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Abstract

Neutrino astrophysics offers new perspectives on the Universe investigation: high
energy neutrinos, produced by the most energetic phenomenain our Galaxy and in
the Universe, carry complementary (if not exclusive) information about the cosmos
with respect to photons. While the small interaction cross section of neutrinos allows
them to come from the core of astrophysical objects, it is also a drawback, as their
detection requires a large target mass. This is why it is convenient put huge cosmic
neutrino detectors in natural locations, like deep underwater or under-ice sites. In
order to supply for such extremely hostile environmental conditions, new frontiers
technologies are under development. The aim of this work is to review the motivations
for high energy neutrino astrophysics, the present status of experimental results and
the technologies used in underwater/ice Cherenkov experiments, with a special focus
on the efforts for the construction of a km3 scale detector in the Mediterranean Sea.
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1 Introduction

Fiat lux. It was written, and scientists never fail to observe new spectacular astrophysical
discoveries when new experimental techniques on new photons wavelengths are available:
from the Cosmic Microwave Background observation up to the TeV γ-ray astronomy using
Imaging Air- Cherenkov Technique.

Fiat neutrinos, it was never written, and Mr. Pauli itself has feared that this particle
would never be discovered. Nevertheless, observation of the solar neutrinos and of neutri-
nos from the supernova 1987A opened up a new observation field. High energy neutrino
astronomy is a young discipline derived from the fundamental necessity of extending con-
ventional astronomy beyond the usual electro-magnetic messengers.

One of the main questions in astroparticle physics is the origin and nature of high-
energy cosmic rays, CRs (§2). It was discovered at the beginning of the last century that
energetic charged particles strike the Earth and produce showers of secondary particles in
the atmosphere. While the energy spectrum of the cosmic rayscan be measured up to
very high energies, their origin remains unclear. There aremany indications of the galactic
origin of the CR bulk (protons and other nuclei up to∼ 1015 ÷ 1016 eV), although it is not
possible to directly correlate the CR impinging directionson Earth to astrophysical sources
since CRs are generally deflected by the galactic magnetic fields.

Recent advances on ground-basedγ-ray astronomy have led to the discovery of more
than 80 sources of TeV gamma-rays, as described in§2.2. No definitive proof still exists
that galactic CR originate from supernova explosions. Compelling evidences have been
accumulated by TeVγ-ray telescopes on the possible CR acceleration by some peculiar
galactic objects (§2.4). Assuming that at acceleration sites a fraction of the high-energy CRs
interact with the ambient matter or photon fields, TeVγ-rays are produced by theπ0 decay
while neutrinos are produced by charged pion decay. This is the so-calledastrophysical
hadronic model, §2.3, which describes the mechanisms which lay behind the production
of neutrinos and high energy photons from CR interactions. In this framework, the energy
spectrum of secondary particles follows the same power law of the progenitor CRs and it
is possible to put constraints to the expected neutrino flux from sources whereγ-rays are
detected. However, almost all observed objects emitting inthe TeVγ-ray band are also
sources of non-thermal X-rays, presumably of synchrotron origin, radiated by multi-TeV
electrons. Since the same electrons can also radiate TeVγ-rays through inverse Compton
scattering, thisleptonic modelrepresents a competitive process for TeV radiation. Only the
coincident measurement of neutrinos from the source would give a uncontroversial proof
of the discovery of the galactic CR acceleration sites.

The highest energy CRs are probably originated from extragalactic sources, as indicated
by recent measurements (§3.1). Protons withE > 1019 eV interact with the cosmic mi-
crowave background. This effect, known as the Greisen-Zatsepin-Kuzmin cutoff, restricts
the origin of high energy protons seen on Earth to a small fraction of the Universe, of the
order of 100 Mpc. The prediction of high energy neutrino sources of extra-galactic origin
is a direct consequence of the UHE CR observations,§3.2. This connection between CRs,
neutrinos andγ-rays can also be used (§3.3) to put upper bounds on the expected neutrino
flux from extragalactic sources, since the neutrino energy generation rate will never exceed
the generation rate of high energy protons. These predictions impose that the scale of the
neutrino detectors will be of the order of 1 km3.

A high-energy neutrino detector behaves as atelescopewhen the neutrino direction is
reconstructed with an angular precision of1o or better. This is the case for high energy
charged currentνµ interactions. The accurate measurement of theνµ direction (which can
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reach0.2o in water forνµ energies larger than few tens of TeV,§7) allows the association
with (known) sources. It allows also the neutrino telescopes to face some of the most funda-
mental questions on HE physics beyond the standard model,§4: the nature of Dark Matter
through the indirect search for WIMPs; the study of sub-dominant effects on neutrino os-
cillations, as those possibly induced by the violation of the Lorentz invariance; the study
of relic particles (magnetic monopoles, nuclearites) in the cosmic radiation; the coincident
neutrino emission with gravitational waves.

The small interaction cross section of neutrinos allows them to come from far away, but
it is also a drawback, as their detection requires a large target mass. The idea of a neutrino
telescope based on the detection of the secondary particlesproduced in neutrino interactions
was first formulated in the 1960s by Markov [1]. He proposedto install detectors deep in
a lake or in the sea and to determine the direction of the charged particles with the help of
Cherenkov radiation. As we will show in§6, starting from the Markov idea and from the
present knowledge of TeVγ-rays sources, the challenge to detect galactic neutrinos is open
for a kilometer-scale apparatus. We will use the fact that high-energy muons retain informa-
tion on the direction of the incident neutrino and can pass through several kilometers of ice
or water,§5.3. Along their trajectory, the muons emit Cherenkov light. From the measured
arrival time of the Cherenkov light§5.4, the direction of the muon can be determined. This
process is referred to as muon track reconstruction. We willalso derive in a simple way that
the number of optical sensors required to reconstruct muon tracks is of the order of 5000.

Neutrino production in astrophysical sites throughπ or K decay leads to a flavor ratio at
sources ofνe : νµ : ντ = 1 : 2 : 0, which is changed by the neutrino oscillation mechanism
to 1 : 1 : 1 on Earth. As discussed in§5.1 and§5.2, the measurements of showers induced
by very and ultra high energyνe andντ is another very important challenge for large volume
neutrino detectors, although the neutrino direction measurement is poorer for these flavors
with respect to theνµ channel. The extragalactic CRs-neutrinos connection [2] sets also the
scale of the detectors to 1 km3.

The properties of water and ice connected to the possibilityof detecting high energy
neutrinos are discussed in§7. The pioneering project for the construction of an under-
water neutrino telescope was due to the DUMAND collaboration [3], which attempted to
deploy a detector off the coast of Hawaii in the 1980s. At the time technology was not ad-
vanced enough to overcome these challenges and the project was cancelled. In parallel, the
BAIKAL collaboration [4] started to work in order to realizea workable detector systems
under the surface of the Baikal lake (§8).

Regarding deep ice, a major step towards the construction ofa large neutrino detector
(see§9) is due to the AMANDA collaboration [5]. AMANDA deployed and operated the
optical sensors in the ice layer of the Antarctic starting from 1993. After the completion
of the detector in 2000, the AMANDA collaboration proceededwith the construction of a
much larger apparatus, IceCube. 59 of the 80 scheduled strings (April 2009) are already
buried in the ice. Completion of this detector is expected tobe in 2011.

In water, the pioneering DUMAND experience is being continued in the Mediterranean
Sea by the ANTARES [6], NEMO [7] and NESTOR [8] collaborations, which demonstrated
the detection technique (see§10). The ANTARES collaboration has completed (May 2008)
the construction of the largest neutrino telescope (∼ 0.1 km2) in the Northern hemisphere.
The ANTARES detector currently take data. These projects have lead to a common design
study towards the construction of a km3-scale detector in the Mediterranean Sea (§11).
KM3NeT [9] is an European deep-sea research infrastructure, which will host a neutrino
telescope with a volume of at least one cubic kilometer at thebottom of the Mediterranean
Sea that will open a new window on the Universe.
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2 The connection among primary Cosmic Rays,γ-rays and neu-
trino. Our Galaxy.

2.1 Primary Cosmic Rays

Cosmic Rays (CRs) are mainly high energy protons (Fig. 1) andheavier nuclei which are
constantly hitting the upper shells of the Earth’s atmosphere. The energy spectrum spans
from ∼ 109 eV to more than1020 eV, is of non-thermal origin and follows a broken power-
law of the form:

[

dNP

dE

]

obs
= K · E−α (cm−2sr−1s−1GeV−1) (1)

Because cosmic rays span such a huge range of energy,
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Figure 1:Cosmic Ray spectrum from 109 to 1021 eV as measured on Earth, from [10]. Note
that the vertical scale has been multiplied byE2. On the low-energy domain, when the mea-
surements are available, the contribution of protons, electrons, positrons and antiprotons it
is also reported. See [10] for the reference to the experiments.
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Direct or indirect techniques are used to measure the CR spectrum. The measured
power law spectrum of CRs (eq. 1) is characterized by an indexα = 2.7 up to energies of
roughly3 × 1015 eV. Beyond3 × 1015 eV, the index becomesα = 3.1. This feature in the
energy spectrum is known as theknee. There is no consensus on a preferred accelerator
model for energies above theknee up to1019 eV, where there is a flattening in the spectrum,
denoted as theankle.

The highest CRs exceed even1020 eV. After theankle, it is generally assumed that CR
sources are of extragalactic origin. The experimental search for sources of these ultra high
energy CRs is recently entered a hot phase. Detailed reviewsof the theory and measurement
of the primary CR spectrum can be found in [11, 12, 13].

Up to energies of∼ 1014 eV, the CR spectrum is directly measured above the atmo-
sphere. Stratospheric balloons or satellites have provided the most relevant information
about the composition of CRs in the Galaxy and have contributed to establish the standard
model of galactic CRs. Measurements show that∼ 90% are protons,∼ 9% are Helium
nuclei and∼ 1% are heavier nuclei.

In this energy range, the mechanism responsible for the acceleration of particles is the
Fermi mechanism [14, 15]. This mechanism explains the particle acceleration by iterative
scattering processes of charged particles in a shock-wave.These shock-waves are originated
in environments of exceptional disruptive events, like stellar gravitational collapses. In
each scattering process, a particle with energyE gets an energy gain of∆E ∼ βE, where
β ∼ 10−2. Due to the magnetic fields confinement, the scattered particles are trapped inside
the acceleration region and they have a small probability toescape. This iterative process
of acceleration is a very appealing scheme for the origin of CRs, since it naturally explains
the power law tendency in the spectrum.

Supernova remnants (SNR) in the Galaxy are the most accredited site of acceleration
of CRs up to the knee [16], although this theory is not free from some difficulties [17].
The Fermi mechanism in the SNR [18], predicts a power law differential energy spectrum
∼ E−2 and fits correctly to the energy power involved in the galactic cosmic rays of∼
5 × 1040 erg/s.

The measured spectral index (α ∼ 2.7) is steeper than the expected spectrum near the
sources, because of the energy dependence of the CR diffusion out of the Galaxy, as ex-
plained by the so calledleaky box[19]. In the leaky box model, particles are confined by
galactic magnetic fields (B ∼ 3µG) and have a small probability to escape. The gyro-
magnetic radius for a particle with charge Z, energy E, in a magnetic field B isR ≃ E

eZB .
During propagation, high energy particles (at a fixed value of Ze) have larger probabil-
ity to escape from the Galaxy due to their larger gyromagnetic radii. As a consequence,
an energy-dependent diffusion probabilityP can be defined.P is experimentally estimated
through the measurement of the ratio between light isotopesproduced by spallation of heav-
ier nuclei. It was found thatP (E) ∼ EαD , with the diffusion exponentαD ∼ 0.6 [11].
The differential CR flux at the sources can be estimated as theconvolution of the measured
spectrum (1) and the CR escape probabilityP :

[

dNP

dE

]

sources
∝

[

dNP

dE

]

obs
× P (E) ∝ E−αCR (2)

with αCR = α − αD ∼ 2, as predicted by the Fermi model.
Theknee of the CR spectrum is still an open question and different models have been

proposed to explain this feature [20]. Some models invoke astrophysical reasons: due to the
iterative scattering processes involved in the acceleration sites, a maximum energy for the
CRs is expected. This maximum energy depends on the nucleus chargeZe, and this leads
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to the prediction of a different energy cutoff for every nucleus type. As a consequence, CRs
composition is expected to be proton-rich before theknee, and iron-rich after. Other more
exotic models try to explain the steepening in the CR flux, forinstance the hypothesis of
new particle processes in the atmosphere [21].

Above∼ 1014 eV, CR measurements are only accessible from ground detection infras-
tructures. The showers of seconddary particles created by interaction of primary CRs in
the atmosphere are distributed in a large area, enough to be detected by detector arrays.
The energy region around the knee has been explored by different experiments, as for in-
stance KASCADE [22]. Although the experimental techniquesare very difficult and have
poor resolution, observations of this region of the energy spectrum seem to indicate that the
average mass of CRs increases when passing the knee.

The SNR models cannot explain the CRs flux above∼ 1016 eV, but there is no con-
sensus on a preferred accelerator model up to1019 eV. CRs can be accelerated beyond the
knee if, for instance, the central core of the supernova hosts a rotating neutron star. Already
accelerated particles can also suffer additional acceleration due to the neutron star strong
variable magnetic field. The maximum energy cannot exceed∼ 1019 eV.

2.2 High energyγ-rays

Some galactic accelerators must exist to explain the presence of CRs with energies up to
theankle. These sources can be potentially interesting for a neutrino telescope. Apart from
details, it is expected that galactic accelerators are related to the final stage of the evolution
of massive, bright and relatively short-lived stellar progenitors.

Due to the influence of galactic magnetic fields, charged particles do not point to the
sources. Neutral particles (gamma-rays and neutrinos) do not suffer the effect of magnetic
fields: they represent the decay products of accelerated charged particles but cannot be
directly accelerated.

Photons in the MeV-GeV energy range were detected by the Energetic Gamma-ray
Experiment Telescope (EGRET) [23] on board of the CGRO satellite in the 1990s. The last
EGRET catalogue contains 271 detections with high significance, from which 170 are not
identified yet.

Following its launch in June 2008 [24], the Fermi Gamma-ray Space Telescope (Fermi)
began a sky survey in August. Its Large Area Telescope (LAT) has produced, in 3 months, a
deeper and better-resolved map of theγ-ray sky than any previous space mission. The initial
result for energies above 100 MeV [25] regards the 205 most significant γ-ray sources,
which are the best-characterized and best-localized ones.Most of them are in the galactic
plane, and were associated with known pulsars.

Gamma-rays above 100 GeV are detected on ground, using the Imaging Air-Cherenkov
Technique (IACT). High-energyγ-rays are absorbed when reaching the Earth atmosphere,
and the absorption process proceeds by creation of a cascade(shower) of high-energy rela-
tivistic secondary particles. These emit Cherenkov radiation, at a characteristic angle in the
visible and UV range, which passes through the atmosphere. As a result of Cherenkov light
collection by a suitable mirror in a camera, the showers can be observed on the surface of
the Earth.

The pioneering ground basedγ-ray experiment was built by the Whipple collaboration
[26]. During the last decade, several ground-basedγ-ray detectors were developed, both in
the North [27] and South [28, 29] Earth hemisphere. At present, the new generation appa-
ratus are the H.E.S.S. [30] and VERITAS [31] telescope arrays and the MAGIC telescopes
[32]. A full and detailed review of VHE astrophysics with theground-basedγ-ray detectors
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Figure 2:Sky map of high energyγ-ray sources above 100 GeV. The shading indicates the
visibility for a detector in the Mediterranean sea with2π downward coverage; dark (light)
areas are visible at least 75% (25%) of the time; the white area is not observable (from
[38]).

can be found in [33, 34]. These IACT telescopes have produceda catalogue of TeVγ-ray
sources. A (partial) sky map can be seen in Fig. 2. Of particular interest (mainly for a
neutrino detector placed in the North hemisphere) is the great population of new TeVγ-ray
sources in the galactic centre region discovered by the H.E.S.S. telescope. A list of more
than 70 galactic and extra-galactic sources is in [33].

Both electrons and protons can be accelerated by astrophysical objects. We refer re-
spectively to aleptonic model[33, 34] when electrons are accelerated, and to ahadronic
model[35] when protons or other nuclei are accelerated. The most important process which
produces high energyγ-rays in the leptonic model is the Inverse Compton (IC) scattering.
IC γ-rays are produced in the interactions of energetic electrons with ambient background
photon fields: the CMB, and the diffuse galactic radiation ofstar light. This process is
very efficient for producingγ-rays, since low energy photons are found in all astrophys-
ical objects. Multi-TeV electrons producingγ-rays of TeV energies via IC, produce also
synchrotron radiation in the X-ray band as well [36]. Therefore, measurements of the syn-
chrotron X-ray flux from a source is a signal that the accompanying γ-rays are likely pro-
duced by leptonic processes.

Both models, the leptonic model and the hadronic model [37] could provide an adequate
description of the present experimental situation. If highenergy photons are produced in
the hadronic models, high energy neutrinos will be producedas well. Most of observed TeV
γ-ray galactic sources have a power law energy spectrumE−αγ , whereαγ ∼ 2.0 ÷ 2.5.
The values of the spectral index are very close to the expected spectral index of CR sources,
αCR. This lead to the conclusion that sources of TeVγ-rays can also be the sources of
galactic CRs.
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Some of the most promising candidate neutrino sources in ourGalaxy are extremely in-
teresting, due to the recent results fromγ-ray detectors. A neutrino telescope in the North-
ern hemisphere (as a detector in the Mediterranean sea) is looking at the same Southern
field-of-view as the H.E.S.S. and CANGAROO Imaging Air Cherenkov telescopes, while
the neutrino telescope in the South Pole is looking at the Northern sky.

2.3 TeVγ-rays and neutrinos from hadronic processes

The astrophysical production of high energy neutrinos is mainly supposed via the decay of
charged pions in the beam dump of energetic protons in dense matter or photons field.

Accelerated protons will interact in the surroundings of the CRs emitter with photons
predominantly via the∆+ resonance:

p + γ → ∆+ → πo + p

p + γ → ∆+ → π+ + n (3)

Protons will interact also with ambient matter (protons, neutrons and nuclei), giving
rise to the production of charged and neutral mesons. The relationship between sources of
VHE γ-ray (Eγ > 100 MeV) and neutrinos is the meson-decay channel. Neutral mesons
decay in photons (observed at Earth asγ-rays):

πo → γγ (4)

while charged mesons decay in neutrinos:

π+ → νµ + µ+

→֒ µ+ → νµ + νe + e+

π− → νµ + µ−

→֒ µ− → νµ + νe + e− (5)

Therefore, in the framework of the hadronic model and in the case of transparent
sources, the energy escaping from the source is distributed betweenCRs,γ-rays and neutri-
nos. A transparent source is defined as a source of a much larger size that the proton mean
free path, but smaller than the meson decay length. For thesesources, protons have large
probability of interacting once, and most secondary mesonscan decay.

Because the mechanisms that produce cosmic rays can producealso neutrinos and high-
energy photons (from eqs. 4 and 5), candidates for neutrino sources are in general alsoγ-ray
sources. In the hadronic model there is a strong relationship between the spectral index of
the CR energy spectrumE−αCR , and the one ofγ-rays and neutrinos. It is expected [38]
that near the sources, the spectral index of secondaryγ andν should be almost identical
to that of parent primary CRs:αCR ∼ αν ∼ αγ . Henceγ-ray measurements give crucial
information about primary CRs, and they constrain (see§2.4) the expected neutrino flux.

2.4 Prediction of HE neutrino flux from astrophysical sources

Here, we present some proposed mechanisms for the production of cosmic high energy
neutrinos. Some of them seem to beguaranteed, since complementary observations of TeV
γ-rays can hardly be explained by leptonic models alone. The expected neutrino fluxes at
Earth, however, are uncertain and predictions differ in some cases up to orders of magnitude.
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2.4.1 Shell-type supernova remnants

Particles can be accelerated in the supernova remnants (SNRs) via the Fermi mechanism.
If the final product of the SN is a neutron star, already accelerated particles can gain addi-
tional energy, due to the neutron star strong variable magnetic field. Shell-type SNRs are
considered to be the most likely sites of galactic CR acceleration, hypothesis supported by
recent observations from the TeVγ-ray IACT.

