Submitted to the International Europhysics Conference on High Energy Physics,
HEP97, Jerusalem, Israel, August 1997

Low Q^2 Jet Production at HERA

and Virtual Photon Structure

H1 Collaboration

Abstract

The transition between photoproduction and deep-inelastic scattering is investigated in jet production at the HERA ep collider, using data collected by the H1 experiment. Measurements of the differential inclusive jet cross sections dσ_{ep}/dE^∗_t and dσ_{ep}/dη^∗ in the virtual photon-proton centre of mass frame are presented for 0 < Q^2 < 49 GeV^2 and 0.3 < y < 0.6. The interpretation of the results in terms of the structure of the virtual photon is discussed, and comparisons are made with QCD calculations.

Abstract 273
Parallel Sessions 2,3,4
Plenary Sessions 1,2

1 Introduction and Motivation

In this paper jet production in electron-proton scattering in the transition region between photoproduction and deep inelastic scattering (DIS) is investigated. The results are interpreted in terms of parton densities of the virtual photon which are probed at a scale determined by the transverse momentum (p_t) of the jets and which evolve with the virtuality of the photon (Q^2).

In the photoproduction of jets [1], the photon can couple directly to a parton from the proton (“direct” interactions). However, the cross-section is dominated by interactions, socalled “resolved” processes, in which the photon fluctuates into a system of partons and one of these interacts with a parton out of the proton to produce the jets. This separation into direct and resolved processes can only be made unambiguously in leading order [2]. At its simplest, the hadronic fluctuation of the photon may take the form of a quark–antiquark (qq̄) pair. More complicated structure is built up through QCD interactions. In addition to this point-like “anomalous” component [3], the photon can also acquire a more conventional hadronic structure, often modelled as a fluctuation into a vector meson (vector dominance model, VDM). The crosssection for jet production can be expressed as a convolution of universal parton densities of the proton and the photon together with hard parton-parton scattering cross-sections. The evolution of the photon parton densities with the scale at which they are probed can be calculated in perturbative QCD and has been extensively measured in two-photon interactions [4].

In contrast, it is usual to consider that the only contribution to jet production in DIS is from direct interactions with the partons in the proton probed by a structureless photon at the scale Q^2. However, in the small region of phase space where high p_t jets are produced with p^2_t much larger than Q^2, it is possible to interpret the data in terms of the partonic structure of the virtual photon [5, 6, 7, 8]. Parton densities within the virtual photon are expected to be suppressed [6, 9, 10, 11, 12] with increasing Q^2 until direct processes dominate at Q^2 ∼ p^2_t . Only one measurement of the virtual photon structure has previously been made in two-photon interactions at PETRA [13]. The extensive Q^2 range together with the large centre-of-mass energy available at HERA enables a detailed study of the Q^2 evolution of photon structure.

After a description of the data used in this analysis, different models are introduced which are intended to describe the photoproduction and deep inelastic scattering regimes. The inclusive differential jet cross-sections are then presented as a function of jet transverse energy and rapidity for photon virtualities in the range 0 < Q^2 < 49 GeV^2. Finally, a measurement of the energy flow in the direction of the photon is shown as a function of Q^2 to verify the existence of a photon remnant.

2 The H1 Detector

A full description of the H1 detector can be found elsewhere [14] and only those components relevant for this analysis are described here.

The coordinate system used has the nominal interaction point as the origin and the incident proton beam defining the +z direction. The polar angle θ is defined with respect to the proton direction, and the pseudorapidity is given by η = − ln tan(θ/2).

A finely grained Liquid Argon calorimeter [15] covers the range in polar angle 4^∘ < θ < 154^∘, with full azimuthal acceptance. It consists of an electromagnetic section with lead absorbers, 20–30 radiation lengths in depth, and a hadronic section with steel absorbers. The total depth of the calorimeter ranges from 4.5 to 8 hadronic interaction lengths. The energy resolution is σ(E)/E ≈ 0.11/ √ E for electrons and σ(E)/E ≈ 0.5/ √ E for pions (E in GeV), as measured in test beams [16]. The absolute energy scale is known to a precision of 3% for electrons and 4% for hadrons.

A series of interleaved drift and multiwire proportional chambers surround the interaction point, enabling the reconstruction of charged particles in the range 7^∘ < θ < 165^∘, and the determination of the event vertex. A uniform magnetic field of 1.15 T is provided by a superconducting coil which surrounds the calorimeter.

