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Abstract— A flexible detector simulation program for neutrino
telescopes with photo-multipliers as photo-sensors is presented.
The program named SIRENE is primarily designed for use with
the future cubic kilometer-sized detector KM3NeT, but has been
tested with ANTARES as the program allows to be easily adapted
for other neutrino telescopes. SIRENE consists of a library of
C++ classes which enables different geometries for a neutrino
telescope, and different configurations and characteristics of
photo-multiplier tubes inside the modules of the telescope to be
implemented as needed.

I. INTRODUTION

Monte Carlo simulations are of prime importance in study-
ing the performance of a Cherenkov neutrino telescope
and predicting its response to neutrino interactions. Several
software packages are available within various astroparticle
physics collaborations that simulate the underlying processes
involved in neutrino detection. Two distinct stages of simula-
tion can be recognised: the neutrino event generation and the
detector response simulation.

Event generators accurately model the neutrino interactions
in the media surrounding the Cherenkov neutrino telescope of
interest, in the energy range covered by the telescope. The
resulting secondary particles, such as muons, are propagated
through the media towards the telescope using dedicated
computer programs. In the final stage, the detector response
to the Cherenkov light produced by these secondary particles
within the instrumented volume of the telescope is simulated.

Detector simulations depend firmly on the telescope charac-
teristics and, to our knowledge, so far no program is flexible
enough for use with different neutrino telescopes. Moreover,
most Monte Carlo detector simulation programs dedicated to
Cherenkov neutrino telescopes accept neutrino events in a
limited range of energies only and can not be exploited for
cubic kilometer-sized neutrino telescopes such as KM3NeT
[1]. A fast detector simulation program, capable to model the
detector response to neutrino events up to the highest energies,
and adaptable to the software framework of any neutrino
telescope would be beneficial not only for the future KM3NeT
telescope but also for other Cherenkov neutrino detectors ( [2]
to [7]).
SIRENE is a new detector simulation program for neutrino

telescopes with photo-multiplier tubes as photo-sensors. The
program has primarily been designed for use with the future

European cubic kilometer-sized KM3NeT, but has been tested
with the ANTARES detector (see [4] and e.g [8]) as the pro-
gram allows to be easily adapted to other neutrino telescopes.

A general description of the program and a detailed ap-
plication of SIRENE to ANTARES are given in section II.
The tracking method of the secondaries, essential for neu-
trino detection and the algorithm used to track the produced
Cherenkov photons towards the photo-multipliers of the tele-
scope is discussed. Finally, the most important C++ classes of
the SIRENE libraries and a short summary of their functions
and relations are presented.

II. FLEXIBLE NEUTRINO DETECTOR SIMULATION

The primary objective of SIRENE is to simulate the res-
ponse to neutrino events of any type of neutrino telescope
considering any scattering model for the optically transpar-
ent medium 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. SIRENE
consists of a library of C++ classes that enables the implemen-
tation of different sources of Cherenkov photons, and different
scattering models and detector geometries. The program con-
siders a telescope as a collection of modules housing one or
more photo-multiplier tubes and allows any neutrino detector
geometry and any configuration of the photo-multiplier tubes
inside these modules.

A. Simulation of the ANTARES neutrino telescope
SIRENE has been tested with the ANTARES telescope

which is a large area Cherenkov detector under construction
in the deep Mediterranean Sea, optimised for the detection of
muons produced by high-energy astrophysical neutrinos. The
full tracking simulation of the muons with Bremsstrahlung
showers and the Cherenkov photons they generate in the
sea water surrounding the ANTARES telescope has been
performed with SIRENE.

1) Tracking of all secondary particles: The ANTARES
telescope is an under-water neutrino detector focusing on
the detection of muons originated from high-energy cosmic
neutrino interactions. SIRENE simulates the Cherenkov light
produced by secondary muons and electro-magnetic showers



including photon scattering in the water. In addition to the
muons and electro-magnetic showers, new types of sources
and particles emitting Cherenkov photons can be implemented.

Input to SIRENE is the starting position, direction, initial
energy and time of the produced muon after propagation
from the neutrino interaction vertex towards the detector
instrumented volume. The muons are assumed to undergo
energy loss in a contiuous manner, while emitting Cherenkov
photons. The energy loss of each muon is calculated and inde-
pendent Bremsstrahlung initiated electro-magnetic showers are
randomly generated as localised events along the track. Muons
are tracked individually down to the Cherenkov threshold.
Electro-magnetic showers are developed up to the point of
Cherenkov photon generation. The energy spectrum of the
electro-magnetic showers is smeared using empirical fits to
GEANT simulation results (see [10] and [11]). The contribution
of Cherenkov light produced by charged hadronic showers at
the neutrino interaction vertex has been neglected.

After all Cherenkov photons have been generated, they
are tracked for each individual source towards every module
of the telescope. Sometimes, for example in the case of
ANTARES, these modules are referenced as optical modules.
In the ANTARES telescope, the module consists of a high-
pressured glass sphere with an outer diameter of 17 inches,
housing a photo-multiplier tube and the related electronics.

2) Photon tracking algorithm: The Cherenkov photons pro-
duced by a source, which can be either a muon track segment
or a full electro-magnetic shower are tracked according to the
chosen scattering model of the water at the ANTARES site. The
position, direction, arrival time and wavelength of the photons
hitting the modules of the telescope are recorded.

The properties of the medium surrounding the telescope
and various scattering models can be selected in SIRENE.
Currently, only the water properties and the scattering model
chosen to represent the ANTARES site (see [9]) are imple-
mented, but new scattering models corresponding to different
medium properties can easily be added.

