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DESY 04-052Marh 2004Exlusive eletroprodution of J= mesonsat HERAZEUS CollaborationAbstratThe exlusive eletroprodution of J= mesons, ep! ep J= , has been studiedwith the ZEUS detetor at HERA for virtualities of the exhanged photon inthe ranges 0:15 < Q2 < 0:8 GeV2 and 2 < Q2 < 100 GeV2 using integrated lumi-nosities of 69 pb�1 and 83 pb�1, respetively. The photon-proton entre-of-massenergy was in the range 30 < W < 220 GeV and the squared four-momentumtransfer at the proton vertex jtj < 1 GeV2. The ross setions and deay an-gular distributions are presented as funtions of Q2, W and t. The e�etiveparameters of the Pomeron trajetory are in agreement with those found in J= photoprodution. The spin-density matrix elements, alulated from the deayangular distributions, are onsistent with the hypothesis of s-hannel heliityonservation. The ratio of the longitudinal to transverse ross setions, �L=�T ,grows with Q2, whilst no dependene on W or t is observed. The results are inagreement with perturbative QCD alulations and exhibit a strong sensitivityto the gluon distribution in the proton.



The ZEUS CollaborationS. Chekanov, M. Derrik, D. Krakauer, J.H. Loizides1, S. Magill, S. Miglioranzi1, B. Mus-grave, J. Repond, R. YoshidaArgonne National Laboratory, Argonne, Illinois 60439-4815, USA nM.C.K. MattinglyAndrews University, Berrien Springs, Mihigan 49104-0380, USAP. Antonioli, G. Bari, M. Basile, L. Bellagamba, D. Bosherini, A. Bruni, G. Bruni,G. Cara Romeo, L. Cifarelli, F. Cindolo, A. Contin, M. Corradi, S. De Pasquale, P. Giusti,G. Iaobui, A. Margotti, A. Montanari, R. Nania, F. Palmonari, A. Pesi, L. Rinaldi,G. Sartorelli, A. ZihihiUniversity and INFN Bologna, Bologna, Italy eG. Aghuzumtsyan, D. Bartsh, I. Brok, S. Goers, H. Hartmann, E. Hilger, P. Irrgang,H.-P. Jakob, O. Kind, U. Meyer, E. Paul2, J. Rautenberg, R. Renner, A. Stifutkin,J. Tandler3, K.C. Voss, M. WangPhysikalishes Institut der Universit�at Bonn, Bonn, Germany bD.S. Bailey4, N.H. Brook, J.E. Cole, G.P. Heath, T. Namsoo, S. Robins, M. WingH.H. Wills Physis Laboratory, University of Bristol, Bristol, United Kingdom mM. Capua, A. Mastroberardino, M. Shioppa, G. SusinnoCalabria University, Physis Department and INFN, Cosenza, Italy eJ.Y. Kim, I.T. Lim, K.J. Ma, M.Y. Pa5Chonnam National University, Kwangju, South Korea gA. Caldwell6, M. Helbih, X. Liu, B. Mellado, Y. Ning, S. Paganis, Z. Ren, W.B. Shmidke,F. SiulliNevis Laboratories, Columbia University, Irvington on Hudson, New York 10027 oJ. Chwastowski, A. Eskreys, J. Figiel, A. Galas, K. Olkiewiz, P. Stopa, L. ZawiejskiInstitute of Nulear Physis, Craow, Poland iL. Adamzyk, T. Bo ld, I. Grabowska-Bo ld7, D. Kisielewska, A.M. Kowal, M. Kowal, J. Lukasik, M. Przybyie�n, L. Suszyki, D. Szuba, J. Szuba8Faulty of Physis and Nulear Tehniques, AGH-University of Siene and Tehnology,Craow, Poland pA. Kota�nski9, W. S lomi�nskiDepartment of Physis, Jagellonian University, Craow, PolandI



V. Adler, U. Behrens, I. Bloh, K. Borras, V. Chiohia, D. Dannheim10, G. Drews,J. Fourletova, U. Frike, A. Geiser, P. G�ottliher11, O. Gutshe, T. Haas, W. Hain,S. Hillert12, C. Horn, B. Kahle, U. K�otz, H. Kowalski, G. Kramberger, H. Labes, D. Lelas,H. Lim, B. L�ohr, R. Mankel, I.-A. Melzer-Pellmann, C.N. Nguyen, D. Notz, A.E. Nunio-Quiroz, A. Polini, A. Raval, L. Rurua, U. Shneekloth, U. St�osslein, G. Wolf, C. Young-man, W. ZeunerDeutshes Elektronen-Synhrotron DESY, Hamburg, GermanyS. ShlenstedtDESY Zeuthen, Zeuthen, GermanyG. Barbagli, E. Gallo, C. Genta, P. G. PelferUniversity and INFN, Florene, Italy eA. Bamberger, A. Benen, F. Karstens, D. Dobur, N.N. VlasovFakult�at f�ur Physik der Universit�at Freiburg i.Br., Freiburg i.Br., Germany bM. Bell, P.J. Bussey, A.T. Doyle, J. Ferrando, J. Hamilton, S. Hanlon, D.H. Saxon,I.O. SkilliornDepartment of Physis and Astronomy, University of Glasgow, Glasgow, United King-dom mI. GialasDepartment of Engineering in Management and Finane, Univ. of Aegean, GreeeT. Carli, T. Gosau, U. Holm, N. Krumnak, E. Lohrmann, M. Milite, H. Salehi, P. Shleper,T. Sh�orner-Sadenius, S. Stonjek12, K. Wihmann, K. Wik, A. Ziegler, Ar. ZieglerHamburg University, Institute of Exp. Physis, Hamburg, Germany bC. Collins-Tooth, C. Foudas, R. Gon�alo13, K.R. Long, A.D. TapperImperial College London, High Energy Nulear Physis Group, London, United King-dom mP. Cloth, D. FilgesForshungszentrum J�ulih, Institut f�ur Kernphysik, J�ulih, GermanyM. Kataoka14, K. Nagano, K. Tokushuku15, S. Yamada, Y. YamazakiInstitute of Partile and Nulear Studies, KEK, Tsukuba, Japan fA.N. Barakbaev, E.G. Boos, N.S. Pokrovskiy, B.O. ZhautykovInstitute of Physis and Tehnology of Ministry of Eduation and Siene of Kazakhstan,Almaty, KazakhstanD. SonKyungpook National University, Center for High Energy Physis, Daegu, South Korea gII



