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Measurement of isolated photonsaompanied by jets in deep inelasti epsatteringZEUS Collaboration
AbstratThe prodution of isolated high-energy photons aompanied by jets has been meas-ured in deep inelasti ep sattering with the ZEUS detetor at HERA, using an integ-rated luminosity of 326 pb�1. Measurements were made for exhanged photon virtual-ities, Q2, in the range 10 to 350GeV2. The photons were measured in the transverse-energy and pseudorapidity ranges 4 < ET < 15GeV and�0:7 < � < 0:9, and the jetswere measured in the transverse-energy and pseudorapidity ranges 2:5 < EjetT < 35GeV and �1:5 < �jet < 1:8. Di�erential ross setions are presented as funtionsof these quantities. Perturbative QCD preditions give a reasonable desription ofthe shape of the measured ross setions over most of the kinemati range, but theabsolute normalisation is typially in disagreement by 20-30%.
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1 IntrodutionEvents in whih an isolated high-energy photon is observed provide a diret probe of theunderlying partoni proess in high-energy ollisions involving hadrons, sine the emissionof suh photons is una�eted by parton hadronisation. Proesses of this kind have beenstudied in a number of �xed-target and hadron-ollider experiments [1℄. In ep ollisionsat HERA, the ZEUS and H1 ollaborations have previously reported the prodution ofisolated photons in photoprodution [2�6℄, in whih the exhanged photon is quasi-real,and also in deep inelasti sattering (DIS) [7�9℄, where the virtuality Q2 of the exhangedvirtual photon is greater than 1 GeV2. The analysis presented here follows a reent ZEUSinlusive measurement [9℄ of isolated photons in DIS.Figure 1 shows the lowest-order tree-level diagrams for high-energy photon prodution inDIS. Photons radiated by an inoming or outgoing quark are alled �prompt�; an additionallass of photons omprises those radiated from the inoming or outgoing lepton. In thispaper, the inlusive photon measurements in DIS by ZEUS are extended to inlude therequirement of a hadroni jet. By inreasing the ratio of the prompt photon ontributionrelative to the lepton-radiated ontributions, this measurement provides an improved testof perturbative QCD (pQCD) in a kinemati region with two hard sales, whih are givenby Q and by pjetT , the transverse momentum of the jet or, equivalently, the momentumtransfer in the QCD satter. In partiular, the fration of prompt proesses is inreased,and a lass of jetless non-pQCD proesses is exluded in whih a soft photon radiatedwithin the proton undergoes a hard satter o� the inoming eletron [10℄. Compared to aprevious ZEUS publiation on this topi [7℄, the kinemati reah extends to lower values ofQ2 and to higher values of the photon transverse energy, ET , and the statistial preision ismuh improved owing to the availability of nearly three times the integrated luminosity.Leading-logarithm parton-shower Monte Carlo (MC) and perturbative QCD preditionsare ompared to the measurements. The ross setions for isolated photon prodution inDIS have been alulated to order O(�3�s) by Gehrmann-De Ridder et al. (GKS) [11�13℄.A alulation based on the kT fatorisation approah has been made by Baranov et al.(BLZ) [14℄.2 Experimental set-upThe measurements are based on a data sample orresponding to an integrated luminosityof 326 � 6 pb�1, taken during the years 2004 to 2007 with the ZEUS detetor at HERA.During this period, HERA ran with an eletron/positron beam energy of 27.5 GeV and a1



