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DESY 04-052Mar
h 2004Ex
lusive ele
troprodu
tion of J= mesonsat HERAZEUS CollaborationAbstra
tThe ex
lusive ele
troprodu
tion of J= mesons, ep! ep J= , has been studiedwith the ZEUS dete
tor at HERA for virtualities of the ex
hanged 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, respe
tively. 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 se
tions and de
ay an-gular distributions are presented as fun
tions of Q2, W and t. The e�e
tiveparameters of the Pomeron traje
tory are in agreement with those found in J= photoprodu
tion. The spin-density matrix elements, 
al
ulated from the de
ayangular distributions, are 
onsistent with the hypothesis of s-
hannel heli
ity
onservation. The ratio of the longitudinal to transverse 
ross se
tions, �L=�T ,grows with Q2, whilst no dependen
e on W or t is observed. The results are inagreement with perturbative QCD 
al
ulations and exhibit a strong sensitivityto the gluon distribution in the proton.
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1 Introdu
tionThe ex
lusive ele
troprodu
tion of light (�; !; �) and heavy (J= ; 0;�) ve
tor mesons,ep! eV p, has been investigated at HERA [1,2,3,4,5,6,7,8,9℄. The in
reased pre
ision ofthe re
ent data allows the study of the dependen
e of this pro
ess on the di�erent s
alesinvolved: the mass squared of the ve
tor meson, M2V , the square of the 
entre-of-massenergy of the photon-proton system, W 2, the ex
hanged-photon virtuality, Q2, and thefour-momentum transfer squared at the proton vertex, t.Ex
lusive ele
troprodu
tion of ve
tor mesons involving a suÆ
iently large s
ale is 
al
ula-ble perturbatively be
ause of the QCD fa
torisation theorem [10℄. QCD-based models ofthis pro
ess assume that the ex
hanged virtual photon, seen from the proton rest-frame,
u
tuates into a quark-antiquark pair whi
h intera
ts with the proton via the ex
hangeof two gluons in a 
olour-singlet 
on�guration. After the intera
tion, the q�q pair be
omesa bound state. The 
ross se
tion is proportional to the generalised parton distributionfun
tions (GPDs) [11℄ of the proton, whi
h 
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 s
ale �2 ' Q2 +M2V [12℄. The 
ross se
tion is thus expe
ted to rise steeply with W ,a re
e
tion of the steep rise of the gluon density as x de
reases.Data from ex
lusive � produ
tion [1, 2, 3℄ show that the 
ross se
tion �(
�p ! �p) riseswith W as W Æ, with Æ in
reasing with Q2 from about 0.2 at Q2 = 0 (photoprodu
tion) toabout 0.8 at Q2 � 30 GeV2. However, in the 
ase of ex
lusive J= produ
tion the 
rossse
tion rises steeply with W even for photoprodu
tion [9℄. It is therefore interesting toinvestigate J= produ
tion at larger values of Q2.This paper presents measurements of the ex
lusive ele
troprodu
tion of J= mesons.Cross se
tions are given as fun
tions of W , Q2 and t. The W dependen
e is also studiedas a fun
tion of t. The heli
ity stru
ture of the J= has been investigated to test s-
hannel heli
ity 
onservation (SCHC) and to extra
t the ratio of the 
ross se
tions forlongitudinally (�L) and transversely (�T ) polarised virtual photons, R = �L=�T , as afun
tion of W , Q2 and t. The results are 
ompared to perturbative QCD (pQCD) model
al
ulations.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� de
ay 
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 in
rease in1



