October 26, 2004 11:10 WSPC/Guidelines-IJMPA proceeding

1 International Journal of Modern Physics A © World Scientific Publishing Company

Neutrino Astronomy and Cosmic Rays at the South Pole Latest results from AMANDA and perspectives for IceCube

Paolo Desiati for the AMANDA/IceCube Collaboration A. Achterberg^{20,§} M. Ackermann^{4,§,†}, J. Ahrens^{11,§,†}, H. Albrecht^{4,§,†}, D.W. Atlee^{8,§,†}, J.N. Bahcall^{21,§}, X. Bai^{1,§,†}, M. Bartelt^{2,§,†}, R. Bay^{9,§,†}, S.W. Barwick^{10,†}, T. Becka^{11,§,†}, K.H. Becker^{2,§,†}, J.K. Becker^{2,§,†}, P. Berghaus^{3,§,†}, J. Bergmans^{20,§}, D. Berley^{12,§}, E. Bernardini^{4,§,†}, D. Bertrand^{3,§,†}, D.Z. Besson^{22,§}, E. Blaufuss^{12,§}, D.J. Boersma^{4,§,†}, C. Bohm^{18,§,†}, S. Böser^{4,§,†}, O. Botner^{17,§,†}, A. Bouchta^{17,§,†}, O. Bouhali^{3,§,†}, J. Braun^{15,§,†}, C. Burgess^{18,§,†}, T. Burgess^{18,§,†}, W. Carithers^{7,§}, T. Castermans^{13,§,†}, J. Cavin^{23,§}, W. Chinowsky^{7,§}, D. Chirkin^{9,§,†}, J. Clem^{1,§}, J.A. Coarasa^{8,§,†}, B. Collin^{8,§,†}, J. Conrad^{17,§,†}, J. Cooley^{15,§,†}, D.F. Cowen^{8,§,†}, A. Davour^{17,§,†}, C.T. Day^{7,§}, C. De Clercq^{19,§,†}, P. Desiati^{15,§,†}, T. DeYoung^{12,§,†}, W.R. Edwards^{7,§}, R. Ehrlich^{12,§}, P. Ekström^{18,†}, R.W. Ellsworth^{12,§}, P.A. Evenson^{1,§}, A.R. Fazely^{24,§}, T. Feser^{11,§,†}, T.K. Gaisser^{1,§,†}, J.Gallagher^{25,§}, R. Ganugapati^{15,§,†}, H. Geenen^{2,§,†}, L. Gerhardt^{10,†}, A. Goldschmidt^{7,§,†}, A. Groß^{2,§,†}, R.M. Gunasingha^{24,§} , A. Hallgren^{17,§,†}, F. Halzen^{15,§,†}, K. Hanson^{15,§,†}, D. Hardtke^{15,§,†}, R. Hardtke^{15,§,†}, T. Harenberg^{2,†}, T. Hauschildt^{4,§,†}, D. Hays^{7,§}, K. Helbing^{7,§,†}, M. Hellwig^{11,§,†}, P. Herquet^{13,§,†}, G.C. Hill^{15,§,†}, J. Hodges^{15,§,†}, K. Hoshina^{26,§}, D. Hubert^{19,§,†}, B. Hughey^{15,§,†}, P.O. Hulth^{18,§,†}, K. Hultqvist^{18,§,†}, S. Hundertmark^{18,§,†}, J. Jacobsen^{7,§,†}, G.S. Japaridze^{27,§} , A. Jones^{7,§}, J.M. Joseph^{7,§}, K.H. Kampert^{2,§,†} A. Karle^{15,§,†}, H. Kawai^{26,§}, J. Kelley^{15,§,†} M. Kestel^{8,§,†}, N. Kitamura^{15,§}, S.R. Klein^{7,§}, R. Koch^{23,§}, G. Kohnen^{13,§,†}, L. Köpke^{11,§,†}, M. Kowalski^{4,§,†}, M. Krasberg^{15,§,†}, K. Kuehn^{10,†}, E. Kujawski^{7,§}, N. Langer^{20,§}, H. Leich^{4,§,†}, M. Leuthold^{4,§,†}, I. Liubarsky^{5,§}, J. Lundberg^{17,§,†}, J. Madsen^{16,§,†}, K. Mandli^{15,§,†}, P. Marciniewski^{17,†}, H.S. Matis^{7,§,†}, C.P. McParland^{7,§,†}, T. Messarius^{2,§,†}, P.Mészáros^{8,§}, Y. Minaeva^{18,§,†}, R.H. Minor^{7,§}, P. Miočinović^{9,§,†}, H. Miyamoto^{26,§}, R. Morse^{15,§,†}, K. Münich^{2,§,†}, R. Nahnhauer^{4,§,†}, J.W. Nam^{10,†}, T. Neunhöffer^{11,§,†}, P. Niessen^{1,§,†}, D.R. Nygren^{7,§,†}, H. Ögelman^{15,§,†}, Ph. Olbrechts^{19,§,†}, S.Patton^{7,§}, R. Paulos^{23,§}, C. Peña-Garay^{21,§} , C. Pérez de los Heros^{17,§,†}, A.C. Pohl^{6,§,†}, R. Porrata^{9,§,†}, J. Pretz^{12,§}, P.B. Price^{9,§,†}, G.T. Przybylski^{7,§,†}, K. Rawlins^{15,§,†}, S. Razzaque^{8,§} , E. Resconi^{4,§,†}, W. Rhode^{2,§,†}, M. Ribordy^{13,§,†}, S. Richter^{15,§,†}, J. Rodríguez Martino^{18,†}, H.G. Sander^{11,§,†}, K. Schinarakis^{2,†}, S. Schlenstedt^{4,§,†}, D. Schneider^{15,§,†}, R. Schwarz^{15,§,†}, D. Seckel^{1,§}, S.H. Seo^{8,§,†}, A. Silvestri^{10,†}, A.J. Smith^{12,§}, M. Solarz^{9,§,†}, J.E. Sopher^{7,§}, G.M. Spiczak^{16,§,†}, C. Spiering^{4,§,†}, M. Stamatikos^{15,§,†}, T. Stanev^{1,§} , D. Steele^{15,§,†}, P. Steffen^{4,§,†}, T. Stezelberger^{7,§} , R.G. Stokstad^{7,§,†}, S. Stoyanov^{1,§} , T.D. Straszheim^{7,§}, K.H. Sulanke^{4,§,†}, G.W. Sullivan^{12,§}, T.J. Sumner^{5,§}, I. Taboada^{14,§,†}, O. Tarasova^{4,§,†}, L. Thollander^{18,§,†}, S. Tilav^{1,§,†}, D. Turčan^{12,§}, N. van Eijndhoven^{20,§} , J. Vandenbroucke^{9,§,†}, L.C. Voicu^{8,§,†}, W. Wagner^{2,§,†}, C. Walck^{18,§,†}, M. Walter^{4,§,†}, Y.R. Wang^{15,§,†}, C.H. Wiebusch^{2,§,†}, R. Wischnewski^{4,§,†}, H. Wissing^{4,§,†}, K. Woschnagg^{9,§,†}, J. Yeck^{23,§} , S. Yoshida^{26,§}, G. Yodh^{10,§}

