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Introduction

In recent years, there has been a growing interaction between particle physics

and cosmology. The interest lies in the potential for particle physics discov-

eries to solve some of the problems of cosmology, and the possibility for

cosmological observations to constrain ideas in particle physics.

A major example is represented by the possible solution given to the

Dark Matter (DM) problem by Supersymmetry (SUSY) theory: the frontier

of particle physics knowledge will probably be extended beyond the Standard

Model in the near future, hopefully explaining the nature of the dark and

dominant matter content of the Universe through the discovery of SUSY par-

ticles. However, DM searches may first detect the new hypothetical particles

and help to define their properties.

Thus, our focus is on a so-called indirect search method, that is the detection

of a neutrino signal arising from DM annihilation in the core of celestial bod-

ies. This is one of the reasons for which big neutrino telescopes have been

and are being built in different sites all over the world.

Our experimental work is developed in the context of the ANTARES

experiment, which plans to use a deep sea neutrino telescope - currently under

construction - to detect neutrinos from a 10 GeV threshold, up to the PeV

region. The experimental technique relies on the detection of Cherenkov light

from neutrino interaction products. One of the main sources of background

is represented by deep sea luminescence, generated by both isotope decays

and living organisms. This kind of background has been deeply studied with

prototype detectors; the data obtained are analyzed also in a section of our

work, for a precise modelization of the environment conditions, improving
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our following MonteCarlo simulations.

The main contribution given to the physics of the experiment is repre-

sented by the study of a new reconstruction technique, recently proposed for

low energy (10 GeV-10 TeV) tracks. In this range, signals from SUSY DM

annihilation are expected. The feasibility of this reconstruction strategy is

demonstrated and the improvements with respect to the standard one are

shown.

The last part of this work is devoted to the analysis of the data taken

with the first sector of the ANTARES detector, operating since March 2006.

The outline of the thesis, organized in seven chapters, is as follows.

Chapter 1. A brief description of the standard cosmological model, with

its observational milestones and its open problems, in particular the nature

of Dark Matter.

Chapter 2. A phenomenological introduction to SUSY theory and to its

main ideas. A Dark Matter candidate particle arises in this framework.

Chapter 3. Short review of the ANTARES experiment, with a description

of the detector and of its performances.

Chapter 4. Analysis of the data taken with the MILOM prototype detector,

for a detailed study of the optical background properties at the experiment

site.

Chapter 5. Description of the trigger system for the ANTARES data ac-

quisition.

Chapter 6. Study of a new reconstruction technique for low energy tracks.

Efficiency and purity are characterized with MonteCarlo simulations.

Chapter 7. Analysis of data taken with the first operating sector of the

ANTARES detector.



Chapter 1

The Standard Model of

Cosmology

One of the most impressive achievements of Cosmology is a quite detailed un-

derstanding of the physical properties of the Universe at its earliest stages.

Thanks to theoretical analysis and astronomical observations, we have to-

day a Standard Model of Cosmology. Its milestone is the Big Bang model,

supported by the key observations of:

• the expansion of the Universe;

• the existence of the Cosmic Microwave Background radiation (CMB);

• the relative abundance of light elements in the Universe.

Behind this success there is Einstein’s theory of General Relativity. Never-

theless some “old” problems are still open: there are evidences of a Universe

mainly consisting of non-baryonic, non-luminous and non-absorbing matter,

commonly referred to as Dark Matter (DM), immersed in some form of en-

ergy featuring a negative pressure, named Dark Energy. Ordinary matter is

thought to be responsible for just a subdominant fraction of the total energy

density of the Universe.

In the next sections, we will analyse in more details this general frame.
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1.1 The cosmological parameters ΩM and ΩΛ

Considering the small scale structure of the Universe, matter distribution is

rather irregular: stars are grouped in galaxies, which form clusters and then

super-clusters. Only on larger scales (� 108 light-years) we can observe a

homogeneous distribution. The cosmological principle assumes that homo-

geneity and isotropy are properties of the Universe and states: a family of

spatial sections of space-time exists such that every section has the same

physical properties in every point and direction.

According to the principle and to Einstein’s equations, considering the Uni-

verse content as a perfect fluid, its space-time description is given by the

Robertson-Walker metric

ds2 = dt2 − a2(t)
( dr2

1 − kr2
+ r2dθ2 + r2sin2θ dφ2

)

and by the Friedmann equations:

( ȧ

a

)2

+
k

a2
=

8πG

3

(
ρm + ρrad +

Λ

8πG

)
, (1.1)

2ä

a
+

( ȧ

a

)2

+
k

a2
= −8πG

(
p − Λ

8πG

)
. (1.2)

ρm represents the non relativistic matter density, while ρrad stands for radia-

tion plus relativistic matter. p is the pressure of the fluid, Λ the cosmological

constant, which can be associated to the vacuum energy of quantum field

theory.

Matter is supposed to be macroscopically at rest with respect to the coor-

dinate system t, r, θ, φ (comoving coordinates). The Universe expansion is

governed by the scale factor a(t); k determines the spatial curvature:

k = −1 → open Universe

k = 0 → flat Universe

k = 1 → closed Universe.
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In a uniformly expanding Universe, Hubble’s law is valid:

v = Hd, (1.3)

with the Hubble parameter

H(t) =
ȧ(t)

a(t)
. (1.4)

However, taking the difference between eq.(1.1) and (1.2), the equation

ä

a
= −4πG

3
(ρ̃ + 3p̃) (1.5)

(
ρ̃ = ρm + ρrad +

Λ

8πG
, p̃ = p − Λ

8πG

)
shows that if matter alone drives the expansion, it is presently decelerating

(since ρ̃ > 0 and p̃ would be ∼ 0); if Λ dominates, then the expansion may

accelerate.

We can expand the scale factor a(t) in a Taylor series around the present

time t0:

a(t) = a(t0)
(
1 + H0(t − t0) − 1

2
q0H

2
0 (t − t0)

2 + . . .
)
. (1.6)

The Hubble parameter H0 ≡ H(t0) at the present cosmic time t0 is called

the Hubble constant. Recent observations give

H0 = h · 100km s−1 Mpc−1, (1.7)

where h = 0.71+0.04
−0.03. q0 ≡ −ä(t0)/(a(t0) H2

0) is the so-called deceleration

parameter.

We define the critical density ρcrit
1 of the Universe by

ρcrit ≡ 3H2

8πG
(1.8)

1The present value is ρ0
crit = 1.87837(28) · h2 g cm−3 ∼ 4 protons/m3
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and we use it to write eq.(1.1) as

k

H2a2
= Ω − 1, Ω ≡ ρ̃

ρcrit
. (1.9)

Therefore the geometry of the Universe is determined by Ω, which clearly

depends on time. We can also distinguish the contributions to Ω given by

matter, radiation and the cosmological constant, defining respectively:

ΩM ≡ 8πGρm

3H2
, ΩR ≡ 8πGρr

3H2
, ΩΛ ≡ Λ

3H2
.

As it will be shown in the following, ΩR is negligible in the present Universe;

so - given Ωk = −k/(a2H2) - we can rewrite eq.(1.9) at a0 ≡ a(t0) as

ΩM + ΩΛ + Ωk = 1 (1.10)

and

q0 =
1

2
ΩM − ΩΛ. (1.11)

Thus, we have tied both the geometry and the rate of expansion of the

Universe to its matter and vacuum energy content. It is also possible to

draw some evolution scenarios and make predictions about the fate of the

Universe.

