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Abstract

A measurement is presented of inelastic photo- and eleduoption of.J/¢ mesons irep
scattering at HERA. The data were recorded with the H1 datétthe period from 2004 to
2007. Single and double differential cross sections arerghéhed and the helicity distribu-
tions of the.J/¢» mesons are analysed. The results are compared to thebpe&déctions

in the colour singlet model and in the framework of non-tielstic QCD. Calculations in
the colour singlet model usingkg factorisation ansatz are able to give a good description
of the data, while colour singlet model calculations to Aexteading order in collinear
factorisation underestimate the data.
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1 Introduction

The description of the process of charmonium productionteractions of photons and hadrons
is a challenge to theory, since it involves both the produrctif the heavy quark system and the
formation of the bound state. Charmonium production intedneﬂ-proton collisions at HERA is
dominated by photon-gluon fusion: a photon emitted fromitigeming electron interacts with

a gluon from the proton to produce-apair that evolves into a charmonium state. In the colour
singlet model, only those states with the same quantum nigasethe resulting charmonium
contribute to the formation of a bournd state. This is achieved by radiating a hard gluon in a
perturbative process. In the factorisation ansatz of mdaivistic quantum chromodynamics,
also colour octeté states contribute to the charmonium production cross@eeta soft gluon
radiation.

Previous measurements in electroproductign &énd photoproductionp) at HERA [1+7] are
not described by predictions in the colour singlet modeétwling order. In contrast, the calcu-
lation of photoproduction cross sections to next-to-legdirder (NLO)[8] showed a reasonable
description of the photoproduction cross sections. Theutation proved that the corrections
with respect to leading order results are very large, irgingatowards large transverse mo-
mentum of the//¢» meson. The same calculation, repeated recently with ao-aate set of
theoretical parameters/[9], results in a prediction whlbout a factor of three below the
measured cross sections, indicating that correctionsiaelb O are needed and/or that contri-
butions from colour octet states may be sizable.

In this paper a measurement is presented of inelaStic meson production at HERA. The
measurement uses a larger data sample than previous [@sd}sand benefits from improved
systematics. The data sets were collected in the years @B0D7 with the H1 detector. The
J/1» meson candidates are identified by the leptonic decay intontwons or electrons. The
cross sections are measured for both electroproductiorphatbproduction. For the photo-
production sample//¢) meson polarisation variables are determined. The datalsarape
restricted to the region of phase space where contribufrons diffractive charmonium pro-
duction are suppressed.

2 Theoretical Models

In order to describe inelastic charmonium production inftiaenework of perturbative QCD

different models have been proposed, such as the colopeeiton model [10, 11], the colour-
singlet model (CSM)[[12-16], the factorisation ansatz im-nelativistic quantum chromody-

namics (NRQCD)[[17-19] and soft colour interactions| [20].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 statdhwhe same quantum numbers
as the resulting charmonium contribute to the formation bbandcc state. This is achieved
by radiating a hard gluon in the perturbative process. Thk&fesation ansatz in NRQCD
includes also colour octef states in the charmonium production cross section. Theddize

LIn this paper "electron” is used to denote both electron arsitpn.
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these colour octet contributions, described by long dis#anatrix elements (LDME), is defined
by additional free parameters which were determined in éitthe Tevatron data [21]. The
NRQCD factorisation approach contains also the coloursimgodel which is recovered in the
limit in which the colour-octet LDME tend to zero.

The following calculations are compared to the measures@eisented in this paper:

e A calculation of.J/¢» meson photoproduction via a colour singlet mechanism [@Yides
predictions for both cross sections and helicity distiitng to next-to-leading order. The
uncertainty of this calculation is estimated by variatiohthe charm quark mass and the
factorisation and renormalisation scales.

e A calculation at NLO for photoproduction cross sectiondudes the full framework of
NRQCD [22]. The uncertainty of this calculation is domirdhbgy the limited knowledge
of the LDMEs.

e CSM predictions in thé factorisation approach are employed as implemented in the
MC generator @SCADE [23]. Higher order parton emissions based on the CCFM evolu-
tion equations [24] are matched &« ) matrix elements in which the incoming parton
can be off-shell. The uncertainty on the calculation isneated by varying the renormal-
isation scale by a factor of two. In addition polarisatiomi&ales in thek, factorisation
approach are calculated analytically [25].

Parameters and variations used in the theoretical calootaare given in table 1.

3 H1Detector

The H1 detector is described in detail elsewheré [28]. Hahgthe components essential to the
present analysis are briefly described. A right handed Siariecoordinate system is used with
the origin at the nominal primarp interaction vertex. The proton beam direction defines the
z axis. The polar angle®and transverse momenita: of all particles are defined with respect
to this axis. The azimuthal angtedefines the particle direction in the transverse plane. The
pseudorapidity is defined as= — In tan g

Charged particles emerging from the interaction region are measured by the central track-
ing detector (CTD) in the pseudo-rapidity ranjgé < 1.74. The CTD consists of two large
cylindrical central jet drift chambers (CJC) which are ne#aved by a-chamber and arranged
concentrically around the beam-line in a magnetic fieltl. o T. The CTD provides triggering
information based on track segments from the CJC [29, 3@ carthez-position of the vertex
from the 5-layer multi-wire proportional chamber [31] whits situated inside the inner CJC.
To provide the best possible spatial track reconstruct@il) tracks are linked to hits in the
vertex detector, the central silicon tracker CST! [32]. TI®TGs installed close to the interac-
tion point, surrounding the beam pipe in the pseudo-rapi@dihge|n| < 1.3 and consists of
two layers of double sided silicon strip sensors.

