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DESY{04{016February 2004Observation of isolated high-ET photons indeep inelasti satteringZEUS Collaboration
AbstratFirst measurements of ross setions for isolated prompt photon prodution indeep inelasti ep sattering have been made using the ZEUS detetor at theHERA eletron-proton ollider using an integrated luminosity of 121 pb�1. Asignal for isolated photons in the transverse energy and rapidity ranges 5 <ET < 10 GeV and �0:7 < � < 0:9 was observed for virtualities of the exhangedphoton of Q2 > 35 GeV2. Cross setions are presented for inlusive promptphotons and for those aompanied by a single jet in the range EjetT � 6 GeV and�1:5 � �jet < 1:8. Calulations at order �3�s desribe the data reasonably well.
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1 IntrodutionIsolated photons in the �nal state with high transverse momenta are a diret probe ofthe dynamis of hard subproesses in high energy ollisions, sine these `prompt' pho-tons are largely insensitive to the e�ets of hadronisation. Prompt photons have beenstudied in a number of hadroni experiments. Early evidene for suh proesses amefrom the R806 experiment at the CERN ISR [1℄. More reently, the CDF and D� ex-periments at the Tevatron ollider have performed a number of QCD tests using promptphotons [2,3,4,5,6,7℄. In previous ZEUS publiations, the prodution of prompt photonsin photoprodution has been studied [8, 9, 10℄. In the present letter, for the �rst time,prompt photon measurements in deep inelasti sattering (DIS) are reported, both in-lusively and aompanied by jets. These proesses test QCD in a new way by studyingproesses ontaining two di�erent hard sales, Q2, the exhanged photon virtuality, andET , the transverse energy of the emitted prompt photon.Prompt photons are produed in DIS at lowest order in QCD, as shown in Fig. 1. Theseproesses have been alulated to order O(�3�s) by Gehrmann-DeRidder, Kramer andSpiesberger [11℄, inluding interferene terms for initial- and �nal-state radiation from theeletron. In ontrast, leading-logarithm parton-shower Monte Carlo (MC) models do notnaturally predit events with two hard sales.In this letter, results are presented for the proess ep ! eX, where X is anything, andfor ep! e + jet+Y , where Y does not ontain further jets within the aeptane of themeasurement. Comparisons are made to MC preditions and also to O(�3�s) alulationsfor the photon-jet �nal state.2 Experimental set-up and event seletionA data sample orresponding to an integrated luminosity of 121 pb�1 was used, takenbetween 1996 and 2000. This sample is the sum of 38 pb�1 of e+p data taken at a entre-of-mass energy of 300 GeV and 68 pb�1 taken at 318 GeV, plus 16 pb�1 of e�p data takenat 318 GeV. A single set of results is presented for this ombined sample. The MC rosssetions (see Setion 3) di�er by under 4% at the two entre-of-mass energies, well withinthe preision of these measurements. Di�erenes between the ross-setions for e+p ande�p ollisions are expeted to be negligible [12℄.A desription of the ZEUS detetor is given elsewhere [13℄. Of partiular importane inthe present work are the uranium alorimeter (CAL) and the entral traking detetor(CTD). 1



