The Tracking, Calorimeter and Muon Detectors of the H1 Experiment at HERA

H1 Collaboration

Abstract:

Technical aspects of the three major components of the H1 detector at the electron-proton storage ring HERA are described. This paper covers the detector status up to the end of 1994 when a major upgrading of some of its elements was undertaken. A description of the other elements of the detector and some performance figures from luminosity runs at HERA during 1993 and 1994 are given in a paper previously published in this journal.

H1 Collaboration

I. Abt^8, T. Ahmed^4, S. Aid^{14}, V. Andreev^{26}, B. Andrieu^{29}, R.-D. Appuhn^{12}, C. Arnault^{28}, M. Arpagaus^{37}, A. Babaev^{25}, H. Bärwolff^{36}, J. Bán^{18}, E. Banas^{7,12}, P. Baranov^{26}, E. Barrelet^{30}, W. Bartel^{12}, M. Barth^5, U. Bassler^{30}, F. Basti^{33}, D.E. Baynham^6, J.-M. Baze^{10}, G.A. Beck^{21}, H.P. Beck^{38}, D. Bederede^{10}, H.-J. Behrend^{12}, C. Beigbeder^{28}, A. Belousov^{26}, Ch. Berger^1, H. Bergstein^1, R. Bernard^{10}, G. Bernardi^{30}, R. Bernet^{37}, R. Bernier^{28}, U. Berthon^{29}, G. Bertrand-Coremans^5, M. Besançon^{10}, R. Beyer^{12}, J.-C. Biasci^{28}, P. Biddulph^{23} , V. Bidoli^{33}, E. Binder^{12}, P. Binko^{12}, J.-C. Bizot^{28}, V. Blobel^{14}, F. Blouzon^{30}, H. Blume^{27}, K. Borras^9, V. Boudry^{29}, C. Bourdarios^{28}, F. Brasse^{12}, W. Braunschweig^1, D. Breton^{28}, H. Brettel^{27}, V. Brisson^{28}, D. Bruncko^{18}, C. Brune^{16}, U. Buchner^9, L. Büngener^{14}, J. Bürger^{12}, F.W. Büsser^{14}, A. Buniatian^{12,40}, S. Burke^{20}, P. Burmeister^{12}, A. Busata^{29}, G. Buschhorn^{27}, A.J. Campbell^{11}, T. Carli^{27}, F. Charles^{30}, M. Charlet^{12}, R. Chase^{28}, D. Clarke^6, A.B. Clegg^{19}, M. Colombo^9, V. Commichau^2, J.F. Connolly^6, U. Cornett^{12}, J.A. Coughlan^6, A. Courau^{28}, M.-C. Cousinou^{24}, Ch. Coutures^{10}, A. Coville^{27}, G. Cozzika^{10}, D.A. Cragg^6, L. Criegee^{12}, H.I. Cronström^{22}, N.H. Cunliffe^6, J. Cvach^{29}, A. Cyz^7, S. Dagoret^{30}, J.B. Dainton^{20}, M. Danilov^{25}, A.W.E. Dann^{23}, D. Darvill^2, W.D. Dau^{17}, J. David^{30}, M. David^{10}, R.J. Day^6, E. Deffur^{12}, B. Delcourt^{28}, L. Del Buono^{30}, F. Descamps^{30}, M. Devel^{28}, J. P. Dewulf^5, A. De Roeck^{12}, P. Dingus^{29}, K. Djidi^{10}, C. Dollfus^{38}, J.D. Dowell^4, H.B. Dreis^2, A. Drescher^9, U. Dretzler^9, J. Duboc^{30}, A. Ducorps^{28}, D. Düllmann^{14}, O. Dünger^{14}, H. Duhm^{13}, B. Dulny^{27}, F. Dupont^{28}, R. Ebbinghaus^9, M. Eberle^{13}, J. Ebert^{35}, T.R. Ebert^{20}, G. Eckerlin^{12}, B.W.H. Edwards^6, V. Efremenko^{25}, S. Egli^{38}, S. Eichenberger^{38}, R. Eichler^{37}, F. Eisele^{15}, E. Eisenhandler^{21} , N.N. Ellis^4 , R.J. Ellison^{23} , E. Elsen^{12}, A. Epifantsev^{25}, M. Erdmann^{15}, W. Erdmann^{37}, G. Ernst^9, E. Evrard^5, G. Falley^{12}, L. Favart^5, A. Fedotov^{25}, D. Feeken^{14}, R. Felst^{12}, J. Feltesse^{10}, Z.Y. Feng^{30}, I.F. Fensome^4, J. Fent^{27}, J. Ferencei^{12}, F. Ferrarotto^{33}, K. Finke^{12}, K. Flamm^{12}, W. Flauger^{12,†}, M. Fleischer^{12}, M. Flieser^{27}, P.S. Flower^6, G. Flügge^2, A. Fomenko^{26}, B. Fominykh^{25}, M. Forbush^8, J. Formánek^{32}, J.M. Foster^{23}, G. Franke^{12}, E. Fretwurst^{13}, W. Fröchtenicht^{27}, P. Fuhrmann^1, E. Gabathuler^{20}, K. Gabathuler^{34}, K. Gadow^{12}, K. Gamerdinger^{27}, J. Garvey^4, J. Gayler^{12}, E. Gažo^{12}, A. Gellrich^{14}, M. Gennis^{12}, U. Gensch^{36}, H. Genzel^1, R. Gerhards^{12}, K. Geske^{14}, I. Giesgen^2, D. Gillespie^{20} , W. Glasgow^6, L. Godfrey^8, J. Godlewski^7, U. Goerlach^{12}, L. Goerlich^7, N. Gogitidze^{26}, M. Goldberg^{30}, A.M. Goodall^{20}, I. Gorelov^{25}, P. Goritchev^{25}, L. Gosset^{10}, C. Grab^{37}, H. Grässler^2, R. Grässler^2, T. Greenshaw^{20}, C. Gregory^{29}, H. Greif^{27}, M. Grewe^9, G. Grindhammer^{27}, A. Gruber^{27}, C. Gruber^{17}, S. Günther^{36}, J. Haack^{36}, M. Haguenauer^{29}, D. Haidt^{12}, L. Hajduk^7, D. Hammer^{12}, O. Hamon^{30}, M. Hampel^1, D. Handschuh^{12}, K. Hangarter^2, E.M. Hanlon^{19}, M. Hapke^{12}, U. Harder^{36}, J. Harjes^{12}, P. Hartz^9, P.E. Hatton^6, R. Haydar^{28}, W.J. Haynes^6, J. Heatherington^{21}, V. Hedberg^{22}, C.R. Hedgecock^6, G. Heinzelmann^{14}, R.C.W. Henderson^{19}, H. Henschel^{36}, R. Herma^1, I. Herynek^{31}, W. Hildesheim^{13,30} , P. Hill^{12} , D.L. Hill^6, C.D. Hilton^{23}, J. Hladký^{31}, K.C. Hoeger^{23}, R.B. Hopes^6, R. Horisberger^{34}, A. Hrisoho^{28}, J. Huber^{27}, Ph. Huet^5, H. Hufnagel^{15}, N. Huot^{30}, J.-F. Huppert^{30}, M. Ibbotson^{23}, D. Imbault^{30}, H. Itterbeck^1, M.-A. Jabiol^{10}, A. Jacholkowska^{28}, C. Jacobsson^{22}, M. Jaffré^{28}, J. Janoth^{16}, T. Jansen^{12}, P. Jean^{28}, J. Jeanjean^{28}, L. Jönsson^{22}, K. Johannsen^{14}, D.P. Johnson^5, L. Johnson^{19}, P. Jovanovic^4, H. Jung^2, P.I.P. Kalmus^{21}, D. Kant^{21}, G. Kantel^{12}, S. Karstensen^{6,12}, S. Kasarian^{12}, R. Kaschowitz^2, P. Kasselmann^{13}, U. Kathage^{17}, H.H. Kaufmann^{36}, G. Kemmerling^2, I.R. Kenyon^4, S. Kermiche^{24}, C. Keuker^1, C. Kiesling^{27}, M. Klein^{36}, C. Kleinwort^{14}, G. Knies^{12}, W. Ko^8, T. Kobler^{27}, J. Koch^{13}, T. Köhler^1, J. Köhne^{27}, M. Kolander^9, H. Kolanoski^3, F. Kole^8, J. Koll^{12}, S.D. Kolya^{23}, B. Koppitz^{14}, V. Korbel^{12}, M. Korn^9, P. Kostka^{36}, S.K. Kotelnikov^{26}, M.W. Krasny^{7,30}, H. Krehbiel^{12} , F. Krivan^{18}, D. Krücker^2, U. Krüger^{12}, U. Krüner-Marquis^{12}, M. Kubantsev^{25}, J.P. Kubenka^{27}, T. Külper^{12}, H.-J. Küsel^{12}, H. Küster^2, M. Kuhlen^{27}, T. Kurča^{18}, J. Kurzhöfer^9, B. Kuznik^{35}, B. Laforge^{10}, F. Lamarche^{29}, R. Lander^8, M.P.J. Landon^{21},

