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DESY 06-125September 14, 2006Measurement of prompt photonswith assoiated jetsin photoprodution at HERAZEUS CollaborationAbstratThe photoprodution of prompt photons, together with an aompanying jet, hasbeen studied in ep ollisions at a entre-of-mass energy of 318 GeV with the ZEUSdetetor at HERA using an integrated luminosity of 77 pb�1. Cross setions weremeasured for the transverse energy of the photon and the jet larger than 5 and6 GeV, respetively. The di�erential +jet ross setions were reonstruted asfuntions of the transverse energy, pseudorapidity and xobs , the fration of theinoming photon momentum taken by the photon-jet system. Preditions basedon leading-logarithm parton-shower Monte Carlo models and next-to-leading-order (NLO) QCD generally underestimate the ross setions for the transverseenergies of prompt photons below 7 GeV, while the kT -fatorisation QCD al-ulation agrees with the data better. When the minimum transverse energy ofprompt photons is inreased to 7 GeV, both NLO QCD and the kT -fatorisationalulations are in good agreement with the data.



The ZEUS CollaborationS. Chekanov, M. Derrik, S. Magill, S. Miglioranzi1, B. Musgrave, D. Niholass1, J. Repond,R. YoshidaArgonne National Laboratory, Argonne, Illinois 60439-4815, USA nM.C.K. MattinglyAndrews University, Berrien Springs, Mihigan 49104-0380, USAN. Pavel y, A.G. Yag�ues MolinaInstitut f�ur Physik der Humboldt-Universit�at zu Berlin, Berlin, GermanyS. Antonelli, P. Antonioli, G. Bari, M. Basile, L. Bellagamba, M. Bindi, D. Bosherini,A. Bruni, G. Bruni, L. Cifarelli, F. Cindolo, A. Contin, M. Corradi2, S. De Pasquale,G. Iaobui, A. Margotti, R. Nania, A. Polini, L. Rinaldi, G. Sartorelli, A. ZihihiUniversity and INFN Bologna, Bologna, Italy eG. Aghuzumtsyan, D. Bartsh, I. Brok, S. Goers, H. Hartmann, E. Hilger, H.-P. Jakob,M. J�ungst, O.M. Kind, E. Paul3, J. Rautenberg4, R. Renner, U. Samson5, V. Sh�onberg,M. Wang, M. WlasenkoPhysikalishes Institut der Universit�at Bonn, Bonn, Germany bN.H. Brook, G.P. Heath, J.D. Morris, T. NamsooH.H. Wills Physis Laboratory, University of Bristol, Bristol, United Kingdom mM. Capua, S. Fazio, A. Mastroberardino, M. Shioppa, G. Susinno, E. TassiCalabria University, Physis Department and INFN, Cosenza, Italy eJ.Y. Kim6, K.J. Ma7Chonnam National University, Kwangju, South Korea gZ.A. Ibrahim, B. Kamaluddin, W.A.T. Wan AbdullahJabatan Fizik, Universiti Malaya, 50603 Kuala Lumpur, Malaysia rY. Ning, Z. Ren, F. SiulliNevis Laboratories, Columbia University, Irvington on Hudson, New York 10027 oJ. Chwastowski, A. Eskreys, J. Figiel, A. Galas, M. Gil, K. Olkiewiz, P. Stopa, L. Zaw-iejskiThe Henryk Niewodnizanski Institute of Nulear Physis, Polish Aademy of Sienes,Craow, Poland iL. Adamzyk, T. Bo ld, I. Grabowska-Bo ld, D. Kisielewska, J.  Lukasik, M. Przybyie�n,L. SuszykiFaulty of Physis and Applied Computer Siene, AGH-University of Siene and Teh-nology, Craow, Poland p I



A. Kota�nski8, W. S lomi�nskiDepartment of Physis, Jagellonian University, Craow, PolandV. Adler, U. Behrens, I. Bloh, A. Bonato, K. Borras, N. Coppola, J. Fourletova, A. Geiser,D. Gladkov, P. G�ottliher9, I. Gregor, O. Gutshe, T. Haas, W. Hain, C. Horn, B. Kahle,U. K�otz, H. Kowalski, H. Lim10, E. Lobodzinska, B. L�ohr, R. Mankel, I.-A. Melzer-Pellmann, A. Montanari, C.N. Nguyen, D. Notz, A.E. Nunio-Quiroz, R. Santamarta,U. Shneekloth, A. Spiridonov11, H. Stadie, U. St�osslein, D. Szuba12, J. Szuba13, T. Theedt,G. Watt, G. Wolf, K. Wrona, C. Youngman, W. ZeunerDeutshes Elektronen-Synhrotron DESY, Hamburg, GermanyS. ShlenstedtDeutshes Elektronen-Synhrotron DESY, Zeuthen, GermanyG. Barbagli, E. Gallo, P. G. PelferUniversity and INFN, Florene, Italy eA. Bamberger, D. Dobur, F. Karstens, N.N. Vlasov14Fakult�at f�ur Physik der Universit�at Freiburg i.Br., Freiburg i.Br., Germany bP.J. Bussey, A.T. Doyle, W. Dunne, J. Ferrando, D.H. Saxon, I.O. SkilliornDepartment of Physis and Astronomy, University of Glasgow, Glasgow, United King-dom mI. Gialas15Department of Engineering in Management and Finane, Univ. of Aegean, GreeeT. Gosau, U. Holm, R. Klanner, E. Lohrmann, H. Salehi, P. Shleper, T. Sh�orner-Sadenius,J. Sztuk, K. Wihmann, K. WikHamburg University, Institute of Exp. Physis, Hamburg, Germany bC. Foudas, C. Fry, K.R. Long, A.D. TapperImperial College London, High Energy Nulear Physis Group, London, United King-dom mM. Kataoka16, T. Matsumoto, K. Nagano, K. Tokushuku17, S. Yamada, Y. YamazakiInstitute of Partile and Nulear Studies, KEK, Tsukuba, Japan fA.N. Barakbaev, E.G. Boos, A. Dossanov, N.S. Pokrovskiy, B.O. ZhautykovInstitute of Physis and Tehnology of Ministry of Eduation and Siene of Kazakhstan,Almaty, KazakhstanD. SonKyungpook National University, Center for High Energy Physis, Daegu, South Korea gII



