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Abstract

Neutrino astrophysics offers new perspectives on Univiergsstigation: high en-
ergy neutrinos, produced by the most energetic phenomeoarialaxy and in the
Universe, carry complementary (if not exclusive) inforinatabout the Cosmos with
respect to photons.

While the small interaction cross section of neutrinosvedidthem to come from
the core of astrophysical objects, it is also a draw-backheis detection requires a
large target mass. This is why itis convenient to place msutelescopes in natural lo-
cations, like deep underwater or under-ice sites. In o@supply for such extremely
hostile environmental conditions, new frontiers techgas are under development.

The aim of this work is to review the motivations for high egeneutrino astro-
physics, the physics and the technologies used in underigat€herenkov experi-
ments, with a special focus on the project of the constraatfoa kn? scale detector
in the Mediterranean Sea.
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1 Introduction

The recent years have seen spectacular astrophysical/eissusing new experimental
techniques or new photons wavelengths (for instance the gaa¥ma astronomy using
Imaging Air- Cherenkov Technique). High energy neutrintb@smy is a young discipline
derived from the fundamental necessity of extending canweal astronomy beyond the
usual electro-magnetic messengers.

One of the main questions in astroparticle physics is thgiroand nature of high-
energy cosmic rays, CR§2). It was discovered at the beginning of the last century tha
energetic charged particles strike the Earth and produneesis of secondary particles in
the atmosphere. While the energy spectrum of the cosmic cagsbe measured up to
very high energies, their origin remains unclear. Therenaaay indications of the Galac-
tic origin of the CR bulk (protons and other nuclei up~010™ = 10'¢ eV), although it
is not possible to directly correlate the CR impinging dii@ts on Earth to astrophysical
sources since CRs are generally deflected by the galactioatiadields. However, the
highest energy CRs are probably originated from extratjalaources, as indicated by re-
cent measurement§ 1.3). Protons witt? > 10'° eV interact with the cosmic microwave
background. This effect, known as the Greisen-Zatsepiman cutoff, limits the origin
of high energy protons to a small fraction of the Universeheforder of 100 Mpc.

Assuming that at acceleration sites a fraction of the higergy CRs interact with the
ambient matter or photon fields, pions and therays and neutrinos are be created. Re-
cent advances on ground-basgday astronomy have led to the discovery of more than 80
sources of TeV gamma-rays, as describegBinCandidates for neutrino sources are in gen-
eral also TeVwy-ray sources. Thastrophysical hadronic modetiescribe the mechanisms
which lay behind the production of neutrinos and high engrggtons from CR interac-
tions with the propagation medium. The energy spectrum cbregary particles follows
the same power law of the progenitor CRs. For this reasorpibs$sible to put constraints
to the expected neutrino flux from sources whenays are observed.

While the small interaction cross section of neutrinosvedldhem to come from far
away, it is also a draw-back, as their detection requiresge lEarget mass. The idea of a
neutrino telescope based on the detection of the secondatigl@s produced in neutrino
interactions was first formulated in the 1960s by Markdv Hé proposedo install detec-
tors deep in a lake or in the sea and to determine the direaifdhe charged particles with
the help of Cherenkov radiatioriThe detection of neutrinos is mainly based on the detec-
tion of muons which are created in the charged-currentantems of muon-neutrino$4).
These muons, at sufficiently high-energig4.1)), retain information on the direction of the
incident neutrino and can traverse several kilometerseobiavater §4.2) . Along their tra-
jectory, the muons emit Cherenkov light. From the measunegaatime of the Cherenkov
light (§4.3), the direction of the muon can be determined. This m®de referred to as
muon track reconstruction.

As we will show in§H, starting from the Markov idea and from the present knogéed
of TeV ~-rays astronomy, a kilometer-scale detector is neededtexideosmic neutrinos.
We derive also in a simple way that the number of optical ssnmmuired to reconstruct
muon tracks is of the order of 5000.

The models of neutrino production, mainly connected to #wemnt observational re-
sults onvy-ray astronomy, are highlighted i&l. Potential sources of high-energy neutri-
nos include both Galactic sources (supernova remnantspquiasars,..) and extragalactic
sources (active galactic nuclei, gamma-ray burstsersg prédiction of high energy neu-
trino sources of extra-Galactic origin is a direct consegeacof the UHE CR observations.
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This connection between CRs, neutrinos andiys can also be usef&2) to put upper
bounds on the expected neutrino flux from extragalacticcasyrsince the neutrino energy
generation rate will never exceed the generation rate ¢f digprgy protons.

The properties of water and ice connected to the possilafitgetecting high energy
neutrinos are discussed . The pioneering project for the construction of an undégwa
neutrino telescope was due to the DUMAND collaboratlon y#jjch attempted to deploy
a detector off the coast of Hawaii in the 198@8)( At the time technology was not ad-
vanced enough to overcome these challenges and the pr@eaancelled. In parallel, the
BAIKAL collaboration [3] started to work in order to realizeworkable detector systems
under the surface of the frozen Baikal lake.

Regarding deep ice, a major step towards the constructianiafye neutrino detector
(see9) is due to the AMANDA collaboratiori [4]. AMANDA deployed droperated the
optical sensors under the ice surface of the Antarcticistaftom 1993. After the comple-
tion of the detector in 2002, the AMANDA collaboration preded with the construction
of a much larger apparatus, IceCube. 59 of the 80 scheduladss{April 2009) are already
buried in the ice. Completion of this detector is expectedg@round 2011.

In water, the pioneering DUMAND experience is being congithin the Mediterranean
Sea by the ANTARES 5], NEMQ]6] and NESTOR [7] collaboratiomhich demonstrated
the detection technique (s§€0). In particular, the ANTARES collaboration has complete
(May 2008) the construction of the largest neutrino telpscp- 0.1 km?) in the Northern
hemisphere, currently under data tacking. These projecidaa to a common design study
towards the construction of a Kascale detector in the Mediterranean S§EIj. KM3NeT
[8] is an European deep-sea research infrastructure, whitiost a neutrino telescope
with a volume of at least one cubic kilometre at the bottomhef Mediterranean Sea that
will open a new window on the Universe.

In the following, we review most of the aspects regardingghenomenology of neu-
trino astrophysics, and the status and future prospecti@Gherenkov telescopes.

2 The connection among primary Cosmic Raysy rays and neu-
trino astronomy

2.1 Primary Cosmic Rays

Cosmic Rays (CRs) are mainly high energy protons (Eig. 1)r@avier nuclei which are
constantly hitting the upper shells of the Earth’'s atmosph&he energy spectrum spans
from ~ 10 eV to more thari0?" eV, is of non-thermal origin and follows a broken power-
law of the form:
dNp _
—~| =K-E™° 1
b D

obs

Direct or indirect techniques are used to measure the CR spectrum. The measured
power-low spectrum of CRs (eQl 1) is characterized by anxinde- 2.7 up to energies of
roughly 3 x 10 eV. Most likely, Galactic supernova remnants are the ssuresponsible
for the acceleration of particles. Aftgrx 10'° eV, the index becomes = 3.1. This
feature in the energy spectrum is known askhee. There is no consensus on a preferred
accelerator model for energies above kinvee up to10'Y eV, where there is a flattening in
the spectrum denoted as thekle.
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Energies and rates of the cosmic-ray particles
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Figure 1:Cosmic Ray spectrum from 4@ 10°! eV as measured on Earth, from [9]. Note
that the vertical scale has been multiplied83. On the low-energy domain, when the mea-
surements are available, the contribution of protons, etets, positrons and antiprotons it
is also reported. Go td [9] for the reference to the experitsen

The highest CRs exceed evéd?’ eV. After theankle, it is generally assumed that
CR sources are of extragalactic origin. The experimentaicbefor sources of these ultra
high energy CRs has recently entered a very hot phase. EgttaViews of the theory and
measurement of the primary CR spectrum aré_ in{[10, 11, 12].

2.1.1 Below theknee

Up to energies o0 eV, the CR spectrum is directly measured above the atmaspher
Stratospheric balloons or satellites have provided thet mdsvant information about the
composition of CRs in the Galaxy and had contributed to déistabthe standard model of
Galactic CRs. Measurements show thaP0% are protons;- 9% are Helium nuclei and
~ 1% are heavier nuclei.

In this energy range, the mechanism responsible for thdexatien of particles is the
Fermi mechanism [13, 14]. This mechanism explains paréicteleration by iterative scat-
tering processes of charged particles in a shock-wave.el$texck-waves are originated in
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environments of exceptional disruptive events, like atefjravitational collapses. In each
scattering process, a particle with energygets an energy gain dAE ~ GE, where
8 ~ 10~“. Due to the magnetic fields confinement, the scattered [emrtize trapped in-
side the acceleration region and have a small probabiligstmpe. This iterative process
of acceleration of charged patrticles is a very appealingreehfor the origin of CRs, since
it naturally explains the power law tendency in the spectrum

Supernova remnants (SNR) in the Galaxy are the most acedesiiie of acceleration
of CRs up to the knee [15], although this theory is not freenfreome difficulties[[16].
The Fermi mechanism in the SNR [17], predicts a power lavedffitial energy spectrum
E—2s with o ~ 2, and fit correctly the energy power involved in the Galactisroic rays
of ~ 5 x 100 erg/s.

The measured spectral index ¢ 2.7) is steeper than the spectrum near the sources,
because of the energy dependence of the CR diffusion out @é&haxy, as explained by the
so calledeaky boq18]. In the leaky box model, particles are confined by gaauoiagnetic
fields (B ~ 3uG) and have a small probability to escape. The gyromagnatius for a
particle with charge Z, energy E, in a magnetic field B is gibogn ~ _—.

The value ofR (in parsec) for CRs having energigsexpressed in PeV (=20reV) in
the galactic magnetic fiel® (in ;G) is:

R(pc) =10- E(PeV)/ZB(uG) 2

During propagation high energy particles (at a fixed valug ©fhave higher probabil-
ity of escaping from the Galaxy due to their larger gyromdignedii. As a consequence,
an energy-dependent diffusion probabilfycan be definedP is experimentally estimated
through the measurement of the ratio between light isotppetuced by spallation of heav-
ier nuclei. It was found thaP(E) ~ E*P, with the diffusion exponentp ~ 0.6 [10]. The
differential CR flux at the sources is estimated as the cotieol of the measured spectrum
(@) and the CR escape probabilif;

dNp

| X P(B) x BToon 3)

obs

{de
dE

sources

with acr = a — ap ~ 2, as predicted by the Fermi model.

The knee of the CR spectrum is still an open question and differentetobave been
proposed to explain this featufe [19]. Some models invok®jplsysical reasons: due to the
iterative scattering processes involved in the accetaratites, a maximum energy for the
CRs is foreseen. This maximum energy depends on the nudheuge e, and this leads
to the prediction of a different energy cut-off for every haus type. As a consequence,
CRs composition is expected to be proton-rich beforekttaee, and iron-rich after. Other
more exotic models try to explain the steepening in the CR faninstance the hypothesis
of new particle processes in the atmosphere [20].

2.1.2 Between thénee and the ankle

Above~ 10! eV, CR measurements are only accessible from ground dmtenfrastruc-

tures. The showers of secondary particles created by atik@naof primary CRs in the
atmosphere are distributed in a large area, enough to betelétey detector arrays (scintil-
lation counters or water tanks in which charged particles €imerenkov light). The energy
region around the knee and shortly above has been explorédifesent experiments, as
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for instance KASCADE([211]. Although the experimental teicfues are very difficult and
have poor resolution, observations of this region of thegnspectrum seem to indicate
that the average mass of CRs increases when passing the knee.

The SNR models cannot explain the CRs flux abeva0' eV, but there is no con-
sensus on a preferred accelerator model utd eV. CRs can be accelerated beyond the
knee if, for instance, the central core of the supernova hostsading neutron star. In some
models already accelerated particles can also sufferiadditacceleration due to its strong
variable magnetic fields. The maximum energy cannot exee&d'” eV.

2.1.3 Aftertheankle

The flux abovel0' eV, still dominated by protons and nucléi [22], is one péetiper
kilometer square per year per stereoradian. It has long assimed [23] that ultra high
energy cosmic rays (UHECR) are extragalactic in origin [241d can be detected only by
very large ground-based installations. Therefore, thecgire in the CR spectrum above
~ 1012 eV (theankle) is usually associated with the appearance of this flattetritbition

of extra-galactic CRs. In fact, above thekle the gyroradius(2) of a proton in the galactic
magnetic field exceeds the size of the Galaxy disk (300 pc).

Fig. [2 [25] shows a diagram first produced by Hillas (1984)lladiderived the max-
imum energy at which a particle of a given charge can be aetebtt independently of
the acceleration mechanism, from the simple argument tigatarmor radius of the par-
ticle should be smaller than thie,,. size (in kpc) of the acceleration region. This energy

E(EeV) (in units of10'® eV) is given by:
E(EeV) ~ BZB,gRype 4)

where is the velocity of the shock wave in the Fermi model or any o#meleration
mechanism. Fig[]2 gives the relation between the requiregheti fields to accelerate
protons to102° eV , 10%! eV, and iron to10%° eV, and the dimensions of the astrophysical
objects needed to contain the accelerating particle. Asheaseen from the Hillas plot,
plausible acceleration sites may be the radio lobes or tots s powerful active galaxies.

The search for UHECR sources must take into account anoffemt,ethe Greisen-
Zatsepin-Kuzmin cutoff (GZK)[[26, 27], which imposes a thetical upper limit on the
energy of cosmic rays from distant sources. Above a thrdsbbfew 10'° eV, protons
interact with the 2.7 K cosmic microwave background radiation (CMB) and lose gyer
Due to the GZK cutoff, protons above that threshold canrextefrdistances further than
few tens of Mpc.

From the astrophysical point of view, this cut-off is verydartant because it limits the
existence of standard astrophysical UHECR emitters irmidéocal super-cluster of galax-
ies. The GZK cut-off has stimulated important debate, stheee were two contradictory
measurements in the region betwdeh’ < 10%° eV.

The AGASA experiment in Japan [28] (which used extensivestaiwer detectors and
was decommissioned in early 2004) reported high energyteyer2 x 102° eV) claiming
a continuity in the CR spectrum violating the GZK cutoff. f@ifent is the observations
of the High Resolution Fly's Eye (HiRes) in Utah [29], whosatal seem to be consistent
with a boundary in the CR spectrum. HiRes uses an experifeetanique which is com-
pletely different from the one of AGASA, the detection ofHigfluorescence emission by
the extensive air showers induced in the atmosphere by UHECR
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Figure 2:The Hillas diagram (drawn by Murat Boratav). Acceleraticihcosmic rays up to
a given energy requires conditions above the respectiwe Bome sources candidates are
still controversial (1 EeV0'¥eV/, 1 ZeV=10%leV).

Nowadays, the largest experiment is the Auger Observagij jvhich combines the
measurement of extensive air showers and light fluoresageteetion. The Auger Obser-
vatory is located in the southern hemisphere in Mendozagwtiga, and was completed in
2008 with almost 1600 water Cherenkov tanks covering 3000 &nal four fluorescence
telescopes. One of the major goals of the Auger observatas/tavsolve the AGASA and
HiRes debate, employing the experimental techniques ugdibthh experiments. Auger
has recently published [32] the result of the first data sgé&cting the hypothesis that the
cosmic ray spectrum continues in the form of a power-law ad®v’-¢ eV with 6 sigma
significance. The comparison among data from the three iexgets can be seen in Fig. 3.
In addition, Auger reported the first hints of associatiolC&s withE > 6 x 10'? eV and
nearby (less than 100 Mpc) concentration of matter and AG3|l [Blthough its statistical
significance is still limited, the results suggest that oegiof matter with AGN can be the
source candidates for UHECR acceleration.
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Figure 3:Expanded view of the highest energy portion of the cosnyispactrum from the
three experiment AGASA, HiRes1,2, monocular and Augem 38].

2.2 High energy photons and neutrinos

Due to the influence of galactic magnetic fields, detectedgebparticles do not point to
the sources. Only UHECR can be marginally influenced by miagfields, but the GZK
cut-off limits the field of view to less than 100 Mpc. Neutrarpicles (gamma-rays and
neutrinos) do not suffer the effect of magnetic fields: thegresent the decay products of
accelerated charged particles but cannot be directly exatet.

Both electrons and protons can be accelerated by astraahysijects. We refer re-
spectively to deptonic modelwhen electrons are accelerated, and toadronic model
when protons or other nuclei are accelerated. When symohroadiation is observed from
a source, most plausibly electrons are accelerated. Orilibeltand, we know that protons
are accelerated because they are detected as CR. Both ptbddEptonic model and the
hadronic model should coexist in the universe [34].

In the following, we will focus on the hadronic acceleratif@®], because just in this
case neutrinos are emitted. High energy photons can be gedduoth in leptonic and in
hadronic models.

