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The ANTARES underwater neutrino telescope, located in the Mediterranean Sea at a depth of 2475 m, 40km off the Provencal coast, is composed by an array of 885 photomultipliers distributed on 12 vertical lines. The detector is fully operational since May 2008. Besides the detection of neutrino-induced muons, the telescope is more generally sensitive to particles which emit Cherenkov light, and, thanks to its large volume, offers new opportunities to improve the sensitivity to exotic particles, such as magnetic monopoles. Magnetic monopoles are stable magnetically charged particles first introduced in quantum mechanics by Dirac in 1931, which showed that their existence would give an explanation to the quantization of the electric charge. They would have been produced in the Early Universe, and would bring a first proof to the existence of grand unified models. The paper introduces magnetic monopoles and their signal caracteristics in a neutrino telescope, and then describes the analysis which uses a dedicated algorithm able to reconstruct the velocity of the incoming particles. A new upper limit on the upward going magnetic monopole flux, extracted from ANTARES data taken in 2008, is presented. It is, at present, the best worldwide constraint in the velocity range β = [0.625, 1], and provides, for the first time with a neutrino telescope, a constraint for monopole velocities below the Cherenkov threshold.

Introduction

Magnetic monopoles are hypothetical magnetically charged particles first introduced by Dirac in 1931. He demonstrated that the existence of magnetic monopoles naturally leads to the quantization of the electric charge [1]. In 1974, 't Hooft and Polyakov discovered independently that, in certain spontaneously broken gauge theories, magnetic monopoles are not only a possibility, but a requirement [2,3]. However, despite intensive search efforts, no magnetically charged particles were detected up to now, and stringent experimental flux limits beyond the original Parker bound of flux F P ∼ 10 -15 cm -2 s -1 sr -1 [4] were provided. The development of huge detectors for performing neutrino astronomy gives rise to new expectations for the search for magnetic monopoles, and ANTARES offers new interesting opportunities in this field. In this paper a search for upward going relativistic magnetic monopoles for one year of data taking in 2008 with the ANTARES detector [5] is presented. Section 2 will first introduce magnetic monopoles and their signature in the ANTARES neutrino telescope will be briefly presented. Then the simulation and reconstruction algorithm will be detailled in section 3, and finally the analysis method will be explained in section 4, and the final results will be given in section 5 2 Magnetic monopoles and their signal in the ANTARES neutrino telescope

Magnetic monopoles

Most of the Grand Unified Theories (GUTs) predicts the creation of magnetic monopoles in the early Universe. Indeed, in 1974, 't Hooft and Polyakov showed independently that elements caracterising well a magnetic charge, as introduced by Dirac in 1931 [1], occur as solitons in Gran Unified Theories (GUT) in which a larger gauge group breaks down into a semi-simple subgroup containing the explicit U(1) group of electromagnetism [2,3]. These particles are topologically stable and carry a magnetic charge defined as a multiple integer of the Dirac charge

g D = c 2e
, where e is the elementary electric charge, c the speed of light in vacuum and Planck's constant. Depending on the specific model, the masses inferred for magnetic monopoles range over many orders of magnitude, from 10 4 to 10 20 GeV [6]. Since fast monopoles have a large interaction with matter, they can loose large amounts of energy in the terrestrial environment. The total energy loss of a relativistic monopole with one Dirac charge is of the order of 10 11 GeV after having crossed the full diameter of the Earth [7]. Because magnetic monopoles are expected to be accelerated in galactic coherent magnetic field domains to energies of about 10 15 GeV [8], calculations suggest that monopoles with mass below ∼ 10 14 GeV would be able to cross the Earth and reach the ANTARES detector as upward going signals.

Signal in the ANTARES neutrino telescope

The ANTARES detector is an underwater neutrino telescope immersed in the Western Mediterranean Sea at a depth of 2475 m [9]. In its full configuration the detector consists in 12 mooring lines, each comprising 25 storeys separated by 14.5 m. A storey consists of 3 glass spheres housing a photomultiplier. Finally each line is connected to a Junction Box, which is connected to the shore station at La Seyne-sur-Mer by an electro-optical cable of 40 km length. As for electric charged particles, magnetic monopoles crossing ANTARES with a velocity higher than the speed of light in the sea water of β ∼ 0.74, are expected to emit Cherenkov light. The expected light is however much more intense, with about 8550 times more Cherenkov photons than muons of the same velocity [10]. In addition to the direct photon emission above the Cherenkov threshold, magnetic monopoles can produce indirect light below. Indeed, by ionizing the sea water along its path, a monopole with a velocity β > 0.51 will knock out electrons (δ-rays), which will get enough energy for emitting Cherenkov light [11]. Fig. 1 indicates the amount of light produced during the crossing of a monopole of charge g D as a function of its velocity, compared to the emission of a through going muon. 3 Simulation and reconstruction