To discriminate between the possible solutions presented in fig.(1.1), it is

necessary to measure some way the values of the parameters ΩM and ΩΛ.

Good observables for this purpose are

• Supernovae of type 1a;

• CMB anisotropies.

1.2 Measurements of the cosmological param-

eters

1.2.1 Standard candles

One of the consequences of the expansion of the Universe is the cosmological

redshift: the further from us light was emitted, the more we observe its
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wavelength shifted to the red region.

A redshift parameter z is defined by

1 + z =
λobs

λemit
≡ a(tobs)

a(temit)
. (1.12)

Using z and eq.(1.6), it is possible to write the distance of a body emitting

light as

d =
1

H0

(
z +

1

2
(1 − q0)

2z2 + . . .
)
. (1.13)

Then, recalling that q0 = 1
2
ΩM − ΩΛ, the cosmological parameters can be

extracted from distance and redshift measurements.

In general, it is difficult to estimate accurately cosmological distances;

fortunately it is possible to use the so-called Standard Candles, especially

the Supernovae of type 1a. These sources are identified by their particular

light curve and their spectral lines from heavy elements.

Supernovae of this type are believed to occur due to the merging of two white

dwarfs, with masses very close to the Chandrasekhar limit. Since the masses

involved in the explosion are always roughly the same, it is reasonable to

assume that any Supernova 1a has an intrinsic luminosity. Thus, it is possible

to give the distance from the apparent luminosity.

The High-z Supernova Search Team [1] has observed some Supernovae

in the range z = 0.3 ÷ 1.2. The possible values for ΩM and ΩΛ have been

determined and are shown in fig.(1.1).

The emerging picture shows an accelerating Universe, in which Λ plays a

major role.

1.2.2 CMB anisotropies

In the Big Bang model, the Cosmic Microwave Background was generated

at recombination time (∼ 105 years after Big Bang), when Hydrogen atoms

formed from primeval plasma and photons from the early Universe under-

went the last scattering. Since that time, they have been redshifted and are

observed today in the microwave regime.
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Figure 1.1: The evidenced oval zone is the most probable region for the parameters ΩM

and ΩΛ, according to Supernova observations.

CMB temperature anisotropies have been observed at level of a few parts

in 100000. They are closely related to density fluctuations at the time in

which Universe became transparent to radiation.

Therefore mapping the CMB temperature means investigating the matter

distribution and then the space-time properties of the Universe at recombi-

nation.

The COBE and WMAP satellites and the balloon experiment BOOMERanG

measured the anisotropies and described them in terms of spherical harmon-

ics. They obtained an angular power spectrum, from which it is possible to

determine the cosmological parameters [2]. The results are shown in fig.(1.2)
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and constrain the geometry of the Universe to a flat scenario:

Ωtot = 1.02 ± 0.02.

Figure 1.2: Constrain on the geometry of the Universe from the experiments on CMB

anisotropies. Also the results from Supernova 1a observations are shown.

The other best cosmological parameters from WMAP observations are in the

following table [3].

Matter density ΩM 0.27 ± 0.04

Baryon density Ωb 0.044 ± 0.004

Dark Energy density ΩΛ 0.73 ± 0.04

Radiation density ΩR ΩR � ΩM

In conclusion, there are two different experimental results (from Standard

Candles and anisotropies of CMB measurement) that are compatible: they

identify two regions in the plane of possible ΩM and ΩΛ values [fig.(1.2)],

which have a common intersection.
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In this common area, we have ΩM ∼ 0.3, thus supporting the results from

measurements of the Hydrogen velocities in galaxies, presented in the next

section.

1.3 The Dark Matter

Observations of the orbital velocities vorb of gas clouds in spiral galaxies, as a

function of their radial distance r from the galaxy core, have revealed a flat

distribution as the distance increases [fig.(1.3)].

Figure 1.3: Rotation curve of the spiral galaxy NGC 6503. The dashed line shows the

contribution expected from the disk material alone, the dot-dashed line is from the dark

matter halo alone [4].

This result contradicts the Kepler’s third law for the motion of a body around

a massive core, according to which vorb should decrease proportionally to

r−1/2.

Unless classical Newtonian mechanics breaks down at the scale of size of
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spiral galaxies, the distribution of mass determining the gas dynamics must

extend far beyond the visible galaxy core; the proportionality to be respected

is

M(r) α r,

where M(r) is the total mass within the sphere of radius r.

Thus, vorb distributions can be explained if galaxy cores are surrounded by

a halo, containing a new massive source of gravity that does not emit any

radiation: the Dark Matter (DM).

Observations of gas clouds give a ratio between the mass of dark (Mdm)

and visible (Mlm) matter as follows:

• 3 < Mdm

Mlm
< 5 for spiral galaxies;

• 10 < Mdm

Mlm
for elliptic galaxies;

• Mdm

Mlm
∼ 50 ÷ 100 for clusters of galaxies.

The mass density of luminous matter in galaxies is found to be only ΩLM ∼
0.01, while for the Dark Matter we obtain ΩDM ∼ 0.1 inside galaxies and

ΩDM ∼ 0.3 between them.

These results let people claim that Dark Matter holds together the bricks of

the Universe, but despite its importance, its nature is still unknown.

There is only a relative certainty about what DM can not be.

1.3.1 Dark Matter candidates

One of the main supports to the Big Bang model is given by the nucleosyn-

thesis : a process involving nucleons and leptons few minutes after the Big

Bang, which is able to predict the abundance of elements in the Universe.

The nucleosynthesis accounts for the measured 4He mass fraction of about 24

per cent, that can not be explained only by stellar production. The remaining

part of nuclei is made by Hydrogen, except for very small fractions of 3He,
2H and 7Li. Heavier elements, on the contrary, are produced in the interior

of stars (or in other astrophysical processes such as Supernova explosions)

and have negligible abundances.
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Measurements of the Deuterium to Hydrogen ratio, together with predic-

tions from nucleosynthesis [5], give:

ΩBh2 = 0.019 ± 0.001.

A consistent independent value is found through CMB analysis (see WMAP

results above). Although baryons in star account for only about 1/4 of all the

estimated baryons (the rest are optically dark), ΩB only weights for about

1/10 of ΩDM : the Dark Matter is found to be mainly non-baryonic.

Another possible DM candidate is the neutrino. Unfortunately, even con-

sidering the huge number of neutrinos produced in the Big Bang, they could

explain all the non-baryonic DM content of the Universe only if they had a

mass in the range 10−50 eV. This hypothesis is ruled out by many neutrinos

experiments, which set an upper limit to the mass at 0.05 eV.

Furthermore observations show that the formation of structures in the

Universe is still going on, from smaller to bigger entities. Then if Dark Mat-

ter had been hot (i.e. moving relativistically) like neutrinos, these fast moving

particles would have smoothed every density irregularities of the early Uni-

verse; the first objects to form would have been the largest structures (super

clusters) and small objects (galaxies) would have formed later by fragmenta-

tion.

For this reason Dark Matter particles must be cold (i.e. moving at non rela-

tivistic speed) and weakly interacting. Being their nature yet unknown, they

are referred to as WIMPs: Weakly Interacting Massive Particles.

