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Chapter 4
Detector simulation and Track
reconstruction
In this chapter a new detector simulation program for neutrino telescopes is presented.
The software package, named SIRENE is primarily designed for use with the future cubic kilometer-size detector KM3NeT, but has been applied to ANTARES as the program
allows to be easily adapted for other neutrino telescopes. The performance of SIRENE has
been compared with that of KM3, another detector simulation package. To validate the
quality of the events generated using SIRENE, they have been subjected to two different
track reconstruction programs. The results of the comparisons are presented.
wo different stages of Monte Carlo simulation can
be discerned when modelling cosmic-neutrino telescopes: the neutrino event generation and the detector response. Monte Carlo event generators are described in the previous chapter of this thesis. The
present chapter focuses on the simulations which
model the Cherenkov light created by secondary
leptons produced in neutrino interactions, in the instrumented volume of the telescope of interest. It
also includes a discussion of the reconstruction algorithms used to extract observables from the simulated events. The design of new neutrino telescopes such as KM3NeT [79] requires the simulation of many different detector geometries and configurations
of the photo-sensors in the instrumented volume. However, most programs are
not flexible enough to allow different neutrino telescope geometries and only accept neutrino events in a limited energy range. Hence, a fast detector simulation
program, capable of modeling the detector response for neutrino events up to
the highest energies, and allowing any configuration of the photo-sensors in a
neutrino telescope had to be developed. The new detector simulation program
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SIRENE does have these features. In the framework of the research project described in this thesis, SIRENE has been integrated in the chain of simulation and
reconstruction programs of ANTARES to make it possible to study neutrinos in
the ultra high energy range.
A description of the algorithms implemented in SIRENE and the usage of
SIRENE to simulate the response of ANTARES are presented in Section 4.1. The
tracking method of the secondary particles, essential for neutrino detection and
the algorithm used to track the produced Cherenkov photons towards the photomultiplier tubes (PMTs) of the telescope are also discussed. In Section 4.2, the
simulation of the signal digitisation and trigger algorithms of ANTARES are presented. A comparison of SIRENE with the existing detector simulation program
KM3 is described in Section 4.3. Finally, Section 4.4 focuses on the reconstruction of the energy and track geometry of the muons which caused the hits in the
detector.

4.1 SIRENE
The primary objective of SIRENE is to simulate the response to neutrino events of
any type of high energy neutrino telescope, considering all scattering processes
in the optically transparent medium (water or ice) surrounding the telescope in
which Cherenkov radiation occurs. Any type of secondary particle capable of
generating detectable Cherenkov photons can be implemented and processed by
the detector simulation program.
In the context of this thesis which focuses on the detection of ultra high energy neutrinos, Cherenkov photons from muon neutrino interactions are primarily considered, since the detection probability of such particles is higher than that
of the other neutrino flavors due to the longer path length of the produced muons.
The tracking of the secondary particles and the evaluation of the Cherenkov photon field they generate for the sea water conditions at the ANTARES site are described in this section. The corresponding software implementation, with the
most important C++ classes of the SIRENE libraries and a short summary of their
functions are presented in appendix C.

4.1.1 Tracking secondary particles
The various sources of Cherenkov photons generated in muon neutrino interaction, and the passage of the resulting muon through the detector are described in
this section, together with their implementation in SIRENE.
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Muons
Input to SIRENE are the starting position, direction, initial energy and time of the
muons propagating from the neutrino interaction vertices towards the detector
volume. Only particles passing through the Can 1 volume are taken into account.
The high energy muons propagate with the speed of light in vacuum c, since
they are relativistic particles produced by very high energy neutrinos. The muon
tracks are assumed to be straight lines. The muons suffer stochastic energy losses
which produce independent electromagnetic (EM) showers with lower energy.
The muon energy loss dEµ /dx is proportional to the muon energy Eµ , depositing an energy dEµ in the form of an EM-shower for every distance dx travelled.
The distance dx is calculated using the mean free path (or interaction length) L µ
in the medium the muon traverses. The mean free path depends on the muon
interaction processes involved. Bremsstrahlung dominates over the other muon
interaction processes at moderate energies (Eµ ≥ 1) and contributes about 40%
of the total energy loss at ultra high energies (see Chapter 3). According to reference [80], at high energies, the Bremsstrahlung cross section differential in energy
is described by


dσ
1 1 4 4
2
(4.1)
≈
− y+y
dk
n at X0 k 3 3
with n at = NA ρ/A the number of atoms per volume of the medium (NA is the
Avogadro number, ρ the density of the medium and A the mass per mole), X0 the
mean range of muons in the medium, k the energy of the photons radiated, and
y = k/Eµ the energy transferred to the photons.
The (truncated) total cross section for emitting photons with a minimum energy 2 Kmin is
Z Kmax
dσ
σ(Eµ , k ≥ Kmin ) ≈
dk
Kmin dk

with Kmax ≈ Eµ the maximum energy radiated by the photons.
At high energies (Eµ  Kmin ), the total cross section can then be approximated
by


Eµ
4 1
σ(Eµ ) ≈
.
(4.2)
ln
3 n at X0
Kmin

A factor 2.5 is used to scale the expression in Equation 4.2 to account for electronpositron pair production (50%) and photo-nuclear interactions (10%) whose contributions are relevant at high energies.
The mean free path of the muon is the inverse of the resulting total cross section. The total number of mean free paths n L the muon travels before interacting
1 See

Chapter 3.
can be seen in the next paragraph, this is relevant for the implementation of electromagnetic showers in SIRENE.
2 As
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is determined in a differential approach to particle transport, which is used in
many simulations [53]. First, the quantity n L is evaluated,
n L = − ln η
with η a random number uniformly distributed in the range (0, 1). The corresponding distance is then given by
dx = n L Lµ
with Lµ the mean free path of the muon in the medium.
Electromagnetic showers
Muons may give rise to a succession of electromagnetic showers (EM-showers) in
the electric field of nuclei on their way through the detector. These EM-showers
are composed of charged particles (electrons, positrons and photons). The electrons (and positrons) suffer Bremsstrahlung and generate Cherenkov photons in
the sea-water. The photons emitted may, in their turn create an electron-positron
pair which may also lead to the emission of Cherenkov photons. This mechanism
continues until the energy of the secondary particles falls below the critical energy
for which the energy losses via ionisation and the radiative processes become
equal (see Chapter 3). The energy at which electrons stop radiating Cherenkov
photons has been estimated to be EC = 0.7 × 10−3 GeV [81]. At this point, no
further EM-showers are produced.
On the length scale of high energy neutrino telescopes, EM-showers can be
considered as point-like, i.e. as localised events along the track. Statistical fluctuations between electromagnetic cascades are small if they contain a large number
of secondary particles. This is true for showers of energies much higher than
their Cherenkov thresholds [82]. As the energy of the EM-showers in SIRENE
has a minimum energy of 10 MeV, the EM-showers become independent of the
initial muon. For that reason, all EM-showers can be considered identical. In
SIRENE, an EM-shower, characterized by its position, direction, energy and time
can thus be treated as a source of Cherenkov photons, in the same way as a muon.
The total energy Erad of the Cherenkov light radiated by the EM-showers can
be obtained in the simulation from an exponentiation of the muon energy Eµ :
Erad = Kmin



