Measurement of the Spin Asymmetry in the Photoproduction of Pairs of High-p_T Hadrons at HERMES

A. Airapetian^{33}, N. Akopov^{33}, M. Amarian^{25,28}, E.C. Aschenauer^{13,14,6}, H. Avakian^{10}, R. Avakian^{33}, A. Avetissian^{33}, B. Bains^{15}, C. Baumgarten^{23}, M. Beckmann^{12}, S. Belostotski^{26}, J.E. Belz^{29,30}, Th. Benisch^8, S. Bernreuther^8 , N. Bianchi^{10}, J. Blouw^{25}, H. Böttcher^6, A. Borissov^{6,14}, J. Brack^4, S. Brauksiepe^{12}, B. Braun^8, W. Brückner^{14}, A. Brüll^{14}, H.J. Bulten^{18,32}, G.P. Capitani^{10}, P. Carter^3, P. Chumney^{24}, E. Cisbani^{28}, G.R. Court^{17}, P. F. Dalpiaz^9, E. De Sanctis^{10}, D. De Schepper^{20}, E. Devitsin^{22}, P.K.A. de Witt Huberts^{25}, P. Di Nezza^{10}, M. Düren^8, A. Dvoredsky^3, G. Elbakian^{33}, J. Ely^4, A. Fantoni^{10}, M. Ferstl^8, K. Fiedler^8, B.W. Filippone^3, H. Fischer^{12}, B. Fox^4, J. Franz^{12}, S. Frullani^{28}, M.-A. Funk^5, Y. Gärber^6, F. Garibaldi^{28}, G. Gavrilov^{26}, P. Geiger^{14}, V. Gharibyan^{33}, A. Golendukhin^{19,33}, G. Graw^{23}, O. Grebeniouk^{26}, P.W. Green^{1,30}, L.G. Greeniaus^{1,30}, C. Grosshauser^8, M. Guidal^{25}, A. Gute^8, W. Haeberli^{18}, J.-O. Hansen^2, D. Hasch^6, F.H. Heinsius^{12}, R. Henderson^{30}, M. Henoch^8, R. Hertenberger^{23} , Y. Holler^5, R.J. Holt^{15}, W. Hoprich^{14}, H. Ihssen^{5,25}, M. Iodice^{28}, A. Izotov^{26}, H.E. Jackson^2, R. Kaiser^{29,30,6}, E. Kinney^4, A. Kisselev^{26}, P. Kitching^1, H. Kobayashi^{31}, N. Koch^{8,19}, K. Königsmann^{12}, M. Kolstein^{25}, H. Kolster^{23}, V. Korotkov^6, W. Korsch^{3,16}, V. Kozlov^{22}, L.H. Kramer^{11}, M. Kurisuno^{31}, G. Kyle^{24}, W. Lachnit^8, W. Lorenzon^{21}, N.C.R. Makins^{2,15}, F.K. Martens^1, J.W. Martin^{20}, A. Mateos^{20}, M. McAndrew^{17}, K. McIlhany^3, R.D. McKeown^3, F. Meissner^6 , F.M. Menden^{12,30}, N. Meyners^5 O. Mikloukho^{26}, C.A. Miller^{1,30}, M.A. Miller^{15}, R. Milner^{20}, A. Most^{21}, V. Muccifora^{10}, Y. Naryshkin^{26}, A.M. Nathan^{15}, F. Neunreither^8 , M. Niczyporuk^{20}, W.-D. Nowak^6, T.G. O’Neill^2, J.Ouyang^{30}, B.R. Owen^{15}, S.F. Pate^{20,24}, S. Potashov^{22}, D.H. Potterveld^2, G. Rakness^4, R. Redwine^{20}, A.R. Reolon^{10}, R. Ristinen^4, K. Rith^8, P. Rossi^{10}, S. Rudnitsky^{21}, M. Ruh^{12}, D. Ryckbosch^{13}, Y. Sakemi^{31}, C. Scarlett^{21}, A. Schäfer^{27}, F. Schmidt^8, H. Schmitt^{12}, G. Schnell^{24}, K.P. Schüler^5, A. Schwind^6, J. Seibert^{12}, T.-A. Shibata^{31}, K. Shibatani^{31}, T. Shin^{20}, V. Shutov^7, C. Simani^9 A. Simon^{12}, K. Sinram^5, P. Slavich^{9,10}, M. Spengos^5, E. Steffens^8 , J. Stenger^8, J. Stewart^{17}, U. Stoesslein^6, M. Sutter^{20}, H. Tallini^{17}, S. Taroian^{33}, A. Terkulov^{22}, B. Tipton^{20}, M. Tytgat^{13}, G.M. Urciuoli^{28}, R. van de Vyver^{13}, J.F.J. van den Brand^{25,32}, G. van der Steenhoven^{25}, J.J. van Hunen^{25}, M.C. Vetterli^{29,30}, V. Vikhrov^{26}, M.G. Vincter^{30}, J. Visser^{25}, E. Volk^{14}, W. Wander^8, J. Wendland^{29}, S.E. Williamson^{15}, T. Wise^{18}, K. Woller^5, S. Yoneyama^{31}, H. Zohrabian^{33} (The HERMES Collaboration) 1Department of Physics, University of Alberta, Edmonton, Alberta T6G 2J1, Canada 2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA 3W.K. Kellogg Radiation Lab, California Institute of Technology, Pasadena, California 91125, USA 4 Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0446, USA 5DESY, Deutsches Elektronen Synchrotron, 22603 Hamburg, Germany 6DESY, 15738 Zeuthen, Germany 7Joint Institute for Nuclear Research, 141980 Dubna, Russia 8 Physikalisches Institut, Universität Erlangen-Nürnberg, 91058 Erlangen, Germany 9Dipartimento di Fisica, Università di Ferrara, 44100 Ferrara, Italy 10 Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, 00044 Frascati, Italy 11Department of Physics, Florida International University, Miami, Florida 33199, USA 12 Fakultät für Physik, Universität Freiburg, 79104 Freiburg, Germany 13Department of Subatomic and Radiation Physics, University of Gent, 9000 Gent, Belgium 14Max-Planck-Institut für Kernphysik, 69029 Heidelberg, Germany 15 Department of Physics, University of Illinois, Urbana, Illinois 61801, USA 16 Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506,USA 17 Physics Department, University of Liverpool, Liverpool L69 7ZE, United Kingdom 18 Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA 19Physikalisches Institut, Philipps-Universität Marburg, 35037 Marburg, Germany 20Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 21 Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120, USA 22Lebedev Physical Institute, 117924 Moscow, Russia 23Sektion Physik, Universität München, 85748 Garching, Germany 24 Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003, USA 25 Nationaal Instituut voor Kernfysica en Hoge-Energiefysica (NIKHEF), 1009 DB Amsterdam, The Netherlands 26Petersburg Nuclear Physics Institute, St. Petersburg, 188350 Russia 27 Institut für Theoretische Physik, Universität Regensburg, 93040 Regensburg, Germany 28 Istituto Nazionale di Fisica Nucleare, Sezione Sanitá and Physics Laboratory, Istituto Superiore di Sanitá, 00161 Roma, Italy 29 Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada

30TRIUMF, Vancouver, British Columbia V6T 2A3, Canada 31Tokyo Institute of Technology, Tokyo 152, Japan 32 Department of Physics and Astronomy, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands 33 Yerevan Physics Institute, 375036, Yerevan, Armenia. (July 14, 1999)

We present a measurement of the longitudinal spin asymmetry A_{||} in photoproduction of pairs of hadrons with high transverse momentum pT . Data were accumulated by the HERMES experiment using a 27.5 GeV polarized positron beam and a polarized hydrogen target internal to the HERA storage ring. For h^+ h^− pairs with p^{h1}_T > 1.5 GeV/c and p^{h2}_T > 1.0 GeV/c, the measured asymmetry is A_{||} = −0.28 ± 0.12 (stat.) ± 0.02 (syst.). This negative value is in contrast to the positive asymmetries typically measured in deep inelastic scattering from protons, and is interpreted to arise from a positive gluon polarization.

From polarized deep inelastic lepton-nucleon scattering (DIS) experiments, it has been inferred that the quark spins account for only a fraction of the nucleon spin. One possible explanation is a significant gluon polarization in the nucleon. In principle, the polarized gluon distribution ΔG(x_G) (x_G is the fraction of the nucleon momentum carried by the struck gluon) can be probed by a measurement of the scaling violation of the polarized structure functions. However, the presently available data on polarized inclusive deep inelastic scattering only poorly constrain ΔG(x_G), although there is some indication for the integral to be positive [1–3]. On the other hand, two theoretical calculations in the bag model obtain different predictions for the sign of the integral of ΔG(x_G) [4,5]. Several recent experimental proposals have concentrated on ways to measure ΔG(x_G) directly [6–8].