Of particular interest is the supernova remnant in the Vela Jr. (RX J0852.0-4622). This
SNR is one of the brightest objects in the southern TeV sky. Recent observations ofγ-
rays exceeding 10 TeV in the spectrum of this SNR by H.E.S.S. [39] have strengthened the
hypothesis that the hadronic acceleration is the process that is needed to explain the hard and
intense TeVγ-ray spectrum. H.E.S.S. has observed that theγ-ray TeV emission originates
from several separated parts of a region of apparent size of∼ 2o. The angular resolution of
neutrino telescopes for theνµ channel is much better than2o (§7). The expected neutrino-
induced muon rate leads, in some calculations [40], to encouraging results for a 1 km3

detector in the Mediterranean sea.
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Figure 3:Measured gamma-ray flux from RX J1713.7-3946 and estimated neutrino flux [38]
with their error bands. The atmospheric neutrino flux (whichrepresents the background) is
integrated over the search window and averaged over one day.

A second important source is the SNR RX J1713.7-3946, which has been the sub-
ject of large debates about the nature of the process (leptonic or hadronic) that originates
its gamma-ray spectrum [41]. RX J1713.7-3946 was first observed by the CANGAROO
experiment which firstly claimed a leptonic origin [42]. Successive observations with
CANGAROO-II [43] disfavour purely electromagnetic processes as the only source of the
observedγ-ray spectrum. Neutrino flux calculations based on this result have predicted
large event rates, also in neutrino telescopes with size smaller than 1 km3 [44, 45]. This
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source has successively been observed with higher statistics by the H.E.S.S. telescope [46],
supporting the hadronic origin. The measured spectrum deviates from a pure power law
spectrum. It can be reasonably well described by a power law with an exponential cutoff,
dΦγ/dEγ = I0(Eγ/1 TeV )αγ exp(−Eγ/Ec), where the cutoff parameter isEc = 12 ± 2
TeV [33].

The neutrino flux calculation (shown in Fig. 3) based on the H.E.S.S. result, with the
exponential cutoff in spectrum and other assumptions, leadto the prediction that the source
should be marginally detectable in a kilometer-scale Mediterranean detector. This result
strongly depends on the assumed cutoff value. Without cutoff, the event rate increases by a
significant factor, making these sources easily accessibleto neutrino telescopes.

2.4.2 Pulsar wind nebulae (PWNe)

PWNe are also called Crab-like remnants, since they resemble the Crab Nebula (§6.1),
which is the youngest and most energetic known object of thistype. PWNe differ from the
shell-type SNRs because there is a pulsar in the center whichblows out equatorial winds
and, in some cases, jets of very fast-moving material into the nebula. The radio, optical
and X-ray observations suggest a synchrotron origin for these emissions. H.E.S.S. has also
detected TeVγ-ray emission from the Vela PWN, named Vela X. This emission is likely to
be produced by the inverse Compton mechanism. The possibility of a hadronic origin for
the observedγ-ray spectrum, with the consequent flux of neutrinos, was also considered
[47].

The neutrino flux calculated for a few PWNe in the framework ona hadronic production
of the observed TeVγ-rays (such as the Crab, the Vela X, the PWN around PSR1706-44
and the nebula surrounding PSR1509-58) agrees with the conclusions that all these PWNe
could be detected by a kilometer-scale neutrino telescope.For instance, from 6 to 12 events
are predicted in 1 y, with 1 background event due to the atmospheric neutrinos [48]. Others
[38], which assume an exponential cutoff in the energy spectrum, give more pessimistic
results (10 events/5 y from the Vela X source, with 4.6 background events).

2.4.3 The galactic Centre (GC)

The galactic centre is probably the most interesting regionof our Galaxy, also regarding
the emission of neutrinos. It is specially appealing for a Mediterranean neutrino telescope
since it is within the sky view of a telescope located at such latitude. The interest in it has
increased after the recent discoveries of H.E.S.S..

Early H.E.S.S. observations of the GC region showed a point-like source at the gravita-
tional centre of the Galaxy (HESS J1745-290 [49]) coincident with the supermassive black
hole Sagittarius A* and the SNR Sgr A East. In 2004, a more sensitive campaign revealed
a second source, the PWN G 0.9+0.1 [50].

Thanks to the good sensitivity of the H.E.S.S. telescope, itis possible to subtract the
GC sources and search for the diffuseγ- ray emission which spans the galactic coordinates
|l| < 0.8o, |b| < 0.3o. This diffuse emission ofγ-ray with energies greater than 100 GeV
is correlated with a complex of giant molecular clouds in thecentral 200 pc of the Milky
Way [51]. The measuredγ-ray spectrum in the GC region is well described by a power
law with index of∼ 2.3. The photon index of theγ-rays, which closely traces back the
spectral index of the CR, indicates in the galactic centre a local CR spectrum that is much
harder and denser than that measured on Earth, as shown in Fig. 4. Thus it is likely that
an additional component of the CR population is present in the galactic centre, above the
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diffuse CR concentration which fills the whole Galaxy. The fact that cosmic accelerators
are very close to the GC, and therefore the possibility of neglecting the CR diffusion loss
due to propagation (see eq. 2), gives a natural explanation for the harder observed spectrum,
which is closer to the intrinsic value of the CR spectral index. In [51] it is suggested that the
central source HESS J1745-290 is likely to be the source of these CR protons (and thus of
neutrinos), with two candidates for CR accelerations in itsproximity: the SNR Sgr A East
(estimated age around104 yrs), and the black hole Sgr A*.

Figure 4:H.E.S.S. [51] measurement ofγ-ray flux per unit solid angle in the Sgr B region,
near the galactic center (open circle data points). The measured spectrum in the galactic
region |l| < 0.8o, |b| < 0.3o is shown using full circles. These data can be described by
a power law with spectral index∼ 2.3. In comparison, the expectedγ-ray flux assuming
a CR spectrum as measured in the solar neighborhood is shown as a shaded region. The
measuredγ-ray flux (>1 TeV) implies a high-energy cosmic ray density which is 4 to 10
times higher than our solar neighborhood value. The spectrum of the source HESS J1745-
290 is also shown for comparison.

2.4.4 Microquasars

Microquasars are galactic X-ray binary systems, which exhibit relativistic radio jets, ob-
served in the radio band [52]. The name is due to the fact that they result morphologically
similar to the AGN, since the presence of jets makes them similar to small quasars. This
resemblance could be more than morphological: the physicalprocesses that govern the for-
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mation of the accretion disk and the plasma ejection in microquasars are probably the same
ones as in large AGN.

Microquasars have been proposed as galactic acceleration sites of charged particles up
to E ∼ 1016 eV. The hypothesis was strengthened by the discovery of the presence of
relativistic nuclei in microquasars jets like those of SS 433. This was inferred from the
observation of iron X-ray lines [53].

Two microquasars, LS I +61 303 and LS 5039, have been detectedasγ-ray sources
above 100 MeV and listed in the third EGRET Catalogue. They are also detected in the
TeV energy range [54, 55].

There is yet uncertainty as to what kind of compact object lies in LS I +61 303 (observed
by the MAGIC telescope). Recently, a multiwavelength campaign including the MAGIC
telescope, XMM-Newton, and Swift was conducted during 60% of an orbit in 2007. A
simultaneous outburst at X-ray and TeVγ-ray bands, with the peak at phase 0.62 and a
similar shape at both wavelengths, gives conclusive indication of variability also in theγ-
ray emission. The X-ray over TeVγ-ray flux ratio favors leptonic models [56]. Because
the source is located in the Northern sky, it is specially appealing for a neutrino telescope
located in the Southern hemisphere as IceCube, which will beable to detect (or rule out)
neutrinos coming from this source [57].

Microquasar LS 5039 (detected by H.E.S.S. in the Southern sky) has features similar to
LS I +61 303, and the observed flux still does not allow an unequivocal conclusion about the
variability of the source. Different astrophysical scenarios have been proposed to explain
the TeVγ-ray emission, which involve leptonic and/or hadronic interactions. In particular,
the leptonic model is strongly disfavored in [58], and it is expected that LS 5039 could
produce between0.1÷ 0.3 events/year in a detector like ANTARES (see§10.1). The event
rate depends on the assumed neutrino spectrum (power law with index ranging from 1.5 to
2.0), and two energy cutoff (Ec = 10 TeV and 100 TeV [58]). The expected rate is∼ 25
times higher for a 1 km3 detector in the Mediterranean sea.

Other microquasars were considered in [59]. The best candidates as neutrino sources
are the steady microquasars SS433 and GX339-4. Assuming reasonable scenarios for TeV
neutrino production, a 1 km3-scale neutrino telescope in the Mediterranean sea could iden-
tify microquasars in a few years of data taking, with the possibility of a 5σ level detection.
In case of no-observation, the result would strongly constrain the neutrino production mod-
els and the source parameters.

2.4.5 Neutrinos from the galactic plane

In addition to stars, the Galaxy contains interstellar thermal gas, magnetic fields and CRs
which have roughly the same energy density. The inhomogeneous magnetic fields confine
the CRs within the Galaxy. Hadronic interactions of CRs withthe interstellar material
produce a diffuse flux ofγ-rays and neutrinos (expected to be equal, within a factor of∼
2). The fluency at Earth is expected to be correlated to the gascolumn density in the Galaxy:
the largest emission is expected from directions along the line of sight which intersects most
matter.

Recently, the MILAGRO collaboration has reported the detection of extended multi-
TeV gamma emission from the Cygnus region [60], which is wellcorrelated to the gas
density and strongly supports the hadronic origin of the radiation. The MILAGRO obser-
vations are inconsistent with an extrapolation of the EGRETflux measured at energies of
tens of GeV. This supports the hypothesis that in some areas of the galactic disk the CR
spectrum might be significantly harder that the local one.
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With the assumption that the observedγ-ray emission comes from hadronic processes,
it is possible to obtain an upper limit on the diffuse flux of neutrinos from the galactic
plane. The KM3NeT consortium [61] has made an estimate of theneutrino flux from the
inner Galaxy, assuming that the emission is equal to that observed from the direction of
the Cygnus region. The expected signal rate for a km3 neutrino telescope located in the
Mediterranean Sea is between 4 and 9 events/year for the soft(indexα = 2.55) and hard
(α = 2.10) spectrum respectively, with an atmospheric neutrino background of about 12
events per year.

2.4.6 Unknowns

In addition to SNR, PWNe and microquasars, there are other theoretical environments in
which hadronic acceleration processes could take place with production of a neutrino flux.
For instance, neutron stars in binary systems and magnetars[62] might be sources of an
observable neutrino flux.

New improvements in the GeV- TeV scaleγ-ray astronomy are expected in the next
years. In particular practically all the IACT telescopes are improving their apparatus. News
are also expected from the ARGO [63] and MILAGRO [64] large field of view observato-
ries. Finally, it is also worth remarking that a non-negligible number of VHEγ-ray sources
detected by H.E.S.S. do not have a known counterpart in otherwavelengths. The origin of
such sources is a theoretical challenge in which neutrino astronomy may yield some insight.

Although not certainly inspired by neutrino astronomy, it is interesting to quote this
sentence from the former US Secretary of Defense, Donald Rumsfeld. The sentence is the
exact words as taken from the official transcripts on the Defense Department Web site [65]:
The Unknown. As we know, / There are known knowns. / There are things we knowwe
know. / We also know / There are known unknowns. / That is to say/ We know there are
some things/ We do not know. / But there are also unknown unknowns, / The ones we don’t
know / We don’t know.

3 The connection among extragalactic sources of primary Cos-
mic Rays,γ rays and neutrino.

3.1 Measurements of the UHECR

The CR flux above1019 eV, still dominated by protons and nuclei [66], is one particle per
kilometer square per year per stereoradian. It has long beenassumed [67] that ultra high
energy cosmic rays (UHECR) are extragalactic in origin [68], and can be detected only by
very large ground-based installations. Therefore, the structure in the CR spectrum above
∼ 1019 eV (theankle) is usually associated with the appearance of this flatter contribution
of extra-galactic CRs. In fact, above theankle the gyroradius of a proton in the galactic
magnetic field exceeds the size of the Galaxy disk (300 pc).

Fig. 5 [69] shows a diagram first produced by Hillas (1984). Hillas derived the maxi-
mum energy which a particle of a given charge can reach, independently of the acceleration
mechanism. It was obtained from the simple argument that theLarmor radius of the par-
ticle should be smaller than the sizeRkpc (in kpc) of the acceleration region. This energy
E(EeV) (in units of1018 eV) is given by:

E(EeV ) ∼ βZBµGRkpc (6)
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Figure 5:The Hillas diagram (drawn by Murat Boratav). Acceleration of cosmic rays up to
a given energy requires magnetic fields and sizes above the respective line. Some sources
candidates are still controversial (1 EeV=1018eV , 1 ZeV=1021eV ).

whereβ is the velocity of the shock wave in the Fermi model or in any other acceleration
mechanism. Fig. 5 gives the relation between the dimensionsof the astrophysical objects
and the magnetic fields needed to contain the accelerating particle, in order that protons can
reach up to1020 eV (dashed line) or1021 eV (upper full line), and iron nuclei up to1020

eV (lower full line). As can be seen from the Hillas plot, plausible acceleration sites may
be the radio lobes or hot spots of powerful active galaxies.

The search for UHECR sources must take into account another effect, the Greisen-
Zatsepin-Kuzmin cutoff (GZK) [70, 71], which imposes a theoretical upper limit on the
energy of cosmic rays from distant sources. Above a threshold of few 1019 eV, protons
interact with the 2.7o K cosmic microwave background radiation (CMB) and lose energy
through the resonant pion production of eq. 3. Due to the GZK cutoff, protons above that
threshold cannot travel distances further than few tens of Mpc.

From the astrophysical point of view, this cutoff is very important because it limits the
existence of standard astrophysical UHECR emitters insideour local super-cluster of galax-
ies. The GZK cutoff has stimulated important debate, since there were two contradictory
measurements in the region between1019 ÷ 1020 eV, made by the AGASA [72] and by the
High Resolution Fly’s Eye (HiRes) [73] experiments.

Nowadays, the largest experiment is the Auger Observatory [74], which combines the
measurement of extensive air showers and light fluorescencedetection. Auger has pub-
lished [75] the result of the first data set, rejecting the hypothesis that the cosmic ray spec-
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trum continues in the form of a power law above1019.6 eV with 6 sigma significance. In
addition, Auger has reported the first hints of association of CRs withE > 6×1019 eV and
nearby (less than 100 Mpc) concentration of matter and AGN [76]. Although its statistical
significance is still limited, the results suggest that regions of matter with AGN can be the
source candidates for UHECR acceleration.

3.2 Extra-galactic CR andν sources

The prediction of high energy neutrino sources of extra-galactic origin is a direct conse-
quence of the CR observations. As for the origin of UHE CosmicRays, Active Galactic
Nuclei (AGN) are the principal candidates as neutrino sources. Other potentially promising
particle accelerators areγ-ray bursts (GRBs). Here we consider these two astrophysical
classes of objects, with a particular attention to the possible neutrino production mecha-
nism. Finally, radio observation of starburst galaxies hasmotivated the idea of the existence
of hidden sources of CR. These sources can represent pure high energy neutrino injectors,
and some predictions are presented.

Extra-galactic sources are very far and the possibility of aindividual discovery in a
km3 scale neutrino telescope is expected only in particular theoretical models, or using the
source stackingmethods: it is a combined analysis for different classes of objects which
enhance the neutrinos detection probability [77].

An alternative way to prove the existence of extragalactic neutrino sources is through
the measurement of thecumulative fluxin the whole sky. The only way to detect thisdiffuse
flux of high energy neutrinosis looking for an excess of high energy events in the measured
energy spectrum induced by atmospheric neutrinos.

Theoretical models constrain the neutrino diffuse flux,§3.3. These upper bounds are
derived from the observation of the diffuse fluxes ofγ-rays and UHECR. One of them
(the Waxman-Bahcall, shortened as W&B) is used as the reference limit to the predicted
neutrino flux coming from different extra-galactic sources.

In addition to neutrinos generated by high energy cosmic accelerators, there are high
energy neutrinos induced by the propagation of CRs in the local Universe [78]. The sub-
sequent pions decay will produce a neutrino flux (calledGZK or cosmologicalneutrinos)
similar to the W&B bound above5×1018 eV [79], since neutrinos carry approximately 5%
of the proton energy.

3.2.1 Active Galactic Nuclei (AGN)

Active Galactic Nuclei (or AGN) are galaxies with a very bright core of emission embed-
ded in their centre, where a supermassive black hole (106 ÷ 109 solar masses) is probably
present. As outlined in§3.1, the Auger observatory has reported the first hints of correla-
tion between CR directions and nearby concentrations of matter in which AGN are present.
This measurement (although still controversial) suggeststhat AGN are the most promising
candidates for UHECR emission.

The supermassive black hole in the centre of AGN would attract material onto it, re-
leasing a large amount of gravitational energy. According to some models [80], the energy
rate generated with this mechanism by the brightest AGNs canbeL > 1047 erg s−1. Early
models [81, 82, 83], postulating the hadronic accelerationin the AGN cores, predicted a
production of secondary neutrinos well above the W&B upper limit, and the prediction
from some of these models has been experimentally disprovedby AMANDA [112]. More
recent models [84] predict fluxes close to the W&B bound. For instance, a prediction has
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recently been carried out for the Centaurus A Galaxy, which is only 3 Mpc away. In [85] the
estimate neutrino flux from hadronic process isE2dΦν/dE ≤ 5× 10−13 TeV−1 cm−2s−1.
By varying the power-law indices between -2.0 and -3.0, theyobtained between 0.8 and
0.02 events/year for a generic neutrino detector of effective muon area (§6.3) of∼ 1 km2.

A particular class of AGN (calledblazars) has their jet axis aligned close to the line of
sight of the observer. Blazars present the best chance of detecting AGNs as individual point
sources of neutrinos because of a significant flux enhancement in the jet through Doppler
broadening. Blazars exhibit non-thermal continuum emission from radio to VHE frequen-
cies and are highly variable, with fluxes varying by factors of around 10 over timescales
from less than 1 hour to months. The third EGRET catalog [86] contains a list of 66
blazars, plus 27 additional candidates, and 119 are in the recent Fermi LAT bright gamma-
rays source list [25]; an increasing population of TeV blazars at higher redshifts is being
detected by the latest generation ofγ-ray IACT; so far 18 blazars have been discovered over
a range of red-shifts from 0.03 to>0.3 [34].

In hadronic blazar models, the TeV radiation is produced by highly relativistic baryons
in jets interacting with radiation fields and the ambient matter. Owing to the low mat-
ter density in relativistic jets, photo-production of pions is commonly believed to be the
most important energy loss channel, followed by proton synchrotron radiation. Theγ rays
from neutral pion decay induce electromagnetic cascades, disrupting the strict neutrino-to-
gamma-ray ratio of pion decay kinematics for the emerging radiation. Another important ef-
fect to take into account is that the observed TeVγ-ray spectrum from extragalactic sources
is steepened due to absorption by the Extragalactic Background Light (EBL). In the case of
a distant blazar, such as 1ES1101 at z=0.186, the observed spectral index of 2.9 is estimated
to correspond to a spectral index as hard as 1.5 near the source [87]. Neutrinos, however, are
unaffected by the EBL. As a consequence of the effective hardening of the spectrum, some
TeV-γ bright blazars, in some models, are expected to produceνµ fluxes exceeding the at-
mospheric neutrino background in a cubic kilometer neutrino telescope. H.E.S.S. recently
reported also highly variable emission from the blazar PKS2155-304 [88]. A two order
of magnitude flux increase, reaching 10 Crab Units (C.U., defined in§6.1) was observed
during a one hour period. Such flaring episodes are interesting targets of opportunity for
neutrino telescopes. Assuming that half of theγ-rays are accompanied by the production
of neutrinos, a flare of 10 C.U. lasting around 2.5 days would result in a neutrino detection
at the significance level of 3 sigma [61].

3.2.2 Gamma ray bursts (GRBs)

GRBs are short flashes ofγ-rays, lasting typically from milliseconds to tens of seconds,
and carrying most of their energy in photons of MeV scale. Thelikely origin of the GRBs
with duration of tens of seconds is the collapse of massive stars to black holes. Observa-
tions suggest that the formation of the central compact object is associated with Ib/c type
supernovae [89, 90, 91].

