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Abstract

There is a growing body of evidence in favour of dark matter (DM) in the Universe.
The most popular DM candidate is a weakly interacting massive particle (WIMP),
a common feature of many extensions of the standard model (SM). It has been
shown that many WIMP models allows for accumulation of DM in astrophysical
bodies, such as the Sun. In this thesis, we explore the prospects of reconstructing
DM properties from the analysis of solar DM annihilation signals in next-generation
neutrino detectors. To do this, we simulate neutrino production from DM anni-
hilations in the Sun, the propagation of neutrinos to the Earth, and the expected
detector response. We then perform a statistical analysis on the spectra obtained,
to determine the detectors’ abilities to reconstruct DM annihilation branching ra-
tios and mass. This is done in a model-independent framework, considering all
relevant DM annihilation channels. Doing this, we see that DM mass reconstruc-
tion is possible in only a limited number of cases. This result shows that previous
assumptions about the mass reconstruction capabilities in next generation neutrino
detectors have been overly ambitious, and that alternative means to determine DM
mass may be necessary.
Key words: Indirect DM searches, next-generation neutrino detectors, DM mass
reconstruction.
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Sammanfattning

Bevisen för mörk materias existens i universum växer ständigt. Den vanligaste
modellen för mörk materia förutsätter att mörk materia best̊ar av svagt intera-
gerande massiva partikelar (WIMPs). S̊adana partiklar är vanligt förekommande i
utökningar av standardmodellen. Det har visats att m̊anga WIMP-modeller till̊ater
att mörk materia ansamlas i astrofysiska kroppar, s̊a som solen. I det här examens-
arbetet studerar vi möjligheten att rekonstruera egenskaper hos mörk materia ge-
nom att analysera signaler fr̊an annihilationer av mörk materia i nästa generations
neutrinodetektorer. För att göra detta simulerar vi det förväntade neutrinofluxet
fr̊an annihilationer av mörk materia i solen, effekten av att propagera sagda ne-
utriner till en detektor p̊a jorden samt det förväntade detektorsvaret. Vi utför en
statistisk analys p̊a de erh̊allna spektran , med vilken vi uppskattar detektorer-
nas förm̊aga att rekonstruera s̊a väl massa som förhaalandet mellan tillgängliga
annihilationskanaler. Detta görs modelloberoende, vilket innebär att alla relevanta
annihilationskanaler tas i beaktande. Av denna analys ser vi att massan av mörk
materia bara kan rekonstrueras i ett f̊atal fall. Detta implicerar att tidigare anta-
ganden om massrekonstruktionspotentialen i nästa generations neutrinodetektorer
har varit orimligt optimistiska, och att alternativa metoder för att bestämma mas-
san av mörk materia kan vara nödvändiga.

Nyckelord: Indirekt detektion av mörk materia, nästa generations neutrinodetek-
torer, rekonstruktion av mörk materias massa.
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Preface

This thesis is the product of my work, extending from June 2012 to January 2013,
at the Department of Theoretical Physics at KTH Royal Institute of Technology.
In this thesis, the prospects of DM mass reconstruction in next-generation neutrino
detectors are studied in a model independent framework.

Overview

This thesis is divided in six chapters and one appendix, and is structured as follows;
in Chapter 1, a general introduction is given, as well as an overview of the SM.
Chapter 2 contains an introduction to physics beyond the SM, particularly DM and
massive neutrinos. This includes experimental indications of DM, DM detection,
neutrino oscillations, and neutrino mass generation. Chapter 3 is a short review of
indirect DM detection experiments today and in the near future. It also summarises
some of the experimental bounds placed on DM from such experiments. In Chapter
4 we go through some of the calculations of solar DM capture and annihilation
rates. The main results of this thesis are presented in Chapter 5, together with the
simulation details and a review of previous work related to this. We compute the
expected neutrino flux from DM annihilations in the Sun, the expected detector
signal, and then construct credible regions for DM mass and annihilation branching
ratios based on the simulated detector signals. Chapter 6 summarises the results
and discuss some of their implications. Finally, in appendix A, a short review of
Bayesian statistics is found.
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Chapter 1

Introduction

The discovery of subatomic structure, such as Rutherford’s discovery of protons in
1920 [1], came to be the birth of modern particle physics. It is a field of research
that has traditionally been intimately tied to experimental and technological, as
well as theoretical, development, and few fields of physics are as thoroughly studied
as particle physics is through the standard model (SM). However, the SM is by
no means a completed chapter of modern physics, and there exist strong evidence
of physics beyond the SM. Examples of such evidence are the deviations from
the expected rotational curves of large astrophysical structures [2] suggesting the
existence of dark matter (DM) in the Universe, and the phenomenon of neutrino
oscillations [3–8], which implies that neutrinos are massive. Today, most of the low-
energy sections of the parameter space of the SM has been explored, so in order to
break new ground, experiments need to be larger and performed at higher energies
than ever. Modern physics experiments, such as the Large Hadron Collider (LHC),
are enormous collaborations, and the sheer investment in them puts a lot of pressure
on the experiment to be successful. In order to ensure the success of an experiment,
it is of great importance that its capabilities, strengths and weaknesses are studied
in detail beforehand. In this work, we will study the capabilities of three proposed
future neutrino experiments, a magnetised iron neutrino detector (MIND) [9, 10],
and two different liquid argon time projection chambers (LArTPC) [11–13], to
reconstruct the DM mass and annihilation branching ratios through analysis of the
neutrino signal originating from DM annihilations in the Sun.

1.1 Overview

This thesis is structured as follows; a short introduction is given in Chapter 1, with
a review of the standard model of particle physics. In Chapter 2, we find a brief
summary of some aspects of physics beyond the standard model, with emphasis on
DM and neutrino physics. The main theoretical background to the problem studied
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2 Chapter 1. Introduction

in this thesis is given in Chapter 3, where the capture and annihilation of DM in the
Sun is described and motivated. Finally, simulation details and simulated detector
responses can be found in Chapter 4, before the work is summarised in Chapter 5.
Throughout this thesis we will work in units where c = ~ = 1.

1.2 The standard model of particle physics

The SM is a renormalisable quantum gauge field theory describing the interac-
tions of all known fundamental particles in the Universe. With the SM we have
a framework in which the interaction of particles are reduced to representations
of symmetry groups, called gauge groups, through the language of quantum field
theory (QFT). The SM considers the strong, the weak and the electromagnetic in-
teractions, but completely disregards gravity; partially because of the difficulties in
finding a quantum version of gravity, and partially because gravity is too weak to be
at all significant at the level of fundamental particles. The particles in the SM can
be divided into two main families, namely fermions, further subdivided into quarks
and leptons, and bosons. Fermions are the constituents of matter, while the bosons
tend to act as force mediators. The exception to this is the Higgs boson, which
does not mediate force, but is instead involved in electroweak symmetry breaking
(EWSB) through the Higgs mechanism. This topic will be discussed in more detail
below.

1.2.1 Particle content

As mentioned previously, the SM is a QFT and, as such, it is expressed in terms of
fields. Particles are then viewed to be excitations of said fields. We have already
discussed how the SM can be divided into fermionic and bosonic fields, depending
on whether the quanta corresponding to the field excitations adheres to Pauli-
Dirac or Bose-Einstein spin statistics. One can show that within the SM, this
characterisation is equivalent to demanding that bosons have integer spin, while
fermions have half-integer spin.

Quarks and leptons

In the SM, there exist two types of fermions, quarks and leptons. Quarks are
unique within the SM, as they are the only particles subject to all fundamental
interactions. The quark sector of SM fermions is divided into six flavours, namely
the up quark u, the down quark d, the strange quark s, the charm quark c, the
bottom quark b, and the top quark t, ordered in three generations as(

u

d

)
,

(
c

s

)
,

(
t

b

)
.

The up-type (u, c, t) quarks of carry electric charge Q = 2/3, while the down-type
(d, s, b) quarks carry an electric charge Q = −1/3. Due to quark confinement, an



1.2. The standard model of particle physics 3

aspect of quantum chromodynamics (QCD), it is not possible to directly observe
isolated quarks. Quarks carry not only electric charge, but also colour charge.
Each hadron is a colour neutral combination of quarks, and depending on the
configuration of valence quarks, it may be either a baryon (three quarks) or a
meson (a quark and an antiquark).

The lepton sector of SM fermions is also divided into six flavours; namely the
electron e and electron neutrino νe, the muon µ and the muon neutrino νµ and the
tau τ and tau neutrino ντ . Ordered in three generations these can be written as,(

νe

e

)
,

(
νµ
µ

)
,

(
ντ
τ

)
,

where the e, µ and τ carry electric charge Q = −1, and the neutrinos are electrically
neutral.

Chirality

The SM is a chiral theory, meaning that it is not symmetric under chirality.The
source of this asymmetry is the electroweak force, where the SU(2)L gauge group
affects only left-handed fermions. To say that a fermion is left-handed (right-
handed) is equivalent to stating that it is unchanged by the action of the left-handed
(right-handed) chiral projection operator PL (PR)

PR =
1 + γ5

2
, PL =

1− γ5

2
.

Here, γ5 is defined as
γ5 = iγ0γ1γ2γ3,

where γµ are the generators of the Dirac algebra. The complication of this is that
fermions are in general not in a pure left- or right-handed eigenstate of the chiral
operators. Instead, every fermion can be decomposed into a left- and a right-handed
component, mixed through mass terms, i.e.

|ψ〉 = PL|ψ〉+ PR|ψ〉 = |ψ〉L + |ψ〉R.

It should be noted that while this is true for most fermions within the SM, there
are no right-handed neutrinos in the SM. There are however extensions of the SM
in which right-handed neutrinos are central (more on this in section 2.2.2).

