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Chapter 165

Introduction66

As soon as in the 30s, astronomical observation provided evidences of "unseen mat-67

ter", the so-called dark matter (DM). But, even if we have strong proof of its existence,68

the nature of dark matter remains unknown. Multiple theories have been proposed,69

including a modification of the Newton’s laws called Modified Newtonian Dynamic70

(MoND). To date, the most commonly admitted hypothesis is that dark matter is made71

out of particles, unobserved yet, called Weakly Interactive Massive Particles (WIMPs).72

WIMPs are supposed to be non-baryonic particles that are non-relativistic, electromag-73

netically neutral and interacting only via weak interactions. In the following, we con-74

sider dark matter to be composed of WIMPs. Various WIMP masses and annihilation75

channels are exposed in this work.76

77

While we still don’t know what compose dark matter, it’s distribution in the Uni-78

verse is continuously improving. According to observation, galaxies are surrounded79

by a dark matter halo. Numerous halo model have been proposed in order to match80

the observation. According to these models, dark matter have a high density in the81

centre of the galaxy. Our galaxy being no exception, looking for dark matter annihila-82

tion products from the Galactic Centre seems a reasonable idea.83

84

Several approaches are used in order to search for DM particles. All these exper-85

iments can be expressed in three main categories : direct searches, DM production in86

particles accelerator and indirect searches. Our analysis consists of an indirect search87

for dark matter annihilation in the Galactic Centre using IceCube and ANTARES. In-88

direct search experiments are looking for secondary particles produced in the decay89

or annihilation of DM. Most candidates for DM particles annihilates by pair, giving us90

particles of the Standard Model (SM), with among them neutrinos.91

92

Upon non-dection, the purpose of such searches is to measure the thermal aver-93

age self-annihilation cross-section of dark matter, 〈σAν〉. Upon non-detecion, an upper94

limit on 〈σAν〉 can be set for each of the WIMP masses considered. Limits on WIMP95

dark matter annihilation cross-section have already been set by neutrino detectors such96

as IceCube [13] and ANTARES [ANTARES].97

98

IceCube and ANTARES are neutrino telescopes located respectively in the South99

Pole ice and deep Mediterranean sea. Both detectors follow the same detection prin-100

ciple, using the Cherenkov radiation produced by the secondary particles. Due to the101

small interaction cross section of neutrinos, a large volume of target material is needed.102

This is done by using a sparse array of photomultiplier tubes in a large volume of di-103

electric medium, respectively ice and sea water. The photodectors will record the hits104

due to Cherenkov photons. The reconstruction of the event will then be performed105
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using specific algorithm.106

107

This master thesis is divided in nine chapters, the first being the introduction.108

Throughout the first chapters, all the important concepts will be introduced. In chap-109

ter 2, the main evidences of dark matter are exposed, as well as the most common110

hypotheses of what it could consist of. A brief reminder on neutrinos and their inter-111

action with matter can be found in chapter 3. The detection principle and detectors112

configuration are discussed in chapter 4. Furthermore, the expected background for113

indirect WIMP searches with neutrino telescope is also explained in this chapter. The114

following parts of this master thesis focus on the analysis method, starting with the115

data selection done over the IceCube and ANTARES samples, which can be found116

in chapter ?? and ?? respectively. The statistical concepts needed for our analysis are117

exposed in chapter 6, along with the Feldman-Cousins Method. This chapter is also118

dedicated to the analysis method and the results we obtained. Finally, the conclusion119

outlines the final results and the future steps of the combined analysis.120
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Chapter 2121

Dark matter122

The need to postulate the existence of Dark Matter was proposed for the first time by123

Fritz Zwicky in the 30s. By using the Virial theorem, he observed that the galaxies in124

the Coma cluster had a higher speed than what was predicted from the luminous mat-125

ter [Zwicky]. Ever since, various proposals have been made on what the dark matter126

could consist of. One of the possibilities is that dark matter stands under the form127

of non luminous astrophysical objects made out of the same matter as ordinary astro-128

physical objects such as stars. It could also be composed of new particles outside of the129

Standard Model of particle physics. According to the actual estimations, dark matter130

is more likely to be composed of non-baryonic matter. Indeed, ordinary matter, com-131

posed of quarks and leptons, seems to only account for 5% of the energy-density of the132

Universe. While, dark matter contribution to the energy density is of about 25% and133

the remaining part is attributed to dark energy (supposedly causing the accelerated134

expansion of the Universe).135

2.1 Evidences of Dark Matter136

The observation of rotation curves of spiral galaxies, i.e. rotation speed in regard to137

the radial distance of the objects, give us an indirect evidence of missing matter in the138

form of non-luminous matter. In the late 1960s, Vera Rubin and Kent Ford measured139

the rotation curves of high-luminosity spiral-galaxies, highlighting the fact that these140

rotation curves are approximately flat [9]. This observation implies that the galaxy141

mass increases significantly with the distance r to its centre.142

143

Let us consider a star of mass m moving at a speed v and situated at a distance r of144

the Galactic Centre. Equalizing the gravitational equation and the centrifuge force, we145

get the following equation146

mv2

r
=
mM(r)G

r2
, (2.1)

147

where M(r) is the mass inside the radius r and G is the gravitational constant. For148

a spiral galaxy like the Milky Way, most of the luminous matter is concentrate in the149

hub. For a star inside the hub we expect M(r) ∝ r3 and therefore v ∝ r; whereas150

outside of the hub, we foresee a behaviour of M(r) ∝ r and thus v ∝ r−1/2. Hence, the151

speed must decrease as the radius increase. Rather, observation tend to show that the152

speed is relatively steady for high r as seen in figure 2.1.153

154
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FIGURE 2.1: Rotation speed of seven spiral galaxies, in regards to the
distance from the Galactic Centre taken from [9]

2.1.1 Gravitational Lensing155

Gravitational lensing gives us crucial information concerning the amount and location156

of dark matter. Gravitational lensing is defined by the deviation of photons from dis-157

tant sources by a distribution of matter, i.e. the lens, between the light sources and158

the observer. We can distinguish strong gravitational lensing from weak gravitational159

lensing. For strong gravitational lensing, the mass standing between the source and160

the observer is large enough to deform the image of the source to an arc. These arcs161

appear multiple times, forming a ring around the lens. Such rings are known as Ein-162

stein rings. On the contrary, for weak gravitational lensing, the lens is not massive163

enough to distort objects distinctly. Rather, a statistical analysis is performed on the164

distortion of many backgrounds sources to obtain the properties of the lens. Mass of165

galaxy clusters can be deduced from their gravitational lensing effects on more distant166

objects. The deflection angle α of a photon by a mass M at the distance of closest ap-167

proach b is given by the following equation [lensing]168

169

α =
4GM

c2b
. (2.2)

170

2.1.2 Evidence of Dark Matter from Gravitational Lensing171

One of the most conclusive evidence of dark matter was given by the observation of172

the Bullet Cluster using a combination of observations from the Hubble Space Tele-173

scope, the ESO Very Large Telescope, the Magellan telescope and the Chandra satellite174

[Bullet_cluster]. The first hint of dark matter in the bullet cluster is the high mass to175

luminosity ratio, indicating a high proportion of dark matter in the galaxy cluster. Us-176

ing the weak gravitational lensing effects on more distant galaxies, the gravitational177

potential in the cluster have been mapped. Meanwhile, the X-ray signals tell us more178

about the distribution of plasma in the galaxies clusters. As shown in fig. 2.2, the weak179

gravitational lensing reconstructions are located in two separated regions. Similarly,180
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the X-ray emission (and thus the plasma) seems to be located in two zones, neverthe-181

less well segregated from the dark matter regions. If there was no presence of dark182

matter in the merging cluster 1E 0657-558, the plasma component would dominate the183

total mass of the cluster and thus, the reconstructed gravitational potential would be184

located around the X-ray emitting plasma. The importance of this observation is that185

we can see a separation of the dark matter and the baryonic matter. During the col-186

lision of two galaxy clusters, the gas cloud would be slowed due to electromagnetic187

interaction, while the dark matter, supposedly affected only via gravitational interac-188

tion, would not.189

FIGURE 2.2: The merging cluster 1E 0657-558, or "Bullet Cluster", shown
in optical spectrum (right) and X-Ray observation (left). The white bar
indicating 200 kpc at the distance where stand the cluster. The green
contours in both maps represent the weak gravitational lensing recon-
struction. The white contours show the errors on the position of the
gravitational peaks at 68.3%, 95.5%, and 99.7% confidence level. The
blue crosses indicate the location of the centres used to measure masses

of the X-ray emitting plasma clouds. Figure from [bullet].

2.2 Dark Matter Candidates190

As mentioned previously, multiple hypothesis have been made in order to explain the191

observations of dark matter. Among them, three main categories stand out. The first192

category attempt to explain the unseen mass with the presence of non-luminous bary-193

onic matter. The second category is postulating the existence of heavy new particles,194

beyond the standard model (BSM), that have not been observed yet. The last cate-195

gory consists of an artefact due to the modification of the Newtonian gravitational law196

called Modified Newtonian Dynamic (MoND) [19]. This last hypothesis, challenged197

by the observation of the Bullet cluster, will not interest us in this analysis and will198

therefore not be elaborated here.199

2.2.1 Baryonic Dark Matter200

Some of the dark matter postulated above must be baryonic. Indeed, the amount of201

baryonic matter deduced from the nucleosynthesis of the Big Bang Ωbar ≈ 0.04 is202

higher than what is observed from the luminous matter Ωlum ≈ 0.01 [22]. Some of203

this non-luminous matter might be found in the form of Massive Astronomical Com-204

pact Halo Objects (MACHOs), e.g. planets, brown dwarfs or primordial black holes.205

Furthermore, studies of galaxies clusters have revealed the presence of gas in vast206

amount in those clusters. Nevertheless, the baryonic matter alone can not explain the207

behaviour of the rotation curve of spiral galaxies 2.1. In fact, the contribution of the208
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baryonic matter to the total estimated density of dark matter is believed to be under209

15% [BaryonicMatter].210

2.2.2 Non-Baryonic Dark Matter211

The observational evidences constrain the properties of new particles postulated to be212

dark matter. First, these particles must not interact via strong force, i.e. they must be213

colour neutral. Similarly, these new particles must be electrically neutral since dark214

matter is expected to have no electro-magnetic interaction. Interaction via weak nu-215

clear force are still permitted, but the interaction cross-section of dark matter with or-216

dinary matter must be smaller than the one between baryonic matter since it has not217

been observed yet. Finally, the dark matter must be stable for at least the life time of218

the Universe, τU , in order to explain the recent observations.219

220

Non-baryonic dark matter candidates are particles that are not predicted by the221

standard model. Three categories can be distinguished following their speed : hot,222

warm and cold dark matter. Candidate particles with masses of 1 keV or below are223

forming the so-called hot dark matter, e.g. neutrinos and axions. The warm dark mat-224

ter consist of particles with masses ranging from 1 keV to 10 GeV/c2, of which sterile225

neutrinos could be an example. The cold dark matter, consisting of particles with mass226

above a few MeV, is the more commonly accepted category. Dark matter has also a227

role in the evolution of the Universe and the formation of the galaxies. In fact, dark228

matter particles must be cold, i.e. non-relativistic, in order allow the galaxies formation229

in the current state of the Universe. Indeed, the formation and evolution of galaxies230

can be simulated using a N-body simulation, in which a cold dark matter scenario is231

preferred to a hot or warm dark matter scenario.232

233

FIGURE 2.3: Schematic representation of supersymmetric particles in
regards to their standard model equivalent.