Before analysing - in the next chapter - a theoretical model which provides

a WIMP candidate, we summarize in fig.(1.4) our current knowledge of the

Universe composition.
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Figure 1.4: Contribution to the (total) energy density of the Universe from various

sources: ∼ 73% is due to dark energy, ∼ 27% to matter of all types; the contribution of

baryons is ∼ 4.4%, that of radiation only ∼ 0.005%.
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Chapter 2

Supersymmetry and Dark

Matter

Supersymmetry or fermion-boson symmetry (SUSY) has not been observed

in Nature yet. It is a purely theoretical invention. Its validity in particle

physics follows from the common belief in unification.

Over 30 years, thousands of papers have been written on supersymmetry.

For reviews, see e.g. [8]- [12].

2.1 The hierarchy problem of the Standard

Model

The Standard Model (SM) of fundamental interactions describes strong, weak

and electromagnetic interactions of elementary particles. It is based on a

gauge principle, according to which all the forces of Nature are mediated by

an exchange of the gauge fields of the corresponding local symmetry group.

The symmetry group of the SM is

SUcolor(3) ⊗ SUleft(2) ⊗ Uhypercharge(1).

The electroweak sector of the SM contains a parameter with the dimen-
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sions of energy, namely the vacuum expectation value of the Higgs field

v ≈ 246 GeV. (2.1)

This parameter sets the scale, in principle, of all masses in the theory. For

instance, the mass of the W (neglecting radiative corrections) is given by

MW =
gv

2
∼ 80 GeV, (2.2)

and the mass of the Higgs boson is

MH = v

√
λ

2
, (2.3)

where g is the SU(2) gauge coupling constant, and λ is the strength of the

Higgs self-interaction in the Higgs potential

V = −μ2φ†φ +
λ

4
(φ†φ)2 (2.4)

(λ > 0 and μ2 > 0).

The negative sign in front of the mass term is essential for the spontaneous

symmetry breaking mechanism to work. With the sign as in eq.(2.4), the

minimum of V interpreted as a classical potential is at the non-zero value

|φ| =
√

2μ/
√

λ ≡ v/
√

2, (2.5)

where μ ≡ √
μ2.

If −μ2 in eq.(2.4) is replaced by the positive quantity μ2, the classical equi-

librium value is at the origin in field space, which would imply v = 0 and all

particles massless.

The discussion so far has been at tree level. What happens when we

include loops? The SM is renormalizable, but although it is calculable up to

infinite energies, nobody seriously believes that the SM is really all there is,

however high we go in energy. That is to say, in loop integrals of the form∫ Λ

d4k f(k, external momenta), (2.6)
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we do not think that the cut-off Λ should go to infinity physically.

More reasonably, we regard the SM as a part of a larger theory, which includes

as yet unknown new physics at high energy, Λ representing the scale at which

this new physics appears. At the very least, for instance, there surely must

be some kind of new physics at the scale when quantum gravity becomes

important, which is

MP = (GN)−1/2 	 1.2 × 1019 GeV. (2.7)

If this is the scale of the new physics beyond the SM or if there is any scale

of new physics even several orders of magnitude different from v, then we

meet a problem with the SM, once we go beyond tree level: the 4-boson

self-interaction in eq.(2.4) generates, at one-loop order, a contribution to the

φ†φ term, which is proportional to

λ

∫ Λ

d4k
1

k2 − M2
H

. (2.8)

This integral clearly diverges quadratically and it turns out to be positive,

producing a correction

∼ λΛ2φ†φ (2.9)

to the −μ2φ†φ term in V . Now we know that the vev v is given in terms of μ

by eq.(2.5), and that its value is fixed phenomenologically by eq.(2.1). Hence

it seems that μ can hardly be much greater than of order a few hundred GeV

(or, if it is, λ is much greater than unity - which would imply that we can

not do perturbation theory).

On the other hand, if Λ ∼ MP ∼ 1019 GeV, the one-loop quantum correction

to −μ2 is then vastly greater than ∼ (100 GeV)2 and positive; therefore

obtaining a value ∼ −(100 GeV)2 after inclusion of loop corrections would

seem to require that we start with an equally huge but negative value of the

Lagrangian parameter −μ2, relying on a remarkable cancellation to get us

from ∼ −(1019 GeV)2 to ∼ −(102 GeV)2.

This is an unpleasant fine-tuning problem, originating from the hierarchy

MH,W � MP .
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2.2 Unification of gauge couplings

Since the main motivation for SUSY is related to unification theory, we briefly

recall the main ideas of Grand Unification (GUT).

The philosophy of GUT is based on a hypothesis: gauge symmetry increases

with energy. Having in mind unification of all forces of Nature on a common

basis and neglecting gravity for the time, being due to its weakness, the idea

of GUT is the following: all known interactions are different branches of a

unique interaction, associated with a simple gauge group. The unification

(or splitting) occurs at high energy.

Low energy ⇒ High energy

SUC(3) SUL(2) UY (1) ⇒ GGUT

gluons W, Z photon ⇒ gauge bosons

quarks leptons ⇒ fermions

g3 g2 g1 ⇒ gGUT

At first sight this is impossible, due to a big difference in the values of

the couplings of strong, weak and electromagnetic interactions. However, the

crucial point here is the running coupling constants: it is a generic property

of quantum field theory, which has an analogy in classical physics.

Indeed, consider electric and magnetic phenomena. Let us take some dielec-

tric medium and put a sample electric charge in it. What happens is that

the medium is polarized; it contains electric dipoles which are arranged in

such a way as to screen the charge [fig.(2.1)].

The opposite situation occurs in a magnetic medium: according to the

Biot-Savart law, electric currents of the same direction are attracted to each

other, while those of the opposite one are repulsed [fig.(2.1)]. This leads to

antiscreening of electric currents in a magnetic medium.

In QFT, the role of the medium is played by the vacuum. Vacuum is po-

larized due to the presence of virtual pairs of particles in it. The matter

fields and transverse quanta of vector fields in this case behave like dipoles

in a dielectric medium and cause screening, while the longitudinal quanta of
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Figure 2.1: Electric screening and magnetic antiscreening.

vector fields behave like currents and cause antiscreening. These two effects

compete each other; thus, the couplings become functions of a distance or an

energy scale:

αi = αi(
Q2

Λ2
) = αi(distance), αi ≡ g2

i /4π. (2.10)

This dependence is described by the renormalization group equations and is

confirmed experimentally [fig.(2.2)].

In the SM the strong and weak couplings - associated with non-Abelian

gauge groups - decrease with energy, while the electromagnetic one - asso-

ciated with the Abelian group - increases. Thus, it becomes possible that

at some energy scale they become equal. According to the GUT idea, this

equality is not occasional, but is a manifestation of a unique origin of these

three interactions. As a result of spontaneous symmetry breaking, the unify-

ing group is broken and the unique interaction is splitted into three branches,

which we call strong, weak and electromagnetic interactions.

After the precise measurement of the SUC(3)⊗SUL(2)⊗UY (1) coupling

constants, it has become possible to check the unification numerically. The

three quantities to be compared are

α1 = (5/3)g′2/(4π) = 5α/(3cos2ΘW ),
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Figure 2.2: Summary of running of the strong coupling αs [13].

α2 = g2/(4π) = α/sin2ΘW , (2.11)

α3 = g2
s/(4π),

where g′, g and gs are the usual U(1), SU(2) and SU(3) coupling constants

and α is the fine structure constant.