W. Lange^{12}, W. Lange^{36}, R. Langkau^{13}, P. Lanius^{27}, J.-F. Laporte^{10}, L. Laptin^{25}, H. Laskus^{27}, A. Lebedev^{26}, M. Lemler^{7,12}, U. Lenhardt^9, A. Leuschner^{12}, C. Leverenz^{12}, S. Levonian^{12,26}, D. Lewin^{12}, Ch. Ley^2, A. Lindner^9 , G. Lindström^{13}, F. Linsel^{12}, J. Lipinski^{14} , B. Liss^{12}, P. Loch^{12}, A.B. Lodge^6, H. Lohmander^{22}, G.C. Lopez^{21}, J.-P. Lottin^{10}, V. Lubimov^{25}, K. Ludwig^{12}, D. Lüers^{27,†}, N. Lugetski^{25}, B. Lundberg^{22}, K. Maeshima^8, N. Magnussen^{35}, E. Malinovski^{26}, S. Mani^8, P. Marage^5, J. Marks^{24}, R. Marshall^{23}, J. Martens^{35}, F. Martin^{30}, G. Martin^{28}, R. Martin^{20}, H.-U. Martyn^1, J. Martyniak^7, V. Masbender^{12}, S. Masson^2, A. Mavroidis^{21}, S.J. Maxfield^{20}, S.J. McMahon^{20}, A. Mehta^{23}, K. Meier^{16}, J. Meissner^{36}, D. Mercer^{23}, T. Merz^{12}, C.A. Meyer^{38}, H. Meyer^{35}, J. Meyer^{12}, S. Mikocki^{7,28}, J.L. Mills^6 , V. Milone^{33,†}, J. Möck^{27}, E. Monnier^{30}, B. Montés^{29}, F. Moreau^{29}, J. Moreels^5, B. Morgan^{21}, J.V. Morris^6, J.M. Morton^{20}, K. Müller^{38}, P. Murín^{18}, S.A. Murray^{23}, V. Nagovizin^{25}, B. Naroska^{14}, Th. Naumann^{36}, P. Nayman^{30}, A. Nepeipivo^{25} , P. Newman^4, D. Newman-Coburn^{21}, D. Newton^{19}, D. Neyret^{30}, H.K. Nguyen^{30}, F. Niebergall^{14}, C. Niebuhr^{12}, R. Nisius^1, T. Novák^{31}, H. Nováková^{31}, G. Nowak^7, G.W. Noyes^6, M. Nyberg^{22}, H. Oberlack^{27}, U. Obrock^9, J.E. Olsson^{12}, J. Olszowska^{7,12}, S. Orenstein^{29}, F. Ould-Saada^{14}, P. Pailler^{10}, S. Palanque^{10}, E. Panaro^{12}, A. Panitch^5, J.-Y. Parey^{29}, C. Pascaud^{28}, G.D. Patel^{20}, A. Patoux^{10}, C. Paulot^{28}, U. Pein^{13}, E. Peppel^{12}, E. Perez^{10}, P. Perrodo^{29}, A. Perus^{28}, S. Peters^{27}, J.-P. Pharabod^{29}, H.T. Phillips^4 , J.P. Phillips^{23} , Ch. Pichler^{13}, A. Pieuchot^{24}, W. Pimpl^{27}, D. Pitzl^{37}, A. Porrovecchio^{33}, S. Prell^{12}, R. Prosi^{12}, H. Quehl^{12}, G. Rädel^{12}, F. Raupach^1, K. Rauschnabel^9, A. Reboux^{28}, P. Reimer^{31}, G. Reinmuth^{28}, S. Reinshagen^{12}, P. Ribarics^{27}, V. Riech^{13}, J. Riedlberger^{37} , H. Riege^{14}, S. Riess^{14}, M. Rietz^2, S.M. Robertson^4, P. Robmann^{38}, P. Röpnack^{12}, R. Roosen^5, K. Rosenbauer^1, A. Rostovtsev^{25}, C. Royon^{10}, A. Rudge^8, K. Rüter^{27}, M. Rudowicz^{27}, M. Ruffer^{13}, S. Rusakov^{26}, V. Rusinov^{25}, K. Rybicki^7 , J. Sacton^5, N. Sahlmann^2, E. Sanchez^{27}, D.P.C. Sankey^6, M. Savitski^{12,25}, P. Schacht^{27}, S. Schiek^{14}, N. Schirm^{13}, S. Schleif^{16}, P. Schleper^{15}, W. von Schlippe^{21} , C. Schmidt^{12}, D. Schmidt^{35}, G. Schmidt^{14}, W. Schmitz^2, H. Schmücker^{27}, V. Schröder^{12}, J. Schütt^{14}, E. Schuhmann^{27}, M. Schulz^{12}, A. Schwind^{36}, W. Scobel^{13}, U. Seehausen^{14}, F. Sefkow^{12}, R. Sell^{12} , M. Seman^{18}, A. Semenov^{25}, P. Shatalov^{25}, V. Shekelyan^{25}, I. Sheviakov^{26}, H. Shooshtari^{33}, L.N. Shtarkov^{26}, G. Siegmon^{17}, U. Siewert^{17}, Y. Sirois^{29}, A. Sirous^{12}, I.O. Skillicorn^{11} , P. Škvařil^{31}, P. Smirnov^{26}, J.R. Smith^8, L. Smolik^{12}, D. Sole^6, Y. Soloviev^{26}, J. Špalek^{18}, H. Spitzer^{14}, R. von Staa^{14}, J. Staeck^2, P. Staroba^{31}, J. Šťastný^{31}, M. Steenbock^{14}, P. Štefan^{18}, P. Steffen^{12}, R. Steinberg^2, H. Steiner^{30}, B. Stella^{33}, K. Stephens^{23}, J. Stier^{12}, J. Stiewe^{16}, U. Stösslein^{36}, J. Strachota^{12}, U. Straumann^{38}, A. Strowbridge^6, W. Struczinski^2 , J.P. Sutton^4, Z. Szkutnik^{12}, G. Tappern^6, S. Tapprogge^{16}, R.E. Taylor^{28,39}, V. Tchernyshov^{25}, V. Tchudakov^{25}, C. Thiebaux^{29}, K. Thiele^{12}, G. Thompson^{21}, R.J. Thompson^{23}, I. Tichomirov^{25}, C. Trenkel^{17}, W. Tribanek^{27}, K. Tröger^{12}, P. Truöl^{38}, M. Turiot^{30}, J. Turnau^7, J. Tutas^{15}, L. Urban^{27}, M. Urban^{29}, A. Usik^{26}, Š. Valkár32, A. Valkárová32, C. Vallée24, G. Van Beek5, M. Vanderkelen5, L. Van Lancker5, P. Van Mechelen^5, A. Vartapetian^{12,40}, Y. Vazdik^{26}, M. Vecko^{31}, P. Verrecchia^{10}, R. Vick^{14}, G. Villet^{10}, E. Vogel^1, K. Wacker^9, M. Wagener^{34}, I.W. Walker^{19}, A. Walther^9, G. Weber^{14}, D. Wegener^9, A. Wegner^{27}, P. Weissbach^{27}, H. P.Wellisch^{27} , L. West^4, D. White^6, S. Willard^8, M. Winde^{36}, G.-G. Winter^{12}, Th. Wolff^{37}, L.A. Womersley^{20}, A.E. Wright^{23}, E. Wünsch^{12}, N. Wulff^{12}, B.E. Wyborn^6, T.P. Yiou^{30}, J. Žáček^{32}, D. Zarbock^{13}, P. Závada^{31}, C. Zeitnitz^{13}, Z. Zhang^{28}, H. Ziaeepour^{28}, M. Zimmer^{12}, W. Zimmermann^{12}, F. Zomer^{28} and K. Zuber^{16}

