term, where I"p is the annihilation rate, and Cg N is the evaporation term.
Evaporation describes the case where a DM particle gains energy by scattering and es-
capes the gravitational field to which it is subject.

Capture

The capture rate Cc depends on whether the axial-vector (spin-dependent) or scalar
(spin-independent) interaction is considered. For the axial-vector case we can write
[101]:

Xp

g .
CE PxTspin. (1.32)
mxv

where p, is the local halo dark matter density, m, is the dark matter mass and o,,, is
the DM-proton cross-section. For the scalar case we can write [101]:

sc _ . Px ) XpP , .S(mx/mNi)
CC - me’lj zﬁ: FZ(mX>gscalarfl¢lT7 (133)

where i denotes an element and the sum over i is the sum over all the relevant ele-
ments for capture. The terms a;ff;lar, fi, and ¢; are the DM-nucleus cross-section, the
abundance fraction and distribution, respectively, of the i-th element. Fj(m,) are the
branching fractions of the various annihilation channels. The term S(m, /my,) is the
kinematic suppression factor for a dark matter particle of mass m,, scattering off a nuc-
leus ¢ of mass my,. The term tends to 1 when the DM mass m,, is close to my,. Please
note that all the masses in equations (1.32]) and (1.33)) are in a unitless form of the type

m/(1 GeV).

Capture in EFT In the EFT frame, the interaction cross-section depends on the coup-
ling constants defined in Following [61], the differential cross-section for a nuc-
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where RET' depend on the coupling constants ci. Wi ™ namely &, M, &, A, ¥’ and
Y”, are the nuclear response operators [81]]. w is the relative velocity between the

DM particle and the nucleus. J is the target nucleus spin. The other parameters were
defined in
A more general expression for the capture rate is given by [61]:

R oo 2 Eras 9
mazx d ET’
Coc = E nT/ dr47r7“2/ duMwQG ZLT _ / dETM7
T 0 0 u wp  w?) Jp,.. dER
(1.35)

where the sum is over all the T' elements contributing to the capture process, r is the
distance from the centre of gravity. The value of R is the radius of the capturing ob-
ject, i.e. Rg and R, for the Earth and the Sun, respectively. u is the velocity of the DM
particle at infinity, and w is defined as w = \/u? + vesc(r)?, With ves.(r) being the escape
velocity at a distance r. ur = p,/pr and pir = (pr £+ 1)/2 are dimensionless para-
meters. do,r/dE, can be obtained from knowing that ¢°> = 2my E,.. The energy
integration is computed over all the allowed nuclear recoil energies E,, for which it is
[Emm7 Emax] = [Euz/wza EUT/,U?F’T}-

Annihilation

The annihilation term Cs depends [101]] on the velocity averaged annihilation cross-
section (oav):

_ MmxpP \*
Cp = (oav) <3m%T> , (1.36)
where mp is the Planck mass, T' and p are, respectively, the temperature and the core
density of the object. m, is the DM particle mass. For the mass values considered in this
work, in the equation describing the evolution of the dark matter concentration
in the centre of a celestial body we can neglect the evaporation term [85]], which is only
relevant for masses m, < 4 GeV. Solving the resulting equation for NV we find:

1
La(t) = 5Cc tanh? (j) : (1.37)

where 7 = (CcCa)~"/? is the time scale for the capture and annihilation processes to
reach equilibrium. The equilibrium condition is described by ¢ > 7, so that (1.37)
becomes C¢ = %F A and the subsequent annihilation rate is at its maximum.
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Self-annihilation of dark matter particles generates SM particles. Neutrinos can be
directly produced by the annihilation mechanism or be among the secondary products
of these interactions. The neutrino flux arising from this process can be detected by a
neutrino detector. The flux of neutrinos can be described [101] by:

Ta dN,
o, — B , 1.

with R being the source-target distance, By the branching fraction for the channel F
and (dN,/dE,) the neutrino spectrum for the channel F'. A channel F' is the SM
channel to which dark matter self-annihilate (e.g. xx — 777~ or xx — bb). Usually,
each channel is analysed separately assuming 100% branching fraction.

The relevant cases of capture and annihilation in the Earth, which is the topic of this
work, and the Sun will be subsequently analysed more in detail.

Earth

The Earth’s composition is heavier than the Sun’s and the most abundant elements on
Earth do not carry spin. Searches for self-annihilation in the Earth are, hence, more
sensitive to spin-independent scattering processes.

Dark matter accumulation in the Earth is well described by (1.31)). As from the defini-
tion in (1.33)), the capture rate for the Earth depends on the mass of the DM particle:
resonance scattering happens in correspondence to the most abundant elements in the
Earth, enhancing the probability of scattering. Table resumes [[109] the Earth com-
position in the core and mantle of the planet. Fig. shows the relation between the
capture rate and the DM mass, where peaks are visible corresponding to the masses of
the elements O, Mg, Si and Fe. It is worth reminding that the evaporation process can be
neglected, in the case of the Earth, for masses larger than a few GeV [85]. For the term
Ca we can write Cp pi. For the case of the Earth, C's can be derived from equation

(1.36) and can be expressed in the form:

(oAv) my  \3/2
_ . 1.
CA = 15 % 10% e <10 Gev) (1.39)
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Element | Atomic number | Core fraction | Mantle fraction
0] 16 0 0.440
Si 28 0.06 0.210
Mg 24 0 0.228
Fe 56 0.855 0.063
Ca 40 0 0.025
P 30 0.002 9 x 107°
Na 23 0 0.003
S 32 0.019 2.5 x 1074
Ni 59 0.052 0.002
Al 27 0 0.024
Kr 52 0.019 0.003

Table 1.2 - Distribution of elements on Earth [[109]].

Capture Rate in the Earth

og =10"% cm?

10° E

108 E

10! 102 103 10*
m,/GeV

Figure 1.9 — Capture rate for the Earth in function of the WIMP mass, assuming
os1 = 1074 cm?.  The peaks indicate resonance capture with the Earth most abundant
elements (O, Mg, Si, Fe). Computed using DarkSusy [I58]] [88] [75]].
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In the EFT, the capture rate depends strongly on which operator is chosen for analysis.
All the other operators are set to zero. Capture rates can be computed using (L1.35)).
The values used in this work are taken from tabulated versions of the computed rates in
[61]]. Fig. [1.10]shows some examples for selected operators.

Considering the age of the solar system t5 ~ 4.9 x 10° y, for the Earth we can write
[101]

te B L (Ce\ TP oav) NV my 3/
2 = 16CoCa = 1.9 x 10 <S_1) ) (ey) - @eo

The current value assumed by (1.40) is %‘B = O(1). Equilibrium cannot, hence, be stated
with certainty.

Sun

Searches for DM annihilation in the Sun are more sensitive to spin-dependent scattering,
mainly because of its light nuclear composition and the dominant contribution of H
ions. The capture rate is, both for SI and SD interactions, several orders of magnitude
higher than the values for the Earth. For the case of the Sun we can assume, in (1.37),
tanh?(t/7) ~ 1, since we have:

lo Cc ~i/2 (oAv) 2 my  \3/4
2 = t,C0cCy =330 [ — : 1.41
T OreA (s—1> cm3s—! (10 GeV) (1.41)
Hence, for the Sun, equation (1.31)) becomes:
1
Cc = §FA7 (1.42)

The process of capture and annihilation is thus in equilibrium and the annihilation rate
is at its maximum.
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Figure 1.10 — Earth capture rates for selected EFT operators. Showed here are the iso-
scalar and iso-vector components of O; (top left and right, repsectively), and the iso-scalar
components for O3 (bottom left) and O4 (bottom right). From [61]]. The complete set of
EFT capture rate plots can be found at [61]].
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1.6 Dark matter detection

For dark matter to be detectable, some kind of interaction between DM and SM matter
is needed. A model that does not predict such interactions would be considered of no
interest since there is no mean to prove it. There are three ways of detecting DM. When
DM particles interact between themselves or decay, the products of these processes can
be SM particles, which are, in principle, detectable by any kind of particle detector. This
is the principle of indirect dark matter detection. When DM particles interact directly
with SM particles, the effects (for example, recoil) produced on the SM particles are
observable. This is direct dark matter detection. Attempts can be made at producing
DM particles in the interaction of SM particles. This is what can be done in high-energy
particle colliders. The following paragraphs will present these three types of detection
in more detail. A scheme resuming the possible interactions involving dark matter can

be found in fig.

INDIRECT DETECTION
-
X SM

DIRECT DETECTION

COLLIDERS

Figure 1.11 — Representation of the possible interactions between DM (x) and SM particles.
For each case, time follows the direction of the arrow. Indirect searches look for SM products
of DM-driven interactions. Direct searches detect the recoil effect from scattering of DM off
SM particles. Colliders aim at producing DM via the interaction between SM particles.

1.6.1 Indirect detection

DM particles can interact to form, or decay into, SM particles. For the case of the
lightest neutralino, which is a Majorana particle, a couple of DM particles can self-
annihilate into a couple of SM particles. Indirect detection aims at detecting the particles
produced in these processes or the secondary products of the interaction. Generally, this
kind of observation looks for regions where a high DM population is expected, such as
the Galactic Centre or the dwarf spheroidal galaxies (dSphs). For this kind of source,
experiments aim to measure the velocity averaged self-annihilation cross-section (oav).
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Analyses to search for an excess of gamma-rays from the Galactic Centre and dSphs
have been performed with many telescopes such as H.E.S.S. [20], Fermi-LAT [23], MA-
GIC [42]] and VERITAS [47]. Interesting results have come from the combination of
multiple experiments in recent years [35]] [116]. It is worth remarking that Fermi-LAT
has observed an excess from the Galactic Centre [16] that could be explained by dark
matter [24], though a variety of standard physics explanations have been given [64],
too. A resuming plot of gamma-ray limits to (o v) is shown in fig.
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Figure 1.12 — Limits to the self-annihilation cross-section from gamma-ray telescopes. From
[47].

Neutrino telescopes can detect an excess of neutrinos from potential DM sources.
Neutrinos are among the secondary particles produced in DM self-annihilation and de-
cay. Analysis have been performed by the Cherenkov neutrino telescopes IceCube [4],
ANTARES [39], Baikal-NT200 [48] and Super-Kamiokande [21]]. Fig. [1.13|shows the
current limits from neutrino telescope searches.

As explained in dark matter particles may also become gravitationally trapped
inside massive celestial bodies such as the Sun or planets such as the Earth (see
after scattering off SM particles and losing velocity. An excess of neutrinos coming from
the centre of celestial bodies can be detected by the Cherenkov neutrino experiments.
Searches have been performed for the Sun [9] [28] [66] and the Earth [12] [40] [110].

The secluded dark matter model predicts that WIMPs in the Sun self-annihilate into
a non-standard mediator, which can escape the Sun before decaying into SM particles
[51]. This effect enhances the detectable DM flux by the neutrino experiments since it
strongly limits the attenuation of the signal. Results have been produced for this DM
model by ANTARES [27] and IceCube. Dark matter results from IceCube will be shown
in detail in[3.6

Cosmic rays measurements also proved to be an interesting probe in the dark matter
quest [95]. The challenges in this kind of search come from the fact that cosmic rays are
charged particles hence they do not point back to the source where they were generated.
Also, cosmic rays lose energy via interactions along their path to Earth, limiting the dark
matter searches to the most nearby sources, like the galactic centre and halo. What can
be done in this case is to look for an anti-matter excess in the cosmic-ray flux. The latter
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Figure 1.13 - Velocity averaged self-annihilation cross-section for neutrino telescopes. From
[21]].

could indicate the presence of dark matter since the expectations of anti-matter from
astrophysical sources are low. Space satellite experiments, such as PAMELA [29] and
AMSO02 [22], have indeed measured a positron excess above ~ 10 GeV and up to the
TeV region that can be interpreted as evidence for dark matter, although astrophysical
explanations (e.g. nearby pulsar wind nebulae) cannot be excluded.

1.6.2 Direct detection

Direct detection [56] experiments aim at detecting the recoil of dark matter particles
scattering off SM nuclei. These experiments exploit the fact that the Sun and the Earth
are moving in the DM halo, favouring the interaction. Recoil can be detected in a target
material in underground laboratories. The need to be underground is to reduce the
background from cosmic ray interactions in the atmosphere.

Direct detection of a recoil event may be difficult because of the multiple back-
grounds producing similar effects. Since the Earth is rotating around the Sun, thus, al-
ternating parallel and anti-parallel motion with the Sun’s motion, the signal shall have
an annual modulation and the total observed events can be expressed as:

S(t) = B(t) + So + Sm cos(w(t — to)), (1.43)

where Sj and S,, are the amplitudes of the constant and modulated signal, respectively,
and S,,,/Sy ~ 0.05. The background B(¢) is typically much larger than the signal, so the
annual modulation gives an advantage in detecting signal, though the effect is relatively
small.

Spin-independent cross-section limits have been set by a number of experiments,
such as DarkSide-50 [31]] [32], LUX [136] [37], XENONIT [45]], CDEX [107] and many
more. A summary plot is shown in figure [1.14]
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Figure 1.14 — Spin-independent cross-section limits from direct detection experiments. From
[56].

The Nal(Tl) crystals array experiment DAMA/LIBRA claimed [53] the detection of
an annual modulation signal at 12.90 level. Although there are not yet plausible al-
ternatives to the DM hypothesis explanation, no other experiments have confirmed this
detection, and many experiments have set limits that exclude the DAMA detection re-
gion by orders of magnitude. These results are not explicable with the classic spin-
independent scattering. Experiments such as COSINE-100 [25], being constituted of
the same crystal target material, aim at probing alternative DM models [79] that would
justify the sole detection by DAMA.

The most sensitive experiments to the spin-dependent cross-section are bubble cham-
bers with 19S as the target material. The current best limits on the spin-dependent
WIMP-proton cross-section are from the PICO [43] experiment, while for the spin-
dependent WIMP-nucleon cross-section the strongest constraints are from XENONIT
[46].

1.6.3 Production in colliders

Scenarios of particle dark matter production are probed in hadron colliders. At the Large
Hadron Collider (LHC) [[78], various experiments have investigated this path. The prin-
ciple is that the products of dark matter annihilation or decay could be non-detectable.
This kind of search is, thus, complementary to the direct and indirect searches for dark
matter.

Generally, dark matter particles could be produced as decay products of a heavy ener-
getic boson. In the so-called Higgs portal, a Higgs boson can decay into dark matter
particles. The current limits allow, in fact, for up to a 20% branching fraction of decay
to invisible particles. Other models include the decay of new bosonic mediators into
dark matter.
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Figure 1.15 — Comparison of the latest limits [140] from the CMS tracker experiment ob-
tained assuming gq = 0.25 and gpm = 1.0 with direct search limits. Left: Spin-independent

cross-section. Right: Spin-dependent cross-section.

The detection of invisible particles in a collider needs a visible signature. Signal candid-
ates can be identified with a corresponding missing quantity, for example with the pres-
ence of energetic hadronic jets accompanying an invisible particle and with the measure
of a large missing transverse momentum p7**s. Also, collider results are strongly model-
dependent.

Fig. shows recent results [140] from the CMS experiment at the LHC, for spin-
independent and spin-dependent couplings, in comparison with direct detection results.
The limits shown were obtained assuming that dark matter particles are Dirac fermions,
with the mediator couplings to quarks and dark matter set at g, = 0.25 and gpm = 1.0,

respectively
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CHAPTER 2

NEUTRINO: A UNIQUE PARTICLE

In a tree by the brook there’s a songbird who sings
Sometimes all of our thoughts are misgiven

Neutrinos were postulated in 1930 by W. Pauli [119] to explain the continuous spec-
trum of beta-decay electron [[80]. Neutrino characteristics of charge neutrality and only
weak interaction made it impossible, at the time, to prove its existence. Neutrinos were
finally discovered only in 1960 [[127]. Afterwards, a crescent number of experiments
managed to measure neutrinos from radiochemical processes and those produced in the
atmosphere. The first detection of neutrinos from out of the solar system came with
supernova 1987A [146].

For their characteristics, neutrinos are unique probes for the high energy universe,
since they are not subject to interactions of any kind until their detection. This means
that neutrinos directly point towards the source in which they were generated and bring
information about physics happening in dense environments: neutrinos can only be
produced in hadron interactions, so they are the key to the discovery of cosmic ray
sources.

This chapter aims at summarising the main physics characteristics of neutrinos: how
they are inserted in the context of the Standard Model, the unique process of neutrino
oscillations, the main neutrino interactions in matter and the consequences of these
interactions.

2.1 Neutrino in the Standard Model

Neutrinos are fundamental particles of the Standard Model of particle physics. As previ-
ously mentioned, neutrinos are electrically neutral fermions and have a small rest mass
compared to the other fundamental particles. They can interact only weakly with other
particles, thus, their coupling with other particles is small compared to particles which
can couple electrically or strongly. Hence, neutrinos travel through matter with a low
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Figure 2.1 — Table of the fundamental particles of the Standard Model. From [112]]

chance of interacting. These characteristics make them unique particles to observe astro-
physical phenomena, as they can reach the detector from dense and far environments,
still carrying the information on their origin in the incoming direction.

In the Lagrangian density £ of the Standard Model, neutrinos are included [136]
as three eigenstates v; (¢ = 1, 2, 3), also referred to as neutrino mass eigenstates.
Neutrinos are, though, observed in flavor eigenstates v, (o = e, u, 7), which are linear
superpositions of the mass eigenstates following

Vo = Uqivi, 2.1

where U,,; is the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix (see (2.2)).
The three flavour states are associated with the charged leptons e, iz and 7, as shown in
fig.

In the Standard Model, neutrinos are predicted to be massless. However, the meas-
ure of neutrino oscillations, both in solar and atmospheric neutrinos, proved that neutri-
nos have mass, although it is small in comparison with the other fundamental particles.
The mass of neutrinos is still unknown but constraints can be set through oscillation
studies and cosmology observations.

2.1.1 Neutrino oscillations

Neutrino oscillation is a process for which, during propagation, neutrino flavour trans-
itions occur. It was predicted in 1958 by Pontecorvo [[126]] and measured for the first
time by Super-Kamiokande in 1998 [102]. Oscillation is a consequence of the fact
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that the mass eigenstates are linear combinations of the mass eigenstates. This relation
between the flavour and mass eigenstates is described by the PMNS matrix [136]:

1 0 O C13 O 8136_i60P C12 S12 O 6_“)1 O O
U= 0 C23 523 0 1 0 —S12 c12 O 0 ez (|,
0 —S23 o3 —sy3e¥cP c13 0 0 1 0 1

where ¢;; = cosf;; and s;; = sinf;;. dcp is the CP-violating phase and the last term
is only present if neutrinos are Majorana particles and not relevant for oscillation. To
the present, there is no evidence for neutrinos to be Dirac or Majorana particles. Two
more parameters are given by the masses of v, 15 and vs, as oscillation depends on the
difference of the squared masses Am7; = m? —m?.

