arXiv:1110.2656v2 [astro-ph.HE] 29 Aug 2012

Search for Relativistic Magnetic Monopoles with the ANTARES Neutrino Telescope

S. Adrián-Martínez^a, J.A. Aguilar^b, I. Al Samarai^c, A. Albert^d, M. André^e, M. Anghinolfi^f, G. Anton^g, S. Anvar^h, M. Ardid^a, A.C. Assis Jesus^i, T. Astraatmadja^{i,1}, J-J. Aubert^c, B. Baret^j, S. Basa^k, V. Bertin^c, S. Biagi^{l,m}, C. Bigongiari^b, C. Bogazzi^i, M. Bou-Cabo^a, B. Bouhou^j, M.C. Bouwhuis^i, J. Brunner^{c,2}, J. Busto^c, F. Camarena^a, A. Capone^{o,p}, C. Cârloganu^q, G. Carminati^{l,m,3}, J. Carr^c, S. Cecchini^l, Z. Charif^c, Ph. Charvis^r, T. Chiarusi^l, M. Circella^s, H. Costantini^{f,c}, P. Coyle^c, C. Curtil^c, M.P. Decowski^i, I. Dekeyser^t, A. Deschamps^r, C. Distefano^u, C. Donzaud^{j,v}, D. Dornic^b, Q. Dorosti^w, D. Drouhin^d, T. Eberl^g, U. Emanuele^b, A. Enzenhöfer^g, J-P. Ernenwein^c, S. Escoffier^{c,∗}, P. Fermani^{o,p}, M. Ferri^a, V. Flaminio^{n,x}, F. Folger^g, U. Fritsch^g, J-L. Fuda^t, S. Galatà^c, P. Gay^q, G. Giacomelli^{l,m}, V. Giordano^u, J.P. Gómez-González^b, K. Graf^g, G. Guillard^q, G. Halladjian^c, G. Hallewell^c, H. van Haren^y, J. Hartman^i, A.J. Heijboer^i, Y. Hello^r, J.J. Hernández-Rey^b, B. Herold^g, J. Hößl^g, C.C.Hsu^i, M. de Jong^{i,1}, M. Kadler^z, O. Kalekin^g, A. Kappes^g, U. Katz^g, O. Kavatsyuk^w, P. Kooijman^{i,aa,ab}, C. Kopper^{i,g}, A. Kouchner^j, I. Kreykenbohm^z, V. Kulikovskiy^{ac,f}, R. Lahmann^g, P. Lamare^h, G. Larosa^a, D. Lattuada^u, D. Lefèvre^t, G. Lim^{i,ab,3}, D. Lo Presti^{ad,ae}, H. Loehner^w, S. Loucatos^{af}, S. Mangano^b, M. Marcelin^k, A. Margiotta^{l,m}, J.A. Martínez-Mora^a, A. Meli^g, T. Montaruli^{s,ag}, M. Morganti^{n,ah}, L. Moscoso^{j,af,4}, H. Motz^g, M. Neff^g, E. Nezri^k, D. Palioselitis^i, G.E. Păvălaş^{ai}, K. Payet^{af}, P. Payre^{c,4}, J. Petrovic^i, P. Piattelli^u, N. Picot-Clemente^{c,∗}, V. Popa^{ai}, T. Pradier^{aj}, E. Presani^i, C. Racca^d, C. Reed^i, G. Riccobene^u, C. Richardt^g, R. Richter^g, C. Rivière^c, A. Robert^t, K. Roensch^g, A. Rostovtsev^{ak}, J. Ruiz-Rivas^b, M. Rujoiu^{ai}, G.V. Russo^{ad,ae}, F. Salesa^b, P. Sapienza^u, F. Schöck^g, J-P. Schuller^{af}, F. Schüssler^{af}, T. Seitz^g, R. Shanidze^g, F. Simeone^{o,p}, A. Spies^g, M. Spurio^{l,m}, J.J.M. Steijger^i, Th. Stolarczyk^{af}, A. Sánchez-Losa^b, M. Taiuti^{f,al}, C. Tamburini^t, S. Toscano^b, B. Vallage^{af}, V. Van Elewyck^j, G. Vannoni^{af}, M. Vecchi^c, P. Vernin^{af}, S. Wagner^g, G. Wijnker^i, J. Wilms^z, E. de Wolf^{i,ab}, H. Yepes^b, D. Zaborov^{ak}, J.D. Zornoza^b, J. Zúñiga^b

aInstitut d’Investigació per a la Gestió Integrada de les Zones Costaneres (IGIC) - Universitat Politècnica de València. C/ Paranimf 1 , 46730 Gandia, Spain.

