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Abstract

The exclusive electroproduction d@f/y» mesonsep — epJ /¢, has been studied with the ZEUS
detector at HERA for virtualities ohie exchanged photon in the ranges®< 02 < 0.8 GeV2 and
2 < 02 < 100 Ge\? using integrated luminosities of 69 and 83 Pb respectively. The photon—
proton centre-of-mass energy was in the range:30 < 220 GeV and the squared four-momentum
transfer at the proton vertgx| < 1 Ge\2. The cross sections and decay angular distributions are
presented as functions @2, W and:. The effective parameters of the pomeron trajectory are in
agreement with those found ifyy, photoproduction. The spin-density matrix elements, calculated
from the decay angular distributions, are consistent with the hypothesiscbénnel helicity
conservation. The ratio of the longitudinal to transverse cross sectignis;, grows with 02,
whilst no dependence oW or ¢ is observed. The results are in agreement with perturbative QCD
calculations and exhibit a strong sensitivity to the gluon distribution in the proton.
0 2004 Elsevier B.V. All rights reserved.

1. Introduction

The exclusive electroproduction of lighp(w, ¢) and heavy {/v, ', T) vector
mesonsep — eVp, has been investigated at HERA-9]. The increased precision of
the recent data allows the study of the depewéeof this process on the different scales
involved: the mass squared of the vector mes’rzﬂf;,, the square of the centre-of-mass
energy of the photon—proton systefii?, the exchanged-photon virtualitg?, and the
four-momentum transfer squared at the proton vertex,

Exclusive electroproduction of vector mesons involving a sufficiently large scale is
calculable perturbatively becausé the QCD factorisation theoreffi0]. 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
gq pair becomes a bound state. The cross section is proportional to the generalised
parton distribution functions (GPD$)1-13] of the proton, which contain information
on the momentum distributions of the partons in the proton and their correlations. At the
leading-order approximation in {fi/x) and vanishing, the generalised gluon distribution
can be approximated by the usual gluon distribution. The gluon density is probed at
x >~ (Q%+M2)/W? and ata scalp? ~ Q%+ M? [14]. The cross section is thus expected
to rise steeply withV, a reflection of the steep rise of the gluon density @ecreases.

Data from exclusive production1-3] show that the cross sectior(y*p — pp) rises
with W asW?, with § increasing withQ? from about 0.2 a2 = 0 (photoproduction) to
about 0.8 atD? ~ 30 Ge\2. However, in the case of exclusivigy production the cross

42 sypported by the Polish Ministryf Gcientific Research ahlnformation Technology, grant No. 112/E-
356/SPUB/DESY/P-03/DZ116/2003-2005.

43 supported by the Polish State Committee for Scientific Research, grant No. 115/E-343/SPUB-M/DESY/P-
03/DZ121/2001-2002, 2P03B 07022.
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section rises steeply with/ even for photoproductiof®]. It is therefore interesting to
investigate/ /v production at larger values @?.

This paper presents measurements of the exclusive electroproductigiahesons.
Cross sections are given as functionsiof 92 and:. The W dependence is also studied
as a function of. The helicity structure of thé /¢ has been investigated to testhannel
helicity conservation (SCHC) and to extract the ratio of the cross sections for longitudinally
(01) and transverselyf) polarised virtual photons® = o7 /o7, as a function oW, Q2
andr. The results are compared to perturbative QCD (pQCD) model calculations.

The data cover the kinematic range 30W < 220 GeV and|¢| < 1 Ge\? for two
ranges of photon virtuality: .05 < 02 < 0.8 Ge\? (low-Q? sample) and 2 02 <
100 GeV? (high-0? sample). The lowg? sample was measured in theée~ decay
channel and the higi@? sample in bothete~ andut i~ channels. The low2? range
has been measured for the first time. The highsample represents more than an order
of magnitude increase in statistics compared to the previous ZEUS rgduliad extends
both theW and Q2 ranges of the measurement.

2. Experimental set-up

The data used for this measunent were taken at the HERép collider using the
ZEUS detector in 1998-2000. During this period, HERA operated with a proton energy
of 920 GeV and an electr6f energy of 275 GeV. The data correspond to integrated
luminosities of 69 pb? for the low-Q? sample and 83 pt# for the high-Q2 sample.

A detailed description of the ZEUS detector can be found elsevwyhB}eA brief outline
of the components that are most relevant for this analysis is given below.

Charged particles were reconstructed in the central tracking detector (A&B)8]
covering the polar-angté region 15 < 6 < 164°. The transverse-momentum resolution
for full-length tracks iss (pr)/pr = 0.0058p1 @& 0.0065@ 0.0014/ pr, with pr in GeV.

The high-resolution uranium-calorimeter (CA[}9-22] consists of three parts: the
forward (FCAL), the barrel (BCAL) and theear (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 997% of the total solid angle. The energy resolution obtained from test-beam
measurements was(E)/E = 0.18/+/E in the electromagnetic sections andE)/E =
0.35/+/E in the hadronic sections, with in GeV.