K. PiotrzkowskiInstitut de Physique Nul�eaire, Universit�e Catholique de Louvain, Louvain-la-Neuve, Bel-giumF. Barreiro, C. Glasman16, O. Gonz�alez, L. Labarga, J. del Peso, E. Tassi, J. Terr�on,M. ZambranaDepartamento de F��sia Te�oria, Universidad Aut�onoma de Madrid, Madrid, Spain lM. Barbi, F. Corriveau, S. Gliga, J. Lainesse, S. Padhi, D.G. Stairs, R. WalshDepartment of Physis, MGill University, Montr�eal, Qu�ebe, Canada H3A 2T8 aT. TsurugaiMeiji Gakuin University, Faulty of General Eduation, Yokohama, Japan fA. Antonov, P. Danilov, B.A. Dolgoshein, D. Gladkov, V. Sosnovtsev, S. SuhkovMosow Engineering Physis Institute, Mosow, Russia jR.K. Dementiev, P.F. Ermolov, I.I. Katkov, L.A. Khein, I.A. Korzhavina, V.A. Kuzmin,B.B. Levhenko, O.Yu. Lukina, A.S. Proskuryakov, L.M. Shheglova, S.A. ZotkinMosow State University, Institute of Nulear Physis, Mosow, Russia kN. Coppola, S. Grijpink, E. Ko�eman, P. Kooijman, E. Maddox, A. Pellegrino, S. Shagen,H. Tieke, M. V�azquez, L. Wiggers, E. de WolfNIKHEF and University of Amsterdam, Amsterdam, Netherlands hN. Br�ummer, B. Bylsma, L.S. Durkin, T.Y. LingPhysis Department, Ohio State University, Columbus, Ohio 43210 nA.M. Cooper-Sarkar, A. Cottrell, R.C.E. Devenish, B. Foster, G. Grzelak, C. Gwenlan17,T. Kohno, S. Patel, P.B. Straub, R. WalzakDepartment of Physis, University of Oxford, Oxford United Kingdom mA. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, S. Dusini, A. Garfagnini, S. Limentani,A. Longhin, A. Parenti, M. Posoo, L. Stano, M. TuratoDipartimento di Fisia dell' Universit�a and INFN, Padova, Italy eE.A. Heaphy, F. Metlia, B.Y. Oh, J.J. Whitmore18Department of Physis, Pennsylvania State University, University Park, Pennsylvania16802 oY. IgaPolytehni University, Sagamihara, Japan fG. D'Agostini, G. Marini, A. NigroDipartimento di Fisia, Universit�a 'La Sapienza' and INFN, Rome, Italy eIII



C. Cormak19, J.C. Hart, N.A. MCubbinRutherford Appleton Laboratory, Chilton, Didot, Oxon, United Kingdom mC. HeushUniversity of California, Santa Cruz, California 95064, USA nI.H. ParkDepartment of Physis, Ewha Womans University, Seoul, KoreaN. PavelFahbereih Physik der Universit�at-Gesamthohshule Siegen, GermanyH. Abramowiz, A. Gabareen, S. Kananov, A. Kreisel, A. LevyRaymond and Beverly Sakler Faulty of Exat Sienes, Shool of Physis, Tel-AvivUniversity, Tel-Aviv, Israel dM. KuzeDepartment of Physis, Tokyo Institute of Tehnology, Tokyo, Japan fT. Fusayasu, S. Kagawa, T. Tawara, T. YamashitaDepartment of Physis, University of Tokyo, Tokyo, Japan fR. Hamatsu, T. Hirose2, M. Inuzuka, H. Kaji, S. Kitamura20, K. MatsuzawaTokyo Metropolitan University, Department of Physis, Tokyo, Japan fM. Costa, M.I. Ferrero, V. Monao, R. Sahi, A. SolanoUniversit�a di Torino and INFN, Torino, Italy eM. Arneodo, M. RuspaUniversit�a del Piemonte Orientale, Novara, and INFN, Torino, Italy eT. Koop, J.F. Martin, A. MireaDepartment of Physis, University of Toronto, Toronto, Ontario, Canada M5S 1A7 aJ.M. Butterworth21, R. Hall-Wilton, T.W. Jones, M.S. Lightwood, M.R. Sutton4, C. Targett-AdamsPhysis and Astronomy Department, University College London, London, United King-dom mJ. Ciborowski22, R. Ciesielski23, P.  Lu_zniak24, R.J. Nowak, J.M. Pawlak, J. Sztuk25,T. Tymienieka, A. Ukleja, J. Ukleja26, A.F. _ZarnekiWarsaw University, Institute of Experimental Physis, Warsaw, Poland qM. Adamus, P. PluinskiInstitute for Nulear Studies, Warsaw, Poland qY. Eisenberg, D. Hohman, U. Karshon M. RivelineDepartment of Partile Physis, Weizmann Institute, Rehovot, Israel IV



A. Everett, L.K. Gladilin27, D. K�ira, S. Lammers, L. Li, D.D. Reeder, M. Rosin, P. Ryan,A.A. Savin, W.H. SmithDepartment of Physis, University of Wisonsin, Madison, Wisonsin 53706, USA nA. Deshpande, S. DhawanDepartment of Physis, Yale University, New Haven, Connetiut 06520-8121, USA nS. Bhadra, C.D. Catterall, S. Fourletov, G. Hartner, S. Menary, M. Soares, J. StandageDepartment of Physis, York University, Ontario, Canada M3J 1P3 a

V



1 also aÆliated with University College London, London, UK2 retired3 self-employed4 PPARC Advaned fellow5 now at Dongshin University, Naju, South Korea6 now at Max-Plank-Institut f�ur Physik, M�unhen, Germany7 partly supported by Polish Ministry of Sienti� Researh and Information Tehnology,grant no. 2P03B 122258 partly supported by Polish Ministry of Sienti� Researh and Information Tehnology,grant no.2P03B 126259 supported by the Polish State Committee for Sienti� Researh, grant no. 2 P03B0932210 now at Columbia University, N.Y., USA11 now at DESY group FEB12 now at University of Oxford, Oxford, UK13 now at Royal Holoway University of London, London, UK14 also at Nara Women's University, Nara, Japan15 also at University of Tokyo, Tokyo, Japan16 Ram�on y Cajal Fellow17 PPARC Postdotoral Researh Fellow18 on leave of absene at The National Siene Foundation, Arlington, VA, USA19 now at University of London, Queen Mary College, London, UK20 present address: Tokyo Metropolitan University of Health Sienes, Tokyo 116-8551,Japan21 also at University of Hamburg, Alexander von Humboldt Fellow22 also at  L�od�z University, Poland23 supported by the Polish State Committee for Sienti� Researh, grant no. 2P03B0722224  L�od�z University, Poland25  L�od�z University, Poland, supported by the KBN grant 2P03B1292526 supported by the KBN grant 2P03B1272527 on leave from MSU, partly supported by the Weizmann Institute via the U.S.-Israel BSF
VI



a supported by the Natural Sienes and Engineering Researh Counil ofCanada (NSERC)b supported by the German Federal Ministry for Eduation and Researh(BMBF), under ontrat numbers HZ1GUA 2, HZ1GUB 0, HZ1PDA 5,HZ1VFA 5 supported by the MINERVA Gesellshaft f�ur Forshung GmbH, the IsraelSiene Foundation, the U.S.-Israel Binational Siene Foundation and theBenozyio Center for High Energy Physisd supported by the German-Israeli Foundation and the Israel Siene Foundatione supported by the Italian National Institute for Nulear Physis (INFN)f supported by the Japanese Ministry of Eduation, Culture, Sports, Sieneand Tehnology (MEXT) and its grants for Sienti� Researhg supported by the Korean Ministry of Eduation and Korea Siene and Engi-neering Foundationh supported by the Netherlands Foundation for Researh on Matter (FOM)i supported by the Polish State Committee for Sienti� Researh, grant no.620/E-77/SPB/DESY/P-03/DZ 117/2003-2005j partially supported by the German Federal Ministry for Eduation and Re-searh (BMBF)k supported by RF President grant N 1685.2003.2 for the leading sienti�shools and by the Russian Ministry of Industry, Siene and Tehnologythrough its grant for Sienti� Researh on High Energy Physisl supported by the Spanish Ministry of Eduation and Siene through fundsprovided by CICYTm supported by the Partile Physis and Astronomy Researh Counil, UKn supported by the US Department of Energyo supported by the US National Siene Foundationp supported by the Polish Ministry of Sienti� Researh and Information Teh-nology, grant no. 112/E-356/SPUB/DESY/P-03/DZ 116/2003-2005q supported by the Polish State Committee for Sienti� Researh, grant no.115/E-343/SPUB-M/DESY/P-03/DZ 121/2001-2002, 2 P03B 07022
VII



