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Abstract

The exclusive electroproduction of .J/¢> mesons, ep — ep J/1, has been studied
with the ZEUS detector at HERA for virtualities of the exchanged photon in
the ranges 0.15 < Q? < 0.8 GeV? and 2 < Q% < 100 GeV* using integrated lumi-
nosities of 69 pb™" and 83pb™!, respectively. The photon-proton centre-of-mass
energy was in the range 30 < W < 220 GeV and the squared four-momentum
transfer at the proton vertex |t| < 1GeV?. The cross sections and decay an-
gular distributions are presented as functions of Q* W and ¢. The effective
parameters of the Pomeron trajectory are in agreement with those found in J/v
photoproduction. The spin-density matrix elements, calculated from the decay
angular distributions, are consistent with the hypothesis of s-channel helicity
conservation. The ratio of the longitudinal to transverse cross sections, o, /o7,
grows with Q?, whilst no dependence on W or ¢ is observed. The results are in
agreement with perturbative QCD calculations and exhibit a strong sensitivity

to the gluon distribution in the proton.



The ZEUS Collaboration

S. Chekanov, M. Derrick, D. Krakauer, J.H. Loizides!, S. Magill, S. Miglioranzi!, B. Mus-
grave, J. Repond, R. Yoshida
Argonne National Laboratory, Argonne, Illinois 60439-4815, USA ™

M.C.K. Mattingly
Andrews University, Berrien Springs, Michigan 4/9104-0380, USA

P. Antonioli, G. Bari, M. Basile, .. Bellagamba, D. Boscherini, A. Bruni, G. Bruni,
G. Cara Romeo, L. Cifarelli, F. Cindolo, A. Contin, M. Corradi, 5. De Pasquale, P. Giusti,
G. Tacobucei, A. Margotti, A. Montanari, R. Nania, F. Palmonari, A. Pesci, L.. Rinaldi,
G. Sartorelli, A. Zichichi

University and INFN Bologna, Bologna, Italy ©

G. Aghuzumtsyan, D. Bartsch, 1. Brock, S. Goers, H. Hartmann, E. Hilger, P. Irrgang,
H.-P. Jakob, O. Kind, U. Meyer, E. Paul?, J. Rautenberg, R. Renner, A. Stifutkin,
J. Tandler®, K.C. Voss, M. Wang

Physikalisches Institut der Universitit Bonn, Bonn, Germany®

D.S. Bailey*, N.H. Brook, J.E. Cole, G.P. Heath, T. Namsoo, S. Robins, M. Wing
H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom ™

M. Capua, A. Mastroberardino, M. Schioppa, G. Susinno
Calabria University, Physics Department and INFN, Cosenza, Italy ©

J.Y. Kim, L.T. Lim, K.J. Ma, M.Y. Pac®
Chonnam National University, Kwangju, South Korea 9

A. Caldwell®, M. Helbich, X. Liu, B. Mellado, Y. Ning, S. Paganis, Z. Ren, W.B. Schmidke,
F. Sciulli
Nevis Laboratories, Columbia University, Irvington on Hudson, New York 10027 °

J. Chwastowski, A. Eskreys, J. Figiel, A. Galas, K. Olkiewicz, P. Stopa, L. Zawiejski
Institute of Nuclear Physics, Cracow, Poland '

L. Adamczyk, T. Bold, 1. Grabowska-Bold”, D. Kisielewska, A.M. Kowal, M. Kowal, J.
Lukasik, M. Przybycien, L. Suszycki, D. Szuba, J. Szuba®
Faculty of Physics and Nuclear Techniques, AGH-University of Science and Technology,

Cracow, Poland ?

A. Kotanski?, W. Stomiriski
Department of Physics, Jagellonian University, Cracow, Poland



V. Adler, U. Behrens, 1. Bloch, K. Borras, V. Chiochia, D. Dannheim'®, G. Drews,
J. Fourletova, U. Fricke, A. Geiser, P. Gottlicher!', O. Gutsche, T. Haas, W. Hain,
S. Hillert'?, C. Horn, B. Kahle, U. Kotz, H. Kowalski, G. Kramberger, H. Labes, D. Lelas,
H. Lim, B. Lohr, R. Mankel, [.-A. Melzer-Pellmann, C.N. Nguyen, D. Notz, A.E. Nuncio-
Quiroz, A. Polini, A. Raval, .. Rurua, U. Schneekloth, U. Stosslein, G. Wolf, C. Young-
man, W. Zeuner

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

S. Schlenstedt
DESY Zeuthen, Zeuthen, Germany

G. Barbagli, E. Gallo, C. Genta, P. G. Pelfer
University and INFN, Florence, Italy ©

A. Bamberger, A. Benen, F. Karstens, D. Dobur, N.N. Vlasov
Fakultit fir Physik der Universitit Freiburg i.Br., Freiburg i.Br., Germany®

M. Bell, P.J. Bussey, A.T. Doyle, J. Ferrando, J. Hamilton, S. Hanlon, D.H. Saxon,
[.O. Skillicorn
Department of Physics and Astronomy, Unwersity of Glasgow, Glasgow, United King-

dom ™

1. Gialas

Department of Engineering in Management and Finance, Univ. of Aegean, Greece

T. Carli, T. Gosau, U. Holm, N. Krumnack, F. Lohrmann, M. Milite, H. Salehi, P. Schleper,
T. Schorner-Sadenius, S. Stonjek!?, K. Wichmann, K. Wick, A. Ziegler, Ar. Ziegler
Hamburg University, Institute of Exp. Physics, Hamburg, Germany®

C. Collins-Tooth, C. Foudas, R. Gonc¢alo'®, K.R. Long, A.D. Tapper
Imperial College London, High Fnergy Nuclear Physics Group, London, United King-

dom ™

P. Cloth, D. Filges
Forschungszentrum Jilich, Institut fur Kernphysik, Julich, Germany

M. Kataoka'*, K. Nagano, K. Tokushuku'®, S. Yamada, Y. Yamazaki
Institute of Particle and Nuclear Studies, KEK, Tsukuba, Japan !

A.N. Barakbaev, E.G. Boos, N.S. Pokrovskiy, B.O. Zhautykov
Institute of Physics and Technology of Ministry of Fducation and Science of Kazakhstan,
Almaty, Kazakhstan

D. Son
Kyungpook National University, Center for High Energy Physics, Daegu, South Korea 4

IT



K. Piotrzkowski

Institut de Physique Nucléaire, Université Catholique de Louvain, Louvain-la-Neuve, Bel-
gium

F. Barreiro, C. Glasman'®, O. Gonzéalez, L. Labarga, J. del Peso, E. Tassi, J. Terrén,
M. Zambrana

Departamento de Fisica Tedrica, Universidad Autonoma de Madrid, Madrid, Spain

M. Barbi, F. Corriveau, S. Gliga, J. Lainesse, S. Padhi, D.G. Stairs, R. Walsh
Department of Physics, McGill Uniwersity, Montréal, Québec, Canada H3A 2T8 ¢

T. Tsurugai
Meiji Gakuin University, Faculty of General Education, Yokohama, Japan !

A. Antonov, P. Danilov, B.A. Dolgoshein, D. Gladkov, V. Sosnovtsev, S. Suchkov

Moscow Engineering Physics Institute, Moscow, Russia’

R.K. Dementiev, P.F. FErmolov, [.I. Katkov, L..A. Khein, [.A. Korzhavina, V.A. Kuzmin,
B.B. Levchenko, O.Yu. Lukina, A.S. Proskuryakov, L.M. Shcheglova, S.A. Zotkin