The forward plug calorimeter (FPQ23] 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 calorimeterfrorhton < 5.

The beampipe calorimeter (BP{24] was a tungsten-scintillateampling calorimeter
installed to measure scattered electrons at small angles, in the rdtge<1180° — 6 <

44 Hereafter, botte™ ande™ are referred to as electrons, unless explicitly stated otherwise.

45 The ZEUS coordinate system is a right-handed Cartesian system, with és pointing in the proton
beam direction, referred to as tHferward direction”, and theX axis pointing left towards the centre of HERA.
The coordinate origin is at the nominal interaction point.
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2.30°. The energy resolution, as measured under test-beam conditions; (WagE =
0.17/vE, with E in GeV. The impact position of the scattered electron was measured
with an accuracy of about 0.5 mm corresponding to an angular resolutiohdhirad.

The small-angle rear tracking detector (SRTEH] consists of two planes of scintillator
strips read out via optical fies and photomultiplier tubes. It is attached to the front face
of the RCAL and covers an angular range betwe®tanrtl 18 around the beampipe. The
SRTD provides a transverse position resolution of 0.3@htorresponding to an angular
resolution of 2 mrad.

The hadron—electron separator installed in the RCAL (RHES) consists of silicon
diodes placed at a longitudinal depth of thmadiation 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 padi26].

The luminosity was determined from the rate of the bremsstrahlung pregessey p,
where the photon was measured wathead-scintillator calorimetdP7] located atZ =
—107 m in the HERA tunnel.

3. Kinematics and cross sections

The following kinematic variables are used to describe exclugi\# production,
e(k)p(P) — e(k)J /¥ (v)p(P"), wherek, k', P, P’ andv are, respectively, the four-
momenta of the incident electron, scattered electron, incident proton, scattered proton and

J/Y:

0? = —¢? = —(k — k)2, the negative four-momentum squared of the virtual photon;
W2 = (¢ + 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;

e x = 02/(2P - q), the Bjorken variable;

e 1 = (P — P’)?, the squared four-momentum transfer at the proton vertex.

The kinematic variables were reconstructed with the “constrained” méffjoahich
uses the momentum of thé/y and the polar and azimuthal angles of the scattered
electron.

Theep cross section can be expressed in terms of the transwgrsand longitudinal,

o, virtual photoproduction cross sections as

dZO_ep—>eJ/1/fp

yd0? rr(y, 0%)(or +eor),

wherelr is the flux of transverse virtual photof8] ande is the ratio of longitudinal and
transverse virtual photon fluxes, given by= 2(1 — y)/(1+ (1 — y)?). In the kinematic
range studied here,is in the range B < ¢ < 1, with an average value of@D.



RAPID COMMUNICATION

ZEUS Collaboration / Nuclear Physics B 695 (2004) 3-37 13

The virtual photon—proton cross section! P~ //VP = o7 + €0y, can be used to
evaluate the total exclusive cross secti@[b“p””‘”p =o7 + o, through the relation

G = _ AER ey
tot - 1+6R ’

whereR = o /o7 is the ratio of the cross sections for longitudinal and transverse photons.
The helicity structure of the//y production is used to determinR as described in
Section 7.6.1

4. Reconstruction and selection of the events

The signature of exclusivd /vy electroproductiongp — eJ/yp, consists of the
scattered electron and two charged leptons fromipg decay,ete™ or uTu~. The
scattered proton is deflected through a small angle and escapes undetected down the
beampipe.

The events were selected online by a three-level trif280] For the low-Q? sample,
the triggel[9] for J /v photoproduction events with decay to #1ee~ final state was used,
while for the high©? 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 e[@83}

o the energy and position of the scattered electron were measured in the BPC for the low-
02 sample and in the CAL for the hig*? sample. The energy was required to satisfy
E. > 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;

o the J/¢» mesons were reconstructed from the decay leptons. Two tracks of opposite
charge, well-reconstructed in the CTD witly > 0.2 GeV, 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 clyst@rnot
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
associated 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 required 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 electroneffig with further tacks were rejected:
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o the position of the reconstructed vertex was required to be compatible with that of an
ep collision;

e to remove events with large initialate radiation and to reduce the background
from photoproduction, the requirement 455 < 65 GeV was imposed, wheke=
> Ei(1—cos9;), E; is the energy of théth calorimeter cellg; 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 0.340G668V, 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 evgnts, 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 th&@&eV. These cuts restrict the
mass of the proton-dissociated systémio My < 3.0 GeV.

Unless otherwise stated, the results are quoted in the following kinematic range:
1| <1 GeV?,30< W < 220 GeV for the electron channel and 43V < 160 GeV for the
muon channel. The largé¥ range for the electron channel was achieved by the inclusion
of the one-track events. Th@? range was (15 < Q2 < 0.8 Ge\? for the low-02 sample
and 2< 02 < 100 Ge\f for the high-Q2 sample.