Gauge bosons

The SM includes a number of gauge boson fields, categorised by the force they
mediate. There are three different types of interaction in the SM, and as such,
we expect three different types of gauge bosons. The electroweak interaction is
represented by the SU(2)L ⊗U(1)Y gauge group, and as such, we expect it to give
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rise to a U(1)Y boson, called Bµ, and a SU(2)L triplet, corresponding to the bosons
(A1

µ, A
2
µ, A

3
µ). After EWSB, the SU(2)L⊗U(1)Y symmetry is broken to the U(1)Q

symmetry of quantum electrodynamics (QED) and the fields mix according to[
Aµ
Z0
µ

]
=

[
cos θW sin θW

− sin θW cos θW

] [
Bµ
A3
µ

]
, (1.1)

where Aµ and Z0
µ are the photon and Z boson, respectively. Moreover, we introduce

the charged W± bosons as

W±µ =
A1
µ ∓A2

µ√
2

. (1.2)

The mixing angle θW is called the Weinberg angle.
The SU(3)c gauge group, corresponding to the strong interaction, gives rise to

eight vector bosons in the form of an an SU(3)c octet. These vector bosons are
called gluons, Gaµ, and are the force carriers of the strong interaction. The gluons
themselves carry colour, and since quarks are the only other particle, besides the
gluons themselves, that carry colour charge, only quarks and gluons are affected by
the strong interaction.

The Higgs boson

The SM includes not only gauge bosons, but also a complex scalar SU(2)L doublet,
called the Higgs field. The Higgs boson is an excitation of the Higgs field, which is
involved in the EWSB through the Higgs mechanism [14–17]. The Higgs field was
for a long time solely a theoretical model, proposed as a simplest case scenario for
EWSB, but as of 2012, results from the ATLAS [18] and CMS [19] experiments at
LHC provide strong evidence for the existence of a Higgs-like particle with a mass
around 126 GeV.

1.2.2 Particle interactions

We will now consider interactions between fermions and gauge fields. To do this, we
will consider a general non-Abelian gauge field Aaµ, with group generators T a, and
a Dirac field ψ. To obtain the interaction term of the Lagrangian, we will modify
the kinetic term of the fermion free Lagrangian according to

Lfree = ψ̄
(
i/∂ −m

)
ψ → ψ̄

(
i /D −m

)
ψ = Lgauge, (1.3)

where Dµ = ∂µ−igAaµfα is the covariant derivative, introduced to ensure the gauge
invariance of the differential operator. The factor g is the interaction coupling
strength. From this we get an interaction term,

Lint = −gψ̄γµAaµT aψ. (1.4)

This interaction term can then be used in a perturbative expansion of an n-point
correlation function, to obtain the relevant Feynman rules for the interaction vertex.
This procedure is valid for all SM interactions.
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The Higgs mechanism

The Higgs mechanism is the simplest mechanism to achieve EWSB, i.e. the break-
ing of the symmetry group SU(2)L ⊗ U(1)Y to the electromagnetic gauge group
U(1)Q. Mathematically, left-handed fermions are SU(2)L doublets, i.e.

QiL =

(
uiL
diL

)
, LiL =

(
νi

eiL

)
,

where i ∈ {1, 2, 3} denotes fermion generation. Meanwhile, the right-handed fermions
are SU(2)L singlets, written as

uiR, diR, eiR.

The Higgs sector of the SM is governed by the Lagrangian

LHiggs = (Dµφ)2 − V (φ).

where the covariant derivative Dµ is given by

Dµφ =

(
∂µ − igAaµτa −

ig′

2
Bµ

)
φ.

The function V (φ) is called the Higgs potential, and is given by

V (φ) = −µ2|φ|2 +
λ

2
|φ|4.

Here φ is a complex scalar SU(2)L doublet with hypercharge Y = +1/2. It is easy
to verify that the potential V (φ) will give rise to a vacuum expectation value (VEV)

〈φ〉 =
1√
2

(
0

µ2/λ

)
=

1√
2

(
0

v

)
.

By expanding the Higgs field φ around this VEV, and isolating the arising mass
terms ∆Lmass one obtain

∆Lmass =
1

2
(0 v)

(
gAaµτ

a +
1

2
g′Bµ

)(
gAbµτ b +

1

2
g′Bbµ

)(
0

v

)
.

In spinor representation τa = σa/2, where σa are the Pauli matrices, ∆Lmass

becomes

∆Lmass =
v2

8

(
g2
(
(A1

µ)2 + (A2
µ)2
)

+
(
−gA3

µ + g′Bµ
)2)

. (1.5)

This results in three massive vector bosons

W±µ =
1√
2

(
A1
µ ∓ iA2

µ

)
with mass mW =

gv

2
,

Z0
µ =

1√
g2 + g′2

(
gA3

µ − g′Bµ
)

with mass mZ =
v
√
g2 + g′2

2
,
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corresponding to the bosons of weak interaction, as well as a massless vector boson

Aµ =
1√

g2 + g′2

(
g′A3

µ + gBµ
)

with mass mA = 0

recognised as the photon field. Moreover, we can use these new fields to see that
the electron charge e and the Weinberg angle θW can be expressed in terms of g
and g′ as

e =
gg′√
g2 + g′2

, sin θW =
g′√

g2 + g′2
.

The couplings g and g′ are free parameters of the SM, and can only be measured
experimentally.



Chapter 2

Physics beyond the standard
model

Despite its experimental success, there is accumulating evidence that there exist
physics beyond the SM. For example, there are cosmological observations strongly
suggesting the existence of DM. Moreover, there are compelling evidence for neu-
trino oscillation, requiring that neutrinos are massive, contrary to the assumptions
of the SM. These two concepts have far-reaching implications for particle physics,
and below we will review both DM and massive neutrinos, as well as some of their
physical implications.

2.1 Dark matter

The existence of DM was first suggested as a solution to observed gravitational
anomalies in the motion of large astrophysical structures, such as galaxies and
galaxy clusters [20, 21]. Over time, it was realised that DM could be used to describe
a broad class of unexplained phenomena on both galactic and cosmological scales.
Amongst these phenomena are deviations from predicted dynamics of galaxies [2],
gravitational lensing of galaxy clusters [22, 23], and the observed anisotropies in
the cosmic microwave background (CMB) [24].

To the present day, DM is an open field of research, and there is no single model
of DM. The most common class of DM models, and the class focused on in this
thesis, is the class of models postulating that DM is made up of a yet not clas-
sified weakly interacting massive particle (WIMP). Such particles exist in many
of the proposed extensions to the SM, such as many supersymmetric and extra-
dimensional models. Cosmological considerations indicate that for the Universe to
be consistent with the current model of cosmology, around 5/6 of the mass in the
observable Universe must be made up of DM [2]. Furthermore, taking nucleosyn-
thesis in the early Universes into account strongly limits the possible fraction of

7



8 Chapter 2. Physics beyond the standard model

baryonic DM, indicating that DM is mainly of non-baryonic nature [25]. It should
be noted that massive neutrinos are in fact a DM candidate. However, one can
show that neutrinos are not abundant enough to provide a significant contribution
to the observed DM mass and, as such, neutrinos are often disregarded as DM
altogether.

2.1.1 Experimental indications of dark matter

There are experimental evidence for DM at different astrophysical scales. At a
galactic scale evidence in favour of DM can be divided into two categories; ob-
servations of anomalies in rotational curves of galaxies and galaxy clusters, and
gravitational lensing of galaxy clusters [20]. DM was first proposed by Fritz Zwicky
in 1933, following a study where he compared the estimated mass-to-light ratio of
the Coma cluster with its kinetic energy through the virial theorem. From this
Zwicky concluded that a majority of the mass was of ’dark’, or non-radiating, na-
ture. Since then, similar observations supporting the dark matter hypothesis have
been made on numerous occasions, utilising a variety of different methods to es-
timate the observable mass as well as the dynamics of the galaxy or cluster in
question [26]. Central to such studies are low surface brightness (LSB) galaxies,
in which DM is thought to be completely dominating. This allows for DM to be
studied directly, while minimising possible interaction with baryonic matter. By
studying the motion of our own solar system relative to the Milky Way, we can
also estimate the local density of DM. This quantity, commonly estimated to be of
order 0.3 GeV/cm3 is central to all DM experiments relying on direct detection, as
well as to many indirect experiments.

Beyond the motion of galaxies, one can also observe DM through its gravita-
tional influence on radiation from large astrophysical objects. Such observations
exist, for example in the case of gravitational lensing of radiation from the Bullet
cluster [27]. The Bullet cluster formed as two smaller galaxy clusters collided, and
in this collision, the DM in each galaxy cluster interacted much weaker than or-
dinary matter, thus causing a separation of the DM from the baryonic matter in
the newly formed cluster. This DM then interacts gravitationally with radiation
from background objects, causing the observable gravitational lensing and allowing
estimations of the DM mass distribution. It has been claimed, with a statistical
significance of 8σ, that the gravitational lensing observed can not be explained
through a modification of the gravitational laws [28].

2.1.2 Dark matter detection

Even though the observational indications for DM are rapidly accumulating, there
is a lack of direct evidence for its existence. Such evidence is sought for in DM
detection experiments, both through direct and indirect means. Direct detection of
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DM generally assumes that DM couples to ordinary matter through a weak neutral
current, similar to neutrinos, and focuses on the detection of such a signal. Mean-
while, indirect detection assumes that DM has an observable annihilation channel,
such as annihilation to high energy photons or neutrinos. There are several direct
detection experiments today, and amongst the most prominent are DAMA/LIBRA,
GoGeNT and XENON. Both DAMA/LIBRA [29] and CoGeNT [30] claim to have
a positive and statistically significant signal of DM, but this result is as of today
in conflict with results from XENON [31] and other experiments of similar na-
ture. Indirect detection experiments are also carried out, commonly in association
with high energy neutrino telescopes such as IceCube [32, 33], ANTARES [34], and
Super-Kamiokande [35], cosmic ray detectors such as PAMELA [36], or gamma ray
telescopes, such as Fermi-LAT [37] and H.E.S.S. [38]. These experiments have been
able to constrain the parameter space of many DM models, but are yet to detect a
positive and significant signal. This is discussed in more detail in Chapter 3.