The CAL [14℄ has an angular overage of 99.7% of 4� and is divided into three parts(FCAL, BCAL, RCAL), overing the angular ranges 2:6Æ � 36:7Æ, 36:7Æ � 129:1Æ and129:1Æ� 176:2Æ, respetively1. Eah part onsists of towers longitudinally subdivided intoeletromagneti (EMC) and hadroni (HAC) ells. The eletromagneti setion of theBCAL (BEMC) onsists of ells of 23.3 m length azimuthally, representing 1/32 of thefull 360Æ, and width of 4.9 m in the Z diretion at its inner fae, at a radius of 123.2 mfrom the beam line. These ells have a projetive geometry as viewed from the interationpoint. The pro�le of the eletromagneti signals observed in lusters of ells in the BEMCdisriminates between those originating from photons or eletrons2 and those originatingfrom neutral-meson deays. The CAL energy resolutions, as measured under test-beamonditions, are �(E)=E = 0:18=pE for eletromagneti showers and �(E)=E = 0:35=pEfor hadrons, with E in GeV.The CTD [15℄ is a ylindrial drift hamber situated inside a superonduting solenoid.Using the traking information from the CTD, the vertex of an event an be reonstrutedwith a resolution of 0.4 m in Z and 0.1 m in X;Y . In this analysis, the CTD traksare used to reonstrut the event vertex, and are also used in the seletion riteria forhigh-ET photons.The luminosity was determined from the rate of the bremsstrahlung proess ep ! ep,where the high-energy photon was measured in a lead-sintillator alorimeter [16℄ loatedat Z = �107m.The DIS events were seleted online using a trigger based on energy deposits in the CALonsistent with a sattered eletron. O�ine, events whih passed DIS uts similar tothose used in previous analyses [17℄ were seleted. In addition a photon andidate wasrequired. The value of Q2, as reonstruted from the �nal-state eletron, was required tobe above 35 GeV2. The energy of the sattered eletron was required to be above 10 GeVand its polar angle in the range 139:8Æ to 171:9Æ, in order to be well measured in theRCAL and well separated from the photon andidate. Events were required to have areonstruted vertex position within the range jZj < 40 m and 35 < Æ < 65 GeV, whereÆ = Pi Ei(1 � os �i), Ei is the energy of the ith CAL ell, �i is its polar angle and thesum runs over all ells.For the subset of events used in the photon-jet study, jets were reonstruted from CALells using a one algorithm with radius 0.7 [18℄ in the laboratory frame. Corretions forenergy losses, prinipally due to uninstrumented material in front of the CAL, were eval-1 The ZEUS oordinate system is a right-handed Cartesian system with the Z axis pointing in the protonbeam diretion, refered to as the `forward diretion', and the X axis pointing left towards the entreof HERA. The oordinate origin is at the nominal interation point.2 Hereafter `eletron' refers both to eletrons and positrons unless spei�ed.2



uated using MC simulated events, and were typially +(10-15)% for jets with measuredenergy above 6 GeV [10℄.3 Monte Carlo event simulationThe MC programs Pythia 6.206 [19℄ and Herwig 6.1 [20℄ were used to simulate promptphoton emission for the study of event-reonstrution eÆieny. In both generators, thepartoni proesses are simulated using leading-order matrix elements, with the inlusionof initial- and �nal-state parton showers. Fragmentation into hadrons is performed usingthe Lund string model [21℄ in the ase of Pythia, and a luster model [22℄ in the ase ofHerwig. The events generated using the Pythia and Herwig programs were used toorret for detetor and aeptane e�ets. The orretions provided byPythia were usedas default and those given by Herwig were used to estimate the systemati unertaintiesdue to the treatment of the event dynamis and of parton showering and hadronisation.The detetor response to photons and neutral mesons (�0 and �) was simulated by usingsingle-partile MC generated events.The generated events were passed through the ZEUS detetor and trigger simulationprograms based on Geant 3.13 [23℄. They were reonstruted and analysed by the sameprograms as the data. The jet searh was performed using the energy measured in theCAL ells in the same way as for the data. The same jet algorithm was also applied tothe �nal-state partiles.To study the e�ets of eletron radiation, simulations were made of deep inelasti sat-tering events using the Herales 4.6.1 [24℄ program with the Djangoh [25℄ interfaeto the MC generators that provide the hadronisation. The ollinear radiative orretionswere found to be small in the kinemati region of this analysis and were negleted.4 Photon andidate seletionThe identi�ation of events ontaining an isolated prompt photon andidate follows loselythe approah used in previous analyses [8, 9, 10℄. Events were seleted on the basis of anisolated photon andidate deteted in the BCAL. The algorithm seleted predominantlyeletromagneti lusters of ells within a small angular one. Initially, larger eletromag-neti lusters than are typial of a single photon were aepted to estimate bakgrounds.Use of shower shapes as a disriminant, as desribed below, allowed subtration of thebakgrounds due to �0 and � prodution. 3