statisti
s 
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 ZEUSdete
tor in 1998-2000. During this period, HERA operated with a proton energy of920 GeV and an ele
tron1 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 des
ription of the ZEUS dete
tor 
an be found elsewhere [13℄. A brief outlineof the 
omponents that are most relevant for this analysis is given below.Charged parti
les were re
onstru
ted in the 
entral tra
king dete
tor (CTD) [14℄ 
overingthe polar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length tra
ks 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. Ea
h part is subdividedtransversely into towers and longitudinally into an ele
tromagneti
 se
tion (EMC) andeither one (RCAL) or two (FCAL and BCAL) hadroni
 se
tions. 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 ele
tromagneti
 se
tions and �(E)=E = 0:35=pE in thehadroni
 se
tions, with E in GeV.The forward plug 
alorimeter (FPC) [16℄ was a lead-s
intillator sandwi
h 
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-s
intillator sampling 
alorimeterinstalled to measure s
attered ele
trons 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 impa
t position of the s
attered ele
tron was measuredwith an a

ura
y of about 0.5 mm.The small-angle rear tra
king dete
tor (SRTD) [18℄ 
onsists of two planes of s
intillatorstrips read out via opti
al �bres and photomultiplier tubes. It is atta
hed to the front1 Hereafter, both e+ and e� are referred to as ele
trons, unless expli
itly stated otherwise.2 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point.2



fa
e 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-ele
tron separator installed in the RCAL (RHES) [13℄ 
onsists of sili
on diodespla
ed at a longitudinal depth of three radiation lengths. The RHES provides an ele
tronposition resolution of 0.9 
m for a single hit and 0.5 
m if the shower spans at least twoadja
ent pads [19℄.The luminosity was determined from the rate of the bremsstrahlung pro
ess ep ! e
p,where the photon was measured with a lead-s
intillator 
alorimeter [20℄ lo
ated at Z =�107 m in the HERA tunnel.3 Kinemati
s and 
ross se
tionsThe following kinemati
 variables are used to des
ribe ex
lusiveJ= produ
tion, e(k)p(P ) !e(k0)J= (v)p(P 0), where k, k0, P , P 0 and v are, respe
tively, the four-momenta of the in-
ident ele
tron, s
attered ele
tron, in
ident proton, s
attered 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 fra
tion of the ele
tron 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 re
onstru
ted with the \
onstrained" method [1℄ whi
h usesthe momentum of the J= and the polar and azimuthal angles of the s
attered ele
tron.The ep 
ross se
tion 
an be expressed in terms of the transverse, �T , and longitudinal,�L, virtual photoprodu
tion 
ross se
tions 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 kinemati
range studied here, � is in the range 0:8 < � < 1, with an average value of 0:99.The virtual photon-proton 
ross se
tion, �
�p!J= p � �T + ��L, 
an be used to evaluatethe total ex
lusive 
ross se
tion, �
�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 se
tions for longitudinal and transverse photons.The heli
ity stru
ture of the J= produ
tion is used to determine R as des
ribed inSe
tion 7.6.1.4 Re
onstru
tion and sele
tion of the eventsThe signature of ex
lusive J= ele
troprodu
tion, ep! eJ= p , 
onsists of the s
atteredele
tron and two 
harged leptons from the J= de
ay, e+e� or �+��. The s
atteredproton is de
e
ted through a small angle and es
apes undete
ted down the beampipe.The events were sele
ted online by a three-level trigger [22, 23℄. For the low-Q2 sample,the trigger [9℄ for J= photoprodu
tion events with de
ay to the e+e� �nal state wasused, while for the high-Q2 sample, the trigger required a s
attered ele
tron in the CALwith energy greater than 4 GeV.The following 
riteria were applied o�ine to re
onstru
t and sele
t the events [24℄:� the energy and position of the s
attered ele
tron 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 full
ontainment of the ele
tromagneti
 shower, �du
ial 
uts were applied to the impa
tposition of the ele
tron on fa
e of the RCAL;� the J= mesons were re
onstru
ted from the de
ay leptons. Two tra
ks of opposite
harge, well-re
onstru
ted in the CTD with pT > 0:2 GeV, were sele
ted (two-tra
kevents). In the 
ase of the ele
tron de
ay 
hannel, events were also sele
ted by requiringone well-re
onstru
ted CTD tra
k and one CAL energy 
luster [25℄ not related to thetra
k (one-tra
k events). In addition:{ the two-tra
k events were required to have the higher-momentum tra
k mat
hedto a 
alorimeter energy 
luster for whi
h the fra
tion of the energy deposited inthe EMC was 
onsistent with that of an ele
tron or a muon;{ the one-tra
k events were a