Currently, the most popular candidates for dark matter particles are Weakly Inter-234

acting Massive Particles (WIMPs). These WIMPs are expecting to have been produced235
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thermally in the early Universe, along with SM particles. In order to obtain the dark236

matter abundance we are observing today, the self-annihilation cross-section required237

is 〈σν〉 ∼ 3 × 10−26 cm3 s−1. This cross-section corresponds approximately to what is238

expected for a new particle with a mass of roughly 100 GeV interacting via weak force.239

Such particle happens to be predicted by the super-symmetric (SUSY) extension of the240

SM, leading to the "WIMP miracle".241

242

Thus, SUSY particles are suitable candidates for WIMPs. These particles consist of243

a super symmetric extension of the standard model. Which means that each fermion244

in the SM has a bosonic super-partner of spin 1/2 in the SUSY model, as well as each245

boson will have a fermionic super-partner of spin 0. This analysis will assume dark246

matter to be composed of WIMPs, which will be denoted by χ. The lightest SUSY247

particles (LSP) is the neutralino, a neutral fermion.248

2.3 Dark Matter Detection249

Three main detection principles can be used while searching for evidence of dark mat-250

ter which are direct detection, indirect detection, production. These three methods can251

be represented with different orientation of the Feynman diagram describing the in-252

teraction of WIMPs with standard model (SM) particles (see fig. 2.4). Direct detection253

experiments search for scattering of SM particles with dark matter particles (WIMPs).254

Indirect detection experiments try to detect the primary and secondary particles cre-255

ated in WIMPs pair-annihilations, e.g. neutrinos, photons, antiparticles. Particles ac-256

celerators attempt to find evidences of dark matter by its production in collisions of257

SM particle such as the proton-proton collision of the Large Hadron Collider (LHC) at258

CERN.259

260

FIGURE 2.4: Simplified Feynman diagrams for WIMPs interaction with
standard model particles (SM) with different time ordering. (a) WIMPs-
SM particles scattering (direct detection), (b) WIMPs annihilation (indi-

rect detection), (c) WIMPs pair-production from SM particles [6].

2.3.1 Direct Search261

The aim of direct detection experiments is to measure the elastic scattering cross-section262

of WIMP with ordinary matter σχ−N , through the detection of WIMPs scattered by tar-263

get nuclei. By measuring the recoil of the nucleus, the recoil energy Q can be measured264

either via its heat deposition in the medium (using phonons), the production of scin-265

tillation radiation from excited target atoms (using photons), or the ionization of the266

medium (using electrons). Indirect detectors commonly use the measured energy-ratio267
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between two such technologies to discriminate background from signal events. Since268

the signal is expected to be very small due to the weak cross-section of such interac-269

tion, direct detection experiments aim to operate at extremely low background. Liquid270

noble gas detectors, such as XENON [30], LUX [17] and Dark-Side [1], look for scintil-271

lation and ionization signals. Whereas cryogenic detectors, e.g. CDMS [39], CoGeNT272

[25], EDELWEISS [27] and CRESST [28], use semi-conducting or scintillating crystals273

to measure phonons from the heat deposition in combination with ionization or scin-274

tillation.275

276

Another approach is to look for annual modulations of the WIMP-nucleon recoil277

rate in a crystal. These variations may arise from the movement of the Earth around the278

Sun, during which different DM velocity distributions are encountered. The DAMA-279

LIBRA [4] experiments, using this technique with sodium iodine (NaI) crystal, claimed280

to have observed such an annual variation. They reported a measured modulation281

with a 8σ significance and consistent with detection of WIMPs with∼ 60 GeV/c2 mass282

in the galactic halo [5]. The DAMA results remain highly controversial since other283

experiments like CDMS, XENON or EDELWEISS have explored the same parameter284

space without being able to confirm this claim.285

2.3.2 Particle Accelerator Production286

Dark matter could also be produced in particle collisions at particle accelerators, such287

as the TeVatron [TeVatron] and the Large Hadron Collider (LHC) [LHC]. However, the288

produced dark matter will escape the detector without being seen due to their weak289

interaction cross-section. Thus, these experiments are looking for missing transverse290

energy signals (MET ), which is potentially linked to dark matter. Usually, the tech-291

nique encountered in dark matter production searches consists of looking for SUSY292

particles. Since they are heavy and unstable, SUSY particles might decay to dark mat-293

ter candidate particles. This analysis are thus looking for missing ET and specific SM294

particles predicted final states.295

2.3.3 Indirect Search296

Indirect detection experiments search for standard model particles created in dark mat-297

ter self-annihilations, such as photons, neutrinos. These experiments usually focus on298

regions with in which a high density of dark matter is expected like the centre of heavy299

celestial bodies, e.g. the Sun, and Earth. A dense WIMP population is also expected in300

the Galaxy Centre. Various type of experiments are looking for an excess of signal com-301

ing from these directions in a defined energy range. Ground γ-ray experiments such302

as H.E.S.S. [29], MAGIC [MAGIC] and VERITAS [31] as well as the Fermi satellite are303

looking for γ-rays produced by WIMP annihilations. Due to size restriction, satellite304

experiments are usually focusing on the detection of photons in the keV to GeV en-305

ergy range. While, without this size restriction, ground based detectors are able to306

detect higher energies up to TeV energy scale. Neutrino telescopes, such as IceCube,307

ANTARES and Super-Kamiokande [33], are looking for high-energy neutrinos coming308

from these locations. Other experiments, e.g. PAMELA [37], Fermi [32] and the AMS-2309

[36], are looking for an anti-matter flux from dark matter annihilations. These latter310

three experiments reported an increased positron flux at high energies above expected311

background which could be explained by a signal from WIMP annihilations in the TeV312

energy range. However, this excess is also consistent with pulsars and supernovae313



2.4. Dark Matter Distribution in Galaxies 9

remnants, which provide a more standard astrophysical explanation. In this work, we314

will focus on neutrino signal from the Galactic Centre.315

2.4 Dark Matter Distribution in Galaxies316

Even if we still have no certitude of what composes the dark matter, the understanding317

of its distribution in the Universe keeps on improving. The distribution of dark matter318

in the Universe can be modelled using the measurements of stars radial velocities and319

weak gravitational lensing along with numerical N-body simulations [NBodysimu].320

Different profile functions can be used to describe the distribution of dark matter in321

galaxies, like the Navarro-Frenck-White (NFW) profile [14] and the Burkert profile322

[Burket]. These profiles can be formulated as in the following general profile func-323

tion :324

ρχ(r) =
ρ0

(δ + r
rs

)γ .(1 + ( rrs )α)
(β−γ)
α

, (2.3)

325

where ρ0 and the scale radius rs are parameters which will vary with the halo326

model. The value ρr is the dark matter density at the scale radius. The parameters327

α, β, γ and δ are dimensionless parameters that depend on the halo model used. The328

values of these parameters for the NFW profile and the Burkert profile can be found329

in table 2.1. The parameter δ was introduced in order to represent an even broader set330

of dark matter profile than the Zhao profile [Zhao]. This equation include "cusped"331

profile, which diverge for r → 0, as well as bulked profile, which does not have a di-332

vergent cusp at r = 0. The "cusped" profile, like the NFW halo profile, give a very333

concentrated signal, which will appear almost point-like for halos located at large dis-334

tances. While "bulked" profile, as the Burkert profile, will appear wider making signal335

from these halos more difficult to detect in indirect searches. In both cases, the the336

density profile of the DM approaches zero at large distances in order to have a finite337

mass for the galaxies. In this analysis, we will use the NFW density profile with the338

parameters taken from [8] and expressed as :339

ρχ(r) =
ρ0

r
rs

(1 + r
rs

)2
. (2.4)

340

341

where the parameters used can be found in table 2.1.342

Parameter Units NFW profile Burket profile

(α, β, γ, δ) - (1,3,1,0) (2,3,1,1)

ρ0 107M�/kpc3 1.40+2.90
−0.93 4.13+6.2

−1.6

rs kpc 16.1+17.0
−7.8 9.26+5.6

−4.2

TABLE 2.1: Dark matter halo profile parameters for the NFW profile and
the Burket profile as taken from [8]
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2.5 Dark Matter Signal Intensity From the Galactic Centre343

As already explained, dark matter might be subject to self-annihilation into standard344

model particles. The intensity of WIMP annihilation is proportional to the square of345

the dark matter density distribution in the galactic halo since two particles are needed346

for an annihilation. The spatial distribution of the signal particles is described by the J-347

Factor. The J-Factor is defined as the integral of the squared dark matter density along348

the line-of-sight, l, [J_factor]349

Ja(Ψ) =

∫ lmax

0
ρ2
χ

(√
R2
sc − 2 l Rsc cos(Ψ) + l2

)
dl , (2.5)

350

351

where Ψ denotes the opening angle to the galactic centre,Rsc is the radius of the so-352

lar circle (Rsc ' 8.5 kpc) and ρχ is the dark matter density profile as define in equation353

2.4. The shape of the J-factor strongly depends on the halo model used. The quantity l354

is the distance along the line of sight and the upper integration limit lmax is a quantity355

which depends on the radius of the galactic halo Rhalo and can be expressed as356

lmax =
√
R2
halo − sin2 ΨR2

sc +Rsc cos Ψ , (2.6)

357

358

where the radius of the galactic halo is chosen to be the radius of the Milky Way359

Rhalo = 50 kpc. Due to the rapid decreases of the density function for radii above the360

scale radius rs, these radii do not have a significant contribution to the total value of361

the J-factor. This behaviour can be seen in fig. ?? showing the J-factor as function of the362

opening angle to the Galactic Centre.363

364

FIGURE 2.5: J-factor calculated for the NFW halo model as a function of
the opening angle Ψ for the IceCube IC86 Low Energy Galactic Centre

analysis.
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365

The J-factor is also needed to calculate the energy-differential flux of neutrinos re-366

sulting from DM annihilation [diff_flux]367

dφν(Ψ)

dAdΩ dtdE
=
〈σAν〉

2

Ja(Ψ)

4πm2
χ

dNν

dE
, (2.7)