2.2.1 TeV~-rays from leptonic processes

The most important process which produces high energgys in the leptonic model is
the Inverse Compton (IC) scattering [36, 37]. 4&ays are produced in the interactions
of energetic electrons with ambient background photondiettle CMB, and the diffuse
Galactic radiation of star light. This process is very edfitiin producingy-rays since low
energy photons are found in all astrophysical objects. M@/ electrons producing-
rays of TeV energies via IC, produce synchrotron radiatiothe X-ray band as well [38].
Therefore, measurements of the synchrotron X-ray flux frosowrce is a signal that the
accompanyingy-rays are likely produced by leptonic processes.
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2.2.2 TeV~-rays and neutrinos from hadronic processes

The main scenario for the astrophysical production of higgrgy neutrinos is via the decay
of charged pions in the beam dump of energetic protons inederadgter or photons field.

Accelerated protons will interact in the surroundings & @Rs emitter with photons
predominantly via theé\™ resonance:

p+y— AT =7 +p
p—|—’y—>A+—>7T+—|—TL )

Protons will also interact with ambient matter (protonsytnens and nuclei), giving
rise to the production of charged and neutral mesons. Thdoeship between sources of
VHE ~v-ray (£, > 100 MeV) and neutrinos is the meson-decay channel. Neutral nseso
decay in photons:

7w’ — vy (6)
while charged mesons decay in neutrinos:

+ +
O P S 7

<—>,u+—>1/_u—|—ye—|—e+
7T_—>1/_‘u—|—,u_
S pT v+ T teT (7)

Therefore, in the framework of the hadronic model and in thsecoftransparent
sourcesthe energy escaping from the source is distributed bet@é¥syy-rays and neutri-
nos. A transparent source is defined as a source of a mucl tazgdahat the proton mean
free path, but smaller than the meson decay length. For smsees, protons have large
probability of interacting once, and a large fraction of@®tary mesons decay.

Because the mechanisms that produce cosmic rays can praldogeautrinos and high-
energy photons (from eqd.]J[6,7), candidates for neutrinacssuare in general alsg-
ray sources. There is a strong relationship between thdrapawex of the CR energy
spectrumE~*CR an that ofy-rays and neutrinos. It is expected [39] that near the ssurce
parent proton spectrum index  (defined in eq13) is almost identical to that of secondary:
acr ~ a, ~ ay. Hencey-rays from hadronic models have crucial information about
primary CRs, and put constraints (Sf to the expected neutrino flux from sources where
~-rays are observed.

3 Gamma rays astronomy

Different processes occurring in the Universe would rasuitray emission, including CR
interactions with interstellar gas, supernova explosiams interactions of energetic elec-
trons with magnetic fields (we do not consider here rapidipdient phenomena as gamma
ray bursts). Having no electric chargeyays are not affected by magnetic fields, and can
act as messengers of relatively distant cosmic eventsyiatipstraight extrapolation to the
source. The first satellite designed as a dedicated gamymaisaion was the second Small
Astronomy Satellite (SAS-2) in 1972. In 1975, the Europepac® Agency launched a sim-
ilar satellite, COS-B, which operated until 1982. Photamshie MeV-GeV energy range
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were detected by the Energetic Gamma-ray Experiment TapeSEEGRET)([40] on board
of the CGRO satellite in the 1990s. The last EGRET cataloguéins 271 detections with
high significance, from which 170 are not identified yet.

Following its launch in June 2008 [42], the Fermi Gamma-rpsic® Telescope (Fermi)
began a sky survey in August. The Large Area Telescope (LATF@&mi produced, in 3
months, a deeper and better-resolved map ohthay sky than any previous space mis-
sion. The initial result for energies above 100 MéVI[43] melgathe 205 most significant
(statistical significance greater thans}0y-ray sources, which are the best-characterized
and best-localized ones. Figl 4 shows the locations of theb2ight sources, in Galactic
coordinates. All associations with specific source claaseslso shown.

ﬁ e al
II}’

OUnassociated X AGN ¢ Pulsar
+ X-ray binary v Globular cluster

Figure 4: The Fermi LAT Bright Source List, showing the locations anghy (Galactic
coordinates in Aitoff projection) coded according to thgdad. Symbols in blue indicate
sources with harder spectra than those in red|[43].

Due to the absorption of the atmosphetesays above 100 GeV are only detectable
in ground based apparatus, using a technique known as IgnAgiCherenkov Technique
(IACT). Thesevy-rays are of particular interest, because neutral pionyd@za[6) produces
photons within this energy range. High-energy gamma ragsabsorbed when reaching
the Earth atmosphere, and the absorption process procgeci®diion of a cascade or
shower of high-energy relativistic secondary particlese§e emit Cherenkov radiation, at
a characteristic angle in the visible and UV range, whictseaghrough the atmosphere.
As a result of Cherenkov light collection by a suitable milroa camera, the showers can
be observed on the surface of the Earth.

The pioneering ground basedray experiment was built by the Whipple collabora-
tion [44]. During the last decade, several ground bagedy detectors were developed.
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The HEGRA experiment_[45] has pioneered stereoscopic shomaging by arrays of
Cherenkov telescopes. Other detectors are the VERITAY §46] and the upgrade of
the existing CANGAROO array [47]. At present, the two newegition telescopes are the
HESS telescope array [48] and the MAGIC telescopée [49]. Adot detailed review of
VHE astrophysics with the ground-baseday detectors is if [36, 37].

The HESS instrument is an array of 4 telescopes, each ondweéthie-meter diameter
light collectors. Each instrument combines the steredsdapaging with large light col-
lectors and highly segmented detectors with a wide field @ivviThe HESS telescope has
been operational since 2004. The MAGIC telescope is a gardraeen-meter telescope
which provides large photon collection. It uses photon ctets with enhanced quantum
efficiency, and image timing information. One of the patacifeatures of this telescope
is the fast positioning to a source when alertedylnay burst trigger from satellite detec-
tors. MAGIC started taking data in 2004. A second telescoitidoevoperational from May
2009. These IACTSs telescopes produced a catalogyeray sources emitting at energies
above TeV. The sky map can be seen in Elg. 5. Of particularastés the great population
of new~-ray sources in the Galactic Centre region discovered byHtE8S telescope. A
list of more than 70 galactic and extra-galactic sourcesrei&o].
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Figure 5:Sky map of high energy-ray sources above 100 GeV. The shading indicates the
visibility for a detector in the Mediterranean sea with downward coverage; dark (light)
areas are visible at least 75% (25%) of the time (fram [8]).

Gamma astronomy suffers also some limitations. HKij. 6 shtsmean free path
travelled by photons as a function of their energy. Phottmos@ 10 GeV are attenuated by
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interactions with infrared (IR) and radio photons of theragalactic background light and
with the Cosmic Microwave Background (CMB). In particulahove 10 TeV the horizon
of the photons is limited to less than 10 Mpc, much less trahtirizon of UHECR. Only

neutrinos can open the windows of the extreme regions of thieetke, as we will see in

96.
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Figure 6:Absorption length in Megaparsec as a function of photon otgr energy.

3.1 The standard candle: the CRAB nebula pulsar

The Crab pulsar, with a rotational period of 33 ms and a spimnrdluminosity L, = 5 x
10%® erg/second, is a particular important source for high gnesgrophysics. In fact, the
pulsar powers a surrounding synchrotron nebula which has Hetected in radio and X-
ray wavelengths [51]. Itis believed that the rotationalrggef the pulsar is mostly carried
away by a relativistic wind of electrons and positrons. Tihteraction of this wind with
the surrounding medium creates a relativistic shock wabera/the leptons are thought to
be accelerated to high energies|[52]. The interaction olacated leptons with ambient
infra-red photon fields can produgerays via the Inverse Compton process.

The Crab nebula was discovered at TeV energies in 1989 [%Bjtas conventionally
used as a standard reference source of Ja#&ys, due to its relative stability and high flux.
It is convenient to use the Crab flux eeference fluXor TeV y-ray astronomy. In fact,
if VHE ~-rays are produced by hadronic processes, a similar neuttir is expected. A
reference flux equal to 1 C.U. (Crab Unit) is defined as the fioiar to that of the Crab,



High-Energy Astrophysics with Neutrino Telescopes 13

assuming no energy cutoff and a spectral inflex 2 :

dd
Eid—E: =107 TeVem ™25~ =1 C.U. (8)
The Crab VHEy-rays spectrum measured by different experiments showsepesting; a
better fit of the data is provided by a power law (enefgyn TeV) with an exponential

cutoff: % = IgETe(=E/E)  This formula, withT = 2.39 + 0.03,,: and a cutoff

energy E. = (14.3 &+ 2.144) TeV, gives a differential flux normalisation at 1 TeV of
Io = (3.76 £ 0.0744) x 107" cm=2s~1TeVv~! [B4].

Regarding neutrino telescopes, the Crab is in a particlihapssition (see Fig.[15),
because it can be seen for both telescopes located in thedworr Southern Earth hemi-

sphere. In case of hadronic process involved in the Crabieng £2 93+ ~ E?y%), the

predicted event rate in a neutrino telescope as big as taibeexperiment i8/ (£, > 1
TeV) ~ 2.8 yr ! [55]. Negative or positive detection of neutrinos from thelCdirection
will confirm or disprove the proposed leptonic processes.

4 Neutrino detection principle

The basic idea for a neutrino telescope is to build a matriigbt detectors inside a trans-
parent medium. This medium, such as deep ice or water:

¢ offers large volume of free target for neutrino interactipn
e provide shielding against secondary particles produceGRy;,

e allows transmission of Cherenkov photons emitted by et particles produced
by neutrino interaction.

Other possibilities, such as detecting acoustic or radjnads generated by EeV({*®
eV) neutrinos in a huge volume of water or ice are not consitl@r this review.

In general, high energy neutrino interact with a nucléérof the nucleus, via either
charged current (CC) weak interactions

v+ N -1+ X (9)
or neutral current (NC) weak interactions
v+N—-y+X. (10)

The remnants{ form a hadronic shower. Relativistic charged particlest €&hierenkov
radiation in the transparent medium. A detector can meakeritensity and arrival time
of these photons on a three-dimensional array of Photo Miglti Tubes (PMTs). From
these measurements, some of the properties of the neulamoy(, direction, energy) can
be inferred. The experimental signature (Fig. 7) dependthertype of reaction and on
the neutrino flavour. In the case of Gf; interactions, the long range of the mudd.Q)
increases the effective volume of the detector, since imagtican be detected even when
the interaction occurs several kilometres outside thelinstnted volume.
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Electron resulting from a charged curregtnteraction will produce an electromagnetic
shower whose size is of the order of a few meters. #ointeractions, the producect
lepton travels some distance (depending on its energy)édédfalecays and produces a
second shower. The Cherenkov light emitted by the chargeitlea in the showers can be
detected if both the.- interaction and the decay occur inside the instrumented volume of
the detector.

- — -
- -~ - -——
- — -
- —-—— -
-

——

-
e
-
-
-
-

Figure 7:Event signature topologies for different neutrino flavoansl interactions: a) NC
interaction producing a hadronic shower; b) CC interactiohw, producing both an EM
and a hadronic shower; c) CC interaction of producing a muon and a hadronic shower,
d) CC interaction ot producing ar that decays into &, tracing the double bang event
signature. Particles and anti-particles cannot be distirglp in neutrino telescopes. From
[56]

We will mainly focus on muon neutrinos, which are especiaitgresting in a search
for point sources of energies larger thanl TeV. In this energy range, interaction can
occur outside the detector volume, while in most cases ma@snergetic enough to com-
pletely traverse the detector. This gives a clean expetihsignal which allows accurate
reconstruction of muon direction, closely correlated wigutrino direction §4.1).

Neutrino telescopes are not background free. Air showealsced by interactions of
cosmic rays with the Earth’'s atmosphere produce the seetatmospheric muonand
atmospheric neutrinosin fact, atmospheric muons can penetrate the atmosphedrapn
to several kilometers of sea waté@d(2). Neutrino detectors must be located deeply under
a large amount of shielding in order to reduce the backgrourite flux of down-going
atmospheric muons exceeds the flux induced by atmospheridmeinteractions by many
orders of magnitude, decreasing with increasing dete@pth as is shown in Figl 8.

Neutrino telescopes, at the contrary of usual optical teless, are 'looking downward’.
Up-going muons can only be produced by interactions of (@pg) neutrinos. From the
bottom hemisphere, the neutrino signal is almost backgrdtee (Fig.[9). Only atmo-
spheric neutrinos that have traversed the Earth, repréiseritreducible background for
the study of cosmic neutrinos. The rejection of this backgtbdepends upon the pointing
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Figure 8:Different contributions (as a function of the cosines ofzbaith angle) of thei)
atmospheric muons (computed according/ta [57]) for twoedéit depths; ii) atmospheric
neutrino induced muons (frorn [68]), for two different muareryy thresholds.

capability of the telescope and its possibility to estintageparent neutrino energy.

The previous generation of experiments looking also forogslysical neutrinos
(MACRO [59], SuperKamiokandé [60]) was located under maiunst, and reached almost
the maximum possible size for underground detectors.

As we will discuss irf{7], either water or ice is used as media. A deep sea-watecoples
has some advantages over ice and lake-water experiments ithebetter optical properties
of the medium. However, serious technological challengestime overcome to deploy and
operate a detector in deep sea, as we will discu§8l.in

Detection of astrophysical neutrino by any of these expenitis1 has not been claimed
so far.

4.1 Neutrino cross section

For high energy neutrinos, interactions are deeply inelasft energies of interest for
neutrino astronomy, the leading order differential crasgisn for they;, N — [X Charged
Current (CC) interactions is given by [67]

d20',/N . QG%mNE,, M{}V

Ty = wOF A @) el -ya@.h) Ay

wherexr = Q?/2my(E, — E;) andy = (E, — E;)/E, are the so-called scale variables
or Feyman-Bjorken variableg)? is the square of the momentum transferred between the
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Figure 9:Vertical muon intensity vs. depth (1 km.w.e.=2 }@m 2 of standard rock). Fig.
from [30]. The experimental data are from: the compilatiasfsCrouch< [61], Baksan
[62], LVD o [63], MACROe [64], Frejus [65], and SNOA [66]. The shaded area at large
depths represents neutrino-induced muons of energy abdve\2 The upper line is for
horizontal neutrino-induced muons, the lower one for waitty upward muons.

neutrino and the leptom,  is the nucleon masg/yy is the mass of the W boson, att-

is the Fermi coupling constant. The functiof(s:, Q?) andg(x, Q?) are the parton distri-
butions for quarks and antiquarks. The Bjorken variabie a measure of the inelasticity
of the interaction. Therefore, high energy deep inelastigino interactions are character-
ized byz < 1. Fig. [10 shows the), and7, cross sections as a function of the neutrino
energy. As can be seen, at low energies the neutrino croserseses linearly withE,

up to~ 10* GeV. For higher energies, the invariant mgs= 2my E, zy could be larger
than the W-boson rest mass, reducing the increase of tHectots section. Since there is
not data constrain the structure functions at very smatlome uncertainties are estimated
on the total cross section at large enerdies [68].

The relation between neutrino and muon directions is esdeot the concept of a
neutrino telescope. Since neutrinos are not deflected lisatgxgjalactic magnetic fields, it
is possible to trace the muon back to the source of the neuffinis is equivalent to optical
astronomy where photons point back to their source. Theedhglbetween the incident
neutrino and the outgoing muon can be approximated by:

. 1.5°
0, < —— 12
M= E,(TeV) (12)

where F/,, is the neutrino energy. A muon travelling through rock orevas subject to
multiple scattering. The deviation of the muon directior doi this process after travelling
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Figure 10:Cross section for,, and7v,, as a function of the (anti)-neutrino energy according
to CTEQG6-DISI[68] parton distributions.

a distancer is given by [30] :

Opms = %ﬂfev),/x/)(ou +0.0038[n(x/X0)] (13)

whereXj is the radiation length of the medium, which is 37 cm for wakdrenergies and
distances that concern uk, is smaller thard,,, and the smearing effect can be neglected.
Muon direction can be measured with precision of the ordéess thanl® in ice, and with

~ 0.2° in water (se€f7).

4.2 Muon energy loss

Muon energy losses are due to several processes such aatimmizpair production,
bremsstrahlung and photonuclear interactions. The totalgy loss per unit length can
be written in a parametrized formula as:

dE,/dx = o(Ey,) + B(Ey) - E, (14)

wherea(FE),) is an almost constant term that accounts for ionization, g, ) takes into
account the radiative losses. FIg.l 11 shows muon energyakssfunction of the energy
due to different interactions in water. ‘

Fig. [12 shows the effective muon randg&;(E,, £,;*") in water as a function of
the parent neutrino energR.s¢(£,, E[[“'") represent the range after which the muon has

still a residual energE}f”" at the detector. For instance, at energies larger than 1tfeV
produced muon travels more than 4 km and arrives with moretiigeV of residual energy.
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Figure 11: Energy loss of a muon in water: p, pair production; b, bremaddung; pn,
photo-nuclear interactions; ion, ionization.