bIFIC - Instituto de Física Corpuscular, Edificios Investigación de Paterna, CSIC - Universitat de València, Apdo. de Correos 22085, 46071 Valencia, Spain cCPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France dGRPHE - Institut universitaire de technologie de Colmar, 34 rue du Grillenbreit BP 50568 - 68008 Colmar, France eTechnical University of Catalonia, Laboratory of Applied Bioacoustics, Rambla Exposició, 08800 Vilanova i la Geltrú, Barcelona, Spain fINFN - Sezione di Genova, Via Dodecaneso 33, 16146 Genova, Italy gFriedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen Centre for Astroparticle Physics, Erwin-Rommel-Str. 1, 91058 Erlangen, Germany hDirection des Sciences de la Matière - Institut de recherche sur les lois fondamentales de l’Univers - Service d’Electronique des Détecteurs et d’Informatique, CEA Saclay, 91191 Gif-sur-Yvette Cedex, France iNikhef, Science Park, Amsterdam, The Netherlands jAPC - Laboratoire AstroParticule et Cosmologie, UMR 7164 (CNRS, Université Paris 7 Diderot, CEA, Observatoire de Paris) 10, rue Alice Domon et Léonie Duquet 75205 Paris Cedex 13, France kLAM - Laboratoire d’Astrophysique de Marseille, Pôle de l’Étoile Site de Château-Gombert, rue Frédéric Joliot-Curie 38, 13388 Marseille Cedex 13, France lINFN - Sezione di Bologna, Viale C. Berti-Pichat 6/2, 40127 Bologna, Italy mDipartimento di Fisica dell’Università, Viale Berti Pichat 6/2, 40127 Bologna, Italy nINFN - Sezione di Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy oINFN - Sezione di Roma, P.le Aldo Moro 2, 00185 Roma, Italy pDipartimento di Fisica dell’Università La Sapienza, P.le Aldo Moro 2, 00185 Roma, Italy qClermont Université, Université Blaise Pascal, CNRS/IN2P3, Laboratoire de Physique Corpusculaire, BP 10448, 63000 Clermont-Ferrand, France rGéoazur - Université de Nice Sophia-Antipolis, CNRS/INSU, IRD, Observatoire de la Côte d’Azur and Université Pierre et Marie Curie, BP 48, 06235 Villefranche-sur-mer, France sINFN - Sezione di Bari, Via E. Orabona 4, 70126 Bari, Italy tCOM - Centre d’Océanologie de Marseille, CNRS/INSU et Université de la Méditerranée, 163 Avenue de Luminy, Case 901, 13288 Marseille Cedex 9, France uINFN - Laboratori Nazionali del Sud (LNS), Via S. Sofia 62, 95123 Catania, Italy vUniv Paris-Sud , 91405 Orsay Cedex, France wKernfysisch Versneller Instituut (KVI), University of Groningen, Zernikelaan 25, 9747 AA Groningen, The Netherlands xDipartimento di Fisica dell’Università, Largo B. Pontecorvo 3, 56127 Pisa, Italy yRoyal Netherlands Institute for Sea Research (NIOZ), Landsdiep 4,1797 SZ ’t Horntje (Texel), The Netherlands zDr. Remeis-Sternwarte and ECAP, Universität Erlangen-Nürnberg, Sternwartstr. 7, 96049 Bamberg, Germany aaUniversiteit Utrecht, Faculteit Betawetenschappen, Princetonplein 5, 3584 CC Utrecht, The Netherlands abUniversiteit van Amsterdam, Instituut voor Hoge-Energie Fysika, Science Park 105, 1098 XG Amsterdam, The Netherlands acMoscow State University,Skobeltsyn Institute of Nuclear Physics,Leninskie gory, 119991 Moscow, Russia adINFN - Sezione di Catania, Viale Andrea Doria 6, 95125 Catania, Italy aeDipartimento di Fisica ed Astronomia dell’Università, Viale Andrea Doria 6, 95125 Catania, Italy afDirection des Sciences de la Matière - Institut de recherche sur les lois fondamentales de l’Univers - Service de Physique des Particules, CEA Saclay, 91191 Gif-sur-Yvette Cedex, France agUniversity of Wisconsin - Madison, 53715, WI, USA ahAccademia Navale di Livorno, Livorno, Italy aiInstitute for Space Sciences, R-77125 Bucharest, Măgurele, Romania ajIPHC-Institut Pluridisciplinaire Hubert Curien - Université de Strasbourg et CNRS/IN2P3 23 rue du Loess, BP 28, 67037 Strasbourg Cedex 2, France akITEP - Institute for Theoretical and Experimental Physics, B. Cheremushkinskaya 25, 117218 Moscow, Russia alDipartimento di Fisica dell’Università, Via Dodecaneso 33, 16146 Genova, Italy

Abstract

Magnetic monopoles are predicted in various unified gauge models and could be produced at intermediate mass scales. Their detection in a neutrino telescope is facilitated by the large amount of light emitted compared to that from muons. This paper reports on a search for upgoing relativistic magnetic monopoles with the ANTARES neutrino telescope using a data set of 116 days of live time taken from December 2007 to December 2008. The one observed event is consistent with the expected atmospheric neutrino and muon background, leading to a 90% C.L. upper limit on the monopole flux between 1.3 × 10^{−17} and 8.9 × 10^{−17} cm^{−2}s^{−1}sr^{−1} for monopoles with velocity β ≥ 0.625.