For each source, SIRENE generates distributions of
Cherenkov photons wavelengths and arrival times on every
module in the telescope. The hit time and wavelength of
the generated Cherenkov photons are then randomly sampled
from these distributions so that each event is unique and
the subsequent conversion of the photon field into a photo-
multiplier hit probability is calculated. Finally the hits need to
be processed by a simulation of the detector electronics to give
the final output of the program SIRENE. This last step is still
under development. Currently, the arrival time of the photons
on the photo-multiplier tubes is calculated using a probability
distribution. An algorithm to properly propagate the photons
to the photo-multiplier tubes considering the properties of the
module and its components is under development.

B. SIRENE Classes
Figure 1 shows a schematic overview of the detector

simulation program SIRENE. The most important C++

classes which compose the program are shown as well as
their hierarchy.

1) Classes to build the geometry of a telescope: To build
the geometry of a Cherenkov neutrino telescope the number
of the modules housing the photo-multiplier tubes which
compose the telescope must be specified, as well as their
position and their characteristics. The type of the photo-
multiplier tubes, their position and direction inside a module
of the telescope and their characteristics have also to be given.
To build the geometry of a neutrino telescope, the following
classes are implemented.

a) PMT: The class PMT defines a photo-multiplier tube.
b) PMT EXTEND: The class PMT EXTEND gives an ori-

entation and a position to the photo-multiplier tubes inside the
module. It is derived from the classes PMT and GEOMETRY.

c) ABSTRACT MODULE: The class ABSTRACT
MODULE defines a virtual sphere with a radius. This class is
used to track the Cherenkov photons towards the modules
of the telescope and constitutes a pure artificial object of
the simulation with no physical meaning. The radius of the
virtual sphere can be chosen such as the ABSTRACT MODULE
envelops one or several modules of the telescope The surface
of the cross-section through the center of the virtual sphere
is oriented perpendicular to the direction of the arriving
Cherenkov photons. The orientation depends on the position
and direction of each source of Cherenkov photons. Once
the photons have been tracked towards the modules of
the telescope, their position, direction, and arrival time are
recorded on this optimally oriented surface. This gives each
ABSTRACT MODULE a list of recorded photons inside the
volume and on the surface delimited by the virtual sphere
(see the definition of the class MODULE HIT. The class
ABSTRACT MODULE derives from the classes GEOMETRY
and IDENTIFIER.

d) MODULE: The class MODULE defines a module of
the telescope. It consists of a container housing a set of one
or more photo-multiplier tubes. The class MODULE is derived
from the class ABSTRACT MODULE.

e) TELESCOPE: The class TELESCOPE defines a neu-
trino telescope which consists of positioned virtual spheres
called ABSTRACT MODULEs.

f) IDENTIFIER: The class IDENTIFIER gives a unique
identifier to every module of the telescope.

g) POSITION: The class POSITION is an utility class
to define a cartesian vector position in three dimensions.

h) DIRECTION: The class DIRECTION is an utility
class to define a three dimensional orientation with spherical
polar coordinates.

i) GEOMETRY: The class GEOMETRY defines a position
and an orientation. It is derived from the classes POSITION
and DIRECTION.

j) ROTATION: The class ROTATION is an utility class
to define a three dimensional rotation with spherical polar
coordinates.



Fig. 1. Schematic overview of the classes of the detector simulation program SIRENE. All currently implemented classes are shown. Dark grey boxes
represent classes to build the geometry of the telescope. Light grey boxes represent the tracking of the secondary particle and the produced Cherenkov
photons.

2) Classes for the tracking of the particles: For the tracking
of the secondary particles created at the neutrino interactions
vertices and the Cherenkov photons they generate, the follow-
ing classes are constructed.

a) PHOTON: The class PHOTON defines the light emit-
ted by a Cherenkov radiation source. The class PHOTON is
derived from the class GEOMETRY.

b) SOURCE: The class SOURCE corresponds to the type
of Cherenkov light source. Currently, muons and electro-
magnetic showers are implemented as possible sources, but
SIRENE is designed such that new sources can be easily
added.

c) EMSHOWER: The class EMSHOWER defines a
Bremsstrahlung initiated electro-magnetic shower. All its en-
ergy is deposited in a short distance and it is considered
point-like. The class EMSHOWER is derived from the classes
GEOMETRY and SOURCE.

d) TRACK: The class TRACK is a particle track with a
starting time and energy. The class TRACK is derived from the
class GEOMETRY.

e) MUON: The class MUON defines a muon. A muon
is characterised by straight tracks losing energy and emitting
Cherenkov light. Stochastic losses which produce independent
electromagnetic showers are implemented. The class MUON is
derived from the classes TRACK and SOURCE.

f) MODULE HIT: The class MODULE HIT corresponds
to an ABSTRACT MODULE with the list of all the photons that
hit the corresponding virtual sphere. The class MODULE HIT
is derived from the class GEOMETRY.

3) Classes to model the scattering of the particles: For the
scattering of the Cherenkov photons inside the medium sur-
rounding the instrumented volume of the neutrino telescope,
the following classes are implemented.

a) MEDIUM: The class MEDIUM defines the properties
of the detection medium to include the effect of the medium
on light propagation.

b) ANTARES WATER: The class ANTARES WATER cor-
responds to the scattering model and water properties at
the ANTARES telescope site. The class ANTARES WATER is
derived from the class MEDIUM.
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