1 IntrodutionThe exlusive eletroprodution of light (�; !; �) and heavy (J= ; 0;�) vetor mesons,ep! eV p, has been investigated at HERA [1,2,3,4,5,6,7,8,9℄. The inreased preision ofthe reent data allows the study of the dependene of this proess on the di�erent salesinvolved: the mass squared of the vetor meson, M2V , the square of the entre-of-massenergy of the photon-proton system, W 2, the exhanged-photon virtuality, Q2, and thefour-momentum transfer squared at the proton vertex, t.Exlusive eletroprodution of vetor mesons involving a suÆiently large sale is alula-ble perturbatively beause of the QCD fatorisation theorem [10℄. QCD-based models ofthis proess assume that the exhanged virtual photon, seen from the proton rest-frame,utuates into a quark-antiquark pair whih interats with the proton via the exhangeof two gluons in a olour-singlet on�guration. After the interation, the q�q pair beomesa bound state. The ross setion is proportional to the generalised parton distributionfuntions (GPDs) [11℄ of the proton, whih ontain information on the momentum distri-butions of the partons in the proton and their orrelations. At the leading-order approxi-mation in ln(1=x) and vanishing t, the generalised gluon distribution an be approximatedby the usual gluon distribution. The gluon density is probed at x ' (Q2 +M2V )=W 2 andat a sale �2 ' Q2 +M2V [12℄. The ross setion is thus expeted to rise steeply with W ,a reetion of the steep rise of the gluon density as x dereases.Data from exlusive � prodution [1, 2, 3℄ show that the ross setion �(�p ! �p) riseswith W as W Æ, with Æ inreasing with Q2 from about 0.2 at Q2 = 0 (photoprodution) toabout 0.8 at Q2 � 30 GeV2. However, in the ase of exlusive J= prodution the rosssetion rises steeply with W even for photoprodution [9℄. It is therefore interesting toinvestigate J= prodution at larger values of Q2.This paper presents measurements of the exlusive eletroprodution of J= mesons.Cross setions are given as funtions of W , Q2 and t. The W dependene is also studiedas a funtion of t. The heliity struture of the J= has been investigated to test s-hannel heliity onservation (SCHC) and to extrat the ratio of the ross setions forlongitudinally (�L) and transversely (�T ) polarised virtual photons, R = �L=�T , as afuntion of W , Q2 and t. The results are ompared to perturbative QCD (pQCD) modelalulations.The data over the kinemati range 30 < W < 220 GeV and jtj < 1 GeV2 for two ranges ofphoton virtuality: 0:15 < Q2 < 0:8 GeV2 (low-Q2 sample) and 2 < Q2 < 100 GeV2 (high-Q2 sample). The low-Q2 sample was measured in the e+e� deay hannel and the high-Q2sample in both e+e� and �+�� hannels. The low-Q2 range has been measured for the�rst time. The high-Q2 sample represents more than an order of magnitude inrease in1



statistis ompared to the previous ZEUS results [1℄, and extends both the W and Q2ranges of the measurement.2 Experimental set-upThe data used for this measurement were taken at the HERA ep ollider using the ZEUSdetetor in 1998-2000. During this period, HERA operated with a proton energy of920 GeV and an eletron1 energy of 27:5 GeV. The data orrespond to integrated lumi-nosities of 69 pb�1 for the low-Q2 sample and 83 pb�1 for the high-Q2 sample.A detailed desription of the ZEUS detetor an be found elsewhere [13℄. A brief outlineof the omponents that are most relevant for this analysis is given below.Charged partiles were reonstruted in the entral traking detetor (CTD) [14℄ overingthe polar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length traks is �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT in GeV.The high-resolution uranium-alorimeter (CAL) [15℄ onsists of three parts: the forward(FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part is subdividedtransversely into towers and longitudinally into an eletromagneti setion (EMC) andeither one (RCAL) or two (FCAL and BCAL) hadroni setions. The CAL overs 99:7%of the total solid angle. The energy resolution obtained from test-beam measurementswas �(E)=E = 0:18=pE in the eletromagneti setions and �(E)=E = 0:35=pE in thehadroni setions, with E in GeV.The forward plug alorimeter (FPC) [16℄ was a lead-sintillator sandwih alorimeter withreadout via wavelength shifter �bres. It was installed in the beamhole of the FCAL andextended the pseudorapidity overage of the forward alorimeter from � . 4 to � . 5.The beampipe alorimeter (BPC) [17℄ was a tungsten-sintillator sampling alorimeterinstalled to measure sattered eletrons at small angles, in the range 1:15Æ < 180Æ � � <2:30Æ. The energy resolution, as measured under test-beam onditions, was �(E)=E =0:17=pE, with E in GeV. The impat position of the sattered eletron was measuredwith an auray of about 0.5 mm.The small-angle rear traking detetor (SRTD) [18℄ onsists of two planes of sintillatorstrips read out via optial �bres and photomultiplier tubes. It is attahed to the front1 Hereafter, both e+ and e� are referred to as eletrons, unless expliitly stated otherwise.2 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe entre of HERA. The oordinate origin is at the nominal interation point.2



fae of the RCAL and overs an angular range between 4Æ and 18Æ around the beampipe.The SRTD provides a transverse position resolution of 0.3 m [9℄.The hadron-eletron separator installed in the RCAL (RHES) [13℄ onsists of silion diodesplaed at a longitudinal depth of three radiation lengths. The RHES provides an eletronposition resolution of 0.9 m for a single hit and 0.5 m if the shower spans at least twoadjaent pads [19℄.The luminosity was determined from the rate of the bremsstrahlung proess ep ! ep,where the photon was measured with a lead-sintillator alorimeter [20℄ loated at Z =�107 m in the HERA tunnel.3 Kinematis and ross setionsThe following kinemati variables are used to desribe exlusiveJ= prodution, e(k)p(P ) !e(k0)J= (v)p(P 0), where k, k0, P , P 0 and v are, respetively, the four-momenta of the in-ident eletron, sattered eletron, inident proton, sattered proton and J= :� Q2 = �q2 = �(k � k0)2, the negative four-momentum squared of the virtual photon;� W 2 = (q + P )2, the squared invariant mass of the photon-proton system;� y = (P � q)=(P � k), the fration of the eletron energy transferred to the proton in theproton rest frame;� x = Q2=(2P � q), the Bjorken variable;� t = (P � P 0)2, the squared four-momentum transfer at the proton vertex.The kinemati variables were reonstruted with the \onstrained" method [1℄ whih usesthe momentum of the J= and the polar and azimuthal angles of the sattered eletron.The ep ross setion an be expressed in terms of the transverse, �T , and longitudinal,�L, virtual photoprodution ross setions asd2�ep!e J= pdydQ2 = �T (y;Q2) (�T + ��L) ;where �T is the ux of transverse virtual photons [21℄ and � is the ratio of longitudinaland transverse virtual photon uxes, given by � = 2(1�y)=(1+(1�y)2). In the kinematirange studied here, � is in the range 0:8 < � < 1, with an average value of 0:99.The virtual photon-proton ross setion, ��p!J= p � �T + ��L, an be used to evaluatethe total exlusive ross setion, ��p!J= ptot � �T + �L, through the relation��p!J= ptot = 1 +R1 + �R��p!J= p;3



