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Inclusive Parton Cross Sections in Photoproductionand Photon StructureH1 Collaboration
Abstract:Photoproduction of 2-jet events is studied with the H1 detector at HERA. Partoncross sections are extracted from the data by an unfolding method using leading orderparton-jet correlations of a QCD generator. The gluon distribution in the photon isderived in the fractional momentum range 0:04 � x
 � 1 at the average factorizationscale 75 GeV2.



H1 CollaborationT. Ahmed3, S. Aid13, V. Andreev24, B. Andrieu28, R.-D. Appuhn11, M. Arpagaus36,A. Babaev26, J. Baehr35, J. B�an17, Y. Ban27, P. Baranov24, E. Barrelet29, W. Bartel11,M. Barth4, U. Bassler29, H.P. Beck37, H.-J. Behrend11, A. Belousov24, Ch. Berger1,G. Bernardi29, R. Bernet36, G. Bertrand-Coremans4, M. Besan�con9, R. Beyer11, P. Biddulph22 ,P. Bispham22, J.C. Bizot27, V. Blobel13, K. Borras8, F. Botterweck4, V. Boudry7,A. Braemer14, F. Brasse11, W. Braunschweig1, V. Brisson27, D. Bruncko17, C. Brune15,R.Buchholz11, L. B�ungener13, J. B�urger11, F.W. B�usser13, A. Buniatian11;38, S. Burke18,M. Burton22, G. Buschhorn26, A.J. Campbell11, T. Carli26, F. Charles11, M. Charlet11,D. Clarke5, A.B. Clegg18, B. Clerbaux4, M. Colombo8, J.G. Contreras8, C. Cormack19,J.A. Coughlan5, A. Courau27, Ch. Coutures9, G. Cozzika9, L. Criegee11, D.G. Cussans5,J. Cvach30, S. Dagoret29, J.B. Dainton19, W.D. Dau16, K. Daum34, M. David9, B. Delcourt27,L. Del Buono29, A. De Roeck11, E.A. De Wolf4, P. Di Nezza32, C. Dollfus37, J.D. Dowell3,H.B. Dreis2, A. Droutskoi23, J. Duboc29, D. D�ullmann13, O. D�unger13, H. Duhm12, J. Ebert34,T.R. Ebert19, G. Eckerlin11, V. Efremenko23, S. Egli37, H. Ehrlichmann35, S. Eichenberger37,R. Eichler36, F. Eisele14, E. Eisenhandler20 , R.J. Ellison22, E. Elsen11, M. Erdmann14,W. Erdmann36, E. Evrard4, L. Favart4, A. Fedotov23, D. Feeken13, R. Felst11, J. Feltesse9,J. Ferencei15, F. Ferrarotto32, K. Flamm11, M. Fleischer11, M. Flieser26, G. Fl�ugge2,A. Fomenko24, B. Fominykh23, M. Forbush7, J. Form�anek31, J.M. Foster22, G. Franke11,E. Fretwurst12, E. Gabathuler19, K. Gabathuler33, K. Gamerdinger26, J. Garvey3, J. Gayler11,M. Gebauer8, A. Gellrich11, H. Genzel1, R. Gerhards11, U. Goerlach11, L. Goerlich6,N. Gogitidze24, M. Goldberg29, D. Goldner8, B. Gonzalez-Pineiro29, I. Gorelov23,P. Goritchev23, C. Grab36, H. Gr�assler2, R. Gr�assler2, T. Greenshaw19, G. Grindhammer26,A. Gruber26, C. Gruber16, J. Haack35, D. Haidt11, L. Hajduk6, O. Hamon29, M. Hampel1,E.M. Hanlon18, M. Hapke11, W.J. Haynes5, J. Heatherington20, G. Heinzelmann13,R.C.W. Henderson18, H. Henschel35, I. Herynek30, M.F. Hess26, W. Hildesheim11 , P. Hill5,K.H. Hiller35, C.D. Hilton22, J. Hladk�y30, K.C. Hoeger22, M. H�oppner8, R. Horisberger33,V.L. Hudgson3, Ph. Huet4, M. H�utte8, H. Hufnagel14, M. Ibbotson22, H. Itterbeck1,M.-A. Jabiol9, A. Jacholkowska27, C. Jacobsson21, M. Ja�re27, J. Janoth15, T. Jansen11,L. J�onsson21, D.P. Johnson4, L. Johnson18, H. Jung29, P.I.P. Kalmus20, D. Kant20,R. Kaschowitz2, P. Kasselmann12, U. Kathage16, J. Katzy14, H.H. Kaufmann35, S. Kazarian11,I.R. Kenyon3, S. Kermiche25, C. Keuker1, C. Kiesling26, M. Klein35 , C. Kleinwort13,G. Knies11, W. Ko7, T. K�ohler1, J.H. K�ohne26, H. Kolanoski8, F. Kole7, S.D. Kolya22,V. Korbel11, M. Korn8, P. Kostka35, S.K. Kotelnikov24, T. Kr�amerk�amper8, M.W. Krasny6;29,H. Krehbiel11, D. Kr�ucker2, U. Kr�uger11, U. Kr�uner-Marquis11, J.P. Kubenka26, H. K�uster2,M. Kuhlen26, T. Kur�ca17, J. Kurzh�ofer8, B. Kuznik34, D. Lacour29, F. Lamarche28, R. Lander7,M.P.J. Landon20, W. Lange35, P. Lanius26, J.-F. Laporte9, A. Lebedev24, C. Leverenz11,S. Levonian24, Ch. Ley2, A. Lindner8, G. Lindstr�om12, J. Link7, F. Linsel11 , J. Lipinski13 ,B. List11, G. Lobo27, P. Loch27, H. Lohmander21, J. Lomas22, G.C. Lopez20, V. Lubimov23,D. L�uke8;11, N. Magnussen34, E. Malinovski24, S. Mani7, R. Mara�cek17, P. Marage4, J. Marks25,R. Marshall22, J. Martens34, R. Martin11, H.-U. Martyn1, J. Martyniak6, S. Masson2,T. Mavroidis20, S.J. Max�eld19, S.J. McMahon19, A. Mehta22, K. Meier15, D. Mercer22,T. Merz11, C.A. Meyer37, H. Meyer34, J. Meyer11, A. Migliori28, S. Mikocki6, D. Milstead19,F. Moreau28, J.V. Morris5, E. Mroczko6, G. M�uller11, K. M�uller11, P. Mur��n17, V. Nagovizin23,R. Nahnhauer35, B. Naroska13, Th. Naumann35, P.R. Newman3, D. Newton18, D. Neyret29,H.K. Nguyen29, T.C. Nicholls3 , F. Niebergall13, C. Niebuhr11, Ch. Niedzballa1 , R. Nisius1,G. Nowak6, G.W. Noyes5, M. Nyberg-Werther21, M. Oakden19, H. Oberlack26, U. Obrock8,J.E. Olsson11, D. Ozerov23, E. Panaro11, A. Panitch4, C. Pascaud27, G.D. Patel19, E. Peppel35,E. Perez9, J.P. Phillips22 , Ch. Pichler12, A. Pieuchot25, D. Pitzl36, G. Pope7, S. Prell11,R. Prosi11, K. Rabbertz1, G. R�adel11, F. Raupach1, P. Reimer30, S. Reinshagen11,P. Ribarics26, H.Rick8, V. Riech12, J. Riedlberger36 , S. Riess13, M. Rietz2, E. Rizvi20,1



