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Abstract: Multiple searches for neutrinos in correlation with gamma-ray bursts (GRBs) using data from the ANTARES
neutrino telescope have been performed. One search uses data taken during 2007, at which time the telescope consisted
of 5 detector lines, to measure the number of neutrino-induced muons in correlation with 37 GRBs that occurred during
the data-taking period. While no correlations are observed, upper limits have been placed on the flux of neutrinos for
different GRB models. A second search uses an alternative method to identify the shower at the neutrino-interaction
vertex. This search is particularly sensitive to electron-neutrinos, but is able to observe neutrinos of any flavor. The
sensitivity of this method to measure correlations between neutrinos and prompt photons emitted by GRBs is presented
for a typical neutrino flux model.
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1 Introduction

First discovered in the 1960’s, a gammy-ray burst (GRB) is
observed as an extremely luminous flash of photons from
a seemingly random point in the sky. The energy spec-
trum of these photons can be parametrized by a broken
power law of the form dN/dE∝Eα, where α ≈ −1 below
the break energy (typically around an MeV) and α ≈ −2
above it [1]. The large energy output of a typical GRB,
around 1052 erg, combined with the GRB occurrence rate,
about one per galaxy per million years, makes gamma-ray
bursts a candidate source of high energy cosmic rays [2]. If
GRBs are indeed accelerating hadrons, then these hadrons
can be expected to suffer inelastic collisions with particles
found in the acceleration regions, typically shock waves in
relativistic jets [3, 4, 5]. Such hadronic interactions would
ultimately yield mesons that decay to produce high-energy
neutrinos.
The ANTARES telescope seeks to observe such cosmic
neutrinos. For this purpose, the sea water of the Mediter-
ranean Sea is used both as a target and Čerenkov medium.
Neutrinos interacting with a nucleus in or around the in-
strumented volume will produce a hadronic shower at the
collision vertex and will also produce an energetic lepton
in the case of a charged-current interaction. These rela-
tivistic charged particles will produce Čerenkov radiation
which can then be measured by photo-sensitive detection
units in the ANTARES telescope. Neutrinos with an en-
ergy of around 10 TeV or higher will yield leptons travel-
ing along the same trajectory as the neutrino. The source
of such a neutrino can then be identified through its corre-
lation with the neutrino’s arrival time and/or direction.

To measure the light produced by charged particles gen-
erated in neutrino interactions, the ANTARES telescope
consists of 12 detector lines that hold photo-sensitive units.
Each line is anchored to the sea floor at a depth of 2475 m
and supports 25 triplets of photo-multiplier tubes (PMTs)
spaced evenly along the line in 14.5 m intervals. Fur-
ther details of the detector configuration can be found in
Ref. [6]. The detector lines are not rigid and are therefore
affected by sea currents. The position and orientation of
each PMT is determined by multiple positioning systems,
described in reference [7].
While the sea water around the telescope is extremely dark,
ANTARES can and does detect photons that are not due
to neutrino interactions. The main sources of such back-
ground signals are (a) down-going muons produced by the
interactions of cosmic rays with the Earth’s atmosphere,
(b) the decay of the radioactive isotope 40K present in the
sea water and (c) light emitted by living organisms in the
water. The latter two sources produce random signals in
each photo-detection unit at a rate which varies with the
sea current and is around 60-150 kHz per PMT. This back-
ground is reduced through the application of triggering al-
gorithms that select potential neutrino events [8]. The so-
called atmospheric muons form a background which is re-
duced after the trigger as part of a neutrino analysis pro-
cedure, as described in the following sections. With the
search for transient sources such as gamma-ray bursts, the
vast majority of the atmospheric-muon background can
be reduced simply by demanding that a potential neutrino
event correlates in time to the a priori known time of the
source flare.
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Figure 1: The angular resolution for muon tracks passing
the selection described in the text, as a function of the neu-
trino energy.

2 Muon Track Search

Data taken by the ANTARES telescope during 2007 has
been analyzed to search for neutrino-induced muons arriv-
ing in correlation with prompt photons from gamma-ray
bursts. The prompt photon signals were detected by ex-
ternal satellite experiments, and were mainly long-duration
GRBs detected by Swift [9, 10]. During this data-taking
period, the ANTARES telescope was still under construc-
tion and consisted of only 5 detector lines. Muon can-
didates are extracted from raw data using a trigger algo-
rithm that searches for a collection of causally-connected
hits consistent with photons emitted by a muon traversing
the detector [8]. The average trigger rate during the data-
taking period was 1 Hz.
The muon trajectory is determined by a reconstruction
package that uses probability density functions (PDFs) de-
scribing the expected photon arrival times, of both signal
and background photons, to find the local muon position
and direction that maximizes the likelihood that the ob-
served hit times correspond to the expected times [11, 12].
Potential neutrino- induced muons are required to have
an up-going trajectory (to reject muons from atmospheric
cosmic-ray showers) and to have a good fit quality. The
fit quality is estimated using two parameters, one based on
the (log of the) value of the likelihood function, Λ, and one
based on the angular precision calculated by the fit proce-
dure, σf .
The distribution of these parameters observed in the data is
well reproduced by simulations of the background due to
atmospheric muons and neutrinos. While signal neutrinos
have been simulated for several different spectra, a single
set of cuts on the quality parameters is found to provide
a good separation of signal from background events. The
angular resolution for simulated muons passing these cuts
is shown in Fig. 1.