where R = �L=�T is the ratio of the ross setions for longitudinal and transverse photons.The heliity struture of the J= prodution is used to determine R as desribed inSetion 7.6.1.4 Reonstrution and seletion of the eventsThe signature of exlusive J= eletroprodution, ep! eJ= p , onsists of the satteredeletron and two harged leptons from the J= deay, e+e� or �+��. The satteredproton is deeted through a small angle and esapes undeteted down the beampipe.The events were seleted online by a three-level trigger [22, 23℄. For the low-Q2 sample,the trigger [9℄ for J= photoprodution events with deay to the e+e� �nal state wasused, while for the high-Q2 sample, the trigger required a sattered eletron in the CALwith energy greater than 4 GeV.The following riteria were applied o�ine to reonstrut and selet the events [24℄:� the energy and position of the sattered eletron were measured in the BPC for thelow-Q2 sample and in the CAL for the high-Q2 sample. The energy was requiredto satisfy Ee > 10 GeV. The position measurement of the CAL was improved usingthe SRTD (88% of the events) and the RHES (10% of the events). To ensure fullontainment of the eletromagneti shower, �duial uts were applied to the impatposition of the eletron on fae of the RCAL;� the J= mesons were reonstruted from the deay leptons. Two traks of oppositeharge, well-reonstruted in the CTD with pT > 0:2 GeV, were seleted (two-trakevents). In the ase of the eletron deay hannel, events were also seleted by requiringone well-reonstruted CTD trak and one CAL energy luster [25℄ not related to thetrak (one-trak events). In addition:{ the two-trak events were required to have the higher-momentum trak mathedto a alorimeter energy luster for whih the fration of the energy deposited inthe EMC was onsistent with that of an eletron or a muon;{ the one-trak events were aepted if, in addition to the measured CTD trak as-soiated with a CAL luster, the seond luster lay in the angular range outsidethe CTD aeptane with energy between 2 and 10 GeV. Both lusters were re-quired to have a fration of energy deposited in the EMC onsistent with that ofan eletron.For both types of events, one additional CTD trak was allowed. If present, this trakwas required to math the sattered eletron. Events with further traks were rejeted;4



� the position of the reonstruted vertex was required to be ompatible with that of anep ollision;� to remove events with large initial-state radiation and to redue the bakground fromphotoprodution, the requirement 45 < Æ < 65 GeV was imposed, where Æ = PEi(1�os �i), Ei is the energy of the ith alorimeter ell, �i its polar angle and the sum runsover the ells assoiated to the �nal-state leptons;� to suppress non-exlusive events, the energy of eah CAL luster not assoiated to anyof the �nal-state leptons was required to be less than 0.3 or 0:4 GeV, depending onthe CAL setion; these thresholds were set to be above the noise level of the CAL. Tosuppress further the ontamination from proton-dissoiative events, ep! eJ= Y , theenergy in the FPC was required to be less than 1 GeV and the sum of the energy inthe FCAL ells surrounding the beamhole to be less than 0:5 GeV. These uts restritthe mass of the proton-dissoiated system, Y , to MY . 3:0 GeV.Unless otherwise stated, the results are quoted in the following kinemati range: jtj <1 GeV2, 30 < W < 220 GeV for the eletron hannel and 45 < W < 160 GeV for the muonhannel. The larger W range for the eletron hannel was ahieved by the inlusion ofthe one-trak events. The Q2 range was 0:15 < Q2 < 0:8 GeV2 for the low-Q2 sample and2 < Q2 < 100 GeV2 for the high-Q2 sample.The �nal high-Q2 sample ontains 728 events in the muon hannel and 955 events in theeletron hannel, 275 of whih are reonstruted using only one trak. The �nal low-Q2sample ontains 137 events in the eletron hannel, 16 of whih are reonstruted usingonly one trak. The distribution of the events in the x-Q2 plane is shown in Fig. 1.5 Monte Carlo simulationThe aeptane and the e�ets of the detetor response were determined using samples ofMonte Carlo (MC) events. All generated events were passed through the standard ZEUSdetetor simulation, based on the Geant 3.13 programme [26℄, and the ZEUS triggersimulation pakage.The exlusive proess ep ! e J= p was modelled using the Zeusvm [27℄ MC generatorinterfaed to Herales 4.6.1 [28℄ to aount for �rst-order QED radiative e�ets. The� p ! J= p ross setion was parametrised as W Æe�bjtj(M2J= + Q2)�n. The parametervalues n = 2:5(2:3), Æ = 0:75(0:7) and b = 4:5(4:5) GeV�2 were used to desribe thehigh-Q2 (low-Q2) data. The leptoni deay of the J= was simulated by the Photosprogramme [29℄ whih inludes �nal-state radiation from the deay leptons. This genera-tor assumes SCHC and that the ratio of the ross setions for longitudinal and transverse5



photons is R = 0:5 � (Q2=M2J= ).Proton-dissoiative events, ep! eJ= Y , were modelled using the generator Epsoft [30℄.The � p! J= Y ross setion was parametrised asd2��p!J= Ydt dM2 / W Æe�bjtj(M2J= +Q2)�nM��Y (1)with the parameters n = 2:5, Æ = 0:75, b = 0:81 GeV�2 and � = 2:57 hosen as desribedin Setion 6.2.The QED bakground stemming from two-photon lepton-pair prodution � ! l+l�,where the virtual photon originates from the eletron vertex and the seond photon isradiated o� the proton, was simulated using the Lpair [31℄ generator at low Q2 and theGrape-Dilepton 1.1 [32℄ generator at high Q2. The QED-Compton-like proesses withinternal photon onversion were also generated with Grape.6 Extration of the J= signalFigure 2 shows the invariant-mass distributions of the muon and eletron pairs, obtainedafter the seletion desribed in Setion 4. The MC distributions for exlusive J= produ-tion and the QED bakground are also shown. The width of the resonane is dominatedby the detetor resolution, whih deteriorates at low and high values of W .6.1 Non-resonant bakgroundThe non-resonant bakground was estimated from the MC distributions of the QED-bakground proesses: two-photon lepton-pair prodution and Compton sattering. Forthe low-Q2 sample, the normalisation of the QED-bakground was estimated from a two-parameter �t of the signal and the bakground MC distributions to the invariant massspetra of the data. For the high-Q2 sample, the normalisation was based on the knownross setions and the integrated luminosity of the data. After subtration of the non-resonant distributions, the J= signal was determined by ounting the events in the masswindows 2:8 < M�+�� < 3:4 GeV for the muon hannel and 2:6 < Me+e� < 3:4 GeV forthe eletron hannel. The lower limit on Me+e� was hosen to inlude events with reduedinvariant mass due to bremsstrahlung. The ontribution of the non-resonant bakgroundin the signal range is typially 22% for the eletron hannel and 14% for the muon hannel.For the high-Q2 sample, additional bakground from pions misidenti�ed as eletrons ormuons was studied using a sample of events with two traks, neither of whih were iden-ti�ed as a muon or an eletron. The ontribution was (2:7 � 0:6)% for the eletron6