GRBs also produce X-ray, optical and radio emission subsequent to the initial burst
(the so calledafterglow of the GRB). The detection of the afterglow is performed with
sensitive instruments that detect photons at wavelengths smaller than MeVγ-rays. In 1997
the Beppo-Sax [92] satellite obtained for the first time high-resolution X-ray images of the
GRB970228 afterglow, followed by successive observationsin optical and longer wave-
lengths with an angular resolution of arcminute. This accurate angular resolution allowed
the redshift measurement and the identification of the host galaxy. It was the first step to
demonstrate the cosmological origin of GRBs.
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Leading models assume that afireball, produced in the collapse, expands with an
highly relativistic velocity (Lorentz factorΓ ∼ 102.5) powered by radiation pressure. Pro-
tons accelerated in the fireball internal shocks lose energythrough photo-meson interaction
with ambient photons (the same process of eq. 3). In the observer frame, the condition
required to the resonant production of the∆+ is EγEp = 0.2 GeV2Γ2. For the production
of gamma-rays withEγ ∼ 1 MeV the characteristic proton energy required isEp = 1016

eV, if Γ ∼ 102.5. The interaction rate between photons and protons is high due to the
high density of ambient photons and yields a significant production of pions. The charged
ones decay in neutrinos, typically carrying 5% of the protonenergy. Hence, neutrinos with
Eν ∼ 1014 eV are expected [93]. Other neutrinos with lower energies can also be produced
in different regions or stages where GRBγ-rays are originated. Depending on models, a
different contribution of neutrinos is expected at every time stage of the GRB. For instance,
the neutrino emission from early afterglows of GRBs, due to dissipation made by the exter-
nal shock with the surrounding medium or by the shock internal dissipation, was discussed
in [94]. Here, the implications of recent Swift [95] satellite observations concerning the
possible neutrino signals in a neutrino telescope were alsoconsidered in detail.

Some calculations of the neutrino flux [96] from GRB show thata kilometer-scale neu-
trino telescope can be sufficient to allow detection. The average energy of these neutrinos
(100 TeV) corresponds to a value for which neutrino telescopes are highly efficient. Nev-
ertheless, being transient sources, GRBs detection has theadvantage of being practically
background free, since neutrino events are correlated bothin time and direction withγ-
rays. As for the case of the ANTARES detector [97, 98], unfiltered data can also be stored
in the occurrence of a GRB alert from a satellite or a groundbased telescope (see Fig. 6
[99]). The analysis of collected data around a GRB alert can be carried out some time later,
with the advantage of using very precise astronomical data,improved by later observations
of the afterglow with optical telescopes.

3.2.3 Starburst or neutrino factories

Radio observations have motivated the idea of the existenceof regions with an abnormally
high rate of star formation, in the so-calledstarburst galaxies, which are common through-
out the Universe. These regions of massive bursts of star-formation can dramatically alter
the structure of the galaxy and can input large amounts of energy and mass into the inter-
galactic medium. Supernovae explosions are expected to enrich the dense star forming re-
gion with relativistic protons and electrons [100, 101]. These relativistic charged particles,
injected into the starburst interstellar medium, would lose energy through pion production.
Part of the proton energy would be converted into neutrinos by charged meson decays and
part intoγ-rays by neutral meson decays. Very recently, the (relatively) nearby NGC 253
galaxy in the southern hemisphere and the M82 galaxy in the northern hemisphere were
identified as starburst galaxies by, respectively, the H.E.S.S. [102] and VERITAS [103]
telescopes. Theγ-ray flux above 220 GeV measured from NGC 253 imply a cosmic-ray
density about three orders of magnitude larger than that in the center of our Galaxy. Such
hidden accelerators of CRs are thus intense neutrino sources, since mainly neutrinos would
be able to escape from these dense regions. A cumulative flux of GeV neutrinos from star-
burst galaxies was calculated in [104] asE2

νΦν ≃ 10−7 GeV cm−2 s−1sr−1, a level which
can be detected by a km3-scale neutrino detector.
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Figure 6: Sketch of an external alert from a GRB satellite to the ANTARES neutrino tele-
scope. When an alert from the GRB Coordinates Network (GCN, which include active
satellites) is received by ANTARES, all raw data in memory covering a few minutes are
saved to disk. Any possible neutrino signal from the GRB (before, during, and after the
photon detection by the satellite) is stored on disk [99].

3.3 The upper limits for transparent sources

The observation of diffuse flux of gamma-rays and of UHE CRs can be used to set theoret-
ical upper bounds on the total flux of neutrino from extragalactic sources (diffuse neutrino
flux). High energyγ-rays can be produced in astrophysical acceleration sites by decay of
the neutral pion (eq. 4). Neutrinos will be produced in parallel from decay of the charged
pions and they will escape from the source without further interactions, due to their low
cross section. High-energy photons fromπo decay, on the contrary, will develop electro-
magnetic cascades when interacting with the intergalacticradiation field. Most of theγ-ray
energy will be released in the 1 MeV-100 GeV range. Therefore, the observable neutrino
flux (within a factor of two due to the branching ratios and kinematics at production of
charged and neutral pions) is limited by the bolometric observation of the gamma-ray flux
in this energy band.

The diffuse gamma-ray background spectrum above 30 MeV was measured by the
EGRET experiment as [105]:

E2Iγ(E) = (1.37 ± 0.06) × 10−6 (GeV cm−2sr−1s−1) (7)

If nucleons escape from a cosmic source, a similar bound can be derived from the
measured flux of CR from extragalactic origin. Fermi acceleration mechanism can take
place when protons are magnetically confined near the source. Neutrons produced by photo-
production interactions of protons with radiation fields (eq. 3) can escape from transparent
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sources and decay into cosmic protons outsidethe region of the magnetic field of the host
accelerator.

Some additional factors have to be considered before establishing a relationship be-
tween CR and neutrino fluxes. These factors take into accountthe production kinematics,
the opacity of the source to neutrons and the effect of propagation. This last factor is the
subject to the larger uncertainties, because it has a strongdependence on galactic evolution
and on the poorly-known magnetic fields in the Universe. There is some controversy about
how to use relationships to constrain the neutrino flux limit. There are however two relevant
predictions:

• The Waxman-Bahcall upper bound. Following Mannheim [81], the upper bound
proposed by Waxman-Bahcall [106] (W&B) takes the cosmic-ray observations at
ECR ∼ 1019 eV to constrain neutrino flux. With a simple inspection of Fig. 1,
we can see thatE2dN/dE ∼ 10−8 GeV cm−2s−1sr−1 at 1019 eV. This flux is two
orders of magnitude lower than the limit provided by the extragalactic MeV-GeV
γ-ray background (eq. 7).

In the computation of the upper bound, several hypothesis are made: it is assumed that
neutrinos are produced by interaction of protons with ambient radiation or matter; that
the sources are transparent to high energy neutrons; that the 1019 eV CRs produced
by neutron decay are not deflected by magnetic fields; finally (and most important)
that the spectral shape of CRs up to the GZK cutoff isdN/dE ∝ E−2, as typically
expected from the Fermi mechanism. The upper limit that theyobtain is:

E2
νdΦ/dEν < 4.5 × 10−8 (GeV cm−2sr−1s−1) (8)

Although this limit may be surpassed by hidden or optically thick sources for protons
to pγ or pp(n) interactions, it represents the “reference” threshold to be reached by
large volume neutrino detectors (see Fig. 7).

• Mannheim-Protheroe-Rachen (MPR) upper bound. The W&B limit was criti-
cized as not completely model-independent. In particular,the main observation was
about the choice of the spectral indexα = 2. In [107] a new upper bound was de-
rived using as a constraint not only the CRs observed on Earth, but also the observed
gamma-ray diffuse flux. The two cases of sourcesopaque or transparent to neu-
trons are considered; the intermediate case of source partially transparent to neutrons
give intermediate limits.

The limit for sourcesopaque to neutrons is:

E2
νdΦ/dEν < 2 × 10−6 ( GeV cm−2sr−1s−1) (9)

This is two orders of magnitude higher than the W&B limit and similar to the EGRET
limit on diffuse gamma rays (eq. 7), because a source opaque to neutrons produces
very few CRs (neutrons cannot escape and cannot decay outside the source), but it is
transparent to neutrinos andγ-rays. This limit was already excluded in a wide energy
range by the AMANDA-II experiment, as shown in Fig. 7.

The limit for sourcestransparent to neutrons decreases from the value of eq. 9 at
Eν ∼ 106 GeV to the value of eq. 8 atEν ∼ 109 GeV. Above this energy, the limit
increases again due to poor observational information.
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The W&B and the MPR limits for neutrino of one flavor are reported in Fig. 7. The orig-
inal values are divided by two, to take into account the neutrino oscillations from the source
to the Earth (see§4.3). Experimental upper limits are indicated as solid lines, ANTARES
[108] and IceCube 90% C.L. sensitivities for 3 years with dashed lines. Frejus [109],
MACRO [110], Amanda-II 2000-03 [112] limits refer to muon neutrinos. Baikal [111]
and Amanda-II UHE 2000-02 [113] refer to neutrinos of all-flavors. In this case, the orig-
inal upper limits are divided by three. In fact, due to neutrino oscillations, we expect at
Earth a flux of cosmic neutrinos of all flavors in the same proportion. The red line inside
the shadowed band represents the Bartol [157] atmospheric neutrino flux. The lowest limit
of the band represents the flux from the vertical direction, with a negligible contribution
from prompt neutrinos. The upper limit of the band represents the flux from the horizontal
direction, with one of the prompt model which gives the maximum contribution [114].

Extragalactic neutrino sources at the MPR-limit above 100 TeV cannot be experimen-
tally excluded yet owing to the Earth occultation. If the main neutrino production mecha-
nism is the photo-meson production due to the interaction ofprotons with radiation fields,
the neutrino output becomes maximal at energies above 100 TeV. Due to the increasing
neutrino interaction cross-section, the Earth becomes optically thick (see§6.2) to neutri-
nos above this energy. Ultra High Energy neutrino events must thus be looked for near
the horizontal direction. As we will discuss in§6.3, the experimental neutrino detection
probability is expressed by theeffective neutrino area. This quantity strongly depends from
the background suppression capability of the detector for horizontal or downward-going
events.

4 Particle and fundamental physics with neutrino telescopes.

Neutrino detectors can contribute to the multi-messenger astronomy, to solve some of the
outstanding problems of high energy astrophysics described in the previous sections. In
addition, these experiment will address some of the fundamental questions of high energy
physics beyond the standard model: search for relic particles in the cosmic radiation; what
is the nature of the Dark Matter; neutrino oscillations through the “standard” mass-flavors
mechanism and with possible subdominant effects, as those induced by the violation of the
Lorentz invariance or of the equivalence principle.

4.1 Relic particles in the cosmic radiation

4.1.1 Magnetic Monopoles

Most of the Grand Unified Theories (GUTs) predict the creation of magnetic monopoles
(MM) in the early Universe [115, 116]. MM are topologically stable and carry a magnetic
charge defined as a multiple integer of the Dirac chargegD = h̄c/2e, wheree is the elemen-
tary electric charge,c the speed of light in vacuum and̄h the Planck constant. Depending
on the GUT group, the masses inferred for magnetic monopolescan take range over many
orders of magnitude, from108 to 1017 GeV.

MM are stable particles and they would have survived until now, diluted in the Universe,
as predicted by theoretical studies which set limits on their fluxes, like the Parker flux limit
[117]. Stringent limits over a very wide MM velocity range were set by the underground
MACRO experiment [118].

Neutrino detectors can be used to search for fast MM. Since fast MM have a large
interaction with matter, they can lose large amounts of energy in the terrestrial environment.
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Figure 7: Sensitivities and upper limits for aE−2 diffuse flux of high energy neutrinos
of one flavor, see text. Experimental upper limits are indicated as solid lines, ANTARES
and IceCube 90% C.L. sensitivities with dashed lines. Upperlimits obtained from all-
flavor analyses (Baikal and Amanda-II UHE 2000-02) are not directly comparable to the
νµ upper limits. However, for the assumed astrophysical neutrino production models and
for a wide range of neutrino oscillation parameters (§4.3), the flavor flux ratio at Earth can
be assumed to beνe : νµ : ντ = 1 : 1 : 1. In that case, either a single flavor limit
can be multiplied by three (and compared to an all-flavor result) or an all-flavor limit can
be divided by three and compared to a single-flavor result, aswe did in the figure. For
reference, the W&B and MPR98 limits for transparent sourcesare also shown. Both upper
bounds are divided by two, to take into account the neutrino oscillation effects.

The total energy loss of a relativistic MM with one Dirac charge is of the order of1011

GeV [120] after having crossed the full Earth diameter. Because MM are expected to be
accelerated in the galactic coherent magnetic field domain to energies of about1015 GeV
[121], some could be able to cross the Earth and produce an upgoing signals in a neutrino
detector.

The monopole magnetic chargeg = mgD can be expressed as an equivalent electric
chargeg = 68.5 me, wherem is an integer. In a medium with a refractive indexn, a
MM with β = v/c > 1/n emits a factor(gn/ze)2 more Cherenkov light than an electrical
chargeze with the same velocity. Thus relativistic MM withβ ≥ 0.74 carrying one Dirac
charge will emit a large amount of direct Cherenkov light when traveling through the neu-
trino detector; in water (n = 1.35) it gives rise to∼ 8500 more intense light than a muon.
Fig. 8 show the limits on MM from the Baikal [122] and AMANDA [123] Cherenkov
neutrino telescope, together with the best limits from other experiments [118, 124].
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Figure 8: Experimental upper limits (90% C.L.) on the MM flux as a function of the MM
velocityβc (solid lines). The Parker [117] bound is also shown (dashed line). From [119].

4.1.2 Nuclearites

Nuclearites are hypothetical nuggets of strange quark matter that could be present in cosmic
radiation. Their origin is related to energetic astrophysical phenomena. Down-going nucle-
arites could reach a neutrino telescope with velocities∼ 300 km/s, emitting blackbody ra-
diation at visible wavelengths while traversing water/ice. Nuclearites withM ≥ 1010 GeV
would be electrically neutral; the small positive electriccharge of the quark core would be
neutralized by electrons forming an electronic cloud.

The relevant energy loss mechanism is represented by the elastic collisions with the
atoms of the traversed media [125]. Nuclearites moving intothe water/ice could be de-
tected because of the black-body radiation emitted by the expanding cylindrical thermal
shock wave. The luminous efficiency (defined as the fraction of dissipated energy appear-
ing as light) was estimated, in the case of water, to be∼ 3× 10−5 [125]. The best limits on
the search for nuclearites in the cosmic radiation are from the MACRO experiment [126].
Because nuclearites are slowly moving particles, light coming from the passage of a nucle-
arite on a km-scale neutrino detector may span into intervals from tens ofµs up to 1 ms.
Preliminary results were presented by the ANTARES collaboration [127].

4.2 Indirect dark matter searches

The existence of nonbaryonic Dark Matter (DM) in our Universe is supported by strong
cosmological observational evidences [128]. The presenceof non-visible mass in galaxies
is also motivated by the fact that dark matter halos seem to help stabilize spiral disk struc-
ture. Nonbaryonic DM may consist of Weakly Interacting Massive Particles (WIMPs). A
long list of nonbaryonic cold (i.e. non-relativistic) darkmatter candidates has been sug-
gested, among which the supersymmetric (SUSY) neutralino and the axion seem to be the
most promising. SUSY postulates a symmetry between bosons and fermions predicting
SUSY partners [129]. In theories where R parity is conservedthere exists a stable lightest
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supersymmetric particle (LSP). If the neutralino is the LSP, it is a natural WIMP candidate:
it is a weakly interacting particle with a mass between roughly a GeV and a TeV and would
be expected to have a significant relic density.

From the experimental point of view, direct and indirect methods [130] exist for de-
tecting the WIMPs in the galactic halo. The methods can probecomplementary regions of
the supersymmetric parameter space, even when more extensive LHC results will become
available. Direct methods detect Weakly Interacting Particles via the elastic scattering of the
WIMP with a nucleus: the energy deposited in a low-background detector can be measured.
Indirect methods look for by-products of WIMP decay or annihilation such as neutrinos re-
sulting from the annihilation of WIMPs. Neutrino telescopes can perform indirect WIMP
searches looking for high energy neutrinos from WIMP annihilation in the core of the Earth
or the Sun.

Dark matter WIMPs existing in the galactic halo can be captured in a celestial body
by losing energy through elastic collisions and becoming gravitationally trapped. As the
WIMP density increases in the core of the body, the WIMP annihilation rate increases
until equilibrium is achieved between capture and annihilation. High energy neutrinos are
produced via the hadronization and decay of the annihilation products (mostly fermion-
antifermion pairs, weak and Higgs bosons) and may be detected as upward-going muons in
neutrino telescopes.

The capture rate for an astrophysical body depends, apart from the mass of the celestial
body and from the escape velocity, on several poorly known factors: the WIMP mean halo
velocity, the WIMP local density and the WIMP scattering cross section. The WIMP may
scatter from nuclei with spin (hydrogen in the Sun) via an axial-vector spin-dependent inter-
action. In this case, the WIMP couples to the spin of the nucleus or via a scalar interaction
in which the WIMP couples to the nuclear mass. Elastic scattering is most efficient when
the mass of the WIMP is similar to the mass of the scattered nucleus. Hence, the heavy
nuclei in the Earth core make it very efficient in capturing WIMPs withmX ≤ 100 GeV.
Nuclei in the Sun, in contrast, have a smaller average mass; the Sun is nevertheless efficient
in capturing WIMPs due to the larger value of the escape velocity.

As studied by underground experiment like Super-Kamiokande [131], MACRO [132]
and others, WIMP annihilation signal would appear in a neutrino telescope as a statistically
significant excess of upward-going muon events from the direction of the Sun or of the
Earth among the background of atmospheric neutrino-induced upward-going muons. The
precise direction measurement allows a restriction of the search for WIMP annihilation
neutrinos to a narrow cone pointing from the Earth center or from the Sun, greatly reducing
the background. This detection method achieves an increasingly better signal to noise ratio
for high WIMP masses, because of the increase in neutrino cross section with energy and
longer range of high energy muons.

At present AMANDA [133] and Baikal [134] have published results on indirect search
of WIMPs, while ANTARES [135] has presented preliminary results. Instead of the general
supersymmetry scenario, in ANTARES the more constrained approach of minimal super-
gravity (mSUGRA) was used. mSUGRA models are characterizedby four free parameters
and a sign:m1/2, m0, A0, tan(β) and sgn(µ). They investigated mSUGRA models that
possess a relic neutralino density that is compatible with the cold dark matter densityΩX
as measured by the WMAP experiment. No excess is found, and the sensitivity has been
sufficient to put constraints on parts of the mSUGRA parameter space.

Both the IceCube and a cubic kilometer experiment in the Mediterranean sea would be
sensitive to a wide part of the mSUGRA parameter phase-space.
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4.3 Neutrino oscillations

In recent years, neutrino oscillation became a well known phenomenon, which plays also
an important role on determining the flavor on Earth of neutrinos of cosmic origin. Neu-
trino oscillations were observed in atmospheric neutrinos, in solar neutrino experiments
and on Earth based accelerator and reactor experiments. A complete review about neutrino
oscillations can be found in [136].

As already mentioned, high energy neutrinos are produced inastrophysical sources
mainly through the decay of charged pions, inpγ, pp, pn interactions (eq. 5). Therefore,
neutrino fluxes of different flavors are expected to be at the source in the ratio:

νe : νµ : ντ = 1 : 2 : 0 (10)

Neutrino oscillations will induce flavor changes while neutrinos propagate through the
Universe. One has to considermass eigenstatesνm = ν1, ν2, ν3 in the propagation,
instead ofweak flavor eigenstatesνl = νe, νµ, ντ . The weak flavor eigenstatesνl are
linear combinations of the mass eigenstatesνm through the elements of the mixing matrix
Ulm:

νl =
3
∑

m=1

Ulm νm (11)

Because mixing angles are large, the flavor eigenstates are well separated from those of
mass. The oscillation probability in the simple case of onlytwo flavors, for instance
(νµ, ντ ) and one mixing angleθ23, is:

{

νµ = ν2 cos θ23 + ν3 sin θ23

ντ = −ν2 sin θ23 + ν3 cos θ23
(12)

The survival probability for a pure aνµ beam:

P (νµ → νµ) = 1 − sin2 2θ23 sin2

(

1.27∆m2 · L

Eν

)

(13)

where∆m2 = m2
3 − m2

2 (eV2), L (km) is the distance travelled by the neutrino from
production to detection andEν (GeV) the neutrino energy.θ23 and∆m2 may be experi-
mentally determined from the variation ofP (νµ → νµ) as a function of the zenith angle or
from the variation inL/Eν .