Keywords: Magnetic monopole, Neutrino telescopes, ANTARES

1. Introduction

Magnetic monopoles are hypothetical particles first proposed by Pierre Curie in 1894 [1]. In 1931 Dirac demonstrated that the existence of magnetic monopoles naturally leads to and thus explains the quantization of the electric charge [2]. 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 [3, 4].

Despite intensive search efforts, no particles possessing magnetic charge have been detected up to now [5], although some reports of magnetic monopole detections have been claimed [6, 7, 8] and subsequently withdrawn [9, 10]. Nevertheless, direct searches for monopoles in cosmic rays over the past decade have provided stringent flux limits below the original Parker bound Φ_P ∼ 10^{−15} cm^{−2}s^{−1}sr^{−1} [11] (cf. Sec. 2.1). The MACRO experiment obtained a flux upper limit at the level of 1.4 × 10^{−16} cm^{−2}s^{−1}sr^{−1} for the monopole velocity range 4 × 10^{−5} < β < 1 [12]. For relativistic magnetic monopoles (β ≳ 0.8), stronger bounds were reported by the Baikal and AMANDA neutrino telescopes. The Baikal neutrino telescope NT200 has set an upper limit of 4.6 × 10^{−17} cm^{−2}s^{−1}sr^{−1} on the flux of monopoles for β ≃ 1 [13], while the AMANDA- II limit at β ≃ 1 is 3.8 × 10^{−17} cm^{−2}s^{−1}sr^{−1} [14]. More recently, experiments based on radio detection reported stronger upper limits for ultra-relativistic magnetic monopoles. The RICE experiment at the South Pole obtained an upper limit of 10^{−18} cm^{−2}s^{−1}sr^{−1} for Lorentz boost factors 10^7 ≤ γ ≤ 10^{12} [15] and ANITA improved the flux limit to 10^{−19} cm^{−2}s^{−1}sr^{−1} for 10^{10} ≤ γ ≤ 10^{13} [16].

∗Corresponding author Email addresses: escoffier@cppm.in2p3.fr (S. Escoffier), picot@cppm.in2p3.fr (N. Picot-Clemente)

1Also at University of Leiden, the Netherlands 2On leave at DESY, Platanenallee 6, D-15738 Zeuthen, Germany 3Now at University of California - Irvine, 92697, CA, USA 4Deceased

Preprint submitted to Astroparticle Physics August 30, 2012

In this paper, a search for upgoing relativistic magnetic monopoles is presented for one year of data taking with the ANTARES detector [17]. The outline of this paper is as follows: Section 2 introduces the magnetic monopole theory and the expected signal from such particles crossing a neutrino telescope. The ANTARES underwater neutrino telescope is briefly presented in Section 3. Section 4 describes the simulation and the reconstruction algorithm. Finally the search strategy is discussed in Section 5 and results are shown in Section 6.

2. Magnetic monopoles and their signal in a neutrino telescope

2.1. Magnetic monopoles

In his paper of 1931, Dirac introduced magnetic monopoles in quantum theory and showed that the existence of a particle carrying a magnetic pole leads to the quantization of electric charge [2]. In addition, the magnetic charges of the hypothetical monopoles must be quantized according to the Dirac quantization condition g = kg_D, where g_D =^{ℏc}_{2e} is the minimal magnetic charge, also called the “Dirac charge”, k is an integer and e is the elementary electric charge.

In 1974, ’t Hooft and Polyakov independently discovered monopole solutions in Georgi-Glashow gauge theories based on the SO(3) group [3, 4]. It was then realized that any unification model in which the U(1) subgroup of electromagnetism is embedded in a semi-simple gauge group and which is spontaneously broken by the Higgs mechanism possesses monopole-like solutions. Monopoles appear as solitons that behave like particles in the classical theory, with a mass of the order of M_{mon} ∼ α^{−1}Λ, where α is the fine structure constant and Λ is the unification mass scale or the intermediate mass scale of the underlying theory. Such magnetic monopoles are predicted in any Grand Unified Theory (GUT) in which a larger gauge group breaks down into a semi-simple subgroup containing the explicit U(1) group of electromagnetism. The mass predicted for the monopoles can range from 10^4 GeV to 10^{20} GeV depending on the specific model [18].

In such unified gauge models, magnetic monopoles would be produced in the early Universe by the Kibble mechanism [19]. In the case where monopoles were created at the GUT phase transition with a mass scale Λ ∼ 10^{15} GeV, the inflationary scenario strongly dilutes the monopole density, thereby solving the monopole overdensity problem [20]. For monopoles produced in later phase transitions in the early Universe below Λ ∼ 10^{11} GeV, larger fluxes of monopoles with mass 10^7 − 10^{13} GeV are expected [21]. The latter scenario may produce an observable abundance of the so-called intermediate-mass monopoles if it occurs after cosmic inflation. Magnetic monopoles have been proposed as candidates for ultra-high energy cosmic rays provided that they do not catalyze nucleon decay [22]. Many other alternative scenarios have been put forward to solve the cosmological monopole problem and thus the hypothesis that monopoles are still present in the Universe is far from being dismissed. However, a stringent phenomenological upper bound is given by the Parker limit, Φ_P ∼ 10^{−15} cm^{−2} s^{−1} sr^{−1}, which results from requiring the survival of the galactic magnetic field [11]. A stronger bound derived from the survival of a small galactic seed field and known as the extended Parker bound is Φ_P ∼ 1.2 × 10^{−16}(M_{mon}/10^{17}GeV) cm^{−2} s^{−1} sr^{−1} [23].