S.M. Robertson3, P. Robmann37, H.E. Rolo�35, R. Roosen4, K. Rosenbauer1 A. Rostovtsev23,F. Rouse7, C. Royon9, K. R�uter26, S. Rusakov24, K. Rybicki6 , R. Rylko20, N. Sahlmann2,S.G. Salesch11, E. Sanchez26, D.P.C. Sankey5, P. Schacht26, S. Schiek11, P. Schleper14,W. von Schlippe20, C. Schmidt11, D. Schmidt34, G. Schmidt13, A. Sch�oning11, V. Schr�oder11,E. Schuhmann26, B. Schwab14, A. Schwind35, F. Sefkow11, M. Seidel12, R. Sell11, A. Semenov23,V. Shekelyan11, I. Sheviakov24, H. Shooshtari26, L.N. Shtarkov24, G. Siegmon16, U. Siewert16,Y. Sirois28, I.O. Skillicorn10 , P. Smirnov24, J.R. Smith7, V. Solochenko23, Y. Soloviev24,J. Spiekermann8, S. Spielman28, H. Spitzer13, R. Starosta1, M. Steenbock13, P. Ste�en11,R. Steinberg2, B. Stella32, K. Stephens22, J. Stier11, J. Stiewe15, U. St�osslein35, K. Stolze35,J. Strachota30, U. Straumann37, W. Struczinski2 , J.P. Sutton3, S. Tapprogge15,V. Tchernyshov23, C. Thiebaux28, G. Thompson20, P. Tru�ol37, J. Turnau6, J. Tutas14,P. Uelkes2, A. Usik24, S. Valk�ar31, A. Valk�arov�a31, C. Vall�ee25, P. Van Esch4, P. Van Mechelen4,A. Vartapetian11;38, Y. Vazdik24, P. Verrecchia9, G. Villet9 , K. Wacker8, A. Wagener2,M. Wagener33, I.W. Walker18, A. Walther8, G. Weber13, M. Weber11, D. Wegener8,A. Wegner11, H.P. Wellisch26, L.R. West3, S. Willard7, M. Winde35, G.-G. Winter11,C. Wittek13, A.E. Wright22, E. W�unsch11, N. Wul�11, T.P. Yiou29, J. �Z�a�cek31, D. Zarbock12,Z. Zhang27, A. Zhokin23, M. Zimmer11, W. Zimmermann11, F. Zomer27, and K. Zuber151 I. Physikalisches Institut der RWTH, Aachen, Germanya2 III. Physikalisches Institut der RWTH, Aachen, Germanya3 School of Physics and Space Research, University of Birmingham, Birmingham, UKb4 Inter-University Institute for High Energies ULB-VUB, Brussels; Universitaire InstellingAntwerpen, Wilrijk, Belgiumc5 Rutherford Appleton Laboratory, Chilton, Didcot, UKb6 Institute for Nuclear Physics, Cracow, Polandd7 Physics Department and IIRPA, University of California, Davis, California, USAe8 Institut f�ur Physik, Universit�at Dortmund, Dortmund, Germanya9 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France10 Department of Physics and Astronomy, University of Glasgow, Glasgow, UKb11 DESY, Hamburg, Germanya12 I. Institut f�ur Experimentalphysik, Universit�at Hamburg, Hamburg, Germanya13 II. Institut f�ur Experimentalphysik, Universit�at Hamburg, Hamburg, Germanya14 Physikalisches Institut, Universit�at Heidelberg, Heidelberg, Germanya15 Institut f�ur Hochenergiephysik, Universit�at Heidelberg, Heidelberg, Germanya16 Institut f�ur Reine und Angewandte Kernphysik, Universit�at Kiel, Kiel, Germanya17 Institute of Experimental Physics, Slovak Academy of Sciences, Ko�sice, Slovak Republicf18 School of Physics and Materials, University of Lancaster, Lancaster, UKb19 Department of Physics, University of Liverpool, Liverpool, UKb20 Queen Mary and West�eld College, London, UKb21 Physics Department, University of Lund, Lund, Swedeng22 Physics Department, University of Manchester, Manchester, UKb23 Institute for Theoretical and Experimental Physics, Moscow, Russia24 Lebedev Physical Institute, Moscow, Russiaf25 CPPM, Universit�e d'Aix-Marseille II, IN2P3-CNRS, Marseille, France26 Max-Planck-Institut f�ur Physik, M�unchen, Germanya27 LAL, Universit�e de Paris-Sud, IN2P3-CNRS, Orsay, France28 LPNHE, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France29 LPNHE, Universit�es Paris VI and VII, IN2P3-CNRS, Paris, France30 Institute of Physics, Czech Academy of Sciences, Praha, Czech Republicf;h31 Nuclear Center, Charles University, Praha, Czech Republicf;h32 INFN Roma and Dipartimento di Fisica, Universita "La Sapienza", Roma, Italy33 Paul Scherrer Institut, Villigen, Switzerland2