It was required that the reonstruted transverse energy of the luster satis�ed ET >5 GeV and the pseudorapidity satis�ed �0:7 < � < 0:9. The ut ET < 10 GeV wasimposed to ensure that the �0 and � subtration method was e�etive.The photon andidate was well separated from the sattered eletron. Monte Carlo sim-ulations and O(�3�s) alulations (see Setion 6.2) show that for eletrons in the rangede�ned in Setion 2, most photons radiated from the eletron fall outside the prompt-photon aeptane used in this analysis, though they still give an important ontributionto the ross setion in the kinemati region of the measurement.To redue bakgrounds, the photon-andidate luster was required to be isolated by de-manding �r > 0:2, where �r =p��2 + ��2, the distane to the nearest reonstrutedtrak in ��� spae. It was further required that ET=EoneT > 0:9, where EoneT is the energywithin a one in � � � of radius 1.0 around the photon andidate. This energy isolationrequirement suppresses the ontribution from photon andidates produed within jets.Deeply virtual Compton sattering (DVCS) events were removed by demanding at leasttwo traks reonstruted in the CTD, sine in DVCS the �nal state seen in the detetoronsists only of a photon and an eletron whih are well separated [26,27℄.The seleted andidates were still dominated by neutral mesons, suh as �0 and �, whihdeay to photons. The single-photon signal was statistially extrated from the bak-ground using BEMC energy-luster shapes. The �rst distribution onsidered was thatof hÆZi, where hÆZi = �(EelljZell � Zj)=�Eell. Here Eell is the energy deposited ina BEMC ell, Zell is the ell number measured in the Z diretion and Z is the energy-weighted mean of Zell. Figure 2a shows the hÆZi distribution for data, together with a�t based on photon shower shapes and a simulation of single partiles in the detetor (�0and �). Clear peaks are visible at hÆZi ' 0:15 due to single photons and hÆZi ' 0:5 dueto �0 ! , as well as a tail due to the deays of heavier partiles to two or more photons.The photon shower shapes used were derived in two ways: from DVCS data [27℄, andfrom single-photon MC simulation. In Fig. 2, photons found in DVCS data events areshown. The results of the two shower-shape methods gave indistinguishable bakgroundsubtrations and di�ered only by an overall sale fator of 5% on the aeptane of theprompt-photon signal. The DVCS method gave the higher aeptane, as the DVCSsingle-photon showers are slightly narrower than those from the MC showers. The MCmethod was used in this analysis, beause of the higher statistis available. This allowsrapidity and energy dependenes of shower shapes to be modelled; a sale orretion of5% was then applied.The � ontribution was determined from a �t to the hÆZi distribution above 0.65. Afterremoving andidates with hÆZi > 0:65, the �nal bakground subtration was performedusing the variable fmax, de�ned as the ratio of the energy of the highest-energy ell in an4



eletromagneti luster to the total luster energy. When inident on the BEMC, singlephotons form narrow lusters, with most of the energy going into only one ell, givingan fmax distribution peaked lose to unity. Beause of the projetive geometry of theBEMC, a photon entering at the boundary between two ells typially has fmax ' 0:5.Thus the fmax distribution for single photons peaks lose to 1.0 and extends down to 0.5.In ontrast, the neutral mesons deay to more than one photon, forming larger lustersin the BEMC. In eah bin of a plotted physial quantity, events were divided into twolasses, with high and low values of fmax respetively. From the number of events in eahlass, as well as the ratios of the orresponding numbers for the fmax distributions of thesingle-partile samples, the number of events in the given bin was evaluated [8℄.A total of 1875 events with hÆZi < 0:65 were seleted, of whih 877 have fmax > 0:75,yielding a signal of 572 and a bakground of 1303 events. The �ts and signal extrationproedure were repeated for eah bin of eah distribution.Studies based on single-partile MC samples showed that the photon energy measuredin the BCAL was on average less than the true value, owing to energy loss in the unin-strumented material in front of the BCAL. To ompensate for this e�et, a orretion oftypially 0.2 GeV was added to the photon energy [10℄.5 Systemati unertaintiesThe following soures of systemati unertainty were investigated: variations of the nom-inal fmax spetra for the photon a�eting the signal extration; hange in the detetorenergy sale alibration by �3%, reeting the overall energy sale unertainty; and ahange in the energy ut in both MC events and data by �10% for photons. This last un-ertainty is motivated by the r.m.s. di�erenes between hadron-level generated and reon-struted energies. Also inluded as a systemati unertainty is the di�erene in estimatedaeptane between Herwig and Pythia, whih is mostly well below the statistial un-ertainty. A hange of �20% in the hadroni energy ut for photon-jet events for bothdata and reonstruted Monte Carlo events, representing the r.m.s. di�erene betweenhadron-level and reonstruted jet energies was onsidered as an additional systematiunertainty. The unertainty of 2.2% on the luminosity measurement was negleted inthe di�erential ross setions but inluded in the total ross setions.The method used for bakground subtration is more sensitive to the shape of the fmaxdistribution of the bakground than to that of the signal. The bakground shape isrelatively insensitive to the �0=� ratio and hene the results using DVCS and MC photonsare very similar. A study was made of the e�et on the results of the fat that the �ts fallbelow the data at high hÆZi. This is due to events with large ET , where the ontribution5