Assuming that the SM is valid up to the unification scale, one can use the

renormalization group equations for the three couplings. In them, a positive

contribution (screening) is given by the matter multiplets and a negative

one (antiscreening) by the gauge fields. The evolution of the inverse of the

couplings as function of the logarithm of energy is shown in fig.(2.3).

We can see that, within the SM, the coupling constants unification at a

single point is impossible. This result means that GUT can only be obtained

if new physics enters between the electroweak and the Planck scales.

If we try to add to the calculations the new matter and field contents of the

minimal SUSY model (see next sections), from the fit requiring unification

one finds [fig.(2.3)]

MSUSY = 103.4±0.9±0.4 GeV
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Figure 2.3: Evolution of the inverse of the three coupling constants in the Standard

Model (left) and in the supersymmetric extension of the SM (MSSM) (right). Only in the

latter case unification is obtained. The SUSY particles are assumed to contribute only

above the effective SUSY scale MSUSY of about 1 TeV, which causes a change in the

slope in the evolution of couplings. The thickness of the lines represents the error in the

coupling constants [14].

MGUT = 1015.8±0.3±0.1 GeV (2.12)

α−1
GUT = 26.3 ± 1.0 ± 1.0.

(The first error originates from the uncertainty in the coupling constants,

while the second is due to the uncertainty in the mass splittings between the

new particles.)

The SUSY particles are assumed to effectively contribute to the running

only for energies above the typical SUSY mass scale MSUSY and they allow

a unification point at ∼ 1016 GeV.
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2.3 Solution of the hierarchy problem

Supersymmetry transformations differ from ordinary global transformations

as far as they convert bosons into fermions and vice versa. Thus, if we

symbolically write SUSY transformations as

δB = ε · f,

where B and f are boson and fermion fields, respectively, and ε is an in-

finitesimal transformation parameter, then from the usual (anti)commutation

relations for (fermions) bosons

{f, f} = 0, [B, B] = 0,

we immediately find

{ε, ε} = 0.

This means that all the generators of SUSY must be fermionic, i.e. they

must change the spin by a half-odd amount and change the statistics.

SUSY also implies that the particles of the theory must appear in mul-

tiplets, whose members have different spin numbers. In particular, super-

symmetry associates known bosons with new fermions and known fermions

with new bosons; so the number of existing particles is (at least) doubled,

introducing a superpartner to each SM particle.

We can go back to analyse the hierarchy problem in the framework of

GUT theory. To get the desired spontaneous breaking pattern, one needs

MH ∼ v ∼ 102 GeV, MΣ ∼ V ∼ 1016 GeV, (2.13)

MH

MΣ
∼ 10−14 � 1,

where H and Σ are the Higgs fields responsible for the spontaneous breaking

of the SU(2) and the GUT groups.

We consider the radiative correction to the light Higgs mass MH : it is given
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by the Feynman diagram shown in fig.(2.4) and is proportional to the mass

squared of the heavy particle. This loop obviously spoils the hierarchy MH �
MΣ.

Figure 2.4: Radiative correction to the light Higgs boson mass.

Nevertheless SUSY automatically cancels quadratic corrections. This is due

to the existence of superpartners of ordinary particles: the contribution from

boson loops cancels those from fermion ones, because of an additional factor

-1 coming from the Fermi statistics [fig.(2.5)].

Figure 2.5: Cancellation of quadratic terms.

This cancellation is true in the case of unbroken supersymmetry, being

valid the following sum rule for the masses of superpartners:∑
bosons

m2 =
∑

fermions

m2. (2.14)
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Let us take the Higgs boson mass again. Requiring for consistency of per-

turbation theory that the radiative corrections do not exceed the mass itself

gives

δM2
H ∼ g2M2

SUSY ∼ M2
H . (2.15)

So if MH ∼ 102 GeV and g ∼ 10−1, one needs MSUSY ∼ 103 GeV. We get

the same rough estimate as from the gauge couplings unification above. Two

requirements match together.

That is why it is usually said that supersymmetry solves the hierarchy

problem. Moreover, sometimes it is said that: “There is no GUT without

SUSY”.

2.4 Generalization of the Standard Model: the

MSSM

In SUSY theory, the number of bosonic degrees of freedom equals that of

fermionic. On the contrary, in the SM one has 28 bosonic and 90 fermionic

degrees of freedom (with massless neutrino, otherwise 96). So the SM is

highly non-supersymmetric.

Its straightforward extension allowing SUSY requirements is called Minimal

Supersymmetric Standard Model (MSSM).

This theory contains all the known fields of the SM and an extra Higgs

doublet, together with the partners needed to form supersymmetric mul-

tiplets. The interactions are those allowed by the gauge symmetry group

SUC(3) ⊗ SUL(2) ⊗ UY (1) and by renormalizability. These specifications

uniquely determine the MSSM, except the prescription for transformations

under the so-called R-parity.

Given an interest in Dark Matter, the most important ingredient is just

the realization of R-parity. In terms of its action on the component fields

of the theory, this discrete symmetry is R = (−1)3(B−L)+2S , where B, L are

the baryon and lepton number operators and S is the spin. This means that

R = 1 for ordinary particles and R = −1 for their superpartners.

If R-parity is broken, then there are no special selection rules to prevent the
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decay of those supersymmetric particles in the spectrum with masses of order

100 GeV or larger. In particular, the theory would possess no natural can-

didate for cold DM particles. However, this is only one of the many ills of a

theory with broken R-parity: it would also allow baryon- and lepton-number

violating interactions, with strengths controlled by the scale of R-parity vi-

olation. Therefore, very severe constraints on the violation arise.

We consider only strict R-parity conservation, so that the lightest R-odd par-

ticle is stable; this is the so-called Lightest Supersymmetric Particle (LSP).

The particle content of the MSSM is shown in fig.(2.6).
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Figure 2.6: Particle content of the MSSM.

The superpartners of the W and charged Higgs bosons, the charged gauginos

and higgsinos, carry the same SU(3) ⊗ U(1) quantum numbers. Thus, they

will in general mix after electroweak symmetry breaking, and the resulting

mass eigenstates are linear combinations known as charginos.

The same is true of the superpartners of the photon, Z and neutral Higgs

bosons. These fields generally mix to create four mass eigenstates called

neutralinos.

The LSP is the lightest neutralino, and we will refer to it as the neutralino

(χ). It is stable and weakly interacting, thus it is our Dark Matter candidate.
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2.5 Dark Matter detection

2.5.1 Relic density

If a new stable particle χ existed, it could have a significant cosmological

abundance today. In fact such a particle stays in thermal equilibrium in the

early Universe, when the temperature exceeds its mass mχ. The equilibrium

abundance is maintained by annihilation with its antiparticle χ̄ into lighter

particles l (χχ̄ → ll̄) and vice versa (ll̄ → χχ̄). In our case, χ is a Majorana

particle: χ = χ̄.

As the Universe cools to a temperature less than mχ, the equilibrium abun-

dance drops exponentially; when the rate for the annihilation reaction (χχ̄ →
ll̄) falls below the expansion rate H , the interactions “freeze out” and a relic

cosmological abundance remains.

More quantitatively, the χ equilibrium number density is

neq
χ =

g

(2π)3

∫
f(p)d3p, (2.16)

where g is the number of internal degrees of freedom (i.e. the number of

helicity states) of the particle and f(p) is the Fermi-Dirac or Bose-Einstein

distribution. At T � mχ, neq
χ 	 g(mχT/2π)3/2exp(−mχ/T ), so that the

density is suppressed.