Neutrino oscillations in vacuum can be described via the distance covered by the

neutrino, L, and the neutrino energy, for which, considering m, < E,, we can write:

2

my
Ev=pv+5= (2.3)
Pv

and the probability of flavour transition from flavour « to 5 can be expressed as:

3 3
Prasus (Buy L) = 30 3 U3 U jUailUp ge 512 (2.4)
i=0 j=0

2

The presence of masses in the form of squared mass differences Am;; makes it im-

possible to measure single masses with oscillation studies.

Another unresolved question for neutrinos is the Neutrino Mass Hierarchy (NMH)
problem, namely the order of the masses. The mass difference Am3, is estimated
from solar oscillation observations and it is smaller than Am3,, measured with atmo-
spheric neutrino oscillations. The unknown is which of the two represents the difference
between the bigger masses. This fact leaves two open possibilities for the NMH: Normal
Ordering (NO), if Am%Q > 0, and Inverted Ordering (I0), if Am%Q < 0. Equation (2.4)
can be rewritten [136] in the form:

2.3 Am2.L
Py, (Byy L) =605 =4 Y R{USUZ Ua iU ;} sin® 4E“
i=0 j=i+1 v

2 Am?.L
+2 Z Z %{UEJU;»JUO‘JUBJ} sin # ) (25)

i=0 j=i+1 v

where the + and — sign in the second term indicate neutrinos and anti-neutrinos, re-
spectively.

Sensitivity to the NMH in Equation can be reached in two ways [105]. The
real term of the equation contains a sin® term, thus, it is not sensitive to the sign of
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Am?. Observing multiple oscillation channels at the same time would make it possible
to measure all the three Am? parameters, so the NMH could be established by finding
which is the bigger between Am3, and Am3,. The imaginary term is sensitive to the
sign of Am?, and it is only present when §cp # 0.

Oscillation in matter

When propagating through matter, neutrinos are exposed to an electron density. To
describe neutrino oscillation in matter, hence, we need to add a potential term for the
electron-neutrino interactions to the neutrino Hamiltonian [93]]. The added term gives
rise to two effects: the parametric enhancement and the resonant enhancement. The
latter is also called Mikheyev-Smirnov-Wolfenstein (MSW) effect [111] [145]. In the
two flavours limit and for a constant local electron density N., the MSW effect can be
described analytically. The Am? parameter and the oscillation angle 6 in vacuum can
be rewritten as:

Am? — Am?2, = CAm?. (2.6)
sin(20) — sin 26, = 8”529, 2.7)
with:
C = \/(cos(20) — A)? + sin(20), (2.8)
where A is:
A iw (2.9)

Am? ’
where G is the weak force coupling constant. Maximal resonance happens when the
first term in (2.8) vanishes so that

n Am?
2v2Gr N,

v =

cos(20). (2.10)

For neutrinos travelling through the Earth core, typical resonance energies are
E, ~1—10 GeV [113].

2.2 Neutrino flux at Earth

In this section, we want to give a picture of the expected neutrino flux at Earth. As
visible in figure [142], the sources of the neutrino flux are multiple and the range
of energies is extremely wide, over 24 orders of magnitudes in the eV scale. The lowest
energy neutrinos come from the so-called Cosmic Neutrino Background (CNB), which
has not been detected yet and is predicted to be blackbody radiation in the meV range.
On the other hand, the highest, undetected, flux is the cosmogenic neutrino flux. This
flux is predicted to be produced in very high-energy cosmic ray interactions and to be at
energies above the PeV. In the middle, a plentiful number of different fluxes originated
in the most various processes contributes to the unified spectrum. Among the main
features are neutrinos from the Sun, which are dominant in the eV - MeV region at
Earth. Neutrinos produced in ultra-high-energy cosmic ray (UHECR) interactions in the
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Earth’s atmosphere, also called atmospheric neutrinos, are dominant up to 100 TeV and
constitute a major background in searches for astrophysical neutrinos. Astrophysical
neutrinos were detected by the IceCube Neutrino Telescope [1] for the first time in
2013 as a diffuse flux. Since then, neutrino telescopes have focused mainly on the
search for the sources where these neutrinos are produced. More details on the IceCube
main results will be given in chapter |3, Each component will be presented singularly in
the following paragraphs, starting from the lowest energies up to the highest.
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Figure 2.2 — Grand Unified Neutrino Spectrum from [142]]. The CNB is represented as
a blackbody plus two monochromatic lines at the massses my and ms of the minimal
mass spectrum mi, mg, m3 = (0,8.6,50) meV. Dashed lines indicate anti-neutrino fluxes.
Sources which emit both neutrinos and anti-neutrinos have superposed continuous and
dashed lines. The various components of this spectrum also include BBN neutrinos (see

[2.2.1), solar neutrinos (see [2.2.2), geoneutrinos (see [2.2.3)), supernova neutrinos (see
[2.2.4), neutrinos produced in atmospheric cosmic-ray interactions and from astrophysical

sources (see , and cosmogenic neutrinos (see .

2.2.1 Primordial neutrinos

The lowest energy neutrinos predicted are those of the Cosmic Neutrino Background. In
the early Universe, at cosmic temperature 7" above a few MeV, neutrinos are in thermal
equilibrium with the other particles, namely photons, nucleons and other leptons. Neut-
rinos at this epoch follow a Fermi-Dirac distribution. At 7'~ 1 MeV, the neutrino inter-
action rate slows below the expansion led by the Hubble constant H, i.e. neutrinos
freeze out. Since neutrino masses are small, their distribution is still Fermi-Dirac. At
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T ~ 0.1 MeV electrons and positrons annihilate into photons, so that the photon tem-
perature rises. At this point, in the adiabatic limit, one finds that the relation between
the neutrino and photon temperature, 7,, and 7', respectively, is described by:

AN\ 1/3
T,,:(H> T,, (2.11)

which, considering the current epoch CMB temperature T, o = 2.725 K, gives a present
day CNB temperature of 7,0 = 1.945 K.

The so-called Big-Bang nucleosynthesis (BBN) happened a few minutes after the
Big-Bang and produced light elements. A small flux of electron anti-neutrinos is expec-
ted from the decay of neutrons and tritiums generated in the BBN, via the processes
n — p+e” + v and *H —3 He + e~ + v°. Although the predicted flux is small, it fills a
gap between the CNB and the Sun thermal production, at energies in the 10 — 100 meV
range. BBN anti-neutrino detection would open a window on the primordial nucleosyn-
thesis, however, given their low energies and minimal interaction cross-section, detec-
tion of these neutrinos is beyond the current detection techniques, although efforts are
in place to detect the CNB neutrinos [68] [55].

2.2.2 Solar production

The Sun is the major source of detectable neutrinos [142] coming to the Earth
due to its proximity. The study of solar neutrinos has been a key in the discovery
of neutrino flavour oscillations [102]. Neutrinos are produced both in the proton-
proton (pp) and Carbon-Nitrogen-Oxygen (CNO) nuclear fusion cycles. Every “He
nucleus produced implies the conversion of two protons to neutrons via the fusion
process p+ e~ — n+ v.. The effective fusion reaction, considering all the reactions
in the two cycles, is 4p + 2e~ —* He + 2v, + 26.73 MeV. The luminosity of the Sun
in nuclear reaction neutrinos is Ls ,, = 1.83 x 1038 s7!. The flux at Earth is, thus,
®, =6.51 x 10 em=2 571

The Sun also produces neutrinos of all flavours via thermal processes. Though these
neutrinos are currently not detectable, this flux is dominant in the ~eV - ~keV region.
The main components of this flux come from:

* Plasmon decay: v — v + 7;
* Compton effect: y+e — e+ v+ v;
* Bremsstrahlung: e + Ze — e+ Ze + v + .

A hypothetical detection would carry information about the solar chemical composition.

2.2.3 Earth sources

The so-called geoneutrinos are anti-neutrinos produced in the decay of natural long-
lived radioactive isotopes [142]. The quasi-totality of geoneutrinos comes from the
decay of 238U, 232Th and “°K. The resulting 7, flux peaks in the MeV range and exceeds
10%° s~1. Although the flux is superposed to the solar nuclear flux, the distinction of
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geoneutrinos is possible given the fact that they are anti-neutrinos. Observation of
geoneutrinos allows, in principle, for studying the Earth interior composition. This flux
strongly depends on the observation location.

Electron anti-neutrinos at MeV energies are also produced in nuclear power plants
and reactors, via 3-decay of neutron-rich nuclei. The main components of this flux come
from the fission of 23°U, 238U, 239Pu and 2*'Pu. An additional source is due to the neutron
capture processes. The main contribution here comes from the decay of 23°U formed in
a neutron capture to 2*3U. The total 7, flux from reactors can be estimated considering
that an average power plant of 1 GW of thermal power produces a flux of ~ 2 x 10? s—!
and that the global nuclear thermal power is ~1.2 TW. The reactors flux is in the same
energy range and only a few per cent of the geoneutrino flux. However, the reactor
contribution can be dominant at specific locations and has a different spectrum, so that
it is detectable [142].

2.2.4 Diffuse supernova neutrino background

The compact core of a star at the end of its life collapses to subsequently bounce back,
forming a shock-wave outwards which ejects most of the mass of the object in what is
called a supernova explosion. A supernova emits roughly ~ 3 x 1053 erg in neutrinos.
Photons and electrons do not contribute to the energy transfer because of their large
interaction rate in dense matter. The neutrino mean free path in such a hot and dense
environment is short compared to the dimensions of the object, therefore neutrinos
thermalise via various processes. A supernova can be thought of as a neutrino blackbody
[142]. A supernova is a transient source of neutrinos which can be detected, under
certain conditions, by neutrino observatories, as it was in the case of Supernova 1987A
[146].

The contribution of all supernovae in the visible universe, a few per second, provides a
diffuse neutrino background which dominates in a small window, between 10 and 25
MeV. This flux could be detectable by future experiments [[142].

2.2.5 Highest energies flux

The atmospheric neutrinos are produced in interactions and decays along the extensive
air showers induced by the primary interaction of high-energy cosmic rays in the atmo-
sphere. It is the dominant contribution from below the GeV scale up to hundreds of TeV.
Many oscillation studies are carried out by studying the atmospheric neutrino flux. The
understanding of the atmospheric neutrino flux is also essential because it constitutes
the main background for neutrino telescopes. The atmospheric neutrino flux will be
discussed in more detail in the context of the event selection for this work in chapter [4]

Astrophysical neutrinos are produced in galactic and extra-galactic sources when the
sources are hadronic, i.e. they present interactions involving hadrons. The detection of
neutrinos from a specific source can therefore indicate the nature of the source itself
and the main processes leading in the source environment. IceCube detected a diffuse
flux of astrophysical neutrinos, but there is tension on the characterisation of the as-
trophysical neutrino flux between different analyses. More details on the astrophysical
neutrino flux measured with IceCube will be given in The difficulties in identifying
the astrophysical neutrino sources lie in the limited number of astrophysical neutrino
events that a 1 km? neutrino telescope is able to detect and in the limits of the angular
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resolution of neutrino telescopes. However, with a multi-messenger approach, detection
of neutrino events in correspondence with ~-rays or gravitational waves detection con-
siderably raises the significance of even a single neutrino event detection. More details
on this argument will be given in

A further contribution of cosmogenic neutrinos could be due to ultra-high-energy
cosmic-rays (UHECR) of energy around ~ 10%° eV interacting with the CMB or the
extra-galactic background light (EBL). If the Lorentz factor is I' > 10'° the UHECRs
interact with the CMB, otherwise, they can interact with the EBL. If UHECR are
moslty protons, pions can be produced in photo-pion interactions via the A reson-
ance following p +~v — A — p + %% which, for an atom of atomic number N, can
be written as N +~ — N + 70%. Photo-pion interactions are responsible for the so-
called Greisen-Zatsepin-Kuzmin (GZK) effect, which is a predicted [91]] [148] cut-
off of UHECRs at high energies. If UHECR are heavier nuclei, photo-disintegration
can happen. In this interaction the UHECR loses one or more nucleons following
(A, Z)+~v— (A—n,Z —n')+nN, where n and »n’ are the number of lost nucleons
and protons, respectively. The flux of cosmogenic neutrinos carries uncertainties due
to the unknown composition of UHECR at such energies and the maximum possible
UHECR energy [135]. Current limits on the cosmogenic neutrino flux disfavour a light
atomic composition of UHECRs. The detection of the cosmogenic flux is one of the goals
of the future radio neutrino observatories [34] [72] targeting PeV neutrino detection.

2.3 Neutrino interactions

Neutrinos interact only via the weak force. At low energy, multiple types of interaction
contribute to the total cross-section [83]]. The most relevant interaction at energies
E, < 2 GeV are the quasi-elastic (QE) and elastic scattering; in an intermediate region
with neutrino energy of a few GeV the leading process is the resonance scattering; for
E, Z 10 GeV, deep-inelastic scattering (DIS) is dominant.

Generally, neutrino interactions can be divided into charged current (CC) and neut-
ral current (NC) interactions. CC is verified when a charged lepton is present in the final
state, NC when there is a neutrino.

QE scattering is a CC process where a neutrino scatter off an entire nucleus [83].
Considering the leptonic flavour «, for a (anti-)neutrino we can write:

(1/2 +n(p) = o~ 4 p(n); (2.12)

NC elastic scattering of a (anti-)neutrino off a nucleon can be described with:

VAN N, (2.13)

being N a nucleon n or p.

Resonant scattering happens when a neutrino has sufficient energy to excite a nuc-
leon [83]. This process produces a baryon resonance N* which quickly decays, mainly
to a pion and a nucleon. We can write the interaction as:

Vg + N —a +N* (2.14)
N* -7+ N, (2.15)
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Figure 2.3 — Overview of the neutrino (top) and anti-neutrino (bottom) interaction cross-
section as a function of the neutrino energy. From [83].

where N, N’ = n, p. The pion and nucleon can generate a hadronic shower in a similar
way to DIS, which will be described in the following.

When the neutrino energy is above E,, ~ 10 GeV, the dominant interaction is scatter-
ing off a single quark inside a nucleon [83]], in a process called deep-inelastic scattering.
The interaction occurs via exchanging a W or Z boson, for CC and NC processes, re-
spectively. The final state is composed of a lepton and a hadronic system. For a neutrino
we can write:

Vo + N = a + X (CC), (2.16)
Vo + N — vy + X (NC), 2.17)

where X represents the hadronic system and « a leptonic flavour, as usual. The hadronic
system in the final state generates a shower of particles that can be detected via the
observation of the Cherenkov effect (see below). Charged leptons in the final state can
also be detected in the same way. Analogous expressions can be written down for
anti-neutrinos. The neutrino-nucleon cross-section can be written as a function of the
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Figure 2.4 — Illustration of the Cherenkov effect. The waveforms interfere coherently to
form a cone-shaped front of light with characteristic angle 6c, which is the angle between
the radius of the spheres tangent to the cone and the cone axis. The particle, represented by
a little blue sphere, is drawn at different positions in time, where the latter flows towards
the vertex of the light-cone.

inelasticity parameter y = Ex/E, [136] as:

2 _UvN 2
d*a”™  G%

o = se [£y(@) + (1= ) fy(a)] (2.18)
dQO.DN GZ
o = s [ =y u(e) + f@)] (2.19)

where G is the weak force coupling constant, /s is the center-of-mass energy, and
fq and f; are, respectively, the quark and antiquark parton distribution functions for
a nucleon. As expected, and as shown in fig. in the DIS dominated region the
cross-section is linearly dependent on the neutrino energy. The analysis described in
this work is mostly contained in this region. Fig. only shows the cross-section up to
~ 500 GeV. At higher energies there are no measurements and the cross-section must
be inferred from the considerations just mentioned.

2.4 The Cherenkov effect

When a charged particle travels in a dielectric medium at speed higher than the medium
phase velocity, an electro-magnetic radiation is emitted in the form of spherical wave-
forms. The latter will propagate in the medium with its phase velocity, v,, = ¢/n, where
n is the refractive index. The polarisation of the molecules will re-orient following the
electromagnetic field of the passing charged particle. Photons are produced by the mo-
lecules returning from the excited state to the ground state with a random polarisation.
When a charged particle is travelling faster than the speed of light in the medium v,
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the wave fronts will superpose and the photons will interfere constructively to form a
cone of light. The first to observe and describe this phenomenon was P.A. Cherenkov in
1934 [63], from which the effect takes the name. The Cherenkov light maximum is in
the visible and ultra-violet range.

If we consider the Antarctic ice and the visible range, the refraction index is n ~ 1.32
[11]]. We can also consider 5 = v/c ~ 1 for ultra-relativistic particles. The characteristic
angle of the light cone, the Cherenkov angle 0, is defined with [[104]:

cos(fc) = nlﬁ o~ % ~ cos(41°). (2.20)

The photon spectrum is described by the Frank-Tamm formula [84] [[104]:

d*N  2na

m = v SiDQ(HC), (2.21)
where « is the fine structure constant.
Charged leptons produced in neutrino interactions in ice induce Cherenkov radiation.
IceCube can detect the light emitted along the path of passing particles and use it to
reconstruct the characteristics of the particle, such as energy and direction. Principles
of detection in IceCube will be shown in
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CHAPTER 3

THE ICECUBE NEUTRINO OBSERVATORY

...I have seen rings of smoke through the trees...

3.1 Introduction

The idea of large volumes filled with an array of photo-multiplier tubes to detect neut-
rinos was conceived in the late 1950s [108]]. Exploiting the Cherenkov effect (see ,
i.e. the fact that charged particles produce visible light while travelling at a speed higher
than that of light in a medium, charged particles produced in neutrino interactions in
a medium can be detected at their passage. The first successful experiments of this
kind were Baikal, AMANDA and ANTARES. Although these experiments were not able
to measure astrophysical neutrinos produced in sources at cosmological distances, they
provided milestone measurements of the neutrino flux produced in the atmosphere and
demonstrated the feasibility of such a technique. The non-detection of an astrophysical
flux led to the proposal of building a cubic kilometre scale detector to achieve this result.

