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Chapter 1
The ANTARES telescope
In this chapter the detection principle and the design of the ANTARES high energy cosmic neutrino telescope are described. The technical development and construction of the
detector are also presented.
he European scientific programme ANTARES or Astronomy with a Neutrino Telescope and Abyss environmental RESearch is dedicated to Neutrino Astronomy. About 150 particle physicists, astrophysicists and engineers from 22 European research institutes and universities contribute to the project. The
ANTARES collaboration is assisted by marine environment and technology experts from IFREMER, Institut Français de Recherche pour l’Exploration de la
MER to deploy the different components of the telescope in the deep Mediterranean Sea. Seismologists
from Géosciences Azur and Guralp System benefit from the ANTARES infrastructure to record in real-time deep-sea seismic activity data, occurring both in
the vicinity of the telescope or anywhere else in the world.
ANTARES is an open-water neutrino telescope composed of photo-sensors
optimised for the detection of Cherenkov light emitted by upward-going muons
resulting from high energy cosmic muon neutrinos interacting with atomic nuclei
in the deep water or seabed. Unlike high energy photons that can be absorbed
before reaching the Earth, or protons which can be deflected by magnetic fields,
neutrinos can travel over very large distances without any disruption, straight
from their origin. Neutrinos can provide new knowledge about astrophysical
processes, alongside photons and cosmic ray particles. By observing neutrinos,
ANTARES is able to explore new features of the Universe over a large range of
distances and energies.
A neutrino telescope can study for instance, the processes involved in the most
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Figure 1.1: The ANTARES collaboration consists of 150 scientists from 23 European
institutes in France, Germany, Italy, the Netherlands, Russia and Spain.
energetic astrophysical phenomena of the Universe such as supernovae remnants
(SNRs), active galactic nuclei (AGN) and gamma ray bursts (GRBs) or the central
parts of stars which are opaque to photons. The ANTARES telescope will open a
new window on our Universe and may also shed light on the mysterious nature
and origin of dark matter and the cosmic radiation which bombards the Earth’s
atmosphere at high energies. Catching the weakly interacting neutrinos requires
a telescope with a very large detection volume to increase the chance of detection. With an instrumented volume of about 0.02 km3 and an aperture of 0.1 km2 ,
ANTARES constitutes a first step towards the future European cubic kilometersize neutrino telescope KM3NeT. This giant photo-detector array will be large
enough to capture and study the neutrinos associated with the rarest and highest
energy cosmic rays, up to the Greisen, Zatsepin and Kuz’min (GZK) cutoff [9]
[10].
ANTARES is sensitive to the light produced by the secondary particles created in neutrino interactions in the seabed rock and water in and surrounding
the detector. In Section 1.1 the detection principle of high energy cosmic neutrinos employed by the ANTARES telescope is described. The various optical
backgrounds which have to be taken care of when analysing reconstructed muon
trajectories for neutrino source searches are discussed in Section 1.2. The design
and architecture of the ANTARES telescope are described in detail in Section 1.3.
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1.1 Neutrino detection principle
The history of the construction of the telescope and its present status are presented in Section 1.4.

1.1 Neutrino detection principle
The ANTARES telescope is based on the original idea of Moisei Aleksandrovich
Markov [17] who proposed in 1960 the deep sea (or ice) as a suitable site for the
construction of a large neutrino telescope. Open-water neutrino telescopes use
the Earth as a shield to filter all particles except neutrinos and detect Cherenkov
light emitted by neutrino-induced muons or neutrino-induced electromagnetic
and hadronic showers. Neutrino charged-current interactions in the water surrounding the detector and in the rock below the detector give rise to upwardgoing charged secondary particles such as muons and electrons depending on
the flavor of the neutrino. The relativistic secondary particles moving through
the seawater faster than the speed of light in that medium will emit photons in
the blue wavelength range. These photons are known as Cherenkov light, named
after the Russian scientist Pavel Alekseyevich Cherenkov, who discovered this
phenomenon in 1934. Cherenkov radiation occurs when a charged particle exceeds the speed of light in a dielectric and optically transparent medium through
which it passes. The minimum velocity at which this process can occur is defined
as the Cherenkov threshold
1
β≥
n
with n the index of refraction of the transparent medium, and β = v/c the velocity of the particle v expressed as a fraction of the speed of light in vacuum c.
The energy is released in the form of a coherent electromagnetic wavefront. The
number of Cherenkov photons emitted by a particle with unit charge per unit
wavelength and per unit track length is
d2 Nγ 2πα
1
= 2 (1 − 2 2 )
dxdλ
λ
β n

