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6. Telescope Performance

This chapter presents the expected performance of the KM3NeT neutrino telescope. Detailed detector simulations have been
performed, and expected neutrino rates from some example astrophysical sources estimated. From these, in particular, the
sensitivity to point sources (assuming a pure E2neutrino spectrum) has been computed.

Given that as yet no observations of high energy neutrinos from extra-terrestrial sources have been made, these rate estimates
must rely on models of neutrino production in the sources.These estimates have significant uncertainties, the magnitude of
which depends on the nature of the source.

In many models of production of high energy astrophysical radiation, charged particles are accelerated in shock waves and
neutrinos are produced in interactions of these accelerated particles with matter or radiation fields in the vicinity of the
source. A typical reaction is pp — n + X, followed by the decay of the charged pions t = uv,,.In the same reaction, gamma rays
are produced in the decay of neutral pions n°~ y y and so a link can be made between the neutrino and gamma production
rates. In general, many final states contribute to the full neutrino rate and detailed predictions must be based on Monte-Carlo
simulations of the interactions [46,47].Pion production and decay are well understood from particle physics. Uncertainties
arise from using approximations and simplified parametric approaches and from considering incomplete sets of neutrino
production channels. Furthermore, in dense source environments multiple interactions are important and the rate of particle
decay compared to further interaction must be taken into account.In some models of dense sources [48], e.g.in the case of
gamma ray bursts, the high-energy neutrinos are dominantly produced from kaon decays rather than pion decay because of
the shorter meson lifetime.

For sources with low matter density, where secondary particle absorption is small, a fairly reliable neutrino rate prediction can
be made based on the observed gamma fluxes. This class of sources includes supernova remnants such as RX J1713.7-3946
and RX J0852.0-4622 which are observed in gamma rays as extended objects with angular sizes of 1-2°. For compact objects
such as microquasars, absorption of gammas could be important and so neutrino rate predictions must be based on model-
ling of the corresponding processes. For even denser environments, in particular observed GRBs and the hypothesised “failed
GRBs/ the predictions are very uncertain.

For the event rate predictions presented in this chapter, the uncertainty of the assumed neutrino fluxes from supernova
remnants can be estimated to be roughly a factor of 2. For other sources the predictions must be taken as order-of-magnitude

estimates.

6.1 Analysis Techniques
In this section the techniques are presented to identify event candidates in the data, reconstruct them, suppress background

and search for signals of cosmic neutrinos.

6.1.1 Background Suppression

There are two different kinds of background related to high-energy particles: atmospheric muons and atmospheric neutri-
nos.Both are produced by the interaction of primary cosmic rays with the atmosphere.The flux of atmospheric muons at sea
surface exceeds that of neutrino-induced muons in the detector by about 10 orders of magnitude.These muons, however, are
attenuated in flux and energy below sea surface as a function of depth and zenith angle.Their flux falls to zero near and below
the horizon where they are stopped by the water and earth shielding. For this reason astrophysical neutrino signals are mainly
searched for among muons from the downward hemisphere. Accurate reconstruction procedures and quality cuts on recon-

structed tracks are needed to eliminate atmospheric muon tracks that are mis-reconstructed as up-going.
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Atmospheric neutrinos traverse the Earth and are detected in the same way as signal neutrinos.They are thus an unavoid-
able source of background and must be discriminated from the signal in the data analysis with energy cuts and on statistical
grounds.

For atmospheric neutrino simulation, the Bartol flux [49] was used. A prompt contribution from charm decays is included
according to the highest prediction of the Recombination Quark Parton Model [50]. The atmospheric neutrino flux has an
energy spectrum approximately proportional to E37 and an isotropic distribution, while neutrinos from astrophysical point
sources point to their origin and are expected to follow an energy spectrum close to E2 Applying a search cone around the
source position with a width reflecting the angular resolution of the detector and energy cuts are thus the prime methods to
increase the signal-to-background ratio for point source searches.

A different source of background is the optical noise in sea water that superimposes random hits that are not correlated to
the neutrino signal.This background is due to the presence of radioactive isotopes (mainly °K) and bioluminescent organ-
isms (see Sections 5.2.5 and 5 2.6).The uncorrelated background produced by “K decay is about 40 kHz for 8-inch PMTs (at

a threshold of 0.3 photoelectrons). Bioluminescent bacteria may produce an additional slowly varying background level.To
cope with the optical backgrounds, specific online data filter procedures and offline hit selections are applied.

Larger bioluminescent organisms (from plankton to fish) produce bursts of light that saturate close-by PMTs which are then

excluded from the data analysis.

6.1.2 Online Data Filter

The data stream to shore contains information of all PMT signals above a given threshold. Online filters based on high ampli-
tude and coincident signals on adjacent PMTs are applied to select candidate events from this stream, which are then stored
for further analysis (see Section 3.2).For the sensitivity studies presented here, no simulation of this online filter was necessary

since the quality and selection cuts applied at later analysis stages are much more selective than the filter criteria.

6.1.3 Muon Reconstruction

The central challenge in measuring muon neutrinos is the reconstruction of the muon trajectory from the PMT signals. For an
assumed muon trajectory the expected arrival times of the Cherenkov photons at the optical modules are calculated, using
the geometrical positions of the PMTs, the group velocity of light in water and the Cherenkov angle of about 43°.

Time residuals are determined as the differences between the expected and the measured arrival time of the photon(s) on

a given PMT. Photons that scatter in the water and photons emitted by secondary particles lead to residuals with increased
magnitude.The reconstruction algorithms aim at finding muon track parameters for which the residuals are small in magni-
tude.This is done by maximising the sum over PMTs of a“score function” that is designed to be large when the residuals are
small.In the final stage of the algorithm, the score function is the logarithm of the probability (log-likelihood) of a residual.
The background light from “°K and bioluminescence potentially degrades both the angular resolution and the reconstruction
efficiency. The algorithm accounts for this background by incorporating it into the probability function. A full description can
be found in [51].

The probability density function of the arrival time residuals has been derived from simulations with the ANTARES software. It
takes into account the probability of photons arriving late due to scattering or emission from secondary particles. Moreover,
the probability of a hit being due to background is accounted for as a function of the hit amplitude.The overall log-likelihood
value per degree of freedom obtained from the final fit is used as a measure of the fit quality.

The contribution of the background hits results in a likelihood function that has many local maxima as a function of the track
parameters. As a consequence, the fit only converges to the correct solution if the start values are already a good approxima-

tion to this solution.The final likelihood fit is therefore preceded by a series of prefit algorithms of increasing sophistication.
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where @ is the normalisation factor of the flux model. The MRF is defined as the ratio between the average upper experimen-
tal limit figy on the number of signal events and the expected average number of signal events from the source for given .
The parameter 1y depends on the mean number of background events and is calculated following the Feldman-Cousins
approach [56].The sensitivity values reported in this document are obtained by minimising the Model Rejection Factor, unless

explicitly stated otherwise.

6.2 Simulation

This section describes the software packages used for the Monte Carlo simulation.These packages generate neutrinos from
astrophysical sources as well as atmospheric muons and atmospheric neutrinos.The code simulates the particle interactions
with the medium surrounding the detector, light generation and propagation as well as the detector response.

Two principal and two alternative simulation chains have been used during the Design Study.The results presented in this
chapter are produced by the two principal chains, one based on the ANTARES software and the other,named SeaTray, based
on the IceCube software framework. Cross- checks on results have been made using these two chains and with the two alter-
native codes.

In all simulation chains a volume surrounding the instrumented volume, called “can’ is defined.The can volume is a cylinder
with height and radius exceeding the instrumented volume by about 3 absorption lengths.In the can volume, muons, taus

and electrons are propagated and the Cherenkov light is generated.

6.2.1 ANTARES Software

Neutrino and anti-neutrino induced events are generated with the code GENHEN.Within GENHEN, neutrinos of all flavours
with energies up to about 10° GeV are propagated through the Earth and their interactions simulated. Both charged current
(CC) and neutral current (NC) reactions are implemented. The deep-inelastic scattering is simulated with the LEPTO code [57].
The quasi-elastic scattering and resonance production, dominant at low energies, are also taken into account.The propaga-
tion of muons and taus in rock or water up to the can surface is performed with MUSIC and TAUSIC [58], respectively.

The background due to down-going atmospheric muons is generated with the code MUPAGE [59] . MUPAGE provides a pa-
rameterised description of the underwater flux of atmospheric muons including also multi-muon events.The parameterised
muon flux was obtained starting from full simulations with HEMAS [60]and cosmic ray data.

Muons inside the can are tracked with the code KM3 which generates and propagates the light produced by the muons and
their secondary particles, taking into account the optical properties of the water. For the photon propagation, the code uses
tables containing parameterisations obtained from a full GEANT3 [61] simulation.The code simulates the PMT hit probabili-
ties and the response of the PMTs including the readout electronics.The PMT photocathode area, quantum efficiency and
angular acceptance, as well as the transmission of light in the optical module glass sphere and in the optical gel are taken into
account.

In order to reproduce the randomly distributed background hits due to optical background (“°K and bioluminescence), single
photoelectron hits can be added to the muon-induced hits inside a chosen time window. Bursts of bioluminescence, whose
effect is to saturate a small number of PMTs over a short period, are estimated to have a negligible effect and are not simu-
lated.

6.2.2 SeaTray

The SeaTray software chain consists of modules organised in the IceTray software framework which has kindly been

provided by the IceCube collaboration.The SeaTray package [62] has been specifically developed for use in KM3NeT, both for
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the present simulation study and also for the future. SeaTray is a full replacement for the ANTARES software chain presented
above and provides the same functionality either using ANTARES packages ported to SeaTray or using alternative modules. In
this section only the alternative modules which have been used for the presented results are described.

The propagation through the Earth and the interactions of neutrinos of all flavours are simulated using the ANIS package [63]
.Neutrino-nucleon interactions are generated using the CTEQS5 parton distribution functions [64]. CORSIKA [65] is used to
generate the atmospheric muon background.

The MMC package [66] performs lepton propagation through matter, which is primarily used to track muons from their point
of generation to the detector.The package provides a list of secondary particles above a certain energy threshold produced
along the muon trajectory. After a muon has been tracked to and through the detector, light from the muon and its second-
ary particles is generated and propagated through the detector using the muon-sim[67] package. This package generates
Cherenkov photons according to parameterisations produced using a full GEANT4 [68] simulation. Using a set of pre-generat-
ed lookup tables, these photons are then tracked through the water taking into account scattering and absorption.

For optical modules with a single PMT, the photons arriving at the optical module are converted into hits using a parameteri-
sation of the angular acceptance. For optical modules containing multiple PMTs, an improved version of this algorithm was
developed which performs a simple ray-tracing to identify the PMT that was hit by a particular photon.The PMT readout is
simulated with a full time-over-threshold scheme, including a waveform simulation and a time/charge calibration with a time-

walk correction. Both reconstruction algorithms described in Section 6.1.3 are implemented in SeaTray.

6.2.3 Alternative Simulations

Beyond the principal simulation chains a fast simulation tool has been developed to compare multiple detector configura-
tions.The software package [69] is a detailed semi-analytic simulation based on the Mathematica software. This flexible tool
makes it possible to scan relatively quickly a large parameter space, including design properties (distance between lines

and storeys, PMT configurations) and the environmental characteristics (water optical properties, 40K and bioluminescence
background). A further complete and independent simulation software [70,71], using GEANT4 for muon propagation and for
light simulation, has also been developed. A reconstruction algorithm based on 2 minimisation and driven by Kalman filters
is part of this package [72].The results obtained with these alternative packages are in agreement with those of the ANTARES

software and the SeaTray framework.