Simulation

Upward going magnetic monopoles with one unit of Dirac charge (g = g D ) have been simulated using a Monte Carlo program based on GEANT3 [12] for ten ranges of velocities in the region β = [0.550, 0.995] and with the incom-ing direction distributed isotropically over the lower hemisphere. The simulation of emitted photons is processed inside a cylindrical volume surrounding the instrumented volume. A radius of 480 m, four times larger than that used for the standard ANTARES muon simulation, is chosen in order to take into account the large amount of light emitted by a magnetic monopole. When searching for upward going magnetic monopoles, the main physical backgrounds are upward going atmospheric neutrino-induced muons and downward going atmospheric muons. For simulating atmospheric muons, the CORSIKA program [START_REF] Heck | Technical report FZKA 6019[END_REF] in combination with the QGSJET [START_REF] Kalmykov | [END_REF] code was used, employing the Horandel model for the cosmic ray spectrum, whereas atmospheric neutrinos were simulated according to the Bartol flux [16,17] and the RQPM model [18]. In order to match the real detector conditions, the simulations have been performed using the dead channel information and the optical background rates extracted from the data.

Reconstruction algorithms

Before the reconstruction step, the different trigger algorithms are applied to data before events are stored [19]. These conditions lead to less than 15 % inefficiency for monopoles with a velocity greater than β = 0.58 that produced at least six hits in the detector. The standard track reconstruction assumes that particles travel at the speed of light. In order to improve the sensitivity for magnetic monopoles travelling with lower velocities, the velocity was introduced as a free parameter in the track fit. The modified algorithm performs two independent fits, a track fit and a bright point fit. The former reconstructs the track of a particle crossing the detector at a velocity β, introduced as a free parameter, while the latter reconstructs the event as a point-like light source. Both fits minimize the same quantity χ 2 defined as :

χ 2 = N i=1 (t γ -t i ) 2 σ 2 i + A i (1) 
The first term on the right hand side is the sum for N hits of the square of the time residual, where t γ is the expected arrival time of a hit, t i the measured time and σ i the time uncertainty for each hit. The second term A i corresponds to the contribution of hit charge weighted by its minimal approach distance. It brings a penalty to hits with large amplitude combined with a large minimal approach distance. This algorithm yields a resolution δβ on the reconstructed velocity of magnetic monopoles of about δβ 0.025 for velocities lower than the Cherenkov threshold, β C = 0.74, improving to δβ 0.003 for higher velocities.

The analysis has been performed for data taken from December 2007 to December 2008. Quality requirements are applied to the data to ensure low levels of bioluminescent activity and a well calibrated detector. After this selection the data is equivalent to a total of 136 days of live time : 44 days with 12 lines, 46 days with 10 lines and 47 days with 9 lines. For checking the agreement between simulated atmopheric events and real data, 15 % of the whole dataset, corresponding to 20 days of data taking, was taken and used at each step of the analysis. To avoid any bias, the sample of 15 % of data has at the end been removed, and so has not been considered in the final result. Despite the good agreement of shape between data and MonteCarlo atmospheric distributions observed, a normalisation factor of 1.8 is needed to be applied on simulated atmopheric muons, which is consistent with the expected uncertainties on the optical module angular acceptance for downgoing particles and on the input parameters of the model-dependent atmospheric muon flux.

Preliminary cuts

Only magnetic monopoles crossing the Earth are considered in the analysis, and a natural precut is then to only keep particules reconstructed as upward going, i.e. with a reconstructed zenith angle less than 90 • . This cut is motivated by the large amount of background of downward going events coming from atmospheric muons. Moreover a second preliminary cut consists in choosing only particles for which the track was reconstructed by using at least 2 lines, to improve the reconstruction quality. Finally, the last preliminary cut consists in removing events for which the quality factor of the fit is better with the bright point hypothesis than with the track one. Electromagnetic and hadronic showers dominate such events, and a large fraction of poorly reconstructed atmospheric muons are then removed.