proton beam energy of 920 GeV. The sample is a sum of 138 � 2 pb�1 of e+p data and188� 3 pb�1 of e�p data1.A detailed desription of the ZEUS detetor an be found elsewhere [15℄. Charged partileswere traked in the entral traking detetor (CTD) [16℄ and a silion miro vertex detetor(MVD) [17℄ whih operated in a magneti �eld of 1:43 T provided by a thin superondut-ing solenoid. The high-resolution uranium�sintillator alorimeter (CAL) [18℄ onsisted ofthree parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters.The BCAL overed the pseudorapidity range �0.74 to 1.01 as seen from the nominal in-teration point. The FCAL and RCAL extended the range to �3.5 to 4.0. The smallestsubdivision of the CAL was alled a ell. The barrel eletromagneti alorimeter (BEMC)ells had a pointing geometry aimed at the nominal interation point, with a ross setionapproximately 5� 20 m2, with the �ner granularity in the Z-diretion2. This �ne granu-larity allows the use of shower-shape distributions to distinguish isolated photons from theproduts of neutral meson deays suh as �0 ! .The luminosity was measured using the Bethe�Heitler reation ep ! ep by a luminositydetetor whih onsisted of two independent systems: a lead�sintillator alorimeter [19℄and a magneti spetrometer [20℄.3 Event seletion and reonstrutionA three-level trigger system was used to selet events online [15, 21, 22℄ by requiring wellisolated eletromagneti deposits in the CAL.Events were seleted o�ine by requiring a sattered-eletron andidate, identi�ed usinga neural network [23℄. The andidates were required to have a polar angle in the range�e > 140Æ, in order to have a good measurement in the RCAL. To ensure a well understoodaeptane, the impat point (X,Y ) of the andidate on the surfae of the RCAL wasrequired to lie outside a retangular region (�14:8 m in X and [�14:6;+12:5℄ m in Y )entred on the origin of oordinates. The energy of the andidate, E 0e, was required tobe larger than 10GeV. The kinemati quantities Q2 and x were reonstruted from thesattered eletron as Q2 = �(k� k0)2 and x = Q2=(2P � (k � k0)); where k (k0) is the four-momentum of the inoming (outgoing) lepton and P is the four-momentum of the inomingproton. The kinemati region 10 < Q2 < 350GeV2 was seleted.To redue bakgrounds from non-ep ollisions, events were required to have a reonstrutedvertex position, Zvtx, within the range jZvtxj < 40 m and to have 35 < E � pZ < 65GeV,1Hereafter `eletron' refers to both eletrons and positrons unless otherwise stated.2The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in the protonbeam diretion, referred to as the �forward diretion�, and the X axis pointing towards the entre ofHERA. The oordinate origin is at the nominal interation point.2



where E � pZ = Pi Ei(1 � os �i); Ei is the energy of the i-th CAL ell, �i is its polarangle and the sum runs over all ells [24℄. The latter ut also removes events with largeinitial-state radiation and low-Q2 (photoprodution) events.Energy-�ow objets (EFOs) [25℄ were onstruted from alorimeter-ell lusters, assoiatedwith traks when appropriate. Photon andidates were identi�ed as trakless EFOs forwhih at least 90% of the reonstruted energy was measured in the BEMC. EFOs withwider eletromagneti showers than are typial for a single photon were aepted to allowevaluation of bakgrounds. The reonstruted transverse energy of the photon andidate,ET , was required to lie within the range 4 < ET < 15GeV and the pseudorapidity, �, hadto satisfy �0:7 < � < 0:9. The upper limit on the reonstruted transverse energy wasseleted to ensure that the shower shapes from the hadroni bakground and the photonsignal remained distinguishable.Eah event was required to ontain an eletron, a photon andidate and at least oneaompanying jet. Jet reonstrution was performed on all EFOs in the event, inludingthe eletron and photon andidates, using the kT lustering algorithm [26℄ in the E-shemein the longitudinally invariant inlusive mode [27℄ with the R parameter set to 1.0. Thejets were required to have transverse energy, EjetT , above 2.5 GeV and to lie within thepseudorapidity, �jet, range �1:5 < �jet < 1:8. One of the jets found by this proedureorresponds to or inludes the photon andidate. An additional aompanying jet wasrequired; if more than one was found, that with the highest EjetT was used.To redue the bakground from photons and neutral mesons within