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MULTIJETS IN PHOTOPRODUCTION AT HERA�C. GwenlanOn behalf of the ZEUS CollaborationDepartment of Physis and Astronomy, University College LondonLondon, WC1E 6BT, United Kingdome-mail: gwenlan�mail.desy.de(Reeived July 1, 2002)Cross-setions for the photoprodution of events ontaining four high-ET jets have been measured with the ZEUS detetor using an integratedluminosity of 38.7 pb�1. At low invariant mass of the four-jet system, m4J,the observed event distributions are sensitive to the underlying event model.The inlusion of multi-parton interations in Monte Carlo simulations leadto a signi�antly better desription of the data. Form4J > 50 GeV the datais adequately desribed by models with no simulation of an underlyingevent, suggesting that this is a kinemati region suitable for omparisonwith perturbative QCD alulations.PACS numbers: 13.87.Ce 1. IntrodutionThe study of multijet prodution provides sensitive tests of perturbativeQCD (pQCD) at intrinsially higher orders. In photoprodution at leadingorder, two types of proess ontribute to the ross-setion. In diret events,the photon enters diretly into the hard interation whilst in resolved eventsthe photon ats as a soure of partons and ontributes a fration x of thetotal photon momentum to the hard satter. At next-to-leading order, onlythe sum of the diret and resolved proesses is unambiguously de�ned. It istherefore useful to de�ne a variable orrelated to x whih is well de�ned toall orders of perturbation theory. This variable, xOBS;NJ, is hosen suh that,xOBS;NJ = PNjet=1EjetT exp (��jet)2yEe ; (1)� Presented at the X International Workshop on Deep Inelasti Sattering (DIS2002)Craow, Poland, 30 April�4 May, 2002.(3123)



3124 C. Gwenlanwhere yEe is the energy of the exhanged photon and the sum runs over theN highest ET jets within the aepted �jet range.In resolved events it is possible for further hard satters to take plaebetween the proton and photon remnants. This is known as multiple partonsattering, or multi-parton interations. The �rst lear observation ofthis phenomenon has been reported in hadron�hadron ollisions by the CDFCollaboration [1℄. At HERA, the e�ets of multi-parton interations areexpeted to be most signi�ant at low xOBS;NJ. One of the main onsequenesof multiple parton sattering is expeted to be an inrease in the energy�ow of the event, partiularly in the forward (proton) diretion. In thisway, multi-parton interations an form part of the underlying event. Inextreme ases, the transverse energy of the seondary satters is su�ient toprodue additional pairs of jets. Therefore, the presene of four jets allowssearhes for signatures of multi-parton interations in a region of phase-spaewhere their e�ets may be maximised.Photoprodution events with three jets in the �nal state have beenmeasured at HERA [2℄ using variables de�ned in the sheme of Geer andAsakawa [3℄. In the present analysis, four-jet observables, de�ned underthis same sheme, have been measured. These variables span the multi-jet parameter spae and have a relatively simple interpretation within theontext of pQCD. In addition, they allow the three- and four-jet variablesto be easily ompared, although this is not the fous of the present paper.The variables are de�ned in the four-jet entre-of-mass frame. The two jetsof lowest two-jet invariant mass are ombined to form a single pseudo-jetsystem and the remaining three bodies are labelled 3, 4 and 5 in order ofdereasing energy. The resulting pseudo-three-jet system is desribed by the
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Fig. 1. The four-jet rest frame.



Multijets in Photoprodution at HERA 3125following dimensionless variables:os �3 = p3 � pBjp3jjpBj ;  3 = (p3 � pB) � (p4 � p5)jp3 � pBjjp4 � p5j ; X3 = 2E3m4J ; X4 = 2E4m4J ; (2)where pB is the average beam diretion and m4J is the invariant mass of thefour-jet system. The four-jet rest frame is illustrated in �gure 1.2. ModelsAt lowest order, four-jet photoprodution is an O(��3s ) proess. Thereare no pQCD alulations of this order urrently available for photoprodu-tion. However, the measurement of multijet events also provides sensitivetests of parton shower extensions to �xed order theories. The Herwig [4℄and Pythia [5℄ Monte Carlo programs have been used for this purpose.These ontain only the two-to-two matrix elements but are able to pro-due �nal states with more than two jets through the initial and �nal stateparton showers. These programs an also be used to investigate the sensi-tivity to the underlying event model. The soft underlying event (SUE)model of Herwig is a simulation of a soft ollisions between the proton rem-nant and the outgoing struk quark system. It is also possible to simulatethe e�ets of multi-parton interations. Both Pythia1 and Herwig havebeen used for this purpose. For Herwig, the Jimmy pakage [6℄ was used.3. Event seletionThe analysis is based on HERA e+p data olleted during 1996-1997and orresponds to an integrated luminosity of 38:7 pb�1. Photoprodutionevents were seleted with photon virtualities of Q2 < 1 GeV2 and photon-proton entre-of-mass energies in the range 134 < Wp < 277 GeV. Jetswere de�ned using the kT algorithm [7℄ in the inlusive mode [8℄. Eventsontaining two jets with EjetT > 6 GeV and a further two jets with EjetT > 5GeV were seleted. All jets were required to have pseudorapidities in therange j�jetj < 2:4. The ut X3 < 0:95 was also imposed to inrease theamount of energy available to the lowest energy pseudo-jet. The require-ment of high transverse energies for the four jets ensures that the proessis alulable in pQCD. However, it also introdues a bias in the angulardistributions by exluding jets produed lose to the beam-line. The addi-tional requirement that j os �3j < 0:8 has been imposed to redue this e�et.Whilst, in priniple, the presene of a hard sale allows omparisons with1 The simplest Pythia multi-parton interation model was used, orresponding toMSTP(82)=1.