2.2 Massive neutrinos and neutrino oscillations

Within the SM, neutrinos are assumed to be massless. However, in recent years
it has been shown that neutrinos oscillate between flavour states [3–8], indicating
that neutrinos are in fact massive, complicating computations involving neutrino
propagation. Moreover, the charged current interaction between neutrinos and elec-
trons further complicates computations involving neutrinos propagating in matter,
as it effects the neutrino oscillations through the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [39, 40]. Beyond the added computational complexity, the massive-
ness of neutrinos also introduces theoretical complications, such as how this mass
generation occurs. Neutrinos cannot, within the SM, obtain mass through the Higgs
mechanism, implying that a new mass generation procedure for neutrinos needs to
be incorporated in the SM.

2.2.1 Neutrino oscillations

Neutrinos have been shown to oscillate between flavour states, due to mass and
flavour not being simultaneously diagonalisable. In vacuum, this oscillation can
be described by a unitary mixing matrix, called the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [41–43], much like the Cabibbo-Kobayashi-Maskawa (CKM)
matrix of the quark sector [44, 45]. This matrix, henceforth called U can be
parametrised as

U =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c23s13s23e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 , (2.1)
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where cij = cos θij , sij = sin θij and δ is some phase. In the case that neutrinos are
Majorana particles, the matrix above must also be multiplied by a phase matrixeiα1/2 0 0

0 eiα2/2 0
0 0 1

 .
Note that due to the diagonal structure of this matrix, it will not be relevant
for neutrino oscillation computations, and can thus be disregarded in these cases.
Given this formalism, it can be shown that the probability of a neutrino with energy
E oscillating from flavour να to νβ when propagating a distance L is given by

P (να → νβ) =

∣∣∣∣∣∣
∑
j

U∗αjUβje
−im2

jL/2E

∣∣∣∣∣∣
2

.

While of theoretical interest in itself, it is most often of greater relevance to consider
neutrino propagation through matter. To do this, the neutrino-matter interaction
needs to be taken into account.

While neutrino oscillations in vacuum are parametrised by the PMNS matrix,
neutrino oscillations in matter are far more complicated. This stems from the
fact that in matter, neutrinos can interact weakly through the charged current,
thus affecting their propagation. This forward scattering of neutrinos of nearby
electrons is called the MSW effect, and gives rise to effective masses, different from
the actual neutrino masses. While this effect is often small, it is proportional
to electron density, and is thus highly relevant for example in the case of solar
neutrinos.

2.2.2 Neutrino mass generation

Within the SM, all fermions but the neutrinos acquire a Dirac mass from the
spontaneously broken SU(2)L ⊗ U(1)Y symmetry. At EWSB Yukawa terms of
fermion fields and the Higgs field become Dirac mass terms as the Higgs field
acquire a VEV. For a general fermion f the Yukawa term before EWSB can be
written as

LY = −λf̄LφfR + h.c.

At EWSB this term becomes

LY → Lmass = −mD

(
f̄LfR + f̄RfL

)
,

where

mD =
vλ√

2
.

From the above it is obvious that this process can not apply to SM neutrinos,
considering their chiral asymmetry within the SM. Hence massive neutrinos require
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some extension of the SM, typically in the form of an introduction of right-handed
neutrinos. These neutrinos could avoid detection simply by being completely sterile,
or non-interacting, within the SM. Resolving the chiral asymmetry of neutrinos in
the SM, we are free to assign neutrino masses in the same way as previously done
for other fermions. Due to the difference in mass scale between neutrinos and other
fermions, it would require the Higgs-neutrino Yukawa couplings to be many orders
of magnitude smaller than in the case for other fermions. This assumption is rather
ad hoc, and to resolve this, a number of different mass generation procedures have
been suggested [46–53].



12



Chapter 3

Indirect dark matter
detection

There are hints of DM from several direct DM detection experiments, such as
the reported annual modulation of DAMA/LIBRA [29] and unexplained excess
events in CoGeNT [30]. However, these results are in conflict with corresponding
measurements in other similar experiments, as well as with each other, and at
the moment there is a lack of coherence in the field. As a complement to direct
DM detection, we search for DM indirectly by looking for DM annihilation signals.
Typically, such signals consists of electron-positron pairs, gamma rays or neutrinos.
Indirect DM searches hold promise not only to confirm the existence of DM, but
also to reconstruct DM properties such as the DM mass and annihilation branching
ratios. This information can be obtained through analyses of the measured shape
of the energy spectrum.

3.1 Electron-positron pairs

Assuming that DM has an annihilation channel χχ → e−e+ we could study the
fraction of positrons at the detector and compare it to the expected background
in order to detect DM. Such measurements have been performed by a number
of experiments, such as PAMELA [36] and Fermi-LAT [37], both detecting an
unexpected excess of positrons above 10 GeV. While this signal could be interpreted
as a sign of DM, it is significantly stronger than allowed by most WIMP models,
suggesting that this may be incorrect. The annihilation cross section required to
reproduce the observed signal is several orders of magnitude larger than the cross
sections that produce correct DM abundance in the Universe. The signal could also
be attributed to other astrophysical sources, such as pulsars [54] or supernovae [55].
In Figure 3.1 the measurements of PAMELA and Fermi-LAT can be seen, together

13
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Figure 3.1. The fraction of positrons as a function of positron energy, measured
by PAMELA and Fermi-LAT. The solid line represents the expected background.
Figure is reproduced from [56].

with the expected background and possible signals from pulsars, supernovae, or
DM annihilations.

3.2 Gamma rays

A number of experiments today are searching for gamma ray signals from DM
annihilations. Amongst these experiments are Fermi-LAT, H.E.S.S., VERITAS,
and MAGIC. A lot of effort is put into measuring the electromagnetic spectrum
from dwarf spheroidal galaxies [38, 57–61], due to the expected abundance of DM
in these places. Strong constraints on DM annihilation cross sections have been
found through analyses of such data. Bounds on DM annihilation cross sections
are also found by analyses of gamma ray [62] and X-ray [63] measurements from
the galactic centre.

A gamma ray DM annihilation signal can be detected over the background either
as a sharp spectral line corresponding to a direct annihilation

χχ→ γγ, χχ→ Zγ, χχ→ φγ,
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Figure 3.2. Gamma ray bounds on DM annihilation cross sections from measured
gamma ray fluxes by Fermi-LAT and H.E.S.S. Figure is reproduced from [64].

where φ is the Higgs boson, or as a continuous spectral contribution, corresponding
to subsequent annihilations eventually resulting in gamma rays. In Figure 3.2
constraints on the branching ratio for χχ→ bb̄ are presented.

3.3 Neutrinos

Another promising DM annihilation signal is cosmic neutrinos, which due to their
ability to propagate large distances relatively unperturbed could provide an insight
in processes otherwise inaccessible. Special attention is paid to parts of the galaxy
where DM is supposed to be particularly abundant. Such parts include the galactic
centre and galactic halo, where DM is naturally abundant, as well as the interior
of the Sun and the Earth, where DM could accumulate due to gravitational trap-
ping (see Chapter 4). Similar to gamma ray searches, the DM contribution to the
background could either be in the form of a sharp line, if direct χχ → νν̄ annihi-
lation is allowed and not heavily suppressed, or a continuous contribution, if the
neutrinos are produced by subsequent decays. Large neutrino detectors such as
IceCube [32, 33], Super-Kamiokande [35], and ANTARES [34] are all looking for
excess neutrino events that could be attributed to DM annihilations.

In Figure 3.3 the present bounds on spin dependent annihilation cross sections
from IceCube, Super-Kamiokande, and ANTARES are shown. Similar bounds
on spin-independent cross sections are less strict, since solar DM accumulation,
and hence annihilation, is predominantly determined by the spin-dependent cross
sections.
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Figure 3.3. Bounds on DM-nucleon spin-dependent cross section from IceCube,
ANTARES and Super-Kamiokande. These bounds assume annihilations primarily
to τ leptons and b quarks. Figure is reproduced from [64].
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3.4 Future

Several proposed future experiments will be able to improve present day bounds by
orders of magnitude. For gamma ray searches, new telescopes such as the Cherenkov
Telescope Array (CTA) [65] and GAMMA-400 [66] will offer better energy- and
angular resolution in a larger energy range than any similar experiments today.
The CTA is expected to be operational between 10 GeV and 100 TeV and to be
about ten times as sensitive as VERITAS, HESS, or MAGIC. In Figure 3.4 its
simulated performance is compared to the results of Fermi-LAT. It is clear that
it could present significantly stronger bounds on DM annihilation cross sections
compared to present day experiments.

Figure 3.4. Comparison of CTA and Fermi-LAT performance in observations of
DM annihilation in the bb̄ channel. Figure is reproduced with permission from [67].

Next-generation water Cherenkov detectors, such as Hyper-Kamiokande [68] and
LENA [69] are also prime candidates to detect DM in the form of a neutrino signal.
Hyper-Kamiokande would be about eight times larger than Super-Kamiokande,
and significantly more sensitive. Figure 3.5 compares the expected performance
of Hyper-Kamiokande to the performance of present day detectors. The LENA
experiment is mainly focused on low energy neutrinos, and could possibly be used
to detect DM annihilation signals for sub-GeV DM, an energy range largely inac-
cessible to neutrino experiments today.



