Inelastic charmonium production at HERA

B. Naroska^a for H1 and ZEUS Collaborations

aII. Institut für Experimentalphysik Luruper Chaussee 149 D 22761 Hamburg E-mail:naroska@mail.desy.de

New results with increased statistics are presented for the production of J/ψ in the photoproduction limit Q^2→ 0. Electroproduction has been analysed for 2 ∼^< Q^2 ∼^< 80 GeV^2 in a completely inclusive way and with an inelastic selection aimed at retaining possible colour octet contributions. Calculations based on the colour singlet model in NLO are compared to the photoproduction data and good agreement is found. Results from calculations within the NRQCD approach including colour octet contributions are confronted with the data in both Q^2 regimes. A Monte Carlo model based on soft colour interactions is furthermore compared to the inclusive cross sections.

1. INTRODUCTION

Due to increased statistics available from the year 1997 new data on charmonium (J/ψ, ψ^′) and Υ production have been presented by H1 and ZEUS. Here we will concentrate on “inelastic” J/ψ production as opposed to the diffractive processes [1] which dominate the cross section at low Q^2. HERA was operating with positrons (27.5 GeV) and protons (820 GeV) yielding a center of mass energy of 300 GeV. Standard variables for lepton proton scattering will be used: Q^2, the negative four momentum squared of the exchanged photon, W , the center of mass energy of proton and exchanged photon, and z =^{Eψ}_{Eγ} the energy of the J/ψ relative to that of the ex-

Figure 1. J/ψ production via photon gluon fusion in the colour singlet model(left) and in the colour octet (right) model.

changed photon in the proton rest frame. z = P_ψ · P P · q ≈ E_ψ E_γ (1) 2. THEORY AND MODELS

Inelastic J/ψ production at HERA proceeds via exchange of almost real (Q^2 ∼ 0) or virtual photons (Q^2 > 2 GeV^2) and is dominated by photon gluon fusion. At low z values resolved processes may become important at Q^2 ∼ 0 while at high z diffractive processes are large. In the fixed target regime data for inelastic J/ψ production were well described by the colour singlet model (CSM) and this is still found to be true at HERA.

As is well known the CSM fails to describe charmonium production in pp̄ collisions at high p_T [7]. Colour octet contributions have been proposed for an adequate description. The NRQCD factorisation approach (NRQCD = Non Relativistic QCD) [8] describes any process A+B → J/ψ +X as a sum over colour singlet and colour octet contributions.

Whereas the transformation of a colour singlet cc pair which is in a^3S_1 state^1 into a J/ψ can be related to the measured semileptonic decay width, the transition of a colour octet state to

1Spectroscopic notation is used,^{2S+1} L_J

a J/ψ meson is non–perturbative. Long distance matrix elements describing these transitions are at present not calculable and are introduced as parameters in the theoretical calculations. The predictions for the cross section at HERA use the long range transition matrix elements extracted from the pp data.

The Monte Carlo model of soft colour interactions (SCI) [15] is an alternative approach, which has been quite successful in describing production of “onia” in pp collisions. In this model coloured cc̄ pairs are produced in a hard process including parton showers to simulate higher orders. Then additional colour interactions at a scale below the pQCD cut–off are proposed which alter the colour configuration of the final state and may lead to production of colour singlet states. At HERA these soft colour interactions follow production of a cc state via photon gluon fusion. They are proposed to describe diffractive as well as inelastic production of J/ψ mesons. The SCI model gives an absolute prediction for the cross section. This model is implemented, for ep collisions, in the Monte Carlo generator AROMA [16].

3. RESULTS ON PHOTOPRODUCTION

The ZEUS collaboration has updated their photoproduction data [2] using essentially the same analysis procedure as previously [5]. The data cover a range of 40 ≤ W ≤ 180 GeV. The inelastic selection requires – in addition to the decay leptons of the J/ψ– an energy deposition in the “forward” region of the detector, i.e. the direction of flight of the proton. A cut 0.4 < z < 0.9 is introduced and a small correction applied against diffractive J/ψ production with proton dissociation.

The γ p cross section derived from the new data as function of W is shown in fig. 2. The data agree well with the next to leading order pQCD calculation in the colour singlet model [9]. In fig. 3 the z distribution is shown along with previous results from H1. Also here the data are well described by the mentioned NLO prediction derived within the CSM.

Originally the z distribution was thought to distinguish clearly between colour octet and

Figure 2. Inelastic J/ψ photoproduction (data from [2]): cross section as function of the photon proton center of mass energy W for 0.4 < z < 0.9 and p_T > 1 GeV. The lines correspond to the NLO predictions from [9] with GRV or MRSA’ parton density functions (m_c = 1.4 GeV and Λ_{QCD} = 300 MeV).