368

which also depends on the WIMPs thermally averaged product of the self-annihilation369

cross-section, 〈σAν〉, the inverse of the squared WIMP mass, mχ, and the neutrino en-370

ergy spectrum per annihilating WIMP pair, dNν/dE [netrinoFlux]. The fact that there371

are two WIMPs per annihilation is accounted by the factor 1/2. We consider WIMPs372

to be Majorana particles, i.e. WIMPs are their own anti-particles. The factor 1/4π ac-373

counts for the isotropic emission of neutrinos.374

375

The annihilation of two WIMPs will in first instance lead to a pair of SM particles,376

one particle and its associated antiparticle. The model used in order to describe dark377

matter influences the branching ratio for each type of particle. In this analysis, five378

different annihilation channels have been considered assuming a 100% branching ratio379

(B.R.) :380

χχ→ bb̄, W+W−, νµν̄µ, µµ̄, τ τ̄ . (2.8)

381

After the first annihilation, the Standard Model particles created will, in most case,382

decay into lighter particles, including neutrinos. In the case of a leptonic primary par-383

ticles, the decay will automatically creates a neutrino due to the leptonic flavour con-384

servation. And as a matter of fact, weak gauge bosons could produce charged leptons385

and neutrinos while decaying.386

W± → l± ν (B.R. ∼ 30%) (2.9)
W± → qq̄ (B.R. ∼ 70%) (2.10)

387

In addition, gluons and quarks will be the source of hadronic showers which pro-388

duce mostly neutrinos via the decay of mesons produced in the shower. The bb̄ channel389

is expected to produce fewer neutrinos than other annihilation channels since, in the390

case of quarks, neutrinos will mostly be produced in hadronic showers rather than di-391

rectly. The bb̄ channel will thus have the softer neutrino spectra, while the channel νµν̄µ392

will have the hardest spectra.393

394

The average neutrino spectra per annihilation process (dN/dE) for these masses395

and for each annihilation channel were computed using PYTHIA simulation package396

[Pythia] and are shown in Fig.2.6.397

398
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FIGURE 2.6: Neutrino energy spectrum for the annihilation
of WIMP of 100 GeV/c2 mass to νµ final product through

bb̄, W+W−, νµν̄µ, µµ̄, and τ τ̄ annihilation channels.

399

Finally, the neutrinos produced in the decay of the annihilation products need to400

reach the detectors travelling from the place of the WIMPs annihilation. Thus, the401

neutrino energy spectra are influenced by the neutrino absorption that could occur in402

the source medium, such as in the Sun. On their way to Earth, neutrinos will also be403

subject to the neutrino oscillation, leading to a 1:1:1 ratio of neutrino flavours at the404

detector location when sources much larger than the oscillation length are considered.405
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Chapter 3406

Neutrinos Astronomy407

Neutrinos are electrically neutral particles interacting weakly with matter. Having408

these properties, neutrinos seem to be an ideal astrophysical messengers. Since they409

interact weakly with matter, neutrinos are not absorbed by dense regions and are thus410

able to carry information about regions opaque to photons. Furthermore, neutrinos are411

neutral particles, which means they are not deflected by magnetic field on their way412

to Earth. which makes it easier to pinpoint the direction of the neutrino source. High413

energy neutrinos are expected to be produced by some of the most cataclysmic and414

interesting events in the Universe, e.g. exploding stars, gamma ray bursts, supernova415

remnants, neutrons stars or annihilation of dark matter.416

3.1 Neutrinos Interaction with matter417

Neutrinos are elementary particles belonging to the lepton family (fermions with 1/2418

spin). There are three flavours of neutrinos, electron neutrinos (νe), muon neutrinos419

(νµ), tau neutrinos (ντ ), as well as their corresponding anti-particles. Neutrinos inter-420

act with matter only by weak nuclear interaction through the exchange of Z0 bosons421

(neutral current) orW± bosons (charged current). As a result, neutrinos have very low422

interaction cross-sections, yet increasing linearly with energy [Sylvie]. Since neutrinos423

are neutral particles, their existence is deduced from the charged lepton production424

during their charged current interaction following these equations425

νl +N → l− +X , (3.1)
ν̄l +N → l+ +X , (3.2)

426

whereN denotes a nucleon,X is the final hadronic product and l stand for the three427

different flavours of neutrinos (e±, µ±, τ±). In the charged current interaction, neutri-428

nos turn into their associated charged leptons in order to preserve the lepton number.429

The neutral current interaction can be seen as a scattering of the initial neutrino by the430

nucleus, N , with a hadron or a hadronic shower, X , in the final state431

νl +N → νl +X , (3.3)
ν̄l +N → ν̄l +X , (3.4)

432

Depending on the energy of the neutrinos, three main types of scattering process433

with the nucleon may occur [10]. The first one is the Quasi-Elastic Scattering (QES) in434

which the target nucleon remains almost unchanged and the quasi-totality of the in-435

cident momentum is transferred to the out-going lepton. For neutrinos with energies436
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around 1 GeV to 10 GeV, the Nuclear Resonance Production (NRP) interaction domi-437

nates. In that specific case, neutrinos can excite the target nucleon to a resonance state.438

The baryon resonance thus created conducts to a hadronic system. Neutrinos with439

an energy above 10 GeV are able to interact with the quarks in the nucleon and diffuse440

them individually. This process, called Deep Inelastic Scattering, dominates at energies441

greater than 10 GeV. The neutrino breaks the original nucleons and create an hadron442

shower as shown in the fig. 3.1. Four specific cases can be distinguished, taking into ac-443

count the neutrino flavour and the type of interaction (neutral or charged current). For444

both neutral current and charged current interaction, a hadronic shower is produced.445

FIGURE 3.1: Diagrams showing the high-energy neutrinos interactions
in the the detector dielectric medium : (a) Neutral current interactions,
(b)-(d) Charged current interactions for νe, νµ, ντ respectively. Taken

from [15].

For charged current interactions, we can differentiate three specific cases depend-446

ing on the neutrino flavour. This distinction arises from the behaviour of their associ-447

ated leptons in the detector medium. Therefore, the signature in the detector will be448

typical for each neutrino flavour (cf. figure 3.2).449

Electron neutrinos While interacting with the medium, electron neutrinos create elec-450

trons or positrons, e− or e+. These electrons lose their energy in electromagnetic show-451

ers and are not able to travel more than a few meters in the detector medium (ice or452

water). Thus, the electron neutrino interaction create a "cascade signature" in the de-453

tector. These events give us a poor angular resolution as a result of their "cascade-like"454

shape.455

Muon neutrinos The muon, µ+ or µ−, resulting of the muon neutrino charged cur-456

rent interaction propagates in straight line and is almost aligned with the original neu-457

trino (especially true at high energy). These features provide angular resolutions as458

good as < 1◦, which is valuable for the quality of the event reconstructions. The events459

caused by a muon neutrino are called "track-like" events.460

Tau neutrinos Tau leptons, τ+ or τ−, have a short lifetime (2.8× 10−13 s) which does461

not allow them to travel far in the detector medium. While decaying, τ± are generally462

at the origin of a second particle shower. Tau leptons have 83% probability to decay in463

an electron or hadron, thus creating an electromagnetic or hadron shower. This event464

topology is known as "Double Bang". There is also 17% probability for the tau to decay465

in a muon, producing a track [PDGtau].466

467
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FIGURE 3.2: Signature of events in the detector. Neutral current and
charged current interaction of νe are responsible for a cascade-like sig-
nature in the detectors. Events having for origin the charged current in-
teraction of νµ will be seen as track-like events in the detectors. Finally,
the charged current interaction of a ντ in the detectors volume will have

a "double bang" signature.

3.2 Expected Sources of Neutrinos468

The energy of the detected neutrinos gives us information about how and where it469

could have been produced. Following this idea, we can divide neutrinos in two main470

categories : low-energy and high-energy neutrinos. Low-energy neutrinos have en-471

ergies up to few tens of MeV, while the high-energy category is composed of neutri-472

nos with energies above 10 GeV. This division, while arbitrary, reflects the production473

process of these neutrinos. Moreover, these two categories of neutrinos will require474

different ways of designing the detectors. For instance, Cherenkov detector under wa-475

ter or in ice, like ANTARES and IceCube, are designed to operate in the region from476

tens of GeV to about 100 PeV. On the other hand, underground detectors, e.g. Super477

Kamiokande [superkamiokande] or Borexino [borexino], operate in the energy range478

from keV to several GeV.479

3.2.1 Low-Energy Neutrinos480

The lowest energy neutrinos are called cosmological neutrinos or Cosmic Neutrino481

Background (CNB ou CνB), with energy ranging from µeV to few meV (cf. figure 3.3).482

Similarly to the cosmic microwave background (CMB), the CνB is a relic of the Big483

Bang, with information carriers being neutrinos instead of photons [CNB1]. The CνB484

give us a glimpse of the Universe one seconde after the Big Bang, while the CMB de-485

coupled when the Universe was 379,000 years old [CMB]. The neutrinos from the CνB486

are the oldest relics of the Big Bang. From the temperature of the CMB, Tγ = 2.725 ±487

0.001 K [3], the temperature of the CνB can be estimated to be Tν ≈ 1.95 K . These488

neutrinos, however, are not detectable with the current technology as their interaction489

cross-section is very low.490

491

Another contribution to the low-energy neutrinos are those produced in nuclear492

reactions such as the ones occuring in the Sun or in the heart of Supernovae. These493

neutrinos have energies from few eV up to few GeV. These low energy neutrinos are494

not detectable by telescope such as IceCube or ANTARES. Howerver, underground495

neutrino detectors aims to detect solar neutrinos as well as geoneutrinos and neutri-496

nos from artificial nuclear sources [LowEnergyNeutrinos].497

498
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FIGURE 3.3: Measure and expected fluxes of natural and reactor neutri-
nos. [].

3.2.2 High-Energy Neutrinos499

The so-called high-energy neutrinos are mainly produced in high-energy particle col-500

lisions, which produce mesons soon decaying to neutrinos as well as other particles.501

The produced neutrinos will travel through space in straight line and if detected on502

Earth, will point right back to their sources.503

Atmospheric Neutrinos : The Earth is constantly hit by cosmic rays, which are charged504

particles whose energy can reach very high values (1015 to 1020 eV). These cosmic505

rays, are one of the sources of high-energy neutrinos. When cosmic rays enter the506

upper atmosphere, the primary incident CR particles produce unstable particles with507

short lifetime. The secondary particles created in these interaction are highly energetic508

and ultra-relativistic. These secondary particles will either interact with atmospheric509

molecules or decay to lighter particles, as muons and neutrinos.510

p+ +N → π± +X (3.5)
π+(π−)→ µ+(µ−) + νµ(ν̄µ) (∼ 100 % b.r.) (3.6)
µ+(µ−)→ e+(e−) + νe(ν̄e) + ν̄µ(νµ) (∼ 100 % b.r.) (3.7)

511

where N is the initial atmospheric nucleon and X is its hadronic remains. The512

muons created spread among the Earth surface and are capable of travelling a few513

tens of kilometres into the Earth before interacting. On the other hand, atmospheric514

neutrinos are capable of crossing the Earth without interacting with a nucleus. At-515

mospheric muon and neutrinos are the main background source of neutrino telescope516

such as IceCube or ANTARES.517
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FIGURE 3.4: Schematic view of Cosmic Ray interaction in the upper at-
mosphere.

