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Searching for Point Sources of High Energy Cosmic Neutrinos with the ANTARES telescope

CLAUDIO BOGAZZI1 ON BEHALF OF THE ANTARES COLLABORATION
1FOM Instituut voor Subatomaire Fysica Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands
claudiob@nikhef.nl

Abstract: ANTARES is currently the largest neutrino detector on the Northern Hemisphere. It consists of a tri-
dimensional array of 885 photomultipliers arranged on 12 vertical lines, placed at a depth of 2475 meters in the Mediter-
ranean Sea near Toulon, France. The telescope, completed in 2008, detects the Cherenkov radiation of muons produced
by high energy neutrinos interacting in or around the detector. Muon tracks are then reconstructed using a likelihood-
based algorithm. One of the main goals of the experiment is the search for high-energy neutrinos from astrophysical
point-like sources. Due to its location, ANTARES is sensitive to up-going neutrinos from many potential galactic sources
in the TeV to PeV energy regime. New results from an unbinned method as well as the sensitivity of the detector are
presented.
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1 Introduction

One of the main questions in astroparticle physics is the ori-
gin of high energy Cosmic Rays (CRs). In the last decade
progress has been made related to energy spectrum and
composition [1]. However, the origin of CRs remains un-
known. Many acceleration sites have been suggested, such
as supernova remnants, microquasars and active galactic
nuclei [2]. The final signature of these cosmic accelera-
tors are gamma rays and high energy neutrinos produced
through hadronic interactions. The observation of a point-
like source of neutrinos would then offer a unique occasion
to study the mechanism of CRs acceleration.

1.1 The ANTARES detector

The ANTARES detector is located at a depth of 2475
m in the Mediterranean Sea, 42 km from Toulon in the
south of France (42◦48N, 6◦10E). It consists of a tri-
dimensional array of 885 optical sensors arranged on 12
vertical lines. Each line comprises up to 25 detection
storeys each equipped with 3 downward-looking 10-inch
photo-multipliers (PMTs), oriented 45◦ to the line axis.
The spacing between storeys is 14.5 m while the lines are
spaced by 60-70 m. A buoy at the top of the line keep them
to stay vertical.
The telescope operates by detecting Cherenkov light emit-
ted by charged particles that result from neutrino interac-
tions in or around the detector. The arrival time and ampli-
tude of the Cherenkov light on the PMTs are digitized into
’hits’ [3] and transmitted to shore.

2 Data Selection

The data analysed in this work were collected between Jan-
uary 31st 2007 and December 30th 2010. The total livetime
of the analysis is 813 days of which 183 days were with 5
lines, while for the remaining 630 days the detector con-
sisted of 9, 10 and 12 lines
The reconstruction of the muon track is achieved using the
time and position information of the hits. The algorithm is
based on a maximum likelihood method [4] where a multi-
stage fitting procedure is applied in order to maximise the
likelihood of the observed hit times as a function of the
muon direction and position. The quality of the recon-
struction is defined by the variable Λ, which is based on
the maximisation of the log-likelihood [4]. Figure 1 shows
the cumulative distribution of Λ for upward-going events
with the simulated contributions of atmospheric muons and
neutrinos. Atmospheric muons are simulated with the MU-
PAGE package [5]; neutrinos are instead generatedwith the
GENNEU [6] package and the Bartol model [7].
Neutrino candidates events are selected requiring an up-
ward going track, i.e. zenith angle < 90◦, and a value for
the lambda variable Λ > −5.2. The latter is obtained by
optimizing the background reduction and the signal effi-
ciency, in terms of the discovery potential. Another cut
is then applied in order to reject mis-reconstructed atmo-
spheric downward going muons using the information of
the uncertainty on the reconstructed muon track direction
obtained from the fit. This value is required to be ≤ 1◦.
The final sample consists of 3058 events; from the simula-
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Figure 1: Cumulative distribution of the reconstructed
quality variable Λ. The dashed line is for simulated at-
mospheric muons while the solid line corresponds to sim-
ulated atmospheric neutrinos. The bottom plot shows the
ratio between data and Monte Carlo.

tions 84% of them are estimated to be neutrinos, while the
rest are mis-reconstructed atmospheric muons.

3 Detector Performance

The angular resolution and the acceptance of the detector
have been obtained from simulation. The systematic uncer-
tainty on the angular resolution has been computed follow-
ing the procedure described in [9] by smearing the hit times
according to a Gaussian with a width of σt in order to artifi-
cially deteriorate the simulated timing accuracy. The study
leads to exclude an additional smearing of 3 ns which was
found to be incompatible with data at the 2σ level where σ
is the uncertainty on the fluxmodel [8]. The best agreement
between data and Monte Carlo is obtained for σt = 2±0.5
ns. This value is indeed used for the simulations presented
in this paper.