Measurements and estimates of cosmic magnetic fields suggest that magnetic monopoles lighter than 10^{14} GeV could have been accelerated to relativistic velocities, acquiring typical kinetic energies of 10^{15} GeV [24]. Magnetic monopoles are expected to lose energy significantly when crossing the Earth [25] due to their large equivalent electric charge (g_D ≃ 68.5e). Using a simple Earth model, calculations suggest, however, that magnetic monopoles with mass below ∼ 10^{14} GeV would be detectable in a neutrino telescope after crossing the Earth, despite their substantial energy loss [26].

2.2. Signal in a neutrino telescope

The detection of magnetic monopoles in a neutrino telescope is based on the same principle as the detection of high energy muons. Tompkins [27] showed that, as for electric charges, magnetically charged particles produce Cherenkov emission when their velocity is higher than the Cherenkov threshold β_{th} = 1/n, where n is the phase refractive index of the medium. The number of photons emitted per unit length and wavelength, for β > β_{th}, can be expressed as:

d^2n_γ dλdx = 2πα λ^2 (ng e )_2 ( 1 − 1 n^2β^2 ) (1) where n_γ is the number of emitted photons and λ their wavelength. For the refractive index of sea water (n ∼ 1.35), fast monopoles with g = g_D are expected to emit about 8550 times more Cherenkov photons than muons of the same velocity. Moreover, below the Cherenkov threshold β_{th} = 0.74, a magnetic monopole of velocity β ≳ 0.51 ionizes sea water leading to indirect Cherenkov emission from knock off electrons (δ−rays) produced along its path [28]. Figure 1 shows the number of photons emitted per centimetre of track length as a function of the velocity of the incoming monopole for the wavelength range relevant in neutrino telescopes (300-600 nm). The same quantity is also shown for a relativistic muon. Contributions from radio-luminescence of water, pair production and Bremsstrahlung induced by magnetic monopoles are negligible compared to the direct and indirect Cherenkov light and are not taken into account in this analysis.

3. The ANTARES neutrino telescope

The ANTARES detector is an underwater telescope immersed in the Western Mediterranean Sea at a depth of 2475 m [17]. In the final configuration the detector consists of 885 optical modules (glass spheres housing a photomultiplier) on twelve mooring lines. Each detector line comprises 25 storeys, each of them housing three optical modules, and is connected via an interlink cable to a Junction Box. The Junction Box itself is connected to the shore station at La Seyne-sur-Mer by a 42 km long electro-optical cable. During the construction of the detector, data were taken with a different number of lines in different periods.

The analysis has been performed using data taken from December 2007 to December 2008. Quality requirements are applied to select data from periods with 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: 43 days with 12 lines, 46 days with 10 lines and 47 days with 9 lines.

Figure 1: Number of Cherenkov photons in the 300 − 600 nm wavelength range emitted per cm in sea water from a monopole with g = g_D (solid line) and from δ−rays produced along its path (dashed line) as a function of the velocity β of the monopole. For comparison, the direct Cherenkov emission from a muon is also shown (dotted line). The number of photons scales as the square of the monopole charge.

4. Simulation and reconstruction

4.1. Monte Carlo simulations

Upgoing magnetic monopoles with one unit of Dirac charge (g = g_D) have been simulated using a Monte Carlo program based on GEANT3 [29] for ten ranges of velocities in the region β = [0.550, 0.995], with a flat distribution inside each bin. The simulation is independent of the magnetic monopoles mass and the incoming direction of monopoles was distributed isotropically over the lower hemisphere. The number of direct Cherenkov photons emitted by the magnetic monopoles is computed using Eq. (1), with an emission angle with respect to the monopole direction defined by cos(θ_γ) = 1/βn. For photons emitted from δ−rays, the angular dispersion is calculated numerically [30] from the multiple scattering of electrons in water [31]. Figure 2 shows the angular distribution of Cherenkov photons from δ−rays with respect to the monopole direction for several values of the monopole velocity.

