-

View metadata, citation and similar papers at core.ac.uk brought to you byf: CORE

provided by University of Groningen

=) university of
/ groningen

University Medical Center Groningen

University of Groningen

SEARCH FOR POINT-LIKE SOURCES OF ULTRA-HIGH ENERGY NEUTRINOS AT THE
PIERRE AUGER OBSERVATORY AND IMPROVED LIMIT ON THE DIFFUSE FLUX OF
TAU NEUTRINOS

Abreu, P.; Aglietta, M.; Ahlers, M.; Ahn, E. J.; Albuquerque, I. F. M.; Allard, D.; Allekotte, I.;
Allen, J.; Allison, P.; Almela, A.

Published in:
Astrophysical Journal Letters

DOI:
10.1088/2041-8205/755/1/L4

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2012

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Abreu, P., Aglietta, M., Ahlers, M., Ahn, E. J., Albuquerque, I. F. M., Allard, D., ... Pierre Auger
Collaboration (2012). SEARCH FOR POINT-LIKE SOURCES OF ULTRA-HIGH ENERGY NEUTRINOS AT
THE PIERRE AUGER OBSERVATORY AND IMPROVED LIMIT ON THE DIFFUSE FLUX OF TAU
NEUTRINOS. Astrophysical Journal Letters, 755(1), [4]. https://doi.org/10.1088/2041-8205/755/1/L4

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-11-2019


https://core.ac.uk/display/232418404?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1088/2041-8205/755/1/L4
https://www.rug.nl/research/portal/en/publications/search-for-pointlike-sources-of-ultrahigh-energy-neutrinos-at-the-pierre-auger-observatory-and-improved-limit-on-the-diffuse-flux-of-tau-neutrinos(43516d59-da33-4472-8c4b-24b6cf07f0e5).html

THE ASTROPHYSICAL JOURNAL LETTERS, 755:L4 (7pp), 2012 August 10 doi:10.1088/2041-8205/755/1/L4
© 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

SEARCH FOR POINT-LIKE SOURCES OF ULTRA-HIGH ENERGY NEUTRINOS AT THE PIERRE AUGER
OBSERVATORY AND IMPROVED LIMIT ON THE DIFFUSE FLUX OF TAU NEUTRINOS