Figure 3. dσ/dz for 50 < W < 180 GeV and p_T > 1 GeV. The NLO computation is shown as a dashed line. The dotted and dash-dotted lines are given by the sum of the colour singlet and the colour octet leading order calculations performed in [11] and in [12] (see text).

Figure 4. Inelastic J/ψ photoproduction: dσ/dz Data from [2,4,5]. The theoretical curves are from [13](see text).

colour singlet mmechanisms. In fig. 3 in addition to the NLO CSM curve calculations using the NRQCD/factorisation approach [10–12] are shown. These are in leading order (LO). The upper (dashed) curve was calculated using the transition matrix elements extracted originally from pp data in LO and shows a strong rise towards high z values which overshoots the data. Subsequently it was realised that higher order effects (gluon radiation and/or effects of finite k_T ) may have a large effect on the values of the long distance matrix elements. Estimating these resulted in a reduction of the size of the long distance matrix elements relevant for HERA. The two lower curves in fig. 3 were derived using these lower approximate matrix elements as explained in refs. [10–12]. The predicted rise is decreased and the curves come closer to the data. In fig. 4 the data shown in fig. 3 and previous data from the ZEUS collaboration are shown. A prediction [13] covering the full z-range including the region of “resolved photon” contributions is given for comparison. Along with CSM curves predictions using decreased long distance matrix elements extracted from the pp data estimating effects of higher orders are shown. The predictions for HERA are in leading order and are found to lie below the data by approximately a factor 3.

4. INCLUSIVE AND INELASTIC ELEC- TROPRODUCTION OF J/ψ

H1 has for the first time determined differential cross sections for inclusive and inelastic J/ψ production at Q^2 > 2 GeV^2 [6], covering a range 40 ≤ W ≤ 180 GeV. For the inclusive differential cross sections a cut z > 0.2 or 0.5 is applied for the J/ψ decay into muons and electrons, respectively. Acceptances and efficiencies are corrected using a Monte Carlo simulation containing diffractive and inelastic contributions.

The results for the inclusive selection are shown in fig. 5 in the form of differential cross sections dσ/dQ^2, dσ/dp^2_{t,ψ}, dσ/dz and dσ/dy^∗, where y^∗ denotes the rapidity of the J/ψ in the photon proton center of mass system. The model of soft colour interactions is compared to the data. The shapes of most differential distributions are rather well described while the absolute height of the model is below the data. An exception is the z distribution which shows large discrepancies in particular at high z values. This may partially explain the discrepancies in absolute normalisation observed in the other distributions. The difference between SCI model and data at low z values is believed to be due to missing “hard” contributions, i.e. emission of hard gluons.

The inelastic selection is performed by determining differential cross sections for a high mass M_X of the hadronic system X produced together with the J/ψ(see diagrams in fig. 1). This is achieved indirectly by demanding a large energy deposition in the forward region of the detector, E_{fwd} > 5 GeV and correcting the data for M_X > 10 GeV using Monte Carlo simulations. The effect of this procedure is best seen in the z and y^∗ distributions shown in fig. 6. The cut on M_X has a large effect at high z where the diffractive contributions are expected. The rapidity of the J/ψ in the photon proton center of mass system is affected at values above y^∗ > 2.5. Note that large values of y^∗ correspond to the direction of the exchanged photon.

In fig. 7 the resulting cross sections for M_X > 10 GeV are shown together with the predictions in the framework of NRQCD. The data are seen to be far above the CS contributions, which are shown separately. On the other hand taking into account colour octet contributions the predictions are above the data. The shape of the latter leaves, however, much room for improvement, in particular in the rapidity y^∗ in the γ^∗p center of mass system. Note that the NRQCD calculations are performed at the parton level, no smearing due

Figure 5. Differential cross sections for inclusive (open dots) J/ψ production as a function of Q^2, p^2_{t,ψ}, z, y^∗ and W . The inner error bars give the statistical error, the outer errors are the statistical and systematical uncertainties added in quadrature. A prediction by AROMA2.2 with soft colour interactions SCI (dotted histogram) is also shown.

Figure 6. Differential cross sections for the inclusive (open points) and inelastic (M_X > 10 GeV, black points) ep → e J/ψ X process. dσ/dz and dσ/dy^∗ are shown. The curves give the NRQCD predictions as in fig. 7 while the histogram is calculated using the SCI model as in fig. 5.

Figure 7. Differential cross sections for inelastic (full dots) J/ψ production as a function of Q^2, p^2_{t,ψ}, z, y^∗ and W . The curves show the NRQCD predictions, the colour singlet contribution (dashed line) and the sum of colour singlet and colour octet contributions (full line).

to the transition into J/ψ is taken into account.