J. de Favereau, K. PiotrzkowskiInstitut de Physique Nul�eaire, Universit�e Catholique de Louvain, Louvain-la-Neuve, Bel-gium qF. Barreiro, C. Glasman18, M. Jimenez, L. Labarga, J. del Peso, E. Ron, J. Terr�on,M. ZambranaDepartamento de F��sia Te�oria, Universidad Aut�onoma de Madrid, Madrid, Spain lF. Corriveau, C. Liu, R. Walsh, C. ZhouDepartment of Physis, MGill University, Montr�eal, Qu�ebe, Canada H3A 2T8 aT. TsurugaiMeiji Gakuin University, Faulty of General Eduation, Yokohama, Japan fA. Antonov, B.A. Dolgoshein, I. Rubinsky, V. Sosnovtsev, A. Stifutkin, S. SuhkovMosow Engineering Physis Institute, Mosow, Russia jR.K. Dementiev, P.F. Ermolov, L.K. Gladilin, I.I. Katkov, L.A. Khein, I.A. Korzhavina,V.A. Kuzmin, B.B. Levhenko19, O.Yu. Lukina, A.S. Proskuryakov, L.M. Shheglova,D.S. Zotkin, S.A. Zotkin, N.P. ZotovMosow State University, Institute of Nulear Physis, Mosow, Russia kI. Abt, C. B�uttner, A. Caldwell, D. Kollar, W.B. Shmidke, J. SutiakMax-Plank-Institut f�ur Physik, M�unhen, GermanyG. Grigoresu, A. Keramidas, E. Ko�eman, P. Kooijman, A. Pellegrino, H. Tieke,M. V�azquez20, L. WiggersNIKHEF and University of Amsterdam, Amsterdam, Netherlands hN. Br�ummer, B. Bylsma, L.S. Durkin, A. Lee, T.Y. LingPhysis Department, Ohio State University, Columbus, Ohio 43210 nP.D. Allfrey, M.A. Bell, A.M. Cooper-Sarkar, A. Cottrell, R.C.E. Devenish, B. Foster,C. Gwenlan21, K. Korsak-Gorzo, S. Patel, V. Roberfroid22, A. Robertson, P.B. Straub,C. Uribe-Estrada, R. WalzakDepartment of Physis, University of Oxford, Oxford United Kingdom mP. Bellan, A. Bertolin, R. Brugnera, R. Carlin, R. Ciesielski, F. Dal Corso, S. Dusini,A. Garfagnini, S. Limentani, A. Longhin, L. Stano, M. TuratoDipartimento di Fisia dell' Universit�a and INFN, Padova, Italy eB.Y. Oh, A. Raval, J.J. WhitmoreDepartment of Physis, Pennsylvania State University, University Park, Pennsylvania16802 oY. IgaPolytehni University, Sagamihara, Japan fIII



G. D'Agostini, G. Marini, A. NigroDipartimento di Fisia, Universit�a 'La Sapienza' and INFN, Rome, Italy eJ.E. Cole, J.C. HartRutherford Appleton Laboratory, Chilton, Didot, Oxon, United Kingdom mH. Abramowiz23, A. Gabareen, R. Ingbir, S. Kananov, A. LevyRaymond and Beverly Sakler Faulty of Exat Sienes, Shool of Physis, Tel-AvivUniversity, Tel-Aviv, Israel dM. KuzeDepartment of Physis, Tokyo Institute of Tehnology, Tokyo, Japan fR. Hori, S. Kagawa24, S. Shimizu, T. TawaraDepartment of Physis, University of Tokyo, Tokyo, Japan fR. Hamatsu, H. Kaji, S. Kitamura25, O. Ota, Y.D. RiTokyo Metropolitan University, Department of Physis, Tokyo, Japan fM.I. Ferrero, V. Monao, R. Sahi, A. SolanoUniversit�a di Torino and INFN, Torino, Italy eM. Arneodo, M. RuspaUniversit�a del Piemonte Orientale, Novara, and INFN, Torino, Italy eS. Fourletov, J.F. MartinDepartment of Physis, University of Toronto, Toronto, Ontario, Canada M5S 1A7 aS.K. Boutle15, J.M. Butterworth, R. Hall-Wilton20, T.W. Jones, J.H. Loizides, M.R. Sutton26,C. Targett-Adams, M. WingPhysis and Astronomy Department, University College London, London, United King-dom mB. Brzozowska, J. Ciborowski27, G. Grzelak, P. Kulinski, P.  Lu_zniak28, J. Malka28, R.J. Nowak,J.M. Pawlak, T. Tymienieka, A. Ukleja29, J. Ukleja30, A.F. _ZarnekiWarsaw University, Institute of Experimental Physis, Warsaw, PolandM. Adamus, P. Pluinski31Institute for Nulear Studies, Warsaw, PolandY. Eisenberg, I. Giller, D. Hohman, U. Karshon, M. RosinDepartment of Partile Physis, Weizmann Institute, Rehovot, Israel E. Brownson, T. Danielson, A. Everett, D. K�ira, D.D. Reeder, P. Ryan, A.A. Savin,W.H. Smith, H. WolfeDepartment of Physis, University of Wisonsin, Madison, Wisonsin 53706, USA nIV



S. Bhadra, C.D. Catterall, Y. Cui, G. Hartner, S. Menary, U. Noor, M. Soares, J. Standage,J. WhyteDepartment of Physis, York University, Ontario, Canada M3J 1P3 a