Moscow State University, Institute of Nuclear Physics, Moscow, Russia *

N. Coppola, 5. Grijpink, E. Koffeman, P. Kooijman, E. Maddox, A. Pellegrino, S. Schagen,
H. Tiecke, M. Vazquez, L.. Wiggers, E. de Wolf
NIKHEF and University of Amsterdam, Amsterdam, Netherlands "

N. Brummer, B. Bylsma, [.S. Durkin, T.Y. Ling
Physics Department, Ohio State University, Columbus, Ohio 43210 ™

A.M. Cooper-Sarkar, A. Cottrell, R.C.E. Devenish, B. Foster, G. Grzelak, C. Gwenlan'”,
T. Kohno, S. Patel, P.B. Straub, R. Walczak
Department of Physics, University of Ozford, Ozford United Kingdom ™

A. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, 5. Dusini, A. Garfagnini, S. Limentani,
A. Longhin, A. Parenti, M. Posocco, L. Stanco, M. Turcato
Dipartimento di Fisica dell” Universita and INFN, Padova, Italy ©

E.A. Heaphy, F. Metlica, B.Y. Oh, J.J. Whitmore!®
Department of Physics, Pennsylvania State University, University Park, Pennsylvania
16802 °

Y. Iga
Polytechnic University, Sagamihara, Japan ¢

G. D’Agostini, G. Marini, A. Nigro
Dipartimento di Fisica, Universita 'La Sapienza’ and INFN, Rome, [taly ©

11



C. Cormack!®, J.C. Hart, N.A. McCubbin
Rutherford Appleton Laboratory, Chilton, Didcot, Ozxon, United Kingdom ™

C. Heusch

University of California, Santa Cruz, California 95064, USA ™
[LH. Park

Department of Physics, Fwha Womans University, Seoul, Korea
N. Pavel

Fachbereich Physik der Universitat-Gesamthochschule Sitegen, Germany

H. Abramowicz, A. Gabareen, S. Kananov, A. Kreisel, A. Levy
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics, Tel-Aviv
University, Tel-Aviv, Israel

M. Kuze
Department of Physics, Tokyo Institute of Technology, Tokyo, Japan f

T. Fusayasu, S. Kagawa, T. Tawara, T. Yamashita

Department of Physics, University of Tokyo, Tokyo, Japan /

R. Hamatsu, T. Hirose?, M. Inuzuka, H. Kaji, S. Kitamura?®, K. Matsuzawa
Tokyo Metropolitan University, Department of Physics, Tokyo, Japan f

M. Costa, M.I. Ferrero, V. Monaco, R. Sacchi, A. Solano
Universita di Torino and INFN, Torino, [Italy ©

M. Arneodo, M. Ruspa
Universita del Piemonte Orientale, Novara, and INFN, Torino, Italy ©

T. Koop, J.F. Martin, A. Mirea
Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A7*

J.M. Butterworth?', R. Hall-Wilton, T.W. Jones, M.S. Lightwood, M.R. Sutton®*, C. Targett-
Adams
Physics and Astronomy Department, University College London, London, United King-

dom ™

J. Ciborowski*?, R. Ciesielski*®, P. Luzniak?®®, R.J. Nowak, J.M. Pawlak, J. Sztuk?®®,
T. Tymieniecka, A. Ukleja, J. Ukleja?®, A.F. Zarnecki
Warsaw University, Institute of Erperimental Physics, Warsaw, Poland ?

M. Adamus, P. Plucinski
Institute for Nuclear Studies, Warsaw, Poland ?

Y. Eisenberg, D. Hochman, U. Karshon M. Riveline
Department of Particle Physics, Weizmann Institute, Rehovot, Israel ©

1Y%



A. Everett, L.K. Gladilin®", D. Kcira, S. Lammers, L. Li, D.D. Reeder, M. Rosin, P. Ryan,
ALA. Savin, W.H. Smith
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA ™

A. Deshpande, S. Dhawan
Department of Physics, Yale Unwersity, New Haven, Connecticut 06520-8121, USA "

S. Bhadra, C.D. Catterall, S. Fourletov, G. Hartner, S. Menary, M. Soares, J. Standage
Department of Physics, York University, Ontario, Canada M3J 1P3



L also affiliated with University College London, London, UK
Z retired

3 self-employed

* PPARC Advanced fellow

> now at Dongshin University, Naju, South Korea

% now at Max-Planck-Institut fiir Physik, Miinchen, Germany

7 partly supported by Polish Ministry of Scientific Research and Information Technology,
grant no. 2P03B 12225

8 partly supported by Polish Ministry of Scientific Research and Information Technology,
grant no.2P03B 12625

9 supported by the Polish State Committee for Scientific Research, grant no. 2 P03B
09322

19 now at Columbia University, N.Y., USA

" now at DESY group FEB

12 now at University of Oxford, Oxford, UK

13 now at Royal Holoway University of London, London, UK

4 also at Nara Women’s University, Nara, Japan

15 also at University of Tokyo, Tokyo, Japan

16 Ramén y Cajal Fellow

17" PPARC Postdoctoral Research Fellow

18 on leave of absence at The National Science Foundation, Arlington, VA, USA
9 now at University of London, Queen Mary College, London, UK

20 present address: Tokyo Metropolitan University of Health Sciences, Tokyo 116-8551,
Japan

21 also at University of Hamburg, Alexander von Humboldt Fellow

22 also at LédZz University, Poland

23 supported by the Polish State Committee for Scientific Research, grant no. 2P03B
07222

24 Lédz University, Poland

5 Léd7z University, Poland, supported by the KBN grant 2P03B12925

26 supported by the KBN grant 2P03B12725

27 on leave from MSU, partly supported by the Weizmann Institute via the U.S.-Israel BSF

VI



supported by the Natural Sciences and Engineering Research Council of

Canada (NSERC)

supported by the German Federal Ministry for FEducation and Research
(BMBF), under contract numbers HZIGUA 2, HZIGUB 0, HZIPDA 5,
HZ1VFA 5

supported by the MINERVA Gesellschaft fir Forschung GmbH, the Israel
Science Foundation, the U.S.-Israel Binational Science Foundation and the

Benozyio Center for High Energy Physics
supported by the German-Israeli Foundation and the Israel Science Foundation
supported by the Italian National Institute for Nuclear Physics (INFN)

supported by the Japanese Ministry of Education, Culture, Sports, Science
and Technology (MEXT) and its grants for Scientific Research

supported by the Korean Ministry of Education and Korea Science and Engi-
neering Foundation

supported by the Netherlands Foundation for Research on Matter (FOM)
supported by the Polish State Committee for Scientific Research, grant no.
620/E-77/SPB/DESY /P-03/DZ 117/2003-2005

partially supported by the German Federal Ministry for Education and Re-
search (BMBF)

supported by RF President grant N 1685.2003.2 for the leading scientific
schools and by the Russian Ministry of Industry, Science and Technology
through its grant for Scientific Research on High Energy Physics

supported by the Spanish Ministry of Education and Science through funds
provided by CICYT

supported by the Particle Physics and Astronomy Research Council, UK
supported by the US Department of Energy

supported by the US National Science Foundation

supported by the Polish Ministry of Scientific Research and Information Tech-
nology, grant no. 112/E-356/SPUB/DESY /P-03/D7 116/2003-2005

supported by the Polish State Committee for Scientific Research, grant no.
115/E-343/SPUB-M/DESY/P-03/D7 121/2001-2002, 2 P03B 07022

VII



1 Introduction

The exclusive electroproduction of light (p,w, ¢) and heavy (J/1,¢’, T) vector mesons,
ep — €Vp, has been investigated at HERA [IABALBRAEE. The increased precision of
the recent data allows the study of the dependence of this process on the different scales
involved: the mass squared of the vector meson, M2, the square of the centre-of-mass
energy of the photon-proton system, W2, the exchanged-photon virtuality, Q% and the

four-momentum transfer squared at the proton vertex, ¢.