One way to measure ΔG(x_G) directly is via the photon gluon fusion process. Two useful experimental signatures of this process are charm production and production of jets with high transverse momentum p_T . In the former case, the large mass of the charm quark suppresses its production in the fragmentation process. A similar argument applies to the production of jets: the transverse momentum produced in the fragmentation process is small and two back-to-back jets with sufficiently high p_T thus reflect the high p_T of the quark and anti-quark produced in the photon gluon fusion process. Both charm production and high-p_T jet production in DIS have resulted in direct measurements of the unpolarized gluon structure function G(x_G) [9–11].

At lower energy fixed target experiments, high-p_T hadrons must serve in place of jets [12]. Several phenomenological studies of the potential of high-p_T meson photoproduction as a probe of ΔG(x_G) have been performed [13,14].

In this Letter we present the first measurement of a spin asymmetry in photoproduction of pairs of highp_T hadrons. The data were collected in 1996 and 1997 by the HERMES experiment at the HERA storage ring of the DESY laboratory. Polarized positrons of energy 27.5 GeV were scattered off a polarized internal hydrogen gas target. The beam polarization was continuously measured by Compton back scattering and had an average value of 0.55±0.02 [15,16]. The average target polarization was 0.86 ± 0.04 [15,17]. In both cases the quoted uncertainty is predominantly systematic. The HERMES detector [18] is a forward spectrometer that identifies charged particles in the scattering angle range of 0.04 < θ < 0.22 rad. Particle identification (PID) is accomplished using an electromagnetic calorimeter, a scintillator hodoscope preceded by two radiation lengths of lead, a transition radiation detector, and a C_4F_{10}/N_2(70:30) gas threshold Čerenkov counter. A likelihood method, based on the empirical responses of each of the four PID detectors, is used to discriminate between positrons and hadrons. The luminosity is measured in a pair of NaBi(WO_4)_2 electromagnetic calorimeters that detect Bhabha-scattering from target electrons.

The longitudinal cross section asymmetry A_{||} was determined using the formula:

A_‖ = N^{↑↓}L^{↑↑} − N^{↑↑}L^{↑↓} N^{↑↓}L^{↑↑}_P + N^{↑↑}L^{↑↓}_P . (1)

Here N^{↑↑}(N^{↑↓}) is the number of oppositely charged hadron pairs observed for target spin parallel (antiparallel) to the beam spin orientation. The luminosities for each target spin state are L^{↑↑(↑↓)} and L^{↑↑(↑↓)}_P , the latter being weighted by the product of the beam and target polarization values for each spin state.

Events were selected that contained at least one positively charged hadron h^+ and at least one negatively charged hadron h^−. The observation of the scattered positron was not required, in order to include the very low Q^2 region which dominates the cross section. Here Q^2 is the negative square of the 4-momentum of the virtual photon. The highest momentum hadrons of each charge were required to have a momentum above 4.5 GeV/c and a transverse momentum p_T above 0.5 GeV/c. Here p_T is defined as the momentum transverse to the positron beam direction and is approximately equal to the momentum transverse to the photon direction when Q^2 ≈ 0. To suppress contributions from vector meson resonances from the data sample, a minimum value of the invariant mass of the two hadrons (assuming both hadrons to be pions) M (2π) > 1.0 GeV/c^2 was imposed. Additionally, both hadrons were required to originate from the target region and to have a common vertex. A detailed account of the analysis may be found in [19].

FIG. 1. A_{||} (p^{h+}_T , p^{h−}_T ) for p^{h+}_T > 1.5 GeV/c (top) and for p^{h−}_T > 1.5 GeV/c (bottom). Note that the rightmost data point is identical in both plots.

Fig. 1 presents the measured A_{||} for the highest values of transverse momenta accessible at HERMES; in the top (bottom) panel the positive (negative) hadron was required to have a p_T greater than 1.5 GeV/c and the asymmetry A_{||} is then plotted as a function of the p_T of the hadron of opposite charge. The data suggest a more negative asymmetry when the transverse momentum of the negative hadron is higher than that of the positive hadron. Ignoring this charge asymmetry and averaging over the five bins satisfying the requirement p^{h1}_T > 1.5 GeV/c and p^{h2}_T > 1.0 GeV/c, a negative asymmetry A_{||} = −0.28±0.12 (stat.)±0.02 (syst.) is observed. (The symbol h_1 signifies the hadron with the higher p_T .) When the requirement p^{h1}_T > 1.5 GeV/c is not enforced, the asymmetry is consistent with zero. The observed negative asymmetry is in contrast to the positive asymmetries typically measured in deep inelastic scattering from protons.