†AMANDA Collaboration §IceCube Collaboration 1Bartol Research Institute, University of Delaware, Newark, DE 19716 USA 2Department of Physics, Bergische Universität Wuppertal, D-42097 Wuppertal, Germany 3Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium 4DESY-Zeuthen, D-15735, Zeuthen, Germany 5Blackett Laboratory, Imperial College, London SW7 2BW, UK

October 26, 2004 11:10 WSPC/Guidelines-IJMPA proceeding

6Dept. of Technology, Kalmar University, S-39182 Kalmar, Sweden 7Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 8Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA 9Dept. of Physics, University of California, Berkeley, CA 94720, USA 10Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA 11Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany 12Dept. of Physics, University of Maryland, College Park, MD 20742, USA 13University of Mons-Hainaut, 7000 Mons, Belgium 14Departamento de Física, Universidad Simón Bolívar, Caracas, 1080, Venezuela 15Dept. of Physics, University of Wisconsin, Madison, WI 53706, USA 16Physics Dept., University of Wisconsin, River Falls, WI 54022, USA 17Division of High Energy Physics, Uppsala University, S-75121 Uppsala, Sweden 18Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden 19Vrije Universiteit Brussel, Dienst ELEM, B-1050 Brussels, Belgium 20Faculty of Physics and Astronomy, Utrecht University, NL-3584 CC Utrecht, NL 21Institute for Advance Study, Princeton, NJ 08540, USA 22Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA 23A^3RI, University of Wisconsin, Madison Madison, WI 53706, USA 24Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA 25Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA 26Dept. of Physics, Chiba University, Chiba 263-8522 Japan 27CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA

Received (Day Month Year) Revised (Day Month Year)

The AMANDA neutrino telescope has been in operaton at the South Pole since 1996. The present final array configuration, operational since 2000, consists of 677 photomultiplier tubes arranged in 19 strings, buried at depths between 1500 and 2000 m in the ice. The most recent results on a multi-year search for point sources of neutrinos will be shown. The study of events triggered in coincidence with the surface array SPASE and AMANDA provided a result on cosmic ray composition. Expected improvements from IceCube/IceTop will also be discussed.