Exclusive electroproduction of vector mesons involving a sufficiently large scale is calcula-
ble perturbatively because of the QCD factorisation theorem [E]. QCD-based models of
this process assume that the exchanged virtual photon, seen from the proton rest-frame,
fluctuates into a quark-antiquark pair which interacts with the proton via the exchange
of two gluons in a colour-singlet configuration. After the interaction, the ¢q pair becomes
a bound state. The cross section is proportional to the generalised parton distribution
functions (GPDs) [ of the proton, which contain information on the momentum distri-
butions of the partons in the proton and their correlations. At the leading-order approxi-
mation in In(1/x) and vanishing ¢, the generalised gluon distribution can be approximated
by the usual gluon distribution. The gluon density is probed at @ ~ (Q?* + M{)/W? and
at a scale u? ~ Q? + M% 4. The cross section is thus expected to rise steeply with W,

a reflection of the steep rise of the gluon density as x decreases.

Data from exclusive p production [ILEE] show that the cross section o(y*p — pp) rises
with W as W9, with § increasing with Q2 from about 0.2 at Q? = 0 (photoproduction) to
about 0.8 at Q% ~ 30 GeV?. However, in the case of exclusive .J/¢ production the cross
section rises steeply with W even for photoproduction [H]. It is therefore interesting to

investigate .J /1 production at larger values of Q2.

This paper presents measurements of the exclusive electroproduction of J/1) mesons.
Cross sections are given as functions of W, Q? and ¢. The W dependence is also studied
as a function of ¢. The helicity structure of the J/¢ has been investigated to test s-
channel helicity conservation (SCHC) and to extract the ratio of the cross sections for
longitudinally (o) and transversely (or) polarised virtual photons, R = or/or, as a
function of W, Q? and t. The results are compared to perturbative QCD (pQCD) model

calculations.

The data cover the kinematic range 30 < W < 220 GeV and [t| < 1 GeV? for two ranges of
photon virtuality: 0.15 < Q? < 0.8 GeV?* (low-Q? sample) and 2 < Q% < 100 GeV? (high-
@* sample). The low-Q? sample was measured in the ete™ decay channel and the high-()?
sample in both eTe™ and ptu~ channels. The low-(Q? range has been measured for the

first time. The high-Q* sample represents more than an order of magnitude increase in



statistics compared to the previous ZEUS results [l], and extends both the W and Q2

ranges of the measurement.

2 Experimental set-up

The data used for this measurement were taken at the HERA ep collider using the ZEUS
detector in 1998-2000. During this period, HERA operated with a proton energy of
920 GeV and an electron! energy of 27.5 GeV. The data correspond to integrated lumi-
nosities of 69 pb™" for the low-Q? sample and 83 pb~" for the high-Q? sample.

A detailed description of the ZEUS detector can be found elsewhere [E3]. A brief outline

of the components that are most relevant for this analysis is given below.

Charged particles were reconstructed in the central tracking detector (CTD) [Ed] covering
the polar-angle? region 15° < # < 164°. The transverse-momentum resolution for full-

length tracks is o(pr)/pr = 0.0058pr & 0.0065 & 0.0014/pr, with pr in GeV.

The high-resolution uranium-calorimeter (CAL) [E3] consists of three parts: the forward
(FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part is subdivided
transversely into towers and longitudinally into an electromagnetic section (EMC) and
either one (RCAL) or two (FCAL and BCAL) hadronic sections. The CAL covers 99.7%
of the total solid angle. The energy resolution obtained from test-beam measurements
was o(E)/E = 0.18/VE in the electromagnetic sections and o(F)/E = 0.35/vE in the

hadronic sections, with £ in GeV.

The forward plug calorimeter (FPC) [IH] was a lead-scintillator sandwich calorimeter with
readout via wavelength shifter fibres. It was installed in the beamhole of the FCAL and

extended the pseudorapidity coverage of the forward calorimeter from n < 4 to n <5.

The beampipe calorimeter (BPC) [ was a tungsten-scintillator sampling calorimeter
installed to measure scattered electrons at small angles, in the range 1.15° < 180° — 8§ <
2.30°. The energy resolution, as measured under test-beam conditions, was o(F)/FE =
0.17/v/E, with E in GeV. The impact position of the scattered electron was measured

with an accuracy of about 0.5 mm.

The small-angle rear tracking detector (SRTD) 3] consists of two planes of scintillator

strips read out via optical fibres and photomultiplier tubes. It is attached to the front

I Hereafter, both et and e~ are referred to as electrons, unless explicitly stated otherwise.

2 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the centre of HERA. The coordinate origin is at the nominal interaction point.



face of the RCAL and covers an angular range between 4° and 18° around the beampipe.

The SRTD provides a transverse position resolution of 0.3 cm [H].

The hadron-electron separator installed in the RCAL (RHES) ] consists of silicon diodes
placed at a longitudinal depth of three radiation lengths. The RHES provides an electron
position resolution of 0.9 cm for a single hit and 0.5 cm if the shower spans at least two
adjacent pads [[9).

The luminosity was determined from the rate of the bremsstrahlung process ep — evyp,

where the photon was measured with a lead-scintillator calorimeter [ZH] located at Z =

—107 m in the HERA tunnel.

3 Kinematics and cross sections

The following kinematic variables are used to describe exclusive .J/¢ production, e(k)p(P) —
e(k")J /¢ (v)p(P"), where k, k', P, P" and v are, respectively, the four-momenta of the in-

cident electron, scattered electron, incident proton, scattered proton and J/v:

o )* = —¢* = —(k — k')*, the negative four-momentum squared of the virtual photon;

W? = (q+ P)?, the squared invariant mass of the photon-proton system;

y=(P-q)/(P-k), the fraction of the electron energy transferred to the proton in the

proton rest frame;

x = Q*/(2P - q), the Bjorken variable;

e { = (P — P')? the squared four-momentum transfer at the proton vertex.

The kinematic variables were reconstructed with the “constrained” method [l] which uses

the momentum of the .J/¢ and the polar and azimuthal angles of the scattered electron.

The ep cross section can be expressed in terms of the transverse, o7, and longitudinal,

o1, virtual photoproduction cross sections as
d?o.ep—m J/p
dydQ?

where I'p is the flux of transverse virtual photons [l and ¢ is the ratio of longitudinal

=Tr(y, Q%) (o7 + €o1),

and transverse virtual photon fluxes, given by € = 2(1—y)/(14 (1 —y)?). In the kinematic
range studied here, € is in the range 0.8 < € < 1, with an average value of 0.99.

The virtual photon-proton cross section, o7 ?=//¥? = g + €0y, can be used to evaluate

the total exclusive cross section, Ugstp%‘]/wp = or + oy, through the relation

O_W*p—ﬁ]/i//p — 1 + R Uw*p—)J/wp
tot 1 —I— ER 2



where R = oy, /o is the ratio of the cross sections for longitudinal and transverse photons.
The helicity structure of the J/¢ production is used to determine R as described in
Section 2=

4 Reconstruction and selection of the events

The signature of exclusive J/v electroproduction, ep — e .J/¢ p , consists of the scattered
electron and two charged leptons from the J/v decay, ee™ or putp~. The scattered

proton is deflected through a small angle and escapes undetected down the beampipe.