jets, and from photonsradiated from eletrons or positrons, the photon andidate was required to be isolatedfrom the reonstruted traks and other hadroni ativity. The isolation from traks wasahieved by demanding �R > 0:2, where �R = p(��)2 + (��)2 is the distane to thenearest reonstruted trak with momentum greater than 250MeV in the ��� plane, where� is the azimuthal angle. Isolation from other hadroni ativity was imposed by requiringthat the photon andidate possessed at least 90% of the total energy of the reonstrutedjet of whih it formed a part.A total of 6167 events were seleted at this stage; the sample was dominated by bakgroundevents. The largest soure of bakground ame from neutral urrent DIS events in whihthe sattered eletron was deteted in the RCAL, and one or more neutral mesons suh as�0 and �, deaying to photons, produed a photon andidate in the BEMC.4 TheoryTwo theoretial preditions are ompared to the measurements presented in this paper. Inthe approah of GKS [11�13℄, the ontributions to the sattering ross setion for ep! eX3



are alulated at order �3, referred to here as LO, and �3�s, referred to here as NLO, inthe eletromagneti and strong ouplings. One of these ontributions omes from theradiation of a photon from the quark line (alled QQ photons; Fig. 1a,b) and a seondfrom the radiation from the lepton line (alled LL photons; Fig. 1,d). In addition to QQand LL photons, an interferene term between photon emission from the lepton and quarklines, alled LQ photons by GKS, is present. For the kinemati region onsidered here,where the outgoing photon is well separated from both outgoing eletron and quark, theinterferene term gives only a 3% e�et on the ross setion. This e�et is further reduedto � 1% when e+p and e�p data are ombined as the LQ term hanges sign when e� isreplaed by e+. The QQ ontribution inludes photon emission at wide angles from thequark as well as the leading q ! q fragmentation term.The GKS preditions use HERAPDF1.0 parton distribution funtions for the proton [28℄and the BFG parton-photon fragmentation funtions [29℄. For their NLO alulation, theauthors quote an overall theoretial unertainty of (+4:3%;�5:2%) on their integrated rosssetion, rising to approximately �10% at large negative jet rapidities. The unertaintydue to the hoie of proton parton distributions is typially muh less than 5%. The kTfatorisation method used by BLZ [14℄ takes into aount the photon radiation from thelepton as well as the quarks. Unintegrated proton parton densities are used. This proeduregives a quark-radiated ontribution that is enhaned relative to the leading-order ollinearapproximations. The unertainties of up to 20% in the alulation are due mainly to theproedure of seleting jets from the evolution asade in the fatorisation approah.In evaluating their preditions for the present data, both groups of authors have inor-porated the experimental seletions and photon-isolation proedure at the parton level.Hadronisation orretions were evaluated (see Setion 5) to enable the preditions to beompared to the experimental data whih are orreted to the hadron level.5 Monte Carlo event simulationMonte Carlo event samples were generated to evaluate the detetor aeptane and toprovide signal and bakground distributions. The program Pythia 6.416 [30℄ was used tosimulate prompt-photon emission for the study of the event-reonstrution e�ieny. InPythia, this proess is simulated as a DIS proess with additional photon radiation fromthe quark line to aount for QQ photons. Radiation from the lepton is not simulated.The LL photons radiated at large angles from the inoming or outgoing eletron weresimulated using the generator Djangoh 6 [31℄, an interfae to the MC program Her-ales 4.6.6 [32℄; higher-order QCD e�ets were inluded using the olour dipole model ofAriadne 4.12 [33℄. Hadronisation of the partoni �nal state was in eah ase performed4