Charged and neutral particles are measured in the liquaharglorimeter (LAr)[[33] which sur-
rounds the tracking chambers and covers the rarigé < n < 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 iy = 4m,

scale variation 0.5u0 < pug, pir < 2p9 and0.5 < py/p1p < 2
CS LDME (O[1,2S]) = 1.16 GeV?

me 1.4 <m, <1.6GeV
as(Mz) 0.118 (+ running at 2 loops)
NRQCD (NLO), M. Butenschon et al. [22]

PDF CTEQ6M [26]
renormalisation and factorisation scale o = /4m2 + Pz,
NRQCD scale A = M,

me m]/¢/2 ~ 1.55GeV

as(Mz) 0.1176 + 0.002

CSM (k7 factorisation), @SCADE [23]

PDF CCFM set A0[[27]

(‘set AO* for p, uncertainties)

N B 5 5
renormalisation scale po = \/my + Pr,

renormalisation scale variation 0.500 < pr < 219
factorisation scale VEi+ Q2

Me 1.5 GeV

ASL, 200 MeV

CSM (kr factorisation), S. Baranov [25]

PDF CCFM set AO[[27]
renormalisation and factorisation scale  jio = /m7, + Pz,
me 1.5 GeV

ASL, 200 MeV

Table 1: Summary of the parameters employed in the CSM and ®IR@alculations used
to compare to the measurements in this paper. In this tabfe fABans parton distribution
function of the protong denotes the invariant mass square of the hard subproces3 atie
initial transverse momentum of the partonic system)(

calorimeter SpaCal [34], covering the backward region0 < n < —1.4. The calorimeters
are surrounded by the solenoidal magnet and the iron renka.yThe yoke is instrumented
with 16 layers of limited streamer tubes, forming the cdmtraon detector (CMD) in the range
—25<n<34.

The luminosity determination is based on the measuremehedBethe-Heitler process® —
epy, where the photon is detected in a calorimeter located divaars of the interaction point
in the electron beam direction at= —104 m.
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Figure 1. Invariant mass spectra of two oppositely chargptbhs after all selection cuts for a)
the photoproductiom(p) sample and b,c) the electroproductiep)(samples as listed in tabile 2.
The lines show the results of fits to signals and backgrounds.

4 DataAnalysis

The kinematics of inelastic charmonium production at HERAdescribed using the following
variables: the square of th centre of mass energy= (p + k)2, wherep andk denote the
four vectors of electron and proton respectively; the negaquared four momentum transfer
Q? = —¢?, wheregq is the four vector of the virtual photon; and the mass of thdrtaic final
statelV,, = /(p+ ¢q)%>. W,, is related to the scaled energy transje= (p - ¢)/(p - k) via
W.,* = ys — Q. In addition, the elasticity of thé/«) meson production process is defined as
z = (py - p)/(q - p), wherep, is the four momentum of thé/«) meson. The elasticity denotes
the fractional energy of the photon transferred to.Ili¢ meson in the proton rest system.

Events are selected separately in the photoproduction lacttr@production regimes. Photo-
production events are selected by requiring that no istlaitgh energy electromagnetic cluster,
consistent with a signal from a scattered electron, is detido the calorimeters. This limits the
virtuality to values of@? < 2.5 GeV?, resulting in a mean value @€)?) ~ 0.085 GeVZ2. Con-
versely, for the electroproduction sample, a scattereztrele with energy of more thar) GeV

is required to be reconstructed in the backward calorim{&eaCal), corresponding to a range
in photon virtuality3.6 < @ < 100 GeV?2.

In this analysis the photon virtualit§)? is reconstructed from the scattered electron energy
E! and polar angle’ as@Q? = 4F,E' cos?(f./2), where E, denotes the energy of the beam
electron. The variablg is reconstructed using the relatign= ), (E — p,)/2E, for pho-
toproduction([35] and) = >, (E — p.)/ Y (E — p,) for electroproduction [36]. The sums
in the numerator include all particles of the hadronic firtateswithout the scattered electron,
which is only included in the sum of the denominator for elggtoduction. The elasticity is
then obtained from = (E — p.),/y/ >, (E — p.), where(E — p.),,, is calculated from the
decay particles of thé/¢) meson. The kinematics of the final state particles are obddirom
charged particle tracks reconstructed in the CTD and eragepgygsitions in the LAr and SpaCal
calorimeters[37, 38].

The J/¢y) meson candidates are reconstructed through their dedaysvo oppositely charged
muons or electrons. These decay leptons are reconstrusteldasged particles in the CTD



Photoproduction Electroproduction

T/ = ptp= Ty —ptpm T/ —eten
kinematic range
Q? < 2.5GeV? 3.6 < Q? < 100 GeV?
60 GeV < W, < 240 GeV
Pry > 1GeV P:,’i,w > 1GeV
0.3<2<09

event selection

Pr, > 800 MeV
20° <0, <160° 20° <6, <160° 20° <6, <150°
Nmx > 5 (inthe range0° < 0 < 160°)

event samples

Ny 2320 £ 54 501 + 34 290+ 24
Lint 165pb~t 315pb~1 315pb~1

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

with a transverse momentum of at le&8t) MeV. Muon candidates are identified as mini-
mum ionising particles in the LAr calorimeter or throughckasegments in the CMD2(° <

0, < 160°) [39]. Electron candidates are identified through theirgypeeposit in the central
calorimeter 20° < 0, < 150°) [40]. For trigger reasons the photoproduction sampléd faf
meson events is restricted to decays intq.~, while the electroproduction sample includes
both leptonic decay channels. The photoproduction samagerecorded in the years 2006 and
2007 and corresponds to an integrated luminosit§ ef 165 pb—!, while the electroproduction
sample was recorded in the years 2004 to 2007 and correspmaddantegrated luminosity of
L =315pb~L.

