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Abstract

The ANTARES neutrino telescope, completed in 2008, is the largest neutrino telescope in the Northern hemisphere.

Located at a depth of 2.5 km in the Mediterranean Sea, 40 km off the Toulon shore, its main goal is the search for high

energy neutrinos of astrophysical origin. In this paper we review the main physics results, ranging from searches for

steady point sources and diffuse fluxes of neutrinos, to multi-messenger analyses and particle physics.

c© 2011 Published by Elsevier Ltd.
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1. Introduction

Neutrino astronomy [1, 2, 3] shares with the γ-ray astronomy the objective to understand the sources

and mechanisms of cosmic ray acceleration. Due to their much larger interaction cross-section, γ-rays are

easier to detect than neutrinos, and γ-ray astronomy has having a fundamental importance on several topical

areas of modern astrophysics and cosmology. Gamma-rays can be produced both by hadronic (through

π0 decay) or leptonic processes (inverse Compton, bremsstrahlung), neutrinos can only be produced by

hadronic processes (charged meson decays). In most cases, it is generally possible to fit the γ-ray data

with either leptonic or hadronic productions by varying the assumptions of the models (for instance, the

intensity of magnetic fields or the environmental matter number density). No single source, either galactic or

extragalactic, has been conclusively proven to accelerate cosmic rays at PeV energies. Neutrino astronomy

is expected to be decisive for the quest of cosmic ray sources.

The small neutrino interaction cross-section allows neutrinos to be not deflected nor absorbed, but it

represents also a drawback, as their detection requires a large instrumented target mass (a so-called “neutrino

telescope”). Neutrino telescopes, at the contrary of any other instrument devoted to astronomy, are “looking

downward”. Up-going muons can only be produced by charged current interactions of (up-going) νμ. From

the bottom hemisphere, the neutrino signal is almost background-free. A major challenge for neutrino

telescopes is thus to separate the astrophysical signals from the large background of atmospheric neutrinos

produced by cosmic ray interactions with atmospheric nuclei.
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The detection principle of the ANTARES neutrino telescope, §2, is based on the observation of the

Cherenkov light induced by secondary charged particles produced in charged current interactions of neu-

trinos inside or near the detector volume. The discrimination of cosmic neutrinos from the background

rely on three methods: 1) the search for an excess of events in a very small solid angle region over the

expected background, §3. 2) the search for an excess of events above a given energy, using the fact that

the expected cosmic signal is harder than the atmospheric neutrino spectrum (searches for a diffuse flux),

§4. 3) the searches for neutrino candidates correlated in space and/or time with external triggers from other

experiments, §5.

The first method uses the very good tracking capabilities of the detector, which for the νμ channel can act

as a conventional telescope. The second method uses the calorimetric capabilities: the energy of neutrino-

induced events (both track and shower events) should be estimated with some acceptable resolution. Finally,

the third multi-messenger method relies on the time resolution and the information networking with other

experiments.

Beyond its astrophysics goals, the science reach of a neutrino telescope such as ANTARES includes an

extended particle physics program, ranging from the study of neutrino oscillations, the indirect search for

dark matter (in the GeV TeV energy range) the search for exotic particles 6. The ANTARES experiment

offers also a deep-sea cabled observatory for sea and earth sciences, whose results are not covered in this

review.

2. The ANTARES detector

ANTARES is the first undersea neutrino telescope and the largest of its kind in the Northern Hemisphere

[4]. It is located between 2475 m (seabed) and 2025 m below the Mediterranean Sea level, 40 km offshore

from Toulon (France). The telescope consists of 12 detection lines with 25 storeys each. A standard storey

includes three optical modules (OMs) [5] each housing a 10-inch photomultiplier [6] and a local control

module that contains the electronics [7, 8]. The OMs are orientated 45◦ downwards in order to optimize

their acceptance to upgoing light and to avoid the effect of sedimentation and biofouling [9]. The length of

a line is 450 m and the horizontal distance between neighboring lines is 60-75 m. In one of the lines, the

upper storeys are dedicated to a test system for acoustic neutrino detection [10]. Similar acoustic devices are

also installed in an additional line that contains instrumentation aimed to measure environmental parameters

[11]. The location of the active components of the lines is known better than 10 cm by a combination

of tiltmeters and compasses in each storey and a series of acoustic transceivers (emitters and receivers) in

certain storeys along the line and surrounding the telescope [12].