18 Chapter 3. Indirect dark matter detection

Figure 3.5. Expected performance of Hyper-Kamiokande compared to Super-
Kamiokande, IceCube, and AMANDA for DM annihilations in the bb̄ channel. Figure
is reproduced from [68].



Chapter 4

Solar capture and dark
matter annihilation

All direct DM experiments today assume the existence of a heavy DM candidate,
with a mass around 100 GeV or more. The scattering of DM in such experiments are
dependent on mass, and diminishes quickly for lighter DM. Thus, in the low-mass
regions of configuration space complementary methods of detection are needed.
Typically, one uses indirect detection of DM, such as detection of high-energy pho-
tons, electron-positron pairs or neutrinos produced from DM annihilations, to probe
these regions. Indirect experiments focus specifically on regions of space where DM
is expected to accumulate, such as the Sun and the galactic centre. The neutrino
signal has the benefit that neutrinos are almost non-interacting, and are thus able
to propagate through, and escape, regions of space that are very densely filled with
baryonic matter, such as the interior of the Sun.

4.1 Dark matter capture

As the solar system passes through the DM halo of the galaxy, DM particles can
scatter elastically off nuclei in the Sun. As this happens, there is a non-zero prob-
ability that the DM particle loses so much energy that it becomes trapped in the
gravitational field of the Sun. The solar DM capture rate is of vital importance to
all experiments studying solar DM annihilation signals, due to its close connection
to the DM annihilation rate. The capture rate of DM in a spherical body, such as
the Sun, was first estimated in [70]. Gould later improved on this estimate [71] and
below we go through his derivation.

We will consider a spherical body of mass MB, and with radius RB, situated at
r = 0. The body is assumed to be made up of elements {xi}, with atomic weights
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mi and particle distribution functions ni(r). The total solar capture rate CSun can
be written as

CSun =
∑
i

Ci, (4.1)

where Ci is the capture rate associated specifically with element xi. The problem
is thus reduced to computing the capture rate Ci. Let u be the velocity of the
spherical body through space, and f(u, r) the stationary DM distribution, assumed
to be homogeneous at infinity, i.e.

lim
r→∞

f(u, r) = f(u). (4.2)

To determine the DM velocity distribution function inside the body, we introduce
the free DM velocity w, defined from u2 = w2 − v(r)2, where v(r) is the spher-
ical body’s escape velocity. With this, the velocity function f(w, r) is given by
Liouville’s theorem as

f(w, r) = f(u[w, r]). (4.3)

The capture rate is expected to be the interaction rate times the probability that the
DM particle looses enough energy to be trapped. One can show that this translates
to

Ci =

∫ RB

0

dr R2ni(r)

∫
dΩr

∫ ∞
v(r)

dw w3

∫
dΩwf(u[w, r])

4π

Emax

∫ Emax

v(r)

d(∆E)
dσi
dΩ

,

using the shorthand notation

βi =
4mimDM

(mi +mDM )2
, Emax = βi

mDMw
2

2
, (4.4)

and letting ∆E denote the energy loss.
To solve this integral, some assumptions will have to be made about the form

of the cross section σi. Gould assumes that the cross section can be written as

dσi
dΩ

=
σi
4π
e−∆E/Ei , (4.5)

where Ei = 3/2miR
2
i , and Ri is the mean square radius of the nucleus. Moreover.

decomposing σi to a part dependent on the element xi, called Qi, and a part σ0

independent of which element the DM scatters off, he also assumes that σi can be
expressed as

σi = βimimDMQ
2
iσ0. (4.6)

Given this, it can be shown that Ci becomes

Ci =
2σ0ρDMQ

2
i

mDM

〈
Gi(u, v)

u

〉∫ RB

0

dV mini(r). (4.7)
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Above, ρDM is the DM mass density, the form factor Gi(u, v) is defined as

Gi(u, v) =

∫ Emax

mDMu2/2

d(∆E)e−∆E/Ei , (4.8)

and the bracket〈
Gi(u, v)

u

〉
=

mDMmi

ρDMεiMB

∫
d3r ni(r)

∫
d3uf(u)

Gi(u, v)

u
, (4.9)

where εiMB is the total mass of element xi in the spherical body.
Evaluating the relevant form factors, in the case of the Sun, and expressing this

more transparently, as done in [72], the capture rate CSun can be written as

CSun ' 3.35 · 1020 s−1

(
ρDM

0.3 GeV/cm
3

)(
270 km/s

vDM

)3(
σDM

10−6 pb

)(
100 GeV

mDM

)2

.

(4.10)
Above we have used vDM and σDM to denote the DM velocity, and total DM-nuclei
cross section. Note that the total DM-nuclei cross section σDM is defined as the
sum of the spin-independent cross section and the DM-nuclei spin-dependent cross
section of each element in the Sun, weighted by its fractional abundance.

4.2 Dark matter annihilation

While we now have an expression for the DM capture rate in the Sun, what we
are really interested in is the DM annihilation rate Γ. The relation between these
two quantities was first found by Greist and Seckel [73] and below we will look at
a simple derivation of this.

First, letting N be the number of DM particles within the Sun, let CAnn be
the particle annihilation rate, and CSun the DM capture rate. Assuming no DM
evaporation, detailed balance requires

dN

dt
= CSun − CAnnN

2. (4.11)

The solution to this equation is given by

N(t) = Neqtanh(t/τA), (4.12)

where Neq is the amount of DM in the Sun when the capture-annihilation process
has reached an equilibrium, and where the characteristic time scale τA is defined as

τA =
1√

CSunCAnn

. (4.13)

From this we see that τA depends on the solar capture rate, as well as the DM
annihilation cross section. Assuming that τA � 4.5 · 109 years, i.e. the age of the
Sun, the numerical value of τA is of lesser importance.
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Now, the total DM annihilation rate Γ is given by

Γ =
N(N − 1)

2
CAnn ∼

N2

2
CAnn, (4.14)

and in equilibrium equation (4.11) becomes

dN

dt
= 0

⇒ CAnn = N−2
eq CSun.

Using this together with equations (4.12) and (4.14) we see that the annihilation
rate Γ can be written as

Γ =
1

2
CSun tanh2(t/τA). (4.15)

In the limit of large time t � τA (in the case of the Sun, t ∼ 4.5 · 109 years)
tanh(t/τA)→ 1, and thus

Γ→ 1

2
CSun. (4.16)

This result is in direct correspondence to what is expected for any dynamic system
in equilibrium, and that the annihilation rate is half the capture rate stems simply
from the fact that it takes two DM particles to annihilate.

This work is studying DM annihilation in a model independent setting, and as
such, all relevant annihilation channels are considered. Since we are interested in
the neutrino signal, annihilation channels not producing neutrinos are disregarded.
The annihilation channels contributing to a neutrino signal are the light quarks
bb̄ and cc̄, the lepton channel τ+τ− and, if allowed, the νν̄ channel. Other light
quark channels, such as uū, dd̄, and ss̄ are disregarded, since they are too light to
decay further before being re-absorbed in the Sun. The same is true for the photon
channel, as well as the lighter lepton channels e−e+ and µ−µ+.



Chapter 5

Simulations and results

Next-generation neutrino experiments provide unmatched capabilities to observe
DM annihilations, and hold prospects of reconstructing DM properties. The energy-
and angular resolutions are improved by orders of magnitude compared to similar
experiments today, allowing for more precise signals and better background sup-
pression. The future detectors proposed by the INO [74, 75], LAGUNA [76], and
LBNE [77] collaborations would allow access to regions of the parameter space com-
pletely inaccessible by direct DM detection, as well as other indirect detection meth-
ods. It is primarily the low mass limit of DM, with mDM ∼ 10−25 GeV. This mass
region is of special interest due to the claimed positive signals of DAMA/LIBRA [29]
and CoGeNT [30], possibly corresponding to a light DM particle with a mass
mDM = 10 GeV. Moreover, in contrast to direct DM detection, these experiments
all hold some promise to reconstruct DM properties, such as annihilation branching
ratios and mass.

This chapter is structured as follows; first we review previous analysis of next-
generation neutrino detector experiments, and their potential role in indirect DM
searches. After this, we consider the simulations performed in this work, including
general simulation details and important assumptions. Amongst these are detector
capabilities as well as general properties of DM. Lastly, the results are presented,
both from the simulations of DM annihilations and from analysis of detector re-
sponses.

5.1 Previous work

The capabilities of next-generation neutrino experiments to determine DM annihi-
lation branching ratios in the low mass regime have been studied previously in [78].
By simulating an expected neutrino signal from DM annihilations, and the corre-
sponding detector responses, the detectors’ sensitivity to different DM annihilation
channels were estimated. This was done under the presumption that the DM mass
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was a fixed parameter, either by measurements from previous experiments or by
mass determining capabilities of the experiment in question.

5.1.1 Simulations and results

The aim of [78] was to generate expected neutrino fluxes at the detector site and
then simulate detector responses. Given the detector responses a Markov chain
Monte-Carlo algorithm was used to estimate the detectors’ respective ability to
reconstruct DM annihilation channel branching ratios. This was done for three
different detectors; a 100 kt MIND detector, and a 34/100 kt LArTPC detector.
The MIND detector simulated was based on the proposed detector of INO [74, 75],
its properties largely based on those of the MINOS experiment. It was assumed to
have an energy resolution of

δE(E) = 0.15E. (5.1)

The angular resolution in a MIND detector is mainly obtained through reconstruc-
tion of hadronic jets. This is studied in detail in [79]. Meanwhile, the LArTPC
detectors simulated are detectors planned by the LAGUNA [76] and LBNE [77]
collaborations. Their performances were based on the performance of their pre-
decessor, the ICARUS detector [80–82], as well as simulations performed by each
collaboration [76, 83]. The detectors were assumed to have an energy resolution

δE(E) = 0.15
√
E/1 GeV GeV, (5.2)

and an efficiency of 1.0 for µ± events, and 0.8 for e± events. The angular resolution
in a LArTPC detector is studied in [72].