V



1 also aÆliated with University College London, UK2 also at University of Hamburg, Germany, Alexander von Humboldt Fellow3 retired4 now at Univ. of Wuppertal, Germany5 formerly U. Meyer6 supported by Chonnam National University in 20057 supported by a sholarship of the World Laboratory Bj�orn Wiik Researh Projet8 supported by the researh grant no. 1 P03B 04529 (2005-2008)9 now at DESY group FEB, Hamburg, Germany10 now at Argonne National Laboratory, Argonne, IL, USA11 also at Institut of Theoretial and Experimental Physis, Mosow, Russia12 also at INP, Craow, Poland13 on leave of absene from FPACS, AGH-UST, Craow, Poland14 partly supported by Mosow State University, Russia15 also aÆliated with DESY16 now at ICEPP, University of Tokyo, Japan17 also at University of Tokyo, Japan18 Ram�on y Cajal Fellow19 partly supported by Russian Foundation for Basi Researh grant no. 05-02-39028-NSFC-a20 now at CERN, Geneva, Switzerland21 PPARC Postdotoral Researh Fellow22 EU Marie Curie Fellow23 also at Max Plank Institute, Munih, Germany, Alexander von Humboldt ResearhAward24 now at KEK, Tsukuba, Japan25 Department of Radiologial Siene26 PPARC Advaned fellow27 also at  L�od�z University, Poland28  L�od�z University, Poland29 supported by the Polish Ministry for Eduation and Siene grant no. 1 P03B 1262930 supported by the KBN grant no. 2 P03B 1272531 supported by the Polish Ministry for Eduation and Siene grant no. 1 P03B 14129y deeased VI



a supported by the Natural Sienes and Engineering Researh Counil ofCanada (NSERC)b supported by the German Federal Ministry for Eduation and Researh(BMBF), under ontrat numbers HZ1GUA 2, HZ1GUB 0, HZ1PDA 5,HZ1VFA 5 supported in part by the MINERVA Gesellshaft f�ur Forshung GmbH, the Is-rael Siene Foundation (grant no. 293/02-11.2) and the U.S.-Israel BinationalSiene Foundationd supported by the German-Israeli Foundation and the Israel Siene Foundatione supported by the Italian National Institute for Nulear Physis (INFN)f supported by the Japanese Ministry of Eduation, Culture, Sports, Sieneand Tehnology (MEXT) and its grants for Sienti� Researhg supported by the Korean Ministry of Eduation and Korea Siene and Engi-neering Foundationh supported by the Netherlands Foundation for Researh on Matter (FOM)i supported by the Polish State Committee for Sienti� Researh,grant no. 620/E-77/SPB/DESY/P-03/DZ 117/2003-2005 and grant no.1P03B07427/2004-2006j partially supported by the German Federal Ministry for Eduation and Re-searh (BMBF)k supported by RF Presidential grant N 1685.2003.2 for the leading sienti�shools and by the Russian Ministry of Eduation and Siene through itsgrant for Sienti� Researh on High Energy Physisl supported by the Spanish Ministry of Eduation and Siene through fundsprovided by CICYTm supported by the Partile Physis and Astronomy Researh Counil, UKn supported by the US Department of Energyo supported by the US National Siene Foundationp supported by the Polish Ministry of Sienti� Researh and Information Teh-nology, grant no. 112/E-356/SPUB/DESY/P-03/DZ 116/2003-2005 and 1P03B 065 27q supported by FNRS and its assoiated funds (IISN and FRIA) and by anInter-University Attration Poles Programme subsidised by the Belgian FederalSiene Poliy OÆer supported by the Malaysian Ministry of Siene, Tehnology and Innova-tion/Akademi Sains Malaysia grant SAGA 66-02-03-0048VII



1 IntrodutionEvents ontaining an isolated photon (prompt photon) are a powerful tool to study hardinteration proesses sine suh photons emerge without the hadronisation phase by whiha �nal state quark or gluon forms a jet. In ep ollisions, the presene of a jet in additionto the photon allows measurements that are more sensitive to the underlying partoniproesses than is possible for inlusive prompt-photon events. In partiular, �nal stateswith a prompt photon with a high transverse energy (ET ) together with a high-ET jetare diretly sensitive to the quark ontent of the proton through the sattering of theexhanged photon with a quark, q ! q (Compton sattering). In this ase, the ini-dent photon is point like, and the proess (Fig. 1 (a-b)) is alled diret. For exhangedfour-momentum transfer lose to zero (photoprodution), the additional ontribution toprompt-photon events from the gq ! q proess, in whih one of the initial partons omesfrom the photon whih displays a hadroni struture (resolved proess, Figs. 1 (-d)), anbe dominant [1{3℄. Prompt-photon measurements an be used to onstrain the partondistribution funtions (PDFs) of the proton and of the photon, as well as provide a testingground for QCD alulations. A number of preditions exist [1{4℄ that an be onfrontedwith the data.The �rst observation by ZEUS of isolated photons aompanied by a hadroni jet inphotoprodution used an integrated luminosity of 6.4 pb�1 [5℄. Distributions sensitive tothe intrinsi kT in the +jet �nal state were later measured by ZEUS [6℄. Inlusive prompt-photon ross setions with no jet requirement have also been reported [7℄. Reently, H1have published results on the +jet �nal state in photoprodution [8℄.This paper reports the �rst ZEUS results on di�erential ross setions of the +jet �nalstate in the photoprodution regime of ep sattering. The ross setions are presentedas a funtion of the transverse energy and pseudorapidity of both the photon (ET , �)and the jet (EjetT , �jet), as well as the fration of the inoming photon momentum takenby the photon-jet system (xobs ). In ontrast to previous measurements [5{8℄, the presentanalysis is based on the onversion-probability method, whih uses information on thefrequeny with whih photons onvert to e+e� in front of a dediated preshower dete-tor. Cross setions for +jet events are ompared to next-to-leading-order (NLO) QCD,alulations based on the kT -fatorisation approah and Monte Carlo (MC) models inor-porating leading-order matrix elements plus parton showers. Sine jets at relatively lowEjetT are measured in addition to the photon, parton-level alulations were orreted forhadronisation e�ets using a MC model. The hadronisation orretion for +jet events isexpeted to be smaller than for dijets with similar jet transverse energies sine the photondoes not undergo hadronisation. Therefore, for low EjetT , the theoretial preditions forthe +jet ross setions are expeted to be more reliable than for dijet �nal states.1