Discriminating variables

The event selection for optimising the Model Discovery Factor was performed by using two discriminating variables. As shown fig. 1, the first discriminant between atmospheric events and magnetic monopoles is the number of hits nhit produced in the detector. Fig. 2 represents distributions of the number of hits used by the reconstruction algorithm for events reconstructed in the velocity range β rec = [0.775, 0.825]. A good agreement is observed between simulated atmospheric events and the 15 % data sample, whereas the distribution for magnetic monopoles simulated in the same velocity bin confirms the potential of discrimination for the nhit variable. However, for the lowest monopole velocities below the Cherenkov threshold, using only the number of hits is not sufficient for discrimating monopoles from atmospheric background events, and a new variable has thus been defined by applying two reconstruction algorithms. The first one is the initial muon fit algorithm in which the velocity β is fixed at 1, whereas the second modified algorithm allows β as a free parameter in the procedure. The discriminating parameter λ is then defined as :

λ = log χ 2 t (β = 1) χ 2 t (β free ) (2) 
where χ 2 t (β = 1) and χ 2 t (β free ) are the track quality parameters for a fixed and free velocity β respectively. This new variable is then expected to be positive for monopoles and negative for atmospheric muon and neutrino events. In fig. 3 are shown the λ distributions of events reconstructed in the velocity range β = [0.775, 0.825], for atmospheric simulated muons and neutrinos, and for the 15% data sample, as well as for magnetic monopoles simulated in the same range of velocity. Finally, the optimisation of the model discovery factor for a 5σ discovery at 90% probability was performed for 8 bins
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Results

The [nhit, λ] cuts for every velocity bins, defined previously were then applied to the 85 % data sample. The number of atmospheric background events expected after 116 days of data taking is indicated in Table 1 for each bin of reconstructed velocity, as well as the number of observed events when the selection cuts are applied to the 85 % data sample. No significant deviations from the background-only hypothesis are observed by comparing the number of expected events and the number of observed events. All the observed events are therefore considered as background, with no claim for a monopole discovery. The Feldman-Cousins 90 % C.L. upper limit on the upward going magnetic monopole flux is reported in Table 1. The Feldman-Cousins 90 % C.L. flux limit is also reported.

In the flux upper limit calculation, systematic uncertainties were considered. They mainly depend on uncertainties on the detector efficiency. The major contributions to the uncertainties are the OM angular acceptance which contributes to 15 % and the uncertainty in the light absorption length in water which gives an uncertainty of 10 % [21]. To estimate the effect of the loss of detection efficiency, 18 % of hits per event were removed randomly in Monte Carlo monopole simulation. This leads to a deterioration of the upper limit of 3 % above the Cherenkov threshold and between 30 % and 7 % ffor velocities below. The flux upper limit for upward going magnetic monopoles is shown in Fig. 4 as a function of the monopole velocity, and is compared to previous limits.

Conclusion

The analysis performed on 116 days of data taking in 2008 by the ANTARES detector, for the search for magnetic monopoles yields to new constraints on the upward going magnetic monopole flux. This new upper limit improves by a factor of about 3 the AMANDA's one over the range 0.75 ≤ β ≤ 0.995 (γ = 10), whereas for the first time for a neutrino telescope, an analysis is sensitive and improves the flux upper limit below the Cherenkov threshold. going magnetic monopole with g = gD for relativistic velocities 0.625 ≤ β ≤ 0.995 is compared to the published upper limits set by MACRO [22] for an isotropic flux, and Baikal [23] and A-MANDA [24] for up-going monopoles, as well as the theoretical Parker bound [4].

Figure 1 :

 1 Figure 1: Number of Cherenkov photons in the 300 -600 nm wavelength range per centimeter emitted by a monopole with g = gD (solid line), by the δ-rays produced along its path (dashed line) and by a muon (dotted line), as a function of the particle velocity.

Figure 2 :

 2 Figure 2: Distributions of nhit for events reconstructed with βrec = [0.775, 0.825]. Atmospheric down-going muons and upgoing neutrinos (solid histograms) are compared to the 15 % data sample (points). The dashed line stands for magnetic monopoles generated in the same velocity bin.

Figure 3 :

 3 Figure 3: Distributions of λ for events reconstructed with βrec = [0.775, 0.825]. Atmospheric down-going muons and up-going neutrinos (solid histograms) are compared to the 15 % data sample (points). The dashed line stands for magnetic monopoles generated in the same velocity bin.

Figure 4 :

 4 Figure 4: The ANTARES flux upper limit (90 % C.L.) on up-

Table 1 :

 1 Number of background events expected after 116 days, compared to the number of observed events from the 85 % of data.

	βrec range [0.625, 0.675] [0.675, 0.725] [0.725, 0.775] [0.775, 0.825] [0.825, 0.875] [0.875, 0.925] [0.925, 0.975] [0.975, 1.025]	Number of exp. background events 2.2 × 10 -2 1.3 × 10 -1 4.5 × 10 -2 1.1 × 10 -6 8.2 × 10 -7 6.9 × 10 -7 2.3 × 10 -5 1.3 × 10 -2	Number of observed events 0 1 0 0 0 0 0 0	90% C.L. flux u. l. (cm -2 s -1 sr -1 ) 7.5 × 10 -17 8.9 × 10 -17 4.0 × 10 -17 2.4 × 10 -17 1.8 × 10 -17 1.7 × 10 -17 1.6 × 10 -17 1.3 × 10 -17
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