3.1 Angular resolution

Figure 2 shows the cumulative distribution of the angle be-
tween the reconstructed muon direction and the generated
neutrino direction for neutrino events where we assumed an
energy spectrum proportional to E−2

ν with Eν the neutrino
energy. The median of this angular error is 0.46 degrees.

3.2 Acceptance

The acceptance for signal neutrinos is also estimated using
simulations. In the search, we deal with fluxes of the form
of

dN

dE
= φ(

Eν

GeV
)−2GeV −1s−1cm−2, (1)

where φ is the flux normalisation. The acceptance, A, is
defined as the constant of proportionality between φ and
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Figure 2: Cumulative distribution of the angle between the
reconstructed muon direction and the true neutrino direc-
tion for simulated upward going neutrinos that pass the cuts
described in Section 2 assuming a E−2

ν neutrino spectrum.
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Figure 3: Acceptance, i.e. the constant of proportionality
between the normalisation factor for an E−2 flux and the
selected number of events.

the number of selected events. Figure 3 shows exactly this
proportionality: for a source at a declination of -90 (0) de-
grees, A = 8.8(4.8) × 107 GeV cm2 s. Systematic un-
certainties on the acceptance are constrained by the agree-
ment between the simulated atmospheric neutrino sample
and data. For the computation of the flux limits an uncer-
tainty of 15% is assumed.

4 Search method

The algorithm used on the analysis is based on the likeli-
hood of the observed events which is defined :

logLs+b =
∑

i

log[μsig ×F(βi(δs, αs))×N (N i,sig
hits )

+ Bi ×N (N i,bkg
hits )] + μtot,

where the sum is over the events, F is the point spread
function, i.e. the probability density of reconstructing an
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Figure 4: Probability for a 3σ (dashed and solid lines) and
5σ (dotted and dashed-dotted lines) discovery as a function
of the mean number of signal events for the case where
we use the number of hits information in the likelihood
(dashed and dotted lines) and for the case where we do not
use it (solid and dashed-dotted lines) for the full sky search.
In this case the signal was added at a declination of -70◦.

event i at a distance βi from the true source declination and
right ascension δs, αs; B is a parametrization of the back-
ground rate, obtained from the observed declination distri-
bution of the events; μsig is the mean number of detected
events that the source produces and μtot represents the total
number of expected events andN (N i

hits) is the probability
for an event i to be reconstructed withNhits number of hits
(this probability was not included in the analysis with 2007
and 2008 data [9]).
In order to compute the test statistic the free parameters of
the likelihood are maximized. We have now to distinguish
between the two different analysis presented in this paper:
in the candidate list search only the μsig are fitted while in
the full sky search we have in addition the source coordi-
nates (δs, αs) to fit. In both cases the results of the fit are
the maximum likelihood value Lmax

s+b and the estimates of
the free parameters. The test statistic is then defined as:

Q = Lmax
s+b − Lb (2)

where Lb is the likelihood computed for the background
only case. The higher Q the more the data are compatible
with signal.
Just using the number of hits information in the likelihood
let us to gain a 25% (22%) factor for the 3 (5) σ discovery
probability as shown in Figure 4 for the full sky search.

5 Results

As mentioned above two different analyses have been done.
The first one is a full sky survey with no assumptions about
the source position. In the second analysis, we made a
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Figure 5: Galactic skymap showing the 3058 data events.
The position of the most signal-like cluster is indicated by
the circle. The stars denote the position of the 51 candidate
sources.

search for a signal excess in an a priori defined spot in
the sky corresponding to the position of some interesting
astrophysical objects.

5.1 Full sky search

In the full sky search, no significant clusters of neutrino
candidates were found. The most signal-like cluster is lo-
cated at αs, δs = (−46.5◦,−65.0◦). The fit assigns 5
events above the background. The value of the test statistic
for this cluster is 13.0 which yields to a p-value of 2.6%.
Figure 5 shows a sky map of the selected events in galactic
coordinates with the location of the most signal like cluster.