IceCube is the first cubic kilometre neutrino telescope. It was built under the South
Pole ice and its construction ended in 2010. The first breakthrough result was the
measurement of the astrophysical flux in 2013 (see[3.5.1)). More recently, evidence for
some cosmic ray sources was found [5] [6] [10] and a Glashow resonance event was
observed for the first time [|8] (see . IceCube also proved to be very competitive in
neutrino oscillation physics studies. Indirect detection of dark matter has been among
the main objectives of the experiment since its beginnings (see [3.6)).

3.2 The detector

The IceCube Neutrino Observatory [[13]] is a neutrino Cherenkov detector located at the
Amundsen-Scott South Pole Station. The main detector is buried in the 3 km thick ice
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cap of the pole, at a depth between 1450 m and 2450 m. The depth provides a screen
against atmospheric events and sunlight. The South Pole ice offers an excellent medium
for Cherenkov light detection. The photon yield, the long optical attenuation length of
the material and the large area photo-multipliers (PMTs) permit to have a rather sparse
array of detectors. The volume of the detector is 1 km®. The big volume is necessary
for the detection of a significant number of neutrino interactions and it is especially
important for the observation of events of astrophysical origin.

The detector units are Digital Optical Modules (DOMSs) containing a 10” (25.4 cm)
PMT in a glass sphere which protects it from the ice pressure (see [3.2.2). The In-Ice
array extends down to the depth of 2450 km and consists of 86 strings of 60 DOMs
each. The primary array is composed of 78 strings with a 17 m vertical separation of
the DOMs. The strings are composed of a single cable containing twisted copper-wire
pairs which link the DOMs to the surface IceCube Laboratory (ICL), where data are read
and processed. The strings are deployed in a hexagonal footprint on a triangular grid
with a 125 m horizontal spacing between the strings. The design is optimised for the
detection of astrophysical neutrinos in the O(TeV)-O(PeV) energy range and it has an
energy threshold of ~ 100 GeV.

The DeepCore array is a denser area suited for lower energy events down to a few
GeV and will be discussed in more detail in[3.2.1] The detector also includes the IceTop
surface array. IceTop stations follow approximately the same grid as the In-Ice strings.
Each station consists of two tanks filled with ice and instrumented with PMTs for Cher-
enkov light detection. The two tanks are separated from each other by 10 m. IceTop is a
detector of extensive cosmic ray air-showers and can be used for cosmic rays studies, but
also in combination with the In-Ice array as a veto for atmospheric muon background
rejection.

3.2.1 The DeepCore sub-array

DeepCore [13] is a denser sub-array specialised for lower energy neutrino detection. It
consists of 8 strings. The DOMs vertical spacing for the bottom 50 DOMs is 7 m and
the horizontal spacing between the strings varies from 41 m to 105 m, with an average
spacing of 72 m. The remaining 10 DOMs of these strings are above 2000 m and have
a vertical spacing of 10 m. These DOMs serve as a veto to reduce the atmospheric
background of down-going muons. DeepCore is at depths between 2100 m and 2450 m.
The layer between 2000 m and 2100 m is not instrumented because of the significantly
increased optical scattering and absorption due to a higher presence of dust. This region
is thus called the dust layer. The DeepCore DOMs have a 35% higher quantum efficiency
while 2 of the 8 strings have a combination of standard and higher efficiency DOMs. The
DeepCore configuration lowers the energy threshold to a few GeV and is particularly
suited for events in the 10-100 GeV energy range. These characteristics increase the
ability of the detector for atmospheric neutrino oscillation studies, indirect dark matter
and Galactic supernovae detection.

3.2.2 The Digital Optical Module

The Digital Optical Module (DOM) is the fundamental unit of the IceCube detector. It
is a downward-facing 10” (25.4 cm) photo-multiplier tube (PMT) housed in a spherical
glass. The glass has a 13” (33 c¢cm) outer diameter and is 0.5” (1.27 cm) thick. The
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Figure 3.1 — The IceCube Neutrino Observatory with the In-Ice, DeepCore and IceTop arrays.
Different colors indicate different seasons of deploying. From [[13].

glass has very low radioactive trace elements and it was conceived mainly to protect
the PMT from the ice pressure. Long-term ice pressure is 250 bar, but the glass has
been projected to resist up to 690 bar, which is higher than the pressure caused by re-
freezing (~ 400 bar) of the hole drilled to put the DOM in place. The PMT is secured by
a 1 cm thick silicon gel layer, which provides mechanical support and has good optical
coupling with the ice. The Main Board circuit is fixed around the neck of the PMT and it
manages data acquisition, control, calibration, communication and low voltage power
conversion. Separate circuits are present for high voltage, interface with the PMT pins,
delayed signal and calibration light flashes. A mu-metal cage surrounds the PMT bulb
to reduce the effect of the Earth magnetic field at the Pole.

A photon detection triggers the DOM to record the PMT waveform ("hit”). With a
gain of 107, PMTs can have waveforms with amplitudes from 1 mV to ~ 2 V and widths
between 12 ns and 1500 ns. The DOM includes multiple digitisers in overlapping dy-
namic ranges and different sampling speeds to read a variety of signals. Digitisation
of waveforms is done using a custom integrated circuit (Analog Transient Waveform
Digitizer, ATWD) and a continuously sampling fast ADC (fADC). The ATWD can record
photons up to 427 ns, allowing for reconstruction of light produced within O(10 m).
Photons arriving from further away are recorded by the fADC, which can record up to a
total time of 6.4 us. Each DOM is equipped with two ATWDs to reduce deadtime.

Data are sent to the surface in 1 s blocks, but a DOM is able to record up to ~ 10 s
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Figure 3.2 — Representation of a DOM. Left: mechanical layout. Right: functional connec-
tions. From [13]].

of data in case the data readout is interrupted. Power and communication with the
ICL are provided by twisted wire pairs which form the vertical In-Ice and the horizontal
surface cables. Wire pairs are shared between 2 DOMs. An additional local coincidence
wiring to neighbour DOMs is set to detect hits in nearest and next-to-nearest DOMs in
a common time window. The span of forwarding is set to 2 DOMs above and below
on the string. Data from a local coincidence (Hard Local Coincidence, HLC, hits) are
stored in full detail. For single-photon detections (Soft Local Coincidence, SL.C) reduced
information is saved. The single photo-electron (SPE) discriminator is set to a threshold
of 0.25 PE while for larger amplitudes an MPE discriminator is used.

The periodic calibration routine DOMCal is run yearly and monthly for In-Ice and
IceTop DOMs, respectively, and provides the constants needed to convert waveforms
into physical quantities. The RAPCal procedure provides global calibration across the
DOM array and is run during data-taking. The latter translates hit timestamps from the
individual DOM clocks to the ICL clocks for subsequent translation into UTC. Regular
calibration is fundamental for converting signal into a measurement of Cherenkov light
in time, the basis of event reconstruction.

3.2.3 Triggers

Correlated hits in space and time trigger the Data Acquisition System (DAQ). Multiple
triggers are set for each component of the detector (In-Ice, IceTop, DeepCore). Cor-
relations help to discriminate possible physics signal from dark noise, which generally
consists of casual individual hits. A trigger algorithm searches for a multiplicity of HLC
hits in a defined trigger time window and under a certain geometrical constrain.

The fundamental trigger is the Simple Multiplicity Trigger (SMT) which only looks
for hits correlated in time all over the detector (or sub-detector). The main IceCube
trigger is SMT-8, which requires at least 8 HLC hits in a 5 us time window, The main
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DeepCore trigger is SMT-3, which requires at least 3 HLC hits in a 2.5 us time window.
Rates for SMT-8 and SMT-3 are 2100 Hz and 250 Hz, respectively.

Spatial correlations allow for a lower threshold. The Volume Trigger fixes a cylinder
of given volume around a hit DOM and searches for at least 4 hits in a time window
of 1 us within the cylinder. The String Filter requires 5 hits on 7 adjacent DOMs on a
single string.

Similar triggers are set for IceTop and a trigger for slow particles (SLOP) as, for
example, magnetic monopoles, is based on more elaborate requirements for an extended
time window (500 us).

For each trigger a readout window is open: in a time window around the trigger,
every hit in the entire detector is collected. Triggers activated in the same time window
are regrouped in a single Global Trigger, so that a given hit is not collected multiple
times. An event is defined as the readout of a Global Trigger. An event at this stage can
contain, thus, multiple physics events. The latter are eventually split at later stages of
the processing.

3.2.4 Online processing and filtering

Triggered events are handled by the Processing and Filtering (PnF) [13]] system in order
to select events that are more interesting for physics and reduce the data to a volume
that can be transferred to the North via satellite. The PnF calibrates data from DOMs,
handles characterisation of the events, generates realtime alerts for potentially interest-
ing astrophysical events, monitors data quality and prepares data for long-term archive
storing.

As a first step, data from DOMs are calibrated, using geometry, calibration and de-
tector status (GCD) information stored. Afterwards, the amplitude and time arrival of
each photon for each DOM are extracted and stored in a compact format called Su-
perDST, which introduces a discretisation for both the time and amplitude information,
instead of the full waveform. The discretisation error is, however, smaller than the cal-
ibration uncertainties. When the SuperDST format is not a good representation of the
original waveform or there is a particularly big amount of light the full waveform is
saved along the SuperDST. The amplitude and arrival time of photons are essential for
event reconstruction.

At this point, event reconstruction algorithms are applied to determine the charac-
teristics of events that could be identified as tracks or cascades. Information such as
the interaction vertex coordinates, the direction, energy and goodness-of-fit is used in
filtering. Each filter is thought to select events that are interesting for specific kinds of
analyses. Events that pass at least one filter are ~ 15% of the total triggered data.

PnF eventually generates files for filtered data, SuperDST files with all triggered
events for long-term archive, and raw uncalibrated DOM waveform data files.

Many filters exist depending on the physics and the purpose of the various analyses
in IceCube. Those filters that are relevant for the analysis object of this work will be
shortly presented in the following as an example:

* The MuonFilter aims at selecting events that can be successfully reconstructed as
muon track events. All triggered up-going events with such characteristics are
included, while for down-going directions a cut on low energy events is needed
to reduce the muon background. Muon tracks have the best direction resolution
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(see[3.4), so this selection is often used in searches for point sources and transient
sources;

* The DeepCoreFilter selects events that have lower energy and are contained in the
inner DeepCore volume. Energy for these events is in the 10 — 100 GeV range.
This selection is suited for oscillation studies;

* The VerticalEventFilter (VEF) selects muon track events that are nearly vertical
and up-going. All events are triggered by the String Trigger and must lie on a
single string. This filter was specially developed for the search for dark matter
from the centre of the Earth;

* The LowUp filter aims at a low-energy, up-going events selection. The filter is
particularly suited for indirect dark matter searches and has a muon background
rejection of ~ 99%. The selection is potentially fit for atmospheric neutrino stud-
ies.

3.3 The South Pole Ice

For a correct interpretation of the detected events, an understanding of the medium in
which light propagates is fundamental. The 2.8 km thick South Pole ice cap formed
throughout the last 100 000 years. Several layers were superimposed at different ages
and the ice characteristics vary by about an order of magnitude among the different
layers. The bulk absorption length varies between 30 and more than 200 m, while the
effective scattering length is in the 5 m to 70 m range [2]]. Optical properties deteriorate
in presence of air bubbles and other impurities. The dust layer mentioned in [3.2.1]
contains ashes of volcanic origin which degrade the optical properties to the cm scale.

In IceCube, absorption and scattering are described by a set of parameters [11]]. The
effective scattering is:

b(A) = be (400) - <400Anm> , 3.1)

where b.(400) is the scattering at 400 nm and « a fit parameter. Absorption is expressed
in the form:

a(A) = agyst(\) + Ae —b/X- (1 +0.01-67), 3.2)
where:
)\ —K
— 4 . . .
adust()\) adust( 00) <400 nm> (3 3)

agqyst(400) is related to the absorption at 400 nm. Parameters A and x are parameters
fit in the detector calibration. Both b.(400) and ag,s:(400) vary with depth. 7 is the
temperature difference between the depth of 1730 m and the considered depth d:

§T(d) = T(d) — T(1730 m). (3.4)
The profiles of b.(400) and a4,s:(400), as well as 67" in the South Pole ice are shown

in figure (3.3} according to the Spice3.2 model, which is the ice model adopted for this
analysis. Down to 1300 m the ice shows the presence of air bubbles while, deeper, the
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Figure 3.3 — Profiles of be(400), aqyust(400) and §T in function of the depth for the South
Pole ice cap. A clear deterioration of the ice optical properties is seen in correspondence
with the dust layer. The depths where DeepCore is deployed show the best optical properties.
Figure produced with values taken from the tables describing the ice model used for this
work.

pressure made the ice crystals incorporate the air bubbles. As a result, below 1300 m
the ice is more transparent.

Another effect to take into consideration is the hole ice effect. Re-frozen ice from
the drilling holes where strings were put contains higher contamination of air bubbles.
The rapid freezing pushed the bubbles to the centre of the hole. The properties of the
hole ice are a major systematic effect for IceCube, as this process is not completely
understood yet.

A further feature of the South Pole ice is the azimuthal anisotropy [65]. It has been
observed that the photon propagation properties vary with the direction along the z-
plane. The origin of this effect is still unclear, although it has been remarked that it
would be unlikely to ascribe this effect to the hole ice or the cables since there would be
no consistency in the effect, as it is observed.

3.4 Neutrino detection in ice

A neutrino telescope can detect neutrinos of any flavour interacting in its active volume.
Interactions have been discussed in[2.3]and this section aims to show how the products
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of these interactions are seen and can be detected in IceCube. There are two main
different event signatures in ice: tracks and cascades. The first ones are generated
when a high energy muon traverses the detector: muons can travel kilometres before
decaying or losing enough energy for it not to be detectable anymore. Muons appear,
then, as long tracks of light in a water/ice Cherenkov detector. When the primary
products of the neutrino interaction cannot travel considerably in the detector, a cascade
of particles is generated, with an almost spherically symmetric light emission mainly
constituted by a high number of single Cherenkov cones. This section aims at describing
the observation of muons neutrino events and the different types of cascades formed in
neutrino interactions in ice. In the following we will describe these main topologies.

3.4.1 Tracks

Muons produced in a muon neutrino CC interaction leave kilometres long tracks in ice.
The path of a muon in ice is characterised by energy losses of different types, so that
muons can be contained entirely in a 1 km? detector volume or exit the detector before
losing enough energy not to be detectable anymore.

Muons in water (ice) H,O
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Figure 3.4 — Overview of muon energy losses in ice per length travelled dE /dX as a function
of the muon energy E,,. Values taken from [118]].

As it moves through the ice, a muon is subject to losses due to ionisation of the
medium via elastic scattering off electrons. For each interaction of this type, the muon
loses energy and the mean loss can be described by the Bethe-Bloch formula [118].
Figure [3.4] shows how this effect is only slightly dependent on energy and is dominant
below ~ 1 TeV when the muon critical energy is reached and radiative losses take the
leading role.

High energy muons can interact with atoms to produce eTe™ pairs. Electrons and
positrons then recombine and form electromagnetic cascades. Pair-production of ete™
is the dominant energy loss mechanism above ~ 1 TeV, as can be seen in figure (3.4
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Bremsstrahlung occurs if the muon is suddenly decelerated and emits high energy
photons. This process makes the muon lose a considerable part of its energy in a single
interaction, while pair-production losses can be treated as if it was a continuous loss
[118]. Similarly to pair-production, muons can also interact to produce hadrons. The
latter would produce hadronic cascades.

The total energy loss for a muon can be expressed by [118]]:

dE _
de

where a(FE) represents the energy losses via ionisation and b(F)FE the radiative energy
losses. Note that both a(E) and b(E) change very slowly with energy and for the most
part they can be assumed constant. The energy dependence of dF/dX above ~ 1 TeV
makes it possible to estimate the muon energy using dFE/dX as proxy. However, the
stochastic losses make this quite challenging. The critical energy can be found as the
exact point where ionisation and radiation losses are equal:

Eur = a(Ewy) /b(Eer). (3.6)

a(E) + b(E)E, (3.5)

The range a muon can travel can be expressed, defining the muon starting energy as
Ey, in terms of the quantities above [118]:

1 E,
o~ 3 In (1 T E°> . (3.7)

The mean kinetic angle difference between the primary neutrino and produced muon
directions is 0.7°(E, /TeV)®7 [104]. A typical muon direction reconstruction resolution
in IceCube is 0.6° [13].

3.4.2 Cascades

As discussed in all neutrino interactions also produce a hadronic shower. Electrons
produced in v, CC interactions and in the 7 particle decay chains generate, instead, an
electromagnetic cascade of particles. These two types of showers are not distinguish-
able in IceCube. Light in showers is generated by the combination of multiple charged
particle Cherenkov cones and results in an approximately spherically distributed diffuse
light.

Under some circumstances, tau neutrino CC events can produce a double shower: a
hadronic shower at the interaction vertex and a hadronic and electromagnetic shower at
the 7 decay vertex. The resolution of the two cascades is not possible at ~TeV energies,
since the 7 particle does not travel enough to separate the two vertexes more than the
IceCube resolution. The events are seen as two superimposed showers. Recent studies
have shown that it is possible to resolve these "double bang” events by the arrival time
of the light to the DOMs [137]: if two showers are produced, the number of photons
hitting the detector in time should have two peaks, or pulses, corresponding to the times
at which the neutrino interaction and the  decay happen, respectively.

Cascade events are usually well-contained in the detector, therefore the neutrino
energy reconstruction for this kind of event is more precise than for track events. The
presence of neutral particles, such as neutrons, makes the energy measurement more
challenging for hadronic showers.
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3.4.3 Principles of reconstruction

Once data are collected and knowing how different particles give different signatures,
reconstruction algorithms can be developed and applied to infer the events character-
istics. For IceCube the incoming direction and energy of the events are generally the
fundamental variables which are analysed. Other important variables for purposes of
veto or more peculiar kinds of analyses are the time of arrival and the interaction ver-
tex position coordinates. In this section I will expose the main concepts of angular and
energy reconstruction, as these are the observables that are used in this work.