The events were selected online by a three-level trigger [ZAEJ]. For the low-Q?* sample,
the trigger [H] for J/v> photoproduction events with decay to the ete™ final state was
used, while for the high-Q? sample, the trigger required a scattered electron in the CAL
with energy greater than 4 GeV.

The following criteria were applied offline to reconstruct and select the events [Z:

o the energy and position of the scattered electron were measured in the BPC for the
low-Q? sample and in the CAL for the high-Q? sample. The energy was required
to satisfy F. > 10 GeV. The position measurement of the CAL was improved using
the SRTD (88% of the events) and the RHES (10% of the events). To ensure full
containment of the electromagnetic shower, fiducial cuts were applied to the impact
position of the electron on face of the RCAL;

e the J/¢> mesons were reconstructed from the decay leptons. Two tracks of opposite
charge, well-reconstructed in the CTD with pr > 0.2GeV, were selected (two-track
events). In the case of the electron decay channel, events were also selected by requiring
one well-reconstructed CTD track and one CAL energy cluster [E3] not related to the

track (one-track events). In addition:

— the two-track events were required to have the higher-momentum track matched
to a calorimeter energy cluster for which the fraction of the energy deposited in

the EMC was consistent with that of an electron or a muon;

— the one-track events were accepted if, in addition to the measured CTD track as-
sociated with a CAL cluster, the second cluster lay in the angular range outside
the CTD acceptance with energy between 2 and 10 GeV. Both clusters were re-
quired to have a fraction of energy deposited in the EMC consistent with that of

an electron.

For both types of events, one additional CTD track was allowed. If present, this track

was required to match the scattered electron. Events with further tracks were rejected;



e the position of the reconstructed vertex was required to be compatible with that of an

ep collision;

e to remove events with large initial-state radiation and to reduce the background from
photoproduction, the requirement 45 < § < 65 GeV was imposed, where § = > F;(1 —
cos 0;), E; is the energy of the i calorimeter cell, §; its polar angle and the sum runs

over the cells associated to the final-state leptons;

e to suppress non-exclusive events, the energy of each CAL cluster not associated to any
of the final-state leptons was required to be less than 0.3 or 0.4 GeV, depending on
the CAL section; these thresholds were set to be above the noise level of the CAL. To
suppress further the contamination from proton-dissociative events, ep — eJ/¥Y, the
energy in the FPC was required to be less than 1 GeV and the sum of the energy in
the FCAL cells surrounding the beamhole to be less than 0.5 GeV. These cuts restrict
the mass of the proton-dissociated system, Y, to My < 3.0 GeV.

Unless otherwise stated, the results are quoted in the following kinematic range: |[¢| <
1GeV?, 30 < W < 220 GeV for the electron channel and 45 < W < 160 GeV for the muon
channel. The larger W range for the electron channel was achieved by the inclusion of
the one-track events. The Q? range was 0.15 < Q% < 0.8 GeV? for the low-Q? sample and
2 < Q% <100 GeV? for the high-Q? sample.

The final high-Q? sample contains 728 events in the muon channel and 955 events in the
electron channel, 275 of which are reconstructed using only one track. The final low-Q?
sample contains 137 events in the electron channel, 16 of which are reconstructed using

only one track. The distribution of the events in the z-Q?* plane is shown in Fig. @1

5 Monte Carlo simulation

The acceptance and the effects of the detector response were determined using samples of
Monte Carlo (MC) events. All generated events were passed through the standard ZEUS
detector simulation, based on the GEANT 3.13 programme [EH], and the ZEUS trigger

simulation package.

The exclusive process ep — e J/¢ p was modelled using the ZEUSVM [E4] MC generator
interfaced to HERACLES 4.6.1 [EF] to account for first-order QED radiative effects. The
v* p — J/1 p cross section was parametrised as Wée_b“'(Mg/w + @*)~". The parameter
values n = 2.5(2.3), § = 0.75(0.7) and b = 4.5(4.5) GeV~* were used to describe the
high-Q* (low-Q?) data. The leptonic decay of the .J/¢» was simulated by the PHOTOS
programme [E9] which includes final-state radiation from the decay leptons. This genera-

tor assumes SCHC and that the ratio of the cross sections for longitudinal and transverse



photons is R = 0.5 - (QQ/MEMJ).

Proton-dissociative events, ep — eJ/¥Y, were modelled using the generator EPSOFT [EH)].
The v* p — J/1 Y cross section was parametrised as

gy pI/Y
dt dM?

with the parameters n = 2.5, § = 0.75, b = 0.81 GeV ™% and 3 = 2.57 chosen as described
in Section B2

o Woe (M3, 4+ Q7)) My (1)

The QED background stemming from two-photon lepton-pair production v*y — [T]~,
where the virtual photon originates from the electron vertex and the second photon is
radiated off the proton, was simulated using the LPAIR [El] generator at low Q% and the
GRAPE-DILEPTON 1.1 [BZ] generator at high Q*. The QED-Compton-like processes with

internal photon conversion were also generated with GRAPE.

6 Extraction of the J/vy signal

Figure B shows the invariant-mass distributions of the muon and electron pairs, obtained
after the selection described in Sectionll The MC distributions for exclusive J/¢ produc-
tion and the QED background are also shown. The width of the resonance is dominated

by the detector resolution, which deteriorates at low and high values of W.

6.1 Non-resonant background

The non-resonant background was estimated from the MC distributions of the QED-
background processes: two-photon lepton-pair production and Compton scattering. For
the low-()? sample, the normalisation of the QED-background was estimated from a two-
parameter fit of the signal and the background MC distributions to the invariant mass
spectra of the data. For the high-Q? sample, the normalisation was based on the known
cross sections and the integrated luminosity of the data. After subtraction of the non-
resonant distributions, the .J/1 signal was determined by counting the events in the mass
windows 2.8 < M+ ,- < 3.4GeV for the muon channel and 2.6 < M.+.- < 3.4 GeV for
the electron channel. The lower limit on M. +.- was chosen to include events with reduced
invariant mass due to bremsstrahlung. The contribution of the non-resonant background

in the signal range is typically 22% for the electron channel and 14% for the muon channel.

For the high-Q?% sample, additional background from pions misidentified as electrons or
muons was studied using a sample of events with two tracks, neither of which were iden-

tified as a muon or an electron. The contribution was (2.7 £ 0.6)% for the electron



channel and (0.8 +0.3)% for the muon channel and was subtracted bin-by-bin for the ¢
and decay-angle distributions and globally for the W and Q? distributions.

Events from exclusive ¢(25) production contribute to the .J/¢> sample through two dif-
ferent decay channels: (i) ¥(25) — J/v 4 neutrals (branching ratio (23.9+1.2)% [EJ]),
where the neutrals are not detected in the CAL, and (7i) ¥(25) — (T~ (branching ratios
(7.340.4) - 1072 for the electron channel and (7.0 £0.9) - 107 for the muon decay chan-
nel [EJ]), because of the limited resolution in the reconstruction of the invariant mass.
The contribution from both these processes to the J/1 sample was determined using MC
samples under the assumption that o(¢(25))/o(J/¢) = 0.166 +0.013 [§]. A contribution
of (1.840.2)% was subtracted.

6.2 Proton-dissociative background

The remaining source of background consists of J/¢> production accompanied by proton
dissociation, ep — ¢ J/v Y, where the particles from the breakup of the proton are not
detected.

Proton-dissociative events were studied using a sample of diffractive events selected as

described in Section @l with the following exceptions:

e the elasticity criterion (last criterion in Section l) was not applied to the FPC and to
a region of FCAL of approximately 50 ¢m radius around the beampipe;

e events with decay-lepton tracks at angles smaller than 30° with respect to the outgoing
proton direction were removed to ensure a rapidity gap between the .J/¢ and the

system Y.