Eµ
Kmin

η

with η a random number uniformly distributed between (0, 1). The distribution
ranges between Kmin and Eµ , since the muon can transfer substantial amounts, or
even almost all of its energy to the particles in the shower. In the code, an EMshower is created by drawing a random number R uniformly distributed in the
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range (0, 1) which needs to fulfill the following requirement
3
R ≤ 1 − v + v2 .
4
This expression is the muon Bremsstrahlung energy loss [53] with v = Erad /Eµ
the relative energy transfer.
In order to save computing time, a parametrisation is used, replacing the individual particle tracking for the simulation of the EM-shower by results of previous studies on EM-showers parametrisations in ANTARES [83]. The amount of
light emitted by the EM-showers and the corresponding angular distribution are
smeared using empirical fits to GEANT4 3 detector simulation results.
Since at the energies considered, all EM-showers are identical, only electrons
are taken into account for the parametrisation. The total number of Cherenkov
photons emitted depends on the energy EEM0 of the initial particle which initiated
the EM-shower, in this case the high energy photon from muon Bremsstrahlung.
Considering that the energy is equally divided among the electrons (or positrons)
and the photons in the shower, the final number of radiating electrons is
Ne− = 0.5

EEM0
EC

with EC the critical energy for the electron energy loss. This number is then
smeared with a Gaussian distribution G(Ne− ) to take into account statistical fluctuations in the number of produced electrons. Finally, the number of emitted
Cherenkov photons is computed with
NγEM =

G(Ne− )
× 6.5 × 104 × EEM0 .
Ne−

(4.3)

The value of the constant 6.5 × 104 was obtained from empirical fits to GEANT4
simulations. It is the number of photons radiated per centimeter, times the integrated path length of electrons in an EM-shower of 1 GeV.
It is assumed that all the radiated Cherenkov photons are emitted isotropically
in azimuth φ from the shower axis. The angular distribution of the EM-shower
depends on the zenith angle θ, according to a parametrisation of the angular distribution in cos θ given by


dN
= 13.7132 exp −5.2| cos θ − 0.75|0.35 .
(4.4)
d cos θ
The angular distribution is normalised such as to integrate to 1. It is considered
to be the same for all particles and shower energies since the amount of electrons,
positrons and gamma photons produced in the shower reaches an equilibrium.
The form of Expression 4.4, and the values of the constants used result from fits
to GEANT4.
3 GEANT4

or GEOmetry ANd Tracking is a platform to simulate the passage of charged particles through matter [58].
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Hadronic showers
Hadronic showers are created in case of a photo-nuclear interaction, i.e. hadrons
produced in charged-current inelastic neutrino-nucleus scattering at the neutrino
interaction vertex (see Chapter 3). As for electromagnetic showers, hadronic
showers can be considered point-like on the large length scale of a neutrino telescope. When an event occurs within the Can of the telescope, the hadronic showers should in principle be simulated, as they may produce charged particles and
yield Cherenkov photons [55]. They create a significant number of photons, especially at high energies. However, the high energy neutrino events are likely to be
well reconstructed, irrespective of whether the light from the hadronic showers is
considered. The contribution of Cherenkov light produced by charged hadronic
showers at the neutrino interaction vertex is thus not simulated in SIRENE. Nevertheless, for energies below 100 PeV, the simulation of hadronic showers can
be added with the help of the ANTARES GEANT-based Monte Carlo program
GEAMU [84], [85]. An interface between SIRENE and this hadronic simulation
program is available.

4.1.2 Photon field simulation
All Cherenkov photons are propagated for each individual source towards every
optical module of the telescope. The Cherenkov photons produced by a source,
which can be either a muon track or a full electromagnetic shower, are tracked
using a scattering model of the water at the site of the neutrino telescope. The
position, direction, arrival time and wavelength of the photons hitting the optical
modules of the telescope are recorded.
Medium properties
The medium in which the photons travel, from their emission point on the muon
track to the optical modules (OMs) of the telescope, influences their probability
of detection. It is thus necessary to take the main properties of that medium
into account when tracking the Cherenkov photons to the detector. The water
properties and the scattering model chosen to represent the ANTARES site [86]
are implemented in SIRENE. Alternative scattering models representing different
medium properties can be added.
Index of refraction and group velocity The index of refraction n medium of a
medium is a measure for how much the speed of light is reduced in a transparent medium. It is defined as the ratio of the speed of light in vacuum (reference
medium) to the phase velocity v P of the photons in the medium of interest
nmedium =
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The phase velocity is the rate at which the phase of a light pulse propagates in
the transparent medium and depends on the wavelength as
vP =

λ w
=
T
k

with λ the wavelength, T the period, w the angular frequency and k the wavenumber of the photons in the medium. As a result, a dispersion of the light inside the
medium is induced.
An empirical equation for the index of refraction of sea water, based on a
parameter fit by Quan and Fry [87], corrected for the pressure at the ANTARES
site was determined as a function of the wavelength λ of the photons [55], [86].
As can be seen in Figure 4.1, the model describes well the refractive index of the
sea water at the ANTARES site, for the range of wavelengths of interest (300 nm
≤ λ ≤ 600 nm). The empirical equation is given by
n(λ) = 1.3201 + 336. × 10−5 +

16.256 4382 1.1455 × 106
− 2 +
.
λ
λ
λ3

(4.5)

In SIRENE, the photons are assumed to propagate in the transparent medium
around the telescope with the group velocity v medium
which is defined as
g
vmedium
(λ) =
g

c

nmedium
g

with c the speed of light in vacuum and n medium
the effective refractive index
g
group velocity in the medium or group index of refraction, which is defined below 4 . The group velocity is the speed with which the variations in the shape of
the photon waves amplitude (i.e. is the modulation or envelope of the waves)
propagate through a transparent medium. It can be written as
vmedium
=
g

dw
dk

with w the angular frequency and k the wave number of the light waves. Since w
and k depend on the refractive index n medium of the medium and the wavelength
λ of the photons, such that
ck
w=
nmedium
and

k=

2π
.
λ

4 The

index of refraction was used in earlier detector simulations, but it was found to introduce a non-negligible error, considering the high resolution of neutrino telescopes such as
ANTARES [88], [55].
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Figure 4.1: Comparison of measurements of the group velocity of light in sea water at the
ANTARES site and model prediction. The phase velocity is also shown [86].
The group velocity of the photons in the medium and the index of refraction
nmedium are related by


dnmedium
λ
c
medium
1+
.
vg
=
nmedium
nmedium
dλ

This equation is used to define the group index of refraction
nmedium
(λ) =
g

n
1+

λ dn
n dλ

which will be used together with the parametrisation given by Equation 4.5 to
determine the path length and the arrival time of the photons at the OMs. The
wavelength dependence of the group velocity (and consequently the index of
refraction group of light) induces a spread in the arrival times of the Cherenkov
photons at the OMs.
Light absorption The absorption length L medium of the transparent medium surrounding the telescope is the mean free path of a photon, before undergoing a

80

4.1 SIRENE
non-elastic interaction in the medium. It is wavelength dependent. For sea water
at the ANTARES site, the absorption length is parametrised by the model described in [89], rescaled to coincide with the maximum absorption length which
was measured in situ at the reference wavelength 5 of 460 nm [86]. A flux of photons travelling a distance l through a transparent medium will then be attenuated
by the absorption factor A(λ), depending on L medium with


