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Abstract

Cross sections for elastic production £Hfy» mesons in photoproduction and electropro-
duction are measured in electron proton collisions at HER#kgi an integrated lumi-
nosity of 55 pb'. Results are presented for photon virtualit@$ up to 80 GeV2. The
dependence on the photon-proton centre of mass erigtgyis analysed in the range
40 < W, < 305 GeV in photoproduction and0 < W, < 160 GeV in electroproduc-
tion. TheWV,, dependences of the cross sections do not change signifieeitil Q> and
can be described by models based on perturbative QCD. Vititin models, the data show
a high sensitivity to the gluon density of the proton in thenddin of low Bjorkenz and low

Q? . Differential cross sectionsogdt, wheret is the squared four-momentum transfer at
the proton vertex, are measured in the raftec 1.2 GeV? as functions ofV,, and Q2.
Effective Pomeron trajectories are determined for phatdpction and electroproduction.
TheJ/+4 production and decay angular distributions are consistéhts-channel helicity
conservation. The ratio of the cross sections for longitallly and transversely polarised
photons is measured as a function@fand is found to be described by perturbative QCD
based models.
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1 Introduction

Quantum Chromodynamics (QCD), the field theory of quark dadrginteractions, is expected
to describe the strong force between hadrons. QCD is a sfatéseory in the limit of short
distances, corresponding to small values of the stronglc@uponstanty,, where perturbative
methods can be applied (perturbative QCD, pQCD). The butketcattering cross section of
hadrons however, is dominated by long-range forces (“stéractions”), where a satisfactory
understanding of QCD still remains a challenge. A largetioacof these soft interactions is
mediated by vacuum quantum number exchange and is termi@édive”. In hadronic inter-
actions, diffraction is well described by Regge theory, keheis due to theé-channel exchange
of a leading trajectory with vacuum quantum numbers, cabed’Pomeron” trajectory. In the
high energy limit, Pomeron exchange dominates over allratbatributions to the scattering
amplitude and leads to an almost energy-independent tats$ section. Elastic photoproduc-
tion of vector mesonsyp — VM p, is a particular example for a diffractive process. Measure
ments of the cross sections for the elastic production bt kgctor mesons( w, andg) in low
Q? electron-proton collisions at HERA as function of the pmfwoton centre of mass energy
W, [1,2] have verified the expected universal Regge behaviour.

The cross section for elastic photoproduction/gf) mesons;yp — J/v p, on the contrary,
rises steeply withiV.,, [3—6], incompatible with a universal Pomeron. Due to thgdamass

of the J/¢) meson, which provides a “hard” scale (equivalent to a stamrge of the forces
involved), the elastic photoproduction 6f) mesons is expected to be described by pQCD. In
electroproduction the photon virtuality? can provide a second hard scale in addition to the
J/1¢ mass, allowing the interplay between these two scales ttuliéesl.

p(P) e p(P)

Figure 1: Elastic/ /¢ production, a) in an approach based on Pomeron (P) exclarb) in
a pQCD approach via two gluon exchange. The kinematic vi@sadre indicated in a).

The elastic production of /¢» mesons is illustrated in figure 1. In QCD at lowest order the
process is mediated by a colour-singlet state of two glubgsré 1b) and the cross section is
related to the square of the gluon density in the proton. Thengs momentum fraction is
kinematically related td1,,, : the steep rise in the gluon density towards low values thfus
explains the steep rise of the cross section with increadingobserved in the data. Beyond
this approximation correlations between the gluons hawetaken into account and the cross
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section for elastic/ /v production involves the generalised gluon density (seexample [7]
for a review).

The dependence of the elasti¢y cross sections on the squared four-momentum transfer
the proton vertex shows a fast fall with increasjtig This dependence can be parameterised as
an exponential functiop at low values oft|, although other shapes have also been proposed
(for example [8]). In Regge theory withtadependent Pomeron trajectory, theéependence of
the cross section varies willt,,,, the slope parametérincreasing logarithmically witiV/,,
(“shrinkage” of the diffractive peak). In QCD-based models the other hand, the dependence
of b on W,, is expected to be weak [9, 10]. In addition to the elastic @ss¢ in which the
proton remains intact, diffractivé/v> production can lead to proton dissociatiop,— J/vy Y,

in which a low mass baryonic statéis produced. This process is expected to be important at
large values oft|.

In the past, diffractive//« cross sections have been measured using photon and eleetors
in fixed target experiments up to centre of mass energiesmftél) GeV. At HERA the kine-
matic range is extended up to photon-proton centre of masgies ofil,, ~ 290 GeV in
photoproduction, and in electroproduction up to phototusiities of Q? < 100 GeV? [1, 3—
6,11-16]. In this paper new data are presented om)théV,, andt dependence of the cross
section for elastic//¢) production. The data correspond to a factor of three moegrated
luminosity than our previous publication for photoprodant[4] and a factor of two more for
electroproduction [11]. The kinematic range is extendedaloes ofiV.,, up to 305 GeV in
photoproduction, while in electroproduction the rangeered is40 < W, < 160 GeV. Fur-
thermore, the angular distributions for production andagtesf the./ /> mesons are determined
in order to extract the cross sections of longitudinally tradsversely polarised photons and to
test the hypothesis afchannel helicity conservation (SCHC), which predictd tha helicity
of the J/¢ meson in the final state is the same as that of the initialu@iytphoton.

2 Modelsfor Elastic J /4 Production

Within the Regge framework (see for example [17] for a reyithwe cross section for diffractive
photoproduction of vector mesons at low valueg péipproximately follows a power lavt,,, o
W2, with § ~ 0.2[18]. The power is related to the Pomeron trajecibry 4 (op(t) — 1) where
arp(t) = ap(0)+o)pt. The existing measurements fofy) mesons, however, indicate a much
steeper dependence n,, (§ ~ 0.8) than is predicted by the universal (“soft”) Pomeron. There
are also indications that the slopé,, responsible for the shrinkage of the diffractive peak of
elastic.//+ photoproduction, is smaller [4] than the value of 0.25 Gé&¥xpected from the
soft Pomeron trajectory. To overcome this difficulty, Docini& and Landshoff have suggested
an additional “hard” Pomeron trajectory [19] for procesasch involve a hard scale, such as
the vector meson mass or a large momentum trarggfe/with this conjecture the concept of
a single universal Pomeron trajectory becomes obsoletbdat scattering processes. It has
become customary, however, to introduce an effective Pomegjectorya(t) = ag + o't,
where the intercept, can be calculated within certain QCD models (see for exaf@for
areview).



In photoproduction of//1) mesons the mas¥/;,,, may serve as a hard scale and in electro-
production both);,,, and @?. A third hard scale may be provided by a sufficiently large
momentum transfelt| at the proton vertex [13, 14]. In the presence of a hard sc@lb @c-
torisation methods (e.g. collinear factorisatién,factorisation) may be applied. Factorisation
allows the separation of the scattering amplitude into &upeative hard scattering coefficient
function and non-perturbative quantities, such as thetigluon density for the proton and the
vector meson wave function.

Early pQCD predictions, for example [21], assume that treedwchanged gluons have the same
longitudinal momentum fractiom with respect to the proton, where~ (Q? + Mj)/(Q2 +
Wfp), and that each of the quarks making up the) meson carries half of the photon mo-
mentum. Such models correspond to a leading approximatiorgil /=, and at high energies
the cross section depends on the square of the gluon deritiip the proton. More recently
generalised or “skewed” parton distributions have beemsidened, where the two gluons have
different fractional momenta [22-26].