Proton-dissociative events were selected by requiring an energy larger than 1 GeV in the
FPC. The sample of data tagged by the FPC contained 100 events for [t| < 3GeV* in
the kinematic range 45 < W < 160 GeV and Q? > 2GeV*. The parameters (see Eq.(H))
that best describe the Q% W and ¢ dependences are n = 2.57 £ 0.09, § = 0.61 4 0.40
and b = 0.81 £ 0.25 GeV~2. The MC distribution of M2 was tuned to describe the FPC
energy distribution, yielding 5 = 2.5740.67. The values for n and ¢ are in agreement with
those described in Section 23 The latter are more precise and were used in EPSOFT.
The values of b and 8 are in agreement with those found for proton-dissociative J/1

photoproduction [H].

The fraction of proton-dissociative events in the elastic sample, f,_qiss, Was determined
from the relation f,_qiss = fi2@(1/¢’ — 1), where f33@ denotes the fraction of the proton-
dissociative sample tagged by the FPC and ¢ = 32% is the FPC tagging efficiency,

estimated using EPSOFT. The fraction of proton-dissociative events in the final sample,



averaged over ¢ for [t| < 1GeV?, was fp_diss = (14.242.0(stat.) 55 (syst.)) %, independent
of W and Q% The systematic uncertainty was dominated by the uncertainty on 3. The
fraction increases from 4% for 0 < [t| < 0.1 GeV? to 20% for 0.2 < [t| < 1.0 GeV*. The

cross sections presented in the next sessions were corrected for this background in bins of

t, and globally in W and Q*.

7 Results

7.1 Measurement of cross sections

In each bin of a kinematic variable, the ep cross section was extracted for each decay

channel using the formula

epmse gfwp _ (Naata = Noga) (1 — fo—diss)
ABL ’

g

where Nqaa 1s the number of events in the data and Nypgq is the number of events from the
non-resonant background (QED processes and pionic background) and (25 production.
The overall acceptance is denoted as A, 3 accounts for the J/1¢ decay branching ratios [EJ],
(5.93 £ 0.10)% and (5.88 +0.10)% for the electron and muon channels, respectively, and

L is the integrated luminosity.

The total exclusive photon-proton cross section was calculated as
ol = (L @(QF W) oI [dQ AW,

where the effective photon flux ® [Ed] contains the corrections for bin-centring and R,
both estimated from the MC simulation. The final cross section was the error-weighted

average of the cross sections for each decay channel.

The cross sections are quoted at the QED-Born level. The radiative corrections range

from 1% to 10% (on average 5%), depending on the kinematic region.

The cross sections were measured for |{| < 1GeV?. Assuming do/dt < e "1l with b =

4.5 GeV ™2, the correction factor needed to extrapolate to the cross section integrated
over the full ¢ range is 1.012. In addition, for = > 0.01 both the acceptance and the
expected cross section are small, and the measurement in this region therefore involves
an extrapolation, made in order to quote the measurement in bins of W and Q% The
uncertainty introduced by this extrapolation, as evaluated from the MC simulation, is

negligible.



7.2 Systematic uncertainties

The systematic uncertainties on the measured cross sections were determined by varying

the selection cuts and by modifying the analysis procedure.

For the low-()? sample, the main contribution arises from the uncertainty of £1 mm in

the position of the BPC, leading to a =210% uncertainty in the cross section.

For the high-Q? sample, the dominant sources of uncertainty are as follows. The corre-

sponding average uncertainties are given in parentheses:

e the trigger efficiency (*75%);

o the fiducial volume cut on the electron position was changed by +1cm; the SRTD
alignment was changed by £2mm along the Y axis (T52%). A maximum change of

—11% was observed in the lowest Q% bin;
e the mass window used for signal extraction was extended by 0.1 GeV (+1.7%);
e the normalisation of the QED background was changed by +£10% (42.4%); the maxi-

mum effect of 5% was found for the lowest ¢ bin.

The uncertainty due to the subtraction of proton-dissociative background has been dis-
cussed in Section B2 Additional contributions come from the uncertainties on the in-
tegrated luminosity, £2.25%, and on the branching ratios, +1.7%. Uncertainties from
the minimum energy requirement of the scattered electron (£0.7%), the elasticity cut
(t9-2%), the selection of the electron and muon samples (£1.2%) and the dependence on
the MC parametrisations (+0.7%) were also estimated. The total systematic uncertainty
was determined by adding the individual contributions in quadrature. The correlated and
uncorrelated systematic uncertainties were evaluated separately and were 3% and *71%,

respectively.

7.3 Dependence on W and ()?

The cross section Uz;pﬁj/wp, measured as a function of W and Q? for [t| < 1GeV?, is
given in Tables @ and B The same cross section, extrapolated to the full ¢ range, is shown
in Fig. @ together with the H1 [ measurements® as well as the ZEUS measurement of

exclusive J /1 photoproduction [H]. The H1 measurements are systematically lower than

the ZEUS data.

3 In Fig. Bh, the H1 cross sections, measured at Q2 values of 3.5, 10.1 and 33.6 GeV?, have been rescaled
to the @2 values of 3.1, 6.8 and 16 GeV? using the Q2 dependence of the data measured by H1. The
systematic uncertainties due to this extrapolation were negligible.



The functional form o o« W? was fitted to the ZEUS data; the results of the fit are
shown in Fig. Bk and in Table @l No significant variation of § with Q? is seen. The mean
value of § is 0.73 & 0.11(stat.) 0 0s(syst.). It is consistent with the values found for J/1
photoproduction [l and for p electroproduction at high Q* [H].

The function o = oy - (]\43/1//(@2 + Mg/w))”, fitted to the ZEUS data including the
photoproduction point, is shown in Fig. Bb. The resulting parameters are og = 77 & 3 nb
and n = 2.44 4 0.08, with y?/ndf = 4.1/7. The fit, which takes both the statistical and

uncorrelated systematic uncertainties into account, describes the data well over the full

(Q? range.

7.3.1 Comparison to model predictions

Models based on QQCD are able to describe exclusive vector meson production at HERA.
In such models, in the frame where the proton is at rest, the photon emitted from the
electron fluctuates into a ¢q state, this gq pair subsequently interacts with the proton
through the exchange of gluons in a colour-singlet configuration and eventually forms
a bound meson state. The transverse size of the ¢¢ pair depends on ()? and on the
quark mass; for Q% > O(10) GeV? or for heavy quarks, it is assumed to be considerably
smaller than the size of the proton. At such distances, the QCD coupling is small and
perturbation theory can be applied. The QCD factorisation theorem for hard exclusive
electroproduction of mesons [l predicts that, in the limit of large Q* and fixed x, the
cross section can be estimated from a hard interaction part calculable in pQCD, the ¢q
wave function of the meson and the generalised parton distributions (GPDs) [ which
contain information about the correlations of the partons inside the proton and their
momentum distribution. A rapid rise in the cross section with W is predicted which is
related to the fast increase of the gluon density inside the proton at small values of x. A
selection of the available models is compared to the data and discussed below. A more

complete discussion on the avalaible models is given elsewhere [[].

Frankfurt, Koepf and Strikman (FKS) [E3] have proposed a model based on the leading-
order approximation a,In(Q?). The usual parton distribution functions (PDFs) are used.

The J/¢ wave function is estimated in the non-relativistic approximation.

