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Abstract

A measurement is presented of inelastic photo- and electroproduction ofJ= mesons inep
scattering at HERA. The data were recorded with the H1 detector in the period from 2004 to
2007. Single and double differential cross sections are determined and the helicity distribu-
tions of theJ= mesons are analysed. The results are compared to theoretical predictions
in the colour singlet model and in the framework of non-relativistic QCD. Calculations in
the colour singlet model using akT factorisation ansatz are able to give a good description
of the data, while colour singlet model calculations to next-to-leading order in collinear
factorisation underestimate the data.
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Athens, Greece43 Also at Rechenzentrum, Universität Wuppertal, Wuppertal, Germany44 Also at University of P.J.̌Saf́arik, Košice, Slovak Republic45 Also at CERN, Geneva, Switzerland46 Also at Max-Planck-Institut für Physik, M̈unchen, Germany47 Also at Comenius University, Bratislava, Slovak Republic48 Also at DESY and University Hamburg, Helmholtz Humboldt Research Award49 Also at Faculty of Physics, University of Bucharest, Bucharest, Romania50 Also at Ulaanbaatar University, Ulaanbaatar, Mongolia



51 Supported by the Initiative and Networking Fund of the Helmholtz Association (HGF) under
the contract VH-NG-401.a Supported by the Bundesministerium für Bildung und Forschung, FRG, under contract num-
bers 05H09GUF, 05H09VHC, 05H09VHF, 05H16PEAb Supported by the UK Science and Technology Facilities Council, and formerly by the UK Par-
ticle Physics and Astronomy Research Council Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and IWT and byInteruniversity Attraction
Poles Programme, Belgian Science Policyd Partially Supported by Polish Ministry of Science and Higher Education, grant PBS/DESY/70/2006e Supported by the Deutsche Forschungsgemeinschaftf Supported by VEGA SR grant no. 2/7062/ 27g Supported by the Swedish Natural Science Research Councilh Supported by the Ministry of Education of the Czech Republicunder the projects LC527,
INGO-1P05LA259 and MSM0021620859i Supported by the Swiss National Science Foundationj Supported by CONACYT, Ḿexico, grant 48778-Fk Russian Foundation for Basic Research (RFBR), grant no 1329.2008.2l This project is co-funded by the European Social Fund (75%) and National Resources (25%)
- (EPEAEK II) - PYTHAGORAS II



1 Introduction

The description of the process of charmonium production in interactions of photons and hadrons
is a challenge to theory, since it involves both the production of the heavy quark system and the
formation of the bound state. Charmonium production in electron1-proton collisions at HERA is
dominated by photon-gluon fusion: a photon emitted from theincoming electron interacts with
a gluon from the proton to produce a� pair that evolves into a charmonium state. In the colour
singlet model, only those states with the same quantum numbers as the resulting charmonium
contribute to the formation of a bound� state. This is achieved by radiating a hard gluon in a
perturbative process. In the factorisation ansatz of non-relativistic quantum chromodynamics,
also colour octet� states contribute to the charmonium production cross section via soft gluon
radiation.

Previous measurements in electroproduction (ep) and photoproduction (p) at HERA [1–7] are
not described by predictions in the colour singlet model to leading order. In contrast, the calcu-
lation of photoproduction cross sections to next-to-leading order (NLO) [8] showed a reasonable
description of the photoproduction cross sections. The calculation proved that the corrections
with respect to leading order results are very large, increasing towards large transverse mo-
mentum of theJ= meson. The same calculation, repeated recently with an up-to-date set of
theoretical parameters [9], results in a prediction which is about a factor of three below the
measured cross sections, indicating that corrections beyond NLO are needed and/or that contri-
butions from colour octet states may be sizable.

In this paper a measurement is presented of inelasticJ= meson production at HERA. The
measurement uses a larger data sample than previous results[1–4] and benefits from improved
systematics. The data sets were collected in the years 2004 to 2007 with the H1 detector. TheJ= meson candidates are identified by the leptonic decay into two muons or electrons. The
cross sections are measured for both electroproduction andphotoproduction. For the photo-
production sampleJ= meson polarisation variables are determined. The data samples are
restricted to the region of phase space where contributionsfrom diffractive charmonium pro-
duction are suppressed.

2 Theoretical Models

In order to describe inelastic charmonium production in theframework of perturbative QCD
different models have been proposed, such as the colour-evaporation model [10,11], the colour-
singlet model (CSM) [12–16], the factorisation ansatz in non-relativistic quantum chromody-
namics (NRQCD) [17–19] and soft colour interactions [20]. In this paper the most recent cal-
culations using the CSM or NRQCD are compared to the data.

In the CSM, only charm quark pairs in a colour singlet state with the same quantum numbers
as the resulting charmonium contribute to the formation of abound� state. This is achieved
by radiating a hard gluon in the perturbative process. The factorisation ansatz in NRQCD
includes also colour octet� states in the charmonium production cross section. The sizeof

1In this paper ”electron” is used to denote both electron and positron.
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these colour octet contributions, described by long distance matrix elements (LDME), is defined
by additional free parameters which were determined in fits to the Tevatron data [21]. The
NRQCD factorisation approach contains also the colour singlet model which is recovered in the
limit in which the colour-octet LDME tend to zero.

The following calculations are compared to the measurements presented in this paper:� A calculation ofJ= meson photoproduction via a colour singlet mechanism [9] provides
predictions for both cross sections and helicity distributions to next-to-leading order. The
uncertainty of this calculation is estimated by variationsof the charm quark mass and the
factorisation and renormalisation scales.� A calculation at NLO for photoproduction cross sections includes the full framework of
NRQCD [22]. The uncertainty of this calculation is dominated by the limited knowledge
of the LDMEs.� CSM predictions in thekT factorisation approach are employed as implemented in the
MC generator CASCADE [23]. Higher order parton emissions based on the CCFM evolu-
tion equations [24] are matched toO(�s) matrix elements in which the incoming parton
can be off-shell. The uncertainty on the calculation is estimated by varying the renormal-
isation scale by a factor of two. In addition polarisation variables in thekT factorisation
approach are calculated analytically [25].

Parameters and variations used in the theoretical calculations are given in table 1.

3 H1 Detector

The H1 detector is described in detail elsewhere [28]. Here only the components essential to the
present analysis are briefly described. A right handed Cartesian coordinate system is used with
the origin at the nominal primaryep interaction vertex. The proton beam direction defines thez axis. The polar angles� and transverse momentaPT of all particles are defined with respect
to this axis. The azimuthal angle� defines the particle direction in the transverse plane. The
pseudorapidity is defined as� = � ln tan �2 .

Charged particles emerging from theep interaction region are measured by the central track-
ing detector (CTD) in the pseudo-rapidity rangej�j < 1:74. The CTD consists of two large
cylindrical central jet drift chambers (CJC) which are interleaved by az-chamber and arranged
concentrically around the beam-line in a magnetic field of1:16 T. The CTD provides triggering
information based on track segments from the CJC [29,30], and on thez-position of the vertex
from the 5-layer multi-wire proportional chamber [31] which is situated inside the inner CJC.
To provide the best possible spatial track reconstruction,CTD tracks are linked to hits in the
vertex detector, the central silicon tracker CST [32]. The CST is installed close to the interac-
tion point, surrounding the beam pipe in the pseudo-rapidity rangej�j < 1:3 and consists of
two layers of double sided silicon strip sensors.