The good angular resolution for muon tracks allows the di-
rection, in addition to the time, of neutrino candidate events
to be used in the search for correlations with gamma-ray
bursts. The candidate tracks are required to point back to
the GRB position to within 2◦, and to occur during the ar-
rival of prompt photons, i.e. during the T90 observed by
the satellite. With these criteria, the expected background
rate is found to be about 1.0 × 10−7 Hz. Of the remain-
ing background events, 90% are due to (misreconstructed)
atmospheric muons from showers above the detector and
10% to atmospheric neutrinos producing up-going muons.
This search for muons produced by neutrinos in correla-
tion with gamma-ray bursts has been applied to the data
taken during the flares of 37 GRBs that occurred during
2007. No neutrino candidate events are observed in cor-
relation with the GRBs. The limits placed on the total
νμ + ν̄μ flux of these bursts at the 90% confidence level,
using the Feldman-Cousins recipe [13], for three different
GRB models are presented in Fig. 2. In addition to a gen-
eral E−2 spectrum, two GRB neutrino spectra have been
explored, both based on the fireball model. The Waxman-
Bahcall model is that described in Ref. [14], and all GRBs
are assumed to follow the same spectrum. The model of
Guetta et al. is described in Ref. [15]. For this model, the
neutrino spectrum of each GRB has been calculated sepa-
rately using the (satellite) measured GRB parameters.
The reliability of the simulations used in this analysis has
been studied in depth. The uncertainty with the largest im-
pact arises from the efficiency and angular acceptance used
for PMTs in the simulations. Reducing the efficiency of the
tubes by 15% results in a 12% reduction of the acceptance
of the telescope to E−2 muon-neutrinos, without affecting
its angular resolution. A degradation of the PMT timing of
only a few nanoseconds in the simulations is found to be
incompatible with muon data. Such studies allow a con-
servative estimate of 15% to be placed on the uncertainty
of the angular resolution of the telescope. Uncertainties
on PMT timing can also reduce the acceptance of the tele-
scope. The aggregate effect of the PMT timing and effi-
ciency results in an uncertainty of 15% on the relative ac-
ceptance of ANTARES to cosmic muon-neutrinos.

3 Collision Vertex Shower Search

An additional search method has been developed to search
for neutrinos of any flavor in correlation with gamma-ray
bursts. This is done by locating the shower(s) produced
at the vertex of the collision between the neutrino and a
nucleus in or around the detector. Such a deep inelastic
scattering will produce a hadronic shower irrespective of
the neutrino flavor. In the case of electron neutrinos un-
dergoing a charged current interaction, an electromagnetic
shower is also produced at the vertex by the resulting elec-
tron or positron. Such showers occurring during the prompt
photon emission of a GRB are then sought. This analysis
is the first to seek to measure neutrinos of multiple flavors
in the ANTARES data.
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Figure 2: The upper limits on the total νμ + ν̄μ flux of
37 GRBs, obtained by the muon track search, are shown
by the solid lines for different flux models. Two of the
flux models are shown by the dashed lines. The expected
Waxman-Bahcall flux [14] is shown in black and the ex-
pected Guetta et al. flux [15] is shown in gray. The limits
have been placed using data taken during 2007, when the
telescope consisted of 5 detector lines.

As the extent of the vertex shower is small compared to
the spacing between detection units in the telescope, pho-
tons radiated by charged particles in the shower appear to
originate from the same point in space and time. A simple
procedure to reconstruct the position and time of the ver-
tex shower has been developed. This reconstruction is ap-
plied to candidate neutrino events that have passed at least
one trigger criteria. In addition to the trigger algorithm de-
scribed in Sect. 2, a second trigger condition in which clus-
ters of time-correlated hits in neighboring PMT triplets are
sought has been applied. This second trigger algorithm was
implemented during the 2008 data taking period.
The shower vertex position and time is then determined by
minimizing the difference between the expected photon ar-
rival times and the measured hit times. The arrival time
of photons is assumed to depend only on the distance trav-
eled from the shower vertex. The resolution of this recon-
struction procedure has been studied using special calibra-
tion data taken by ANTARES in which LED beacons were
used to obtain a burst of photons originating from a single
point. The spacial resolution of the shower reconstruction
is found to be around 1 m, as shown in Fig. 3, and the tim-
ing resolution around 2.4 ns.
A sample of reconstructed showers from triggered events
will contain many electromagnetic showers produced by
the stochastic energy loss of atmospheric muons travers-
ing the telescope. Neutrino-induced showers are extracted
from this background by placing cuts on quality parame-
ters. The most discriminating variable is found to be the
number of direct hits, NDirHits: the number of selected
hits having a time residual better than 15 ns. In addition,
requiring the number of detector lines used in the fit to be
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Figure 3: The spacial resolution of the shower reconstruc-
tion algorithm, determined using special calibration data in
which LED beacons were flashed.