2 Data sample and experimental setupThe data sample was taken during the 1999-2000 period, orresponding to an integratedluminosity of 77:1 � 1:6 pb�1. The positron or eletron beam energy was 27:5 GeV andthe proton beam energy was 920 GeV, orresponding to a entre-of-mass energy of 318GeV. Here and in the following, the term \eletron" denotes generially both the eletron(e�) and the positron (e+), unless otherwise stated.ZEUS is a multipurpose detetor desribed in detail elsewhere [9℄. Of partiular im-portane in the present study are the entral traking detetor, the uranium-sintillatoralorimeter and the barrel preshower detetor.The entral traking detetor (CTD) [10℄ is a ylindrial drift hamber with nine super-layers overing the polar-angle1 region 15Æ < � < 164Æ and the radial range 18:2�79:4 m.Eah super-layer onsists of eight sense-wire layers. The transverse-momentum resolutionfor harged traks traversing all CTD layers is �(pT )=pT = 0:0058pT �0:0065�0:0014=pT ,with pT in GeV.The CTD is surrounded by the uranium-sintillator alorimeter, CAL [11℄, whih is di-vided into three parts: forward, barrel and rear with the barrel onsisting of 32 modules.The alorimeter is longitudinally segmented into eletromagneti (EMC) and hadroni(HAC) setions. The smallest subdivision of the CAL is alled a ell. The energy resolu-tion of the alorimeter under test-beam onditions is �E=E = 0:18=pE for eletrons and�E=E = 0:35=pE for hadrons, with E in GeV.The luminosity was measured using the bremsstrahlung proess ep ! ep with theluminosity monitor [12℄, a lead{sintillator alorimeter plaed in the HERA tunnel atZ = �107 m.The ZEUS barrel preshower detetor (BPRE) [13℄ is loated in front of the barrel alorime-ter. The BPRE detetor onsists of 32 assettes eah ontaining 13 sintillator tiles ofsize 20�20 m that were installed diretly in front of eah of the 32 barrel CAL modules.The measured output, alibrated in minimum ionising partile units (mips), is propor-tional to the energy loss of the inident partile after interation with material (mainlythe superonduting oil) in front of the barrel alorimeter.The mip alibration of eah of the 416 hannels of the BPRE was done using all eventstriggered in the ZEUS detetor. A luminosity of approximately 1 pb�1 was requiredfor eah alibration run. The one-mip signal was validated using osmi-ray muon data.The single-mip resolution was measured to be 0:3 mips and a minimum harge threshold1 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe entre of HERA. The oordinate origin is at the nominal interation point.2



orresponding to this value was applied to eah hannel. After alibration and orretionfor dead or ineÆient hannels, the signal eÆieny for sattered eletrons from deep-inelasti events was larger than 99%.3 Theoretial preditionsThe measured +jet ross setions were ompared to NLO QCD based on ollinear fatori-sation and DGLAP evolution [14℄, as well as to alulations based on the kT -fatorisationapproah with unintegrated quark and gluon densities.A NLO alulation with additional higher-order terms was performed by Krawzyk andZembrzuski (KZ) [3℄. The alulation inludes the leading-order term q ! q, �Sorretions to this term, initial and �nal resolved-photon ontributions, double-resolvedontributions and the diret box diagram g ! g. The latter two ontributions arealulated to order �2s. No intrinsi transverse momentum of the initial-state partons inthe proton was assumed. The renormalisation and fatorisation sales for suh alulationare set to �R = �F = ET . The GRV parameterisation of the proton PDF [15℄, the photonPDF [16℄ and the fragmentation funtion [17℄, were used.A similar NLO alulation by Fontannaz, Guillet and Heinrih (FGH) [2℄ ontains addi-tional higher-order orretions to the resolved photon proess. For the FGH alulation,the MRST01 [18℄ proton PDF and the AFG02 [19℄ photon PDF were used.The predition of A. Lipatov and N. Zotov (LZ) [4℄ is based on the kT -fatorisation [20℄method. The LZ alulation uses the unintegrated quark and gluon densities of theproton and photon aording to the Kimber-Martin-Ryskin (KMR) presription [21℄ withthe GRV parametrisations [15,16℄ of ollinear quark and gluon densities. In this approah,both diret and resolved ontributions are taken into aount.For all the alulations disussed, jets were reonstruted by running the longitudinallyinvariant kT luster algorithm in the inlusive mode [22℄ on partons. A prompt-photonjet was de�ned as a jet ontaining the �nal-state photon. An isolation requirement,E;(true)T > 0:9ET , where E;(true)T is the transverse energy of the �nal-state photon and ETis the total transverse energy of the prompt-photon jet, was applied to avoid the e�ets ofollinear photon emission from quarks and to math the analysis isolation requirement (seeSetion 5). A omparison with NLO alulations based on a one isolation requirementshowed onsistent results [23℄.The alulations were orreted for hadronisation e�ets using the Pythia MC model dis-ussed in Setion 4. These orretions, whih are negligible in the ase of inlusive promptphotons, annot be negleted when an aompanying jet is required. The hadronisation3