To generate neutrino event rates, the DM annihilation process was simulated
using WimpSim [84]. Each neutrino event was then propagated through the Sun,
assuming a BP2000 solar model [85], and through space to the detector. The
annihilation rate of DM was based on computations in [71] and [73], and assumed
a local DM density ρDM = 0.3 GeV/cm3, a relative solar velocity v = 220 km/s,
and a DM-nucleon cross section σ = 1 fb. Moreover, the detectors were assumed
to be operational for ten full years.

Having obtained the event rates at the detector an expected detector response
was simulated using GLoBES [86, 87]. The background signal, coming primarily
from atmospheric neutrinos, was obtained by integrating the differential background
flux from [88] over an angular cut, taking each detector’s angular resolution into
account. Due to the similarities between the spectrum of atmospheric neutrinos
and neutrinos arising from annihilations to quarks, it was mainly this signal that
was effected by the background. The expected neutrino flux at the detector can be
seen in Figure 5.1. When the expected neutrino signal in the detector was obtained
it was analysed statistically using MonteCUBES [89], to estimate the detectors’
capabilities to reconstruct DM branching ratios. The credible regions from such an
analysis can be seen in Figure 5.2.
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Figure 5.1. Expected neutrino signal in 100 kt MIND detector (left column) and
100 kt LArTPC detector (right column). The top panel corresponds to mDM =
10 GeV, and the bottom corresponds to mDM = 25 GeV. Ten years of operation
is assumed, as well as a 1 fb DM-nucleon cross section. Figure is reproduced with
permission from [78].
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Figure 5.2. Credible regions at the 68 %, 90 %, and 95 % level for mDM = 10 GeV
in the upper panel and mDM = 25 GeV in the lower panel. The thicker lines
correspond to the 100 kt LArTPC detector, the thinner lines to the 34 kt LArTPC
detector, and dashed lines the 100 kt MIND detector. Ten years of operation is
assumed, as well as a 1 fb DM-nucleon cross section. Figure is reproduced with
permission from [78].
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Considering these results, it is clear that the softer qq̄ spectrum, and to a lesser
extent the τ−τ+ spectrum, holds less information about DM annihilation branching
ratios than the νν̄ spectrum. It is also clear that the 100 kt LArTPC detector
holds great promise to observe the νν̄ and τ−τ+ channels, if they exist. From
Figure 5.2 it is evident that LArTPC detectors are superior to the MIND detector in
reconstructing DM annihilation branching ratios, even with a significantly smaller
mass. This is in large a result of the better energy resolution of the LArTPC
detectors.

5.2 Simulation

To estimate the DM mass determination capabilities of next-generation neutrino
detectors we have extended the work of [78] and considered also the mass as a
free parameter. To do this, all simulations are performed for masses in the range
10-25 GeV, with 0.5 GeV mass resolution. The simulations are performed in a
similar fashion to [78], but with updated neutrino oscillation parameters [90]. The
simulations can be divided into three parts; the generation of neutrino events in
the core of the Sun, the propagation of neutrino events through the Sun and to
the Earth, and the simulation of the detector response. The first two parts are
simulated using the WimpSim software, which in turn is utilising PYTHIA [91],
DarkSUSY [92], and nusigma [93]. A BP2000 solar model is used for all WimpSim
simulations. Having obtained the expected neutrino flux at the detector using
WimpSim we use GLoBES to simulate a detector response. Special care is taken
to include the atmospheric background, following the procedure of [78].

For this study, we have considered a detector located at Gran Sasso, Italy,
operating for ten full years . The geographical location of the detector is of minor
importance for the conclusions drawn, and a different operational time leads to a
trivial rescaling of expected neutrino fluxes. More important for the outcome of the
experiment are specific properties of DM, such as velocity, density and DM-nuclei
cross section. To follow [78] we have assumed the DM properties summarised
in Table 5.1. We simulate DM masses in the range 10-25 GeV, with a 0.5 GeV
mass resolution, in order to utilise an interpolation scheme to obtain approximate
detector responses for arbitrary DM masses in this range. Several of the simulation
parameters are associated with great uncertainty, but to reconstruct DM properties
only the spectral shape is used, and this is far less dependent on such simulation
parameters, which mainly rescale the spectrum. The uncertainty in velocity, local
DM density and DM-nucleon cross section influence the total number of events
observed, but a change in any of the parameters would result in a change of events
across all bins thus not affecting the spectral shape significantly.

To simulate a detector response, a number of assumptions about detector prop-
erties have to be made. Such assumptions include the detector mass, energy- and
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Dark matter properties
DM velocity vDM 220 km/s

Local density ρDM 0.3 GeV/cm
3

DM-nucleon cross section σ 1 fb

Table 5.1. DM properties used for these simulations.

angular resolutions, and energy efficiencies. Below we look at a few of the assump-
tions made, and discuss how they affect the simulation. Details are summarised in
Table 5.2.

LArTPC MIND
Fiducial mass 34/100 kt 100 kt

Energy resolution 0.15 E 0.15
√
E/1 GeV GeV

Angular resolution [72] [79, 94]
Efficiency 0.8 for e−/e+

1.0 for µ−/µ+
[94]

Table 5.2. Assumed detector specifications.

As seen in Table 5.2, the fiducial mass is assumed to be 100 kt for the MIND-
detector, and 34/100 kt for the LArTPC detector. The detector signal depends on
the number of particles in the detector, and thus on its mass. Hence an adjust-
ment to the detector mass would rescale the neutrino signal across all bins and for
all flavours equally. The energy- and angular resolutions of all three detectors are
based largely on the energy resolutions of similar detectors existing today. Since
the reconstruction of DM properties is based on analysing the spectral shape, the
energy resolution of the detector is of great importance for all such studies. The
angular resolution determines how well the atmospheric background can be sup-
pressed. Many of the assumptions concerning the LArTPC detectors are based on
the properties of ICARUS, a 600 t LArTPC detector built to examine the possibil-
ities and limitations of the TPC technology, and to some extent on more detailed
analyses performed by the collaborations behind LBNE and LAGUNA. Similarly,
the specifics for the MIND detector are in large based on the MINOS detectors
at Fermilab. There are a number of differences between the LArTPC and MIND
technologies, some of which are affecting the neutrino signal, and below we look at
the two detector technologies in somewhat more detail.

5.2.1 Liquid argon time projection chamber

The LArTPC detector considered here is a large time projection chamber based
on a large scale version of the ICARUS test detector at Gran Sasso. The idea
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is to have a large container of very pure liquid argon, to which an electric field
is applied. As incoming neutrinos interact via charged current with the active
material, leptons are produced (either e± or µ±), which drift apart due to the
electric field. As this happens, the drifting lepton will induce a current which
can be detected at the boundary of the detector. This technology allows for very
accurate three dimensional reconstruction of the event, resulting in an impressive
angular resolution. Moreover, LArTPC detectors are able to distinguish between
νe and νµ events, allowing for increased accuracy. It is however somewhat difficult
to apply a magnetic field to the detector, making it inconvenient to measure the
charge. Thus e− and e+, as well as µ− and µ+, will be grouped together as one
signal each, forming an electron signal and a muon signal.

5.2.2 Magnetised iron neutrino detector

The MIND detector studied in this work is similar in design to existing magnetised
iron detectors such as MINOS. A magnetised iron detector is built from successive
layers of iron and an active material such as a plastic scintillator. Charged muons
are created through charged current interactions between incoming neutrinos and
the iron. The muons then propagate through the iron and to the active material,
where their energy and direction are measured, enabling reconstruction of the neu-
trino event. Since electrons are generally unable to propagate through the iron
detector volume, only muon events are considered. In contrast to the LArTPC
detectors it is much easier to apply a magnetic field to the detector, making it vi-
able to measure the muon charge. Hence two signals are obtained, one for µ− and
one for µ+. In a MIND detector it is also possible to measure the energy of pro-
duced hadron showers. To reconstruct an event, both the information from hadron
showers and muons are used, improving the angular resolution considerably.

5.3 Reconstruction of dark matter properties

To reconstruct DM properties, we use the software package MonteCUBES, which
employs a Markov chain Monte Carlo algorithm to perform a parameter fit of the
DM mass and annihilation branching ratios with respect to the detector signal. In
order to be able to make such fit a mass interpolation scheme is implemented, in
which the expected detector signal for arbitrary masses in the range is obtained.
With such a fit the neutrino signals’ mass degeneracy can be estimated for different
true DM masses and branching ratios. Every Markov chain Monte Carlo simulation
creates a total of 8 · 105 samples in total. For further details, see the MonteCUBES
manual.



30 Chapter 5. Simulations and results

5.4 Results

The simulations have been performed in a model independent framework, assum-
ing a DM mass of 10− 25 GeV. We have studied all annihilation channels able to
produce a significant contribution to the neutrino flux, i.e. the bb̄, τ−τ+ and νν̄
channels. Note that we have chosen to study one of the two relevant quark channels
bb̄ and cc̄, as these channels produce very similar neutrino spectra. For the same
reasons, we limit this study to a generic neutrino channel, rather than distinguish-
ing between the three flavours. This is done in accordance with [78]. All channels
are studied with respective branching ratios Brxσ = 0, 0.3 fb, (x = b, τ, ν), and the
simulations are repeated for four different DM masses mDM = 10, 15, 20, 25 GeV.
The total neutrino flux at the detector is obtained by multiplying the neutrino
flux per annihilation from WimpSim by the total annihilation rate, as given in
equation (4.10). Note that the relatively large uncertainty in capture rate trans-
lates only to a rescaling of the annihilation rate, and thus also to a rescaling of
neutrino fluxes. All simulations have been performed with the neutrino oscillation
parameters found in Table 5.3.