The measurement is performed in the kinematic ra6tgec W, < 240GeV, 0.3 < 2z < 0.9
and Pry(Pr,) > 1GeV. In photoproduction the transverse momentit, is measured in
the lab frame, while in electroproduction the transversen@atum?;. , is calculated in the*p
rest frame. To suppress contributions from diffractivedarction of.J/¢» and(2S) mesons,
selected events are required to contain at least five racoied tracks in the central region of
the detectord0° < € < 160°). The reconstruction efficiency accounts for this expentakcut
and the measured cross sections are corrected for thisrtraltiplicity cut.

Figure[1l shows the invariant mass spectra of the leptonseirséfected event samples. The
number of signal eventsy,,, is obtained in all bins of the cross section measuremeois fr
a fit to the mass distributions in the intenal< my, < 6 GeV. For the decay into muons
the signal peak is described using a modified GausSsian [7ihdrcase of a decay into two
electrons an exponential is added to the lower mass regitimeasignal Gaussian in order to
account for the radiative tail [39]. For the differentiabss section measurements, the width
and asymmetry term of the mass peak in each bin are fixed tatbhes/obtained from the full
samples. For both decay channels, the background is pars@deby a polynomial of third
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order. Atmy, ~ 3.7GeV, the nominal mass af(2S) mesons, an additional Gaussian with
fixed position and width is allowed in all analysis bins.

The selection criteria and the obtained event samples ammanised in tablel2.

5 MonteCarlo Simulations

Cross sections and polarisation parameters are derivedrbgcting the measured number of
events and angular distributions for detector effectshsag detector resolutions and ineffi-
ciencies. Several Monte Carlo generator programs are oseétérmine the corrections. All

samples are passed through a detailed simulation of the Kttde response based on the
GEANT program([43] and through the same reconstruction aadl/ais algorithms as used for
the data.

Signal events are generated using the Monte Carlo genetatscADE [23]. Elastic and
proton-dissociative production af(2S) mesons is simulated using DIFFVN_[44] with pa-
rameters tuned to describe the results of previous H1 measunts|[45, 46]. The Monte Carlo
generator PTHIA [47] is used for the description of the contribution frérhadron decays as
described in sectionl 6. All generators use the JETSET patieoPyTHIA program [47] to
simulate the hadronisation and decay processes.

Signal events as simulated with the Monte Carlo generat®80BDE are compared with the

data after final selection in figurés 2 and 3. All data distitms in these figures are cor-
rected for contributions from non-resonant backgroundchevesing a sideband method de-
scribed in[39].

Corrections as a function &¥,, and Pr,, in bins of the elasticity are applied to the £&SCADE
Monte Carlo simulation in order to describe the data. Detailthe procedure are described
in [39]. In figure[2 distributions for the photoproductiomsale are compared to ASCADE
Monte Carlo predictions before and after correction fordhservables’; ,, 0,,, Pr.y, 0, W,
andz. Similarly, in figure[8, the summed distributions for the telectroproduction samples
(J/Y = pu"p~ andJ/y — ete) are shown for the observabléy , 0,, Q% X Pr chargeds Wop
andz. Here,X Pr hargeq IS the scalar sum over the transverse momenta of all meashagged
particles except for the scattered electron and.t/i¢ meson decay leptons. The corrected
CAscADE simulation gives a good description of all aspects of tha dat is used to correct
the data for losses due to limited acceptance and efficiehttyeaetector.

6 Backgrounds

Remaining backgrounds to prompty» meson production in the selected sample originate from
feed-down processes, i.£/1) mesons produced in decays of diffractively or inelasticpho-
ducedy(2S) mesons ang. mesons or ob hadrons.

Inelastic production of)(2S) mesons with a subsequent decay ififg> mesons is expected to
contribute about5 — 20 % to the selected//¢» meson sample$ [[8,48]. Since the production
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processes are the same, the inelagtizS) mesons show similar dependences on the kinematic
variables.

Diffractive production ofi)(2S) mesons contributes at large values:dfy decays into a/ /1)
meson and two charged pions. These events typically cotitag® or four reconstructed
charged tracks in the central detect®f’( < 6 < 160°). In figure[4a) the distribution of
the charged track multiplicity measured in the central ctetds shown for the photoproduction
sample selected using all selection criteria given in t@l#&cept for the track multiplicity cut,
which is relaxed toN+,, > 3. The data are described by the sum of thes€CADE simulation
and the prediction for diffractive’(2S) production, as simulated using the DIFFVM Monte
Carlo generator. In the final selection remaining contidng from diffractive:)(2S) meson
production amount to about 1.3% in the total sample and toiia®% in the highest elasticity
bin, 0.75 < z < 0.9.

The fraction of events arising fromhadrons decaying intd/y + X is estimated using the
PYTHIA simulation. The PTHIA prediction is scaled by a factor of 2, based on results fram pr
vious measurements of beauty production at HERA [49, 50k $taled prediction by YrHia
amounts to 5% in the total sample and about 20% in the lowést. It is confirmed within
uncertainties by the following determination using datde Traction of events in the photo-
production sample containinghadrons is estimated using the impact parameter of the decay
muons to exploit the lifetime signature bthadrons. The impact parametéy,of the decay
muon tracks is defined as the distance of closest approable imansverse plane to the recon-
structed primary vertex. The sign of the impact parametelefned as positive if the angle
between the decay muon and th&) meson momentum direction is less tha?, and is de-
fined as negative otherwise. A signed significaisce- §/0(9) is reconstructed by weighting
the reconstructed signed impact parameter with its unogytfb1]. Figurel4b) shows the dis-
tribution of the signed significance for events in the inéf3 < =z < 0.4. The histogram is
filled with the signed significance of the decay muons for edires where both muon tracks
have at least one hit in the CST. The fraction of events corfiomg the decay ob hadrons is
obtained from a fit of the significance distribution oh€CADE (simulating prompt//:) meson
production) plus PTHIA (simulatingbb events with subsequent decays i) + X) to that of
the data. The fit results are dominated by the region of snggilesl significancesy < 3, due to
large statistical uncertainties at larger valuessofThe distribution of the data is corrected for
non-resonant contributions using the side bands [39]. €lative contribution frond hadrons
as resulting from the fits are shown in figlide 4c) for three loihs. The scaled predictions
from PYTHIA are found to be in good agreement with the measured fractiodigating that
the background from hadrons is under control.