Figure 6-1: Absorption length used in the simulations as a func- Figure 6-2: Number of Cherenkov photons, from 1 metre of muon

tion of wavelength. path, reaching the given distance from the muon segment.
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6.2.4 Sea water properties used in simulations

The simulations are based on the following sea water properties:

* The absorption length, shown in Figure 6-1, corresponds to a measurement at the Capo Passero site, at a depth of 3500m
(see Section 5.3 2).

- Light scattering in water has been parameterised according to [73].This model uses a combination of Rayleigh and Mie
scattering, with a relative probability of 0.17 for Rayleigh scattering. The scattering length is computed assuming a
concentration of small particles (size < Tum) of 7.5 per m® of water.The same volume concentration is assumed for
particles having sizes larger than Tum.

* The refractive index used for the medium is taken from [74], resulting in 1 35 at 470 nm.

Figure 6-2 shows the number of Cherenkov photons produced per metre of muon trajectory reaching a certain distance.Both
absorption and scattering effects are taken into account. This parameterisation is used in the simulation of detected light.

Figure 6-3 shows the distribution of time delays induced by the scattering for a given distance to the emission point.

Figure 6-3:Time delay induced by the scattering of light at 9%6m

from the muon segment.

6.3 Sensitivity Studies

The principal scientific objective of the KM3NeT neutrino telescope is neutrino astronomy, targeting the discovery of point-
like neutrino sources.Therefore, the telescope optimisation was done with the main focus on such sources, assuming a power-
law neutrino energy spectrum proportional to E* with a=2, implying that the main sensitivity must be in the energy range
between a few TeV and about one PeV. All three neutrino flavours (v,, v,, v.) will be detected in the telescope; however, the
best efficiency and angular resolution are achieved for muon neutrino reactions with a muon in the final state. All studies only

consider neutrinos coming from below the horizon

For point source searches the MRF method described in Section 6.1.4 is used to evaluate sensitivities. The sensitivities have
been obtained applying a“binned” method where the sky is divided in bins of declination and right ascension and the num-
bers of events detected per bin are analysed.The parameters that are optimised in order to minimise the MRF are the size of
the search cone around the source, the cut on the reconstruction quality parameter and a cut on the number of neutrino hits
that is related to the neutrino energy.The average number of events from a point-like source, at a given declination and with
a spectral index a is estimated by means of Monte Carlo simulations, as well as the average number of background events
inside the selected search cone centred on the source direction.The background is due to atmospheric neutrinos and atmos-

pheric muons that are mis-reconstructed as up-going.
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6.3.1 Detector Optimization and Performance

Three combinations of technical options as described in Chapter 3 have been investigated in simulation studies:

1. 127 bar-structure detection units arranged in a hexagonal grid (6 m lateral extent, 40 m between storeys,and 180 m
between detection units). Each bar is equipped with 3 pairs of 8-inch PMTs.

2.127 triangle-structure detection units arranged in a hexagonal grid (3 m lateral extent, 40 m between storeys, 150 m
between detection units). Each storey is equipped with 3 pairs of 8-inch PMTs arranged in a triangular configuration.

3.310 string detection units arranged in a rectangular grid (30 m between storeys, 130 m between detection units).
Each storey is an optical module equipped with 31 3-inch PMTs.

All these homogeneous configurations are building blocks of the full detector. Detailed optimisation studies have been per-
formed for all options and have led to the choice of dimensions given above. An example of such an optimisation is presented

in the following for option 1.

Figure 6-4:The change in neutrino effective area as a function of
the bar length for the bar structure detection unit configuration.
Shown is the ratio of the effective area relative to a bar length of

3m, for the three energy ranges indicated.

The bar structure offers the advantage that the three-dimensional arrangement of OMs within a single detection unit helps
resolve ambiguities in the reconstruction of the azimuthal angle of a muon track.The effect of changing the lateral bar length
between 3m and 10m is shown in Figure 6-4.1t can be seen that at low and intermediate neutrino energies a significant gain
can be obtained for larger lengths. .Taking into account simulation results and technical constraints (such as stability in cur-

rents, cost, logistics and safety), a bar length of 6 m is finally chosen as the optimum.
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A further example of the optimization is given in Figure 6-5 which shows the point-like source sensitivity as a function of the

detection unit separation, which was finally chosen at 180 m, where maximal sensitivity is found [75].

Figure 6-5: Change of the sensitivity of a point source search as a
function of the detection unit separations for two different source
spectra. The plot shows the ratio of the sensitivity relative to a
separation of 100 m.The source spectra are proportional to E*

with blue circles for a = 2.0 and red squares for a = 2.2.

Figure 6-6 shows the point-source search sensitivity for one year of observation time for one building block of each of the

three options mentioned above, as a function of declination.

Figure 6-6: Sensitivity to point sources (E  flux) for one year of
observation time, for the three detector configurations studied.
The red line is for option 1, the green for option 2 and the black for

option 3.

The performances of all building blocks are the same within about 20%. As will be described in Chapter 9 the estimated costs
for the three options differ by less than 20%.In Chapter 9, Figure 9-1 shows the sensitivity for a full detector achievable for a
capital investment of 220M€ in the three configurations.These final sensitivities are very similar and the best configuration is

chosen for all the following results in this document.

The neutrino effective area for this full KM3NeT detector is shown in Figure 6-7 for loose cuts ensuring reasonable angular

resolution and for quality cutswhich have been optimised for point-source searches for.

For searches for point-like neutrino sources, the angular resolution is a critical parameter. It is dominated by the intrinsic

v-u angle at low energies, while at higher energy the telescope response dominates. For a deep-sea neutrino telescope the
angular resolution profits from the strongly reduced scattering effects as compared to ice.

The left panel of Figure 6-8 shows the angular resolution, obtained with design option 1,in terms of the angle between the
neutrino direction and the reconstructed muon track; in this figure the intrinsic angle between the neutrino and muon direc-

tions is also shown.
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The cumulative point spread function, after quality cuts, is shown in the right panel of Figure 6-8.The telescope has a superb

angular resolution; indeed about 70% of selected events lie within 0.2° of the neutrino direction.

Figure 6-7: Neutrino effective areas for the full detector. The plot
is for up-going neutrinos. The red dots are after quality cuts opti-
mised for searches for point-like neutrino sources and the black
squares are for looser quality cuts ensuring reasonable angular

resolution.

6.3.2 Neutrino Point Sources

The observation of point-like sources of neutrinos would bring unique new insights on the nature of cosmic accelerators and
resolve the enigma of the origin of cosmic rays which has been a mystery for the 100 years since their discovery. Observations
by gamma ray telescopes have revealed many astrophysical objects, in which high-energy processes at and beyond the TeV
level take place (see Figure 6-9); however, measurements with gamma rays alone cannot clearly distinguish whether the ac-
celerated particles are leptons or hadrons. Only the observation of neutrinos from a source can unambiguously establish the
hadronic nature of that source. Supernova remnants (SNR) of the shell type are the most probable sources of cosmic rays in
the Galaxy.The material ejected during the explosion forms shock waves when it propagates into the interstellar matter. Par-
ticles are assumed to be accelerated in these shock waves, which can persist for several thousand years.The shell-type SNRs
with the most intense gamma rays fluxes measured beyond 10 TeV are RX J0852.0-4622 (Vela Junior) and RX J1713.7-3946.

Figure 6-8: Left panel: Median of the distribution of the angle AQ between the neutrino and the reconstructed muon track
(red points). The blue line is the median of the intrinsic angle between neutrino and muon directions, driven by the dynamics of
deep-inelastic neutrino-nucleon scattering and kinematics. Right panel: Cumulative point spread function for an energy spectrum

according to E , after quality cuts applied, i.e. the fraction of events with AQ less than a given value.
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Figure 6-9: Sky coverage in Galactic coordinates for detectors located in the Mediterranean Sea and at the South Pole, where only the north-
ern hemisphere can be observed.The shading indicates the visibility for a detector in the Mediterranean with 2w downward coverage; dark

(light) blue areas are visible at least 75% (25%) of the time. The locations of observed sources of high-energy y rays are also indicated.

Another class of intense gamma sources are the pulsar wind nebulae (PWNe) which differ from the shell-type SNRs in that the
acceleration takes place in the region of the central pulsar emitting collimated, very fast-moving material into the surround-
ing matter. Radio, optical, X-ray and TeV gamma observations suggest a synchrotron origin for these emissions, indicating a
leptonic acceleration process. However, for some intense sources such as Vela X, the possibility of a hadronic origin remains

valid and they thus could be neutrino sources.

The Galactic Centre region contains many structures which could be neutrino sources, such as the TeV gamma source HESS
J1745-290 coincident with the super massive black hole Sagittarius A*, as well as the SNR Sgr A East and the PWN G359.95-
0.04.Other potential neutrino sources are microquasars, which are Galactic X-ray binary systems with relativistic jets observed
in the radio regime. Among such sources are: GX339-4,SS 433,LS 1 +61 303 and LS 5039. A major advantage of KM3NeT
relative to IceCube is the location in the Mediterranean Sea. Figure 6-9 shows the KM3NeT field of view compared to that of a
neutrino telescope at the South Pole. This field of view allows for the observation of up-going neutrinos from a large fraction
of the sky (about 3.5 i) including the Galactic Centre and most of the Galactic Plane. In this region many TeV gamma sources
have been observed, among them several of those described above as well as further sources that have not yet been identi-
fied. It is also noteworthy that the closest extragalactic object in Figure 6-9, the AGN Centaurus A, is located in the southern

hemisphere where it is always above the horizon for neutrino telescopes at the South Pole.
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The sensitivity of the detector to neutrino point sources, based on one year of data, is shown in Figure 6-10 as a function of
the declination.The detector performance is presented as the flux that can be excluded at 90% CL (flux sensitivity) and the
flux that can be detected at 50 with 50% probability (discovery flux). This calculation assumes a neutrino energy spectrum
proportional to E™%. For comparison, the plot also shows the flux sensitivity of IceCube [2] (using an unbinned method and

a reconstruction algorithm that exploits energy-related information) and the IceCube discovery flux .The latter has been
extrapolated from the flux sensitivity using a factor of 2.5 to 3.5 which is based on the corresponding ratio for the IceCube
40-string configuration[76].The differences in shape of the sensitivity curves for KM3NeT and IceCube are caused by the dif-
ferent geographic location, the effect of neutrino absorption in the Earth and the different detector responses as a function of
zenith angle.The use of an unbinned method is expected to give an improvement in the KM3NeT sensitivity of about 40%.
From Figure 6-10 it can be seen that the KM3NeT sensitivity is better than that of IceCube over the full range of declinations,
even those in the northern sky which is the central field of view from the South Pole. For the southern sky, which is best
viewed from the Mediterranean Sea, KM3NeT will have a sensitivity nearly two orders of magnitude better than that of the
current instruments, Baikal and ANTARES, whose sensitivity curves fall outside the limits of the figure.To illustrate the impor-
tance of this region of the sky, the positions in declination of the Galactic sources indicated in Figure 6-9 are shown.

The sensitivity as a function of the observation time is shown in Figure 6-11.

Many of the Galactic TeV gamma sources shown in Figure 6-9,and in particular the supernova remnants, have an angular size
larger than the resolution of the neutrino telescope. For the search for such extended sources a study has been made of the
impact of the source size on the sensitivity. Since these sources are in general expected to have a cut-off in their energy spec-
tra at some TeV to some 10 TeV, a neutrino flux proportional to E  exp(-E/20TeV) has been assumed.The result of this study,

shown in Figure 6-12, indicates that the sensitivity is reduced by a factor of about 2 for typical source diameters of 1°.