Astrophysical neutrinos : There are several candidates to explain the origins of high-518

energy cosmic rays. Yet, the sources of these cosmic rays are believed to produce high-519

energy neutrinos as well. One of the sources could be in the form of Active Galactic520

Nuclei (AGN), e.g. galaxies with a super massive black hole in their centre. When mat-521

ter in the galaxy fall in the black hole, a jet structure is created emitting large amounts522

of energy. These jets could accelerate protons to high energies. Neutrinos are also523

believed to be produced in these gamma ray sources. Another potential source are524

Gamma Ray Burst (GRB) which are the most energetic events observed in the Uni-525

verse. GRBs consist of short pulses of gamma ray lasting from a fraction of a second526

up to 100 seconds. These events are located really far away from Earth and their origin527

is still unknown. Possible explanations are that these events origin from colliding neu-528

tron stars or massive stars collapsing into a black hole. These collisions will produce529

mainly π mesons rapidly decaying to muons and neutrinos. These muons (µ+) will, in530

turn, decay and give an electron (e+) and two neutrinos (νe and ν̄µ), as shown in equa-531

tion 3.2.2. r volume. IceCube is the first cubic-kilometre neutrino detector. In 2012,532

IceCube announced the detection of two neutrinos with energy around 1 PeV, known533

as Bert and Ernie. These neutrinos events are the most energetic ever observed. Such534

high-energy neutrinos can only be detected by a detector of very large detector.535
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Cosmogenic neutrinos : Cosmogenic neutrinos are produced in the interaction of ul-536

tra high energetic cosmic rays (UHECRs) with the photons of the CMB. These neutrinos537

are also called GZK neutrinos as the phenomenon responsible for their creation is also538

the source of a strong feature in the CR energy spectrum known as the GZK cut-off.539

Cosmogenic phenomenon are expected to be the main source of neutrinos with ener-540

gies from 100 PeV to 10 EeV. The expected flux of cosmogenic neutrinos is very low,541

requiring an important detector volume and a long exposure in order to be detected.542

However, the detector volume is still unknown.543

Neutrinos from Dark Matter : Neutrinos with high energies could also come from544

the annihilation of dark matter. As explained in chapter 2, there is evidence of "unseen545

matter" in the Universe, the so-called dark matter. One of the favourite candidates for546

this new type of matter are Weakly Interacting Massive Particles (WIMPs) that were547

created during the Big Bang simultaneously with ordinary matter. Dark matter par-548

ticles would scatter in massive objects such as the Sun or the Earth, lose energy and549

become gravitationally trapped, accumulating in the centre of the object. These dark550

matter particles would annihilate and create, among others, neutrinos with energies551

above the one coming from nuclear reactions. The observation of these high-energy552

neutrinos coming from the Sun or the Earth would be a very clean signal of dark mat-553

ter. Other stellar objects are expected to contain dark matter, such as the centre of554

galaxies. This analysis will focus on the search of WIMPs from the centre of the Milky555

Way.556
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Chapter 4557

Neutrino Telescope558

Given the low interaction cross-section of neutrinos, their observation requires a large559

volume of target material. The two detectors used in this analysis, ANTARES and560

IceCube, managed to obtain such a large detector volume by placing a sparse array of561

photodetectors in deep, dark, and dielectric environments, respectively sea water and562

the Antarctic ice. Both telescopes are Cherenkov detectors optimised for the search of563

high-energy neutrinos, such as the neutrinos coming from dark matter annihilation.564

The working principle of these neutrino observatories, as well as a comparison of their565

geometry and performance, will be presented in this chapter.566

4.1 Detection Principle567

As mentioned earlier, neutrinos are not detected directly but indirectly from their in-568

teraction with a nucleus in the detector volume. When occuring at high energy, such569

interactions are creating relativistic and electrically charged secondary particles. This570

charged particles will emit Cherenkov radiations while going faster than the speed571

of light in the dielectric medium of the detector [2]. This phenomenon is the result572

of the coherent superposition of electromagnetic waves due to the polarisation of the573

medium by the passing particle.574

575

FIGURE 4.1: Left : Case of a particle moving with v < c/n. Right :
Emission of Cherenkov radiations for particles with a speed n > c/n

[20].

If the speed of the particle is greater than the c/n ratio (where n is the refractive576

index of the medium and c is the speed of light), there is formation of a light cone with577
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an half aperture angle θc, see figure 4.1. So, the Cherenkov light is emitted with a char-578

acteristic angle depending of the particle speed and given by the following equation579

cosθc =
1

nβ
, (4.1)

580

where β = v/c, v being the speed of the particle in the medium. Assuming a rel-581

ativistic particle (β ∼ 1) in a medium with a refractive index of n = 1.333 for water582

[PDF_anglewater] and n = 1.309 for ice [PDG_angleice], the value of these character-583

istic angles are respectively θc ∼ 41◦ and θc ∼ 40◦. The number of Cherenkov photons584

produced by a particle of charge e, per unit of length, x, and unit of wavelength, λ, is585

given by the Frank-Tamm formula [34] :586

d2N

dxdλ
=

2πα

λ2

(
1− 1

n2β2

)
, (4.2)

587

with α being the fine-structure constant with the value 1/137. Since the number588

of photons produced is inversely proportional to the wavelength, the contribution of589

smaller wavelenght is more significant. For this reason, the spectrum peaks in the UV590

region, causing the produced light to appear blue to the naked eye. In ice, a relativistic591

particle produce about 330 photons per centimetre of track in the wavelength interval592

from 300 to 600 nm. This wavelength interval happen to match the typical sensitivity593

region of the IceCube optical sensors [12]. For the ANTARES detector, almost 200 opti-594

cal photons per centimeter are expected in the sensitive region of the photomultiplier595

tubes, i.e. 350 nm ≤ λ ≤ 600 nm [16].596

4.2 IceCube597

IceCube is a cubic-kilometer neutrino observatory located at the South Pole. The main598

goal of this experiment is the detection of neutrinos from astrophysical sources. Ice-599

Cube is burried in the Antartic ice at a depth of 2450 meters. The observatory is com-600

pleted with a surface cosmic ray detector (IceTop), as well as a denser instrumented601

inner sub-detector (DeepCore) to lower the energy threshold.602

4.2.1 Detector Configuration603

The IceCube observatory consists of 5,160 photomultupliers tubes (PMTs) (DOMs) at-604

tached to vertical strings placed into 86 boreholes. Seventy-eight of these strings are605

deployed on an hexagonal grid with a spacing of 125 meters between each borehole606

which holds 60 PMTs, disposed from 1,450 to 2,450 metres depth with a vertical sep-607

aration of 17 meters, see figure 4.2. The detector design is optimised for the search of608

high-energy astrophysical neutrinos above ∼ 100 GeV. The IceCube detector includes609

a dust layer, which corresponds to a layer of volcanic ashes located at a depth of 1970610

to 2100 meters below the surface.611
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FIGURE 4.2: IceCube detector configuration [website:IceCube].

The PMTs in IceCube are housed in Digital Optical Modules (DOMs). These DOMs612

are the basic detection units of IceCube. Each DOM is composed of a 25 centimetres613

diameter downward oriented PMT, along with a DOM mainboard (DOM MB) to pro-614

cess and digitalise the signal. The PMT and DOM MB are housed in a 13 mm thick615

pressure-resistant glass sphere. There is a cut-off on the wavelenght detectable by the616

DOMs, this limit being around 350 nm.617

618

The detection of optical photons is done in the following way : first the photon619

reaches the DOM and crosses the glass sphere to reach the PMT. The photon is then620

absorbed by the photo-cathode of the PMT and a photo-electron (pe) is emitted and621

amplified to a factor of 107 when passing through the dynodes. Further processing is622

triggered when there is a hit, i.e. when the anode voltage exceeds 0.5 pe, with 1 pe cor-623

responding the anode voltage for one single photo-electron being amplified through624

all dynodes. These hits are labelled as Hard Local Coincidence (HLC) if at least two625

neighbouring DOMs record a hit within a time window of 1 µs.626

627

Once triggered by photons, the DOMs digitized the trigger hit and send the digi-628

tize signals to the surface computers. Once received on the surface, algorithms check629

for correlation of these hits within a defined time window in order to reduce the noise630

rate. The information of triggered events are then regrouped into events that are re-631

constructed and filtered (cf. section 4.2.2) in order to reduce the raw data stream even632

further. This first data reduction is referred to as Level 1. This reduced data stream633

is then sent to the data warehouse at the University of Wisconsin (UW) Madison via634
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satellite, where it can be accessed by the entire collaboration for further processing and635

analysis. This processing state, where more sophisticated reconstructions are calcu-636

lated for each events, is often referred to as Level 2.637

FIGURE 4.3: Schematic drawing of a Digital Optical Module (DOM)
used in IceCube [].

DeepCore : The eight remaining strings are deployed more compactly in the centre638

of the array, forming the DeepCore subdetector. A horizontal spacing of 70 metres can639

be found between each string and each DOM is separated by a 7 metres vertical space.640

The first ten DOMs of each string are located above the dust layer while the remaining641

DOMs are beneath it. This configuration makes it possible to detect neutrinos above642

∼ 100 GeV, enabling the study of neutrino oscillation. Since low-energy muons (Eµ =643

10 GeV) travel about 5 meters per GeV in the ice, the spacing of the standard DOMs of644

IceCube leads to a minimum energy threshold for neutrinos of 50-100 GeV [38]. The645

higher module density, thus enable a lowering of this detection threshold. In order646

to improve the capabilities of DeepCore, the sub-detector uses the standard DOMs of647

IceCube as a veto to background.648

IceTop : IceTop is composed of 81 surface stations, each consisting of two tanks each649

equipped with two downward facing DOMs. IceTop detects air-shower from primary650

cosmic rays in the 300 TeV to 1 EeV range. The IceTop stations are located on top of651

IceCube strings. Even if its primary goal is the detection of cosmic rays, IceTop also act652

as a veto for cosmic muons and a calibration detector for IceCube.653

4.2.2 Event Filtering, Cuts and Veto654

The majority of the events triggering IceCube optical digital modules are atmospheric655

muons, which are part of the background. In order to reduce the rate of these events,656

on-line as well as off-line filters have been developed. Events are tags depending on657

either they fulfils or not different conditions, such as restrictions on the energy, the658

direction or the topology of the event. Each filter has its own purpose and we will only659

present here the ones that were used for our analysis. A brief description of the filters,660

cuts and vetoes used in this analysis will be found in this section.661
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DeepCore Filter : The purpose of the DeepCore filter is to select events starting in-662

side the DeepCore fiducial volume, rejecting at the same time atmospheric muons.663