hannel and (0:8 � 0:3)% for the muon hannel and was subtrated bin-by-bin for the tand deay-angle distributions and globally for the W and Q2 distributions.Events from exlusive  (2S) prodution ontribute to the J= sample through two dif-ferent deay hannels: (i)  (2S) ! J= + neutrals (branhing ratio (23.9�1.2)% [33℄),where the neutrals are not deteted in the CAL, and (ii)  (2S) ! l+l� (branhing ratios(7:3� 0:4) � 10�3 for the eletron hannel and (7:0� 0:9) � 10�3 for the muon deay han-nel [33℄), beause of the limited resolution in the reonstrution of the invariant mass.The ontribution from both these proesses to the J= sample was determined using MCsamples under the assumption that �( (2S))=�(J= ) = 0:166� 0:013 [8℄. A ontributionof (1.8�0.2)% was subtrated.6.2 Proton-dissoiative bakgroundThe remaining soure of bakground onsists of J= prodution aompanied by protondissoiation, ep ! e J= Y , where the partiles from the breakup of the proton are notdeteted.Proton-dissoiative events were studied using a sample of di�rative events seleted asdesribed in Setion 4, with the following exeptions:� the elastiity riterion (last riterion in Setion 4) was not applied to the FPC and toa region of FCAL of approximately 50 m radius around the beampipe;� events with deay-lepton traks at angles smaller than 30Æ with respet to the outgoingproton diretion were removed to ensure a rapidity gap between the J= and thesystem Y .Proton-dissoiative events were seleted by requiring an energy larger than 1 GeV in theFPC. The sample of data tagged by the FPC ontained 100 events for jtj < 3 GeV2 inthe kinemati range 45 < W < 160 GeV and Q2 > 2 GeV2. The parameters (see Eq.(1))that best desribe the Q2, W and t dependenes are n = 2:57 � 0:09, Æ = 0:61 � 0:40and b = 0:81 � 0:25 GeV�2. The MC distribution of M2Y was tuned to desribe the FPCenergy distribution, yielding � = 2:57�0:67. The values for n and Æ are in agreement withthose desribed in Setion 7.3. The latter are more preise and were used in Epsoft.The values of b and � are in agreement with those found for proton-dissoiative J= photoprodution [9℄.The fration of proton-dissoiative events in the elasti sample, fp�diss, was determinedfrom the relation fp�diss = fdataFPC(1=�0 � 1); where fdataFPC denotes the fration of the proton-dissoiative sample tagged by the FPC and �0 = 32% is the FPC tagging eÆieny,estimated using Epsoft. The fration of proton-dissoiative events in the �nal sample,7



averaged over t for jtj < 1 GeV2, was fp�diss = (14:2�2:0(stat:)+6:8�3:6(syst:))%, independentof W and Q2. The systemati unertainty was dominated by the unertainty on �. Thefration inreases from 4% for 0 < jtj < 0:1 GeV2 to 20% for 0:2 < jtj < 1:0 GeV2. Theross setions presented in the next sessions were orreted for this bakground in bins oft, and globally in W and Q2.7 Results7.1 Measurement of ross setionsIn eah bin of a kinemati variable, the ep ross setion was extrated for eah deayhannel using the formula�ep!e J= p = (Ndata�Nbgd)(1 � fp�diss)ABL ;where Ndata is the number of events in the data and Nbgd is the number of events from thenon-resonant bakground (QED proesses and pioni bakground) and  (2S) prodution.The overall aeptane is denoted as A, B aounts for the J= deay branhing ratios [33℄,(5:93 � 0:10)% and (5:88 � 0:10)% for the eletron and muon hannels, respetively, andL is the integrated luminosity.The total exlusive photon-proton ross setion was alulated as��p!J= ptot = (1=�(Q2;W ))d2�ep!e J= p=dQ2dW;where the e�etive photon ux � [34℄ ontains the orretions for bin-entring and R,both estimated from the MC simulation. The �nal ross setion was the error-weightedaverage of the ross setions for eah deay hannel.The ross setions are quoted at the QED-Born level. The radiative orretions rangefrom 1% to 10% (on average 5%), depending on the kinemati region.The ross setions were measured for jtj < 1 GeV2. Assuming d�=dt / e�bjtj, with b =4:5 GeV�2, the orretion fator needed to extrapolate to the ross setion integratedover the full t range is 1.012. In addition, for x > 0:01 both the aeptane and theexpeted ross setion are small, and the measurement in this region therefore involvesan extrapolation, made in order to quote the measurement in bins of W and Q2. Theunertainty introdued by this extrapolation, as evaluated from the MC simulation, isnegligible. 8



7.2 Systemati unertaintiesThe systemati unertainties on the measured ross setions were determined by varyingthe seletion uts and by modifying the analysis proedure.For the low-Q2 sample, the main ontribution arises from the unertainty of �1 mm inthe position of the BPC, leading to a �10% unertainty in the ross setion.For the high-Q2 sample, the dominant soures of unertainty are as follows. The orre-sponding average unertainties are given in parentheses:� the trigger eÆieny (+2:8�1:2%);� the �duial volume ut on the eletron position was hanged by �1 m; the SRTDalignment was hanged by �2 mm along the Y axis (+5:5�3:5%). A maximum hange of�11% was observed in the lowest Q2 bin;� the mass window used for signal extration was extended by 0:1 GeV (�1:7%);� the normalisation of the QED bakground was hanged by �10% (�2:4%); the maxi-mum e�et of �5% was found for the lowest t bin.The unertainty due to the subtration of proton-dissoiative bakground has been dis-ussed in Setion 6.2. Additional ontributions ome from the unertainties on the in-tegrated luminosity, �2:25%, and on the branhing ratios, �1:7%. Unertainties fromthe minimum energy requirement of the sattered eletron (�0:7%), the elastiity ut(+0:2�1:9%), the seletion of the eletron and muon samples (�1:2%) and the dependene onthe MC parametrisations (�0:7%) were also estimated. The total systemati unertaintywas determined by adding the individual ontributions in quadrature. The orrelated andunorrelated systemati unertainties were evaluated separately and were +5�8% and +7:4�6:4%,respetively.7.3 Dependene on W and Q2The ross setion ��p!J= ptot , measured as a funtion of W and Q2 for jtj < 1 GeV2, isgiven in Tables 1 and 2. The same ross setion, extrapolated to the full t range, is shownin Fig. 3 together with the H1 [5℄ measurements3 as well as the ZEUS measurement ofexlusive J= photoprodution [9℄. The H1 measurements are systematially lower thanthe ZEUS data.3 In Fig. 3a, the H1 ross setions, measured at Q2 values of 3.5, 10.1 and 33.6GeV2, have been resaledto the Q2 values of 3.1, 6.8 and 16GeV2 using the Q2 dependene of the data measured by H1. Thesystemati unertainties due to this extrapolation were negligible.9