The data presented here are compared with a pQCD model byniViBstskin and Teubner
(MRT [26]) which is based o factorisation and uses a parton-hadron duality ansatzlavoi
ing the large uncertainties from the poorly knowfx) meson wave function. In this model,
effects beyond the leading logarithmic approximatiorogn@Q? are included at the amplitude
level, requiring an integration over the transverse momehthe two gluons and hence the use
of unintegrated gluon distributions. In the MRT calculasdhese distributions are derived [25]
from the conventional integrated parton distributipas extracted from inclusive deep-inelastic
scattering. The skewing effects are estimated indepelydantpplying a factor to the ampli-
tude [27]. Since these calculations only apply to the imagimpart of the scattering amplitude,
dispersion relations are used to estimate the effects ottigart. In the parton-hadron duality
approach the correct spin-parity state’ (= 1~~) of the c¢ pair is projected out by using the
appropriate rotation matrices in the integrals over themaace mass region. Since the choice
of the mass range in the integration is arbitrary to somengxtee normalisation of the cross
sections is predicted with limited accuracy. The overathmalisation contains additional uncer-
tainties due to missing higher order corrections. The apprations used are however believed
to have little influence on th#’,, andQ* dependences of the cross sections [28]. Predictions
are provided both in the photoproduction and electroprbdncegimes.

The calculations by Frankfurt, McDermott and Strikman (F§ are based on the dipole
approach. Here the exchanged photon turns int@ jgair long before the interaction with the
proton. A leading logarithmic approximation for the intetian of thisqq pair, described as a
small transverse-size dipole, is used. For the interaatiidm the proton two-gluon exchange
is assumed. In addition the effect of a running quark madd;,adependent slope of the
exponentiat distribution, and generalised gluon distributions arestdered in this calculation.

Similarly to the MRT calculations the model does not provatleaccurate normalisation of the
cross section. Predictions are only available for photdpction.

In this model the unintegrated gluon distribution is detieed from the derivative of the standard gluon
distribution with respect tdog Q?, i.e. essentially from the second derivative of the protwacsure function
Fy(z, Q) with respect tdog 2, which in the kinematic region of thé/+ analysis, at lowe andQ?, is not well
measured at HERA yet.



3 DataAnalysis

The data were recorded with the H1 detector in the years 1882800 when HERA was
operated with electrons or predominantly with positfonf27.5 GeV and protons 020 GeV.
The J/¢) mesons are detected via their decays jntp~ or ete™ pairs. They are selected from
data corresponding to an integrated luminosity of 55'pb

3.1 TheH1 Detector

The H1 detector is described in detail in [29]. Charged pkasiare detected in the central and
forwarcf tracking detectors (CTD and FTD), which consist of drift gmdportional chambers
that provide a polar angle coverage betw&eand165°. Tracks at larg® are detected in the
backward silicon tracker (BST [301,65° < 6 < 175°). The central liquid argon (LAr) [29]
and backward lead scintillator (SpaCal) calorimeters32l¢cover the polar angle region$ <

6 < 153° and153° < # < 177.5°, respectively. For)> > 2 GeV? the scattered positron is
detected in the SpaCal, while the decay electrons from/the meson are identified in the
LAr and SpaCal calorimeters. Muons are identified as mininmmising particles in the LAr
calorimeter or in the instrumented iron return yoke of thkesoidal magnet which surrounds
the central detector (central muon detector, CMD< 6 < 171°).

Dissociated proton statéswith masses\/y = 1.6 GeV may, after a secondary interaction, be
measured in a set of detectors in the forward direction. &laes the proton remnant tagger
(PRT), an array of scintillators coverirfig06° < 6 < 0.17°, the drift chambers of the forward
muon detector (FMD) [33] closest to the beam interactiomore@ the angular range® < 0 <

17° and the forward region of the LAr calorimeter £ 10°).

H1 uses a multi-stage trigger system. At level 1 signals ftoenCTD, SpaCal, and CMD are
used to obtain the present data sets. At level 2 informatiam fthese detectors and the LAr
calorimeter is used in neural network algorithms [34].

The luminosity is determined from the rate of Bethe Heitlezrds.

3.2 Kinematics

The kinematics of the procesg — ep.J/¢ are described by the following variables: the square
of the ep centre of mass energy = (p + k)?; the negative four-momentum transfer squared
at the lepton vertex)? = —¢*> = —(k — k’)?; the four-momentum transfer squared at the
proton vertext = (p — p')? and the inelasticity = (p - q)/(p - k). The four-momenta, &',

p, p’ andq refer to the incident and scattered positron, the incomird) @tgoing proton (or
dissociated systerit) and the exchanged photon, respectively. The centre of ereggy of
the photon-proton systev.,, is given bijp = (p + q)® = ys — Q? neglecting the proton
mass.

2Hereafter the term ‘positron’ is used for all lepton beantipkes, whereas ‘electron’ is used for both electrons
and positrons frony /) decays.

3The positivez-axis is defined by the proton beam direction. The polar afijgeneasured with respect to the
z axis andd < 90° is called the ‘forward’ direction.



In electroproduction the event kinematics are reconstdigsing the double angle method [35],

sin 0. (1 — cos By)
sin 6y, + sin 0, — sin(6, + 6,)

P — 4R sin 0y (1 + cos ,)
“sin @y + sin 6, — sin(6, + 60y)

’y:

Here E. is the energy of the incident positron aég andé, are the polar angles of thé/y
meson and the scattered positron, respectively. The Variabcalculated as~ —(p;.»+pi.c)?,
wherep; ,, is the transverse momentum of tig) meson candidate angl. that of the outgoing
positron.

In photoproduction, where the positron is not observederctntral detectoy; is reconstructed
viay = (£ — p,)y/(2E,) [36], whereE andp, denote the energy and the longitudinal com-
ponent of the momentum of th&/¢) meson. The variableis approximated as ~ —pfﬂp (see
also the section onad/ dt below).

3.3 MonteCarlo Smulation

Monte Carlo simulations are used to calculate acceptanutsha efficiencies for triggering,
track reconstruction, event selection and lepton ideatifin.

The elastic//v signal events are generated using the program DIFFVM [37thwis based

on the Vector Dominance Model and permits separate vaniafdhe dependence div,,, ¢
and@? . The parameters are iteratively adjusted to those of theepteneasurements. DIF-
FVM is also used to generatg/¢) production with proton dissociation. A mass dependence of
do/dM2 o f(M2) M, is implemented, wherg(M2) = 1 for M2 > 3.6 GeV>. At lower

MZ the functionf (M2 ) takes into account the production of excited nucleon stdtes decay
angular distributions of thé /) meson are simulated assumiighannel helicity conservation.
For electroproduction, radiative corrections are inctudsing the generator HERACLES [38],
where contributions up to ordeg, ;, are taken into account.

The non-resonant background is estimated using the genglaPAIR [39], which simulates
the processy — ¢/~ and COMPTON [40] for the QED Compton procegs— evyp. Cross
checks with the generator GRAPE [41] did not show significkeviations from the results of
LPAIR in the region of the present analysis.

For all processes, detector effects are simulated in deitlilthe GEANT program [42]. The
detector response including trigger efficiencies is tungidgiindependent data. Remaining
differences are included in the systematic errors. The Isited events are passed through the
same reconstruction software as the data.

3.4 Event Selection

Elastic J/¢> events are selected by requiring two muons or two electrads ia the case of
electroproduction, a scattered positron candidate. Fotgpnoduction the absence of any such
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candidate is required. As described in table 1 four data aetsdefined covering different
regions of@? and1V,, and corresponding to different signatures of fHe decay leptons.

For data set | (electroproduction) the scattered positrostrbe detected with an energy of
at least12 GeV in the SpaCal and the reconstructed valug)éfmust be within2 < Q? <

80 GeVZ. To suppress photoproduction background and to reducedhtdn of events with
initial state QED radiation, events are rejected if £ — p.) < 45 GeV, where the sum runs
over all final state particles including the scattered posit Neglecting radiative effects this
variable is expected to be twice the incident positron gneige to longitudinal momentum
conservation.