For 1994 data taking, the polar region 151^∘ < θ < 176^∘ was covered by the BEMC [17], a lead/scintillator electromagnetic calorimeter with a depth of 21.7 radiation lengths. The resolution was given by 0.10/ √ E (E in GeV) and the absolute electromagnetic energy scale was known to a precision of about 1%. In 1995, the BEMC was replaced by the SPACAL [18], a lead/scintillating fiber calorimeter with both an electromagnetic and hadronic section covering the range 153^∘ < θ < 177.8^∘. The energy resolution for the electromagnetic section has been determined as 7.5%/ √ E(GeV)⊕2.5% and the absolute energy scale uncertainty is 1% at 27.5 GeV and 3% at 7 GeV [19]. The hadronic energy scale uncertainty of the measurement in the SPACAL is presently about 10%. Both calorimeter sections have a time resolution better than 1 ns, enabling the reduction of proton beam induced background events. The BEMC and the SPACAL were used both to trigger on and to measure the scattered lepton in DIS processes for 0.65 < Q^2 < 49 GeV^2.

In 1994, the backward proportional chamber (BPC) was located in front of the BEMC. In 1995, this was replaced by a four module drift chamber, the BDC [20], in front of the SPACAL. The polar angle of the scattered lepton was determined using the event vertex and information from these backward tracking chambers.

The luminosity system consists of two crystal calorimeters with resolution σ(E)/E = 0.1/ √ E (E in GeV). The electron tagger is located at z = −33 m and the photon detector at z = −103 m. The electron tagger accepts electrons with an energy of between 0.2 and 0.8 of the incident beam energy, and with scattering angles θ^′ < 5 mrad (θ^′ = π − θ).

3 Data Samples and Event Selection

The analysis is based on data taken by the H1 experiment in 1994 and 1995. Three data samples were used, each restricted to a region of Q^2 with good acceptance:

• Q^2 < 10^{−2} GeV^2: The photoproduction sample in which the scattered electron is detected in the electron tagger of the luminosity system. The events were triggered by demanding an energy deposit in the electron tagger with E > 4 GeV in coincidence with at least one track pointing to the vertex region (p_t>∼ 500 MeV). More details of the trigger conditions can be found in [21]. The data used was a sub-sample of that collected in 1994 and corresponds to an integrated luminosity of 210 nb^{−1}.

• 0.65 < Q^2 < 20 GeV^2: The 1995 shifted vertex data sample, corresponding to 120 nb^{−1} collected in a special run in which the mean position of the interaction point was shifted by 70 cm in the +z direction, enabling positron detection in the SPACAL down to angles of 178.5^∘. The events were triggered by requiring a cluster of more than 5 GeV in the SPACAL and timing consistent with an ep bunch crossing. The most energetic cluster in the electromagnetic section of the SPACAL was taken as the electron candidate [19].

• 9 < Q^2 < 49 GeV^2: The standard 1994 data sample, corresponding to an integrated luminosity of 2 pb^{−1}. The events were triggered by requiring a cluster of more than 4 GeV in the BEMC, and the scattered positron was taken as the most energetic BEMC cluster [22].

The error on the luminosity determination was 1.5(3)% for data taken in 1994(1995). For all three samples, the z position of the interaction vertex was required to be within 30 cm of the nominal position. In addition, to enable comparisons between the DIS and photoproduction data, for all data samples the inelasticity variable y was restricted to 0.3 < y < 0.6, the range where the acceptance of the electron tagger is well-understood.

For events with 0.65 < Q^2 < 49 GeV^2 it was also required that the ∑ i(E_i − P_{zi}) of all the reconstructed calorimeter clusters, which should be equal to twice the electron beam energy for a DIS event, was greater than 45 GeV. Monte Carlo studies showed that the background from real photoproduction events where hadronic activity in the backward region fakes a scattered lepton was reduced to less than 3% in the selected kinematic region.