A charged current interaction of a νμ(νμ) with the matter below or around the detector produces a rela-

tivistic muon that can travel hundreds of meters and cross the detector or pass nearby. This muon induces

Cherenkov light when travelling through water, and some of the emitted photons produce a signal in the

PMTs (the hits) with the corresponding charge and time information. The hits are used to reconstruct the di-

rection of the track that is well correlated to the neutrino direction. The signature due to νe(νe) and to neutral

current interactions are particle showers, i.e. very localized energy deposits and light emission. Different

reconstruction strategies are used, which provides worse angular resolution with respect to the νμ channel

and a better energy resolution for contained events.

Data taking started with the first 5 lines of the detector installed in 2007. The full detector was completed

in May 2008 and has been operating continuously ever since, except for some periods in which repair and

maintenance operations have taken place.

3. Searches for sources of cosmic neutrinos

The searches for significant excesses of events from particular small regions of the sky need the best

possible determination of the incoming neutrino direction. Only the νμ are suited for this method. The

track-finding algorithm consists of a multi-step procedure to fit the muon direction by maximizing a likeli-

hood parameter Λ, which describes the quality of the reconstruction. Neutrino candidates are selected by
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Fig. 1. a) Cumulative distribution of the track reconstruction quality parameter, Λ, for tracks reconstructed as upgoing (cos θ < 0.1).

The bottom panel shows the ratio between data and simulation. The green (red) distribution corresponds to the simulated atmospheric

muons (neutrinos), where a 50% [13] (30% [14]) relative error was assigned. Data errors correspond to statistical errors only. b) 90%

C.L. flux upper limits and sensitivities on the νμ flux for six years of ANTARES data. IceCube results are also shown for comparison.

The light-blue markers show the upper limit for any point source located in the ANTARES visible sky in declination bands of 1◦.
The solid blue (red) line indicates the ANTARES (IceCube) sensitivity for a point-source with an E−2 spectrum as a function of the

declination. The blue (red) squares represent the upper limits for the ANTARES (IceCube) candidate sources. The dashed dark blue

(red) line indicates the ANTARES (IceCube) sensitivity for a point-source and for neutrino energies lower than 100 TeV. From [15].

the requirement of upgoing direction, and a value of Λ sufficiently good to reject additional atmospheric

muons which are poorly reconstructed as upgoing. Fig. 1a) shows the cumulative distribution of the track

reconstruction quality parameter for data (points), atmospheric neutrinos (the red band) and atmospheric

muons (the green band) wrongly-reconstructed as upgoing. The atmospheric neutrinos are simulated using

the Bartol flux [16], and the atmospheric muons using the MUPAGE generator [17]. The application of a

cut on selected events of Λ > −5.2 keeps a large fraction of really upgoing events, retaining only 10% of

misreconstructed downgoing muons.

The latest search for point-like sources uses a period corresponding to a total livetime of 1338 days

[15]. After the selection cuts, the final data sample consists of 5516 events. The estimated median neutrino

angular resolution is 0.38◦ for a neutrino spectrum ∝ E−2. Different blind analysis have been performed,

both over the full sky, or in the direction of a-priori selected candidate source locations. For the latter, the

locations of known γ-ray emitters, in particular in the Galaxy, are well-suited to look for steady, point-like

sources.