5.2 Candidate list search

The results of the search in the direction of 51 pre-defined
candidate sources are shown in Table 1. None of the
sources have a significant excess of events. The most
signal-like candidate source is HESS J1023-575 where the
post-trial p-value is of 41%. Figure 6 shows the 90% con-
fidence level limits on φ using the Feldman-Cousins pre-
scription [10] and assuming an E−2 neutrino spectrum for
each of the source candidates as a function of the source
declination. The sensitivity of this analysis is also pre-
sented, defined as the median expected limit and resulting
in a factor 2.7 better than the one obtained with data col-
lected during 2007 and 2008 only [9]. Limits from other
experiments are also shown. However, it should be noted
that for this spectrum, ANTARES detects most events at
energies around 10 TeV while the limits in the Southern
Hemisphere published by the IceCube Collaboration [11]
apply to the PeV region.
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source αs(
◦) δs(

◦) p φ90%CL

HESS J1023-575 155.83 -57.76 0.41 6.6
3C 279 -165.95 -5.79 0.48 10.1
GX 339-4 -104.30 -48.79 0.72 5.8
Cir X-1 -129.83 -57.17 0.79 5.8
MGRO J1908+06 -73.01 6.27 0.82 10.1
ESO 139-G12 -95.59 -59.94 0.94 5.4
HESS J1356-645 -151.00 -64.50 0.98 5.1
PKS 0548-322 87.67 -32.27 0.99 7.1
HESS J1837-069 -80.59 -6.95 0.99 8.0
PKS 0454-234 74.27 -23.43 1.00 7.0
IceCube hotspot 75.45 -18.15 1.00 7.0
PKS 1454-354 -135.64 -35.67 1.00 5.0
RGB J0152+017 28.17 1.79 1.00 6.3
Geminga 98.31 17.01 1.00 7.3
PSR B1259-63 -164.30 -63.83 1.00 3.0
PKS 2005-489 -57.63 -48.82 1.00 2.8
HESS J1616-508 -116.03 -50.97 1.00 2.7
HESS J1503-582 -133.54 -58.74 1.00 2.8
HESS J1632-478 -111.96 -47.82 1.00 2.6
H 2356-309 -0.22 -30.63 1.00 3.9
MSH 15-52 -131.47 -59.16 1.00 2.6
Galactic Center -93.58 -29.01 1.00 3.8
HESS J1303-631 -164.23 -63.20 1.00 2.4
HESS J1834-087 -81.31 -8.76 1.00 4.3
PKS 1502+106 -133.90 10.52 1.00 5.2
SS 433 -72.04 4.98 1.00 4.6
HESS J1614-518 -116.42 -51.82 1.00 2.0
RX J1713.7-3946 -101.75 -39.75 1.00 2.7
3C454.3 -16.50 16.15 1.00 5.5
W28 -89.57 -23.34 1.00 3.4
HESS J0632+057 98.24 5.81 1.00 4.6
PKS 2155-304 -30.28 -30.22 1.00 2.7
HESS J1741-302 -94.75 -30.20 1.00 2.7
Centaurus A -158.64 -43.02 1.00 2.1
RX J0852.0-4622 133.00 -46.37 1.00 1.5
1ES 1101-232 165.91 -23.49 1.00 2.8
Vela X 128.75 -45.60 1.00 1.5
W51C -69.25 14.19 1.00 3.6
PKS 0426-380 67.17 -37.93 1.00 1.4
LS 5039 -83.44 -14.83 1.00 2.7
W44 -75.96 1.38 1.00 3.1
RCW 86 -139.32 -62.48 1.00 1.1
Crab 83.63 22.01 1.00 4.1
HESS J1507-622 -133.28 -62.34 1.00 1.1
1ES 0347-121 57.35 -11.99 1.00 1.9
VER J0648+152 102.20 15.27 1.00 2.8
PKS 0537-441 84.71 -44.08 1.00 1.3
HESS J1912+101 -71.79 10.15 1.00 2.5
PKS 0235+164 39.66 16.61 1.00 2.8
IC443 94.21 22.51 1.00 2.8
PKS 0727-11 112.58 - 11.70 1.00 1.9

Table 1: Results of the candidate source search. The source
coordinates and the p-values (p) are shown as well as the
limits on the flux intensity φ90%CL; the latter has units
10−8GeV−1cm−2s−1.
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Figure 6: Limits set on the normalisationφ of anE−2
ν spec-

trum of high energy neutrinos from selected candidates (see
Table 1). Also shown is the sensitivity, which is defined as
the median expected limit. In addition to the present result,
several previously published limits on sources in both the
Southern and Northern sky are also shown.

6 Conclusions

A search of high energy cosmic neutrinos has been per-
formed. Data were taken during the first four years of
operation when ANTARES consists of 5 line for most of
the first year considered and 9, 10 and 12 for the rest. A
measurement of the angular resolution using MonteCarlo
data yields to 0.46 degrees. Neither the full sky search nor
the candidate list search show a significant excess of events
therefore limits have been obtained on the neutrino flux.
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