In the model of Martin, Ryskin and Teubner (MRT) [E@], the calculations are also per-
formed at the leading order, a;In(Q?). Assuming parton-hadron duality, the component
of the cc¢ pair which has the correct spin-parity for the J/¢ is used instead of the J/v
wave function. The cross section is integrated over the .J/¢> mass range. The GPDs are

estimated using the conventional next-to-leading (NLO) gluon distributions.

Gotsman et al. (GLLMN) [El] have presented a dipole model where the cross section
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is expressed as the convolution of the wave function of the virtual photon, the dipole
scattering amplitude and the J/¢> wave function. The dipole scattering amplitude is
estimated at leading order, aIn(1/x), as the solution of the Balitsky-Kovchegov [ESEY]
evolution equation, including both the linear BFKL terms due to parton splitting and
nonlinear terms due to recombination of partons in the high-density region at low x. The

J /¢ wave function is estimated in the non-relativistic approximation.

The W and Q% dependence of the cross sections measured by ZEUS are compared to the
QCD predictions in Fig.ll As the full NLO corrections have not yet been estimated, all the
models have significant normalisation uncertainties. Therefore the normalisation was fixed
using the ZEUS photoproduction data at W = 90 GeV; the different normalisation factors
are indicated in the figure. The gluon PDFs ZEUS-S [fd] for MRT and CTEQ4L [EI] for
FKS were used. The Q* dependence of § is compared in the insert in Fig. ll. All models
predict a rise of the cross section with increasing W and have a Q* dependence similar to
that of the data.

7.3.2 Comparison to model predictions for different gluon parametri-

sations

The MRT model was used to test three different gluon distributions: MRST02 [E2],
CTEQ6M [E3] and ZEUS-S [E], obtained from NLO DGLAP analyses of structure func-
tion data. In deriving the GPDs from the PDFs, sensitivity to the gluon distribution at
very low z is introduced. Again, the predictions were normalised to the ZEUS photopro-

duction measurement at W = 90 GeV.

Figure B compares the data with the predictions. While CTEQ6M describes the W and
(Q* dependence of the data, MRST02 has the wrong shape in W, particularly at low Q2.
ZEUS-S describes the W dependence but falls too quickly with increasing Q2.

The data exhibit a strong sensitivity to the gluon distribution in the proton. However,
full NLO calculations are needed in order to use these data in global fits to constrain the

gluon density.

7.4 Dependence on t

The differential cross section, do?"?>//¥? /dt, measured as a function of ¢ in the range
[t| < 1GeV?, is shown in Table B and Fig. Ba-d for the high Q? sample as well as for
three Q? intervals. A function of the form do/dt = do/dt|—s - ="'l was fitted to the
data and the results of the fit are given in Table [l The slope parameter b is shown
in Fig. Be as a function of (? and is compared to the ZEUS photoproduction and H1
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electroproduction values. No significant Q* dependence in b is seen over the measured
range of Q2. This behaviour is different from that of exclusive p electroproduction, where
the b slope strongly decreases with increasing Q?, reaching the value of that of the .J/4
at Q? ~ 30GeV? .

In QCD-based models, at high ?, the size of the ¢q pair in the direction transverse to
the reaction axis decreases as 1/ and the ¢ dependence should reach a universal limit,
independent of the flavour of the quark constituents of the meson [E]. Hence, in this
limit, the ¢ dependence is given solely by the GPDs of the nucleon. Following this idea,

the differential cross section was also fitted using an elastic form factor for two-gluon

2
29

mass, as suggested by Frankfurt and Strikman [E3]. The fit, including both statistical

exchange, do/dt o (1 —t/m3,)~", where m3, is the square of the two-gluon invariant

and systematic uncertainties, yields mgg = 0.55 £ 0.02 GeV? and is shown in Fig. Bha.

7.5 Pomeron trajectory

Soft diffractive processes are described by Regge phenomenology [ in terms of the
exchange of a Pomeron trajectory. In hard interactions, where Regge phenomenology
may not be applicable, an effective Pomeron trajectory may nevertheless be extracted.
The high-(Q)? sample was analysed to determine the effective Pomeron trajectory. In the

Regge formalism, the differential cross section can be expressed as

do /dt oc WHer®H=1), (2)
where the trajectory ap is usually parametrised as

ap(t) = ap(0) + a'pt.

The effective Pomeron trajectory was determined by fitting Eq. (H) to the differential cross
sections at different ¢ values. The fit was performed in four ¢ bins at Q* = 6.8 GeV?. Since
the proton-dissociative process has the same W dependence as the exclusive process, the
extraction of ajp is not sensitive to this background contribution, which populates the
high-t region. Therefore the analysis was extended up to |t| = 2 GeV*. The fit results are
shown in Fig. @ and in Table @ The parameters of the trajectory, determined from the

linear fit are:

ap(0) = 1.20 £ 0.03(stat.) To o5 (syst.);

op = 0.07 4 0.05(stat.) o oq(syst.) GeV ™2,
These values are in good agreement with the ZEUS results from .J/¢ photoproduction [H]
which are also shown in Fig. Bl They are also in agreement with expectations of pQCD-

based models [EAES], but are not consistent with the trajectory measured in soft diffractive
processes, ap = 1.08 4+ 0.25 ¢ [EOB0.
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7.6 Decay angular distributions

The study of the angular distributions of the decay of the J/v¢ provides information about
the photon and J/¢ polarisation states. In the helicity frame [Bf], the production and
decay of the J/i¢ can be described in terms of three angles: ®;, the angle between the
J /¢ production plane and the lepton scattering plane; 6, the polar angle, and ¢y, the
azimuthal angle of the positively charged decay lepton. Under the assumption of SCHC,
the normalised angular distribution depends only on two angles, 8, and ¥, = ¢, — @y,

and can be expressed in the form

1 dN 3

N dcos 8, - ] [1 + 7“83 + (1 — 37“83) cos’ ‘gh] ) (3)
1dN 1
N ddy = o L i cos 2] @)

The spin-density matrix element 13 represents the probability that the .J/4 is produced
in the helicity-0 state from a virtual photon of helicity 0 or 1. The spin-density matrix
element r}_, gives the probability for the J /i to be produced in the helicity-1 state from
a virtual photon of helicity 1 or —1. Assuming SCHC and natural spin-parity exchange

(NPE) [B3], the matrix elements ri; and r{_, are related by
r_, = l (1 — r04> (5)
-1 =5 00) -

The cross sections at W = 90GeV are shown in Fig. Ba-f for three intervals of Q2.
Equations (H) and () were fitted to the data. The values of the spin-density matrix
elements g5 and r{_,, determined from the fits, are given in Table B The measured

values of r{_, are consistent with those obtained from Eq. (H), also shown in Table B

supporting the SCHC and NPE hypotheses.

Figures B and B show the cross sections in bins of W and ¢, respectively. They are quoted
at the reference value Q? = 6.8 GeV?. Equation (H) was fitted to the data. The values of

roa, given in Tables @ and B are consistent with no W or ¢ dependence.

7.6.1 Longitudinal and transverse cross sections

The ratio of the longitudinal to transverse cross section, R = oy, /o7, was calculated as a

function of @2, W and ¢ from rj; according to the relation

04
_1 o0
R=- 047
el —r

00

13



which is valid under the assumption of SCHC.

The values of R as a function of )? are given in Table B and compared with the H1
results [ in Fig. Be. The expression R = §(Q2/M3/w) was fitted to the ZEUS data yielding
¢ = 0.52 4+ 0.16(stat.). In QCD-based models, the scale that controls the transverse size
of the ¢q fluctuation of the photon may behave differently for o7, and or. However, in the
MRT model, o7, and o7 have the same W dependence, dictated by the gluon distribution.
Therefore the ratio is constant. This model correctly describes the rising behaviour of R

with Q% whereas the GLLMN prediction somewhat overestimates it.