This filter algorithm applies a simple veto to the cosmic ray muon background events,664

dominating the low-energy data set. First, a selection of the hard local coincident hits665

within the DeepCore subdetector is performed. The centre of gravity (COG) of these666

selected hits is then computed. This information is used by an algorithm looping over667

all the HLC in the IceCube detector to compute the speed at which the particle would668

reach the COG vertex. At last, events with a speed ranging from 0.25 to 0.4 m/ns can669

be rejected.670

RTVeto : The RTVeto is based on the assumption that incoming atmospheric muons671

will trigger some DOMs before entering the DeepCore volume. The aim of this filter672

is to reject the events caused by these muons. The algorithm used considers the radial673

distance (R) and the time (T) in order to find clusters of hits. The RTVeto will notify the674

largest cluster of hits found with the pulse series. Since muons are expected to produce675

larger clusters than tracks induced by neutrinos, a cut based on the cluster size can be676

deduced to veto incoming muons.677

ConeCut : This cut uses the fact that the Cherenkov light produced by muons is emit-678

ted with a cone pattern. Once the track is reconstructed, a cone is placed with its tip679

at the interaction vertex of the event and its axis along the track direction. The first680

step of this cut is to determine the pulses in ConeCutPulses. This pulses are selected681

to be InIcePulses within the cone of given opening angle, considering a time offset 500682

ns and a time window of 1000 ns. Secondly, the number of hit DOMs of the ConeCut-683

Pulses is calculated. The number of channel (NCH), that is to say the number of hit684

DOMs, must be optimized with respect to the opening angle of the cone. The optimal685

cut efficiency was found for opening angle between 20◦ and 30◦.686

RZCut : The RZCut is a two-dimensional technique to spot muons entering the de-687

tector volume based on the radial distance, r, of the track vertex to the central string688

and the vertical coordinate, z of the first hit DOM. The position of the vertex is com-689

puted using a reconstruction algorithm from the noise-cleaned event hits. The distance690

r is defined as r =
√
x2 + y2, with x and y being the horizontal coordinates of the ver-691

tex. From these coordinates, a two-dimensional r-z map is constructed with the signal692

fraction contained in each bin. This signal fraction is defined as fs/(fs + fbg), with fs693

and fbg being respectively the signal and background PDFs.694

LHVeto : The aim of the LHVeto is to reject incoming muons that have not been iden-695

tified by the previously applied veto techniques. Some of these muons are producing696

very few hits in the veto region that are too far apart to be cut out by the other tech-697

niques. This veto considers all the hits contained in a cylinder of given radius around698

the initial reconstructed track. The log likelihood (llh) value of the track is calculated699

by using only those pulses. This technique establishes how likely the pulses are to be700

associated with a muon track. Indeed, if the hits are somehow connected to the track,701

the likelihood value is affected. Hits produced by a muon tend to have highest llh702

values than random distributed noise hits.703
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4.3 ANTARES704

ANTARES, which stands for Astronomy with a Neutrino Telescope and Abyss Envi-705

ronmental RESearch, is an underwater Cherenkov detector. This neutrino observatory706

is located in the deep Mediterranean sea, about 40 km from Toulon at the coordinates707

42◦48’N, 6◦10’E [ANTARES_location]. ANTARES consists of 12 strings of 350 meters708

length each, spread over a surface of 0.1 km2 at a depth of about 2475 m [7] with a709

distance of 70 meters between each string. These flexible strings are anchored to the710

seabed and remain in vertical position by means of buoys. Each string holds 25 storey711

of 3 Optical Module (OM) seperated by 14.5 meters, making a total of 1000 OMs. A712

schematic view of the detector can be seen in Fig. 4.5. The movements of the strings713

are monitored using a system of hydrophones and compasses installed within the de-714

tector volume.715

716

FIGURE 4.4: Schematique view of the ANTARES neutrinos telescope. It
contain 885 PMTs distributed along 12 lines anchored at the sea bottom

[7].

717

The optical modules are composed of a photomultiplier tube, various sensors and718

the associated electronics enclosed in glass spheres (OMs). The sphere as a diameter719

of 43 cm and a thickness of 1.5 cm is resistant up to a pressure of 700 bars. In a storey,720

each module is disposed such as the axis of the photomultiplier tube is 45◦ below the721

horizontal. This setting offers an high efficiency for the detection of light coming from722

the South hemisphere.723

724
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FIGURE 4.5: Schematique drawing of an optical module (OM) used in
the ANTARES neutrinos telescope. Each OM contained a PMT as well

as associated electronics [7].

725

The Cherenkov photons detected by the OMs, which are called hits, are processed726

by a data acquisition system. The recorded hits are transferred to the junction box727

through the line from the Local Control Module (LCM) contained in the storeys. The728

junction box acts as a link between the detector and the observation station located in729

La Syne-sur-mer.730

731

Two types of reconstruction are used in ANTARES, depending on the deposited732

energy of the events. The single line reconstruction, also called BBFit, is used for events733

below 100 GeV/c2 while the multi-line reconstruction (AAFit) is more appropriate for734

energies over 100 GeV/c2.735

4.4 Light Propagation in the Detectors736

Neutrino interactions create secondary charged particles emitting Cherenkov radiation737

while travelling through the detector medium. These Cherenkov photons will behave738

differently in IceCube and ANTARES due to the different detector medium, as we739

will see in the next section. This behaviour will, among others, explain the sensitivity740

differences that will be observed between the two detectors during our analysis.741

4.4.1 IceCube742

As already explained, IceCube indirectly searches for neutrinos by detecting the Cherenkov743

light produced through the interaction of charged leptons induced from the neutrinos744

interaction with nuclei in the detector volume. Since the lepton and thus the neutrino745

direction is reconstructed using the photon arrival times at the PMTs, it is crucial to un-746

derstand the propagation of the Cherenkov photons from their emission point to the747

receiving sensor. These photons are subject to absorption and scattering while trav-748

elling through the South Pole ice. To describe the effects of absorption and scattering749

of photons we can introduce the effective scattering coefficient, be, and the absorption750
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coefficient, adust. These coefficients are defined respectively as the inverse of the scat-751

tering length, (1/λscatt), and the inverse of the absorption length, (1/λabs) [35]. These752

parameters have been measured and are monitored using flasher run datasets, which are753

generated by sending photons from the LED located in one DOM and detecting this754

light with other surrounding DOMs.755

756

The most commonly used model in IceCube for this purpose is SPICE-MIE, a six-757

parameter ice model based on a sophisticated parametrization of Mie scattering [18].758

This model describes the ice using the effective scatteting coefficient and the absorp-759

tion coefficient related to scattering and absorption for light of 400nm wavelength, for760

which IceCube DOMs are the most efficient. This model also use six global parameters761

( α, κ, A, B, D and E), which are fitted to the flasher run data as described in details762

in [11]. The scattering and absorption coefficients are depth, pressure and temperature763

dependent. Impurities of the ice, like the dust layer, also degrade the optical properties764

of the ice. For depth going from 1300 m to 2600 m, the scattering absorption and profile765

are listed in 10 meters steps, which is smaller than the vertical DOM spacing.766

767

The model shows that ice is clearer at the bottom of the detector and that the ice has768

a layered structure. This layer structure is due to the fact that the South Pole ice has769

been formed by accumulation of snow over at least 165 thousands years [21]. Because770

of the pressure, the air bubbles content decreases with depth [bubble]. This is the771

main reason why IceCube DOMs are deployed at depths between 1450 m to 2450 m.772

However, at depths between 1950 m and 2150 m the scattering and absorption are a773

factor 4 above the average due to a higher concentration of dust particles, referred to774

as the dust layer. The ice properties ...775

4.4.2 ANTARES776

On a similar note, a proper understanding of the photon propagation in the ANTARES777

detector is required. Namely, understanding the effects of absorption and scattering on778

Cherenkov light in the sea water. The scattering and absorption of these photons in sea779

water are described mainly by the effective scattering length, λeffscatt, and the absorption780

length, λabs. The effective scattering length is related to the normal scattering length,781

λscatt, and the average cosine of the total scattering angular distribution, 〈cosθ〉 through782

the equation783

λeffscatt =
λscatt

1− 〈cosθ〉
. (4.3)

784

The absorption and scattering length are monitored using the optical beacons de-785

signed for the calibration. The absorption length can induce an error on the effective786

area of the telescope, up to 5% at the highest energies (∼ 107 GeV) to 15% for the low-787

est energies (∼ 102 GeV). However, ... the effective scattering length mostly alter the788

angular resolution with an uncertainty factor of 0.05◦ to 0.1◦.789

790

4.5 Expected Background791

The main background sources for both detectors consist of atmospheric muons and792

neutrinos. These particles are secondary particles produced in the interaction of cos-793

mic rays with higher layers of the atmosphere. The primary cosmic rays consist mainly794
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of protons and helium nuclei but heavier ions as well as non-baryonic component can795

be found. These primary particles interact with the nuclei of the atmosphere and cre-796

ate hadronic and electromagnetic air showers. The secondary particles then created are797

highly energetic and relativistic. They will also interact or decay into ligther particles,798

creating among others muons and neutrinos. Atmospheric muons trigger the detectors799

more than 6 orders of magnitude more often than atmospheric neutrinos.800

801

FIGURE 4.6: Schematic view of both ANTARES and IceCube location.
The Galactic Center is located in the southern sky.

Atmospheric muons are created in decays of mesons, e.g. pions and kaons, them-802

selves produced by the interaction of cosmic rays in the atmosphere. Due to their high803

energy and their relatively long lifetime, these muons are able to reach the surface of804

the Earth as well as the ANTARES and IceCube detectors. However, muons have a lim-805

ited mean free path length in matter and their maximal penetration distance is about806

20 km [PDF]. This means that for up-going directions, the Earth acts as a shield against807

atmospheric muons. As a consequence, declination corresponding to angles between808

0◦ − 90◦ are less muon background dominated in the IceCube detector. Despite this809

advantage, IceCube selects up-going as well as down-going tracks. On the contrary,810

ANTARES only consider up-going track in its detector volume. For the ANTARES811

telescope, declination below -47◦ are favoured since they are always below the hori-812

zon of the detector. Declination between -47◦ and 47◦ are below the horizon for part813

of the sidereal day. Since the Galactic Centre is located in the southern hemisphere,814

with a declination of -29.01◦, IceCube observes the GC with a background dominated815

by atmospheric muons. Despite its smaller scale, ANTARES has a privileged view816

of the Galactic Centre with a visibility of 75%, i.e. the percentage of time when the817

GC can be observed below the horizon. ANTARES can use the Earth to block the main818

contribution of the atmospheric background and therefore no veto is necessary. A two-819

dimensional map of both detectors horizon can be found in fig. 4.7820

821
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FIGURE 4.7: Two-dimensional view of the horizon for both the IceCube
(left) and ANTARES (right) telescopes. The red dots representing the

position of the Galactic Centre.