orretion fators were de�ned as Chad = �(hadrons)=�(partons), where � denotes thedi�erential ross setions alulated at the hadron and parton levels of the MC model,respetively. For both the parton and hadron levels of the MC generated events, theprompt photon was de�ned as the kT jet with at least one photon and with the isolationrequirement E;(true)T > 0:9ET . The ET and � distributions at the parton level in the MCmodel have a di�erent shape than in the NLO alulations, espeially at low ET , wherethe NLO preditions rise faster than do those of the MC. To determine the hadronisationorretions, the MC parton distributions were reweighted to math the shapes of the NLOalulations. The reweighting was performed in four dimensions de�ned by the ET , �,EjetT and �jet variables.The �nal hadronisation orretion was determined from Pythia after the parton-levelreweighting proedure disussed above. The Herwig model disussed in Setion 4 re-quires a large reweighting so it was not used for the hadronisation orretion.The hadronisation orretion fator for the total ross setion in the kinemati rangede�ned in Setion 7 was 0.92. The orretions for the  + jet di�erential ross setionsare lose to unity for large transverse momenta of the photon, but they derease to 0:78at low ET . It was veri�ed that if no jet was required, the hadronisation orretions werelose to unity.The Pythia default setting inludes a multiple-interation simulation. It was veri�ed thatexlusion of multiple interations from the parton-level of Pythia results in a negligiblehange in the hadronisation orretions.4 Monte Carlo simulationThe measured ross setions were ompared to leading-order Monte Carlo (MC) modelswhih use the QCD parton shower approah to inorporate high-order QCD e�ets fol-lowed by fragmentation into hadrons. The MC events were generated with the Pythia6.3 [24{26℄ and with the Herwig 6.5 [27, 28℄ models using the default parameters ineah ase. The CTEQ5L [29℄ proton PDF was used together with the SaS-2D parame-terisation [30℄ for the photon PDF. Both diret and resolved prompt-photon events weregenerated.The same MC samples were used to alulate the aeptane and to evaluate the signaland bakground ontent of the sample. Samples of bakground photoprodution events(without prompt-photon subproesses) were generated in addition to the prompt photonsamples. Both diret and resolved proesses were simulated. These MC samples providedbakground photons from the deay of hadrons (predominantly from �0 mesons).4



The generated events were passed through a full simulation of the detetor using Geant3.13 [31℄ and proessed with the same reonstrution program as used for the data. TheMC samples after the detetor simulation do not give a good desription of the ET and� distributions seen in the data. Suh disrepanies are most prominent at low ET , andwere attributed to an inadequay of the MC models. For the aeptane alulations, theMC distributions were reweighted to math the distributions in ET and � of the data. Thereweighting was performed in four-dimensional phase spae in ET and � of the photonand of the aompanying jet; thus orrelations between these kinemati variables wereproperly taken into aount.5 Data seletion and prompt-photon reonstrution5.1 Event seletion and jet reonstrutionThe online seletion made use of a standard ZEUS eletron �nding algorithm to seletevents with an eletromagneti luster [5℄. For the o�ine analysis, neutral-urrent deepinelasti (DIS) events with an identi�ed sattered eletron andidate were removed fromthe sample. This restrited the virtuality of the inident photon to the range Q2 < 1 GeV2.In addition, the following uts were applied:� harged urrent DIS events were rejeted by requiring the total missing transversemomentum in the alorimeter to be less than 10 GeV;� 0:2 < yJB < 0:8, where yJB is the inelastiity parameter reonstruted with theJaquet-Blondel method [32℄;� j Zvertex j� 50 m, where Zvertex is the event-vertex position determined from thetraks.Jets were reonstruted by running the longitudinally invariant kT algorithm in inlu-sive mode [22℄ on energy-ow objets (EFOs) [33℄, whih are based on a ombination oftrak and alorimeter information. The jet variables ET and � were de�ned aordingto the Snowmass onvention [34℄. Eah jet was lassi�ed as either a photon andidateor a hadroni jet. The photon-andidate jet was required to onsist of EFOs withoutassoiated traks and to be within the CTD and BCAL aeptane, �0:74 < � < 1:1.For this jet, EEMC=Etot > 0:9 is required, where EEMC is the energy reonstruted in theeletromagneti part of the CAL and Etot is the total energy of this jet. After orretionfor energy losses, the ut ET > 5 GeV was applied.Hadroni jets, after orretion for energy losses, were seleted in the kinemati rangeEjetT > 6 GeV, �1:6 < �jet < 2:4. They were required to have EEMC=Etot < 0:9. If more5



than one jet was found within the above kinemati uts, the jet with the highest EjetT wasaepted. The minimum transverse momentum of the hadroni jet was set to be higherthan for the photon andidate, sine the NLO alulations employed in this analysis areunstable for symmetri uts on the minimum transverse momenta of both jets [35,36℄.In total, 3910 events with a prompt-photon andidate and a hadroni jet were seleted.5.2 Identi�ation of isolated photons and hadronsFor the prompt-photon identi�ation, the onversion-probability method based on theBPRE was used. In ontrast to the shower-pro�le approah used in previous measure-ments [5{7℄, the present approah uses the probability of onversion of photons to e+e�pairs in detetor elements and inative material, mainly the solenoid loated in front ofthe BCAL. The onversion probability for a single photon is lower than for multiphotonevents arising from neutral meson deays (�0, �, et.); therefore, small BPRE signals anbe used to identify isolated photons.The response of the BPRE to single isolated photons was studied using the deeply virtualCompton sattering (DVCS) data, ep ! e0p, taken during 1999-2000. This sample isknown to provide photons of high purity [37℄. Events with two isolated eletromagnetilusters and one CTD trak were pre-seleted. One luster was required to have energyEe0 > 8 GeV and to be assoiated with the CTD trak, thereby ensuring ompatibility withthe sattered eletron. The luster without an assoiated trak was then reonstrutedusing the kT luster algorithm as desribed in Setion 5.1. The photon andidate wasrequired to be in the BCAL region, �0:74 < � < 1:1, and to have energy in the range5 < E < 10 GeV. The BPRE signal for the DVCS photons was determined as thesum of the signal of the BPRE tiles whose entre falls within a one of size 0:7 in �-�around the photon andidate. A smaller one size leads to an eÆieny that is not wellreprodued by the MC. Other details of the DVCS seletion and MC simulations are givenelsewhere [37,38℄.In the DVCS sample, the fration of events with BPRE signal below one mip is very sen-sitive to the amount of material in front of the BPRE sine suh events are dominated bynon-onverted photons. The MC simulation overestimates this fration by 19% omparedto the data due to an inadequate simulation of the material in front of the BPRE. Thisdisrepany does not have a signi�ant dependene on the one size.The amount of inative material was further studied using sattered eletrons from DISevents. This study indiated that more material in front of the BCAL was neessary forthe MC simulation. 6