The contribution fromy, production and decay was studiéd [3] and found negligiblglsm
the present kinematic regiof,3 < z < 0.9.

7 Systematic Uncertainties

The sources of systematic uncertainties of the cross segteasurement are listed in table 3
and are detailed in the following:
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Source Uncertainty po]

Photoproduction Electroproduction
JI = ptp Jp =T J/p—eter
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 3 3

ot

Model uncertainties 5
Decay branching ratio 1

Sum 9.0 8.2 9.1

4

Integrated luminosity 4 3.2 3.2
5
1

—

Table 3: Systematic uncertainties of thg) meson production cross section. The total system-
atic uncertainty is the sum of the contributions added irdgatare.

e The uncertainty on the cross section due to the track andweztonstruction efficiency
has been determined to bé&; for J/v — pp and2 % for J /¢ — ee.

e The efficiency for the identification of the leptons is detgrad using a high statistics
sample of events of elastically producédy> mesons([39]. The detector simulation is
reweighted to match the efficiency measured in the data a&ssar. Remaining differ-
ences are smaller tha&Vs everywhere and are taken as systematic uncertainty.

e The systematic uncertainty on the determination of the rarrabsignal events, obtained
by a fit to the mass distributions in every analysis bin, iedatned by a variation of the
extraction method. Comparing the number of signal evemtsiflmed and unbinned log-
likelihood fits yields a systematic uncertainty @6 %. In addition, the result from the
fit to background and signal is compared to the number of sgyents above the fitted
background function in the mass window betwe@e¥b and3.2 GeV. An uncertainty of
2 % for the decay into muons and); for the electrons is found. The uncertainty for the
electron is larger due to an additional uncertainty origgimgafrom the description of the
radiative tail.

e The trigger efficiencies are determined using independigger channels. For the elec-
troproduction sample the trigger efficiency is measurede@dd + 2) %. In the pho-
toproduction sample the trigger efficiency depends maimiythee identification of the
decay muons in the central muon system. The efficiency amdargbout’0 % with a
systematic uncertainty &%. A detailed description of the determination of the trigger
efficiencies can be found i [39].

e For the electroproduction sample the measurement of thtesed electron energy is
known with a scale uncertainty f%. The uncertainty of the scattering angle is 1 mrad.
Both uncertainties combined lead to an uncertainty of thexsection measurement of
2% on average.
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e The hadronic energy scale uncertaintyti% in the LAr and7 % in the SpaCal. This
leads to an uncertainty on the cross sections measurentefit fafr the electroproduction
sample and % for the photoproduction sample.

¢ The integrated luminosity is known to a precisior8df % for the electroproduction sam-
ple and4.0 % for the photoproduction sample.

e The dependence of the result on model assumptions made @nheaDE Monte Carlo
simulation were investigated and found to amourii ¥ in total. The model uncertainty
arising from the knowledge of the decay angular distrimgiaexplained in sectidd 9, is
determined by variation of the parameteiin the simulation by+0.3. This variation
results in a change of the cross section of up ¥ The systematic uncertainty originat-
ing from the uncertainty of the slope of t&-,, (P7,) distribution in the simulation is
determined by a variation of this distribution as descrilve[89]. This variation results
in a change of the cross section of upit@.

e The branching ratios of the leptonic decay channels offfhemeson are known with an
accuracy ofl % [42].

The total systematic uncertainty is obtained by addindhalletbove contributions in quadrature.
A total systematic uncertainty &% is determined for the photoproduction sample. For the
combined electroproduction cross section the total syatienuncertainty i8.5 % The same
uncertainties are attributed to all bins of the cross sactieasurement. For the measurement of
the helicity distributions only the uncorrelated systemancertainties are taken into account.
They amount to abowt5 % and are negligible compared to the statistical unceresnti

8 Cross Section M easurements

The cross section measurement is performed in the kinemaatge60 < W,, < 240 GeV,
0.3 < z < 0.9 andPry(Pz,) > 1GeV. The photon virtualityQ* is limited in the electro-
production analysis t8.6 < Q? < 100 GeV? and for the photoproduction sample @ <
2.5 GeV?.

For the measurement of differential cross sections the euarmbsignal events in each bin is
corrected for detector inefficiencies and acceptance armdalsed to integrated luminosity and
branching ratio. They are not corrected for QED radiatifea$. The electroproduction cross
sections, measured froifyy» — up and.J/¢ — ee, are combined [39]. The differential cross
sections are bin-centre corrected using MC simulationsrdier to avoid model dependencies,
the measured cross sections are not corrected for combriistfrom backgrounds as described
in sectior 6. All measured cross sections are listed in $&ble9 together with statistical and
systematic uncertainties.