1 I. Physikalisches Institut der RWTH, Aachen, Germany^a 2 III. Physikalisches Institut der RWTH, Aachen, Germany^a 3 Institut für Physik, Humboldt-Universität, Berlin, Germany^a 4 School of Physics and Space Research, University of Birmingham, Birmingham, UK^b 5 Inter-University Institute for High Energies ULB-VUB, Brussels; Universitaire Instelling Antwerpen, Wilrijk; Belgium^c 6 Rutherford Appleton Laboratory, Chilton, Didcot, UK^b

7 Institute for Nuclear Physics, Cracow, Poland^d 8 Physics Department and IIRPA, University of California, Davis, California, USA^e 9 Institut für Physik, Universität Dortmund, Dortmund, Germany^a 10 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France 11 Department of Physics and Astronomy, University of Glasgow, Glasgow, UK^b 12 DESY, Hamburg, Germany^a 13 I. Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany^a 14 II. Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany^a 15 Physikalisches Institut, Universität Heidelberg, Heidelberg, Germany^a 16 Institut für Hochenergiephysik, Universität Heidelberg, Heidelberg, Germany^a 17 Institut für Reine und Angewandte Kernphysik, Universität Kiel, Kiel, Germany^a 18 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republic^f 19 School of Physics and Chemistry, University of Lancaster, Lancaster, UK^b 20 Department of Physics, University of Liverpool, Liverpool, UK^b 21 Queen Mary and Westfield College, London, UK^b 22 Physics Department, University of Lund, Lund, Sweden^g 23 Physics Department, University of Manchester, Manchester, UK^b 24 CPPM, Université d’Aix-Marseille II, IN2P3-CNRS, Marseille, France 25 Institute for Theoretical and Experimental Physics, Moscow, Russia 26 Lebedev Physical Institute, Moscow, Russia^f 27 Max-Planck-Institut für Physik, München, Germany^a 28 LAL, Université de Paris-Sud, IN2P3-CNRS, Orsay, France 29 LPNHE, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France 30 LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Paris, France 31 Institute of Physics, Czech Academy of Sciences, Praha, Czech Republic^{f,h} 32 Nuclear Center, Charles University, Praha, Czech Republic^{f,h} 33 INFN Roma and Dipartimento di Fisica, Universita ”La Sapienza”, Roma, Italy 34 Paul Scherrer Institut, Villigen, Switzerland 35 Fachbereich Physik, Bergische Universität Gesamthochschule Wuppertal, Wuppertal, Germany^a 36 DESY, Institut für Hochenergiephysik, Zeuthen, Germany^a 37 Institut für Teilchenphysik, ETH, Zürich, Switzerland^i 38 Physik-Institut der Universität Zürich, Zürich, Switzerland^i 39 Stanford Linear Accelerator Center, Stanford California, USA 40 Visitor from Yerevan Phys.Inst., Armenia † Deceased

a Supported by the Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie, FRG under contract numbers 6AC17P, 6AC47P, 6DO57I, 6HH17P, 6HH27I, 6HD17I, 6HD27I, 6KI17P, 6MP17I, and 6WT87P b Supported by the UK Particle Physics and Astronomy Research Council, and formerly by the UK Science and Engineering Research Council c Supported by FNRS-NFWO, IISN-IIKW d Supported by the Polish State Committee for Scientific Research, grant Nos. SPUB/P3/202/94 and 2 PO3B 237 08, and Stiftung fuer Deutsch-Polnische Zusammenarbeit, project no.506/92 e Supported in part by USDOE grant DE F603 91ER40674 f Supported by the Deutsche Forschungsgemeinschaft g Supported by the Swedish Natural Science Research Council h Supported by GA ČR, grant no. 202/93/2423, GA AV ČR, grant no. 19095 and GA UK, grant no. 342 i Supported by the Swiss National Science Foundation