Charged and neutral particles are measured in the liquid argon calorimeter (LAr) [33] which sur-
rounds the tracking chambers and covers the range�1:5 < � < 3:4 and a lead/scintillating-fibre
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CSM (NLO), P. Artoisenet et al. [9]

PDF CTEQ6M [26]
renormalisation and factorisation scale �0 = 4m
scale variation 0:5�0 < �f , �r < 2�0 and0:5 < �r=�f < 2
CS LDME hO [1;3 S1℄i = 1:16GeV3m 1:4 < m < 1:6GeV�s(MZ) 0:118 (+ running at 2 loops)

NRQCD (NLO), M. Butenschön et al. [22]

PDF CTEQ6M [26]

renormalisation and factorisation scale �0 =q4m2 + P 2T; 
NRQCD scale �� = mm mJ= =2 � 1:55GeV�s(MZ) 0:1176� 0:002
CSM (kT factorisation), CASCADE [23]

PDF CCFM set A0 [27]
(‘set A0�’ for �r uncertainties)

renormalisation scale �0 =qm2 + P 2T; 
renormalisation scale variation 0:5�0 < �r < 2�0
factorisation scale

pŝ+Q2?m 1:5GeV�(3)QCD 200MeV
CSM (kT factorisation), S. Baranov [25]

PDF CCFM set A0 [27]

renormalisation and factorisation scale �0 =qm2 + P 2T; m 1:5GeV�(3)QCD 200MeV
Table 1: Summary of the parameters employed in the CSM and NRQCD calculations used
to compare to the measurements in this paper. In this table PDF means parton distribution
function of the proton,̂s denotes the invariant mass square of the hard subprocess andQ? the
initial transverse momentum of the partonic system (g).

calorimeter SpaCal [34], covering the backward region�4:0 < � < �1:4. The calorimeters
are surrounded by the solenoidal magnet and the iron return yoke. The yoke is instrumented
with 16 layers of limited streamer tubes, forming the central muon detector (CMD) in the range�2:5 < � < 3:4.

The luminosity determination is based on the measurement ofthe Bethe-Heitler processep !ep, where the photon is detected in a calorimeter located downstream of the interaction point
in the electron beam direction atz = �104m.

7
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Figure 1: Invariant mass spectra of two oppositely charged leptons after all selection cuts for a)
the photoproduction (p) sample and b,c) the electroproduction (ep) samples as listed in table 2.
The lines show the results of fits to signals and backgrounds.

4 Data Analysis

The kinematics of inelastic charmonium production at HERA are described using the following
variables: the square of theep centre of mass energys = (p + k)2, wherep andk denote the
four vectors of electron and proton respectively; the negative squared four momentum transferQ2 = �q2, whereq is the four vector of the virtual photon; and the mass of the hadronic final
stateWp = p(p+ q)2. Wp is related to the scaled energy transfery = (p � q)=(p � k) viaWp2 = ys�Q2. In addition, the elasticity of theJ= meson production process is defined asz = (p � p)=(q � p), wherep is the four momentum of theJ= meson. The elasticity denotes
the fractional energy of the photon transferred to theJ= meson in the proton rest system.

Events are selected separately in the photoproduction and electroproduction regimes. Photo-
production events are selected by requiring that no isolated high energy electromagnetic cluster,
consistent with a signal from a scattered electron, is detected in the calorimeters. This limits the
virtuality to values ofQ2 . 2:5GeV2, resulting in a mean value ofhQ2i � 0:085GeV2. Con-
versely, for the electroproduction sample, a scattered electron with energy of more than10GeV
is required to be reconstructed in the backward calorimeter(SpaCal), corresponding to a range
in photon virtuality3:6 < Q2 < 100GeV2.
In this analysis the photon virtualityQ2 is reconstructed from the scattered electron energyE 0e and polar angle�0e asQ2 = 4EeE 0e os2(�0e=2), whereEe denotes the energy of the beam
electron. The variabley is reconstructed using the relationy = Ph(E � pz)=2Ee for pho-
toproduction [35] andy = Ph(E � pz)=P(E � pz) for electroproduction [36]. The sums
in the numerator include all particles of the hadronic final state without the scattered electron,
which is only included in the sum of the denominator for electroproduction. The elasticityz is
then obtained fromz = (E � pz)J= =Ph(E � pz), where(E � pz)J= is calculated from the
decay particles of theJ= meson. The kinematics of the final state particles are obtained from
charged particle tracks reconstructed in the CTD and energydepositions in the LAr and SpaCal
calorimeters [37,38].

TheJ= meson candidates are reconstructed through their decays into two oppositely charged
muons or electrons. These decay leptons are reconstructed as charged particles in the CTD

8



Photoproduction ElectroproductionJ= ! �+�� J= ! �+�� J= ! e+e�
kinematic rangeQ2 < 2:5GeV2 3:6 < Q2 < 100GeV260GeV < Wp < 240GeVPT; > 1GeV P �T; > 1GeV0:3 < z < 0:9
event selectionPT;` > 800MeV20Æ < �� < 160Æ 20Æ < �� < 160Æ 20Æ < �e < 150ÆNTrk � 5 (in the range20Æ < � < 160Æ)
event samplesNJ= 2320� 54 501� 34 290� 24Lint 165 pb�1 315 pb�1 315 pb�1

Table 2: List of selection cuts and event yields for each of the three data samples.

with a transverse momentum of at least800MeV. Muon candidates are identified as mini-
mum ionising particles in the LAr calorimeter or through track segments in the CMD (20Æ <�� < 160Æ) [39]. Electron candidates are identified through their energy deposit in the central
calorimeter (20Æ < �e < 150Æ) [40]. For trigger reasons the photoproduction sample ofJ= 
meson events is restricted to decays into�+��, while the electroproduction sample includes
both leptonic decay channels. The photoproduction sample was recorded in the years 2006 and
2007 and corresponds to an integrated luminosity ofL = 165 pb�1, while the electroproduction
sample was recorded in the years 2004 to 2007 and correspondsto an integrated luminosity ofL = 315 pb�1.
The measurement is performed in the kinematic range60 < Wp < 240GeV, 0:3 < z < 0:9
andPT; (P �T; ) > 1GeV. In photoproduction the transverse momentumPT; is measured in
the lab frame, while in electroproduction the transverse momentumP �T; is calculated in the�p
rest frame. To suppress contributions from diffractive production ofJ= and (2S) mesons,
selected events are required to contain at least five reconstructed tracks in the central region of
the detector (20Æ < � < 160Æ). The reconstruction efficiency accounts for this experimental cut
and the measured cross sections are corrected for this trackmultiplicity cut.