−l
A(λ) = exp
Lmedium (λ)
where λ is the wavelength of a photon.
Tracking algorithm
Since the number of events to be processed by the detector simulation is large, the
number of secondary particles produced is also large. As the distances traversed
by the muons are also large, propagation of the total number of emitted photons
is not feasible. In SIRENE, an alternative method has been implemented.
For each source, Cherenkov photons are generated, with a wavelength distribution between 300 nm and 600 nm. The corresponding arrival times on every
optical module (OM) in the telescope are calculated, using the medium properties
described above. Direct and scattered photons from muons, and direct photons
from electromagnetic (EM) showers are recorded. As a first approximation, the
wavelength and time distributions of the generated photons are taken to be independent. Both wavelength and time distributions are normalised to the total
number of generated photons.
In SIRENE, photons are propagated to a so-called “virtual module”, defined
as a sphere encompassing one or more OMs of the telescope. The concept of a
virtual module allows efficient comparison between different configurations of
optical modules (OMs). It reduces the total CPU time when comparing different OM-configurations inside the virtual module, as only the propagation of the
photons inside the virtual module has to be repeated.
The emitted Cherenkov light is propagated towards a plane intersection of the
virtual sphere. The orientation of the disk defined by the intersection is perpendicular to the direction of the photon (of 460 nm). In the case of the ANTARES
telescope, the virtual sphere was chosen to enclose a single OM 6 and the disk
passes through the center of it (see Figure 4.2). The radius of the virtual sphere
5 The wavelength taken as a reference is 460 nm. This corresponds to the maximum sensitivity
of the optical modules (OMs) of the ANTARES telescope.
6 To gain running time, a virtual sphere could also envelop an entire storey (see Chapter 1)
which is the basic component of the ANTARES telescope, consisting of three optical modules
(OMs). SIRENE has also been tested with this configuration. To ease the implementation of the
existing software generating the effect of the front-end electronics, it was decided to define for
ANTARES the virtual module to be the optical module (see Section 4.2).
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Figure 4.2: Tracking of a photon γ from the muon track µ towards the module centered
at O. The virtual sphere which is used in the simulation is shown, together with the
optimally oriented virtual module, which is the (grey) plane perpendicular to the photon
direction. In this example, the virtual sphere was chosen to encompass one single optical
module (OM). The sphere and the module have the same radius.
is identical to that of the OM, so the OM and the abstract module have the same
geometric characteristics and the number of detected photons is closest to reality.
The tracking of the photons to the optical modules is illustrated in Figure 4.3.
The quantities relevant [68] to determine the amount of light reaching the OM
are:
− the expected photon field path length,

− The predicted angle of incidence of the photons on the OM, i.e. the angle
between the direction of the photon field and the pointing direction of the
OM,
− the predicted arrival time t th
hit of the photons on the OM.

These three properties characterize the position and the orientation of a given OM
relative to the muon track. To determine the path length of the emitted photons,
the angle of incidence and the true arrival time at the OM, the location of the OM,
~rOM is required, as well as the start and end-position of the muon track,~r start and
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Figure 4.3: Coordinates used to describe the detection of Cherenkov light. The muon
track µ is characterized by its start-position ~r start at time tstart and end-position ~rend at
time tend . Cherenkov photons are emitted in ~r emit at time temit , under the angle θC . The
shockfront of the generated photon field hits the optical module (OM) located in ~r OM at
time thit . The distance the photons travelled to reach the OM is l. The distance of closest
approach between the muon track and the center of the OM is r ⊥ .
~rend and the time tstart at ~rstart . In the following paragraphs, it is explained how
these quantities are calculated.
Photon path length The path length l of the photon field is the distance between the OM and the position~r emit on the track emitting the light. According to
Figure 4.3, it can simply be calculated as
l = |~rOM −~remit | =

r⊥
sin θC

where r⊥ is the distance of closest approach between the track and the center of
the OM, which is the distance perpendicular to the muon direction. For Cherenkov
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radiation (see Chapter 1), the sinus of the emission angle can be expressed as
s
q
1
2
sin θC = (1 − cos θC ) = 1 − 2 2
β ng

with β = v/c the velocity of the particle v expressed as a fraction of the speed of
light in vacuum c. Since the muons are relativistic particles, β = 1, the path length
of the photons in sea water can thus be calculated as
r⊥
l=q
1 − n12
g

Incident photon angle The cosine of the angle of incidence of the photon field
on the OM can be approximated by the dot product between the direction of the
emitted photons and the direction of the OM axis. The maximum efficiency of the
OM is obtained when the photon field is parallel to the front of the OM, which
correspond to cos θ = 1. In contrast, cos θ = −1 corresponds to the minimum
efficiency of the OM, i.e. when a photon flux hits the back of the OM which is
painted black.
Arrival time of the photons The arrival time of the photons on the OMs is calculated from the muon track parameters as
tth
hit = tstart +

|~remit −~rstart | |~rOM −~remit |
+
c
vwater
g

(4.6)

which is the sum of the initial time of the muon track, the time the muon travelled
before reaching ~remit and emitted light, and the time it takes for the produced
photons to reach the OM. For ease of writing, Equation 4.6 will be writen in the
following as
tth
hit = tstart + temit + ttravel .
In SIRENE, this expression is implemented as follows. The time of emission of
the photons on the muon track can be calculated as
|(~rclosest −~rstart ) − (~rclosest −~remit )|
c
where~rclosest is defined in Figure 4.3. This expression can also be written as
temit =

|~rclosest −~rstart | l cos θC
+
.
c
c
The time the light travels in water is expressed as the ratio of the path length l
and the group velocity vwater
of the photons in sea water
g


l
1
r⊥
.
ttravel = water = water
vg
vg
sin θC
temit =
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The time of arrival of the photons on the OMs is thus calculated by
tth
hit





1
r⊥
1
r⊥
= tstart +
|~rclosest −~rstart | −
+ water
.
c
tan θC
vg
sin θC

(4.7)

If muons are relativistic particles, and considering the Cherenkov approximation,
the hit time can be modelled by
tth
hit = tstart +







|~rclosest −~rstart | 1  r⊥
 1 − n2g .
q
+
c
c
1 − n2
g

(4.8)

The model is similar to the one used in the detector simulation programs KM3 [90]
and GEASIM [84].
The hit time and wavelength of the Cherenkov photons which can reach the
optical module (OM) are then randomly sampled from the generated distributions so that each event is unique.
Both the direct and scattered photons from muons are sampled from the same
distributions. The arrival times for the scattered photons are smeared using a
truncated normal distribution. This truncated distribution is the probability distribution of the normally distributed hit time whose values are bound by the
standard deviation
q
σ = 2.5

0.0005 + t460
travel .