34 Fachbereich Physik, Bergische Universit�at Gesamthochschule Wuppertal, Wuppertal,Germanya35 DESY, Institut f�ur Hochenergiephysik, Zeuthen, Germanya36 Institut f�ur Teilchenphysik, ETH, Z�urich, Switzerlandi37 Physik-Institut der Universit�at Z�urich, Z�urich, Switzerlandi38 Visitor from Yerevan Phys.Inst., Armeniaa Supported by the Bundesministerium f�ur Forschung und Technologie, FRG under contractnumbers 6AC17P, 6AC47P, 6DO57I, 6HH17P, 6HH27I, 6HD17I, 6HD27I, 6KI17P, 6MP17I,and 6WT87Pb Supported by the UK Particle Physics and Astronomy Research Council, and formerly by theUK Science and Engineering Research Councilc Supported by FNRS-NFWO, IISN-IIKWd Supported by the Polish State Committee for Scienti�c Research, grant No. 204209101e Supported in part by USDOE grant DE F603 91ER40674f Supported by the Deutsche Forschungsgemeinschaftg Supported by the Swedish Natural Science Research Councilh Supported by GA �CR, grant no. 202/93/2423 and by GA AV �CR, grant no. 19095i Supported by the Swiss National Science Foundation

3



1 IntroductionThe interaction of electrons and protons at the HERA collider is dominated by photoproduc-tion processes: electrons scatter through small angles and emit quasi-real photons, which theninteract with the protons. The center of mass (CMS) energies in the 
p system reach up to300 GeV. A fraction of these events has large transverse energy in the �nal state including theformation of jets, as has been reported in several recent publications [1, 2, 3].The jet production can be well described in the framework of QCD. In this picture thephoton couples either directly to a parton of the proton, or indirectly via the photon's ownparton content. The �rst are called direct processes, which include the QCD-Compton (Fig.1a)and photon-gluon fusion diagrams, while the latter are usually refered to as resolved processes.An example is shown in Fig. 1b.
( a )

p

e
( b )

p

e

Figure 1: Examples of diagrams for direct (a) and resolved photon (b) processes in electron-proton scattering.Predictions for the jet cross section are usually obtained in leading order (LO) QCD byconvoluting the parton densities in the photon and in the proton with hard partonic scatteringcross sections calculated at the tree level. The partons leaving the hard scattering reaction areidenti�ed with hadronic jets. Due to the reduced center of mass energy of the resolved reactionsjet production from these processes could not be studied in detail in previous �xed targetphotoproduction experiments. At HERA energies however, the results of several authors [4]agree in predicting that the photoproduction of jets is dominated by resolved reactions at lowand medium transverse energies Ejett of the jets, say below 30 GeV. Thus, in the framework ofthis QCD picture, measurement of the jet cross section can be used to obtain information on thephoton's parton content assuming the parton densities in the proton are known. From e
 deepinelastic scattering experiments, studied at e+e� colliders, the quark content of the photon isalready relatively well known in the fractional momentum range of the parton 0:007 � x
 � 1 [5].The photoproduction of jets at high energies therefore o�ers a new tool for the determination ofthe gluon density in the photon. Recent experiments which study jet production in 

 scatteringare also sensitive to this quantity [6].The present analysis studies 2-jet production with more than 7 GeV transverse energy Ejettper jet in photon-proton scattering. The scattered electron is tagged at small angles so that thephoton is almost real and the energy of the photon is known from E
 = Ebeam � Etag. Inclu-sive di�erential cross sections d�=dpt and d�=d� are derived at the leading order parton level.Here pt describes the transverse momenta of the partons and � their pseudo-rapidities in thelaboratory system. The unfolding method described below extracts partonic cross sections fromthe measured jet distributions utilizing a Monte Carlo model which besides the LO QCD model4