The values of R as a function of W and ¢ are given in Tables @ and Band shown in Figs. Bf
and [, respectively.

8 Summary

The exclusive electroproduction of .J/¢» mesons, ep — eJ /i p, has been measured with
the ZEUS detector at HERA for photon virtualities in the ranges 0.15 < Q? < 0.8 GeV?
and 2 < Q% < 100 GeV?, for photon-proton centre-of-mass energies in the range 30 <
W < 220 GeV and for four-momentum-transfer squared in the range [¢| < 1 GeVZ.

The cross section of the process v* p — J/i p rises with W as o o« W?, with a slope
parameter § of about 0.7. This parameter does not change significantly with Q? and is

consistent with that observed in J/¢ photoproduction.

The cross section at W = 90 GeV and over the whole () range is described by the function
oo (Q* + Mg/w)_”, with n = 2.44 + 0.08.

The ¢ distribution, measured for |t| < 1GeV?, is well described by an exponential de-
pendence over the range 2 < Q? < 100 GeV?. The slope parameter, b, is consistent with
being constant in this range. The mean value is b = 4.7240.15(stat.) £0.12(syst.) GeV 2,
consistent with that observed in J/¢ photoproduction.

An analysis of the cross sections in the framework of Regge phenomenology yields an

effective Pomeron trajectory consistent with that measured in .J/¢ photoproduction.

The spin-density matrix elements r}_, and rJj are consistent with s-channel-helicity con-
servation. The ratio of the cross sections for longitudinally and transversely polarised
photons, R, increases with Q*, but is independent of W and ¢, within the measured

range.

The J/¢ electroproduction data can be qualitatively described within the framework
of pQCD that successfully describes J/1» photoproduction data. The data exhibit a
strong sensitivity to the gluon distribution in the proton. Full next-to-leading-order QCD

14



calculations would allow these data to be used in global QCD fits to constrain the gluon

density function in the proton.
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Q? (@% W WY | Nee | Nuw | Ace | Aup R o TR
(GeV?) | (GeV?) (GeV) (GeV) (pb) (nb)
30 - 65 49 32 0.031 217 £53%13 39.24£9.6137
0.15-0.8 0.4 65- 105 86 55 0.044 257 £ 46175 75.7+ 135752
105-220 | 167 | 50 0.021 498 £89150 | 118.0 £ 21.075 ¢
30 - 45 37 | 29.2 0.111 415484130 | 248450157
45 - 70 57 | 515 | 53.2 | 0.180 | 0.173 | 48.8+52%%¢ | 27.443.07,3
2-5 3.1 70 - 90 80 | 36.7|60.0 | 0.204 | 0.224 | 36.4£4.1%%° | 36.7£4.2755°
90- 112 | 101 | 61.7 | 37.5 | 0.221 | 0.223 | 35.4+4.073% | 43.0+4.872]
112- 145 | 128 | 51.2 | 46.4 | 0.197 | 0.167 | 447450755 | 48.845.5%5%
145-220 | 180 | 71.6 0.154 76.5+10.37;5° | 61.1+£8.2157
30 - 50 40 | 27.8 0.215 19.6 41555 | 127427573
50 - 74 62 | 48.7 | 45.8 | 0.403 | 0.383 | 19.3+2.2%73 | 16.6+1.9779
5-10 6.8 74 - 96 85 39.6 | 52.4 | 0.439 | 0.486 | 15.6+1.8715 20.7+2.3%%2
96- 120 | 108 | 37.1 | 46.4 | 0.479 | 0.514 | 135+ 1.75;% | 21.94+2.7717
120 - 150 | 135 | 33.9 | 49.0 | 0.475 | 0.395 | 14.94+1.9%{% | 258+3.3%1%
150 - 220 | 183 | 58.4 0.343 27.9+4.1%75 | 332449177
30 - 55 42 | 16.1 0.235 109431593 3.340.9703
55- 78 66 | 27.7 | 37.8 | 0.555 | 0.659 | 8.4+1.2%)7 4.5+ 0.6707
10-100 | 160 | 78-100 | 89 | 31.0 | 43.6 | 0.673 | 0.728 | 8.6+ 1.11]] 6.7+0.9% 7
100 - 124 | 112 | 37.5 | 36.2 | 0.645 | 0.704 | 8.4+ 11177 7.9+£1.0103
124-160 | 141 | 39.6 | 41.3 | 0.563 | 0.591 | 10.8+1.4%7} 9.3+1.2%87
160-220 | 189 | 51.0 0.361 25.1+3.8%17 20.8+ 3112
Table 1:  The cross sections for the reaction v*p — J /¥ p measured as a function

of W in bins of Q* and for |t| < 1 GeV?*: (W) and (Q?) are the mean values in
the indicated ranges; N.. and N, are the number of evenls in the signal region
after non-resonant background subtraction of the electron and muon pairs, respec-
tvely; A.. and A, are the corresponding acceptances. The first uncertainty of the
cross sections is statistical and the second systematic. An overall normalisation

uncertainty o

+5%
—8%

was not ncluded.
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0¢

Q2 <Q2> N.. A.. U:g—hf/wp N, Aw UZTJ/W U:O*tpﬁJ/wp
(GeV?) | (GeV?) (pb) (pb) (nb)

ee: 30 < W < 220 GeV w45 < W < 160 GeV W =90 GeV

0.15-0.8| 0.4 |137.0]0.029 | 954 4+ 10853 72.6 + 8.2148
2-3.2 2.5 | 141.3 [ 0.156 | 150+ 1473 | 90.5 | 0.159 | 96 £11*3, 39.7 +2.9%52
3.2-5 3.9 | 160.6 | 0.202 | 132+£12%8 | 118.6 | 0.217 | 91.6 £8.9F1%2 | 38.7 +2.5%33
5-7 59 | 123.1]0.327 | 59.9+6.1132 | 100.4 | 0.336 | 48.7 £5.2112 | 24.3 +1.8%1]
7-10 8.4 | 1225 | 0.466 | 42.6 + 43747 | 104.1 | 0.529 | 32.5 + 3.4 | 158 £1.2412
10 - 15 12 | 106.7 | 0.485 | 36.7 £4.0714 | 87.2 | 0.607 | 24.1 £2.8*12 | 11.6 £1.075%2

15 - 40 22 84.3 | 0.473 | 29.3 £3.7722 | 71.6 | 0.651 | 18.4 £ 24105 | 4.0 £0.4%57
40 - 100 54 12.0 {0423 | 45+1.559% | 74 0554 | 22409708 | 0.65+0.17+398

Table 2: The cross sections for the reaction v*p — J/1 p measured as a function of Q*, for a mean value

W = 90 GeV and for |t| < 1 GeV?: (Q?) indicates the mean value in the Q? range considered; N,
and N, are the numbers of events in the signal region after non-resonant background subtraction of
the electron and muon pairs, respectively; A.. and A,, are the corresponding acceptances. The first
uncertainty of the cross sections is statistical and the second systematic.

uncertainty of i’ggﬁ was not included.