Angular reconstruction

Reconstruction algorithms in IceCube typically involve the use of an unbinned likelihood
method. The angular reconstruction likelihood is based on the photon arrival time prob-
ability density function (PDF) of the DOMs. Two categories of likelihood are generally
used [18]:

Npowm Nuit
c= 1] [[picn" (3.8)
j=1 i=1
ND()M
Lisi = [ piast(ta) o [py (k)] - (1= Py(t2)% ™, (3.9)
j=1

where Npon and Ny are the total number of hit DOMs and hits, respectively. The
PDF for each observed hit is p(¢) and P(¢) is the cumulative distribution function. Data
are weighted by the charge ¢;, where Q = ), ¢;. While the likelihood of equation
takes into account all the hits, £y, defined in equation (3.9), only considers
the first hit for each DOM. Equation is efficient in modelling minimal ionising
muons in homogeneous ice. However, muons of typical energy for IceCube are subject
to stochastic losses (see and the South Pole ice is not homogeneous. Using only
the first hit for each DOM reduces the probability of including photons originating in
stochastic losses and the error due to the homogeneous ice modelling.

The optimisation is usually conducted on 6 parameters, including the track posi-
tional parameters z, y, z, ¢, and two orientation parameters, the zenith, 6, and azimuth,
¢, angles. Parameters are summarised by ©® = (z,y, z,t,0, ¢).

Including ice properties and a more realistic ice model allows for a more accurate
reconstruction of the photon arrival distribution. A typical ice model is composed of
horizontal layers where ice properties are considered homogeneous. Ice layers have a
10 — 20 m thickness. The resulting photons from simulated infinite minimally-ionising
muon tracks with different positions and orientations are used to build high-dimensional
histograms. The photon arrival PDF as a function of the direction and orientation are
computed by normalising the histograms and interpolating them with B-splines [143]].

Being T the knot positions, the photon PDF can be expressed as:

T—k—1
p(t) = Y wiBi(t—to;0,X), (3.10)
=1

where B, j, is the i-th B-spline of order k, and X are the parameters that describe the ice
properties. The weights w; are given by the normalisation and sum up to 1. ¢y = #((©)
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indicates the time when the first Cherenkov photon can reach a DOM without scattering
for a given emission point hence it depends on the track parameters ©.

Further improvements can be obtained by using L1, by simulating stochastic losses,
using better noise modelling, and adding energy information to the PDF [[18]].

Energy reconstruction

Reconstructing the energy of the products of a neutrino interaction in ice cannot be car-
ried out independently: an estimation of the other event characteristics, ©, is needed.

One of the most used reconstruction frameworks in IceCube is called Millipede [105].
The main feature of this framework is the separation of the event in several time bins
7 =1,...,T; defined for each DOM . The Millipede likelihood is a Poissonian likelihood
comparing the distribution of observed photons N, with the distribution of the expected
photons y;;. It can be expressed in terms of its logarithm as:

NDOM ,1—‘7
log Lmp = — Y Y [Nirlog(ptir) — pir +1og(T(Nir +1))] . (3.11)

i=1 T=1

The expected photon distribution p;r = Zszl wirk(Ok; Ex), in terms of K discrete en-
ergy losses E}, is obtained in a similar way as for the angular reconstruction: photons
from tracks of different positions and orientation are simulated and photon arrival PDFs
are arranged in splined tables. Millipede features an internal optimisation of the energy
losses. In the first layer, the likelihood minimisation is carried on the ® parameters
and, at each step, in a second layer, the energy losses are optimised. The result is the
likelihood minimised value and a number & of energy parameters.

The Pegleg reconstruction aims at testing the hypothesis of a finite minimally-ionising
track and a starting cascade at the same interaction vertex and aligned with the track
[105]]. The hypothesis is then composed of the set of parameters {®, L, E.}, where L
is the length of the track and E. the cascade energy. The energy of the track, in the
minimally-ionising hypothesis, can be directly inferred from its length. The energy loss
is set to 0.22 GeV/m - L and the track is split into 5 m segments. The likelihood used is
the Millipede one and the optimisation is, in a similar fashion, composed of three layers
optimising, in turn, different parameters.

The first layer consists of optimisation on ® where L and E. are found internally
and returned as values together with the likelihood value.

In the second layer, the ® parameters are fixed at the values found in the first layer
and the new optimisation consists of a scan of the L phase space. For each step of
the optimisation, a track segment is added as far as the likelihood keeps improving,
starting from the first segment, where the cascade energy FE. only is present. FE. is,
again, obtained internally.

The last layer is the optimisation of the cascade energy E., while fixing all the other
parameters at the optimal values found in the previous layers. The likelihood is derived
with respect to E.:

dlog Lp 1
pios B =0 (3.12)
where, being the ¢; constants, the optimisation aims to find the one positive value of
E. that satisfies equation (3.12). The optimum value is found with the Newton method
[87] via the second derivative of the log-likelihood log Lp.
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As explained in paragraph an improvement is seen using a process of photon
selection similar to what is done in L. In this case, for each time bin 7, only the first
photon is selected, ignoring all subsequent hits in a certain "dead” time window. The
difference with what is described for L4 is that a new time window is opened at the
end of the first, and a new, late photon can be included, repeating the same process as
for the first time window.

3.5 IceCube highlights

In the last decade, IceCube has produced many important results, pioneering the fields
of neutrino and multi-messenger astronomy. The impact of these discoveries has been
decisive in rising the interest towards this new field and paving the way to new projects
and experiments [26] [34] [33]. This section summarises the most prominent results
achieved by the IceCube collaboration.

3.5.1 The astrophysical neutrino flux

IceCube published in 2013 a paper [1] showing the first evidence for an astrophysical
component in the measured neutrino flux in the Tev-PeV energy region. The observation
was made out of a selection of well-contained High Energy Starting Events (HESE) in
the detector with two-years data combining the 2010-2011 season, with the 79 strings
configuration (IC79), and the 2011-2012 first full configuration (IC86) season. Sub-
sequent analyses with various selections of data, including a multi-year HESE selection
[17], confirmed the first evidence and attempted to characterise the incoming flux of
neutrinos of astrophysical origin. Figure shows the flux of neutrinos in IceCube with
the HESE selection.

A comparison of the fit for the normalisation and spectral index of the flux character-
istics when assuming a single power-law flux with different selections of data shows, at
present, a mild tension between the results of the different analyses. This tension could
be due to different energy responses between the analyses or different physics happen-
ing at different energies and is currently object of study. The tension is illustrated in

figure

3.5.2 Oscillation studies

IceCube is also competitive in the neutrino oscillation field. The parameters Am3, and
sin2(923) have been constrained measuring muon-neutrino disappearance [14] for at-
mospheric neutrinos hitting the detector after crossing the Earth. Muon neutrino dis-
appearance is the effect for which the expected flux of muon neutrinos lacks of events,
with the maximum effect visible around 25 GeV. The missing events are muon neutrinos
that, while crossing the Earth, have oscillated into another flavour. The results of this
analysis are in agreement with other long-baseline oscillation analyses and are shown

in fig.



3.5. ICECUBE HIGHLIGHTS

HH Data

Astro.

1015

1094

Events per 2635 days

10714 -
10" 10° 10°
Deposited Energy [GeV]

. Atmo. Conv
B Atmo. Muons

107

Events per 2635 days (> 60TeV)

55

Data
Astro.
Atmo. Conv.

=

Atmo. Muons

—0.5 0.0
cos (0,)

Figure 3.5 — Graphical representation of the flux best fit values for the IceCube HESE se-
lection. Data are the black crosses. Astrophysical neutrinos are in gold, while atmospheric
neutrinos are in red and atmospheric muons in purple. From [17].Left: Energy spectrum.
Right: Declination distribution. Up-going events are closer to cos(f,) = —1 and down-going

events are closer to cos(6,) = 1.

HESE (7.5y Full-sky)

Phys. Rev. D 104, 022002 (2021)
Inelasticity Study (5y, Full-sky)

Phys. Rev. D 99, 032004

Cascades (6y, Full-sky)

Phys. Rev. Lett. 125, 121104 (2020)
Through-going Tracks

(9.5y, Northern-Hemisphere)
ANTARES Cascades+Tracks

(best-fit: 9y, Full-sky) PoS(ICRC2019)891

T

5 35

T"’ == 95%

o 304 == 68%

|

&

ﬁu 25_

|

% Lt ¢ o i

V] 2.0 1 ,,r X \\ X

2 D

g 157 Vit 2 WAV

~ 4 . o /’

5 101 roN—T

£ ’ -’

Ts 05 St

U v .0 7

25

+ =

=& 00 . . . T T
2.0 2.2 24 26 2.8 3.0 3.4

Spectral Index yspy.

Figure 3.6 — Flux single-power law normalization (y-axis), versus spectral index (x-axis)

for different analyses. Adapted from [[19]].



56 CHAPTER 3. THE ICECUBE NEUTRINO OBSERVATORY

FC 68%
——

i i i
= [C2017 [NO] (this work) = SK IV 2015 [NO]
341 MINOS w/atm [NO] -+ NOwA 2017 [NO]|
32| == T2K 2017 [NO]
% 3.0}
= 2.8} 1 1
— .
— - FC 68%
o= 2.6 3 Vi 1
g f
51 2.4 ’
- /
2.24 )
\
2.0} 90% CL-contours + \
0.4 0.5 0.6 0 1 2
sin” (0,5) Ay
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3.5.3 Astrophysical neutrino sources

In 2017 IceCube detected the high energy event IceCube-170922A. The real-time alert
system made it possible to point gamma-ray telescopes in the incoming neutrino dir-
ection to find the known blazar TXS 0506+056 in a flaring state [5]. A subsequent
search for neutrinos from the direction of TXS 0506+056 in the IceCube archival [6]]
data found an excess of neutrinos over the expected atmospheric background in the
2014-2015 period. Further evidence for a neutrino source was found in the IceCube
all-sky search for the source NGC 1068 [10]. These results give the first and, currently,
the strongest evidence for astrophysical neutrino sources. It is important to underline
how the multi-messenger approach to astronomy was decisive to have the capability to
determine an evidence with just one neutrino event. The discovery of neutrino sources
is fundamental to determine the environments where cosmic-rays are accelerated to
extreme energies.

3.5.4 A Glashow resonance candidate

A Glashow resonance is a process for which the cross-section of an electron anti-neutrino
interaction with an electron is enhanced for an anti-neutrino energy of F, = 6.3 PeV.
The resonant interaction forms a W~ boson. In ice, the W~ decays to produce a
hadronic shower, which is detectable via Cherenkov radiation observation. Recently,
IceCube presented a study on one event consistent with a Glashow resonance event [8].
The event has been claimed as of astrophysical origin at 50 level. The reconstructed
visible energy is 6.05 £+ 0.72PeV which, considering the non-detectable components of
a hadronic shower, is consistent with the tested hypothesis. The analysis carried in [8]
computed a 2.30 rejection of the hypothesis for the event to be of different origin than
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the Glashow resonance. The detection of muons during the event is also consistent with
the hadronic production in a W~ decay.

3.6 Previous dark matter results

IceCube has played an important role in the search for dark matter since its beginning.
Observation of neutrino fluxes can give evidence for the presence of dark matter in
particular regions from which dark matter is expected. Typical regions are the centre
of the Galaxy, dwarf galaxies, galaxy clusters and local sources such as the Sun and
the Earth (see [1.4] and [1.5.4). IceCube sensitivity to variations of the expected fluxes
caused by dark matter has grown in time, due to novel analysis techniques and the
accumulation of data seasons. This section aims at reviewing IceCube potentialities and
main results in this field.

3.6.1 Dark matter from the centre of the Galaxy

The centre of the Galaxy is one of the most promising sites to search for dark matter,
due to gravitational evidence (see [1.4.2) of a matter overdensity. A 3-years analysis
searching for dark matter annihilation has been published in 2017 [4] and the results
of this analysis have been used in an IceCube-ANTARES combined effort [41]]. A search
for decaying dark matter has been conducted [7]] with two different selections of tracks
and cascades, respectively. These analyses investigated a possible improvement in the
IceCube neutrino flux description by adding a dark matter decay component. The latter
was able to set the current best limits on a wide dark matter particle mass range in
indirect searches, as shown in figure
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Figure 3.8 — Left: Limits from the combined ANTARES-IceCube analysis. From [41]]. Right:
Limits for dark matter decay from the galactic centre. From [7].
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3.6.2 Dark matter from the Sun

The model which brings to accumulation and self-annihilation of dark matter in the
centre of the Sun has been explained in[1.5.4] As written before, because of the higher
gravitational effect of the Sun, the process described by equation has reached
equilibrium, therefore, for the Sun, equation can be applied.

A search [3] has been performed with 3 years of IceCube data. The search focused on
track-like events, with a selection of only up-going events during the Austral winter,
when the Sun is under the horizon, to strongly reduce the atmospheric muon back-
ground. The centre of the Sun could be treated as a point-like source and an unbinned
likelihood method was used. The spin-dependent dark matter-nucleon scattering is the
favoured process for the Sun, as stated in Results from this analysis are shown in
figure A renovated effort in this field is in place and new results are foreseen.

3.6.3 Dark matter from the centre of the Earth

An early investigation on dark matter from the centre of the Earth was completed with
1 year of data [12]]. A dedicated event selection was developed and the final zenith
distribution was analysed with a likelihood method. This analysis has been a pathfinder
for the analysis object of this dissertation. Results are shown in figure 3.10
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CHAPTER 4

THE EVENT SELECTION

And it’s whispered that soon, if we all call the tune
Then the piper will lead us to reason

In this chapter, the process I implemented to select the possible interesting events
for a search for a dark matter signal from the centre of the Earth is presented. We
expect a small signal for this analysis, in the order of tens of events, based on the limits
from the previous 1-year analysis [12]]. Therefore, we need to reduce the background
as much as possible. The main goal of the event selection is to discard the highest
possible number of muon events. Neutrino events from other sources are very similar to
those coming from dark matter annihilation in the centre of the Earth. Neutrinos will,
hence, constitute the main source of background at the latest stages of the selection.
After illustrating the characteristics of signal and background (4.1)), I will disclose the
selection process I developed for this analysis. The first sets of cuts (presented in[4.2Jand
4.3)) are thought to reduce the amount of data, in order to run a random forest algorithm
(4.4.2) within a reasonable computational time. The random forest is the main stage
of the selection, as it is a powerful tool to discriminate muon events from neutrino
events. The selection, at this point, is split into a low-energy (LE) and a high-energy
(HE) part (4.4), as the lower and higher energy signal events present differences which
complicate the possibility to find a general common pattern in the event characteristics.
A reconstruction algorithm able to reliably reconstruct the energy of the events is run
as the final step. The computational demand of this step is the reason why it is applied
only at the latest stages of the process. The final reconstruction algorithm and the last
stages are presented in

4.1 Signal and background characteristics

In this work, a signal-like event comes from a direction close to the centre of the Earth
(6 ~ 180° = w/rad). These events are seen from IceCube as up-going, i.e. they come
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from directions below the surface. The analysis focuses on muon-neutrino signal events
because of their better angular resolution (see [3.4).

Muons generated in interactions of ultra-high-energy cosmic rays (UHECR) in the
atmosphere can only come from above the surface (they are down-going), but a fraction
of them is mis-reconstructed as up-going by the reconstruction algorithms. These mis-
reconstructed atmospheric muons are an artificial up-going background that, at a low
selection level, largely dominates the composition of the events.

Neutrinos are also generated in atmospheric UHECR interactions. Neutrinos, in the
energy range 1 Gev - 10 TeV, can travel through the entire Earth to reach IceCube from
the opposite side. When their direction is close to that of the centre of the planet, this
kind of event has very similar characteristics to signal events. These neutrinos constitute
the main background at the final selection level.

4.1.1 Datasets

Generally, in analyses involving experimental data, it is preferable to work with pseudo-
data while developing the process. The reason is that working with real data could
create biases that can lead to wrong interpretations of what is seen or desirable, fine-
tuned outcomes. With this method, the analysers are able to work blind to the real
data. Only when an analysis is completely set, a process of unblinding reveals the real
data-driven results.

In many analyses, to preserve blindness during the analysis development, the back-
ground can be estimated by scrambling the right ascension coordinates of real data
events. This technique can be used since the IceCube atmospheric background is uni-
form in right ascension. A potential signal would be diluted by the scrambling. However,
the peculiar direction investigated in this work does not allow for this kind of estima-
tion: the zenith angle § = 180° is one of the poles of the spherical coordinates system
so, for events near the pole, a scrambling in right-ascension would not move the events
far from their original position, preventing the signal from being diluted. Consequently,
we need to rely on Monte Carlo (MC) simulations. A burn sample of real data is used to
check the reliability of simulations in representing reality. Simulations are used to test
the efficiency of the selection steps all along the process.

Background IceCube provides collaboration-wide usable simulations, including gen-
eration, propagation to the detector, and interaction in ice simulation. Atmospheric
muons are generated with CORSIKA [[94]. CORSIKA generates full cosmic ray interac-
tion simulations. The IceCube collaboration produces events in the primary cosmic ray
energy range 600 GeV < Ecr < 10''GeV.

Neutrinos are generated with the GENIE and NuGen software pieces, for energy
E, <100 GeV and E, > 100 GeV, respectively. GENIE [44] and NuGen (which is an
adapted version of ANIS [86] for IceCube) produce event simulations for neutrinos
interacting in the detector volume. The interaction is forced in order not to reduce stat-
istics after the generation and a weight is given for the probability of the interaction to
happen. These events can then be weighted to reproduce the desired flux. As explained
before, we expect a primary contribution from atmospheric neutrinos, for which the
event weights are produced using the Honda model [97] [96]. Neutrinos generated in
UHECRSs interactions with heavier quarks (prompt neutrinos) and astrophysical neutri-
nos are included, too, even if their contribution is expected to be very low compared to



4.1. SIGNAL AND BACKGROUND CHARACTERISTICS 63

Component Flux

Classic Atmospheric Honda 2006 [97]] and 2014 [96]
Prompt Atmospheric Sarcevic Standard [[77]

Astrophysical &, = nEY with n = 1.44, v = 2.28 [19]]

Table 4.1 — Summary of neutrino flux schemes used for this work.

Parameter Value
012 33.65°
013 8.33°
0a3 45.57°
dcp 0
Am3, 7.53 - 107° cm?
Am3, 2.45-1073 cm?

