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InelasticJ/ψ photoproduction is an interesting area where one can test QCD predictions. This

article reviews the recent experimental results obtained by the ZEUS and H1 Collaborations. Sin-

gle differential and double differential cross sections have been measured by the H1 Collaboration

using an integrated luminosity of 166 pb−1, taken in the years 2006-2007. TheJ/ψ decay an-

gular distributions have been measured in inelastic photoproduction by the ZEUS Collaboration,

with an integrated luminosity of 468 pb−1. These results have an increased precision compared to

previous analyses. The measurements are compared to various theoretical predictions at leading

and next-to-leading order in QCD.
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1. Introduction

The production of heavy quarkonia in high energyep collisions provides an ideal and to some
extent unique laboratory where our understanding of nonperturbative QCD and its interplay with
perturbative QCD may be tested in a controlled framework. In the following, firstly we give a brief
summary of the theory, then in section 3 we show the differential cross sections measurements
made by the H1 Collaboration and in section 4 the measurements of theJ/ψ polarization (helicity)
made by the ZEUS Collaboration. Both measurements were done in the photoprodutcion regime1.
The results are compared with theoretical predictions at leading and next-to-leading order in QCD.
Finally we give conclusions in section 5.

2. Theory

In ep collisions charmonium can be produced inelastically both through direct photon and re-
solved photon processes2. In direct photon processes, the photon couples directly to a parton in
the proton, whereas in resolved photon processes, the photon acts as asource of partons, one of
which participates in the hard interaction. The charmonium state can emerge from the hard in-
teraction either immediately with the right values of spin, angular momentum and colour, colour
singlet (CS) model, or in a colouredcc state,colour octet (CO) model, which is followed by a
long-distance transition to charmonium and light hadrons. This transition is parameterised through
process-independent matrix elements, whose values are extracted fromexperimental data. The
theory, incorporating in a coherent manner CS and CO terms, is called Non-Relativistic QCD
(NRQCD). Despite these developments the range of applicability of these approaches to the prac-
tical case of charmonium is still subject of debate, as is the quantitative verification of factorisation
between hard cross sections and matrix elements. Apart from the previous models, there is also
thekT -factorisation method which, starting from the CS model, useskT factorisation in an attempt
to take into account initial-state radiation through parton distributions that depend on the parton’s
transverse momentumkT , as well as on the parton’s longitudinal momentum fractionx. ThekT -
dependent parton distributions are not very well known phenomenologically, and there are possibly
unresolved theoretical issues, such as the universality of thekT -dependent parton distributions. In
this situation cross checks between various processes and predictions of different observables (for
example quarkonium polarisation and differential cross sections) are crucial in order to assess the
importance of different quarkonium production mechanisms, as well as thelimitation of a particu-
lar theoretical approach. We have also to remember that next-to-leading order (NLO) calculations
exist only in the photoproduction regime, restricted to the CS model. Within NRQCDand kT

frameworks the calculations are limited to leading order (LO) both in photoproduction and electro-
production regimes.

3. Differential cross sections measurements

The new data from the H1 Collaboration [2] correspond to an integrated luminosity of 166
1When the virtuality of the exchanged photon (Q2) is almost zero, one speaks of photoproduction regime, when the

virtuality is greater than 1 GeV2 we are in the electroproduction regime.
2An exhaustive review of the quarkonia production can be found in [1].
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pb−1 taken during the years 2006-2007. TheJ/ψ mesons were identified through their decay into
muon pairs. Additional tracks were required in order to suppress eventsfrom J/ψ and ψ(2S)
diffractively produced, and select true inelastic events. In each event the absence of the scattered
electron was required in order to select photoproduction. The phase space region3 was defined as:
pT > 1 GeV, 60< W < 240 GeV, 0.3 < z < 0.9. In Fig. 1 (a) and (b) the inelasticJ/ψ photo-
production differential cross sections as function ofp2

T andz are shown, respectively. The circles
correspond to these new H1 measurements, while the stars correspond to aprevious publication
[3], good agreement is seen between these two independent data samples. Between the various
theoretical curves plotted, two are in good agreement with the data for both cross sections: a NLO
calculation performed in the CS model [4] and the CASCADE4 Monte Carlo [5]. We have to
observe that this NLO calculation used rather extreme values for the renormalization scale5, they
have the effect of artificially increasing the normalization. A recent NLO calculation [8] using
µR = µF = 4mc (with mc = 1.5 GeV) gives predictions much lower than the data.
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Figure 1: InelasticJ/ψ differential cross sections as function ofp2
T (a) andz (b). The inner (outer) error

bars correspond to the statistical (total) uncertainty. The theoretical curves are described in the text.