Figure 6-10: Sensitivity of the full KM3NeT detector to neutrino point sources with an E 2 spectrum for one year of observation, as a
function of the source declination. The red lines indicate the flux sensitivity (90% CL;full line) and the discovery flux(5a, 50% prob-
ability; dashed line). Both are estimated with the binned analysis method. The black line is the IceCube flux sensitivity for one year,
estimated with the unbinned method [2] (full line). IceCube’s discovery flux (50, 50% probability) is also indicated (shaded band,
spanning a factor 2.5 to 3.5 above the flux sensitivity). The red ticks at the bottom of the horizontal axis show the positions of Galac-

ticgamma ray sources [3]; the position of the Galactic Centre is indicated by a blue star.
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Figure 6-11: Flux sensitivity (90% CL, solid line) and discovery
flux (50, 50% probability; dashed line) of the full KM3NeT
detector as a function of observation time for declination

6 =-60°(i.e.sin 6 =-0.866) and a =-2.

Figure 6-12: Dependence of the discovery flux (50, 50% prob-
ability) on the angular radius R of a neutrino source. The blue
(red) lines and symbols indicate the sensitivities after 5 (10)
years of observation, relative to point sources with R=0. For
this study, homogeneous emission from the source region
and a neutrino spectrum with a cut-off proportional to E

exp(-E/20TeV) were assumed.

The estimated sensitivity of the detector to neutrino fluxes from these point sources depends strongly on the extension of the

spectrum to high energies. Figure 6-13 shows the dependence of flux sensitivity and discovery flux on the assumed cut-off

energy.When the cut-off energy decreases from 1 PeV to 10 TeV the sensitivity worsens by an order of magnitude.
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Figure 6-13: Evolution of the one year flux sensitivity (black
dots) and discovery flux ( 50,50% probability; red squares)
for point sources at a declination of -60° as a function of the

assumed cut-off of the energy spectrum.
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The expected neutrino fluxes and the corresponding KM3NeT event rates from various Galactic high-energy gamma ray
sources, observed by the HESS telescope, have previously been calculated assuming that the gamma emission is of purely
hadronic origin, i.e.from r® decays [77].This study has now been updated, using the most recent gamma flux measurements
and the effective areas reported in this document.The results are presented in Table 6.1.Significant uncertainties arise from
the fact that the gamma ray measurements do not precisely constrain the cut-off energy of the spectra, which are of central
importance for the expected neutrino event numbers. For several sources, however, a significant detection after several years
of observation time appears to be possible. This is confirmed by a dedicated study for RX J1713.7-3946 in which the source
was simulated as an extended shell-type SNR.The study used a full Monte Carlo and analysis chain to determine the signifi-

cance of the signal in the KM3NeT detector as a function of observation time (Figure 6-14).

Source Name Source radius (°) Visibility Number of events for E,, > 5TeV
Signal v Atm v

RX J1713.7-3946 0.7 0.74 4-11 6.4

RX J0852.0-4622 1.0 0.84 2-6 17

Vela X 0.4 0.81 4-15 35

Crab Nebula <0.1 0.39 1-3 0.8

Table 6.1: Numbers of expected events in five years of observation time for a selection of possible Galactic sources of neutrinos. The
numbers of signal events and of background events from atmospheric neutrinos inside the optimised cone cut is given. The source

extension and the fraction of time the source is visible are also indicated.
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6.3.3 Transient Sources

For transient sources, it is possible to reduce the background dramatically by selecting a time window around the neutrino
emission period. Different analysis techniques will be applied to objects like GRBs, AGN flares and microquasars, where infor-
mation on the emission time is obtained from the observation of electromagnetic radiation, and to sources which have no
emissions recorded by other instruments.To illustrate the performance of the KM3NeT detector, studies of GRBs and core-col-
lapse supernovae are presented in the following.The two strategies used by ANTARES for the search of neutrinos coming from
transient sources can also be applied for KM3NeT [78].The first method is based on a search in conjunction with an accurate
timing and positional information provided by external observations: the Triggered Search. For GRBs, the triggers are gener-
ated by a set of satellites sending signals to the Gamma Ray Burst Coordinates Network (GCN), which distributes the data of
the GRBs detected by spacecraft. At the present time, GRB alerts are primarily provided by the Swift and FERMI satellites. For

the future decade, several GRB missions have been proposed. One of the most advanced, with launch scheduled in 2012, is the
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Space-based multi-band astronomical Variable Object Monitor (SVOM).The second search strategy exploits the very large
field of view of a neutrino telescope and is based on multiplets of neutrino events coming from the same direction within a
short time window: the Rolling Search. Gamma-ray bursts are the most energetic events in the Universe. Discovered in the late
1960s, their cosmological origin was unambiguously demonstrated only in 1997 when the first observation of a GRB afterglow
provided a distance measurement. From the radiation flux on Earth, the typical gamma energy emitted by a GRB in a couple
of minutes is estimated to be 10°'-10%2 erg, depending on the collimation of the radiation flux. Observations suggest that

the long-duration (>2 s) bursts originate probably from the collapse of a massive stellar progenitor into a black hole, whereas
short-duration (<2 s) bursts progenitors, both lead to the formation of stellar black holes and collimated jet outflows. In the
current canonical picture, the so-called Fireball model [79],“shells” of matter (plasma) are emitted from the vicinity of the
new-born black hole into the interstellar medium with relativistic bulk Lorentz factors (typically >100).f shells with different
velocities are emitted, a faster shell can reach a slower one and produce a shock which generates particle acceleration.

Using the Fireball model and measured gamma-ray spectra, it is possible to make predictions for the corresponding neutrino
spectrum [80].Figure 6-15 shows the neutrino energy spectrum calculated for a set of sample GRBs (see also [81]) detected by
Swift and FERMI.Table 6.2 gives neutrino signals for the two most powerful bursts of Figure 6-15 plus the sum of 100 bursts
according to a reference spectrum of Waxman and Bahcall [72]. 1t is clear that KM3NeT would be able to make a very signifi-
cant discovery if these rates are correct. However, it has to be kept in mind that these predictions must be taken as order-of-
magnitude estimates.

An example of the rolling strategy is the search for neutrino bursts from core-collapse supernovae. It has been suggested
[83,48], that in some of these explosions the jet does not escape from the stellar environment and the gamma ray emission
is“choked’ so that the event cannot be observed by GRB satellites and only the neutrino emission is bright (“failed GRB").

In such models mildly relativistic jets ploughing through a star would be efficient in producing high energy neutrinos.The

predicted neutrino spectrum follows a broken power law and for a supernova at a distance of 10 Mpc, about 60 events are

Figure 6-15: Neutrino spectra predicted for 57 GRBs detected in 2008 which could produce up-going events in the KM3NeT detector.
The green lines indicate the expected neutrino fluxes for 20 GRBs with measured redshift, the brown lines the fluxes for 37 further
GRBs without measured redshift, for which z=2 was assumed. The neutrino flux from an average GRB in the Waxmann Bahcall model
[82]is indicated by the dashed black line. The sum of the individual GRB fluxes (green and brown lines) is shown as the red line, the

sum of 57 average Waxman-Bahcall GRBs as the blue line.
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neutrinos from the same celestial direction within a short time window. Within a distance of 10 Mpc, the rate of core-collapse
supernovae is more than 1 yr' giving a high probability for the observation of such an event in the lifetime of the experiment.
The basic idea of the rolling search method is that the detection of a small number of neutrinos in temporal and directional
coincidence is statistically significant. For example, with KM3NeT, the probability of a random coincidence of three atmospher-
ic neutrinos within a time window of A t=100 s and a solid angle of A Q =(2°)? is 4x1073/year.The method makes no assumption
on the nature of the source and can be applied for any transient source of neutrinos.

At X-ray and lower gamma-ray energies, the sky is observed at any given time by modern space-based astronomical observa-
tories like Swift and FERMI. Ground-based high-energy gamma-ray detectors like H.E.S.S. or MAGIC currently cover only a small
fraction of the sky at any given moment. Multiwavelength astronomical observations can be used to associate neutrino point
source detections with transient astronomical sources like AGN flares or jet-production events, thus significantly enhancing
the discovery potential. Furthermore, it is possible to organise a follow-up programwith a small network of automated

0.3 - Tm telescopes, as originally proposed in [84]. Such optical telescopes already exist and many more are planned. For ex-
ample, the TAROT network used by the ANTARES collaboration [85] and the ROTSE Ill network used by the IceCube collabora-

tion[86], consist of several robotic telescopes, each with a 1.9° x 1.9° field of view.

GRB Signal Background
GRB080319B RX 2.6 5x10*
GRB080916C 27 5x10*
100 typical GRB 12 6x 1072

Table 6.2: Number of expected signal and background events from the two most energetic GRBs detected by SWIFT (GRB080319B)
and FERMI (GRB080916C) during 2008. Also shown is the sum of the signal expectations for 100 bursts (which roughly corresponds to

the GRB detection rate per year with future satellite systems) according to the reference spectrum of Waxman and Bahcall [82].

6.3.4 Diffuse Fluxes

Beyond point-like sources, the following diffuse fluxes of neutrinos are expected:

- diffuse neutrino flux from unresolved extragalactic sources;

+ cosmogenic neutrino flux produced during the propagation of ultra-high energy protons through the CMB radiation;

- a diffuse neutrino flux from the Galaxy.

Without the possibility of using a tight angular cut for reducing the background of atmospheric neutrinos, diffuse neutrino
flux searches have to rely on a cut on the reconstructed energy. Such a cut is effective in separating cosmic neutrinos (with a
spectrum expected to be roughly proportional to E) from atmospheric neutrinos (spectrum proportional to about E37).In the
case of a Galactic diffuse flux, directional information can be used for selecting events close to the Galactic Plane.

The energy reconstruction of neutrinos is based on the photon-counting capabilities of the detector.The energy loss of the
final-state muon from charged current muon-neutrino events is, for muon energies above about 1 TeV, proportional to the
muon energy.The number of detected photons is, in turn, proportional to the muon energy loss in the instrumented volume
of detector.The neutrino energy is finally estimated from the muon energy, taking into account the kinematics of neutrino-
nucleon interactions. For the present sensitivity studies, a simple energy estimator was used, based on hit counting for the
reconstructed muon track.The neutrino energy resolution expected in KM3NeT for muon neutrino events is about Alog(E,)=0.5.
A further difference between the atmospheric and cosmic neutrino fluxes which can be exploited in the analysis is the dif-

ferent composition in neutrino flavours. At high energies, the atmospheric neutrino flux mainly consists of v, while cosmic
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flavours are distinct; for example, v, and most of v, reactions induce shower-type events, the charged-current channel of
muon neutrino interactions yields a muon-type event. For ultra-high neutrino energies, as expected e.g.for the cosmogenic
neutrino flux, the Earth is opaque to neutrinos. In this case, neutrinos coming from the upper hemisphere have to be identi-
fied and separated from the atmospheric muon background. For such studies, shower events are important since they profit
from a strongly reduced background induced by atmospheric muons.The sensitivity to diffuse neutrino fluxes presented here

is based only on the v, mode; a reconstruction of shower events is under study [87].

Diffuse Flux from Unresolved Extragalactic Sources

The cosmic rays above the “knee” of the spectrum at about 10™°eV are believed to have an extragalactic origin and are thought
to originate from sources such as AGNs and GRBs.The neutrinos from a multitude of such objects are expected to form an
isotropic, diffuse flux. Assuming that the proton energies in such cosmic ray sources is completely transferred to pions, which
then produce neutrinos through their decays, one can derive an upper limit for the resulting extragalactic diffuse neutrino

flux [88].This is known as a“Waxman-Bahcall limit”and, for an E2 spectrum, is equal to E2dN/dE =5x 108GeV cm=2 s sr .
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Figure 6-16: Diffuse flux sensitivity of the KM3NeT neutrino telescope for one year of observation time, together with Waxman-Bah-
call limit [88] and sensitivity limits from AMANDA [89,90], ANTARES [91 and IceCube [92]: recent preliminary results from the 40 line
IceCube detector show that these predicted limits have already been reached. For the experimental sensitivities, the horizontal extent
of the limit lines indicates the energy range for which the study was performed.