Table 4.2 — Neutrino oscillation parameters set used in simulations.

the classic atmospheric contribution, as from the reference fluxes by Sarcevic [77] and
the 9.5 years through-going tracks IceCube analysis [19] for the prompt and astrophys-
ical neutrinos, respectively. The choice of using the result in [19] for the astrophysical
flux comes from the fact that the data selection used for that analysis is the most similar
to the selection developed for this work for energy range and incoming direction dis-
tribution. Table resumes the different weighting schemes applied to the simulated
neutrinos. As the main neutrino background is up-going, neutrino oscillation must be
considered. Oscillation is included for travelling through the Earth with the parameters
shown in table

Signal Dedicated signal simulations were produced specifically for this analysis using
WimpSim [57] [76]. Events propagation and interaction in the detector were simu-
lated with IceCube-provided tools, similarly to the simulations presented above for back-
ground. Simulations for the three channels yx — 7777, xx — WTW ™ and yx — bb
are produced, considering each time 100% branching ratio. A range of dark matter
masses from 10 GeV to 10 TeV is considered. Table shows the details of the DM
scenarios produced. Since we expect different behaviour between low-energy (LE) and
high-energy (HE) events and we want to be sure our selection is efficient in a wide range
of energies, two signal configurations are chosen as baseline for LE and HE, respectively:

* LE: xx = 7777, m, = 50 GeV;
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Channel Masses

[10, 20, 35, 50] GeV
xx — 77~ | [100, 250, 500] GeV
[1, 3,5, 10] TeV

[100, 250, 500] GeV
[1, 3,5, 10] TeV

xx — W=

[35, 50] GeV
xx — bb [100, 250, 500] GeV

[1, 3, 5, 10] TeV

Table 4.3 — Summary of WIMPs simulation scenarios produced with WimpSim.

* HE: xx - WTW~, m, =1 TeV.

The parameters in table are used for oscillation in travelling through the Earth from
the centre to the surface.

Data The analysed IceCube data consist of 10 years of events from the 2011 to the
2020 season for a total of ~ 3619 days. Each day of data-taking is separated in three
runs identified with sequential numbers. A burn sample of ~ 353 days of IceCube
data is used for data/MC agreement verification along the event selection steps. The
burn sample corresponds to ~ 10% of the total available data and the runs composing
the burn sample are taken sparsely over the whole livetime, selecting the runs whose
identification number ends with 0.

4.2 First set of cuts

This section describes the first steps I took in the selection process for this work. In
these stages, I aim at reducing the overall rates to run more sophisticated reconstruction
algorithms by removing the events which are more obviously background. At this point,
cuts are quite conservative since the quality of the reconstructed event characteristics
available is not high.

4.2.1 Combination of filters

As a very first step, the possible interesting selections available in IceCube after the on-
line filtering (see|3.2.4) are selected. The four filters called MuonFilter, DeepCoreFilter,
LowUpFilter and VEF are tried in different combinations to choose the solution which
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Figure 4.1 — Efficiency for different combinations of the four selected filters: MuonFilter,
DeepCoreFilter, LowUpFilter and VEF. Efficiency is tested on three different signal signatures
(blue, yellow and green lines). Experimental data from the burn sample (red dots) are
included to show the efficiency in removing background events.

saves the most of the signal. Efficiency is defined as the ratio between the number of
events passing the filters Ney selection and the total number of events at L2 Ny 1,2:

N. .
€ — ev,selection ) (41)
Nev,LQ

It is found that the combination of all four filters is the best possible solution from the
point of view just described, as shown in figure Events passing more than one filter
are taken once, following the logic:

MuonFilter or DeepCoreFilter or LowUpFilter or VEF.

4.2.2 Zenith and quality cuts

A straightforward step that can be applied is a cut on the reconstructed zenith angle
distribution. As previously explained, it is preferable to be conservative in this early
phase, so a cut 6., > 115° is applied to reduce most of the down-going events. Re-
construction algorithms compute a goodness-of-fit variable indicating the probability of
the reconstruction to be a good representation of the sequence of hits detected. Lower
values indicate a likely successful reconstruction. A cut on this variable is applied to
reduce the rate of possibly mis-reconstructed events: rlog L < 15. The two variables 6
and r log L are shown in figure |4.2
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Figure 4.2 — Variables before the cuts presented in Top: Reconstructed zenith distri-
bution. Bottom: Goodness of fit variable r log L.
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4.2.3 Veto cuts

As the last step for this first analysis stage, I cut out events having the reconstructed
interaction vertex outside the detector or at the top of the detector volume. The idea
here is to discard events which are not entirely in the detector. The reason to avoid
these events is the high probability of a low-quality reconstruction due to only partial
detection. The cut is applied on the variables p;eco and zeco, being, respectively, the
distance from the vertical axis of the detector and the vertical distance from the centre
of the detector.

The variable zi.4ve [103] is defined as:

N
Zi — \”1 il
Ztravel — z; . < Js\thuart e>7 4.2)
1=

which is the average of the distances between the N hit DOMs and the average position
of the hit DOMs in the first quartile along the z-axis. This variable represents the drift
along the z-axis for an event. Negative values of this variable generally correspond to
down-going events, while positive values denote most probably up-going events. The
distribution of the three variables just presented is shown in figure

Aloop is run on the possible cut values combinations of the three variables, in order
to find the best possible efficiency, which, for this step, is defined as:

e= 29 4.3)
v/ €Ebkg

where ¢, is the combined efficiency for baseline low dark matter mass and high dark
matter signal, and e, is the background passing ratio. Figure illustrates the scan
performed on the cut values and marks the most efficient combination at:

® Preco < 520 m;
® Zreco < 60 m;

* Ztravel > 20.

4.3 Re-running reconstruction algorithms

At this stage, the selection starts to differ more substantially from the previous work
[103]. In the first instance, casual hits activating a detector response contemporarily to
the events are removed. Also, a more sophisticated algorithm can recognise when two
events are happening coincidently and separate them. The cuts used in the previous
step (see are applied again and some new cuts are added. At this point, the aim
is to further reduce the overall rate and start to discriminate atmospheric muons more
aggressively. The final target is to prepare data for the machine learning algorithm that
will constitute the following step, described in [4.4
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Figure 4.4 — Plot of the efficiency (see (4.3)) for the combination of cuts on the three
variables preco, Zreco AN Ziravel. The x-axis is the signal efficiency, while the y-axis represents
the background rate. The colour scale indicates the efficiency value. The plot also shows the
combination used in [103] (marked as ”1-year analysis”). The optimum combination of
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4.3.1 Cleaning and splitting

As summarised in the introduction to this section, the first step of this selection level
is the cleaning of the hits [[103]. Each hit is given an individual active volume. In this
way, isolated hits can be excluded from the reconstruction algorithms. Categorisation of
the hits is also used to separate coincident events into two single events. A coincident
event is generally an atmospheric muon that hits the detector in the same time window
of an interesting event. In these cases, reconstruction is harder since hits from the co-
incident event can be included while attempting to reconstruct the main event, altering
the correct sequence of hits needed for a successful reconstruction. This is particularly
important since ~ 10% of the IceCube events are coincident. Hits can be considered as
connected when:

* they are part of the same Cherenkov cone: they are spatially separated but have
little or null time separation;

* they are part of the same light front: they have the same photon propagation
speed;

* they are part of the same track: they are connected via the particle propagation
speed.

Cleaned series of hits are used to run the relevant reconstruction algorithms again.
The advantage is that removing casual hits and splitting coincident events allow for
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Figure 4.5 — Reconstructed zenith distribution after the cleaning and re-running process
described in Note that the processing made it possible to recognise as down-going
more than half of the total previously mis-reconstructed atmospheric muons.

more precise reconstructions and more reliable results. The SplineMPE algorithm de-
scribed in[3.10]is run at this stage. Figures from[4.5|to[4.9]show the distribution of cuts
variables after cleaning and re-running. These variables are used to apply the same cuts
as in the previous stages.

4.3.2 Added variables

A set of variables, firstly introduced for the previous search with 1 year of IceCube data
[103], is computed. These variables are relevant in discriminating down- and up-going
events and removing noise hits that could still be present.

The first variable is the speed ratio defined using the first three HLC hits of an event.
The variable is defined as:

vig  dia/At1o
vi2 _ dia/Bbia. 4.4
vis  dig/At3 (4.4

where indexes 1,2,3 indicate the first, second, and third hit, respectively. d;; and At;;
are the distance and the time difference between the i-th and j-th hit, respectively. The
projection on the z-axis of this variable is particularly useful in identifying up-going
events. Analogous variables v12/v23 and v;3/v93 are computed.
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Figure 4.10 — Distribution of the variable zpattern introduced in

The second variable is the sum of the sign of the vertical distances between each couple
of consecutive hits. This variable, called z,attern, can be expressed in the following form:

Zpattern = Z sign(Az;), (4.5)

with ¢ being the couple of hits considered. Positive values identify up-going events, as
shown in figure |4.10

4.3.3 Cuts

After the reconstructions, as mentioned in(4.3.1] cuts are applied to the events. Now that
cleaner sets of hits can be used and higher quality reconstructions have been computed,
more stringent cuts are applied to the zenith angle 6., and the quality parameter
rlog L:

° ereco > 1490;
e rlogL < 9.

Cuts on variables preco, Zreco and ziraver are left unaltered (see [4.2) and re-applied. I
added a further cut on the variable zp,¢tern With the condition zpattern > —1. The final
reconstructed zenith angle distribution is shown in figure [4.11]
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Figure 4.11 — Zenith angle distribution after the whole process described in

4.4 Analysis splitting

At this selection level, as the background is still dominated by mis-reconstructed atmo-
spheric muons by orders of magnitude, a more sophisticated method is needed to dis-
card them efficiently while saving most of the signal. Now that the data rate is reduced
enough to allow for a stronger computational effort, a random forest machine learning
algorithm is applied. A random forest is composed of multiple decision trees which have
branches where events are separated according to their characteristics. At this point the
signal originating from low-mass (m, < 100 GeV) and high-mass (m, 2 1 TeV) dark
matter annihilation have different characteristics that bring to different distributions in
many variables. For example, high energy events have better angular resolution and
are more focused in the # ~ 180° region, while low energy events tend to lie in a smal-
ler volume, often inside DeepCore and have worse angular resolution due to the lower
number of photons that can be detected. For this reason, the selection is split into two:
for the first selection, I focus on low-energy signal signatures (LE selection) while for
the second on high-energy ones (HE selection).

4.4.1 Decision trees

A decision tree is made of subsequent splitting nodes and for this case, the physical
variables describing the events are the parameters used in the trees. The chosen vari-
ables are those which have the best chance at discriminating background from signal.
At each node, a cut on one parameter is applied, so that events are divided depending
on whether they do, or do not, pass the cut. Split nodes are those branching out into
more nodes. A node which does not have more subsequent nodes is called a leaf node
and can be either a signal or a background leaf. An event walks its path through the



4.4. ANALYSIS SPLITTING 75

nodes until reaching a leaf. The signal purity p, defined as the fraction of signal events
on the total in a leaf, indicates whether a leaf is a signal or a background leaf. A signal
purity p > 1/2 identifies a signal leaf. For each node, the Gini separation criterion is
defined as:

Sa(p) = p(1 —p). (4.6)

At each split, being L and R the left and right node respectively, a separation gain factor
can be written as:

AS = Sg(p) = WirSa(pr) — WrSa(pr), 4.7)

where Wy, and Wy are the total weight in the left and right nodes, respectively. The
algorithm puts cuts in place maximising the separation gain AS.

Trees need to be trained to find the cut values for the parameters at each node and
determine whether a leaf is a signal or a background one. Sub-samples of the datasets
are used as training samples. More sub-samples are used as testing samples to validate
the training by verifying that a tree acts in the same way for the training and testing
samples. Training stops when reaching a pre-established maximal depth or when a
node remains with only signal or background events left.

4.4.2 Random boosted decision tree forests

A single tree has a main limitation: when limiting the depth, non-typical events will be
incorrectly classified. On the other hand, too deep trees focus excessively on the traits
of non-typical events causing inconsistency between the performance of the tree on the
training and the testing sample.

The solution to the problem just exposed is to train a forest of multiple trees (gener-
ally, order of hundreds). For this analysis, the software pybdt [129], developed within
IceCube, has been used. The code implements the process described in this paragraph.

In a forest, each tree gives a weighted contribution to the total, assigning the value
-1 to events ending on background leaves and the value +1 to events ending on signal
leaves. The total score for an event 7 can be written as

g = Zg“;st (4.8)
t+ &t

where the index ¢ indicates a tree and «y is the weight of a tree. The term s;; can only
assume +1 values. A cut on the score distribution is then to be determined. In this work,
the cut value is chosen as the one giving the best final sensitivity to signal detection.

A boosted decision tree (BDT) forest is obtained when adjusting the relative weights
w; of the events before each tree. In this way, the weights of misclassified events are
boosted. If s; are the event ¢ scores and y; their true classification, we can define I; =
1 —6(s; —yi), which is I; = 0 when s; = y; and 1 in any other case. The error rate of a
tree will be:

> wil;
e = S 4.9
The boost factor is: .
a = fBlog — ¢ (4.10)

)
€
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where 3 is usually between O and 1 and it is defined by the user. This parameter is
used to compute the scores. The weights are adjusted with the factors w; — W;e®!: and
re-normalised. The new weights are used to train the next tree. The weight adjustment
is cumulative from tree to tree.

It should be noticed that, in this process, the first trees have the highest weights
and are able to classify the bulk of background events. The last trees have the lowest
weights, but the weights of single events that have been misclassified multiple times are
the highest, so that non-typical behaviour can be recognised and classified.

Randomisation can be added to the process by selecting only some of the parameters
out of the total number of parameters used. For each tree, the parameters to use will be
chosen randomly.

A process called pruning is used to prevent a particular kind of tree over-training.
Some nodes could present a split where one side still contains useful information while
the other side is adding complexity while not contributing significantly to the classific-
ation. These parts of a tree can be removed. A node whose child nodes are removed
becomes a leaf. Nodes splitting into two leaves of the same kind are pruned. An al-
gorithm cuts at a certain percentage of nodes, starting from the less useful. The pruning
percentage is provided by the user.

Starting from a pool of ~ 50 variables, iterations of forests are trained and when
two variables are highly correlated, the one of the two that is less contributing to the
score determination is removed. For both the selections developed in this work, the final
number of variables used is 10.

For the forests trained for this analysis, after a study on the impact of the parameters
settings, I adopted the following:

Number of trees: 400;

Tree depth: 3;

Boost 3: 0.7;

Number of random variables: 8 on a total of 10;
* Prune strength: 35%.

The training and testing samples are sub-samples of the burn sample for background,
and the baseline signal channel-mass combination for LE and HE signal, respectively.

4.4.3 Low energy selection

For the low energy selection, the available statistics in simulations are limited hence a
straight cut on the random forest score would keep a too low number of events to allow
for a statistical analysis. Instead, I used a technique called pull validation [[129]. It
consists of training multiple forests, instead of a single one, and assigning to each event
a weight determined by the fraction of forests for which an event would pass the chosen
cut value on the score distribution. Each forest is trained on different sub-samples of
the original training sample, ensuring that the outcome is different for each forest. The
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pull-validation weight is computed in the following way:

wis,,, = "= , (4.11)

where ¢ identifies the i-th event, s; is the score of the ¢-th event for a forest, s.,; iS the
chosen cut value, H is the Heaviside step function, and N;,; = 200 is the total number
of forests. In this way, all the events that would be discarded with one straight cut on a
single score, receive instead a weight and can still be used.

The signal training and testing samples for this forests are sub-samples of signal
generated in xyx — 777~ with m, = 50 GeV. The variables used for this forest are the
following:

* MuEx4MPE energy: the energy from the so-called MuEx reconstruction algorithm,;

* SPEFit2empty hits track length: the maximal track length of the track with no
hits within a specified track cylinder radius;

* SPEFit2n dir pulses: The total number of direct pulses (hits) for the given time
window;

* SPEFit2track hits_distribution_smoothness: how smoothly the hits of the
given hits map, within a specified track cylinder radius, are distributed along the
track;

* SplineMPEcramer_rao_theta: estimated standard deviation on the # value for the
SplineMPE reconstruction;

* SplineMPEzenith: # value for the SplineMPE reconstruction;
* pos_z: reconstructed interaction vertex z-coordinate for the FiniteReco algorithm;
* speed._ratio_13_23: described in section 4.3

* startingProb: Probability of a track to be starting in the detector volume from
the FiniteReco algorithm;

* stoppingProb: Probability of a track to be stopping in the detector volume from
the FiniteReco algorithm.

Following what explained in paragraph 4.4.2} all the selected variables are not strongly
correlated between each other, as visible in figure Figure [4.13] is a plot of the
median score distributions for each event category.
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Figure 4.12 — LE forests correlation matrices for signal (top) and background (bottom)
training samples. The colour scale indicates the degree of correlation between two variables
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Figure 4.13 — Median score distributions for the various type of events for the LE forest
presented in Signal is on an arbitrary scale. Both the LE and HE reference signal
configurations are shown (light and dark purple for LE and HE, respectively). Atmospheric
neutrinos and muon are shown in green and pink, respectively. The grey band represents the
total MC distribution, given by the sum of the atmospheric muon and neutrino distributions.
The black points show the distribution of experimental data from the burn sample. The
vertical bars at each bin (or point) represent the statistical errors.
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4.4.4 High energy selection

For the high energy selection, I trained a single forest and applied a straight cut on
the score value. The signal training and testing samples are sub-samples of the dataset
generated for the annihilation channel xx — W*W~ with m, = 1 TeV. The variables
used for this forest are:

* LFVelZRatio: the projection along the z-axis of the track speed calculated in the
LineFit reconstruction;

* SPEFit2empty hits_track length: described in paragraph[4.4.3}

* SPEFit2track hits distribution_smoothness: described in paragraph[4.4.3}
* SplineMPEcramer_rao_theta: described in paragraph[4.4.3}

* cog_rho: Center of gravity p-coordinate;

* cog_z: Center of gravity z-coordinate;

* speed ratio_ 12 13: described in section [4.3]

* startingProb: described in paragraph [4.4.3}

* stoppingProb: described in paragraph [4.4.3}

* z_travel: described in paragraph[4.3]

Figures and show the correlation matrices and score distributions obtained
for this forest, respectively.