describes the in
uence of initial and �nal state parton showers, multiple parton interactions,hadronization and detector e�ects.The results can be directly compared to LO calculations using di�erent parametrizations forthe parton densities. In next to leading order (NLO) QCD a jet algorithm has to be introducedat the parton level as well. The calculations presented so far [7, 8] take a cone algorithm and�nd di�erences between LO and NLO predictions of the order of only 10%� 30% for values oftransverse jet energy, jet pseudo-rapidity and other jet parameters used in this paper.Besides comparing the inclusive jet cross sections with theoretical predictions, the gluondensity in the photon can also be derived in a more direct way. The momentum fractionx
 = E(parton=
)=E
 can be fully reconstructed knowing the energies and angles of the jetsand the energy of the incoming photon. By unfolding the measured xvis
 distribution to theparton level using the same Monte Carlo model mentioned above and correcting for the quarkcontribution and the direct photon processes, it is therefore possible to determine the gluondensity distribution in leading order.The paper is structured as follows: after a short description of the detector and of the eventselection, the Monte Carlo model used for comparisons with the data is studied with respectto the energy 
ow around jets. The model is then used to extract from the jets observed inthe data inclusive parton cross sections at the leading order QCD level which can be directlycompared to analytical QCD calculations. It is further used to determine a distribution of thefractional momentum x
 from 2-jet events which is interpreted in terms of a) the direct photoncontributions, b) the resolved contributions with a quark from the photon, and c) the resolvedcontributions with a gluon from the photon.2 Detector Description and Selection of 2-jet EventsA detailed description of the H1 apparatus can be found elsewhere [9]. The following brie
ydescribes the components of the detector relevant for this analysis, which makes use of thecalorimeters, the luminosity system and the central tracking detector.The LAr calorimeter [10] extends over the polar angular range 4� < � < 153� with fullazimuthal coverage, where � is de�ned with respect to the proton beam direction (+z axis).The calorimeter consists of an electromagnetic section with lead absorbers, corresponding toa depth of between 20 and 30 radiation lengths, and a hadronic section with steel absorbers.The total depth of the LAr calorimeter varies between 4.5 and 8 hadronic interaction lengths.The calorimeter is highly segmented in both sections with a total of around 45000 cells. Theelectronic noise per channel is typically in the range 10 to 30 MeV (1 � equivalent energy).Test beam measurements of LAr calorimeter modules have demonstrated energy resolutions of�(E)=E � 0:12=pE � 0:01 with E in GeV for electrons [11] and �(E)=E � 0:5=pE � 0:02for charged pions [9, 12]. The hadronic energy scale and resolution have been veri�ed fromthe balance of transverse momentum between hadronic jets and the scattered electron in deepinelastic scattering events and are known to a precision of 5% and 10% respectively.The calorimeter is surrounded by a superconducting solenoid providing a uniform magnetic�eld of 1:15 T parallel to the beam axis in the tracking region. Charged particle tracks aremeasured in two concentric jet drift chamber modules (CT), covering the polar angular range15� < � < 165�, and a forward tracking detector (FT), covering the range 7� < � < 25�.The luminosity system consists of two TlCl/TlBr crystal calorimeters having a resolutionof �(E)=E = 0:1=pE with E in GeV. The electron tagger is located at z = �33 m and thephoton detector at z = �103 m. The electron tagger accepts electrons with an energy fraction5



between 0.2 and 0.8 with respect to the beam energy and scattering angles below �0 � 5 mrad(�0 = � � �).The events used in this analysis were taken during the 1993 running period, in which HERAcollided 26.7 GeV electrons on 820 GeV protons, and correspond to an integrated luminosity of290 nb�1. They were triggered by a coincidence of the electron tagger and at least one trackfrom the central jet chamber trigger. Events were selected, if they full�lled the following criteria:1. The energy deposited in the electron tagger was in the range 8 � Etag � 20 GeV. Thecross sections refer to a scaled photon energy of 0:25 � y � 0:7 and a negative squaredfour-momentum of the photon of Q2 � 0:01 GeV2. For the sample used to determine theinclusive parton cross sections an additional containment cut for the electron shower wasapplied in order to facilitate the acceptance calculation of the electron tagger.2. At least one track in the central tracker with transverse momentum above 0:3 GeV comingfrom the interaction region was required to determine the position of the vertex along thebeam axis.3. The width of the vertex distribution along the beam axis was � = 10 cm. Events wereaccepted in the region of �3 standard deviations around the nominal vertex position.Jet reconstruction was based on purely calorimetric measurements using a cone algorithm [13] ina grid of the azimuthal angle 'cell and pseudo-rapidity �cell which extends from �3 � �cell � 3.The cone radius R = p��2 +�'2 in the standard analysis was chosen to be R = 1:0 andR = 0:7 was also used for cross checks. Jets were ordered according to the transverse energy inthe cone. Events were accepted, if1. At least 2 jets were found, each with transverse energy above Ejett � 7 GeV.2. The jets were contained in the LAr calorimeter 0 � �jet � 2:5.3. The rapidity di�erence between the two most energetic jets was less than j��j � 1:2 inorder to reject events where the photon spectator (Fig.1b) is misidenti�ed as a jet fromthe hard parton-parton scattering process.The trigger e�ciency was determined to be 94�1% using a monitoring trigger with full e�ciencyfor this event selection. A correction of the jet energy scale with respect to the Monte Carlomodel leads to an additional selection criterion which is described below. The total number of2-jet events remaining is 366 without the cut on the shower containment in the electron tagger,and 292 for all cuts.3 Monte Carlo Generator for QCD ProcessesFor the analysis of the data, the PYTHIA 5.6 event generator for photon-proton interactions [14]was used together with a generator for quasi-real photons. PYTHIA is based on leading order(LO) QCD matrix elements and includes initial and �nal state parton shower models. Thestrong coupling constant �s was calculated in �rst order QCD using �QCD = 200 MeV with 4
avours. The renormalization and factorization scales were both set to the transverse momentumpt produced in the parton-parton scattering. Since the QCD calculation used here is divergentfor processes with small transverse momenta of the partons emerging from the hard interactiona lower cut-o� has been applied in PYTHIA. This was set to pt � 2 GeV.6