The funtional form � / W Æ was �tted to the ZEUS data; the results of the �t areshown in Fig. 3a and in Table 4. No signi�ant variation of Æ with Q2 is seen. The meanvalue of Æ is 0:73 � 0:11(stat:)+0:04�0:08(syst:). It is onsistent with the values found for J= photoprodution [1℄ and for � eletroprodution at high Q2 [2℄.The funtion � = �0 � (M2J= =(Q2 + M2J= ))n, �tted to the ZEUS data inluding thephotoprodution point, is shown in Fig. 3b. The resulting parameters are �0 = 77� 3 nband n = 2:44 � 0:08, with �2=ndf = 4:1=7. The �t, whih takes both the statistial andunorrelated systemati unertainties into aount, desribes the data well over the fullQ2 range.7.3.1 Comparison to model preditionsModels based on QCD are able to desribe exlusive vetor meson prodution at HERA.In suh models, in the frame where the proton is at rest, the photon emitted from theeletron utuates into a q�q state, this q�q pair subsequently interats with the protonthrough the exhange of gluons in a olour-singlet on�guration and eventually formsa bound meson state. The transverse size of the q�q pair depends on Q2 and on thequark mass; for Q2 > O(10) GeV2 or for heavy quarks, it is assumed to be onsiderablysmaller than the size of the proton. At suh distanes, the QCD oupling is small andperturbation theory an be applied. The QCD fatorisation theorem for hard exlusiveeletroprodution of mesons [10℄ predits that, in the limit of large Q2 and �xed x, theross setion an be estimated from a hard interation part alulable in pQCD, the q�qwave funtion of the meson and the generalised parton distributions (GPDs) [11℄ whihontain information about the orrelations of the partons inside the proton and theirmomentum distribution. A rapid rise in the ross setion with W is predited whih isrelated to the fast inrease of the gluon density inside the proton at small values of x. Aseletion of the available models is ompared to the data and disussed below. A moreomplete disussion on the avalaible models is given elsewhere [12℄.Frankfurt, Koepf and Strikman (FKS) [35℄ have proposed a model based on the leading-order approximation �s ln(Q2). The usual parton distribution funtions (PDFs) are used.The J= wave funtion is estimated in the non-relativisti approximation.In the model of Martin, Ryskin and Teubner (MRT) [36℄, the alulations are also per-formed at the leading order, �s ln(Q2). Assuming parton-hadron duality, the omponentof the � pair whih has the orret spin-parity for the J= is used instead of the J= wave funtion. The ross setion is integrated over the J= mass range. The GPDs areestimated using the onventional next-to-leading (NLO) gluon distributions.Gotsman et al. (GLLMN) [37℄ have presented a dipole model where the ross setion10



is expressed as the onvolution of the wave funtion of the virtual photon, the dipolesattering amplitude and the J= wave funtion. The dipole sattering amplitude isestimated at leading order, �s ln(1=x), as the solution of the Balitsky-Kovhegov [38, 39℄evolution equation, inluding both the linear BFKL terms due to parton splitting andnonlinear terms due to reombination of partons in the high-density region at low x. TheJ= wave funtion is estimated in the non-relativisti approximation.The W and Q2 dependene of the ross setions measured by ZEUS are ompared to theQCD preditions in Fig. 4. As the full NLO orretions have not yet been estimated, all themodels have signi�ant normalisation unertainties. Therefore the normalisation was �xedusing the ZEUS photoprodution data at W = 90 GeV; the di�erent normalisation fatorsare indiated in the �gure. The gluon PDFs ZEUS-S [40℄ for MRT and CTEQ4L [41℄ forFKS were used. The Q2 dependene of Æ is ompared in the insert in Fig. 4a. All modelspredit a rise of the ross setion with inreasing W and have a Q2 dependene similar tothat of the data.7.3.2 Comparison to model preditions for di�erent gluon parametri-sationsThe MRT model was used to test three di�erent gluon distributions: MRST02 [42℄,CTEQ6M [43℄ and ZEUS-S [40℄, obtained from NLO DGLAP analyses of struture fun-tion data. In deriving the GPDs from the PDFs, sensitivity to the gluon distribution atvery low x is introdued. Again, the preditions were normalised to the ZEUS photopro-dution measurement at W = 90 GeV.Figure 5 ompares the data with the preditions. While CTEQ6M desribes the W andQ2 dependene of the data, MRST02 has the wrong shape in W , partiularly at low Q2.ZEUS-S desribes the W dependene but falls too quikly with inreasing Q2.The data exhibit a strong sensitivity to the gluon distribution in the proton. However,full NLO alulations are needed in order to use these data in global �ts to onstrain thegluon density.7.4 Dependene on tThe di�erential ross setion, d��p!J= p=dt, measured as a funtion of t in the rangejtj < 1 GeV2, is shown in Table 3 and Fig. 6a-d for the high Q2 sample as well as forthree Q2 intervals. A funtion of the form d�=dt = d�=dtjt=0 � e�bjtj was �tted to thedata and the results of the �t are given in Table 4. The slope parameter b is shownin Fig. 6e as a funtion of Q2 and is ompared to the ZEUS photoprodution and H111



eletroprodution values. No signi�ant Q2 dependene in b is seen over the measuredrange of Q2. This behaviour is di�erent from that of exlusive � eletroprodution, wherethe b slope strongly dereases with inreasing Q2, reahing the value of that of the J= at Q2 ' 30 GeV2 [2℄.In QCD-based models, at high Q2, the size of the q�q pair in the diretion transverse tothe reation axis dereases as 1=Q and the t dependene should reah a universal limit,independent of the avour of the quark onstituents of the meson [44℄. Hene, in thislimit, the t dependene is given solely by the GPDs of the nuleon. Following this idea,the di�erential ross setion was also �tted using an elasti form fator for two-gluonexhange, d�=dt / (1 � t=m22g)�4, where m22g is the square of the two-gluon invariantmass, as suggested by Frankfurt and Strikman [45℄. The �t, inluding both statistialand systemati unertainties, yields m22g = 0:55 � 0:02 GeV2 and is shown in Fig. 6a.7.5 Pomeron trajetorySoft di�rative proesses are desribed by Regge phenomenology [46℄ in terms of theexhange of a Pomeron trajetory. In hard interations, where Regge phenomenologymay not be appliable, an e�etive Pomeron trajetory may nevertheless be extrated.The high-Q2 sample was analysed to determine the e�etive Pomeron trajetory. In theRegge formalism, the di�erential ross setion an be expressed asd�=dt / W 4(�IP (t)�1); (2)where the trajetory �IP is usually parametrised as�IP (t) = �IP (0) + �0IP t:The e�etive Pomeron trajetory was determined by �tting Eq. (2) to the di�erential rosssetions at di�erent t values. The �t was performed in four t bins at Q2 = 6:8 GeV2. Sinethe proton-dissoiative proess has the same W dependene as the exlusive proess, theextration of �IP is not sensitive to this bakground ontribution, whih populates thehigh-t region. Therefore the analysis was extended up to jtj = 2 GeV2. The �t results areshown in Fig. 7 and in Table 5. The parameters of the trajetory, determined from thelinear �t are: �IP (0) = 1:20 � 0:03(stat:)+0:01�0:02(syst:);�0IP = 0:07� 0:05(stat:)+0:03�0:04(syst:) GeV�2:These values are in good agreement with the ZEUS results from J= photoprodution [9℄whih are also shown in Fig. 7. They are also in agreement with expetations of pQCD-based models [47,48℄, but are not onsistent with the trajetory measured in soft di�rativeproesses, �IP = 1:08 + 0:25 t [49,50℄. 12



7.6 Deay angular distributionsThe study of the angular distributions of the deay of the J= provides information aboutthe photon and J= polarisation states. In the heliity frame [51℄, the prodution anddeay of the J= an be desribed in terms of three angles: �h, the angle between theJ= prodution plane and the lepton sattering plane; �h, the polar angle, and �h, theazimuthal angle of the positively harged deay lepton. Under the assumption of SCHC,the normalised angular distribution depends only on two angles, �h and  h = �h � �h,and an be expressed in the form1N dNd os �h = 38 �1 + r0400 + (1� 3r0400) os2 �h� ; (3)1N dNd h = 12� �1� �r11�1 os 2 h� : (4)The spin-density matrix element r0400 represents the probability that the J= is produedin the heliity-0 state from a virtual photon of heliity 0 or 1. The spin-density matrixelement r11�1 gives the probability for the J= to be produed in the heliity-1 state froma virtual photon of heliity 1 or �1. Assuming SCHC and natural spin-parity exhange(NPE) [51℄, the matrix elements r0400 and r11�1 are related byr11�1 = 12 �1� r0400� : (5)The ross setions at W = 90 GeV are shown in Fig. 8a-f for three intervals of Q2.Equations (3) and (4) were �tted to the data. The values of the spin-density matrixelements r0400 and r11�1, determined from the �ts, are given in Table 6. The measuredvalues of r11�1 are onsistent with those obtained from Eq. (5), also shown in Table 6,supporting the SCHC and NPE hypotheses.Figures 9 and 10 show the ross setions in bins of W and t, respetively. They are quotedat the referene value Q2 = 6:8 GeV2. Equation (3) was �tted to the data. The values ofr0400, given in Tables 7 and 8, are onsistent with no W or t dependene.7.6.1 Longitudinal and transverse ross setionsThe ratio of the longitudinal to transverse ross setion, R = �L=�T , was alulated as afuntion of Q2, W and t from r0400 aording to the relationR = 1� r04001 � r0400 ;13