The simulation of emitted photons is processed inside a cylindrical volume surrounding the instrumented volume. A radius of 480 m (eight times the absorption length), 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 upgoing magnetic monopoles, the main source of background events is due to upgoing muons induced by atmospheric neutrinos and downgoing atmospheric muons wrongly reconstructed as upgoing. The simulation of downgoing atmospheric muons produced by the interaction of cosmic rays with nuclei in the upper atmosphere is carried out using the CORSIKA air shower program [32] in combination

Figure 2: Angular distributions of Cherenkov photons from δ−rays produced by a monopole with g = g_D as a function of the emission angle θ_γ between the photon and the monopole. Distributions are shown for monopole velocities β = 0.55, 0.60, 0.70, 0.90 and 0.995.

with the QGSJET code for the description of hadronic interactions [33]. The cosmic ray spectrum is simulated according to the Hörandel model [34]. Upgoing atmospheric neutrinos from the decay of pions and kaons are generated assuming the Bartol atmospheric neutrino flux model [35, 36] and are combined with neutrinos coming from the decay of charm mesons as produced by the RQPM model [37].

In order to match the real detector conditions, the simulations are performed separately for each detector configuration (9, 10 and 12 lines) with the dead channel mapping and optical background rates corresponding to each data taking period.

4.2. Trigger selection

The ANTARES data acquisition is based on the all-data-to-shore concept [38]. In this scheme, all photomultiplier signals above a given threshold equivalent to ∼ 0.3 photo-electrons are transmitted to shore, where they are filtered using different trigger conditions and finally transferred to mass storage.

For both the data and Monte Carlo simulation samples, pattern recognition of the fired channels (hits) is performed within a time window of 2.2 μs, the typical time that a relativistic particle with β = 0.5 takes to cross the detector. Two standard pattern recognition templates based on local coincidences have been applied. A local coincidence is defined either as an occurrence of two hits on two separate optical modules of a single storey within 20 ns, or one single hit of large amplitude, typically more than 3 photoelectrons. The first trigger (directional trigger) requires five local coincidences within the triggering time window anywhere in the detector that are causally connected. The second trigger (cluster trigger) requires two so-called T3-clusters within the trigger window. A T3-cluster is a combination of two local coincidences in adjacent or nextto-adjacent storeys within 100 ns or 200 ns, respectively. When an event is triggered, the amplitude and time of all hits are recorded during a window from 2.2 μs before the first hit participating in the trigger until 2.2 μs after the last hit of the trigger. More than 85 % of monopoles with a velocity β > 0.58 that produce at least six detected hits pass the above trigger conditions.

4.3. Reconstruction algorithm

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, one of the ANTARES tracking algorithms [39] has been modified so as to leave the velocity as a free parameter to be determined by the track fit. This algorithm, based on the minimization of time residuals using the least square method (see below), has a very stringent hit selection, which leads to a robust reconstruction with respect to background hits.

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_{f ree}, introduced as a free parameter, while the latter reconstructs the event as a pointlike light source. Both fits minimize the same quality function Q defined as : Q = N∑ i=1 (t_γ − t_i)^2 σ^2_i

+ A_i (2) The first term on the right hand side is the sum for N hits of the square of the time residuals, where t_γ is the expected time of a hit, t_i the measured time and σ_i the estimated time uncertainty for hit i. The second term A_i ∼ q_id_i is introduced to penalize hits with large charge q_i combined with a large distance of closest approach d_i between the track and the detection line.

After imposing the final selection cuts described in Sec. 5, the modified tracking algorithm yields to an approximately Gaussian resolution σ_β on the magnetic monopole reconstructed velocity of about σ_β ≃ 0.025 for velocities lower than the Cherenkov threshold. The resolution improves to σ_β ≃ 0.003 for higher velocities. The speed resolution is shown in Fig. 3 for magnetic monopoles simulated in two different velocity ranges.

5. Event selection

The search strategy is based on a blind analysis in order to avoid any experimental bias [40]. Both the first level selection cuts and the final event selection based on the optimization of the Model Discovery Factor (MDF) [41, 42] were tuned on Monte Carlo simulated samples. The background simulations have been verified after each step of the event selection with a test sample of 15% of the selected data, equivalent to 20 days out of the total 136 days of live time.

5.1. First level selection

Both Monte Carlo events and data (the sample of 15%) have been reconstructed with the modified algorithm introduced in Sec. 4.3. The data were compared to the

Figure 3: Resolution on the reconstructed velocity for monopoles generated at β = [0.625,0.675] (left panel) and β= [0.825,0.875] (right panel) after the final selection cuts described in Sec. 5 are applied.

Monte Carlo expectation over the full range of reconstructed track velocities, as shown in Fig. 4. A normalization factor of 1.8 has been applied to the simulated sample of atmospheric muons, which is consistent with the expected uncertainties on the optical module angular acceptance of Cherenkov light from downgoing particles and on parameters of the atmospheric muon flux model, such as the primary cosmic ray composition and the hadronic interaction models. Good agreement between the simulation and experimental distributions is observed in the region β_{rec} > 0.6, while the simulation underestimates the data for lower velocities. Monte Carlo studies indicate that the region below β = 0.625 is very sensitive to the time dependence of the optical background, consequently events in this region are not considered for further analysis.