epted if, in addition to the measured CTD tra
k as-so
iated with a CAL 
luster, the se
ond 
luster lay in the angular range outsidethe CTD a

eptan
e with energy between 2 and 10 GeV. Both 
lusters were re-quired to have a fra
tion of energy deposited in the EMC 
onsistent with that ofan ele
tron.For both types of events, one additional CTD tra
k was allowed. If present, this tra
kwas required to mat
h the s
attered ele
tron. Events with further tra
ks were reje
ted;4



� the position of the re
onstru
ted vertex was required to be 
ompatible with that of anep 
ollision;� to remove events with large initial-state radiation and to redu
e the ba
kground fromphotoprodu
tion, 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 asso
iated to the �nal-state leptons;� to suppress non-ex
lusive events, the energy of ea
h CAL 
luster not asso
iated to anyof the �nal-state leptons was required to be less than 0.3 or 0:4 GeV, depending onthe CAL se
tion; these thresholds were set to be above the noise level of the CAL. Tosuppress further the 
ontamination from proton-disso
iative 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 restri
tthe mass of the proton-disso
iated 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 ele
tron 
hannel and 45 < W < 160 GeV for the muon
hannel. The larger W range for the ele
tron 
hannel was a
hieved by the in
lusion ofthe one-tra
k 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 theele
tron 
hannel, 275 of whi
h are re
onstru
ted using only one tra
k. The �nal low-Q2sample 
ontains 137 events in the ele
tron 
hannel, 16 of whi
h are re
onstru
ted usingonly one tra
k. The distribution of the events in the x-Q2 plane is shown in Fig. 1.5 Monte Carlo simulationThe a

eptan
e and the e�e
ts of the dete
tor response were determined using samples ofMonte Carlo (MC) events. All generated events were passed through the standard ZEUSdete
tor simulation, based on the Geant 3.13 programme [26℄, and the ZEUS triggersimulation pa
kage.The ex
lusive pro
ess ep ! e J= p was modelled using the Zeusvm [27℄ MC generatorinterfa
ed to Hera
les 4.6.1 [28℄ to a

ount for �rst-order QED radiative e�e
ts. The
� p ! J= p 
ross se
tion 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 des
ribe thehigh-Q2 (low-Q2) data. The leptoni
 de
ay of the J= was simulated by the Photosprogramme [29℄ whi
h in
ludes �nal-state radiation from the de
ay leptons. This genera-tor assumes SCHC and that the ratio of the 
ross se
tions for longitudinal and transverse5



photons is R = 0:5 � (Q2=M2J= ).Proton-disso
iative events, ep! eJ= Y , were modelled using the generator Epsoft [30℄.The 
� p! J= Y 
ross se
tion 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 des
ribedin Se
tion 6.2.The QED ba
kground stemming from two-photon lepton-pair produ
tion 
�
 ! l+l�,where the virtual photon originates from the ele
tron vertex and the se
ond 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 pro
esses withinternal photon 
onversion were also generated with Grape.6 Extra
tion of the J= signalFigure 2 shows the invariant-mass distributions of the muon and ele
tron pairs, obtainedafter the sele
tion des
ribed in Se
tion 4. The MC distributions for ex
lusive J= produ
-tion and the QED ba
kground are also shown. The width of the resonan
e is dominatedby the dete
tor resolution, whi
h deteriorates at low and high values of W .6.1 Non-resonant ba
kgroundThe non-resonant ba
kground was estimated from the MC distributions of the QED-ba
kground pro
esses: two-photon lepton-pair produ
tion and Compton s
attering. Forthe low-Q2 sample, the normalisation of the QED-ba
kground was estimated from a two-parameter �t of the signal and the ba
kground MC distributions to the invariant massspe
tra of the data. For the high-Q2 sample, the normalisation was based on the known
ross se
tions and the integrated luminosity of the data. After subtra
tion 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 ele
tron 
hannel. The lower limit on Me+e� was 
hosen to in
lude events with redu
edinvariant mass due to bremsstrahlung. The 
ontribution of the non-resonant ba
kgroundin the signal range is typi
ally 22% for the ele
tron 
hannel and 14% for the muon 
hannel.For the high-Q2 sample, additional ba
kground from pions misidenti�ed as ele
trons ormuons was studied using a sample of events with two tra
ks, neither of whi
h were iden-ti�ed as a muon or an ele
tron. The 
ontribution was (2:7 � 0:6)% for the ele
tron6