For the proton structure the GRV-LO [15] leading order parton density parametrizations wereused. The GRV-LO [16] leading order parametrizations were used for the photon structure. Thelatter give a consistent description of the data as will be shown below. Optionally, PYTHIAallows for additional interactions within the same event. These are LO QCD processes betweenpartons from the photon remnant and partons from the proton remnant. This so called multipleinteraction option has been explored in proton-antiproton collisions before [14, 17] and the sameparameters have been used here. For the hadronization process the LUND fragmentation schemewas applied (JETSET [18]).The detector response for the generated events was simulated with a detailed simulationprogram and then reconstructed with the same program as used for the data. The generatedevents therefore allow the calculation of correlations between the jets reconstructed in the detec-tor and the underlying parton kinematics (see below). These correlations will be used to studythe parton-parton scattering processes with the jets observed in the data.4 Energy Flow in Jet EventsThe precision of the measurement of the transverse jet energy Ejett and how well the jet energycorrelates with the parent parton momentum pt are critical matters. This is because the trans-verse jet energy distributions fall like (Ejett )�n where n � 5:5 [2] so that an imperfect descriptionof the energy 
ow around the jet direction by the Monte Carlo model is a potential source ofserious error in the conclusions on the parton scattering process. The fact prevented relevantconclusions on the photon structure in previous publications [1, 2, 3] and is taken into accountin this paper for the �rst time at HERA.In Fig.2a the observed transverse energy 
ow around the jet direction per event is shownversus the rapidity distance from the jet axis in a slice of j'cell � 'jetj � 1. As an examplejets were selected with transverse energy 7 � Ejett � 8 GeV collected in a cone of size R = 1and pseudo-rapidity between 0 � �jet � 1. The jet pro�les are asymmetric, showing a higherenergy level in the direction of the proton (�� � 0) compared to the photon direction (�� � 0).It is interesting to note that the energy 
ow depends not only on rapidity, but also on themomentum fraction x
 of the parton from the photon side. The parton momentum fraction canbe reconstructed using the two jets with the highest transverse energy Ejett in the event andtheir pseudo-rapidities �jet together with the energy of the photon E
 :xvis
 = Ejet1t e��jet1 + Ejet2t e��jet22E
 (1)The jet pro�les are shown in two bins of xvis
 , above and below 0:4. Two e�ects are observed:1. In the photon direction (�� � 0) the low xvis
 data show an enhanced energy 
ow relativeto the high xvis
 data. This can be ascribed to the remnant particles of the photon whichshould be reduced at high x
 , and absent altogether in the case of direct photon processesfor which x
 = 1.2. In the proton direction (�� � 0) the energy 
ow is also enhanced in the low xvis
 distri-bution compared with the high xvis
 data. This increased energy 
ow indicates additionalevent activity for events with small parton momenta x
 , or large energies � (1 � x
) ofthe photon spectators.The jet core is narrower in the case of the high xvis
 sample compared to the low xvis
 sample.This e�ect is connected to the energy 
ow around the jet and the jet energy interval: since the7



Figure 2: Observed transverse energy 
ow versus the rapidity distance from the jet direction(integrated over j'cell � 'jetj � 1) for a) data and b) PYTHIA with multiple interactions. Thejets were selected with transverse energy 7 � Ejett � 8 GeV in a cone of size R = 1 and jetrapidities between 0 � �jet � 1. The energy 
ow depends on the momentum fraction x
 of theparton from the photon: shown are large xvis
 � 0:4 (open circles) and small xvis
 � 0:4 (�lledtriangles).
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jets were required to have � 7 GeV in the cone, a reduced energy 
ow around the jet enforcesmore energy in the core.In Fig.2b the transverse energy 
ow is shown for events of the PYTHIA model includingmultiple interactions. The model also shows an excess of low xvis
 over high xvis
 data at positiveas well as at negative rapidities.The observed transverse energy 
ow in the azimuthal angle j�'j around the jet directionis shown in Fig.3a,c for two bins of the jet rapidity. The energy 
ow has been integrated ina slice of j�cell � �jetj � 1 around the jet axis. The transverse energy of the jets was againrestricted to 7 � Ejett � 8 GeV summed in a cone of size R = 1. The H1 data are shown asfull circles. The observed energy 
ow outside of the jet cone is much higher for jets at largerapidities 2 � �jet � 2:5 (Fig.3c) compared to jets in the central detector region 0 � �jet � 0:5(Fig.3a) and is increasing in between 0:5 � �jet � 2 (not shown). Due to the cut on the rapiditydi�erence of the two jets j��j � 1:2 a part of the second jet is always seen at �' � �.The average transverse energy 
ow per cone area �R2 determined outside of the jet coneprovides a measure of the jet pedestal, often called underlying event [19]. This jet pedestalis later used to estimate the amount of energy inside the jet cone which is, according to thePYTHIA model with multiple interactions, not due to the fragmentation of the hard scatteredpartons. The pedestal energy was determined event by event in the slice j�cell � �jetj � 1 andj'cell � 'jetj � 1. Regions a�ected by the second jet were excluded from the measurement.The distributions of the jet pedestals corresponding to the jet pro�les of Fig.3a,c are shown inFig.3b,d.The PYTHIA model without additional interactions (dashed line) does not give a gooddescription of the jet pro�les and pedestal distributions. In this model the pedestal energycorresponds to QCD radiation and fragmentation e�ects. The QCD radiation e�ects are ap-proximately taken into account by the parton shower models included in PYTHIA.The PYTHIA model with multiple interactions provides an improved description of the jetshapes, which is reasonable in the rapidity range 0 � �jet � 0:5, but shows deviations from thedata at large jet rapidities 2 � �jet � 2:5. The di�erences between data and Monte Carlo modelare still too large to be neglected. Moreover the sometimes large contributions of energy dueto multiple interactions in the jet cone give a poor correlation between parton and jet energiesbecause this contribution leads to events entering the Ejett � 7 GeV sample which have partontransverse momentum below the cuto� used in the Monte Carlo model, namely 2 GeV.In order to avoid this problem the transverse energies of the jets in the data were reducedby the average pedestal di�erence between data and PYTHIA without multiple interactions. Inthis way the jets were only corrected for the additional energy 
ow over and above the initialand �nal state radiation and fragmentation e�ects. A corresponding pedestal subtraction wasapplied to the jets of the PYTHIA events with multiple interactions. The corrections wereparametrized in terms of the rapidity of the jets so as to match the e�ect seen in the data. Thecorrections vary between 0:3� 2:3 GeV for the data and 0:3� 1:3 for the events of the PYTHIAmodel with multiple interactions. This subtraction evidently also corrects for the di�erence inthe pedestal energies between Monte Carlo and data, provided that this energy di�erence is thesame on average inside and outside the cone; which would be the case for multiple interactions.As an additional safeguard the transverse energy of the jets is required to be above Ejett � 7GeV even after this jet pedestal correction which ensures that the parent parton transversemomentum exceeds 2 GeV. In all �gures of the following sections these jet energy correctionswill be applied to data events and Monte Carlo events.Overall, the multiple interaction option gives an improved description of the energy 
ow ando�ers a natural explanation of the observed e�ects. However, the improved description of the9



