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The ANTARES neutrino telescope is operating in the Mediterranean sea in its full configuration since May 2008. While designed to observe up-going neutrinos, it also records many signals of down-going muons produced by the interaction of high energy cosmic rays in the atmosphere. The shadowing of cosmic rays by the Moon produces a deficit of muons coming from this direction at the ANTARES level. The observation of this deficit of events can be used to check the correct pointing of the detector with respect to a known object.

The strategies to observe this Moon shadow are discussed ant the current results are presented.

Introduction

The ANTARES neutrino telescope is operating in the Mediterranean Sea in full 12 lines configuration since May 2008 [1]. Thanks to the good optical properties of the water of the deep sea, the median angular resolution obtained with the current reconstruction algorithm is estimated to be 0.4 • for cosmic neutrinos with an E -2 flux [START_REF] Adrián-Martínez | Submitted to Astropart. Phys[END_REF]. The pointing performance of the detector relies on the knowledge of parameters, such as the relative delays of the optical sensors within each detector line as well as between the lines, the instantaneous shape of the detector lines which is influenced by the sea current or the absolute orientation of the detector. The values of these parameters have been calibrated before immersion of the detector lines and are regularly measured in situ during operation. The relative time delays are measured using a laser beacon and LED beacons, and also with physical quantities such as the 40 K decay or the atmospheric muon tracks [START_REF] Aguilar | [END_REF]. The alignment measurements are performed continuously with acoustic emitters and transceivers, tiltmetres and compasses [4]. The absolute orientation of the telescope is obtained by the triangulation of acoustic signals between anchors of the lines and the deployment vessel at the sea surface, positioned by GP-S [5]. The uncertainties on these values are small enough to ensure the optimal performances of the telescope, but it remains very important to verify the correct operation of the detector using a calibration source. While no such source exists, some possibilities remain: • The observation of a coincidence between an air shower at sea level with a surface array and the resulting muons at ANTARES level [6].

• The observation of the Moon shadow. This technique, first proposed in 1957 [8], relies on the absorption of cosmic rays by the Moon, as illustrated on figure 1. As the cosmic rays are the source of the down-going muons at the telescope level, this absorption induces a deficit of the number of observed muons in the Moon direction.

2 Data and Monte Carlo

Data set and reconstruction

The apparent Moon radius is on average R M oon = 0.259 • , which is smaller than the resolution of ANTARES, in particular for down-going atmospheric muons; thus the observation of the Moon shadow requires large statistics. For the work reported here, 884 days of data taken between 2007 and 2010 (including periods with 5, 10 and 12 lines configurations) have been analysed. These data have been processed using the standard track reconstruction algorithm of ANTARES. As this algorithm is optimised for up-going tracks of cosmic origin, an algorithm dedicated to the reconstruction of down-going atmospheric muons would improve the results presented in this paper. The event selection criteria used here are the same as presented in [7], i.e. an error estimate β < 1 • and a quality of reconstruction of the track λ > -5.5.

Monde Carlo

The point spread function (PSF) used to generate pseudo experiments and to compute our search strategy is obtained from Monte Carlo simulation (MC). Each data run is simulated as close as possible to the experimental condition (same detector condition, bioluminescence rate, etc.), generating both atmospheric muons and atmospheric neutrinos. An example of data/MC comparison is represented in figure 2.

The PSF is extracted from this MC using all the events reconstructed in a region of 10 • around the Moon position (figure 3). With the chosen selection criteria, the median angular resolution is 0.75 • . Concerning the shape of the event density in the Moon region, we assume the event probability density function (PDF) is uniform in the abscence of Moon1 , we call this hypothesis H 0 . The PSF in the Moon hypothesis (H 1 ) is obtained by computing the 2D convolution product of the PSF with the Moon shape:

P DF (x|H 0 ) ∝ 1 P DF (x|H 1 ) ∝ (1 -P SF ⊗ δ M oon )(x)
3 Search strategy Different search strategies have been studied, a simple on/off search, a χ 2 test of histograms [7] and the one presented here, a likelihood search. The results of these different approaches are compatible.

Likelihood method

For the likelihood search we build a test function based on the likelihood ratio using the expected distributions corresponding to the Moon hypothesis H 1 and no Moon hypothesis H 0 . The test function used is the logarithm of the likelihood ratio:

t = events i log P DF (r i |H 1 ) P DF (r i |H 0 )

Pseudo-experiments

In order to test the search method, to estimate its power and to compute the significance, pseudo-experiments are performed. After generating uniform event distributions in an area around the Moon position, a smearing is applied using the PSF, followed by a shadowing which is or is not applied for the events originating from the Moon direction.

The pseudo experiments presented here are generated with the same event statistics as available in the 2007-2010 data sample.

The distributions of the values of the test function obtained with the pseudo experiments are presented in figure 4. For a given value of the test function, its p-value (probability to obtain a value at least as important from a background fluctuation) is computed using the H 0 distribution (blue). The significance of this p-value can then equivalently be expressed in term of sigma.

The H 1 distribution (red) is used to estimate the power of the test. With the current event statistics, we could expect 2.1 +0.9 -0.8 σ. With 2, 5 and 10 times this statistics, we obtain respectively 2.8 ± 0.9, 4.2 ± 0.9 and 5.9 ± 0.9σ.

Preliminary results

The experimental event density in the Moon region is represented in figure 5 and the density as a function of the distance to the Moon position is shown on figure 6.

Vol. 4, 117 The value of the test function obtained experimentally for the Moon position is Q = 1.17, which has a p-value of 0.007. This corresponds to 2.7σ, which is within the expected range. This is however not significant enough to unambiguously reject the H 0 assumption. Scanning over directions around the Moon position (see figure 7), we find similar hot spots; which are compatible with statistical fluctuations.

Conclusion and outlook

A search for the observation of the Moon shadow with the ANTARES neutrino telescope has been performed on a dataset corresponding to 884 days of livetime. The resulting Moon shadow significance, 2.7σ, is within the expected range and compatible with other analysis [7]. At this point, this result is not strong enough to put interesting constrains on ANTARES pointing capabilities. The increase of statistics or the development of a track reconstruction algorithm optimized for down-going atmospheric muons should improve this results. ANTARES will also perform campaigns of measurement of atmospheric showers by mean of a surface array installed on a boat above the detector, allowing to compare the direction of muons in coincidence with ANTARES. This will provide an additional check of the ANTARES pointing performance.
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 1 Figure 1: Illustration of the Moon blocking the cosmic rays, thus producing a deficit of muons originating from this direction.
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 2 Figure 2: Top: Distribution of the reconstructed zenith of the events of the data set used in this analysis: data (black), Monte Carlo (red=yellow+blue). Bottom: Data/MC ratio.

Figure 3 :

 3 Figure 3: Black: Parametrization of the PSF of the events at less than 10 • from the Moon position. Blue: Constant PDF in the H 0 hypothesis. Red: PDF in the H 1 hypothesis.
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 4 Figure 4: Distributions of the likelihood test function values, for the H 0 hypothesis in blue and for H 1 in red.
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 5 Figure 5: Event density around the Moon location (0, 0).
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 6 Figure 6: Event density as a function of the distance to the Moon.

Vol. 4, 115

If we consider a 10 • radius region around the Moon direction, there is actually a counting rate modulation of ±20%, but this is a dipolar modulation which cancels out during the likelihood computation, so it is neglected for simplicity. Only second or higher order modulations could change the likelihood.Vol. 4, 116