Using a dediated Geant simulation [31℄, it was found that an inrease of inative ma-terial in the MC simulation by 0:25X0 was suÆient to desribe the fration of eventswithout photon onversions seen in the DVCS data. For this Geant simulation, it wasassumed that all inative material is distributed uniformly in the region of the ZEUSsolenoid loated in front of the BPRE tiles. The e�et of the additional material wasthen taken into aount in the standard ZEUS MC by applying a orretion to the BPREdistribution based on the results of the dediated simulation.Figure 2 shows the BPRE signal for the DVCS data ompared to the DVCS Monte Carlomodel [38℄ after orretion for additional material. There is good agreement between thedata and the MC distribution. This shows that the inative material and the BPREresolution are well represented in the MC simulation.The MC response of the BPRE to single hadrons was studied for �0 and � mesons. Sinethese mesons deay to several photons, more onversions to e+e� will our than for singlephotons. As expeted, the average BPRE signal for �0 and � mesons was larger than forthe isolated photons. An example of the MC simulation of the BPRE response to single, �0 and � is shown in Figure 3. The BPRE distributions for �0 and � mesons were alsoorreted to take into aount additional dead material in front of the BPRE.5.3 Extration of the prompt-photon signalThe BPRE signal for prompt-photon andidates seleted as desribed in Set. 5.1 wasdetermined using a one of radius 0:7 in �-� spae, as was done for the DVCS analysis.Figure 4 shows the omparison between the data and the Pythia MC for: the BPREsignal for the photon andidate; the di�erene between the total alorimeter energy andthe energies of the jet and the photon andidate, �E = Etot�Ejet�E; and the distanefrom the photon andidate to any EFO in an event,D =q(� � �EFO)2 + (� � �EFO)2;where � (�EFO) and � (�EFO) are the azimuthal angle and pseudorapidity of the photonandidate (EFO).Figure 4(a) shows that there is a signi�ant fration of events with a small number ofmips, similar to the DVCS data. However, sine the dijet photoprodution ross setionis higher by several orders of magnitude than the +jet ross setion, there is additionalhadroni bakground even after the uts disussed in Setion 5.1.The BPRE distribution for the prompt-photon andidates was used to determine thebakground fration. The fration of inlusive dijet photoprodution events needed wasfound from a �2-minimisation proedure. After the inlusion of the bakground events,7



the shape of the BPRE distribution for the prompt-photon andidates is well reproduedby the MC simulation, as shown in Figure 4(a).The inlusion of the dijet bakground leads to good desription of the CAL distributionsshown in Fig. 4(b) and (), whih are also sensitive to the prompt-photon events. Onaverage, the �E should be larger for the dijet events, where more energy is radiatedoutside the dijet system than for the +jet events. After the inlusion of the bakground,this distribution is well reprodued by MC.The bakground fration desribed above was used in the alulation of the total +jetross setion. For di�erential ross setions, the bakground frations were determinedby �tting the BPRE signal independently in eah bin of the respetive distributions. Inorder to redue statistial utuations in regions of small statistis, it was assumed thatthe bakground frations varied smoothly from bin to bin. Therefore, the dependene ofthe bakground fration on ET , �, EjetT , �jet and xobs was obtained by �tting the bak-ground frations for eah bin with a linear funtion. The number of prompt-photon eventsin eah kinemati bin was determined from suh a linear-regression �t. The statistialunertainties on the number of signal events were evaluated using 68% on�dene-levellimits on the linear �t of the frations.6 Cross setion alulations and systematiunertaintiesThe di�erential ross setions for a given observable Y were determined as:d�dY = NA � L ��Y ;where N is the number of prompt-photon events in a bin of size �Y , A is the aeptaneand L is the integrated luminosity. The aeptane was alulated using MC from theratio of the number of reonstruted events after the seletion uts to the number ofgenerated events.The systemati unertainties were evaluated by hanging the seletion and the analysisproedure. The ontribution of eah ut variation to the total ross setion is given inparentheses as a perentage of the total ross setion:� the alorimeter energy sale was hanged by �3% (+9:1�11:7%);� the transverse momentum ut and the � range for the photon and hadron jet werelowered (raised) independently by one � of the resolution. The systemati unertaintydue to the transverse-energy ut for the photon was found to be (+2:5�3:7%). The largest8



systematial unertainty due to the transverse-energy ut on the jet was (+2:2�2:0%). Thesystemati unertainty assoiated with the variations in the pseudorapidity was small(�0:8%);� the unertainty in the quantity of inative material in the MC was estimated by varyingthe amount of inative material by �5% of a X0 in the Geant-based orretion fators(�7:0+5:0%);� the one radius for the determination of the BPRE signal was hanged by �0:1 units(�2:3+2:7%). A larger one size leads to a larger leakage of hadroni energy into the photon,whih is not well simulated in MC;� variations of the uts on yJB, Zvertex and on total missing transverse energy (�2%);� the resolved ontribution in MC was hanged by �15% (< 1%);� the ut on the eletromagneti fration EEMC=Etot for the photon jet was hanged by�0:02 (+0:9�1:5%);� the aeptane orretion and the fration of bakground photoprodution events wasdetermined using Herwig (�0:6%).The overall systemati unertainty was determined by adding the above unertainties inquadrature. A 2% normalisation unertainty due to the luminosity measurement errorwas not inluded in the systemati unertainties.As an additional hek, the di�erential +jet ross setions were found by using the globalbakground fration determined in the full kinemati range. Further, the ross setionswere alulated from the number of the detetor-level events in the data and MC afterrequiring a BPRE signal < 7 mip, i.e. in a region where the purity of the prompt photonsample is expeted to be above 50%. The results from these alternative methods wereonsistent with the �nal ross setions.7 ResultsThe total ross setion for the proess ep ! e + prompt + jet + X for 0:2 < y < 0:8,Q2 < 1 GeV2, 5 < ET < 16 GeV, 6 < EjetT < 17 GeV, �0:74 < � < 1:1, �1:6 < �jet < 2:4and E;(true)T > 0:9ET was measured to be�(ep! e+ prompt + jet + X) = 33:1 � 3:0 (stat:)+4:6�4:2(syst:) pb:This ross setion should be ompared to the QCD preditions after the hadronisationorretions: 23:3+1:9�1:7 pb (KZ), 23:5+1:7�1:6 pb (FGH) and 30:7+3:2�2:7 pb (LZ). The sale uner-9