(1.1)

with α the fine-structure constant and λ the wavelength of the emitted photon.
Cherenkov radiation can be detected by the three-dimensional array of photosensors constituting the ANTARES telescope. The detection of Cherenkov photons will make it possible to reconstruct the trajectory of the secondary particle
which had emitted them, and subsequently the direction of the neutrino which
points back straight to its source. Cherenkov photons are emitted only at a certain fixed angle with respect to the direction of motion of the charged particles,
resulting in a cone of blue light. The angle of emission is related to the charged
particle velocity and the refractive index of the local medium. This angle is called
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Figure 1.2: Charged particles moving at relativistic speed through a transparent medium
are described by a track of length dx, emitting photons under the Cherenkov angle θ C .
The photons travelling on a distance r create a photon field shockfront ~P.
the Cherenkov angle θc and can be expressed by the following equation
cos θC =

1
.
nβ

(1.2)

In the energy range interesting for ANTARES, that is above 10 GeV, particles are
ultra-relativistic and β is close to 1. The refractive index of the seawater at the
ANTARES site is 1.35. Thus, the Cherenkov angle is approximately 42.5 ◦ .
As the Cherenkov photons are emitted in the form of a cone of light, a precise reconstruction of particle trajectories requires the measurement of only a few
hits in the various photo-multiplier tubes (PMTs) of ANTARES at different space
points. The light emitted by a track of length dx can be projected upon a surface
SC defined by
SC = 2πrdx sin2 θC
with r the distance travelled by the photons. This is illustrated in Figure 1.2.
According to Equation 1.1 with β = 1, this last result yields a photon flux observed
in the electromagnetic wavefront at a distance r from the track of length dx
dN(r) =

SC α
dλ .
rλ2

In the deep Mediterranean Sea, at the ANTARES site, about 3.5 × 104 Cherenkov
photons are emitted at wavelengths between 300 and 600 nm per meter of track.
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1.2 Background signal
Atmospheric muons from hadronic showers are produced at 10 − 20 km height
when cosmic ray particles interact with nuclei in the atmosphere. These downward-going muons can be mis-reconstructed as upward-going muons from cosmic muon neutrino interactions in the matter below the telescope and represent
a serious background for neutrino astronomy. To simplify the discrimination
between up-ward-going muons and the much higher flux of downward-going
muons, the large background of atmospheric muons and muon bundles induced
by cosmic ray atmospheric showers needs to be minimized. This can be realized
by installing the telescope at a deep site where a large layer of seawater will act
as a shield. At a depth of 2475 m, the expected background rate in ANTARES
from atmospheric cosmic ray muons is about 30 Hz. To improve the filtering of
the atmospheric background, the photo-multiplier tubes (PMTs) of the telescope
are oriented 45◦ with respect to the vertical downward direction thus focusing
their apperture on the upward-going muons. This specific orientation towards
the seabed also prevents bio-fouling to be a serious problem. The signal loss due
to bio-deposition and sedimentation has been measured [18] to be less than 2%
per year.
The expected rate of atmospheric muons at the ANTARES site is small compared to the effect of the β-decay of potassium 40 K in sea water which contributes
30 kHz to the single rate of each PMT. It is also rather insignificant with respect to
the rates due to occasional bio-luminescence, caused by living organisms around
the telescope which can peak during short bursts up to MHz rates and is dependent on the strengh of the sea current. The β-decay process of 40 K in salty sea
water can be expressed as follows:
40

K −−−−−→ 40 Ca + e− + ν̄e .
β−decay

(1.3)

The produced electron has a maximum energy of 1.3 MeV which is sufficient
to give Cherenkov light detectable by ANTARES. To study this environmental
background, the ANTARES telescope includes devices to monitor the deep-sea
parameters, such as water salinity and water current in order to better understand
the 40 K and bio-luminescent backgrounds [19].