The event kinematics were reconstructed from the scattered electron 4–vector. Jets were reconstructed in the γ^∗p centre of mass frame using a k_T clustering algorithm [23]. The merging procedure is based on the quantity y_{ki} which is evaluated for each pair of clusters: y_{ki} = 2(1 − cos θ_{ki}) E^2_{cut} min(E^2_k, E^2_i ) (1)

where E_k and E_i are the energies of the clusters and θ_{ki} is the angle between them. In addition, to enable the association of particles to either a photon or proton remnant, two infinite momentum pseudo–particles along ±z are included in the clustering procedure, but excluded from the final jets. Particles are combined by the addition of their 4–vectors when y_{ki} < 1. Thus E_{cut} sets the scale for the jet resolution and separates the hard jets from the beam remnants. In this analysis, E_{cut} was chosen to be 3 GeV.

Jets were accepted with a transverse energy E^∗_t > 4 GeV and a pseudorapidity in the range −2.5 < η^∗ < −0.5, where E^∗_t and η^∗ are calculated in the γ^∗p frame with positive η^∗ corresponding to the incident proton direction. For the photoproduction sample, the E^∗_t threshold was raised to 5 GeV to reduce the influence of multiple parton interactions. This selection ensures that the energy flow around the jet axis is well described by the Monte Carlo models used for the acceptance corrections.

4 QCD Calculations

For acceptance corrections and comparisons with the measured jet cross-sections, several event generators were used.

The PHOJET 1.03 [24] generator simulates all relevant components of the total photoproduction cross-section. It is based on the two-component Dual Parton Model [25] and incorporates both hard and multiple soft interactions. The photon flux is calculated using the Weizsäcker– Williams approximation [26, 27] and the hard processes are calculated using leading order QCD matrix elements. Final state QCD radiation and fragmentation effects are implemented using the string fragmentation model JETSET 7.4 [28]. In this analysis, PHOJET was used to simulate quasi-real photon-proton interactions.

DIS events were modelled using the LEPTO 6.5 [29] and ARIADNE 4.08 [30] programs. LEPTO includes the first order QCD matrix elements and uses leading-log parton showers to model higher order radiation. The ARIADNE generator uses the Colour Dipole model [31] to simulate QCD radiation to all orders. A feature of this model is that the hard subprocess need not be generated at the photon vertex, and this can be regarded as generating “resolved-like” events. For both models, hadronisation is performed using JETSET.

HERWIG 5.9 [32] was used to model direct and resolved photon processes. The emission of the photon from the incident electron is generated according to the equivalent photon approximation [27]. The parton-parton interactions are simulated according to leading order QCD calculations, and a parton shower model which effectively includes interference effects between the initial and final state showers (colour coherence) is implemented [33]. The factorisation scales were set according to the transverse momentum of the scattered partons, with a cut-off at p^{min}_t = 1.5 GeV. A cluster model is used for hadronisation.

HERWIG includes the option of additional interactions of the beam remnant in the phenomenological soft underlying event model. A reasonable description of the jet profiles and the jet rates observed in the data was obtained with no soft underlying event for Q^2 > 0.65 GeV^2 and with a soft underlying event in 15% of the resolved interactions at Q^2 = 0 GeV^2. These values were used throughout the subsequent analysis.

The RAPGAP Monte Carlo [34] originally developed to simulate diffractive processes, also includes modeling of deep-inelastic and all relevant resolved photon processes. DIS processes are simulated using leading order QCD matrix elements with a p^2_t cut-off scheme for the light quarks and the full matrix element for heavy quarks. For resolved photon processes, the equivalent photon approximation is used to model the flux of virtual photons. Parton-parton interactions are calculated from on-shell matrix elements supplemented by initial and final state parton showers.

Both HERWIG and RAPGAP include models for the evolution of the photon parton densities with Q^2. Three approaches are considered. The first assumes no Q^2 dependence of the parton densities. The second uses the Drees-Godbole parameterization [11] of virtual photon structure, following an analysis of Borzumati and Schuler [12], in which the quark densities f_{q|γ}� in a photon of virtuality Q^2 probed at a scale p^2_t are related to those of a real photon f_{q|γ} by:

f_{q|γ}�(x, p^2_t , Q^2) = f_{q|γ}(x, p^2_t ) L(p^2_t , Q^2, ω) (2)

= f_{q|γ}(x, p^2_t ) ln { (p^2_t + ω^2)/(Q^2 + ω^2) } ln { (p^2_t + ω^2)/ω^2

} (3)