Figure 1 shows the invariant mass spectra of the leptons in the selected event samples. The
number of signal events,NJ= , is obtained in all bins of the cross section measurements from
a fit to the mass distributions in the interval2 < m`` < 6 GeV. For the decay into muons
the signal peak is described using a modified Gaussian [7]. Inthe case of a decay into two
electrons an exponential is added to the lower mass region ofthe signal Gaussian in order to
account for the radiative tail [39]. For the differential cross section measurements, the width
and asymmetry term of the mass peak in each bin are fixed to the values obtained from the full
samples. For both decay channels, the background is parametrised by a polynomial of third
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order. Atm`` � 3:7GeV, the nominal mass of (2S) mesons, an additional Gaussian with
fixed position and width is allowed in all analysis bins.

The selection criteria and the obtained event samples are summarised in table 2.

5 Monte Carlo Simulations

Cross sections and polarisation parameters are derived by correcting the measured number of
events and angular distributions for detector effects, such as detector resolutions and ineffi-
ciencies. Several Monte Carlo generator programs are used to determine the corrections. All
samples are passed through a detailed simulation of the H1 detector response based on the
GEANT program [43] and through the same reconstruction and analysis algorithms as used for
the data.

Signal events are generated using the Monte Carlo generatorCASCADE [23]. Elastic and
proton-dissociative production of (2S) mesons is simulated using DIFFVM [44] with pa-
rameters tuned to describe the results of previous H1 measurements [45, 46]. The Monte Carlo
generator PYTHIA [47] is used for the description of the contribution fromb hadron decays as
described in section 6. All generators use the JETSET part ofthe PYTHIA program [47] to
simulate the hadronisation and decay processes.

Signal events as simulated with the Monte Carlo generator CASCADE are compared with the
data after final selection in figures 2 and 3. All data distributions in these figures are cor-
rected for contributions from non-resonant background events using a sideband method de-
scribed in [39].

Corrections as a function ofWp andPT; in bins of the elasticityz are applied to the CASCADE

Monte Carlo simulation in order to describe the data. Details of the procedure are described
in [39]. In figure 2 distributions for the photoproduction sample are compared to CASCADE

Monte Carlo predictions before and after correction for theobservablesPT;�, ��, PT; , � ,Wp
andz. Similarly, in figure 3, the summed distributions for the twoelectroproduction samples
(J= ! �+�� andJ= ! e+e�) are shown for the observablesP �T; , � ,Q2,�PT;harged,Wp
andz. Here,�PT;harged is the scalar sum over the transverse momenta of all measuredcharged
particles except for the scattered electron and theJ= meson decay leptons. The corrected
CASCADE simulation gives a good description of all aspects of the data and is used to correct
the data for losses due to limited acceptance and efficiency of the detector.

6 Backgrounds

Remaining backgrounds to promptJ= meson production in the selected sample originate from
feed-down processes, i.e.J= mesons produced in decays of diffractively or inelastically pro-
duced (2S) mesons and� mesons or ofb hadrons.

Inelastic production of (2S) mesons with a subsequent decay intoJ= mesons is expected to
contribute about15 � 20% to the selectedJ= meson samples [8, 48]. Since the production
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processes are the same, the inelastic (2S) mesons show similar dependences on the kinematic
variables.

Diffractive production of (2S) mesons contributes at large values ofz by decays into aJ= 
meson and two charged pions. These events typically containthree or four reconstructed
charged tracks in the central detector (20Æ < � < 160Æ). In figure 4a) the distribution of
the charged track multiplicity measured in the central detector is shown for the photoproduction
sample selected using all selection criteria given in table2 except for the track multiplicity cut,
which is relaxed toNTrk � 3. The data are described by the sum of the CASCADE simulation
and the prediction for diffractive (2S) production, as simulated using the DIFFVM Monte
Carlo generator. In the final selection remaining contributions from diffractive (2S) meson
production amount to about 1.3% in the total sample and to about 5% in the highest elasticity
bin, 0:75 < z < 0:9.

The fraction of events arising fromb hadrons decaying intoJ= + X is estimated using the
PYTHIA simulation. The PYTHIA prediction is scaled by a factor of 2, based on results from pre-
vious measurements of beauty production at HERA [49,50]. This scaled prediction by PYTHIA

amounts to 5% in the total sample and about 20% in the lowestz bin. It is confirmed within
uncertainties by the following determination using data. The fraction of events in the photo-
production sample containingb hadrons is estimated using the impact parameter of the decay
muons to exploit the lifetime signature ofb hadrons. The impact parameter,Æ, of the decay
muon tracks is defined as the distance of closest approach in the transverse plane to the recon-
structed primary vertex. The sign of the impact parameter isdefined as positive if the angle
between the decay muon and theJ= meson momentum direction is less than90 Æ, and is de-
fined as negative otherwise. A signed significanceS = Æ=�(Æ) is reconstructed by weighting
the reconstructed signed impact parameter with its uncertainty [51]. Figure 4b) shows the dis-
tribution of the signed significance for events in the interval 0:3 < z < 0:4. The histogram is
filled with the signed significance of the decay muons for all events where both muon tracks
have at least one hit in the CST. The fraction of events comingfrom the decay ofb hadrons is
obtained from a fit of the significance distribution of CASCADE (simulating promptJ= meson
production) plus PYTHIA (simulatingb�b events with subsequent decays intoJ= +X) to that of
the data. The fit results are dominated by the region of small signed significances,S < 3, due to
large statistical uncertainties at larger values ofS. The distribution of the data is corrected for
non-resonant contributions using the side bands [39]. The relative contribution fromb hadrons
as resulting from the fits are shown in figure 4c) for three binsof z. The scaled predictions
from PYTHIA are found to be in good agreement with the measured fractions, indicating that
the background fromb hadrons is under control.

The contribution from� production and decay was studied [3] and found negligibly small in
the present kinematic region,0:3 < z < 0:9.

7 Systematic Uncertainties

The sources of systematic uncertainties of the cross section measurement are listed in table 3
and are detailed in the following:
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Source Uncertainty [%]

Photoproduction ElectroproductionJ= ! �+�� J= ! �+�� J= ! e+e�
Decay leptons reconstruction 1 1 2
Decay leptons identification 3 3 3
Number of signal events 2 2 4
Trigger 3 2 2
Scattered electron energy scale — 2 2
Hadronic final state energy scale 4 3 3
Integrated luminosity 4 3:2 3:2
Model uncertainties 5 5 5
Decay branching ratio 1 1 1
Sum 9:0 8:2 9:1