For the selection of photoproduction events (data set¥)ltHe absence of any candidate for
the scattered positron is required, restricting the aeckpinge of negative four-momentum
transfer square@? to below about 1 Ge¥, with (Q?) = 0.05 GeV>.

Data sets | and 140 < W,, < 160 GeV) containJ/¢ — u*p~ events. Exactly two oppositely
charged particles must be present in the CTD, with transveramenta (with respect to the
beamline)p; > 0.8 GeV. A reconstructed vertex withid=40 cm of thez coordinate of the
nominal beam interaction point is required. At least ondiglarmust be identified as a muon
in the central calorimeter or in the CMD. For data set Il baokapd from cosmic ray muons is
rejected using an acollinearity cut as well as timing infation from the CTD. Further details
of this analysis may be found in [43].

Data sets Ill and IV are selected to cover photoproductiomgtt values ofit,,, which are
related to large polar angles of thEy) decay leptons. Thd/:) decay intoete™ pairs is
used. Data set 1135 < W,, < 235GeV) requires one decay electron to be measured in
the CTD coming from withint=40 cm of the nominal beam interaction point and one in the

Data set [ I n | Y]
Kinematic region| Electroproduction Photoproduction

Q? range[ GeV?| 2 —80 <1

(Q%) [GeV?] 8.9 0.05

W,, [GeV] 40 — 160 | 135 — 235 | 205 — 305

[t] [GeV?] <1.2

Decay channel J/p— ptu” J/p — ete”

Lepton signature Track-Track Track-Cluster Cluster-Cluster
Lepton polar 920 — 160 6, : 80 — 155 6, :160 — 174
angle region°| 0y : 160 — 177 0y : 160 — 175.5
Lepton energy De1 > 0-77191 > 0.8 ELQ > 4.2
[GeV] pe> 0.8 Ey > 4.2 max Ey, E,) > 6
Elastic selection No signal in forward detectors

[ Ldt[pb™'] 54.79 30.26 | 26.90

Table 1: Summary of the most important event selectionraifer the four different data sets
together with the corresponding integrated luminosities.



backward calorimeter SpaCal. The selected polar anglemegire given in table 1. The elec-
tron measured in the CTD must have a momentyny 0.8 GeV and a transverse momentum
pea > 0.7 GeV and must be identified by a matching electromagnetic enezggsition in the
central calorimeter. The other electron is selected byiriemua cluster in the SpaCal with an
energyE, > 4.2GeV. Data set IV {85 < W,, < 305GeV) requires both electrons to be
detected as energy clusters in the SpaCal with enefgies> 4.2 GeV and the more energetic
cluster to be abové GeV. At least one electron must be in the acceptance region d#ie
and every electron in the BST acceptance region must beatatidoy a BST track from the
nominal interaction point. This requirement rejects mdshe non-resonant background from
Compton scattering. In both data sets Ill and IV the energhénSpaCal outside the selected
electron cluster(s) must be negligible. Further detailthisf analysis may be found in [44].

In order to suppress background from proton dissociativieelastic.//«¢ production, no ad-
ditional tracks are allowed in the CTD or FTD and the seleeteghts are required to have no
significant signals in the forward detectors (PRT, FMD and)LAhe fraction of proton disso-
ciation is further suppressed by limitindo the ranget| < 1.2 GeV?, where elastic processes
are dominant. These requirements reject most of the prassodative background. The re-
maining fraction is 14% on average, ranging from 8%tats 0 to 35% at|t| ~ 1.2 GeV?,

It is corrected for using the MC simulation, which is tunedgiee a good description of the
forward detectors. A further correction is applied to actdior «/(2S) decays inta//vy and
neutral mesons. This correction is estimated to be 4% fa skais | and Il and approximately
2% in sets Il and IV, where the neutral decays are partlyctepk by the cut on the energy in
the SpaCal.

Triggers based on muon and track signatures from the deptynieare used for data sets | and
Il. For data set | a trigger signal is also derived from thettecad positron. The triggers for
data sets Il and IV are based on signals due tothe decay electrons from the SpaCal and
the CTD (set lll) . In addition the triggers for data sets\4se second level triggers based on
neural network algorithms.

Figure 2 shows the two-lepton invariant mass distributimnghe four data sets. The shapes
of the J/¢ signal peaks reflect the usage of different detectors wiflerént resolutions and
a different response to electrons, muons and photons. gnalsif data set Il shows a tail
towards low masses due to radiative energy losses of the@teeconstructed in the tracking
detector. In all data sets the non resonant background bW/« signal peaks is dominated
by v+ — ¢*¢~, where one photon originates from each of the positron aadpothton. At
high W, a potential source of background is Compton scattetjng- eyp where the final
state electron and photon can form an invariant mass of time sader as the//¢) mass. It

is efficiently suppressed by the BST track requirementsagxet above. In addition the BST
tracks lead to an improved mass resolution in data set IV.

The number of/ /¢ events is determined in each analysis bin by a fit of the sumsifraal
and a background function to the dilepton mass distributibor data sets | and ILJ{¢) —

w ) the signal shape is a Gaussian function, and the backgrisufitied using a power
law distribution. For the signal in data set IF {1y — e*e™) the radiative tail is taken into
account by fitting a modified Gaussian distributigi{}..) «x % exp (—(M.. — p)?/(20"))
whereo’ = (o + r(|M.. — pu| — M. + u))?. Hereu ando denote the peak position and
the standard deviation andparameterises the contribution of the radiative tail. Itadset IV
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(J/v — eTe™) asingle Gaussian function is adequate to describe thalsigrdata sets Il and
IV the shape of the background is found to depend strongly/on The shapes are reasonably
well described by the predicted shapes of the Monte Carlalsitions LPAIR and COMPTON,
which are therefore used in the fit.

Data and MC simulation are compared in figure 3. Each row spoeds to one of the four
data sets. The selected events from a mass window aroundthiead ./ /> mass 0.2 GeV

in data sets | and II;:0.3 GeV in data set IV an®.6 < M, < 3.4 GeV for data set IlI)
are shown before applying the cuts on the forward detecteos.data sets | and 1l the non-
resonant background, which is small in this kinematic regieas been subtracted and the data
are described by a combination of DIFFVM for elastic and @nadissociative//« production.
For data sets Il and IV the selected events are shown bubutitbubtracting the non resonant
background. The data are seen to be reasonably well deddriba sum of simulations for
elastic and proton dissociativey production (DIFFVM),yy — eTe~ (LPAIR) andep — eyp
(COMPTON).

3.5 Systematic Uncertainties

The systematic uncertainties on the cross sections arendtedi by detector effects which
are not perfectly modelled in the Monte Carlo simulation. s¥lancertainties are obtained
by comparisons of data with simulation after tuning the dietesimulation with independent
data sets. The uncertainties on the measured cross seatmiisen estimated by variations
of the simulation. In the following the main sources of theemainties are summarised and
typical values are given for the uncertainty on the totaksreection.

e The uncertainty due to the track reconstruction efficiemcyhie CTD is1% per track.
The track information from the BST has two sources of una&ta coherent signal
losses (3.0%) and track reconstruction efficiency (1.5%).

e The uncertainty on the lepton identification efficiency ke&mla cross section uncertainty
of 1.5% for muons and 2% for electrons measured in the CTD. The waiogrton the
energy measurement of the decay electrons in the backwhmdneater is estimated to
vary linearly from 2.7% at 3 GeV to 0.5% at 27.5 GeV from an gsial of Compton
scattering [45]. The resulting uncertainties on the cressiens vary from 1% to 7%,
depending oWV,,,. A small additional uncertainty for data set IV arises duartauncer-
tainty of 0.3 mrad in the reconstruction of the polar angléhaf decay electrons in the
BST, leading to &V, dependent cross section uncertainty ef 3%.