4.4.5 Score cut and next level preparation

The score cut values were chosen, for both selections, in order to optimise the sensitivity
results that will be described in detail in chapter |5 For the LE selection, the best cut
value was found at sq, g = 0.24. This means that every event is assigned a weight
corresponding to the fraction of the 200 forests for which it would pass a straight cut
Sev > Scut,LE - For the HE selection, the best cut value was found at scsug = 0.18. The
score cut is not applied at this point but at the latest stage of the selection process. The
process which led to this choice will be described in detail in chapter

Some common cuts are applied to further reduce the amount of data because of
the high computational demand of the PeglLeg (see reconstruction algorithm. All
events which, at the same time, do not pass the HE score cut s; gz > 0.10 or have null
weight for the LE cut s; ;g > 0.14 are discarded.
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Figure 4.15 — Score distributions for the various type of events for HE forest presented in
Signal is on an arbitrary scale. Both the LE and HE reference signal configurations
are shown (light and dark purple for LE and HE, respectively). Atmospheric neutrinos and
muon are shown in green and pink, respectively. The grey band represents the total MC
distribution, given by the sum of the atmospheric muon and neutrino distributions. The
black points show the distribution of experimental data from the burn sample. The vertical
bars at each bin (or point) represent the statistical errors.
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Figure 4.17 — Median resolution of the Pegleg algorithm (blue) in reconstructing the neut-
rino energy compared to the previously available reconstruction algorithm MuEx (yellow).

4.5 Final selection

The last step of the event selection is the application of the PeglLeg reconstruction al-
gorithm (see[3.4.3). This step is crucial in order to have a good energy reconstruction
since energy is one of the two variables that will be used for the final analysis. Figures
[4.16)and show the outstanding improvement of PegLeg compared to the previously
available reconstruction algorithm MuEx. Aside from an overall more stable behaviour,
the overall average resolution in terms of log,, E rises to ~ 17% above 10 GeV for PegLeg
against ~ 28% of MuEx, with ~ 10% resolution in the 10-1000 GeV energy region.

After the score cut, the datasets are = 90% neutrino pure for both the LE and HE
selections, as visible in figures and [4.19] Once we have the final distributions, we
can also compute the total neutrino effective areas for both the selections, which are
shown in figure [4.20} In chapter 5] I will illustrate the definition of the analysis phase
space, the way the score cut values were chosen, and how data are used.
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CHAPTER b

THE ANALYSIS

Yes, there are two paths you can go by...

In this chapter the method I used to analyse the data is described. The statistical
analysis is based on a method of maximisation of the Poisson likelihood. A 2D zenith-
energy representation of data is used. I estimated sensitivities as the median upper limit
on ten thousand pseudo-experiments. A description of the study I carried out on the
systematic effects that could affect the result is also presented. The likelihood includes
some nuisance parameters to handle the unknowns of the real data distribution that
could not be included in the simulations or the systematic variations. The way data are
handled and the analysis procedure will be illustrated in section A discussion on
the systematic uncertainties will follow in section |5.2| and sensitivities obtained for the
analysis will be presented in section

5.1 A binned likelihood analysis

For this analysis we are considering two observables: the zenith angle § and the energy
in the form log,, F. 2D distributions in the #-log,, £ plane for signal and background
are used to build probability density functions (PDFs). As mentioned in chapter (4,
the peculiar direction observed does not allow for a representation of the signal and
background distributions derived from real data so the PDFs are built on MC data. The
likelihood used in this work is the Poisson likelihood which is binned, therefore the PDFs
will be binned distributions. In this section, I present the PDFs and describe the analysis
method developed for this work.
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5.1.1 The Probability Density Function

As previously mentioned, because the Poisson likelihood is a binned one, the model to
analyse must be a binned distribution \. Being i the i-th bin of the model we can write:

N(E, ) = €S + (1 - €)Bi(77), (5.1)

where ¢ is the signal fraction of the total number of events while S; = S;(6, E) and
B; = B;(0, E) are the signal and background PDFs content in the bin i, respectively.
The following background components are considered: conventional atmospheric neut-
rinos, astrophysical neutrinos, prompt neutrinos and atmospheric muons. Neutrinos
of astrophysical origin are to be considered a minor background contribution based
on the IceCube measurements [19] [17] in the energy range and the direction we are
observing. Neutrinos from prompt interactions in the atmosphere are a secondary con-
tribution from atmospheric interactions, due to the decay of short-lived particles. We ex-
pect their contribution to be several orders of magnitude below the classic atmospheric
contribution. All neutrino backgrounds are obtained by re-weighting the neutrino sim-
ulated events. Atmospheric muons constitute a secondary background that CORSIKA
simulations indicate to be about ~ 10% of the total background. The relative normalisa-
tion of each flux component n; is taken as a free nuisance parameter and encapsulated
in 7/ = (n1,n2,ns...). For the background PDF B (ﬁ) I developed the following formu-
lation for an arbitrary number of parameters n;:

n—17—1

Bi(17) =mB! + > [[(1 - ) n]BjJrH (1—ny)B" =

7=1 k=1
=B} + (1 - nl)(ngBZ- + (1 —ng)(n3B3... + (1 —ny)BY), (5.2)

where the B! = B/(6, E) are content for the bin i for the various components j of
the background aforementioned. The atmospheric neutrino component is, in turn, split
into a NuGen and a GENIE component, to handle a mismatch between the distributions
produced by the two pieces of software which will be discussed in detail in

The Probability Density Function (PDF), for each bin i, can now be written in its
final form:

n—17—1

i = noS; —i—ZH 1—ny n]Bj—l—H 1 —ng)B' =

7=1 k=0
=ngS; + (1 — no)(nlBil + (1 —n1)(neB? + ...+ (1 — ny)BP). (5.3)

The corresponding fractions of events for the B; are, hence, given by:

j—1
fi = [0 = ne)ny, (5.4)

k=0
except for the last term in (5.3)), for which we have:

n—1

fo= 1T =ny). (5.5)

j=0



5.1. A BINNED LIKELIHOOD ANALYSIS 89

The first term is the signal fraction and is simply defined as:

fo = ng = 5, (56)
For the components used in this work we have therefore the following:

* NuGen atmospheric neutrinos: fxug = (1 — &)ni;

* GENIE atmospheric neutrinos: fopn = (1 — &)(1 — n1)ng;

¢ Atmospheric muons: f, = (1 —&)(1 —n1)(1 — na2)ns;

* Prompt neutrinos: fprompt = (1 —&)(1 —n1)(1 — n2)(1 — ng)ng;

* Astrophysical neutrinos: fastro = (1 —&)(1 —n1)(1 — n2)(1 — n3)(1 — nyg).

In brief, in this formulation the various parameters are nested one into each other
and, having n components in the model, n— 1 parameters are needed. This optimisation
allows for a computationally less demanding likelihood maximisation. This formulation
also assures a proper normalisation of the model. Notice that the chosen order of the
parameters is irrelevant for the likelihood calculations.

Data which underwent the whole selection process described in chapter [4] are ready
to be analysed. The reconstructed zenith and energy values, from the SplineMPE and
Pegleg algorithms, respectively, are put in a binned 2D distribution of the events to
build the PDFs. As explained before, all the single component PDFs are built on MC
data. As for the score cut value (see[4.4), the number of bins to be used is chosen as the
one optimising the sensitivity. PDFs include events in the 160° < # < 180° zenith angle
range, while the range 149° < # < 160° has been used to check the data-MC agreement
before analysing the full IceCube dataset.

To cope with statistical fluctuations due mainly to low statistics in the simulations,
a Kernel Density Estimation (KDE) of the distributions is computed. The KDE method
consists of approximating each event with a 2D Gaussian whose normalisation is de-
termined by the event weight. The width of the Gaussians is an important settable
parameter: a too-thin bandwidth would bring a distribution which is not different from
the original data distribution; on the other hand, a too-large bandwidth would produce
a uniform distribution where all the events’ Gaussians are superposed to each other.
The optimal bandwidth has been found with the cross-validation method [121]], con-
sisting of scanning bandwidth values to find the one giving the most reliable description
compared to the original data without losing the stabilisation of fluctuations that the es-
timation is seeking. Figure shows, as an example, the LE atmospheric neutrino PDF,
comparing the used PDF, which is a KDE, and a PDF built without a KDE of the MC data
distribution. It is visible to the eye that the KDE-based model smooths the fluctuations
while preserving the overall shape of the original distribution.

All the PDFs are normalised to 1 so the model built in is also normalised to 1 by
construction. The final normalisation is given by multiplying the model in by the
total number of events observed. For the sensitivity calculations, as we are blind to the
real data, we obtain this number from the burn sample, by multiplying its events rate at
the final selection stage by the total livetime. It is important to take burn sample runs
sparsely over the whole ten years of IceCube data-taking, to reduce at the minimum the
biases due to seasonal variations and possible variations along the course of time in the
detected neutrino flux. In the unblinding process, the number used is the actual number
of events in the observed IceCube data at the final selection stage.
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Figure 5.1 — Comparison between the atmospheric background PDF built using a KDE (left)
and without KDE (right). The KDE preserves the original overall shape of the distribution
while reducing the spikes due to fluctuations.

Low energy analysis

The low energy analysis is performed in the 1 GeV < E < 10* GeV energy range. Despite
the pull-validation method used to apply the random forest score cut, the statistics are
very low so the KDE estimation is crucial in order to have a meaningful representation of
data. The optimised number of bins is 32 x 32. Figure[5.2|shows the PDFs for signal and
the three neutrino background components. A ~ 10% atmospheric muon contribution
is present for the LE selection.

High energy analysis

Statistics for the HE selection are higher than for LE hence the KDE needs a smaller
bandwidth compared to the LE analysis. Also, the optimal number of bins found is
higher, being 100 x 100. A marginal atmospheric muon component is still present, being
< 10% of the total. The PDFs for the HE analysis for signal and the neutrino background
components are shown in figure

5.1.2 The Poisson likelihood

Being & the number of observed events to be compared to the model A\, where k; and \;
are the i-th bin contributions to the observation and the model, respectively, the Poisson
likelihood is defined as:

N ins ; .
b )\;ﬂ 6)‘1
k!

L) =LET) = (5.7)

%

where ¢ is the physics parameter and 7/ is the set of nuisance parameters. As the
likelihood L typically assumes high values, it is preferable to work with the logarithm
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of the likelihood (or log-likelihood). We can hence write:

an

—log L(¢,7]) = Z —kilog \i + \i), (5.8)

where the term log(k;!) has been dropped since for the analysis method used, which
will be described in the following paragraph, it cancels out and it is independent of the
model \. Notice that the shift to —log £ transforms the mathematical problem into a
minimisation one.

5.1.3 The analysis method

For the analysis I define the test statistic using the ratio between the minimum like-

lihood L(&, 7 when fixing the signal fraction ¢ and the absolute minimum likelihood
(best fit) £(,77) [711:

&)
57

The case t( is used for background rejection. Its value describes how much the null
hypothesis ¢ = 0 is in disagreement with the observation. Under the assumption that we
can test an infinite number of observations over the null hypothesis the Wilks’ theorem
[144] holds and the distribution of ¢ is described by:

h

— 2(l0g £(¢,7]) — log L(£, 7). 5.9)

te = 2log

15(t0) + }il —to/2

2 2omty" (5.10)

f(tol0) =

which is the sum of half a delta function and half a x? distribution, and can be referred to
as a half-chi-square distribution. The p-value is an indicator of the compatibility between
the observation and the background-only hypothesis, and is defined as:

[e.o]

Po = f(to|0)dto, (5.11)

to,0bs

where t( o5 is the observed value of ¢,. It is demonstrated [71] that the significance Z,
of the deviation from the background-only hypothesis can be obtained with:

Zo = V1o. (5.12)
The p-value can be obtained via:
Po = 1-— (I)(ZQ), (513)

where & is the cumulative distribution of the standard Gaussian. A significance of 50
(i.e. Zy = 5) corresponds to py = 5.7 x 10~ and it is the common condition to claim a
discovery. A significance of 30 constitutes evidence for the presence of a signal.
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In case of no discovery, the 90% confidence level (C.L.) upper limit on the signal
strength can be computed. This corresponds to a threshold p-value p = 0.1. The value
of &,p is the one which gives:

to—te,, = 271 (1—p) = 1.64. (5.14)

The likelihood space can be altered using prior Gaussian functions to prevent the
possibility that a likelihood prefers physically non-acceptable fits. Two priors were im-
plemented for this likelihood:

* Astrophysical prior: to prevent the astrophysical contribution from assuming val-
ues higher than the IceCube measured flux. Starting from the parametrisation
given in table the astrophysical contribution should not overcome the upper
one standard deviation of the measurement as visible in figure The Gaussian
parameters are hence set to:

N, nic + o1c
Hastro = Oastro — astr})\(f ) , (5.15)
totIC

where Nagtr0/Nior is the fraction of astrophysical neutrinos expected from weight-
ing the MC neutrino with the flux in table nic is the normalisation of the
given flux, while o1¢ is the upper one standard deviation of njc. A condition is
set on the astrophysical fraction f.so, computed in the likelihood with equations

and (5.5), in the following way:

{fastro < Mastro - A=1

(5.16)
fastro > Hastro * A= g(ﬂastrm Uastro)a

where A is the astrophysical prior, which is 1 when the astrophysical fraction
fastro is below or equal to the maximum acceptable fraction, while it’s a Gaussian
G otherwise.

* GENIE-NuGen prior: to prevent the relative variation between the GENIE and
NuGen components to be more than 20%. The condition was convened in an in-
ternal discussion within the IceCube collaboration and more details will be given
in the following section. In this case, the parameter p;.ti, on which the condition
is set is:

Pratio = ‘T TO" (517)
To
where r is the ratio between the GENIE and NuGEn fraction of atmospheric neut-
rinos 7 = foeNiE/ fNugen, Where the two fractions were again obtained using
equations and while rg is the ratio given by the MC datasets after the
whole event selection. The Gaussian parameters are:

Hratio = Oratio — 0-2; (518)

and the prior is defined as:

{pratio <02:R=1

(5.19)
Dratio > 0.2: R = g(ﬂratim O'ratio)7

where R is 1 when the parameter p;.ti, is smaller than 0.2 and a Gaussian G
otherwise.
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The final form of the likelihood can, hence, be written as:
LxAXTR, (5.20)
and the negative log-likelihood is:
—log £ — log A — log R. (5.21)

The code for this method has been implemented in python in a collaborative project
developed within our working group in the context of this and other analyses [52] [98]
on dark matter. In particular, I implemented the code structure needed to use more
than one parameter in the likelihood, including the nested PDF formulation, and the
possibility of using priors. The minimiser chosen for the likelihood minimisation is the
python version of Minuit [100] called iminuit [74].

5.2 Systematic uncertainties

Since this work heavily relies on simulations, estimating systematic uncertainties is fun-
damental. In this section, effects that could affect the correct prediction of the signal
and background fluxes are considered. Estimation of the systematic uncertainties is
important to cope with the unknowns in the adopted modelling and the assumptions
made for which an unambiguous choice cannot be made. The following paragraphs
will illustrate the different kinds of systematic effects to account for, which include: un-
certainties in the propagation of light in the Antarctic ice, uncertainties in the detector
response to incoming light pulses, and physics uncertainties. All systematic effects are
tested individually directly in the post-unblinding phase, studying how the variations
affect the likelihood minimum value and the number of signal events estimated by the
fit. The final result corrected for the systematic effects will correspond to the systematic
variation which gives the minimum negative log-likelihood among all those analysed.

5.2.1 Uncertainties on the propagation of light

The hole ice is the ice which froze around the DOMs after the hot water drilling used
to put the strings in place. This hole ice has been observed to have different optical
properties than the common South Pole ice. The effect of the hole ice on light propaga-
tion and detector efficiency is described by two parameters p and p,. The first affects
the acceptance of incoming photons depending on their incoming direction n and has a
value p = 0.25+0.1. The second parameter only affects the vertical up-moving photons.
The acceptance for these directions is not well constrained so that the nominal value
is po = 0. Values of p, < 0 mean a lower efficiency in photon detection for high 7,
while values of p, > 0 indicate a higher efficiency. The influence of the choice for these
parameters on the n-dependent acceptance is shown in figure For this analysis, the
values p = 0.3, po = 0 have been set as baseline. As the parameter ps is the one expec-
ted to most affect the detection of very vertical up-going events, we consider variations
po = +1 to estimate the systematic uncertainty due to the hole ice effects.
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Figure 5.4 — Relative photon angular acceptance of various hole ice models obtained varying
the values of p and p,. From [[105]].

5.2.2 Uncertainties on the detector response

The overall DOM efficiency of photon detection depends on the PMT efficiency, other
hardware effects and the ice surrounding the DOMs. We expect an uncertainty of +10%
around the baseline DOM efficiency. Variations of +10% are, hence, considered for
this analysis. A higher DOM efficiency than the nominal would allow for more low-
energy events to be detected, while a lower DOM efficiency would make the average
detected event energy to be higher. Therefore, DOM efficiency variations not only affect
the overall normalisation (which is irrelevant for our analysis construction) but also
the shape of our PDFs, enhancing, in turn, low- or high-energy events. The zenith
distributions are also affected since higher energy events tend to be more vertical with
directions closer to ~ 180° and generally have better angular reconstruction.

5.2.3 Physics uncertainties

Atmospheric neutrino flux

The estimation of the atmospheric neutrino flux with simulations requires a model of
the cosmic ray interactions in the atmosphere. The complexity of the atmospheric inter-
actions does not allow for a perfect representation of reality. Two alternative weighting
schemes are, therefore, tested along with the nominal one: the CORSIKA [131] and the
Bartol [49] models. A plot resuming a collection of neutrino fluxes is shown in figure
5.5

A disagreement between the GENIE and NuGen neutrino generators in the region
around ~ 100 GeV has been observed when comparing the two energy distributions.
The GENIE rate at these energies is lower by ~ 10% compared to the NuGen rate, creat-
ing a gap when switching from GENIE to NuGen at 100 GeV. The mismatch is probably
ascribable to the different neutrino cross-section modelling used by the two pieces of
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software, as GENIE must use a more complete implementation of the various possible
interactions and tunes the different parameters to colliders results [44], while NuGen is
based only on DIS interactions [[86] (see for more details on neutrino interactions)
based on the so-called CSMS model [[69]. We decided to split the atmospheric neutrino
contribution into a GENIE and a NuGen component directly in the likelihood formula-
tion. This implementation allows the two components to vary relative to one another.
Also, in the region 100 GeV < FEi < 200 GeV, NuGen event weights are gradually
increased from 0% to 100 % while decreasing GENIE event weights in the opposite way.
The total GENIE and NuGen rates, respectively, are re-normalised to the original rates
before this step. This technique is used to smooth the passage between the two cross-
section models, as visible in figure A prior function, introduced in the previous
section, assures that the relative variation between the two is not larger than 20%.