Figure 4: Distributions of atmospheric muons and upgoing neutrino-induced muons compared with the 15% data sample as a function of the reconstructed velocity β_{rec}. The distribution of simulated atmospheric muons has been scaled with a normalization factor of 1.8.

Figure 5 shows the zenith angle distribution of the reconstructed tracks for simulated atmospheric muons and muons induced by upgoing atmospheric neutrinos compared with the data sample. Upgoing magnetic monopoles generated in two different velocity regions are also presented.

Figure 5: Zenith angle distributions of simulated downgoing atmospheric muons (with the normalization factor applied) and simulated muons induced by upgoing atmospheric neutrinos compared with the 15% data sample. The distributions of simulated magnetic monopoles generated at β = [0.575, 0.625] (dotted line) and β = [0.775, 0.825] (dashed line) are also shown with arbitrary absolute normalization. Only tracks reconstructed using hits on at least two lines are considered in this plot.

Due to the large background from atmospheric muons in the downgoing direction, only upgoing tracks with a zenith angle smaller than 90^∘ are selected. To reduce the number of poorly reconstructed events, only those for which the track is reconstructed using hits from at least two lines are kept. The third first level selection cut rejects events that fit the bright point hypothesis better than the track hypothesis, cf. Sec. 4.3. This suppresses events dominated by electromagnetic and hadronic showers and reduces by a large fraction the number of misreconstructed atmospheric muons.

5.2. Final selection

The final event selection was performed by optimizing the Model Discovery Factor by cutting on discriminating variables. The first discriminating variable is the number of hits associated to the track used by the reconstruction algorithm. The large amount of light emitted by a monopole compared to that of atmospheric muons or muons induced by atmospheric neutrinos makes this a particularly powerful discriminant. This is demonstrated in Fig. 6 where the distributions of the numbers of hits are shown for the simulated atmospheric events and for magnetic monopoles simulated in the range β = [0.775, 0.825]. For all tracks in these distributions the reconstructed velocity is restricted to β_{rec} = [0.775, 0.825].

Figure 6: Distributions of the number of hits used in the track reconstruction for events passing the first level selection cuts. The solid histograms correspond to the simulated downgoing atmospheric muons (normalization factor applied) and the muons from upgoing atmospheric neutrinos. The points correspond to the 15% sample of data. The dashed line indicates the distribution for magnetic monopoles generated in the range β = [0.775, 0.825]. All these distributions are shown for events for which the reconstructed velocity is restricted to β_{rec} = [0.775, 0.825].

A second discriminating variable was introduced in order to further reduce the background, in particular for velocities below the Cherenkov threshold where the light emission is less. Two different track-reconstruction fits for each event are performed. In the first fit, the velocity β_{rec} is fixed at 1, whereas the second modified algorithm allows β_{rec} as a free parameter in the fit procedure. The discriminating parameter λ is then defined as

λ = log ( Q_t(β_{rec} = 1) Q_t(β_{rec} = f ree) ) , (3)

where Q_t(β_{rec} = 1) and Q_t(β_{rec} = f ree) are the track quality parameters for fixed and free β_{rec}, respectively. With this definition, it is expected that λ is positive for monopoles and negative for atmospheric events. This feature is confirmed in Fig. 7, where distributions of λ are displayed for events reconstructed in the range β_{rec} = [0.775, 0.825].

The selection cuts were optimized by minimizing the MDF for a 5σ discovery at 90% probability. This minimization was performed by varying the cuts on the number of hits and the λ parameter for each simulated velocity range. The cuts on Nhit and λ resulting from the optimization are indicated in Table 1 for the three detector configurations. In order to be less dependent on the Monte Carlo statistics, an extrapolation of the background distribution of Nhit into the high Nhit region was performed. The number of atmospheric background events expected for 116 days of data taking is finally indicated in Table 1 for each range of reconstructed velocity.

Figure 7: Distributions of the parameter λ for events passing the first level selection cuts. The solid histograms correspond to the simulated downgoing atmospheric muons (normalization factor applied) and muons from upgoing atmospheric neutrinos. The points correspond to the 15% sample of data. The dashed line are magnetic monopoles generated in the range β = [0.775, 0.825] drawn with an arbitrary normalization. All these distributions are shown for events for which the reconstructed velocity is restricted to β_{rec} = [0.775, 0.825].

6. Results

After unblinding, the remaining 85% of the data was first compared to the simulated background after the first level selection cuts discussed before and after applying the normalization factor extracted from the 15% data sample. A good agreement was found between data and simulation in respect to both the zenith and β_{rec} distributions.

The number of observed events is given in Table 1 after the final selection cuts are applied to the unblinded data sample. Only one event passes all the selection criteria and was found to lie in the range β_{rec} = [0.675, 0.725]. Given the expected background of 1.3 × 10^{−1}, which requires five events for a 5σ deviation, the observation is compatible with the background-only hypothesis. Considering the observed event as background, the Feldman-Cousins 90 % C.L. upper limits [43] on the upgoing magnetic monopole flux are reported in Table 1, for g = g_D, where systematic uncertainties are included.