Neutrino oscillation parameters
θ12 33.65◦

θ13 8.93◦

θ23 38.41◦

∆m2
12 7.54 · 10−5 eV2

∆m2
13 2.39 · 10−3 eV2

δ 3.39

Table 5.3. Neutrino oscillation parameters used for simulations. These are the best
fit values taken from [90].

The detector response was obtained through a detector simulation, using the
GLoBES software. GLoBES utilises the energy- and angular resolution, the energy
dependent efficiency, the DM-nucleon cross section and the atmospheric background
to produce an expected neutrino signal. The expected signal can be seen for differ-
ent masses, DM annihilation channels, and detectors in Figure 5.3. The cutoffs in
the spectra are intimately connected to the detectors’ abilities to reconstruct the
DM mass, as the mass is estimated from this cutoff. From this figure, it is evi-
dent that the bb̄ channel will be very difficult to distinguish from the atmospheric
background, independent of the DM mass (in the interval studied here), and for all
experiments. We see that both the τ−τ+ and νν̄ channels will be visible above the
background in all three detectors, again independent of DM mass. From the figure
it is also evident that the MIND detector is less capable of reconstructing the DM
mass across all DM masses and annihilation channels, due to the less sharp signal
cutoff. Furthermore, a comparison between annihilation channels for the same DM
mass and for the same detector can be found in Figure 5.4. From this figure, as well
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Figure 5.3. Expected neutrino signal for DM masses mDM = 10, 15, 20, 25 GeV,
as well as the atmospheric background. The rows are representing the different
experiments, and from top to bottom we find the 34 kt LArTPC detector, the 100
kt LArTPC detector, and the 100 kt MIND detector. The columns correspond to
different annihilation channels, and from left to right we have the qq̄, τ−τ+, and νν̄
annihilation channels.
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Figure 5.4. Comparison of the expected neutrino spectrum arising from different
DM annihilation channels in each experiment. From left to right we have the 34
kt LArTPC detector, the 100 kt LArTPC detector, and the 100 kt MIND detector,
and from top to bottom we have DM masses mDM = 10, 15, 20, 25 GeV.

as from Figure 5.3, it is evident that the most promising channel is the νν̄ channel,
if available, followed by the τ−τ+ channel.

When the expected neutrino signal is obtained, it is analysed with Monte-
CUBES. This is done for the four different masses mDM = 10, 15, 20, 25 GeV,
and for the three different experiments. Moreover, this is done for two different
branching ratios Brxσ = 0, 0.3 fb in all channels. In Figures 5.5-5.11 we show the
credible regions for each detector and each DM annihilation channel in the rele-
vant mDM-Brxσ plane. The credible regions have been plotted separately for each
experiment for both the τ−τ+ and qq̄ channels, for increased readability.

As seen in these figures, the νν̄ channel holds great promise for DM mass re-
construction, independent on experiment. Meanwhile, the τ−τ+ channel allows for
mass determination in the case of a 100 kt LArTPC detector, and to lesser extent
also in the case of a 34 kt LArTPC detector while there is little prospect of de-
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Figure 5.5. Mass sensitivity for the neutrino annihilation channel at the 95 % level,
for DM masses mDM = 10, 15, 20, 25 GeV. Blue lines correspond to the 100 kt
LArTPC detector, red lines to the 34 kt LArTPC detector and green lines to the
MIND detector.
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Figure 5.6. Mass sensitivity of the 100 kt LArTPC detector for the τ−τ+ annihi-
lation channel at the 95 % level, and for DM masses mDM = 10, 15, 20, 25 GeV.
Blue line correspond to mDM = 10 GeV, red line to mDM = 15 GeV, green line to
mDM = 20 GeV, and mDM = 25 GeV.
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Figure 5.7. Mass sensitivity of the 34 kt LArTPC detector for the τ−τ+ annihi-
lation channel at the 95 % level, and for DM masses mDM = 10, 15, 20, 25 GeV.
Blue line correspond to mDM = 10 GeV, red line to mDM = 15 GeV, green line to
mDM = 20 GeV, and mDM = 25 GeV.
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Figure 5.8. Mass sensitivity of the MIND detector for the τ−τ+ annihilation
channel at the 95 % level, and for DM masses mDM = 10, 15, 20, 25 GeV. Blue
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termining the DM mass to any level in MIND detector for this channel. Similarly,
the qq̄ channel is evidently of very little use in constraining the DM mass for all
detectors. This is anticipated, given the close similarity between the qq̄ spectrum
and the background.

To summarise, it is evident that the annihilation channels available to DM are
crucial for the outcome of these experiments, independent on the choice of detector
technology. It is also clear that there is a considerable difference in performance
between the LArTPC and MIND technologies for indirect DM searches. Moreover,
we have shown that a LArTPC detector will outperform a MIND detector of similar
size when it comes to reconstruction of DM properties. Such reconstruction could
be translated into limits on existing DM models, and is thus central to building our
understanding of DM.



Chapter 6

Summary and conclusions

Throughout this thesis we have studied the possibilities of next-generation neutrino
detectors to detect light DM indirectly, and to reconstruct its properties. We have
shown through simulations that while all proposed experiments hold some promise
to detect DM and reconstruct its properties with reasonable precision, this promise
is small in all cases where a direct νν̄ channel is unavailable or heavily suppressed.
Thus, previous assumptions that the DM mass can be reconstructed with good
precision in next-generation neutrino detectors are likely overly ambitious, and
such assumptions should be considered with caution.

The simulations performed in this thesis consist of DM annihilations inside the
Sun, subsequent annihilations into neutrinos, propagation of the neutrinos through
the Sun and to a detector on Earth, and a detector response. This is done in
a model independent framework, meaning that all relevant annihilation channels
are considered. These consist of the qq̄, τ−τ+, and νν̄ channels. Simulating the
detector response, we consider three detectors; a 100 kt MIND detector, a 34 kt
LArTPC detector, and a 100 kt LArTPC detector. All results are presented for the
three detectors. Having obtained the expected neutrino signal, a statistical analysis
is performed using a Markov chain Monte Carlo algorithm to fit the DM mass and
annihilation branching ratios to the observed neutrino spectrum. From this we can
estimate the mass sensitivities of the different detectors.

It should be kept in mind that throughout this work, two vital assumptions are
made. Firstly, we assume that DM has a non-zero DM-nucleon cross section so
that gravitational trapping of DM in astrophysical bodies is possible. Otherwise
DM will not accumulate in the core of the Sun, and no annihilations will take
place. Secondly, we assume that DM has a non-zero annihilation cross section,
in order to produce a signal. These two properties are determined by the nature
of DM and are directly connected to the success of experiments such as the ones
studied here. Because of this, indirect experiments can never completely replace
direct experiments in the search for DM, but they can be used to constrain the
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parameter space and, in the case of an observed DM signal, be used to reconstruct
DM properties.

In short, indirect detection of DM is a good complement to direct searches, and
the next-generation neutrino detectors proposed by INO, LAGUNA and LBNE
will be able to probe regions of parameter space which present day experiments are
insensitive to. However, it is not clear that any detector will be able to reconstruct
the DM mass, as this is highly model dependent, and thus, other experimental
possibilities should be considered parallel to the once studied in this thesis. The
100 kt LArTPC detector has the greatest ability to detect and reconstruct the
DM mass in almost all circumstances, followed by the 34 kt LArTPC detector and
lastly the MIND detector. The extent of possible reconstruction depends on the
annihilation channels available to DM.



Appendix A

Bayesian statistics

Within the fields of probability theory and statistics the interpretation of probabil-
ity is by no means settled. There are two common interpretations; the frequentist
interpretation, and the Bayesian interpretation. The frequentist interpretation of
probability suggests that the probability px of an event x is defined as

px = lim
n→∞

nx
n
,

where nx is the number of events with outcome x, and n is the total number of
events. There are a multitude of weaknesses with the frequentistic probability inter-
pretation includeng the conceptual difficulty to apply frequentism to non-repeatable
events, as well as the handling incomplete knowledge about the processes studied.
This incomplete knowledge typically translates into implied conditionals, in many
ways similar to the priors of Bayesian statistics.

The other interpretation of probability, Bayesian probability, interprets proba-
bility as the degree of belief in an event. Within the Bayesian framework probability
is viewed as the state of knowledge about a process rather than some sort of intrin-
sic property of nature. While there are processes in Nature to which an intrinsic
probability can be associated, there are many cases where the uncertainty of an
outcome is based solely on a lack of knowledge about the system. There is for
example nothing intrinsically random about the rolling of a dice or the flipping of
a coin; the outcome of either event could in theory be predicted given a sufficient
set of initial conditions and computational power. Within Bayesian statistics such
uncertainty is dealt with both explicitly and rigorously and within the Bayesian
framework complex uncertainty relations can be treated in a consistent fashion.
For a more thorough discussion on Bayesian statistics see for example [95, 96].
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A.1 Bayesian inference

In physics, it is often relevant to test a set of free parameters θ against a set of data
X. In the framework of Bayesian statistics, this process is called Bayesian inference.
Before we see how this is done, we need to introduce some terminology, namely the
posterior probability distribution, defined as p(θ|X), the likelihood function L(θ),
defined as

L(θ) = p(X|θ),

and the marginal likelihood p(X), defined as

p(X) =

∫
Ω

dθp(X|θ)p(θ).