The event will be detected even if the neutrino interactiertax is outside the instrumented
detector volume of the telescope.

4.3 Cherenkov radiation

Any operating or proposed neutrino telescope in the TeV-Raidge is working by collect-
ing the Cherenkov light on a three-dimensional array of pimatitiplier tubes (PMTs). The
information provided by the number of photons detected heit airrival times are used to
infer the neutrino track direction and energy.

Cherenkov radiation is emitted by charged particles cngsan insulator medium with
speed exceeding that of light in this medium[70]. The charparticle polarizes the
molecules along the particle trajectory, but only when theiple moves faster than the
speed of light in that medium, an overall dipole moment iseng. Light is emitted when
the insulator’s electrons restore themselves to equilibrafter the disruption has passed,
creating a coherent radiation emitted in a cone with a claratic angled- given by

c/n 1
0= — = — 15
cosdo = - = 3 (15)
where n is the refracting index of the medium ahd the particle speed in units of c. For
relativistic particles § ~ 1) in sea wateri{ ~ 1.364) the Cherenkov anglefig: ~ 43°.
The number of Cherenkov photond,,, emitted per unit wavelength intervalA and
unit distance travellediz, by a charged particle of charge e is given by

d*N 2 (1- 1 )
dzd\  137)\2 n232

(16)
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Figure 12:Effective muon range as a function of the initial enefgy Curves correspond
(from top to bottom) to different threshold energigg,. of the muon arriving at the detector.
Eu,, = 1,10%,10%,10%,10%, 105 GeV. From [69].

where )\ is the wavelength of the light radiation. From this formulacan be seen that
shorter wavelengths contribute more significantly to them@€hkov radiation. The light
absorption by water/ice will strongly suppress some wanggles, se€f7l. Typically, in the
wavelength range between 300-600 nm of the photomultipliees (PMT), the number of
Cherenkov photons emitted per meter is albitx 10%.

Fig.[13 shows one example of optical module used by preseitine telescopes in ice
and water (se€9 andg1d). The PMT quantum efficiency is large in the wavelengtlgean
between 300-500 nm, matching very well the region in whigiviater are transparent to
light.

5 Why a km? telescope

In this section we developtay modelfor a neutrino telescope. Our aim is to derive, using
an analytic calculation, why a cubic kilometre scale deteit needed, and what is the
number of optical sensors required to detect neutrinosanrnstrumented volume. In sec.
we present some theoretical models of galactic and exa@ganeutrino sources. For

each model, the source is characterized by the differenéatrino energy spectrurﬁ%

(Tev—! cm~2s7!) at Earth. The number afetectablesvents induced by this neutrino flux
can be simply derived using tmeutrino effective areaThis quantity (defined in seC. %.2)
is computed by each experiment, and can be used to compaseribidivity of the different
experiments to the same neutrino flux.



20 T. Chiarusi and M. Spurio

- Penetrator
Glass sphere
o

Vacuum valve

— Base

=
-
n

b)

=
P

=
—

S
=
b

™~ Magnetic shield ~

Quantum Efficiency (%)
=
I

; wa ’ 0 I 1 1 I 1 1
Optical gel “ifgtomulfigiies 300 350 400 450 500 550 600

A (nm)

Figure 13:(a) Sketch of an ANTARES optical module: a large hemispdilefi® inches
in diameter) photomultiplier (PMT) is protected by a presstesistant glass sphere. The
outer diameter of the sphere is 43.2 cm. A mu-metal cageqisotee PMT from the Earth
magnetic field. An internal LED is used for the calibratiob) The quantum efficiency for
PMTs used by AMANDA, ANTARES and NEMO collaborations (fram&matsu).

5.1 Number of events for astandard neutrino candle

As previously discussed in seC. 4.2, it is possible to enhaheeffective volumef the
detector by looking for muons produced in a larger volumecsunding the detector itself.
The effective volume (depending on the neutrino energyesmonds to the product of the
detector effective area and the muon rafge

There is concordance between the estimateg of primary CR near the source and
the measured spectral index, of TeV gamma-rays from IACTocr ~ a, ~ 2. If the
TeV gamma-rays are originated from hadronic processeslnamsaequal neutrino flux is

expected (se€._3.1), witfe ~ %. We will use the Crab reference flux, defined in[eq. 8.
The event rate in a neutrino telescope can be expressedria tér

N, (Emln) d(I)V min —0o

% = /dEu & V(EV) -A-P,u(E,, E], )-e (Ev)pNAZ(0) (17)
whereA andT are the detector area and observation time, respectiyg|yis the proba-
bility that the neutrino gives an observable muon (see beldWe effective neutrino area
is the quantity:

ALI(B,) = Pyu(B,, B - A o~ (Bu)pNaZ(6) (18)

The terme—(Fv)PNaZ(0) 'whereo (E, ) is the total neutrino cross sectiaN4 the Avogadro
number,(pN,4) the target nucleon density afidthe neutrino direction with respect to the
nadir, takes into account the Earth absorption of neutrahosg the Earth pati (6). From
the nadirZ(0) = 6.4 x 10® cm, the absorption becomes important dor- 10~3* cnm? (or
equivalentlyZ,, > 20 = 50 TeV, see Figl10), whea?N4Z ~ ¢=0.05 ~ .95,

Lets consider?,,(E,, E[[”"). It represents the probability that a neutrino with energy
E, produces a muon of enerdy, which survives with energy EZ“'" after the propaga-
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tion from the interaction point to the detector. It can beresped in terms of:

do,

E(Eu, Ey)Resr(Ey, E™) (19)

4 Ey
PVM(EWEZL”L) = NA 0 dEu

wheredo, /dE, is the differential neutrino cross section to produce a mabenergy
E,, andR.s¢(E,, E;"™) is the effective muon range. One can tabul&g for a given
muon energy threshold. Fig. 114 shows, for two values of muon threshold energy: 1
GeV (which was the characteristic muon threshold for largae anderground detector, like
MACRO) and 1 TeV (which is the characteristic value for niatrtelescopes). There is
uncertainty in ed._19 due to the uncertainty in neutrino€s&ction for energies larger than

10 TeV @.1).
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Figure 14: P, [71] for two values of the muon threshold energy: 1 GeV and\L Tée
solid line are neutrinos and the dashed line antineutrindhe dotted lines show a power
law approximation.

It is instructive to note the dependenceRyf, for EL”Z'" > 1 GeV on neutrino energy
[11]: it can be approximated wit,, « E2 for E, < 1 TeV, andP,, < E, for 1 <
E, < 10 TeV. The two energy regimes reflect the energy dependenckeeofi¢utrino
cross section (which depends almost linearly on energy)effiedtive muon range (which
depends linearly on muon energy up4o 1 TeV, when muon radiative losses become
dominant).

To solve analytically eq[_17 in our simplified model, we cae tise approximation
for neutrino energies larger than 1 TeV;,(E,, E]"") ~ P,E)® = 107°E)S (E in
TeV) [71]. Using this approximation, the event rate for arseuwf 1 C.U. (eq[I8) can be
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analytically computed in the range between 10° TeV, neglecting the Earth’s absorption:

Nu( ELm'n) 103 TeV
T /1

dE, - (KE;*) - A-(P,EY®) =5x107"7- Aem™2s™1 (20)
TeV

where K = 107!' Tev~! cm™2 s~!. The area A is the surface surrounding the instru-
mented volume from which muons of energjf"" can be detected. Assuming an area

A ~ 5 km? (surface of a sphere with 1 Khwvolume), the number of expected events in this
calculation is~ 1/year, in a rough agreement with the more detailed coniputaf [55].

5.2 The neutrino effective area

For a more detailed computation of the rate of detectablatevier a reference neutrino
flux, experiments express their sensitivity in terms of tffeotive area, computed using
Monte Carlo (MC) techniques [72]. A flux of neutrino is gerteth which interacts in a
huge volumeV,,,, of material surrounding the instrumented volume. The M@hested
effective neutrino area is computed as:

N

gen

AT = X Vgen X (pN4) x 0(E,) X e~ (Br)pNaZ(6) (21)

whereN,, is the number of detected (triggered, reconstructed) s\@mdN,,, is the num-
ber of generated events. The other quantities have beeadgldefined. Fig[_15 shows
the effective neutrino area for IceCube, ANTARES and for tef@rence detectors in the
Km3Net design report for the cubic kilometre detector in Mediterranean sea [50]. The
effective area represents a useful tool to compare diftergperiments, because for a given
source it is straightforward to compute the number of exgueevents as:

Ny
?—/dE‘

In eq.[21,NV, depends on neutrino energy and direction. This has two qoesees:
i) sources with a similar fluency (number of neutrino per uniaigfa and unit of time) but
different spectral index: produce a different response to neutrino telescopes (hirtiee
«, better the source is seen);
ii) due to the Earth motion, the position in the detector frarha given source in the
sky changes with daytime. The effective area must be corddoteeach declination, by
averaging over the local coordinates (zenith and azimugirean

dd
v peff
dEl, AI/ (EI/) (22)

5.3 Number of optical sensors

The natural effective volume for a neutrino telescope ishefdrder of a krh. How many
optical sensor (PMTs) are needed? This is the major impatrfan the cost of an experi-
ment.

Lets assume using a PMT with a 10" diameter, detection diga ~ 0.05 m? and
quantum efficiency,,,,; ~ 0.25 (see Fig.[1B). Similar PMTs, which have the advantage
to fit inside commercial pressure-resistant glass spheaeg, been chosen by the IceCube,
ANTARES, NEMO and NESTOR collaborations. As we will discussj7.2, ice or sea
water absorption length,;, for light in the 400-500 nm range is larger than 50 m. A photon
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Figure 15:Neutrino effective area as a function of the true simulatedtrino energy. Two
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falling inside the effective PMT volume),,,,s = Apme X Agps =~ 2.5 m? is converted into a

photoelectron (p.e.) with a probability (equal to the PMBgum efficiencyy,,,,: ~ 0.25.
Let us callN,,,; the number of optical sensors inside the instrumented velgmamber

to be determined). The rate R between the effective PMT velofmV,,,; and the total

volume is:

‘/pmt X Npmt
109 m3

The total number of Cherenkov photons emitted by a 1 km lengin track in the
wavelength range of PMTSs sensitivity (s€c.]4.3Ms ~ 3.5 x 107. The fraction of these
photons converted into photoelectrons giving a signal is:

R= =2.5x 107 Npps (23)

Npe =Ny x R X epme = (3.5 % 107) - (2.5 x 107" Npyt) - €pme = 2 X 107> Ny (24)

The number of different fired PMTs needed to reconstruct amtraek is of the order
of a few tens. Taking into account that in most cases more dhansingle photoelectron
is produced by optical photons arriving on the same PMT inntegration window of the
electronics (which is of the order of 20-50 ns), a reasongalee of N, . is ~ 100. The
minimum number of optical sensors follow straightforwaranf eq.[24:

Npme = 100(p-e.)/2 x 1072 = 5000 (25)
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6 Astrophysical sources of HE neutrinos

In this section, we will review the candidate sources of hegiergy neutrinos. Many of
these sources seem to paaranteed since complementary observations of TeVfays
can hardly be explained by leptonic models alone. The egdewntutrino fluxes at Earth,
however, are uncertainty and predictions differ in somesap to orders of magnitude.
Finally, the effect of flavour oscillation on neutrinos ofsteic origin is discussed.

6.1 Galactic neutrinos

Some galactic accelerators must exist to explain the pcesehCRs with energies up to
theankle. These sources can be potentially interesting for a neutelescope. Apart from
details, it is expected that galactic sources are relatédetdinal stage of the evolution of
massive, bright and relatively short-lived stellar pragms. Some of the most promising
candidate sources of neutrinos in our Galaxy are extremédyasting due to the recent re-
sults from~-ray telescopes. A neutrino telescope in the Northern hgmi® (as a detector
in the Mediterranean sea) is looking at the same Southedidieliew as the HESS and
CANGAROO Imaging Air Cherenkov telescopes, while the riaottelescope in the South
Pole is looking at the Northern sky.

6.1.1 Shell-type supernova remnants

After a supernova (SN) explosion, particles can be acdelgra the so-called supernova
remnants (SNR) in the shock-waves of the expanding shellEefmi mechanisnf2.1.1).

If the final product of the SN is a neutron star, already acatdd particles can gain addi-
tional energy due to its strong magnetic fields. Shell-typRS are considered to be the
most likely sites of galactic CR acceleration, supporteddment observations from the
~-ray IACT.

Of particular interest is the supernova remnant in the VeléRX J0852.0-4622). This
SNR is one of the brightest objects in the southern TeV skgeReobservations of-rays
exceeding 10 TeV in the spectrum of this SNR by HESS [73] hiremgthen the hypothesis
that the hadronic acceleration is the process that is nagedexblain the hard and intense
TeV ~-ray spectrum. HESS observed that theay TeV emission originates from several
separated regions in a large apparent size @°. As we discuss if§9, angular resolution
of underwater neutrino telescopes is much better #fanFrom some calculation$ [55],
the expected neutrino-induced muon rate leads to encowgragsults for a detector in the
Mediterranean sea.

A second important source is the SNR RX J1713.7-3946, which been the sub-
ject of large debates about the nature of the process (leptorhadronic) that originates
its gamma-ray spectrum_[74]. RX J1713.7-3946 was first oleskby the CANGAROO
experiment which firstly claimed a leptonic origin [75]. $eesive observations with
CANGAROO-II [76] disfavour purely electromagnetic proses as the only source of the
observedy-ray spectrum. Neutrino calculations based on this resaeliipted large event
rates also in neutrino telescopes with size smaller than 4 [Kif, [78]. This source has
successively been observed with higher statistics by th8$t€lescope| [79] supporting
the hadronic origin. The neutrino flux calculations basedheHESS result (shown in
Fig. [18) lead to the prediction that the source should becthtte in a kilometer-scale
Mediterranean detector.
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Figure 16: Measured gamma-ray flux from RX J1713.7-3946 and estimaettimo flux
[89] with their error bands. The atmospheric neutrino fluxtiwerror band) is integrated
over the search window and averaged over one day.

6.1.2 Pulsar wind nebulae (PWNe)

PWNe are also called Crab-like remnants, since they resethiel Crab NebulagB.1),
which is the youngest and most energetic known object oftifie. PWNe differ from
the shell-type SNRs because there is a pulsar in the ceniehwlows out jets of very
fast-moving material into the nebula. The radio, optical Zaray observations suggest a
synchrotron origin for these emissions. HESS has also @etdeVy-ray emission from
the Vela PWN, named Vela X. This emission is likely to be piatliby the inverse Comp-
ton mechanism, but the possibility of a hadronic origin foe bbservedy-ray spectrum
with the consequent flux of neutrinos was also consideref [80

The neutrino flux calculated for a few PWNe in the frameworladvadronic production
of the observed TeV/-rays (such as the Crab, the Vela X, the PWN around PSR1706-44
and the nebula surrounding PSR1509-58) agree with the uginok that all these PWNe
could be detected by a kilometre-scale neutrino teles@te A negative result will help
constraining the models or exclude the hadronic production

6.1.3 The Galactic Centre (GC)

The Galactic Centre is probably the most interesting regfoour Galaxy, also regarding

the emission of neutrinos. It is specially appealing for aditaranean neutrino telescope
since it is within the sky view of a telescope located at satiude. The interest in it has

increased after the recent discoveries of HESS.
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Early HESS observations of the GC region detected a pdiatdource at the gravita-
tional centre of the Galaxy (HESS J1745-200 [82]) coincideith the supermassive black
hole Sagittarius A* and the SNR Sgr A East. In 2004, a moreisemgampaign revealed
a second source, the PWN G 0.9+0.1/[83].

Thanks to the good sensitivity of the HESS telescope, it ssiide to subtract the GC
sources and search for the diffuseray emission which spans the galactic coordinates
|I| < 0.8, |b|] < 0.3°. This diffuse emission of-ray with energies greater than 100 GeV is
correlated with a complex of giant molecular clouds in theticd 200 pc of the Milky Way
[84].

The measureg-ray spectrum in the GC region is well described by a poweniéth
index of ~ 2.3. The photon index of the-rays, which closely traces back the spectral
index of the CR, indicates in the galactic centre a local C&spm that is much harder
and denser than that measured on Earth, as shown ih Fig. 17.

Thus it is likely that an additional component of the CR payioh is present in the
Galactic Centre, above the diffuse CR concentration whikh thie whole Galaxy. The
proximity of particle accelerators in the GC, and therefitwe possibility of neglecting the
CR diffusion loss due to propagation (sg&1.1), gives a natural explanation for the harder
spectrum which is closer to the intrinsic CR source spechnal84] it is suggested that
the central source HESS J1745-290 is likely to be the sourteese CR protons, with two
candidates for CR accelerations in its proximity: the SNR/ASEast (estimated age around
10* yrs), and the black hole Sgr A*.