For the photoproduction sample the measufedross sections are transformedyjocross sec-
tions using the photon flux factors presented in table 5utaied in the Weizsacker Williams
approximation[[52]. The differential/¢» meson photoproduction cross section is measured
as function of the elasticity and the squared transverse momenmm of the J/¢» meson.
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The totalyp cross section is measured in bins of the photon proton cemtreass energy
W.,. The results are displayed in figuire 5 and show a reasonatgeragnt with the prediction
from the CascADE MC generator. A variation of the renormalisation scale bgidr of two
(0.519 < pr < 2up) has little effect as shown by the band in the figures. In amldito the
CASCADE prediction, the remaining contributions from diffractiv¢2S) mesons and from
hadrons are shown. The dlstrlbutlona% andz are further investigated by dividing the sam-
ple into bins ofP7 , andz, respectively as shown in figuré 6. Thelistribution tends to flatten
off towards larger values d?r,, presented in figuiigl 6a). It can be seen that differences betwe
the data and the A&SCADE prediction are localised at low elasticities and low trarse mo-
menta of the//¢ mesons, where &SCADE overshoots the data, and at large elasticities and
large transverse momenta, whereSCADE is below the data. Taking into account that the
measured cross section in the lowest elasticity bin indwdsignificant fraction of abot %

of events originating frond hadron decays, the difference to theSCADE prediction is even
more significant.

Results for electroproduction are shown in figure 7 and fiurBifferentialep cross sections
are measured as functions of the photon virtual)y; the squared transverse momentum of
the .J/¢» meson in the photon proton rest frarﬂgi?}, the energylV,, and the elasticity:.
Figure[8 shows differential cross sections as a functiomefefasticityz in bins of 7., and

as a function oﬂ?:;i?w in bins of z. A comparison of the electroproduction data with preditsio
from the Monte Carlo generatorASCADE reveals in general a reasonable agreement with the
data. Differences in shape can be seen in the differentiabsection as a function &%,

For photoproduction, several theory calculations to riextading order have been performed
and are compared with the data in fighie 9. A calculation inGB& at NLO [8] was repeated
using up-to-date sets of scale parameielis [9, 22], yielgiadictions as shown in figuké 9a)-b).
The shapes of the data are reasonably described, wheraasrthalisation of the prediction is
about a factor three below the data, with large uncertantnelicating that corrections beyond
next-to-leading order are necessary in order to describedka. Estimates of the NNLO con-
tribution for charmonium production at the Tevatron][53, Bvlicate that these contributions
can be large indeed.

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

9 Polarisation M easurement

The measurement of th&/1) meson helicity distributions provides an independent e tio
distinguish between different production mechanisms. Mleasurement is performed for the
photoproduction data sample. THg) meson polarisation is measured by analysing the decay
angle distributions of the//¢) meson, and their dependence Bn,, and z, in two comple-
mentary frames [55]: the helicity frame and the Collins-8&djpame. In the helicity frame the
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polarisation axis: in the .J/¢» meson rest frame is defined by the flight direction of he
meson in theyp rest frame, whereas the polarisation in the Collins-Sopené is measured
with respect to the bisector of protos ;) and photong;) in the J/) meson rest frame [56].
Subsequently, the frame-dependent polarisation axi&entas: axis of a right handed coordi-
nate system, where theandz axis lie in a plane spanned by the photon and proton dirextion
The y axis is perpendicular to this plane and is the same in bo#drerete frames. The polar
(0*) and azimuthal4*) angles of the positive decay muons are used.

The parametrisation of the measured decay angle diswitmitis function ofos(6*) and¢* is
given by [56]:

do 2 v
s & 1+ acos™ 6" ; Q)
d
d¢0* x 1+ % + % cos 2¢". (2)

The polarisation variables and v can be related to elements of the spin density matrix for
the J/¢ meson. Moreovery = +1 and—1 corresponds to fully transverse and longitudinal
polarisation of the//¢) meson, respectively.

A 2 fit is performed in each bin of the polarisation measurememmparing data to Monte
Carlo samples on reconstruction level probing valuessfend v between—1 and+1. Sys-
tematic uncertainties on this measurement are negligitmepared to rather large statistical
uncertainties. The results farandv as a function ofPr,, andz are presented for the helicity
frame in figuré_1IL and in figufe 112 for the Collins-Soper fraffiee values for the polarisation
parameters in both frames are listed in table 10.

Within uncertainties thd /i) mesons produced inelastically at HERA are unpolarised nidee
surements are compared to predictions usihgfactorisation ansatz [25] and to calculations in
the CSM in collinear factorisation at leading order![25] arexkt-to-leading order [9]. The pre-
dictions in thekr factorisation ansatz describe the data. The NLO calculatsthhow a similar
trend within large uncertainties. In contrast, the leadinder CSM calculation predicts larger
values for the polarisation variables than the measured farenany bins and is disfavoured
by the measurement. A similar measurement was publishedeby EUS collaboration in a
different kinematic range [57].

10 Conclusions

A measurement of inelasti¢/¢) meson production is performed. Differential cross seation
with improved statistical and systematic uncertainties@esented for both electroproduction
and photoproduction. Polarisation parameters for theggrotuction of/ /) mesons are mea-
sured in two different reference frames, the helicity fraand the Collins-Soper frame.

The data are compared to a number of recent theory predictitbns found that predictions

based ork; factorisation in the colour singlet model are able to désctihe cross sections and
the helicity distributions well. Calculations based onlio@ar factorisation in the colour singlet
model at next-to-leading order produce a reasonable giscriof the shape of the measured
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cross sections, but are lower in normalisation. They givaaeptable description of the polar-
isation parameter measurements within the large uncagsi he failure to describe the cross
section measurements and the strong sensitivity to scaldivas indicate that calculations be-
yond next-to-leading order are necessary. Moreover darttons from colour octet states may
be significant.
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Figure 2: Control distributions of the photoproduction gden a) the transverse momentum
Pr,, of the muon tracks, b) the polar anglgof the muon tracks, c) the transverse momentum
Pr,, of the J/¢) meson, d) the polar angtg, of the .J/¢) meson, e) the elasticity and f) the
photon proton centre-of-mass energy,. The data are compared with predictions from the
corrected @sCADE Monte Carlo simulation (solid lines), normalised to the tn@mof entries

in the data. The uncorrectedd€cADE Monte Carlo prediction is shown as dashed line.
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elasticity z and f) the photon proton centre of mass enérgy,. The data are compared with
predictions from the correctedASCADE Monte Carlo simulation (solid lines), normalised to
the number of entries in the data. The uncorrected @ DE Monte Carlo prediction is shown
as dashed line.
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Figure 5: Differential//:) meson photoproduction cross sections for the kinematigaéf <