An analogous relation exists for the gluon density, with L replaced by L^2. The parameter ω is the value of Q^2 above which the suppression becomes significant. We use a value of ω^2 = 1 GeV^2 and the GRV-G HO (DIS) [35] parameterizations for the unsuppressed photon parton densities. Throughout this paper we refer to this as the DG model. The third approach is to use the photon parton densities from Schuler and Sjöstrand [36] (SaS) which are valid for Q^2 ≥ 0 GeV^2. In this scheme, the photon parton densities are decomposed into a direct, a VDM and an anomalous component. A scale Q_0 divides the spectrum of γ → qq̄ fluctuations; above Q_0 they are treated as perturbative (the anomalous contribution) and below Q_0 the fluctuations are assumed to give vector meson states. We will show comparisons with the SaS-2D parameterisation in the DIS scheme, for which Q_0 = 2 GeV, using the form for the Q^2 suppression recommended by the authors.

All models were used with the GRV94 HO (DIS) [37] parton density for the proton, which gives a good description of the measured F_2 for Q^2 > 1 GeV^2 [19].

5 Inclusive Jet Cross-Section

5.1 Determination

The distributions of the jet transverse energy (E^∗_t ) and pseudorapidity (η^∗) in the γ^∗p centre of mass frame were corrected bin-by-bin for detector effects using generated events passed through a simulation of the H1 detector based on the GEANT program [38]. The bin sizes were chosen to keep the effects of finite resolution and bin-to-bin migration small. For the photoproduction data, correction factors were determined from the HERWIG DG model, which gives a good description of the data. The model dependence was estimated by comparison with the values obtained from PHOJET, which also gives a good description of the jets observed in the data. This model dependence is one of the largest contributions to the systematic error. For the DIS data, correction factors in the range 0.65 < Q^2 < 20 GeV^2 were determined from the HERWIG DG model, and for Q^2 > 20 GeV^2 from the HERWIG direct model, both of which give a satisfactory description of the observed jets in these kinematic regimes. LEPTO was used to estimate the model dependence of the correction factors, which is again one of the dominant sources of systematic error.

The other large source of systematic error arises from the uncertainty in the knowledge of the hadronic energy scale of the Liquid Argon calorimeter. This has two contributions; a possible 3% variation in the energy scale between different calorimeter modules, which is included in the point–to–point error, and a 4% uncertainty in the overall energy scale, which affects the normalisation of the jet cross-sections.

Further sources of systematic error include a 1(2)% uncertainty in the electromagnetic energy scale of the BEMC(SPACAL) and a 1 mrad uncertainty in the polar angle of the scattered electron. For the photoproduction data, the uncertainty in the acceptance and energy calibration of the electron tagger was included. A 20(10)% uncertainty in the knowledge of the hadronic energy scale of the BEMC(SPACAL) is also considered. The 1.5(3)% uncertainty in the luminosity determination in 1994(1995) affects the overall normalisation of the jet cross-sections.

The effect of radiative corrections in DIS events has been studied using the HERACLES program [39] which includes complete first order radiative corrections and the emission of real bremsstrahlung photons for the electroweak interaction. The effect is 20–30% for jets with E^∗_t of 4 GeV, decreases with increasing E^∗_t and is negligible for E^∗_t > 7 GeV. The data are not corrected for this effect.

The corrected cross-sections obtained from the 1995 shifted vertex data and from the 1994 data are in good agreement in the region 9 < Q^2 < 20 GeV^2 where the data samples overlap.

5.2 Results

Figure 1 shows the inclusive ep jet cross–section dσ_{ep}/dE^∗_t for 0.3 < y < 0.6 and jets with −2.5 < η^∗ < −0.5. The data are compared with the prediction from the HERWIG DG model, which includes a resolved component of the virtual photon. This is able to give a good description of the data except for jets with 4 < E^∗_t < 5 GeV when 9 < Q^2 < 49 GeV^2. Also shown is the direct contribution to this model which accounts for an increasing fraction of the total prediction as Q^2 increases, but which alone cannot describe the measured jet cross-sections.

The jet cross-section dσ_{ep}/dη^∗ for jets with E^∗_t > 5 GeV is shown in figure 2. The data are compared to the HERWIG DG model and the direct photon contribution to this model. The direct photon processes alone significantly underestimate the jet cross-section at low Q^2, but the data are described by HERWIG if the resolved photon component is included and suppressed with increasing Q^2 according to the DG model. The relative contribution to the jet cross-section from resolved photon processes increases towards the proton (+η^∗) direction.