Atmospheric neutrinos, which are also part of the background, are produced in the822

decays of pions, kaons and muons. By contrast with muons, only neutrinos with very823

hight energies, i.e. around 1PeV, can be vetoed by the Earth. For analysis below this824

energy, atmospheric neutrinos from all directions constitute a relevant background.825

826

Since ANTARES is located in the Mediterranean sea, background due to the en-827

vironment also have to be consider. Bioluminescence, which is the light produced by828

micro-organisms living in the water, is one of them. Hits produced by bioluminescence829

can be wrongly selected as being part of particle events and interfere with the events830

reconstruction. Bioluminescence is a seasonal phenomenon and reaches its maximum831

in spring and can cause the ANTARES detector to be put into a reduce high voltage832

mode in order to avoid damages due to the high of photon hits.833
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Chapter 5834

ANTARES and IceCube Event835

Selection836

At trigger level both ANTARES and IceCube event rate is dominated by the large con-837

tribution of atmospheric muons. The goal of event selection is to reduce as much as838

possible the existing background while filtering out a possible neutrino signal. Each839

event selection depends on the experimental needs as some analysis will make use of840

high quality track reconstructed events, while others will privilege good energy recon-841

structed events. In this analysis we will make use of event samples already available842

in ANTARES and IceCube which were optimized for search of DM annihilation from843

the Galactic Center.844

845

The general approach for event selections is to use neutrino simulation weighted846

according to the spectrum of dark matter annihilation signal (for a given mass and847

annihilation channel) and Monte Carlo simulation or real data to describe the back-848

ground.849

850

In this analysis no data selection was shared among collaboration, only the final851

event distributions were shared in order to produce the projected sensitivities calcu-852

lated in this study. A final exchange of the real data will happen after the agreement of853

both collaboration to perform the analysis.854

Given the different scales and location of both experiments, their event selections855

rely ...856

5.1 The IceCube Data Selection857

The study has been conducted with the data sample used for the IC86 low energy858

Galactic Centre analysis [IC86]. This analysis is composed of three years of data taken859

with the IceCube 86-strings configuration from the 15th of May 2012 to 18th of May860

2015. Multiple event selections and cuts have been applied on the events using a series861

of filters starting at level2. This level is composed of the events passing any IceCube862

filter and are provided by the IceCube Collaboration. The details of this event selection863

can be found in ref. [IceCube_selection].864

5.1.1 Simulation datasets865

In order to reduce the amount background from the data while keeping the neutrino866

signal, different Monte Carlo simulations are needed to assert the background rejection867

and the signal efficiencies. Background is composed of atmospheric muons and atmo-868

spheric neutrinos and for each of these components a dedicated simulation is used.869

In this study however only atmospheric neutrino simulation is shown, as data is used870
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Cut Level 3 selection criteria

I Event passed the DeepCore filter

II Event passed the pulsed time containment veto

III Event passed the detector top veto

IV NStr > 3

V NCh > 10

TABLE 5.1: Level 3 cuts and passing conditions for the Galactic Centre
low energy analysis

as the overall background estimator. For low energy neutrinos simulations the Genie871

software was used. Genie is a program used to simulates atmospheric neutrinos of all-872

flavour, as well as signal neutrinos [24]. The atmospheric neutrino flux is determined873

by using the Honda parametrization [Honda]. The Genie event generator is used for874

the simulation of low energies neutrinos, ranging from MeV to a few GeV.875

876

In order to mimic the expected signal, the Genie datasets are weighted according877

to the equation ??. This weight is dependent of the direction and the energy of the878

neutrino. The neutrino energy spectrum per annihilating WIMP pair for different an-879

nihilation channel of 100 GeV WIMPs to νµ as a function of the energy is represent in880

fig. ??.881

w =
1

2

〈σaν〉
4πm2

χ

wOW
Nevents

JΨ
dN
dE

(5.1)

where 〈σaν〉 is the annihilation cross section that this analysis is trying to constrain.882

JΨ is the J-factor as defined by equation 2.5, mχ is the mass of the WIMP and wOW is883

OneWeight, which is the weight corresponding to one particle per GeV cm2 sr. The884

J-factor distribution in regards to the opening angle to the Galactic Centre, Ψ, can be885

found in fig. ??.886

5.1.2 Level 3887

The first event selection consist of taking only events passing the DeepCore filter, i.e.888

events starting in the DeepCore fiducial volume as describe in section 4.2. The aim of889

this filter is to reject atmospheric muons by analysing the hit DOMs inside and outside890

DeepCore separately. In order to reduce the muon background, events must also pass891

the detector top veto. A cut was also made on the number of DOMs hit (NCh > 10) as892

well as on the number of hit strings (NStr > 3). Indeed, events with few hit DOMs and893

string usually result in badly reconstructed events. Since this analysis is focusing on894

the region of the sky where the GC is located, these events are not contributing to the895

sensitivity of the analysis.896
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FIGURE 5.1: Distribution of the number of DOMs hit for for data (green
line) and Genie simulation for atmospheric neutrinos (blue line). The
difference between the two lines is due to atmospheric muons. Only

events with a number of channel above 10 were selected.

5.1.3 Level 4897

The level 4 selection focuses on well reconstructed events contained in the DeepCore898

fiducial volume. The passing condition on the Level 4 selection are listed in table 5.2.899

The first two cuts ensure that badly reconstructed events are removed from the data900

sample. The third cut reduce the amount of data by selecting only event located in a901

window of 40◦ around the Galactic Centre (GC), i.e. 40◦ < Θzen < 80◦ (±20◦ around902

GC). This selection is made knowing that signal is expected from this narrow zenith903

band centred on the Galactic Centre (61◦ in zenith or 29◦ in declination). On the other904

hand, atmospheric muons tend to penetrate the detector from top to bottom, hitting905

mostly DOMs along the vertical detector axis z. In this sense, the fourth cut is rejecting906

events with spread in the z-coordinate of hit DOMs of more than 80 metres. The cut V907

select events that are contained in DeepCore by requiring that the finite reconstruction908

track length is smaller than 600 m, which roughly correspond to the diagonal size of909

the DeepCore sub-detector. Furthermore, only event starting in the DeepCore fiducial910

volume are selected by requiring that the vertex starting position should not be further911

away from the detector vertical centre axis than 250 m, rFR < 250m. The most effective912

cut applied at this level is the RTVeto described in section 4.2.2. The RTVeto cut is set913

at a cluster size≥ 3 which means that∼ 81% of the background will be removed while914

∼ 93% of the signal is kept.915
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Cut Level 4 selection criteria

I σpar < 13◦

II rllh < 11

III 40◦ < Θzen < 80◦ (±20◦ around GC)

IV σz < 80m

σz < 250m

σz < 600m

V Finite reconstruction tracklLenght LFR < 600m

VI Finite reconstruction radial rFR < 250m

VII Event passed the RTVeto

TABLE 5.2: Level 4 cuts and passing conditions for the Galactic centre
low energy analysis

FIGURE 5.2: Zenith distribution of data (green) and the Genie neutrino
simulation (blue). A cut was applied on the zenith, selecting only events
with zenith between 50◦ and 80◦. At this level, data is still dominated

by atmospheric muons.

5.1.4 Level 5916

The aim of level 5 cuts is to get rid of atmospheric muons that still dominated the917

data at level 4. The passing conditions for Level 5 are listed in the table 5.3. The cut918

I restricts the zenith angle band such as only event from −10◦ to 20◦ around Galactic919

Centre are selected. As the majority of atmospheric muons have a reconstructed zenith920

angle smaller than the position of the GC, restricting the zenith angle band reduce the921

background rate by 27% while the signal efficiency is only altered by 4%. The most922

effective cut applied at this level is the RZCut which reject 62% of the data and keep923

91% of the signal from level 4. The RZCut is a simple cut in the in the 2D space of924

the radial distance r from the centre string and the position z of the first hit DOM.925
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Deep events with radial distance to the detector centre r > 160 and first hit DOM z926

position above -300 metres were rejected. Likewise, shallow events with z above - 300927

metres and their radial distance to 36th string above 2.333 r + 80 m were excluded928

[23]. As explained in the section 4.2.2, the LHVeto consist of calculating the likelihood929

of a track given a track reconstruction by using the pulses inside the veto region and930

contained in a cylinder around this track. This analysis evaluated the likelihood for931

three different cylinder radii = 250, 300 and 350 metres. The last cut applied was the932

ConeCut with a cone half opening angle of 20◦. Only events with less than 2 hits found933

inside the cone were kept.934

Cut Level 5 selection criteria

I 50◦ < Θzen < 80◦ (−10◦ to 20◦ around GC)

II ConeCut < 2 hits

III LHVeto(250m) ≥ 18

IV LHVeto(300m) ≥ 11

V LHVeto(350m) ≥ 6.8

VI Event passed the RZCut

TABLE 5.3: Level 5 cuts and passing conditions for the Galactic Centre
low energy analysis

5.1.5 Level 6 (BDT applied)935

The Boosted Decision Tree (BDT) selection is the final cut applied on the sample. BDTs936

are use to evaluate the signalness of an event, denoted as the BDT score. Usually, BDT937

score range from -1 (background) to 1 (signal), i.e. the more the BDT score is close to one938

the more the event is signal-like. To determine the BDT score of an event, a signal and939

a background event sample (with the same set of event property variables defined for940

both samples) are used to train the BDT. This process creates a binary cut decision tree941

based on these variables. After the creation of the decision tree, the real data sample is942

passed in the BDT, which give us the BDT score. For this analysis, the BDT was trained943

on a 100 GeV/c2 mass dark matter channel annihilating throughW+W− as signal, and944

data as background. The optimised cut on the BDT score for the signal hypothesis is945

calculated using the sensitivity for different BDT cut values. The variables used in the946

final BDT are listed in table ??. The optimized BDT cut applied on the data consist of a947

selection of BDT score over 0.25.948

5.2 The ANTARES Data selection949

The data selection used for this analysis is the same as in the search for dark matter in950

the Milky Way using 9 years of data of the ANTARES neutrino telescope [ANT_9years].951

The data sample considered is composed of events recorded from 2007 to 2015, which952

corresponds to a total lifetime of 2102 days. Only neutrinos producing muons inside953

or around the detector are considered.954

955

In order to reject events wrongly reconstructed as up-going muons, cuts on the956

reconstruction quality parameters (Q,Λ) and the angular error (β) were applied.957
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FIGURE 5.3: BDT score distribution for the IC86 GC analysis. The BDT
was applied of data (green) and the Genie neutrino simulation (blue).
The black line represents the optimised BDT cut and has a value of 0.25.