Here Ω is the parameter space. Moreover, the quantity p(θ) is called the prior, and
is used to quantise our prior knowledge about the parameters θ. With this, we can
use Bayes’ theorem to express the posterior probability as

p(θ|X) =
p(X|θ)p(θ)∫

Ω
dθp(X|θ)p(θ)

. (A.1)

Given this, we would like to construct a q-credible region R of Ω, i.e. a subspace
R ⊂ Ω of the parameter space such that∫

R

dθ p(θ|X) =

∫
R
dθ p(X|θ)p(θ)∫

Ω
dθ p(X|θ)p(θ)

= q. (A.2)

This subspace R is not unique and one needs to choose which such subspace to
consider. Typically, R is chosen to be the smallest possible subspace of Ω for which
A.2 holds. This region can be found numerically by computing the integral A.2 for a
suitably small subspace R′, which is then extended successively until the condition
in A.2 is fulfilled.

A.1.1 Priors

Central to Bayesian inference is the prior, i.e. the quantisation of initial knowledge
or belief about the process. Priors can in general be divided into two categories;
informative priors, which attempts to model some specific knowledge about the
process studied, and uninformative priors, also called objective priors, which strives
to minimise the role of the prior throughout the analysis.

Informative priors are used to account for some prior knowledge about the
process at hand. A common implementation of an informative prior is to model it by
a normal distribution around the expected point in parameter space. Alternatively,
the expected point is chosen to be central within an expected region, if the prior
knowledge is not precise enough to yield a single parameter point. The standard
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deviation of this normal distribution then becomes a measure of the confidence in
this prior knowledge.

Sometimes it is desirable to perform a statistical analysis with as little influence
as possible from prior knowledge. To do this, one uses an uninformative prior. The
simplest uninformative prior is obtained by utilising the principle of indifference,
where an equal probability is assigned to all existing possibilities. There exist a
number of other uninformative priors, such as the Jeffrey’s prior, the Haldane prior,
and the reference prior, all suitable for different cases depending on the nature of
the process studied.



46



Bibliography

[1] E. Rutherford, Collisions of alpha particles with light atoms. IV. An anomalous
effect in nitrogen, Phil. Mag. 37, 581.

[2] G. Bertone, Particle Dark Matter: Observations, Models and Searches (Cam-
bridge University Press, 2010).

[3] Super-Kamiokande Collaboration, Y. Fukuda et al., Evidence for oscillation
of atmospheric neutrinos, Phys. Rev. Lett. 81, 1562 (1998), hep-ex/9807003.

[4] SNO Collaboration, J. Farine, Measurement of the rate of νe + d → p +
p + e− interactions produced by B-8 solar neutrinos at the Sudbury Neutrino
Observatory, Phys. Atom. Nucl. 65, 2147 (2002).

[5] KamLAND Collaboration, K. Eguchi et al., First results from KamLAND:
Evidence for reactor anti-neutrino disappearance, Phys. Rev. Lett. 90, 021802
(2003), hep-ex/0212021.

[6] KamLAND Collaboration, S. Abe et al., Precision Measurement of Neutrino
Oscillation Parameters with KamLAND, Phys. Rev. Lett. 100, 221803 (2008),
0801.4589.

[7] RENO collaboration, J. Ahn et al., Observation of Reactor Electron Antineu-
trino Disappearance in the RENO Experiment, Phys.Rev.Lett. 108, 191802
(2012), 1204.0626.

[8] MINOS Collaboration, P. Adamson et al., An improved measurement of muon
antineutrino disappearance in MINOS, Phys.Rev.Lett. 108, 191801 (2012),
1202.2772.

[9] A. Cervera, F. Dydak and J. Gomez Cadenas, A large magnetic detector for
the neutrino factory, Nucl. Instrum. Meth. A451, 123 (2000).

[10] A. Cervera et al., Performance of the MIND detector at a Neutrino Factory
using realistic muon reconstruction, Nucl. Instrum. Meth. A624, 601 (2010),
1004.0358.

47



48 BIBLIOGRAPHY

[11] D. Autiero et al., Large underground, liquid based detectors for astro-particle
physics in Europe: Scientific case and prospects, JCAP 0711, 011 (2007),
0705.0116.

[12] A. Rubbia, Experiments for CP violation: A Giant liquid argon scintillation,
Cerenkov and charge imaging experiment?, p. 321 (2004), hep-ph/0402110.

[13] LAGUNA Collaboration, A. Rubbia, The LAGUNA design study: Towards
giant liquid based underground detectors for neutrino physics and astrophysics
and proton decay searches, Acta Phys. Polon. B41, 1727 (2010).

[14] P. W. Higgs, Broken symmetries, massless particles and gauge fields, Phys.
Lett. 12, 132 (1964).

[15] P. W. Higgs, Broken Symmetries and the Masses of Gauge Bosons, Phys. Rev.
Lett. 13, 508 (1964).

[16] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector
Mesons, Phys. Rev. Lett. 13, 321 (1964).

[17] G. Guralnik, C. Hagen and T. Kibble, Global Conservation Laws and Massless
Particles, Phys. Rev. Lett. 13, 585 (1964).

[18] ATLAS Collaboration, G. Aad et al., Observation of a new particle in the
search for the Standard Model Higgs boson with the ATLAS detector at the
LHC, Phys. Lett. B716, 1 (2012), 1207.7214.

[19] CMS Collaboration, S. Chatrchyan et al., Observation of a new boson at a
mass of 125 GeV with the CMS experiment at the LHC, Phys. Lett. B716, 30
(2012), 1207.7235.

[20] F. Zwicky, Spectral displacement of extra galactic nebulae, Helv. Phys. Acta
6, 110 (1933).

[21] H. W. Babcock, The rotation of the Andromeda Nebula, Lick Observatory
Bulletin 19, 41 (1939).

[22] H. Hoekstra, H. Yee and M. Gladders, Current status of weak gravitational
lensing, New Astron. Rev. 46, 767 (2002), astro-ph/0205205.

[23] L. Koopmans and T. Treu, The structure and dynamics of luminous and dark
matter in the early-type lens galaxy of 0047-281 at z=0.485, Astrophys. J. 583,
606 (2003), astro-ph/0205281.

[24] D. Larson et al., Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Power Spectra and WMAP-Derived Parameters, Astrophys. J.
Suppl. 192, 16 (2011), 1001.4635.

[25] K. A. Olive, TASI lectures on dark matter, p. 797 (2003), astro-ph/0301505.



BIBLIOGRAPHY 49

[26] K. Begeman, A. Broeils and R. Sanders, Extended rotation curves of spiral
galaxies: Dark haloes and modified dynamics, Mon. Not. Roy. Astron. Soc.
249, 523 (1991).

[27] M. Markevitch et al., Direct constraints on the dark matter self-interaction
cross-section from the merging galaxy cluster 1E0657-56, Astrophys. J. 606,
819 (2004), astro-ph/0309303.

[28] D. Clowe et al., A direct empirical proof of the existence of dark matter,
Astrophys. J. 648, L109 (2006), astro-ph/0608407.

[29] DAMA Collaboration, LIBRA Collaboration, R. Bernabei et al., New results
from DAMA/LIBRA, Eur. Phys. J. C67, 39 (2010), 1002.1028.

[30] CoGeNT collaboration, C. Aalseth et al., Results from a Search for Light-
Mass Dark Matter with a P-type Point Contact Germanium Detector, Phys.
Rev. Lett. 106, 131301 (2011), 1002.4703.

[31] C. Savage et al., XENON10/100 dark matter constraints in comparison with
CoGeNT and DAMA: examining the Leff dependence, Phys. Rev. D83, 055002
(2011), 1006.0972.

[32] IceCube Collaboration, R. Abbasi et al., Search for Dark Matter from the
Galactic Halo with the IceCube Neutrino Observatory, Phys. Rev. D84, 022004
(2011), 1101.3349.

[33] IceCube collaboration, R. Abbasi et al., Search for Neutrinos from Annihi-
lating Dark Matter in the Direction of the Galactic Center with the 40-String
IceCube Neutrino Observatory, (2012), 1210.3557.

[34] G. Lambard, Indirect dark matter search with the ANTARES neutrino tele-
scope, (2012), 1212.1290.

[35] Super-Kamiokande Collaboration, T. Tanaka et al., An Indirect Search for
WIMPs in the Sun using 3109.6 days of upward-going muons in Super-
Kamiokande, Astrophys. J. 742, 78 (2011), 1108.3384.

[36] PAMELA Collaboration, O. Adriani et al., An anomalous positron abundance
in cosmic rays with energies 1.5-100 GeV, Nature 458, 607 (2009), 0810.4995.

[37] Fermi LAT Collaboration, M. Ackermann et al., Measurement of separate
cosmic-ray electron and positron spectra with the Fermi Large Area Telescope,
Phys. Rev. Lett. 108, 011103 (2012), 1109.0521.

[38] HESS Collaboration, A. Abramowski et al., H.E.S.S. constraints on Dark Mat-
ter annihilations towards the Sculptor and Carina Dwarf Galaxies, Astropart.
Phys. 34, 608 (2011), 1012.5602.



50 BIBLIOGRAPHY

[39] L. Wolfenstein, Neutrino oscillations in matter, Phys. Rev. D 17, 2369 (1978).

[40] S. Mikheev and A. Y. Smirnov, Resonance Amplification of Oscillations in
Matter and Spectroscopy of Solar Neutrinos, Sov. J. Nucl. Phys. 42, 913 (1985).