e The uncertainties of the trigger efficiencies are deterthineoel.6%, 5%, 6.5% and5%
for data sets | to IV, respectively.

e The separation of elastic events from proton dissociagads$ to a systematic uncertainty
of 4 — 6% due to the modelling of the response of the forward detectoith a small
dependence oil,,, and|t|. The error due to the simulation of the dependence of the
cross section oil/y was found to be negligible by comparison.
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e The uncertainty in the modelling of theposition of the interaction region affects the
W.,, dependence of the cross section and is found t/ben average for data sets | and
I, 0.5 — 2.6% for lll and 2.0% for IV.

e Varying the methods of determination of the number of sigvants (e.g. by using a
counting method instead of fits, or by changing the shapdsedbackground functions),
results in al% uncertainty for data sets | and [ (x.~). For data sets Il and IV (elec-
trons) an uncertainty between 3% and 6% is estimated, whidié to the uncertainties
in the signal and background shapes.

e For the electroproduction sample, an additional uncestaih 4% is estimated which
covers uncertainties in the reconstruction of the energyaaugle of the scattered positron.

e Other sources of systematic uncertainties are the luntinaséasurement (1.5%), the
J /v branching ratio (1.7%) and the(2S) background (0.5% for sets | and Il, 1.5% on
average for Ill and V).

The systematic uncertainties are calculated in each asahys and the total uncertainty is
obtained by adding all individual contributions in quadrat The average values for the total
systematic uncertainties on the cross section8@red%, 10% and11% for the data sets | to
IV, respectively. The correlated part of the error, whicteets all bins equally, is estimated to
be approximately 5% and is not included in subsequent fitsssnentioned otherwise.

4 Results

Cross sections are calculated for the individual data sét¥susing the numbefV of selected
events after correcting for non resonant, proton dissiweiatnd(2S) backgrounds as de-
scribed in the previous section. The efficienciefor the event selection are in general deter-
mined from the MC simulation. In the equivalent photon appration theyp cross section is
given by:

N

oy — J/¥p) = 7 BR-L 0, 1)

Here @., [46] denotes the photon flux in th@* and V., range considered; the integrated
luminosity andBR the branching ratio for the decay of thgy mesons.

Note that this cross section correspondsip = o7, + col, wheres! ando!, are the cross
sections for transversely and longitudinally polarisedtphs, respectively, and is the po-
larisation parameter of the virtual phoforiThe parameter depends only on the kinematics,
e =(1—1y)/(1 —y+ 1y?). In the kinematic range of the present analysis generally above
0.95 with (¢) = 0.993. Cross sections are given at ‘bin centré§l},,), (Q?) and(t), which are
determined taking into account the measuiiég , * andt dependences.

“Branching fractiong5.88 & 0.10)% and(5.93 + 0.10)% [47] are used for/ /¢ — utp~ andete™, respec-
tively.
5The present results will be compared with results from th&J&Eollaboration [16], Where$p + o—WL is

P
extracted. In the present kinematic region the differead®ivever small compared with the measurement errors.
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4.1 Q2 Dependence

The cross sections for elastigy production as a function ap? at1.,, = 90 GeV are listed
in table 2 and shown in figure 4a. The photoproduction poinbigined from the fit described
in the next section.

A phenomenological fit of the formr,, o (Mf} + Q%)™ to the H1 data yields a value of
n = 2.486 £ 0.080(stat.) 4= 0.068(syst.). This result confirms, with smaller errors, ti®
dependence observed previously by H1 [11]. The quality effthis good §?/ndf= 0.5).
Recent results from the ZEUS collaboration [6, 16] are alsmw in figure 4a, which agree
well with the present data in the entire rangest

In figure 4b the pQCD calculations ‘MRT’ of Martin et al. [26jeacompared with the fit result
guoted above. Results with four different gluon distribng (CTEQ6M [48], MRSTO02 [49],
H1QCDFIT [50] and ZEUS-S [51]) derived from global fits to oemt inclusiveF; measure-
ments and other data are shown. A normalisation factor israéted individually for each
prediction by comparing with the data across the complgterange. The different factors,
which are mainly given by the photoproduction measuremnemet,betweeri.5 and2.8. The
theoretical predictions of the shape of thé dependence are consistent with the fit to the data
within the experimental uncertainties, which are shown gses band in figure 4b.

42 W,, Dependence

The~p cross section for elasti¢/«) production is presented as a functionl@f,, in figures 5a
and 6a and in tables 3 and 4 for photoproduction and electdojotion, respectively.

In figure 5a the photoproduction data are shown with the tedu fit of the formo,,, ij.
Separate relative normalisation factors for the three siettaare additional fit parameters which
take into account the correlated systematic uncertainfias fit yields a value of = 0.75 +
0.03 £ 0.03. The first error is obtained using only the statistical utaiaties in the fit while the
second one reflects the systematic uncertainties. Thedit is$n agreement with our previous
result [4]. Similar data from the ZEUS collaboration [6]9alshown in figure 5a) agree well
with the present data.

A comparison with theoretical predictions is shown in figéke where the ratio of theory to
the fit result is shown. The uncertainty of the fit result is@ated by the grey band. The MRT
predictions are normalised using the factors obtained flund)? distributions. The same four
gluon distributions are used to calculate the respectivaetegrated skewed gluon distributions
which are required by MRT. Th#’,,, dependence is observed to be quite sensitive to the shape
of the gluon distributioh While the results based on the gluon distributions CTEQ®Gd a
ZEUS-S describe the shape of the data well, the gluon disioi from the H1 fit to inclusive
data leads to a steepif,, dependence and the one from MRSTO2 to a fldftey dependence
than is observed. The dipole model result FMS [9] based oi€HeQ4L [52] gluon density
is somewhat too steep. Note, however, that these obsergati@ based on the central val-
ues of the respective gluon distributions and do not take actount their uncertainties. The
kinematic range used in the MRT calculations extends to lamaues of Bjorkenr and Q?

SFor a detailed discussion of the sensitivity and the unireits of the model assumptions see [28].
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than was available in the inclusive data used for the detextioin of the gluon densities and an
extrapolation to very low values @§? is performed.

In figure 6a the electroproduction cross section is shownreetbins of)? (2 < Q% < 5GeV?,

5 < @* < 10GeVZ and10 < Q? < 80GeV?). Data from the ZEUS experiment [16], which
are shifted to the present bin centres using@Aelependence measured by ZEUS, are in agree-
ment. In figure 6a the results from MRT based on the gluon tde@IEQ6M using the same
normalisation factor as above are also shown and give amabkodescription of the data.

The W, dependence is found to be similar to that obtained in phothystion. When param-
eterised in the fornij, the fits to the H1 electroproduction data yi@ldralues which are
compatible with photoproduction within the rather larg@esimental errors (see table 5). The
fitted values fory describing thé/’,, dependence of elastit/ production from this analysis
and from [6, 16] are displayed in figure 6b as a functio)df Within the present experimental
accuracy no dependence 64 is observed.

4.3 Differential Cross Sectionsdo /dt

Thet dependence of the elastic cross sectionffap meson production is studied in the range
40 < W,, < 160 GeV for different@? bins. The differential cross sections (it as derived
from data sets | and Il are listed in table 6 and shown in figarevith fits of the form & /dt

. The resulting values (table 5) for electroproduction are systematidallyer than the value
for photoproduction but are compatible within the errors.

In the context of developing the calculations using gemszdlparton densities, Frankfurt and
Strikman [8] have proposed an alternativeéependence. It is based on a dipole function with
at dependent two-gluon form factor, leading to/dit oc (1 —t/m3,)~*. In a fit to the pho-
toproduction data the two-gluon invariant mass, is left as a free parameter. A value of
mag = (0.679+0.006 +0.011) GeV is obtained withy?/ndf = 5.5 compared to¢? /ndf = 0.25

for the exponential function. The dipole form is thus strigrdjsfavoured by the data.