Figure 3: a,c) Observed transverse energy 
ow versus the azimuthal angle with respect to thejet direction (integrated over j�cell � �jetj � 1) in two rapidity bins: a) 0 � �jet � 0:5 and c)2 � �jet � 2:5. The jets have transverse energies 7 � Ejett � 8 GeV in a cone of size R = 1.Full circles are H1 data. The histograms refer to PYTHIA events with (full line) and without(dashed line) multiple interactions. b,d) Distribution of the transverse energy measured outsideof the jets in the slice j�cell � �jetj � 1, normalized to the area �R2.10



jet shape by this model cannot be considered as a de�nite proof of the existence of multipleinteractions. Therefore a model dependence remains in this analysis where the PYTHIA versionwith multiple interactions is used to extract direct information from the observed jet spectra onthe underlying (LO) parton-parton scattering processes.5 Jet-Parton CorrelationsThe predicted correlations obtained with PYTHIA between jet and leading order parton quanti-ties are shown in Fig.4: a) for azimuthal angles '; b) for pseudo-rapidities �; c) for the transversejet energy Ejett and the parton transverse momentum pt; and d) for the reconstructed partonmomentum fraction from the photon side (Equation 1) with respect to the true x
 at the parton-parton scattering process. In the leading order picture, two hard partons exist per event, andthere are at least two jets. Therefore for the ', �, and pt distributions the jet with the highestEjett was correlated with the parton giving the smallest invariant jet-parton mass, and the secondjet with the other parton.Also, in the case of xvis
 (Fig.4d), the two highest Ejett jets were used. According to thenominator of (1), di�erent values of xvis
 correspond to di�erent 2-jet con�gurations: smallvalues of xvis
 require two jets with large rapidities and small transverse jet energies. Here theremaining jet pedestal, discussed in Section 4 (dashed line of Fig.3c), raises xvis
 relative to thetrue x
 . Events with large xvis
 have at least one of the jets at small rapidity or large transversejet energies. At small rapidities the remaining jet pedestal is small relative to the total Ejett(dashed line of Fig.3a), and xvis
 corresponds in average to the true x
 . At x
 � 1 transverseenergy deposited outside of the jets reduce xvis
 relative to the true x
 . The photon energy in thedenominator of (1) was precisely determined from the energy of the scattered electron measuredin the electron tagger system. The resolution in the logarithm of the reconstructed partonmomentum fraction is approximately Gaussian in log10(x
)� log10(xvis
 ) and varies between 0:22at true parton momenta around x
 � 0:05 and 0:16 at x
 � 0:5.From the study of the jet-parton correlations, the momenta of the hard partons can bereconstructed from the measured jet energies. It is then possible to extract partonic crosssections and leading order parton densities. The cross sections can be compared directly toleading order QCD calculations instead of smearing the theoretical cross section with transversemomenta of the partons inside the proton and the photon, QCD radiation e�ects, fragmentation,detector e�ects, jet formation, and then confronting it with the data.In principle such an unfolding procedure seems to be straightforward. The distribution of anobservable gdet measured by the detector is related to the distribution of a partonic observablefpart by an integral equation which expresses the convolution of the true distribution withall e�ects between the creation of the hard parton and the measurement process gdet(u) =R A(u; w)fpart(w)dw. This integral equation can be transformed to a matrix equation. Solvingthis matrix equation thus leads directly to the histogram fpart(w) and therefore e.g. to thepartonic cross section. This simple method can produce spurious oscillating components in theresult due to the limited detector resolution. Therefore the method has to be improved by aregularization procedure which reduces the resulting correlations by optimizing both the numberand position of the bins for the unfolded variable.In the analysis presented here an unfolding method [20] has been used to determine thedi�erential cross section d�=dpt and to derive the distribution of the parton momentum x
 .Because the resolution in the transverse momentum pt is much worse than the resolution inrapidity �, for the extraction of d�=d� the transverse momentum pt is unfolded for three di�erentbins in �. The pt integrated results then give the inclusive cross section d�=d�.11



Figure 4: Correlations between reconstructed jets and leading order parton quantities accordingto PYTHIA with multiple interactions: a) azimuthal angle ', b) rapidity �, c) transverse partonmomentum pt (to account for the steeply falling distribution the histogram has been weightedwith the transverse jet energy (Ejett )4 ), d) momentum fraction x
 of the parton from the photonside. 12