THE PIERRE AUGER COLLABORATION', P. ABREUZ, M. AGLIETTA>, M. AHLERS?, E. J. AHN’, [. F. M. ALBUQUERQUE®,
D. ALLARD’, I. ALLEKOTTE?, J. ALLEN?, P. ALLISON!?, A. ALMELA'!"'2, J. ALVAREZ CASTILLO'?, J. ALVAREZ-MURNIZ 4,
R. ALVES BaTisTA!S, M. AMBROSIO!®, A. AMINAEI!’, L. ANCHORDOQUI'®, S. ANDRINGA?, T. ANTICI’ C!?, C. ARAMO'S,
E. ARGANDAZ0-2! F. ARQUEROS?!, H. ASOREY®, P. Assis?, J. AUBLIN?, M. AvE®, M. AVENIER?, G. AviLAZ, A. M. BADESCU?®,
M. BaLzer?, K. B. BARBER®, A. F. BARBOSA29 97 R. BARDENET30 S.L.C. BARROSO31 B. BAUGHMAN10 % J. BAumL?2,
C.Baus?, J. J. BEATTY!?, K. H. BECKER?, A. BELLETOILE”, J. A. BELLIDO®®, S. BENZVI?, C. BERAT? ,X. BERTOU®,
P. L. BIERMANN?, P. BiLLOIR?Z, O. BLANCH-B1GAS?2??, F. BLANCO?', M. BLANCO?2:3¢, C. BLEVE®?, H. BLUMER??32,
M. BoHA¢ovi?, D. BoncioL?®, C. BoniFazi?23, R. BoNiNo?, N. BORODAI40 J. BRack*!, I. BRancus*?, P. BROGUEIRAZ,
W. C. BRown"®, R. BRuun*100 p, BUCHHOLZ45, A. BUENO?, L. BUROKER'®, R. E. BURTON?/, K. S. CABALLERO-MORA®S,
B. CaccIANIGA®, L. CARAMETE® | R. CARUSO™, A. CASTELLINA®, O. CATALANO , G. CATALDIP?, L. CAZON?, R. CESTER??
J. CHAUVIN24 S. H. CHENG®, A CHIAVASSA J. A. CHINELLATOD, T. CHIRINOS Diaz>*, J. CHUDOBA37 M. CiLmo'®,
R. W. CLAY?, G. CoccioLo®?, L. CoLLica®, M. R. CoLuccia®?, R. CONCEICA0?, F. CONTRERAS™, H. Cook**, M. J. COOPER?®,
J. CopPENS'73¢ A. CorpIERY, S. CouTu®®, C. E. CovauLT?, A. CREUSOT’, A. CRiss*®, J. CRONIN?, A. CURUTIU®,
S. DAGORET-CAMPAGNE™, R. DALLIER™, B. DANIEL!?, S. Dasso”®%?, K. DAUMILLER’Z, B. R. Dawson?®, R. M. DE ALMEIDA
M. DE DoMEenico”?, C. DE DonaTo'3, S. J. bE JonG!7%°, G. DE La VEGA®!, W. J. M. DE MELLO JUNIOR'?,
J.R. T. bE MELLO NETO?, I. DE MITRI’2, V. DE Souza®?, K. D. DE VRIES®, L. DEL PERAL®, M. DEL Rio*®-5°, O. DELIGNY®*
H. DEMBINSKIZ, N. DHITAL>?, C. D1 GiuLio*®:%°, M. L. Diaz CasTtro?, P. N. DIEP®®, F. DioGo?, C. DOBRIGKEIT'?, W. DOCTERS®,
J.C.D’OL1vo'3, P. N. DonGg®%®, A. DororFeev*!, J. C. pos ANjos?®, M. T. Dova?’, D. D’Urso ', I. Dutan®, J. EBr,
R. ENGEL?2, M. ERpMANN®’, C. O. EscoBar® ", J. EspaDANALZ, A. ETCHEGOYEN'!'2, P. FacaL SAN Luis’’, H. FALckg!7-20:68
G. Farrar?, A. C. Fauta!®, N. FAZZINI , A. P. FErguson?’, B. Fick**, J. M. FIGUEIRA12 A. FiLEvicH'?, A. FiLipc1¢®- 70,
S. FLiescHERY, C. E. FrRaccuioLLA*, E. D. FRAENKEL 3 0. FrRaTU%, U. FROHLICH“S,B.FUCHS”,R. GAIORZZ,R. F. GAMARRA12
S. GAMBETTA I B. GaRrcia®!, S. T. Garcia Roca'®, D. Garcia-GaMEZ?, D. Garcia-PINTO?!, A. GascoN Bravo?*®
H. GEMMEKE?, P. L. GH1A%2, M. GILLER"?, J. GiTT0®!, H. GLASS®, M. S. GoLD"?, G. GoLUP®, F. GOMEZ ALBARRACINZ®
M. G6MEZ BEerisso®, P. F. GOMEZ VITALE?, P. GONCALVES?, J. G. GoNzALEZ??, B. GookIN*!, A. Gorar®, P. GOUFFON®,
E. GRasHORN'?| S. GrREBE!”*°, N. GrirrITH!Y, M. GRIGAT®, A. F. GRILLO”*, Y. GUARDINCERRI’’, F. GUARINO'®, G. P. GUEDES"’
P. HANSEN?’, D. HarRARE®, T. A. Harrison?8, J. L. HArToN*', A. HAUNGs??, T. HEBBEKER®, D. HECK?2, A. E. HERVE?®,
C. Hoyvat’, N. HoLLoNY?, V. C. HoLMEs?®, P. HomoLA?, J. R. HORANDEL!7>°, P. HorvATH®, M. HRABOVSKY>"-76, D. HUBER®,
T. HUEGE??, A. InsoLIA”, F. ToNiTAY, A. ITALIANO?, S. JANSEN!7-5¢ C. JARNEZ, S. JIRASKOVA!7, M. JOSEBACHUILI'2,
K. Kabual!®, K. H. KAMPERT??, P. KARHAN"?, P. Kasper®, I. KaTkov??, B. KEGL??, B. KEILHAUER?, A. KEIVANI'S,
J.L.KeLLey!, E. KEmp!®, R. M. KiIECKHAFER*, H. O. KLAGES®?, M. KLEIFGEs?/, J. KLEINFELLER32 35 J. KNAPPY,
D.-H. Koanc?, K. KoTera”’, N. Kroum™, O. KrROMER?, D. KrRUPPKE-HANSEN>?, D. KUEMPEL*?7| J. K KULBARTZ .
N. Kunka?’, G. La Rosa®!, C. LacHAUD’, D. LAHURD47 L. LATRONICO?, R. LAUER"?, P. LAUTRIDOU34 S.LE Coz?*,
M. S. A. B. LEA0%°, D. LEBRUN?*, P. LEBRUN?, M. A. LEIGUI DE OLIVEIRAgO, A. LETESSIER-SELVONZZ, I. LHENRY-Y VON®*
K. Link2, R. L6pez®!, A. LoPEZ AGUERA!*, K. LoUEDEC*3?, J. LozaNo BaHILO*, L. Lu**, A. Lucero!2, M. LupwiG??,
H. LYBERIS®®*, M. C. MACCARONE’', C. MACOLINO?2, S. MALDERA?, J. MALLER?, D. MANDAT?’, P. MANTSCH?,
A. G. Mariazzi?, J. MARIN3~55 V. MARIN, T C Maris?2, H. R. MArRQUEZ FALCON®2, G. MARSELLA®Z, D. MARTELLOZ,
L. MARTIN®, H. MARTINEZ®, O. MARTINEZ BRAVO®!, D. MARTRAIRE®, J. J. Masfas MEzAY?, H. J. MATHES 2, J. MATTHEWS 3-84,
J. A.J. MATTHEWS?, G. MATTHIAE 8 D. MAUREL*2, D. MAURIZIO?33, P. O. MAZUR’, G. MEDINA-TANCO!3, M. MELIssAS??
D. MELO'2, E. MENICHETTI?, A. MENSHIKOVZ’, P. MERTSCH®?, C. MEURER®’, R. MEYHANDAN®®, S. M1’caNovr’c!?
M. I. MicHELETTI®?/, I. A. MINAYA?!', L. MIRAMONTI??, L. MOLINA-BUENO*®, S. MOLLERACH®, M. MONASOR®’
D. MONNIER RAGAIGNE®, F. MONTANET2, B. MoRALEs!?, C. MORELLO?, E. MORENO®!, J. C. MORENO??, M. MOSTAFA
C. A. Moura®, M. A. MULLER"?, G. MULLER?”, M. MUNCHMEYER?2, R. MUssa™>3, G. Navarra®>?7, J. L. NAVARRO46 S. NAvAs*,
P. NEcesaL¥, L. NELLEN'3, A. NELLEs'7%°, J. NEUSER?, P. T. NHUNG66 M. NIECHCIOL“ L. NIEMIETZ ,N. NIERSTENHOEFER3
D. Nirz>*, D. Nosex”’, L. Nozka*7, J. OEHLSCHLAGER”, A. OLINTO’, M. OrRTIZ2!, N. PACHECO?®, D. Pakx SELMI-DEI?
M. PaLATKAY, J. PALLOTTA®®, N. PALMIERI?®, G. PARENTE!4, E. PAR1ZOT’, A. PARRA !, S. PAsTORY?, T. PAUL??, M. PECH?,
J. PEkALA*, R. PELAYO'*8! . M. PEPE’!, L. PERRONE’?, R. PESCE’!, E. PETERMANN®?, S. PETRERA®, A. PETROLINI"!