6.1.4 Microquasars

Microquasars are galactic X-ray binary systems, which ldkinelativistic radio jets, ob-
served in the radio band [B5]. The name is due to the fact liegtriesult morphologically
similar to the AGN, since the presence of jets makes themasing small quasars. This
resemblance could be more than morphological: the physrcakesses that govern the for-
mation of the accretion disk and the plasma ejection in ngigasars are probably the same
ones as in large AGN.

Microquasars have been proposed as galactic acceler#tgsrofcharged particles up
to £ ~ 10'¢ eV. The hypothesis was strengthened by the recent discofehg presence
of relativistic nuclei in microquasars jets like those of &8. This was inferred from the
observation of iron X-ray line [86].

Two microquasars, LS | +61 303 and LS 5039, have been detasteday sources
above 100 MeV and listed in the third EGRET Catalogue. Theyadso detected in the
TeV energy range [87, 88].

There is yet uncertainty as to what kind of compact objestitid.S | +61 303 (observed
by the MAGIC telescope, with some not conclusive indicatidrvariability in the y-ray
emission). Because the source is located in the Northernitskyspecially appealing for
a neutrino telescope located in the Southern hemisphee&sibe, which will be able to
detect (or rule out) neutrinos coming from this soutce [89].

Microquasar LS 5039 (detected by HESS in the Southern skg/fdatures similar to
LS | +61 303, in particular the observed flux does not allow apquivocal conclusion
about the variability of the source. Different astrophgsiscenarios have been proposed
to explain the TeVy-ray emission, which involve leptonic and/or hadronic iatgions. In
particular, the leptonic model is strongly disfavored [i®][9 In this case for LS 5039 it
is expected to be betweénl - 0.3 events/year in a detector like ANTARES (s€.1),
depending on the assumed power law neutrino spectrum (ftbrto2.0), and two energy
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Figure 17: (From [84]) HESS measurement ofray flux per unit solid angle in the GC
region (open circle data points). In comparison, the expeet-ray flux assuming a CR
spectrum as measured in the solar neighbourhood is shownsaa@ded band. The mea-
sured spectrum in the galactic regidf] < 0.8%,|b| < 0.3° is shown using full circles.

These data can be described by a power law with spectral index3. The measured

~-ray flux (>1 TeV) implies a high-energy cosmic-ray density which is B0times higher

than our solar neighbourhood value. The spectrum of thecoHESS J1745-290 is also
shown for comparison.

cutoff (F,q. = 10 TeV and 100 Te\V [90]).

Other microquasars were considered[in/ [91]. The best catetichs neutrino sources
are the steady microquasars SS433 and GX339-4. Assumisgnaale scenarios for TeV
neutrino production, a 1 kfascale neutrino telescope in the Mediterranean sea coeid id
tify microquasars in a few years of data taking, with the pobty of a 50 level detection.
In case of no-observation, it would strongly constrainsrtbetrino production models and
the source parameters.

6.1.5 Neutrinos from the galactic plane

In addition to stars, the Galaxy contains interstellar tedrgas, magnetic fields and CRs
which have roughly the same energy density. The inhomogenewgnetic fields diffu-
sively confine the CRs within the Galaxy. CRs hadronic irdéoas with the interstellar
material produce a diffuse flux efrays and neutrinos (expected to be equal within a factor
of ~ 2). The fluency at Earth is expected to be correlated to thecglasnn density in
the Galaxy: the largest emission is expected from direstiEong the line of sight which
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intersects most matter.

Recently, the MILAGRO collaboration has reported the ditecof extended multi-
TeV gamma emission from the Cygnus region] [92], which is wellrelated to the gas
density and strongly supports the hadronic origin of theatamh. The MILAGRO obser-
vations are inconsistent with an extrapolation of the EGREX measured at energies of
tens of GeV. This supports the hypothesis that in some areth® @alactic disk the CR
spectrum might be significantly harder that the local one.

With the assumption that the observeday emission comes from hadronic processes,
it is possible to obtain an upper limit on the diffuse flux otitrenos from the galactic plane.
The KM3NeT consortiunt [50] made an estimate of the neutrimofflom the inner Galaxy,
assuming that the emission is equal to that observed froutitbetion of the Cygnus region.
The expected signal rate for a Kmeutrino telescope located in the Mediterranean Sea is
between 4 and 9 events/year for the soft (index 2.55) and hard ¢ = 2.10) spectrum
respectively, with an atmospheric neutrino backgroundoolia 12 events per year.

6.1.6 Unknowns

In addition to SNR, PWNe and microquasars, there are otleardtical environments in
which hadronic acceleration processes could take pladepsitduction of a neutrino flux.
For instance, neutron stars in binary systems and magr8&jrsnight be sources of an
observable neutrino flux.

New improvements in the GeV- TeV scajeray astronomy are expected in the next
years. In particular practically all the IAC telescopes iatproving their apparatus. Fermi
is a new high-energy gamma-ray observatory designed foingalbservations ofy-ray
sources in the energy band extending from 10 MeV to more tB8GeV. News are also
expected from the ARGQ [94] and MILAGROQ [B5] large field of wi@bservatories. Fi-
nally, it is also worth remarking that a non-negligible nienlof VHE ~-ray sources de-
tected by HESS do not have a known counterpart in other wiagtiie. The origin of such
sources is a theoretical challenge in which neutrino astrgnmay yield some insight.

Although not certainly inspired by neutrino astronomy,sitvery interesting to quote
this sentence from the former US Secretary of Defense, DdRainsfeld. The sentence is
the exact words as taken from the official transcripts on thfebse Department Web site
[96]: The Unknown. As we know, / There are known knowns. / There are things we know
we know. / We also know / There are known unknowns. / That &/tb\We know there are
some things/ We do not know. / But there are also unknown wrg)d The ones we don't
know / We don’t know.

6.2 Extra-galactic neutrino sources

The extension of measured cosmic ray spectrum abowvethkk is assumed to be the result
of the contribution of extra-galactic sourc§2(1.3). The prediction of high energy neutrino
sources of extra-galactic origin is a direct consequendbeo€R observations.

As for the origin of UHE Cosmic Rays, Active Galactic Nucl&iGN) are the principal
candidates as neutrino sources. Other potentially promisarticle accelerators aferay
bursts (GRBs). Here we consider these two astrophysicasetaof objects, with a partic-
ular attention to the possible neutrino production medraniFinally, radio observation of
starburst galaxies have motivated the idea of the existeht&iden sources of CR. These
sources can represent pure neutrino accelerators, andmedietions are presented.
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Extra-galactic sources are very far and the possibility afdividual discovery in a
km3 scale neutrino telescope is expected only in particulasréteal models, or using the
source stackingnethods: it is a combined analysis for different classesbjdats which
enhance the neutrinos detection probability.

An alternative way to prove the existence of extragalactiatnno sources is through
the measurement of thmumulative flux in the whole sky. Since there is no directional
information, the only way to detect thidiffuse flux of high energy neutrinds looking
for an excess of high energy events in the energy spectrumtbgebackground of the
atmospheric neutrinos.

Theoretical models constrain the neutrino diffuse flux, asdiscuss irff6.2.4. These
upper bounds are derived from the observation of the diffiuses of--rays and UHECR.
One of them (the Waxman-Bahcall, shortened as W&B) is usdldeaeference limit to the
predicted neutrino flux coming from different extra-galastources §6.2.4).

In addition to neutrinos generated by high energy cosmielacators, there are high
energy neutrinos induced by the propagation of CRs in thed ldoiverse §2.1.3). Protons
exceeding the threshold for pions productidiip(~ 5 x 10 eV), will lose most of their
energy [97]. The subsequent pions decay will produce a ineuflux (calledGZK or
cosmologicaheutrinos) similar to the W&B bound abowex 10'® eV [98], since neutrinos
carry approximately 5% of the proton energy.

6.2.1 Active Galactic Nuclei (AGN)

Active Galactic Nuclei (or AGN) are galaxies with a very brigcore of emission embed-
ded in their centre, where a supermassive black Hdale £ 10° solar masses) is probably
present. As outlined if2.1.3, the Auger observatory has reported the first hintewwtta-
tion between CR directions and nearby concentrations aiemiatwhich AGN are present.
This measurement (although still controversial) suggtsis AGN are the most promis-
ing candidates for UHECR emission. For instance, a detaitediction has recently been
carried out for the Centaurus A Galaxy, which is only 3 Mpc ywhn [99] the estimate
neutrino flux from hadronic process i8?d®, /dE < 5 x 10713 TevV—! cm~2s7!, thus
betweerD.02 + 0.8 events/year for a cubic kilometer detector.

The supermassive black hole in the centre of AGN would dtmraaterial onto it, re-
leasing a large amount of gravitational energy. Accordmgame models [100], the energy
rate generated with this mechanism by the brightest AGN$edn> 10*" erg s!. Early
models [101; 102, 103] postulating the hadronic accelamati the AGN cores predicted
a production of secondary neutrinos well above the W&B upipeit, and the prediction
from some of these models has been experimentally dispioy@dANDA [104]. More
recent models [105] predict fluxes close to the W&B bound.

A particular class of AGN (calletlazars) have their jet axis aligned close to the line of
sight of the observer. Blazars present the best chanceeaxdtiej AGNs as individual point
sources of neutrinos because of a significant flux enhandeiméme jet through Doppler
broadening. Blazars exhibit non-thermal continuum erais§iom radio to VHE frequen-
cies and are highly variable, with fluxes varying by factofsmund 10 over timescales
from less than 1 hour to months. Many tens of blazars have theletcted by EGRET and
Fermi-LAT experiments and an increasing population of Tédzars at higher redshifts is
being detected by the latest generationyafly IACT; so far 18 blazars have been discov-
ered over a range of red-shifts from 0.0346.3 [37].

In hadronic blazar models, the TeV radiation is produced &yrbnic interactions of
highly relativistic baryonic outflow with the ambient mediuwr by interactions of UHE
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protons with synchrotron photons. An important effect teetanto account is that the ob-
servedy-ray spectrum from extragalactic sources is steepened aabdorption by the
Extragalactic Background Light (EBL). Neutrinos, howevare unaffected by the EBL
and in the case of a distant blazar, such as 1ES1101 at z5@hE86bserved spectral in-
dex of 2.9 is estimated to correspond to a spectral index esd® 1.5 near the source
[106]. Because of this hardening, some TeV-bright blazarspme models, are expected
to producey,, fluxes exceeding the atmospheric neutrino background irb& &ilometer
neutrino telescope [107]. HESS recently reported alsolfighriable emission from the
blazar PKS2155 [108]. A two order of magnitude flux increasaching 10 Crab Units
(C.U., eq.[8) was observed during a one hour period. Suchdiapisodes are interesting
targets of opportunity for neutrino telescopes. Assumirgg balf of they-rays are accom-
panied by the production of neutrinos, a flare of 10 C.U. tgs@iround 2.5 days would
result in a neutrino detection at the significance level afga [50].

6.2.2 Gamma ray bursts (GRBS)

GRBs are short flashes gfrays, lasting typically from milliseconds to tens of sedsn
and carrying most of their energy in photons of MeV scale. likady origin of the GRBs
with duration of tens of seconds is the collapse of massiaes ¢b black holes. Recent
observations suggest that the formation of the central eatrgbject is associated with Ib/c
type supernovae [109, 110, 111].

GRBs also produce X-ray, optical and radio emission subs#aio the initial burst
(the so calleds fterglow of the GRB). The detection of the afterglow is performed with
sensitive instruments that detect photons at wavelengtlaler than MeVsy-rays. In 1997
the Beppo-Sax [112] satellite obtained for the first timehhigsolution X -ray images of
the GRB970228 afterglow, followed by successive obsaymatimade in optical and longer
wavelengths with an angular resolution of arcminute. Thisusate angular resolution al-
lowed the redshift measurement and the identification othtbe&t galaxy. It was the first
step to demonstrate the cosmological origin of GRBs.

Leading models assume thatfareball, produced in the collapse, expands with an
highly relativistic velocity (Lorentz factol ~ 10%°) powered by radiation pressure. Pro-
tons accelerated in the fireball internal shocks lose entbrgyigh photo-meson interaction
with ambient photons (the same process of [elg. 5). In the wliséame, the condition
required to the resonant production of the is E. E, = 0.2 GeV2I'?. For the production
of gamma-rays with, ~ 1 MeV the characteristic proton energy requiredsis = 10'6

eV, if I' ~ 10%°. The interaction rate between photons and protons is highalthe high
density of ambient photons and yields a significant prodactf pions, which decay in
neutrinos, typically carrying 5% of the proton energy. Hengeutrinos with, ~ 10

eV are expected [113]. Other neutrinos with lower energsalso be produced in differ-
ent regions or stages where GRBays are originated. Depending on models, a different
contribution of neutrinos is expected at every time stagh®GRB.

Some calculations of the neutrino flux [114] from GRB show thkilometer-scale neu-
trino telescope can be sufficient to allow detection. Theaye energy of these neutrinos
(100 TeV) corresponds to a value for which neutrino telessagre highly efficient. Nev-
ertheless, being transient sources, GRBs detection hadilamtage of being practically
background free, since neutrino events coming from GRB anelated both in time and
direction with~-rays. As for the case of ANTARES [1115], unfiltered data carstoeed in
the occurrence of a GRB alert from a satellite or a groundbsslescope. The analysis of
collected data around a GRB alert can be carried out somddiere with the advantage of
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using very precise astronomical data, improved by lateeagions of the afterglow with
optical telescopes.

6.2.3 Starburst or neutrino factories

Radio observations have motivated the idea of the existehi@gions with an abnormally
high rate of star formation, in the so-callsthrburst galaxieswhich are common through-
out the Universe. These regions of massive bursts of staraiton can dramatically alter
the structure of the galaxy and input large amounts of enanglymass into the intergalactic
medium. Supernovae explosions are expected to enrich tismdgar forming region with
relativistic protons and electrons [116, 117]. These iafdic charged patrticles, injected
into the starburst interstellar medium, would lose enetgpugh pion production. Part
of the proton energy would be converted into neutrinos bygdth meson decays. Such
hidden sources of CR are thus purely-neutrino acceleratrse only neutrinos would be
able to escape from these dense regions. A cumulative fluevfri@utrinos from starburst
galaxies was calculated in [118] & ®, ~ 10~7 GeV cnt? s~!sr !, a level which can
be detected by a kfascale neutrino detector.

6.2.4 The upper limit for transparent sources

The observation of diffuse flux of gamma-rays and of UHE CRslmused to set theoret-
ical upper bounds on the total flux of neutrino from extragédasources (diffuse neutrino
flux). High energyy-rays can be produced in astrophysical acceleration sjteletay of
the neutral pion (ed.]6). Neutrinos will be produced in datdtom decay of the charged
pions and escape from the source without further intenastidue to their low cross sec-
tion. High-energy photons from° decay, on the contrary, will develop electromagnetic
cascades when interacting with the intergalactic radidfiield. Most of they-ray energy
will be released in the 1 MeV-100 GeV range. Therefore, thgeolable neutrino flux
(within a factor of two due to the branching ratios and kingosaat production of charged
and neutral pions) is limited by the bolometric observed igaanay flux in this energy
band.

The diffuse gamma-ray background spectrum above 30 MeV wessuaned by the
EGRET experiment a5 [119]:

E’I(E) = (1.37 £ 0.06) x 107° GeVem ™25 tsr™! (26)

If nucleons escape from a cosmic source, a similar bound eadebived from the
measured flux of CR from extragalactic origin. Fermi ac@len mechanism can take
place when protons are magnetically confined near the soNmgrons produced by photo-
production interactions of protons with radiation fieldg.(&) can escape from transparent
sources and decay into cosmic protons outtlideregion of the magnetic field of the host
accelerator.

Some additional factors have to be considered before edtaig a relationship be-
tween CR and neutrino fluxes. These factors take into acdberproduction kinematics,
the opacity of the source to neutrons and the effect of prajiay This last factor is the
subject to the larger uncertainties, because it has a stlemgndence on galactic evolution
and on the poorly-known magnetic fields in the Universe. &li@some controversy about
how to use relationships to constrain the neutrino flux lifiliere are however two relevant
predictions:
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e The Waxman-Bahcall upper bound. The upper bound proposed b]y Waxman-
Bahcall [120] (W&B) takes the cosmic-ray observationsfir ~ 10 eV to
constrain neutrino flux. With a simple inspection of Fig] 1e wan see that
E2dN/dE ~ 1078 GeV cnt?s!sr ! at10'Y eV. This flux is two orders of magni-
tude lower than the limit provided by the extragalactic M8®Y gamma-ray back-
ground (eq[_26).