whih is valid under the assumption of SCHC.The values of R as a funtion of Q2 are given in Table 6 and ompared with the H1results [5℄ in Fig. 8g. The expressionR = �(Q2=M2J= ) was �tted to the ZEUS data yielding� = 0:52 � 0:16(stat:). In QCD-based models, the sale that ontrols the transverse sizeof the q�q utuation of the photon may behave di�erently for �L and �T . However, in theMRT model, �L and �T have the same W dependene, ditated by the gluon distribution.Therefore the ratio is onstant. This model orretly desribes the rising behaviour of Rwith Q2 whereas the GLLMN predition somewhat overestimates it.The values of R as a funtion of W and t are given in Tables 7 and 8 and shown in Figs. 9fand 10g, respetively.8 SummaryThe exlusive eletroprodution of J= mesons, ep ! eJ= p, has been measured withthe ZEUS detetor at HERA for photon virtualities in the ranges 0:15 < Q2 < 0:8 GeV2and 2 < Q2 < 100 GeV2, for photon-proton entre-of-mass energies in the range 30 <W < 220 GeV and for four-momentum-transfer squared in the range jtj < 1 GeV2.The ross setion of the proess � p ! J= p rises with W as � / W Æ, with a slopeparameter Æ of about 0.7. This parameter does not hange signi�antly with Q2 and isonsistent with that observed in J= photoprodution.The ross setion at W = 90 GeV and over the whole Q2 range is desribed by the funtion� / (Q2 +M2J= )�n, with n = 2:44� 0:08.The t distribution, measured for jtj < 1 GeV2, is well desribed by an exponential de-pendene over the range 2 < Q2 < 100 GeV2. The slope parameter, b, is onsistent withbeing onstant in this range. The mean value is b = 4:72�0:15(stat:)�0:12(syst:) GeV�2,onsistent with that observed in J= photoprodution.An analysis of the ross setions in the framework of Regge phenomenology yields ane�etive Pomeron trajetory onsistent with that measured in J= photoprodution.The spin-density matrix elements r11�1 and r0400 are onsistent with s-hannel-heliity on-servation. The ratio of the ross setions for longitudinally and transversely polarisedphotons, R, inreases with Q2, but is independent of W and t, within the measuredrange.The J= eletroprodution data an be qualitatively desribed within the frameworkof pQCD that suessfully desribes J= photoprodution data. The data exhibit astrong sensitivity to the gluon distribution in the proton. Full next-to-leading-order QCD14
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Q2 hQ2i W hW i Nee N�� Aee A�� �ep!J= p ��p!J= ptot(GeV2) (GeV2) (GeV) (GeV) (pb) (nb)30 - 65 49 32 0.031 217� 53+12�19 39:2� 9:6+2:2�3:40.15 - 0.8 0.4 65 - 105 86 55 0.044 257� 46+18�17 75:7� 13:5+5:2�4:9105 - 220 167 50 0.021 498� 89+37�38 118:0� 21:0+8:8�9:130 - 45 37 29.2 0.111 41:5� 8:4+5:6�6:6 24:8� 5:0+3:3�3:945 - 70 57 51.5 53.2 0.180 0.173 48:8� 5:2+3:1�3:9 27:4� 3:0+1:8�2:22 - 5 3.1 70 - 90 80 36.7 60.0 0.204 0.224 36:4� 4:1+10:5�3:0 36:7� 4:2+10:6�3:090 - 112 101 61.7 37.5 0.221 0.223 35:4� 4:0+3:0�4:5 43:0� 4:8+3:7�5:4112 - 145 128 51.2 46.4 0.197 0.167 44:7� 5:0+9:0�4:3 48:8� 5:5+9:8�4:7145 - 220 180 71.6 0.154 76:5� 10:3+11:5�5:1 61:1� 8:2+9:2�4:130 - 50 40 27.8 0.215 19:6� 4:1+3:9�1:9 12:7� 2:7+2:5�1:250 - 74 62 48.7 45.8 0.403 0.383 19:3� 2:2+2:9�1:3 16:6� 1:9+2:5�1:15 - 10 6.8 74 - 96 85 39.6 52.4 0.439 0.486 15:6� 1:8+1:6�1:4 20:7� 2:3+2:2�1:996 - 120 108 37.1 46.4 0.479 0.514 13:5� 1:7+1:1�0:7 21:9� 2:7+1:7�1:2120 - 150 135 33.9 49.0 0.475 0.395 14:9� 1:9+1:1�1:3 25:8� 3:3+1:9�2:3150 - 220 183 58.4 0.343 27:9� 4:1+4:5�1:4 33:2� 4:9+5:3�1:630 - 55 42 16.1 0.235 10:9� 3:1+0:8�1:0 3:3� 0:9+0:2�0:355 - 78 66 27.7 37.8 0.555 0.659 8:4� 1:2+1:4�0:4 4:5� 0:6+0:7�0:210 - 100 16.0 78 - 100 89 31.0 43.6 0.673 0.728 8:6� 1:1+0:9�1:4 6:7� 0:9+0:7�1:1100 - 124 112 37.5 36.2 0.645 0.704 8:4� 1:1+0:4�1:2 7:9� 1:0+0:3�1:1124 - 160 141 39.6 41.3 0.563 0.591 10:8� 1:4+2:1�0:8 9:3� 1:2+1:7�0:7160 - 220 189 51.0 0.361 25:1� 3:8+1:7�1:2 20:8� 3:1+1:4�1:0Table 1: The ross setions for the reation �p! J= p measured as a funtionof W in bins of Q2 and for jtj < 1GeV 2: hW i and hQ2i are the mean values inthe indiated ranges; Nee and N�� are the number of events in the signal regionafter non-resonant bakground subtration of the eletron and muon pairs, respe-tively; Aee and A�� are the orresponding aeptanes. The �rst unertainty of theross setions is statistial and the seond systemati. An overall normalisationunertainty of +5%�8% was not inluded.
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Q2 hQ2i Nee Aee �ep!J= pee N�� A�� �ep!J= p�� ��p!J= ptot(GeV2) (GeV2) (pb) (pb) (nb)ee: 30 < W < 220 GeV ��: 45 < W < 160 GeV W = 90 GeV0.15 - 0.8 0.4 137.0 0.029 954 � 108+63�74 72:6 � 8:2+4:8�5:62 - 3.2 2.5 141.3 0.156 150 � 14+53�8 90.5 0.159 96 � 11+5�14 39:7 � 2:9+5:9�2:93.2 - 5 3.9 160.6 0.202 132 � 12+8�17 118.6 0.217 91:6 � 8:9+12:2�6:6 38:7 � 2:5+3:3�3:65 - 7 5.9 123.1 0.327 59:9 � 6:1+5:5�3:6 100.4 0.336 48:7 � 5:2+1:2�2:5 24:3 � 1:8+1:1�1:07 - 10 8.4 122.5 0.466 42:6 � 4:3+4:7�5:0 104.1 0.529 32:5 � 3:4+4:4�2:4 15:8 � 1:2+1:5�0:710 - 15 12 106.7 0.485 36:7 � 4:0+1:4�2:9 87.2 0.607 24:1 � 2:8+1:2�1:6 11:6 � 1:0+0:4�0:615 - 40 22 84.3 0.473 29:3 � 3:7+2:0�4:7 71.6 0.651 18:4 � 2:4+0:9�1:4 4:0 � 0:4+0:2�0:340 - 100 54 12.0 0.423 4:5 � 1:5+0:5�1:1 7.4 0.554 2:2 � 0:9+0:4�0:6 0:65 � 0:17+0:08�0:16Table 2: The ross setions for the reation �p ! J= p measured as a funtion of Q2, for a mean valueW = 90GeV and for jtj < 1GeV 2: hQ2i indiates the mean value in the Q2 range onsidered; Neeand N�� are the numbers of events in the signal region after non-resonant bakground subtration ofthe eletron and muon pairs, respetively; Aee and A�� are the orresponding aeptanes. The �rstunertainty of the ross setions is statistial and the seond systemati. An overall normalisationunertainty of +5%�8% was not inluded.
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Q2 hQ2i jtj hjtji d��p!J= p=dt(GeV2) (GeV2) (GeV2) (GeV2) (nb/GeV2)0.0 - 0.1 0.05 79:2� 5:0+6:1�6:52 - 100 6.8 0.1 - 0.2 0.15 43:9� 3:0+2:8�1:90.2 - 0.4 0.29 25:8� 1:4+1:9�1:50.4 - 1.0 0.58 6:0� 0:4+0:4�0:40.0 - 0.1 0.05 148� 15+22�142 - 5 3.1 0.1 - 0.2 0.15 86:9� 9:6+12:5�8:10.2 - 0.4 0.29 49:2� 4:3+6:6�2:80.4 - 1.0 0.58 10:7� 1:1+0:9�0:70.0 - 0.1 0.05 75:6� 8:3+5:0�9:75 - 10 6.8 0.1 - 0.2 0.15 39:6� 4:9+2:0�2:40.2 - 0.4 0.29 23:9� 2:4+2:1�1:10.4 - 1.0 0.58 6:5� 0:6+0:6�0:30.0 - 0.1 0.05 28:0� 3:4+2:6�2:810-100 16 0.1 - 0.2 0.15 15:6� 2:0+0:9�2:00.2 - 0.4 0.29 9:4� 1:0+0:6�1:40.4 - 1.0 0.58 1:8� 0:2+0:1�0:2Table 3: The di�erential ross setions for the reation �p! J= p measured asa funtion of t in bins of Q2 for a mean value W = 90GeV . The �rst unertaintyis statistial and the seond systemati.Q2 hQ2i Æ b (d�dt / e�bjtj) d�dt ��t=0(GeV2) (GeV2) (� / W Æ) (GeV�2) (nb/GeV2)0.15 - 0.8 0.4 0:87 � 0:22+0:04�0:012 - 5 3.1 0:65 � 0:17+0:16�0:05 4:85 � 0:24+0:26�0:19 185 � 15+30�215 - 10 6.8 0:60 � 0:18+0:04�0:10 4:44 � 0:26+0:12�0:27 84:7 � 7:9+7:3�9:610 -100 16 1:12 � 0:20+0:03�0:16 5:06 � 0:27+0:29�0:17 35:5 � 3:4+2:9�3:52 -100 6.8 0:73 � 0:11+0:04�0:08 4:72 � 0:15+0:12�0:12 95:2 � 4:9+8:1�7:9Table 4: The parameters Æ, b and d�dt jt=0 measured as a funtion of Q2 in therange 30 < W < 220GeV and 45 < W < 160GeV for the eletron and muonhannels, respetively, and jtj < 1GeV 2. The �rst unertainty is statistial and theseond systemati. 21