Y. PETROV*', C. PFENDNERY, R. PIEGAIAY, T. PIEROG?, P. PIERONI??, M. PIMENTAZ, V. PIRRONELLO??, M. PLATINO!2, M. PLUM®’
V. H. Ponci®, M. PoNTZ*, A. PORCELLI’Z, P. PRIVITERA57 M. PROUZA37 E.J. QUEL88 S. QUERCHFELD“ T. RAUTENBERG33
O. RAVEL*, D. RAVIGNANI!Z, B. REVENU™, J .Ripky?’, S. RicG1'4, M. Rissg®, P. RisTori®®, H. RivEra*®, V. R1z1°°, J. ROBERTS’,
W. RODRIGUES DE CARVALHO'*, G. RODRIGUEZ'*, I. RODRIGUEZ CABO'*, J. RODRIGUEZ MARTINO’?, J. RODRIGUEZ R0JO>,

M. D. RoDRIGUEZ-FRrias?®, G. Ros®, J. Rosapo?!, T. RossLER’®, M. RotH??, B. ROUILLE-D’ ORFEUILY, E. ROULETS,
A. C.Rovero®®, C. RUHLE?’, A. SaFTOo1u*?, F. SALAMIDA®, H. SALAZAR®!, F. SALESA Greus*!, G. SaLINA™®, F. SANCHEZ
C. E. SANTO?, E. SaANTOS?, E. M. SANTOS>, F. SARAZIN??, B. SARKAR??, S. SARKAR®, R. SATO, N. SCHARF®’, V. SCHERINI
H. ScHIELER?Z, P. ScHTFFERY”-"?, A. ScumipT?’, O. SCHOLTEN®?, H. SCHOORLEMMER17'56, J. SCHOVANCOVA37, P. SCHOVANEK

8

60
b

41
b

12
49
3

b


http://dx.doi.org/10.1088/2041-8205/755/1/L4

THE ASTROPHYSICAL JOURNAL LETTERS, 755:L4 (7pp), 2012 August 10 ABREU ET AL.

F. SCHRODER?Z, S. ScHULTE®?, D. SCHUSTER?, S. J. ScrutTo?’, M. SCUDERI’?, A. SEGRETO', M. SETTIMO*, A. SHADKAM 3,

R. C. SHELLARD®, I. SIDELNIK'2, G. S16L"7, H. H. StLva LoPEZ!3, O. StMA®*, A. *SMIALKOWSKI’2, R. SMiDA3Z, G. R. SNow?2,

P. SoMMERs®®, J. SorRoKINZ®, H. SPINKA?, R. SQUARTINI?, Y. N. SRivasTAVA®, S. STaNIC”?, J. STAPLETON'?, J. STASIELAK?,

M. STEPHAN®, A. STUTZ?*, F. SUAREZ!2, T. SUOMITARVI®Y, A. D. SUPANITSKY™®, T. SUSA'®, M. S. SUTHERLAND'S, J. SWAIN®,
Z. SzADKOWSKI'?, M. SzUuBA*?, A. Tapia'2, M. TARTARE?*, O. TascXu?, R. Tcaciuc®, N. T. THA0%, D. THOMAS*!,
J. TIFFENBERG??, C. TIMMERMANS!79%, W. TkaczYK %7, C. J. ToDERO PEIX0T0%2, G. ToMa*2, L. ToMANKOVA?’, B. TOMEZ,

A. TONACHIND?, P. TRAVNICEK?, D. B. TRIDAPALLI®, G. TRISTRAM’, E. TROVATO?, M. TUEROS'4, R. ULRICH??, M. UNGER??,

M. UrBaN?, J. F. VALDEs GaLicia'?, I. VALINO', L. VALORE'®, G. vaN AAR!7, A. M. VAN DEN BERG®, A. VAN VLIET”,

. VARELA®', B. VARGAS CARDENAS'’, J. R. VAzZQUEZz“', R. A. VAzZQUEZ'“, D. VEBERIC*”'"Y, V. VERZI’®, J. VICHA"’,

E.V 81 B. VARGAS C s13,J.R. VAzQuez?!, R. A. VAzQuez'4,D. V ¢ 70 v Verzr®, J. VicHAY
. VIDELA®', L. VILLASENOR®?, H. WAHLBERG??, P. WAHRLICH?®, O. WAINBERG!"'!2, D. WaALZ®, A. A. WaTsoN**, M. WEBER?’,
M. VIDELA®', L. VILLASENOR®?, H. W 6%, P. WAHRLICH?®, O. Wa G612 D. WaLz%, A. A. Watson**, M. W 2
K. WEIDENHAUPT®?, A. WEINDL?2, F. WERNER2, S. WESTERHOFF?, B. J. WHELANZ-*® A. WipoM*°, G. WIECZOREK 2,