1.3 Detector layout
The ANTARES telescope is located at a depth of 2475 m on the Mediterranean
seabed. The exact location of the telescope is 42.50’ N, 6.10’ E which is approximately 40 km off the coast of Toulon in France. The detector is monitored from an
on-shore control room (known as the shore station) in Institut Michel Pacha in La
Seyne-sur-mer, a French laboratory dedicated to research of Marine Biology and
Physiology. Electrical power to the telescope is transferred from the beach by a
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Figure 1.3: Schematic view of the ANTARES telescope showing the main components of
the neutrino detector.
40 km long deep-sea cable referred to as the main electro-optical cable (MEOC)
which also provides data transmission from and to the shore, using optical fibers.
At the ANTARES site, on the bottom of the sea, the cable is connected to a junction
box (JB) distributing the power to the detection lines which constitute the neutrino telescope. The junction box (JB) was the first object that has been deployed
in December 2002. The ANTARES telescope itself consists of a three-dimensional
array organised in twelve vertical independent detection lines carrying a total of
900 photo-multiplier tubes operating at depths from 2375 to 2000 m. A schematic
overview of the ANTARES telescope is shown in Figure 1.3. As can be seen in
the figure, the detection lines are separated from each other by a distance of 60 to
75 m. Each line also supports hydrophones for acoustic positioning and a LED
optical beacon for time calibration (cf. Section 1.3.2). A thirteenth line, called
the instrumentation line is equipped with specific instruments to monitor the sea
environmental parameters at the ANTARES site. A detailed description of the
instrumentation used on this line can be found in Section 1.4.4.

1.3.1 Detection lines
The detection lines of ANTARES are anchored to the Mediterranean seabed and
can be released by means of an accoustic transmitter-receiver system if necessary.
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1.3 Detector layout
Two syntactic foam buoys placed at the top maintain each line vertically. The
anchor is made of a dead weight and a recoverable structure, the bottom string
socket (BSS). The recovery of a line is achieved by releasing part of the BSS after
issuing an acoustic command from a ship at the sea surface. The BSS is connected
with an electro-optical cable, the interconnecting link (IL) to the junction box (JB)
which provides electrical power to the lines and allows for the transmission of
data.
The backbone of each detector line consists of an electro-optical cable. It provides mechanical strength to the lines, electrical power and an optical data link
to the storeys. A full line is approximately 450 m long with an active length of
350 m. It is composed of twenty-five storeys each carrying three optical modules (OMs) mechanically supported by a titanium frame. A storey of the detector
is shown in Figure 1.4. The vertical distance between two consecutive storeys
is 14.5 m. Together five storeys constitute one sector of a detection line which
has its own communication channel to shore. The storey closest to the seabed is
placed at a height of 100 m so the bottom part of the line is uninstrumented to
provide a larger region for observing Cherenkov cones while they are developing. The three OMs of a storey point downwards at an angle of 45 ◦ with respect
to the vertical in order to increase the sensitivity to up-going muons. The chosen
arrangement of the OMs leads to the detection of light in the lower hemisphere
with high efficiency, and has also some acceptance for muon directions above the
horizontal plane.

1.3.2 Electronics containers
Each detection line of ANTARES is instrumented with electronics containers and
special containers housing acoustic devices and calibration equipment. Every
storey is associated with a local control module (LCM) located at the center of the
titanium optical module frame (OMF). A string control module (SCM) is placed
at the base of each line in a container at the bottom string socket (BSS) which also
houses the string power module (SPM). The first LCM on the line is linked to the
SCM and the last LCM is connected to the top buoy. The LCM and SCM containers hold the electronic boards for all readout functionalities at the storey level and
at the detection line level, respectively. The electronics in the containers host the
data acquisition and slow-control systems of the neutrino telescope and constitute a single node of the data transmission network, receiving and transmitting
data, slow-control and clock commands from the telescope to the shore station
and vice-versa. In each sector of a detection line there are four slave LCMs and
one master LCM (MLCM). Each LCM slave controls the data transmission of the
three optical modules (OMs) of a storey and sends these data to the MLCM. The
MLCM collects all data from the corresponding sector and sends them to shore.
It receives orders from the shore station and distributes information to the LCMs
through an Ethernet channel.
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Figure 1.4: Schematic view of a complete storey (or floor) of the ANTARES telescope
with three optical modules, a cylindrical container housing the electronics in the center of
the three optical modules, an optical beacon above this cylinder and a hydrophone below
the optical modules.