The final highQ? 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 fing@4ow-
sample contains 137 events in the electron channel, 16 of which are reconstructed using
only one track. The distribution of the events in theQ? plane is shown iffFig. 1

5. Monte Carlo simulation

The acceptance and the effects of the deteaetgponse were determined using samples
of Monte Carlo (MC) events. All generated events were passed through the standard ZEUS
detector simulation, based on thee &NT 3.13 programmg35], and the ZEUS trigger
simulation package.

The exclusive processp — eJ/¥p was modelled using the eusvm [36] MC
generator interfaced to HRACLES 4.6.1[37,38]to account for first-order QED radiative
effects. They*p — J/yp cross section was parametrisedvaée‘b“'(Mf/w + 02"

The parameter values= 2.5(2.3), § = 0.75(0.7) andb = 4.5(4.5) GeV 2 were used to
describe the high@? (low-Q?) data. The leptonic decay of the/yy was simulated by
the RHoTOS programmg39] which includes final-state radiation from the decay leptons.
This generator assumes SCHC and that the ratio of the cross sections for longitudinal and
transverse photons B = 0.5(Q%/M% ).

Proton-dissociative eventsy — eJ/yY, were modelled using the generat@@$oFT
[40,41]) They*p — J/yY cross section was parametrised as

dZO.y*pﬁJ/WY

iz W (M, + 0%)7 ey ey
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Fig. 1. The distribution of the events in the muon atet&on channels in the kinematic plane of Bjorkemand
02. The events reconstructed using one and two measured tracks are shown separately.

with the parameters = 2.5, = 0.75,b = 0.81 GeV 2 andg = 2.57 chosen as described
in Section 6.2

The QED background stemming from two-photon lepton-pair produgtion— 71,
where the virtual photon originates from the electron vertex and the second photon is
radiated off the proton, was simulated using thealr [42] generator at lonQ? and the
GRAPE-DILEPTON 1.1[43] generator at higlp2. The QED-Compton-like processes with
internal photon conversion were also generated Wit Gx.

6. Extraction of the J /¢ signal

Fig. 2 shows the invariant-mass distributions of the muon and electron pairs, obtained
after the selection described fBection 4 The MC distributions for exclusive/ /v
production and the QED background are also shown. The width of the resonance is
dominated by the detector resolution, whiteteriorates at low and high valuesWt
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Fig. 2. Invariant mass distributions of the lepton pairs for (a) the @?Nsample and (b)—(e) the hi@-2 sample.

The shaded histograms are the QED MC disitions and the open histograms the sum of fli¢- 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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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-02 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? sample, the normalisation was based on the known
cross sections and the integrated luminosity of the data. After subtraction of the non-
resonant distributions, th&é/+s signal was determined by counting the events in the mass
windows 28 < M+, < 3.4 GeV for the muon channel andé2< M,+,- < 3.4 GeV for
the electron channel. The lower limit dr,+ .- 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 thesetron channel and 14% for the muon channel.

For the high©? sample, additional background from pions misidentified as electrons
or muons was studied using a sample of events with two tracks, neither of which were
identified as a muon or an electron. The contribution ¥&Ag + 0.6)% for the electron
channel and0.8 & 0.3)% for the muon channel and was subtracted bin-by-bin for the
and decay-angle distributions and globally for #eand Q2 distributions.

Events from exclusive/(2S) production contribute to thd /¢ sample through two
different decay channels: (i (2S) — J/v¥ + neutrals (branching rati¢23.9 + 1.2)%

[44]), where the neutrals are not detected in the CAL, and/{BS) — ™I~ (branching
ratios(7.3+0.4) x 103 for the electron channel ari@.0+0.9) x 102 for the muon decay
channe[44]), because of the limited resolution in thezonstruction of the invariant mass.
The contribution from both these processes toji¢gr sample was determined using MC
samples under the assumption thét/ (25)) /o (J/v¥) = 0.166+ 0.013[8]. A contribution
of (1.8 + 0.2)% was subtracted.

6.2. Proton-dissociative background

The remaining source of background consistsJ/gi/ production accompanied by
proton dissociationgp — eJ/¥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 irSection 4 with the following exceptions:

o the elasticity criterion (last criterion iBection 4 was not applied to the FPC and to a
region of FCAL of approximately 50 cm radius around the beampipe;

o events with decay-leptoretcks at angles smaller than°3@ith respect to the outgoing
proton direction were removed to ensure a rapidity gap between tileand the
systemy.

Proton-dissociative eventsane selected by requiring an energy larger than 1 GeV in the
FPC. The sample of data tagged by the FPC contained 100 everit$ foB Ge\? in
the kinematic range 45 W < 160 GeV andQ? > 2 Ge\2. The parameters (ségj. (1)
that best describe thg?, W andr dependences are= 2.57 + 0.09, § = 0.614 0.40
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andb = 0.81+ 0.25 GeV 2. The MC distribution ofMZ was tuned to describe the FPC
energy distribution, yieldingg = 2.57 4+ 0.67. The values forn and$ are in agreement
with those described iSection 7.3The latter are more precise and were usedis & T.
The values ofb and g are in agreement with those found for proton-dissociafiyé
photoproductiofi9].