Keywords: Keyword1; keyword2; keyword3.

1. Introduction

The observation of high-energy cosmic rays (up to 10^{20} eV) suggests that they are subject to acceleration mechanisms within their sources; the observation of gamma rays with energy spectra compatible with π^0 decays, would stress the suggestion that hadronic processes are important in these sources. The existence of hadronic processes would imply that high-energy neutrinos are produced by the decays of charged pions. The identification of these neutrinos would require large scale detectors. ”Guaranteed” neutrino fluxes, i.e. those associated to known cosmic accelerators with an identified pion production target typically require a ∼ km^2 scale detector. The AMANDA experiment^{a 1} consists of 677 optical sensors arranged

aThe full 19-string array, named AMANDA-II, started data taking in 2000. An earlier 10-string stage (comprising the inner 10 strings), called AMANDA-B10, started data taking in 1997 (see Ref. 2). 2

Neutrino Astronomy and Cosmic Rays at the South Pole 3

along 19 vertical strings buried deep in the glacial ice at the South Pole, mainly at depths between 1,500 and 2,000 m. The instrumented volume of ∼ 0.016 km^3 could not be enough to detect ”guaranteed” extraterrestrial neutrino fluxes, but it is the first sizable tool to explore the detection of high energy extraterrestrial neutrinos. Moreover AMANDA-II has proven to be a valid tool in measuring the main background of atmospheric muon intensity and the energy spectrum of the persistent background of atmospheric neutrinos^2. AMANDA-II will be embedded within the bigger IceCube^3 array to provide a lower energy threshold sub-array.

IceCube will consist of 80 vertical strings deployed between 1,400 and 2,400 meters deep below the South Pole, containing a total of 4,800 digital sensors^4. The instrumented volume will be 1 km^3 and the sensors array layout was optimized for high energy neutrino detection. IceCube will be complemented by a surface array called IceTop^5, which consists of 160 frozen water tanks (two at the top of each IceCube string). Each tank has internal reflective walls and contains 2 digital sensors looking inside the clear frozen ice^b.

IceCube will cover neutrino energies from TeV to EeV and will overlap with AMANDA-II which has an energy threshold of ∼ 50 GeV. IceTop will provide selective thresholds ranging from a few TeV to a few hundreds of TeV and will be able to identify extensive air showers with energy up to EeV. The coincident events between IceCube and IceTop, with an exposure of ∼ 1/3 km^2sr, can be used to tag down-going energetic muon events and increase the high energy neutrino detection sensitivity. IceCube/IceTop coincident events will also extend the primary cosmic ray detection window (presently performed by AMANDA-B10/SPASE^6) to EeV range, with unprecedented energy resolution, by probing the correlation between the electromagnetic and muonic component of the showers.

2. Neutrino Detection

The detection of neutrinos requires CC or NC interactions to occur in the ice or bed rock. Among the leptons produced in CC processes the muon is the most penetrating, and the angular offset with respect to parent neutrino is less than 0.8^∘ (0.1^∘) for energies above 1 (100) TeV. Thus it is possible to point back to the neutrino direction, limited only by the instrument angular resolution, which is bigger and depends on the reconstruction techniques^7 and the understanding of polar ice optical properties^2.

AMANDA-II has engaged in a series of analyses aimed to study the sensitivity for neutrino detection of diffuse and point sources^{2 8} over a wide range of energies. The measurement of atmospheric neutrino energy spectrum presents a fundamental calibration of the array capability. The muon pointing resolution is between 1.5^∘ and 2.5^∘, depending on the muon energy, direction and selection criteria. IceCube

bThe first 4 strings and 8 tanks will be deployed on January 2005, for a total of 256 deployed sensors.

4 Paolo Desiati

Fig. 1. Average upper limits (sensitivity), integrated above 10 GeV and relative to different analyses, for the detection of high energy neutrinos from point sources. The sensitivities were calculated for a signal spectrum ∝ E^{−2}, except the one for the years 2000-03, obtained for spectra of E^{−2}-E^{−3}. The IceCube sensitivity for half year is also shown.

pointing resolution is better than 0.8^∘ for energies above 1 TeV^3. Improved angular resolution results in enhanced background rejection, strengthening the case for IceCube in addition to the ∼ 50 fold increase in instrumented volume. The search for high energy neutrinos from extraterrestrial sources is the analysis which most benefits from the pointing capabilities of AMANDA and IceCube.