hannel and (0:8 � 0:3)% for the muon 
hannel and was subtra
ted bin-by-bin for the tand de
ay-angle distributions and globally for the W and Q2 distributions.Events from ex
lusive  (2S) produ
tion 
ontribute to the J= sample through two dif-ferent de
ay 
hannels: (i)  (2S) ! J= + neutrals (bran
hing ratio (23.9�1.2)% [33℄),where the neutrals are not dete
ted in the CAL, and (ii)  (2S) ! l+l� (bran
hing ratios(7:3� 0:4) � 10�3 for the ele
tron 
hannel and (7:0� 0:9) � 10�3 for the muon de
ay 
han-nel [33℄), be
ause of the limited resolution in the re
onstru
tion of the invariant mass.The 
ontribution from both these pro
esses 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 subtra
ted.6.2 Proton-disso
iative ba
kgroundThe remaining sour
e of ba
kground 
onsists of J= produ
tion a

ompanied by protondisso
iation, ep ! e J= Y , where the parti
les from the breakup of the proton are notdete
ted.Proton-disso
iative events were studied using a sample of di�ra
tive events sele
ted asdes
ribed in Se
tion 4, with the following ex
eptions:� the elasti
ity 
riterion (last 
riterion in Se
tion 4) was not applied to the FPC and toa region of FCAL of approximately 50 
m radius around the beampipe;� events with de
ay-lepton tra
ks at angles smaller than 30Æ with respe
t to the outgoingproton dire
tion were removed to ensure a rapidity gap between the J= and thesystem Y .Proton-disso
iative events were sele
ted 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 des
ribe the Q2, W and t dependen
es 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 des
ribe the FPCenergy distribution, yielding � = 2:57�0:67. The values for n and Æ are in agreement withthose des
ribed in Se
tion 7.3. The latter are more pre
ise and were used in Epsoft.The values of b and � are in agreement with those found for proton-disso
iative J= photoprodu
tion [9℄.The fra
tion of proton-disso
iative events in the elasti
 sample, fp�diss, was determinedfrom the relation fp�diss = fdataFPC(1=�0 � 1); where fdataFPC denotes the fra
tion of the proton-disso
iative sample tagged by the FPC and �0 = 32% is the FPC tagging eÆ
ien
y,estimated using Epsoft. The fra
tion of proton-disso
iative 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
 un
ertainty was dominated by the un
ertainty on �. Thefra
tion in
reases from 4% for 0 < jtj < 0:1 GeV2 to 20% for 0:2 < jtj < 1:0 GeV2. The
ross se
tions presented in the next sessions were 
orre
ted for this ba
kground in bins oft, and globally in W and Q2.7 Results7.1 Measurement of 
ross se
tionsIn ea
h bin of a kinemati
 variable, the ep 
ross se
tion was extra
ted for ea
h de
ay
hannel 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 ba
kground (QED pro
esses and pioni
 ba
kground) and  (2S) produ
tion.The overall a