In order to study in more detail the Q^2 evolution of the photon parton densities, we factor out the Q^2 dependence contained in the flux of photons and calculate a γ^∗p jet cross-section in each Q^2 range using: σ_γ�_{p→jet+X} = σ_{ep→e+jet+X} F_{γ|e} (4)

Q^2 (GeV^2) Flux factor < 10^{−2} 1.16 × 10^{−2} 0.65 < Q^2 < 1.2 6.56 × 10^{−4} 1.2 < Q^2 < 2.6 8.27 × 10^{−4} 2.6 < Q^2 < 4 4.61 × 10^{−4} 4 < Q^2 < 9 8.68 × 10^{−4} 9 < Q^2 < 20 8.54 × 10^{−4} 20 < Q^2 < 25 2.39 × 10^{−4} 25 < Q^2 < 36 3.90 × 10^{−4} 36 < Q^2 < 49 3.30 × 10^{−4}

Table 1: The flux factors used for the calculation of the γ^∗p jet cross-sections (see equation 5).

We use the Weizsäcker–Williams approximation [26, 27] to calculate the flux of photons, F_{γ|e}: F_{γ|e} = ∫_{ymax} y_{min} dy ∫_Q2_{max} Q2_{min} dQ^2f_{γ|e}(y, Q^2) (5)

with f_{γ|e}(y, Q^2) = α 2πQ^2 { 1 + (1 − y)^2 y − 2(1 − y) y Q^2_{min} Q^2 } (6) The flux is integrated over 0.3 < y < 0.6 and Q^2_{max} and Q^2_{min} are the upper and lower edges of the Q^2 range. For photoproduction:

Q^2_{min} = m^2_ey^2 1 − y (7) where m_e is the electron mass.

This factorisation of the cross-section remains a reasonable approximation for high p_t jet production if p^2_t ≫ Q^2 [6], a condition which is satisfied by the majority of our data^1. The numerical values of the flux factors used in each Q^2 range are listed in table 1.

The Q^2 dependence of the inclusive γ^∗p jet cross-section at fixed jet E^∗_t is shown in figure 3. For E^∗_t < 10 GeV there is a significant decrease of the jet cross-section with increasing Q^2. Also shown for comparison are the predictions from LEPTO and ARIADNE. We expect such DIS models to be valid when Q^2>∼E^∗_t^2, where the photon cannot be resolved. This region corresponds to the 2–3 highest Q^2 bins in figures 3a and 3b. It can be seen that both models give an adequate description of the data here. However, neither model can describe the data when Q^2 < E^∗_t^2 and the virtual photon can be resolved. They also differ significantly from each other in this region. Although ARIADNE predicts a jet cross-section which decreases with increasing Q^2 in a similar manner to the data and is able to describe the data for Q^2>∼4 GeV^2, it is unable to describe the data at all E^∗_t and all Q^2. The prediction from ARIADNE is sensitive to the parameters which limit the phase space for QCD radiation^2 and therefore to the fraction of “resolved-like” events produced by the model, but we found no choice of these parameters which enabled the model to describe the data.

The same data compared to a series of models which include a partonic structure for the virtual photon, as implemented in the HERWIG and RAPGAP generators, are shown in figure 4.

1We continue to use (4) as a formal definition of the γ�p cross-section for all p^2_t and Q^2. 2PARA(10) and PARA(15). We use PARA(10)=1.5 and PARA(15)=0.5 by default.

In each case, the sum of the direct and resolved contributions is shown. The dot–dashed curve shows the prediction from HERWIG assuming the GRV-G HO structure function for the photon with no Q^2 suppression. The resulting γ^∗p jet cross-section is almost independent of Q^2, in contrast to the data which show, except for the highest E^∗_t jets, a significant decrease of the jet cross-section with Q^2. The jet cross-section predicted by this model at Q^2 = 0 GeV^2 is slightly larger than that predicted for Q^2 > 0 GeV^2 because a soft underlying event is included at Q^2 = 0 GeV^2. Also shown are the predictions from HERWIG and from RAPGAP using the DG model for the virtual photon structure. The models are in good agreement with each other, and describe the data well except for jets with 4 < E^∗_t < 5 GeV when 9 < Q^2 < 49 GeV^2, where they underestimate the measured cross-section. We note that in the DG model the photon parton density functions all vanish for Q^2 > p^2_t , which is approximately the case in this region. The data are best described by the RAPGAP model using the SaS-2D parameterization of the virtual photon. In contrast to the DG model, the photon parton densities do not vanish when Q^2 > p^2_t in this parameterization.