The fraction of proton-dissociae events in the elastic samplg-diss Was determined
from the relation fp-diss = fggg(l/e’ — 1), where fggg‘ denotes the fraction of the
proton-dissociative sample tagged by the FPC ahd= 32% is the FPC tagging
efficiency, estimated usingFSoOFT. The fraction of proton-dissociative events in the final
sample, averaged overfor |¢| < 1 Ge\?, was fy-diss= (14.2 & 2.0(stat) "S5 (syst))%,
independent of¥ and Q2. The systematic uncertainty was dominated by the uncertainty
on B. The fraction increases from 4% for |¢| < 0.1 Ge\V? to 20% for Q2 < |7| <
1.0 Ge\2. The cross sections presented in the next sessions were corrected for this
background in bins of, and globally inW and Q2.

7. Results
7.1. Measurement of cross sections

In each bin of a kinematic variable, tlep cross section was extracted for each decay
channel using the formula

er—el/vp _ (Ndata— Nbgd)(l - fp-diss)
ABL ’

whereNgata is the number of events in the data aMghq is the number of events from the
non-resonant background (QED processes and pionic backgroung)asigproduction.
The overall acceptance is denoted4sB accounts for the/ /¢ decay branching ratios
[44], (5.93+0.10)% and(5.88+ 0.10)% for the electron and muon channels, respectively,
and/. is the integrated luminosity.

The total exclusive photon—proton cross section was calculated as
dZGep%eJ/wP

dQ2dw
where the effective photon flu® [45] contains the corrections for bin-centring aRdl
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< 1 Ge\2. Assumingdo /dt o eIl with
b =4.5 GeV 2, the correction factor needed to exicdate to the cross section integrated
over the fullt range is 1.012. In addition, for > 0.01 both the acceptance and the
expected cross section are small, and the oreasent in this region therefore involves
an extrapolation, made in order to quote the measurement in bifg ahd Q2. The
uncertainty introduced by this extrapolation, as evaluated from the MC simulation, is
negligible.

’

O—t)c’):[’_)J/‘//P(Qz, W) — (1/¢(Q2’ W))
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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. The sources of systematic
uncertainties considered were similar to those of previously published anfdy4ék

For the low-Q2 sample, the main contribution arises from the uncertaintbimm in
the position of the BPC, leading todal 0% uncertainty in the cross section.

For the high9Q? sample, the dominant sources of uncertainty are as follows. The
corresponding average uncertainties are given in parentheses:

o the trigger efficiency "25%);

o the fiducial volume cut on the electron position was changed-bym; the SRTD
alignment was changed hy2 mm along ther’ axis (fg:g%). A maximum change of
—11% was observed in the lowegE bin;

o the mass window used for signal extraction was extendedb®eV (+1.7%);

e the normalisation of the QED background was changedti®% (+2.4%); the
maximum effect o&:5% was found for the lowestbin.

The uncertainty due to the subtraction of proton-dissociative background has been
discussed inSection 6.2 Additional contributions come from the uncertainties on the
integrated luminosity;:2.25%, and on the branching ratias1.7%. Uncertainties from

the minimum energy requirement of the scattered electto®7%), the elasticity cut
(f%%), the selection of the electron and muon sampte$.2%) and the dependence on

the MC parametrisationgt0.7%) 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 antoeaad 3%,
respectively.

7.3. Dependenceon W and Q2

The cross section,”~ /7 measured as a function & and Q2 for |t| < 1 Ge\?,
is given inTables 1 and 2ZThe same cross section, extrapolated to the fidhge, is shown
in Fig. 3together with the H15] measurement§ as well as the ZEUS measurement of
exclusiveJ /v photoproductionf9]. The H1 measurements are systematically lower than
the ZEUS data; however they are compatible when the normalisation uncertainties of both
measurements are considered.

The functional forms o« W® was fitted to the ZEUS data; the results of the fit are
shown inFig. 3(a)and inTable 4 No significant variation 08 with Q2 is seen. The mean

value of§ is 0.73+ 0.11(stat)f8:8§(syst). It is consistent with the values found fa@y v

photoproductioril] and forp electroproduction at higp? [2].