Contents

1 Introduction 9

2 Tracking 11 2.1 Central jet chambers: CJC1 and CJC2 . . . . . . . . . . . . . . . . . . . . . . . . 12 2.1.1 Design criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.1.2 Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.1.3 Calibration and performance . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.1.4 Track reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.1.4.1 Track parametrization . . . . . . . . . . . . . . . . . . . . . . . . 15 2.1.4.2 Track finding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.1.4.3 Vertex determination . . . . . . . . . . . . . . . . . . . . . . . . 17 2.2 Central z− chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.2.1 CIZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.2.2 COZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.3 Forward tracking detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.3.1 Planar drift chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.3.2 Radial chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 2.3.3 Transition radiators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.4 Drift chamber electronics, readout, and front end data processing . . . . . . . . . 23 2.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.4.2 Operation of the readout . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.4.3 Amplifier and FADC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.4.4 The scanner and the front end processor . . . . . . . . . . . . . . . . . . . 25 2.4.5 Determination of charge and time (Q, t) . . . . . . . . . . . . . . . . . . . 25 2.4.6 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 2.5 Proportional chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.5.1 Forward proportional chambers (FWPC) . . . . . . . . . . . . . . . . . . 28 2.5.2 Central proportional chambers . . . . . . . . . . . . . . . . . . . . . . . . 29 2.5.2.1 CIP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.5.2.2 COP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.5.3 Backward proportional chamber (BWPC) . . . . . . . . . . . . . . . . . . 30 2.5.4 Proportional chamber electronics and readout . . . . . . . . . . . . . . . . 31 2.6 Gas systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.6.1 Gas circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.6.2 Purification and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 2.6.3 Electronic control and safety . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.7 Scintillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.7.1 Time-of-flight counters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 2.7.2 The veto wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 Calorimetry 37 3.1 The liquid argon (LAr) calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.1.1 Cryostat and cryogenic system . . . . . . . . . . . . . . . . . . . . . . . . 37 3.1.2 Liquid argon purity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.1.3 Stack design and construction . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.1.4 Electronic system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.1.5 Electronic calibration system . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.1.6 Calorimeter data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.1.7 Reconstruction techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.1.7.1 Clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.1.7.2 Further noise suppression . . . . . . . . . . . . . . . . . . . . . . 41 3.1.7.3 Correction for energy loss in dead material . . . . . . . . . . . . 42 3.1.7.4 The hadronic energy scale . . . . . . . . . . . . . . . . . . . . . . 42 3.1.8 Calibration and performance . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.1.8.1 Overview of the test runs at CERN . . . . . . . . . . . . . . . . 44 3.1.8.2 Test beam results . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.1.8.3 Performance at HERA . . . . . . . . . . . . . . . . . . . . . . . 45 3.2 The backward electromagnetic calorimeter (BEMC) . . . . . . . . . . . . . . . . 46 3.2.1 Mechanical layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.2.2 Readout electronics and trigger . . . . . . . . . . . . . . . . . . . . . . . . 46 3.2.3 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.2.4 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.3 The plug calorimeter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.4 The tail catcher (TC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 3.4.1 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 3.4.2 Energy calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 3.4.3 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Muon system 53 4.1 Iron instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 4.1.1 The limited streamer tubes . . . . . . . . . . . . . . . . . . . . . . . . . . 53 4.1.2 Gas system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 4.1.3 High voltage system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.1.4 Readout system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.1.5 Track reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.1.6 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.2 Forward muon spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.2.1 General description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.2.2 Chamber design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.2.3 The chamber gas and high voltage system . . . . . . . . . . . . . . . . . . 57 4.2.4 The charge-time analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2.5 Track reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2.6 Drift velocity and t_0-determination . . . . . . . . . . . . . . . . . . . . . . 58 4.2.7 Chamber alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 5 Acknowledgement 59