W,, < 240GeV, 0.3 < z < 0.9 and Pry, > 1GeV, as functions of a) the elasticity,

b) the photon proton centre of mass enelgy, and c) the squared transverse momentum of
the J/¢» mesonP; ,. The inner error bar represents the statistical unceyt@int the outer
error bar indicates the statistical and systematic uniceita added in quadrature. The data are
compared to the predictions fromn&CADE (solid line). The uncertainty band of theA€CADE
prediction arises from a scale variation by a factor of twe Bashed and dotted lines indicate
the remaining background from diffractivg2S5) or b hadron decays respectively as estimated
using MC simulations.
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Figure 7: Differential/ /1) meson cross sections for the kinematic rafige< Q* < 100 GeV?,
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virtuality %, b) the squared transverse momentum of.f\¢ meson in the photon proton rest
frameP;:?w, c) the energy in the photon proton rest fraliig, and d) the elasticity. The inner
error bar represents the statistical uncertainty and tter earor bar indicates the statistical and
systematic uncertainties added in quadrature. The datecanpared to the predictions from
CAscADE (solid line). The uncertainty band of theaGCADE prediction arises from a scale
variation by a factor of two.
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Figure 9: Differential//1) meson photoproduction cross sections for the kinematipaéf <
W, < 240GeV, 0.3 < z < 0.9 andPr,, > 1GeV as functions of the squared transverse
momentum of the//v mesonP:,%ﬂ/, (a) and c)) and the elasticity (b) and d)). The inner
error bar represents the statistical uncertainty and ther arror bar indicates the statistical
and systematic uncertainties added in quadrature. Theadateompared with calculations to
next-to-leading order: a,b) a colour singlet model (CSMruwlation [9] and ¢,d) a NRQCD
calculation including contributions from colour octetteg&a(CS + CO)[[22]. The colour singlet
component (CS) of the latter calculation is shown separatedddition.
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Figure 11: Polarisation parametersand v measured in the helicity frame for the kinematic
range60 < W, < 240GeV, 0.3 < z < 0.9 andPr, > 1GeV, as a function ot and Pr .
The measurement is compared with predictions calculatedjnfactorisation ansatz_[25] and
with calculations in CSM (collinear factorisation) at lé=gl[25] and next-to-leading order![9].
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measurement is compared with predictions calculatediinfactorisation ansatz [25] and with
calculations in CSM (collinear factorisation) at leadi@§] and next-to-leading order![9].
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Inelastic.J/¢» Photoproduction

P}, [GeV?]  (P},) [GeV?] doy, /AP, [nb/GeV?]
.0+ 21 1.5 7.75 + 0.82 + 0.70
2.1 + 35 2.7 4.43 + 0.48 + 0.40
35 + 54 4.3 2.55 + 0.28 + 0.23
54 + 76 6.3 1.06 + 0.13 + 0.10
76 + 10.0 8.6 0.677 4 0.084 £ 0.061
100 =+ 135 11.4 0.391 4 0.048 £ 0.035
135 + 200 15.6 0.156  + 0.020  + 0.014
20.0 + 26.5 22.1 0.0509 4 0.0078 =+ 0.0046
26.5 <+  40.0 30.0 0.0175 4 0.0029 4 0.0015
40.0 +  60.0 46.0 0.0049 4 0.0012 =4 0.0004
60.0 <+ 100.0 70.0 0.00090 4 0.00035 4 0.00008

z (z) do,p/dz [nb]

0.30 + 045 0.375 23.4 + 2.6 + 2.1
0.45 +  0.60 0.525 47.6 + 4.7 + 4.3
0.60 =+ 0.75 0.675 51.3 + 5.0 + 4.6
0.75 +  0.90 0.825 54.2 + 5.6 + 4.9

Table 4: Measured differential photoproduction crossisastin the kinematic range3 < z <

0.9, Pry > 1GeV and60 < W, < 240 GeV as function of the squared transverse momentum
Pt and the elasticity: of the J/¢ meson. The bin centre value§; ;) and(z), are also
given in the table.

Inelastic.J /vy Photoproduction

Wy [GeV] (Wap) [GeV] o, Top [10]
60 = 80 69 0.0269 229 4+ 41 4+ 2.1
80 —+ 100 89 0.0192 241 &+ 3.3 =+ 2.2
100 = 120 110 0.0145 240 4+ 3.0 + 2.2
120 =+ 140 130 0.0112 30.3 =+ 3.6 =+ 2.7
140 <+ 160 150 0.00891 35.7 4+ 43 4+ 3.2
160 = 180 170 0.00716 30.4 + 39 4+ 2.7
180 =+ 210 194 0.00832 31.7 4+ 42 4+ 2.9
210 = 240 224 0.00621 33.8 + 5.6 =+ 3.0

Table 5: Measured photoproduction cross sections in thenkatic rangeP;,, > 1 GeV and
0.3 < z < 0.9 in bins of the photon proton centre-of-mass endrgy,. The bin centre values
(W.,) are also given in the table®, denotes the photon flux factors [52] employed in the
photoproduction analysis using an uppgrboundary ofQ? = 2.5 GeV2. For the rang&0 <
W., < 240 GeV a photon flux factor ofb, = 0.1024 is calculated.
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Inelastic.J/¢» Photoproduction