Fig. 1 shows the sensitivity^c for the detection of neutrinos, with energy above 10 GeV, from extraterrestrial steady point sources. A signal would be identified as a significant deviation over the average upper limit from a point in the sky. The AMANDA-II sensitivity has increased by improving the track reconstruction capabilities and by optimizing the background rejection, in addition to the increase in detector size. The Figure clearly shows that the larger AMANDA-II detection sensitivity is less dependent of the source direction in the sky than AMANDA-B10. No signal from point sources was found. The predicted sensitivity for half a year operation of IceCube is almost a factor of 5 better than the combined AMANDA-II four-year value.

cdefined as the average upper limit over an ensemble of identical experiments in the hypothesis of no signal.

Neutrino Astronomy and Cosmic Rays at the South Pole 5

3. Cosmic Ray Detection

The AMANDA-II absolute pointing accuracy has been measured by separately reconstructing the atmospheric air shower directions with the surface array SPASE 6 and the corresponding muon component with AMANDA. It is better than half a degree, i.e. smaller than the AMANDA-II angular resolution^9. The scintillator surface array SPASE measures the extensive air shower particle density at the surface of the ice^d, at 30 m distance from the reconstructed shower core. The deep-ice AMANDA detector measures the total Cherenkov light emitted by the penetrating muons, with energy above 500 GeV, passing in the vicinity of the array 10. The latter observable is a measurement of the total muon energy loss detected by AMANDA, and it’s proportional to the muon bundle multiplicity. The simultaneous measurement of these two observables allows access to primary cosmic ray energy and mass composition. Due to the robustness of the measured observables and to the fact that at the South Pole atmospheric depth their fluctuations are smaller than at sea level, the resulting primary energy resolution is ∼ 0.07 in log_{10}(E_{prim}) and it is independent on the mass of the primary. The primary composition, obtained by probing relative change of muonic to electromagnetic energies in the extensive air showers, provides a rather robust method against systematic uncertainties, and is consistent with an increased cosmic rays average mass composition for primary energies between 0.5-6 PeV^{10}.

IceCube/IceTop coincident measurement can cover energies up to EeV with an improved mass-independent primary energy resolution. The energy extension up to EeV will provide a probe to possibly clarify the transition from galactic to extra-galactic cosmic rays.

Acknowledgments

We acknowledge the support of the following agencies: National Science Foundation – Office of Polar Programs, National Science Foundation – Physics Division, University of Wisconsin Alumni Research Foundation, Department of Energy and National Energy Research Scientific Computing Center (supported by the Office of Energy Research of the Department of Energy), UC-Irvine ANEAS Supercomputer Facility, USA; Swedish Research Council, Swedish Polar Research Secretariat and Knut and Alice Wallenberg Foundation, Sweden; German Ministry for Education and Research, Deutsche Forschungsgemeinschaft (DFG), Germany; Fund for Scientific Research (FNRS-FWO), Flanderns Institute to encourage Scientific and Technological Research in Industry (IWT) and Belgian Federal Office for Scientific, Technical and Cultural affairs (OSTC), Belgium; Fundación Venezolana de Promoción al Investigador (FVPI), Venezuela; the Netherland’s Organization for Scientific Research (NWO); D.F.C. acknowledges the support of the NSF CAREER program; E.R. acknowledges the support of the Marie-Curie fellowship program of the European Union; M.R. acknowledges the support of the Swiss National Science Foundation.

dat an atmospheric depth of about 600 g/cm^2.

October 26, 2004 11:10 WSPC/Guidelines-IJMPA proceeding

6 Paolo Desiati

References 1. E. Andrés et al., Nature 410 (2001) 441 2. K. Woschnagg et al., Neutrino 2004 Paris (2004), astro-ph/0409423 3. J. Ahrens et al., Astrop. Phys. 20 (2004) 507 4. O. Botner et al., Neutrino 2004 Paris (2004) 5. T.K. Gaisser et al., 28th ICRC 2 Tsukuba (2003) 1117 6. J. E. Dickinson et al., NIM A 440 (2000) 95 7. J. Ahrens et al., NIM A 524 (2004) 169 8. P. Desiati et al., Les Rencontres de Physique de la Vallée d’Aoste (2003), astro-ph/0306536 9. J. Ahrens at al., NIM A 522 (2004) 347 10. AMANDA/SPASE Coll., Astrop. Phys. 21 (2004) 565