1.3.3 Optical modules
The optical module (OM) is the basic detector component of the ANTARES telescope. A high-pressure resistant glass sphere houses a 10-inch Hamamatsu photomultiplier tube (PMT) and electronics to filter and amplify the signal. The sphere
consists of two hemispherical parts with an outer diameter of 17 inches and a wall
thickness of 15 mm. The light transmission through the glass is more than 95%
for the blue wavelengths corresponding to those of the Cherenkov light emission.
The PMT is fixed to the front part of the sphere with a transparent silicon-rubber
gel with somewhat different optical properties as compared to the glass envelope
and the photo-multiplier window. The refractive index of the gel is 1.404 which
results in an additional optical transition between the water (with a refractive index of 1.35) and the glass (with an index of 1.47). Apart from an optical link, the
gel is also a mechanical link between the sphere and the PMT magnetic shield.
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The PMT is protected by a magnetic shield from the Earth’s magnetic field which
could degrade the uniformity of its response. The Earth’s magnetic field would
influence electron trajectories between the photo-cathode and the first dynode of
the PMT. The magnetic shield has the form of a metal cage composed of two parts:
a hemispherical part which covers the photo-cathode of the PMT, and a flat part
with a hole at its center for the neck of the PMT. The hemispherical part of the
magnetic shield is positioned in the gel while the flat part is mounted around the
neck of the PMT. The hemisphere which supports the PMT constitutes the major
part of the apperture of the detector. The other hemisphere is equipped with an
electrical penetrator which provides the connection to the power and acquisition
system outside the OM. To reduce the sensitivity to photons hitting the back of
the OM, the inside of the back hemisphere has been covered with black paint.
The PMT selected for the ANTARES telescope is the hemispherical Hamamatsu R7081-20 tube which has a diameter of 10 inches and a correspondingly
large active area of about 500 cm2 . This provides the OM with a large angular
acceptance, falling to half its maximum at about 70◦ from the axis. The photomultiplier is sensitive to single photons in the wavelength range from 300 nm to
600 nm. Its quantum efficiency is largest in the wavelength range from 350 to
450 nm and amounts to about 25%. The timing resolution of ANTARES which
is essential for the precise determination of the direction of a muon relies on the
transit time spread (TTS) of the PMTs. To measure the TTS of a photo-multiplier
tube, a LED system consisting of a blue LED and a pulser are used. The LED
is glued onto the rear of the PMT bulb and illuminates the photo-cathode. The

Figure 1.5: Schematic cross section of an optical module (OM) of ANTARES.
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pulser card is also glued onto the photo-multiplier tube and is triggered by a clock
signal. The measured single photon TTS of the PMT is about 2.6 ns (FWHM).

1.3.4 Sea monitoring instrumentation
The detection lines of ANTARES also contain instruments for the acoustic positioning of the telescope and the monitoring of the deep sea properties. As the
detection lines are anchored to the seabed and maintained vertically by buoys,
they undergo drifts of a few tens of meters (as measured at the top of the lines)
due to the deep-sea underwater currents. The relative positioning of the lines
is based on underwater acoustic techniques monitoring these motions. The system consists of a three-dimensional array of transponders and acoustic modules
exchanging precisely timed acoustic signals between each other. The acoustic
modules are emitter-receivers located on the BSS of each line and receivers distributed along the lines, one receiver being placed in every sector. The receivers
are composed of an hydrophone with dedicated electronics.
The method used for determining the relative position is to measure the travel
time of acoustic pulses between the receiving hydrophones and the emitter-receivers. Apart from the hydrophones and emitter-receivers on the detector lines,
several transponders are located as independent units anchored at different places
to the seabed, in the vicinity of the telescope. These transponder units contain
their own electronics and are controlled remotely by the emitter-receivers modules on the detection lines of the telescope. While the acoustic system provides
the relative positioning, the global positioning of ANTARES is obtained by acoustic triangulation of the emitter-receiver modules and a surface ship equipped
with GPS. The acoustic positioning precision strongly depends on the precision
by which the sound velocity in water has been measured as it directly determines
the relative distance between the hydrophones.
Environmental parameters such as the temperature, the salinity of the sea water and the evolution of the pressure at the telescope’s site influence the sound
velocity and need to be measured continuously. Sound velocimeters are placed
at various places of the telescope along the detection strings. Two of them are also
equipped with conductivity, temperature and pressure probes, while conductivitytemperature-depth (CTD) devices also provide an estimate of the salinity and
temperature of the deep-sea water. These instruments provide information on environmental properties that are relevant for both the associated sciences (oceanography) and the neutrino telescope data analysis.
Tiltmeters and compasses are placed in each BSS and optical module frame
(OMF) of the telescope to give an additional measure of the position of the different OMs as well as their orientation. All these oceanographic intruments are
also present on the so-called intrumentation line of ANTARES whose purpose
is to monitor the deep sea parameters and to provide calibration parameters of
the telescope. This additional line is dedicated entirely to marine property mea-
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surements and runs independently of the rest of the telescope. It also contains
devices to measure the attenuation of the light absorption in sea water in order to
determine the optical water properties at the telescope’s site which vary in time.
The instrumentation line is equipped with an acoustic Doppler current profiler
(ADCP) to monitor the water current flow.
The position of the optical modules is measured with the optical beacon device of ANTARES which consists of a set of LED beacons at four different places
along the detection lines and a laser beacon fixed to the BSS of the instrumentation line. A procedure to determine the relative timing calibration that was
developed for the prototype instrumentation line MILOM (see Section 1.4.4) in
preparation of using it for the entire telescope is detailed in the next chapter.