5.2.1 Reconstruction958

Two types of track reconstruction are used by the ANTARES collaboration. The single-959

line reconstruction used for lower energies is called the BBFit [BBfit], while the multi-960

line reconstruction is known as the AAFit [AAfit]. For our analysis, we considered the961

AAFit for WIMP masses over 200 GeV/c2 and the BBFit below this mass. Details of962

the two reconstruction can be found in ref. [AAfit].963

5.2.2 Simulation964

Just as for the IceCube simulated signal sample, we need to weight the ANTARES965

signal simulation in order to obtain the simulated signal of neutrinos coming from dark966

matter annihilation. The weight is given for each WIMP masses annihilating through967

a specific decay channel given a halo model.968

Weight =
1

2

1

4πm2
χ

A JΨ φν (5.2)

where mχ is the WIMP mass, φν is the integrated neutrino flux,A is the acceptance969

and JΨ is the integrated J-factor.970

971

For the background, atmospheric muons and neutrinos were simulated using the972

standard ANTARES simulation algorithm. The energy range considered is ranging973

from 10 GeV/c2 to 100 TeV/c2. This simulation were used in order to calculate the974

detector resolution and the acceptance, cf. section 5.2.3.975

5.2.3 Acceptance976

The acceptance is a measure of the sensitivity to a signal having a specific spectrum.977

The acceptance, A, linked the number of signal events detected, µd, to the neutrino978

flux, φν , by the equation979
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φνµ · A = µd (5.3)

980

The effective area, Aeff , is needed in order to determine the acceptance. The effec-981

tive area represent the area of a perfect detector, that is to say a detector configuration982

with a 100 % detection efficiency which would produce the same event rate as the983

detector. The effective area can be calculated using the following equation984

∫ ∞
Eth

dφνµ(Eνµ)

dEνµ
Aeff (Eνµ) dEνµ = µd , (5.4)

985

with Eν being the energy of the neutrino and Eth the energy threshold of the986

ANTARES telescope. The neutrinos flux being unknown, the effective area has to be987

determined from the signal simulation. Unlike the effective area, the acceptance has a988

dependence on the signal neutrinos spectrum at Earth. The acceptance is determined989

by the convolution of the neutrino effective area with the energy spectrum correspond-990

ing to a given WIMP mass. This is done according to the following equation :991

A(mχ) =

∫
Aeff (Eνµ)

dNνµ

dEνµ

∣∣∣∣
ch,mχ

dEνµ +

∫
Aeff (Eν̄µ)

dNν̄µ

dEν̄µ

∣∣∣∣
ch,mχ

dEν̄µ (5.5)

992

with Aeff (Eνµ) or Aeff (Eν̄µ) being the effective area for the muon neutrino energy993

or the muon anti-neutrino energy, dNνµ the signal neutrino spectrum at the detector994

for one particular annihilation channel (ch) and WIMP mass (mχ).995

996

The acceptance for each annihilation channels used in this analysis is represented997

in fig. ??. The acceptance was computed for both the AAFit (continuous line) and the998

BBFit (dashed line).999

FIGURE 5.4: Acceptance computed for each annihilation channel used
in our analysis (bb̄, W+W−, νµν̄µ, µµ̄, τ τ̄ ). The acceptance is given
for both the AAFit (continuous line) and BBFit (dashed line). Plot taken

from [plot_acceptance]
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Chapter 61000

Analysis Method1001

In this chapter we will describe the statistical method used for this analysis. This anal-1002

ysis applies a binned maximum likelihood method using a two component model. The1003

null hypothesis states that data can be described by only background events, while the1004

testing hypothesis describes data as a combination of background and signal events.1005

In order to build both hypothesis we need to construct both the background and signal1006

probability density distributions (PDFs). Only the directional information is used in1007

this analysis. Signal is expected to produce an excess in the direction of the Galactic1008

Center, while the background is will have only a declination dependence but will be1009

uniform in right ascension. The excess of the signal will depend on the halo model,1010

annihilation channel, WIMPs mass, etc. and it will be different for each detector.1011

6.1 Analysis Overview1012

As mentioned earlier, this analysis consists in an indirect search for dark matter annihi-1013

lation in the Galactic Centre using two neutrino detectors, IceCube and ANTARES. The1014

aim of this combined search is to, if no detection is made, set limits on the thermally1015

average self-annihilation cross-section of dark matter. As exposed in section 2.2.2, we1016

will consider dark matter to be composed of WIMPs. Various WIMP masses are con-1017

sidered in this work, ranging from ranging from 50 to 1000 GeV/c2. Five different1018

WIMP annihilation channels are also taken into account. The halo density profile used1019

in this analysis is the Navaro-Frenk-White (NFW) profile, as mentioned in section 2.4.1020

The table 6.1 summarised the different signal hypotheses used for our analysis.1021

6.2 Likelihood Method1022

The binned likelihood method used in this analysis is defined as1023

L(µ) =

binmax∏
bini=binmin

Poisson
(
nobs(bini)|ntotobs f(bini|µ)

)
, (6.1)

1024

where the parameter to minimize, µ, is the ratio of the number of signal events1025

over the total number of background events in the sample ntotobs. The method compares1026

the observed number of events in a given bin i, nobs(bini), with the expectations, ntotobs,1027

f(bini|µ), where1028

f(bini|µ) = µ fs(bini) + (1− µ) fbg , (6.2)

1029
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TABLE 6.1: Table of the caracteristics of WIMP particles tested in our
analysis. Several WIMP masses and annihilation channels were consid-

ered.

IceCube ANTARES Combined Search

WIMP Halo Profile NFW Halo Profile

10 GeV
20 GeV
30 GeV 50 GeV
40 GeV 65 GeV
50 GeV 100 GeV
65 GeV 130 GeV

WIMP Masses 100 GeV 200 GeV
130 GeV 300 GeV
200 GeV 400 GeV
300 GeV 500 GeV
400 GeV 1000 GeV
500 GeV
1000 GeV

χχ→ bb̄
χχ→ µµ̄

WIMP Annihilation Channels χχ→ νµν̄µ
χχ→ τ τ̄

χχ→W+W−
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is the fraction of events in the bin i, with fs and fbg being the signal and the back-1030

ground density distributions. In the case of the IceCube sample, the background PDF1031

is estimated by scrambling data in right ascension (each event was assigned a random1032

RA value). As a result, signal contamination of the background can be accounted for1033

by subtracting the right ascension scrambled signal PDF, fscr.bg, from the background1034

PDF1035

fbg = (1 + µ) fscr.bg(bini)− µ fsc.sig(bini) , (6.3)

1036

where µ ∈ [0, 1] is the signal fraction in the total sample. Unlike the IceCube back-1037

ground PDF, the likelihood determination of the ANTARES sample does not take into1038

account the signal contamination of the background.1039

1040

In the case of the combined analysis, a combined likelihood has to be determined.1041

Thus, both the IceCube signal contaminated likelihood and the ANTARES likelihood1042

are combined in a single Lcomb(µ) defined as1043

Lcomb(µ) =
2∏

k=0

Lk(µk) , (6.4)

1044

where k = 0 represents the ANTARES likelihood and k = 1 the IceCube likelihood.1045

Each detector has a signal to background ratio given by µk = wkµ where the weight1046

wk is calculated by taking into account the relative expected number of signal events1047

in each detector, and the relative number of background events in each sample.1048

1049

6.3 Probability Density Function1050

This section is showing the probability density functions (PDFs) used for our combined1051

analysis. The signal and background PDFs for both experiments, i.e. IceCube and1052

ANTARES, are represented for all WIMP self-annihilation channels and for a specific1053

WIMP mass.1054

6.3.1 IceCube1055

The signal and background PDFs were chosen to be two-dimensional distributions of1056

the events in right ascension (RA) and declination (dec). The PDFs used are composed1057

of 10 bins in right ascension and 12 bins in declination for a band covering [-2, 2] rad in1058

declination and the full range in RA, i.e. [-2π, 2π]. So that a bin of these PDFs is 36◦ in1059

right ascension and 19◦ in declination. The background PDF is filled with data scram-1060

bled in right ascension, so that it is uniform in RA. The background PDF is represented1061

in figure 6.1.1062

1063
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FIGURE 6.1: IceCube normalised background PDF for IC86 data taken
from 2012 to 2015.

The signal PDFs have the same number of bins as the background PDF. These PDFs1064

are filled with simulated signal for each WIMP masses and annihilation channels. The1065

signal PDFs for all annihilation channels are listed below considering WIMP mass of1066

100 GeV/c2.1067

1068

FIGURE 6.2: IceCube normalised signal PDF for WIMP mass of 100
GeV/c2 annihilating respectively trough the bb̄ channel.
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FIGURE 6.3: IceCube normalised signal PDF for WIMP mass of 100
GeV/c2 annihilating respectively trough the W+W− channel.

FIGURE 6.4: IceCube normalised signal PDF for WIMP mass of 100
GeV/c2 annihilating respectively trough the τ τ̄ channel.

FIGURE 6.5: IceCube normalised signal PDF for WIMP mass of 100
GeV/c2 annihilating respectively trough the µµ̄ channel.
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FIGURE 6.6: IceCube normalised signal PDFfor WIMP mass of 100
GeV/c2 annihilating respectively trough the νµν̄µ channel.

6.3.2 ANTARES1069

ANTARES PDFs are composed of 1-dimensional distributions of the opening angle to1070

the Galactic Centre Ψ. For WIMP masses below or equal to 200 GeV/c2, the back-1071

ground and signal PDFs are made using 100 bins with a range of -0.5 ≤ cos(Ψ) ≤ 0.5.1072

For these WIMP masses, the single-line reconstruction was used. The PDF for a WIMP1073

mass of 100 GeV/c2 annihilating through the τ τ̄ , bb̄, W+W−, µµ̄, and νµν̄µ channel can1074

be seen from fig. 6.9 to 6.12. For the background, the PDF using the BBFit can be found1075

in Fig. 6.8.1076

1077

For higher WIMP masses, the PDFs are composed of fewer bins, with 50 bins rang-1078

ing from 0.5 ≤ log(Ψ) ≤ 2. The change from cos(Ψ) to textrmlog(Ψ) for the x-axis1079

have no importance here since the code is comparing background and signal PDFs.1080

So, since the signal and background PDFs are composed of the same number of bins,1081

the x-axis can be changed without loosing consistence. This choice was motivated by1082

the ANTARES collaboration in order to get the PDFs done quicker. The multi-line1083

reconstruction, also called AAFit, is a better choice for these WIMP masses, so the1084

PDFs were made using this reconstruction. The PDFs for 200 GeV/c2 for all WIMP1085

self-annihilation channels can be seen in fig. 6.14 to fig. 6.18. The corresponding back-1086

ground PDF is represented in fig. 6.131087

1088

6.4 Classical Confidence Intervals1089

The construction of these confidence intervals is done following Neyman’s method1090

[Neyman]. Classical confidence intervals allow the evaluation of the accurateness of a1091

statistical parameter determination over a sample. A confidence interval (C.I.), [µ1, µ2],1092

is an interval in which the true parameter value, µtrue, will be contained with a certain1093

probability, α, called the confidence level (C.L.)1094

P (µ ∈ [µ1, µ2]) = α . (6.5)

1095
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FIGURE 6.7: Normal-
ized background PDF
used for the ANTARES
data using the BBFit re-
construction. The PDF
is represented as a 1-
dimensional histogram
of the opening angle to

the Galactic Centre Ψ.

FIGURE 6.8: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the τ τ̄ chan-
nel using the BBFit

reconstruction.

FIGURE 6.9: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the bb̄ chan-
nel using the BBFit

reconstruction.

FIGURE 6.10: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the W+W−

channel using the BBFit
reconstruction.