In particular, shortly after T drops below mχ, the annihilation rate Γ =

〈σAv〉nχ (〈σAv〉 is the thermally averaged total cross section for χχ̄ into

lighter particles times the relative velocity v) becomes smaller than H and

χs fall out of equilibrium.

The evolution of their number density nχ(t) is analytically described by the

Boltzmann equation:

dnχ

dt
+ 3Hnχ = −〈σAv〉

[
(nχ)2 − (neq

χ )2
]
. (2.17)

The second term on the left-hand side accounts for the expansion of the Uni-

verse. The right-hand side vanishes at equilibrium, when we find nχ α a−3:
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the density decreases with the scale factor of expanding Universe. More pre-

cisely, the first term into brackets arises from depletion of χs due to annihi-

lation, while the second term accounts for creation from the inverse reaction.

Once eq.(2.17) is numerically solved, it allows us to write the contribution of

χ to the energy density of the Universe as

Ωχ =
mχnχ

ρc
	 3 · 10−27cm3s−1

〈σAv〉 h−2.

Our hypothesis to solve the DM problem within the SUSY frame can

be summarized as follows: the WIMP neutralinos created in the Big Bang

decoupled from ordinary particles at the temperature of SUSY symmetry

breaking (∼ 1 TeV). They began to arrange themselves in structures, due

to gravity, forming the future galactic halos. Then, after baryons decoupled

from radiation (∼ 0.25 eV), they were attracted into the cold DM objects to

build up the galaxies.

2.5.2 Direct Dark Matter search

If the halo of the Milky Way consisted of WIMP neutralinos, then a large

number of them should pass through every square centimeter of the Earth’s

surface each second. The most satisfying proof of the WIMP hypothesis

would be direct detection of these particles, by observation of nuclear recoil

after WIMP-nucleus elastic scattering.

The cross section of this process depends on the SUSY model, but is clearly

very low and makes the interactions rare. However specialized detectors

could reveal the tiny energy deposited by the very occasional WIMP-nucleus

scattering. The maximum energy transfer is given by

Er =
μ2v2

mN
(1 − cosθ), μ =

MW mN

MW + mN

(Er: recoil energy; v: WIMP velocity < 500 km/s ∼ galactic escape velocity;

MW : WIMP mass; mN : nucleus mass).

The detector must be sensitive to energy releases of the order of 10 keV,
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observable through different techniques such as temperature increase in cryo-

genic apparatus, ionization or scintillation. The hardest point is separating

the signal - expected with a rate of one event per day per 10 kg of detector

mass - from the millions of background events, generated by cosmic rays and

radioactivity. For this reason, it is customary to look for an annual modula-

tion of the signal: considering the rotation of the Earth aroud the Sun, the

WIMP flux should be greater in June (when the rotation velocity sums up

to that of the Solar System with respect to the galaxy) than in December

(when the two velocities are opposite).

Two of the most known experiments which tried to detect DM directly are

DAMA [6] and CDMS [7]. Their results are shown in fig.(2.7).
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Figure 2.7: The region above the black curve is excluded at 90% C.L. by CDMS. The

green shaded region is the DAMA 3σ allowed region.



2.5 Dark Matter detection 27

2.5.3 Indirect Dark Matter search

We have seen that if WIMP neutralinos build the Dark Matter in the galac-

tic halo, the ones with an orbit passing through a celestial body will have

a small but finite probability of scattering from a nucleus therein. In doing

so, they could scatter to a velocity smaller than the escape one and become

gravitationally bound to the body. Once captured, additional scatters settle

them to the core; in such a way neutralinos could have accumulated in the

centre of the Sun and of the Earth.

This picture allows an indirect detection method for neutralinos, looking

at their annihilation products. In fact, WIMP which have accumulated as

explained above can annihilate into ordinary particles such as quarks and

leptons, and - if heavy enough - to gauge and Higgs bosons. The majority

of the annihilation products are absorbed almost immediately, but some of

them decay and produce neutrinos, which can pass through the celestial body

and be detected by neutrino telescopes.

Considering the different channels, the typical neutrino energy is roughly 1
3

to 1
2

the WIMP mass, far from the solar neutrino energies. A neutrino sig-

nal in the direction of the centre of the Sun or of the Earth, with energy in

the range of 10 GeV to few TeV, is a good experimental signature for Dark

Matter.

Quantitatively, the neutrino flux from neutralino annihilations depends

on the details of the interaction-decay-propagation chain. It is fundamental

to consider also the capture versus the annihilation balance in the core of the

celestial body. The differential neutrino flux is given by

dΦ

dE
=

ΓA

4πD2

∑
f

Bf
χ

(dNν

dE

)
f
, (2.18)

where ΓA is the annihilation rate, D is the distance from the source, f is the

neutralino pair annihilation final state and Bf
χ its branching ratio;

(
dNν

dE

)
f

is the differential energy spectrum of neutrinos at the surface of the Sun or

Earth, expected from channel f . Determination of these spectra is compli-

cated as it involves hadronization of the annihilation products, interaction
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of particles with the surrounding medium and the subsequent interaction of

neutrinos with it. For this reason, the spectra of neutrinos from the Sun are

different from those from the Earth.

It is also necessary to compute the annihilation rate ΓA, through a parametri-

sation of the χ density in the core region. The equation that describes the

time variation of the number of χs is

dNχ

dt
= RC − RAN2

χ, (2.19)

where RC is the caption rate and RA is defined by ΓA = 1
2
RAN2

χ (the 1/2

factor accounts fro the vanishing of two χs in a single annihilation). Solving

eq.(2.19) for ΓA gives

ΓA =
RC

2
tanh2

( t

τ

)
, (2.20)

in which τ = 1/
√

RCRA is the equilibrium time scale.

Other difficulties arise now from the evaluation of the capture rate. Some

assumptions about SUSY parameters are needed, which can give macroscopic

differences in the resulting neutrino flux and then in the signal expected by

a neutrino telescope.



Chapter 3

The ANTARES experiment

The ANTARES (Astronomy with a Neutrino Telescope and Abyss environ-

mental RESearch) Collaboration is building a neutrino underwater telescope,

to be deployed at a depth of 2500 m in the Mediterranean sea, near the South-

ern French coast.

The experiment aims to detect neutrinos with energies above 10 GeV, using

the Cherenkov light emitted in sea water by charged particles, which are

produced in neutrino interactions.

3.1 Neutrino Astronomy

Most of our current knowledge of the Universe comes from the observation

of photons: as cosmic information carriers, they are stable and electrically

neutral; they are easy to detect over a wide energy range and their spectrum

gives information about the physical properties of the source. Unfortunately

the hot, dense regions which form the central engines of stars, active galac-

tic nuclei (AGN) and other astrophysical sources are completely opaque to

photons, and therefore they can not be investigated by direct photons obser-

vation.

Moreover, high energy photons interact with the Cosmic Microwave Back-

ground to create electron-positron pairs; this is the Greisen-Zatsepin-Kuz’min

effect (GZK), which suppresses any possibility of surveying the sky over dis-
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tances greater than 100 Mpc with high energy (>10 TeV) gamma rays.

In order to observe the inner workings of the astrophysical objects and to

obtain a description of the Universe over a larger range of energies, we need a

probe which is electrically neutral - so that its trajectory will not be affected

by magnetic fields - stable and weakly interacting, so that it will penetrate

regions which are opaque to photons. The only candidate currently known

is the neutrino.