Table 3: Systematic uncertainties of theJ= meson production cross section. The total system-
atic uncertainty is the sum of the contributions added in quadrature.� The uncertainty on the cross section due to the track and vertex reconstruction efficiency

has been determined to be1% for J= ! �� and2% for J= ! ee.� The efficiency for the identification of the leptons is determined using a high statistics
sample of events of elastically producedJ= mesons [39]. The detector simulation is
reweighted to match the efficiency measured in the data as necessary. Remaining differ-
ences are smaller than3% everywhere and are taken as systematic uncertainty.� The systematic uncertainty on the determination of the number of signal events, obtained
by a fit to the mass distributions in every analysis bin, is determined by a variation of the
extraction method. Comparing the number of signal events for binned and unbinned log-
likelihood fits yields a systematic uncertainty of0:5%. In addition, the result from the
fit to background and signal is compared to the number of signal events above the fitted
background function in the mass window between2:95 and3:2GeV. An uncertainty of2% for the decay into muons and4% for the electrons is found. The uncertainty for the
electron is larger due to an additional uncertainty originating from the description of the
radiative tail.� The trigger efficiencies are determined using independent trigger channels. For the elec-
troproduction sample the trigger efficiency is measured to be (97 � 2)%. In the pho-
toproduction sample the trigger efficiency depends mainly on the identification of the
decay muons in the central muon system. The efficiency amounts to about70% with a
systematic uncertainty of3%. A detailed description of the determination of the trigger
efficiencies can be found in [39].� For the electroproduction sample the measurement of the scattered electron energy is
known with a scale uncertainty of1%. The uncertainty of the scattering angle is 1 mrad.
Both uncertainties combined lead to an uncertainty of the cross section measurement of2% on average.
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� The hadronic energy scale uncertainty is4% in the LAr and7% in the SpaCal. This
leads to an uncertainty on the cross sections measurement of3% for the electroproduction
sample and4% for the photoproduction sample.� The integrated luminosity is known to a precision of3:2% for the electroproduction sam-
ple and4:0% for the photoproduction sample.� The dependence of the result on model assumptions made in theCASCADE Monte Carlo
simulation were investigated and found to amount to5% in total. The model uncertainty
arising from the knowledge of the decay angular distributions, explained in section 9, is
determined by variation of the parameter� in the simulation by�0:3. This variation
results in a change of the cross section of up to4%. The systematic uncertainty originat-
ing from the uncertainty of the slope of thePT; (P �T; ) distribution in the simulation is
determined by a variation of this distribution as describedin [39]. This variation results
in a change of the cross section of up to4%.� The branching ratios of the leptonic decay channels of theJ= meson are known with an
accuracy of1% [42].

The total systematic uncertainty is obtained by adding all the above contributions in quadrature.
A total systematic uncertainty of9% is determined for the photoproduction sample. For the
combined electroproduction cross section the total systematic uncertainty is8:5% The same
uncertainties are attributed to all bins of the cross section measurement. For the measurement of
the helicity distributions only the uncorrelated systematic uncertainties are taken into account.
They amount to about3:5% and are negligible compared to the statistical uncertainties.

8 Cross Section Measurements

The cross section measurement is performed in the kinematicrange60 < Wp < 240GeV,0:3 < z < 0:9 andPT; (P �T; ) > 1GeV. The photon virtualityQ2 is limited in the electro-
production analysis to3:6 < Q2 < 100GeV2 and for the photoproduction sample toQ2 <2:5GeV2.
For the measurement of differential cross sections the number of signal events in each bin is
corrected for detector inefficiencies and acceptance and normalised to integrated luminosity and
branching ratio. They are not corrected for QED radiative effects. The electroproduction cross
sections, measured fromJ= ! �� andJ= ! ee, are combined [39]. The differential cross
sections are bin-centre corrected using MC simulations. Inorder to avoid model dependencies,
the measured cross sections are not corrected for contributions from backgrounds as described
in section 6. All measured cross sections are listed in tables 4 – 9 together with statistical and
systematic uncertainties.

For the photoproduction sample the measuredep cross sections are transformed top cross sec-
tions using the photon flux factors presented in table 5, calculated in the Weizsäcker Williams
approximation [52]. The differentialJ= meson photoproduction cross section is measured
as function of the elasticityz and the squared transverse momentumP 2T; of theJ= meson.
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The totalp cross section is measured in bins of the photon proton centreof mass energyWp. The results are displayed in figure 5 and show a reasonable agreement with the prediction
from the CASCADE MC generator. A variation of the renormalisation scale by a factor of two
(0:5�0 < �r < 2�0) has little effect as shown by the band in the figures. In addition to the
CASCADE prediction, the remaining contributions from diffractive (2S) mesons and fromb
hadrons are shown. The distributions inP 2T; andz are further investigated by dividing the sam-
ple into bins ofP 2T; andz, respectively as shown in figure 6. Thez distribution tends to flatten
off towards larger values ofPT; presented in figure 6a). It can be seen that differences between
the data and the CASCADE prediction are localised at low elasticities and low transverse mo-
menta of theJ= mesons, where CASCADE overshoots the data, and at large elasticities and
large transverse momenta, where CASCADE is below the data. Taking into account that the
measured cross section in the lowest elasticity bin includes a significant fraction of about20%
of events originating fromb hadron decays, the difference to the CASCADE prediction is even
more significant.

Results for electroproduction are shown in figure 7 and figure8. Differentialep cross sections
are measured as functions of the photon virtualityQ2, the squared transverse momentum of
the J= meson in the photon proton rest frameP �2T; , the energyWp and the elasticityz.
Figure 8 shows differential cross sections as a function of the elasticityz in bins ofP �T; and
as a function ofP �2T; in bins ofz. A comparison of the electroproduction data with predictions
from the Monte Carlo generator CASCADE reveals in general a reasonable agreement with the
data. Differences in shape can be seen in the differential cross section as a function ofP �2T; .

For photoproduction, several theory calculations to next-to-leading order have been performed
and are compared with the data in figure 9. A calculation in theCSM at NLO [8] was repeated
using up-to-date sets of scale parameters [9,22], yieldingpredictions as shown in figure 9a)-b).
The shapes of the data are reasonably described, whereas thenormalisation of the prediction is
about a factor three below the data, with large uncertainties, indicating that corrections beyond
next-to-leading order are necessary in order to describe the data. Estimates of the NNLO con-
tribution for charmonium production at the Tevatron [53, 54] indicate that these contributions
can be large indeed.

The calculation to next-to-leading order has been extendedto include colour octet contributions
resulting in a larger cross section [22]. A comparison of this prediction with the data is shown in
figure 9c)-d). The dominant uncertainty arises from the difference in the predicted cross section
when using LO colour octet LDMEs or higher order improved LDMEs [22]. The NRQCD
prediction fails however in describing the shape of the differential cross section as a function of
the elasticityz, even within the presently large uncertainties of the calculation.

9 Polarisation Measurement

The measurement of theJ= meson helicity distributions provides an independent method to
distinguish between different production mechanisms. Themeasurement is performed for the
photoproduction data sample. TheJ= meson polarisation is measured by analysing the decay
angle distributions of theJ= meson, and their dependence onPT; and z, in two comple-
mentary frames [55]: the helicity frame and the Collins-Soper frame. In the helicity frame the
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polarisation axisz in theJ= meson rest frame is defined by the flight direction of theJ= 
meson in thep rest frame, whereas the polarisation in the Collins-Soper frame is measured
with respect to the bisector of proton (�~pp) and photon (~p) in theJ= meson rest frame [56].
Subsequently, the frame-dependent polarisation axis is taken asz axis of a right handed coordi-
nate system, where thex andz axis lie in a plane spanned by the photon and proton directions.
They axis is perpendicular to this plane and is the same in both reference frames. The polar
(��) and azimuthal (��) angles of the positive decay muons are used.

The parametrisation of the measured decay angle distributions as function ofos(��) and�� is
given by [56]: d�d os �� / 1 + � os2 �� ; (1)d�d�� / 1 + �3 + �3 os 2��: (2)

The polarisation variables� and� can be related to elements of the spin density matrix for
theJ= meson. Moreover,� = +1 and�1 corresponds to fully transverse and longitudinal
polarisation of theJ= meson, respectively.