46 |n Fig. 3(a) the H1 cross sections, measuredd&tvalues of 3.5, 10.1 and 3BGe\2, have been rescaled

to the 02 values of 3.1, 6.8 and 16 Gé\Wsing theQ? dependence of the data measured by H1. The systematic
uncertainties due to this extrapolation were negligible.
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The cross sections for the reactipfi p — J/yp measured as a function &f in bins of Q2 and for|t| <1 GeV?: (W) and<Q2> are the mean values in the indicated
rangesN.. andN,,, are the number of events in the signal region after non-resonakgtoamd subtraction of the electr@and muon pairs, respectivelyt.. and.A;, .

are the corresponding acceptances. The first uncertainty of the cross secttatistical and the second systematic. An overall normalisaticartainty offgﬂfg was

not included
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in the 02 range consideredyV.. and N,,,, are the numbers of events in the signal region after noragest background subtraction of the electron and muon paixs,
respectively;A.. and. A, are the corresponding acceptances. The first uncertainty of the crossségttatistical and the second systematic. An overall normalisati&
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Fig. 3. ExclusiveJ/y electroproduction cross section (a) as a functioriofor four values of@2 and (b) as
a function of 02 at (W) = 90 GeV. ZEUS photoproduction and H1 eleqroduction cross sections are also

. ) 2
shown. The full lines are fits to the ZEUS data of the formdgax W(€) and (b)o « (02 + M%Nl)*”. The
inner error bars represent the statistical uncertaintieguter boars are the statistical and systematic uncertainties
added in quadrature. An overall normalisation uncertaintyrgfg was not included.
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The functiono = oo(Mf ¢,/(Q2 + Mf/w))”, fitted to the ZEUS data including the
photoproduction point, is shown Fig. 3(b) The resulting parameters arg= 77+ 3 nb
andn = 2.44+ 0.08, with x2/ndf = 4.1/7. The fit, which takes both the statistical and
uncorrelated systematic uncertainties into account, describes the data well over gite full
range.

7.3.1. Comparison to model predictions

Models based on QCD 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 aq state, thisqg 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 ofjth@air depends om? and on the quark
mass; forQ? > 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 mesong10] predicts that, in the limit of larg®? and fixedx, the cross section can be
estimated from a hard interactigpart calculable in pQCD, theg wave function of the
meson and the generalised parton distributions (GIPLs)13]which contain information
about the correlations of the partons inside the proton and their momentum distribution.
A rapid rise in the cross section withl is predicted which is related to the fast increase of
the gluon density inside the proton at small values dRecently, NLO calculations have
been completed for the exclusive photoproduction of heavy vector mgsgné selection
of the available models is compared to the data and discussed below. A more complete
discussion on the available models is given elsewfiete

Frankfurt, Koepf and Strikman (FK9%8,49] have proposed a model based on the
leading-order approximatias, In(Q2). The usual parton distribution functions (PDFs) are
used. The/ /¢y wave function is estimated in the non-relativistic approximation.

In the model of Martin, Ryskin and Teubner (MRJ50], the calculations are also
performed at the leading ordet, In(Q?). Assuming parton—hadron duality, the component
of thecc pair which has the correct spin-parity for thi¢y is used instead of thé/y» wave
function. The cross section is integrated over.li¢- mass range. The GPDs are estimated
using the conventional next-to-leading (NLO) gluon distributions.

Gotsman et al. (GLLMN]51] have presented a dipole model where the cross section
is expressed as the convolution of the wave function of the virtual photon, the dipole
scattering amplitude and thé/y wave function. The dipole scattering amplitude is
estimated at leading order, In(1/x), as the solution of the Balitsky—Kovchegs2,53]
evolution equation, includig both the linear BFKL termdue to partorsplitting and non-
linear terms due to recombination of partons in the high-density region at.IdWwe J /v
wave function is estimated in the non-relativistic approximation.

The W and Q2 dependence of the cross sections measured by ZEUS are compared to
the QCD predictions ifrig. 4. 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 datalét= 90 GeV; the different normalisation
factors are indicated iRig. 4. The gluon PDFs ZEUS-4] for MRT and CTEQ4L[55]
for FKS were used. Th@? dependence of is compared in the insert iRig. 4(a) All
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Fig. 4. ExclusiveJ /v electroproduction cross section (a) as a functioriwofor four values of@2 and (b) as

a function of 02 at (W) = 90 GeV. ZEUS photoproduction results are also shown. The curves represent the
predictions of the QCD models MRT, FKS and GLINV(see text) normalised to the ZEUS photoproduction
point at (W) = 90 GeV. The insert shows the parameteas a function of02. The inner error bars represent

the statistical uncertainties, the outer/ bars are the titafisnd systematic uncertainties added in quadrature. An

. . . 0, .
overall normalisation uncertainty Qfg%‘: was not included.
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models predict a rise of the cross section with increasthgnd have a22 dependence
similar to that of the data.

7.3.2. Comparison to model predictions for different gluon parametrisations

The MRT model was used to test three different gluon distributions: MRY56R
CTEQ6M [57] and ZEUS-S[54], obtained from NLO DGLAP analyses of structure
function data. In deriving the GPDs from the PDFs, sensitivity to the gluon distribution
at very low x is introduced. Again, the predictions were normalised to the ZEUS
photoproduction measurementiédt= 90 GeV.

Fig. 5 compares the data with the predictions. While CTEQ6M describeditrand
02 dependence of the data, MRSTO2 has the wrong shapé iparticularly at lowQ?2.
ZEUS-S describes th# dependence but falls too quickly with increasigg.