Nuclear fusion in the core of stars and Supernova explosions are known

astrophysical phenomena producing neutrinos, but high energy (>10 GeV)

neutrino sources have not been observed yet. However, their existence can

be inferred from the properties of cosmic rays.

Primary cosmic rays are protons and - in a small fraction - heavier nuclei.

Their energy spectrum is a power law which extends to the recently observed

value of 1020 eV. Protons themselves have limited use as astrophysical in-

formation carriers: being deflected by cosmic magnetic fields, their sources

are unknown, although Supernova remnants and AGN have been proposed.

Whatever the source, it is clear that accelerating protons to such high en-

ergies is likely to generate a large associated flux of photo-produced pions,

which decay to yields gamma rays and neutrinos.

We also recall that a good theoretical candidate to explain the non-luminous,

non-baryonic major content of matter in the Universe is the WIMP neu-

tralino. Neutrino telescopes are not directly sensitive to WIMPS, but they

may detect high energy neutrinos produced by the decay of gauge bosons

and heavy particles from χ − χ annihilation.

The detection of a relic cosmological population of supersymmetric parti-

cles would be of immense importance to both cosmology and particle physics;

furthermore the existence of very high energy cosmic-ray protons implies the

existence of high energy neutrinos. These are the key reasons to investigate

the new field of neutrino astronomy.

The drawback is that the weak interactions of neutrinos require a very mas-

sive detector, with extremely good background rejection, to observe a mea-

surable flux.
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3.2 Detection principle

Neutrinos are detected through their interaction with a nucleon N , via either

charged current (νl +N → l +X) or neutral current (νl +N → νl +X) weak

interactions. The experimental signature depends on the type of reaction

and on the neutrino flavour. In this thesis the focus is on muon neutrinos,

which are the most interesting in a search for point sources.

Since the Earth acts as a shield against all particles except neutrinos,

a neutrino telescope uses the detection of upward-going muons as a signa-

ture of a νμ interaction in the matter below the detector. It is required to

discriminate between upward-going muons against the much higher flux of

downward-going atmospheric muons [fig.(3.1)]. For this reason, the detector

should be installed in a deep site, where a layer of matter would shield it.
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Figure 3.1: Zenith angular distribution of the muon flux above 1 TeV from atmospheric
muons and atmospheric neutrino induced muons at 2300 m water equivalent depth.

The muon detection medium may be water or ice, through which the

muon emits Cherenkov light. The Cherenkov angle θ is related to the particle
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velocity β and the refractive index of the medium n:

cosθ =
1

nβ
. (3.1)

In the energy range interesting for ANTARES (E>10 GeV), particles will be

ultra-relativistic (β = 1). The refractive index of sea water is n = 1.35 for

a wavelength of 450 nm, therefore the Cherenkov light is emitted under 42◦

for this wavelength. This easy geometrical pattern of light emission allows

a precise reconstruction of tracks from the measurement of only few hits at

different space points.

The number of photons produced along a flight path dx, in a wave length

bin dλ, for a particle carrying unit charge is

d2N

dλdx
=

2πα

λ2
sin2θ. (3.2)

At wavelengths of 400-500 nm, the efficiency of photomultipliers tubes, as

well as the transparency of water are maximal. Within 1 cm flight path, 100

photons are emitted in this wavelength bin. At a perpendicular distance of

40 m from a charged track, the density of photons between 400-500 nm is

still 1 per 340 cm2, neglecting absorption and scattering effects. This gives

an indication of the active detector volume around each photomultiplier that

is used in ANTARES to detect Cherenkov light.

The transmission of light in water is parameterised by the absorption length

λa, the scattering length λs and the scattering function f(θ), which describes

the angular distribution of the scattering. Measurements performed at the

ANTARES site give λa in the range 25÷55 m and λs in the range 120÷300

m, from UV to blue light (370÷470 nm). The scattering function is peaked

in the forward direction, with an average value for the cosine of the scattering

angle 〈cos(θ)〉 	 0.9.

3.3 The ANTARES detector

The ANTARES detector is currently under construction and will be deployed

in a site near Toulon - 42◦50’ Northern latitude and 6◦10’ Eastern longitude -
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Figure 3.2: Artist’s view of the ANTARES detector.

at a depth of ∼2500 m under the sea level. An artist’s view of the apparatus

is shown in fig.(3.2).

In ANTARES the Cherenkov light is detected by a 3D-array of 900 optical

modules (OMs): pressure resistant glass spheres containing photomultipli-

ers tubes (PMTs). The OMs are grouped in triplets - called storeys - and

arranged in 12 lines, each containing 25 storeys, on a surface of about 0.05

Km2. The position of the strings on the seabed is shown in fig.(3.3).

A junction box distributes the power and clock synchronization signals to

the lines and collects the data output; it is connected to the shore by a 42

km electro-optical cable. The lines are kept straight by the floating force of

a buoy at the top and an anchor at the bottom; the 25 storeys are spaced

by 14.5 m, starting from 100 m from the sea floor. All the PMTs are 10”

wide and 45◦ downward looking. The electronics boards are inside titanium

cylinders, positioned at the centre of each storey; the whole device is called

Local Control Module (LCM). Every LCM controls three OMs.
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Figure 3.3: Position of the strings on the seabed.

The readout of each PMT is shared by two Analog Ring Sampler (ARS)

chips, which provide the digitization of the analog signal of time and charge.

Thus every LCM contains 6 ARSs. Two ARSs per PMT are needed to avoid

the dead time (∼ 80 ns) induced by signal sampling: the first ARS holds

the “even” events, the second the “odd” events. Photon arrival times, PMT

charge amplitudes and positions allow the reconstruction of the tracks and

the estimate of their energy. All the data collected through the ARSs are

sent to the shore station; with a noise rate of 70 kHz, a flow of about 1 GB/s

is produced. A trigger software (see Chapter 5), running on a PC farm,

performs an online filtering and reduces the data rate by at least a factor

100.

3.3.1 Effective volume and effective area

The performance of the ANTARES detector can be defined in terms of two

quantities, independent of any neutrino flux model:

• Effective volume: the volume of a 100% efficient detector to observe

neutrinos, which would obtain the same event rate as ANTARES for a



3.3 The ANTARES detector 35

given neutrino interaction rate;

• Effective area: the area of a 100% efficient surface for detecting through-

going neutrinos, which would observe the same event rate as ANTARES

for a given neutrino flux.

Given a MC sample, the effective volume can be computed as

Veff(Eν) =
Nselected(Eν)

Ngenerated(Eν)
× Vcan. (3.3)

The so-called can volume (Vcan) is built increasing the dimensions of the

instrumented volume by three absorption lenghts. Photons produced by

muons out of the can are assumed not to reach the detector.

Using eq.(3.3) and a neutrino flux φν , the neutrino interaction rate per unit

volume is

Robserved =

∫
Veff(Eν) (ρNA) σ(Eν)

dφν

dEν

dEν , (3.4)

where ρ is the target density and NA the Avogadro’s number.

From eq.(3.4) above, we can combine Veff (Eν), (ρNA) and σ(Eν) to repro-

duce a quantity which, when multiplied by a differential neutrino flux and

integrated, gives a rate of observed events. Multiplying the three terms by

the probability of transmission through the Earth, PEarth, we get the effec-

tive area for neutrinos reaching the detector from the opposite surface of the

Earth:

Aeff = Veff(Eν) × (ρNA) × σ(Eν) × PEarth(Eν). (3.5)

The quantities defined in eqs.(3.3) and (3.5) are fundamental to compare the

performances of different trigger and track reconstruction techniques, as it

will be shown in Chapter 6.