6 Photon Remnant

The jet algorithm used in this analysis assigns particles to a photon remnant. The fraction of the incident photon’s energy which is reconstructed in the photon remnant jet is given by: f = ∑ i E^∗_i E^∗_e − E^{′∗}_e where E^∗_i is the energy of a particle assigned to the photon remnant and E^∗_e and E^′_e∗ are the energies of the incident and scattered electron respectively in the γ^∗p frame.

Figure 5 shows the uncorrected distribution of f in the data, as a function of Q^2, for events with at least one jet with E^∗_t > 5 GeV and −2.5 < η^∗ < −0.5. At Q^2 = 0 GeV^2, where resolved photon processes dominate the cross-section, most of the events with jets also contain a photon remnant with a significant fraction of the incident photon’s energy. Conversely, at the highest Q^2 values, where the direct processes dominate, f is peaked at zero. Also shown are the predictions from the HERWIG DG model and from LEPTO after detector simulation. It can be seen that the distribution of f from LEPTO is peaked at zero for all Q^2, as expected for a model which includes only direct processes. At low Q^2, the data agree with the HERWIG DG model, and at high Q^2 they agree with the LEPTO prediction. The evolution of f with Q^2 is consistent with the picture of a resolved photon contribution which is suppressed with its virtuality.

7 Conclusions

The inclusive jet cross-sections dσ_{ep}/dE^∗_t and dσ_{ep}/dη^∗ have been measured in the kinematic range 0.3 < y < 0.6 and 0 < Q^2 < 49 GeV^2 .

Models in which the photon couples directly to the partons of the hard scattering process fail to describe the data in the region E^∗_t^2>∼Q^2, where the virtual photon can be resolved. Models which include a resolved component of the photon suppressed with Q^2 are able to give a good description of the data. The best description was obtained using a model with the SaS-2D photon parton densities.

It has been established that the energy assigned to the photon remnant in events with high E^∗_t jets is on average large at low Q^2 and decreases with increasing Q^2, consistent with the picture of a resolved photon component which is suppressed with its increasing virtuality.

Acknowledgements

We are grateful to the HERA machine group whose outstanding efforts have made and continue to make this experiment possible. We thank the engineers and technicians for their work in constructing and now maintaining the H1 detector, our funding agencies for financial support, the DESY technical staff for continual assistance, and the DESY directorate for the hospitality which they extend to the non-DESY members of the collaboration.

References

[1] ZEUS Collab., M. Derrick et al., Phys. Lett. B322 (1994) 287.

H1 Collab., T. Ahmed et al., Nucl. Phys. B445(1995) 195. H1 Collab., S. Aid et al., Z. Phys. C70 (1996) 17. ZEUS Collab., M. Derrick et al., Phys. Lett. B384 (1996) 401. For a recent review see for example:

M. Erdmann, The Partonic Structure of the Photon, Springer STMP 138 (1997)

[2] J. Chýla, Phys. Lett. B320 (1994) 186.

[3] E. Witten, Nucl. Phys. B120 (1977) 189.

[4] PLUTO Collab., Ch. Berger et al., Nucl.Phys. B281 (1987) 365.

PLUTO Collab., Ch. Berger et al., Phys.Lett. 107B (1981) 168. JADE Collab., W. bartel et al., Z. Phys. C24 (1984) 231. TASSO Collab., M. Althoff et al., Z. Phys. C24 (1984) 231. TPC/2γ Collab., H. Aihara et al. Phys. Rev. Lett. 58 (1987) 97 TPC/2γ Collab., H. Aihara et al. Z. Phys. C34 (1987) 1.

CELLO Collab., H. J. Berend et al., contributed to the XXVth Int, Conf. on HEP, Singapore 1990, unpublished.