The sensitivity to diffuse fluxes was optimised with the MRF method leading to an effective energy cut E, >10%° GeV.

A neutrino flux with a spectrum proportional to E? was assumed. The minimal flux limit obtained is 3x10° GeV cm2s'sr ' and

is shown in Figure 6-16 together with results obtained for other neutrino telescopes.
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Cosmogenic Neutrino Flux

A diffuse “cosmogenic” neutrino flux is generated during the propagation of cosmic rays through the cosmic microwave
background radiation (CMB). Above about 10'*¢eV the cosmic ray protons produce pions through photo-production of

A resonances: pycys — A*— nt*/pm°. The subsequent decay of the charged pions and neutrons results in a diffuse neutrino
flux. For different cosmic ray compositions, the event rates per km? of water volume and per year are given in [93]. An estimate
of the cosmogenic neutrino events rates in KM3NeT gives 2-3 events/year, assuming that all ultra-high energy cosmic rays are

protons.

Galactic Neutrino Flux

The bulk of cosmic rays observed on Earth are produced in the Galaxy.The diffuse gamma and neutrino fluxes, which are
produced in the interaction of cosmic ray protons and nuclei with the interstellar gas in the Galaxy, are expected to be roughly
equal.The assumption that observed Galactic gamma emission comes from hadronic processes thus yields an estimate of the
diffuse Galactic neutrino flux.

The Galactic plane occupies a relatively small area of sky, the inner part of which is visible from the Mediterranean Sea.This
region has an extension of 0.097 steradians (-40° < | < 40° and -2° < b < 2°, where | and b are Galactic longitude and latitude)
and occupies less than 1% of the neutrino sky visible by KM3NeT.

The prediction used here for the neutrino flux was calculated from the multi-TeV gamma emission observed by MILAGRO [94].
The calculation assumes that the flux measured in the region 30°<1<65° is representative for the whole Galaxy (the inner part
of the Galaxy was not visible to MILAGRO) and that the origin of this emission is entirely hadronic.The predicted event rates
from the resulting Galactic diffuse neutrino flux in KM3NeT are given in Figure 6-17 for the three different cosmic ray spectra
defined in reference [95]. Between 14 and 39 neutrino events are expected above 10 TeV in one year, depending on the cos-

mic ray spectra.The rate of atmospheric neutrinos under similar conditions corresponds to 80 events per year.

Figure 6-17: Integral neutrino event rates above a given
energy in the KM3NeT neutrino telescope from the diffuse
flux from the inner Galaxy; the three lines are the predictions
for the different flux assumptions given [95]. About 80 atmos-

pheric neutrino events are expected above 10 TeV.
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6.3.5 Dark Matter

A deep-sea neutrino telescope allows for performing indirect search for Dark Matter, the existence of which is strongly indi-
cated by astronomical observations and essential for the standard model of cosmology. Except in more exotic scenarios, Dark
Matter is assumed to consist of neutral, weakly interacting massive particles (WIMPs) with masses of at least several GeV/c%
Many theories, most notably Supersymmetry and Extra-Dimensions, feature a suitable candidate particle, which is stable due
to conservation of a multiplicative quantum number that is different for Dark Matter and Standard Model particles. However,
the annihilation of two Dark Matter particles into Standard Model particles is allowed.The Dark Matter is assumed to have
frozen out of equilibrium with the lighter standard matter when the Universe cooled down.From measurements of the fluc-
tuations of the Cosmic Microwave Background by the WMAP experiment, the current relic density of Dark Matter is derived,
which poses strong constraints on the combination of mass and production/annihilation cross-section of the Dark Matter
particles,independent of the specific theory [96].

Among the supersymmetric theories the minimal Supergravity model (mSugra) is especially well studied. In mSugra, the su-
persymmetry breaking occurs in the hidden sector and is communicated to the physical sector by gravity. Using the renormal-
isation group equation, the masses and couplings at the electroweak scale are calculated from four continuous parameters
plus a sign defined at an energy scale of 10'® GeV. A valid candidate for Dark Matter could be the lightest of four neutralinos,
which are the mass eigenstates of the four neutral higgsinos and gauginos.

The detection rate in KM3NeT of neutrinos originating from the annihilation of neutralinos captured in the Sun has been cal-
culated for about four million distinct parameter combinations in the mSugra parameter space using DarkSUSY [97].The scan
was guided by comparison of the resulting relic density to the result from WMAP [96]. The ISASUGRA renormalisation group
equation code [98] was used. For the Galactic halo profile, the Navarro-Frenk-White [99] parameterisation was chosen, and the

mass of the top quark was set to 172.5 GeV/c2.

Figure 6-18: The muon flux above a threshold energy of one GeV induced in a neutrino telescope by neutrinos from annihilation of
mSugra Dark Matter in the Sun, as a function of the neutralino mass The coloured points correspond to mSugra parameters consist-
ent with the WMAP observations (see text). The models within (outside) the detection reach of KM3NeT are coloured green (red). The
KM3NeT and IceCube sensitivities correspond to observation times of 10 years. Limits from selected experiments [100,103,102] are

also indicated.
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Figure 6-19: The spin-dependent WIMP-proton cross section plotted against the neutralino mass. The coloured points correspond to
mSugra parameters consistent with the WMAP observations (see text). The models within (beyond) the discovery reach of KM3NeT

are coloured green (red). Limits of selected experiments are also indicated.

From the detection rate for neutrinos originating from neutralino annihilation in the Sun,a 90% CL exclusion sensitivity for
10 years of data taking data was calculated.The analysis assumed a search cone of 3° radius around the Sun and the neutrino
energy was restricted to be between 50 GeV and the mass of the neutralino. Detectable models are coloured green in Figure
6-18 and Figure 6-19, the others red. Bright colours indicate a relic density within the 2-sigma band of WMAP.The topmost
branch of mSugra models corresponds to the Focus Point Region [104] of the parameter space.This region can be nearly
completely assessed by KM3NeT. As seen from Figure 6-19, the sensitivity of KM3NeT on the spin-dependent WIMP-proton
cross section is significantly higher than for current direct detection experiments [105,106,107], when measuring exclusively
this quantity.

Comparing the IceCube experiment sensitivity [103], calculated under conservative assumptions, to the model-specific sensi-
tivity of KM3NeT (Figure 6-18 and Figure 6-19), it can be concluded that IceCube’s capabilities concerning Dark Matter detec-
tion will exceed those of KM3NeT.This is mostly due to the extra sensitivity added to IceCube by the “Deep Core”installation.
Note that a similar set-up is also possible for KM3NeT and might be quickly installed in case findings from other experiments

(IceCube, direct WIMP searches, LHC) suggest that this was appropriate.
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7. Ecological Impact and Decommissioning

The environmental impact of the telescope infrastructure can be considered in the 4 time phases:
Phase 1:Construction and commissioning.

Phase 2: Operations and maintenance.

Phase 3: Decommissioning.

Phase 4:Legacy post-decommissioning.

Within each of these phases (to varying degrees) there are considerations regarding:

1. Shore-based infrastructure directly connected to the telescope.

2. Sub-sea infrastructure

3.The cable route.

4. Infrastructure and operations at the partner institutions.

5. Operations during manufacture at partner institutions and suppliers.

7.1 Construction and Commissioning

In general it is during this phase that the greatest environmental disturbance will occur associated with manufacture of the
telescope components, their transport to the ultimate location and deployment in the sea. Once commissioned, the shore-
based infrastructure connected to the telescope is modest in size comprising power supply systems and computers, which at
the three main candidate sites can be accommodated in existing buildings. Therefore no major new construction works are
anticipated on shore.The sea floor infrastructure implies assembly of a large weight and volume of material. For transporta-
tion it is expected that material will be containerised and total quantity will be of the order of 1000 Twenty-foot Equivalent
Units (1000 TEU).This represents a small fraction of the annual traffic at regional ports Marseilles 0.8mTEU, Gioa-Tauro 3m TEU
and Piraeus 1.6m TEU[108] and will be spread over several years of construction. Locations will be sought for final assembly
and testing before loading onto the deployment vessels. Since distances in the Mediterranean Sea are short, such integration
can be done at any convenient port location. Localised impact at the telescope site will be minimal.

During construction deployment vessels will occupy the water over the telescope site. Navigation by other shipping will

be controlled by issuance of Notices to Mariners and display of appropriate shapes and lights under the IMO (International
Maritime Organisation), Convention on the International Regulations for Preventing Collisions at Sea, 1972 (COLREGS).This
will be carried out in consultation with local fishing and shipping interests and the guidance of relevant national coastguards.
Deployment of the sub sea infrastructure itself is expected to have negligible impact.

Laying of the cable from the shore to the deep sea infrastructure raises issues of way- leaves for the cable through the littoral
zone and possible need for trenching or cover to protect from anchoring and fishing until an appropriate depth is reached.

Well-established best practice for cable and pipeline laying in the Mediterranean area will be followed

7.2 Operations and Maintenance

During normal operations of the telescope there will be no evidence of presence of the system on the surface.The top of the
optical strings or towers will be more than 1500 m below the sea surface beyond the depths of concern for navigation by
surface vessels, normal fishing gears or military submarines (maximum depths are classified but are specified as no more than
250 m). However fishing vessels in the Mediterranean Sea do deploy baited long lines or gill nets which may be more than
1500 m long and although intended to be deployed near the surface may sink deeper during shooting or recovery. Limitations
on fishing activity over the array may be a prudent measure.

The system will occupy a volume of sea water of several cubic km and may form an obstruction to movements of large
animals.There is life at all depths in the Mediterranean Sea but particularly the Eastern basin is considered oligotrophic (low

productivity) and abundance of animal life is much lower than in e.g.the North Atlantic Ocean.
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The maximum depth at which large sharks have been observed in the Eastern Mediterranean Sea is 2500 m[109] with only
relatively smaller fishes and shrimps occurring at greater depths.The world record for the dive depth of whale was recorded
in the Mediterranean Sea as 1900 m[110]. Depending on depth of location of the telescope infrastructure it is therefore pos-
sible that interactions may occur at the top of array with large animals such as whales and sharks. The array will emit sound
and light from its test beacons which will be detectable by marine fauna.The acoustic frequencies used >10kHz are inaudi-
ble to fishes but will be detectable by marine mammals at close range. Most deep-sea animals can detect light in the blue
part of the spectrum around 480 nm.There is the theoretical possibility that these animals may detect and reply to beacon
signals. Sharks have electromagnetic sensors and may be able to detect switching of currents in the power supplies.The main
biological effect of the array is that it will provide areas of hard substrate in an otherwise fluid environment upon which some
species of organisms can settle and grow[111]. Whilst this provides opportunities for such organisms, this is considered to be
undesirable fouling growth for operation of any underwater equipment. Fouling begins with a film of bacteria coating the
equipment followed by colonisation by various sessile animals species such as sponges, corals and barnacles depending on
the availability of source larvae.Trials so far indicate rates of fouling at the great depths proposed will be low but limited use
of approved antifouling materials may be necessary on key components. From time to time the sub sea infrastructure may

require maintenance interventions. Ships with remotely operated vehicles will then need to occupy the site.