[41] Z. Maki, M. Nakagawa and S. Sakata, Remarks on the unified model of ele-
mentary particles, Prog. Theor. Phys. 28, 870 (1962).

[42] B. Pontecorvo, Mesonium and anti-mesonium, Sov. Phys. JETP 6, 429 (1957).

[43] B. Pontecorvo, Neutrino Experiments and the Problem of Conservation of
Leptonic Charge, Sov. Phys. JETP 26, 984 (1968).

[44] N. Cabibbo, Unitary Symmetry and Leptonic Decays, Phys. Rev. Lett. 10,
531 (1963).

[45] M. Kobayashi and T. Maskawa, CP Violation in the Renormalizable Theory
of Weak Interaction, Prog. Theor. Phys. 49, 652 (1973).

[46] P. Minkowski, µ→ eγ at a Rate of One Out of 1-Billion Muon Decays?, Phys.
Lett. B67, 421 (1977).

[47] R. N. Mohapatra and G. Senjanovic, Neutrino Mass and Spontaneous Parity
Violation, Phys. Rev. Lett. 44, 912 (1980).

[48] M. Magg and C. Wetterich, Neutrino mass problem and gauge hierarchy, Phys.
Lett. B94, 61 (1980).

[49] T. Cheng and L. F. Li, Neutrino Masses, Mixings and Oscillations in SU(2)⊗
U(1) Models of Electroweak Interactions, Phys. Rev. D22, 2860 (1980).

[50] G. Gelmini and M. Roncadelli, Left-Handed Neutrino Mass Scale and Sponta-
neously Broken Lepton Number, Phys. Lett. B99, 411 (1981).

[51] R. Foot et al., SEESAW NEUTRINO MASSES INDUCED BY A TRIPLET
OF LEPTONS, Z. Phys. C44, 441 (1989).

[52] E. Ma, Pathways to naturally small neutrino masses, Phys. Rev. Lett. 81,
1171 (1998), hep-ph/9805219.

[53] R. Mohapatra and J. Valle, Neutrino Mass and Baryon Number Nonconser-
vation in Superstring Models, Phys. Rev. D34, 1642 (1986).

[54] H. Yuksel, M. D. Kistler and T. Stanev, TeV Gamma Rays from Geminga and
the Origin of the GeV Positron Excess, Phys.Rev.Lett. 103, 051101 (2009),
0810.2784.

[55] P. Blasi, The origin of the positron excess in cosmic rays, Phys.Rev.Lett. 103,
051104 (2009), 0903.2794.



BIBLIOGRAPHY 51

[56] C. Rott, Review of Indirect WIMP Search Experiments, (2012), 1210.4161.

[57] Fermi-LAT collaboration, M. Ackermann et al., Constraining Dark Matter
Models from a Combined Analysis of Milky Way Satellites with the Fermi Large
Area Telescope, Phys. Rev. Lett. 107, 241302 (2011), 1108.3546.

[58] VERITAS Collaboration, E. Aliu et al., VERITAS Deep Observations of the
Dwarf Spheroidal Galaxy Segue 1, Phys. Rev. D85, 062001 (2012), 1202.2144.

[59] VERITAS Collaboration, V. Acciari et al., VERITAS Search for VHE
Gamma-ray Emission from Dwarf Spheroidal Galaxies, Astrophys. J. 720,
1174 (2010), 1006.5955.

[60] MAGIC Collaboration, E. Aliu et al., Upper limits on the VHE gamma-ray
emission from the Willman 1 satellite galaxy with the MAGIC Telescope, As-
trophys. J. 697, 1299 (2009), 0810.3561.

[61] MAGIC Collaboration, J. Aleksic et al., Searches for Dark Matter annihilation
signatures in the Segue 1 satellite galaxy with the MAGIC-I telescope, JCAP
1106, 035 (2011), 1103.0477.

[62] P. Meade et al., Dark Matter Interpretations of the e+- Excesses after FERMI,
Nucl. Phys. B831, 178 (2010), 0905.0480.

[63] J. Zavala et al., The cosmic X-ray and gamma-ray background from dark
matter annihilation, Phys. Rev. D83, 123513 (2011), 1103.0776.

[64] J. L. Feng, Dark Matter and Indirect Detection in Cosmic Rays, (2012),
1211.3116.

[65] CTA Consortium, M. Actis et al., Design concepts for the Cherenkov Telescope
Array CTA: An advanced facility for ground-based high-energy gamma-ray as-
tronomy, Exper. Astron. 32, 193 (2011), 1008.3703.

[66] A. Galper et al., Status of the GAMMA-400 Project, (2012), 1201.2490.

[67] CTA collaboration, M. Doro et al., Dark Matter and Fundamental Physics
with the Cherenkov Telescope Array, (2012), 1208.5356.

[68] K. Abe et al., Letter of Intent: The Hyper-Kamiokande Experiment — Detec-
tor Design and Physics Potential —, (2011), 1109.3262.

[69] LENA Collaboration, M. Wurm et al., The next-generation liquid-scintillator
neutrino observatory LENA, Astropart. Phys. 35, 685 (2012), 1104.5620.

[70] W. H. Press and D. N. Spergel, Capture by the sun of a galactic population of
weakly interacting massive particles, Astrophys. J. 296, 679 (1985).



52 BIBLIOGRAPHY

[71] A. Gould, Cosmological density of WIMPs from solar and terrestrial annihi-
lations, Astrophys. J. (1991).

[72] A. Bueno et al., Indirect detection of dark matter WIMPs in a liquid argon
TPC, JCAP 0501, 001 (2005), hep-ph/0410206.

[73] K. Griest and D. Seckel, Cosmic Asymmetry, Neutrinos and the Sun, Nucl.
Phys. B283, 681 (1987).

[74] INO Collaboration, M. Murthy, India-based Neutrino Observatory (INO): A
status report, AIP Conf. Proc. 1405, 309 (2011).

[75] S. K. Agarwalla, Some Aspects of Neutrino Mixing and Oscillations, (2009),
0908.4267.

[76] . LAGUNA and LBNO collaborations and T. Patzak, LAGUNA-LBNO: Large
Apparatus studying Grand Unification and Neutrino Astrophysics and Long
Baseline Neutrino Oscillations, Journal of Physics: Conference Series 375,
042056 (2012).

[77] LBNE Collaboration, C. Moore et al., Overview of the LBNE Neutrino Beam,
Conf. Proc. C110328, 1948 (2011), 1209.2443.

[78] S. K. Agarwalla et al., Neutrino Probes of the Nature of Light Dark Matter,
JCAP 1109, 004 (2011), 1105.4077.

[79] G. Bari et al., Analysis of the performance of the MONOLITH prototype, Nucl.
Instrum. Meth. A508, 170 (2003).

[80] ICARUS Collaboration, S. Amerio et al., Design, construction and tests of the
ICARUS T600 detector, Nucl. Instrum. Meth. A527, 329 (2004).

[81] F. Varanini, Preliminary experimental results from the ICARUS test facility
at INFN-LNL, Nucl. Phys. Proc. Suppl. 197, 313 (2009).

[82] ICARUS Collaboration, A. Menegolli, Status of the ICARUS T600 detector at
the LNGS, J. Phys. Conf. Ser. 203, 012107 (2010).

[83] V. Barger et al., Upgraded experiments with super neutrino beams: Reach
versus Exposure, Phys. Rev. D76, 031301 (2007), hep-ph/0610301.

[84] M. Blennow, J. Edsjo and T. Ohlsson, Neutrinos from WIMP annihilations
using a full three-flavor Monte Carlo, JCAP 0801, 021 (2008), 0709.3898.

[85] J. N. Bahcall, M. Pinsonneault and S. Basu, Solar models: Current epoch and
time dependences, neutrinos, and helioseismological properties, Astrophys.J.
555, 990 (2001), astro-ph/0010346.



BIBLIOGRAPHY 53

[86] P. Huber, M. Lindner and W. Winter, Simulation of long-baseline neutrino
oscillation experiments with GLoBES (General Long Baseline Experiment Sim-
ulator), Comput. Phys. Commun. 167, 195 (2005), hep-ph/0407333.

[87] P. Huber et al., New features in the simulation of neutrino oscillation ex-
periments with GLoBES 3.0: General Long Baseline Experiment Simulator,
Comput. Phys. Commun. 177, 432 (2007), hep-ph/0701187.

[88] M. Honda et al., Improvement of low energy atmospheric neutrino flux cal-
culation using the JAM nuclear interaction model, Phys. Rev. D83, 123001
(2011), 1102.2688.

[89] M. Blennow and E. Fernandez-Martinez, Neutrino oscillation parameter
sampling with MonteCUBES, Comput. Phys. Commun. 181, 227 (2010),
0903.3985.

[90] G. Fogli et al., Global analysis of neutrino masses, mixings and phases: enter-
ing the era of leptonic CP violation searches, Phys. Rev. D86, 013012 (2012),
1205.5254.

[91] T. Sjostrand, S. Mrenna and P. Z. Skands, PYTHIA 6.4 Physics and Manual,
JHEP 0605, 026 (2006), hep-ph/0603175.

[92] P. Gondolo et al., DarkSUSY: Computing supersymmetric dark matter prop-
erties numerically, JCAP 0407, 008 (2004), astro-ph/0406204.

[93] J. Edsjo, Nusigma 1.16, http://copsosx03.physto.se/wimpsim/code/

nucross3.pdf.

[94] A. Laing, Optimization of Detectors for the Golden Channel at a Neutrino
Factory, PhD thesis, Glasgow university, 2010.

[95] A. Gelman et al., Bayesian Data Analysis (Chapman & Hall/CRC, 2004).

[96] M. Schervish, Theory of StatisticsSpringer Series in Statistics (Springer, 1995).