4.1. Decay angular distribution

The measurement of the polarisation of the J/ψ meson is interesting and may distinguish different production mechanisms. The decay angular distribution in the helicity frame is shown in figure 8. It is predicted to be of the form: dσ d cos θ^∗

∼ 1 + α cos^2 θ^∗ .

For the colour singlet model α ≈ 0.5 is expected, for the colour octet model |α| ∼^< 0.5, negative, zero or positive depending on which cc configuration dominates in the production. The measured values are α = 0.54^{+0.29}_{−0.26} for the inclusive selection and α = 0.77^{+0.44}_{−0.38} in the inelastic case, both compatible with the colour singlet prediction.

Figure 8. Angular distributions for the inclusive and inelastic selections at Q^2 > 2 GeV^2.

4.2. Comparison to photoproduction For the comparison with photoproduction data the total γ^∗p cross section at Q^2 > 2 GeV^2 as function of W is calculated for the inclusive case and for an inelastic selection with z < 0.9, the same cut as applied in photoproduction. The results are shown in figure 9 together with HERA results for Q^2 ≈ 0 GeV^2 [3,5]. The W dependence of the cross sections is very similar for photoproduction and leptoproduction. It can be parametrised by a power law W^δ with δ = 0.95±0.11, δ = 0.89±0.20 and δ = 0.91±0.26 for the inclusive and inelastic leptoproduction and for inelastic photoproduction, respectively.

Figure 9. Total cross section for γ^{(∗)}p → J/ψ X Data for photoproduction (Q^2 ∼ 0 [2,5,3]) are shown. For Q^2 > 2 GeV^2[6] the inclusive (scaled by a factor 1.5) and inelastic cross sections are shown. A cut z < 0.9 is common to all data while the treatment of the low z end differs slightly.

5. SUMMARY

Inelastic J/ψ production is studied in photoproduction and at Q^2 > 2 GeV^2. The photoproduction data are found to be well described by the colour singlet model alone in next to leading order. Theoretical deviations due to colour octet contributions are still under debate and do not seem to play a major role in the measurements. At Q^2 > 2 GeV^2 inclusive differential cross sections have been extracted. The model of soft colour interactions gives a rather good description of their shapes while the absolute height is below the data. Inelastic cross sections have been extracted avoiding a cut on z in order to retain possible colour octet contributions. LO colour singlet and colour octet predictions (at parton level) were compared to the data. Neither shape nor magnitude of the measurements is adequately described and calls for adjustments of parameters and probably also for inclusion of higher order effects.

ACKNOWLEDGEMENT

I wish to thank the organisers for a very pleasant and fruitful meeting and my colleagues at ZEUS and H1 for supplying their data and for discussions.

REFERENCES

1. B. Waugh, these proceedings 2. ZEUS Coll., Contributed paper 814 to International Conference on High Energy Physics, ICHEP98, Vancouver, July 1998.

3. H1 Coll., Nucl. Phys. B 472, 3 (1996), 4. H1 Coll., contributed paper to ICHEP’96, 28th Intern. Conf. on High Energy Physics, Warsaw 5. ZEUS Collaboration, Z. Phys. C 76, 599 (1997) 6. H1 Collaboration, ’Charmonium Production in Deep Inelastic Scattering at HERA’, hepex/9903008.

7. CDF Coll., Abe F. et al., Phys. Rev. Lett., 69, 3704 (1992); ibid. 79, 572 (1997);

DØ Coll., Abachi S. et al., Phys. Lett. B370, 239 (1996) 8. G.T. Bodwin, E. Braaten, G.P. Lepage, Phys.

Rev. D 51, 1125 (1995), erratum Phys. Rev. D 55, 5853 (1997).

9. Krämer M., Phys. Lett. B348, 657 (1995);

Nucl. Phys. B459, 3 (1996) 10. Beneke M. and Krämer M., Phys. Rev. D55, 5269 (1997);

Beneke M., Rothstein I.Z. and Wise M.B., Phys. Lett. B408, 373 (1997) 11. Cano–Coloma B. and Sanchis–Lozano M.A., Nucl. Phys. B508, 753 (1997) 12. Sridhar K., Martin A.D., Stirling W.J. DTP- 98-30 (1998), hep-ph 9806253 13. Kniehl B.A. and Kramer G., Phys. Rev. D56, 5820 (1997); Phys. Lett. B413, 416 (1997); Eur. Phys. J. C 6, 1999 (493) 14. Fleming S. and Mehen T., Phys. Rev. D57, 1846 (1998) 15. A. Edin, G. Ingelman, J. Rathsman, Z. Phys.

C 75, 57 (1997), Phys. Rev. D 56, 7317 (1997) 16. Ingelman G., Rathsman J., Schuler G.A., Comput. Phys. Commun. 101, 135 (1997)