eptan
e is denoted as A, B a

ounts for the J= de
ay bran
hing ratios [33℄,(5:93 � 0:10)% and (5:88 � 0:10)% for the ele
tron and muon 
hannels, respe
tively, andL is the integrated luminosity.The total ex
lusive photon-proton 
ross se
tion was 
al
ulated as�
�p!J= ptot = (1=�(Q2;W ))d2�ep!e J= p=dQ2dW;where the e�e
tive photon 
ux � [34℄ 
ontains the 
orre
tions for bin-
entring and R,both estimated from the MC simulation. The �nal 
ross se
tion was the error-weightedaverage of the 
ross se
tions for ea
h de
ay 
hannel.The 
ross se
tions are quoted at the QED-Born level. The radiative 
orre
tions rangefrom 1% to 10% (on average 5%), depending on the kinemati
 region.The 
ross se
tions were measured for jtj < 1 GeV2. Assuming d�=dt / e�bjtj, with b =4:5 GeV�2, the 
orre
tion fa
tor needed to extrapolate to the 
ross se
tion integratedover the full t range is 1.012. In addition, for x > 0:01 both the a

eptan
e and theexpe
ted 
ross se
tion are small, and the measurement in this region therefore involvesan extrapolation, made in order to quote the measurement in bins of W and Q2. Theun
ertainty introdu
ed by this extrapolation, as evaluated from the MC simulation, isnegligible. 8



7.2 Systemati
 un
ertaintiesThe systemati
 un
ertainties on the measured 
ross se
tions were determined by varyingthe sele
tion 
uts and by modifying the analysis pro
edure.For the low-Q2 sample, the main 
ontribution arises from the un
ertainty of �1 mm inthe position of the BPC, leading to a �10% un
ertainty in the 
ross se
tion.For the high-Q2 sample, the dominant sour
es of un
ertainty are as follows. The 
orre-sponding average un
ertainties are given in parentheses:� the trigger eÆ
ien
y (+2:8�1:2%);� the �du
ial volume 
ut on the ele
tron 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 extra
tion was extended by 0:1 GeV (�1:7%);� the normalisation of the QED ba
kground was 
hanged by �10% (�2:4%); the maxi-mum e�e
t of �5% was found for the lowest t bin.The un
ertainty due to the subtra
tion of proton-disso
iative ba
kground has been dis-
ussed in Se
tion 6.2. Additional 
ontributions 
ome from the un
ertainties on the in-tegrated luminosity, �2:25%, and on the bran
hing ratios, �1:7%. Un
ertainties fromthe minimum energy requirement of the s
attered ele
tron (�0:7%), the elasti
ity 
ut(+0:2�1:9%), the sele
tion of the ele
tron and muon samples (�1:2%) and the dependen
e onthe MC parametrisations (�0:7%) were also estimated. The total systemati
 un
ertaintywas determined by adding the individual 
ontributions in quadrature. The 
orrelated andun
orrelated systemati
 un
ertainties were evaluated separately and were +5�8% and +7:4�6:4%,respe
tively.7.3 Dependen
e on W and Q2The 
ross se
tion �
�p!J= ptot , measured as a fun
tion of W and Q2 for jtj < 1 GeV2, isgiven in Tables 1 and 2. The same 
ross se
tion, extrapolated to the full t range, is shownin Fig. 3 together with the H1 [5℄ measurements3 as well as the ZEUS measurement ofex
lusive J= photoprodu
tion [9℄. The H1 measurements are systemati
ally lower thanthe ZEUS data.3 In Fig. 3a, the H1 
ross se
tions, measured at Q2 values of 3.5, 10.1 and 33.6GeV2, have been res
aledto the Q2 values of 3.1, 6.8 and 16GeV2 using the Q2 dependen
e of the data measured by H1. Thesystemati
 un
ertainties due to this extrapolation were negligible.9