In the computation of the upper bound, several hypothesimade: it is assumed that
neutrinos are produced by interaction of protons with amibigdiation or matter; that
the sources are transparent to high energy neutrons; thatth eV CRs produced
by neutron decay are not deflected by magnetic fields; finatg (most important)
that the spectral shape of CRs up to the GZK cutoff\g/dE o« E~2, as typically
expected from the Fermi mechanism. The upper limit that tiegin is:

E2d®/dE, < 4.5 x 1078GeVem ™ 2s tor? (27)

Although this limit may be surpassed by hidden or opticatiick sources for pro-
tons to py or pp(n) interactions, it represents the “reference” litoibe reached by
neutrino telescope sensitivities (see Fig. 18).

e Mannheim-Protheroe-Rachen (MPR) upper bound. The W&B limit was criti-
cized as not completely model-independent. In partictiter,main observation was
about the choice of the spectral index= 2. In [121] a new upper bound was de-
rived using as a constraint not only the CRs observed on Harttalso the observed
gamma-ray diffuse flux. The two cases of sourggsque or transparent to neu-
trons are considered; the intermediate case of sourcalbattansparent to neutrons
give intermediate limits.

The limit for source®paqgue to neutrons is:
E2d®/dE, <2 x 107 5GeVem 25 sr™! (28)

This is two orders of magnitude higher than the W&B limit aimditar to the EGRET

limit on diffuse gamma rays (e@._26), because a source opaqueutrons produces
very few CRs (neutrons cannot escape and decay outside uhee¥obut it is trans-

parent to neutrinos angrays.

The limit for sourcesransparent to neutrons decreases from the value offed|. 28 at
E, ~ 10° GeV to the value of ed. 27 d, ~ 10° GeV. Above this energy, the limit
increases again due to poor observational information.

Both the W&B and the MPR limit are reported in Fig.] 18. Expegittal upper limits are
indicated as solid lines, ANTARES and IceCube 90% C.L. sertg@s with dashed lines.
Frejus [122], MACRO [[128], Amanda-1l 2000-03 _[104] limitefer to muon neutrinos.
Baikal [124] and Amanda-Il UHE 2000-02 [125] refer to nentr$ of all-flavours. The red
line inside the shadowed band represents the Bartol [58psiheric neutrino flux. The
lowest limit of the band represents the flux from the vertdiagction, with a negligible
contribution from prompt neutrinos. The upper limit of theald represents the flux from the
horizontal direction, with one of the prompt model whichagvthe maximum contribution
[126].
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Figure 18:Sensitivities and upper limits for B2 diffuse high energy neutrino flux, see
text. Experimental upper limits are indicated as solid §nANTARES and IceCube 90%
C.L. sensitivities with dashed lines. For reference, theB\&d MPR98 limits for trans-
parent sources are also shown. Part of the MPR98 upper baziattéady excluded by the
AMANDA-II result. Both upper bounds are divided by two, tketinto account neutrino
oscillations.

6.3 The effect of neutrino oscillations

Neutrino oscillation is a recent but well known phenomert will affect also the cosmic
neutrino flavors. Neutrino oscillations were observed madpheric neutrinos, in solar
neutrino experiments and on Earth based accelerator actrexperiments. A complete
review about neutrino oscillations can be found.in [127].

As already mentioned, high energy neutrinos are producesktirophysical sources
mainly through the decay of charged pionspin pp, pn interactions (ed.] 7). Therefore,
neutrino fluxes of different flavours are expected to be asthece in the ratio:

VeiVy:vp=1:2:0 (29)

Neutrino oscillations will induce flavour changes while tigws propagate through
the Universe. One has to considaass eigenstates, = v, v, vz in the propagation,
instead ofweak flavour eigenstates = v., v,, v,. The weak flavour eigenstatesare
linear combinations of the mass eigenstatgsthrough the elements of the mixing matrix
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UlmI
3
= UmVm (30)
m=1

Because mixing angles are large, the flavour eigenstatesalrseparated from those of
mass.

Itis instructive to derive the oscillation probability ing simple case of only two flavour
neutrinos, for instanc@,,, v;) and one mixing anglé@,s:

vy = Vc0s o3 + v3sin o3 (31)
Vr = —vysin O3 + 13 cos fas

The survival probability for a pure g, beam:

(32)

1.27Am? - L
P(v, — v,) =1 —sin® 203 sin® <7Tm>

whereAm? = m% — m3, L is the distance travelled by the neutrino from production to
detection.f»3 and Am? may be experimentally determined from the variationPgf,, —
v,,) as a function of the zenith angt, or from the variation in/E,,.

With three neutrino flavour, three mass differences can firatk(two linearly indepen-
dent). The mass difference measured with atmosphericinestis Am2,,, = Am3; ~
Am3; = £2.5 x 1073eV2. For the mixing angledss ~ 45° (that correspond to maxi-
mal mixing), whilef;3 is small. The values oAm?, and of the other mixing anglé»
are determined by the solar neutrino experimentsand KachLarhe most recent data
favors very clearly the solution with a best finm?2, = Am3}, = 5 x 107°eV? and
5in201y = 0.24 (012 = 29.5°).

According to these neutrino oscillation parameters, tkie td fluxes of neutrinos from
astrophysical origin (i.e. very large baselibgin eq.[29 changes to an observed flux ratio
at Earth[[128] as:

Ve:Vy:vp=1:1:1 (33)

Theoretical predictions which does not take into accountrim® oscillations must be
corrected to include this effect. In particular, muon niewis are reduced at Earth by a
factor of two.

7 Water and Ice properties

The effects of the medium (water or ice) on light propagatiomabsorption and scattering
of photons. These affect the reconstruction capabilitfeabetelescope. In fact, absorption
reduces the amplitude of the Cherenkov wavefront, i.e.dta amount of light on PMTs;
scattering changes the direction of propagation of the &tk@wv photons and the distribu-
tion of their arrival time on the PMTs. This degrades the meament of the direction of
the incoming neutrino.

The propagation of light in a transparent medium is quatfiie a given wavelength,
by the medium inherent optical properties: absorptith), scatteringh(\) and attenuation
c(\) = a()\) + b()\) coefficients, or, alternately, absorptidn,(\) = a(\)~!, scattering
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Figure 19:Depth dependence of scattering coefficient) = 1/L§ff(/\) as measured by
the IceCube collaboratiori [129] for 4 different wavelengjth

Ly(\) = b(A)~! and attenuatiorL..()\) = ¢(\)~! lengths. Each of these lengths represents
the path after which a beam on initial intensityat wavelength\ is reduced in intensity by
a factor of 1/e through absorption and scattering, accgrttirihe following relation:

Lz, \) = Io(\e /BN i =ab,c (34)

wherez (in meters) is the optical path traversed by the light.

A complete description of light scattering would requine,addition to the geomet-
ric scattering length’, (), the knowledge of the scattering angular distribution. t&wus
Mie developed (1908) an analytical solution of the Maxwejuations for scattering of
electromagnetic radiation by spherical particles, whilppropriate for modeling light
scattering in transparent media. In particular for ice trepminant scattering centers are
sub-millimeter sized air bubbles and micron sized dustgast

Generally, light is scattered multiple times before it fe&an optical sensor. The aver-
age cosine of the light field of photons that have undergonkiptau(= n times) scattering
obeys a simple relationship:

(cos 0}, = (cos )" (35)

On average, per step, a photon advances at an angtesaf) a distance of;,(\) between
each scatter. Hence afterscatters, a photon has moved in the incident direction:

LT (0) = Ly(0) S feos B = —20N)
b () b( );( > 1—<COSQ>

(36)
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Experimental measurements are generally expressed is trtheeffectivelight scatter-

ing IengthLfo()\), instead of the (strongly correlated) values of averagdesuoag angle
(cos #) and geometric scattering lengih ().

In the following discussion, we will point out that seawétas a smaller value di,(\)
with respect to ice (which is more transparent). By refgytio the discussion if5.2, the
same instrumented volume of ice corresponds to a largectiedetector volume with

respect to seawater. On the other hand, the effective EingttengthLIff 7 for ice is smaller
than water. This is a cause of a larger degradation of thelangesolution of the detected
neutrino-induced muons in ice with respect to the water {Ze®.

Another difference between ice and water is that optical utexdin seawater suffer
some background from the natural radioactivity of elemémiinly “° X) and from lumi-
nescence produced by organisms living in the deep sea. (abrisst) background-free.

7.1 Ice properties

The ice in which AMANDA and IceCube (s€f.1) are embedded has optical properties
that vary significantly with depth and that need to be acelyahodeled. Impurities trapped
in the ice depend on the quality of the air present when thevafirst laid down as snow.
This happened over roughly the lasfMears. Because of variations in the long-term dust
level in the atmosphere during this period, as well as oooasivolcanic eruptions, impurity
concentrations are depth dependent. IceCube and AMANDA bath pulsed and steady
light sources located at various positions under the icachwhare used to measure both
the attenuation length and scattering length. This is dghenéasuring the arrival time
distributions of photons at different distances from atligburce.

The scattering centers for light propagation in IceCubedargt particles of various
types and air bubbles [129].

e There are essentially four components of the dust: inselabheral grains, sea salt
crystals, liquid acid drops and soot. Sea salt crystals igndllacid drops contribute
negligibly to absorption, sea salt being the strongestextiag) component. Insoluble
mineral grains are the most common component, and cordgriiouboth absorption
and scattering, while soot contributes mainly to absorptidhe relative abundance
of each of these components was derived from ice core measents([[130].

¢ Air bubbles would play a major role in scattering in the iceAattarctica, which is
laid down through a process of snowfall, hence trapping lasbdf air as it compacts
itself. This is true down to depths of approximately 1250 rnowehe surface. Then,
the pressure of ice layers above compact these air bubliteaimhydrate crystals,
which have an index of refraction nearly identical to thatoef

Fig.[19 shows the effective scattering coefficigst\) measured in Antarctica. The strong
drop off from depths of around 1250m is due to the transitimmfthe region where air
bubbles are dominant to the region where the four main dudtpare present in the ice.
The effects of ice properties on photon propagation andaimes on PMTs are eval-
uated by the IceCube collaboration through Monte Carlo (Ki@ulations. MC parameters
are adjusted until an agreement is met between simulatidimasitu data for photon timing
distributions. Some models were developed inside the AMANIReCube collaborations
[131]. The depths below AMANDA, which are now included in thetive volume of Ice-
Cube, were described with a model corrected using the me@asunts in ice cores taken at
other sites in Antarctica, in particular at East Dronningudad.and (EDML). Absorption
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Figure 20: Depth dependence of scattering coefficigrih = 400 nm) and absorption
coefficienta g, s: (A = 400 nm) as used in Monte Carlo simulations in the Antarctica exper-

iments [131].

(due to dust) and scattering coefficients obtained withediffit simulations are shown in
Fig.[20.

7.2 Optical properties of water

Many agents contribute to the optical properties of watewitGnmental parameters such
as water temperature and salinity are indicators of theegggion state offoO molecules,
which biases the diffusion of light. Water absorption andtzing depend also on the
density and the size of the floating particulate, which aff¢ise telescope response also in
terms of detector aging: due to bio-fouling and sedimertkisg on the optical modules,
efficiency of the photon detection can be compromised.

For these reasons, together with the strong necessity dhioorg the atmospheric
muon background, a site for a neutrino telescope must beeldat great depth. In this
condition, high pressure and extremely slow water curremdke the site characteristics
stable.

Apart from the BAIKAL experiment 8.2), situated in the Siberian lake Baikal at a
depth of approximately 1 km, submarine sites have beenmpeefn order to reach deeper
locations. The preference for undersea sites is not frea filawbacks: because of the
salts into the water, submarine sites present an irreduoiftical background due to the ra-
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Figure 21: The absorption length measured in the underwater sites atomo(blue) and
Capo Passero (red), of the ANTARER(.1) and NEMO (seg10.2) experiments, respec-
tively. Left: L,(\) with A = 440 nm as function of the depth. Right: various measurement
of the absorption length in the two sites as function of theelength, compared to the
behaviour of pure seawater (solid line).

dioactive decay of’K and the bioluminescence, which strongly depends on emviemtal
factors.

In order to minimize the bias induced by external agentsratiian deep, the telescope
sites must be far enough from shelf-breaks and river essiavhich can induce turbu-
lent currents and spoil the purity of water. At the same tithe, neutrino telescope must
be close to scientific and logistic infrastructures on shordth such requirements, the
Mediterranean Sea offers optimal condition on a worldwidales to host an underwater
neutrino telescope.

In water the absorption and attenuation coefficierits) andc(\) are directly measured
by means of dedicated instruments, like the AC9 manufadthyeWETLabs[[13R2]. Water
optical properties are strongly dependent on the wavetetight transmission is extremely
favoured in the range 350-550 nm [133], where the photoplidts used in neutrino tele-
scopes to detect Cherenkov radiation reach the highestumaeftficiency (see Fig._13).

In natural seawater, optical properties are also functiowaier temperature, salinity
and dissolved particulate [134, 135]. Measurements of toflgs of temperature, salinity,
attenuation and absorption lengths performed by the NEM@taration ¢10.2) in the
site namedCapo Passero100 km off shore from the coast of Sicily, during various sea
campaigns from year 1999 to the end of year 2003 show thatquenthtities are stable and
constant at depths greater than 152000 m [136].

The nature of particulate, either organic or inorganicditeension and concentration,
affect light propagation. All these environmental parametmay vary significantly, for
each marine site, as a function of depth and time. Moreavsikinown that seasonal effects
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Figure 22: Average attenuation length measured with the AC9 in the (QRgssero site
[136], at depth 2850-3250 m from year 1999 to 2003. Statstirrors are plotted. The
solid black line indicates the values bf(\) for optically pure seawater reported by Smith
and Baker[[137].

like the increase of surface biological activity (typigatluring spring) or the precipitation
of sediments transported by flooding rivers, enlarge theuatnaf dissolved and suspended
particulate, worsening the water transparency.

Fig. 21 shows absorption length measured in the sites of HEARES experiment
and the Capo Passero site. On the left it is shown the atiendangthL,(\ = 440 nm)
as a function of depth. The right side of the figure shows thasmesd absorption length
(in the range of 350 nm< A\ <700 nm, circle and square dots) in the two sites, compared
to the model ofpure seawater reported by Smith and Baker [137] (solid blacR line

Fig. [22 shows the mean attenuation lengithiA) measured in different seasons in the
Capo Passero site (coloured dots); such averages arerpedavith measurements from
2850 m to 3250 m depth.

7.3 Optical background in water

The background counting rate in optical modules of an um@dengutrino detector has two
main natural contributions: from the decay of radioactilereents in water, and from the
luminescence produced by organisms, the so called bioksoance.

The*°K is by far the dominant of all radioactive isotopes presentatural seawater.
40K decay channels are:

WK — 9Ca + ¢ + 7, (BR=80.3%)
Vg + e — Y4r + v, + v (BR=10.%%)
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Figure 23: Median rates (in kHz) on two different optical modules witl 10" PMT of the
ANTARES experiments at 2037 m and 2386 m, form March 2006 Mayca2008 [139].
The contribution of théK decay is almost constant to 30 — 40 kHz.

and both contribute to the production of optical noise. Adglraction of electrons produced
in the first reaction is above the threshold for Cherenkotatligroduction. The photon
originating in the second reaction has an energy of 1.46 Mel\tan therefore lead through
Compton scattering to electrons above the threshold fo€tierenkov emission.

The intensity of Cherenkov light frorfK radioactive decays depends mostly on the
40K concentration in sea water. Since salinity in the Mediteean Sea has small geograph-
ical variation, this Cherenkov light intensity is largelyesindependent.

Bioluminescence is ubiquitous in oceans and there are twm@eas in deep sea: steady
glow of bacteria and flashes produced by animals. These warrige to an optical back-
ground up to several orders of magnitude more intense treorib due td’K (see Fig.
[23). The two components of optical background describegehce clearly visible. Bursts
observed in the counting rates are probably due to the pasgdight emitting organisms
close to the detector.

The phenomena of bioluminescence are not yet fully undegstdhe typical spectrum
of bioluminescence light is centered around 470-480 Inm/|[13®8], the wavelength of
maximal transparency of water, which is of greatest intetesndersea neutrino telescopes.
The distribution of luminescent organisms in deep-seasawiith location, depth, and time
but there is a general pattern of decrease in abundance eyith.d=ig[ 24 shows the amount
of luminescent cultivable bacteria as a function of deptbasured in the Capo Passero site.
Such measurements show a bioluminescence that is sigtlfidamer with respect to what
discovered at similar depth in the Atlantic Ocean [141, 142]

Deep sea currents were monitored at the ANTARES, NEMO andoNsttes for long
time periods. ANTARES found that the baseline componentithar correlated with sea
current, nor with burst frequency; however, long-term a@ons of the baseline were ob-
served. Periods of high burst activity are not correlatethwariations of the baseline
component, suggesting that each of the two contributioraused by a different popula-
tion. Moreover, a strong correlation is observed betweetubiinescence phenomena and
the current velocity, as shown in Fig.]25.
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Figure 24: The amount of luminescent bacteria, sampled in 2000 fronCtyso Passero
site at different depths, cultivable at atmospheric pressu

7.4 Tracking events in water and ice

In a 1 kn? scale detector, single muon or muon bundle (group of parallens from an air
shower) produce tracks which are visible over more than 1Knis long lever arm allows
for good directional reconstruction, depending on the mmadfwater or ice), number and
orientation of the optical sensors.