by Jetset 7.4 [34℄ using the Lund string model [35℄. The small LQ ontribution wasnegleted.The main bakground to the QQ and LL photons ame from photoni deays of neutralmesons produed in general DIS proesses. This bakground was simulated using Djan-goh 6, within the same framework as the LL events. This provided a realisti spetrumof single and multiple mesons with well modelled kinemati distributions.The generated MC events were passed through the ZEUS detetor and trigger simulationprograms based on Geant 3.21 [36℄. They were reonstruted and analysed by the sameprograms as the data.Hadronisation orretions to the theory alulations were evaluated using Pythia andAriadne, and typially lowered the theoretial predition by about 10% with typialunertainties of a few perent. They were alulated by running the same jet algorithmand event seletions on the generated partons and on the hadronised �nal state in the MCevents.6 Extration of the photon signalThe event sample seleted aording to the riteria desribed in Setion 3 was dominatedby bakground; thus the photon signal was extrated statistially following the approahused in previous ZEUS analyses [2�4, 7, 9℄.The photon signal was extrated from the bakground using the lateral width of the BEMCenergy-luster omprising the photon andidate. This was alulated as the variable hÆZi =Pi EijZi � Zlusterj /(wellPi Ei): Here, Zi is the Z position of the entre of the i-th ell,Zluster is the entroid of the EFO luster, well is the width of the ell in the Z diretion,and Ei is the energy reorded in the ell. The sum runs over all BEMC ells in the EFO.The global distribution of hÆZi in the data and in the MC are shown in Fig. 2a. The MCdistributions in LL and QQ have been orreted using a omparison between the shapesin hÆZi assoiated with the sattered eletron in MC simulation of DIS and in real data.The hÆZi distribution exhibits a double-peaked struture with the �rst peak at � 0:1,assoiated with the photon signal, and a seond peak at � 0:5, dominated by the �0 ! bakground.As a hek, an alternative method was applied in whih the quantity fmax was employedinstead of hÆZi, where fmax is the fration of the photon-andidate shower ontained inthe BEMC ell with the largest signal. The results (Fig. 2b) were onsistent with the mainanalysis method and showed no signi�ant systemati di�erene.5



The number of isolated-photon events ontributing to the data is illustrated in Fig. 2a.It is determined for eah ross-setion bin by a �2 �t to the hÆZi distribution in therange 0 < hÆZi < 0:8, using the LL and QQ signal and bakground MC distributions asdesribed in Setion 5. By treating the LL and QQ photons separately, aount is taken oftheir di�ering hadroni ativity (resulting in signi�antly di�erent aeptanes) and theirdi�ering (�, ET ) distributions (resulting in di�erent bin migrations due to �nite measuringpreision).In performing the �t, the theoretially well determined LL ontribution was kept onstantat its MC-predited value and the other omponents were varied. Of the 6167 eventsseleted, 2440 � 60 orrespond to the extrated signal (LL and QQ). The sale fatorresulting from the global �t for the QQ photons in Fig. 2a was 1.6; this fator was usedfor all the plots omparing MC to data. The �tted global sale fator for the hadronibakground was 1.0. The maximum value of �2=n:d:f: of the �ts in the ross setion binswas 2.3 with an average of 1.5.For a given observable Y , the prodution ross setion was determined usingd�dY = AQQ �N(QQ)L ��Y + d�MCLLdY ;where N(QQ) is the number of QQ photons extrated from the �t, �Y is the bin width, Lis the total integrated luminosity, �MCLL is the predited ross setion for LL photons fromDjangoh, and AQQ is the aeptane orretion for QQ photons. The value of AQQ wasalulated using Monte Carlo from the ratio of the number of events generated to thosereonstruted in a given bin. It varied between 1.0 and 1.5 from bin to bin. To improvethe representation of the data, and hene the auray of the aeptane orretions, theMonte Carlo preditions were reweighted. This was done globally as a funtion of Q2 andof �, and bin-by-bin as a funtion of photon energy; the three reweighting fators wereapplied multipliatively.7 Systemati unertaintiesThe signi�ant soures of systemati unertainty were taken into aount as follows:� the energy of the measured sattered eletron was varied by its known sale uner-tainty of �2% [37℄, ausing variations in the measured ross setions of up to �5%;� the energy of the photon andidate was similarly varied by �2%, ausing variationsin the measured ross setions of up to �5%;6