The variable t460
travel is the amount of time a reference photon with a wavelength of
460 nm needs to travel from the muon track to the OM. Only the photons which
scatter with relatively small angles are taken into account in this parametrisation.
They are more likely to be observed with a time delay of less than typically 10
ns with respect to direct photons. Photons which scatter with relatively wide
angles and are delayed more have been neglected. The high energy neutrino
events are likely to be well reconstructed, irrespective of whether these photons
are considered.
In Figure 4.4, the simulated time residuals r = t hit − tth
hit are shown between
the hit time thit obtained from the PMTs and the predicted arrival time t th
hit of
the photons on the OMs. The contribution from the muons and the EM-showers
are shown separately. The broad tails at large positive values of r are due to
light scattering. All distributions are peaked around r = 0 ns. Direct photons
from muons carry the most precise timing information, while scattered photons
from muons are delayed with respect to this reference time. The distribution of
the arrival time for (direct) photons from EM-showers occurs in a broader time
range. This is due to the fact that the photons are not emitted at a fixed angle θ C
but according to an angular distribution (see Section 4.1.1).
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Figure 4.4: Simulated distributions of the time residuals r (in ns) between the hit time
obtained from the PMTs and the predicted arrival time of the photons on the OMs. The
contribution from direct photons emitted by muons is shown by the dashed line. The contribution from all muons is represented with a dotted line. The time residual for photons
from electromagnetic showers is displayed by the dotted-dashed line. The contribution for
all photons is shown by the solid line.
Effective photon flux detected The photons inside the optical module (OM)
need to be tracked towards the photomultipler tube (PMT) to determine the average number of photo-electrons which are produced. The effective photon field
strength is computed taking into account the reduction of the light flux due to
absorption by the OM glass and optical gel, as well as the quantum efficiency
of the PMT, and the angle of incidence θinc of the photons. This is calculated
for each OM in the telescope, by weighting the photon flux arriving on the glass
sphere by the effective area A e f f of the OM, which depends on the wavelength of
the Cherenkov photon and the OM orientation. The quantity A e f f is the product
of the OM angular acceptance A g (θinc ), the light transmission through the OM
glass

gel

glass Ptransmission (λ) and the optical gel Ptransmission (λ), as well as the quantum
efficiency QE(λ) of the PMTs
glass

gel

Ae f f (θinc , λ) = A g (θinc ) × Ptransmission (λ) × Ptransmission (λ) × QE(λ)

with θinc the incident angle with respect to the OM orientation axis.
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The angular acceptance A g (θinc ) of the OMs accounts for the differences in
detection probability of photons that arrive with different angles with respect to
the photo-cathode. The OM of the ANTARES telescope has been described in
Chapter 1. The angular acceptance function A g (θinc ) has been determined by the
Gamelle measurements [91]. It is described by a fit to these results [92], which
is normalised such that the angular acceptance A g gives the maximum OM efficiency for cos(θinc ) = 1
A g (cos θinc ) = 0.26 + 0.67 cos θinc + 0.31 cos2 θinc − 0.23 cos3 θinc .
glass

The transmission of the photons through the glass of the OM Ptransmission (λ) and
gel

through the optical gel Ptransmission (λ), as well as the quantum efficiency (QE(λ))
of the PMTs are wavelength dependent. Their parametrisations as a function of
the wavelength are needed to estimate the amount of light which can reach the
PMT before digitisation of the signal (see Section 4.2). Measurements of these
wavelength dependences by Hamamatsu for the PMT and laboratory measurements for the OM main characteristics [93], [91] are used in SIRENE.

Computation The Cherenkov wavelength range is divided into bins of width
dλ = λi+1 − λi = 10 nm from 300 nm to 610 nm. According to Equation 1 in
Chapter 1, the amount of Cherenkov light produced by a muon, per unit of track
length r, in the wavelength domain [λi , λi+1 ] is given by
dNγ
2πα
1 λ − λi
.
= 2 (1 − 2 2 ) i+1
dr
λ
β n
λi+1 λi
The average number of photons emitted by the muon track for a given wavelength bin [λi , λi+1 ] is then calculated by
Nγ (λ) = |~rend −~rstart |

dNγ
.
dr

The average number of photons detected by the OM in each wavelength domain
can then be computed as the number of photons emitted by the muon track in
this wavelength bin, multiplied by the OM effective area,
Ndetected (λ) = Nγ (λ)Ae f f (θinc , λ) .

(4.9)

The total number of photo-electrons (npe) detected by the OM can then be computed by taking the integral of equation 4.9 over the full Cherenkov wavelength
range
Z λ=610nm
Nnpe =
Nγ (λ)Ae f f (θinc , λ)dλ .
λ=300nm

87

Detector simulation and Track reconstruction
The total number of photo-electrons is smeared with a Poisson/Gaussian (the
Poisson distribution becomes normal for large npe) distribution to take into account the statistical fluctuations between the different wavelength domains. The
Gaussian is used when the total number of npe is larger than the saturation level
of the ARS of the photo-multiplier tube (PMT) inside the OM 7 . The result represents the total number of photo-electrons that actually need to be generated by
the simulation.
Wavelengths and arrival times of each photon are pulled randomly from the
generated wavelength and arrival time distributions of the emitted Cherenkov
photons. The positions and directions of the photons on the virtual module are
also randomly sampled. The output of the program is a set of photo-electrons
with their position, direction, energy and arrival time at the different OMs in the
telescope.
Results The simulated number of detected Cherenkov photons per OM is shown
in Figure 4.5 as a function of the distance of closest approach of the muon track
to the hit OM. As can be seen from the figure, at low energies (E ≤ 1 TeV) the
contribution from muons is still relatively important as compared to that of the
EM-showers. Above this energy, the number of photons from showers starts to
dominate. This is in agreement with the muon energy loss behaviour (see Chapter 3). Roughly 90% of the hits originate from within 300 m of the track, which
is inside the limits of the default Can volume of ANTARES (see Chapter 3). This
validates the choice of the Can parameters.
In Figure 4.6, the number of detected photons from EM-showers is displayed
as a function of energy. The number increases roughly exponentially with the
muon energy, while the contribution from muons alone is constant. This is in
agreement with our expectations based on the known equation of the muon energy loss (see Chapter 3).
The amount of Cherenkov light detected becomes considerable for the highest energy events. Unfortunatly, the corresponding simulation becomes CPUintensive and yields output files of a very large size. To avoid this problem
when simulating high energy events, and in order to make the simulation CPUeffective, SIRENE generates a maximum number of photons on the telescope’s
OMs and associates a weight to each of them. The photon weight is equal to 1 if
the number of photons reaching an OM is smaller than the maximum of photons
allowed for the simulation. If the number of photo-electrons detected by an OM
is larger than the maximum number of photo-electrons allowed, the weight is set
equal to the ratio of the number of photons that should have been generated to
the maximum number of photons allowed. The maximum amount of Cherenkov
photons allowed to be generated on each OM can be set manually at the start of
7 The saturation level of the ARS of the ANTARES telescope is 8 photo-electrons in the so-called

single photo-electron (SPE) detection mode [94].

88

4.1 SIRENE

Figure 4.5: Simulated number of detected Cherenkov photons (NPE) per OM as a function of the distance of closest approach of the muon track to the hit OM. The total number
of detected photons, i.e. from muons and EM-showers is shown as a solid line. The contribution from muons only is shown by a dashed line. In the top plot the number of photons
for muons with an energy Eµ ≤ 1 TeV is shown. In the bottom plot, the number of photons
for muons with an energy Eµ ≤ 10 PeV is shown.
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Figure 4.6: Distribution of the number of detected Cherenkov photons (NPE) from electromagnetic showers (solid) and muons (dashed) as a function of the muon energy.

the simulation. The default value is 80 photons, which is far beyond the saturation level of the PMT cathode at 8 npe. Thereafter the hits need to be processed
by a simulation of the detector electronics to be able to study the performance
of the trigger and the reconstruction software. This final step is presented in the
next section.

