EPJ manuscript No. (will be inserted by the editor)

Photoproduction of Open Charm at HERA

Karin Daum^{ab}

Bergische Universität Wuppertal, Gaußstraße 20, D-42097 Wuppertal, Germany

Received: date / Revised version: date

Abstract. New results from the H1 and ZEUS experiments on photoproduction of open charm at HERA are presented. Final states containing charm events are identified by the reconstruction of charmed hadrons. These data are used to extract information on charm fragmentation ratios and fractions, to test QCD predictions on inclusive D^{∗±} meson production and to investigate di-jet angular distributions in photoproduction of charm.

1 Introduction

The description of charm photoproduction in ep scattering at HERA is based on perturbative QCD (pQCD). In leading order (LO) charm quarks are predominantly produced by the photon gluon fusion (PGF) process, i.e. γg → cc, where a quasi-real photon emitted by the electron^1 interacts with a gluon in the proton producing a charm quark pair cc. In addition to this direct process sizable contributions from resolved photon interactions, i.e. g^{(γ)}g^{(p)} → cc and c^{(γ)}g^{(p)} → cg are expected in photoproduction due to the partonic structure of the photon. In next-to-leading order (NLO) or beyond, however, this distinction becomes inappropriate.

NLO calculations for charm production are performed in different schemes. All approaches assume a scale to be hard enough to apply pQCD and to guarantee the validity of the factorization theorem.

The massive approach assumes three active flavours in the proton. The densities of the three light quarks and the gluon in the proton and the photon are obtained by DGLAP evolution. Charm quarks are produced perturbatively [1] via PGF. These calculations are reliable for a renormalization scale μ^2_r ≈ m^2_c , but break down for μ^2_r ≫ m^2_c .

The massless approach [2,3] sets m_c = 0. Therefore charm is treated as an active flavour in the proton. Within this approach final state divergencies are absorbed into the fragmentation function. This scheme is indispensable for p_⊥ ≫ m_c but breaks down for p_⊥ ≤ m_c.

In a third approach (FONLL) [4] the features of both methods are combined. This matched scheme adjusts the number of partons n_f in the proton according to the relevant scale. It applies the massive scheme at low scales and

a Present address: DESY, Notkestraße 85, D-22607 Hamburg, Germany; email:daum@mail.desy.de b On behalf of the H1 and ZEUS collaborations 1 Hereafter, a reference to electrons implies a reference to either electrons or positrons.

treats charm similarly to massless quarks for scales much above m_c.

Recent results on charm fragmentation parameters, on inclusive D^{∗±} meson production and on D^{∗±} with associated di-jet production presented in this paper are used to get further insight into charm photoproduction at HERA and to test the validity of theoretical calculations.

2 Fragmentation ratios

Experimentally heavy quark are not observed directly, but heavy flavoured hadrons are measured instead. This fragmentation process is a long distance effect, which can only be described by phenomenological models. These models are implemented into theoretical cross section calculations assuming fragmentation to be independent of the underlying production mechanism of the charm quarks. This universality can be tested by measuring the charm fragmentation properties in ep as well as in e^+e^− collisions.

In Fig. 1 recent results on the fragmentation ratios R_{u/d}, γ_s and P_V obtained from charmed hadron photoproduction at HERA [5] are compared with measurements in deep inelastic scattering(DIS) [7] and in e^+e^−-annihilation [8]. The variable R_{u/d} = cu/cd, which measures the ratio of the neutral to charged D meson production, is expected to be close to unity because of the smallness of the bare u and d quark masses. The strangeness suppression factor γ_s = 2 · cs/(cu + cd) should be significantly smaller than unity because of the bare strange quark mass. Finally the ratio P_V = V/(V + P ) denoting the fraction of D masons produced in a vector state is expected to 3/4 from naive spin counting. From Fig.1 it can be concluded that all three fragmentation ratios are indeed universal quantities within the experimental accuracy. Furthermore, R_{u/d} and γ_s are consistent with naive expectations while the ratio P_V deviates significantly from the value obtained by simple spin counting.