� the modelling of the jets, and in partiular the energy sale, was �rst studied for jetswith EjetT > 10 GeV by seleting ZEUS DIS events having one jet of this type and nophoton or other jets with EjetT > 10 GeV. Using the sattered eletron, and requiringtransverse-momentum balane, a predition was made for the transverse energy of thejet, whih was ompared to the values obtained in the data and in the MC events. Inthis way, an unertainty on the energy sale of �1:5% was established for these jets.For jets with EjetT in the range [2.5, 10℄ GeV, DIS events were seleted ontaining onejet in this range and one jet with EjetT > 10 GeV. Using the sattered eletron andthe well measured high-energy jet, again requiring transverse-momentum balane, apredition was made of the lower jet EjetT value, whih was ompared to the valuesobtained in data and in MC. In this way, the unertainty on the jet energy salewas evaluated as �4% and �2:5% in the energy ranges [2.5, 6℄ and [6, 10℄ GeV,respetively. The resulting systemati unertainty on the ross setion was typiallyaround �2%, ranging to �10% at the highest EjetT values.Sine the photon and jet energy sales were alibrated relative to that of the satteredeletron, all three energy-sale unertainties were treated as orrelated. The three energysales were simultaneously varied by the unertainties desribed above, and the resultinghange in the ross setions was taken as the overall systemati energy-sale unertainty.Further systemati unertainties were evaluated as follows:� the dependene on the modelling of the hadroni bakground by Ariadne was in-vestigated by varying the upper limit for the hÆZi �t in the range [0:6; 1:0℄, givingvariations that were typially�5% inreasing to +12% and�14% in the most forward� and highest-x bins respetively;� unertainties in the aeptane due to the modelling by Pythia were aounted for bytaking half of the hange attributable to the reweighting as a systemati unertainty;for most points the e�et was small.The bakground from photoprodution events at low Q2 was found to be negligible. Othersoures of systemati unertainty were found to be negligible and were ignored [9,38℄: theseinluded the modelling of the �R ut, the trak momentum ut, the ut on E � pZ , theZvtx ut, the ut on the eletromagneti fration of the photon shower, and a variation of5% on the LL fration. These were found to generate systemati e�ets of at most 1-2%apart from a 2.5% e�et in the highest-x bin.The major unertainties were treated as symmetri and added in quadrature. The ommonunertainty of 1:8% on the luminosity measurement was not inluded in the tables and�gures. 7



8 ResultsDi�erential ross setions in DIS for the prodution of an isolated photon and at leastone additional jet, ep ! e0 + jet, were measured in the kinemati region de�ned by10 < Q2 < 350GeV2, E 0e > 10GeV, �e > 140Æ, �0:7 < � < 0:9, 4 < ET < 15GeV,EjetT > 2:5 GeV and �1:5 < �jet < 1:8 in the laboratory frame. The jets were formedaording to the kT -lustering algorithm with the R parameter set to 1.0, and photonisolation was imposed suh that at least 90% of the energy of the jet-like objet ontainingthe photon belongs to the photon. No trak with momentum greater than 250 MeV wasallowed within a one around the photon of radius 0.2 in �; �.The di�erential ross setions as funtions of Q2, x, ET , �, EjetT and �jet are shown in Fig. 3and given in Tables 1�6. As expeted, the ross setion dereases with inreasing Q2, x,ET , and EjetT . The modest dependene of the ross setion on � and �jet an be attributedto the LL ontribution. The preditions for the sum of the expeted LL ontribution fromDjangoh and a fator of 1.6 times the expeted QQ ontribution from Pythia agreewell with the measurements, and this model therefore provides a good desription of theproess.The theoretial preditions desribed in Setion 4 are ompared to the measurements inFig. 