With three neutrino flavors, three mass differences can be defined (two linearly inde-
pendent). The mass difference measured with atmospheric neutrinos is∆m2

atm ≃ ∆m2
23

= ±2.5 × 10−3 eV2. For the mixing angle,θ23 ≃ 45o (that correspond to maximal mix-
ing), while θ13 is small. The values of∆m2

12 and of the other mixing angleθ12 are de-
termined by the solar neutrino experiments and KamLand. Themost recent data favor
[137] very clearly the solution with a best fit:∆m2

sol ≃ ∆m2
12 = 7.6 × 10−5eV 2 and

sin2 θ12 = 0.32 (θ12 = 34.4o).
According to these neutrino oscillation parameters, the ratio of fluxes of neutrinos from

astrophysical origin (i.e. very large baselineL) in eq. 10 changes to a flux ratio at Earth
[138] as:

νe : νµ : ντ = 1 : 1 : 1 (14)
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Theoretical predictions which does not take into account neutrino oscillations must be
corrected to include this effect (as we did in Fig. 7 ). In particular, muon neutrinos are
reduced at Earth by a factor of two.

Neutrino telescopes can detect thousand of atmosphericνµ per year. For instance, the
ANTARES detector is efficient forEν > few tens of GeV, were atmospheric upward-going
νµ are still suppressed by flavor oscillations. Neutrino telescopes can test also non-standard
oscillations. If the standard mass-induced oscillation isassumed as the leading process
for flavor changes, other mechanisms can be tested for flavor transitions as a subdominant
effect. As an example, we discuss in the following the case ofthe Lorentz invariance [139].

4.4 Violation of the Lorentz invariance

Quantum gravity theories assume that the spacetime take a foamy nature [140]. Interactions
with this spacetime foam may lead to the breaking of CPT symmetry, leading to the viola-
tion of Lorentz invariance [141]. In addition, some theories of quantum gravity predict that
there is a minimum length scale, of order the Planck length (10−35 m): the existence of a
fundamental length scale may also induce the violation of Lorentz invariance (VLI).

Lorentz invariance violation may manifest itself in many different ways and can be
tested with many different experimental systems, in particular with a modified neutrino
oscillation length1.

The VLI subdominant effect can be studied using atmosphericneutrino data collected
by neutrino telescopes, after correction for the known mass-induced neutrino oscillation.
In this scenario [142], neutrinos can be described in terms of three distinct bases: flavor
eigenstates, mass eigenstates and velocity eigenstates, the latter being characterized by dif-
ferent maximum attainable velocities (MAVs) in the limit ofinfinite momentum. Here, both
mass-induced oscillations and VLI transitions are treatedin the two-family approximation.
It is also assumed that mass and velocity mixings occur inside the same families (e.g.,ν2
andν3). In the case of mass-flavor oscillation, the survival probability of muon neutrinos at
a distanceL from production is given by eq. 13. In the VLI case, theνµ survival probability
is:

P (νµ → νµ) = 1 − sin2 2θv sin2
(

2.54 × 1018∆vLEν

)

(15)

where∆v = (vν3
− vν2

) is the neutrino MAV difference in units of c andθv is the mixing
angle. Notice that neutrino flavor oscillations induced by VLI are characterized by anLEν
dependence of the oscillation probability (eq. 15), to be compared with theL/Eν behavior
of mass-induced oscillations (eq. 13).

When both mass-induced transitions and VLI induced transitions are considered simul-
taneously, the muon neutrino survival probability can be expressed as

P (νµ → νµ) = 1 − sin2 2Θ sin2 Ω (16)

where 2Θ = atan(a1/a2) and Ω =
√

a2
1 + a2

2, with a1 and a2 which depend from

∆m2, θ23,∆v, θv, L andEν [142].
The same formalism also applies to violation of the equivalence principle, after substi-

tuting ∆v/2 with the adimensional product| φ | ∆γ ; ∆γ is the difference of the coupling
constants for neutrinos of different types to the gravitational potentialφ [144].

1In the literature, neutrino oscillations induced by the simplest models of VLI and violation of the equiva-
lence principle (VEP) are described within the same formalism. In the following we will mention only this VLI
formalism for simplicity. We refers to [140] for the more general case.
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The most conservative bounds from underground experimentswere obtained by Super-
Kamiokande [139] and MACRO [142]. In particular, the 90% confidence level limits ob-
tained by MACRO are|∆v| < 6 × 10−24 at sin2θv = 0 and|∆v| < 2.5 − 5 × 10−26 at
sin2θv = ±1. The typical energy scale of upward thoroughgoing neutrino-induced muons
measured from these experiments is of the order ofEν ∼ 10 ÷ 100 GeV. Neutrino tele-
scopes are sensitive to much higher neutrino energies. The larger number of atmospheric
neutrino events and the greater average energy allows neutrino telescopes to be much more
sensible. The AMANDA-II expected sensitivity (90% C.L.) for maximal mixing and six
years of simulated data is|∆v| < 2.1 × 10−27 [143]. A null observation would be able to
place very stringent bounds on quantum decoherence effects, and on VLI parameters which
modify the dispersion relation for massive neutrinos.

4.5 HE neutrinos in coincidence with gravitational waves

High-energy neutrinos and gravitational waves (GW), contrarily to high-energy photons
and charged cosmic rays may escape from dense astrophysicalregions and travel over large
distances without being absorbed, pointing back to their emitter.

It is expected that many astrophysical sources produce bothgravitational waves and HE
neutrinos [145]. A possible coincident detection will thenprovide important information
on the processes at work in the astrophysical accelerators.Furthermore, if a mechanism (as
for instance the gamma-ray bursts) allows a precise measurement of the time delay between
neutrinos and GW signals, some quantum-gravity effects canbe tested with the possibility
to constrain some dark energy models [146].

The search for coincident detection is motivated by the advent, in association of neutrino
telescopes, of a new generation of GW detectors VIRGO [147] and LIGO [148] (which are
now part of the same experimental collaboration). The neutrino/GW association requires
the measurement of the event time, arrival direction and associated angular uncertainties.
Each candidate is obtained by the combination of reconstruction algorithms specific to each
experiment, and quality cuts used to optimize the signal-to-background ratio. A joint neu-
trino/GW analysis program is planned for the ANTARES neutrino telescope and VIRGO+
LIGO [145]. The coincident (non-)observation shall play a critical role in our understanding
of the most energetic sources of cosmic radiation and in constraining existing models. They
could also reveal new,hiddensources unobserved so far by conventional photon astronomy.

5 Neutrino detection principle

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

• offers large volume of free target for neutrino interactions;

• provide shielding against secondary particles produced byCRs;

• allows transmission of Cherenkov photons emitted by relativistic particles produced
by the neutrino interaction.

Other possibilities, such as detecting acoustic or radio signals generated by EeV (1018

eV) neutrinos in a huge volume of water or ice are not considered in this review [149].
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High energy neutrino interact with a nucleonN of the nucleus, via either charged cur-
rent (CC) weak interactions

νl + N → l + X (17)

or neutral current (NC) weak interactions

νl + N → νl + X . (18)

At energies of interest for neutrino astronomy, the leadingorder differential cross sec-
tion for theνlN → lX CC interactions is given by [150]

d2σνN

dxdy
=

2G2
F mNEν

π

M4
W

(Q2 + M2
W )2

× [xq(x,Q2) + x(1 − y)2q(x,Q2)] (19)

wherex = Q2/2mN (Eν − El) andy = (Eν − El)/Eν are the so-called scale variables
or Fenyman-Bjorken variables,Q2 is the square of the momentum transferred between the
neutrino and the lepton,mN is the nucleon mass,MW is the mass of the W boson, and
GF is the Fermi coupling constant. The functionsq(x,Q2) andq(x,Q2) are the parton
distributions for quarks and antiquarks. Fig. 9 shows theνµ andνµ cross sections as a
function of the neutrino energy. As can be seen, at low energies the neutrino cross section
rises linearly withEν up to ∼ 104 GeV. For higher energies, the invariant massQ2 =
2mNEνxy could be larger than the W-boson rest mass, reducing the increase of the total
cross section. Since there is not data which constrain the structure functions at very smallx,
outside the range measured with high precision at the HERA collider, some uncertainties are
estimated on the total cross section at large energies [151]. Computer libraries [152] provide
a collection of parton distribution function (PDF) to modelthe neutrino cross section also
at very high energies.

Cosmic neutrino detectors are not background free. Showersinduced by interactions
of cosmic rays with the Earth’s atmosphere produce the so-called atmospheric muonsand
atmospheric neutrinos. Atmospheric muons can penetrate the atmosphere and up to several
kilometers of ice/water. Neutrino detectors must be located deeply under a large amount of
shielding in order to reduce the background. The flux of down-going atmospheric muons
exceeds the flux induced by atmospheric neutrino interactions by many orders of magnitude,
decreasing with increasing detector depth, as is shown in Fig. 10. The previous generation
of experiments which had looked also for astrophysical neutrinos (MACRO [153], Super-
Kamiokande [154]) was located under mountains, and has reached almost the maximum
possible size for underground detectors.

Charged particles travel through the medium until they either decay or interact. The
mean length of the distance travelled is called thepath lengthof the particle and it depends
on its energy loss in the medium. If the path length exceeds the spatial resolution of the
detector, so that the trajectory of the particle can be resolved, one have atrack. In a high
energy neutrino detector, one can distinguish between two main event classes: events with
a track, and events without a track (showers).

Relativistic charged particles emit Cherenkov radiation in the transparent medium. A
detector must measure with high precision the number and arrival time of these photons
on a three-dimensional array of Photo Multiplier Tubes (PMTs), from which some of the
properties of the neutrino (flavor, direction, energy) can be inferred.
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Figure 9:Cross section forνµ andνµ as a function of the (anti)-neutrino energy according
to CTEQ6-DIS [151] parton distributions.

In order to behave as a neutrinotelescope, a neutrinodetectormust be able to point at
a specific celestial region if a signal excess over the background is found. Neutrino tele-
scopes must have the same peculiarities of GeV-TeVγ-ray experiments (satellites, imaging
Cherenkov) to associate some of the signal excesses to objects known in other electromag-
netic bands. In order to achieve an angular resolution of a fraction of degree, only the CC
νµ interaction can be used. The angular resolution for other flavors and for NC is so poor
that there is no possibility to perform associations. For the same reason, the particle physics
and general physics open questions which can be afforded with a neutrino telescope largely
rely on theνµ channel.

On the other hand, a high energy neutrino detector is motivated by discovery and must
be designed to detect neutrinos of all flavors over a wide energy range and with the best
energy resolution. This is of particular interest for the case of the neutrino diffuse flux from
extragalactic sources. In addition, the neutrino oscillation changes the source admixture
from νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1. While above hundreds of TeV muon and electron
neutrinos become absorbed by the Earth, the tau neutrino isregenerated[158]: high energy
ντ will produce a secondaryντ of lower energy, lowering its energy down to1015 eV, where
the Earth is transparent.

Schematic views of aνe, νµ andντ CC events and of a NC event are shown in Fig. 11.
Neutrino and anti-neutrino reactions are not distinguishable; thus, no separation between
particles and anti-particles can be made. Showers occur in all event categories shown in
Figure. However, for CCνµ, often only the muon track is detected, as the path length of a
muon in water exceeds that of a shower by more than 3 orders of magnitude for energies
above 2 TeV. Therefore, such an event might very well be detected even if the interaction has
taken place several km outside the instrumented volume, provided that the muon traverses
the detector.

Neutrino telescopes, at the contrary of usual optical telescopes, are ’looking downward’.
Up-going muons can only be produced by interactions of (up-going) neutrinos. From the
bottom hemisphere, the neutrino signal is almost background-free. Only atmospheric neu-
trinos that have traversed the Earth, represent the irreducible background for the study of
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Figure 10:Different contributions (as a function of the cosine of the zenith angle) of the:i)
atmospheric muons (computed according to [156]) for two different depths; ii) atmospheric
neutrino induced muons (from [157]), for two different muonenergy thresholds.

cosmic neutrinos. The rejection of this background dependsupon the pointing capability of
the telescope and its possibility to estimate the parent neutrino energy. As we will discuss
in §7, either water or ice is used as media. A deep sea-water telescope has some advantages
over ice and lake-water experiments due to the better optical properties of the medium.
However, serious technological challenges must be overcome to deploy and operate a de-
tector in deep sea, as we will discuss in§9.

5.1 Electron neutrino detection

A high energy electron resulting from a charged currentνe interaction has a high proba-
bility to radiate a photon via bremsstrahlung after few tensof cm of water/ice (the water
radiation lenght is∼ 36 cm). The following process ofe+e− pair productions, and sub-
sequent bremsstrahlung, rapidly produce an electromagnetic (EM) shower until the energy
of the constituents falls below the critical energyEc and the shower production stops; the
remaining energy is then dissipated by ionization and excitation.

The Cherenkov light from EM showers is emitted isotropically in azimuth with re-
spect to the shower axis. The lateral extension of a EM showeris of the order of 10 cm
[137] and therefore negligible compared to the longitudinal one. Thus, the EM shower
is described by the longitudinal shower profile (a parametric formula is given in [137]).
The longitudinal profiles are used to parameterize the totalshower lengthL as a function
of the initial shower energy. The shower length is defined as the distance within which
95% of the total shower energy has been deposited. For salt water [159] it is found that
L[m] = 3.04 + 1.09 log10(E[GeV]). For a 10 TeV electronL is 7.4 m
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A showers size of order of 10 m is small compared to the spacingof the PMTs in any
existing or proposed detector. EM showers represent, to a good approximation, a point
source of Cherenkov photons. Pointing accuracy for showersis inferior to that can be
achieved for theνµ channel. Reconstruction of Monte Carlo simulated events performed in
the framework of the IceCube and ANTARES collaborations shows a precision of the order
of ∼ 10o, with the possibility to reduce it to few degrees for a small subsample of events.

Finally, we should mention (only for completeness) two effects which has some conse-
quences on EM shower:
- the Glashow resonance [160], which affects theνe through the resonant processνe+e− →
W− → q + q, (νℓ + ℓ). The resonance peak is for aνe energy of 6.3 PeV. This resonant
channel constitutes only a small portion to the overall cross section in the energy range
between 100 GeV and 100 PeV and it must be taken into account inMont Carlo simulations;
- the Landau- Pomeranchuk - Migdal (LPM) effect [161, 162], which has an influence on
showers of ultra high energies (E > 1016 eV). The LPM effect suppresses the radiative
energy losses of the particles in the shower; in this case, the longitudinal development of
EM or hadronic cascades can be largely enhanced.

5.1.1 Neutral currents interactions

The NC channel gives the same signature for all neutrino flavors. In this channel, a part
of the interaction energy is always carried away unobservedby the outgoing neutrino, and
therefore the error on the reconstructed energy of the primary neutrino increases accord-
ingly. Even though EM and hadronic showers are different from each other in principle,
theνe CC and theνx NC channels are not distinguishable in reality, because anyproposed
detector is too sparsely instrumented.

Hadronic cascades suffer event-to-event fluctuations which are much more important
with respect to the EM ones [159]. The dominant secondary particles in a hadronic shower
are pions; kaons, protons or neutrons occur in variable fractions. Muons (from pions de-
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cay) can be present as well: as these usually leave the showerproducing long tracks, they
contribute significantly to the fluctuations.

Monte Carlo simulations (for instance, from the ANTARES collaboration [163]) shows
that above 1 TeV of shower energy, the largest part of the Cherenkov light is generated
by EM sub-showers. Referring to Fig. 12, the EM shower has a shorter length than the
hadronic shower below 100 TeV. The electromagnetic component (produced by theπ0 de-
cay) in the hadronic shower increases with increasing shower energy. The longitudinal
profile of hadronic showers can be parameterized in the same way as the EM one. The
shower lengthLH is again defined as the distance within which 95% of the total shower en-
ergy is deposited. It can be described as:LH [m] = 5.28 + 0.70 log10(E[GeV]). For what
concerns the measurement of the incoming neutrino direction, the angular difference be-
tween the shower and the neutrino falls below2o for Eν above∼ 1 TeV. It is thus negligible
with respect to the precision of the shower direction measurement.

5.2 Tau neutrino detection

For ντ CC interactions, the producedτ -lepton travels some distance (depending on its en-
ergy) before it decays and produces a second shower. The Cherenkov light emitted by the
charged particles in the showers can be detected if both theντ interaction and theτ decay
occur inside the instrumented volume of the detector. Below1 PeV, also theντ CC channels
(except for the case where theτ produces a muon) belong to the class of events without a
track, because theτ track cannot be resolved.

Theτ lepton has a short lifetime, and in the energy range of interest it travels (depending
on the Lorentz factorEτ/mτ c2) from a few meters up to a few kilometers before it decays
(see Fig. 12). Radiation losses, on the other hand, play a much smaller role than for the
muon, because of its 17 times larger mass. Most of the possible τ decay modes include the
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generation of a hadronic or an electromagnetic cascade. Thus, if the track of theτ is long
enough to distinguish between the primary interaction of the ντ and the decay of the tau
(typically for τ energies above 1 PeV, see Fig. 12), the expected signatures for theντ CC
events are that of a shower, plus a track, plus another shower. This signature is calleddouble
bang event, if the Cherenkov light emitted by the charged particles in the first shower can
be detected and separated from the light emitted by the particles produced in theτ decay.

Alternatively, if theτ starts or ends outside the instrumented volume, a track plusa
shower can be detected. This signature is calledlollipop event. In small size neutrino
detector (like ANTARES) the expectedlollipop event rate above 1 PeV is far below 1 event
per year. For larger detector (IceCube, the 1 km3 Mediterranean sea telescope) the optimal
ντ energy value fordouble bangevents is around∼ 1016 eV, because the tau path length
rapidly exceeds the dimensions of the detectors for increasing energies. If theτ decays into
a muon, the event is presumably not distinguishable from an original νµ CC interaction.

5.3 Muon neutrino detection

Figure 13:Effective muon range as a function of the initial energyEµ. Curves correspond
(from top to bottom) to different threshold energiesEµ

thr of the muon arriving at the detector
(Eµ

thr = 1, 102, 103, 104, 105, 106 GeV). From [165].

Muon neutrinos are especially interesting in a search for cosmic point sources of neutri-
nos with energies larger than∼ 1 TeV. In this energy range,νµ interaction can occur outside
the detector volume, while in most cases muons are energeticenough to completely traverse
the detector. This gives a clean experimental signal which allows accurate reconstruction
of muon direction, closely correlated with the neutrino direction.

The relation between neutrino and muon directions is essential for the concept of a
neutrino telescope. Since neutrinos are not deflected by (extra-) galactic magnetic fields, it
is possible to trace the muon back to the neutrino source. This is equivalent to traditional
astronomy where photons point back to their source. The average angleθνµ between the
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incident neutrino and the outgoing muon can be approximatedby:

θνµ ≤
0.6o

√

Eν(TeV )
(20)

whereEν is the neutrino energy (see Fig. 24).
Muon energy losses are due to several processes such as ionization, pair production,

bremsstrahlung and photonuclear interactions [164]. The total energy loss per unit length
can be written in a parameterized formula as:

dEµ/dx = α(Eµ) + β(Eµ) · Eµ (21)

whereα(Eµ) is an almost constant term that accounts for ionization, andβ(Eµ) takes into
account the radiative losses.

Fig. 13 shows the effective muon rangeReff in water.Reff represents the range after
which a muon of initial energyEµ has still a residual energyEµ

thr at the detector. As an
example, a muon with initial energyEµ = 10 TeV travels more than 4 km in water and
arrives with more than 1 TeV of residual energy. The event will be detected even if the
neutrino interaction vertex is outside the instrumented detector volume of the telescope.