of events with more than one �0 with a multi-�0 invariant mass above the � mass is likelyto be important. A �t was made to the high-ET data exluding the region hÆZi > 1:0.The hange in the extrated signal was well below the statistial unertainty in the bin.6 Results6.1 Inlusive prompt photon produtionThe ross setion for inlusive prompt photon prodution, ep! eX, has been measuredin the following kinemati region: Q2 > 35 GeV2, Ee > 10 GeV, 139:8Æ < �e < 171:8Æ,�0:7 < � < 0:9 and 5 < ET < 10 GeV, with photon isolation suh that at least90% of the energy found in an � � � one of radius 1.0 around the photon is assoiatedwith the photon. The measured ross setion is�(ep! eX) = 5:64 � 0:58(stat:)+0:47�0:72(syst:) pb.The predited ross setions from Pythia and Herwig are lower than the data by fatorsof approximately 2 and 8, respetively. Figures 3a and 3b show the measured rapidityand transverse energy distributions, ompared to MC preditions normalised to the data.The data are also presented in Table 1. Both Pythia and Herwig desribe the ETspetrum and Herwig desribes the rapidity well. Figure 3 shows the Q2 distributionof the data, again ompared to MC preditions. The agreement of Pythia with the datais reasonable, but Herwig fails to desribe the measured Q2 spetrum. As disussedin Setion 6.2, the O(�3�s) alulations suggest that the disrepanies between Pythiaand the data in the rate and photon rapidity distribution may be due to the fat thatwide-angle initial- and �nal-state radiation from the eletron are not inluded in the MCalulations.6.2 Prompt photon plus jet produtionOwing to divergenes in ross-setion alulations for prompt photons, a omparison toO(�3�s) QCD preditions in DIS an be made only when there is a jet aompanying anisolated prompt photon. Jets were reonstruted as desribed in Setion 2. For eventssatisfying the riteria for isolated prompt photons desribed above, jets were ounted onlyif they had EjetT > 6 GeV and �1:5 < �jet < 1:8. The measured total ross setion forphoton plus a single jet within this kinemati region is�(ep! e + jet + Y ) = 0:86� 0:14(stat:)+0:44�0:34(syst:) pb.6



Figure 4 shows the di�erential ross setions for `prompt photon plus one jet' events,together with MC preditions. The data are also presented in Table 2. The transverseenergies of the photon and the jet are well desribed by the MC alulations. Herwig de-sribes the photon rapidity well but the jet pseudorapidity peaks at lower values. Pythiadesribes the jet pseudorapidity well, but the photon rapidity peaks too far forward, aswas also the ase for inlusive photons.Figure 5 shows the same data as Fig. 4, ompared to the O(�3�s) parton-level alulationsof Kramer and Spiesberger [12℄. These inlude all possible initial- and �nal-state singlephoton and gluon radiation, together with appropriate vertex orretions, and their inter-ferene terms. Higher-order e�ets, suh as ollinear bremsstrahlung in the same event asa hard non-ollinear photon, estimated to be a 4% e�et, are omitted. These alulationsuse the phase-spae-sliing method to anel the infrared and ollinear singularities. TheMRST parton distributions [28℄ were used for the parametrisation of the proton stru-ture. Parton-to-photon fragmentation funtions were taken from Bourhis, Fontannaz andGuillet [29℄. The renormalisation sale was hosen to be the transverse energy of thejet. The e�et of hanging this sale up or down by a fator of two, to estimate thepossible ontribution of unknown higher-order terms, is shown in Fig. 5. The preditedtotal ross setion for the mixture of energies and beam harges used in this analysis is1:33 � 0:07 pb, where the unertainty orresponds to the hange in the result whenthe renormalisation sale is varied by a fator of two. This parton-level alulation isompatible with the data.By de�nition, the O(�3�s) parton-level alulation does not inlude the e�ets of hadro-nisation. Hadronisation e�ets were investigated by omparing the parton-level Pythiaand Herwig distributions with the hadron level. The e�et of hadronisation would beto redue the preditions by 30% to 40%. Beause of the overall poor desription of thedata by the MC simulations, hadronisation orretions were not applied to the O(�3�s)alulation.The O(�3�s) alulation shows that 65% of photons are emitted by the eletron, on-entrated at low photon rapidities, and the rest by quarks. The photon rapidity and jetpseudorapidity distributions for the latter omponent resemble the Pythia preditions,whih inlude only suh photons. Interferene between these proesses ontributes only2% to the total. The transverse-energy distributions of the two proesses are similar. TheO(�3�s) alulation predits a higher jet ross setion at forward pseudorapidity and atlow ET than is seen in the data. 7