tainties on the QCD alulations were estimated by varying �R between �R=2 and 2�R.The Pythia and Herwig ross setions are 20:0 pb and 13:5 pb, respetively.The di�erential ross setions as funtions of ET and � for the prompt-photon andidatesand for the aompanying jets are shown in Figs. 5 and 6. Figure 7 shows the distributionfor xobs de�ned as P;jet(Ei � P iZ)=(2Eey) (the sum runs over the photon andidate andthe hadroni jet). Table 1 gives the di�erential ross setions with the statistial andsystematial unertainties, as well as the hadronisation-orretion fators alulated inthe same bins as the data2.The Pythia and Herwig di�erential ross setions do not rise as steeply at low ETas do the data. In addition, they underestimate the measured ross setions. The KZNLO predition, orreted for hadronisation e�ets as desribed in Set. 3, desribes thedata better. However, it underestimates the observed ross setion at low ET and inthe forward jet region. The observed di�erene between the data and the NLO QCDalulations is onentrated in the xobs < 0:75 region whih is sensitive to the resolvedphoton ontribution.The FGH predition is similar to the KZ NLO. The largest di�erene between the twopreditions is found for the �jet ross setion, where the FGH ross setion is loser to thedata in the forward jet region. The renormalisation sale unertainty for the FGH QCDalulations is similar to that estimated for the KZ preditions (not shown).The LZ predition based on the kT -fatorisation approah orreted for hadronisatione�ets gives the best desription of the ET and � ross setions. In partiular, it desribesthe lowest ET region better than the KZ and FGH NLO preditions. The �jet ross setionfor the assoiated jet in the forward region is also better reprodued by the LZ alulation.It is diÆult to ompare the present ross setions with the H1 result [8℄, sine a sig-ni�ant model-dependent extrapolation to the low EjetT region used by H1 is required.A omparison in the region EjetT > 6 GeV shows good agreement with H1 for the EjetTdi�erential ross setion.Sine the largest di�erene between the NLO alulations and the data is onentrated inthe region of low ET and low EjetT , it is instrutive to verify the level of agreement withNLO when the minimum transverse energy of the deteted prompt photons is inreasedfrom 5 GeV to 7 GeV. In this ase, hadronisation orretions are expeted to be smaller.Further, in omparison with the previous measurements, suh a hoie may emphasizedi�erent aspet of ontributions of high-order QCD radiation [36℄, sine the transverseenergy of the prompt-photon is larger than that of the jet.2 The atual hadronisation orretions applied to the NLO alulations shown in Figs. 5-9 were alulatedusing �ner bins. 10



The total ep ! e + prompt + jet + X ross setion for ET > 7 GeV (keeping the otheruts the same as before) is � = 13:8 � 1:2 (stat:)+1:8�1:6(syst:) pb. This result agrees withthe QCD alulations after the hadronisation orretions: 14:9+1:3�1:0 pb (KZ), 13:4+1:1�0:9 pb(FGH) and 13:6+0:9�1:0 pb (LZ). The PYTHIA and HERWIG models predit 13:7 pb and9:4 pb, respetively.Figures 8, 9 and Table 2 show the orresponding di�erential ross setions. The appliedhadronisation orretions are given in Table 2. For the ET > 7 GeV ut, both the NLOQCD and the LZ preditions agree well with the data. The Pythia MC model also agreeswell with the ross setions, while Herwig is still below the data.8 ConlusionsThe photoprodution of prompt photons, together with an aompanying jet, has beenmeasured in ep ollisions at a entre-of-mass energy of 318 GeV with the ZEUS detetorat HERA using an integrated luminosity of 77 pb�1.In the kinemati region ET > 5 GeV and EjetT > 6 GeV the prompt-photon data disagreewith the available MC preditions whih predit a less steep rise of the ross setionswith dereasing ET . The disrepany is redued for the NLO alulations. However, theystill underestimate the data in the low ET and EjetT regions, whih are likely to be themost sensitive to the treatment of high-order QCD terms and hadronisation e�ets. Thebest desription of the data was found for the alulations based on the kT -fatorisationapproah and unintegrated parton densities.When the minimum transverse energy of prompt photons is inreased from 5 GeV to7 GeV, both NLO QCD and the kT -fatorisation alulations desribe the data well.AknowledgementsWe thank the DESY Diretorate for their strong support and enouragement. The re-markable ahievements of the HERA mahine group were essential for the suessfulompletion of this work and are greatly appreiated. We are grateful for the supportof the DESY omputing and network servies. The design, onstrution and installa-tion of the ZEUS detetor have been made possible owing to the ingenuity and e�ort ofmany people from DESY and home institutes who are not listed as authors. We thankM. Fontannaz, G. Heinrih, M. Krawzyk, A. Lipatov and A. Zembrzuski for disussionsand for providing the QCD alulations. 11
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ET (GeV) d�=dET (pb/GeV) Chad5:00; 7:00 9:0� 1:1+1:6�1:7 0.787:00; 9:00 3:7� 0:6+0:9�0:6 1.019:00; 11:00 2:9� 0:5+0:3�0:4 1.0511:00; 13:00 0:7� 0:2+0:2�0:2 1.0613:00; 16:00 0:3� 0:1+0:1�0:1 1.06� d�=d� (pb) Chad�0:74;�0:34 21:7 � 3:3+3:6�3:7 0.89�0:34; 0:02 24:0 � 3:3+3:5�2:9 0.910:02; 0:38 21:5 � 3:0+3:4�3:2 0.930:38; 0:74 16:3 � 2:3+2:2�3:5 0.950:74; 1:10 12:7 � 6:4+4:3�4:2 0.95EjetT (GeV) d�=dEjetT (pb/GeV) Chad6:00; 8:00 10:9 � 1:2+1:5�1:8 0.898:00; 10:00 3:1� 0:5+0:6�0:4 0.9610:00; 12:00 2:0� 0:4+0:3�0:3 0.9712:00; 14:00 1:3� 0:4+0:2�0:2 0.9514:00; 17:00 0:6� 0:2+0:1�0:0 0.90�jet d�=d�jet (pb) Chad�1:60;�0:80 3:3� 0:9+0:9�0:7 0.74�0:80; 0:00 11:7 � 1:4+1:7�1:3 0.850:00; 0:80 8:9� 1:5+1:4�1:5 0.990:80; 1:60 8:3� 2:2+2:3�2:4 1.071:60; 2:40 10:7 � 2:0+1:4�2:4 1.09xobs d�=dxobs (pb) Chad0:00; 0:25 3:9� 3:1+4:2�4:2 0.910:25; 0:50 37:9� 7:9+8:8�12:3 0.950:50; 0:75 24:5 � 5:2+6:3�9:2 1.060:75; 1:00 80:4� 7:2+9:4�12:6 0.90Table 1: The di�erential prompt-photon ross setions with additional jet re-quirement measured in the region 0:2 < y < 0:8, Q2 < 1GeV 2, 5 < ET < 16GeV ,6 < EjetT < 17GeV , �0:74 < � < 1:1 and �1:6 < �jet < 2:4. The statistialand systematial unertainties are given separately. The hadronisation orretionfators (see the text) applied to the QCD alulations for the same kinemati binsas for the data are also shown. 14