A possible background to the observed asymmetry arises from coincident detection of a negative hadron and the scattered positron, the latter being misidentified as a positive hadron. From studies of other processes, the probability for positron/hadron misidentification has been determined to be less than 0.2%. By comparing yields of h^+h^− pairs to those of e^+h^− pairs detected in the final state, the background arising from this misidentification has been estimated to be less than 0.1%, for the kinematics selected by this analysis. Other sources of background include high-p_T particles from charm decays. Contributions from both open charm and J/ψ decays have been found to be negligible using the AROMA [20] Monte Carlo generator.

The systematic uncertainty arising from the measurement of the beam and target polarizations is about 6% of

A_{||}, much smaller than the statistical error and independent of p_T . Resolution effects and alignment uncertainties were found to be negligible. Electroweak radiative corrections are expected to be very small compared to the statistical uncertainty.

The measured asymmetry was interpreted assuming that several different processes could contribute to the two-hadron cross section: lowest order deep inelastic scattering (containing no hard QCD vertex), interaction via the hadronic structure of the photon – described by the vector meson dominance model (VMD) and by non-resonant hadronic “anomalous” photon structure, and the two first order QCD processes (termed “direct”) which describe the interaction of a pointlike photon. These are photon gluon fusion (PGF) and the QCD Compton effect (QCDC).

The contribution from lowest order DIS is suppressed by the requirement of high p_T , and was confirmed to be negligible by a simulation based on the LEPTO Monte Carlo generator [21]. Contributions from VMD were assumed to have a negligible spin asymmetry, and were thus treated as a dilution of the other asymmetries. Finally, we neglect possible contributions from anomalous photon structure, where the photon fluctuates into a nonresonant qq̄ pair which interacts via hard processes with the partons inside the nucleon. This is supported by a model [22] that explains the excess of forward hadrons with high p_T observed in γp reactions at 70 − 90 GeV, relative to those from πp and Kp scattering [23]. At this energy, the model prediction at high p_T is dominated by direct processes involving hard coupling of the photon to the partons in the proton. At the lower energy of the present experiment, a negligible contribution from anomalous photon structure is predicted by the model.

Under the assumptions described above, only two of the five possible spin asymmetries A_i contribute significantly to the measured asymmetry:

A_{||} ≈ (A_{PGF}f_{PGF} + A_{QCDC}f_{QCDC})D (2)

where f_i is the unpolarized fraction of events from subprocess i (f_{PGF} + f_{QCDC} + f_{VMD} = 1), and D is the virtual photon depolarization factor. In the small region of phase space selected by the present analysis, the A_i’s may be approximated by the products of the hard subprocess asymmetries and the quark and gluon polarizations. The subprocess asymmetries â_{PGF} = â(γg → qq̄) and â_{QCDC} = â(γq → qg) are directly calculable in leading order (LO) QCD [13]. For real photons and massless quarks, â_{PGF} = −1, while ⟨â_{QCDC}⟩ is about +0.5 (averaged over the kinematics selected by this analysis) and is independent of the quark flavor. The effective quark polarization Δq/q is computed as a suitably weighted combination of Δu/u and Δd/d, which are known from inclusive and semi-inclusive polarized DIS measurements [24,25]. The measured asymmetry can therefore be expressed as follows:

A_{||} ≈ ( â_{PGF} ΔG G f_{PGF} + â_{QCDC} Δq q f_{QCDC} ) D, (3) where the kinematic dependences have been suppressed for brevity. This equation can be solved for ΔG/G after appropriate averaging over the selected kinematics.

The PYTHIA Monte Carlo generator [26] was used to provide a model for the data. An important parameter in the simulation of the direct processes, the minimum transverse momentum of the outgoing partons (p̂^{min}_T ), was chosen following Ref. [22] to be 0.5 GeV/c. The kinematic region used in the interpretation of the measurement (p^{h1}_T > 1.5 GeV/c and p^{h2}_T > 0.8 GeV/c) was chosen so that the final results depend only weakly on the choice of p̂^{min}_T . The Lund fragmentation parameters used in the simulation have been adjusted to fit the HERMES semi-inclusive hadron multiplicity data [27].