Fig. 1b) summarizes the results of these searches. The ANTARES upper limits (at 90% C.L.) on a E−2

flux from 50 selected candidate sources are indicated with blue dots. The corresponding upper limits from

sources in the opposite hemisphere and seen by the IceCube [18] are also reported as red dots. The dashed

dark blue (red) line indicates the ANTARES (IceCube) sensitivity for a point-source and for neutrino ener-

gies lower than 100 TeV, which shows that the IceCube sensitivity for sources in the Southern hemisphere

is mostly due to events of higher energy.

A second analysis concerns a time-integrated full-sky search looking for an excess of events over the

atmospheric neutrino background in the declination band [−90◦;+48◦]. The search algorithm is based on

an unbinned maximum likelihood which includes the information on the point-spread function and on the
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expected background rate as a function of the declination and of the number of hits used in the track recon-

struction. Upper limits at the 90% C.L. on the muon neutrino flux from point sources located anywhere in

the visible ANTARES sky are given by small blue dots in Fig. 1b). Each value corresponds to the highest

upper-limit obtained in declination bands of 1◦.
Following the recent evidence of high energy neutrinos by IceCube [19], a point source close to the

Galactic Centre has been proposed to explain the accumulation of seven events in its neighborhood with a

flux normalization corresponding to 6×10−8 GeVcm−2 s−1 [20]. Due to the large uncertainty of the direction

estimates of these IceCube events, this hypothetical source might be located at a different point in the sky.

The ANTARES data set was analyzed with the full sky algorithm restricted to a region of 20◦ around the

proposed location near the Galactic centre. The trial factor related to this analysis is smaller than in the full

sky search because of the smaller size of the region, providing a better sensitivity. No significant cluster has

been found and the presence of a point source with a flux normalization of 6× 10−8 GeVcm−2 s−1 anywhere

in the region is excluded. Therefore, the excess found by IceCube in this region cannot be caused by a single

point source. Furthermore, a source width of 0.5◦ for declinations lower than −11◦ is also excluded [15].

For an E−2 spectrum, neutrinos with E > 2 PeV contribute only 7% to the event rate, hence these results are

hardly affected by a cutoff at energies on the order of PeV.

4. Searches for diffuse fluxes

To date, no cosmic high-energy neutrino sources have been identified. This motivates the complementary

approach of a search for a diffuse flux of astrophysical neutrinos. A cumulative flux is composed of the

integrated flux of all neutrino sources and could be detected even if the individual sources are too faints.

This applies in particular to extragalactic sources, as Active Galactic Nuclei, which are among the candidate

sources of ultra high-energy cosmic rays and could produce a detectable high energy neutrino signal.

In ANTARES, the measurement in the highest energy region of the atmospheric neutrino spectrum (see

Sect. 6.2) constraints the diffuse flux of cosmic neutrinos. The details of this analysis, updating the published

results [21], are reported in a dedicated contribution [22].

4.1. Neutrino from the direction of galactic Fermi Bubbles

Analysis of data collected by the Fermi-LAT [23] experiment has revealed two large circular structures

near the Galactic Centre, above and below the galactic plane, the so-called Fermi bubbles (FBs). A possi-

ble explanation of the observed γ-rays (which have an almost uniform E−2 spectrum, with a normalization

uncertainty of a factor of ∼2) is the acceleration process of cosmic rays [24]. In the interaction with the

interstellar medium they produce neutral and charged pions, whose decay yields γ-rays and neutrinos, re-

spectively. A dedicated search for an excess of neutrinos from the FB direction using 806 livedays has been

performed by comparing the rate of events observed in the region of the FBs (ON zone) to that observed in

equivalent areas of the Galaxy (OFF zones). No statistically significant excess of events above the chosen

energy cut was observed in the ON zone with respect to the average expected number from the OFF zones.

Corresponding upper limits on the neutrino flux from the FBs have therefore been derived for different as-

sumptions on the energy cutoff at the source, as shown in Fig. 2a). Some of these limits are relatively close

to the expected fluxes, suggesting that at least part of the phase space for hadronic models of γ-ray emission

in the FBs could be probed with the full ANTARES dataset, or after about one year of operation of the

next-generation KM3NeT neutrino telescope [26].