Technically, the unfolding procedure delivers a weight for each Monte Carlo event in termsof the true value of the observable chosen for the unfolding which then can be used to reweightMonte Carlo distributions of di�erent variables. The comparison of these distributions with thedata give an important check of the transformation, as described in the Monte Carlo simulation,between the partonic distributions and the measurable distributions. An accurate Monte Carlodescription of this transformation is essential for a reliable unfolding.6 Parton Cross SectionsIn Fig.5 the unfolded single inclusive parton ep cross section d�=dpt is shown. The integrationover the parton rapidity 0 < � < 2:5, the initial photon energy and momentum transfer squaredhas already been carried out. The unfolding was done in the pt variable alone. Migration e�ectsin pt in
uence the result in the lowest pt bin most strongly. In order to minimize these e�ects anoption in the algorithm was used which allows to constrain the cross section in the bin 4 � pt � 7GeV (not shown in the �gure) to a reasonable extrapolation of the results shown in the �gure. Inaddition, it ensures small bin to bin correlations (less than 30%) and a smooth behaviour of thereweighting function. Because the pt distribution is steeply falling, the largest systematic errorstems from an error in the determination of the calorimetric energy. Variations of the constrainton the cross section in the unseen bin and other unfolding parameters result in a 20% error onthe cross section shown in the �gure. Because the result is given in the parton rapidity range0 � � � 2:5, but the correlation used for unfolding is for all parton rapidities, an additionalsystematic error of 25% is included to account for a possible di�erence in the correlations of thefull and the restricted sample. Other systematic error sources are described in Section 7. Theerror bars are computed from the quadratic addition of statistical and systematic errors. Thecross section, statistical and systematic errors can be found in Table 1.The solid line in Fig.5 is the result of a leading order calculation [21] using the GRV partondensities in leading order QCD for the proton and the photon. The factorization and renor-malization scales are given by p2t . The QCD parameter � was set to 200 MeV. Leading ordercalculations for other photon parametrizations (LAC1: dashed line, LAC3: dotted line [22]) arealso included. A NLO QCD calculation has been carried out by the same authors [21] usingthe GRV higher order parton densities in the photon and the proton, the 2-loop calculation of�s, �(4)MS = 200 MeV, and a cone size of R = 1. Compared to the LO calculation the NLOcalculation is essentially larger by an overall factor 1:25.As discussed in the previous Section an important check of the success of the transformationconsists in the comparison of a set of measured observables with the result of the reweightedMonte Carlo simulation. This is shown in Fig.6. The distribution of the measured transversejet energy Ejett is well described by the Monte Carlo simulation after reweighting (solid line).Because the initial set of parameters already gives a good description of the data (dashed line)the new weights di�er only slightly from one. Also the agreement between the data and themodel in other variables like �jet for all jets and �jet1+ �jet2 for the two highest Ejett jets (Figs.6 b,c) is at a satisfactory level.The unfolded inclusive parton ep cross section d�=d� is shown in Fig.7 together with thetheoretical predictions. Statistical and systematic errors are treated in the same way as in Fig.5.The 
at shape of the distribution is well reproduced by the LO QCD calculations using the threeparametrizations of the photon structure function as above. The absolute rate is consistent withthe calculation using the GRV parametrization. The NLO QCD calculation again is larger byan overall factor 1:25 with respect to the LO calculation.13



Figure 5: Single inclusive parton ep cross section unfolded to the leading order partonic matrixelement versus transverse momentum pt for 0 < � < 2:5. The solid line is the partonic crosssection obtained from a leading order QCD calculation [21] using the GRV leading order partondensities for the proton and the photon. For the dashed (dotted) line the photon parton densitiesare taken from the LAC1 (LAC3) parametrization.
Figure 6: Distributions for the unfolding of pt. Shown is the comparison of data on detectorlevel with the Monte Carlo model after (solid line) and before (dashed line) reweighting. Theparton densities are taken from the GRV parametrizations. a) The Ejett distribution of the jets,b) the pseudo-rapidity distribution of the jets, c) the distribution of �jet1 + �jet2 for the twohighest Ejett jets. 14



Figure 7: Single inclusive parton ep cross section unfolded to the leading order partonic matrixelement versus pseudo-rapidity � for pt > 7 GeV. The solid line is the partonic cross sectionobtained from a leading order QCD calculation [21] using the GRV leading order parton densitiesfor the proton and the photon. For the dashed (dotted) line the photon parton densities aretaken from the LAC1 (LAC3) parametrization.
15



7 Parton Momentum Distributions in the PhotonIn this Section the full 2-jet kinematics is used to check the validity of the leading order QCDdescription of the hard scattering process and to extract information on the subprocesses whichcontribute to the observed jet rate. This will �nally allow the determination of parton densitiesin the photon as a function of x
 . The main goal is to derive, for the �rst time, the gluonmomentum distribution x
g(x
) in the photon over a large range in x
 .The correlation between true and reconstructed parton momenta is shown in Fig.4d. Themigration e�ects are large, so the unfolding procedure - described in Section 5 - is used to correctfrom the reconstructed xvis
 to the true x
 distribution. As explained before, the unfoldingenforces agreement with the xvis
 distribution (Fig.8a), whereas the agreement of the reweighteddistributions of other variables simulated by the Monte Carlo model with the actually observeddata distributions (Fig.8b-d) delivers important checks of the transformation:1. Fig.8b) the fraction of the parton momentum from the proton side was determined usingxvisp = 0:5 �Ejet1t e�jet1 +Ejet2t e�jet2� =Ep. For most of the events xvisp is above 0.01 wherethe quark content of the proton is well established by lepton-nucleon scattering experimentsand the gluon content is known to a level of 15%.2. Fig.8c) the di�erence in the rapidities of the jets is related to the scattering angle �� of thepartons in the CM frame of the parton-parton scattering process: tanh(j�jet1� �jet2j=2) =cos��. The distributions of cos�� are predicted by LO QCD for all combinations of theinteracting partons. This is a basic QCD prediction which has to be full�lled.3. Fig.8d) the di�erences in the transverse energies of the jets are large compared to theexperimental resolution and re
ect large average transverse momenta of the incident par-tons. Initial state radiation e�ects are important and to a smaller extent large transverseenergies of the photon remnant.The distributions in Fig.8b-d demonstrate that a leading order Monte-Carlo model for thehard scattering process is able to give a consistent description of the observed 2-jet events byadjusting only the photon structure function. Higher order e�ects as described by initial stateparton showers and multiple interactions to describe the enhanced energy 
ow at large rapiditiesare however essential to describe the data.Fig.9 shows the unfolded x
 distribution compared to calculations of the PYTHIA generator.The full line represents the prediction of the resolved photon processes with a quark on thephoton side at the hard parton-parton scattering process. The quark distribution in the photonas determined by two photon experiments is input in the form of the GRV-LO parametrization[16]. The quark induced processes contribute mainly to the central region of the distributioncorresponding to parton momenta around x
 = 0:5.The prediction of the direct processes are shown as a dashed line above x
 � 0:77. Theyaccount for 3/4 of the events in the highest x
 bin. Together with the quark component the sizeof the direct photon calculation, using the GRV-LO parametrization of the parton densities inthe proton, is consistent with the data at large x
 .At small parton momenta x
 � 0:2 the contribution of events initiated by a quark from thephoton as predicted by the given model is clearly below that seen in the data. This suggestsexplaining the additional events at small x
 by gluons entering the hard process from the photonside.By subtracting the predicted direct and resolved quark contributions from the data the eventdistribution of the gluon contribution remains. Comparison with the distribution calculated for16