FIGURE 6.11: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the µµ̄ chan-
nel using the BBFit

reconstruction.

FIGURE 6.12: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the νµν̄µ chan-
nel using the BBFit

reconstruction.
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FIGURE 6.13: Normal-
ized background PDF
for the AAFit recon-
struction. The PDF
is represented as a 1-
dimensional histogram
of the opening angle to

the Galactic Centre Ψ.

FIGURE 6.14: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the τ τ̄ chan-
nel using the AAFit

reconstruction.

FIGURE 6.15: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the

¯
b chan-

nel using the AAFit
reconstruction.

FIGURE 6.16: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the W+W−
channel using the AAFit

reconstruction.

FIGURE 6.17: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the µµ̄ chan-
nel using the AAFit

reconstruction.

FIGURE 6.18: Normal-
ized signal PDF for
a WIMP mass of 100
GeV/c2 annihilating
through the νµν̄µ chan-
nel using the AAFit

reconstruction.
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This interval provides a lower and upper limit, respectively µ1 and µ2, for a given1096

confidence level α. The values µ1 and µ2 are functions of the measured x. The equation1097

6.5 is true for every allowed µ, and in particular for the true value µt. If equation ??1098

is satisfied, than it is said that the interval cover µ for the given confidence level. On1099

the contrary, if there is a value of µ such as P (µ ∈ [µ1, µ2]) < α, one can say there1100

is "under-coverage" for that particular µ. The term "over-coverage" is used if the case1101

P (µ ∈ [µ1, µ2]) > α is encountered for a value of µ.1102

1103

FIGURE 6.19: For each value of µ, an horizontal acceptance interval
[x1, x2] is drawn with P (x ∈ [x1, x2] |µ) = α. The confidence interval
[µ1, µ2] is given by the union of all µ values for which the corresponding
acceptance interval is crossed by the dashed vertical line. This vertical
line representing the value x0 obtained upon performing an experiment

to measure x. Figure taken from [Feldman_cousins_paper].

1104

The determination of the confidence intervals requires the construction of accep-1105

tance intervals, [x1, x2], such that1106

P (x ∈ [x1, x2] |µ) = α . (6.6)

1107

for each value of µ. These intervals are drawn, for each µ, as horizontal segments1108

on the plot representing the parameter µ as function of the measured quantity x (cf.1109

fig. 6.19).1110

1111

In order to determine the values of x in P (x|µ) along the horizontal line for each µ,1112

an arbitrary criteria is chosen. For the classical confidence interval construction, two1113

choices were proposed by Neyman. The first condition to satisfy is1114
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P (x < x1 |µ) = 1− α , (6.7)

leading to the "upper confidence limits", which satisfy the condition P (µ > µ2) =1115

1− α. The second choice is given by1116

P (x < x1 |µ) = P (x > x2 |µ) = (1− α)/2 , (6.8)

and leads to the so-called "central confidence intervals" which satisfy P (µ < µ1) =1117

P (µ > µ2) = 1− α.1118

1119

When horizontal acceptance are drawn for every value of µ, Neyman’s construc-1120

tion is completed. The next step in order to determine the confidence interval is to1121

measure x and obtaining the value x0 shown as a dashed vertical line on the fig. 6.19.1122

The confidence interval [µ1, µ2] is given by the union of all µ values for which the cor-1123

responding acceptance interval is intercepted by the dashed vertical line.1124

1125

Two major issues can arise from Neyman’s construction of confidence intervals.1126

The first problem lies in the fact that one have to chose between this two conditions,1127

i.e. upper confidence limits or central confidence intervals, prior to the measurement.1128

This issue is known as the "flip-flopping" problem. Second, Neyman’s construction can1129

lead to unphysical confidence level. In order to avoid these two problems, Feldman1130

and Cousins proposed a new method exposed in section 6.5.1131

6.5 Feldman-Cousins Method1132

The method proposed by Feldman and Cousins involves an ordering principle. The1133

choice of the acceptance interval is based on likelihood ratio1134

R =
P (x|µ)

P (x|µbest)
(6.9)

1135

where f(x, µ) is the likelihood of µ given x and fx, µbest) is the value of µ maximis-1136

ing the likelihood for a given x.1137

1138

Once the likelihood ratio R is determined, a rank is given to the x values with de-1139

creasing order of R. The x values are then added to the acceptance interval according1140

to their rank until the sum of P (x|µ) > α. The same steps are repeated for every value1141

of µ. A comparison between upper Limit and central intervals is conducted. In this1142

way, the choice between the two types of interval is intrinsic.1143

1144

All confidence intervals in our analysis were constructed using the Feldman-Cousins1145

method [Feldman_cousins]. The method was already implemented for previous anal-1146

ysis and can be found in the MLSandbox [MLSandbox].1147

6.6 Results : Sensitivities1148

For both ANTARES and IceCube individual likelihoods or the combined likelihood,1149

the best estimate of the signal fraction can be given by minimizing−logLIceCube,−logLANTARES1150
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or −logLcomb respectively. If this value is consistent with zero, the upper limit on the1151

signal fraction, µ90%, is estimated by determining the 90% confidence interval using1152

the Feldman-Cousins approach, as described in section 6.5. The signal fraction can be1153

linked to 〈σAν〉 using the simulated signal through the equation :1154

〈σAν〉 = µ90%Nbg
2

T A

4πm2
χ

Ja(Ψ)φν
(6.10)

The upper limit on 〈σAν〉 for background events only is then calculated generating1155

a 100 thousands pseudo-experiments sample. The sensitivity corresponds to the me-1156

dian value of the given 90% upper limits.1157

1158

The code used for the combined analysis is based on the MLSandbox project [MLSandbox]1159

for the likelihood method, and can be found in the annex section. Multiple version of1160

this code were made during our analysis, depending on either the IC79 or IC86 data1161

were used. Indeed, the file format was different for these two data selections. In the1162

case of the IC79 selection, i3 files were used, while for the other one, ROOT files were1163

prefered. The code was thus adapted from Python to PyROOT in order to read the new1164

file format.1165

1166

The analysis method was first conducted on both IceCube and ANTARES data in1167

order to obtain the upper and median limits for each experiments. Once the individual1168

sensitivities were obtained, the combined analysis was performed.1169

1170

The sensitivity to 〈σAν〉 for the combined analysis of IceCube and ANTARES is1171

shown in fig. 6.20 to fig. 6.24. In this plots, the blue line is the sensitivity for IceCube,1172

the green one is the sensitivity for ANTARES alone and the red one is the sensitivity1173

obtained by combination of both experiments. For IceCube, the WIMP masses range is1174

extended to masses as low as 10 GeV/c2, while we are using masses from 50 GeV/c2
1175

for ANTARES and the combination.1176

1177

For the τ τ̄ channel, an improvement of the limit can be seen between 65 and 5001178

GeV/c2. Indeed, the combined sensitivity is better than the sensitivities of IceCube and1179

ANTARES alone for that WIMP mass range. A similar improvement can be seen for1180

the µµ̄ channel between 50 and 1000 GeV, as well as for the νµν̄µ and W+W− channels1181

between 200 and 1000 GeV. However, in the case of the bb̄ channel, IceCube dominates1182

the projected sensitivity, as it can be seen in figure 6.21.1183
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FIGURE 6.20: Sensitivity at 90% C.L of the 〈σAν〉 as a function of the
WIMP mass for IceCube data only (blue), ANTARES data (green) and

the combined analysis (red) for the annihilation channel χχ← τ τ̄

1184

FIGURE 6.21: Sensitivity at 90% C.L of the 〈σAν〉 as a function of the
WIMP mass for IceCube data only (blue), ANTARES data (green) and

the combined analysis (red) for the annihilation channel χχ← bb̄

1185



6.6. Results : Sensitivities 49

FIGURE 6.22: Sensitivity at 90% C.L of the 〈σAν〉 as a function of the
WIMP mass for IceCube data only (blue), ANTARES data (green) and

the combined analysis (red) for the annihilation channel χχ← µµ̄

1186

FIGURE 6.23: Sensitivity at 90% C.L of the 〈σAν〉 as a function of the
WIMP mass for IceCube data only (blue), ANTARES data (green) and

the combined analysis (red) for the annihilation channel χχ← νµν̄µ

1187
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FIGURE 6.24: Sensitivity at 90% C.L of the 〈σAν〉 as a function of the
WIMP mass for IceCube data only (blue), ANTARES data (green) and

the combined analysis (red) for the annihilation channel χχ←WW

1188
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Chapter 71189

Conclusion1190

The thermally averaged DM self-annihilation cross-section 〈σAν〉 was determined for1191

all these WIMP annihilation channels and masses. The combined sensitivity was com-1192

pared to the IceCube and ANTARES sensitivities alone. An improvement of the sensi-1193

tivity was observed for the τ τ̄ , µµ̄, νµν̄µ and W+W− annihilation channels. However,1194

for the bb̄ channel, the IceCube component was dominated the combined likelihood,1195

such that, in that case, the combined sensitivity is sensibly the same as the IceCube1196

one.1197

1198

This analysis opens the way to future combined searches. In the future searches,1199

other annihilation channels and DM halo density profiles could be explored in order1200

to improve the limit on the DM self-annihilation cross-section. More than IceCube and1201

ANTARES, the combination could be extended to other neutrino telescopes such as the1202

ones mentioned in section 2.3.1203

1204

This analysis could also be improved by considering a different statistical method.1205

This analysis was performed using a binned likelihood method, that is to say by using1206

PDFs divided into small "bins". However, this method is not ideal for that kind of anal-1207

ysis. That is the reason why, we would like to pursue this analysis using an unbinned1208

likelihood method, which turn out to be more powerful. Also, we could consider spe-1209

cific characteristics of DM in order to sharpen the combined search. Thus, the specific1210

signature of DM in the energy spectrum could be taken into account in future analysis.1211
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List of Abbreviations1212

AGN Active Galactic Nuclei
BDT Boosted Decision Tree
B.R. Branching Ratio
BSM Behind Standard Model
C.L. Confidence Level
CMB Cosmic Microwave Background
CNB Cosmic Neutrino Background
COG Centre Of Gravity
CR Cosmic Ray
dec declination
DIS Deep-Inelastic Scattering
DOM Digital Optical Module
GC Galactic Centre
GRB Gamma Ray Burst
GZK Greisen-Zatsepin-Kuzmin HE
High Energy
HLC Hard Local Coincidence
LCM Local Control Module
LE Low Energy
LHC Large Hadron Collider
llh log likelihood
LSP Light SUSY Galactic Particle
MACHO Massive Astronomical Compact Halo Object
MoND Modified Newtonian Dynamic
NCh Number of Channel
Nstr Number of String
NFW Navarro-Frenck-White
NRP Nuclear Resonance Production
OM Optical Module
PDF Probability Density Function
pe photo-electron
PMT PhotoMultiplier Tube
QES Quasi-Inelastic Scattering
RA Right Ascension
SM Standard Model
UHECR Ultra-High Energy Cosmic Ray WIMP
Weakly Interacting Massive Particle
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