Astrophysical neutrino flux

We expect a contribution of astrophysical neutrinos of less than 1% of the total number
of events from the IceCube astrophysical flux measurement (see[3.5.1)). For high-energy
signal configurations, we also expect the astrophysical energy distribution to be similar
to the signal one. This fact could push the minimisation process of the likelihood to
prefer to boost the astrophysical contribution instead of signal. Therefore, we applied
a prior function (see previous section) to prevent the astrophysical flux to deviate more
than 410 from the nominal value, following the results in [134]].

Oscillation parameters

Since we are analysing an up-going neutrino flux, the events hit the detector after cross-
ing the entire, or half, the Earth for background or signal events, respectively. The
Earth enhances oscillation, as explained in causing the muon-disappearance and
tau-appearance effects. Given that the oscillation parameters have not been precisely
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Figure 5.6 — Comparison between the LE neutrino effective area used in this work (blue) (see
also and one where the smooth transition between GENIE and NuGen is not applied
(yellow). The latter presents a mismatch between GENIE and NuGen at 100 GeV.

measured yet, it is important to probe some alternative oscillation scenarios. A summary
of the parameter variations used can be found in table

Bedrock

IceCube results can, in principle, be affected by the lack of measurement of the exact
depth of the bedrock below the South Pole ice. However, an internal IceCube study has
estimated, for neutrinos incoming from the direction of the centre of the Earth, that the
impact is less significant than the statistical fluctuations, at the level of ~ 1% of the total
number of events. A variation of the bedrock position is, hence, not considered in this
work.

Name Am3, AmZ sin?0%, sin?62, sin?632, dcp

Nominal 753-107° 245-107% 0.307 0.021 0.510 0
IceCube fit 7.53-107° 2.38-1073 0.307 0.021 0.510 0
Inverted order | 7.53-10"° —2.46-10"% 0.307 0.021 0.539 0

dcp phase 753-107° 2.45-107% 0.307 0.021 0.510 4.27

Table 5.1 — Oscillation systematic variations parameters, including the IceCube fit values
from [[14]], an inverted mass order set from [[150] and a set with a ¢ p phase, with the §cp
value taken from [[150]].
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Figure 5.7 — Test-statistic distribution for the baseline LE (left) and HE (right) DM config-
uration. The distribution follows in both cases a half-chi-square distribution.

5.3 Sensitivities

The method described in|5.1| has been used to compute blind sensitivities in this work.
Each dark matter configuration (mass and channel) is analysed individually both in the
LE and HE analyses. An unblinding procedure has been prepared following an IceCube
internal review of the sensitivity results presented in this chapter. Unblinded results will
be presented in 6]

A frequentist approach is used to estimate the upper limits on the presence of sig-
nal. Ten thousand pseudo-experiments are built as Poisson variations of the background
PDF (see for more details). For each pseudo-experiment, the upper limit is com-
puted via the method illustrated in The median value (£9°%CL) of the upper limit
distribution from the ten thousand trials is the sensitivity at the 90% C.L.

A test is necessary to verify that ten thousand trials are a number high enough to
apply the analytical method described in When this is the case, the test-statistic
distribution follows the half-chi-square distribution. Figure shows, as an example,
this test for the two baseline LE and HE DM scenarios, respectively. Wilks’ theorem is
applicable for all the DM configurations. The complete set of test-statistic distributions
will be shown in chapter [6] and appendix [Al

5.3.1 Volumetric flux

Sensitivities on the volumetric flux I',_,, can be obtained with a simple conversion:

<€90%CL> Ntot

. (5.22)
Veﬁtlivetime

F1/—>u =

In (5.22), N is the total number of events, estimated from the burn sample final rate,
tivetime 1S the total livetime considered for this analysis, corresponding to tjyetime =
3265.85 days of detector activity, and Vg is the effective volume for the specific dark
matter configuration and analysis considered. The latter represents the ratio between
the number of signal events in the final selection and the total number of generated
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Figure 5.8 — Volumetric flux sensitivities as a function of the DM mass compared to the
previous 1-year IceCube analysis limits. Left: xx — 777~ and xx — WTW ™ channels.
Right: xx — bb channel.

events in the generated volume from WimpSim [57] [76] simulations [103]]. An effect-
ive volume V¢ is computed for each of the considered DM configuration for both the
LE and HE selections.

Figurd5.8| show the sensitivities in terms of volumetric flux for the three channels
analysed and the two LE and HE analyses. showing, for comparison, the results of the
IceCube 1-year analysis [103]] [12]].

5.3.2 Annihilation rate

The relation between volumetric flux and annihilation rate is described by [101]:

T'a & dN,
FV—)M = 477-R2/(] dEl/UI/N(Eu‘EV)pN Z BF (dE >F (EV)7 (523)
F v/ Fp

where, in this case, R = Rg is the Earth radius, o,y is the neutrino-nucleon cross-
section, py is the nucleon density at the detector, Br are the branching fractions and
(dNy/dEy ), are the neutrino spectra for the for the different DM annihilation chan-

nels. The conversion from volumetric flux to annihilation rate is computed using the
WimpSim code [57] [76].

The results obtained for the annihilation rate for all channels and for the LE and HE
analyses are presented, compared to the 1-year analysis [12] [103] in figure

5.3.3 Spin-independent dark matter-nucleon cross-section

To obtain the final limits on the spin-independent DM-nucleon cross-section, the differ-
ential equation (1.37), which describes the evolution of the DM density at the centre of
the Earth, is solved numerically for C¢. The first relation in equation and equa-
tion are used to quantify the ratio tg /7. In particular, equation shows that
C4 x (oav), so that an assumption on (oav) must be made. The common assumption
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Figure 5.9 — Annihilation rate sensitivities including the 1-year IceCube analysis limits. Left:
xx — 777 and xx — WTW ™ channels. Right: xx — bb channel.

in searches for dark matter from the centre of the Earth is its thermal value derived from
the freeze-out mechanism (see [1.2.3): (oav) = 3 x 10726 cm®s~!. Once C( values are
obtained, equation describes the relation between Cc and 0, = og, showing
that the two quantities are linearly proportional. Equation (1.33) is solved for og; with
WimpSim [57] [[76]. Figure [5.10]shows how the value of o changes depending on the
choice on (o v) for the all channel-mass configurations considered.

A unique line is drawn for each of the two LE and HE selections choosing, for each
mass, the selection which gives the best sensitivity. Since only discrete values of the
DM mass are evaluated, points in between the selected mass values presented in table
4.3 are computed via linear interpolation and shown only to guide the eye. Figure[5.11]
presents the sensitivity results for this work, and includes, for comparison, the most
recent results from ANTARES [40] and Super-Kamiokande [110].

5.4 Unblinding Plan

Once the sensitivities have been computed we can pass to the real data analysis. An
unblinding plan must be defined in advance, in order to keep the analysis unbiased.
The unblinding procedure has also been tested on fake data (generated in the same way
as the pseudo-experiments) and on the burn sample to make sure the implementation
was correct.

For each DM scenario, I only run the analysis (LE or HE) that gives the best sens-
itivity. Therefore, the LE analysis will be used for masses up to 100 GeV and the HE
analysis for higher masses, up to 10 TeV. The configuration xx — 777, m, = 10 GeV
shows a lack of statistics in building the corresponding signal PDF from MC simulations.
Considering also the fact that the sensitivity for this mass is not particularly competitive,
it was decided to omit this point.

For each configuration tested the best fit is found and the value ¢y is computed. The
best fit result contains the measured signal fraction of the total events along with the
nuisance parameters, from which the events fractions for the other components can be
computed (see [5.1.1). Following the method described in the z-score is com-



102 CHAPTER 5. THE ANALYSIS

= IceCube 10y, 90% Sensitivity
== IC+ANTARES 2020 Galactic Centre, 90% U.L.

10—40 4

IceCube preliminary

10-41 4

10—42 4

L /cm?

S|
UX

10—43 4

Thermal x-section
10-44 4 {oav)=3-10"26 cm3 .51

—_— Y- T T, m=50 GeV
XX~WW-, m=1TeV

-45
10 10—30 10‘—29 10‘—28 10‘—27 10‘—26 10‘—25 10‘—24 10‘—23 10‘—22 10‘—21 10—20

(0av)/cm3sT1

Figure 5.10 — Sensitivity value for og1 as a function of the assumption made on (oav) for
the two LE (blue) and HE (yellow) baseline DM configurations.

puted, giving the significance of the result found. The corresponding signal fraction
upper limit is computed as well. At this point, three cases are defined:

» z-score< 3: there is no evidence for signal. An upper limit is set;
* z-score< 5: evidence for signal can be claimed. The measured signal is presented;
* z-score> 5: a discovery can be claimed. The measured signal is presented.

In the end, we need to account for the fact that we are testing multiple DM scenarios:
all the configurations with DM mass m, < 100 GeV are tested with the LE selection,
while the HE selection is used for all the higher masses, giving a total of 26 different DM
models. Therefore, highly significant results with low p-values have a higher probability
of arising simply by the fact that multiple tests are being performed in what is called
the look-elsewhere effect. In this way, the significance of our most significant result is
boosted. If all the tests are uncorrelated the result can be corrected by multiplying the
obtained highest p-value by the number of tests performed (i.e. the DM configurations)
so that we can write:

Ppost = NcorrPpre; (5.24)

where n¢,y = 26 for the purely uncorrelated case, while py;. and pys are the p-values
before and after the trial correction, respectively. For this analysis, however, a correla-
tion between the DM scenarios tested cannot be excluded. For example, the 777~ and
the W+ W~ channels have similar neutrino expectations, and all the channels are tested
roughly in the same DM mass range. With a frequentist approach, we can compute the
true value of this trial correction n.,: the unblinding procedure is run ten thousand
times on only-background pseudo-experiments; then we build the distribution of ¢, for
the most significant result in each experiment and compare it to the ¢, value of the real
unblinded highest significance point; the area below the trials distribution curve with a
higher significance than the result gives the so-called post-trial p-value ppos, which can
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Figure 5.11 — Sensitivity on ogy, given the assumption {oav) = 3x 10726 cm3s~—!. ANTARES
[40]] and Super-Kamiokande [[110] limits are included for comparison.

be converted in a z-score via (5.13). The value of n..; can be obtained simply using
equation (5.24).
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CHAPTER 6

FINAL RESULTS

And if you listen very hard
The tune will come to you at last

The final chapter of this work presents the results obtained in the search for dark
matter from the centre of the Earth with IceCube. Unblinded data could, at this point,
be observed and analysed with the method described in chapter |5 A series of checks
helped to guarantee the reliability of the results obtained. An analysis of the systematic
effects has been performed, from which the final results could be obtained. In a
first overview of the results will be given, including the presentation of the unblinded
IceCube data. The sanity checks and systematic variation studies will be presented in
along with the trial correction study, already mentioned in The final results
will be presented in[6.3]

6.1 Overview

6.1.1 The unblinded data

IceCube data from May 2011 to May 2020 have been processed with the event selection
presented in chapter [4, The burn sample runs have been omitted from the selection,
giving a total unblinded livetime #jiyetime = 3265.88 d = 8.95 y. Two final distributions
have been obtained for LE and HE, respectively. The LE selection contains 1069 events,
while the corresponding HE data distribution consists of 7414 events. The LE and HE
distributions are shown in fig.
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Figure 6.1 — LE (top) and HE (bottom) unblinded data distribution of the two observable

parameters, the reconstructed zenith angle 0..., and the reconstructed energy logarithm
log EI‘GCO'
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6.1.2 Unblinding

The data unblinding has been performed following the process described in Each
DM scenario (mass and channel) has been unblinded once, depending on which of
the selections (LE or HE) gives the best sensitivity at a certain mass. Sensitivities (see
indicate that the LE analysis is to be performed for masses up to 100 GeV, while
the HE analysis will be performed on DM scenarios with mass above 100 GeV. The
results indicate a slight excess around 100 GeV with significance around 20. For the
bb channel, the excess is shifted towards higher energies because the energy spectrum
is softer for this channel. The highest significance is 2.01¢, marked at the HE 250 GeV
mass point for the bb channel. The highest LE significance is 1.99¢ for m,, = 100 GeV for
the 777~ channel. No evidence for dark matter has been found, and upper limits have
been computed as described in Table summarises all the results including the
sensitivity result (N20%CL)  the best-fit on the unblinded data Ny, the significance of

sig
the best-fit result in terms of z-score and the upper limit ng.lg%CL set at 90% confidence

level. These results do not include systematic corrections yet. The final version of the
results will be given in Figure [6.2] shows the upper limits in terms of volumetric
flux, including the 10 and 20 bands from the sensitivities.

6.2 Post-Unblinding

6.2.1 Sanity checks

I performed some tests to assess the correctness of the results obtained. First of all, I
verified that the overall MC distributions obtained with the normalisation parameters
from the best fit values are in good agreement with the unblinded data distributions.
To ensure the latter, I performed a chi-square agreement test between the two distribu-
tions aforementioned. Figures|6.316.6|show the test results, for the LE and HE analyses,
for two particular cases: one where the best fit found no signal and the one where the
significance of the fit signal fraction is the highest. For the same scenarios aforemen-
tioned, the distributions of the test-statistic from the ten-thousand pseudo-experiments
are shown in comparison with the analytical test-statistic distribution defined in (5.10]
and including the unblinded test-statistic value. As already mentioned in[5.3] for all the
cases this correspondence is verified. Figures[6.7] and show these distributions for
the same cases as the previous figures. Complementary figures to the one shown in this
paragraph can be found in appendix [Al

A manual scan of the likelihood space allowed for verification that the minimiser
is able to converge to the actual global minima of the likelihood. Since the likelihood
space depends on multiple parameters, to keep a readable format I performed the scan
over two of the parameters while fixing all the other parameters at the best-fit values,
so that 2D likelihood plots could be produced. The scan shown in figure for the
77~ annihilation channel is performed in the £-ny space. The choice of the parameter
ny is motivated by the fact that it is the one linked to the atmospheric neutrino contri-
bution (as indicated in which is the most relevant background component, and
the parameter which links the NuGen and GENIE separated contributions. The plots
for the other channels are included in appendix [Al The plots show how the likelihood
minimisation worked correctly for every DM configuration.
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Mass/GeV  Selection | Channel (ngig%CL> Naig Natmo N,  Nawo 2-ScOTE ngig%CL
20 LE - 52.16 0.00 1034.29 33.83 0.97 0.00 40.71
35 LE Tt~ 47.22 26.33 1009.94 31.86 0.97 0.76 84.94

bb 38.44 0.00 1034.29 33.83 0.97 0.00 31.26

50 LE Tt~ 42.98 39.73  996.49 3191 0.97 1.20 96.42
bb 47.47 15.42 1020.46 32.24 0.97 0.45 74.17

100 LE Tt~ 37.42 35.33 997.99 34.80 0.98 1.99 85.01
WHW— 35.05 12.49 1021.24 34.40 0.98 0.41 64.09

bb 38.99 29.03 1004.96 34.14 0.98 0.94 82.44

250 HE Tt~ 46.76 66.54 7334.96 1249 0.00 1.97 126.97
WTW-— 47.10 40.75 7361.27 11.98 0.00 1.17 101.05

bb 42.60 59.49 7342.12 12.39 0.00 2.01 113.88

500 HE T 40.23 20.41 7381.98 11.61 0.00 0.70 72.08
WHWw-— 39.45 0.00 7402.83 11.17 0.00 0.01 48.92

bb 41.29 48.95 7352.87 12.18 0.00 1.71 102.01

1000 HE - 34.62 0.01 7402.88 11.11 0.00 0.00 39.56
WHW = 32.73 0.00 7402.86 11.14 0.00 0.00 29.64

bb 38.59 29.13 7373.06 11.81 0.00 1.09 76.92

3000 HE Trr- 24.50 0.00 7402.86 11.13 0.00 0.00 25.24
WHW = 21.79 0.00 7402.82 11.18 0.00 0.01 23.40

bb 30.62 0.00 7402.63 11.37 0.00 0.00 35.76

5000 HE Tt~ 20.70 0.00 7402.89 11.11 0.00 0.00 22.16
WTW-= 18.06 0.00 7402.70 11.30 0.00 0.01 21.98

bb 27.75 5.27 7397.45 11.28 0.00 0.34 37.69

10000 HE Tt~ 15.59 0.00 7402.82 11.18 0.00 0.01 18.53
WTW-— 13.23 0.00 7402.86 11.14 0.00 0.00 17.09

bb 22.74 0.00 7402.89 11.11 0.00 0.00 25.51

Table 6.1 — Table of unblinding results. The columns are, from left, DM mass, selection used,
DM annihilation channel, median sensitivity <ngig%CL>, best-fit values for the number of

signal Ngig, atmsopheric neutrino Nygmo, atmospheric muon N, and astrophysical neutrino
Nastro events, significance of the results in terms of z-score, and upper limit ngi(g)%CL on the
number of signal events.
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Figure 6.2 — Nominal volumetric flux upper limits (in grey) as presented in including
the 1- and 2-o deviations of the ten-thousand pseudo-experiments upper limit distributions.
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channel.
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Figure 6.3 — Data/MC ratio plots, including the chi-square test results for the DM scenario
xx — 7777, my, = 20 GeV, where the likelihood minimisation did not fit any signal
fraction.
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Figure 6.4 — Data/MC ratio plots, including the chi-square test results for the DM scenario
xx — 7T7, my, = 100 GeV, where the likelihood minimisation finds a preference for a
signal fraction at the level of 1.99¢.
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Figure 6.5 — Data/MC ratio plots, including the chi-square test results for the DM scenario
xx = WHTW~, m, = 1 TeV, where the likelihood minimisation did not fit any signal

fraction.
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Figure 6.6 — Data/MC ratio plots, including the chi-square test results for the DM scenario
XX — bb, m, = 250 GeV, where the likelthood minimisation finds a preference for a signal

fraction at the level of 2.010.
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Figure 6.7 — Test statistic distributions for the LE DM scenarios xx — 777, m, = 20 GeV
(left) and m, = 100 GeV (right). The left plot shows one case where the likelihood min-
imisation did not fit any signal, while the right plot shows the case where the likelihood
minimisation finds the highest significance result for the LE selection, at the level of 1.990.
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likelihood minimisation finds the highest significance result for the HE selection, at the level

of 2.010.
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Figure 6.10 — Nominal volumetric flux upper limits (in grey) as presented in Sys-
tematic variation limits are included for comparison with thinner, coloured lines. Top left:
xXx — 777~ channel. Top right: xx — WTW ™ channel. Bottom: xx — bb channel.