� d�=d� (pb) Chad�0:74;�0:34 5:0� 0:9+1:1�0:7 0.99�0:34; 0:02 8:2� 1:3+1:6�1:4 1.000:02; 0:38 9:0� 1:4+1:4�1:2 1.020:38; 0:74 7:9� 1:6+1:2�1:3 1.040:74; 1:10 8:0� 2:7+0:7�2:7 1.05EjetT (GeV) d�=dEjetT (pb/GeV) Chad6:00; 8:00 2:5� 0:4+0:4�0:4 1.088:00; 10:00 2:0� 0:4+0:3�0:2 1.0010:00; 12:00 1:3� 0:2+0:2�0:2 0.9912:00; 14:00 0:5� 0:2+0:1�0:1 0.9714:00; 17:00 0:2� 0:1+0:1�0:0 0.91�jet d�=d�jet (pb) Chad�1:60;�0:80 1:1� 0:3+0:3�0:4 0.85�0:80; 0:00 4:2� 0:7+0:4�0:5 0.950:00; 0:80 5:6� 1:0+0:8�0:6 1.060:80; 1:60 3:4� 0:8+0:8�0:6 1.151:60; 2:40 1:8� 0:5+0:6�0:5 1.18xobs d�=dxobs (pb) Chad0:00; 0:25 1:6� 0:9+2:1�1:7 1.150:25; 0:50 7:3� 1:5+2:0�3:1 1.110:50; 0:75 9:1� 1:6+2:5�1:7 1.160:75; 1:00 33:9� 4:4+5:3�5:5 0.99Table 2: The di�erential prompt-photon ross setions with additional jet require-ment measured in the region de�ned as for Table 1 exept for the ut on the trans-verse energy of the prompt photon, whih was inreased to 7GeV . The statistialand systematial unertainties are given separately. The hadronisation orretionfators applied to the QCD alulations for the same kinemati bins as for the dataare also shown. 15



Figure 1: Examples of diagrams for +jet events at leading order: diret photoninterations, (a-b) and resolved photon interations, (-d). The resolved diagramswith t-hannel exhange are not shown.
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Figure 2: The response of the BPRE detetor to isolated photons in the DVCSdata sample. The DVCS Monte Carlo distribution was normalised to the data.17
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Figure 5: The  + jet di�erential ross setions as funtions of ET and � om-pared to theoretial QCD alulations (with hadronisation orretions inluded).The histograms show the preditions of the Monte Carlo models. The inner errorbars show the statistial unertainties, the outer ones show statistial and system-ati unertainties added in quadrature. The shaded bands for the KZ preditionorrespond to the unertainty in the renormalisation sale whih was hanged bya fator of 0.5 and 2. A similar unertainty exists for the FGH predition (notshown). 20



ZEUS

10
-1

1

10

6 8 10 12 14 16

ZEUS (77 pb-1)

NLO+had. (KZ) 0.5< µR< 2

NLO+had. (FGH)  µR=1

kT -fact.+had. (LZ)  0.5< µR < 2

PYTHIA 6.3

HERWIG 6.5

γprompt + jet (a)

ET 
jet
 (GeV)

dσ
/E

T
 je
t   (

pb
 / 

G
eV

)

0

5

10

15

20

-1.5 -1 -0.5 0 0.5 1 1.5 2

(b)

ηjet

dσ
/d

ηje
t  (

pb
)

Figure 6: The + jet di�erential ross setions as funtions of EjetT and �jet om-pared to the QCD alulations (with hadronisation orretions) and Monte Carlomodels. 21
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Figure 7: The xobs ross setion for  + jet events ompared to the NLO QCDalulations (with hadronisation orretions) and Monte Carlo models.
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Figure 8: The di�erential  + jet ross setions as funtions of: a) �, b) EjetTand ) �jet ompared to the QCD alulations (with hadronisation orretions) andMonte Carlo models. The uts are the same as for Figs. 5 and 6, exept for theut on the transverse energy of the prompt photons, whih was inreased to 7GeV .23
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	Introduction
	Data sample and experimental setup
	Theoretical predictions 
	Monte Carlo simulation 
	Data selection and prompt-photon reconstruction
	Event selection and jet reconstruction 
	Identification of isolated photons and hadrons 
	Extraction of the prompt-photon signal 

	Cross section calculations and systematic  uncertainties
	Results
	Conclusions