L. WIENCKE??, B. WiLczYKska*?, H. WiLczyYNsk1*?, M. WiLL*?, C. WiLLIaMS®’, T. WINCHEN®”, M. WOMMER>?,
B. WUNDHEILER'2, T. Yamamoto ”- 19! T. Yapicr™, P. Younk®%°, G. Yuan’®, A. YusHKOV'4, B. ZAMORANO GARCIA*
E. Zas', D. ZAVRTANIK®® 70, M. ZAVRTANIK® 70, . Zaw?-192 A, ZEPEDAS? 103 J. ZHOUY, Y. ZHU?,

M. ZIMBRES S1LVA!-33 AND M. ZI0LKOWSKI®
! Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Malargiie, Argentina
2 LIP and Instituto Superior Técnico, Technical University of Lisbon, Portugal
3 Istituto di Fisica dello Spazio Interplanetario (INAF), Universita di Torino and Sezione INFN, Torino, Italy
4 University of Wisconsin, Madison, WI, USA
5 Fermilab, Batavia, IL, USA
6 Universidade de Sdo Paulo, Instituto de Fisica, Sdo Paulo, SP, Brazil
7 Laboratoire AstroParticule et Cosmologie (APC), Université Paris 7, CNRS-IN2P3, Paris, France
8 Centro Atémico Bariloche and Instituto Balseiro (CNEA-UNCuyo-CONICET), San Carlos de Bariloche, Argentina
9 New York University, New York, NY, USA
10 Ohio State University, Columbus, OH, USA
! Universidad Tecnolégica Nacional - Facultad Regional Buenos Aires, Buenos Aires, Argentina
12 Instituto de Tecnologias en Deteccion y Astroparticulas (CNEA, CONICET, UNSAM), Buenos Aires, Argentina
13 Universidad Nacional Autonoma de Mexico, Mexico, D.E., Mexico
14 Universidad de Santiago de Compostela, Spain
15 Universidade Estadual de Campinas, IFGW, Campinas, SP, Brazil
16 Universita di Napoli “Federico II” and Sezione INFN, Napoli, Italy
17 IMAPP, Radboud University Nijmegen, The Netherlands
18 University of Wisconsin, Milwaukee, WI, USA
19 Rudjer Boskovi’c Institute, 10000 Zagreb, Croatia
20 JELP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
21 Universidad Complutense de Madrid, Madrid, Spain
22 Laboratoire de Physique Nucléaire et de Hautes Energies (LPNHE), Universités Paris 6 et Paris 7, CNRS-IN2P3, Paris, France
23 Karlsruhe Institute of Technology - Campus South - Institut fiir Experimentelle Kernphysik (IEKP), Karlsruhe, Germany
24 1 aboratoire de Physique Subatomique et de Cosmologie (LPSC), Université Joseph Fourier, INPG, CNRS-IN2P3, Grenoble, France
25 Observatorio Pierre Auger and Comisién Nacional de Energia Atémica, Malargiie, Argentina
26 University Politehnica of Bucharest, Romania
27 Karlsruhe Institute of Technology - Campus North - Institut fiir Prozessdatenverarbeitung und Elektronik, Karlsruhe, Germany
28 University of Adelaide, Adelaide, S.A., Australia
29 Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ, Brazil
301 aboratoire de I’ Accélérateur Linéaire (LAL), Université Paris 11, CNRS-IN2P3, France
31 Universidade Estadual do Sudoeste da Bahia, Vitoria da Conquista, BA, Brazil
32 Karlsruhe Institute of Technology - Campus North - Institut fiir Kernphysik, Karlsruhe, Germany
33 Bergische Universitit Wuppertal, Wuppertal, Germany
34 SUBATECH, Ecole des Mines de Nantes, CNRS-IN2P3, Université de Nantes, France
35 Max-Planck-Institut fiir Radioastronomie, Bonn, Germany
36 Universidad de Alcald, Alcald de Henares (Madrid), Spain
37 Institute of Physics of the Academy of Sciences of the Czech Republic, Prague, Czech Republic
38 Universita di Roma II “Tor Vergata” and Sezione INFN, Roma, Italy
39 Universidade Federal do Rio de Janeiro, Instituto de Fisica, Rio de Janeiro, RJ, Brazil
40 Tnstitute of Nuclear Physics PAN, Krakow, Poland
41 Colorado State University, Fort Collins, CO, USA
42 “Horia Hulubei” National Institute for Physics and Nuclear Engineering, Bucharest- Magurele, Romania
43 Colorado State University, Pueblo, CO, USA
44 School of Physics and Astronomy, University of Leeds, UK
4 Universitit Siegen, Siegen, Germany
46 Universidad de Granada & C.A.F.PE., Granada, Spain
47 Case Western Reserve University, Cleveland, OH, USA
48 pennsylvania State University, University Park, PA, USA
49 Universita di Milano and Sezione INFN, Milan, Italy
50 Universita di Catania and Sezione INFN, Catania, Italy
51 Istituto di Astrofisica Spaziale e Fisica Cosmica di Palermo (INAF), Palermo, Italy
52 Dipartimento di Matematica e Fisica “E. De Giorgi” dell’Universita del Salento and Sezione INFN, Lecce, Italy
53 Universita di Torino and Sezione INFN, Torino, Ttaly
>4 Michigan Technological University, Houghton, MI, USA
35 Observatorio Pierre Auger, Malargiie, Argentina

6
E}



THE ASTROPHYSICAL JOURNAL LETTERS, 755:L4 (7pp), 2012 August 10

ABREU ET AL.