1.4 Development and Construction
1.4.1 Demonstrator Line
The ANTARES project was launched in 1996. After a design study period, a first
prototype line consisting of seven optical modules (OMs) and several instruments
for position monitoring and calibration was deployed in 1999 and connected to
the shore at 1100 m depth about 37 km from Marseille. The line used an already
existing undersea cable donated by France Telecom. This made it possible to take
data in a telephone exchange centre in Marseille with the prototype line. The
main purpose of this prototype line, referred to as the Demonstrator Line was
to investigate the feasability of the overall principle of the ANTARES telescope
and various specific aspects of the ANTARES design, in particular the acoustic
positioning system. The line was in operation until June 2000 and allowed the
detection and reconstruction of the first muon signals.
In parallel a detailed programme of in situ measurements has been undertaken since October 1996, in order to find a suitable location for the ANTARES
telescope considering several determining parameters such as the depth, the water transparency, the optical background, and the strength of the deep-sea currents. This has led to the selection of a site near Toulon (42.50’ N, 6.10’ E) at a
depth of 2475 m. In October 2001, a new 40 km long electro-optical cable for the
power and data transmission was succesfully deployed between the telescope
site and the shore station in La-Seyne-sur-mer . One year later, in December 2002,
the Junction Box was installed on the seabed and connected to the main electrooptical cable.

1.4.2 Prototype Sector Line and Mini Instrumentation Line
Between November 2002 and March 2003, the Prototype Sector Line (PSL) and
the Mini Instrumentation Line (MIL) were deployed and connected to the Junc-
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tion Box (JB). The two prototype lines allowed to test in deep-sea conditions, the
(almost) final design for the ANTARES telescope, using prototype electronics
boards. The PSL was a short prototype of a full optical detector line with only
15 (instead of 75) OMs. It consisted of a single sector of five storeys equipped
with OMs. A schematic view of the PSL is shown in Figure 1.6. The sector line
also contained equipment to test the acoustic positioning system: the standard
acoustic receivers and transmitters RtRx at the base of the line, and the receivers
Rx on the first and fifth storey. A LED optical beacon was placed at the second
storey for calibration purposes.

Figure 1.6: Schematic view of the Prototype Sector Line (or PSL) of ANTARES, deployed
in December 2002.
The PSL allowed to measure the level and variation of single photon counting
rates in the OMs which is largely caused by bioluminescence created by deep-sea
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life forms. Unfortunately, a failure in the vertical line prevented the electronics to
be synchronised and muons couldn’t be reconstructed.