AMY Collab., T. Sasaki et al., Phys. Lett. B252 (1990) 491. OPAL Collab., R. Akers et al., Z. Phys. C61 (1994) 199. AMY Collab., B.J. Kim et al., Phys. Lett. B325 (1994) 248. TOPAZ Collab., H. Hayashii et al., Phys. Lett. B314 (1993) 149. ALEPH Collab., D. Buskulic et al., Phys. Lett. B313 (1993) 509. DELPHI Collab., P. Abreu et al., Phys. Lett. B342 (1995) 402. OPAL Collab., K. Ackerstaff, et al., Z. Phys. C74 (1997) 33. For recent reviews, see for example:

A. Vogt, Proc. of the Workshop on Two-Photon Physics at LEP and HERA, Lund (1994); International Workshop PHOTON-95, Sheffield, UK, 8-13 April 1995.

[5] T. Uematsu and T. Walsh, Phys. Lett. 101B (1981) 263.

T. Uematsu and T. Walsh, Nucl. Phys. B199 (1982) 93. G. Rossi, U. California at San Diego preprint UCSD-1-P10-227 (1983). G. Rossi, Phys. Rev. D29 (1984) 852.

[6] M. Glück, E. Reya and M. Stratmann Phys. Rev. D54 (1996) 5515.

[7] S. Frixione, M. Mangano, P. Nason and G. Ridolfi Phys. Lett.B319 (1993) 339.

[8] M. Klasen, G. Kramer and B. Pötter, preprint DESY 97-039, hep-ph/9703302.

[9] D.de Florian, C. Garcia Canal and R. Sassot, preprint CERN-TH/96-234, August 1996, to be published in Z. Phys. C, hep-ph/9608438.

[10] J. Chýla, J. Cvach, Proceedings of the Workshop 1995/96 on “Future Physics at HERA”, eds. G. Ingelman, A. de Roeck and R. Klanner, DESY 1996, Vol. 1, p 545.

[11] M. Drees and R. Godbole, Phys. Rev. D50 (1994) 3124. [12] F. Borzumati and G. Schuler, Z. Phys. C58 (1993) 139. [13] PLUTO Collab., Ch. Berger et al., Phys. Lett. B142 (1984) 119.

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

[15] H1 Calorimeter Group, B. Andrieu et al., Nucl. Instr. and Meth. A336 (1993) 460. [16] H1 Calorimeter Group, B. Andrieu et al. Nucl. Instr. and Meth. A350 (1994) 57.

H1 Calorimeter Group, B. Andrieu et al. Nucl. Instr. and Meth. A336 (1993) 499. [17] H1 BEMC Group (J. Ban, et al.), Nucl. Instr. and Meth. A372 (1996) 399. [18] H1 SPACAL group, R.D. Appuhn et al., DESY preprint 96-171, submitted to Nucl. Instr.

amd Meth.

[19] H1 Collaboration, A Measurement of the Proton Structure Function F_2(x, Q^2) at Low x and Low Q^2 at HERA, DESY-97-042, to be published in Nucl. Phys. B.

[20] H1 Collaboration, Technical Proposal for the Upgrade of the Backward Region of the H1 detector, DESY Internal Report, PRC-93/02.

[21] H1 Collaboration, S. Aid et al., Z. Phys. C69 (1995) 27. [22] H1 Collaboration, T. Ahmed et al., Nucl. Phys. B439 (1995) 471. [23] S. Catani, Yu.L. Dokshitzer and B.R. Webber Phys. Lett. B285 (1992) 291. [24] R. Engel, Proceedings of the XXIXth Recontre de Moriond (1994) ed. J. Tran Thanh Van, (edition frontieres, 1994) 321.

[25] A. Capella et al., Phys. Rep. 236 (1994) 227.

[26] C.F. v. Weizsäcker, Z. Phys. 88 (1934) 612; E.J. Williams, Phys. Rev. 45 (1934) 729. [27] V.M. Budnev et al., Phys. Rep. C15 (1974) 181.

[28] T. Sjöstrand, Lund Univ. preprint LU-TP-95-20 (Aug 1995) 321; idem, CERN preprint TH-7112-93 (Feb 1994) 305 43 (1987) 367.

[29] G. Ingelman, Proc. of the Workshop Physics at HERA, ed W. Buchmüller and G. Ingelman, Oct. 1991, Vol. 3, 1366.

[30] L. Lönnblad, Comp. Phys. Comm. 71 (1992) 15. [31] G. Gustafson and U. Petterson, Nucl. Phys. B306 (1988) 746.