6.2.2 Systematics

In this context, systematic variations presented in were studied. MC distributions
including one of the systematic effects were set to compose the PDF against which data
should be tested, repeating the unblinding procedure for each systematic. Upper limits
obtained with systematic variations are generally close to the nominal ones, as shown
in figure The value of the found best-fit likelihood is an indicator of how well
the fit parameters can describe the real data. The systematic variation results giving
the minimum likelihood among all the variations, including the nominal set, is hence
chosen as the final result of this work. This concept can be resumed by the formula:

- 10g £ﬁnal = mln(_ lOg ‘Cnominala - lOg Esb - log Es?a )7 (61)

where L; corresponds to the best-fit likelihood value obtained applying the systematic
variation 1.

Figure shows, for the 777~ channel, the 1D likelihood scans obtained by fixing
all the nuisance parameters to the best-fit values and varying only the signal parameter
&. The plots in figure include the best-fit likelihood values obtained applying the
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different systematic variations. A lower best-fit likelihood value indicates a combination
of best-fit parameter values which describes better the observed data. The same figure
for the other channels is included in appendix [Al These plots show as for the LE selec-
tion, where the number of events is lower and the statistical fluctuations more relevant,
the systematic variations have a smaller impact compared to the same plots for the HE
selection, where the number of events is bigger and the impact of systematics is more
visible.

The CORSIKA systematic variation (see is consistently the one giving the best
likelihood for every DM scenario, both for LE and HE masses. Therefore, the results
obtained with this variation are the corrected final results I will present in

6.2.3 Trial correction

As explained in the last step of the post-unblinding phase is the trial correction.
The calculations here are based on the best systematic variation case, where the most
significant result is found at m, = 250 GeV, having a test-statistic ¢, = 3.76 which gives
a pre-trial p-value of pye = 0.026.

The unblinding procedure was performed on ten thousand only-background pseudo-
experiments to build the distribution of the highest ¢, values. Figure |6.12| shows this
distribution along with the value ¢y = 3.76 found in the real unblinding. The area below
the distribution curve for ¢, > 3.76 is computed, giving ppost = 0.198. From equation
(5.24) we obtain n..; = 7.62. This result can be used to correct the significance of the
final results.
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Figure 6.11 — Nominal likelihood 1D & space scan for the 77~ annihilation channel. The nominal best-fit point is marked with
a red cross. Grey crosses mark the best-fit likelihood minima obtained with systematic variations.
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Figure 6.12 — Post-trial test-statistic distribution produced as explained in The un-
blinded maximum value is highlighted with a vertical line. The area giving ppost is coloured
in blue.
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6.3 Summary

After all the steps described in the previous sections of this chapter, we can, at last,
determine the final results of this analysis. A systematic correction has been applied,
choosing to adjust the limit values and the significance with the results given by the
systematic variation with the best likelihood. No evidence of dark matter was found
and upper limits were set. The most significant points are at 77—, m, = 100 GeV and
bb, m, = 250 GeV for LE and HE, respectively. These two scenarios have an equal pre-
trial significance of 1.940. The post-trial corrected significance of this analysis is 0.850.
The limits have been converted to spin-independent DM-nucleon cross-section and EFT
values following the theories presented in [1.5.4] with the method described in The
final results are gathered in table The following paragraphs contain the final plots
I produced to represent the data in the table.

6.3.1 Annihilation rate

Limits on the annihilation rate have been computed following the steps described in[5.3]
It is worth noticing that these limits are independent of further assumptions, as opposed
to the cross-section limits case. The limits are compared with the 1-year IceCube analysis
[12] and show a larger improvement than the expectation from the simple addition of
more years. The improvement is mostly ascribable to the new event selection developed,
which is ~ 90% neutrino pure, and to the use of two variables, zenith angle and energy,
in contrast with the only zenith angle used in the past. The limits, which are resumed

in table|6.2] are shown in figures and

6.3.2 Cross-section

As explained in limits on the spin-independent scattering cross-section og; can be
obtained by solving and converting the capture rates C¢ found via wimpsim [57]
[76]. As stated in the form of implies the necessity to make an assumption
on the velocity averaged annihilation cross-section (oav). Figures illustrate
how the og; limits are affected by the assumption made for different dark matter masses
(colored lines). The plots also show how, for a high enough annihilation cross-section,
the process described by reaches equilibrium, visible as a horizontal plateau of
the lines. The relation between the two cross-sections is due to the fact that the DM
density in the centre of the Earth is not in equilibrium

Assuming the value (oav) =3 x 10726 cm®s (see [5.3), we can compute the final
limits on the spin-independent scattering cross-section og;. The results are presented
in table [6.2] and figure and represent the world best limits for searches from the
centre of the Earth at m, > 100 GeV. Below 100 GeV the results are competitive with
the other neutrino detectors.
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Mass/GeV  Analysis | Channel Nsig o Nfi(g)%CL INVER ogr/cm?

20 LE T 0.00 0.00 41.41 1.02-10 4.46-107*2

35 LE T 26.62 0.77 85.10 4.83-10% 1.20-10
bb 0.00 0.00 31.51 3.13-10% 1.01-10"%

50 LE rFrm 3886 1.18 9579 23210 1.05-107*
bb 1596 0.46 7430 1.38-10% 7.18-10"*2

100 LE T 3327 1.94 8249 511-10"? 6.17-107%
WHW=  9.69 032 61.59 4.48-10" 3.63-107%
bb 27.62 090 81.10 9.93-10" 5.86-10"*

250 HE Tt 6241 1.85 12238 6.10-10% 9.21-107%
WHW= 3553 1.03 9570 2.77-10" 4.02-107%
bb 56.67 1.94 110.79 7.00-10'% 4.17-107%

500 HE Thr~ 16.83 0.58 68.02 7.21-10% 152107
WHW= 0.01 0.00 4517 3.03-10 4.41-107%
bb 46.25 1.63 98.75 9.93-10" 25810712

1000 HE Thr 0.00 0.00 36.93 1.10-10 1.75-107*2
WHW=  0.00 0.00 2757 5.57-10% 4.82-107%
bb 26.59 1.01 73.81 1.80-10'% 1.45.107%

3000 HE rtr- 0.00 0.00 24.04 1.24-10% 1.53.10%2
WHW-—  0.00 0.00 22.13 840-10%% 5.22.10~%
bb 0.00 0.01 3452 1.59-10° 7.51.-107%

5000 HE T 0.00 0.00 21.09 5.50-10% 1.01-107*2
WrWw=  0.00 0.01 21.12 3.90-10% 5.63-10"*
bb 4.56 028 37.01 9.42-10% 4.02-107%

10000 HE Tt 0.00 0.00 17.89 1.74-10°% 7.29.10~%3
WHW-  0.00 0.00 16.70 1.23-10% 6.05-10"%3
bb 0.00 0.01 24.81 3.15-10% 2.85-10~*

Table 6.2 — Final results table. The columns are, from left, DM mass, analysis performed,
DM annihilation channel, best-fit Nsig and significance o, and upper limits in terms of
number of events ngi(g)%CL, annihilation rate I"s, and spin-independent DM-nucleon cross-
section osy.
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Figure 6.13 — Annihilation rate final limits for this work (blue and yellow for the "7~ and
W+W ™ channels, respectively), compared to the one-year limits from [12]] (in grey).
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Figure 6.14 — Annihilation rate final limits for this work for the bb channel (in green),
compared to the one year limits from [12]] (in grey).
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Figure 6.15 — 777~ channel. Spin-independent scattering cross-section osy as a function
of the annihilation cross-section (cav). The colour gradient indicates the mass of the DM
particle (blue for low mass, yellow for high mass). The vertical blue line is a reference
limit from [41]]. The assumption made for this work is marked by the red vertical line at

(oav) = 3 x 10726 cm3s~1. The limits exclude the area above the coloured lines and to the
right of the vertical blue line.
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Figure 6.16 — W W~ channel. Spin-independent scattering cross-section os; as a function
of the annihilation cross-section {(ocav). The colour gradient indicates the mass of the DM
particle (blue for low mass, yellow for high mass). The vertical blue line is a reference
limit from [41]]. The assumption made for this work is marked by the red vertical line at
(oAv) = 3 x 10726 cm3s. The limits exclude the area above the coloured lines and to the
right of the vertical blue line.
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Figure 6.17 — bb channel. Spin-independent scattering cross-section osy as a function of
the annihilation cross-section (oav). The colour gradient indicates the mass of the DM
particle (blue for low mass, yellow for high mass). The vertical blue line is a reference
limit from [41]]. The assumption made for this work is marked by the red vertical line at
(oav) = 3 x 10726 cm3s. The limits exclude the area above the coloured lines and to the
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Spin Independent WIMP-nucleon cross section
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Figure 6.18 — Spin-independent scattering cross-section limits for this work. Annihilation
channels are shown in blue, yellow, and green for 77—, W+W ~, and bb, respectively. The
results are compared with limits from ANTARES [40] and SuperKamiokande [110].



6.3. SUMMARY 125

Capture rate

10 5
10% ]

1014 -

Ccfst

1013 -

1012 -

101t -

102 10° 104
m,/GeV

Figure 6.19 — Limits on the capture rate for the three channels 777 (blue), WHW~ (yel-
low), and bb (green).

6.3.3 EFT coupling constants

Limits on the effective field theory coupling constants can be computed with a simple
conversion of the capture rate limits [61]], exploiting the proportionality of the capture
rate to the coupling constants:

N2 Clim
1i
)=
where m, = 246.2 GeV is the electroweak scale. The parameter ¢y = 1073m;? is

the common arbitrary assumption and comes from the reference cross-section value
(13 5 /miy) /4w ~ T x 10~%%, though the results can be easily rescaled. C{" are the cap-

ture rate limits while C¢; is the capture rate when all the coupling constants are set
to zero except the i-th one. The capture rates Cc; where presented in and we
use tabulated versions of the C¢; lines in [61]], some of which can be found in figure
(1.35).

Capture rate limits were computed in the process to find the ogy limits (see for
more details) presented in the previous paragraph and are shown in figure Limits
on selected coupling constants are shown in figure and Limits for all the con-
stants show an improvement compared to limits computed in [61]], which is expected
since those limits were computed using the results from the one-year analysis [12]. The
coupling constants shown here are those for which the limits are competitive with the
Sun limits [[123]] in some parts of the mass m, range. Limits on other coupling constants
can be found in appendix B
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Figure 6.20 — Limits for the coupling constants ¢ and c3. For comparison, limits from [61]
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6.3.4 Results discussion

As previously mentioned, the results presented in this chapter show that this analysis
reached the world’s best limits for searches for dark matter from the centre of the Earth
with neutrino telescopes for m, > 100 GeV. In the LE part of the analysis, although the
results for this analysis are competitive, SuperKamiokande [110] is able to set better
limits. This is probably due to the denser detector unit structure of the detector, which
favours the detection of low-energy events, and the use of an all-neutrino-flavours se-
lection. Improvement of the LE energy results of this analysis can be expected with an
all-flavours selection as well as with the potentialities of the upcoming IceCube Upgrade
[99].

Figures and show the improvement of this analysis compared to the 1-
year IceCube analysis [12]: while we expect an improvement of factor 3 from simply
extending the old analysis to multiple years, we observe, for all masses and channels,
a factor >3, reaching a factor ~10 for the lowest and highest masses tested for all
channels.

Figure shows how this analysis’ limits on the spin-independent scattering cross-
section U>S<  are compared to direct detection results. This analysis could set better lim-

its than the crystal experiments, such as COSINE100 [25] and exclude, once again, the
DAMA/LIBRA dark matter claim [53]. However, the best direct detection upper limits,
from XENONIT [45], are orders of magnitude lower than this analysis. Nonetheless,
we can consider the two results as complementary, as these two detection techniques
test diferent regions of the local dark matter velocity distribution: direct detection ex-
periments need high-velocity dark matter particles to scatter off nuclei and produce a
detectable recoil while, for this analysis, low-velocity particles are more likely to fall
in the Earth gravitational field after scattering and losing velocity (for more details see
[150).

Finally, as visible in figures the limits from this analysis can improve by
up to 2 orders of magnitude when considering annihilation enhancements (e.g. the
Sommerfeld effect [73]]) or other effects that could lead to an earlier equilibrium state
between the capture and annihilation processes at Earth. An enghancement of the an-
nihilation rate or the local DM density will sale accordingly limits in Earth searches,
while results for the Sun [9] [66] [28] will be unaffected since equilibrium is already
reached.
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ation channel xx — 77~ compared to selected direct detection results from DAMA [53],

COSINE100 [25]] and XENONIT [45]].



CONCLUSION

At the end of this work, I would like to draw some final considerations and discuss
possible future developments. An indirect search for dark matter annihilation in the
centre of the Earth with ten years of IceCube data has been presented, looking for a
possible excess in the neutrino flux from the direction of the source. This search is part
of the effort in the exploration of the dark matter possibilities with neutrino telescopes,
which is complementary to other dark matter detection techniques. The Earth searches
peculiarity is the non-equilibrium between the processes of capture and annihilation
of dark matter, which means that the neutrino production from annihilation is not at
its maximum yet, linking the final results on the dark matter-nucleon scattering cross-
section to the choice of a value of the annihilation cross-section.

The peculiar position of the source required the development of a dedicated event
selection based on Monte-Carlo simulations, with a burn sample of ~ 353 days of data
for verification purposes. Over a dark matter mass range of 20 GeV-10 TeV, three dark
matter channels were considered: xxy — 7777, xx — WTW ™, and yx — bb. After
preliminary stages mainly composed of cuts on variables to reduce the overall rates of
events while saving the most possible of the signal events, the selection had to be split
into a low- and a high-energy part, due to the important differences in the signal charac-
teristics at different energies. A random forest algorithm demonstrated to be a powerful
tool in discriminating the artificial background composed of atmospheric muons mis-
reconstructed as up-going from the neutrino-induced events. The final neutrino purity
achieved was of ~ 87% and ~ 90% for the low- and high-energy selections, respectively.

A statistical method was elaborated for the analysis of 2D representations of the dis-
tributions of the final selections. This is the first time this kind of analysis is performed
on two variables, which were the reconstructed zenith angle 6 and energy in the form
log,o E. PDFs were built on the final MonteCarlo distributions for six components: dark
matter signal, low- and high-energy atmospheric neutrino background based on two
different simulation generators, atmospheric muon background, prompt atmospheric
neutrino background, and astrophysical neutrino background. The model was based on
one signal parameter and four nuisance parameters linked to the background compon-
ents and an algorithm was implemented for the minimisation of the Poisson likelihood
over the parameters.

After sensitivities, computed on ten thousand pseudo-experiments, were asserted,
data from ten years (minus the one-year burn sample) of IceCube were unblinded. No
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significant excess was found, as the highest significance is found to be 1.94¢ pre-trial and
0.850 post-trial for the high-energy dark matter configuration xx — bb, m, = 250 GeV.
Therefore, upper limits were set, giving competitive results all over the dark matter mass
range and the world’s best limits for dark matter searches from the centre of the Earth
for masses m, > 100 GeV. The limits on the dark matter effective field theory coupling
constants were also updated in this context, showing competitiveness in the area of the
Fe resonance around ~ 50 GeV for some of the constants.

We expected an improvement on the limits from the previous search [12]] with one
year of IceCube data of at least a factor v/9 = 3 from the fact that this new analysis
was performed on nine years of data. Nevertheless, we observed a bigger improvement
factor over almost the whole mass range and for all the channels, indicating that the
new event selection and analysis brought an enhancement of the IceCube potentialities
in this kind of search. As this event selection is mostly a muon neutrino selection and
compared to the result from the all-neutrino-flavours analysis from SuperKamiokande
[110], further improvement in the low-energy selection mass range could be achieved
by developing an all-neutrino-flavours selection.

It is important to underline how, although these results were produced based on
a specific dark matter model, the limits obtained can be recast to a broad set of mod-
els which predict dark matter from the centre of the Earth. A practical example was
presented with the conversion of the limits into limits on the coupling constants of the
dark matter effective field theory. Some models predict an enhanced flux of dark matter
from annihilation in the centre of the Earth. For example, as mentioned above, in the
model analysed in this work the processes of capture and annihilation are not in equi-
librium for the Earth case. The theory of the Sommerfeld effect [73] predicts a shorter
equilibrium time which allows for equilibrium for the Earth at the current age.

The current limits on dark matter are shrinking more or more the phase space where
dark matter could be found, encouraging the arising of a crescent number of dark matter
models and the improvement of analysis techniques toward the solution of this century-
old puzzle.
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FURTHER UNBLINDING CHECK PLOTS

This appendix is meant to complete the set of unblinding verification plots. The 2D
¢-ny likelihood space scans for the W+~ and bb channel are shown in figure
and respectively. The 1D likelihood scans on zi, including best-fit results from
systematic variations, are presented in ﬁgureandfor the W+ W~ and bb channel,
respectively. For both the plot types and both channels, the correctness of the likelihood
minimisation implementation stated in|6.2.1|is confirmed.

The test-statistic plots not shown in the main body are presented here in figures[A.5A.15|
for completeness, for all the LE and HE dark matter scenarios analysed.




APPENDIX A. FURTHER UNBLINDING CHECK PLOTS

132

xXx-> Wrw-

1.10 =
m,, = 100 GeV m,y = 250 GeV my = 500 GeV

100
1.05

75

ni/ny, pr
=
=)
IS)
AlogL

i 50

0.95 25

0.90

1.10 125 150
100

100

~
w

n/ny, pr

=

o

S
Alogr
Alogc

w
o

0.95

0.90
0.00 0.02 0.04 0.00

Figure A.1 — Likelihood &-ny space for the W W~ annihilation channel. The best-fit point obtained using the minimisation
algorithm, marked with a red cross, is at the minimum likelihood for every DM scenario.
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APPENDIX B

FURTHER EFT LIMITS

Further limits on the effective theory coupling constants are presented here. This limits
show that the improvement with respect to results from [[61] corresponds to expecta-

tions (see[6.3)).
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Figure B.1 — Limits for the coupling constants ¢ (left) and ¢ (right). For comparison,
limits from [61]] are shown.
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Figure B.3 — Limits for the coupling constants 2 and ¢ (right). For comparison, limits from

[61] and [[123] (only for 08) are shown.
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