4.2 Signal digitisation and triggering
As seen in Chapter 2, the front-end ARS chip integrates the analogue signal of
the PMT by summing the total number of detected photons over a typical time
window (25 ns). This is simulated by the trigger software (see Chapter 2) which
translates the amplitude and time information of each hit into AVC, timestamp
and TVC values, respectively. A so-called L0 trigger occurs when the PMT signal
exceeds a certain threshold. In SIRENE, hits with an amplitude larger than 0.3 of
a single photo-electron amplitude are selected. Since consecutive photons arriving on a PMT within less than 25 ns cannot be observed separately due to the ARS
integration, they are combined into one single signal. The trigger adds the amplitudes of the photons and the hit time is considered to be the time of the earliest
photon. This is illustrated in Figure 4.7, where the time residuals r = t hit − tth
hit between the hit time thit obtained from the digitized PMT signal and the predicted
arrival time tth
hit of the photons on the OMs are shown. The tail of the peak at r = 0
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Figure 4.7: Time residuals r = t hit − tth
hit between the hit time t hit obtained from the
digitized PMT signal and the predicted arrival time t th
hit of the photons on the OMs (solid).
The distribution without simulation of the electronics is shown (dashed) for comparison.

is depleted compared to the distribution before digitisation (see Figure 4.4) and a
smaller second peak can be seen above 25 ns. The additional peak corresponds to
the integration of the signal by the second ARS of the PMT while the first chip is
inactive. As can be seen in the figure, the peak at r = 0 is shifted to the left compared to the distribution without the simulation of the electronics. This is due
to the combination of the hits which are separated by less than 25 ns, especially
if the number of photons that was merged is large. The trigger can also add a
constant rate of uncorrelated background to the hits from β-decay of 40 K in salty
sea water and bioluminescence (see Chapter 1). In Figure 4.7 a rate of 70 kHz per
PMT, which is the uncorrelated background usually observed in situ was added.
This is reflected in the plateau at negative time residuals in Figure 4.7.
L1 triggered hits are built from two or more L0 hits at the same storey over
a small time window of typically 20 ns. Any of the available trigger algorithms
can be applied to the digitized SIRENE data. In this work, the standard threedimensional trigger or 3D-trigger (see Chapter 2) was used to select the hits with
minimum five local coincidences (5L1 hits). The detector geometry, as well as the
AVC, the TVC, and the overall time calibrations are used by the trigger algorithm
to convert the raw data into calibrated data for further processing by the reconstruction and analysis programs. The decoding is done by retrieving information
from files obtained with the calibration methods described in Chapter 2.
In order to validate the performance of the new detector software, SIRENE
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has been compared with KM3 and GEASIM, using the ANTARES geometry. The
results of this comparison are presented in the next section.

4.3 Comparison with the ANTARES detector simulations
4.3.1 KM3 and GEASIM
The ANTARES collaboration has developed two Monte Carlo programs for the
simulation of the response of the detector to passing muons, each simulating different aspects of the events. The package KM3 simulates the detector response
to the Cherenkov light produced by muons and secondary electromagnetic particles from neutrino interactions in the media surrounding the telescope, including
scattering in sea water. Pre-calculated data tables generated with a full GEANT
simulation [58] are used to parametrise the amount of Cherenkov light reaching the optical modules (OMs) of the detector. The use of these “photon-tables”
makes the simulation faster.
The second simulation program is GEASIM which accounts for hadronic effects not included in KM3. GEASIM performs the tracking of all particles, except
for the Cherenkov photons, through the entire telescope volume. It uses an analytical function to estimate the number of photons detected, assuming there is no
light scattering in the sea water.
Both KM3 and GEASIM are written in the FORTRAN language and are running under UNIX. A detailed description of the programs and the methods chosen for tracking the particles of interest can be found in several ANTARES internal notes [90], [84] and PhD theses [55], [68].
For a realistic simulation of the angular resolution of the telescope, light scattering cannot be neglected. This is included in both SIRENE and KM3. The latter program uses the package MUSIC (see Chapter 3) to propagate the muons
in straight lines, through the telescope. Electromagnetic showers (EM-showers)
are randomly generated along the path when the muon energy loss exceeds the
Cherenkov threshold (0.3 GeV). Since the contribution of the Cherenkov photons
from charged hadrons can be substantial in the low part of the energy range covered by ANTARES, GEASIM is used in combination with KM3 to add the light
emitted from hadronic showers. As in SIRENE, light scattering in sea-water is
neglected for EM-showers and hadronic showers. The models implemented in
GEASIM for light scattering and the wavelength dependence of the refractive index are the same as the ones in SIRENE.
While SIRENE is designed to process neutrino events of the highest energies
(Eν ≤ 1012 GeV), the existing ANTARES detector simulation programs cannot be
used above 107 GeV. For the study of the ultra high energy cosmic neutrinos, it
is thus necessary to use SIRENE. However, in order to validate the new detector
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simulation program, SIRENE has been compared to KM3 with GEASIM at lower
neutrino energies.

4.3.2 Simulation results
Event rates
To compare the output of SIRENE with that of KM3/GEASIM, N gen = 109 upward-going muon neutrinos were generated with GENHEN, assuming an AGNlike E2 Φ = 10−6 GeV m−2 sr−1 s−1 power law spectrum at the surface of the Earth,
in the energy range 10 − 107 GeV. The produced muon secondaries were propagated towards the default Can of ANTARES using the lepton propagator MUM.
Both SIRENE and KM3/GEASIM were used to process the output file of GENHEN. On output only those events were selected, which produce detectable light.
In Figure 4.8, an example of the corresponding energy spectra of the simulated
neutrino events which could be detected is drawn. Only charged-current (CC)
neutrino interaction events are shown.

Figure 4.8: Simulated energy spectra of events producing detectable secondaries in
ANTARES. SIRENE (solid) and KM3 (dashed) were used with the same input file containing muon tracks, generated by GENHEN. The Cherenkov photons were simulated
within the default Can of ANTARES.
As can be seen in Figure 4.8, the two distributions are similar in size and
shape, in particular for energies above 104 GeV. As SIRENE has been designed
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for processing events of the highest energies, the discrepencies at lower energies
can be attributed to the parametrisation of the muon total cross section which
neglects low energy effects (see Section 4.1). The remaining differences between
the spectra are assumed to be caused by the use of two different photon tracking
algorithms.
Hit time residuals
In Figure 4.9, the time residuals r = t hit − tth
hit between the hit time t hit obtained
from the PMTs and the predicted arrival time t th
hit of the photons on the OMs is
shown. Both distributions are peaked at r = 0. The distribution produced using
SIRENE is broader compared to the one computed with KM3. This is due to
the fact that SIRENE takes the dimensions of the OM sphere into account, while
KM3 does not. The photons may hit the OM earlier or later than they would have
arrived at its center.

Figure 4.9: Distribution of the time residuals between the hit time obtained from the
PMTs and the theoretical arrival time of the emitted Cherenkov photons on the OMs.
Photons from muons and electromagnetic showers are taken into account. The time residuals calculated with SIRENE are shown by a solid line, while the time residuals given by
KM3 are represented by a dashed line.
It can be concluded that KM3 and SIRENE give similar results, although dif-
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ferences remain that can be attributed to different methods and amount of detail
employed by the two programs. In contrast to KM3, SIRENE is suited for neutrino simulations at ultra high energy, that is above 107 GeV.
The methods used to reconstruct the SIRENE data, after their digitisation and
processing through the trigger software are described in Section 4.4. Possible
extensions of the program are presented in the last section of this chapter.