jtj hjtji �IP (t)(GeV2) (GeV2)0.0 - 0.1 0.046 1:22 � 0:04+0:03�0:040.1 - 0.3 0.186 1:17 � 0:04+0:02�0:020.3 - 0.9 0.483 1:17 � 0:03+0:02�0:040.9 - 2.0 1.123 1:13 � 0:04+0:03�0:04Table 5: The Pomeron trajetory �IP (t) measured in four t bins, in the range2 < Q2 < 100GeV 2 at a mean value hQ2i = 6:8GeV 2. The �rst unertainty isstatistial and the seond systemati.Q2 hQ2i r0400 r11�1 R = �L=�T r11�1 � 12 (1� r0400)(GeV2) (GeV2)2 - 5 3.1 0:12 � 0:08+0:13�0:15 0:34 � 0:09+0:03�0:06 0:13 � 0:11+0:09�0:16 �0:10� 0:09+0:08�0:065 - 10 6.8 0:25 � 0:09+0:10�0:06 0:44 � 0:09+0:06�0:07 0:33 � 0:16+0:19�0:11 0:06 � 0:10+0:08�0:0610 -100 16 0:54 � 0:10+0:06�0:03 0:26 � 0:09+0:09�0:04 1:19 � 0:51+0:28�0:14 0:03 � 0:11+0:07�0:02Table 6: The spin-density matrix elements, r0400 and r11�1, the ratio of rosssetions of longitudinally and transversely polarised photons, R, and the quantityr11�1 � 12 (1� r0400) measured in bins of Q2. The �rst unertainty is statistial andthe seond systemati.W hW i r0400 R = �L=�T(GeV) (GeV)30 - 55 43.5 0.21�0:16+0:32�0:18 0.27�0:26+0:45�0:1755 - 80 68.1 0.24�0:13+0:10�0:10 0.31�0:23+0:26�0:2280 - 120 95.6 0.25�0:09+0:09�0:05 0.33�0:16+0:15�0:07120 - 160 128.1 0.12�0:11+0:11�0:05 0.14�0:15+0:12�0:05160 - 220 184.4 0.36�0:16+0:12�0:10 0.56�0:40+0:23�0:16Table 7: The spin density matrix element r0400 and the ratio of ross setions oflongitudinally and transversely polarised photons, R, measured in bins of W , in therange 2 < Q2 < 100GeV 2 at a mean value hQ2i = 6:8GeV 2. The �rst unertaintyis statistial and the seond systemati. 22



jtj hjtji r0400 R = �L=�T(GeV2) (GeV2)0.0 - 0.1 0.046 0.24�0:11+0:12�0:06 0.31�0:19+0:22�0:100.1 - 0.2 0.146 0.36�0:13+0:08�0:11 0.56�0:30+0:17�0:200.2 - 0.4 0.285 0.19�0:10+0:07�0:12 0.23�0:15+0:11�0:160.4 - 1.0 0.579 0.16�0:10+0:05�0:05 0.19�0:14+0:08�0:08Table 8: The spin density matrix element r0400 and the ratio of ross setions oflongitudinally and transversely polarised photons, R, measured in bins of jtj, in therange 2 < Q2 < 100GeV 2 at a mean value hQ2i = 6:8GeV 2. The �rst unertaintyis statistial and the seond systemati.
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Figure 9: (a)-(e) Distributions of os �h for �ve bins of W ; the urves are the �tsto Eq. (3). (f) Ratio R = �L=�T as a funtion of W ; the dashed line is the MRTpredition and the full line is the result of a one-parameter �t. The error bars arestatistial (inner) and total (outer).
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