A muon travelling through rock, ice or water is subject to multiple scattering. The
deviation of the muon direction due to this process after travelling a distancex is given by
[137] :

θms =
13.6(MeV )

Eµ

√

x/X0[1 + 0.0038 ln(x/X0)] (22)

whereX0 is the radiation length of the medium. At energies and distances that concern us,
θms is smaller thanθνµ and the effect can be neglected. Muon direction can be measured
with an intrinsic resolution which depends on many factors,and in particular on the propa-
gation medium. From Monte Carlo simulations, the precisionis of the order of less than1o

in ice, and∼ 0.2o in water (see§7).

5.4 Cherenkov radiation

Any operating or proposed neutrino telescope in the TeV-PeVrange is working by collect-
ing the optical photons produced by the Cherenkov effect of relativistic particles. The light
is collected by a three-dimensional array of photomultiplier tubes (PMTs). The information
provided by the number of photons detected and their arrivaltimes are used to infer the
neutrino flavor, direction and energy.

Cherenkov radiation is emitted by charged particles crossing an insulator medium with
speed exceeding that of light in the medium [166]. The charged particle polarizes the
molecules along the particle trajectory, but only when the particle moves faster than the
speed of light in the medium, an overall dipole moment is present. Light is emitted when the
electrons of the insulator restore themselves to equilibrium after the disruption has passed,
creating a coherent radiation emitted in a cone with a characteristic angleθC given by

cosθC =
c/n

βc
=

1

βn
(23)

wheren is the refracting index of the medium andβ is the particle speed in units ofc. For
relativistic particles (β ≃ 1) in seawater (n ≃ 1.364) the Cherenkov angle isθC ≃ 43o.
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b)a)

Figure 14:(a) Sketch of an ANTARES optical module (OM). Those used by IceCube, NEMO
and NESTOR experiments are similar. A large hemispherical (10 inches in diameter) pho-
tomultiplier (PMT) is protected by a pressure-resistant glass sphere. The outer diameter of
the sphere is 43.2 cm. A mu-metal cage protects the PMT from the Earth magnetic field. An
internal LED is used for the calibration. (b) The quantum efficiency for PMTs commonly
used in ice or water (from Hamamatsu).

The number of Cherenkov photons,Nγ , emitted per unit wavelength interval,dλ and
unit distance travelled,dx, by a charged particle of chargee is given by

d2N

dxdλ
=

2π

137λ2
(1 −

1

n2β2
) (24)

whereλ is the wavelength of the radiation. From this formula it can be seen that shorter
wavelengths contribute more significantly to the Cherenkovradiation. The light absorption
by water/ice will strongly suppress some wavelengths, see§7.

Fig. 14 shows one example of an optical module used in ice and water experiments (see
§9 and§10). The PMT quantum efficiency is large in the wavelength range between 300-
600 nm, matching very well the region in which ice/water are transparent to light. Typically,
in the wavelength range between 300-600 nm, the number of Cherenkov photons emitted
per meter is about3.5 × 104.

6 Why a km3 telescope

In this section we develop atoy modelfor a neutrino telescope, dedicate to non-expert
readers. Our aim is to derive, using a simple calculation, why a cubic kilometer scale
detector is needed, and what is the number of optical sensorsrequired to detect neutrinos
in the instrumented volume. In§2.4 and§3.2 we have presented some theoretical models
of, respectively, galactic and extragalactic neutrino sources. Each model is characterized
by the differential neutrino energy spectrumdΦν

dEν
(TeV−1 cm−2s−1). The rate ofdetectable

events is simply derived using theneutrino effective area. This quantity (§6.3) is computed
by each experiment, and can be used to compare the sensitivity of the different experiments.
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6.1 The reference flux

As aningredientin our toy model, we need a reference flux. TeVγ-rays astronomers found
convenient to use the Crab flux asreference fluxor standard candlefor their measurements.
For practical reasons, this is useful also for neutrino astronomy.

The Crab nebula2 was discovered at TeV energies in 1989 [169] and it is conventionally
used as a reference source of TeVγ-rays, due to its relative stability and high intensity. A
reference flux equal to 1 C.U. (Crab Unit) is defined as the flux similar to that of the Crab,
assuming no energy cutoff and a spectral indexΓ = 2 :

E2
γ

dΦγ

dEγ
= 10−11 cm−2s−1TeV = 1 C.U. (25)

The recent Crab TeVγ-rays spectrum measured by different experiments shows a steepen-
ing; a better fit of the data is provided by a power law (energyE in TeV) with an exponential
cutoff: dΦγ

dEγ
= I0E

−Γe(−E/Ec). This formula, withΓ = 2.39±0.03stat and a cutoff energy
Ec = (14.3 ± 2.1stat) TeV, gives a differential flux normalization at 1 TeV of [170]:
I0 = (3.76 ± 0.07stat) × 10−11 cm−2s−1TeV−1.

Regarding neutrino telescopes, the Crab is in a particular sky position (see Fig. 2),
because it can be seen by both telescopes located in the Northern and in the Southern Earth
hemisphere. In order to perform a back-of-the-envelope calculation, we assume a reference
neutrino flux equal to that of the gamma flux from the Crab,E2

ν
dΦν

dEν
≃ E2

γ
dΦγ

dEγ
. This is

only true if hadronic processes are involved in the Crab TeVγ-ray emission (and for this
particular source it seems to be disfavored with respect to the leptonic model). A detailed
prediction of the event rate in a neutrino telescope as big asthe IceCube experiment is
N(Eµ > 1 TeV) ∼ 2.8 yr−1 [40]. Our simple calculation in the next section can be
compared with this result.

6.2 Event rate for the reference flux

The νµ CC interactions give the possibility of a measurement of theneutrino direction
within 1o or better (it can reach up to∼ 0.2o in water). Theνµ channel allows also an
enhancement of theeffective volumeof the detector. The effective volume corresponds
to the product of the detector effective area and the muon range Rµ, it is larger than the
instrumented volumeand it increases with increasing neutrino energy.

The event rate in a neutrino telescope can be expressed in terms of:

Nµ(Eµ
thr)

T
=

∫

dEν ·
dΦν

dEν
(Eν) · A · Pνµ(Eν , E

µ
thr)

· e−σ(Eν )ρNAZ(θ) (26)

2The Crab pulsar, with a rotational period of 33 ms and a spin-down luminosityL = 5×10
38 erg/second, is

a particular important source for high energy astrophysics. In fact, the pulsar powers a surrounding synchrotron
nebula which has been detected in radio and X-ray wavelengths [167]. It is believed that the rotational energy of
the pulsar is mostly carried away by a relativistic wind of electrons and positrons. The interaction of this wind
with the surrounding medium creates a relativistic shock wave, where the leptons are thought to be accelerated
to high energies [168].
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whereA andT are the detector area and observation time, respectively.Pνµ is the proba-
bility that the neutrino gives an observable muon (see below). Theeffective neutrino area
is the quantity:

Aeff
ν (Eν) = Pνµ(Eν , Eµ

thr) · A · e−σ(Eν )ρNAZ(θ) (27)

The terme−σ(Eν )ρNAZ(θ), whereσ(Eν) is the total neutrino cross section,NA the Avogadro
number,(ρNA) the target nucleon density andθ the neutrino direction with respect to the
nadir, takes into account the absorption of neutrinos alongthe Earth pathZ(θ). From the
nadirZ(0) = 6.4 × 108 cm, the absorption becomes not negligible forσ > 10−34 cm2 (or
equivalentlyEν > 50 TeV, see Fig. 9), whene−σρNAZ ≃ e−0.05 ≃ 0.95.

Pνµ(Eν , Eµ
thr) represents the probability that a neutrino with energyEν produces a

muon of energyEµ which survives with energy> Eµ
thr after the propagation from the

interaction point to the detector. It can be expressed in terms of:

Pνµ(Eν , Eµ
thr) = NA

∫ Eν

0

dσν

dEµ
(Eµ, Eν)

× Reff (Eµ, Eµ
thr)dEµ (28)

wheredσν/dEµ is the differential neutrino cross section to produce a muonof energyEµ,
andReff (Eµ, Eµ

thr) is the effective muon range. One can tabulatePνµ for a given muon en-
ergy threshold. Fig. 15 showsPνµ for two values of muon threshold energy: 1 GeV (which
was the characteristic muon threshold for large area underground detector, like MACRO)
and 1 TeV (which is the characteristic value for neutrino telescopes).
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Figure 15:Pνµ [171] for two values of the muon threshold energy: 1 GeV and 1 TeV. The
solid line are neutrinos and the dashed line antineutrinos.The dotted lines show a power
law approximation.
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Note the dependence ofPνµ for Eµ
thr > 1 GeV on neutrino energy [12]: it can be

approximated withPνµ ∝ E2
ν for Eν < 1 TeV, andPνµ ∝ Eν for 1 < Eν < 103 TeV.

The two energy regimes reflect the energy dependence of the neutrino cross section (which
depends almost linearly on energy) and effective muon range(which depends linearly on
muon energy up to∼ 1 TeV, when muon radiative losses become dominant).

To solve analytically eq. 26 in our simplified model, we use the approximation for
neutrino energies larger than 1 TeV:Pνµ(Eν , Eµ

thr) ≃ PoE
0.8
ν = 10−6E0.8

ν (E in TeV)
[171]. With this approximation, the event rate for a neutrino source equivalent to 1 C.U.
(eq. 25) can be analytically computed in the range between1 ÷ 103 TeV, neglecting the
Earth’s absorption:

Nµ(Eµ
thr)

T
=

∫ 103 TeV

1 TeV
dEν · (KE−2

ν ) · A · (PoE
0.8
ν ) =

= 5 × 10−19 · A cm−2s−1 (29)

whereK = 10−11 TeV−1 cm−2 s−1. Here, the area A is the surface surrounding the
instrumented volume where muons of energyEµ

thr can be detected. To give a rough energy-
independent estimation, a 1 TeV muon has a range (in water) ofRµ

1 TeV = 2.42 km [164].
The cross sectional area of a sphere of diameterRµ

1 TeV is A ∼ 5 km2. Assuming this value
in eq. 29, the number of expected events is∼ 1/year, in a rough agreement with the more
detailed computation of [40].

6.3 The neutrino effective area

The energy-dependent effective areaAeff
ν (Eν) must be computed using Monte Carlo (MC)

simulations. Because it depends from many factors, including the detector characteristics,
Aeff

ν is strongly detector-dependent. The effective area allowsa more detailed computation
of the rate of expected events for a given neutrino flux and thesensitivity of each experiment
can be expressed in terms of the effective area [172]. In the MC calculation, a flux of
neutrino is generated, which interacts in a huge volumeVgen of material surrounding the
instrumented volume. The effective neutrino area is then computed as:

Aeff
ν =

Nx

Ngen
× Vgen × (ρNA) × σ(Eν) × e−σ(Eν )ρNAZ(θ) (30)

whereNx is the number of detected (triggered, reconstructed) events andNgen is the num-
ber of generated events. The other quantities have been already defined. Fig. 16 shows the
effective neutrino area for IceCube, ANTARES and for two different configurations of a
cubic kilometer detector in the Mediterranean sea, presented in the KM3Net design report
[61]. The effective area represents a useful tool to comparedifferent experiments, because
for a given source it is straightforward to compute the number of expected events as:

Nµ

T
=

∫

dE ·
dΦν

dEν
· Aeff

ν (Eν) (31)

In eq. 30,Nx depends on neutrino energy and direction. This has two consequences:
i) sources with a similar fluency (number of neutrino per unit ofarea and unit of time) but
different spectral index produce a different response in neutrino telescopes (harder is the
spectral index, better the source is seen);
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Figure 16: Neutrino effective area as a function of the true simulated neutrino energy.
Two different versions of a km3 (§11) detector in the Mediterranean sea are compared to
the IceCube (§9.3) detector in the Antarctic South Pole. The ANTARES (§10.1) neutrino
effective area is shown for comparison.

ii ) due to the Earth motion, the position in the detector frame of a given source in the
sky changes with daytime. The effective area must be computed for each declination, by
averaging over the local coordinates (zenith and azimuth angle).

6.4 Number of optical sensors in a neutrino telescope

The instrumented volume for a neutrino telescope must be at least of the order of a km3.
How many optical sensor (PMTs) are needed? This is one of the major impact factor on the
cost of an experiment.

In this computation, we assume that the telescope use a PMT with a 10” diameter,
detection areaApmt ∼ 0.05 m2 and quantum efficiency3 ǫpmt ≃ 0.25, see Fig. 14. Similar
PMTs, which have the advantage to fit inside commercial pressure-resistant glass spheres
(optical module, OM), have been chosen by the IceCube, ANTARES, NEMO and NESTOR
collaborations. The overall efficiency of the OM is somewhatreduced with respect to that
of the PMT, due to the presence of the glass, glue between glass and the PMT, and mu-metal
cage for magnetic shield:ǫom ≃ 0.8ǫpmt = 0.2.

As we will discuss in§7.2, ice or seawater absorption lengthλabs is larger than 50 m

3New 10” PMTs with higher quantum efficiency,ǫpmt ≃ 0.35, are also considered in the KM3NeT consor-
tium
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for light in the 400-500 nm range. A photon falling inside theeffective PMT volumeVpmt=
Apmt × λabs ≃ 2.5 m3 can produce a photoelectron (p.e.) with a probabilityǫom ≃ 0.2.

Let us callNpmt the number of optical sensors inside the instrumented volume (it is the
number to be determined). The rate R between the effective PMT volume ofNpmt and the
instrumented volume is:

R =
Vpmt × Npmt

109 m3
= 2.5 × 10−9Npmt (32)

The total number of Cherenkov photons emitted by a 1 km lengthmuon track in the
wavelength range of PMTs sensitivity (§5.4) isNγ ≃ 3.5 × 107. The fraction converted
into photoelectrons which gives a signal is:

Np.e. = Nγ × R × ǫom

≃ (3.5 × 107) · (2.5 × 10−9Npmt) · ǫom

= 1.8 × 10−2Npmt (33)

The number of PMTs needed to reconstruct a muon track is of theorder of a few tens.
We must take into account that in most cases many photons arrive on the same PMT during
the integration window of the electronics (which is of the order of 20-50 ns). For this reason,
on average aroundNp.e. ∼ 100 p.e. are necessary to affect few tens of OM. The number of
optical sensors in a neutrino detector follow straightforward from eq. 33:

Npmt ≃ 100/1.8 × 10−2 ≃ 5000 (34)

As we will shown in§9.3, the IceCube collaboration is in an advanced status to bury
under the ice 4800 OMs; the neutrino telescope in the Mediterranean sea,§11, plan to
deploy between 5000 and 10000 OMs, depending on the financialbudget.

7 Water and Ice properties

The effects of the medium (water or ice) on light propagationare absorption and scattering
of photons. These affect the reconstruction capabilities of the telescope. In fact, absorption
reduces the amplitude of the Cherenkov wavefront, i.e. the total amount of light on PMTs.
Scattering changes the direction of propagation of the Cherenkov photons and the distribu-
tion of their arrival time on the PMTs; this degrades the measurement of the direction of the
incoming neutrino. We definedirect photonsthose which arrive on a PMT in the Cherenkov
wavefront, without be scattered; otherwise, we define themindirect photons.

The propagation of light in a transparent medium is quantified for a given wavelengthλ,
by the medium inherent optical properties: absorptiona(λ), scatteringb(λ) and attenuation
c(λ) = a(λ) + b(λ) coefficients, or, alternately, absorptionLa(λ) = a(λ)−1, scattering
Lb(λ) = b(λ)−1 and attenuationLc(λ) = c(λ)−1 lengths. Each of these lengths represents
the path after which a beam on initial intensityI0 at wavelengthλ is reduced in intensity by
a factor of 1/e through absorption and scattering, according to the following relation:

Ii(x, λ) = I0(λ)e−x/Li(λ); i = a, b, c (35)

wherex (in meters) is the optical path traversed by the light.
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Figure 17:Depth dependence of scattering coefficientbe(λ) = 1/Leff
b (λ) as measured by

the IceCube collaboration [173] for 4 different wavelengths.

A complete description of light scattering would require, in addition to the geomet-
ric scattering lengthLb(λ), the knowledge of the scattering angular distribution. Gustav
Mie developed (1908) an analytical solution of the Maxwell equations for scattering of
electromagnetic radiation by spherical particles, which is appropriate for modeling light
scattering in transparent media. In particular for ice the predominant scattering centers are
sub-millimeter sized air bubbles and micron sized dust particles.

Generally, light can be scattered multiple times before it reaches an optical sensor. The
average cosine of the light field of photons that have undergone multiple (= n times) scat-
tering obeys a simple relationship:

〈cos θ〉n = 〈cos θ〉n (36)

On average, per step, a photon advances at an angle of〈cos θ〉 a distance ofLb(λ) between
each scatter. Hence aftern scatters, a photon has moved in the incident direction:

Leff
b (λ) = Lb(λ)

n
∑

i=0

〈cos θ〉i ≃
Lb(λ)

1 − 〈cos θ〉
(37)

Experimental measurements are generally expressed in terms of theeffectivelight scatter-
ing lengthLeff

b (λ), instead of the (strongly correlated) values of average scattering angle
〈cos θ〉 and geometric scattering lengthLb(λ).

In the following discussion, we will point out that seawaterhas a smaller value ofLa(λ)
with respect to ice (which is more transparent). By referring to the discussion in§6.3, the
same instrumented volume of ice corresponds to a larger effective volume with respect to
seawater. On the other hand, the effective scattering length Leff

b for ice is smaller than
water. This is a cause of a larger degradation of the angular resolution of the detected
neutrino-induced muons in ice with respect to the water (see§7.4).
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Another difference between ice and water is that optical modules in seawater suffer
some background from the natural radioactivity of elements(mainly 40K) and from lumi-
nescence produced by organisms living in the deep sea (§7.3). Ice is (almost) background-
free.

7.1 Ice properties

Figure 18: Depth dependence of scattering coefficientbe(λ = 400 nm) and absorption
coefficientadust(λ = 400 nm) as used in Monte Carlo simulations in the Antarctica exper-
iments [174].

The ice in which AMANDA and IceCube (see§9.3) are embedded has optical properties
that vary significantly with depth and that need to be accurately modeled. Impurities trapped
in the ice depend on the quality of the air present in the snows: Antarctica ice is laid down
through a process of snowfall, hence trapping bubbles of airas it compacts itself. This
happened over roughly the last 105 years. Because of variations in the long-term dust level
in the atmosphere during this period, as well as occasional volcanic eruptions, impurity
concentrations are depth dependent. IceCube and AMANDA detectors have both pulsed
and steady light sources located at different depths under the ice. These sources are used to
measure both the attenuation length and scattering length.This is done by measuring the
arrival time distributions of photons at different distances from a light source.

The scattering centers for light propagation in IceCube areair bubbles and dust particles
of various types [173].

Air bubbles play a major role in light scattering down to depths of approximately 1250
m below the surface. Then, the pressure of ice layers above compact these air bubbles into
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Figure 19: The absorption length measured in the underwater sites of Toulon (blue) and
Capo Passero (red), of the ANTARES (§10.1) and NEMO (see§10.2) experiments, respec-
tively. Left: La(λ) with λ = 440 nm as function of the depth. Right:La(λ) as function of
the wavelength, compared to the behaviour of pure seawater (solid line).

air hydrate crystals, which have an index of refraction nearly identical to that of ice.
Four main components of the dust were individuated: insoluble mineral grains, sea salt

crystals, liquid acid drops and soot. Sea salt crystals and liquid acid drops contribute neg-
ligibly to absorption, sea salt being the strongest scattering component. Insoluble mineral
grains are the most common component, and contribute to bothabsorption and scattering,
while soot contributes mainly to absorption. The relative abundance of each of these com-
ponents was derived from ice core measurements [175].

Fig. 17 shows the effective scattering coefficientbe(λ) measured in Antarctica. The
strong drop off from depths of around 1250 m is due to the transition from the region where
air bubbles are dominant to the region where the four main dust peaks are present in the ice.

The effects of ice properties on photon propagation and arrival times on PMTs are eval-
uated by the IceCube collaboration through Monte Carlo (MC)simulations. MC parameters
are adjusted until an agreement is met between simulation and real data for photon timing
distributions. Some models were developed inside the AMANDA/ IceCube collaborations
[174]. The depths below AMANDA, which are now included in theactive volume of Ice-
Cube, were described with a model corrected using the measurements in ice cores taken at
other sites in Antarctica, in particular at East Dronning Maud Land (EDML). Absorption
(due to dust) and scattering coefficients obtained with different simulations and compared
with the measurements are shown in Fig. 18.
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7.2 Optical properties of water

Optical properties of water depend on many factors. Environmental parameters such as
water temperature and salinity are indicators of the aggregation state of H2O molecules,
which biases the diffusion of light. Water absorption and scattering depend also on the
density and the size of the floating particulate, which affects the telescope response also in
terms of detector aging: due to bio-fouling and sediments sticking on the optical modules,
efficiency of the photon detection can be compromised.