56 Nikhef, Science Park, Amsterdam, The Netherlands
57 Enrico Fermi Institute, University of Chicago, Chicago, IL, USA
38 Instituto de Astronomfa y Fisica del Espacio (CONICET-UBA), Buenos Aires, Argentina
39 Departamento de Fisica, FCEyN, Universidad de Buenos Aires y CONICET, Argentina
60 Universidade Federal Fluminense, EEIMVR, Volta Redonda, RJ, Brazil
61 National Technological University, Faculty Mendoza (CONICET/CNEA), Mendoza, Argentina
62 Universidade de Sdo Paulo, Instituto de Fisica, Sdo Carlos, SP, Brazil
63 Kernfysisch Versneller Instituut, University of Groningen, Groningen, The Netherlands
4 Institut de Physique Nucléaire d’Orsay (IPNO), Université Paris 11, CNRS-IN2P3, Orsay, France
65 Universita dell’ Aquila and INFN, L’ Aquila, Italy
66 Institute for Nuclear Science and Technology (INST), Hanoi, Vietnam
67 RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
68 ASTRON, Dwingeloo, The Netherlands
9 J. Stefan Institute, Ljubljana, Slovenia
70 Laboratory for Astroparticle Physics, University of Nova Gorica, Slovenia
71 Dipartimento di Fisica dell’Universita and INFN, Genova, Italy
72 University of £.6dZ, £.6dZ, Poland
73 University of New Mexico, Albuquerque, NM, USA
74 INFN, Laboratori Nazionali del Gran Sasso, Assergi (L’ Aquila), Italy
75 Universidade Estadual de Feira de Santana, Brazil
76 Palacky University, RCPTM, Olomouc, Czech Republic
77 Faculty of Mathematics and Physics, Institute of Particle and Nuclear Physics, Charles University, Prague, Czech Republic
78 Louisiana State University, Baton Rouge, LA, USA
79 Universitit Hamburg, Hamburg, Germany
80 Universidade Federal do ABC, Santo André, SP, Brazil
81 Benemérita Universidad Auténoma de Puebla, Puebla, Mexico
82 Universidad Michoacana de San Nicolas de Hidalgo, Morelia, Michoacan, Mexico
83 Centro de Investigacion y de Estudios Avanzados del IPN (CINVESTAV), México, Mexico
84 Southern University, Baton Rouge, LA, USA
85 Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford, UK
86 University of Hawaii, Honolulu, HI, USA
87 Instituto de Fisica de Rosario (IFIR) - CONICET/U.N.R. and Facultad de Ciencias Bioquimicas y Farmacéuticas U.N.R., Rosario, Argentina
8 Centro de Investigaciones en Laseres y Aplicaciones, CITEDEF and CONICET, Argentina
89 Instituto de Fisica Corpuscular, CSIC-Universitat de Valéncia, Valencia, Spain
90 Northeastern University, Boston, MA, USA
91 Universidade Federal da Bahia, Salvador, BA, Brazil
92 University of Nebraska, Lincoln, NE, USA
93 Colorado School of Mines, Golden, CO, USA
94 Physics Department, University of Bucharest, Romania
95 Argonne National Laboratory, Argonne, IL, USA
96 Los Alamos National Laboratory, Los Alamos, NM, USA
Received 2012 May 11; accepted 2012 June 3; published 2012 July 20

ABSTRACT

The surface detector array of the Pierre Auger Observatory can detect neutrinos with energy E, between 10'7 eV
and 10% eV from point-like sources across the sky south of +55° and north of —65° declinations. A search has been
performed for highly inclined extensive air showers produced by the interaction of neutrinos of all flavors in the
atmosphere (downward-going neutrinos), and by the decay of tau leptons originating from tau neutrino interactions
in Earth’s crust (Earth-skimming neutrinos). No candidate neutrinos have been found in data up to 2010 May 31.
This corresponds to an equivalent exposure of ~3.5 years of a full surface detector array for the Earth-skimming
channel and ~2 years for the downward-going channel. An improved upper limit on the diffuse flux of tau neutrinos
has been derived. Upper limits on the neutrino flux from point-like sources have been derived as a function of the
source declination. Assuming a differential neutrino flux kps - E 2 from a point-like source, 90% confidence level
upper limits for kpg at the level of &5 x 1077 and 2.5 x 107° GeV cm~2 s~! have been obtained over a broad range
of declinations from the searches for Earth-skimming and downward-going neutrinos, respectively.

Key words: astroparticle physics — cosmic rays — neutrinos — telescopes

1. INTRODUCTION

The nature and production mechanisms of ultra-high energy
cosmic rays (UHECRs), with energies above 10" eV, are

97 Deceased.

98 Now at University of Maryland.

99 Now at Institut de Fisica d’ Altes Energies, Bellaterra, Spain.

100 Noow at Université de Lausanne.

101 Now at Konan University, Kobe, Japan.
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103 Now at the Universidad Autonoma de Chiapas on leave of absence from
Cinvestav.

still unknown (Nagano & Watson 2000; Bhattacharjee & Sigl
2000; Halzen & Hooper 2002). The observation of UHECRs
makes an associated flux of ultra-high energy cosmic neutrinos
(UHEvs; Becker 2008) very likely. All models of UHECR
production predict neutrinos as a result of the decay of charged
pions generated in interactions of cosmic rays within the
sources themselves (“astrophysical” neutrinos), and/or in their
propagation through background radiation fields (“cosmogenic”
neutrinos; Berezinsky & Zatsepin 1969; Stecker 1973). In fact,
charged pions, which are photoproduced by UHECR protons
interacting with the cosmic microwave background radiation,
decay into UHEvs. However, the predicted flux has large
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uncertainties, since it depends on the UHECR spectrum and on
the spatial distribution and cosmological evolution of the sources
(Becker 2008; Ahlers et al. 2010; Koteraetal. 2010). f UHECRs
are heavy nuclei, the UHEv yield is strongly suppressed (Ave
et al. 2005).