4.4 Reconstruction
Several dedicated programs are available within the ANTARES collaboration to
reconstruct the muon position, direction and energy, considering the time and
amplitude of the physics events recorded by the trigger software. The task of
the reconstruction routine is to estimate track parameters 8 that are compatible
with the observed hits. The relation between the position and orientation of the
muons with the arrival time of the emitted photons is described by the model
prediction given by Equation 4.7. Hence, the track reconstruction is non linear. Therefore, approaches such as maximum likelihood, minimum chi-square
or other least square methods [95] are usually applied in an iterative process. The
procedures can be used in a linearised form by keeping one of the parameters
constant. For instance, it has been demonstrated [96] that the hit time is a linear function of the muon position, once the track direction is fixed. The iterative
process allows then to find a unique solution for the muon position and time for
each direction, in each step. This concept was exploited by the reconstruction
algorithms that are used below.
The events produced by SIRENE were reconstructed with an algorithm, known
as AartStrategy [68] and a more recent algorithm called ScanFit [21]. The algorithms are based on different approaches to overcome the non linearity of the
problem mentioned above. The reconstruction routines also provide information
on the precision and quality of the proposed fits and the associated uncertainties of the results. For the energy reconstruction, an independent program [97] is
used.
The probability of observing a certain set of hits, considering a given set of
muon paramaters is described in the next section. Probability density functions
(PDFs), the maximum likelihood principle, a derived method called M-estimator
and the minimum chi-square evaluation, which are both used by AartStrategy
and ScanFit are also presented. Details of the tracking and energy reconstruction
procedures, as well as results of their application to SIRENE events are discussed
in subsequent subsections.
8A

muon track is described by five independent parameters. Two parameters are necessary
to define the position of the muon at a given time. Two angles, the zenith and azimuth angles
describe its direction. The last parameter is the time.
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4.4.1 Probability Density Functions
The probability density function (PDF), which is denoted by f (~y | ~
Θ) describes the
~
~
probability of observing the hits ~y given a track Θ = (~pµ , dµ ), with ~pµ the position
and d~µ the direction of the muon at a certain time.
If the hits are statistically independent, the PDF can be expressed as the multiplication of PDFs for individual hits [68]
N

Θ) .
Θ) = ∏ f i (yi |~
f (~y |~
i=1

The probability of measuring a certain hit time depends on the muon track parameters and therefore on how the track and the optical modules (OMs) of the
telescope relate to each other. As was discussed in Section 4.1, the PDF of a single hit can therefore be described in terms of the predicted hit time, the photon
path length l and the angle of incidence θinc of the photons on the OMs. The PDF
can also be written as a function of a more convenient quantity: the time residual
ri = ti − tith between the observed time ti and the predicted time tith of hit i. The
resulting PDF of all hits can thus be expressed by
N

f (~y |~
Θ) = ∏ f i (ri |li (~
Θ), θinc,i (~
Θ), Ai (~
Θ)) .
i=1

(4.10)

The quantity Ai is the predicted amplitude of the hit i. It has been added to the
list of quantities defining the PDF, since a hit is characterised by its time and
amplitude.
Signal and Background
The PDF of the hit time residuals has contributions from both signal and background hits. The PDF of the signal is often parametrised with a continuous,
differentiable function of the time residual which favor the use of optimisation
methods based on maximum likelihood, minimum chi-square or M-estimate approaches. In those cases, the model prediction can be linearised by only considering signal hits and no background hits. In the last step of the reconstruction
procedure only, after the iterative process has converged towards an unique solution, background hits are usually taken into account to give a more precise estimate of the muon track geometry. The PDF that describes the background hits is
a constant function of the hit time, corresponding to a known rate of uncorrelated
bioluminescence and 40 K decay hits (usually 70 kHz).
The relative contribution of the signal and background hits is determined
from the hit amplitude Ai , the photon path length l and the incident angle θinc
of the photons on the optical modules (OMs). The PDF of the hit residual r i can
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be expressed as a weighted sum of both the PDFs of signal and background hits
such that

1 
sig
bg
f i (ri |li , θinc,i , Ai ) = tot N sig f i (li , θinc,i , Ai ) + f i (li , θinc,i , Ai )
(4.11)
N
where N sig is the number of signal hits and N tot is the total number of hits in
the event. Both N sig and N tot depend on li , θinc,i , and Ai . The number of signal
and background hits is calculated from an empirical fit to simulated events. This
ensures that the PDF is normalised for any value of li , θinc,i and Ai .

4.4.2 Linear least square methods
Maximum Likelihood Principle
~ y ) that the
The estimate is given by the values that maximise the likelihood L( Θ|~
~
muon track Θ will cause the measured hits ~y. The likelihood function is defined
as
L(~
Θ|~y ) = f (~y |~
Θ)
Θ) denotes the probability density function (PDF) that specifies the
where f (~y |~
Θ. According to the
probability of observing the hits ~y given the muon track ~
expression of the single hit PDFs in Equation 4.10, the likelihood can be expressed
by




N
th
th
~
~
~
~
L ti , li , θinc,i , Ai |ti = ∏ f i ti |ti (~pµ , dµ ), li (~pµ , dµ ), θinc,i (~pµ , dµ ), Ai (~pµ , dµ )
i=1

with ~pµ the position and d~µ the direction of the muon tracks at a fixed time t.
Minimum Chi-Squared Estimate
This approach defines a Chi-Square (χ2 ) merit function 9 :
!2
N
~
y
−
f
(y
|
p
~
),
d
µ
i
i µ
χ2 = ∑
σ
i
i=1

with the same convention as for the maximum likelihood. The variable σi is the
central deviation of the chi-square distribution. If the single hit PDFs are expressed in terms of time residuals, the chi-square function becomes:
!2
th ( p
N
~
(t
−
t
~
,
d
)
µ
µ
i
i
.
χ2 = ∑
σ
i
i=1
The best fit parameters are determined by the minimisation of this expression
over the muon parameter space.
9A

merit function measures the agreement between the observed data and the fitting model
for a particular choice of the parameters.
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M-estimator
The performance of the likelihood maximisation or the chi-square minimisation
depends on the assumed distribution that has been chosen to describe the observed data. These approaches can thus become inefficient and biased when
small departures from the idealised assumptions are found. In the case PDFs
are a function of the hit time, points with large fluctuations of the time residuals appear, mainly due to light scattering, as seen in Figure 4.4. To minimise
their effects on the fitting procedure, another estimator is used, the M-estimator.
This is a so-called robust estimation which is insensitive to small deviations and
irregularities from the idealised assumptions used. The following expression is
minimised:
!
N
ti − tith ( p~µ , d~µ )
.
M = ∑ g(ri )
σi
i=1
with g(r) a function which ensures that the minimisation of M is also efficient
for large residuals. The function is chosen to provide the desirable properties (in
terms of bias and efficiency) of the M-estimator when the data are truly from the
assumed distribution.

4.4.3 Track reconstruction with AartStrategy
The algorithm “AartStrategy” is used for the reconstruction of muon tracks with
energies above 50 GeV. According to previous work [68], it can safely be used
up to an energy of 107 GeV. The algorithm is optimised to reconstruct upwardgoing neutrinos and is therefore less suitable for downward-going events. The
code was adapted so it could take into account the photon weights simulated by
SIRENE.
Probability Density Functions
To describe the signal, AartStrategy benefits from PDFs which have been developed for the first reconstruction algorithm [89] used by the ANTARES collaboration. These PDFs are parameterised by empirical fits to Monte Carlo simulations
of muons traversing the telescope, with an energy ranging from 102 to 105 GeV,
and assuming a flat E−1 power-law spectrum. The cross sections involved take
into account all muon energy loss processes. Photons from electromagnetic (EM)
showers are simulated. The peak of the distribution is fitted with a Gaussian
function, while the tail is approximated by an exponential. These two functions
are joined together by a third-order polynomial function.
However, background hits can degrade the performance of the track reconstruction. For this reason, PDFs in which background hits are taken into account
have been developed and included in the final step of the fitting procedure [68].
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In these improved PDFs, the signal is represented by the functions described
above.