7.3 Decommissioning

The intention is that buildings on shore will be reallocated for other uses. For the subsea components, KM3NeT will comply
with UNCLOS1 - 1982 United Nations Convention on the Law of the Sea Article 60(3) which includes the following text

“Any installations or structures which are abandoned or disused shall be removed to ensure safety of navigation, taking into ac-
count any generally accepted international standards established in this regard by the competent international organisation. Such
removal shall also have due regard to fishing, the protection of the marine environment and the rights and duties of other States.

Appropriate publicity shall be given to the depth, position and dimensions of any installations or structures not entirely removed”

Generally the KM3NeT infrastructure is too deep to be of concern for navigation or fishing. Decommission of offshore struc-
tures is generally governed by the United Nations Environment Programme (UNEP) and in the Mediterranean Sea KM3NeT
should comply with the relevant UNEP regional seas agreement which is the Barcelona Convention, Convention for the Pro-
tection of the Marine Environment and the Coastal Region of the Mediterranean (Revised 1995)

All the sub-sea components above the sea floor will be cut off and removed to shore for disposal in accordance with the
Barcelona Convention.In view of the great depth, inert ballast blocks and cables will be left in place; it is considered that the
disturbance created by attempting to remove material which by this time will be encrusted with growth, covered in sediment
and settled into the sea floor would be detrimental to the environment. Any cable exposed at less than 1500m depth will be
cut off and removed to restore the sea floor to original condition for access by fishermen.

Cost of decommissioning will be included in the business plan for the infrastructure.

7.4 Legacy Post-Decommissioning

Following decommissioning there will be very little evidence of that the infrastructure was ever there.The precise locations of
material, on the sea floor (bases of strings) will be lodged with international marine data centres and may form the basis for
future investigations of marine processes on materials deployed at a known time in the past for comparison with the emerg-

ing field of deep sea archaeology in the Mediterranean Sea.
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8. Quality Assurance and Reliability

The KM3NeT infrastructure must operate for at least 10 years, without significant degradation, at a depth of up to 5000 metres
(50 MPa pressure) in the chemically-aggressive deep-sea environment.This imposes strict quality standards on each subsys-
tem within the detector.To meet these standards a quality assurance system will be implemented covering each step of the
detector production, transportation, deployment and operations.

During construction and operation, there is a need for:

1. Well defined actions for coordination, planning and control.

2. |dentification of weak points in the design and operation of the detector and the subsequent corrective and mitigating
actions through design improvements and operational procedures.

The quality assurance system requires the implementation of a management structure, the identification of responsibilities

and resources, and the definition of procedures and activities.

Product quality

Quality Management System Success of the experiment

Functionality

Performance

Accuracy

Controllability Reliability

Ecological Durability

Safety Maintainability

Dependability Diagnostics
Reparability
Storability
Availability

Figure 8-1: Schematic structure of product quality.[112]

A schematic structure of a generic product quality system is shown in Figure 8-1.It shows the link between quality and reli-
ability of a product.
In the following the quality management system will be described based on an adopted methodology and risk and depend-

ability analyses.

8.1 Methodology

Several different quality standards have been analysed.The choice has fallen on the ISO 9000 family of standards. It is widely
adopted in industry and allows the freedom to customize the standard to the specific KM3NeT requirements.

The Quality Management System (QMS) must address the requirements of quality assurance (QA) and risk assessment (RA). It
includes the quality control process through the Deming cycle, a design optimisation process, and allows for the risk analysis

to proceed in parallel and interact with the design.
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In particular it has been translated into:

+ An in depth study of the project, based on information from the pilot projects and the general requirements formulated
in the KM3NeT design study.

+ An organization of the collected information

* The analysis of QA and RA standards;

+ The development of the QA and RA systems in parallel

+ The monitoring of design activities;

- Identification of weak points and subsequent corrective actions.

The implementation has used questionnaires and audits for information gathering.The system functionality has been de-

scribed in flow and block diagrams and a product breakdown structure has been defined.

8.2 Quality Management System

The QMS must take into account the complexity of KM3NeT not only in terms of number of components and systems but also
in terms of the international nature of the consortium.

The QMS is modular and hierarchical as indicated in Figure 8-4.The quality assurance rules are passed down the structure

and at each stage further restrictions and rules can easily be added. As far as possible the general structure of QMS should be

respected.
Quality Management System
Quality Assurance Manual
Risk Assessment
Quality Assurance Management
H-S-E
Risk Index Quality Manual Quality Manual Quality Manual

Figure 8-4: KM3NeT quality management system.

8.2.1 Quality Assurance Manual

The quality assurance manual describes the general structure of the QMS. It details the objectives of the project and the struc-
ture of the project management. It defines the quality policy and the quality documentation including reference documents,
quality management documentation (QMD), procedures, quality plans and the quality management database.

The quality assurance is closely interwoven with risk assessment, both in terms of risk management and dependability analy-

sis,and health, safety and environmental issues.

161



“ KM3NeT: Technical Design Report

The risk assessment provides input to the design review process and the quality control actions to be taken to avoid and
mitigate weak points.The analysis of health, safety and environmental issues provides input into the QMS procedures ensur-
ing they comply with European and national laws. In each phase of the project, the quality assurance manual needs to be

reviewed and updated where necessary.

Quality Assurance Management
The structure of the management is given in Figure 8-5.The overall management of the quality assurance is contained in the
quality executive. It comprises a number of managers that are responsible for different aspects of quality control. The execu-
tive is in charge of:
+ The management of the QMS;
- The definition of procedures and quality control actions in close cooperation with the experiment executive and
technical experts;
- The internal and external quality auditing;

+ The organisation of periodic quality assurance training courses.

Experiment Executive

l_ I" Project Management

Quality Executive

‘_
l QA coordinator
Local Quality Manager QA manager for logistics
QA manager for production and manufacturering
l —» | QA manager for integration
Local Quality Supervisor QA manager for sea operations
QA manager database

Figure 8-5: KM3NeT quality management.

The managers that comprise the executive are the following:

- The coordinator: the representative of the quality office in the steering committee;

- The logistics manager: oversees the packaging, storage and transportations;

* The production manager: oversees the communication of quality requirement to suppliers and defines and monitors accept-
ance tests;

* The integration manager: oversees the quality aspects of design integration and operation;

- The sea operations manager: oversees quality and health and safety during all sea operation activities;

* The quality assurance database manager: manages the QMS database.

The managers of the executive will define the quality assurance procedures in their individual areas of responsibility. Figure
8-6 shows some of these areas that will require procedure definition.This process is dynamic and the procedures will require

continuous review and update.
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Specific items such as optical modules, storeys, detection units and deployment operations will require customized quality
plans.These are similar to those developed for and applied in the ANTARES and NEMO pilot projects.These will require the
coordination of several quality managers.

At the local level the executive is represented by a local quality manager, responsible for all aspects of the QMS within his
institute on a day to day basis, and a local quality supervisor, responsible for the quality control and application of the QMS in

a specific area.

Procedures
Test Pre-production
Production Storage
Assembly Transportation
Packaging Incoming system
Qualification Process definition
Non conformity management Quality plan implementation

Figure 8-6: KM3NeT procedures.

Quality management documentation

Rules have been defined for the identification of documentation and components within the system.

For the documentation these include an identification number, categorization, validation by the appropriate quality assurance
manager and an up to date history of the document.

For the components it comprises a product breakdown structure along the lines of the scheme presented in Figure 8-3.

Finally a naming convention has been developed.

Database
The documentation database design relies on the experience gained with such databases in the pilot projects.The require-
ments for the KM3NeT database have been defined and a prototype was developed. It includes on-line access to test records

and the definition of the product breakdown structure.
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It maintains document, component and system traceability during the qualification, construction and operation phases of
KM3NeT.

It is modular and based on the product break down structure, as shown in Figure 8-7 and will contain the entire technical
documentation.

The history and traceability of all the components and systems are contained in the storage module. Information on integra-
tion and deployment is stored in the respective modules and the current status of all deployed component is contained in the
layout module. All modules are interlinked and are accessible through user interfaces.

The layout module is the interface in the control room. It provides all the technical information on the components deployed

and running on the sea bed.

KM3NeT PBS structure N Technical requirements

History and traceability
of the documents and
components on:

Production
Storage: Transportation
Single components Test documents
—
Subsystems Deployment
Systems
I Procedure
Integration Test
Packaging
Deployment

l

KM3NeT Layout

Figure 8-7: KM3NeT database structure.
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8.3 Risk Assessment

In complex, expensive, unique or one-of-a-kind systems, like the neutrino telescope, assessment of the mechanisms of poten-
tial failures through analysis is a necessary ingredient of risk analysis because a statistical basis for the overall system perform-
ance is not available. Risk must therefore be synthesized from information about the performance of simpler subsystems

or components of the system.This information comes either from past operational experience in other systems or through
experimentation.The objectives of a risk analysis for KM3NeT are therefore

1. To define the mission of the neutrino telescope in quantifiable terms

2. Assess specific scenarios (sequences of events) that can lead to the inability of the system to perform its mission

3. Assess the probability of each and every scenario

In this sense a risk analysis results in a set of triplets {s,pi,ci} providing specific scenarios (si) with their associated probability
of occurrence (p) and consequence (c). Risk representation with the set of triplets provides more information and enables
risk management decision making since it differentiates among different types of failures in terms of their severity and their
relative probability. In reliability analyses it is customary to define only one type of consequence (e.g. mission failure) and then
calculate only the probability of occurrence of the various paths that lead to it. This implies that all types of mission failure are
equally important, which may not always be the case.

The risk analysis, described in the CDR [1], essentially entails the determination of the values for (s), (c) and (p).The first two
can be obtained by a qualitative analysis of the full detector system, whereas the third is obtained from a quantitative analysis
based on existing reliability figures obtained from pilot projects, results from accelerated testing of components or manufac-

turers data.

8.4 Dependability analysis

The dependability analysis is used in KM3NeT mainly as a “technological system” It assumes that the detector has been con-
structed and is operating.The analysis developed allows correlations between the reliability characteristics of the components
and those of the total system to be made.

A first order approximation to the dependability analysis of the design of the neutrino telescope has been conducted. System
availability criteria are generated from the existing functional and performance requirements, defined in the CDR.In terms of
risk analysis a system, or component, is deemed available when it operates in excess of a predefined operational threshold.
For a complex system, availability of the system depends on the availability of the components.The first problem to be ad-
dressed in dependability analyses is the calculation of system availability as a function of component availabilities. The system

performance can then be viewed from two different perspectives.

- Given the availabilities of all the components of the system, determine the availability of the system as a whole.
- Given a performance criterion or required function, expressed as a system availability level, determine the component

availabilities that will satisfy this criterion.

Fundamental to the dependability analysis of any system, is the definition of its required function.The primary function of the
neutrino telescope is to allow for the recording and analysis of tracks produced in the interaction of neutrino.The essential
component in determining the telescope availability is the optical module.The optical module availability includes not only
the optical module operability but also its ability to transport data back to shore. It is then reasonable to define the required
function of the telescope to be a minimum number of available optical modules in the telescope. An additional requirement is

that the telescope is available for a percentage of its useful life (10 years).
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The large volume neutrino telescope consists of various components and subsystems that can be divided into three major
subsystems:

* The detector network, from optical module to primary junction box;

* The deep-sea infrastructure, primary junction box to shore;

* The on-shore infrastructure.

All three subsystems must operate for the telescope to be available. Hence they are logically connected in series.The on-shore
infrastructure subsystem was not included in this phase of the dependability analysis, since repairs of this system can be

performed instantaneously.

The overall unavailability of the neutrino telescope is then a function of the unavailability of the detector network and the
unavailability of the deep-sea infrastructure.The latter is easily evaluated as the combined unavailability of the primary junc-

tion box(es) and the main electro-optical cable(s) to shore.