7 ConlusionsThe �rst observation of prompt photon prodution in deep inelasti sattering has beenpresented, together with distributions for aompanying jets. Leading-logarithm parton-shower Monte Carlo models for photon emission by quarks (Pythia and Herwig) areeah able to desribe some but not all of the features of the data. Both desribe thetransverse energy distribution well and Herwig desribes the photon rapidity well. Bothmodels predit too low a ross setion.The results have been ompared to an O(�3�s) parton-level alulation for ep! e+jet+Y in the aeptane region of this measurement. The level of agreement is satisfatoryin photon rapidity and jet transverse energy but only fair for photon transverse energyand jet pseudorapidity. The total predited ross setion is onsistent with the measuredvalue.

8



AknowledgementsWe thank the DESY diretorate for their strong support and enouragement. The speiale�orts of the HERA group are gratefully aknowledged. We are grateful for the supportof the DESY omputing and network servies. The design, onstrution and installationof the ZEUS detetor have been made possible by the ingenuity and e�ort of many peoplewho are not listed as authors. We thank G. Kramer and H. Spiesberger for the O(�3�s)alulations. We also thank G. Ingelman and T. Sj�ostrand for useful disussions.

9



Referenes[1℄ E. Anassontzis et al., Z. Phys. C 13, 277 (1982).[2℄ CDF Coll., F. Abe et al., Phys. Rev. Lett. 68, 2734 (1992).[3℄ CDF Coll., F. Abe et al., Phys. Rev. D 48, 2998 (1993).[4℄ CDF Coll., F. Abe et al., Phys. Rev. Lett. 73, 2662 (1994).[5℄ CDF Coll., F. Abe et al., Phys. Rev. Lett. 70, 2232 (1993).[6℄ D� Coll., S. Abahi et al., Phys. Rev. Lett. 77, 5011 (1996).[7℄ D� Coll., F. Abbott et al., Phys. Rev. Lett. 84, 2786 (2000).[8℄ ZEUS Coll., J. Breitweg et al., Phys. Lett. B 413, 201 (1997).[9℄ ZEUS Coll., J. Breitweg et al., Phys. Lett. B 472, 175 (2000).[10℄ ZEUS Coll., S. Chekanov et al., Phys. Lett. B 511, 19 (2001).[11℄ A. Gehrmann-De Ridder, G. Kramer and H. Spiesberger, Nul. Phys.B 578, 326 (2000).[12℄ G. Kramer and H. Spiesberger, private ommuniation.[13℄ ZEUS Coll., M. Derrik et al., Phys. Lett. B 297, 404 (1992).[14℄ M. Derrik et al., Nul. Inst. Meth. A 309, 77 (1991);A. Andresen et al., Nul. Inst. Meth. A 309, 101 (1991);A. Caldwell et al., Nul. Inst. Meth. A 321, 356 (1992);A. Bernstein et al., Nul. Inst. Meth. A 336, 23 (1993).[15℄ N. Harnew et al., Nul. Inst. Meth. A 279, 290 (1989);B. Foster et al., Nul. Phys. Pro. Suppl. B 32, 181 (1993);B. Foster et al., Nul. Inst. Meth. A 338, 254 (1994).[16℄ J. Andruszk�ow et al., Preprint DESY-92-066, DESY, 1992;ZEUS Coll., M. Derrik et al., Z. Phys. C 63, 391 (1994);J. Andruszk�ow et al., Ata Phys. Pol. B 32, 2025 (2001).[17℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 21, 443 (2001).[18℄ ZEUS Coll., J. Breitweg et al., Eur. Phys. J. C 1, 109 (1998).[19℄ T. Sj�ostrand et al., Comp. Phys. Comm. 135, 238 (2001).[20℄ G. Marhesini et al., Comp. Phys. Comm. 67, 465 (1992).[21℄ B. Andersson et al., Phys. Rep. 97, 31 (1983).[22℄ B. R. Webber, Nul. Phys. B 238, 492 (1984).10