For these reasons, together with the strong necessity of reducing the atmospheric muon
background, a site for a neutrino telescope must be located at great depth. In this condition,
high pressure and extremely slow water currents make the site characteristics stable.
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Figure 20: Average attenuation length measured with the AC9 in the CapoPassero site
[176], at depth 2850-3250 m from year 1999 to 2003. Only statistical errors are plotted.
The solid line indicates the values ofLc(λ) for optically pure seawater reported by Smith
and Baker [177].

Apart from the BAIKAL experiment (§8.2), situated in the Siberian lake Baikal at a
depth of approximately 1 km, submarine sites have been preferred in order to reach deeper
locations. The preference for undersea sites is not free from drawbacks: because of the salts
into the water, they present an irreducible optical background due to the radioactive decay
of 40K and to the bioluminescence, which strongly depends on environmental factors.

In order to minimize the bias induced by external agents, thetelescope sites must be
in addition far enough from continental shelf breaks and river estuaries, which can induce
turbulent currents and spoil the purity of water. At the sametime, the neutrino telescope
should be close to scientific and logistic infrastructures on shore. With such requirements,
the Mediterranean Sea offers optimal condition on a worldwide scale. In water the absorp-
tion and attenuation coefficientsa(λ) andc(λ) are directly measured by means of dedicated
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instruments, like the AC9 manufactured by WETLabs [178]. Water optical properties are
strongly dependent on the wavelength: light transmission is extremely favored in the range
350-550 nm [179], where the photomultipliers used to detectCherenkov radiation reach the
highest quantum efficiency (see Fig. 14).

In natural seawater, optical properties are also function of water temperature, salinity
and dissolved particulate [181, 182]. Measurements of the profiles of temperature, salinity,
attenuation and absorption lengths performed by the NEMO collaboration (§10.2) in the
site namedCapo Passero, 100 km off shore from the coast of Sicily, during various sea
campaigns from year 1999 to the end of year 2003 show that suchquantities are stable
and constant at depths greater than 1500÷2000 m [176] (see Fig. 38 for the geographical
location of sites).

Figure 21: Median rates (in kHz) measured with the 10” PMTs of the ANTARES experi-
ment, on optical modules at two different depths (2037 m and 2386 m). Data from March
2006 up to May 2008 [180]. The contribution of the40K decay is evaluated to be almost
constant to∼ 30 − 40 kHz.

The nature of particulate, either organic or inorganic, itsdimension and concentration,
affect light propagation. All these environmental parameters may vary significantly, for
each marine site, as a function of depth and time. Moreover, it is known that seasonal effects
like the increase of surface biological activity (typically during spring) or the precipitation
of sediments transported by flooding rivers, enlarge the amount of dissolved and suspended
particulate, worsening the water transparency.

Fig. 19 (left) shows the absorption lengthLa(λ = 440 nm) as a function of depth
measured in the site of the ANTARES experiment (near Toulon,France) and in the Capo
Passero site. The right side of the figure shows the measured absorption length (in the range
of 350 nm≤ λ ≤700 nm, circle and square dots) in the two sites, compared to the model
of pureseawater reported by Smith and Baker [177] (solid black line).

Fig. 20 shows the mean attenuation lengthLc(λ) measured in different seasons in the
Capo Passero site; such averages are obtained with measurements from 2850 m to 3250 m
depth.
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7.3 Optical background in water

The background in seawater has two main natural contributions: the decay of radioactive
elements in water, and the luminescence produced by organisms, the so called biolumines-
cence.

The 40K is by far the dominant of all radioactive isotopes present in natural seawater.
40K decay channels are:

40K → 40Ca + e− + ν̄e (BR = 80.3%)
40K + e− → 40Ar + νe + γ (BR = 10.7%)

and both contribute to the production of optical noise. A large fraction of electrons produced
in the first reaction is above the threshold for Cherenkov light production. The photon orig-
inating in the second reaction has an energy of 1.46 MeV and can therefore lead (through
Compton scattering) to electrons above the Cherenkov threshold.

The intensity of Cherenkov light from40K radioactive decays depends mostly on the
40K concentration in sea water. Since salinity in the Mediterranean Sea has small geograph-
ical variation, this Cherenkov light intensity is largely site independent.

Bioluminescence is ubiquitous in oceans and there are two sources in deep sea: steady
glow of bacteria and flashes produced by animals. These can give rise to an optical back-
ground up to several orders of magnitude more intense than the one due to40K (see Fig.
21). The two components of optical background described above are clearly visible. Bursts
observed in the counting rates are probably due to the passage of light emitting organisms
close to the detector.

The phenomena of bioluminescence are not yet fully understood. The typical spectrum
of bioluminescence light is centered around 470-480 nm [183, 184], the wavelength of
maximal transparency of water. The distribution of luminescent organisms in deep-sea
varies with location, depth, and time but there is a general pattern of decrease in abundance
with depth. Fig. 22 shows the amount of luminescent cultivable bacteria as a function of
depth, measured in the Capo Passero site. Such measurementsshow a bioluminescence that
is significantly lower with respect to what discovered at similar depth in the Atlantic Ocean
[185, 186].

Deep sea currents were monitored at the ANTARES, NEMO and Nestor sites for long
time periods. ANTARES discovered that the baseline component is neither correlated with
sea current, nor with burst frequency; however, long-term variations of the baseline were
observed. Periods of high burst activity are not correlatedwith variations of the baseline
component, suggesting that each of the two contributions iscaused by a different popula-
tion. Moreover, a strong correlation is observed between bioluminescence phenomena and
the sea current velocity, as shown in Fig. 23.

7.4 Track reconstruction in water and ice

In a 1 km3 scale detector, most of the high energy muons produce trackswhich are visi-
ble over more than 1 km. This long lever arm allows for good directional reconstruction,
depending on the medium (water or ice), number and orientation of the optical sensors. A
rough estimate of the muon energies it is also possible, either by the length of their tracks, or
by measuring the specific energy loss; at energies above 1 TeV, muon energy loss(dE/dx)
is proportional to muon energy.

Muon reconstruction is done by maximum likelihood methods.The fitter finds the
likelihood for different track positions and directions, and, optionally, energy. To do this,
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Figure 22:The amount of luminescent bacteria per unit of seawater volume, sampled in the
Capo Passero site at different depths. The bacteria were cultived at atmospheric pressure.

it uses functions which model the light propagation, givingthe Probability Distribution
Function for a photon, radiated from a track with a given orientation, to reach a PMT at
a given distance and orientation as a function of time. Usually, these functions are pre-
calculated using a simulation that tracks photons through the medium [187, 189, 190].

Fig. 24 shows the angular resolution in ice and water resulted from MC calculations.
For neutrino-induced muons (up-going) withEµ > 1 TeV, the directional resolution is of
the order of few tenths of degree in water and around 1 degree in ice. νe and low-energy
ντ (below 1 PeV) interactions, or neutral current interactions, occurring inside the detector
instrumented volume produce a shower, a compact depositionof energy,§5.1,§5.2.

7.4.1 Direct and indirect photons

The effect on the tracking algorithms due to the arrival ofdirect and indirect Cherenkov
photons is presented in Fig. 25 (made for a simulation in water using 1 TeV muons, [190]).
Direct photons are emitted by a muon almost exactly at the Cherenkov angle and they arrive
at the PMT without be scattered by the propagation medium. They carry the most precise
timing information: the arrival time is only smeared by the dispersion and the transit time
spread of the PMTs. A muon reconstruction algorithm which can ideally use only direct
photons, is able to obtain the particle direction with the highest precision. This can be
proved with Monte Carlo simulations, where direct and indirect photons can be tagged.
The difference between the expected and the measured arrival time (the time residualr) for
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Figure 23: Correlation between the burst fraction and the seawater current velocity as
measured by the ANTARES detector. The burst fraction is the fraction of time with count
rates on OMs exceeding 120% of the baseline rate.

these photons has a Gaussian shape distribution (full line in Fig. 25).
Photons that originate from secondary electrons or that have scattered, are often delayed

with respect to this time. However, also for these photons the distribution of time residuals
peaks at zero, which means that they can still be used in the reconstruction process. This is
the reason why the measurement of the direction of electromagnetic and hadronic showers
in νe CC and inνx NC interactions is much less precise with respect to theνµ CC interaction
channel.

7.4.2 The background of atmospheric muons

The bulk (see Fig. 10) of reconstructed events in any neutrino telescope are downward
going muons produced in cosmic-ray air showers [155]. Atmospheric muons can be used
for a real-time monitoring of the detector status, of the time variation of the PMTs efficien-
cies, and for detector calibration. Atmospheric muons can also be used for the study of the
telescope pointing capability through the measurement of the moon shadow. On the other
side, muons (especially in bundles) are a major background source: downward going parti-
cles wrongly reconstructed as upward going and simultaneous muons produced by different
cosmic ray primaries could mimic high energy neutrino interactions.

Muons in bundle are very common: they represent the majorityof the events which
trigger a neutrino telescope. All the muons in a bundle are almost parallel, and propagate
in a plane perpendicular to the shower axis at the same time. Because they are produced
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Figure 24: (Left) Angular resolution (evaluated with MC) for 9 stringsand for the full
IceCube array as a function of event energy [188]. It is shownhere the differences be-
tween true and reconstructed muon track. (Right) The same, for the underwater ANTARES
detector. In this case, it is also shown the difference with respect to neutrino direction.

in the decay of secondary mesons, they follow the transverseand longitudinal momentum
distribution of the parent mesons. As a consequence, the most energetic muons are expected
to be closer to the axis shower. Most of the muons in the bundlehave a radial distance with
respect to the shower axis smaller than 10 meters [156, 191],i.e. much smaller than the
grid size of the detectors. For this reason, usually muon reconstruction algorithms find a
track which is in reality due to the sum of the signals induced by themuons in the shower.
The muon multiplicity in the bundle is not measured (although works are in progress inside
collaborations to obtain a rough estimate of the bundle muonmultiplicity).

Because of the high rate of downward going muons, to distinguish ν-induced events it
is not enough to select events with the most likely reconstruction as upward going. Fairly
stringent cuts must be applied to eliminate tracks with reasonable likelihoods for being
downward going. This can be done by cutting on estimated errors from the likelihood fit,
or using other quality estimators (see for instance Fig. 32). The exact cuts depend on
the medium (water or ice); cuts are also analysis-dependent, since different analyses are
interested in signals from different energy ranges and zenith angles.

Another important possible background source is due to random coincident muon
events. This happens when two muon bundles from independentcosmic-ray air showers
traverse the detector in the same time-window (fewµs) when the detector is read out. The
effect depends strongly from the depth and size of the detectors. For instance, the upper
level of IceCube (§9.3) is at the depth of∼ 1450 m and the frequency of these coincident
events is relevant. For the smaller-sized AMANDA-II detector, the estimated trigger rate
of these events is 2-3 Hz [112], compared with the total trigger rate of 80 Hz. Running (or
proposed) underwater experiments are deeper and this effect is largely reduced [192]. In
IceCube, specific algorithms have been developed to find and reject coincident events, by
separating hits from the two tracks based on their separation in space and/or time.
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Figure 25:Distribution of the difference r between the expected and measured photon ar-
rival times for 1 TeV muon in water. A measurement of the lightintensity and arrival time
in one PMT is denoted as ”hit”. Contributions are shown for scattered and direct photons
originating from the muon itself and from secondary electrons and positrons. All hits occur-
ring within a distance of 100 m from the track are included in the figure. The distribution
for background photons corresponds to a flat background rateof 60 kHz. Adapted from
[190].

8 The pioneers: DUMAND and Lake Baikal experiments

8.1 The prototype: DUMAND

The project to realize the Markov idea started in 1973 duringthe Cosmic Ray Conference in
Denver. The Deep Underwater Muon And Neutrino Detection (DUMAND) project [193,
194] born in 1976 and existed through 1995. The goal was the construction of the first
deep ocean neutrino detector, to be placed at a 4800 m depth inthe Pacific Ocean off
Keahole Point on the Big Island of Hawaii. Many preliminary studies were carried out, from
technology to ocean water properties. A prototype verticalstring of instruments suspended
from a special ship was employed to demonstrate the technology, and to measure the cosmic
ray muon flux at various depths (2000-4000 m, in steps of 500 m)in deep ocean [3].

A major operation took place in December 1993, when one string of photo-detectors,
a string of environmental instruments and a junction box were placed on the ocean bottom
and cabled to shore. While the cable laying was successful, short circuits soon developed in
the instruments and it was no longer possible to communicatewith the installed apparatus.
In 1995 the US DOE cancelled further efforts on DUMAND.

All subsequent designs for underwater experiments have taken advantage of this expe-
rience. Some reasons for the long DUMAND development time were: i) huge depth of the
chosen site;ii) lack of advanced fibre-optics technology for data transmission; iii) lack of
reliable pressure-resistant underwater connectors;iv) lack of Remotely Operated Vehicle
(ROV) for underwater connections;v) limited funding.

The Baikal group has been working in Lake Baikal in Siberia for about the same time
as the DUMAND group in Hawaii. Initially, in the mid-1970’s,the groups worked together.
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However, political problems developed after the Soviet invasion of Afghanistan, and the
US DUMAND group was told by its government (Reagan administration) that no funding
would be available to collaborate with the Soviet groups. Hence the teams reluctantly took
separate paths.

8.2 The experiment in Lake Baikal

The possibility to build a neutrino telescope in the RussianLake Baikal was born with
the basic idea of using the winter ice cover as a platform for assembly and deployment of
instruments, instead of using a ship [195]. After initial small size tests, in 1984-90 single-
string arrays equipped with 12 - 36 PMTs were deployed and operated via a shore cable.
During this period, underwater and ice technologies were developed, optical properties of
the Baikal water as well as the long-term variations of the water luminescence were in-
vestigated in great detail. Deep Baikal water is characterized by an absorption length of
La(480nm) =20÷ 24 m, an effective scattering length ofLeff

b = 30÷ 70 m and a strongly
anisotropic scattering function with a mean cosine of scattering angle〈cos θ〉 = 0.85÷ 0.9.

The Baikal Neutrino Telescope NT-200 was a second generation detector, deployed in
Lake Baikal 3.6 km from shore at a depth of 1.1 km. It consists of 192 optical modules
(OMs). In April 1993, the first part of NT-200, the detector NT-36 with 36 OMs at 3 short
strings, was set into operation. A 72-OMs array (NT-72) ran in 1995-96. In 1996 it was
replaced by the four-string array (NT-96). Since April 1997a six-string array with 144
OMs, take data in Lake Baikal (NT-144). NT-200 array was completed in April, 1998 (Fig.
26). NT200 plus the new external strings form NT200+. An umbrella like frame carries
8 strings 72 m long, each with 24 pair of optical modules (OMs). The OMs contain 37
cm diameter PMT QUASAR370 and are grouped in pairs along the strings. The PMs of
a pair are switched in coincidence in order to suppress background from bioluminescence
and PMT noise [196].

The search strategy for high energy neutrinos relies on the detection of the Cherenkov
light emitted by cascades, produced by neutrino interactions in a large volume below NT-
200. The results of a search for high energyνe + νµ + ντ [111] gives an upper limit of
E−2dΦ/dE < 8.1 × 10−7 GeV cm−2 s−1 sr−1 in the energy range of 2×104 to 5 × 107

GeV, see Fig. 7.

9 Detectors in the South Pole ice

An experiment at the South Pole, at the Amundsen-Scott station where the ice is about 2800
m deep, was pioneered by the AMANDA collaboration. They drilled holes in the ice using
a hot water drill, and lowered strings of optical sensors before the water in the hole refreeze.
The first AMANDA string was deployed in 1993, at a depth of 800-1000 m. It was quickly
found that at that depth the ice had a very short scattering length, less than 50 cm (Fig. 17).
In 1995-96 AMANDA deployed 4 strings between 1500 and 2000 m deep. These detectors
worked as expected, and AMANDA detected its first neutrinos [5]. This success led to
AMANDA-II, which consisted of 19 strings holding 677 optical sensors.

AMANDA was limited by its small size and some technological problems [197]. Its op-
tical sensors consisted of photomultipliers (PMTs) with resistive bases in a pressure vessel.
Not all of the optical modules survived the high pressures present when the water in the drill
holes froze and AMANDA consumed considerable electrical power and required manpo-
wer-intensive calibrations yearly. High voltage was generated on the surface, and analogue
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Figure 26:Sketch of the NT-200 Baikal experiment. The expansion left-hand shows 2 pairs
of optical modules (svjaska) with the svjaska electronics module, which houses part of the
readout and control electronics.

signals were returned to the surface. Several transmissionmedia were tried: coaxial cables,
twisted pairs, and optical fibers. The 2.5 km long coaxial cables and twisted pairs dispersed
the PMT pulses, and also the optical fibers (in roughly half ofthe OMs) had a very limited
dynamic range.

IceCube was designed to avoid these problems and to be much simpler to deploy, op-
erate and calibrate. When completed in 2011, it will consiston a deep detector (InIce) and
a surface detector (IceTop), see Fig. 27. The design of the main InIce part of the detector
[198] consists of 80 strings, buried 1450 to 2450 meters under the surface of the ice, each
bearing 60 Digital Optical Modules (DOMs), with 17 m spacing. The strings are placed on
a 125 m hexagonal grid, providing a 1 km3 instrumented 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 stations [199] for the study of extensive
air showers. Each IceTop station, located above an IceCube string, consists of two tanks
filled with ice. Each of those tanks contains two DOMs of same design as the one used for
the InIce part of the detector. The surface array can be operated looking for anti-coincidence
with the InIce events to reject downgoing muons. It can also be used in coincidence, to
provide a useful tool for cosmic ray composition studies. The array covers an area of about
1 km2 as shown in Fig. 27. The completed detector will be operated for 20 years.

Because of the Antarctic weather, high altitude and remote location of the South Pole,
logistics is a key issue. The construction season lasts fromNovember through mid-February
(during the Austral summer). Everything needed must be flownto the Pole on ski-equipped
LC-130 transports planes. The main task in IceCube construction is drilling holes for the
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Figure 27:The IceCube detector side view. Currently there are 59 buried InIce strings. The
AMANDA detector appears in the right part of InIce. The IceTop surface array and the
DeepCore (§9.4) are also shown.

strings, see Fig. 28. This is done with a 5 MW hot-water drill,which generates a stream
of ∼ 800 liters/minute of 88oC water. This water is propelled through a 1.8 cm diameter
nozzle, melting a hole through the ice. Drilling a 2500 m deep, 60 cm diameter hole takes
about 40 hours. Deploying a string of DOMs takes about another 12 hours.

Data acquisition with the partially finished IceCube detector is running smoothly and
the detector is operating as expected. The detector began taking data in 2006 with a nine-
string configuration (IC-9) and with a 22-string configuration in 2007 (IC-22) [200]. Dur-
ing the Austral summer 2007/08 18 more strings were buried, and 19 during the summer
2008/09. Currently (May 2009) 59 InIce strings with 3540 DOMS are deployed.

9.1 The IceCube Data Acquisition System

Each DOM used by IceCube comprises a 10” PMT (Hamamatsu R7081-02) housed in a
glass pressure vessel and data acquisition (DAQ) electronics which reads out, digitizes,
processes and buffers the signals from the PMT. When individual trigger conditions are met
at the DOM, it transfers fully digitized waveforms to a software-based trigger and event
builder on the surface. The electronics acquire in parallel, on Analog Transient Waveform
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Figure 28:The hot water hose and support cables disappear down one of one of boreholes
drilled into the Antarctic ice to construct the IceCube Neutrino Observatory. Photo: Jim
Haugen [201]

Digitizers (ATWDs) at 300 MHz, sampling over a 425 ns window.In addition the electron-
ics also record the signal with a coarser 40 MHz sampling overa 6.4µs window to record
the late part of the signals. Two parallel sets of ATWDs on each DOM operate to reduce
the dead-time: as one is active and ready to acquire, the other is read out.