5. Multi-messenger neutrino searches

ANTARES has developed specific strategies to look for neutrinos with timing and/or directional cor-

relations with known (or potential) sources of other cosmic messengers. The restricted space-time search

window allows a sensible reduction of the background from atmospheric neutrinos, therefore enhancing the

sensitivity to faint signals.
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Fig. 2. a) Upper limits on the neutrino flux from the Fermi bubble regions. Four different neutrino spectra have been assumed: E−2

with no cutoff (black solid), 500 TeV (red dashed), 100 TeV (green dot-dashed), 50 TeV (blue dotted) together with the theoretical

predictions for the case of a purely hadronic model (the same colours, areas filled with dots, inclined lines, vertical lines and horizontal

lines respectively). The limits are drawn for the energy range where 90% of the signal is expected. From [25]. b) Sum of the 296

individual γ-ray burst muon neutrino spectra (red and blue solid lines) and limits set by ANTARES on the total flux (red and blue

dashed lines) assuming two different theoretical models [27]. The IceCube IC 40+IC 59 limit [30] on the neutrino emission from 300

GRBs is also shown in black.

This method has been used to put upper limits on the neutrino flux from known γ-ray transients, using

a set of 296 long GRBs [27]. The expected neutrino fluxes have been calculated for each burst individually

using a fully numerical neutrino emission model (NeuCosmA, [28]) which includes Monte Carlo simula-

tions of the full underlying photo-hadronic interaction processes in the GRB. No coincident neutrino event

is found within 10◦ of any of the GRBs in the sample, and 90% C.L. upper limits are placed on the total

expected flux according to the NeuCosmA model as well as to the commonly used model [29], as shown

in Fig. 2a). Although not competitive with the IceCube limits, the ANTARES results concern a different

sample of GRBs (only 10% of them being also in IceCube field of view), thus offering complementary sky

coverage and energy range.

Specific searches have been performed during periods of intense activity of some sources, as reported

by X-ray and/or γ-ray observatories. In particular, a search for neutrinos in coincidence with 10 flaring

blazars chosen on basis of high state periods of the light curve reported by Fermi-LAT was performed

using data from 2008. A similar analysis is ongoing on the 2008-2012 period using data from Fermi and

from the Cherenkov Telescopes HESS, MAGIC and VERITAS. A third search for neutrinos in coincidence

with X-ray or γ-ray outbursts of 6 microquasars was performed using 2007-2010 data [31]. No coincident

neutrino events were detected in all studies for flaring objects, and in some cases the inferred limits are

close to predictions which may be tested by ANTARES, in particular for the two microquasars GX339-4

and CygX-3.

Coincident searches of neutrinos and gravitational waves are yet another example of a multi-messenger

strategy that could help reveal hidden sources, so far undetected with conventional photon astronomy. A

dedicated paper on the searches for possible coincidences among ANTARES and the last-generation GW

interferometers VIRGO and LIGO using 2007 data was published [32]. Analysis is ongoing for a larger data

set.

Finally, the occurrence of a special event in a neutrino telescope (such as the near-simultaneous arrival

of two or more neutrinos from the same direction) could indicate that a highly energetic burst has occurred

and may be used as a trigger for optical, X-ray, and γ-ray follow-ups. Since 2009, ANTARES alerts (about

25/year) have been sent on a regular basis to a network of fast-response, wide-field robotic optical telescopes

(TAROT, ROTSE and ZADKO) and more recently also to the SWIFT/XRT telescope [33]. Due to the

repositioning time of the telescope, the first optical image can typically be obtained after a few seconds.
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Fig. 3. a) The atmospheric neutrino energy spectrum E3.5dΦν/dEν measured by ANTARES (black full squares) [37]. The full

line represents the Bartol group νμ flux. The red and blue dashed lines include two prompt neutrino production models. Data and

predictions are averaged over the zenith angle region θ > 90◦. The results of the AMANDA-II unfolding [38] averaged in the region

θ > 100◦ (red circles) and that of IceCube40 [39] zenith-averaged above 97◦ (blue triangles) are shown. b) 90% C.L. contour of the

neutrino oscillation parameters as derived from the fit of the ER/ cos θ distribution. Results from MINOS and Super-Kamiokande are

shown for comparison, as well as recent results from the IceCube [36].