The observation of UHE neutrinos would open a new window
to the universe. Neutrinos travel unaffected by magnetic fields
and can give information on astrophysical regions that are
otherwise hidden from observation by large amounts of matter.
The discovery of astrophysical neutrino sources would shed
light on the long-standing question of the origin of cosmic rays,
and clarify the production mechanism of the GeV-TeV gamma
rays observed on Earth (Gaisser 1995; Alvarez-Muiiiz & Halzen
2002).

The Pierre Auger Observatory (Abraham et al. 2004)—located
in the province of Mendoza, Argentina, at a mean altitude of
1400 m above sea level (~875 g cm~2)—was designed to mea-
sure extensive air showers (EAS) induced by UHECRs. The
fluorescence detector (Abraham et al. 2010a) comprises a set
of imaging telescopes to measure the light emitted by excited
atmospheric nitrogen molecules as the EAS develops. A sur-
face detector (SD; Allekotte et al. 2008) measures EAS parti-
cles on the ground with an array of water-Cherenkov detectors
(“stations”). Each SD station contains 12 tonnes of water viewed
by three 9” photomultipliers. Arranged on a triangular grid with
1.5 km spacing, 1660 SD stations are deployed over an area of
~3000 km?, overlooked by 27 fluorescence telescopes.

Although the primary goal of the SD is to detect UHECRsS,
it can also identify UHE neutrinos. Neutrinos of all flavors can
interact at any atmospheric depth through charged or neutral
currents and induce a “downward-going” (DG) shower. In
addition, tau neutrinos can undergo charged current interactions
in the Earth crust and produce a tau lepton which, after emerging
from the Earth surface and decaying in the atmosphere, will
induce an “Earth-skimming” (ES) upward-going shower. Even if
tau neutrinos are not expected to be produced at the astrophysical
source, approximately equal fluxes for each neutrino flavor
should reach the Earth as a result of neutrino oscillations
over cosmological distances. Neutrino candidate events must
be identified against the overwhelming background of showers
initiated by standard UHECRSs (protons or nuclei) and, in a much
smaller proportion, photons (Abraham et al. 2010b). Highly
inclined (zenith angle 6 > 75°) ES and DG neutrino-induced
showers will present a significant electromagnetic component
at the ground (“young” showers), producing signals spread over
hundreds of nanoseconds in several of the triggered SD stations.
Inclined showers initiated by standard UHECRs are, by contrast,
dominated by muons at ground level (“old” showers), with
signals typically spread over only tens of nanoseconds.

Thanks to the fast sampling (25 ns) of the SD digital
electronics, several observables sensitive to the signal time
structure can be used to discriminate between young and old
showers, allowing for detection of UHEvs. Candidates for
UHEvs are searched for in inclined showers in the ranges
75° < 6 < 90° and 90° < 6 < 96° for the DG and ES analysis,
respectively.

2. LIMITS ON THE DIFFUSE FLUX
OF UHE TAU NEUTRINOS

An upper limit on the diffuse flux of tau neutrinos from the
search for ES events in data through 2008 April 30 (~2 years
of exposure with a full SD array) was reported in Abraham
et al. (2009). Here, the search is extended to data until 2010
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Figure 1. Exposure of the surface detector of the Pierre Auger Observatory for
Earth-skimming neutrino initiated showers as a function of the neutrino energy,
for data collected between 2004 January 1 and 2010 May 31.

May 31 (~3.5 years of exposure with a full SD array), and an
improved limit is obtained. A preliminary report of this result
was presented in Guardincerri et al. (2011).

Details of the neutrino selection procedure, of the calculation
of the detector exposure for ES showers, and of sources of
systematic uncertainties are given in Abraham et al. (2009). The
neutrino selection criteria were optimized with an early data set
collected between 2004 November 1 and December 31. By using
data rather than Monte Carlo simulations, all possible detector
effects and shower-to-shower fluctuations, which constitute the
main background to UHEvs and may not be well reproduced
by simulations, are taken into account. The neutrino selection
established with the training sample was then applied to a “blind
search sample” of data collected between 2004 January 1 and
2010 May 31 (excluding 2004 November and December). The
blind search sample is equivalent to ~3.5 years of data collected
by a fully efficient SD array, i.e., with all stations working
continuously. The time evolution of the SD array, which was
growing during the construction phase, as well as the dead times
of individual stations, was accounted for in this calculation.
The integrated exposure for detection of ES tau neutrinos as a
function of energy is shown in Figure 1. No neutrino candidates
were found in the blind search. Assuming a differential spectrum
®(E,) = dN,/dE, = k - E, for the diffuse flux of UHEvs
and zero background (Abraham et al. 2009; Abreu et al. 201 1a),
a 90% confidence level (CL) upper limit on the integrated flux
of tau neutrinos is derived:

k<32x108GeVem2s sl nH

Systematic uncertainties in the exposure were taken into account
in the upper limit by using a semi-Bayesian extension (Conrad
et al. 2003) of the Feldman—Cousins approach (Feldman &
Cousins 1998). The limit, shown as a horizontal line in Figure 2,
is valid in the energy range 1.6 x 107 eV < E, <2.0x10%eV,
where ~90% of neutrino events would be detected for an E,
flux. Also shown is the 90% CL upper limit in differential form,
where the limit was calculated independently in each energy bin
of width 0.5 in log;, E,. The integrated and differential limits
from the search for DG neutrinos (Abreu et al. 2011a) at the
Pierre Auger Observatory, based on a “blind search sample”
of data collected from 2007 November 1 until 2010 May 31
(equivalent to ~2.0 years of exposure with the full SD array), are
also shown in Figure 2, together with limits from the IceCube
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Figure 2. Differential and integrated upper limits at 90% CL on the single
flavor E 2 peutrino flux from the search for downward-going and Earth-
skimming neutrinos at the Pierre Auger Observatory. Integrated upper limits are
indicated by horizontal lines, with the corresponding differential limits being
represented by segments of width 0.5 in log;, E,. Limits from the IceCube
Neutrino Observatory (Abbasi et al. 2011a) and from the ANITA experiment
(Gorham et al. 2010) are also shown after proper rescaling to account for single
flavor neutrino flux and different energy binning. Predictions for cosmogenic
neutrinos under different assumptions (Ahlers et al. 2010; Kotera et al. 2010)
are also shown, although predictions almost one order of magnitude lower or

higher exist.