3.3.2 Angular resolution

The angular resolution of the detector depends on the neutrino energy: high

energy neutrinos produce energetic muons, which are easier to reconstruct

because of the big amount of Cherenkov light emitted. Furthermore, the
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lower the neutrino energy is, the bigger the scattering angle between neu-

trino and muon, and then the uncertainty on the neutrino direction.

To characterize the pointing accuracy of the detector, the median of the dis-

tribution of angle reconstruction error is used. The resolution thus obtained

is shown in fig.(3.4). At the highest energy, the angular resolution is smaller
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Figure 3.4: Angular resolution of the detector as a function of the neutrino energy. Both
the angles of the reconstructed muon w.r.t. the true muon (αμ) and of the reconstructed
muon w.r.t. the neutrino direction (αν) are considered.

then 0.2◦ and is limited by the accuracy of the muon reconstruction. Below

about 10 TeV, the resolution on the neutrino direction is dominated by the

scattering angle; this unpleasant feature will be dealt with in Chapter 6.

3.3.3 Energy response

The energy response is determined by the energy fraction transferred to the

muon in the neutrino interaction, the energy lost by the muon outside the

detector and the energy resolution of the detector.
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The muon energy determination requires different techniques in different

energy ranges.

Below 100 GeV, the muons are close to minimum-ionizing, and the energy

of contained events, with start and end points measured inside the detector,

can be determined accurately from the range.

Above 100 GeV, the range cannot be measured because of the limited size

of the detector, but the visible range determines a minimum energy that

can be used for the analysis of partially-contained events: starting events in

which the vertex point is measured inside the detector, and stopping events

in which the endpoint is measured.

Above 1 TeV, stochastic processes (bremsstrahlung, pair production, δ-rays)

are dominant, and the muon energy loss becomes proportional to the energy.

The detection efficiency also increases with energy, because of the additional

energy loss. Monte Carlo studies have shown that the neutrino energy can

be determined within a factor 3 above 1 TeV.

Above 1 PeV, the Earth becomes opaque to upward-going vertical neutrinos.

Events with these energies are accessible only if induced by neutrinos close

to the horizon.

3.3.4 Observable sky

The ANTARES neutrino telescope, situated at a latitude of ∼ 43◦ North, can

observe upward-going neutrinos from most of the sky (about 3.5π sr), due to

the rotation of the Earth. Declinations below −47◦ are always visible, while

those above +47◦ are always precluded [(fig.(3.5)]. Declinations between

−47◦ and +47◦ are visible for part of the sidereal day, the Galactic Centre

for most of it.

3.3.5 Optical background

Since the beginning, several measurements of the optical background have

been performed at different depths at the ANTARES site. These results have

been summarized in a large number of internal reports. A precise character-
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Active Galactic Nuclei Pulsars

Unidentified sources LMC

Figure 3.5: Visible sky in Galactic coordinates for ANTARES. The area within the
dashed line is not observable, while the area within the solid line is observable 24 h a day.
The sources shown are from the EGRET catalogue.

ization of the optical background is in fact necessary to optimize the choice

of the detector trigger and to avoid dead time in data taking.

During the tests, the OMs have been arranged in different setups, usually

keeping at least one close pair to study coincidences and correlations.

In fig.(3.6) we show an example of a time stream registered by an OM.

Two different components can be identified:

1. a continuous background, whose frequency varies slowly over periods

of several hours and usually corresponds to several tens of kHz;

2. some sharp peaks, ranging up to tens of MHz and lasting few seconds.

In order to quantify the optical background, two definitions were intro-

duced: the continuous component is the lower envelope of the plot, repre-

senting the counting rate of a given OM as function of time; the burst activity

corresponds to a counting rate higher than 120% the continuous component,

which may generate in the PMTs a dead time, lasting up to many seconds

[fig.(3.8)].
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Time (in sec)

C
o

u
n

ti
n

g
 r

at
e 

(i
n

 k
H

z)

COUNTING RATE DISTRIBUTIONCOUNTING RATE DISTRIBUTION
Counting rate (in kHz)

Figure 3.6: Top panel: example of a time stream recorded during a test in 1998. Bottom
panel: distribution of the counting rates for the above time stream.

The background light is known to be caused by the radioactive decay of 40K

isotope, naturally present in the sea salt, and bioluminescent living organ-

isms. 40K has two major decay branches:

• β− decay with 89.3% probability and a kinetic endpoint energy of Q =

1.311 MeV;

• electron capture with 10.7% probability, followed by a γ emission of Eγ

= 1.46 MeV.

The electrons produced travel on average 2.3 mm and do not produce sec-

ondary (shower) particles above Cherenkov threshold; the γs travel on av-

erage 68 cm and produce about two Compton electrons above Cherenkov

threshold.
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The level of the continuous component is strongly related to 40K decay

rate: simulations [15] taking into account the salt content of the sea at the

ANTARES site give an expected counting frequency of about 30 kHz for a

PMT. However, since the water salinity was measured to be approximately

constant, the baseline variations - ranging from about 50 to 150 kHz and

registered over long time periods (days or months) - must be due to another

contribution.

Fig.(3.7) shows the correlation in time between the continuous component

and the registered current speed.

Figure 3.7: Top curve: evolution of the baseline. Bottom curve: evolution of current
speed. Both are on the same time scale (total: 21h).

The excess observed over the expected 40K rate is therefore probably caused

by a slightly variable bioluminescence activity, due for example to a larger
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number of bacteria carried near the OMs.

Also the bursts can be explained as an organic signal: many organisms

living in sea depths emit light continuously, but they also produce flashes of

duration varying from about 0.1 s to tens of seconds. Even the total number

of photons emitted in a burst may vary from 108 to 1012 [16].

In fig.(3.8) we show the counting rate of six ARSs - belonging to a triplet

of OMs taking data contemporarily - as a function of time.

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0

500

1000

1500

2000

2500
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Figure 3.8: Count rate of six ARSs (belonging to a triplet of OMs) as a function of time:
index 1000 corresponds to 13 s.

It can be noticed that the bioluminescence bursts appear to be uncorrelated

between the different OMs. There is also a dead time (called XOff) for

one of the ARSs, between index value 1400 and 3200. Indeed, when the

background rate exceeds several hundreds of kHz, buffers of the ARSs fill up

to their maximum capacity; in this case, data are no longer recorded until

the buffer are emptyed.
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Chapter 4

Analysis of MILOM data1

4.1 The MILOM line

The MILOM (Mini Instrumentation Line with Optical Modules) is a pro-

totype line deployed at the ANTARES site in March 2005. Its aim is a

measurement of the ambient parameters (water current, salinity, tempera-

ture, optical attenuation length, ...), a check of the electronics in situ and a

verification of the acoustic position system.

A schematic drawing of the MILOM is shown in fig.(4.1) [17]. The line con-

tains three storeys, equipped with the following devices.

Top storey:

• Optical Module;

• Current Profiler (ADCP);

• Led Optical Beacon;

• Spy Hydrophone.

Middle storey:

• 3 Optical Modules;

1The content of this chapter appeared in the internal note N. Cottini: Background
measurements with MILOM, ANTARES-Phys/2006-002.
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• GEMISEA sound velocimeter.