A �2 fit is performed in each bin of the polarisation measurement,comparing data to Monte
Carlo samples on reconstruction level probing values for� and� between�1 and+1. Sys-
tematic uncertainties on this measurement are negligible compared to rather large statistical
uncertainties. The results for� and� as a function ofPT; andz are presented for the helicity
frame in figure 11 and in figure 12 for the Collins-Soper frame.The values for the polarisation
parameters in both frames are listed in table 10.

Within uncertainties theJ= mesons produced inelastically at HERA are unpolarised. Themea-
surements are compared to predictions using akT factorisation ansatz [25] and to calculations in
the CSM in collinear factorisation at leading order [25] andnext-to-leading order [9]. The pre-
dictions in thekT factorisation ansatz describe the data. The NLO calculations show a similar
trend within large uncertainties. In contrast, the leadingorder CSM calculation predicts larger
values for the polarisation variables than the measured ones for many bins and is disfavoured
by the measurement. A similar measurement was published by the ZEUS collaboration in a
different kinematic range [57].

10 Conclusions

A measurement of inelasticJ= meson production is performed. Differential cross sections
with improved statistical and systematic uncertainties are presented for both electroproduction
and photoproduction. Polarisation parameters for the photoproduction ofJ= mesons are mea-
sured in two different reference frames, the helicity frameand the Collins-Soper frame.

The data are compared to a number of recent theory predictions. It is found that predictions
based onkT factorisation in the colour singlet model are able to describe the cross sections and
the helicity distributions well. Calculations based on collinear factorisation in the colour singlet
model at next-to-leading order produce a reasonable description of the shape of the measured
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cross sections, but are lower in normalisation. They give anacceptable description of the polar-
isation parameter measurements within the large uncertainties. The failure to describe the cross
section measurements and the strong sensitivity to scale variations indicate that calculations be-
yond next-to-leading order are necessary. Moreover contributions from colour octet states may
be significant.
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[8] M. Krämer, Nucl. Phys. B459 (1996) 3 [hep-ph/9508409].

[9] P. Artoisenet, J. M. Campbell, F. Maltoni and F. Tramontano, Phys. Rev. Lett.102 (2009)
142001 [arXiv:0901.4352].

[10] F. Halzen, Phys. Lett. B69 (1977) 105.

[11] O. J. P. Eboli, E. M. Gregores and F. Halzen, Phys. Lett. B451 (1999) 241
[hep-ph/9802421].

[12] C. H. Chang, Nucl. Phys. B172 (1980) 425.

[13] E. L. Berger and D. L. Jones, Phys. Rev. D23 (1981) 1521.

[14] R. Baier and R. Rückl, Nucl. Phys. B201 (1982) 1.

[15] R. Baier and R. Rückl, Phys. Lett. B102 (1981) 364.

[16] R. Baier and R. Rückl, Z. Phys. C19 (1983) 251.

[17] W. E. Caswell and G. P. Lepage, Phys. Lett. B167 (1986) 437.

[18] B. A. Thacker and G. P. Lepage, Phys. Rev. D43 (1991) 196.

[19] G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D51 (1995) 1125 [Erratum-ibid.
D 55 (1997) 5853] [hep-ph/9407339].

[20] A. Edin, G. Ingelman and J. Rathsman, Phys. Rev. D56 (1997) 7317 [hep-ph/9705311].

[21] E. Braaten, B. A. Kniehl and J. Lee, Phys. Rev. D62 (2000) 094005 [hep-ph/9911436].

[22] M. Butenschön and B. A. Kniehl, arXiv:0909.2798.

[23] H. Jung and G.P. Salam, Eur. Phys. J. C19 (2001) 351 [hep-ph/0012143];
H. Jung, Comput. Phys. Commun.143 (2002) 100 [hep-ph/0109102].

17

http://arxiv.org/abs/hep-ex/9603005
http://arxiv.org/abs/hep-ex/9903008
http://arxiv.org/abs/hep-ex/0205064
http://arxiv.org/abs/hep-ex/0205065
http://arxiv.org/abs/hep-ex/9708010
http://arxiv.org/abs/hep-ex/0211011
http://arxiv.org/abs/hep-ex/0505008
http://arxiv.org/abs/hep-ph/9508409
http://arxiv.org/abs/0901.4352
http://arxiv.org/abs/hep-ph/9802421
http://arxiv.org/abs/hep-ph/9407339
http://arxiv.org/abs/hep-ph/9705311
http://arxiv.org/abs/hep-ph/9911436
http://arxiv.org/abs/0909.2798
http://arxiv.org/abs/hep-ph/0012143
http://arxiv.org/abs/hep-ph/0109102


[24] M. Ciafaloni, Nucl. Phys. B296 (1988) 49;
S. Catani, F. Fiorani and G. Marchesini, Phys. Lett. B234 (1990) 339;idem, Nucl. Phys.
B 336 (1990) 18;
G. Marchesini, Nucl. Phys. B445 (1995) 49.

[25] S. P. Baranov, private communication, 2009, based on: JETP Lett.88 (2008) 471.

[26] J. Pumplin,et al., JHEP0207 (2002) 012 [hep-ph/0201195].

[27] H. Jung, “Un-integrated PDFs in CCFM,” hep-ph/0411287.

[28] I. Abt et al. [H1 Collaboration], Nucl. Instrum. Meth. A386 (1997) 310 and 348.

[29] A. Baird et al., IEEE Trans. Nucl. Sci.48 (2001) 1276 [hep-ex/0104010].

[30] D. Meeret al., IEEE Trans. Nucl. Sci.49 (2002) 357 [hep-ex/0107010].

[31] J. Beckeret al., Nucl. Instrum. Meth. A586 (2008) 190 [physics/0701002].

[32] D. Pitzl et al., Nucl. Instrum. Meth. A454 (2000) 334 [hep-ex/0002044];
B. List, Nucl. Instrum. Meth. A501 (2001) 49.

[33] B. Andrieuet al. [H1 Calorimeter Group], Nucl. Instrum. Meth. A336 (1993) 460.

[34] T. Nichollset al. [H1 SPACAL Group], Nucl. Instrum. Meth. A374 (1996) 149.

[35] A. Blondel and F. Jacquet, in: Proc. Study of an ep Facility for Europe (Ed. U. Amaldi),
DESY 79/48, (1979) 391.

[36] U. Bassler and G. Bernardi, Nucl. Instrum. Meth. A361 (1995) 197 [hep-ex/9412004].

[37] S. Hellwig, “Investigation of the D* - pi(slow) double tagging method in charm analyses.
(In German),” diploma thesis, University of Hamburg (2004), H1 thesis 341 (available at
http://www-h1.desy.de/psfiles/theses/).

[38] M. Peez, “Search for deviations from the standard modelin high transverse energy pro-
cesses at the electron proton collider HERA. (In French)”, PhD thesis, University of Lyon
(2003), H1 thesis 317 (available at http://www-h1.desy.de/psfiles/theses/).

[39] M. Steder, “Measurement of inelastic charmonium production at HERA”,
PhD thesis, University of Hamburg (2008), H1 thesis 488 (available at
http://www-h1.desy.de/psfiles/theses/).