Data is transmitted to the surface via a single twisted copper cable pair, which also pro-
vides power. Each DOM consumes about 3.5 W. The cable also includes local coincidence
circuitry, whereby DOMs communicate with their nearest neighbors. A more robust con-
nector is used than in AMANDA, and a higher fraction of IceCube OMs survive the freezing
of the ice. The main requirement for the IceCube hardware is high reliability without main-
tenance. Once deployed, it is impossible to repair a DOM. About 98% of the DOMs survive
deployment and freeze-in completely; another 1% have lost their local coincidence connec-
tions, but they are usable. On the surface, the cables are connected to a custom PCI card in
a PC; the remainder of the system is off-the-shelf.

Each DOM also contains a ’flasher’ board, which has 12 blue (405 nm) LEDs mounted
around its edges. These LEDs are used for calibrations, to measure light transmission and
timing between different DOMs, to check the DOM-to-DOM relative timing and study the
optical properties of the ice. The time calibration yields atiming resolution with a RMS
narrower than 2 ns for the signal sent by the DOM to the surface[202]. The noise rate
due to random hits observed for InIce DOMs is of the order of 300 Hz, which gives the
possibility to monitor the DOM hit rates. This very low valuemakes the detector able to
have a sensitivity to low energy (MeV) neutrinos from supernova core collapse in the Milky
Way and in the Large Magellanic Cloud [203].

Data from the DOMs are time-sorted, combined into a single stream, and then mon-
itored by a software trigger. The main trigger is based on multiplicity: it requires eight
DOMs (with local coincidences) fired within 5µs. This collects most of the neutrino events.
Starting from 2008, a string trigger which improved sensitivity for low energy, requiring five
out of seven adjacent DOMs fired within 1.5µs, was added. When any trigger occurs, all
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data within the±10µs trigger window is saved, becoming an event. If multiple trigger
windows overlap, then all of the data from the ORed time intervals are saved as a single
event.

The total trigger rate for 40 strings was about 1.4 kHz. The majority of the triggers
(about 1 kHz) are due to atmospheric muons. A fast on-line filter system reduces the trig-
gered events (6% survives, for a data rate of∼30 Gbytes/day), and selected events are
transmitted via satellite to the Northern hemisphere. The rest of the data is stored on tapes
at the South Pole station, and tapes are carried North duringthe Austral summer.

9.2 Summary of the AMANDA-II results

Figure 29:Reconstructed zenith (on the left) and azimuth (on the right) angle distributions
for the final sample of IC-9 events. A zenith angle of 90o (180o) corresponds to horizontal
(straight up-going) event. The shadowed area indicates expectations with systematic errors.
The error bars are statistical only. The configuration of theIceCube strings seen from the
top is also plotted (box on top of the right). The preferred axis of this configuration explains
the features observed in the azimuth angle distribution.

IceCube has also integrated its predecessor, the AMANDA-IIdetector (the final con-
figuration of the AMANDA detector as an independent entity).AMANDA, with 677 OMs
distributed on 19 strings, is now surrounded by IceCube (seeFig. 27). For relatively low
energy events, the dense configuration of AMANDA gives it a considerable advantage.
Moreover, IceCube strings surrounding AMANDA can be used asan active veto against
cosmic ray muons, making the combined IceCube + AMANDA detector more effective for
low energy studies than AMANDA alone.

AMANDA-II has been taking data between 2000 and 2004 and has collected 4282 up-
going neutrino candidates with an estimated background fraction of ∼ 5% from wrongly
reconstructed downward going muons. The analysis for pointsources in the Northern hemi-
sphere sky [204] yielded no statistically significant pointsource of neutrinos. Assuming
as usual a source of muon neutrinos with energy spectrum ofE−2, an upper limit was
placed averaged over declination in the Northern hemisphere sky at 90% confidence level:
E−2dΦ/dE < 5.5× 10−8 GeV cm−2 s−1 in the energy range from 1.6 TeV up to 2.5 PeV.
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Over the same period of time, a search for neutrino emission from 32 pre-selected
specific candidate sources has been performed [204]. No statistically significant evidence
for neutrino emission was found, see Fig. 34. The highest observed significance, with 8
observed events compared to 4.7 expected background events, is at the location of the GeV
blazar 3C273.

In addition to searches for individual sources of neutrinos, AMANDA-II data taken be-
tween 2000 and 2003 have been used to set a limit on possible diffuse flux of neutrinos. As
described in§3.3, this diffuse flux can be distinguished from the background of atmospheric
neutrinos due to its harder spectrum. This study relies on the number of triggered OMs
which serve as an energy estimator. A limit ofE−2dΦ/dE < 7.4 × 10−8 GeV cm−2 s−1

sr−1 was placed (see Fig. 7) on the diffuse muon neutrino in the energy range from 16 TeV
to 2.5 PeV at 90% confidence level [112, 209]. Additionally, AMANDA-II has searched for
an all-flavor diffuse flux from the Southern sky, setting a limit of E−2dΦ/dE < 2.7×10−7

GeV cm−2 s−1 sr−1 in the energy range of2 × 105 to 109 GeV [113].

9.3 First results from the IceCube 9 and 22 strings configuration

The IC-9 dataset has a total livetime of 137.4 days taken between June and November 2006.
234 neutrino candidates were identified on this data sample with 211±76syst±14stat events
expected from atmospheric neutrinos and less than 10% pollution by the background of
downward going muons [205]. Zenith and azimuth angle distributions of these neutrino
candidates are shown on Fig. 29. Agreement with simulation is good except for a discrep-
ancy near the horizontal direction due to a residual contamination of down going muons.

Figure 30: IC-22 skymap with pre-trial p-values (in colors) and event locations (dots).
Top: binned method. Bottom: unbinned method. Each method uses a different direction
reconstruction technique [206].
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The IC-22 detector took data in 2007-2008, with a lifetime of276 days [206]. This
data has been analyzed to search for extraterrestrial pointsources of neutrinos using two
methods: the binned and the unbinned maximum likelihood method. The binned method
distinguishes a localized excess of signal from a uniform background using a circular an-
gular search bin. The search bin radius depends on declination, and the mean value is2.1o.
The unbinned maximum likelihood method [207] constructs a likelihood function which
depends on signal Probability Density Function (PDF) and background PDF, for a given
source location and total number of data events. Each analysis has followed its own event
selection criteria, arriving at a final sample of 5114 (2956)events for the unbinned (binned)
method. From simulation, a sky-averaged median angular resolution of 1.4o is estimated
for signal neutrinos withE−2 spectrum.

The results from the all-sky search for both analyses are shown in Fig. 30. The best
sky-averaged sensitivity (90% C.L.) isE−2dΦ/dE < 1.3 × 10−8 GeV cm−2 s−1 to a
generic E−2 spectrum ofνµ over the energy range from 3 TeV to 3 PeV. No neutrino point
sources are found from the directions of a pre-selected catalogue nor in a search extended
to the northern sky. Limits are improved by a factor of two compared to the total statistics
collected by the AMANDA-II detector and by IC-9 [208]. A search for neutrinos coming
from 26 galactic and extragalactic pre-selected objects has also been performed on this
dataset, with null results.

9.4 The future

During the coming years, IceCube will continue to grow starting from present configuration
of 59 InIce strings. The capabilities of IceCube will be extended at both lower and higher
energies in the near future. A compact core of 6 strings usingIceCube DOM technology,
called the DeepCore detector, will be deployed near the center of the main InIce detector,
Fig. 27. The inter-string spacing will be of the order of 72 m,allowing for the exploration
of energies as low as 10-20 GeV. Surrounding IceCube stringswill be used as an active veto
to reduce the atmospheric muon background. The energy rangethat will be explored is very
important for dark matter searches that were initiated withAMANDA [210, 211].

Moreover, the ability to select contained events opens the search for downgoing astro-
physical neutrino signals at low energies. This will allow looking above the current horizon
of IceCube, even opening the possibility of looking at the galactic center or at the RX
J1713.7-3946 source [212].

At EeV energies a possible extension of IceCube is also beingstudied in order to in-
crease the detection volume and to be sensible to the GZK neutrino using radio and/or
acoustic detection of the signals generated by neutrino interacting in a huge volume of ice.
With attenuation lengths of the order of a kilometer for acoustic (kHz frequency range)
and for radio signals (MHz frequency range), a sparse instrumentation will be sufficient
for this extension. Two projects are currently being explored: AURA (Askarian Underice
Radio Array) for the radio signal [213] and SPATS (South PoleAcoustic Test Setup) for
the acoustic signal. They are currently studying the polar ice and developing the hardware
necessary to build a hybrid detector enclosing IceCube.
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10 The underwater neutrino projects in the Mediterranean Sea

10.1 The ANTARES experiment

The ANTARES project [214] has been set up in 1996 [215]. Todayit involves about 180
physicists, engineers and sea-science experts from 24 institutes of 7 European countries.
ANTARES is at present the largest neutrino observatory in the Northern hemisphere, which
represents a privileged sight of the most interesting areasof the sky like the galactic centre,
where many neutrino source candidates are expected.

© F. Montanet
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Figure 31:Schematic view of the ANTARES detector

From 1996 to 1999 an extensive R&D program has been successfully performed to
prove the feasibility of the detector concept. Site properties have been studied such as: op-
tical properties of the surrounding water [216]; biofouling on optical surfaces [217]; optical
backgrounds due to bioluminescence and to the decay of the radioactive salts present in
seawater [218]; geological characteristics of its ground.These studies lead to the selection
of the current site, 40 km off La Seyne-sur-Mer (France) at a 2475 m depth.

A mini-instrumented line worked in 2005 [219]. The first detector line (also called
string) was connected in March 2006 [220], and the second line in September 2006. In
July 2007, three more lines were connected, and data acquisition with five lines lasted up
to December 2007. In this month, five more strings plus a dedicated instrumented line for
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monitoring environmental quantities were connected. Finally, the detector was completed
with the connection of the last two strings on May, 30th 2008.The strings are made of
mechanically resistant electro-optical cables anchored at the sea bed at distances of about 70
m one from each other, and tensioned by buoys at the top. Fig. 31 shows a schematic view
of the detector array indicating the principal components of the detector. Each string has 25
storeys, each of them contains three optical modules (OM) and a local control module for
the corresponding electronics. The OMs are arranged with the axis of the PMT 45o below
the horizontal. In the lower hemisphere there is an overlap in angular acceptance between
modules, permitting an event trigger based on coincidencesfrom this overlap.

On each string, and on the dedicated instrumented line, there are different sensors and
instrumentation (LED beacons, hydrophones, compasses/tiltmeters) for timing and position
calibration. The first storey is about 100 m above the sea floorand the distance between
adjacent storeys is 14.5 m. The instrumented volume corresponds to about 0.05 km3.

The basic unit of the detector is the optical module (OM), consisting of a photomulti-
plier tube, various sensors and associated electronics, housed in a pressure-resistant glass
sphere [221]. Its main component is a 10” hemispherical photomultiplier model R7081-20
from Hamamatsu (PMT) glued in the glass sphere with optical gel. A µ-metal cage is used
to shield the PMT against the Earth magnetic field. Electronics inside the OM are the PMT
high voltage power supply and a LED system used for internal calibration.

The total ANTARES sky coverage is 3.5π sr, with an instantaneous overlap of 0.5π sr
with that of the IceCube experiment. The galactic centre will be observed 67% of the day
time.

10.1.1 The ANTARES Data Acquisition System

The Data acquisition (DAQ) system of ANTARES is extensivelydescribed in [222]. The
PMT signal is processed by an ASIC card (the Analogue Ring Sampler, ARS) which mea-
sures the arrival time and charge of the pulse. On each OM, thecounting rates exhibit a
baseline dominated by optical background due to sea-water40K and bioluminescence com-
ing from bacteria, as well as bursts of a few seconds duration, probably produced by biolu-
minescent emission of macro-organisms,§7.3. Fig. 21 shows the counting rates recorded
by two OMs located on different storeys during the 2006-2008runs. The average counting
rate increases from the bottom to shallower layers. The baseline is normally between 50 to
80 kHz.

Differently from the40K background, bioluminescence suffers from seasonal and an-
nual variations, see Fig. 21. There can be large variations of the rate, reaching hundreds
of kHz in some periods. Since September 2006 to December 2008the mean counting rate
is 75% of the time below 100 kHz. A safeguard against bioluminescence burst is applied
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 remotely controlled through a Gb
Ethernet network. Every storey is equipped with a Local Control Module (LCM) which
contains the electronic boards for the OM signal processing, the instrument readout, the
acoustic positioning, the power system and the data transmission. Every five storeys the
Master Local Control Module also contains an Ethernet switch board, which multiplexes
the DAQ channels from the other storeys. At the bottom of eachline, the Bottom String
Socket is equipped with a String Control Module which contains local readout and DAQ
electronics, as well as the power system for the whole line. Both the Master Local Control
Modules and the String Control Modules include a Dense Wavelength Division Multiplex-
ing (DWDM) system. The DWDM is used in data transmission to merge several 1Gb/s
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Ethernet channels on the same pair of optical fibres, using different laser wavelengths. The
lines are linked to the junction box by electro-optical cables which were connected using a
unmanned submarine. A standard deep sea telecommunicationcable links the junction box
with a shore station where the data are filtered and recorded.

All OMs are continuously read out and digitized information(hits) sent to shore. In
ANTARES, ahit is a digitized PMT signal above the ARS threshold, set around1/3 of the
single photoelectron level (Level 0 hits, L0). On-shore, a dedicated computer farm performs
a global selection of hits looking for interesting physics events (DataFilter). This on-shore
handling of all raw data is the main challenge of the ANTARES DAQ system, because of
the high background rates. The data output rate is from 0.3 GB/s to 1 GB/s, depending on
background and on the number of active strings. Particular conditions define a subset of L0
for triggering purpose. This subset (called Level 1 hits, orsimply L1) corresponds either
to coincidences of L0 on the same OM triplet of a storey within20ns, or to a single high
amplitude L0 (typically> 3 p.e.). The DataFilter processes all data online and looks for
a physics event by searching a set of correlated L1 hits on thefull detector on a∼ 4 µs
window. In case an event is found, all L0 hits of the full detector during 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 numberof strings in data
acquisition. Most of the triggered events are due to atmospheric muons, successively re-
constructed by track-finding algorithms. If ANTARES receives external GRB alerts [222],
all the activity of the detector is recorded for few minutes,§3.2.2. In addition, untriggered
data runs were collected on a weekly base. This untriggered data subset is used to monitor
the relative PMT efficiencies, as well as to check the timing within a storey, using the40K
activity.

CORSIKA - QGSJET01- NSU 

CORSIKA- QGSJET01- Horandel

MUPAGE
data

± MC syst. uncertainties

data

CORSIKA (QGSJET01)  
+ NSU model

MC uncert.

Figure 32: (a) Zenith and (b) azimuth distributions of reconstructed tracks. Black points
represent data. Lines refer to MC expectations, evaluated with two different simulation.
The shadowed band (applied on one of the MC simulation) represents the systematic error
(∼ ±30%) due to environmental and geometrical parameters. No quality cuts (QC) are
applied to reduce the wrongly-reconstructed upward going tracks in the region between 0o

and 90o of zenith angle.
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10.1.2 Time and positioning calibration systems

Differently from the strings in ice, the ANTARES lines are flexible and move with the sea
current, with displacements of the order of a few meters at the top for a typical sea current of
5 cm/s. The reconstruction of the muon trajectory is based onthe differences of the arrival
times of the photons between OMs. The ANTARES detector is expected to achieve an
angular resolution of< 0.3o for muon events above 10 TeV, through timing measurements
with precision of the order on the ns [223]. This requires theknowledge of the OMs position
with a precision of∼ 10 cm (light travels 22 cm/ns in water). Pointing accuracy thus
is limited by: i) precision with which the spatial positioning and orientation of the OM
is known; ii) accuracy with which the arrival time of photons at the OM is measured;
iii) precision with which local timing of individual OM signals can be synchronized with
respect to each other.

The positions of the OMs are measured on a real-time, typically once every few min-
utes, with a system of acoustic transponders and receivers on the lines and on the sea bed,
together with tiltmeters and compasses. The shape of each string is reconstructed by per-
forming a global fit based on these information. Additional information needed for the
line shape reconstruction are the water current flow and the sound velocity in seawater,
which are measured using different equipments: an AcousticDoppler Current Profiler; a
Conductivity-Temperature-Depth sensors; a Sound Velocimeter.

Relative time resolution between OMs is limited by the transit time spread of the sig-
nal in the PMTs (about 1.3 ns) and by the scattering and chromatic dispersion of light in
seawater (about 1.5 ns for a light propagation of 40 m). The electronics of the ANTARES
detector is designed to contribute less than 0.5 ns to the overall time resolution.

Complementary time calibration systems are implemented tomeasure and monitor the
relative times between different components of the detector within the ns level. These time
calibrations are performed by:
i) the internal clock calibration system. It consists of a 20 MHz clock generator on shore,
a clock distribution system and a clock signal transceiver board placed in each LCM. The
system also includes the synchronization with respect to universal time, by assigning the
GPS timestamp to the data.
ii) The internal Optical Module LEDs: inside each OM there is a blue LED attached to the
back of the PMT. These LEDs are used to measure the relative variation of the PMT transit
time using data from dedicated runs.
iii) The Optical Beacons [224], which allows the relative time calibration of different OMs
by means of independent and well controlled pulsed light sources distributed throughout
the detector.
iv) Several thousands of down-going muon tracks are detected per day. The hit time resid-
uals of the reconstructed muon tracks (see Fig. 25) are used to monitor the time offsets of
the OM, enabling an overall space-time alignment and calibration cross-checks.

10.1.3 Measurement of atmospheric muons and atmospheric neutrinos

Atmospheric muons were an important tool to monitor the status of the detector and to
check the reliability of the simulation tools and data taking. In ANTARES, two different
Monte Carlo (MC) simulations are used to simulate atmospheric muons: one based on a
full Corsika simulation [225], and another based on a parameterization of the underwater
muon flux [226].

The full MC simulation [163] is based on Corsika v.6.2, with the QGSJET [227] pack-
age for the hadronic shower development. Muons are propagated to the detector using the
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MUSIC [228] code, which includes all relevant muon energy loss processes.
The second MC data set is generated using parametric formulas [156], obtained with

a full MC tuned in order to reproduce the underground MACRO flux [229, 230], energy
spectrum [231, 232] and distance between muons in bundle [233]. The characteristics of
underwater muon events (flux, multiplicity, radial distance from the axis bundle, energy
spectrum) are described with multi-parameters formulas inthe range1.5÷ 5.0 km w.e. and
up to85◦ for the zenith angle. Starting from this parametrization, an event generator (called
MUPAGE) was developed [191] in the framework of the KM3NeT project [9] to generate
underwater atmospheric muon bundles.

In both simulations, muons that enter inside the surface of avirtual underwater cylin-
der (thecan) are propagated using a GEANT-based program. Thecan defines the limit
inside which charged particles in MC codes produce Cherenkov photons [163]). Then, the
background (extracted from real data) is added and the events are feed to a program which
reproduces the DataFilter trigger logic. After this step, simulated data have the same format
of the real ones.
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Figure 33: Distribution of the sinus of the zenith angle of reconstructed events (black
crosses): 173 days of active time with 10 to 12 lines. Blue line: MC simulation of at-
mospheric neutrinos. Red line: atmospheric muons. The region between−1 < sin θ < 0
corresponds to upgoing particles. A contamination form atmospheric muons is present near
the horizontal direction. From [226].

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

Fig. 32 shows the zenith and azimuth distributions of reconstructed muon tracks. Black
points represent experimental data. The solid [234] and thedotted [235] lines refer to
Monte Carlo (MC) expectations obtained using the full MC simulation and two different
CR composition models. The dashed-dotted line refers to thefast simulation [191]. The
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shadowed band gives an estimate of the systematic errors, due to the uncertainties on the
environmental parameters, like water absorption and scattering lengths in the ANTARES
site, and on the geometrical characteristics of the detector. In particular, given the fact that
OMs are pointing downwards, at an angle of 135o w.r.t. the vertical, knowledge of the
OMs angular acceptance at these large angles is critical foran accurate determination of the
muon flux.