The model developed for the calculation of the detector network unavailability was based on the method of successive
decomposition. The detector network comprises the optical modules on the detection units, and the junction boxes for each
detection unit, branch and sector. If a sector junction box or the associated cabling to the main junction box fails then all opti-
cal modules mounted in the detection units of the branches in this sector become unavailable. Similarly if the junction box
of a branch or the cabling connecting it to the sector junction box fails then the optical modules of the detection units in this
branch become unavailable. Finally if the junction box of a detection unit or the cabling connecting the detection unit to the
branch junction box fails or the detection unit itself fails structurally then the optical modules of this detection unit become
unavailable. Figure 8-8 gives the block diagrams at each decomposition level, illustrating the development of the unavailabil-
ity model. It is a generic many level representation and allows for intermediate levels to be absent, if required by the design.
On the basis of these observations and a detector function based on the minimum number of available optical modules, the
detector network unavailability is calculated. Detailed information on the development of the unavailability model can be
foundin [113].

The developed unavailability model provides the combined unavailability of the detection network and the deep sea
infrastructure based on component unavailability. As a first approximation the steady state dependability of the system was
calculated. This means that the availability of each of its components is set equal to the mean availability over the life time of
the system.The steady-state unavailability for all components was calculated. The assumptions made at this stage include:
a) parts of the detector are designed in such a way that they are retrievable, serviceable and replaceable;

b) failure of a component is immediately detectable;

c) repair starts immediately or only at predetermined intervals;

The different components were classified into two classes:
a) those that are retrievable and repairable

b) those that are not repairable
The risk analysis considered the two distinct approaches followed by the project. One being a design with extended storeys

incorporating six optical modules with large PMTs (simulating the bar and triangle design) and the other being the string

design with multi-PMT optical modules.
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Figure 8-8: Generic detector network and deep sea infrastructure block diagrams.

For both case studies the cables connecting the detection units to the secondary junction boxes, those connecting second-
ary boxes to primary junction box and the cable running from primary junction box to shore are instantly repairable and the
repair period is one month.The primary junction box is repairable. For the secondary junction boxes both instant reparability
and non-reparability are investigated.

« For the extended storey design, the optical modules, the storeys and the detection units are either non-repairable or repair-
able with a repair period of one month and a maximum number of repairs per year of 12.The detector has a hexagonal layout
and the design has 15240 optical modules and 2540 electronic modules.

- For the string design the optical modules and the detection units are non-repairable.The detector has a hexagonal layout

and the design has 6200 optical modules.

A number of sensitivity analyses were performed on the two alternatives. A variety of detector network layouts were consid-
ered to investigate the tradeoffs in the total number of optical modules and their arrangement.The detailed results of the
dependability analysis are reported elsewhere [113].The results enable estimation of the trade-offs between the component
mean time to failure (MTTF), the component reparability and the required availability over a 10 year period.The system avail-
ability criterion was set to 90% of optical modules available over a 10 year period. It should be noted that the actual effort

of achieving a particular MTTF or performing the repair of a component within the same or different designs might vary
significantly.

These practical issues are not addressed in the present work due to lack of data.Therefore the results can not be, as yet, used
to compare the two alternative designs.This analysis, however, does allow for optimisation of the configuration of each of the

two approaches considered..
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8.4.1 Results of the dependability analysis

Since designs are under qualification and optimization process the results and the configurations of the case studies will be
according modified. As present status the following reports the results related to the analysis applied to the extended storey
design in the configuration as described in chapter 3.1t provides the magnitude of the MTTF foreseen for the detector and its
components.

Two different approaches to achieve the defined unavailability of the system are presented:

* The MTTF value can be reduced applying maintenance strategy,

« If this MTTF is not technically achievable or too expensive the required extra unavailability can be provided by extra

redundancy in the number of detection units and hence the OMs.

Results of the dependability analysis: maintenance and reparability of components

The following describe the trade-offs between the various repair schemes, the unavailability targets and the component
MTTF. For instance, consider that all the components of the Deep Sea Infrastructure (DSI) have a MTTF equal to 10 years and
are immediately repairable with mean time to repair (MTTR) equal to one month.The MTTF, (assumed equal for all compo-
nents) required to achieve a given system availability is calculated.Table 8-1 gives the results of the dependability analysis for
the following cases, where c represents the system operability criterion and U__ the maximum telescope unavailability.

In the first case,the PJB-SJB cables, the SJBs, the detection units, the storeys and the optical modules are non-repairable:.

For c=10%, as the unavailability target increases from 5% to 20%, the required MTTFs for the non-repairable components

decrease by 40%. For c=20% the observed decrease is at 35%. As c increases from 10% to 20%, the average reduction in MTTF

Case 1: C=10%, DSI: MTTF=10yrs, MTTR=1month

SJB DU cable, STO, OM
Umax % MTTF [yrs] MTTF [yrs] MDT [month] MTTF [yrs] MDT [month]
° 5% 600 Non-rep 600 Non-rep 600
§ —| 10% 450 Non-rep 450 Non-rep 450
20% 360 Non-rep 360 Non-rep 360
° 5% 11 1,2 630 Non-rep 630
é al 10% 11 1,2 430 Non-rep 430
20% 11 1,2 330 Non-rep 330
© 5% 11 1,2 21 2,2 630
8| 10% 11 1,2 21 2,2 370
© 20% 11 1,2 21 2,2 280
Case 2: C=20%, DSI: MTTF=10yrs, MTTR=1month
SIB DU cable, STO, OM
Umax % MTTF [yrs] MDT [month] MTTF [yrs] MDT [month] MTTF [yrs]
° 5% 235 Non-rep 235 Non-rep 235
§ —| 10% 182 Non-rep 182 Non-rep 182
20% 152 Non-rep 152 Non-rep 152
° 5% 11 1,2 185 Non-rep 185
5 o 10% 11 1,2 153 Non-rep 153
20% 11 1,2 123 Non-rep 123
° 5% 11 1,2 21 2,2 147
§ el 10% 11 1,2 21 22 119
20% 11 1,2 21 22 104

Table 8.1: Dependability analysis results for extend storey design.
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In the second case, the PJB-SJB cables, the detection units, the storeys and the optical modules are non-repairable.The SJBs
are repaired one at a time with MTTR one month. In this case, the mean downtime (MDT) of a SJB is higher than the specified
MTTR, so a conservative estimate of the MDT may be derived using queuing theory.Taking the unavailability of the SBJs to

be equal to that of the other repairable components, the estimated SJB MTTF is around 11 years with MDT 1.2 months.The
observed trend in the required MTTS for non-repairable components is similar to case 1.The MTTF values are lower than those
of case 1, unless they exceed the 600yrs, because then the unavailability of non-repairable components becomes higher that

the unavailability of repairable components assumed here.

In the third case, the PJB-SJB cables, the storeys and the optical modules are non-repairable.The SJBs and the detection units
are repaired one at a time with MTTR one month:The MTTFs and MDTs for the SJBs are the same as in case 2.Taking the una-
vailability of the detection units to be equal to that of the other repairable components, the MTTFs and MDTs are 21 years and
2.2 months.The observed trend in the required MTTS for non-repairable components is similar to the previous cases. Since the
MDT and the frequency of failure decreases the unavailability drops down, so lower MTTFs of the non-repairable components

can be used.This benefit becomes more evidentat low cand U__ values.

For larger unavailability of the DSI, the reliability requirements for the Detector Network components become more severe.
For example, if the main electro-optical cable MTTF decreases to 2 years, the required MTTFs of the non-repairable compo-

nents case 3, with c=20% and Umax=5%, increase to 490 years.

Results of the dependability analysis: redundancy of detector components

Assuming all detector network components have the same MTTF, the required MTTF to meet the system availability criterion
is 375 years. If this MTTF is not technically achievable or too expensive the required extra unavailability can be provided by
extra redundancy in the number of detection units and hence the OMs. If the achievable MTTF of the components is equal to
150 years then an additional 12% of OMs (1828) are required. If the technically achievable MTTF is 75 years then an additional
30% of OMs (4572) are required.

8.5 Failure mode and effect analyses

Once a component reliability requirement has been assessed (either as a design target or as a requirement stemming from
the system reliability) it is necessary to determine whether the existing or the proposed design for this component can meet
this requirement. A component reliability requirement is usually expressed in terms of its MTTF MTTFs (or other reliability
measures, e.g. Failure In Time (FIT) rate) can be determined from manufacturer specifications or from in-house testing.The
failure rates of complex systems are functions of the failure rates of the individual components that constitute the system.To
determine this function a Failure Mode Effect and Criticality Analysis (FMECA) is performed [114,115]. An FMECA is a proce-

dure for identifying potential failure modes in a system and classifying them according to their determined severity values.

A FMECA is usually carried out progressively in two parts:
- The first part identifies failure modes and their effects (Failure Mode and Effect Analyses [FMEA]).
* The second part ranks failure modes according to the combination of severity and the probability of that failure mode

occurring (Criticality Analysis).
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The FMEA (FMECA) procedure may be summarised as completing the following steps:

Define the system to be analysed;

Construct a hierarchical block diagram (e.g. RBD-reliability block diagram);

Identify failure modes at all levels;

Assign effects to the failure modes;

Assign severity categories to effects;
Enter other failure mode data;
Rank failure modes in terms of severity (and criticality);

Produce reports highlighting critical failures;

Feed results back to designers or maintenance planners;

= 0V ® N O U N WN =

0. Estimate the final system failure rate;

If failure modes are assumed catastrophic, i.e. where subsystem failure leads to system failure, steps 4 to 8 become redundant.
In this case the analysis can be considered conservative. All the information is collected into a table similar to those used in
defence applications (MIL-STD-1629A) or in the space industry (ECSS-Q-30-02A).The result of the FMECA becomes the input
to the dependability analysis.To achieve a reliable dependability analysis for the neutrino telescope full FMECA analyses of
the subsystems must be performed.These subsystems are optical module, electronic module, master module, backbone cable,
interlink cable, secondary junction box, branch cable, primary junction box, main cable and shore electronics and power de-
livery.These subsystems are described in the product breakdown structures in chapter 3.The failure modes must include the
power delivery, the slow control and the data acquisition. This will yield an availability estimate for the full telescope.

A fault tree analysis can then be used to optimize the availability of the full system.For instance, such an analysis on the storey
architecture in the NEMO1 pilot project yielded the result that reliability is enhanced by limiting the number of components
connected in series, reducing the number of external connectors and providing redundancy of protective systems.

The basic structure for these analyses is in place.The full analysis will, however, only be possible when final figures for failure
rates are known. Many of these await prototype tests that will allow for more solid design specifications.The risk analysis will
then aid the optimisation of the design and also provide input to the detector maintenance strategy.The design optimisation
and maintenance strategy must necessarily also include results from physics performance studies and is also impacted by fi-
nancial considerations.The final requirement specification for components will be a trade-off between performance, cost and
reliability. The quality management system is in place to ensure the compliance of all components with the design specifica-

tions deduced from the above analyses.

8.6 Quality Control

The results from the quality assurance and from the dependability analysis show the need for qualification and optimization
processes: reliability demonstration programs should be defined once reliability has been allocated to various components
(e.g.using accelerating testing) in order to examine (and guarantee) the performance of the required function by the overall
system. Such activity is reported in Figure 8-9.The reliability program is developed through a qualification process that implies
a design review, a FMEA and dependability analysis, the design of proper tests to check the functions and requirements of
components / systems are satisfied, the execution of the tests and the check of the results obtained that includes the FMEA
and the dependability analysis. Once such process is concluded for all the components and systems of KM3NeT the quality
control can be defined for all the processes of the project (i.e. suppliers’ qualification, in factory test, acceptance test, trans-
portation and packaging test, integration test, delivering test, pre-installation test, etc.).The FMEA and FTA will support the

definition of the quality control.