List of Figures

1 Schematic layout of the H1 detector, showing the H1 reference frame . . . . . . . 60 2 The H1 tracking system (r − z view) . . . . . . . . . . . . . . . . . . . . . . . . . 61 3 Central tracking system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 4 Simulation of a NC event and of a CJC cell . . . . . . . . . . . . . . . . . . . . . 62 5 Dependence of the CJC z−resolution on the amount of ionization . . . . . . . . . 63 6 Specific ionization versus particle momentum measured in the CJC in HERA runs. 63 7 Longitudinal and transverse cross-section through a cell of the CIZ . . . . . . . . 64 8 Schematic view of the COZ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 9 Forward tracker overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 10 Forward tracker constructional details . . . . . . . . . . . . . . . . . . . . . . . . 66 11 FADC readout system for drift chambers . . . . . . . . . . . . . . . . . . . . . . . 67 12 Longitudinal cross-section and details of the COP. . . . . . . . . . . . . . . . . . 68 13 Cross section through the BWPC . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 14 MWPC front end electronics and read-out system. . . . . . . . . . . . . . . . . . 69

15 Layout of the closed circuit gas system for the planar drift chambers . . . . . . . 70 16 Scintillator walls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 17 Time distribution of hits in a ToF counter. . . . . . . . . . . . . . . . . . . . . . 71 18 a) Longitudinal view of calorimeters. b) Radial view of a LAr calorimeter wheel. 72 19 Readout cell structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 20 Relative stability of the electronic chain over one month. . . . . . . . . . . . . . . 73 21 Noise contribution summed over all channels of the LAr calorimeter . . . . . . . 74 22 Energy lost in front of the LAr calorimeter . . . . . . . . . . . . . . . . . . . . . 74 23 π^0 mass spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 24 Performance of the dead material correction for simulated pions at 20 GeV . . . 75 25 Response across the CB2/CB3 z crack in a pion test beam of 30 GeV at CERN. 76 26 Reconstructed energy for electron energies of 10, 20, 30 and 50 GeV . . . . . . . 76 27 Energy resolution as function of electron energy for wheels BBE, CB, FB2 and IF 77 28 Energy reconstruction for pions at 80 GeV . . . . . . . . . . . . . . . . . . . . . . 77 29 Energy reconstruction for pions at 205 GeV for wheel IF . . . . . . . . . . . . . . 78 30 Energy resolution as function of pion energy for wheel IF . . . . . . . . . . . . . 78 31 Energy/momentum match of electrons generated by cosmic muons . . . . . . . . 79 32 Transverse momentum balance p_{th}/p_{te} . . . . . . . . . . . . . . . . . . . . . . . . 79 33 Transverse and longitudinal views of BEMC stacks . . . . . . . . . . . . . . . . . 80 34 Energy spectrum of low Q^2 DIS electrons observed in the BEMC . . . . . . . . . 80 35 Cross sectional view of the PLUG calorimeter. . . . . . . . . . . . . . . . . . . . 81 36 Typical I/V − and C/V −characteristics of the PLUG Si-detectors. . . . . . . . . 81 37 PLUG response to ep events compared to a MC simulation (solid line) produced using the Colour Dipole Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 38 Muon spectra summed over a complete module . . . . . . . . . . . . . . . . . . . 83 39 Ratio of the total transverse hadronic energy- including the corrected TC energy - and the transverse electron energy versus the energy fraction in the TC, for NC events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 40 Structure of LST chambers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 41 Iron instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 42 The local data acquisition system. . . . . . . . . . . . . . . . . . . . . . . . . . . 85 43 Efficiency of chamber planes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 44 Wire and strip multiplicity per event. . . . . . . . . . . . . . . . . . . . . . . . . 86 45 Muon reconstruction efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 46 Schematic view of the forward muon spectrometer . . . . . . . . . . . . . . . . . 87

List of Tables

1 Summary of H1 detector parameters . . . . . . . . . . . . . . . . . . . . . . . . . 10 2 Central drift chamber parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 3 Forward tracker drift chamber parameters . . . . . . . . . . . . . . . . . . . . . . 21 4 Summary of drift chamber readout data . . . . . . . . . . . . . . . . . . . . . . . 24 5 Proportional chamber parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 6 MWPC electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 7 Gas circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 8 Approximate energies and minimum ionizing particle equivalents . . . . . . . . . 41 9 Global parameters of the PLUG calorimeter . . . . . . . . . . . . . . . . . . . . 49 10 Layout of the pad readout of the iron instrumentation. . . . . . . . . . . . . . . . 50 11 Basic properties of Luranyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 12 The LST detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

1 Introduction

This paper describes the three major detector components of the H1 experiment:

• the central and forward tracking systems,

• the liquid argon and warm calorimeters,

• the muon detector consisting of the iron instrumentation and forward muon chambers.