[40] M. Sauter, “Measurement of Beauty Photoproduction at Threshold using Di-Electron
Events with the H1 Detector at HERA”, PhD thesis, ETH Zürich(2009), H1 thesis 517
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[47] T. Sjöstrand, Comput. Phys. Commun.39 (1986) 347;
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Figure 3: Control distributions of the electroproduction sample: a) The squared transverse
momentum of theJ= meson in the photon proton rest frameP �2T; , b) the polar angle of theJ= meson� , c) the photon virtualityQ2, d) the scalar transverse sum�PT;harged, e) the
elasticityz and f) the photon proton centre of mass energyWp. The data are compared with
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the number of entries in the data. The uncorrected CASCADE Monte Carlo prediction is shown
as dashed line.

21



TrkN
0 5 10 15 20

ev
en

ts

0

200

400

600

800

H1
p)γData (

CASCADE
(2S) (DiffVM)ψdiffr. 

CASCADE + DiffVM 

TrkN
0 5 10 15 20

ev
en

ts

0

200

400

600

800

S

-5 0 5

dN
/d

S

1

10

210

310

H1
0.3 < z < 0.4

p)γData (
 X (PYTHIA)ψJ/→B

CASCADE (prompt)
CASCADE + PYTHIA

S

-5 0 5

dN
/d

S

1

10

210

310

z
0.1 0.2 0.3 0.4

b 
fr

ac
tio

n

0

0.2

0.4

0.6

0.8 H1
p)γData (

 2)×Pythia (

z
0.1 0.2 0.3 0.4

b 
fr

ac
tio

n

0

0.2

0.4

0.6

0.8

Inelastic J= Photoproduction
a)

b) c)

Figure 4: a) Distribution of the multiplicity of tracks,NTrk, in the central region of the detector
(20Æ < � < 160Æ) for the photoproduction sample, b) signed significance distributionS for the
photoproduction sample at low elasticities (0:3 < z < 0:4) and c) measured contribution fromb hadron decays for three bins of the elasticityz in comparison with the prediction based on
PYTHIA (scaled up by a factor of two) and CASCADE.

22



z
0.4 0.6 0.8

 / 
dz

 [n
b]

pγσd

0

20

40

60

80

H1

p)γData (
CASCADE

 2)× X (PYTHIA ψ J/→B 
(2S) (DiffVM)ψdiffr. 

z
0.4 0.6 0.8

 / 
dz

 [n
b]

pγσd

0

20

40

60

80

 [GeV]pγW
100 150 200

 [n
b]

pγσ

0

10

20

30

40

50

H1
p)γData (

CASCADE

 [GeV]pγW
100 150 200

 [n
b]

pγσ

0

10

20

30

40

50

]2 [GeVψT,
2P

1 10 210

]2
 [n

b/
G

eV
2

ψ
T

,
 / 

dP
pγσd

-310

-210

-110

1

10

210

310

H1

p)γData (
CASCADE

 2)× X (PYTHIA ψ J/→B 
(2S) (DiffVM)ψdiffr. 

]2 [GeVψT,
2P

1 10 210

]2
 [n

b/
G

eV
2

ψ
T

,
 / 

dP
pγσd

-310

-210

-110

1

10

210

310

Inelastic J= Photoproduction
a) b)

c)

Figure 5: DifferentialJ= meson photoproduction cross sections for the kinematic range60 <Wp < 240GeV, 0:3 < z < 0:9 andPT; > 1GeV, as functions of a) the elasticityz,
b) the photon proton centre of mass energyWp and c) the squared transverse momentum of
the J= mesonP 2T; . The inner error bar represents the statistical uncertainty and the outer
error bar indicates the statistical and systematic uncertainties added in quadrature. The data are
compared to the predictions from CASCADE (solid line). The uncertainty band of the CASCADE

prediction arises from a scale variation by a factor of two. The dashed and dotted lines indicate
the remaining background from diffractive (2S) or b hadron decays respectively as estimated
using MC simulations.

23



z
0.4 0.6 0.8 1

 / 
dz

 [n
b]

pγσd

-210

-110

1

10

210
x 8

x 4

x 2

x 1
 < 2 GeVψT,1 < P

 < 3 GeVψT,2 < P
 < 4.5 GeVψT,

3 < P

 > 4.5 GeVTP

CASCADE

H1

z
0.4 0.6 0.8 1

 / 
dz

 [n
b]

pγσd

-210

-110

1

10

210

]2 [GeVψT,
2P

1 10 210

]2
 [n

b/
G

eV
2

ψ
T

,
 / 

dP
pγσd

-510

-410

-310

-210

-110
1

10

210

310

410

510

4x 5*10

3x 10

x 25

x 1

0.30 < z < 0.45

0.45 < z < 0.60

0.60 < z < 0.75
0.75 < z < 0.90

CASCADE

H1

]2 [GeVψT,
2P

1 10 210

]2
 [n

b/
G

eV
2

ψ
T

,
 / 

dP
pγσd

-510

-410

-310

-210

-110
1

10

210

310

410

510

a)

b)

Inelastic J= Photoproduction

Figure 6: a) DifferentialJ= meson cross sections as a function ofz in four bins ofPT; and
b) differentialJ= meson cross sections as a function ofP 2T; in four bins ofz. The inner
error bar represents the statistical uncertainty and the outer error bar indicates the statistical and
systematic uncertainties added in quadrature. For visibility, the measured cross sections are
scaled by the factors indicated in the figures. The data are compared to the predictions from
CASCADE (lines).

24



]2 [GeV2Q
10 210

]2
 [p

b/
G

eV
2

 / 
dQ

epσd

-110

1

10
H1
Data (ep)
CASCADE

]2 [GeV2Q
10 210

]2
 [p

b/
G

eV
2

 / 
dQ

epσd

-110

1

10

]2 [GeVψT,
* 2P

1 10 210

]2
 [p

b/
G

eV
* 

2 ψ
T

,
 / 

dP
epσd

-210

-110

1

10

H1
Data (ep)
CASCADE

]2 [GeVψT,
* 2P

1 10 210

]2
 [p

b/
G

eV
* 

2 ψ
T

,
 / 

dP
epσd

-210

-110

1

10

 [GeV]pγW
100 150 200

 [p
b/

G
eV

]
pγ

 / 
dW

epσd

0

0.5

1

1.5

H1
Data (ep)
CASCADE

 [GeV]pγW
100 150 200

 [p
b/

G
eV

]
pγ

 / 
dW

epσd

0

0.5

1

1.5

z
0.4 0.6 0.8

 / 
dz

 [p
b]

epσd

0

100

200

300

400

H1
Data (ep)
CASCADE

z
0.4 0.6 0.8

 / 
dz

 [p
b]

epσd

0

100

200

300

400

Inelastic J= Electroproduction
a) b)