G. Gustafson, Phys. Lett. B175 (1986) 453. B. Andersson et al., Z. Phys. C43 (1989) 625.

[32] G. Marchesini, B.R. Webber et al., Comp. Phys. Comm. 67 1992 465. [33] G. Marchesini and B. R. Webber, Nucl. Phys. B238 (1984) 1.

G. Marchesini and B. R. Webber, Nucl. Phys. B310 (1988) 461. [34] H. Jung, Comp. Phys. Comm. 86 (1995) 147.

[35] M. Glück, E. Reya and A. Vogt, Phys. Rev. D45 (1992) 3986 [36] T. Sjöstrand and G.A. Schuler, Phys. Lett. B376 (1996) 193 [37] M. Glück, E. Reya and A. Vogt, Z. Phys. C67 (1995) 433 [38] R. Brun et al., GEANT3 User’s Guide, CERN-DD/EE 84-1, Geneva (1987) [39] HERACLES 4.4; A. Kwiatkowski, H. Spiesberger and H.-J. Möhring, Comp. Phys. Comm.

69 (1992) 155.

Figure 1: The differential jet cross-section dσ_{ep}/dE^∗_t for jets with −2.5 < η^∗ < −0.5 and 0.3 < y < 0.6. The inner error bars indicate the statistical errors, the total error bars show the quadratic sum of the statistical and systematic errors and the shaded band represents the correlated error from the uncertainty in the Liquid Argon energy scale. Not shown is the error from the uncertainty in the luminosity determination which leads to a 3% normalisation error for the data with 0.65 < Q^2 < 9 GeV^2 and a 1.5% normalisation error elsewhere. The data are compared to the HERWIG DG model (solid line) and to the direct contribution to this model (dashed line).

Figure 2: The differential jet cross-section dσ_{ep}/dη^∗ for jets with E^∗_t > 5 GeV^2 and 0.3 < y < 0.6. The incident proton direction is to the right. The inner error bars indicate the statistical errors, the total error bars show the quadratic sum of the statistical and systematic errors and the shaded band represents the correlated error from the uncertainty in the Liquid Argon energy scale. Not shown is the error from the uncertainty in the luminosity determination which leads to a 3% normalisation error for the data with 0.65 < Q^2 < 9 GeV^2 and a 1.5% normalisation error elsewhere. The data are compared to the HERWIG DG model (solid line) and to the direct contribution to this model (dashed line).

Figure 3: The inclusive γ^∗p jet cross-section σ_γ�_p(Q^2) for jets with −2.5 < η^∗ < −0.5 and 0.3 < y < 0.6. The inner error bars indicate the statistical error, the total error bars show the quadratic sum of the statistical and systematic errors. Not shown are the normalisation error from the uncertainty in the Liquid Argon energy scale, which is 15% at low E^∗_t and increases to 25% at high E^∗_t , and the normalisation error from the uncertainty in the luminosity determination, which is 3% for the data with 0.65 < Q^2 < 9 GeV^2 and 1.5% elsewhere. The data are compared to LEPTO (solid line) and ARIADNE (dashed line).

Figure 4: The inclusive γ^∗p jet cross-section σ_γ�_p(Q^2) for jets with −2.5 < η^∗ < −0.5 and 0.3 < y < 0.6. The inner error bars indicates the statistical error, the total error bar shows the quadratic sum of the statistical and systematic errors and the shaded band represents the correlated error from the uncertainty in the Liquid Argon energy scale. Not shown are the normalisation error from the uncertainty in the Liquid Argon energy scale, which is 15% at low E^∗_t and increases to 25% at high E^∗_t , and the normalisation error from the uncertainty in the luminosity determination, which is 3% for the data with 0.65 < Q^2 < 9 GeV^2 and 1.5% elsewhere. The data are compared to HERWIG with no suppression of the photon structure function with Q^2 (dot–dashed line), the HERWIG DG model (dashed line), the RAPGAP DG model (dotted line) and RAPGAP with the SaS-2D photon structure function (solid line).

Figure 5: The uncorrected distribution of the observed fraction of the incident photon’s energy which is reconstructed in the photon remnant jet f for events with at least one jet with E^∗_t > 5 GeV and −2.5 << η^∗ < −0.5. The data are compared to the HERWIG DG model (solid line) and to LEPTO (dashed line) after detector simulation.