[23℄ R. Brun et al., geant3, Tehnial Report CERN-DD/EE/84-1, CERN, 1987.[24℄ A. Kwiatkowski, H. Spiesberger and H.-J. M�ohring, Comp. Phys. Comm.69, 155 (1992). Also in Pro. Workshop Physis at HERA, Ed. W. Buhm�uller andG.Ingelman, (DESY, Hamburg, 1991);H. Spiesberger, An Event Generator for ep Interations at HERAInluding Radiative Proesses (Version 4.6), 1996, available onhttp://www.desy.de/~hspiesb/herales.html.[25℄ H. Spiesberger, herales and djangoh: Event Generation for ep In-terations at HERA Inluding Radiative Proesses, 1998, available onhttp://www.desy.de/~hspiesb/djangoh.html.[26℄ H1 Coll., C. Adlo� et al., Phys. Lett. B 517, 47 (2001).[27℄ ZEUS Coll., S Chekanov et al., Phys. Lett. B 573, 46 (2003).[28℄ A.D. Martin et al., Eur. Phys. J. C 4, 463 (1998).[29℄ L. Bourhis, M. Fontannaz and J. P. Guillet, Eur. Phys. J. C 2, 529 (1998).

11



� d�=d� (pb)-0.7 to -0.3 4.95 �0:78+0:51�0:63-0.3 to 0.1 5.20 �0:75+0:20�0:420.1 to 0.5 2.12 �0:69+0:25�0:380.5 to 0.9 1.82 �0:66+0:24�0:32ET (GeV) d�=dET (pb GeV�1)5.0 to 6.0 1.25 �0:40+0:05�0:036.0 to 8.0 1.40 �0:20+0:06�0:058.0 to 10.0 0.79 �0:10+0:10�0:01Table 1: Di�erential ross setions for inlusive prodution of isolated photons with�0:7 < � < 0:9, for 5 < ET < 10GeV . The �rst unertainty is statistial, the seondis systemati.� d�=d� (pb) �jet d�=d�jet (pb)-0.7 to -0.3 0.81 �0:20+0:39�0:27 -1.5 to -0.84 0.087 �0:043+0:059�0:018-0.3 to 0.1 0.77 �0:19+0:33�0:21 -0.84 to -0.18 0.118 �0:068+0:20�0:100.1 to 0.5 0.16 �0:16+0:18�0:17 -0.18 to 0.48 0.47 �0:13+0:25�0:100.5 to 0.9 0.30 �0:15+0:19�0:15 0.48 to 1.14 0.24 �0:10+0:10�0:061.14 to 1.8 0.41 �0:12+0:10�0:18ET (GeV) d�=dET (pb GeV�1) EjetT (GeV) d�=dEjetT (pb GeV�1)5.0 to 6.0 0.136 �0:090+0:060�0:043 6.0 to 8.0 0.177 �0:044+0:016�0:0286.0 to 8.0 0.258 �0:050+0:069�0:041 8.0 to 10.0 0.132 �0:049+0:057�0:0228.0 to 10.0 0.107 �0:029+0:046�0:001 10.0 to 12.0 0.082 �0:032+0:068�0:01812.0 to 16.0 0.046 �0:031+0:023�0:021Table 2: Di�erential ross setions for prodution of isolated photons plus one jetwith �0:7 < � < 0:9, for 5 < ET < 10GeV and �1:5 < �jet < 1:8, for EjetT > 6GeV .The �rst unertainty is statistial, the seond is systemati.12
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