c) d)
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Figure 11: Polarisation parameters� and� measured in the helicity frame for the kinematic
range60 < Wp < 240GeV, 0:3 < z < 0:9 andPT; > 1GeV, as a function ofz andPT; .
The measurement is compared with predictions calculated inakT factorisation ansatz [25] and
with calculations in CSM (collinear factorisation) at leading [25] and next-to-leading order [9].
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Figure 12: Polarisation parameters� and� in the Collins-Soper frame for the kinematic range60 < Wp < 240GeV, 0:3 < z < 0:9 andPT; > 1GeV, as a function ofz andPT; . The
measurement is compared with predictions calculated in akT factorisation ansatz [25] and with
calculations in CSM (collinear factorisation) at leading [25] and next-to-leading order [9].
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InelasticJ= PhotoproductionP 2T; [GeV2℄ 
P 2T; � [GeV2℄ d�p=dP 2T; [nb=GeV2℄1:0 � 2:1 1:5 7:75 � 0:82 � 0:702:1 � 3:5 2:7 4:43 � 0:48 � 0:403:5 � 5:4 4:3 2:55 � 0:28 � 0:235:4 � 7:6 6:3 1:06 � 0:13 � 0:107:6 � 10:0 8:6 0:677 � 0:084 � 0:06110:0 � 13:5 11:4 0:391 � 0:048 � 0:03513:5 � 20:0 15:6 0:156 � 0:020 � 0:01420:0 � 26:5 22:1 0:0509 � 0:0078 � 0:004626:5 � 40:0 30:0 0:0175 � 0:0029 � 0:001540:0 � 60:0 46:0 0:0049 � 0:0012 � 0:000460:0 � 100:0 70:0 0:00090 � 0:00035 � 0:00008z hzi d�p=dz [nb℄0:30 � 0:45 0:375 23:4 � 2:6 � 2:10:45 � 0:60 0:525 47:6 � 4:7 � 4:30:60 � 0:75 0:675 51:3 � 5:0 � 4:60:75 � 0:90 0:825 54:2 � 5:6 � 4:9
Table 4: Measured differential photoproduction cross sections in the kinematic range0:3 < z <0:9; PT; > 1GeV and60 < Wp < 240GeV as function of the squared transverse momentumP 2T; and the elasticityz of the J= meson. The bin centre values,


P 2T; � and hzi, are also
given in the table.

InelasticJ= PhotoproductionWp [GeV℄ hWpi [GeV℄ � �p [nb℄60 � 80 69 0:0269 22:9 � 4:1 � 2:180 � 100 89 0:0192 24:1 � 3:3 � 2:2100 � 120 110 0:0145 24:0 � 3:0 � 2:2120 � 140 130 0:0112 30:3 � 3:6 � 2:7140 � 160 150 0:00891 35:7 � 4:3 � 3:2160 � 180 170 0:00716 30:4 � 3:9 � 2:7180 � 210 194 0:00832 31:7 � 4:2 � 2:9210 � 240 224 0:00621 33:8 � 5:6 � 3:0
Table 5: Measured photoproduction cross sections in the kinematic rangePT; > 1GeV and0:3 < z < 0:9 in bins of the photon proton centre-of-mass energyWp. The bin centre valueshWpi are also given in the table.� denotes the photon flux factors [52] employed in the
photoproduction analysis using an upperQ2 boundary ofQ2 = 2:5GeV2. For the range60 <Wp < 240GeV a photon flux factor of� = 0:1024 is calculated.
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InelasticJ= PhotoproductionP 2T; [GeV2℄ 
P 2T; � [GeV2℄ d�p=dP 2T; [nb=GeV2℄0:30 < z < 0:451:0 � 2:0 1:4 1:02 � 0:20 � 0:092:0 � 3:0 2:5 0:64 � 0:13 � 0:063:0 � 4:5 3:6 0:402 � 0:077 � 0:0364:5 � 7:0 5:5 0:180 � 0:036 � 0:0167:0 � 10:0 8:2 0:093 � 0:021 � 0:00810:0 � 14:0 11:6 0:047 � 0:011 � 0:00414:0 � 20:0 16:2 0:0210 � 0:0052 � 0:001920:0 � 40:0 25:0 0:0065 � 0:0018 � 0:000640:0 � 100:0 49:0 0:00065 � 0:00032 � 0:000060:45 < z < 0:601:0 � 2:0 1:4 2:17 � 0:29 � 0:192:0 � 3:0 2:5 1:21 � 0:18 � 0:113:0 � 4:5 3:6 0:74 � 0:11 � 0:074:5 � 7:0 5:5 0:392 � 0:057 � 0:0357:0 � 10:0 8:2 0:219 � 0:033 � 0:02010:0 � 14:0 11:6 0:107 � 0:014 � 0:01014:0 � 20:0 16:2 0:0497 � 0:0084 � 0:004520:0 � 40:0 25:0 0:0072 � 0:0015 � 0:000740:0 � 100:0 49:0 0:00072 � 0:00030 � 0:000070:60 < z < 0:751:0 � 2:0 1:4 2:40 � 0:31 � 0:222:0 � 3:0 2:5 1:79 � 0:18 � 0:113:0 � 4:5 3:6 1:01 � 0:13 � 0:094:5 � 7:0 5:5 0:506 � 0:070 � 0:0467:0 � 10:0 8:2 0:200 � 0:032 � 0:01810:0 � 14:0 11:6 0:112 � 0:018 � 0:01014:0 � 20:0 16:2 0:0413 � 0:0076 � 0:003720:0 � 40:0 25:0 0:0068 � 0:0014 � 0:00060:75 < z < 0:901:0 � 2:0 1:4 2:40 � 0:36 � 0:222:0 � 3:0 2:5 1:69 � 0:27 � 0:153:0 � 4:5 3:6 0:86 � 0:15 � 0:084:5 � 7:0 5:5 0:437 � 0:076 � 0:0397:0 � 10:0 8:2 0:226 � 0:042 � 0:02010:0 � 14:0 11:6 0:099 � 0:022 � 0:00914:0 � 20:0 16:2 0:0428 � 0:0098 � 0:003920:0 � 40:0 25:0 0:0076 � 0:0021 � 0:0007
Table 6: Measured differential photoproduction cross sections in the kinematic range0:3 < z <0:9 and60 < Wp < 240GeV as a function of the squared transverse momentum of theJ= 
meson in bins of the elasticityz. The bin centre values