FIG. 2. Comparison of data (circles) and Monte Carlo simulation (full histogram) for dN/dp^{h2}_T for p^{h1}_T > 1.5 GeV/c. The dashed, dashed-dotted and dotted lines represent the contributions from the PGF, VMD and QCDC processes, respectively; the solid line represents their sum.

The normalized yield for the production of two highp_T hadrons is compared to the Monte Carlo simulation in Fig. 2. Here, the Weizsäcker-Williams approximation has been used to relate the photoproduction cross section simulated by PYTHIA to the measured electroproduction cross section. Also shown in Fig. 2 are the contributions from the three subprocesses included in the simulation. The simulated yield has a p_T -dependence similar to that of the data, but is significantly smaller in magnitude. Good agreement is found for the distributions in other kinematic variables, such as the azimuthal angle between the two hadrons and Δp_T = |⃗p^{h−}_T | − |⃗p^{h+}_T |. As the simulation of the direct QCD processes is restricted to leading order, the observed difference in normalization might be due to contributions from higher-order QCD processes and/or contributions from hard interactions of the hadronic structure of the photon. We also note that the agreement becomes much better if the default Lund fragmentation parameters are used. However, the final result for ΔG/G is found to depend only weakly on the choice of fragmentation parameters.

In the same region of phase space where a negative asymmetry is observed (p^{h1}_T > 1.5 GeV/c and p^{h2}_T > 1.0 GeV/c), the simulated cross section is dominated by photon gluon fusion. The consequent sensitivity of the measured asymmetry to the polarized gluon distribution is demonstrated in Fig. 3, where A_{||} at high transverse momenta (i.e. the average of the two panels of Fig. 1) is compared with Monte Carlo predictions for different distributions of ΔG/G.

FIG. 3. A_{||} for high-pT hadron production measured at HERMES compared with Monte Carlo predictions for ΔG/G = ±1 (lower/upper solid curves), ΔG/G = 0 (middle solid curve), and the phenomenological LO QCD fits of Ref. [28] (dashed, dotted, and dot-dashed curves).

The Monte Carlo simulation was used to determine the quantities necessary to relate the data to ⟨ΔG/G⟩, where the angle brackets indicate averaging over the kinematics of the measurement. These quantities have been determined from PYTHIA to be ⟨Dâ_{QCDC}^{Δq}_q ⟩ = 0.15, ⟨D⟩ = 0.93, ⟨x_G⟩ = 0.17, ⟨Q^2⟩ = 0.06 (GeV/c)^2, and ⟨p̂^2_T ⟩ = 2.1 (GeV/c)^2. The distribution ΔG(x_G) is probed principally in the range 0.06 < x_G < 0.28. Note that the hard scale of this process is not given by Q^2, but rather by p̂^2_T , the square of the transverse momentum carried by each of the outgoing quarks.

For the four values of A_{||} at p^{h2}_T > 0.8 GeV/c presented in Fig. 3, ⟨ΔG/G⟩ was extracted according to equation (3). Since these four measurements probed essentially the same range of x_G, the results for ⟨ΔG/G⟩ were averaged. Using the assumptions and model parameters described above, a value for ⟨ΔG/G⟩ was determined in LO QCD to be 0.41 ± 0.18 (stat.) ± 0.03 (syst.), where the systematic uncertainty represents the experimental contribution only.

The extracted value of ⟨ΔG/G⟩ is compared in Fig. 4 with several phenomenological LO QCD fits of a subset of the world’s data on g_1(x, Q^2) [28,29]. The horizontal error bar represents the standard deviation of the x_G distribution for the cited kinematical constraints on the produced hadrons, as given by the Monte Carlo.

FIG. 4. The extracted value of ΔG/G compared with phenomenological QCD fits to a subset of the world’s data on g^{p,n}_1 (x, Q^2). The curves are from Refs. [28,29], evaluated at a scale of 2 (GeV/c)^2. The indicated error on ΔG/G represents statistical and experimental systematic uncertainties only; no theoretical uncertainty is included.