170
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8.6.1 General rules for the quality control definition
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A high level of reliability is required during the assembly processes, which can only be achieved by enforcing a rigorous qual-

ity control process at every stage of production.

For each type of item according to the ISO 9000 family, the QC activity will be adapted with respect to its specified level of

dependability, its level of integration and its associated level of failure risk to the whole project.The QC would be done on a

part or on entire item.
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General rules

The general points for QC in assembly, transportation and test are the following one:

- Resources.To carry out this activity, at least, a dedicated and qualified quality supervisor will be identified for each
production/assembly site. Operations shall be performed by trained and qualified personnel.

- Documentation. Dedicated documentation will be written, completed, recorded and archived following the
Documentation Management Procedure.

* Traceability. Each product will be identified and stamped with a unique serial number, using an appropriate method such
as bar codes. Using this serial number, each item will be traceable with respect to configuration, assembly and location
details. These traceability records will be maintained and accessed via the QA database.

- Non conformity. The knowledge and traceability of defects is made through a Non Conformance Report (NCR).

The NCRis initiated by people in assembly groups and then treated by the Local Quality Supervisor who releases it and
follows the progress of the NCR.

- Reviews. Before each relevant phase, stage or operation, a review will take place to highlight all known risks.

Dedicated rules

The specific points in QA/QC for each type of activity are detailed below.

Assembly

The assembly process will be validated before starting production by a Production Readiness Review (PRR) and reviews with
manufacturers. During production audits will be performed.

For each assembly activity (OM, container, DU...), a dedicated quality plan will be written.This document describes the proc-
ess, the organization and the quality control to be applied.

As several sites will handle the same activities, a unique set of documentation for assembly and testing (procedures, test
sheets...) will be defined and applied at all sites.

Each item or subsystem, delivered to an assembly site, will be accompanied by a conformity certificate of ensuring the item

conforms to the defined specifications.

Logistics

The integrity of each item will be maintained and its location will be recorded during all logistical operations.

At each step,items will be accompanied by their “traveller”file (including its certificate of conformance and logbook).
Dedicated handling, storage, packaging and means of transport will be defined for each item, regarding its features/character-

istics; operational conformity will be proved before transportation and checked after. Dedicated procedures will be written.

Test
For each test, a dedicated procedure will be written, identifying configuration, equipment, and protocols required.The results
of each test will be recorded in the database. All equipment used during the testing procedure will itself have a file containing

its maintenance and calibration schedules.
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9. Cost and Feasibility of Construction

In this chapter, estimates of the capital investment required for the construction of the KM3NeT research infrastructure and of
the running costs during its operation phase are described. In addition, a construction model is presented demonstrating that
an installation time of below four years per building block is achievable with a reasonable deployment of human resources

and assembly lines.

9.1 Capital Investment

The detection unit cost has been estimated using the following assumptions and procedures:

+ With the exceptions quoted below, the costs of components were taken, in descending priority, from industrial quotations,

corresponding costs as occurred in the pilot projects, public catalogues, and informal or confidential statements of providers.

* The costs of the photomultipliers are estimated according to informal and confidential statements of the corresponding

companies.

« For the optical modules, the single-PMT option has been assumed for the flexible towers and the triangles, and the
multi-PMT option for the slender strings.

* The costs for the junction boxes are based on the experience of the pilot projects.

 The on-shore installation is not included (except readout components).

- Contingency, cost for spares and inflation are not included. However, some of the prices include VAT of which an
exemption can be expected in the governance framework of a European Research Infrastructure Consortium (ERIC).

+ No costs of human resources for assembly are included; however, the sea operations needed for deployment are
estimated based on the pilot project experience and include costs of crews, mobilisation and demobilisation of vessels.

+ The design as described in this document has been assumed, i.e. no extra costs related to using fallback solutions
have been included.

+ A distance to shore of 100 km and a deep-sea network according to the “star option” of Section 3.4 has been assumed.

Based on the uncertainty of component prices, mostly caused by the fact that no binding quotations can be obtained at the

current stage, the overall error margin on the total cost is estimated to be at least 20%.

The site dependence of the cost estimates is mostly related to the distance to shore (cable length and deployment) and to the
water depth (even though the design is generally valid for all candidate sites, there are components and tools that need to be
adapted to depths exceeding 4000m, such as connectors and ROVs). It is not expected that these issues will induce variations

of more than 10% on the overall cost.The costs for the different design options are summarised in Table 9.1.

The goal of KM3NeT is to be the most sensitive neutrino telescope. Therefore it should surpass the performance of IceCube
even at the declination where IceCube reaches its maximum sensitivity. Taking into account the above cost estimates, a
detector with a total cost of about 220 M is required to achieve this goal. In Figure 9-1 the sensitivities are shown that can be
obtained for such a cost with the different design options. It clearly indicates that a decision between the design options on
the basis of a figure of merit “sensitivity per Euro” is inappropriate and that instead further technical tests and risk analyses

have to be considered.
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Concept Cost per Detection Unit (k€) No. of No. of detection
Detection units for 220 M€
Structure Seafloor Deployment Total Units in giving sensitivity
Infrastructure Simulation of Figure 9-1
Flexible towers 535 70 87 692 127 320
Slender strings 254 42 40 336 310 650
Triangles 657 70 55 782 127 280

Table 9.1: Costs for constructing and deploying a detection unit for the different design concepts. For comparison the construction
cost for the ANTARES experiment was roughly 20 M€ for 12 detection units. The number of detection units, used in the simulations of
Chapter 6, is indicated. The sensitivity indicated in Figure 9-1 can be achieved for a cost of about 220 M€ and requires the number of

detection units given in the last column.

Figure 9-1 Sensitivity to point sources (E-2 flux) for one year
of observation time, for a full detector of three configurations

studied. See Section 6.3

9.2 Running costs

The running costs can be separated into three categories:

1. Maintenance of the detector

2. Power consumption of detector, shore station and data centre

3. Salary costs for shore station and data centre personnel

Category 2 and, for a given management structure (see below), category 3 are relatively straightforward to estimate but
depend of course on the evolution of energy costs and salaries over the running period of the infrastructure. Category 1
depends on the maintenance plan of the detectors and therefore estimates require knowledge of the risks of failures inherent
in the design and on the adherence to the quality assumed in the risk analysis. This implies that the error margins are larger in

category 1 than they are in categories 2 and 3.

No running costs beyond the maintenance of the interface are currently taken into account for the earth and sea science

installations.
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9.3 Maintenance

The maintenance plan for the detection units will depend on their risk of failure. If the estimated failure rate of the detection
units is at the level of 1% per year no maintenance will be necessary as the final 10-year failure rate is within requirements.

A slightly increased detection unit failure rate of 2% per year, implying a 20% drop-out rate over 10 years, would require the
manufacture of 10% spare detection units which can be immediately deployed.This is equivalent to a detector investment
increase (or, at fixed budget, an average detector size decrease) of 10%.These options impact on the initial investment but

do not contribute to long-term running costs. However, if the detection unit failure rate would be 10% or more per year, the
full detector would have to be replaced in the running time of the experiment.This would clearly be unacceptable and would
require a redesign.Therefore, a maximum detection unit failure rate of 5% is considered, and the maintenance costs estimated

accordingly.

For the flexible tower structures, this would imply a repair rate of about 12 detection units per year, assumed to be performed

in groups of 4.These costs are summarized in Table 9.2.

If a main electro-optical cable to shore fails, a separate operation for repair is necessary via MECMA.The experience with the
repair of cables in pilot projects gives an estimate of 200 k€ for such an operation. Experience shows that there should be
less than one repair every two years, providing a yearly maintenance cost of 100 k€. For junction box repairs that require ROV

operations for connection and disconnection at most 500 k€ per year is assumed.

Action Costink€
ROV operation for disconnection of 4 detection unit, together with reconnection of previous set of 4 detection units 150
Recovery sea operation 60
Redeployment 60
Replacement cost for failed equipment ~20% of unit cost 280
Total cost of repair of 4 detection units 550
Maximum total cost for repair per year (12 detection units) 1650

Table 9.2: Repair costs for one year assuming the repair of one detection unit per month.

Power consumption

The overall power consumption of the deep-sea detector will be 150 kW; for on-shore computers including cooling 350 kW
are needed (assuming 1000 computers for shore station and data centre). This consumption adds up to 500 kW or about 4.5
GWh per year.

At the present price of 0.15€/kWh this gives a yearly power cost of 675 k€.

Human resources for shore station and data centre

Experience shows that a crew of 3 persons is adequate for local presence at a shore station.This crew will be required for
computer, network and power maintenance. A presence at the shore station is also useful in terms of security. Including any
overhead this corresponds to 100 k per person per year. For the running of the data centre around the clock, 3 persons for 3

shifts, i.e.a crew of 9 persons is required, corresponding to 9 times 150 k = 1650 k per year including overhead.
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Project management

A professional project management, comprising a chief manager and a project office with 4 further employees

(see Chapter 10) will require 200 k€ plus 4 times 120 k€ = 680 k€ of salaries per year, including overheads. Maintenance of the
project office, consumables and related travel are estimated to cost 50 k€ per year.

Travel and subsistence of the members of the governing bodies in the ERIC (see Chapter 10) are assumed to cost 100 k€ per

year.

Miscellaneous

* MECMA membership: 75 k€.

* Replacement of the 1000 computers after 5 years: 2000 k€/5 = 400 k€/year.
+ Outreach activities: 100 k€ per year.

Total
The yearly total (see Table 9.3) thus varies between 2% and 2.5% of the investment cost. Normally the running costs of an
experiment of this complexity and magnitude lies between 5 and 15% of the investment cost.The preliminary estimate indi-

cates that KM3NeT will certainly remain at or below the bottom end of this range.

Cost item Cost in k€ with <2% detection ~ Cost in k€ with 5% detection
unit failure rate unit failure rate
Cable repair 100
Junction box repair 500
Power 675
Human resources for shore 1650

station and data centre

Project management 830
Miscellaneous 575
Detection unit maintenance 0 1650
Total 4330 5980

Table 9.3: Estimate of the total maintenance cost for two maintenance policies.
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10. Implementation

This chapter describes the planned path from the publication of this report to the KM3NeT construction and sketches the
project structure during construction and operation. It presents the projected strategy for implementing Quality Control and

finally a time line for the project.

10.1 Decision Path and Development Plan
The implementation of KM3NeT requires a series of decisions, based on technological and scientific evidence and taking into
account political and funding aspects. In addition, engineering development is needed that feeds into decisions or is initiated

by decisions.The basic questions to be addressed in this section are which decisions are to be taken, when and how.

Decision/Milestone Input required
Verification of the deployment concepts for the mechanical  Field tests with prototypes of each of the structures

options Risk analysis

Verification of the vertical backbone cables Successful deployment and operation over several months;
Risk analysis

Verification of the readout scheme Laboratory tests;

Simulation; Risk analysis

Verification and final engineering of the capsule Lab prototype tests including long-term pressure test;
OM concept Risk analysis
Site decision Simulation and risk analysis; Cost analysis;

Political convergence
Decision on mechanical structures and OMs Results of the viability studies described above;
Simulation results; Risk analysis;
Refined cost analysis;
Availability of components
Verfication of and decision on design of deep-sea Site and mechanical design decision; Knowledge of
power and data network detector size;Engineering design of junction boxes;
Market analysis on availability and cost of components

Risk analysis

Table 10.1: Technical steps towards the implementation of the KM3NeT infrastructure.