Bottom storey:

• Conductivity-Temperature probe;

• C STAR light transmissiometer;

• Led Optical Beacon;

• Acoustic Positioning Module with a hydrophone.

Figure 4.1: MILOM scheme.
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The distance between the top and the middle storey is 50 m, between the

middle and the bottom is 14.5 m. The BSS is located 100 m below and

is equipped with a Laser Beacon, a Seismometer, an Acoustic Positioning

Module with a transducer and a pressure sensor.

4.2 Background measurement with MILOM

The MILOM line allowed the Collaboration to verify the Data Acquisition

system and to monitor over a long period the optical background from 40K

decay and bioluminescence. This information will be used later in this work,

when adding this kind of random background signal to a sample of pure

physics events, generated by the ANTARES MonteCarlo; this is a funda-

mental step for a realistic data analysis.

The data taking started in the spring of 2005 and is still going on. The

entire electronic system has been very stable over this period.

Before the summer the bioluminescence rate was high, but since the begin-

ning of July it has dropped to 60-70 kHz. Fig.(4.2) shows the rates for the

three optical modules in the MILOM middle storey up to December 2005.

Figure 4.2: Baseline counting rate from the three optical modules in MILOM middle

storey, between July and December 2005.
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4.2.1 Time intervals between consecutive hits from each

ARS

The rates shown in fig.(4.2) are computed using the number of events recorded

and the time span of the particular data taking run.

We have tried to reproduce these results, using the statistical properties of

the background hits recorded.

We have analysed the distribution of time differences between a hit and

the previous one registered by a single ARS of the middle storey [fig.(4.3)-

(4.4)]. In the particular instance here considered, we have used a MILOM

data file recorded on 30 September 2005 and stored at the Antares database

in Lyon.

We assume that both 40K and bioluminescence generate events randomly

in time, according to Poisson distributions with different mean values μA

and μB; so the whole background source can be described using a Poisson

distribution with μ = μA + μB.

We also consider that each ARS registers (in an alternative manner) half

of the signals given by a PMT. Thus we do not fit the histograms of time

differences using an exponential, but a Gamma distribution

f(t; λ, k) =
tk−1λke−λt

Γ(k)
, 0 < t < ∞. (4.1)

k defines a sort of event spacing: it is set to 2 to specify that, given for

instance three events, the chosen ARS registers the first, neglects the second

and registers again the third. The mean value of the distribution is given

by t = k
λ
. Some examples of the data and the fits obtained are shown in

figs.(4.3) and (4.4).

The rate R of the background signal on a PMT can be estimated as R =

2 · (1
t
). The values obtained for each ARS are shown in the next table (the

error is negligible, due to the error on the fit parameter).

ARS 0 1 2 3 4 5

Rate (kHz) 88.94 89.03 75.11 75.09 75.18 75.19
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Figure 4.3: Distribution of time differences between a hit and the previous one registered
by the ARS 0 of the MILOM middle storey.

It should be noticed that the χ2/ndf value is always very large, so the

model chosen does not seem to fit the data.

One might be tempted to attribute this behaviour to electronic readout er-

rors. It has indeed been observed that ARS chips sometimes show a problem

(known as bit-flip) in data digitization: in the sequence of bits holding the

time information, a 0 bit is read as a 1 or vice versa.

This could cause - in our case - meaningless time differences between hits, or

even negative ones: given two hits on a single ARS, the time counter associ-

ated to the second could be smaller than that of the first, even if the second

hit has clearly been registered later.

In the statistical box of our histograms [fig.(4.3)-(4.4)], we can read the num-

ber of underflows, that is the number of negative time differences. We also

show in fig.(4.5), the sum of the histograms for all the ARSs of the middle

storey, using an axis symmetric around 0. Here the number of negative time

differences is 405 over 3 · 107 entries. Given the tiny size of the effect, one

may assume that this can not be the cause of the anomalous behaviour.
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Figure 4.4: Distribution of time differences between a hit and the previous one registered
by the ARS 2 of the MILOM middle storey.

Alternatively the disagreement with Gamma distribution might be ex-

plained if bioluminescence can not be described as a random process, like
40K decay. To investigate this possibility, we consider the number of events

recorded in a so-called TimeSlice, that is in a time interval of 13 ms. Fig.(4.6)

shows an example referring to the data (up to TimeSlice number 1900) from

ARS 1 and ARS 4 respectively.

We can clearly identify the continuos component of the background, from

which we can estimate a rate consistent with the values previously found

through the fit. Furthermore, we notice some small bursts - which do not

increase the counting rate up to MHz, but only by 50% or less.

Thus, the model we chose can be considered only a reasonable approxima-

tion of the true behaviour of bioluminescence, which reveals properties not

stationary in time, even excluding big bursts.

We have repeated our analysis fitting with Gamma distributions the data

registered in different days of the second half of 2005. The resulting rates
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Figure 4.5: Sum of the histograms of fig.(4.3) up to fig.(4.4), with the x axis extended
to negative values.
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Figure 4.6: (a) Number of events recorded by ARS 1 per TimeSlice. (b) Number of
events recorded by ARS 4 per TimeSlice.
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Figure 4.7: Rates recorded by the ARSs of the MILOM middle storey between July and
December 2005. Each plot refers to the pair of ARSs associated to each individual PMT,
as indicated. In the long empty period, the MILOM was unavailable.

obtained are shown in fig.(4.7): a plot is present for every OM of the middle

storey, from which we can see that the two ARSs associated with each PMT

register roughly the same rate.

We show the output of our analysis, performed over the entire data taking

period, in fig.(4.8). The rates obtained are consistent with the official ones of

fig.(4.2). We notice the same decrease of counting rates with time and also

the higher counts of OM 1 compared to the others.

Despite the problems mentioned above, the result seems promising.
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Figure 4.8: Rates recorded by the ARSs of the MILOM middle storey between July and
December 2005. In the long empty period, the MILOM was unavailable.

4.2.2 Coincidence events and clock offsets

We now turn to the analysis of the so-called coincidence events, that is to say

background events registered by a pair of PMTs. This interesting point was

first drawn from MonteCarlo simulations [15] of the light signal generated by

a single 40K decay and registered by two OMs, belonging to the same storey.

We choose an appropriate time window, 100 ns wide, centered around 0

ns. We select a pair of PMTs, implying four data series from the four ARSs

involved.

If we take into account, for instance, PMT 1 and PMT 2, we have to look for

coincidences in the matched data series of ARS0-ARS2, ARS0-ARS3, ARS1-

ARS2, ARS1-ARS3.

For each combination, we compute the time differences between a hit from

the first ARS and the hit - if present - from the second ARS, not further

in time than half of the time window width. We get a flat distribution,

determined by differences which randomly happen to fall within the window,
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and a Gaussian peak given by genuine coincidences.

The distributions obtained for the three possible PMT pairs, using a

MILOM run registered on 7 November 2005, are shown in fig.(4.9).
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Figure 4.9: (a) Coincidence plot for the pair PMT 1 - PMT 2. (b) Coincidence plot for
the pair PMT 1 - PMT 3. (c) Coincidence plot for the pair PMT 2 - PMT 3.

We have fitted each distribution using a combination of a gaussian and a

flat background. After the fit, we compute the number of data combinations

falling in a range centered around the maximum and having a width equal

to ±2σ; we subtract the random background contribution and divide by the

duration of the run. This yields the coincidence rate for each pair of PMTs;