P 2T; � are also given in the table.
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InelasticJ= Photoproductionz hzi d�p=dz [nb℄1:0 < PT; < 2:0GeV0:30 � 0:45 0:375 14:9 � 2:1 � 1:30:45 � 0:60 0:525 28:3 � 3:1 � 2:50:60 � 0:75 0:675 31:8 � 3:4 � 2:90:75 � 0:90 0:825 33:6 � 4:0 � 3:02:0 < PT; < 3:0GeV0:30 � 0:45 0:375 5:1 � 0:8 � 0:50:45 � 0:60 0:525 11:6 � 1:4 � 1:00:60 � 0:75 0:675 14:1 � 1:6 � 1:30:75 � 0:90 0:825 13:1 � 1:8 � 1:23:0 < PT; < 4:5GeV0:30 � 0:45 0:375 2:60 � 0:42 � 0:230:45 � 0:60 0:525 6:05 � 0:73 � 0:540:60 � 0:75 0:675 5:71 � 0:71 � 0:510:75 � 0:90 0:825 5:32 � 0:80 � 0:48PT; > 4:5GeV0:30 � 0:45 0:375 1:10 � 0:20 � 0:10:45 � 0:60 0:525 1:30 � 0:20 � 0:10:60 � 0:75 0:675 1:11 � 0:17 � 0:10:75 � 0:90 0:825 1:30 � 0:24 � 0:1
Table 7: Measured differential photoproduction cross sections in the kinematic rangePT; >1GeV and60 < Wp < 240GeV as a function of the elasticityz in bins of the transverse
momentum of theJ= meson.
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InelasticJ= ElectroproductionQ2 [GeV2℄ hQ2i [GeV2℄ d�ep=dQ2 [pb=GeV2℄3:6 � 6:5 4:9 14:98 � 1:97 � 1:276:5 � 12:0 8:6 6:33 � 0:75 � 0:5412:0 � 20:0 15:0 2:11 � 0:33 � 0:1820:0 � 40:0 26:7 0:74 � 0:12 � 0:0640:0 � 100:0 53:0 0:141 � 0:029 � 0:012P �2T; [GeV2℄ 
P �2T; � [GeV2℄ d�ep=dP �2T; [pb=GeV2℄1:0 � 2:2 1:6 15:5 � 2:7 � 1:32:2 � 3:7 2:9 11:0 � 2:1 � 0:93:7 � 6:4 4:9 8:7 � 1:4 � 0:76:4 � 9:6 7:8 5:90 � 0:92 � 0:509:6 � 13:5 11:2 3:23 � 0:53 � 0:2713:5 � 20:0 16:0 1:69 � 0:27 � 0:1420:0 � 40:0 25:7 0:576 � 0:083 � 0:04940:0 � 100:0 51:0 0:055 � 0:012 � 0:005z hzi d�ep=dz [pb℄0:30 � 0:45 0:375 150 � 26 � 130:45 � 0:60 0:525 158 � 22 � 140:60 � 0:75 0:675 280 � 31 � 240:75 � 0:90 0:825 239 � 29 � 20Wp [GeV℄ hWpi [GeV℄ d�ep=dWp [pb=GeV℄60 � 80 69 0:89 � 0:16 � 0:0880 � 100 89 1:03 � 0:15 � 0:09100 � 120 110 0:77 � 0:12 � 0:007120 � 140 130 0:75 � 0:11 � 0:06140 � 160 150 0:71 � 0:11 � 0:06160 � 180 170 0:55 � 0:10 � 0:05180 � 210 194 0:42 � 0:09 � 0:04210 � 240 224 0:30 � 0:10 � 0:03
Table 8: Measured differential electroproduction cross sections in the kinematic range3:6 <Q2 < 100GeV2; P �T; > 1GeV and0:3 < z < 0:9 as function of the four momentum transferQ2, the squared transverse momentum of theJ= meson in the photon proton rest frameP �2T; ,
the elasticityz and the photon proton centre-of-mass energyWp.
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InelasticJ= ElectroproductionP �2T; [GeV2℄ 
P �2T; � [GeV2℄ d�ep=dP �2T; [nb=GeV2℄0:30 < z < 0:601:0 � 4:0 2:2 5:5 � 1:1 � 0:54:0 � 9:0 5:6 3:0 � 0:6 � 0:39:0 � 20:0 11:3 0:89 � 0:17 � 0:0820:0 � 60:0 27:0 0:11 � 0:02 � 0:010:60 < z < 0:751:0 � 4:0 2:3 3:7 � 0:7 � 0:34:0 � 9:0 5:7 2:7 � 0:4 � 0:29:0 � 20:0 11:3 0:92 � 0:15 � 0:0820:0 � 60:0 27:0 0:13 � 0:03 � 0:010:75 < z < 0:901:0 � 4:0 2:3 3:3 � 0:7 � 0:34:0 � 9:0 5:7 2:6 � 0:5 � 0:29:0 � 20:0 11:5 0:67 � 0:13 � 0:0620:0 � 60:0 27:0 0:026 � 0:013 � 0:002z hzi d�ep=dz [nb℄1:0 < P �T; < 2:0GeV0:30 � 0:45 0:375 60:0 � 17:0 � 5:10:45 � 0:60 0:525 48:0 � 11:4 � 4:10:60 � 0:75 0:675 74:6 � 12:8 � 6:30:75 � 0:90 0:825 66:8 � 12:9 � 5:72:0 < P �T; < 3:5GeV0:30 � 0:45 0:375 62:4 � 15:1 � 5:30:45 � 0:60 0:525 67:1 � 13:1 � 5:70:60 � 0:75 0:675 115:3 � 16:2 � 9:80:75 � 0:90 0:825 105:0 � 16:7 � 8:93:5 < P �T; < 10:GeV0:30 � 0:45 0:375 28:4 � 6:7 � 2:40:45 � 0:60 0:525 41:9 � 7:5 � 3:60:60 � 0:75 0:675 79:6 � 10:6 � 6:80:75 � 0:90 0:825 58:9 � 9:5 � 5:0
Table 9: Measured differential electroproduction cross sections in the kinematic range3:6 <Q2 < 100GeV2; P �T; > 1GeV and 60 < Wp < 240GeV as a function of the squared
transverse momentum in the photon proton rest frameP �2T; in bins of the elasticityz and the
elasticityz in bins of the transverse momentum in the photon proton rest frameP �T; .
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InelasticJ= Photoproduction
Helicity FramePT; [GeV] hPT; i [GeV] � �1:0 � 2:0 1:45 +0:54 +0:27�0:24 +0:25 +0:20�0:202:0 � 3:0 2:46 �0:15 +0:24�0:21 �0:74 +0:40�0:163:0 � 4:5 3:65 �0:18 +0:26�0:23 �0:04 +0:32�0:344:5 � 10:0 6:21 �0:28 +0:32�0:26 +0:59 +0:31�0:36z hzi � �0:30 � 0:45 0:375 �0:65 +0:24�0:21 �0:28 +0:34�0:350:45 � 0:60 0:525 +0:35 +0:25�0:22 +0:40 +0:23�0:240:60 � 0:75 0:675 �0:18 +0:23�0:21 +0:01 +0:24�0:250:75 � 0:90 0:825 +0:71 +0:19�0:40 �0:10 +0:31�0:32

Collins-Soper FramePT; [GeV] hPT; i [GeV] � �1:0 � 2:0 1:45 +0:25 +0:18�0:17 +0:41 +0:15�0:162:0 � 3:0 2:46 �0:26 +0:17�0:15 �0:42 +0:29�0:313:0 � 4:5 3:65 �0:02 +0:23�0:20 �0:31 +0:30�0:314:5 � 10:0 6:21 +0:19 +0:39�0:32 +0:09 +0:33�0:34z hzi � �0:30 � 0:45 0:375 +0:47 +0:34�0:28 �0:18 +0:26�0:260:45 � 0:60 0:525 �0:02 +0:18�0:16 +0:24 +0:18�0:190:60 � 0:75 0:675 �0:00 +0:18�0:16 �0:16 +0:23�0:230:75 � 0:90 0:825 �0:02 +0:23�0:19 +0:50 +0:26�0:28
Table 10: Measured polarisation parameters in the helicityand the Collins-Soper frame as
function of PT; and z in the kinematic rangePT; > 1GeV; 60 < Wp < 240GeV and0:3 < z < 0:9.
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