For photoproduction, the measurement of tlteependence has been extended to significantly
higherIV.,, than in our previous publication [4] using data sets181 < WV, < 235 GeV) and

IV (205 < W,, < 305 GeV). Due to the reconstruction of th&y electrons via calorimeter
signals the resolution ipﬁw, which is used to approximateis worse than in the track based
measurements. The differential cross sectiomgdd are obtained using an unfolding proce-
dure [53]. The results (last two lines in table 7) are showfigares 7b and ¢ with exponential
fits, which describe the data well. The resultingalues are listed in table 10 and are discussed
further in the following section.

4.4 Effective Pomeron Trajectories

In models based on Regge phenomenology and Pomeron exchia@gmergy dependence of
the elastic cross section follows a power law:

4(ax(t)—1
bt Wﬂ,p (a(t)-1)
- e ) (2)
t=0,W,p,=Wp Wo
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wherea(t) = oy + o/t describes the exchanged trajectory &ndndil, are constants. Equa-
tion 2 relates the dependence of the differential crosseseont to that oniv,, by

do

dt
Here onlyt dependent terms are kept. In hard interactions, where Régg@menology with a
single universal Pomeron may no longer be applicable, #&ctfe Pomeron trajectory’ [20] is
nevertheless often extracted in order to describe the diepee of the differential cross sections
onW,, andt. For the determination of this effective trajectory, a deutlifferential analysis
is performed in which the differential cross section/dt is measured in bins dfi’,, andt.
The measurements are displayed in figures 8a and b for ploahogtion and electroproduction,
respectively (tables 7 and 8). First, one-dimensional fithhe form W;*]Sa“m—” to the cross
sections in each(t)| bin are performed. The results, which are listed in tabled®displayed as
solid lines in figures 8a and b, describe the data well. In &g@b and c the one-dimensional
fit results fora(t) are compared with recent results [6, 16] from the ZEUS collation, which
are in good agreement.

(t) o e(b0+4a’1n(Wﬂ,p/Wo))t. (3)

A two-dimensional fit of the function given in equation 2 teettata yields values fdr, aq
ando/. The parametell, is arbitrarily chosen to b80 GeV; the fit result does not depend
on this choice. As described before, different normalisatiare allowed for the different data
sets in the fit. Figure 9a shows the result of the two-dimenvagifit for «(¢) as solid and dashed
lines for photoproduction and electroproduction, resgelst Error bands corresponding to one
standard deviation are shown, taking the correlation betwg ando’ into account. The results
for a((t)) from the one-dimensional fits are shown as points with erews ffor comparison.
Good internal consistency is observed.

The results of the two-dimensional fits are listed in thediwihg table.

Q?* [GeV?] by [GeV ™7 | ap | o [GeV™? |
<1 4.630 + 0.06070 %3 | 1.224 +0.010 + 0.012 | 0.164 % 0.028 £ 0.030 |
2—80 |3.86£0.1340.31 | 1.183 £ 0.054 + 0.030 | 0.019 + 0.139 = 0.076 |

Here the first errors are statistical and the second refleytbtematic uncertainties.

The W, dependence of the cross section is predominantly detediiye, and the fit values
lead to alV,, dependence very similar to the parameterisation withscussed above. The
parametery’ relates the andV,, dependences and if non-zero leads to the ‘shrinkage’ of the
diffractive peak. For photoproductiad is larger than zero by four standard deviations and is
two standard deviations below the valuedaf5 GeV 2 obtained for the soft Pomeron in [54].
For electroproduction’ is compatible with 0, which matches the expectation in [0}, due

to the errorsy’ is also compatible with the value measured for photopradnct

Alternatively the value of’ can be measured using the dependence of shape parameter on
W, , usingb(W,,,) = by + 4o’ In(W.,,/Wy). Exponential fits of the forna” to the measured
differential cross sectionssddt in bins of I, are performed and the resulting valuestare

displayed in figure 10a and b and listed in table 10 for phatdpction and electroproduction.
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For photoproduction thevalues are seen to increase with,. These values are independent
of normalisation uncertainties between data sets. Theesuirv figure 10a and b show the
corresponding resuli{1V,,,) from the two-dimensional fit described above.

In figure 10a photoproduction results for the slope paranieien the ZEUS experiment [6] in
a similar kinematic region are also shown. They show a sidég@endence oW/, but are on
averagd).5 GeV 2 lower. This difference in the absolute sizebahay be due to differences in
the handling of the background from proton dissociativenesjevhich has a much shallowier
slope than for the elastic case GeV 2 [13]).

4.5 Hédlicity Studies

The assumption that thé/v) meson observed in the final state keeps the helicity of théopho
is referred to as;-channel helicity conservation (SCHC). This assumptiom lba tested by
measurements of the angles in the production and decay df/theneson. If SCHC holds, the
angular analysis leads to a separation of the cross sedti@i® longitudinally and transversely
polarised photons which are both predicted in the MRT caloohs.

yp centre of mass frgme J/yrest frame

*

¢

J/IY direction

e - scattering
plane \\ J/y - production
S plane

J/y - decay
plane

Three angles are defined, which are illustrated in the fighow@ 6* is the polar angle of the
decay muon with the charge of the beam lepton in.ife rest frame.f* = 0° corresponds to

the flight direction of the/ /¢ in the~yp centre of mass frame* is the angle between th&«
production plane, defined by the exchanged photon and tilemeson, and the decay plane
in the~yp centre of mass framep is the angle between the scattering plane of the beam lepton
and theJ /¢ production plane. The angfe can only be measured when the scattered electron
is observed, i.e. for electroproduction. In the case of SGHE natural parity exchange, the
angular distributions of thé/« production and decay are functionscof 6* andV¥ = ¢* — ®

only [55].

The angular distributions are expected to be similar fostelaand proton dissociative pro-
cesses. This expectation is verified within the presenissitatl accuracy. Therefore, in order
to increase the statistics, the cross sections diffeflentidne angles are derived using a data
set, which includes proton dissociative events in additiodata sets | and Il. The selection of
proton dissociative events is similar to that for data setsd Il (section 3.4 and table 1), but
now a signal in one of the forward detectors is required ardamiditional track is allowed with
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6 < 20°. Non-diffractive events are rejected by requiring- 0.95, wherez = Ej;/,/E, in the
proton rest frame. Furthermore, an increasehge,|t| < 5 GeV?, is allowed, since the proton
dissociative/ /¢ cross section shows a flattedependence, with an exponential slope of about
1.6 GeV~2[13].

In the present analysis, differential cross sections ferftlur angles are used to measure com-
binations of seven of the 15 spin-density matrix elementsclvdescribe the spin structure of
the interaction completely The measured angular distributions and their dependem¢ieo
spin-density matrix elementﬁ(w(w) are [55]:

d
WZQ* o< 1+7r + (1—3rgy) cos® 6" 4)
do 04 *
dor x 1+4+7r% cos(2¢%) (5)
g—gj o 1—er]_,cos(2¥) (6)
3—; o< 1—e(rgy+2r) cos2® + \/2e (1 +€) (rgy + 217, ) cos P. (7)

Heree is the polarisation parameter of the virtual photon.

Figures 11a and b show the differential cross sectionsad/dcos 6* and dr/d¢* in four bins

of Q2. Figures 11c and d show the differential cross sectiengl@ and & /d® in three bins
of Q2. The results of fits of equations 4, 5, 6 and 7 are shown asifis! In the fits, the
spin-density matrix elements or the combinatiofys+ 2r{, andrj, + 2r3, for equation 7 are
free parameters. In figure 11b and d results from a fit assuB@GHC are also shown.