Pi., [GeV?] (Pj%w [GeV?] doy, /AP, [nb/GeV?]
0.30 < z < 0.45
1.0 = 2.0 1.4 1.02 + 0.20 + 0.09
2.0 =+ 3.0 2.5 0.64 + 0.13 + 0.06
3.0 =+ 4.5 3.6 0.402 + 0.077  + 0.036
45 =+ 7.0 5.5 0.180 + 0.036  + 0.016
70 + 100 8.2 0.093 + 0.021 + 0.008
100 = 14.0 11.6 0.047  + 0.011 + 0.004
140 =  20.0 16.2 0.0210 + 0.0052 =+ 0.0019
20.0 +  40.0 25.0 0.0065 + 0.0018 =+ 0.0006
40.0 = 100.0 49.0 0.00065 =+ 0.00032 + 0.00006
0.45 < z < 0.60
1.0 = 2.0 1.4 2.17 + 0.29 + 0.19
2.0 =+ 3.0 2.5 1.21 + 0.18 + 0.11
3.0 = 4.5 3.6 0.74 + 0.11 + 0.07
45 = 7.0 5.5 0.392 + 0.057  + 0.035
70 + 100 8.2 0.219 + 0.033  + 0.020
10.0 + 14.0 11.6 0.107 4+ 0.014  + 0.010
14.0 =  20.0 16.2 0.0497 + 0.0084 + 0.0045
20.0 + 400 25.0 0.0072 4+ 0.0015 <+ 0.0007
40.0 = 100.0 49.0 0.00072 + 0.00030 + 0.00007
0.60 < z < 0.75
1.0 = 2.0 1.4 2.40 + 0.31 + (.22
20 + 3.0 2.5 1.79 + 0.18 + 0.11
3.0 =+ 4.5 3.6 1.01 + 0.13 + 0.09
45 =+ 7.0 5.5 0.506 + 0.070  + 0.046
7.0 + 100 8.2 0.200 + 0.032 + 0.018
100 = 14.0 11.6 0.112 + 0.018  + 0.010
140 = 20.0 16.2 0.0413 4+ 0.0076 + 0.0037
20.0 + 400 25.0 0.0068 + 0.0014 =+ 0.0006
0.75 < z < 0.90
1.0 = 2.0 1.4 2.40 + 0.36 + (.22
2.0 =+ 3.0 2.5 1.69 + 0.27 + 0.15
3.0 =+ 4.5 3.6 0.86 + 0.15 + 0.08
45 =+ 7.0 5.5 0.437  + 0.076 =+ 0.039
70 + 100 8.2 0.226 + 0.042 + 0.020
100 = 14.0 11.6 0.099 + 0.022 + 0.009
140 =  20.0 16.2 0.0428 + 0.0098 =+ 0.0039
20.0 + 40.0 25.0 0.0076  + 0.0021  + 0.0007

Table 6: Measured differential photoproduction crossisastin the kinematic range3 < z <
0.9 and60 < W,, < 240 GeV as a function of the squared transverse momentum of thie
meson in bins of the elasticity The bin centre vaIue@P:,%w are also given in the table.
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Inelastic.J /) Photoproduction

z (z) do,p,/dz [nb]
1.0 < Pry < 20GeV
0.30 =+ 0.45 0.375 149 +21 £ 13
0.45 + 0.60 0.525 283 £ 31 £ 25
0.60 =+ 0.75 0.675 31.8 £34 £29
0.75 <+ 0.90 0.825 336 £40 =+ 3.0
2.0 < PTJ/, < 3.0GeV
0.30 =+ 0.45 0.375 51 £ 08 £ 0.5
0.45 =+ 0.60 0.525 116 £14 £ 1.0
0.60 =+ 0.75 0.675 141 £16 £ 1.3
0.7 + 0.90 0.825 131 £18 £ 1.2
3.0 < Pry <4.5GeV
0.30 =+ 0.45 0.375 260 £ 042 +£ 0.23
0.45 <+ 0.60 0.525 6.00 + 0.73 =+ 0.54
0.60 =+ 0.75 0.675 5.71 £ 0.71 =+ 0.51
0.75 <+ 0.90 0.825 5.32 £ 0.80 £ 0.48
Pry > 45GeV
0.30 =+ 0.45 0.375 1.10 £ 0.20 £ 0.1
0.45 =+ 0.60 0.525 1.30 £ 0.20 +£ 0.1
0.60 =+ 0.75 0.675 1.11 £ 0.17 £ 0.1
0.75 <+ 0.90 0.825 1.30 £ 024 +£ 0.1

Table 7: Measured differential photoproduction crossisastin the kinematic rang€r,, >
1GeV and60 < W,, < 240GeV as a function of the elasticity in bins of the transverse
momentum of the//«) meson.
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Inelastic.J /v Electroproduction

Q* [GeV?] Q%) [GeV?] doe, /dQ* [pb/GeV?]
3.6 = 6.5 4.9 1498 4+ 1.97 + 1.27
6.5 = 12.0 8.6 6.33 £+ 0.75 =+ 0.54
120 +  20.0 15.0 2.11 4+ 0.33  + 0.18
20.0 +  40.0 26.7 0.74 + 0.12 + 0.06
40.0 = 100.0 53.0 0.141 + 0.029 =+ 0.012