Description of the procedure
The reconstruction procedure consists of four consecutive fitting algorithms, each
of them improving the results of the previous step.
The first routine is a straight line fit of the spatial coordinates of the muon
track, as a function of the hit time, called Linear Prefit. It is used as first step
of the reconstruction algorithm since it does not require any starting position.
The position of the hits are approximated by the most likely points of closest
approach of the track to the optical modules (OMs). The points are estimated
from the likelihood that a track at a certain distance from a PMT will cause a hit
with the measured amplitude.
The second and third routines rely on the calculation of the time residuals
between the hit time ti obtained from the PMTs and the predicted arrival time
tith of the corresponding photons on the OMs. The best estimates of the track
parameters are the values that maximise the quantity

Q=

i=N

∑ g(ri ,~θ)

i=1

where ri = ti − tith is the hit time residual for each hit i and g(ri , ~θ) = ln f (ri ), with
f (ri ) the PDF of finding a hit i with residual ri as in Equation 4.10. Uncorrelated background hits are not taken into account. The PDFs describe the signal
only. Due to the shape of the hit time residual distribution, the PDFs are relatively flat for large residuals. It is therefore rather difficult to find the maximum
of the corresponding likelihood function. To overcomeq
this problem, the third
routine makes use of the M-estimator with g(ri , ~θ) = −2 1 + r2 /2 + 2, which is
i

linear in r for large values of the residual. The accuracy of the reconstruction
algorithm is improved by iterating the second and third routines with gradually improving start positions. The best track estimate at each step is the one
for which the likelihood function has reached a maximum. The final track estimate is based on the Maximum Likelihood (ML) approach, using a PDF that
takes the background hits into account. A quality cut based on the value of the
likelihood function at the fitted maximum has been implemented to better discriminate between well-reconstructed (error on the reconstructed angle α ≤ 1 ◦ )
and the badly-reconstructed events (error α ≥ 45◦ )).
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4.4.4 Track reconstruction with ScanFit
Probability Density Functions
The PDF of hit i which describes the signal in ScanFit consists of a pure Gaussian
distribution of a given width σi given by

!2 
th (~
t
−
t
Θ)
1
1 i
i

f i (~ti , ~
Θ) = p
exp  −
2
σi
(2πσi )

where ~Θ is the vector of the muon parameters. This approximation is useful
when applied with least square fitting methods as it simplifies the optimisation
procedures.
Since maxima are not affected by monotone transformations, one can take the
logarithm of the associated likelihood to turn the product of individual PDFs
into a sum. The likelihood function L(~t, ~
Θ) can be expressed as an equivalent
logarithmic likelihood
!
(ti − tith (~
Θ))2
i
Θ) = ∑ − ln 2π − ln σi −
L(~t, ~
Θ) = ∑ ln f i (~ti , ~
.
2
2σi2
i
i
As the first two terms of the root mean square are constant, the maximisation of
the likelihood depends on the minimisation of the last term of the sum only. Instead of using a chi-square distribution for the minimisation, preference is given
to an M-estimator, in order to reduce the influence of outliers. The function g(r)
of the M-estimator method is taken to be
!
ti − tith
1 (ti − tith )2
) = ln 1 +
g(
.
σi
2
σi2
When accounting for background hits, ScanFit uses the complete PDFs with background hits which have been developed for Aart Strategy [68].
Description of the procedure
The algorithm used by the ScanFit reconstruction program has been modified to
take into account the photon weights simulated by SIRENE. According to previous work [21], the ScanFit algorithm can be safely used up to an energy of 107
GeV. A preselection of the hits is made by scanning over the angular space parameters. Correlations between hits are searched for in about 170 pre-defined
directions, requiring the standard 1D-Trigger conditions (see Chapter 2). A set
of hits is obtained for each candidate direction. A linear prefit of the hits allows
to give a first estimate of the best track positions and times. The problem is linear since the direction is fixed and M-estimator PDFs are used which do not take
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background hits into account. A chi-squared estimate is constructed based on the
previously selected hits, to determine the final muon parameters in each of the
remaining directions. Finally the track candidates are ordered, according to the
number of selected hits and the chi-square values. To improve the results, a final
fit is thus made on all hits, using the complete PDFs with background hits.

4.4.5 Energy Reconstruction
The algorithm used to calculate the energy of the muon is similar for both AartStrategy and ScanFit and was first developed by Alain Romeyer [97]. The algorithm was chosen in favor of two alternative methods [98] [99], since the Romeyer
approach does not depend on the telescope geometry. The corresponding program has been modified to take into account the photon weights simulated by
SIRENE. The quality of the reconstruction algorithm has been verified for energies up to 107 GeV [97], [68]. The mean muon energy loss (and thus the muon
energy) in this approach is estimated by
<

dE
>= Atot Dµ−1
dx

1

NPMT

NPMT

∑

i=1

A g (θinc,i )
exp (−lreco /Lwater )
lreco

!−1

(4.12)

with A g (θinc,i ) the angular acceptance of the optical module (OM) as a function
of the angle of incidence θinc , lreco the photon path length from the reconstructed
track, and Lwater the absorption length in sea water. The constant A tot is the sum
of the recorded amplitudes and Dµ is the part of the track which is contained in
the Can of the telescope. An empirical fit is made to determine the muon energy
estimate using the average muon energy loss. This function does not extend to
low energies, as below 100 GeV the estimate of the average muon energy loss
is almost independent of the muon energy. Therefore, the energy reconstruction
algorithm cannot be used for energies smaller than Eµ = 100 GeV.

4.4.6 Performance of the Reconstruction algorithms
Track Reconstruction of simulated events
To evaluate the performance of the full simulation chain, N gen = 109 upwardgoing muon neutrinos were generated with GENHEN, assuming an AGN-like
E2 Φ = 10−6 GeV cm−2 sr−1 s−1 power law spectrum at the surface of Earth, in the
energy range 10 − 107 GeV. The produced muon tracks were passed to SIRENE
and processed by the 3D-Trigger to search for time correlated hits in any direction,
requiring a minimum of 5L1 local coincidences. The triggered hits were finally
passed to the reconstruction program.
The performance of the reconstruction algorithm can be expressed by plotting
the distribution of the reconstruction error α µ defined as the angle between the
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true direction of the muon track and the direction of the reconstructed track such
that


αµ = cos −1 d~µ · d~reco
µ
with d~µ the direction of the muon and d~reco
the direction of the reconstructed
µ
muon track. In the next paragraphs, results obtained with AartStrategy and ScanFit are presented.

Results with AartStrategy In Figure 4.10, the distribution of the reconstruction
errors using AartStrategy is shown. As can be seen in the figure, a first peak
appears in the distribution around α µ = 0.1◦ (well-reconstructed events) and a
second one around αµ = 85◦ (badly-reconstructed events). About 61.4% of the
events are reconstructed with an error on the direction smaller than 10 ◦ and 56.4%
are reconstructed within 1◦ from the true track. When using KM3 for simulation
of the detector response, these numbers are smaller [68]. A possible explanation
is given below.