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

7.4. Dependenceon ¢

The differential cross sectiodg? “?~//¥? /4t measured as a function oin the range
1| < 1 Ge\?, is shown inTable 3andFig. 6(a)—(d)for the high 02 sample as well as
for three Q2 intervals. A function of the formio/dt = do/dt|;—ge """l was fitted to
the data and the results of the fit are givenTable 4 The slope parametéris shown
in Fig. 6(e)as a function ofQ? and is compared to the ZEUS photoproduction and H1
electroproduction values. No significa@®® dependence i is seen over the measured
range ofQ2. This behaviour is different from that of exclusipeelectroproduction, where
theb slope strongly decreases with increas@®g reaching the value of that of thi/y at
02 ~30 Ge\? [2].

In QCD-based models, at high?, the size of the;g pair in the direction transverse
to the reaction axis decreases dgland ther dependence should reach a universal limit,
independent of the flavour of the quark constituents of the m@s®h 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
exchangedo/dt oc (1 — t/m% )4, Whel’em% is the square of the two-gluon invariant
mass, as suggested by Franifurt and Striklf&m. The fit, including both statistical and
systematic uncertainties, yieldég =0.55+ 0.02 Ge\? and is shown irFig. 6(a)

7.5. Pomeron trajectory

Soft diffractive processes are described by Regge phenomeréogy terms of the
exchange of a pomeron trajectory. In harteiactions, where Regge phenomenology may
not be applicable, an effective pomeron trajectory may nevertheless be extracted. The
high-0? sample was analysed to determine theetf’e pomeron trajectory. In the Regge
formalism, the differential cross section can be expressed as

do

49 o wher)-1) 2
7 (2)
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Fig. 5. ExclusiveJ /v electroproduction cross section (a) as a functioriofor four values of@2 and (b) as

a function of 02 at (W) = 90 GeV. ZEUS photoproduction results are also shown. The data are compared to
the MRT predictions (see text) obtained with differeairgmetrisations of the gluon density and normalised to
the ZEUS photoproduction point &%) = 90 GeV. The insert shows the parametess a function ofp2. The

inner error bars represent the statistical uncertaintiequtes bars are the statistical and systematic uncertainties
added in quadrature. An overall normalisation uncertaintJyrg% was not included.
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Table 3
The differential cross sections for the reactiphp — J/vp measured as a function ofin bins of 02 for a
mean valuew = 90 GeV. The first uncertainty is statistical and the second systematic

02 (GeV?) (0?) (GeV?) It] (GeVR) (I7]) (GeV?) do?"P=I1VP 14t (nb/GeV2)
0.0-0.1 005 79250181
2-100 68 0.1-0.2 015 439+30"28
0.2-0.4 029 258 +14712
0.4-1.0 058 6004757
0.0-0.1 005 148+ 1522
2-5 a1 0.1-0.2 015 869+9.61225
0.2-0.4 029 492+4.3'58
0.4-1.0 058 107 +1.1799
0.0-0.1 005 756+837390
5-10 68 0.1-0.2 015 396+4.929
0.2-0.4 029 239+24721
0.4-1.0 058 65+0.60%
0.0-0.1 005 280+34758
10-100 16 0.1-0.2 .05 156 +2.0799
0.2-0.4 029 94+1.0798
0.4-1.0 058 18+02'32

where the trajectorgp is usually parametrised as

ap(t) = ap(0) + ozfpt.

The effective pomeron trajectory was determined by fitfiag (2)to the differential cross
sections at differentvalues. The fit was performed in foubins atQ? = 6.8 Ge\2. Since

the proton-dissociative process has the sad¥hdependence as the exclusive process, the
extraction ofxp is not sensitive to this background contribution, which populates thehigh-
region. Therefore the analysis was extended up|te: 2 Ge\2. The fit results are shown

in Fig. 7and inTable 5 The parameters of the trajectory, determined from the linear fit
are:

ap(0) = 1.20+ 0.03(stat) " 93(syst),
ap = 0.07+ 0.05(stat) 0 95(syst) GeV 2.

These values are in good agreement with the ZEUS results frfafmphotoproductior9]
which are also shown ifig. 7. They are also in agreement with expectations of pQCD-
based model61,62), but are not consistent with the trajectory measured in soft diffractive
processesyp = 1.08+ 0.25¢ [63,64]
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Fig. 6. Differential cross sectiondo/dr (a) over the entire@? range and (b)—(d) for three bins @2, for

30< W < 220 GeV and| < 1 Ge\2. The full lines are the results of a fit to the foeta/dt = do /dt|,—g e~ °l"]

and the dashed line is the result of a fit using an elastic form factor assuming two-gluon exchange:
do/dt « (1 — t/m%g)_4. (e) The slope, as a function of0?, compared to the ZEUS photoproduction and

H1 results. The mean value bfis 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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Table 4

The parameters, b and (51_(; |;=0 measured as a function @f in the range 30< W < 220 GeV and 45 W <
160 GeV for the electron and muon channels, respectively,nrdl GeV2. The first uncertainty is statistical
and the second systematic