4. The preditions from GKS [39℄ desribe the shape of all the distributions reasonablywell, but the rise seen at low Q2 and at low x is underestimated. The ross setion as afuntion of � and �jet is underestimated by about 20%. This was also observed in theearlier inlusive photon measurement [9℄. The theoretial unertainties are indiated bythe width of the shaded area. The alulations of BLZ [40℄ also desribe the shape of thedata reasonably well, but the predited overall rate is on average too high by about 20%.9 ConlusionsThe prodution of isolated photons aompanied by jets has been measured in deep inelastisattering with the ZEUS detetor at HERA using an integrated luminosity of 326 pb�1.The present results improve on earlier ZEUS results [7℄ whih were made with an integ-rated luminosity of 121 pb�1 in a more restrited kinemati region. Di�erential rosssetions as funtions of several variables are presented within the kinemati region de�nedby: 10 < Q2 < 350GeV2, E 0e > 10GeV, �e > 140Æ, �0:7 < � < 0:9, 4 < ET < 15GeV ,EjetT > 2:5 GeV and �1:5 < �jet < 1:8 in the laboratory frame. The order �3�s predi-tions of Gehrmann-de Ridder et al. reprodue the shapes of all the measured experimentaldistributions reasonably well, as do the preditions of Baranov et al. However neitheralulation gives a orret normalisation. The results presented here an be used to makefurther improvements in the QCD alulations.8
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Q2 range(GeV2) d�dQ2 (pbGeV�2)10 � 20 0:298 �0:024 (stat:) � 0:019 (sys:)20 � 40 0:129 �0:012 (stat:) � 0:009 (sys:)40 � 80 0:049 �0:005 (stat:) � 0:004 (sys:)80 � 150 0:0224 �0:0023 (stat:) � 0:0011 (sys:)150 � 350 0:0037 �0:0007 (stat:) � 0:0002 (sys:)Table 1: Measured di�erential ross-setion d�dQ2 . The quoted systemati unertainty in-ludes all the omponents added in quadrature.x range d�dx (pb)0.0002 � 0.001 4869 �334 (stat:) � 312 (sys:)0.001 � 0.003 1811 �139 (stat:) � 104 (sys:)0.003 � 0.01 278 � 31 (stat:) � 13 (sys:)0.01 � 0.02 25 � 7 (stat:) � 3 (sys:)Table 2: Measured di�erential ross-setion d�dx . Details as in Table 1.ET range(GeV) d�dET (pbGeV�1)4 � 6 2:38 �0:18 (stat:) � 0:13 (sys:)6 � 8 1:28 �0:10 (stat:) � 0:06 (sys:)8 � 10 0:62 �0:08 (stat:) � 0:04 (sys:)10 � 15 0:26 �0:03 (stat:) � 0:02 (sys:)Table 3: Measured di�erential ross-setion d�dET . Details as in Table 1.� range d�d� (pb)�0.7 � �0.3 7:6 �0:6 (stat:) � 0:5 (sys:)�0.3 � 0.1 6:7 �0:5 (stat:) � 0:3 (sys:)0.1 � 0.5 5:8 �0:6 (stat:) � 0:3 (sys:)0.5 � 0.9 5:2 �0:5 (stat:) � 0:4 (sys:)Table 4: Measured di�erential ross-setion d�d� . Details as in Table 1.13



EjetT range(GeV) d�dEjetT (pbGeV�1)2.5 � 4 1:40 �0:16 (stat:) � 0:08 (sys:)4 � 6 1:19 �0:11 (stat:) � 0:10 (sys:)6 � 8 1:01 �0:10 (stat:) � 0:07 (sys:)8 � 10 0:74 �0:07 (stat:) � 0:05 (sys:)10 � 15 0:32 �0:03 (stat:) � 0:02 (sys:)15 � 35 0:031 �0:006 (stat:) � 0:003 (sys:)Table 5: Measured di�erential ross-setion d�dEjetT . Details as in Table 1.

�jet range d�d�jet (pb)�1.5 � �0.7 1:53 �0:17 (stat:) � 0:15 (sys:)�0.7 � 0.1 2:84 �0:25 (stat:) � 0:19 (sys:)0.1 � 0.9 3:91 �0:33 (stat:) � 0:14 (sys:)0.9 � 1.8 3:57 �0:29 (stat:) � 0:22 (sys:)Table 6: Measured di�erential ross-setion d�d�jet . Details as in Table 1.
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Figure 1: Lowest-order tree-level diagrams for isolated photon prodution in ep sattering. (a)- (b): quark radiative diagrams; () - (d): lepton radiative diagrams.
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