Figure 4.10: Distribution of the reconstructed error α µ on the direction of the muon
obtained with the AartStrategy procedure. Only upward-going events are shown.
In Figure 4.11, the error on the reconstructed position of the muon which is defined as the distance of closest approach between the true and the reconstructed
muon tracks is shown. Even though the position of the muon track does not play
a leading role in track reconstruction, this result is shown for completeness. As
can be seen in the figure, most events are reconstructed within 1m from the true
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muon track. A peak appears in the distribution around 0.2-0.3 m with a large
tail. The tail disapears and the distribution becomes approximately Gaussian for
events which were reconstructed within 1◦ of the true direction, demonstrating a
correlation between the directional and the position errors. The same behaviour
can be observed when using KM3 for the simulation of the detector response [68].

Figure 4.11: Distribution of the reconstructed error η µ on the position of the muon obtained with AartStrategy. The distribution is shown for all events (solid line) and for the
events which were reconstructed within 1◦ of the true direction (dotted line).
The accuracy of the reconstruction depends on the four consecutive steps of
AartStrategy. This can be seen in Figure 4.12 which shows the effect of the subsequent application of the linear pre-fit, the M-estimator and the ML method with
the original PDFs.
Although the results improve at each step, the number of well-reconstructed
events does not increase much. Still, the final fit using the full PDF functions
with background clearly gives the best result. The last step would need a better starting position for the ML estimate to perform better. This behaviour was
already observed in previous work on track reconstruction [68].
In order to enhance the reconstruction efficiency, the method used to choose
the starting points needs improvement, by using a different function g(r) in the
M-estimator. In addition, if the likelihood function yields multiple local maxima,
the algorithm has difficulties to determine the global maximum. In most cases,
it will converge to a local maximum which is close to the starting point. The ef-
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Figure 4.12: Distribution of the reconstructed error η µ on the direction of the muon
obtained with the AartStrategy procedure. The performance of the linear prefit (top left),
the M-estimator (top right), the maximum likelihood with the original PDFs (bottom left)
and the final fit with the improved PDFs (bottom right) are shown separately.
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ficiency of the ML estimate depends therefore on the starting point but also on
the PDFs themselves. As seen in the previous section, the PDFs used in AartStrategy involve cross sections that describe the muon energy loss for energies
below 105 GeV. Since SIRENE uses a high energy approximation for the muon
cross sections and neglects the processes involved at low energy, the presently
used PDFs are less suitable. Moreover, the PDFs strongly depend on the model
that is used to determine the hit time, as well as the parameters which define
the relations between the muon track and the optical modules (OMs) in the telescope. The calculations of the photon path length, but also the incident angle of
the photons on the OMs and the amplitude of the hits differ in KM3/GEASIM
and SIRENE. A different tracking algorithm, involving specific muon cross sections and medium properties is used as compared to the ones used for determining the PDF parametrisation. Hence, new PDFs need to be determined for
reconstruction of SIRENE events using AartStrategy. The algorithm depends on
many parameters, especially on the hit selection criteria and further tuning is required to improve its performance with the reconstruction of events generated
using SIRENE.
Given the arguments above, it is not unreasonable to find that only about half
of the events which survived the trigger selection are well-reconstructed using
AartStrategy. This is sufficient to give an order-of-magnitude estimate of the performance of ANTARES in the energy range below 107 GeV. However, AartStrategy is not suitable for the reconstruction of neutrino events at energies above 107
GeV. For an optimal analysis of such data, a dedicated high energy reconstruction
algorithm needs to be developed.
Results with ScanFit In Figure 4.13, the distribution of the error α µ on the reconstructed direction is shown, as obtained for events simulated with SIRENE
and reconstructed with the ScanFit algorithm. As can be seen in the figure, a first
peak is observed around αµ = 0.5◦ and a second one at αµ = 85◦ . As for AartStrategy the first peak represents the well-reconstructed events, while the second
peak corresponds to the badly-reconstructed events. About 63.5% of the triggered
events are reconstructed within 10◦ of the true direction and 50.8% within 1◦ .
The ScanFit reconstruction program performs slightly better with SIRENE
than AartStrategy. More events are well reconstructed. This can be attributed
to the use of simple Gaussian PDFs (except for the final fit) by Scanfit. However,
the ScanFit algorithm is less accurate than Aart Strategy since it has an angular
resolution of almost 0.5◦ instead of 0.1◦ . This is a known behaviour of the program [21]. However, AartStrategy performs better in terms of angular accuracy.
The same remarks concerning the PDFs and the various steps used in the reconstruction procedure which were made for AartStrategy also apply to ScanFit. The
algorithm should be further tuned for a better performance with the reconstruction of events generated with SIRENE. Moreover, ScanFit is not suitable for ultra
high energy simulations. An high energy reconstruction program needs to be
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Figure 4.13: Distribution of the reconstruction error α µ on the direction of the muon obtained for events simulated with SIRENE and reconstructed using the ScanFit procedure.
Only upward-going muons are shown.

developed for use with SIRENE above 107 GeV.
Energy Reconstruction results
In Figure 4.14 the distribution of the reconstructed muon energy is shown as a
function of the true muon energy for events simulated with SIRENE. Muons from
muon neutrinos were generated by ANIS in the energy range 10 − 107 GeV, following an AGN-like E2 Φ = 10−6 GeV cm−2 sr−1 s−1 power-law spectrum at the
surface of the Earth. As can be seen in the figure, the muon energy is not well reconstructed for values of the true energy smaller than 100 GeV. The algorithm performs better at high energies (above 104 GeV). It is less accurate at low energies
(below 104 GeV) where the reconstructed energy is biased towards higher values.
This behaviour can be attributed to the reconstruction program [68], as several
low energy events are not reconstructed. The program also does not take into
account light from hadronic showers. This may play a role in the energy range
considered. It can be concluded that the energy reconstruction algorithm used
with SIRENE has a moderate accuracy for muon energies above 104 GeV, which
is the energy domain of interest for our present study. However, a dedicated algorithm for the reconstruction of the neutrino energy above 107 GeV needs to be
developed.
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Figure 4.14: Distribution of the reconstructed muon energy as a function of the true
muon energy. Muons were generated by ANIS, following a muon-neutrino AGN-like
spectrum at the surface of the Earth. The strategy described in [97] was used to estimate
the muon energy of events simulated by SIRENE.

4.5 Future extentions
To further improve the performance of SIRENE, several extensions of the program can be envisaged.
An important issue is the addition of electron and tau leptons as Cherenkov
light sources into the program. Specific tracking methods for these particles also
need to be developed.
Simulation of the muon energy loss at high energies should be extended with
the implementation of electron-positron pair production and photo-nuclear interactions with the associated generation of hadronic showers. Continuous muon
energy loss due to ionisation should be implemented for the use of SIRENE in
low energy studies.
Concerning the photon tracking algorithm, one single distribution with correlated wavelengths and times should be determined, as the arrival times of the
photons on the optical modules (OMs) of the telescope depend on the wavelength. Different wavelength and hit time distributions should also be implemented for both the direct and scattered photons. A parametrisation for the arrival time distribution of the photons which scatter with a wide angle and reach
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the OMs with a relatively long time delay needs to be implemented.
For a proper reconstruction of UHE muon tracks generated, new PDFs have
to be determined for use in the reconstruction programs.
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