02 (GeV?) (0?) (GeV?) 5 (0 x W) b (42 el (Gev—2) do| _, (nb/GeV?)
0.15-08 04 087+0.22755¢
2-5 31 065+01770%8  4.85+0247528 185+ 1539
5-10 68 060+01870%5  4.44+0267932 847+7.9743
10-100 16 12+020'3%  506+0.2775% 355+3.4722
2-100 68 073+0.1175%% 4720157512 952+4.9%81

7.6. Decay angular distributions

The study of the angular didbutions of the decay of thé /v provides information
about the photon and/+ polarisation states. In the helicity frani@s], the production
and decay of the//y can be described in terms of three angles Siege 8): &, the
angle between thd /v production plane and the lepton scattering plahg;the polar
angle, andg;, the azimuthal angle of the positively charged decay lepton. Under the
assumption of SCHC, the normalised angular distribution depends only on two angles,
0, andyr, = ¢y, — @5, and can be expressed in the form

1 dN 3

¥ Toos = §[1+r85‘+ (1-3r3) coS o], (3)
1 dN 1

Nmz 7[1—Er%71COSMh]. (4)

The spin-density matrix elemerg(‘)1 represents the probability that ttigys is produced in

the helicity-0 state from a virtual photon of helicity 0 or 1. The spin-density matrix element
rll_l gives the probability for thg /4 to be produced in the helicity-1 state from a virtual
photon of helicity 1 or—1. Assuming SCHC and natural spin-parity exchange (NB&)

the matrix elementg); andr] ; are related by

1
rll_l = > (1 - rgg) )

The cross sections &/ = 90 GeV are shown ifrig. 9(a)—(f)for three intervals of0?2.
Egs. (3) and (4)vere fitted to the data. The values of the spin-density matrix elem§31ts
andrllfl, determined from the fits, are givenTiable 6 The measured values @ffl are
consistent with those obtained frdag. (5) also shown inTable § supporting the SCHC
and NPE hypotheses.

Figs. 10 and 1Xshow the cross sections in bins @f andt, respectively. They are
quoted at the reference val@? = 6.8 Ge\2. Eq. (3)was fitted to the data. The values of
rgg, given inTables 7 and Bare consistent with n@& or ¢ dependence.
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Fig. 7. (a)—(d) Differential cross section® /dt as a function ofW for fixed ranges of; the full lines are fits

to WHer()—=1) () Pomeron trajectory: the lines are linear fits to the dat@aj = 6.8 Ge\2 (full) and to the

J /¥ photoproduction results (dashed); the ddtiiee is the soft pomeron trajectof$6]. The inner error bars
represent the statistical uncertainty, the outer bars the statistical and systematic uncertainties added in quadrature.
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Table 5

The pomeron trajectoryp(t) measured in four bins, in the range % 02 < 100 Ge\? at a mean value
(02) = 6.8 Ge\2. The first uncertainty is statistical and the second systematic

1l (GeV) (Ir]) (GeV?) ap(t)

0.0-0.1 0046 122+0.04"053

0.1-0.3 0186 117+0.0470.53

0.3-0.9 0483 117+0.03"0.52

0.9-2.0 1123 113+0.04"053
(a) (v* p centre-of-mass frame |

P

Scattering Plane

q)h Production Plane

Decay Plane

(b)

/

p

]+
.

1

Fig. 8. Schematic diagrams of (a) the process> ¢J /¢ p in they* p centre-of-mass system, and (b) the decay

of the J/v in its rest frame. Three angles suffice to describe the reaction: the azimuthal angle between the
scattering plane and the production plagg, and the twoJ /¢ decay anglesp,, the azimuthal angle between

the production and decay planes, defined in eithelthe system or in the/ / rest frame; andj,, which is the

polar angle of the positively-charged decay product defined with respect to the direction/gfjthmomentum

vector in they * p system, or, equivalently, the direction oppositéht® momentum-vector of the final-state proton

in the rest frame of the /4 meson. This choice of the spin-quaatisn axis defines the helicity frame.

7.6.1. Longitudinal and transverse cross sections

The ratio of the longitudinal to transverse cross sectivs; o1 /o7, was calculated as
a function of @2, W andr from rg(‘)‘ according to the relation
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Fig. 9. (a)—(f) Distributions of cag, and¥, in three 02 bins; the curves are the fits Exs. (3) and (4)(g) Ratio
R =0 /or as a function ofQ?; the full curve is the result of the fit to the ZEUS data while the dashed and
dotted curves are the predictions of the MRT and GLLMWNdals, respectively. The inner error bars represent
the statistical uncertainty, the outer bars the statistical and systematic uncertainties added in quadrature.
Rol 0

€1— rgé
which is valid under the assumption of SCHC.