(a)

(c)

(b)

Fig. 1. The ratios (a) R_{u/d}, (b) γs and (c) PV from γp at HERA in comparison with DIS and e^+e^− results. The vertical lines and the shaded bands correspond to the averages and their errors, respectively.

In addition to these ratios the fragmentation fractions of charm quarks into individual charmed hadrons measured in γp [5] are in agreement with the values obtained in DIS at HERA and e^+e^− annihilation at LEP. Furthermore it has been shown that the distribution of the fragmentation function of D^{∗±} mesons, as extracted in γp [6] is consistent with the results from similar measurements in e^+e^− at different energies. These observations give strong support for the assumption of the universality of charm fragmentation within the region of phase space currently accessible by the different charm production processes.

3 Inclusive D^{∗±} meson production

Inclusive D^{∗±} meson photoproduction serves as an important tool for testing QCD models of charm production. The experimental attractiveness of the D^{∗±} meson lies in the small energy release in the decay D^{∗+} → D^0π^+, which is very close to m_π and thereby leads to a good signal to background ratio. In addition the D^{∗±} meson fragmentation function is relatively well known which limits a part of the systematic uncertainties in theoretical calculations.

Fig.2 shows the inclusive D^{∗±} meson electro-production cross sections dσ/dp_t and dσ/dη in the photoproduction regime [9], where η denotes the pseudorapidity defined as η = − ln tan Θ/2. The data are compared to NLO QCD calculations in the 3-flavour massive [1] and in the 4-flavour massless scheme [3]. The error bands on the theoretical predictions indicate the uncertainties due to variations of the renormalisation and factorisation scales. These

Fig. 2. Differential cross sections dσ/dpt and dσ/dη compared with predictions from massive and massless NLO calculations.

uncertainties which are only part of the total uncertainties are large compared to the experimental errors. While the massless calculation is able to describe the data in dσ/dp_t, none of the calculations can reproduce the shape of dσ/dη.

Fig. 3. Differential cross section dσ/dη in bins of pt compared with predictions from massive NLO and FONLL calculations.

The failure of the theory in describing the data at large η becomes more evident in Fig.3 which shows the cross section dσ/dη in bins of p_t [10]. Here, the data are compared with predictions from the massive [1] and from the FONLL [4] approach. Despite of the large theoretical uncertainties significant deviations from the data are observed in the intermediate p_t region at η > 1.

4 Charm di-jet angular distributions

The study of charm events with associated di-jets has been proven to be an efficient tool for investigating details of the charm production mechanism [11]. Using the LO language the data may be divided into samples enriched in direct and resolved events by the variable x^{obs}_γ , which gives the momentum fraction of the photon carried by the two jets. The cross section dσ/dx^{obs}_γ has been found to be larger at low x^{obs}_γ than predicted by NLO calculations [1], but agrees at large x^{obs}_γ . Agreement in shape between the measured cross section and LO Monte Carlo models including parton-showers is obtained if they include a resolved component of ≈40%. Furthermore this comparison predicts that most of the resolved contribution is due to c^{(γ)}g^{(p)} → cg rather than g^{(γ)}g^{(p)} → cc.

Direct information on the mechanisms of charm di-jet photoproduction in both the resolved and direct regimes is obtained from the analysis of the angular correlation between the direction of the jet associated with the reconstructed D^{∗±} meson and the proton direction in the the jet-jet rest frame [12]. For the processes γg → cc and g^{(γ)}g^{(p)} → cc in which the propagator is a quark this angular distribution is expected to follow dσ/d cos Θ^∗ ∝ (1 − | cos Θ^∗|)^{−1}. For c^{(γ)}g^{(p)} → cg the dependence on cos Θ^∗ is more complicated. The dominant contribution is due to the gluon propagator yielding a (1 − | cos Θ^∗|)^{−2} term for cos Θ^∗ < 0 while the smaller contribution from the quark propagator leads to a (1 − | cos Θ^∗|)^{−1} dependence for cos Θ^∗ > 0.