The spin density matrix elements, which are determined byfith, are shown in figures 12a—
e as functions of)? (tables 11 and 12). The analysis is also performed in bing|aind
the resulting spin density matrix elements are displaydifires 12f—j (tables 13 and 14) as
functions off|¢|.

Results from the ZEUS experiment [5,6,15,16] are also shoviigures 12a, b, ¢c and f, which
are in good agreement with the present results. In figuresd,2b, g, i and j the expectation
from SCHC, namely 0, matches the data well. SCHC vyields éioaelhetween two spin density
matrix elementsr{ _, = (1 —r3})/2. This is observed to be fulfilled within errors.

In the case of SCHC, the matrix elemefjt provides a direct measurement®f the ratio of
the cross sections for longitudinal and transverse p@dfiotonsg” ando”, respectively:

04
or 1 gy

T -1 _ 04"
o el —rg

The values ofR are presented in figure 13a and in table 11. For comparisopréaiction
from MRT [26] is shown, which depends only weakly on the glaamsity. In figure 13a the

"Spin density matrix elements, ., Of rgk(v)w) are linear combinations of the transition amplitudes

T;’(’;)A(w) from a photon of helicity\(v) to a.J/« of helicity A().
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gluon density from CTEQ6M is chosen with the normalisatierbafore, which gives the best
description of the)? andW., dependences of the cross sections. The prediction is soatewh
above the data but still describes thédependence reasonably well. Similar results from [6,16]
agree also with the present data.

The values of? can be used to derive the cross sectiohando’ using the relationship.,, =

ol, 4+ ecl,. The results are shown in figure 13b as a functio®df «” dominates at low))?,
while atQ* ~ M7 botho™ ando* are of similar magnitude. The MRT predictions are compared
with the data using different gluon density parametermgesti The differences between the
predictions are not very large. All gluon density params#tions give a reasonable description
of the data, although;, is somewhat above the data fgf > 3 GeV2.

In brief, the helicity studies show consistency with SCHE&hvi experimental errors. The ratio
of cross sections for longitudinally and transversely petal photons is extracted and {3
dependence is found to be reasonably described by the MRiUllaibns.

5 Summary

New measurements are presented of elaktic photoproduction and electroproduction in the
rangest0 < W, < 305 GeV and40 < W, < 160 GeV, respectivel\?.

The cross section(yp — J/v¢p) is measured as a function ¢f in the ranged < Q? <

80 GeV?, and a fit of the forn,, (M +Q?)~" yields a value ofs = 2.486 +0.080(stat.) &
0.068(syst.). The shape of th€? distribution is well described by a perturbative QCD cal-
culation by Martin, Ryskin and Teubner (MRT), almost indegently of the gluon density
distribution used.

The photoproduction cross section is measured as a funotitice photon-proton centre of
mass energyV.,, in the ranget0 < W, < 305 GeV, and can be parameterisedag o< ij
with § = 0.754 4+ 0.033(stat.) £ 0.032(syst.). The results fop in electroproduction, measured
in the ranget0 < W,, < 160 GeV, are consistent with those in photoproduction andJio
dependence is observed within experimental errors. Rredgcof thelV,, dependence of the
cross section in pQCD-based models depend strongly on tloa glistribution, as can be seen
explicitly in the MRT model. A good description of the shapetlte data can currently be
achieved only with some gluon parameterisations. This detnates the potential to constrain
the gluon distribution with the elasti¢/«) data in a kinematic region (low, low Q? ) where
fits from inclusive data yield gluon distributions with l@&gncertainties.

The differential cross sectiorrgdt for elastic./ /1) photoproduction foft| < 1.2 GeV? is mea-
sured in the extended range 4if < WW,, < 305 GeV. A single exponential function yields
a good description ofa/dt in this range, while a functional form based on a dipole fiorct
is strongly disfavoured. The slope paramétef the exponential shows a dependencéiof
which is weaker than expected from soft Pomeron phenomgpdbait is clearly positive, lead-
ing to shrinkage of the diffractive peak. The slope paramieie electroproduction agrees with
the photoproduction values within errors, but has a tenglamdecrease with increasirdgy .

8The results of the present analysis agree within errors auttprevious results. We consider the new data to
supersede them due to improved statistics and better uaddnsg of the detector efficiencies.
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Effective Pomeron trajectories, + o/t for elastic.//vy photoproduction and electroproduction
are determined from a simultaneous analysis«@ofdd as a function ofV.,, and|t|. The elec-
troproduction and photoproduction results are consisigtiit each other within errors. The
trajectory for photoproduction hastaslope which is two standard deviations below the soft
Pomeron value but four standard deviations above zero.

Finally, the helicity structure of diffractivé /> production is analysed as a function@t and

|t|. No evidence is found for a violation efchannel helicity conservation (SCHC). Assuming
SCHC, the ratio of the longitudinal to the transverse pettiphoton cross sections is deter-
mined as a function af? and is found to be consistent with QCD calculations.
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Figure 2: The dilepton invariant mass distributions (datd &ts) in the four kinematic regions

defined in table 1.
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subtracted. The data are shown with the elastic (signal)lstions (DIFFVM el., white area)

and proton dissociation MC (DIFFVM pdiss., shaded areajvRibiree and four correspond to

J/1v» — ete” candidates, where the non-resonant background is noestidr Here, in addi-
tion to the elastic and proton dissociatiyg) simulations the contributions fromy — ete™

(LPAIR) and Compton scattering (COMPTON) are shown. Thanadisations are obtained

from a fit of the overall mass peak of each data set. The vasabl, , Q°, t andp;,, are
defined in the texts, refers to the decay muons of data set Il. In row thfeand?, refer to
the decay electrons which are selected in different polgukan regions. In row fou¥; and F,
refer to the energies of the decay electrons.
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Figure 4: a) Total cross section for elasti¢y) production as a function a? in the range

[t| < 1.2GeV* at W,, = 90GeV. The inner error bars show the statistical errors, while
the outer error bars show the statistical and systematiertainties added in quadrature. The
solid line is a fit to the H1 data of the form,, o (M; + @Q*)~". Data from the ZEUS
experiment [6, 16] are also shown. b) The ratio of the MRT walitons [26] to the fit from
a). The MRT QCD predictions are based on different gluorritistions [48-51]. The curves
are individually normalised to the measurements acrossahmplete)? range yielding factors
between 1.5 and 2.8. The shaded band represents the unigeofahe fit result.
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Figure 5: a) Total cross sections for elasfi¢) production as a function dfi’,, in the range
[t| < 1.2GeV? in photoproduction. The inner error bars show the statikgerors, while the
outer error bars show the statistical and systematic usoéigs added in quadrature. The solid
line shows a fit to the H1 data of the foren ij. Results from the ZEUS experiment [6]
in a similar kinematic range are also shown. b) The ratio ebthtical predictions to the fit
to the H1 data in a). The shaded band represents the untietanthe fit result. Predictions
from MRT QCD calculations [26] and a dipole model (FMS, [9hded on different gluon
distributions [48-52] are shown. For the MRT curves the radigation factors determined
from the@? distributions are used. The FMS prediction is normalisetthédit result ai?”,, =

90 GeV.
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dashed curves show the MRT QCD prediction based on the glistribdtion CTEQ6M [48]
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iment [16] in a similar kinematic range are also shown. Theyelbeen scaled to the givép?)
values using th€)? dependence measured by ZEUS. b) The fit parandetsra function of)?.
The inner error bars show the statistical error, while thieoerror bars show the statistical and
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Figure 7: Differential cross sectiorvddt for elastic//¢> production as a function agf| a) in

four bins of @? in the rangel0 < 1., < 160 GeV. (Q?) indicates the bin centre value in the
Q? range considered. The inner error bars show the statitioal, while the outer error bars
show the statistical and systematic uncertainties addgdadrature. The solid lines show fits
to the data of the formda/dt  ¢”. The dashed curve shows the result of a fit proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the phaidpction measurements in the
rangesl35 < W, < 235 GeV and205 < W,,, < 305 GeV.
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((Q*) = 8.9 GeV?). The data points are the results of the one-dimensionaslfitsvn in
figure 8. The inner error bars show the statistical error,levtiie outer error bars show the
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tively. The data in [16] are derived at slightly differenfwes of (Q?). The lines are results
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Figure 12: Spin-density matrix elements as function€éf(a-e) and|t| (f-j) for the range
40 < W,, < 160 GeV. The data points are the results of fits of equations 4- 7 tdite shown
in figure 11. The inner error bars show the fit result includimdy the statistical error, while
the outer error bars also include the systematic unceigainthe expectations from SCHC are
shown as solid lines. The results from the ZEUS collabonaéie also shown, ( a), ¢) and
f) [6,16] and b) [5, 15]).