The fun
tional 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= photoprodu
tion [1℄ and for � ele
troprodu
tion at high Q2 [2℄.The fun
tion � = �0 � (M2J= =(Q2 + M2J= ))n, �tted to the ZEUS data in
luding thephotoprodu
tion 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, whi
h takes both the statisti
al andun
orrelated systemati
 un
ertainties into a

ount, des
ribes the data well over the fullQ2 range.7.3.1 Comparison to model predi
tionsModels based on QCD are able to des
ribe ex
lusive ve
tor meson produ
tion at HERA.In su
h models, in the frame where the proton is at rest, the photon emitted from theele
tron 
u
tuates into a q�q state, this q�q pair subsequently intera
ts with the protonthrough the ex
hange 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 su
h distan
es, the QCD 
oupling is small andperturbation theory 
an be applied. The QCD fa
torisation theorem for hard ex
lusiveele
troprodu
tion of mesons [10℄ predi
ts that, in the limit of large Q2 and �xed x, the
ross se
tion 
an be estimated from a hard intera
tion part 
al
ulable in pQCD, the q�qwave fun
tion of the meson and the generalised parton distributions (GPDs) [11℄ whi
h
ontain information about the 
orrelations of the partons inside the proton and theirmomentum distribution. A rapid rise in the 
ross se
tion with W is predi
ted whi
h isrelated to the fast in
rease of the gluon density inside the proton at small values of x. Asele
tion of the available models is 
ompared to the data and dis
ussed below. A more
omplete dis
ussion 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 fun
tions (PDFs) are used.The J= wave fun
tion is estimated in the non-relativisti
 approximation.In the model of Martin, Ryskin and Teubner (MRT) [36℄, the 
al
ulations are also per-formed at the leading order, �s ln(Q2). Assuming parton-hadron duality, the 
omponentof the 
�
 pair whi
h has the 
orre
t spin-parity for the J= is used instead of the J= wave fun
tion. The 
ross se
tion 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 se
tion10



is expressed as the 
onvolution of the wave fun
tion of the virtual photon, the dipoles
attering amplitude and the J= wave fun
tion. The dipole s
attering amplitude isestimated at leading order, �s ln(1=x), as the solution of the Balitsky-Kov
hegov [38, 39℄evolution equation, in
luding both the linear BFKL terms due to parton splitting andnonlinear terms due to re
ombination of partons in the high-density region at low x. TheJ= wave fun
tion is estimated in the non-relativisti
 approximation.The W and Q2 dependen
e of the 
ross se
tions measured by ZEUS are 
ompared to theQCD predi
tions in Fig. 4. As the full NLO 
orre
tions have not yet been estimated, all themodels have signi�
ant normalisation un
ertainties. Therefore the normalisation was �xedusing the ZEUS photoprodu
tion data at W = 90 GeV; the di�erent normalisation fa
torsare indi
ated in the �gure. The gluon PDFs ZEUS-S [40℄ for MRT and CTEQ4L [41℄ forFKS were used. The Q2 dependen
e of Æ is 
ompared in the insert in Fig. 4a. All modelspredi
t a rise of the 
ross se
tion with in
reasing W and have a Q2 dependen
e similar tothat of the data.7.3.2 Comparison to model predi
tions 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 stru
ture fun
-tion data. In deriving the GPDs from the PDFs, sensitivity to the gluon distribution atvery low x is introdu
ed. Again, the predi
tions were normalised to the ZEUS photopro-du
tion measurement at W = 90 GeV.Figure 5 
ompares the data with the predi
tions. While CTEQ6M des
ribes the W andQ2 dependen
e of the data, MRST02 has the wrong shape in W , parti
ularly at low Q2.ZEUS-S des
ribes the W dependen
e but falls too qui
kly with in
reasing Q2.The data exhibit a strong sensitivity to the gluon distribution in the proton. However,full NLO 
al
ulations are needed in order to use these data in global �ts to 
onstrain thegluon density.7.4 Dependen
e on tThe di�erential 
ross se
tion, d�
�p!J= p=dt, measured as a fun
tion 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 fun
tion 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 fun
tion of Q2 and is 
ompared to the ZEUS photoprodu
tion and H111