An overall normalisation




Table 3:

Q* Q%) |t] ([t | do"r=71vr fdt
(GeV?) | (GeV?) | (GeV?) | (GeV?) (nb/GeV?)
0.0-0.1] 0.05 79.245.0751
2 - 100 6.8 01-021] 0.15 43.94 3.077%
02-04| 029 25.8 4+ 1.411%
04-1.0] 058 6.040.4754
0.0-0.1] 0.05 148 + 15122
2-5 3.1 0.1-02| 015 | 86.9+9.6+.%°
02-04 | 029 | 49.2+43%5%
04-1.0| 058 107411753
0.0-0.1] 0.05 75.6 £ 83750
5-10 6.8 0.1-02| 0.15 39.6 +4.9129
02-04| 029 23.94 24121
0.4-1.0| 0.58 6.540.6%55
0.0-0.1| 0.05 28.0+3.4723
10-100 16 01-021] 0.15 15.6£2.015%
0.2-04 | 0.29 9.441.0%%¢
04-1.0| 058 1.840.2%01

is statistical and the second systematic.

The differential cross sections for the reaction v*p — J /1 p measured as
a function of t in bins of Q* for a mean value W = 90 GeV'. The first uncertainty

Q* (Q?) 6 b (4 oce™tM) T limo
(GeV?) | (GeV?) (0 ox W?) (GeV™?) (nb/GeV?)
0.15-0.8 | 0.4 |0.87+0.221501

2-5 3.1 0650175015 | 4.85 £0.247026 | 185 4+ 15730

5-10 6.8 | 0.60 4 0.187098 | 4.44 4 0.267012 | 84.7 £ 7.9172
10 -100 16 | 1.1240.20799 | 5.06 + 0.277922 | 35.5 + 3.41+22

2 -100 6.8 | 0.73£0.11F09 | 4.72 £0.157012 | 95.2 + 4,978

Table 4:  The parameters §, b and Cfl—ﬂt:o measured as a function of Q* in the

range 30 < W < 220 GeV and 45 < W < 160 GeV for the electron and muon
channels, respectively, and |t| < 1GeV?. The first uncertainty is statistical and the

second systematic.
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] ([t]) amp(t)
(GeV?) | (GeV?)
0.0-0.1| 0.046 | 1.22 +0.0415:5
0.1-0.3| 0.186 | 1.17 4 0.041552
0.3-0.9 | 0.483 | 1.17 +0.031002
0.9-2.0| 1.123 | 1.1340.04152

Table 5:  The Pomeron trajectory ap(t) measured in four t bins, in the range
2 < Q? < 100 GeV? at a mean value (Q?) = 6.8 GeV?. The first uncertainty is

statistical and the second systematic.

04
T00

1
i1

RZO'L/O'T

= =g

0.12 + 0.081013
0.25 4 0.097020
0.54 + 0.109:%

0.34 4+ 0.0910:93
0.44 + 0.09+2:9
0.26 £ 0.09709

0.13 +£0.11709%
0.33 £ 0.167019
1.19 4 0.51755%

—0.10 £ 0.0915:%8
0.06 +0.1073:98
0.03 £0.117597

Q’ (@%)
(GeV?) | (GeV?)
2-5 3.1
5-10 6.8
10 -100 16
Table 6:

T}—1 - % (1

04
— Too

the second systematic.

The spin-density matriz elements, r

and r{_,, the ratio of cross
sections of longitudinally and transversely polarised photons, R, and the quantity

W (W) ros R=op/or
(GeV) | (GeV)
30-55 | 43.5 | 0.2140.161992 | 0.2740.2619:45
55-80 | 68.1 |0.2440.13+%10 | 0.31£0.23192
80-120 | 95.6 |0.2540.09t9%2 | 0.33+0.167015
120 - 160 | 128.1 | 0.12+0.1179:8L | 0.1440.15+042
160 - 220 | 184.4 | 0.364+0.16712 | 0.5640.401023

Table 7:

) measured in bins of Q*. The first uncertainty is statistical and

The spin density matriz element 53 and the ratio of cross sections of

longitudinally and transversely polarised photons, R, measured in bins of W, in the
range 2 < Q? < 100 GeV? at a mean value (Q*) = 6.8 GeV?. The first uncertainty
is statistical and the second systematic.
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TR o5 ft=ovon
(GeV?) | (GeV?)

0.0-0.1] 0.046 [0.24£0.117922 [ 0.31£0.197022
0.1-0.2| 0.146 | 0.3640.13+99 | 0.5640.30+°-17
0.2-0.4 | 0.285 | 0.1940.10297 | 0.2340.15+011
0.4-1.0| 0579 | 0.1640.1072% | 01940147008

Table 8: The spin density matriz element ris and the ratio of cross sections of
longitudinally and transversely polarised photons, R, measured in bins of |t|, in the
range 2 < Q? < 100 GeV? at a mean value (Q*) = 6.8 GeV?. The first uncertainty
is statistical and the second systematic.

23



ZEUS

Q* (GeV?)

10
1 |
* py ]
® ee B
o ee(1ltrack) i
-1
10 Il \\\\\\‘ \\\\\\\‘ \\\\\\\‘ \\\\\\\‘ \\\\\\\‘
107 10™ 107 107 107
X

Figure 1: The distribution of the events in the muon and electron channels in
the kinematic plane of Bjorken-r and Q?. The events reconstructed using one and
two measured tracks are shown separately.
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Figure 2:  Invariant mass distributions of the lepton pairs for (a) the low-Q*
sample and (b)-(e) the high-Q* sample. The shaded histograms are the QED MC
distributions and the open histograms the sum of the J/v and QED MC events.
The small excess of data at low mass is due to background from pions. The error
bars indicate the statistical uncertainties.
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Figure 3: Fxclusive J[1 electroproduction cross section (a) as a function of

W for four values of Q* and (b) as a function of Q* at (W) = 90 GeV. ZEUS
photoproduction and H1 electroproduction cross sections are also shown. The full
lines are fits to the ZEUS data of the form (a) o W@ and (b) o o (Q* +

Mg/w)_”. The inner error bars represent the statistical uncertainties, the outer
bars are the statistical and systematic uncertainties added in quadrature. An overall
normalisation uncertainty of i’ggﬁ was not included.
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Figure 4: Fxclusive J[1 electroproduction cross section (a) as a function of

W for four values of Q* and (b) as a function of Q* at (W) = 90 GeV. ZEUS
photoproduction results are also shown. The curves represent the predictions of the
QCD models MRT, FKS and GLLMN (see text) normalised to the ZEUS photopro-
duction point at (W) = 90 GeV. The insert shows the parameter § as a function
of Q*. The inner error bars represent the statistical uncertainties, the outer bars
are the statistical and systematic uncertainties added in quadrature. An overall

normalisation uncertainty of fggﬁ was not included.
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Fxclusive J /1 electroproduction cross section (a) as a function of W
Jor four values of Q* and (b) as a function of Q* at (W) =90 GeV. ZEUS photo-
production results are also shown. The data are compared to the MRT predictions
(see text) obtained with different parametrisations of the gluon density and nor-
malised to the ZEUS photoproduction point at (W) = 90 GeV. The insert shows
the parameter § as a function of Q*. The inner error bars represent the statistical
uncertainties, the outer bars are the statistical and systematic uncertainties added

+5%

in quadrature. An overall normalisation uncertainty of T3 was not included.
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Differential cross-sections do[dt (a) over the entire Q* range and
(b)-(d) for three bins of Q?, for 30 < W < 220 GeV and |t| < 1 GeV?. The full
lines are the results of a fit to the form do/dt = do/dt|—o - ¢ and the dashed
line is the result of a fit using an elastic form factor assuming two-gluon exchange:
do/dt o< (1—t/m3,)~". (e) The slope b, as a function of Q*, compared to the ZEUS
photoproduction and HI1 results. The mean value of b is indicated by the horizontal
line. The inner error bars represent the statistical uncertainty, the outer bars the
statistical and systematic uncertainties added in quadrature.
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