P;?%, [GeV?] (Pr2,) [GeV?] doep/dP}?, [pb/GeV?]
1.0 = 2.2 1.6 15.5 +27 +13
2.2 =+ 3.7 2.9 11.0 + 2.1 + 0.9
3.7 = 6.4 4.9 87 + 14  + 07
6.4 = 9.6 7.8 590 + 0.92 4+ 0.50
9.6 = 135 11.2 3.23 + 0.53 + 0.27
135 +  20.0 16.0 1.69 + 0.27 + 0.14
20.0 +  40.0 25.7 0.576 + 0.083 =+ 0.049
40.0 = 100.0 51.0 0.055 + 0.012 =+ 0.005

z (z) doep/dz [pb]
0.30 +~ 045 0.375 150 + 26 + 13
0.45 = 0.60 0.525 158 + 22 + 14
0.60 = 0.75 0.675 280 + 31 + 24
0.75 = 0.90 0.825 239 + 29 + 20

W [GeV] <W7p> [GeV] daep/dWw [pb/GeV]

60 -+ 80 69 0.89 + 0.16 <+ 0.08
80 = 100 89 1.03 + 0.15 <+ 0.09
100 +~ 120 110 0.77 £ 0.12 =+ 0.007
120 + 140 130 0.75 + 0.11 + 0.06
140 = 160 150 0.71 + 0.11 + 0.06
160 + 180 170 0.55 + 0.10 =+ 0.05
180 + 210 194 0.42 + 0.09 + 0.04
210 = 240 224 0.30 + 0.10 =+ 0.03

Table 8: Measured differential electroproduction crosgisas in the kinematic rang&6 <
Q> < 100GeV?, Py, > 1GeV and0.3 < z < 0.9 as function of the four momentum transfer
@*, the squared transverse momentum of.fji¢ meson in the photon proton rest fraf’,
the elasticityz and the photon proton centre-of-mass enéigy.
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Inelastic.J /v Electroproduction
Pp2, [GeV?] (Py2,) [GeV?] doep/dP}?, [nb/GeV?]

0.30 < 2z < 0.60
1.0 + 4.0 2.2 5.5 + 1.1 + 0.5
40 = 9.0 5.6 3.0 £+ 0.6 £+ 0.3
9.0 <+ 20.0 11.3 0.89 £ 0.17 £ 0.08
20.0 + 60.0 27.0 0.11 =+ 0.02 +£ 0.01
0.60 < 2 < 0.75
1.0 + 4.0 2.3 3.7 + 0.7 + 0.3
40 = 9.0 5.7 2.7 + 04 + 0.2
9.0 <+ 20.0 11.3 092 £ 015 &£ 0.08
200 + 60.0 27.0 0.13 £ 003 £ 0.01
0.75 < 2 < 0.90
1.0 = 4.0 2.3 3.3 + 0.7 + 0.3
4.0 = 9.0 5.7 2.6 + 0.5 + 0.2
9.0 <+ 20.0 11.5 0.67 £ 0.13 £ 0.06
200 + 60.0 27.0 0.026 =+ 0.013 =£ 0.002
z (z) doep/dz [nb]
1.0 < P, < 2.0GeV
0.30 = 0.45 0.375 60.0 £ 17.0 £ 5.1
0.45 + 0.60 0.525 480 £ 114 £ 4.1
0.60 =+ 0.75 0.675 746 £ 128 £ 6.3
0.75 <+ 0.90 0.825 66.8 £ 129 £ 5.7
2.0 < P}, < 3.5GeV
0.30 =+ 0.45 0.375 624 £ 151 £ 5.3
0.45 + 0.60 0.525 67.1 £ 131 £ 5.7
0.60 =+ 0.75 0.675 1153 £ 16.2 £+ 9.8
0.75 <+ 0.90 0.825 105.0 £ 16.7 =+ 8.9
3.5 < Pr, < 10.GeV
0.30 =+ 0.45 0.375 284 £ 6.7 + 24
0.45 <+ 0.60 0.525 419 £ 7.5 + 3.6
0.60 =+ 0.75 0.675 796 £ 106 £ 6.8
0.7 + 0.90 0.825 589 £ 9.5 £+ 5.0

Table 9: Measured differential electroproduction crosgisas in the kinematic range6 <
@Q* < 100GeV? Py, > 1GeV and60 < W,, < 240GeV as a function of the squared
transverse momentum in the photon proton rest fral?ﬁg in bins of the elasticity: and the
elasticityz in bins of the transverse momentum in the photon proton rasté ;. .
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Table 10: Measured polarisation parameters in the helamy the Collins-Soper frame as

function of Pp,, andz in the kinematic rangeé’r, > 1GeV,60 < W,, < 240GeV and

0.3 <2z<0.9.

Inelastic.J /vy Photoproduction

Helicity Frame

PT,zp [GeV] <PT7¢> [GeV] Q v
10 =+ 20 145 4054102 4025 1%
20 = 3.0 2.46 —0.15 02 .74 £040
30 = 45 3.65 —0.18 H026  _( oq +052
45 = 10.0 6.21 —0.28 t932 10,59 031
z (z) a v
0.30 = 0.45 0.375 —0.65 7921 —0.28 701
0.45 = 0.60 0.525 40.35 1025 4.0.40 1023
0.60 = 0.75 0.675 —0.18 1923 4+0.01 7522
0.75 = 0.90 0.825 +0.71 F019 _0.10 #0:3L
Collins-Soper Frame
PTJ/, [GeV] <PT7¢> [GeV] Q v
1.0 = 20 1.45 4+0.25 7018 +0.41 010
20 =+ 3.0 2.46 —0.26 11T .42 £220
30 = 45 3.65 —0.02 152 —0.31 £33
45 = 10.0 6.21 +0.19 7039 +0.09 1933
z (z) a v
0.30 + 0.45 0.375 +0.47 H034 —0.18 F0-2
045 + 0.60 0.525 —0.02 T18  +0.24 13
0.60 + 0.75 0.675 —0.00 1018 —0.16 1523
0.75 = 0.90 0.825 —0.02 597 +0.50 1558
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