ele
troprodu
tion values. No signi�
ant Q2 dependen
e in b is seen over the measuredrange of Q2. This behaviour is di�erent from that of ex
lusive � ele
troprodu
tion, wherethe b slope strongly de
reases with in
reasing Q2, rea
hing 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 dire
tion transverse tothe rea
tion axis de
reases as 1=Q and the t dependen
e should rea
h a universal limit,independent of the 
avour of the quark 
onstituents of the meson [44℄. Hen
e, in thislimit, the t dependen
e is given solely by the GPDs of the nu
leon. Following this idea,the di�erential 
ross se
tion was also �tted using an elasti
 form fa
tor for two-gluonex
hange, 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, in
luding both statisti
aland systemati
 un
ertainties, yields m22g = 0:55 � 0:02 GeV2 and is shown in Fig. 6a.7.5 Pomeron traje
torySoft di�ra
tive pro
esses are des
ribed by Regge phenomenology [46℄ in terms of theex
hange of a Pomeron traje
tory. In hard intera
tions, where Regge phenomenologymay not be appli
able, an e�e
tive Pomeron traje
tory may nevertheless be extra
ted.The high-Q2 sample was analysed to determine the e�e
tive Pomeron traje
tory. In theRegge formalism, the di�erential 
ross se
tion 
an be expressed asd�=dt / W 4(�IP (t)�1); (2)where the traje
tory �IP is usually parametrised as�IP (t) = �IP (0) + �0IP t:The e�e
tive Pomeron traje
tory was determined by �tting Eq. (2) to the di�erential 
rossse
tions at di�erent t values. The �t was performed in four t bins at Q2 = 6:8 GeV2. Sin
ethe proton-disso
iative pro
ess has the same W dependen
e as the ex
lusive pro
ess, theextra
tion of �IP is not sensitive to this ba
kground 
ontribution, whi
h 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 traje
tory, 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= photoprodu
tion [9℄whi
h are also shown in Fig. 7. They are also in agreement with expe
tations of pQCD-based models [47,48℄, but are not 
onsistent with the traje
tory measured in soft di�ra
tivepro
esses, �IP = 1:08 + 0:25 t [49,50℄. 12



7.6 De
ay angular distributionsThe study of the angular distributions of the de
ay of the J= provides information aboutthe photon and J= polarisation states. In the heli
ity frame [51℄, the produ
tion andde
ay of the J= 
an be des
ribed in terms of three angles: �h, the angle between theJ= produ
tion plane and the lepton s
attering plane; �h, the polar angle, and �h, theazimuthal angle of the positively 
harged de
ay 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 produ
edin the heli
ity-0 state from a virtual photon of heli
ity 0 or 1. The spin-density matrixelement r11�1 gives the probability for the J= to be produ
ed in the heli
ity-1 state froma virtual photon of heli
ity 1 or �1. Assuming SCHC and natural spin-parity ex
hange(NPE) [51℄, the matrix elements r0400 and r11�1 are related byr11�1 = 12 �1� r0400� : (5)The 
ross se
tions 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 se
tions in bins of W and t, respe
tively. They are quotedat the referen
e 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 dependen
e.7.6.1 Longitudinal and transverse 
ross se
tionsThe ratio of the longitudinal to transverse 
ross se
tion, R = �L=�T , was 
al
ulated as afun
tion of Q2, W and t from r0400 a