A different analysis is necessary when selecting neutrinos. A set of more severe quality
cuts must be applied in order to remove downward-going tracks wrongly reconstructed as
upward. Data presented in Fig. 33 [226] were collected during the 10-12 line configuration
period, from December 2007 to December 2008. Atmospheric neutrino events are simu-
lated using the Bartol flux [157]. Only events detected at least by two lines and with at
least 6 floors are considered. Restricting to the upward-going hemisphere (neutrino candi-
dates) the number of events are3.4 per day for data, and2.9 per day for simulations. The
shadowed band represents the sum of theoretical and systematic uncertainties.

Upper flux limit from the direction of selected candidate sources were also evaluated
using still more stringent criteria for the selection of upward-going muons [236]. The data
with 5 lines were used and 140 active days. Even with less thanhalf a detector, these limits
are the best ones for experiments looking at the Southern hemisphere; they are shown as a
function of the declination of the sources, and are comparedwith other experiments in Fig.
34.
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Figure 34: The sensitivity of the ANTARES experiment for point-like sources [236]. The
results equivalent to one year of data taking as a function ofdeclination is presented as
blue dotted line. Magenta squares are 90% c.l. upper limits obtained by MACRO [237].
Red circles are similar limits by AMANDA-II [204], while thered dotted line is the average
limit. The black dotted line shows the one year expected sensitivity for IceCube.
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The energy of the crossing muon or of secondary particles generated by neutrino in-
teractions inside the instrumented volume is estimated from the amount of light deposited
in the PMTs. Several estimators based on different techniques were developed [238]. MC
studies show that this resolution is betweenlog10(σE/E) = 0.2 ÷ 0.3 for muons with en-
ergy above 1 TeV. The event energy measurement is a mandatoryrequirement for the study
of the diffuse flux of high energy neutrinos. MC simulations indicate that after 3 years of
data taking ANTARES can set an upper limit for diffuse fluxes of E2Φ < 3.9 × 10−8 GeV
cm−2 s−1 sr−1 (see Fig. 7).

10.2 The NEutrino Mediterranean Observatory

The NEutrino Mediterranean Observatory (NEMO) is a project[239, 240] of the Italian
National Institute of Nuclear Physics (INFN). The activityhas been mainly focused on the
search and characterization of an optimal site for the detector installation; on the develop-
ment of key technologies for the km3 underwater telescope; on a feasibility study of the
km3 detector, which included the analysis of all construction and installation issues and
optimization of the detector geometry by means of numericalsimulations [241].

The validation of the proposed technologies via an advancedR&D activity, the proto-
typing of the proposed technical solutions and their relative validation in deep sea is carried
out with two pilot projects NEMO Phase-1 and Phase-2.

Since 1998, the NEMO collaboration conducted more than 20 sea campaigns for the
search and the characterization of an optimal site where to install an underwater neutrino
telescope. A deep site with proper features in terms of depthand water optical properties
has been identified at a depth of 3500 m about 80 km off-shore from Capo Passero (36◦ 16’
N 16◦ 06’ E), see§7.2 [242].

The main feature of a km3 telescope is its modularity. The proposed NEMO basic
element is the instrumentedNEMO-tower(see Fig. 35): it is about 700 m high, and it is
composed of 16 floors, 40 m spaced; each floor is rotated by 90◦, with respect to the upper
and lower adjacent ones, around the vertical axis of the tower. Each floor is equipped with
two OMs (one down-looking and one horizontally looking) at both extremities. In addiction
to the OMs, the tower hosts several environmental instruments plus the hydrophones for the
acoustic positioning system. The tower structure is anchored at the sea bed and it is kept
vertical by an appropriate buoyancy on the top.

The NEMO Phase-1 project allowed a first validation of the technological solutions
proposed for the km3 detector [240]. The apparatus included prototypes of all the critical
elements: the Junction Box and a reduced version (one fourth) of the tower, called the
mini-tower. On December 2006, both the Junction Box and the mini-tower were deployed
and successfully activated at a test site at 2000 m depth nearthe Catania harbour. The
underwater detector was connected to the shore station via a28 km electro-optical cable.

The NEMO Phase-1 Junction Box was built following the concept of double contain-
ment. Pressure resistant steel vessels were hosted inside alarge fiberglass container, which
was filled with silicon oil to compensate the external pressure. This solution has the advan-
tage of decoupling the two problems of pressure and corrosion resistance. The electronic
components capable of withstanding high pressures were installed directly in the oil bath.

The mini-tower was equipped with sixteen 10” Hamamatsu R7081-SEL PMTs,
mounted on 15 m long floors. The floors were spaced 40 m one from the other, with an
additional spacing of 150 m from the base.

In addition to the OMs, the instrumentation included several sensors for calibrations and
environmental monitoring (see Fig. 36, upper part). In particular two hydrophones were
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Figure 35: The key-elements of the NEMO proposed version for the km3 detector: the
Junction Box, for power and data distribution, and the Towerwith the bars and OM.

mounted on the tower base and at the extremities of each floor.These, together with acoustic
beacons placed at the tower base and on the seabed, were used for the determination of the
OM positions with a precision of about 10 cm. Moreover, a timecalibration system was
linked to the OMs through external optical fibers. The time offsets were determined with
the precision of 1 ns.

One important technical choice of the design of the data acquisition system for NEMO
Phase-1 is the scalability to a much bigger apparatus [243].The electric signal from the
PMTs was sampled with 2 Flash-ADC (100 MHz each) staggered by5 ns, for a total 200
MHz sampling and a low power consumption. Each PMT generating an over threshold
pulse (hit) was characterized by its time-stamp, total integrated charge and sampled sig-
nal waveform. The latter allowed an off-line reconstruction of the hit time with precision
of ∼1 ns [244]. The hits from the four PMTs of each floor were continuously collected
by the Floor Control Module (FCM) boards, converted into optical signals by an electro-
optical transceiver and sent to shore through one of the optical-fiber of the 28 km cable
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Figure 36: Up: sketch of the Phase-1 mini-tower: the OMs on the floors andother en-
vironmental instruments: the Acoustic Doppler Current Profiler (ADCP), for profiling the
sea current velocities; the C*, for measuring the water optical properties; the CTD, for
salinity, temperature and density of water. Bottom: Distribution of the reconstructed events
as a function of the cosine of the zenith angle,cos(ϑrec

µ ), compared with the MUPAGE MC
[245].

by using the Dense Wavelength Division Multiplex protocol.On shore, twin FCM boards
de-multiplexed the incoming signal and distributed the data to the on-line trigger for a first
raw selection of data. The trigger was based on coincidencesoccurred on near OMs within
20 ns and on large amplitude single hits. When a trigger seed was found, all hits occurred
within a time window of±2 µs centered on the seed time were recorded.

A data analysis was done on a small sample of selected events,recorded during 23rd and
24th January 2007, corresponding to a livetime of 11.3 hours. From the analyzed data set,
2260 atmospheric muon events were reconstructed and their angular distribution measured
[245] (see Fig. 36, bottom).

The Phase-1 project provided a fundamental test of the technologies proposed for the
realization and installation of the detector. Some problems occurred in Phase-1 after some
months of functioning. Buoyancy of the tower decreased withthe time (due to the construc-
tion process of the buoy), producing a lowering of the tower position. Another problem was
related to a malfunction inside the JB that required the recovery for a full diagnosis, which
pointed out a malfunctioning of the optical penetrator.

The Phase-2 was planned to validate the new solutions at the depths of the site of Capo
Passero. In July 2007, a 100 km Alcatel electro-optical cable was laid on the seabed linking
the 3500 m deep sea site to shore. The cable is a 10 kV DC, along asingle electrical
conductor, allowing a power transport larger than 50 kW. TheDC/DC converter, which
converts the high voltage coming from shore into the 400 V required for the detector, is
produced by Alcatel and will be deployed by the end of 2009. The data transmission is
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provided through 20 single mode optical fibers [246]. The shore station, located inside the
harbor area of Portopalo di Capo Passero, was completed during 2009 in an ancientwinery
building.

A complete mechanical tower, a fully equipped NEMO mini-tower and a reduced ver-
sion of an ANTARES string are planned to be installed on the Capo Passero Site by the
end of 2009. Some features of the tower and mini-tower were modified according to the
experience obtained from Phase-1: (i) floor length is reduced from 15 m to 12 m; (ii ) higher
simplification of the floor electric connections; (iii ) new time-calibration flashers embed-
ded directly into the OMs; (iv) new electronic components which allow a lower power
consumption; (v) a new acoustic positioning system with special road-band hydrophones
able to measure the environmental acoustic background noise at 3500 m depth.

The cable and the shore station were proposed to the KM3Net consortium as well suited
to host the Mediterranean km3 detector.

10.3 NESTOR

The Neutrino Extended Submarine Telescope with Oceanographic Research
(NESTOR) collaboration has developed an approach to operating a deepsea station, in the
Southern Ionian Sea off the coast of Greece at depths exceeding 3500 m, permanently con-
nected to shore by an insitu bidirectional cable, for multidisciplinary scientific research.

The basic element of the proposed NESTOR detector is a 32 m diameter hexagonal
floor (star). A central casing supports a 1 m diameter spherical titanium pressure housing
which contains the data acquisition electronics, power converters, monitoring, control and
data transmission equipment. Attached to the central casing there are six arms built from
titanium tubes to form a lightweight but rigid lattice girder structure. The arms can also be
folded for transport and deployment. Two OMs are installed at the two end of each arm,
one facing upwards and the other downwards: OMs are also installed above and below
the central casing making a total of 14 units per floor. Using the OMs in pairs gives 4π
coverage, enhancing discrimination between upward and downward going particles. In the
NESTOR version, the tower will consist of 12 of such floors, spaced vertically 20-30m (see
Fig. 37, left).

In January 2002 a prototype was completed and deployed at a depth of 4100 m (project
LAERTIS). The station transmitted the acquired data to shore from temperature and pres-
sure sensors, compass, light attenuation meter, water current meter and an ocean bottom
seismometer. After a period of some months, the station was recovered.

In March 2003, the NESTOR collaboration successfully deployed a test floor of the
detector tower, fully equipped with 12 OMs, final electronics and associated environmental
sensors [247] (see Fig. 37, right). The detector continuously operated for more than a
month. For about 1.1% of the total experimental time, bioluminescent activity was observed
around the detector. This caused about 1% dead time. The prolonged period of running
under stable operating conditions made it possible to measure the cosmic ray muon flux as
a function of zenith angle and to derive the deep intensity relation [248].

11 The KM3NeT Consortium

KM3NeT is a future deep-sea research infrastructure planned to host a neutrino telescope
with a volume of at least one cubic kilometre to be constructed in the Mediterranean Sea. In
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Figure 37:Left: the proposed full NESTOR Detection Unit. Right: one floor of the NESTOR
tower during its deployment for the first test in March 2003.

February 2006, the Design Study for the infrastructure, funded by the EU FP6 framework,
started. The KM3NeT research infrastructure has been singled out by ESFRI (the European
Strategy Forum on Research Infrastructures) to be includedin the European Roadmap for
Research Infrastructures. The primary objective of the Design Study is the development of a
cost-effective design for a cubic-kilometre sized deep-sea infrastructure housing a neutrino
telescope with unprecedented neutrino flux sensitivity at TeV energies and providing long-
term access for deep-sea research. In April 2008 the Conceptual Design Report for the
KM3NeT infrastructure was made public [61].

The Preparatory Phase of the infrastructure, funded by the EU FP7 framework, started
in March 2008. The primary objective of the KM3NeT Preparatory Phase is to pave the way
to political and scientific convergence on legal, governance, financial engineering, aspects
concerning the choice of the site and of the infrastructure and to prepare rapid and efficient
construction once it gets approved. Reconciliation of national and regional political and
financial priorities with scientific and technological considerations will be a major issue,
as has become apparent in the KM3NeT Design Study. The construction of the KM3NeT
infrastructure is foreseen to start after the three year Preparatory Phase, which has been
organised in work packages. Each work package has its own coordinator and executive
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Figure 1 6: Locations of the sites of the three Mediterranean neutrino telescope projects.
Figure 38:The three sites candidate to host the KM3Net telescope.

committee.
Design, construction and operation of the KM3NeT neutrino telescope will be pursued

by a consortium formed around the institutes currently involved in the ANTARES, NEMO
and NESTOR pilot projects (see Fig. 38). Based on the leadingexpertise of these research
groups, the development of the KM3NeT telescope is envisaged to be achieved, after the
Preparatory Phase, within a period of about four years for construction and deployment.

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

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

The KM3NeT neutrino telescope will be composed of a number ofvertical structures
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Figure 39:Three geometry layouts for the KM3NeT detector: left, a squared grid; center,
clustered Detection Units; right, ring configuration.

(detection units) which are anchored to the sea bed and usually kept vertical by one or sev-
eral buoys at their top. Since there is still a variety of viable design options, corresponding
simulation studies are rather generic, concerning both assumed neutrino fluxes and detector
properties. Fig. 39 shows three possible layouts: a squaredgrid of Detection Units (left),
clustered (middle) and ring (right) configurations. Another configuration could consist of
arranging the Detection Units in a homogeneous hexagon.

Each detection unit will carry the photo-sensor and possibly further devices for cal-
ibration and environmental measurements on mechanical structures which can be like
ANTARES storeys, NEMO’s floors or NESTOR’sstars. Such structure will support the
necessary sensors, supply interfaces, data lines and electronic components where applica-
ble. The basic photo-sensor unit remains the Optical Module(OM) [249, 250], which can
host one or several PMTs, their high-voltage bases and theirinterfaces to an acquisition
system of nanosecond-precision.

Whereas all of the current neutrino telescope projects use OMs composed of a single
large (typically 10”) standard PMT per OM, alternative solutions are also under investiga-
tion for KM3NeT. In addition to theclassicalsolution described above (see Fig. 40, case a),
various tests with multi-cathode PMTs (see Fig. 40, case b),multi-PMT OMs (see Fig. 40,
case c), and large spherical hybrid PMTs (see Fig. 40 case d) [251] are performed together
with computer simulation for studying the telescope response accordingly.

The data transport devices and power harness of each Detection Unit is planned to be
connected via the anchor to a deep-sea cable network. This network can contain one or more
junction boxes and one or several electro-optical cables toshore. It also provides power and
slow-control communication to the detector. On shore, a station equipped with appropriate
computing power is required for collecting the data, applying online filter algorithms and
transmitting the data to mass storage devices (see Fig. 41 where the trigger and DAQ system
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Source Eν range channel KM3NeT requisites

Steady point Source 10 − 103 TeV νµ N → µ X Angular res.∼ 0.1◦

Transient point Source Angular res.∼ 0.1◦

10 − 103 TeV νµ N → µ X + time coincidence with a
(e.g. GRBs) GRB Coordination Network
Diffuse Flux > 102 TeV νl N → l X Energy res.∼ 0.3 in log E

νl N → νl X

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

is sketched).
The deployment of the Detection Units on the sea bed and theirmaintenance along the

years of the telescope live time require the development of appropriate machines and infras-
tructures. For Detection Units deployment, the NESTOR Institute has developed a central-
well, ballasted platform calledDelta Berenike. For completing the detector construction
(junctions between underwater connectors) and maintenance down in the deep-site, under-
water remotely operated robotic devices will be necessary.

12 Conclusion

In this work, we have reviewed most of the phenomenological aspects of neutrino astro-
physics, the status and future prospectives of neutrino Cherenkov detectors.

Neutrino telescopes will cover the high-energy part of the neutrino spectrum from astro-
physical or cosmogenic origin. The history is started [253]with the detection of neutrinos
(Eν ∼ 1−10 MeV) from the Sun: it corresponds to the direct observation of the nuclear re-
actions occurring in the core of stars [254, 255]. Differentexperimental technologies were
used to study solar neutrinos: radiochemical [256, 257, 258], water [259] and heavy-water
[260] Cherenkov detectors and liquid scintillator [261] detectors. All experiments agree
with the hypothesis of neutrino flavor oscillations. In addition to dedicated solarν ex-
periments, other underground apparatus in the eighties were motivated by the proton decay
prediction of most grand unified theories (GUTs); they were also MeV-GeV neutrino detec-
tors [262]. Those in acquisition during 1987 were lucky enough to catch neutrinos from the
supernova 1987A in the Large Magellanic Cloud. The measurement of neutrinos emitted
by SN1987A provided a direct observation of the core-collapse of a star [263]. The size of
these neutrino experiments (also the biggest ones, as Super-Kamiokande and MACRO) is
too small to have the hope to discover high energy neutrinos from cosmic sources. With the
advent of neutrino telescopes, only the very low energy relic neutrinos from cosmological
origin seems to be far to be recognized.

Some fundamental questions are still open after a century from the discovery of Cosmic
Rays: which are the astrophysical engines in our Galaxy ableto accelerate CRs up to∼ 106

TeV and which are those in the Universe able to accelerate CRsup to more than∼ 108 TeV?
IACT telescopes have found a variety of galactic and extragalactic TeVγ-ray sources whose
spectrum extends up to some tens on TeV, where the intrinsic sensitivity of the present
generation of instruments fall down.
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a)

b)

c)

d)

Figure 40:The studied optical modules: (a) One single 10” PMT in a “benthos” sphere; (b)
Multi-cathode PMT, with mirror separations to subdivide the PMT acceptance; (c) Multi-
PMT optical module made by 20 PMTs, 3” each; (d) Spherical geometry X-HPD (8” pro-
totype).

At present, no definitive proofs exist that hadrons are also accelerated at the sites where
TeVγ-ray are observed. If hadrons are present, a strong relationship between the CR energy
spectrum and that of secondaryγ-rays and neutrinos must exist. Compelling evidence
for CR accelerators would be the detection of cosmic TeV neutrinos. In particular, no
exponential cutoff is observed in the CR spectrum above∼ 10 TeV, despite what is reported
by TeV γ-ray experiments for some galactic sources (see Fig. 3). Theexponential cutoff
would suppress the expected flux of neutrinos above 10 TeV: inthis energy range, the
detectors have a large neutrino effective area (Fig. 16) andtheν → µ kinematic production
allows a measurement of the neutrino direction within0.2o in water (Fig. 24). With this
angular resolution, the atmospheric neutrino background can be largely reduced. However,
galactic CRs can reach106 TeV: the exponential cutoff observed in the TeV gamma ray
spectrum of some sources can be due to an instrumental/lack of statistic effect, to gamma
absorption effects at sources, or because the sources of CRsabove few tens of TeV are
hidden to gamma rays. In any case, engines that accelerate hadrons up to 106 TeV exist in
the Galaxy, and they are presumably accompanied by high energy neutrinos.

Only a neutrino telescope in the Mediterranean Sea, with effective area> 25 times
larger than that of the ANTARES detector, can probably solvethis puzzle. The next years
will thus be decisive for neutrino astronomy. While the IceCube experiment at the South
Pole is in an advanced stage of construction, the technological challenges to build a huge
neutrino telescope in deep sea have been surmounted by experiments like ANTARES, NE-
MO and NESTOR, which have motivated the approval of the design study of the kilometer-
scale version (the KM3NeT consortium). These new generation of neutrino telescope ex-
periments will achieve effective volumes which will be ableto explore the Northern sky (the
IcuCube experiment in the South Pole) and the Southern sky (the underwater Mediterranean
experiment) in a way never seen before.

The advantage of the telescope in the Mediterranean Sea withrespect to the IceCube
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Figure 41:The Trigger and Data Acquisition System (TRIDAS) for the KM3NeT project.

detector is a better exposure to the galactic center region (Fig. 2), and a much better angular
resolution on the measurement of the neutrino direction . The latter has two consequences:
the association possibility with known celestial objects;the reduction of the background
from atmospheric neutrinos, which increases as the square of the search-window opening
angle. On the other hand, the IceCube experiment has a betterchance to observe the diffuse
flux of neutrinos of extragalactic origin, being the theoretical upper limits accessible within
few years (Fig. 7). Concerning the possibility that the detector in the Mediterranean Sea
(if national and regional political and financial priorities cannot be easily conciliated with
scientific and technological considerations) will be distributed in more than one site (the
multisite option), this will not affect the sensitivity for the CCνµ channel but reduces the
confinement of the neutrino induced electromagnetic and hadronic showers and the possi-
bility to detect with high efficiency theντ channel.

Identification of neutrino from cosmic accelerators has notbeen claimed so far; neutrino
flux can only be evaluated using models and this sets the scaleof the detector instrumented
volume. The value of∼ 1 km3 seems the minimum in order to observe neutrinos both
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of galactic and extragalactic origin. The hunt for the first high energy neutrino of cosmic
origin has started.
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