The dominant source of systematic uncertainty is the detector efficiency for the monopole signal. The modelling of the detector efficiency depends mainly on the assumptions for the optical module angular acceptance and on the light absorption length in sea water. The detection efficiency of an optical module is determined with an uncertainty of ±15% for Cherenkov light from upgoing particles and the light absorption length in water is measured to ±10% over the whole wavelength spectrum [44]. In order to estimate the effect of the detection efficiency, 18% (quadratic sum of uncertainties) of hits per event were removed randomly in the Monte Carlo monopole simulation. Monopoles remaining after the selection cuts were used in the calculation, leading to a deterioration of the upper limit of 3% for velocities above the Cherenkov threshold and 7% for velocities below the threshold. This limit is then considered as the final one. The statistical uncertainties are negligible.

Table 1: For each velocity range of monopoles, selection cuts for all the three detector configurations are indicated, as well as the number of background events expected for the total of 116 days of live time. The number of observed events from the 85% of unblinded data in 2008 is also reported and the Feldman-Cousins 90 % C.L. flux limit is given, assuming that any observed events are background.

β_{rec} Selection cuts (nhit ; λ) Number of expected Number of 90% C.L. flux u. l. range 10-line 9-line 12-line background events obs. events (cm^{−2} s^{−1}sr^{−1}) [0.625, 0.675] (27; 0.6) (28; 0.5) (36; 0.7) 2.2 × 10^{−2} 0 7.5 × 10^{−17} [0.675, 0.725] (34; 0.4) (35; 0.2) (47; 0.0) 1.3 × 10^{−1} 1 8.9 × 10^{−17} [0.725, 0.775] (43; 0.2) (57; 0.4) (53; −2.1) 4.6 × 10^{−2} 0 4.0 × 10^{−17} [0.775, 0.825] (77; 0.9) (64; 0.7) (81; 0.8) 1.1 × 10^{−6} 0 2.4 × 10^{−17} [0.825, 0.875] (93; 0.4) (79; 0.3) (93; 0.4) 8.2 × 10^{−7} 0 1.8 × 10^{−17} [0.875, 0.925] (118; 0.1) (99; 0.2) (85; 0.7) 6.9 × 10^{−7} 0 1.7 × 10^{−17} [0.925, 0.975] (114; 0.2) (108; 0.1) (84; 0.0) 2.3 × 10^{−5} 0 1.6 × 10^{−17} [0.975, 1.025] (85; 0.0) (110; −2.1) (92; 0.0) 1.3 × 10^{−2} 0 1.3 × 10^{−17}

The flux limit for upgoing magnetic monopoles is shown in Fig. 8 as a function of the monopole velocity β. The limits reported by MACRO [12] for an isotropic flux of monopoles, Baikal [13] and AMANDA [14] for upgoing monopoles are also given, as well as the theoretical Parker bound [11]. The flux limit obtained by this analysis improves by a factor of three the upper limits on the upgoing monopole flux for velocities above the Cherenkov threshold and extends these limits to lower velocities than limits obtained by previous neutrino telescope analyses.

7. Summary

A search for relativistic magnetic monopoles has been performed with 116 days live time of ANTARES data, yielding limits on the upgoing magnetic monopole flux above the Cherenkov threshold for 0.75 ≤ β ≤ 0.995 (γ = 10) which are more stringent than those obtained by previous experiments in this β range. Furthermore, with a good identification of bright objects at low velocities thanks to the low light scattering in sea water, the analysis improves the upper limits below the Cherenkov threshold for 0.625 ≤ β ≤ 0.75.

Acknowledgements

The authors acknowledge the financial support of the funding agencies: Centre National de la Recherche Scientifique (CNRS), Commissariat à l’ énergie atomique et aux énergies alternatives (CEA), Agence Nationale de la Recherche (ANR), Commission Européenne (FEDER fund and Marie Curie Program), Région Alsace (contrat CPER),

Figure 8: The ANTARES 90 % C.L. upper limit on an upgoing magnetic monopole flux for relativistic velocities 0.625 ≤ β ≤ 0.995 obtained in this analysis, compared to the theoretical Parker bound [11], the published upper limits obtained by MACRO [12] for an isotropic flux of monopoles as well as the upper limits from Baikal [13] and AMANDA [14] for upgoing monopoles.

Région Provence-Alpes-Côte d’Azur, Département du Var and Ville de La Seyne-sur- Mer, France; Bundesministerium für Bildung und Forschung (BMBF), Germany; Istituto Nazionale di Fisica Nucleare (INFN), Italy; Stichting voor Fundamenteel Onderzoek der Materie (FOM), Nederlandse organisatie voor Wetenschappelijk Onderzoek (NWO), The Netherlands; Council of the President of the Russian Federation for young scientists and leading scientific schools supporting grants, Russia; National Authority for Scientific Research (ANCS), Romania; Ministerio de Ciencia e Innovación (MICINN), Prometeo of Generalitat Valenciana (GVA) and MultiDark, Spain. We also acknowledge the technical support of Ifremer, AIM and Foselev Marine for the sea operation and the CC- IN2P3 for the computing facilities

References

[1] P. Curie, Séances Soc. Fr. Phys. (1894) 76.