Fig. [26 shows the angular resolution in ice and water resdiditam MC calculations.
For neutrino-induced muons (up-going) with), > 1 TeV, the directional resolution is of
the order of few tenths of degree in water and around 1 degriee.i

It is also possible a rough estimate of the muon energiesgrelity the length of their
tracks, or by measuring the specific energy loss; at eneatpese 1 TeV, muon energy loss
(dE/dz) is proportional to muon energy.

Electron neutrinos, neutral current neutrino interactiand low-energy (below 1 PeV)
v, interactions inside the instrumented volume of the detegimduce a 'cascade’, a com-
pact deposition of energy:- interactions of few-PeV form a 'double-bang’ event topglog
The interaction produces one cascade near the point where thiteracts. That interaction
produces a, which, at PeV energies, can travel hundreds of meters deflecaying. The
second cascade comes when-ttaecays.

The bulk of reconstructed events in any neutrino telescopeavnward going muons
produced in cosmic-ray air showers (see Eig. 8). Rejectfdhi® background is a signifi-
cant difficulty which must be dealt with in event reconstioiet

Muon reconstruction is done by maximum likelihood methodse fitter finds the
likelihood for different track positions and directiong)da optionally, energy. To do this,
it uses functions which model the light propagation, givihg Probability Distribution
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Figure 25: Correlation between the burst fraction and the seawaterantrvelocity as
measured by the ANTARES detector. The burst fraction igalédn of time with count
rates exceeding 120% of the baseline rate.

Function (PDF) for a photon radiated from a track with a gieeientation to reach a PMT
at a given perpendicular distance and orientation as aiumaf time. Usually, these
functions are pre-calculated using a simulation that sgafkotons through the medium
[145,146].

Because of the high rate of downward going muons, it is nhotighdo select events
with the most likely reconstruction as upward going. Fastiingent cuts must be applied
to eliminate tracks with reasonable likelihoods for beiogvdward going. This can be done
by cutting on estimated errors from the likelihood fit, omgsother quality estimators. The
exact cuts depend on the medium (water or ice); cuts are aBlgsis-dependent, since
different analyses are interested in signals from diffeesrergy ranges and zenith angles.

One main difference exists between ongoing and proposeghwater experiments and
the ice experiments at the South Pole. The depth of the uppel of IceCube §0.1) is
~ 1450 m of ice and the detector is large enough to have a significarkdvound due to
random coincident muon events. This happens when two (oeymouons from indepen-
dent cosmic-ray air showers traverse the detector in the siame-windows (few.s) of one
event. This is true also for AMANDA-II, where the estimateidger rates of those events is
80 Hz [104]. Underwater experiments are proposed deepeahaneifect is largely reduced
(it is completely negligible for the ANTARES case [147]). IoeCube, specific algorithms
have been developed to find and reject these events, by 8egaris from the two tracks
based on their separation in space and/or time. The pradisihe measurements of muon
direction in ice and water are shown in HigJ 26.
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Figure 26: (Left) MC evaluated angular resolution for 9 strings and tbe full IceCube
array as a function of event enerdy [143]. It is shown heredifferences between true and
reconstructed muon track. (Right) The same, for the undeneENTARES detector. In this
case, it is also shown the difference with respect to neairection.

8 The pioneers: DUMAND and Lake Baikal experiments

8.1 The prototype: DUMAND

The project of realizing the Markov idea was started in 1973 the Cosmic Ray Confer-
ence in Denver. The Deep Underwater Muon And Neutrino Diete¢DUMAND) project
[148,[149] was born somewhere in 1976 and existed through.1B8e goal was the con-
struction of the first deep ocean neutrino detector, to beeplat a 4800 m depth in the
Pacific Ocean off Keahole Point on the Big Island of Hawaii. nylgreliminary studies
were carried out, from technology to ocean optics. A prgietyertical string of instru-
ments suspended from a special ship was employed to demtensiie technology, and to
measure the cosmic ray muon flux at various depths (2000-4Q06 steps of 500 m) in
deep ocean [150].

A major operation took place in December 1993, when onegstrfrphoto-detectors,
a string of environmental instruments and a junction boxeysaced on the ocean bottom
and cabled to shore. While the cable laying was successiuitt sircuits soon developed in
the instruments and it was no longer possible to communigékethe installed apparatus.
In 1995 the US DOE cancelled further efforts on DUMAND.

All subsequent designs for underwater experiments hawntallvantage of this expe-
rience. Some reasons for the long DUMAND development timeewi¢ huge depth of the
chosen siteji) lack of advanced fibre-optics technology for data transionssii) lack of
reliable pressure-resistant underwater connectonstack of Remotely Operated Vehicle
(ROV) for underwater connections) limited funding.

The Baikal group has been working in Lake Baikal in Siberiadout the same time
as the DUMAND group in Hawaii. Initially, in the mid-1970'the groups worked together.
However, political problems developed after the Sovieasgiwn of Afghanistan, and the
US DUMAND group was told by its government (Reagan admiatgin) that no funding
would be available to collaborate with the Soviet groupsnt¢ethe teams reluctantly took
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separate paths.

8.2 The experiment in Lake Baikal

The possibility to build a neutrino telescope in the Rusdiake Baikal was born with

the basic idea of using the winter ice cover as a platform $sembly and deployment of
instruments, instead of using a ship [151]. After initialahsize tests, in 1984-90 single-
string arrays equipped with 12 - 36 PMTs were deployed andabee via a shore cable.
During this period, underwater and ice technologies wekeldped, optical properties of
the Baikal water as well as the long-term variations of théewluminescence were in-
vestigated in great detail. Deep Baikal water is charadrby an absorption length of

L,(480nm) =20 = 24 m, an effective scattering length ﬁﬁff = 30—+ 70 m and a strongly
anisotropic scattering function with a mean cosine of sc) angle(cos §) = 0.85+0.9.
The Baikal Neutrino Telescope NT-200 was a second genardgtector, deployed in
Lake Baikal 3.6 km from shore at a depth of 1.1 km. It consi$t$432 optical modules
(OMs). In April 1993, the first part of NT-200, the detector 438 with 36 OMs at 3 short
strings, was set into operation. A 72-OMs array (NT-72) rai995-96. In 1996 it was
replaced by the four-string array (NT-96). Since April 1998ix-string array with 144
OMs, take data in Lake Baikal (NT-144). NT-200 array was clatgal in April, 1998.
NT200 plus the new external strings form NT200+ (Flg.] 27). émbrella like frame

To Shore

-— calibration laser

=—string
electronics
module

-— OMs

-—svjaska
electronics

6.25 module

Figure 27:Sketch of the NT-200 Baikal experiment. The expansiohdeit- shows 2 pairs
of optical modules (svjaska) with the svjaska electronioslute, which houses part of the
readout and control electronics.

carries 8 strings 72 m long, each with 24 pair wise arrangdidadpnodules (OMs). The
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OMs contain 37cm PMT QUASAR370 and are grouped in pairs albagtrings. The PMs
of a pair are switched in coincidence in order to suppreskdraand from bioluminescence
and PMT noise [152].

The search strategy for high energy neutrinos relies onébection of the Cherenkov
light emitted by cascades, produced by neutrino interastio a large volume below NT-
200. The results of a search for high energyt- v, + v, [124] is E~2d® /dE < 8.1x 1077

GeV cnt2 57! sr ! in the energy range of210% to 5 x 107 GeV, see Fig_18.

9 Detectors in the South Pole ice

9.1 The IceCube Project

Neutrino detection requires a thick ice sheet and an exgatiat the South Pole, at
the Amundsen-Scott station where the ice is about 2800 m, deap pioneered by the
AMANDA collaboration. They drilled holes in the ice using attwater drill, and lowered
strings of optical sensors before the water in the hole egfre

The first AMANDA string was deployed in 1993, at a depth of m. It was
quickly found that at that depth the ice had a very short sdag length, less than 50 cm
(Fig.[19). In 1995-6 AMANDA deployed 4 strings between 150@ 2000 m deep. These
detectors worked as expected, and AMANDA detected its festnmos [4]. This success
led to AMANDA-II, which consisted of 19 detector strings Hirlg 677 optical sensors.

AMANDA was limited by its small size and some technologicabldems [153]. Its
optical sensors consisted of photomultipliers (PMTSs) wathistive bases in a pressure ves-
sel. Not all of the optical modules survived the high pressyresent when the water in
the drill holes froze and AMANDA consumed considerable &leal power and required
manpower-intensive calibrations yearly.

High voltage was generated on the surface, and analoguelsigere returned to the
surface. In AMANDA several transmission media were trieakpdal cables, twisted pairs,
and optical fibers. The 2.5 km long coaxial cables and twigiids dispersed the PMT
pulses, while the optical fibers (in roughly half of the OMs)dha very limited dynamic
range.

IceCube was designed to avoid these problems and to be mmplesito deploy, oper-
ate and calibrate. When it is complete in 2011, it will coheisa deep detector (Inlce) and
a surface detector (IceTop), see Higl 28. The design of the imize part of the detector
[154] consists of 80 strings, buried 1450 to 2450 meters wtidesurface of the ice, each
bearing 60 Digital Optical Modules (DOMs), with 17 m spacifidne strings are placed on
a 125 m hexagonal grid, providing a 1 krmstrumented volume. The surface electronics
are in a counting house located in the center of the array.

The IceTop surface air-shower is an array of 80 stationg|[fds3he study of extensive
air showers. Each IceTop station, located above an IceCuibg,sconsists of two tanks
filled with ice. Each of those tanks contains two DOMs of samsigh as the one used for
the Inlce part of the detector. The surface array can be tgubl@oking for anti-coincidence
with the Inlce events to reject downgoing muons. It can alsaiged in coincidence, to
provide a useful tool for cosmic ray composition studiese @tray covers an area of about
1 kn? as shown in Fig._28. The completed detector will be operaie@0 years.

Because of the Antarctic weather, high altitude and renaatation of the South Pole,
logistics is a key issue. The construction season lasts #astral summer, roughly
November through mid-February. Everything needed mustdvenfto the Pole on ski-
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Figure 28:The IceCube detector side view. Currently there are 59 lduriéce strings. The
AMANDA detector appears in the right part of Inlce. The IgeBurface array and the
DeepCore are also shown.

equipped LC-130 transports planes. The main task in IceCaobstruction is drilling holes
for the strings. This is done with a 5 MW hot-water drill, whigenerates a stream of
800 litres/minute of 88C water. This water is propelled through a 1.8 cm diametezlepz
melting a hole through the ice. Drilling a 2500 m deep, 60 camditer hole takes about 40
hours. Deploying a string of DOMs takes about another 12sour

Data acquisition with the partially finished IceCube deteds running smoothly and
the detector is operating as expected. The detector bekjiag @ata in 2006 with a nine-
string configuration (IC-9) and with a 22-string configuoatiin 2007 (IC-22)[[156]. Dur-
ing the Austral summer 2007/08 18 more strings were buried,1® during the summer
2008/09. Currently (May 2009) 59 Inice strings with 3540 DSMre deployed. Data
acquisition with AMANDA also continues, enabling analyseish more than 7 years of
accumulated data.

9.1.1 The IceCube Data Acquisition System

Each DOM used by IceCube comprises a 10" Hamamatsu R708M02hBused in a glass
pressure vessel and in situ data acquisition (DAQ) eleittsorT his electronics is the heart
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Figure 29:The hot water hose and support cables disappear down onesabfdmoreholes
drilled into the Antarctic ice to construct the IceCube N Observatory. Photo: Jim

Haugen [157]

of the DAQ system: it reads out, digitizes, processes anigtsuthe signals from the PMT.
When individual trigger conditions are met at the DOM, itodp fully digitized waveforms
to a software-based trigger and event builder on the surfdde electronics acquire in
parallel, on Analog Transcient Waveform Digitizers (ATWDst 300 megasamples per
second, sampling over a 425 ns window. In addition the edaits also record the signal
with a coarser 40 megasamples per second sampling overgs&undow to record the
late part of the signals. Two parallel sets of ATWDs on eachvMD@perate to reduce the
dead-time: as one is active and ready to acquire, the otheadsout.

Data is transmitted to the surface via a single twisted copglele pair, which also pro-
vides power. Each DOM consumes about 3.5 W. The cable alsales local coincidence
circuitry, whereby DOMs communicate with their nearesgheburs. A more robust con-
nector is used than in AMANDA, and a higher fraction of IceE@Ms survive the freezing
of the ice. The main requirement for the IceCube hardwargyls teliability without main-
tenance. Once deployed, it is impossible to repair a DOM.uAB8% of the DOMs survive
deployment and freeze-in completely; another 1% have thet tocal coincidence connec-
tions, but they are usable. On the surface, the cables arectad to a custom PCl card in
a PC; the remainder of the system is off-the-shelf.

Each DOM also contains a 'flasher’ board, which has 12 blug () LEDs mounted
around its edges. These LEDs are used for calibrations, &sune light transmission and
timing between different DOMs, to check the DOM-to-DOM tela timing and study the
optical properties of the ice. The time calibration yieldSnaing resolution with a RMS
narrower than 2 ns for the signal sent by the DOM to the surfa68]. The noise rate
due to random hits observed for Inlce DOMs is of the order df B, which gives the
possibility to monitor the DOM hit rates. This very low valugake the detector able to
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have a sensitivity to low energy (MeV) neutrinos from sujeacore collapse in the Milky
Way and in the Large Magellanic Cloud [159].

Data from the DOMs is time-sorted, combined into a singleastr, and then monitored
by a software trigger. The main trigger is based on multiglicit requires eight DOMs
(with local coincidences) fired within bs. This collects most of the neutrino events. Start-
ing from 2008, a string trigger which improved sensitivity fow energy, requiring five out
of seven adjacent DOMs fired within 15, was added. When any trigger occurs, all data
within the +10us trigger window is saved, becoming an event. If multiplegggwindows
overlap, then all of the data from the ORed time intervalssaked as a single event.

The total trigger rate for 40 strings was about 1.4 kHz. Theontg of the triggers
(about 1 kHz) are due to cosmic-ray muons. A fast on-linerfdtestem reduces the trig-
gered events (6% survives, for a data rate~@®0 Gbytes/day), and selected events are
transmitted via satellite to the Northern hemisphere. Hst¢ of the data is stored on tapes
at the South Pole station, and tapes are carried North dtirengustral summer.

9.1.2 Summary of the AMANDA-II results

IceCube has also integrated its predecessor, the AMANDetector (the final configura-
tion of the AMANDA detector as an independent entity). AMANI® now surrounded by
IceCube (see Fid._28) and it consists of 677 analogic OMsildliseéd on 19 strings (with
spacing of approximately 40 m), corresponding to a lowerggnéhreshold for neutrino
detection. For relatively low energy events, the dense gordiion of AMANDA gives it a
considerable advantage over IceCube. Moreover, IceCuingsisurrounding AMANDA
can be used as an active veto against cosmic ray muons, middrapmbined IceCube
+ AMANDA detector considerably more effective for low engrgfudies than AMANDA
alone.

AMANDA-II has been taking data between 2000 and 2004. Thissetion the 5
years of data yields 4282 up-going neutrino candidates avithstimated background from
wrongly reconstructed down-ward going muons of approxaiyab%. The analysis for
point sources in the Northern hemisphere sky [160] for thimset yielded no statistically
significant point source of neutrinos. The highest positiegiation corresponds to about
3.70. The estimated probability of such a deviation or higher @ugackground was 69%.
Assuming as usual a source of muon neutrinos with energyrsppeof £—2, an upper limit
was placed averaged over declination in the Northern hdrargpsky at 90% confidence
level: E~2d®/dE < 5.5 x 1078 GeV cnm2 s™! in the energy range from 1.6 TeV up to
2.5 PeV.

Over the same period of time, a search for neutrino emisgiom 32 pre-selected
specific candidate sources has been perforined [160]. Net&talty significant evidence
for neutrino emission was found, see Figl] 35. The highestrobsd significance, with 8
observed events compared to 4.7 expected background €teni} is at the location of
the GeV blazar 3C273.

In addition to searches for individual sources of neuti®ddANDA-1I data taken be-
tween 2000 and 2003 have been used to set a limit on possfhlealflux of neutrinos.
As described inf6.2.4, this diffuse flux can be distinguished from the backgd of atmo-
spheric neutrinos due to its harder spectra. This studyreli the number of triggered OMs
which serve as an energy estimator. A limiti6f2d®/dE < 7.4 x 1078 GeV cnT2 s7!
sr—! was placed (see Fif.118) on the diffuse muon neutrino in teeggrrange from 16 TeV
to 2.5 PeV at 90% confidence level [104]. Additionally, AMAKEI has searched for an
all-flavour diffuse flux from the Southern sky, setting a limi £—2d®/dE < 2.7 x 1077
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GeV cnt? s7!sr ! in the energy range & x 10° to 10° GeV [125].
9.1.3 First results from the IceCube 9 and 22 strings configuation
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Figure 30:Reconstructed zenith (on the left) and azimuth (on the yiggle distributions
for the final sample of IC-9 events. A zenith angle of @B0°) corresponds to horizontal
(straight up-going) event. The shadowed area indicates@&®fions with systematic errors.
The error bars are statistical only. The configuration of theCube strings seen from the
top is also plotted (box on top of the right). The preferretax this configuration explains
the features observed in the azimuth angle distribution.