In summary, a positive value for the gluon polarization has been extracted from a measurement of the spin asymmetry in the photoproduction of pairs of hadrons at high p_T . This interpretation of the observed negative asymmetry is based on a model which takes into account leading order QCD processes and VMD contributions to the cross section. At the kinematics of this measurement, no spin-dependent analyses of higher order QCD processes or contributions from anomalous photon structure are presently available; these processes have therefore been neglected in the model presented here. If such processes would be important but have no significant spin asymmetry, the extracted value of ⟨ΔG/G⟩ would increase, but still differ from zero by 2.3σ. To alter the principal conclusion of this analysis, i.e., that ⟨ΔG/G⟩ at ⟨x_G⟩ = 0.17 is positive, a significant contribution from a neglected process with a large negative spin asymmetry would be needed.

We gratefully acknowledge the DESY management for its support, the DESY staff and the staffs of the collaborating institutions for their significant effort, and our funding agencies for financial support.

[1] R. D. Ball, S. Forte, G. Ridolfi, Phys. Lett. B378 (1996) 255.

[2] E154, K. Abe et al., Phys. Lett. B405 (1997) 180. [3] SMC, B. Adeva et al., Phys. Rev. D58 (1998) 112002. [4] R. L. Jaffe, Phys. Lett. B365 (1996) 359. [5] V. Barone, T. Calarco, A. Drago, Phys. Lett. B431 (1998) 405.

[6] PHENIX, BNL-PROPOSAL-R5, Aug. 1992; STAR, S.E. Vigdor, hep-ex/9905034.

[7] COMPASS, CERN/SPSLC 96-14, Mar. 1996. [8] HERMES, DESY-PRC 97-03, Jan. 1997.

[9] H1, S. Aid et al., Nucl. Phys. B472 (1996) 3; S. Aid et al., Nucl. Phys. B472 (1996) 32; S. Aid et al., Nucl. Phys. B449 (1995) 3.

[10] ZEUS, J. Breitweg et al., Z. Phys. C76 (1997) 599;

J. Breitweg et al., Phys. Lett. B407 (1997) 402. [11] NMC, D. Allasia et al., Phys. Lett. B258 (1991) 493. [12] A. Bravar, D. von Harrach, A. Kotzinian, Phys. Lett.

B421 (1998) 349.

[13] M. Fontannaz, D. Schiff, B. Pire, Z. Phys. C8 (1981) 349. [14] A. Afanasev, C. E. Carlson, C. Wahlquist, Phys. Rev.

D58 (1998) 054007.

[15] HERMES, A. Airapetian et al., Phys. Lett. B442 (1998) 484.

[16] W. Lorenzon, Proc. of the Workshop “Polarized gas targets and polarized beams,” edited by R. J. Holt and M. A. Miller, Urbana-Champaign, USA, AIP Conf. Proc. 421 (1997) 181.

[17] C. Baumgarten, Proc. of “13th International Symposium on High-Energy Spin Physics (SPIN98),” Protvino, Russia, (1998).

[18] HERMES, K. Ackerstaff et al., Nucl. Instrum. Meth.

A417 (1998) 230.

[19] J.W. Martin, Ph.D. thesis, Massachusetts Institute of Technology (in preparation).

[20] G. Ingelman, J. Rathsman, G. Schuler, Comp. Phys.

Comm. 101 (1997) 135.

[21] G. Ingelman, A. Edin, J. Rathsman, Comp. Phys. Comm.

101 (1997) 108.

[22] G. A. Schuler, T. Sjöstrand, hep-ph/9403393 and CERN- TH-7193-94; G. A. Schuler, T. Sjöstrand, Nucl. Phys. B407 (1993) 539.

[23] OMEGA, R. J. Apsimon et al., Z. Phys. C43 (1989) 63. [24] HERMES, K. Ackerstaff et al., hep-ex/9906035 and DESY 99-048.

[25] SMC, B. Adeva et al., Phys. Lett. B420 (1998) 180. [26] T. Sjöstrand, Comp. Phys. Comm. 82 (1994) 74. The Monte Carlo results for this paper were obtained using PYTHIA version 5.724 and JETSET version 7.410.

[27] H.A.M. Tallini, Ph.D. thesis, Univ. Liverpool, (1998). [28] T. Gehrmann, W. J. Stirling, Phys. Rev. D53 (1996) 6100.

[29] M. Glück, E. Reya, M. Stratmann, W. Vogelsang, Phys.

Rev. D53 (1996) 4775.