3126 C. GwenlanpQCD, non-perturbative e�ets an still play a role. In partiular, the pres-ene of an underlying event an have an important e�et on the measureddistributions.In this analysis, two kinemati regions are de�ned. In the �rst, referredto as the inlusive sample, no additional uts further to those already de-sribed were imposed. In the seond, alled the high-mass sample, a furtherdemand of m4J > 50 GeV was required. This is expeted to remove the ma-jority of non-perturbative e�ets. Figure 2 shows the unorreted xOBS;4J dis-tribution for the seleted events. The data is ompared to the Pythia andthe Pythia+MPI Monte Carlo programs. In the inlusive sample, the datashow a lear enhanement at low xOBS;4J ompared to the high-mass sample.Whilst the Pythia model fails to desribe the data in the low xOBS;4J region,the Pythia+MPI model gives a reasonable desription over the whole rangeof this variable. For the high-mass sample, both models give an adequatedesription of the data. This suggests that multiple parton sattering haslittle e�et in this kinemati region.
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Fig. 2. The xOBS;4J distribution for the: (a) inlusive and (b) high mass samples.4. ResultsThe os �3 distribution for the inlusive sample is shown in �gure 3.The data show a relatively �at distribution with an enhanement in theforward diretion ompared to the bakward. This is suggestive of a largeontribution from low x partons whih tend to be boosted further for-ward ompared to those at high x (for the same fration of the protonmomentum entering the hard satter). The Herwig Monte Carlo with nosimulation of the underlying event shows a relatively symmetri distributionand is unable to desribe the distribution of the data. The Herwig+SUEmodel is also disfavoured. In ontrast, inlusion of multi-parton interationsleads to a signi�antly improved desription of the data as illustrated by theHerwig+Jimmy and the Pythia+MPI models.
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Fig. 3. The inlusive os �3 distribution.
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Fig. 4. The high-mass four-jet distributions.



3128 C. GwenlanThe distribution of os �3 for the high-mass sample is shown in �gure4(a). In this kinemati region, the data show a strong tendeny for thehighest energy pseudo-jet to lie lose to the beam. There is little sensitivityin the Monte Carlo to the inlusion of multi-parton interations and all mod-els give a reasonable desription of the data. The high-mass  3 distributionis shown in �gure 4(b). The depletion of the data at  3 � 0 and � is due toonstraints imposed by phase spae. Taking this into aount, the data showa tendeny for the pseudo-three-jet plane to lie lose to the plane ontainingthe highest energy pseudo-jet and the beam. This is a onsequene of olouroherene and was also observed in the three-jet distributions of [2℄. Theparton shower models, in whih the phenomenon of olour oherene is im-plemented as angular ordering, are able to reprodue the trend of the data.The e�ets of angular ordering appear to be stronger in Herwig than inPythia. However, the data are not preise enough to disriminate betweenthe models. The energy sharing variables, X3 and X4 are shown in �gures4() and 4(d). All models give a reasonable desription of the data.5. ConlusionsThe angular distributions and energy frations in four-jet photoprodu-tion have been measured at HERA. To-date, this is the highest order pho-toprodution proess that has been studied. Two kinemati regions havebeen de�ned based on a ut on m4J. In the inlusive sample, the distribu-tions are sensitive to the underlying event model. Inlusion of multi-partoninterations, whih would give a hard sattering ontribution to the under-lying event, is favoured. For the high-mass sample, the standard partonshower models with no simulation of multi-parton interations are found toadequately desribe the data. This indiates that this kinemati region isnot signi�antly a�eted by long distane ontributions from the underlyingevent and an be onsidered as a perturbative region suitable for omparisonwith pQCD alulations when they beome available.REFERENCES[1℄ CDF Coll.; F. Abe et al., Phys. Rev. D56, 3811 (1997).[2℄ ZEUS Coll.; J. Breitweg et al., Phys. Lett. B443, 394 (1998).[3℄ S. Geer, T. Asakawa, Phys. Rev. D53, 4793 (1996).[4℄ G. Marhesini et al., Comput. Phys. Commun. 67, 465 (1992).[5℄ T. Sjostrand, M.van Zijl, Phys. Rev. D36, 2019 (1987).[6℄ J.M. Butterworth, J.R. Forshaw, M.H. Seymour, Z. Phys. C72, 637 (1996).[7℄ S. Catini, Yu.L. Dokshitzer, M.H. Seymour, B.R. Webber, Nul. Phys. B406,187 (1993).[8℄ S.D. Ellis, D.E. Soper, Phys. Rev. D48, 3160 (1993).