33



L 2
S |t eH
o 1.5F A ZEUS -
o . — MRT(CTEQ6M)
1 = -
0.5F |
OfF= — @ -
: 0.1 1 10
Q* [GeV]
r— v L L | v v AL | v v L | v L
< sof. D) — MRT(CTEQ6M) -
o --—  MRT(MRST02)
MRT(H1 QCD Fit)
60 -
40 B ° O'T =
o ¢
20} .
0 - ]
M 1 M | 1
0.1 1 10

Q* [GeV’]

Figure 13: a) RatidR = o /o’ as a function of)? for the ranget0 < W,,, < 160 GeV and
[t| < 5GeV? The data are compared with the result of a MRT calculati@) Fased on the
CTEQG6M [48] gluon distribution. Also shown are results fréme ZEUS collaboration [6, 16].
b) The cross sections for longitudinally and transverseliapsed photong” and ¢’ as a
function of Q2. The MRT QCD calculations based on different gluon distiitns ( [48-50])
are also shown with the same normalisation factors as dakfreen figure 4. The inner error
bars show the statistical errors, while the outer error blaosv the total errors.

34



Q? (@%) o
[GeV?]  [GeV?] [nb]
<1 0.05 731+1.1+64
2-32 25 37.3+3.9+36
32—-50 40 317427430
50—-80 6.3 218424421
8.0—127 100 133+18+1.3
12.7—-20.1 15.8 7.53+1.2440.72
20.1 —31.8 25.0 3.43+0.81+0.33
31.8 —80.0 47.3 0.60=+0.24 +0.06

Table 2: Cross section for the elastic procgss— .J/¢p measured in bins af)? for W, =
90 GeV and for|t| < 1.2 GeV?. (Q?) indicates the bin centre value in tt range considered.
The first error is statistical and the second the total syatiemncertainty.

Dataset W,, (W.,) o
[GeV] [GeV] [nb]

Il 40 — 50 448 46.0£24+40
50 — 60 54.8 485+23+43
60—-70 64.8 59.7+£28+5.3
70—-80 748 62.7+£3.2+5.5
80—-90 849 726+34+64
90 — 100 94.9 786+3.7+6.9

100 — 110 104.9 82.6+4.0x7.3
110 — 130 119.5 91.5+3.5+£8.1
130 — 160 144.1 98.3 4.4 £8.7
Il 135 — 155 144.9 98.6 £6.6 9.6
155 =170 162.5 114£8=+11
170 — 185 177.3 126 £8 £ 12
185 — 205 194.8 143 £10+15
205 — 235 219.6 18714425
IV 205—235 219.6 133 £10+£18
235 — 255 2448 17113 +£17
255 — 280 2672 173+£13+£18
280 — 305 292.3 194 =19+ 23

Table 3: Photoproduction cross section for the elasticggegp — J/vp in bins of W, for

t| < 1.2GeV? using the data sets II-1V (table 1}IV,,) indicates the bin centre value in the
W, range considered. The first error on the cross section iststat and the second the total
systematic uncertainty. Note that there is an overlappingbtween data sets Ill and IV at
(W,,) = 219.6 GeV, which is averaged for figure 5 to= 151 £ 8 & 20 nb.
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Q2 <Q2> W <W’YP> g
[GeV?] [GeV? [GeV] [GeV] [nb]
2—5 3.2 40 — 70 53.3 251+29+24
70 — 100 83.9 300+£3.4+29
100 — 130 114.1 41.5+5.1+4.0
130 — 160 144.2 45.0 £ 8.8 £4.5
5—10 7.0 40 — 70 53.3 1294+254+1.2
70 — 100  83.9 1454+25+14
100 — 130 114.1 24.7+41+24
130 — 160 144.2 241+62+£25
10 — 80 22.4 40 — 70 53.4 3.194+0.69 £0.31
70 —100 839 4.044+0.70£0.39
100 — 130 114.1 5294+1.0£0.5
130 — 160 144.2 6.10+£ 1.6 £0.6

Table 4: Total cross section for the elastic procgss~ .J/¢p measured in bins ap? and’,,
for |t| < 1.2GeV?. (Q?*) and(IV.,,) are the bin centre values in the indicated ranges. The first
error on the cross section is statistical and the seconataksystematic uncertainty.

Q? [GeV? (Q%) [GeV?] B b[GeV~?
<1 0.05 0.7540.03+0.03  4.57+0.06731%
2 -5 3.2 0.67+£0.20 £0.14 4.11 £ 0.26 £ 0.37
5—10 7.0 0.83+0.31 £0.15 3.50 £ 0.50 £ 0.49
10 — 80 22.4 0.69+£0.324+0.14 3.49 4 0.45 + 0.33

Table 5: The parameters(c ij) andb (fjl—j x ) measured in bins of)? in the range
40 < W, < 160 GeV and|t| < 1.2 GeV>. The valueg@?) indicate the bin centre value in the

Q? range considered. The first error is statistical and thersksgstematic.
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Q> (Q?) |t] (It]) do /dt
[GeV?] [GeV?]  [GeV?] [GeV?] [nb/ GeV?]
<1 0.05 0—0.07 0.03 285 £9 425

0.07 —0.14 0.10 1804+ 7+16
0.14 - 0.21 0.17 130+ 6 £11
0.21 —0.30 0.25 92.1+4.0+8.1
0.30 —0.40 0.35 61.2+3.1+£54
0.40 — 0.60 0.49 325+£1.5+£29
0.60 —0.90 0.73 10.6040.60=+0.90
0.90—-1.20 1.03 2.70+0.2040.30

2—5 3.2 0—0.08 0.04 107 £ 14+ 10
0.08 —0.18 0.13 95.14+11.0£9.1
0.18 —0.38 0.27 402 +£54+3.9
0.38 —1.20 0.68 8.04+1.05+0.77

5—10 7.0 0—0.08 0.04 786 +13.2+7.5
0.08 —0.18 0.13 2175727
0.18 —0.38 0.27 189+ 3.7+ 1.8
038 —-1.20 0.68 5.21+0.96+£0.50

10 —80 224 0—0.08 0.04 150+£3.1+14
0.08—-0.18 0.13 8.90+2.14£0.85
0.18 —0.38 0.27 4.554+0.93+0.44
0.38 —1.20 0.68 1.36+0.25+0.13

Table 6: Differential cross section for the elastic procgss— .J/¢p measured in bins ap?
and|¢| in the rangel0 < W, < 160 GeV using the data sets | and Il (table 1}9?) and(|¢|)
are the bin centre values in the indicated ranges. The fi@t en the cross section is statistical
and the second is the total systematic uncertainty.

do/dt [nb/ GeV?]