Neutrino Observatory (Abbasi et al. 2011a) and the ANITA
experiment (Gorham et al. 2010). The shaded area in Figure 2
brackets the cosmogenic neutrinos fluxes predicted under a wide
range of assumptions for the cosmological evolution of the
sources, for the transition between the galactic and extragalactic
component of cosmic rays, and for the UHECR composition
(Kotera et al. 2010). The corresponding number of cosmogenic
neutrino events expected in the blind search sample ranges
between 0.1 and 0.3, approximately. For the diffuse flux of
cosmogenic neutrinos predicted in Ahlers et al. (2010), 0.6
neutrino events are expected at the Pierre Auger Observatory
with the integrated exposure of the present analysis, to be
compared with 0.43 events expected in the 333.5 days of live
time of the IceCube-40 neutrino telescope (Abbasi et al. 2011a).
The current bound to a cosmogenic neutrino flux with energy
dependence as in Ahlers et al. (2010) and shown in Figure 2
is four times larger than the predicted value. With the current
selection criteria the exposure accumulated in ~10 more years
with the Pierre Auger Observatory may exclude this cosmogenic
neutrino flux at 90% CL. Note that the maximum sensitivity
of the Pierre Auger Observatory, obtained for E, ~ 10'8 eV,
matches well the peak of the expected neutrino flux.

3. SENSITIVITY TO POINT-LIKE SOURCES

The neutrino search at the Pierre Auger Observatory is limited
to highly inclined showers, with zenith angles between 90°
and 96° in the ES analysis, and between 75° and 90° in the
DG analysis. Thus, at each instant, neutrinos can be detected
only from a specific portion of the sky corresponding to these
zenith angle ranges. A point-like source of declination § and
right ascension « (equatorial coordinates) is seen at our latitude
(A = —35%2), at a given sidereal time ¢, with a zenith angle 6(¢)
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& detectable by the Pierre Auger Observatory with the Earth-skimming and
downward-going neutrino selection.

given by
cosO(t) = sinA sind +cos X cos$ sin2nt/T — a), 2)

where T is the duration of one sidereal day. From Equation (2),
the fraction of a sidereal day during which a source is detectable
(i.e., within the zenith angle ranges for the ES and DG analyses)
is shown in Figure 3; it depends only on the source declination.
The SD of the Pierre Auger Observatory is sensitive to point-
like sources of neutrinos over a broad declination range spanning
north of § ~ —65° and south of § ~ 55°. The regions of the sky
close to the Northern (6 = 90°) and Southern (§ = —90°)
Terrestrial Poles are not accessible by this analysis. As an
example, Centaurus A (§ ~ —43°) is observed ~7% (~15%) of
one sidereal day in the range of zenith angles corresponding to
the ES (DG) search. The peaks in Figure 3 are a consequence of
the relatively smaller rate of variation of the zenith angle with
time for directions near the edges of the range accessible to this
analysis.

The exposure of the SD as a function of the neutrino energy
and of the source position in the sky, £(E,, §), is evaluated by
folding the SD aperture with the neutrino interaction probability
and the selection efficiency for each neutrino channel. The
procedure is identical to that used for the calculation of the
exposure for a diffuse flux of UHEvs (Abraham et al. 2009;
Abreu et al. 201 1a; Guardincerri et al. 201 1), with the exception
of the solid angle integration over the sky. The integration over
the blind search time period takes into account the growth
of the SD array during its construction phase and dead times
of individual stations. For example, the exposure for the DG
analysis is given by

E(E,, ) = %Z

X [wioi(EU)///cose(t)ai(r, E,,0(), D, t)dAdDdt:| ,
3)

where the integration is performed over the area A of the SD,
the interaction depth D of the neutrino, and the search period. In
Equation (3), m is the mass of a nucleon, o;(E)) is the neutrino-
nucleon cross-section (Cooper-Sarkar & Sarkar 2008), and ¢;
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is the neutrino selection efficiency, with the sum running over
the three neutrino flavors (w; = 1, corresponding to a 1:1:1
flavor ratio) and over the neutrino charged and neutral current
interactions. The dependence of & on several parameters (the
point of impact at ground of the shower core, r, the neutrino
interaction depth, its energy and zenith angle, and time) is
also explicitly included in Equation (3). The dependence of
the exposure on the source declination comes through 6(¢) as
obtained from Equation (2). When integrating over time, only
those periods when the source is within the zenith angle range
of the neutrino selection are considered. The exposure for ES
neutrinos is derived analogously to Equation (3).

Changes in the detector configuration during data taking, due
to the dead times of the SD stations, and to the increase of
the array size during the construction phase, may introduce a
dependence of the exposure on the right ascension. In particular,
fluctuations in the number of stations cause a small diurnal
variation, but this effect is only apparent in solar time. When
averaged over a large number of sidereal days, as in this analysis,
the modulation in right ascension caused by this effect is less
than 1% (Abreu et al. 2011b). For this reason, the dependence
of the exposure on o has been neglected in the evaluation of the
upper limits.