The IC-9 dataset has a total livetime of 137.4 days takendmtwiune and November
2006. 234 neutrino candidates were identified on this dagkawith 21176, + 1414t
events expected from atmospheric neutrinos and less tRarp@Qution by the background
of down-going muons [161]. Zenith and azimuth angle distitns of these neutrino can-
didates are shown on Fig.]30. Agreement with simulation @dgexcept for a discrepancy
near the horizontal direction due to a residual contaronadf down going muons.

The 1C-22 detector took data in 2007-2008, with a lifetime2@6 days[[162]. This
data has been analyzed to search for extraterrestrial pourtes of neutrinos using two
methods: the binned and the unbinned maximum likelihoodhotet

The binned method distinguishes a localized excess of Isfgmra a uniform back-
ground using a circular angular search bin. The search binsaepends on declination,
and the mean value 51°. The unbinned maximum likelihood methad [163] constructs
likelihood function which depends on signal ProbabilityrBiy Function (PDF) and back-
ground PDF, for a given source location and total number td daents. The number of
signal events is found by maximizing the likelihood ratiotbé background plus signal
hypothesis against the background-only case. Each asdigsifollowed its own event se-
lection criteria, arriving at a final sample of 5114 (2956¢m®#s for the unbinned (binned)
method. From simulation, a sky-averaged median angulatutasn of 1.4° is estimated
for signal neutrinos wittE—2 spectrum.

The results from the all-sky search for both analyses anensioFig.[31. The best sky-
averaged sensitivity (90% C.L.) B2d®/dE < 1.3 x 1078 GeV cnm 2 s~ to a generic
E~2 spectrum of, over the energy range from 3 TeV to 3 PeV. No neutrino pointcesi

a
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are found from the individual directions of a pre-selectathlogue nor in a search extended
to the northern sky. Limits are improved by a factor of two pamed to the total statistics

collected by the AMANDA-II detector and by IC-9 [164] and repent the best results to
date.

A search for neutrinos coming from 26 galactic and extrag@lare-selected objects
has also been performed on this dataset. The most signifcaess over the expected
background on these sources was found at the Crab nebulal with, which again is
consistent with random fluctuations. IceCube data can be teserobe the diffuse flux
of neutrino from an unresolved population of astrophyssmalrces[[165]. The sensitivity
of 1IC-9 was only a factor of 2 above the value of AMANDA-II déspthe much shorter
integrated exposure time.

9.1.4 The future

During the coming years, lceCube will continue to grow stgrfrom present configuration
of 59 Inlce strings. The capabilities of IceCube will be exted at both lower and higher
energies in the near future. A compact core of 6 strings usieGube DOM technology,
called the DeepCore detector, will be deployed near theecarfithe main Inlce detector,
Fig.[28. The inter-string spacing will be of the order of 72atlowing for the exploration
of energies as low as 10-20 GeV. Surrounding IceCube stvilblse used as an active veto
to reduce the atmospheric muon background. The energy thapeill be explored is very
important for dark matter searches that were initiated WMANDA [166] 167].

Moreover, the ability to select contained events opensédhech for downgoing astro-
physical neutrino signals at low energies. This will allmeking above the current horizon
of lceCube, even opening the possibility of looking at théagiéc center or at the RX
J1713.7-3946 source [168].

At EeV energies a possible extension of IceCube is also k&tindjed in order to in-
crease the detection volume and to be sensible to the GZKimeutsing radio and/or
acoustic detection of the signals generated by neutrimsdnting in a huge volume of ice.
With attenuation lengths of the order of a kilometer for at@u(kHz frequency range)
and for radio signals (MHz frequency range), a sparse imstntation will be sufficient
for this extension. Two projects are currently being exgibrAURA (Askarian Underice
Radio Array) for the radio signal [169] and SPATS (South Pateustic Test Setup) for
the acoustic signal [170] . They are currently studying thipice and developing the
hardware necessary to build a hybrid detector enclosingube.

10 The underwater neutrino projects in the Mediterranean Sa

10.1 The ANTARES experiment

The ANTARES project[171] has been set up in 1996 [172]. Tot&wolves about 180
physicists, engineers and sea-science experts from Jtuiastof 7 European countries.
ANTARES is at present the largest neutrino observatoryarNtbrthern hemisphere, which
represents a privileged sight of the most interesting avtte sky like the Galactic Centre,
where many neutrino source candidates are expected.

From 1996 to 1999 an extensive R&D program has been suctigsséuformed to
prove the feasibility of the detector concept. Site prdpserhave been studied such as: op-
tical properties of the surrounding water [173]; biofoglion optical surfaces [174]; optical
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Figure 31:1C-22 skymap with pre-trial p-values (in colors) and evemtdtions (dots).
Top: binned method. Bottom: unbinned method. Each methesl aiglifferent direction
reconstruction technique [162].

backgrounds due to bioluminescence and to the decay ofdi@adive salts present in sea
water [175]; geological characteristics of its ground. Jéstudies lead to the selection of
the current site, 40 km off La Seyne-sur-Mer (France) at &24depth.

A mini-instrumented line has been in operation since Ma@b52[176]. The first de-
tector line (also calledtring) was connected in March 2006 [177], and the second line in
September 2006. In July 2007, three more lines were corthemtel data acquisition with
five lines lasted up to December 2007. In this month, five moiags plus a dedicated
instrumented line [178] for monitoring environmental gtits were connected. Finally,
the detector was completed with the connection of the lagtsivings on May, 30th 2008.
The strings are made of mechanically resistant electrizalptables anchored at the sea
bed at distances of about 70 m one from each other, and teasiynbuoys at the top. Fig.
[32 shows a schematic view of the detector array indicatiegptincipal components of the
detector. Each string has 25 storeys, which could be cargldbe elemental part of the
detector. Each storey contains three optical modules (Qid)aalocal control module for
the corresponding electronics. The OMs are arranged wétlaxiis of the PMT 4% below
the horizontal. In the lower hemisphere there is an overlagnigular acceptance between
modules, permitting an event trigger based on coincidefroes this overlap.

On each string, and on the dedicated instrumented lineg drer different sensors and
instrumentation (LED beacons, hydrophones, compadsesgftirs) for timing and position
calibration. The first storey is about 100 m above the sea #Hadrthe distance between
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Figure 32:Schematic view of the ANTARES detector

adjacent storeys is 14.5 m. The instrumented volume carneispto about 0.05 kin

The basic unit of the detector is the optical module (OM),sisting of a photomulti-
plier tube, various sensors and associated electronicseldan a pressure-resistant glass
sphere[[179]. Its main component is a 10” hemispherical grhattiplier model R7081-20
from Hamamatsu (PMT) glued in the glass sphere with optieal & y-metal cage is used
to shield the PMT against the Earth magnetic field. Elect®itiside the OM are the PMT
high voltage power supply and a LED system used for interal@biation.

The total ANTARES sky coverage is 3:5r, with an instantaneous overlap of ©.8r
with that of the IceCube experiment. The Galactic Centréheilobserved 67% of the day
time.

10.1.1 The ANTARES Data Acquisition System

The Data acquisition (DAQ) system of ANTARES is extensivegscribed in[[180]. The
PMT signal is processed by an ASIC card (the Analogue RingpBamARS) which mea-
sures the arrival time and charge of the pulse. On each OMgdhating rates exhibit
a baseline dominated by optical background due to sea-Wateand bioluminescence
coming from bacteria, as well as bursts of a few seconds idatgtrobably produced by
bioluminescent emission of macro-organisms. [ig. 23 shtb@sounting rates recorded
by two OMs located on different storeys during the 2006-200&. The average counting
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rate increases from the bottom to shallower layers. Thelihass normally between 50 to
80 kHz.

Differently from the4°K background, bioluminescence suffers from seasonal and an
nual variations, see Fi§. 3. There can be large variatibttseeaate, reaching hundreds of
kHz for some small periods. Since September 2006 the meartinguate is 75% of the
time below 100 kHz. A safeguard against bioluminescencstlmapplied online by means
of a high rate veto, most often set to 250 kHz.

The OMs deliver their data in real time and can be remotelyroied through a Gb
Ethernet network. Every storey is equipped with a Local @drivlodule (LCM) which
contains the electronic boards for the OM signal procesdimg instrument readout, the
acoustic positioning, the power system and the data trassoni. Every five storeys the
Master Local Control Module also contains an Ethernet switocard, which multiplexes
the DAQ channels from the other storeys. At the bottom of diaxeh the Bottom String
Socket is equipped with a String Control Module which camgdbcal readout and DAQ
electronics, as well as the power system for the whole lirhBhe Master Local Control
Modules and the String Control Modules include a Dense Véanggh Division Multiplex-
ing system used for data transmission in order to merge &ael@b/s Ethernet channels on
the same pair of optical fibres, using different laser wawvglles. The lines are linked to the
junction box by electro-optical cables which are connectsidg a unmanned submarine.
A standard deep sea telecommunication cable links theijumbbx with a shore station
where the data are filtered and recorded.

All OMs are continuously read out and digitized informati@rits) sent to shore. A
hit is a digitized PMT signal above the ARS threshold, set arduBdf the single photo-
electron level (Level O hits, LO). On-shore, a dedicated poter farm performs a global
selection of hits looking for interesting physics eventatdl-ilter). This on-shore handling
of all raw data is the main challenge of the ANTARES DAQ systbecause of the high
background rates. The data output rate is from 0.3 GB/s to 5Gpending on back-
ground and on the number of active strings. A subset of LOlfali particular conditions
(Level 1 hits, L1) were defined for triggering purpose. Thibset corresponds either to
coincidences of LO on the same triplet of OM of a storey hitthimi 20ns, or to a single
high amplitude LO (typically> 3 p.e.). The DataFilter processes all data online and looks
for a physics event by searching a set of correlated L1 hitherfull detector on a- 4 us
window. In case an event is found, all LO hits of the full débeauring the time window
are written on disk, otherwise the hits are thrown away.

The trigger rate is between 1 to 10 Hz, depending on the numbstrings in data
acquisition. Most of the triggered events are due to atmasphmuons, successively re-
constructed by track-finding algorithms. If ANTARES reasvexternal GRB alerts [180],
all the activity of the detector is recorded for few minutesaddition, untriggered data runs
were collected on a weekly base. This untriggered data sigasged to monitor the relative
PMT efficiencies, as well as to check the timing within a sgotsing the!’K activity.

10.1.2 Time and positioning calibration systems

Differently from the strings in ice, the ANTARES lines arexitde and move with the sea
current, with displacements being a few metres at the top fgpical sea current of 5 cm/s.
The reconstruction of the muon trajectory is based on tHerdifices of the arrival times
of the photons between OMs. ANTARES is expected to achievaengnular resolution of

< 0.3° for muon events above 10 TeV, through timing measuremerntspecision of the

order on the ns. This requires the knowledge of the OMs pwsitiith a precision of- 10
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cm (light travels 22 cm per ns in water). Pointing accuraastis limited by::) precision
with which the spatial positioning and orientation of the @dvknown; i) accuracy with
which the arrival time of photons at the OM is measur&d), precision with which local
timing of individual OM signals can be synchronized withpest to each other.

The positions of the OMs are measured on a real-time, typioaice every few min-
utes, with a system of acoustic transponders and receiveifsedines and on the sea bed,
together with tilt meters and compasses. The shape of et s reconstructed by per-
forming a global fit based on these information. Additiorn@iormation needed for the
line shape reconstruction are the water current flow and abads velocity in sea water,
which are measured using different equipments: an Acolstigpler Current Profiler; a
Conductivity-Temperature-Depth sensors; a Sound Velet@m

Relative time resolution between OMs is limited by the tiatiime spread of the signal
in the PMTs (about 1.3 ns) and by the scattering and chrordégjiersion of light in sea
water (about 1.5 ns for a light propagation of 40 m). The etmits of the ANTARES
detector is designed to contribute less than 0.5 ns to thalbtiene resolution.

Complementary time calibration systems are implementedeasure and monitor the
relative times between different components of the detawithin the ns level. These time
calibrations are performed by:

i) the internal clock calibration system. It consists of a 20 Mtfbck generator on
shore, a clock distribution system and a clock signal trairrec board placed in each LCM.
The system also includes the synchronisation with respddhiversal Time, by assigning
the GPS timestamp to the data.

i1) The internal Optical Module LEDs: inside each OM there isw@eHLED attached
to the back of the PMT. These LEDs are used to measure thaveelariation of the PMT
transit time using data from dedicated runs.

iii) The Optical Beacons [181], which allows the relative tim&beation of different
OMs by means of independent and well controlled pulsed Bghtces distributed through-
out the detector.

iv) Several thousands of down-going muon tracks are detectedage The hit time
residuals of the reconstructed muon tracks can be used tdandme time offsets of the
OM, enabling an overall space-time alignment and calibratiross-checks.

10.1.3 Measurement of atmospheric muons and atmaospheric nginos

Atmospheric muons were an important tool to monitor theustalf the detector and to
check the reliability of the simulation tools and data takinn ANTARES, two different
Monte Carlo (MC) simulations are used to simulate atmosphauons: one based on a
full Corsika simulation[[182], and another based on a patarization of the underwater
muon flux [183].

The full MC simulation [184] is based on Corsika v.6.2, witle tQGSJET/[185] pack-
age for the hadronic shower development. Muons are propagatthe detector using the
MUSIC [18€] code, which includes all relevant muon energslprocesses.

The second MC data set is generated using parametric fosnkifd, obtained with
a full MC tuned in order to reproduce the underground MACRQ f{lL87,[188], energy
spectrum|[[189, 190] and distance between muons in bundi.[IFhe characteristics of
underwater muon events (flux, multiplicity, radial distarfcom the axis bundle, energy
spectrum) are described with multi-parameters formulakerrangel .5 + 5.0 km w.e. and
up to85° for the zenith angle. Starting from this parametrizationegent generator (called
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MUPAGE) was developed [192] in the framework of the KM3Ne®jpct [E] to generate
underwater atmospheric muon bundles.

In both simulations, muons entering the surface of a virtuaderwater cylinder (the
can which defines the limit inside which charged particles in btides produce Cherenkov
photons[[184]) are propagated using a GEANT-based progfémen, the background (ex-
tracted from real data) is added and the events are feed tmgagpn which reproduces the
DataFilter trigger logic. After this step, simulated daté the same format of the real
ones.
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Figure 33:(a) Zenith and (b) azimuth distributions of reconstructeatks. Black points
represent data. Lines refer to MC expectations, evaluatitd two different simulation.
The shadowed band represents the systematic error due itoremental and geometrical
parameters.

The main advantage of the full MC simulation (which is vemgla CPU time consum-
ing) is the possibility of re-weighting the events accogdia any possible primary Cosmic
Rays flux model. The main advantage of the MUPAGE simulasathat a large sample is
produced with a relatively small amount of CPU time (muctls ldgn the time needed to
simulate the Cherenkov light inside than), and it is particularly suited for the simulation
of the background for neutrino events.

Fig.[33 shows the zenith and azimuth distributions of rettanted muon tracks. Black
points represent experimental data. The solid[193] anddkted [194] lines refer to Monte
Carlo (MC) expectations obtained using the full MC simwatand two CR composition
models. The dashed-dotted line refers to the fast simulgfi®2]. The shadowed band
gives an estimate of the systematic errors, due to the wites on the environmental
parameters, like water absorption and scattering lengtlisei ANTARES site, and on the
geometrical characteristics of the detector. In partic@gaen the fact that OMs are point-
ing downwards, at an angle of 13%v.r.t. the vertical, knowledge of the OMs angular
acceptance at these large angles is critical for an accdet¢emination of the muon flux.

A different analysis is necessary when selecting neutriAaset of more severe quality
cuts must be applied in order to remove downward-going sraalongly reconstructed as
upward. Data presented in Fig.134 [183] were collected duttie 10-12 line configuration
period, from December 2007 to December 2008. Atmosphenitrine events are simu-
lated using the Bartol flux [58]. Only events detected attlbg$wo lines and with at least 6
floors are considered. Restricting to the upward-going Bpha@re (neutrino candidates) the
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Figure 34:Data (black crosses): 173 days of active time with 10 to 1@dirBlue line: MC
simulation of atmospheric neutrinos. Red line: atmospharuons (Corsika+Horandel).
582 upward going events are found, to be compared to 494 w@d&om atmospheric
neutrinos plus 13 from wrong reconstructed atmosphericmauo

number of events ar&4 per day for data, an®.9 per day for simulations. The shadowed
band represents the sum of theoretical and systematictaimtess.