greater than two is found to further reduce the atmospheric
muon background. The cut on NDirHits has been deter-
mined by finding the value that minimizes the flux of a
GRB required to discover a source with T90 =100 s at the
5σ level in 50% of test cases. The GRB flux used during
cut optimization is assumed to follow the Waxman-Bahcall
flux [14].
While a rare occurrence, a sparking PMT could produce a
signal with a similar profile to that of a neutrino-induced
shower. To eliminate such events, showers are rejected if
they are reconstructed too close to any PMT. This cut ef-
fectively reduces the fiducial volume of the telescope by
about 2%, but since the detector is capable of measuring
high-energy neutrino-induced showers from far outside the
instrumented volume, the ultimate effect on the sensitivity
is much less.
The expected rate of background events passing the full set
of quality cuts has been estimated from data taken during
2007-2008 in which no GRB was observed by a satellite ex-
periment. During this time, the ANTARES telescope was
under construction and data was taken while the telescope
consisted of 5, 9, 10 and 12 detector lines. The average rate
of surviving background events over the 2007 (5 line) and
2008 (9-12 lines) periods are found to be 4.4 × 10−5 Hz
and 6.8× 10−5 Hz, respectively. Note that the background
is much larger than that obtained by the muon track search
method described in Sect. 2, due to the lack of directional
information. With the simple shower reconstruction, the
field of view of the telescope cannot be restricted to the
region of sky around the GRB.
The (Neyman) sensitivity of the vertex shower search
method to observe the total flux of neutrinos and anti-
neutrinos of all three flavors from GRBs [14] has been cal-
culated. The sensitivity obtained for the 2007 and 2008
data taking periods, averaged over the viewable sky, is
shown in Fig. 4. For the 2007 period, the detector con-
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Figure 4: The sensitivity of the shower vertex search
method applied to the average ANTARES detector as it
was during the 2007 and 2008 data taking periods to the
total neutrino and anti-neutrino flux of GRBs. The neu-
trino spectra are assumed to follow the Waxman-Bahcall
spectrum [14].

sisted of 5 lines and the sensitivity is shown for the same
37 GRBs studied in Sect. 2. For the 2008 period, the sen-
sitivity is shown for 65 GRBs and averaged over the 9, 10
and 12 line detector configurations.
The impact of systematic uncertainties in the detector sim-
ulations are under study. A significant effect comes from
the possibility that the efficiency of each PMT is not accu-
rately reproduced in the simulations. This is being studied
by reducing the efficiency with which signal photons are
converted to hits. Other simulation properties have also
been studied by varying the Čerenkov light propagation,
altering the high energy shower generation and using dif-
ferent models of the neutrino-nucleus cross sections. These
effects lead to a reduction of the sensitivity of the shower
analysis that is currently estimated to be 10-20%.

4 Summary

Two methods have been developed that can be used to
search for a detectable flux of neutrinos emitted by gamma-
ray bursts. Both methods attempt to measure neutrinos ar-
riving at the Earth in conjunction with the prompt photons
emitted by GRBs (as observed by external satellite experi-
ments). For both methods, muons and neutrinos generated
by the interaction of cosmic-rays with the Earth’s atmo-
sphere form a substantial background that must be reduced.
The first method reduces this background by measuring the
trajectory of the muon produced by muon-neutrino interac-
tions. The muon is demanded to be well reconstructed and
to come from within 2◦ of the GRB. It has been applied to

data taken by the ANTARES telescope during 2007, when
the experiment consisted of 5 detector lines. No neutrino
events are observed in correlation with 37 selected GRBs
of 2007. Limits on the maximum flux that would have only
a 10% chance to produce no events in the telescope have
been calculated.
The second method seeks to measure the shower generated
at the neutrino collision vertex and is the first analysis of
ANTARES to be sensitive to neutrinos of any flavor. Show-
ers produced by the stochastic energy loss of atmospheric
muons are rejected by studying the topology of the shower
event. Due to the lack of directional information available
from the shower reconstruction, the background rate of this
method is higher than that of the muon analysis. The sen-
sitivity of the ANTARES telescope as it was during 2007-
2008 to showers from a flux of neutrinos from GRBs has
been determined.
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