Due to the finite resolution of the SD on the reconstruction
of the variables used in the selection of neutrino-induced
showers, events close to the edges of the zenith angle range
for the neutrino selection may be wrongly rejected (or wrongly
accepted). In the exposure as given in Equation (3) we account
for this effect by evaluating the selection efficiency ¢ through
Monte Carlo simulations.

Several other sources of systematic uncertainties on the expo-
sure have been investigated (Abraham et al. 2009; Abreu et al.
2011a). For the DG analysis, the major contributions in terms
of deviation from a reference exposure come from the knowl-
edge of neutrino-induced shower simulations (+9%, —33%),
of the neutrino cross-section (£7%), and of the topography
(£6%). Only uncertainties compatible with the conventional
NLO DGLAP formalism of v cross-section calculation—see
Cooper-Sarkar & Sarkar (2008) for details—have been con-
sidered. We have not accounted for gluon saturation models
that would give rise to considerable smaller v cross-sections
(as small as a factor ~2 at 10'® eV; Henley & Jalilian-Marian
2006; Armesto et al. 2008), and hence to a larger systematic
uncertainty than the one quoted here. For the ES analysis, the
systematic uncertainties are dominated by the tau energy losses
(+25%, —10%), the shower simulations (+20%, —5%), and the
topography (+18%, 0%).

4. LIMITS ON THE FLUX OF UHE NEUTRINOS
FROM POINT-LIKE SOURCES

The expected number of neutrino events in an energy range
[Emin, Emax] from a point-like source located at a declination &
is given by

. Emax
Need(8) = f F(E,)E(E,, 8)dE, 4)
E

min

where F(E))is the flux of UHEvs from the source. No candidate
events were selected using the ES and DG analyses. Under the
conservative assumption of zero background, a 90% CL upper
limit on the neutrino flux from point-like sources is derived. To
set the upper limit, a differential flux F(E,) = kps(8) - E; 2 was
assumed, as well as a 1:1:1 neutrino flavor ratio. Systematic
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Figure 4. Upper limits at 90% CL on a single flavor E 2 flux from a specific
point-like source as a function of the source declination. The bounds from the
Earth-skimming and downward-going neutrino analyses hold for a neutrino
energy range 10'7-10%0 eV (see text for details).

uncertainties on the exposure were calculated using the semi-
Bayesian approach described above in Section 2.

In Figure 4, the 90% CL upper limits on kps derived from
the ES and DG analyses are shown as a function of source
declination. Limits for kps at the level of &5 x 1077 and
2.5 x 107° GeV cm~2 s~ were obtained over a broad range
of declinations from the searches for ES and DG neutrinos,
respectively.

The shape of the declination-dependent upper limits is largely
determined by the fraction of time a source is within the field
of view of the ES or DG analyses (cf. Figure 3), and, to a lesser
extent, by the zenith angle dependence of the exposure.

The upper limits are derived for neutrinos in the energy
range 1.6 x 10'7 eV-2.0 x 10'° eV for the ES analysis, and in
the energy range 1 x 10'7 eV—-1 x 10% eV for the DG analysis,
with a negligible dependence of these energy intervals on the
source declination. These are the best limits around 1 EeV.

The IceCube Neutrino Observatory and the Antares Neutrino
Telescope have also searched for UHEvs from point-like sources
(Abbasi et al. 2011b and Adridn-Martinez et al. 2011, respec-
tively). The bounds obtained by these two experiments apply to
energies below the Auger energy range.

Limits for the particular case of the active galaxy Centaurus A,
a potential source of UHECRs, are shown in Figure 5, together
with constraints from other experiments. The predicted fluxes
for two theoretical models of UHEv production—in the jets
(Cuoco & Hannestad 2008) and close to the core of Centaurus
A (Kachelriess et al. 2009)—are also shown for comparison.
The expected number of events in our blind search samples for a
flux like in Cuoco & Hannestad (2008) is about 0.1 and 0.02 for
the ES and DG selection, respectively, the expected number for
Kachelriess et al. (2009) being one order of magnitude smaller.

5. SUMMARY

The sensitivity of the Pierre Auger Observatory to point-
like sources of neutrinos with UHE has been obtained. Highly
inclined EAS produced by the interaction of neutrinos of all
flavors in the atmosphere and by the decay of tau leptons
originating from tau neutrino interactions in the Earth’s crust
were searched for, and differentiated from the background of
standard UHECRs thanks to the distinctive time structure of the
signals measured by the SD array. The search for neutrinos was
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Figure 5. Upper limits at 90% CL on a single flavor E;;? flux from the active
galaxy Centaurus A from the Earth-skimming and downward-going neutrino
analyses, together with bounds from the IceCube Neutrino Observatory (Abbasi
etal. 2011b) and LUNASKA (James et al. 2011). The predictions for two models
of UHEv production—in the jets (Cuoco & Hannestad 2008), and close to the
core of Centaurus A (Kachelriess et al. 2009)—are also shown.

performed over a broad range of declination, north of ~—65°
and south of ~55°, and for neutrino energies between 1017 eV
and 10%° eV.

No neutrino candidates were found in data collected through
2010 May 31, and an improved upper limit on the diffuse flux of
tau neutrinos was correspondingly placed. Also, the exposure
for neutrino fluxes from point-like sources was evaluated as
a function of source declination. Upper limits at 90% CL for
neutrino fluxes from point-like sources were established, which
are currently the most stringent at energies around and above 1
EeV in a large fraction of the sky spanning more than 100° in
declination.

The successful installation, commissioning, and operation of
the Pierre Auger Observatory would not have been possible
without the strong commitment and effort from the technical
and administrative staff in Malargiie.
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