Upper flux limit from the direction of selected candidate re@s were also evaluated
using still more stringent criteria for the selection of wrd-going muons [195]. The data
with 5 lines were used and 140 active days. Even with lesshiatira detector, these limits
are the best ones for experiments looking at the Southeriisplgare; they are shown as a
function of the declination of the sources, and are compaitidother experiments in Fig.
35.

The energy of the crossing muon or of secondary particlesrgéed by neutrino in-
teractions inside the instrumented volume is estimateu ftte amount of light deposited
in the PMTs. Several estimators based on different teclesiguere developed [196]. MC
studies show that this resolution is betwée(cr/E) = 0.2 = 0.3 for muons with en-
ergy above 1 TeV. The event energy measurement is a mandatpriyement for the study
of the diffuse flux of high energy neutrinos. MC simulationglicate that after 3 years of
data taking ANTARES can set an upper limit for diffuse fluxé$8® < 3.9 x 10~° GeV
cm2s ! sr! (see Fig[1B).
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Figure 35: Blue points: upper flux limit from the direction of selecteghdidate in the
Southern sky for the ANTARES 5-line rups [195]. Results fACRO [197] and Su-
perKamiokande[[60] are also shown. Green points: upper fionitfrom the direction of
selected candidate in the Northern sky for AMANDA-II [16@ull blue line: expected
ANTARES sensitivity for 12 lines and one year of data taksigguan unbinned method.

10.2 NEMO

The NEutrino Mediterranean Observatory (NEMO) is a pro[d&8,(199] of the Italian
National Institute of Nuclear Physics (INFN). The activitgs been mainly focused on the
search and characterization of an optimal site for the tlatéastallation; on the develop-
ment of key technologies for the Knunderwater telescope; on a feasibility study of the
km?3 detector, which included the analysis of all constructiol anstallation issues and
optimization of the detector geometry by means of numesabllations[[200].

The validation of the proposed technologies via an advaR&id activity, the proto-
typing of the proposed technical solutions and their redatialidation in deep sea environ-
ment is carried out with two pilot projects NEMO Phase-1 ahddge-2.

Since 1998, the NEMO collaboration conducted more than a0caenpaigns for the
search and the characterization of an optimal site wherastall an underwater neutrino
telescope. A deep site with proper features in terms of dapthwater optical properties
has been identified at a depth of 3500 m about 80 km off-shore €apo Passero (36’

N 16° 06’ E), see;7[7.2 [201].

The main feature of a kintelescope is its modularity. The proposed NEMO basic
element is the instrumentedEMO-tower(see Fig.[3B): it is about 700 m high, and it is
composed of 16 floors, 40 m spaced; each floor is rotated bhyw@th respect to the upper
and lower adjacent ones, around the vertical axis of thertaaech floor is equipped with
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two OMs (one down-looking and one horizontally looking) atlbextremities. In addiction
to the OM, the tower hosts several environmental instrusphis the hydrophones for the
acoustic positioning system. The tower structure is arethat the sea bed and it is kept
vertical by an appropriate buoyancy on the top.
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Figure 36: The key-elements of the NEMO proposed version for thedetector: the
Junction Box, for power and data distribution, and the Towéh the bars and OM.

The NEMO Phase-1 project allowed a first validation of théntedogical solutions
proposed for the kidetector[[199]. The apparatus included prototypes of alldtitical
elements: the Junction Box and a reduced version (one foaftthe tower, called the
mini-tower On December 2006, both the Junction Box and the mini-toveewleployed
and successfully activated at a test site at 2000 km depththeaCatania harbour. The
underwater detector was connected to the shore station28&m electro-optical cable.

The NEMO Phase-1 Junction Box was built following the conaddouble contain-
ment. Pressure resistant steel vessels were hosted insidg diberglass container, which
was filled with silicon oil to compensate the external pressiihis solution has the advan-
tage of decoupling the two problems of pressure and comassistance. The electronic
components capable of withstanding high pressures wetaled directly in the oil bath.

The mini-tower was equipped with sixteen 10" Hamamatsu R78BBL PMTs,
mounted on 15 m long floors. The floors were spaced 40 m one fenother, with an
additional spacing of 150 m from the base.

In addition to the OMs, the installed instrumentation imigd several sensors for cal-
ibrations and environmental monitoring (see Higl 37, lgft)particular two hydrophones
were mounted on the tower base and at the extremities of eamh These, together with
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Figure 37:Left: sketch of the Phase-1 mini-tower: the OMs on the floois @ther envi-
ronmental instruments: the Acoustic Doppler Current PesfADCP), for profiling the sea
current velocities; the C*, for measuring the water optigabperties; the CTD, for salin-
ity, temperature and density of water. Right: Distributiohthe reconstructed events as a
function of the cosine of the zenith angtes(J};°), compared with the MG [192]. There
is an apparent excess of statistics both in measured andati@duevents among upgoing
events, i.e. witlos(9;°°) > 0. This is explained taking into account that the mini-tower,
because its small extension, have a poor angular resolution

acoustic beacons placed at the tower base and on the seatredused for the determi-
nation of the OM positions with a precision of about 10 cm. Btaver, a time calibration
system was linked to the OMs through external optical fibtlesse acted as flashers for
measuring the offsets which bias the local time counters.tithe offsets were determined
with the precision of 1 ns, which fixed the highest time resotufor the acquired data.

One important technical choice of the design of the dataiattgun system for NEMO
Phase-1 is the scalability to a much bigger apparatus [208¢ electric signal from the
PMTs was sampled with 2 Flash-ADC (100 MHz each) staggere® iy, for a total 200
MHz sampling and a low power consumption. Each PMT geneagyadim over threshold
pulse fit) was characterized by its time-stamp, total integratedgehand sampled sig-
nal waveform, the latter allowing an off-line reconstroatiof the hit time with precision
of ~1 ns [203]. The hits from the four PMTs of each floor were camtumnsly collected
by the Floor Control Module (FCM) boards, converted intoicgdtsignals by an electro-
optical tranceiver and sent to shore through one of the algiiiore of the 28 km cable by
using the Dense Wavelength Division Multiplex protocol. §hore, twin FCM boards de-
multiplexed the incoming signal and distributed the dati#é&on-line trigger for a first raw
selection of data. The trigger was based on hits coincideaceurred on hear OMs within
20 ns and on large amplitude single hits. When a trigger seedfeund, all hits occurred
within a time window of+2 us centered on the seed time were recorded.

A data analysis was done on a small sample of selected evectsded during 23 and
24 January 2007, corresponding to a livetime of 11.3 hoursmAtee analyzed data set,
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2260 atmospheric muon events were reconstructed and tigitaa distribution measured
[204]. The analysis showed good agreement between datairanthsons (see Figl_37,
right).

The Phase-1 project provided a fundamental test of the tdoties proposed for the
realization and installation of the detector. Some prokleccurred in Phase-1 after some
months of functioning. Buoyancy of the tower decreased thighitime (due to the construc-
tion process of the buoy), producing a lowering of the towssifion. Another problem was
related to a malfunction inside the JB that requires thevemgofor a full diagnosis. The
main results point out a malfunctioning of the optical peaietr. The Phase-2 was planned
to validate the new solutions at the depths of the site of Ggssero.

In July 2007, a 100 km Alcatel electro-optical cable was taidhe seabed linking the
3500 m deep sea site to shore. The cable is a 10 kV DC, alongla silectrical conductor,
allowing a power transport larger than 50 kW. The DC/DC caotare which converts the
high voltage coming from shore into the 400 V required for degector, is produced by
Alcatel and it is currently under final tests. The data trassion is provided through 20
single mode optical fibres [205]. The shore station, locatsitle the harbour area of Por-
topalo di Capo Passero, was completed by the end of 2008 in@anawinery building.

A complete mechanical tower, a fully equipped NEMO mini-&ovand a reduced version
of an ANTARES string are planned to be installed on the Camsé&ta Site by the end
of 2009. Some features of the tower and mini-tower were nmaalificcording to the ex-
perience obtained from Phase-1). floor length is reduced from 15 m to 12 nii))(higher
simplification of the floor electric connectiongj Y new time-calibration flashers embedded
directly into the OMs; ify) new electronic components which allow a lower power corsum
tion; (v) a new acoustic positioning system with special broad-bdayttophones capable
of measuring the environmental acoustic background n®i88@& m depth.

The cable and the shore station were proposed to the KM3Mebciium as well suited
to host the Mediterranean Knaletector.

10.3 NESTOR

The Neutrino Extended Submarine Telescope with OceanbgrafResearch
(NESTOR) collaboration has developed an approach to apgratdeepsea station, in the
Southern lonian Sea off the coast of Greece at depths exge8800 m, permanently con-
nected to shore by an insitu bidirectional cable, for midtigblinary scientific research.

The basic element of the proposed NESTOR detector is a 32 metiéa hexagonal
floor (star). A central casing supports a 1 m diameter spherical titarpressure housing
which contains the data acquisition electronics, powewedars, monitoring, control and
data transmission equipment. Attached to the central gabigre are six arms built from
titanium tubes to form a lightweight but rigid lattice girdgructure. The arms can also be
folded for transport and deployment. Two OMs are installetha two end of each arm,
one facing upwards and the other downwards: OMs are alsallggtabove and below
the central casing making a total of 14 units per floor. Ushigy ®Ms in pairs gives#
coverage, enhancing discrimination between upward anchdend going particles. In the
NESTOR version, the tower will consist of 12 such floors, spheertically 20-30m (see
Fig.[38, left).

In January 2002 a prototype was completed and deployed gith d24100 m (project
LAERTIS). The station transmitted the acquired data to elimm temperature and pres-
sure sensors, compass, light attenuation meter, watesrcumeter and an ocean bottom
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Figure 38:Left: the proposed full NESTOR Detection Unit. Right: onerftaf the NESTOR
tower during its deployment for the first test in March 2003.

seismometer. After a period of some months, the station e@s/ered.

In March 2003, the NESTOR collaboration successfully dgmioa test floor of the
detector tower, fully equipped with 12 OMs, final electran@and associated environmental
sensors[[206] (see Fid. 138, right). The detector continyoogerated for more than a
month. For about 1.1% of the total experimental time, biohgacent activity was observed
around the detector. This caused about 1% dead time. Thenged period of running
under stable operating conditions made it possible to medka cosmic ray muon flux as
a function of zenith angle and to derive the deep intensigtion [207].

11 The KM3NeT Consortium

KM3NeT is a future deep-sea research infrastructure hgpstineutrino telescope with a
volume of at least one cubic kilometre to be constructed eNfediterranean Sea. In
February 2006, the Design Study for the infrastructuredéehby the EU FP6 framework,
started. The KM3NeT research infrastructure has beeneirait by ESFRI (the European
Strategy Forum on Research Infrastructures) to be inclidéee European Roadmap for
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Figure 39:The three candidate sites for the KM3Net telescope.

Research Infrastructures. The primary objective of theédpeStudy is the development of a
cost-effective design for a cubic-kilometre sized deegpin&astructure housing a neutrino
telescope with unprecedented neutrino flux sensitivityedt &nergies and providing long-
term access for deep-sea research. In April 2008 the Caralepesign Report for the
KM3NeT infrastructure was made public [50].

The Preparatory Phase of the infrastructure, funded by th€E7 framework, started
in March 2008. The primary objective of the KM3NeT PrepanatBhase is to pave the
way to political and scientific convergence on legal, gosene, financial engineering and
siting aspects of the infrastructure and to prepare rapitiedficient construction once it
gets approved. Reconciliation of national and regionatipal and financial priorities with
scientific and technological considerations will be a m#gsue, as has become apparent
in the KM3NeT Design Study. The construction of the KM3Nefrastructure is foreseen
to start after the three year Preparatory Phase, which leasdyganised in work packages.
Each work package has its own coordinator and executive Gtean

Design, construction and operation of the KM3NeT neutrgledcope will be pursued
by a consortium formed around the institutes currently lved in the ANTARES, NEMO
and NESTOR pilot projects (see Flg.]139). Based on the leaghpgrtise of these research
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Figure 40: Three geometry layouts for the KM3NeT detector: left, a sgpigrid; center,
clustered Detection Units; right, ring configuration

groups, the development of the KM3NeT telescope is envitagde achieved, after the
Preparatory Phase, within a period of about four years fostraction and deployment.

The KM3NeT facilities will provide support to scientific,rig term and real-time mea-
surements, also to a wide range of othssociatedearth and marine sciences, like oceanol-
ogy, geophysics and marine biology.

The KM3Net detector is expected to exceed IceCube in sehgitly a substantial
factor, exploiting the superior optical properties of sester as compared to the Antarctic
ice and an increased overall PMT area. In Table 1, we sumentir&zrequired angular and
energy resolution needed by the future KM3NeT detectomraieg to different types of
astrophysical neutrino sources.

\ Source | FE,range | channel | KM3NeT requisites |
Steady point Source| 10 —10° TeV | v, N —» p X Angular res.~ 0.1°
Transient point Source Angular res.~ 0.1°
10 — 103 TeV | v, N — p X | +time coincidence with a
(e.g. GRBs) GRB Coordination Network
Diffuse Flux > 10% TeV yy N —1X | Energyres-0.3inlog E
14 N — 14 X

Table 1: Target sources, neutrino energy range, interaction chéaad resolution con-
straints for the KM3NeT telescope.

The KM3NeT neutrino telescope will be composed of a numbaresfical structures
(detection units) which are anchored to the sea bed andlygepl vertical by one or sev-
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eral buoys at their top. Since there is still a variety of \@atbesign options, corresponding
simulation studies are rather generic, concerning botlnasd neutrino fluxes and detector
properties. Fig[_40 shows three possible layouts: a squgiddf Detection Units (left),
clustered (middle) and ring (right) configurations. Anathenfiguration could consist of
arranging the Detection Units in a homogeneous hexagon.

Figure 41:The studied optical modules: (a) One single 10" PMT in a “dHerg” sphere; (b)
Multi-cathode PMT, with mirror separations to subdividetRMT acceptance; (c) Multi-
PMT optical module made by 20 PMTs, 3" each; (d) Sphericalngeioy X-HPD (8" pro-

totype).

Each detection unit will carry the photo-sensor and pogdilither devices for cal-
ibration and environmental measurements on mechanioattgtes which can be like
ANTARES storeys NEMO's floors or NESTOR’sstars Such structure will support the
necessary sensors, supply interfaces, data lines andogiectomponents where applica-
ble. The basic photo-sensor unit remains the Optical Mo@DM) [209,[210], which can
host one or several PMTSs, their high-voltage bases and itlteifaces to an acquisition
system of nanosecond-precision data.

Whereas all of the current neutrino telescope projects lde @mposed of a single
large (tipically 10”) standard PMT per OM, alternative d@uas are also under investigation
for KM3NeT. In addition to theclassicalsolution described above (see Fig.] 41, case a),
various tests with multi-cathode PMTs (see [Figl. 41, casmbli-PMT OMs (see Fig. 41,
case c), and large spherical hybrid PMTs (see[Eig. 41 ca&0E) fre performed together
with computer simulation for studying the telescope respaaccordingly.

The data transport devices and power harness of each Detédtit is planned to be
connected via the anchor to a deep-sea cable network. Tiaistkecan contain one or more
junction boxes and one or several electro-optical cablebdee. It also provides power and
slow-control communication to the detector. On shore, Bosta&quipped with appropriate
computing power is required for collecting the data, apmyonline filter algorithms and
transmitting the data to mass storage devices (se€Hig. d&ie trigger and DAQ system
is sketched ).

The deployment of the Detection Units on the sea bed and thaintenance along
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the years of the telescope live time require the developrokappropriate machines and
infrastructures. For Detection Units deployment, the NE&TInstitute has developed a
central-well, ballasted platform callddelta Berenike For completing the detector con-
struction (junctions between meatable underwater conrgcad maintenance down in the
deep-site, underwater robotic devices will be necessangsd devices are either remotely
operated underwater vehicles or autonomous underwat@legh
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Figure 42:The Trigger and Data Acquisition System (TRIDAS) for the KI&TB project.

12 Conclusion

The next years will be decisive for neutrino astronomy. &laillarge neutrino telescope
is in an advanced stage of construction under the South E®lghe IceCube experiment),
the technological challenges to build a neutrino telestopleep sea have been surmounted
by experiments like ANTARES, NEMO and NESTOR, which haveiwaded the approval
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of the design study of the kilometre-scale version in the itdéecnean sea (the KM3NeT
consortium). These new generation of neutrino telescoperagrents will achieve effective
volumes which will be able to explore the Northern sky (theGobe experiment in the
South Pole) and the Southern sky (the underwater Meditearamexperiment) in a way
never seen before.
High energy astrophysical neutrinos have not been obsewdal; their flux can only

be evaluated using models. The hunt for the first high eneeggrimo of cosmic origin has
started.
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