Figure 8: Distributions of the 2-jet data (circles) are compared with the PYTHIA calculationsbefore (dashed line: absolute prediction) and after (full line) the reweighting procedure: a)momentum fraction of the parton from the photon xvis
 , b) momentum fraction of the partonfrom the proton xvisp , c) di�erence in the jet rapidity j�jet1 � �jet2j which is a measure of thescattering angle in the parton-parton system, and d) the di�erence in the jet transverse energyjEjet1t �Ejet2t j. 17



Figure 9: 2-jet event distribution (points) of the true fractional momentum x
 of the partonfrom the photon. Only the statistical errors are shown. The full line represents the predictedcontribution of the quark resolved photon processes, the dashed line shows the size of the directphoton calculation as obtained by the PYTHIA Monte Carlo.
18



processes initiated by a gluon from the photon side, yields correction factors to be applied tothe modelled distribution. The resulting gluon density is shown in Fig.10 (see also Table 1): thetotal errors include statistical and systematic errors where all contributions have been added inquadrature. The systematic errors were calculated from the following sources:1. Error in knowledge of the calorimeter energy scale of �5%.2. The statistical error in the determination of the hadronic pedestal correction of �10%.3. Uncertainty in the quark density of the photon estimated conservatively as �30%.The systematic errors are dominated at small x
 values by errors 1 and 2, whereas at high valuesof x
 error 3 is as large as errors 1 and 2. An additional error from the luminosity measurementof 5% is not included in the Fig.10.To check whether or not a gluon content in the photon is needed to explain the observedrate in the data, the following test was carried out using the xvis
 distribution: the observed datarate in Fig.9 was reduced by lowering the energy scale of the calorimeter according to the errorsource 1. The remaining sample was further reduced by subtracting more energy from eachjet according to error source 2. The Monte Carlo prediction for processes with a quark fromthe photon however was raised according to the uncertainty given in item 3 above. With theassumption that no gluon exists in the photon the remaining data events were compared in a �2test to the predicted number of quark and direct events of the Monte Carlo calculatio giving aprobability below 0:1% for this hypothesis. Thus, a gluon contribution in the photon is neededto explain the observed dataThe average parton transverse momentum of the selected events is < pt >2= 75 GeV2 wherept is used as factorization and renormalization scale for the QCD calculation. A change of �from 200 MeV to 300 MeV reduces the parton density by 30%. A variation of the gluon densityin the proton by �15% [23] changes the gluon density in the photon by �15%.The gluon density in the photon in Fig.10 is compared to the parametrizations of GRV-LO[16], LAC1 and LAC3[22]. A high gluon density at large parton momenta, as suggestedby the LAC3 parametrization, is clearly excluded. This is consistent with previous observa-tions at HERA [2], TRISTAN and LEP [6]. Above x
 � 0:08 both the GRV-LO and LAC1parametrizations of the gluon distribution are consistent with the data. The strong rise of theLAC1 parametrization below x
 � 0:08 is not supported, while the GRV-LO distribution isconsistent with the data. In the latter model the gluon distribution of the photon is essentiallygenerated by QCD radiation.8 ConclusionPhotoproduction processes with at least two high Ejett jets in the �nal state were studied withthe H1 detector. The jet quantities as observed in the detector were unfolded to leading orderparton quantities using jet-parton correlations based on a speci�c version of the PYTHIA QCDgenerator. Within the present experimental errors the data are { after a correction of the jet en-ergy { consistent with this leading order description of the hard scattering process together withhigher order processes in the initial and �nal state and multiple interactions, i.e. interactionsbetween partons of the photon and proton spectators.Single inclusive di�erential ep parton cross sections were derived as a function of the trans-verse momentum pt � 7 GeV and pseudo-rapidity 0 � � � 2:5 of the partons for photon energiescorresponding to 0:25 � y � 0:7 and momentum transfer below Q2 � 0:01 GeV2. They agree19



Figure 10: The gluon density of the photon divided by the �ne structure constant � = 1=137(data: circles) at the scale < pt >2= 75 GeV2. For comparison the GRV-LO (full) and theLAC1 (dashed) and the LAC3 (dotted) parametrizations are shown.
20



pt [GeV] 8.2 10.5 13.9 19.6d�=dpt [nb/GeV] 3.57 0.90 0.31 0.049�stat 0.19 0.09 0.05 0.013�syst 1.52 0.32 0.13 0.018� 0.42 1.25 2.08d�=d� [nb] 5.61 5.25 3.50�stat 0.37 1.02 0.16�syst 2.10 2.07 1.60x
 0.059 0.14 0.33 0.59 0.93x
g(x
)=� 1.92 1.19 0.26 -0.12 -0.08�stat 0.87 0.34 0.24 0.15 0.61�syst 1.68 0.59 0.33 0.33 0.30Table 1: Single inclusive di�erential parton cross sections (Fig.5,7) and the gluon distributionin the photon (Fig.10) together with their statistical and systematic errors.well with QCD predictions. A direct study of 2-jet kinematics was used to determine the momen-tum fraction of the partons from the photon. At large x
 it is consistent with the predictions ofthe direct component plus the resolved component initiated by quarks from the photon. At lowparton momentum fraction the observed jet rate in the data can only be explained by a gluoncomponent in the photon. For the �rst time a leading order gluon distribution was derived downto x
 = 0:04. The average scale was < pt >2= 75 GeV2 corresponding to the mean transversemomentum squared of the �nal state partons. Gluon distributions with high density at large x
or steeply rising gluon distributions at small x
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