ording to the relationR = 1� r04001 � r0400 ;13



whi
h is valid under the assumption of SCHC.The values of R as a fun
tion 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 s
ale that 
ontrols the transverse sizeof the q�q 
u
tuation of the photon may behave di�erently for �L and �T . However, in theMRT model, �L and �T have the same W dependen
e, di
tated by the gluon distribution.Therefore the ratio is 
onstant. This model 
orre
tly des
ribes the rising behaviour of Rwith Q2 whereas the GLLMN predi
tion somewhat overestimates it.The values of R as a fun
tion of W and t are given in Tables 7 and 8 and shown in Figs. 9fand 10g, respe
tively.8 SummaryThe ex
lusive ele
troprodu
tion of J= mesons, ep ! eJ= p, has been measured withthe ZEUS dete
tor 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 se
tion of the pro
ess 
� 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 is
onsistent with that observed in J= photoprodu
tion.The 
ross se
tion at W = 90 GeV and over the whole Q2 range is des
ribed by the fun
tion� / (Q2 +M2J= )�n, with n = 2:44� 0:08.The t distribution, measured for jtj < 1 GeV2, is well des
ribed by an exponential de-penden
e 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= photoprodu
tion.An analysis of the 
ross se
tions in the framework of Regge phenomenology yields ane�e
tive Pomeron traje
tory 
onsistent with that measured in J= photoprodu
tion.The spin-density matrix elements r11�1 and r0400 are 
onsistent with s-
hannel-heli
ity 
on-servation. The ratio of the 
ross se
tions for longitudinally and transversely polarisedphotons, R, in
reases with Q2, but is independent of W and t, within the measuredrange.The J= ele
troprodu
tion data 
an be qualitatively des
ribed within the frameworkof pQCD that su

essfully des
ribes J= photoprodu
tion data. The data exhibit astrong sensitivity to the gluon distribution in the proton. Full next-to-leading-order QCD14




al
ulations would allow these data to be used in global QCD �ts to 
onstrain the gluondensity fun
tion in the proton.A
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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 se
tions for the rea
tion 
�p! J= p measured as a fun
tionof W in bins of Q2 and for jtj < 1GeV 2: hW i and hQ2i are the mean values inthe indi
ated ranges; Nee and N�� are the number of events in the signal regionafter non-resonant ba
kground subtra
tion of the ele
tron and muon pairs, respe
-tively; Aee and A�� are the 
orresponding a

eptan
es. The �rst un
ertainty of the
ross se
tions is statisti
al and the se
ond systemati
. An overall normalisationun
ertainty of +5%�8% was not in
luded.
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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 se
tions for the rea
tion 
�p ! J= p measured as a fun
tion of Q2, for a mean valueW = 90GeV and for jtj < 1GeV 2: hQ2i indi
ates the mean value in the Q2 range 
onsidered; Neeand N�� are the numbers of events in the signal region after non-resonant ba
kground subtra
tion ofthe ele
tron and muon pairs, respe
tively; Aee and A�� are the 
orresponding a

eptan
es. The �rstun
ertainty of the 
ross se
tions is statisti
al and the se
ond systemati
. An overall normalisationun
ertainty of +5%�8% was not in
luded.
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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 se
tions for the rea
tion 
�p! J= p measured asa fun
tion of t in bins of Q2 for a mean value W = 90GeV . The �rst un
ertaintyis statisti
al and the se
ond 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 fun
tion of Q2 in therange 30 < W < 220GeV and 45 < W < 160GeV for the ele
tron and muon
hannels, respe
tively, and jtj < 1GeV 2. The �rst un
ertainty is statisti
al and these
ond 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 traje
tory �IP (t) measured in four t bins, in the range2 < Q2 < 100GeV 2 at a mean value hQ2i = 6:8GeV 2. The �rst un
ertainty isstatisti
al and the se
ond 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 
rossse
tions of longitudinally and transversely polarised photons, R, and the quantityr11�1 � 12 (1� r0400) measured in bins of Q2. The �rst un
ertainty is statisti
al andthe se
ond 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 se
tions 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 un
ertaintyis statisti
al and the se
ond 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 se
tions 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 un
ertaintyis statisti
al and the se
ond systemati
.
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