[2] P.A.M. Dirac, Proc. Roy. Soc. A 133 (1931) 60.

[3] G. ’t Hooft, Nucl. Phys. B 79 (1974) 276.

[4] A.M. Polyakov, Sov. Phys. JETP Lett. 20 (1974) 194.

[5] K. Nakamura et al. (Particle Data Group), J. Phys. G 37 (2010) 075021.

[6] P.B. Price, E.K. Shirk, W.Z. Osborne, L.S. Pinsky, Phys. Rev. Lett. 35 (1975) 487. [7] B. Cabrera, Phys. Rev. Lett. 48 (1982) 1378.

[8] A.D. Caplin, M. Hardiman, M. Koratzinos, J.C. Schouten, Nature 321 (1986) 402.

[9] P.B. Price, E.K. Shirk, W.Z. Osborne, L.S. Pinsky, Phys. Rev. D 18 (1978) 1382. [10] M.E. Huber, B. Cabrera, M.A. Taber, R.D. Gardner, Phys. Rev. Lett. 64 (1990) 835.

[11] E.N. Parker, Astrophys. J. 160 (1970) 383.

[12] M. Ambrosio et al., MACRO Coll., Eur. Phys. J. C 25 (2002) 511. [13] V. Aynutdinov et al., BAIKAL Coll., Astropart. Phys. 29 (2008) 366. [14] R. Abbasi et al., IceCube Coll., Eur. Phys. J. C 69 (2010) 361. [15] D.P. Hogan et al., Phys. Rev. D 78 (2008) 075031. [16] M. Detrixhe et al., ANITA Coll., Phys. Rev. D 83 (2011) 023513. [17] M. Ageron et al., ANTARES Coll., Nucl. Instr. and Meth. A 656 (2011) 11. [18] J. Preskill, Ann. Rev. Nucl. Part. Sci. 34 (1984) 461. [19] T.W.B. Kibble, J. Phys. A 9 (1976) 1387. [20] A.H. Guth, Phys. Rev. D 23 (1981) 347. [21] T.W. Kephart, Q. Shafi, Phys. Lett. B 520 (2001) 313. [22] T.W. Kephart, T.J. Weiler, Astropart. Phys. 4 (1996) 271. [23] F.C. Adams et al., Phys. Rev. Lett. 70 (1993) 2511.

[24] S.D. Wick, T.W. Kephart, T.J. Weiler, P.L. Biermann, Astropart. Phys. 18 (2003) 663.

[25] S. Balestra et al, Eur. Phys. J. C 55 (2008) 206. [26] J. Derkaoui et al., Astropart. Phys. 9 (1998) 173. [27] D.R. Tompkins, Phys. Rev. 138 (1965) 248.

[28] B.A.P. van Rens, Ph.D. Thesis, Amsterdam University, Amsterdam, The Netherlands (2006), http://antares.in2p3.fr/Publications [29] Application Software Group, GEANT, CERN Program Library Long Writeup W5013 (1993), http://wwwasd.web.cern.ch/wwwasd/geant/.

[30] J.-S. Ricol, Ph.D. Thesis, Université de la Méditérranée - Aix Marseille II, France (2002), http://antares.in2p3.fr/Publications [31] G.R. Lynch, O.I. Dahl, Nucl. Instr. Meth. B 58 (1991) 6.

[32] D. Heck et al, Technical report FZKA 6019, Forschungszentrum Karlsruhe (1998) [33] N.N. Kalmykov, S.S. Ostapchenko, Phys. At. Nucl. 56 (1993) 105.

N.N. Kalmykov, S.S. Ostapchenko, A.I. Pavlov, Bull. Russ. Acad. Sci. (Physics) 58 (1994) 1966.

[34] J.R. Hörandel, Astropart. Phys. 19 (2003) 193. [35] V. Agrawal et al., Phys. Rev. D 53 (1996) 1314.

[36] G.D. Barr, T.K. Gaisser, S. Robbins, T. Stanev, Phys. Rev. D 74 (2006) 094009. [37] C.G.S. Costa, Astropart. Phys. 16 (2001) 193.

[38] J.A. Aguilar et al., ANTARES Coll., Nucl. Instr. Meth. A 570 (2007) 107. [39] J.A. Aguilar et al., ANTARES Coll., Astropart. Phys. 34 (2011) 652. [40] J.R. Klein, A. Roodman, Ann. Rev. Nucl. Part. Sci. 55 (2005) 141. [41] G. Punzi, arXiv:physics/0308063 [42] G.C. Hill et al., PHYSTAT2005, Statistical problems in particle physics, astrophysics and cosmology, Oxford (2005) 108.

[43] G.J. Feldman, R.D. Cousins, Phys. Rev. D 57 (1998) 3873. [44] J.A. Aguilar et al., Astropart. Phys. 34 (2010) 179.