In fig.4 the cross section dσ/d cos Θ^∗ is shown in comparison with expectations from LO Monte Carlo models including parton showers. The data is divided into two samples: x^{obs}_γ < 0.75 which is dominated by resolved processes and x^{obs}_γ > 0.75 which is enriched in direct photoproduction. As expected in the region of large x^{obs}_γ only a small variation with cos Θ^∗ is observed in the experimentally accessible cos Θ^∗ range. The distribution shows a small asymmetry mainly due to contamination of resolved events. In the region of small x^{obs}_γ the data show a strong backward asymmetry due to the dominance of the process c^{(γ)}g^{(p)} → cg in resolved events. Both Monte Carlo models are not able to describe the absolute cross sections. When applying overall normalisation factors to the models, however, the PYTHIA program yields a good description of the data in both x^{obs}_γ regimes while HER- WIG predicts a smaller backward asymmetry than experimentally observed for small x^{obs}_γ .

The prediction of NLO calculations in which charm is produced exclusively in the hard sub-process lies below the data for small x^{obs}_γ . The description of the data could be improved by including a charm component in a NLO fit to the photon structure function.

5 Conclusion

New results on open charm photoproduction from the H1 and ZEUS experiments at HERA have been presented. The measurements of the charm fragmentation ratios and fractions agree well with the results from other charm production processes and thus support the hypothesis of the universality of fragmentation. The inclusive D^{∗±} meson cross sections reveal the incapability of available NLO QCD calculations to describe the data in all aspects. The analysis of charm di-jet angular distributions has proven

Fig. 4. Differential cross sections dσ/d cos Θ^∗ compared with MC simulations PYTHIA and HERWIG for the resolvedenriched (x^{obs}_γ < 0.75) and the direct-enriched (x^{obs}_γ > 0.75) samples. The model predictions are normalized to the data.

that charm as an active flavour in the photon is the major contribution to the resolved photon process in the LO framework.

References

1. S. Frixione et al., Phys. Lett. B 348 (1995) 633; S. Frixione et al., Nucl. Phys. B 454 (1995) 3.

2. B.A. Kniehl et al., Z. Phys. C 76 (1997) 689; M. Cacciari and M. Greco, Phys. Rev. D 55 (1997) 7134; J. Binnewies et al., Z. Phys. C 76 (1997) 677; J. Binnewies et al., Phys. Rev. D 58 (1998) 014014.

3. B. Kniehl, 14th Topical Conference on Hadron Collider Physics (Springer, Heidelberg 2003) p. 161, [hepph/0211008].

4. M. Cacciari, S. Frixione and P. Nason, JHEP, 03 (2001) 006, [hep-ph/0102134].

5. ZEUS Collab.contributed paper to the EPS2003, Aachen, Abstract # 564 (2003).

6. ZEUS Collab., contributed paper to the XXXIst International Conference on High Energy Physics, Amsterdam, Abstract # 778 (2002).

7. H1 Collab., contributed paper to the EPS2003, Aachen, Abstract # 0096 (2003).

8. L. Gladilin, Preprint [hep-ex/9912064], (1999). 9. H1 Collab., contributed paper to the EPS2003, Aachen, Abstract # 0097 (2003).

10. ZEUS Collab., contributed paper to the XXXIst International Conference on High Energy Physics, Amsterdam, Abstract # 786 (2002).

11. J. Breitweg et al.(ZEUS Collab.), Eur. Phys. J. C 6 (1999) 67. 12. S. Chekanov et al.(ZEUS Collab.), accepted by Phys. Lett B (2003), [hep-ex/0302025].