The values ofR as a function ofQ? are given inTable 6and compared with the
H1 results[5] in Fig. 9(g) The expressioR = ¢(Q?/M5,,) was fitted to the ZEUS
data yieldings = 0.52 £+ 0.16(stat). In QCD-based models, the scale that controls the
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Table 6
The spin-density matrix elememq%‘ and r%_l, the ratio of cross sections afrigitudinally and transversely

polarised photonsR, and the quantity%_1 — %(1 — rgg) measured in bins 0f2. The first uncertainty is
statistical and the second systematic

04 1

0% (GeV?)  (0?) (GeV?) 34 1y R=o0y /o7 ri o —3a-r5%
2-5 31 012+0.08'313 0340097953 013+0117092 —0.10+0.09"958
5-10 68 02540097532 0.44+£0.09"3%% 033+0.16'217  0.06+0.10"358

10-100 16 ®4+£0.107095  0.26+0.09730 119+0517528  0.03+0.11737
~ 16 T T T T T T T T 16 T T T ‘ T T 30 T T T T ‘ T T T
S T @1 ®7 ©7
= L L i L i
-’ — — ~ — — —
A 5 W S S B
=) - 4 n 4 - 4
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T <Q*> = 6.8 GeV’ — —  MRT (ZEUS-S) .
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Fig. 10. (a)—(e) Distributions of c#g for five bins of W; the curves are the fits 6q. (3) (f) Ratio R = o Jor

as a function oW ; the dashed line is the MRT prediction and thd fule is the result of a one-parameter fit. The
error bars are statistical (inner) and total (outer).
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Fig. 11. (a)—(d) Distributions of ca@g for four bins ofz; the curves are the fits t8q. (3) (e) RatioR = oy /o
as a function of; the full line is the result of a one-parameter fit. The error bars are statistical (inner) and total
(outer).

transverse size of thegg fluctuation of the photon may behave differently &gr andoy .
However, in the MRT modely;, andor have the saméV dependence, dictated by the
gluon distribution. Therefore the ratio is constarhis model correctly describes the rising
behaviour ofR with 02 whereas the GLLMN prediction somewhat overestimates it.

The values ofR as a function ofW andr are given inTables 7 and &nd shown in
Figs. 10(f) and 11(g¥espectively.

8. Summary

The exclusive electroproduction 8f y» mesonsep — eJ /vy p, has been measured with
the ZEUS detector at HERA fgzhoton virtualities in the ranges.Q5 < 02 < 0.8 Ge\?



RAPID COMMUNICATION

ZEUS Collaboration / Nuclear Physics B 695 (2004) 3-37 35

Table 7

The spin density matrix elemengg and the ratio of cross sections of longltnally and transversely polarised
photons,R, measured in bins o, in the range 2 Q2 < 100 Ge\? at a mean valueQ?) = 6.8 Ge\2. The
first uncertainty is statistical and the second systematic

W (GeV) (W) (GeV) roa R=o0p Jor
30-55 4% 021+0.16"033 0.274+0.26"313
55-80 681 0.24+0.13"070 0.31£0.237325
80-120 9% 0.25+0.09"0 52 0.33+0.16" 535

120-160 128 0.12+01170% 0.14+0.15' 022

+0.12 +0.23

160-220 184 0360167313 0.56+0.40" 543

Table 8

The spin density matrix elemengg and the ratio of cross sections of longltnally and transversely polarised

photons,R, measured in bins gf|, in the range 2 Q2 < 100 Ge\? at a mean valueQ?) = 6.8 Ge\2. The
first uncertainty is statistical and the second systematic

It] (GeV?) (I1]) (GeV?) rSo R=op/or

0.0-0.1 0046 Q24+0.117532 0.31+0.19%322
0.1-0.2 0146 036+0.13"3.98 0.56+0.30" 32/
0.2-0.4 0285 019:+0.10"3%7 0.23+0.15%0 1¢
0.4-1.0 0579 016+0.101295 0.19+0.1475.38

and 2< Q2 < 100 GeV?, for photon—proton centre-of-mass energies in the range 30
W < 220 GeV and for four-momentum-transfer squared in the rangel Ge\2.

The cross section of the procegsp — J/v¥p rises withW aso « W?, with a slope
paramete® of about 0.7. This parameter does not change significantly @&tand is
consistent with that observed ifyy» photoproduction.

The cross section a@ = 90 GeV and over the whol@? range is described by the

functiono o (Q? + Mf/w)‘", with n = 2.44+ 0.08.

The ¢ distribution, measured folr| < 1 Ge\?, is well described by an exponential
dependence over the range:)? < 100 Ge\?. The slope parametdr, is consistent with
being constant in this range. The mean valuedis4.7240.15(stat) +0.12(syst) GeV 2,
consistent with that observed ity photoproduction.

An analysis of the cross sections in the framework of Regge phenomenology yields an
effective pomeron trajectory consistent with that measurety i photoproduction.

The spin-density matrix element$_, andrJj are consistent with-channel-helicity
conservation. The ratio of the cross sections for longitudinally and transversely polarised
photons,R, increases withQ?, but is independent o% and:, within the measured range.

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