Figure 1.7: Schematic view of the Mini Instrumentation Line (or MIL) of ANTARES,
deployed in February 2003.
The MIL was a prototype of the instrumentation line of the ANTARES telescope. There was no OM integrated on this line but several oceanographic probes
to monitor the marine environment as well as a seismograph to study the deepsea seismic activity in the region around the telescope. As can be seen in Figure 1.7 the MIL was also equipped with acoustic positioning modules, sound velocimeters, and instruments to probe the salinity, conductivity and temperature
of the deep-sea environment. The MIL also incorporated a laser beacon placed
on the Bottom String Socket (BSS) and a LED Optical Beacon on the lower storey
used for the relative time calibration of the sector line. This line was operated
until July 2003 proving the functionality of the various deep-sea instruments contained in the ANTARES telescope design.
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1.4.3 Line Zero
Because of the problems encountered with the PSL, the design of the electromagnetic cable (EMC) had to be improved. In order to validate the new design,
in September 2005 a dedicated complete 25 storey line, known as "Line Zero" [20]
was deployed. Line Zero was identical to a full scale ANTARES detector line, except for the abscence of photo-multiplier tubes (PMTs) in the glass spheres of the
optical modules (OMs). It was equipped with an autonomous monitoring system
to check the water tightness of the electronic containers such as the Local Control
Modules (LCM) and the String Control Modules (SCM).
The Line Zero also allowed to monitor the attenuation of the optical fibres inside the vertical EMC linking the LCMs of adjacent storeys together. The data
collected by Line Zero showed no evidence for water leaks inside the electronic
containers but did reveal a sharp increase in optical attenuation in some of the
fibres after some time. This could be attributed to the effect of the pressure pushing the fibres into the LCMs. By modifying the design of the connectors between
the EMC segments and the LCM, this problem was solved in the final design of
the detector lines.

1.4.4 MILOM
The MILOM or "Mini Instrumentation Line with an Optical Module" was an upgraded version of the MIL or Mini Instrumentation Line, based on the final design
of all electronics and mechanics of the telescope (except for the improved connectors described in Section 1.4.3). As can be seen in Figure 1.8, the MILOM consisted
of a bottom string socket (BSS) and three storeys. In addition to the instruments
inherited from the MIL, the MILOM contained four OMs: a full triplet of three
OMs on the second storey, and an additional single OM at the top of the line. The
OMs were mounted on the MILOM to evaluate the telescope’s response, ahead of
full production of the twelve detection lines which compose ANTARES. With the
MILOM also, the modified electro-magnetic cable (EMC) of the telescope could
be tested in-situ. It was also used to monitor the deep-sea environment and test
the acoustic positioning and time calibration systems of the telescope.
The line was equipped with three sources of intense light: a laser beacon and
two LED beacons attached to the first and top storeys, to illuminate the OMs and
determine their relative time calibration. In Figure 1.8, the layout of the MILOM
is represented.
Following its deployment in March 2005 data taking started with the MILOM
right after the connection of the line to the junction box (JB) on 12 April 2005. The
raw data from the OMs could be analysed immediately, thus demonstrating the
success of all design changes. The MILOM line was in operation until April 2007.
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Figure 1.8: Schematic view of the Mini Instrumentation Line with an Optical Module
(MILOM) of ANTARES, which was deployed in March 2005, and recovered again in
April 2007.
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1.4.5 The complete telescope
Between March 2006 and May 2008, the twelve detection lines of ANTARES have
been deployed and put into operation successfully. Several hours after the connection of Line One, the first muon signals could be detected. In Figure 1.9 the

Figure 1.9: Example of a downward-going muon event reconstructed with hits recorded
by the first detection line of ANTARES, Line 1. The abscissa represents the relative time
of the hit on the optical module (OM), and the ordinate represents the altitude above the
seabed, altitude zero being the centre of the instrumented area of the telescope. The solid
circles represent the hits that were used for the fit. The crosses represent other singlephoton hits occuring during the same time interval in the telescope. They consist of
random background [21] [22].
result of the reconstruction of an atmospheric downward-going muon is shown.
Data have been taken continuously for more than two years now. While the number of detection lines deployed was increasing, the efficiency of the detection was
increasing as well. With five lines connected, it was possible to determine the
first neutrino event candidates and estimate the performance of the telescope. It
can be expressed in terms of sensitivity or upper flux limit that indicates the minimum detectable signal from an astrophysical source. The sensitivity of ANTARES
after one year of observation with five detection lines is shown in Figure 1.10. The
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full telescope is operational since May 30th of 2008. The search for cosmic neutrino sources has now started.

Figure 1.10: Estimated sensitivity to point-like sources with the ANTARES 5-Line data.
Background has been estimated from Monte Carlo simulations. Comparison to current
experiments is also shown. The sensitivity is given as a differential neutrino flux multiplied with E2 [23].
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