In Fig. 2 (a) the differential cross section as function ofp2
T in bins of z and in Fig. 2 (b) the

differential cross section as function ofz in bins of pT are shown. The CASCADE Monte Carlo
gives an overall good description for both cross sections.

4. Polarization measurements

The decay angular distributions of theJ/ψ provide another observable (different from the
differential cross sections) that can clarify the underlying production mechanism (CS vs. CO but
also collinear vs.kT factorisation). The helicity analysis made by the ZEUS Collaboration [6]
used an integrated luminosity of 468 pb−1 selecting theJ/ψ’s through their decay into muon pairs.
It was performed in the so called “target frame” in which the quantization axisis taken to be the

3pT is the transverse momentum of theJ/ψ in the laboratory frame,W is the photon-proton centre of mass energy,
the inelasticity variablez is equal to the fraction of the energy of the incoming photon taken by the outgoing J/ψ in the
proton rest frame.

4CASCADE Monte Carlo is based on LO CS model,kT factorization and CCFM evolution equations.
5µR = µF = max[

√
2mc, 1

2

√

m2
c + p2

T ] with 1.3≤ mc ≤ 1.5 GeV.
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Figure 2: InelasticJ/ψ differential cross sections as function ofp2
T in bin of z (a) and as function ofz in

bins of pT (b). The inner (outer) error bars correspond to the statistical (total) uncertainty. The theoretical
curves are described in the text.

opposite of the incoming proton direction in theJ/ψ rest frame. The differential cross sections in
θ andφ can be parametrized as:

dσ
dθ

∝ 1+λ cos2θ,
dσ
dφ

∝ 1+
λ
3

+
ν
3

cos2φ,

whereλ andν , the polar and azimuthal angular parameters, are functions ofpT andz. In Fig. 3
(a), the ZEUS data are shown forλ vs. pT in the phase space region 0.4< z < 1 and 50< W < 180
GeV. The valuesλ = −1 andλ = +1 correspond to fully longitudinal and transverse polarization,
respectively. The data are consistent with being flat with increasingpT . In Fig. 3 (b) the ZEUS
data are shown forν vs. z in the phase space regionpT > 1 GeV and 50< W < 180 GeV. The
data are flat for mediumz while seem to increase at low and highz. The data are compared with
various theoretical calculations: LO CS [7], LO CS + CO [7], NLO CS [8] and LO kT [9]. None
of the predictions are able to describe all aspects of the data. The NLO CS calculation forpT > 1
GeV suffers from large scale uncertainties [10], in order to avoid this problem, measurements and
calculations were repeated increasing thepT cut to 2 GeV and 3 GeV. In Fig. 3 (c) and (d) theλ and
ν parameters, respectively, are shown as function ofz for pT > 3 GeV. The NLO CS calculation
has now smaller uncertainties, but agrees with the data only for theν parameter.

5. Conclusions

The H1 Collaboration has measured single and double differential cross sections for the in-
elasticJ/ψ photoproduction using an integrated luminosity of 166 pb−1. The results are in good
agreement with CS NLO calculations and withkT factorisation model as implemented in CAS-
CADE. However, no strong conclusions about the presence of the CO terms can be derived due to
the large systematic uncertainties present in the NLO calculations. TheJ/ψ helicity distributions in
the inelastic photoproduction regime have been measured by the ZEUS collaboration using a lumi-
nosity of 468 pb−1. The results are compared to LO QCD predictions both in the CS, CS+CO and
kT factorisation frameworks and also with NLO CS calculations. None of the present predictions
can describe all aspects of the data.
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Figure 3: Distribution of the helicity parameterλ as a function ofpT , (a), and ofν as a function ofz, (b).
In (c) and (d) the helicity parametersλ andν are shown as function ofz, respectively, forpT > 3 GeV. The
inner (outer) error bars correspond to the statistical (total) uncertainty. The theoretical curves are described
in the text.

References

[1] N. Brambilla et al.,Heavy Quarkonium Physics CERN Yellow Report, CERN-2005-005, Geneva.

[2] H1 Collab.,Inelastic photoproduction of J/ψ mesons at HERA http://www-h1.desy.de/

[3] H1 Collab., C. Adloff et al.,Eur.Phys.J. C 25 25 (2002) [hep-ex/0205064].

[4] M. Krämer, Nucl. Phys. B 459 3 (1996).

[5] H. Jung and G.P. Salam,Eur.Phys.J. C19 351 (2001) [hep-ph/0012143].

[6] ZEUS Collab., S. Chekanov et al., DESY-09-077, submitted to JHEP

[7] M. Beneke, M. Krämer and M. Vänttinen, Phys. Rev.D57 4258 (1998).

[8] P. Artoisenet et al.,Phys. Rev. Lett. 102 142001 (2009).

[9] S.P. Baranov,JETP 88 471 (2008).

[10] P. Artoisenet, private communication, 2009.

5