<W,yp> |t| 0—0.07 0.07 —0.14 0.14 — 0.30 0.30 — 0.60 0.60 — 1.20

[GeV] | [GeV?]
45 182 +20+16 115+154+10 64.94+6.7+5.7 355+3.6+3.1 57+08=+0.5
55 208+204+18 118 14+10 69.6+69+6.1 356+34+31 55+£07+0.5
65 225 £234+20 169+18+15 107.1+£94+94 343+3.7£30 62+£09+0.5
75 321 +31+28 151 +19+13 9344+95+£82 389+43+34 7.1+£1.1+0.6
85 202 £294+26 178 220+ 16 132+ 11 +£12 414+444+£36 82+11+£0.7
95 326 £32+29 224 +24 £+ 20 135 +£12+£12 46.3+4.84+4.1 75+11+0.7
105 392 +£37+34 224+ 26 £ 20 125+ 12+ 11 485+53+43 T7.7+1.14+0.7
119 376 =31 +33 265+ 24 £ 23 142 +11 £12 609+49+54 82+£1.04+0.7
144 458 242+ 40 267 £ 29 £ 23 167+ 14 £ 15 51.5+£53+45 844+114+0.7
181 537 £ 28 =68 427 + 18 + 46 202 +£94+25 67.0+4.1+£88 10.7+1.14+1.7
251 744 £ 48 £ 88 bH73 28 £ 75 246 £ 13 + 32 71.6+£55+£98 13.1+£18+1.9

Table 7: Differential photoproduction cross sectiongdt for the elastic procesgp — J/vp
measured in bins df’,, and|¢| using data sets II-IV (table 1). The first error is statidtarad
the second the total systematic uncertainty.
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do/dt [nb/ GeV?]
(W,,) [GeV] | [t|[GeV?] 0—0.1 0.1-0.3 0.3—1.2
57 333+£49+32 173+£22+1.7 344+05+0.3
98 51.3+£6.7+49 301435429 554+0.7+05
140 60+ 1246 315458430 6.0+1.1406

Table 8: Differential electroproductiod@?) = 8.9 GeV?) cross section @/dt for the elastic
processyp — J/¢p measured in bins df/,, and|¢| using data set | (table 1). The first error is
statistical and the second the total systematic unceytaint

(@% t] (It]) a(([t]))
[GeV?]  [GeV? [GeV?

0.05 0—0.07 0.03 1.202+0.01240.017
0.07—-0.14 0.10 1.240+0.012+0.019
0.14 -0.30 0.22 1.195+0.011£0.016
0.30 —0.60 0.43 1.121 £0.013£0.018
0.60—1.20 0.84 1.117+0.021£0.019
8.9 0—-0.1 0.05 1.17340.064 4+ 0.038
0.1-0.3 0.19 1.185£0.054 £ 0.037
03—-1.2 0.64 1.168 £0.0594+0.037

Table 9: The effective Pomeron trajectorigg) derived from one-dimensional fits of th&,,
dependence in bins of in the range®)? < 1 GeV?, 40 < W, < 305 GeV (photoproduction)
and2 < Q? < 80 GeV?, 40 < W,, < 160 GeV (electroproduction). The valuég)?) and(|¢|)
are the bin centre values in the indicated ranges. The first & statistical and the second
systematic.
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Data set (Q?) W, (W) b((Wop))
[GeV?]  [GeV] [GeV] [GeV ™2

| 89 40—80 57.3 3.77+0.34+0.33
80 — 120 98.2 3.79 +0.29 4 0.32
120 — 160 139.6 3.84 +0.45 4 0.33
I 0.05 40—50 448 4.13+0.2070-1
50 — 60 54.8  4.3040.19701
60 — 70 64.8 4.5740.207014
70 -80 748 4.46+0.24750
80 —90 849 4.45+0.20751
90 — 100 94.9 4.72+0.21751
100 — 110 104.9 4.79 +0.22+01
110 — 130 119.5 4.71+£0.16701%
130 — 160 144.1  4.9540.1979:10
1] 0.05 135 —235 180.6 5.0840.1470%
\Y, 0.05 205 — 305 250.7 5.4140.2070%

Table 10: The slope parametiederived from one-dimensional fits to thelependence mea-
sured in bins ofiV,,. The values(Q?) and (IV,,) are the bin centre values in the indicated
ranges. The first error is statistical and the second sysiema

(@%) 00 e R
[GeV?]

0.05  —0.030£0.016+£0.027  0.020 4 0.016 & 0.042 —0.03079:912+0.026
3.2 0.049 £ 0.079 £ 0.050 —0.129 +0.070 £0.039  0.05273:096+0.059
7.0 0194 0.14+£0.06  —0.017+0.10 +0.04 0.237025+0-09
22.4 0.38 +0.16 + 0.06 —0.04 4+ 0.12 4 0.04 0.621039+0-17

Table 11: The spin-density matrix element§ andr?! |, and the ratio of cross sections of
longitudinally and transversely polarised photaRsas a function ofQ? in the rangejt| <
5GeV? and40 < W,, < 160 GeV. The values@?) indicate the bin centre values in tG#
range considered. The first error is statistical and thersbsgstematic.

(@Q% o Téo +2r, roo + 217
[GeV?]

3.2 0.149 £ 0.077 2 0.064 0.026 4 0.035 £0.026 —0.035 £ 0.072 4 0.055

7.0 0.434+0.114£0.06 0.062 4 0.054 4 0.028 —0.16 £ 0.12 £ 0.06

22.4 0.53+£0.13£+0.05 0.026 4+ 0.069 £+ 0.031 0.04 £0.16 £ 0.06

Table 12: The spin-density matrix elemerjt, and the combined element§, + 2r{, and

oo + 279, as a function of)? in the ranggt| < 5 GeV? and40 < W,, < 160 GeV. The values
(Q?) indicate the bin centre value in tli¢? range considered. The first error is statistical and
the second systematic.
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(Q%) [GeV?]  (Jt]) [GeV”] oo i
0.05 0.03  0.003+0.039£0.028 —0.011 % 0.036 = 0.030
010 0.01140.043+0.029 —0.041 % 0.042 £ 0.030
022 0.026+0.036+0.028  0.104 £ 0.035 £+ 0.029
043 0.0134£0.037£0.029  0.025 % 0.037 £ 0.030
0.84  0.047+0.041£0.029  0.064 % 0.047 £ 0.034

1.8 0.066 £ 0.061 = 0.028 —0.010 4= 0.060 £ 0.030
3.5 0.018 £ 0.081 £0.028 —0.074 £ 0.082 £ 0.032
8.9 0.05 0.32£0.15 £ 0.06 —0.13£0.11 £ 0.04
0.19 0.22£0.13 £ 0.06 —0.07+£0.10 £ 0.04
0.64 0.05+0.10£0.05 —0.071 £ 0.083 £ 0.036
3.0 0.23 £0.19 £ 0.06 0.06 £0.13 £ 0.03

Table 13: The spin-density matrix element§; andr%,, as a function of¢| in the range
40 < W,, < 160 GeV for photoproduction and electroproductiof®?) and(|¢|) are the bin
centre values. The first error is statistical and the secysigmatic.

(It]) [GeVz] 7’%—1 7’(1)0 + 27’%1 TSO + 2%
0.05 0.19+0.11 £ 0.06 —0.16 £ 0.12 £ 0.06 0.031 + 0.055 4 0.029
0.19 0.62+0.11 £ 0.06 0.04 £0.10 &= 0.06 0.004 + 0.048 4 0.026
0.64 0.361 £ 0.097 £ 0.061 —0.073 £0.091 £ 0.057 —0.039 4 0.043 £ 0.027
3.0 0.07 £0.15 £ 0.06 —0.154+0.15 %+ 0.06 0.083 + 0.079 4 0.030

Table 14: The spin-density matrix elemert, and the combined element, + 2r;;, and
oo + 21}, as a function oft| in the rangel0 < W, < 160 GeV and2 < Q? < 80 GeVZ. (|t|)
indicates the bin centre value. The first error is statistiod the second systematic.
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