10.1.1 Decisions and Resources

In Table 10.1, the major technical and strategic decisions up to the stage where preproduction detection units can be con-
structed and the input needed for them are summarised. Overall,a materials budget of the order of 5M€, beyond the
KM3NeT-PP resources is needed to arrive at the bottom line of the decision path. Some national funding is available. Further
funding through national or regional channels has to be acquired, possibly with the support of an ASPERA common call. This
may require the drafting of a Memorandum of Understanding between the parties involved. Aligning and coordinating this
process will be a major task of the KM3NeT-PP.

Itis planned that the construction of the KM3NeT neutrino telescope starts out with the construction of the shore station and
the deployment of the main cable, part of the deep-sea network and ca. 10 preproduction detection units that have special
provision for easy recovery and will allow for performing a high-statistics, in situ test of the complete design over about a year.

In case of malfunctions the corresponding detection units will be recovered and analysed.
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Any design flaws found will be mitigated in the mass production. If the preproduction detection units work well, they become
part of the neutrino telescope.The resources for construction and deployment of this setup will be part of the KM3NeT con-

struction budget.

10.1.2 Consortium Organisation
A set of activities and decisions are required for reaching the construction phase of KM3NeT.With the end of the Design Study
in October 2009, the mandate of the corresponding decision-taking bodies has come to an end.Therefore, the Preparatory
Phase project (KM3NeT-PP), running until the end of February 2012, plays a central role in providing a framework for establish-
ing the governance structure required. It is assumed that at the end of KM3NeT-PP this governance structure will be in place
and functional.
Altogether, the following two phases will occur:
1) The time between the end of the Design Study and the end of the KM3NeT-PP project. During this phase, the
KM3NeT-PP decision bodies will monitor the process and steer the ongoing development. For activities not funded inside
KM3NeT-PP, a Memorandum of Understanding (MoU) should be set up to regulate the distribution of tasks and
responsibilities.
2) Following the KM3NeT-PP project, the final governance structure of the KM3NeT project will be in place in time to

conclude contracts, issue tenders and generally allow KM3NeT to act as a legal entity.

10.1.3 Time lines

The decisions listed in Table 10.1 require the exact definition of the criteria along which they are taken.lIt is planned that these
criteria are defined, agreed (see below) and documented by May 2010. All the following time scales have as a starting point
this date.

For the viability decisions, extensive engineering work, repeated sea operations as well as the construction, deployment, op-
eration and recovery of several engineering prototypes are necessary. It is expected that these activities will take 18 months.
The site decision should, from a scientific and technical point of view, be taken as soon as possible in order to finalise design
details. Also, the attractiveness for other countries and institutes to join the project will strongly increase once a site decision
has been taken. However, this decision is also dependent on the process of political convergence towards project endorse-
ment.The corresponding process is coordinated through the Preparatory Phase project. A decision must be taken after 18

months at the latest, to allow for a timely continuation of the project.

The final design will be presented in a detailed technical proposal, encompassing simulation and risk studies, using the site
properties, as well as a refined cost estimate. The presentation of this document will coincide with the end of the KM3NeT-PP.
At this stage it will be possible to launch KM3NeT construction. A period of 12-18 months is required to set up the assembly
lines, to prepare tenders, to finalise the funding agreements.Thus, a start of production and installation is envisaged after 36-

42 months,i.e.in 2013.This will start with the preproduction units mentioned above.

10.2 Future Project Structure
The KM3NeT Research Infrastructure will require an international governance structure allowing the stakeholders to establish
a suitable legal entity, oversee the project, take financial and strategic decisions and execute the project management.The

latter will be controlled by a body composed of representatives of the participating scientific institutions.
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Figure 10-1: Overall time schedule of the KM3NeT project.

10.2.1 Governance

The exact definition of the legal and governance structure is a future task addressed by the Preparatory Phase project.The
recently established European Research Infrastructure Consortium (ERIC)’ is a candidate structure that is appropriate and has
attractive and unique advantages: All requirements relating to the nature of the Research Infrastructure are fully satisfied by
KM3NeT by virtue of the presence of KM3NeT on the ESFRI Roadmap;

The membership regulations of an ERIC are fully satisfied by KM3NeT;

The ERIC regulation also allows for the envisaged participation by countries outside the member states and associated coun-
tries. Furthermore, intergovernmental organisations can become ERIC members.This would allow, for example, for a future
involvement of CERN.

For setting up an ERIC for KM3NeT, funding commitments and the site choice do not have to be fully established. It will,
however, be necessary to endow the ERIC with an initial budget until the major funding commitments are decided.The initial
statutory seat of the KM3NeT ERIC does not have to coincide with the country or one of the countries hosting the KM3NeT In-
frastructure and may subsequently be changed.The establishment of a KM3NeT ERIC has some consequences and advantag-
es. Subject to the member states’ declaration recognising the KM3NeT ERIC as an international body the KM3NeT construction
expenditure will not be subject to value added tax. In addition the KM3NeT ERIC could qualify for funding under title VI of the
EC Financial Regulation as well for funding under the Cohesion Policy in conformity with the relevant Community legislation.
The ERIC legal framework thus provides a sound basis for the future project structure.The prospects of setting up the KM3NeT
ERIC will be explored in the KM3NeT-PP project.

10.2.2 Project Management

In the following, a management scenario is described that reflects the current plans of the KM3NeT Consortium.The precise
management structure will be defined in the KM3NeT-PP project.

The core component will be a professional management team working on a full-time basis for the project. It will be led by the
project manager, who directs a management team with competence in system engineering, quality control and risk manage-
ment, legal and administrative issues, logistics and procurement.The management team will administer the construction and
operation budgets. The project will be divided into subtasks addressed by appropriate working groups of experts. Examples
for such subtasks are marine operations, assembly and construction, deep-sea technology, readout and electronics, physics
and simulation, software.The convenors of the working groups will form the project coordination group which takes responsi-
bility for the execution of the project and reports to the decision-making instance(s) established under the ERIC.

A data centre is planned for collection, mass storage, primary reconstruction and distribution of the neutrino telescope data
and for providing the scientific community access to appropriate analysis tools.The administrative responsibility for the data

centre is with the project manager.

7 Council Regulation (EC) 723/2009 (25 June 2009)
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11. Conclusions

A technical design has been presented for the KM3NeT Deep-Sea Research Infrastructure. The infrastructure will host a neu-
trino telescope with an instrumented volume of several cubic kilometres and provide the connectivity for an extensive multi-
disciplinary earth and sea science observatory.

The neutrino telescope will detect neutrinos of cosmic origin by measuring the Cherenkov light induced by charged particles
produced in neutrino interactions in the sea water or in the rock beneath the detector structure. This light is recorded in a
three-dimensional array of light sensors located on structures with height of almost one kilometre and distributed over a base
area of around six square kilometres.The installation will be located in the Mediterranean Sea at a depth of a few thousand
metres and be permanently connected to shore for data collection.

The light sensors will be photomultiplier tubes housed in glass containers; the present design concept presents alternatives
both for using large and small photomultipliers. These sensors are attached to vertical structures which are anchored to the
seabed by a deadweight and held upright by a submerged buoy at the top.The deployment and behaviour of these “detec-
tion units”is a critical issue of the design and extensive field tests are required. As a consequence, alternatives are pursued,
which yield the similar performance for the same cost. Final decisions will be made after the completion of prototype studies.
A readout technology has been developed that is suitable for all options considered. A sea-floor network of cables linking
detection units to nodes of junction boxes will be installed for data transport and power provision.This network will also serve
the earth and sea science observatory. On shore an installation for filtering and recording the incoming data is planned.

For the definition of the sensor layout in the sea, a detailed optimization has been performed based on the primary science
objectives of the project.The resulting sensitivity for the detection of cosmic point-like neutrino-sources exceeds by a sub-
stantial factor that of the largest existing neutrino telescope, lceCube at the South Pole. For Galactic sources the sensitivity of
KM3NeT surpasses that of the existing neutrinos telescopes, ANTARES in the Mediterranean Sea and Baikal in Siberia, by nearly
two orders of magnitude.

Further essential considerations in the system optimization have been reliability and cost.The design study has shown that
the major physics objectives can be met within a budget of 220 to 250 M€.The design is modular and so allows for staged
implementation with continuously increasing science capabilities.

Final technical and site decisions will be made at the end of 2011 and a technical proposal will be presented in early 2012.
Thereafter, the transition from ongoing prototyping activities to the construction phase will occur. Data taking will already

start during the construction period with first science data becoming available around 2014.
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Glossary

ADC
ADCP
AGN
AMANDA
ANTARES

ApPEC
ASIC
AUV
CDM
CERN
CPU
CTD

cu
DEOS
DAQ

DB
DMAS
DMS
DUMAND
EBL
EDFA
EGRET
EMSO
ERDF
ESFRI
ESONET
ESONIM
EU

eV
FPGA
FWHM
GCN
GMES
GOOS
GPS
GRB
GUI
GUT
GZK G
H.E.S.S.
ICG/NEAM
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Analogue-to-digital converter
Acoustic Doppler current profiler
Active galactic nucleus
Antarctic muon and neutrino detector array (neutrino telescope at the South Pole)
Astronomy with a neutrino telescope and abyss environmental research
(neutrino telescope in the Mediterranean Sea)
Astroparticle physics European coordination
Application specific integrated circuits
Autonomous underwater vehicle
Cold dark matter
Centre européenne pour la recherche nucléaire (particle physics laboratory)
Central processing unit
Conductivity-temperature-depth probe
Crab unit (unit of flux for photons)
Dynamics of Earth and ocean systems (deep-sea observatory network)
Data acquisition
Delta-Berenike
Data management and archiving system
Data management system
Deep underwater muon and neutrino detector (neutrino telescope near Hawaii)
Extra-galactic background light
Erbium doped fibre amplifier
Energetic gamma-ray experiment telescope (satellite-borne)
European multidisciplinary seafloor observatories (deep-sea observatory network)
European regional development funds
European strategy forum on research infrastructures
European seafloor observatory network of excellence
ESONET implementation model
European Union
Electron Volt
Field-programmable gate array
Full width at half maximum
Gamma-ray burst coordination network
Global monitoring for environment and security (monitoring network)
Global ocean observing system
Global positioning system
Gamma-ray burst
Graphical user interface
Grand unified theories
Greisen-Zatsepin-Kuzmin cut-off
High energy stereoscopic system (TeV gamma-ray telescope)
Intergovernmental Coordination Group for the Tsunami Early Warning and Mitigation System in the North East
Atlantic, the Mediterranean and connected seas, part of IOC-UNESCO |0C - Intergovernmental Oceanographic
Commission of UNESCO
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IR Infrared

LAERTIS Laboratory in the abyss of Europe with real time data transfer to shore for interdisciplinary studies
LBNS Long baseline acoustic navigation system

LED Light-emitting diode

LIMS Light intensity measuring system

MACRO Monopole, astrophysics and cosmic ray observatory

MARS Monterey accelerated research system (cabled observatory project)
MECMA Mediterranean cable maintenance agreement

NEMO Neutrino Mediterranean observatory (neutrino telescope in the Mediterranean Sea)
NEPTUNE North east pacific time-integrated undersea networked experiments
NESTOR Neutrino extended submarine telescope

oM Optical module

ORFEUS Observatories and research facilities for European seismology

pc Parsec (astronomical unit of length)

PC Personal computer

pe photo-electron

PWN Pulsar wind nebulae

QMs Quality management system

RAM Random access memory

RMS Root mean square (deviation)

ROV Remotely operated vehicle

RTV Room temperature vulcanisation

SN Supernova

SNR Supernova remnant

spe Single photon equivalent signal in a photomultiplier

SUSY Supersymmetry

TDC Time-to-digital converter

TDR Technical design report

VHE Very high energy

WIMP Weakly interacting massive particle

X-HPD Crystal scintillator hybrid photon detectors
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