A complete overview of the detector as well as descriptions of the magnets, luminosity system, trigger, slow control, data acquisition, off-line data handling and simulation can be found in a paper recently published in this journal (see [1]) or in [2] where both papers are combined. A survey of the detector parameters is given in Table 1 and, for the sake of convenience, the main elements of the detector are shown again in Figure 1. This figure also shows the reference frame adopted in this experiment.

In the papers quoted above some performance results obtained during the first years of HERA operations can be found and the upgrade programme undertaken during the 1994-95 shutdown is outlined.

Calorimetry Main calorimeter: liquid Argon (LAr) Electromagnetic part Hadronic part Granularity 10 to 100 cm^2 50 to 2000 cm^2 Depth (number of channels) 20 to 30 X_0 (30784) 4.7 to 7 λabs (13568) Resolution σ(E_{e,h})/E_{e,h} ≈ 11%/ √ E_e ⊕ 1% ≈ 50%/ √ E_h ⊕ 2% Stability of electronic calibration ≤ 0.2% over one month LAr purity (decrease of signal) ≤ 0.2% over one year Noise per channel 10 to 30 MeV Angular coverage – dead channels 4^∘ < θ < 154^∘ < 0.3% Backward calorimeter: Pb–scintillator Angular coverage – granularity 151^∘ < θ < 176^∘ 16 × 16 cm^2 Depth – resolution σ(E_e)/E_e 21.7 X_0 (1 λabs) 10%/ √ E_e ⊕ 1.7 [1]% Tail catcher: iron–streamer tubes Angular coverage 4^∘ < θ < 176^∘ Depth – resolution σ(E_h)/E_h 4.5 λabs 100%/ √ E_h PLUG calorimeter: Cu–Si Angular coverage – granularity 0.7^∘ < θ < 3.3^∘ 5 × 5 cm^2 Depth – resolution σ(E_h)/E_h 4.25 λ (44.6 X_0) ≈ 150%/ √ E_h Electron tagger: Tl(Cl/Br) Angular coverage – granularity θ > 179.7^∘ 2.2 × 2.2 cm^2 Depth – resolution σ(E_e)/E_e 21 X_0 ≈ 10%/ √ E_e ⊕ 1% Tracking Coil: radius – field 3 m – B = 1.15 T, ΔB/B ≤ 2% Central tracking Angular – radial coverage 25^∘ < θ < 155^∘ 150 < r < 850 mm Jet chamber: spatial resolution σ_{rϕ} = 170 μm σ_z = 22.0 mm z-chambers: spatial resolution σ_{rϕ} = 25 and 58 mm σ_z ≈ 350 μm Momentum – dE/dx resolution σ_p/p^2 < 0.01 [0.003] GeV^{−1} σ(dE)/dE = 10 [6]% Forward/backward tracking Angular – radial coverage (f) 7^∘ < θ < 25^∘ 120 < r < 800 mm Spatial resolution (f) σ_{rϕ} = 170 μm (σ_r = 29 mm) σ_{x,y} = 210 μm Angular coverage – resolution (b) 155^∘ < θ < 175^∘ σ_{x,y} = 1 mm Trigger proportional chambers Angular coverage – channels 7^∘ < θ < 175^∘ 3936 Muon detection Instrumented iron Angular coverage – total area 4^∘ < θ < 171^∘ 4000 m^2 Number of channels wires: 103700, strips: 28700, pads: 4000 Spatial resolution σwire = 3 − 4 mm σstrip = 10 − 15 mm Angular – momentum resolution barrel σ_θ(σ_ϕ) = 15(10) mrad [σ_p/p ≈ 0.35] Forward muon toroid Angular coverage – resolution 3^∘ < θ < 17^∘ [0.25 < σ_p/p < 0.32] Overall size (x, y, z) – weight 12 × 15 × 10 m^3 2800 t

Table 1: Summary of H1 detector parameters.

Alternatively, design and test beam figures are given in brackets [ ]. Energies are given in GeV.