Successive sets of images can then be recorded minutes, hours and/or days after the alert, in order to follow

the time profile of different transient sources (such as GRB afterglows or core-collapse supernovae) on

appropriate time scales. No optical counterpart has been observed so far in association with one of the

ANTARES neutrino alerts, and limits on the magnitude of a possible GRB afterglow are in preparation.

6. Particle physics studies

6.1. Neutrino oscillation

Atmospheric muons and atmospheric neutrinos are produced by cosmic ray interactions with atmo-

spheric nuclei and represent the irreducible background for cosmic neutrinos. Up to ∼ 100 TeV, muons and

neutrinos are produced mainly by decays of charged pions and kaons in the cascade and their spectra are

related by the kinematics of the π→ μν and K → μν decays, yielding an energy spectrum Φν ∝ E−3.7 (con-

ventional atmospheric neutrinos). Rarely, also charmed mesons are produced; their immediate decay yields

a harder neutrino energy spectrum (prompt neutrino flux), which should exceed that of the conventional

neutrinos above ∼ 100 TeV.

ANTARES can detect neutrino events with energy as low as few tens of GeV. In this energy range,

the νμ events suffer for the effect of oscillations [34, 35] when arriving from the nadir. Low energy events

have been used for neutrino oscillation studies, providing the first determination of oscillation parameters

by neutrino telescope using an overall livetime of 863 days. The region of allowed parameters is shown in

Fig. 3b), which includes also the more recent IceCube results.

6.2. Measurement of the atmospheric νμ spectrum

The measurement of the atmospheric νμ spectrum up to the highest accessible energies has been per-

formed using a data sample of 855 days live time. The cuts used to select a pure sample of atmospheric

neutrinos were optimized using a run-by-run Monte Carlo simulation which reproduces the detail of the

acquisition conditions of the detector.
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The measurement of νμ energy is challenging, because only the induced muon is observed, which loses

energy in a stochastic way, and the muon travel in the detector only for a limited fraction of its range. For this

reason, event-by-event energy reconstruction is not sufficient to derive the energy spectrum of the detected

atmospheric neutrinos. The methods used to reconstruct the muon energy are thus based on the amount of

detected light on the OMs. The muon estimated energy was determined for each event; the parent neutrino

distribution was derived with unfolding procedures, following the methods described in [37]. The obtained

unfolded neutrino energy spectrum, averaged over zenith angles θ > 90◦, is shown in Fig. 3a) as a function

of the energy in the range 100 GeV-200 TeV.

6.3. Dark Matter searches
ANTARES can exploit the very precise determination of the νμ candidate direction to indirect searches

of dark matter (DM) in the popularly advocated form of WIMPs (Weakly Interacting Massive Particles).

Such particles could get gravitationally trapped in massive bodies such as the Earth, the Sun or the Galactic

Center, where they can subsequently self-annihilate into different channels (as χχ → �� ; qq ; W+W− ;

Z0Z0 ; γγ; hh, where � represents a charged lepton, q a quark, W±, Z0 the gauge bosons, γ the photon and

h the Higgs scalar boson). If the WIMP is not the neutralino or another Majorana particle, neutrinos could

also be directly produced by χχ → ν f ν f annihilations. As only neutrinos escape from dense regions, the

subsequent decay of some final-state particles could originate a neutrino flux. An excess of neutrinos in

the 10 GeV - 1 TeV energy range and in the direction of one such body could therefore provide an indirect

signature of the existence of dark matter.

A search in the direction of the Sun has been performed using about 300 livedays [40]. Conventionally,

two reference channels are used: the hard channel assumes that all WIMPs annihilations produce a τ+τ−
(or W+W−) pair. The so-called soft channel assumes on the other hand 100% production of bb pairs. The

former assumption induces a harder neutrino energy spectrum. For each WIMP mass and annihilation

channel considered, the quality cuts were designed as to minimize the average 90% C.L. upper limit on

the WIMP-induced neutrino flux. No excess above the atmospheric background was found, yielding upper

limits on the spin-dependent and spin-independent WIMP-proton cross-section.

An improved analysis has been recently unblinded, using 1321 effective livedays. Improvements arise

at low energy from the addition of events reconstructed with only one line. Also the new analysis shows no

significant number of events in excess to the background. Indirect constrains are particularly competitive

with respect to direct experiment results for the spin-dependent WIMP-nucleus scattering. Fig. 4 shows

the 90% C.L. upper limits in terms of spin-dependent (SD) WIMP-proton cross-sections derived from the

analysis and compared to predictions of the MSSM-7 [41] model, a simplified version of the Minimal

SuperSymmetric Model containing a neutralino as lightest stable particle.

6.4. Searches for exotics
Magnetic monopoles (MM) are predicted by various gauge theories to have been produced in the early

universe. Theory does not provide definite predictions on the magnetic monopole abundance. However, by

requiring that MMs do not short-circuit the galactic magnetic field faster than the dynamo mechanism can

regenerate it, a flux upper limit can be obtained. This is the so-called Parker bound (ΦMM � 10−15 cm−2 s−1

sr−1), whose value sets the scale of the detector exposure for MMs search. The most stringent limit in the

widest interval of velocities arises from the MACRO experiment [43]. The signature for relativistic MMs

in a neutrino telescope is quite visible, as the intensity of the light they emit in the detector is O(104) times

greater than the Cherenkov light. The analysis of data up to 2008 yields one observed event, compatible

with the expected background. ANTARES limit on relativistic MMs [42], shown in Fig. 4b), is at present

the most restrictive.

7. Conclusions

The ANTARES neutrino telescope is the first and only deep sea neutrino telescope currently in opera-

tion. Since the connection of its first detection line in 2006, it has been continuously monitoring the dec-

lination band [−90◦;+48◦], which includes the galactic center, with unprecedented sensitivity. ANTARES
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Fig. 4. a) ANTARES 1321 days upper limits (90% C.L.) on the spin-dependent WIMP-proton cross-sections as a function of the

WIMP mass, for the three self-annihilation channels: bb (green), W+W− (blue) and τ+τ− (red). Expected values of a grid scan of

the MSSM-7 [41] are included (light grey shaded areas respectively). These limits improve those published in [40], that contains the

references to other experiments whose limits are drown in the figure. b) 90% C.L. upper limit on flux of relativistic upgoing magnetic

monopole. The reference Parker bound and that of other experiments is also shown [42].

demonstrated to accurately measure atmospheric νμ from energy regions around 20 GeV, where neutrino

oscillations reduce the number of upgoing events, up to ∼ 200 TeV. Besides atmospheric neutrino studies,

several searches for neutrinos of astrophysical origin have been performed. An extended multi-messenger

program complements and expands its astrophysics reach. Neutrino telescopes cover also different particle

physics topics, as indirect searches for dark matter, searches for exotic or fossile particles. ANTARES paves

the way to a multi-km3 neutrino telescope in the Northern Hemisphere, KM3NeT, to complement the Ice-

Cube detector deployed at the South Pole. More competitive results are expected in the future as ANTARES

will continue taking data and improving the results at least until the end of 2016, when it gets eventually

superseded by the next-generation detector in the Mediterranean Sea.
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