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Multi-jet ross setions in harged urrente�p sattering at HERA

ZEUS Collaboration
AbstratJet ross setions were measured in harged urrent deep inelasti e�p satter-ing at high boson virtualities Q2 with the ZEUS detetor at HERA II using anintegrated luminosity of 0:36 fb�1. Di�erential ross setions are presented forinlusive-jet prodution as funtions of Q2, Bjorken x and the jet transverse en-ergy and pseudorapidity. The dijet invariant mass ross setion is also presented.Observation of three- and four-jet events in harged-urrent e�p proesses is re-ported for the �rst time. The preditions of next-to-leading-order (NLO) QCDalulations are ompared to the measurements. The measured inlusive-jet rosssetions are well desribed in shape and normalization by the NLO preditions.The data have the potential to onstrain the u and d valene quark distributionsin the proton if inluded as input to global �ts.
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1 IntrodutionJet prodution in harged-urrent (CC) deep inelasti e�p sattering (DIS) provides atesting ground for QCD and for the eletroweak setor of the Standard Model (SM). Upto leading order (LO) in the strong oupling onstant, �s, jet prodution in CC DISproeeds via the quark-parton model (Wq ! q, Fig. 1a), W -gluon fusion (Wg ! q�q,Fig. 1b) and the QCD-Compton (Wq ! qg, Fig. 1) proesses. Thus, di�erential rosssetions for jet prodution are sensitive to both the value of �s and the mass of thepropagator, MW , whih are fundamental parameters of the theory. Cross setions in CCDIS are also sensitive to the valene avor ontent of the proton, sine the W�(+) ouplesto the up-like (down-like) quarks in the proton.The large enter-of-mass energy available at the HERA e�p ollider (ps = 318 GeV)extends the kinemati region for studying CC DIS with respet to �xed-target neutrinosattering experiments [1℄ by about two orders of magnitude in the virtuality of theexhanged boson, Q2, and to lower values of the fration of the proton momentum arriedby the struk parton, x. Measurements of the CC DIS ross setion at HERA [2{4℄demonstrated, at high Q2, the presene of a spae-like propagator with a �nite mass,onsistent with that of the W boson. During 2002{2007, HERA provided longitudinally-polarized eletron or positron beams. Measurements of the fully-inlusive CC DIS rosssetion for positive and negative values of the longitudinal polarization of the beams werefound to be in good agreement with the preditions of the SM [5,6℄.At HERA, multijet strutures were observed in CC DIS [3,7,8℄ at large Q2 and jet shapesand subjet multipliities were measured [8, 9℄ and ompared with neutral urrent (NC)DIS proesses [9,10℄. The subjet multipliities were used to extrat a value of �s(MZ) [8℄.In this paper, measurements are presented of inlusive-jet and dijet ross setions in CCe�p DIS in the laboratory frame. Measurements of three-jet di�erential ross setions inCC DIS were measured for the �rst time in e�p ollisions. A small sample of four-jetevents was also observed in the data. The measurements are presented as funtions ofQ2, x, the jet transverse energy, EjetT , and pseudorapidity1, �jet, and as a funtion of theinvariant mass of the jet system in dijet and three-jet events. Preditions from next-to-leading-order (NLO) QCD alulations are ompared to the measurements. Resultsfor negative and positive longitudinally-polarized eletron and positron beams are alsopresented.1 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 enter of HERA. The oordinate origin is at the nominal interation point.1



2 Experimental set-upA detailed desription of the ZEUS detetor an be found elsewhere [11, 12℄. A briefoutline of the omponents most relevant for this analysis is given below.Charged partiles were traked in the entral traking detetor (CTD) [13℄, whih operatedin a magneti �eld of 1:43 T provided by a thin superonduting solenoid. The CTDonsisted of 72 ylindrial drift-hamber layers, organized in nine superlayers overing thepolar-angle region 15Æ < � < 164Æ. In 2001, a silion mirovertex detetor (MVD) [14℄ wasinstalled between the beampipe and the inner radius of the CTD. The MVD was organizedinto a barrel with three ylindrial layers and a forward setion with four planar layersperpendiular to the HERA beam diretion. The barrel ontained 600 single-sided silionstrip sensors eah having 512 strips of width 120 �m; the forward setion ontained 112sensors eah of whih had 480 strips of width 120 �m. Charged-partile traks werereonstruted online by using the ZEUS global traking trigger [15℄, whih ombinedinformation from the CTD and MVD. The online traks were used to reonstrut theinteration vertex and rejet non-ep bakground. O�ine, the traks used in this analysiswere reonstruted using information from the CTD and were used, in addition to thevertex reonstrution, to ross-hek the energy sale of the alorimeter.The high-resolution uranium{sintillator alorimeter (CAL) [16℄ overed 99:7% of thetotal solid angle and onsisted of three parts: the forward (FCAL), the barrel (BCAL)and the rear (RCAL) alorimeters. Eah part was subdivided transversely into towersand longitudinally into one eletromagneti setion (EMC) and either one (in RCAL)or two (in BCAL and FCAL) hadroni setions (HAC). The smallest subdivision of thealorimeter is alled a ell. Under test-beam onditions, the CAL single-partile relativeenergy resolutions were �(E)=E = 0:18=pE for leptons and �(E)=E = 0:35=pE forhadrons, with E in GeV.The luminosity was measured using the Bethe-Heitler reation ep! ep by the luminositydetetor whih onsisted of two independent systems. In the �rst system, the photonswere deteted by a lead-sintillator alorimeter plaed in the HERA tunnel 107 m fromthe interation point in the lepton-beam diretion. The system used in previous ZEUSpubliations [17℄ was modi�ed by the addition of ative �lters in order to suppress theinreased synhrotron radiation bakground of the upgraded HERA ollider. The seondsystem was a magneti spetrometer arrangement [18℄, whih measured eletron-positronpairs from onverted photons. The frational unertainty on the measured luminosity was3:5%.The lepton beam in HERA beame transversely polarized naturally through the Sokolov-Ternov e�et [19℄, with a build-up time of approximately 40 minutes. Spin rotatorson either side of the ZEUS detetor hanged the transverse polarization of the beam2



into longitudinal polarization. The lepton-beam polarization was measured using twoindependent polarimeters, the transverse polarimeter (TPOL) [20,21℄ and the longitudinalpolarimeter (LPOL) [21, 22℄. Both devies exploited the spin-dependent ross setionfor Compton sattering of irularly polarized photons o� leptons to measure the beampolarization. The frational unertainty on the measured polarization was 4:2% and 3:6%from TPOL and LPOL, respetively.3 Data seletion and jet searhThe data were olleted from 2004 to 2007, when HERA operated with protons of energyEp = 920 GeV and eletrons (positrons) of energy Ee = 27:5 GeV, and orrespondto an integrated luminosity of 180:0 � 6:3 (178:5 � 6:2) pb�1. Samples of negatively-(positively-) polarized eletron beams with an integrated luminosity of 106:4 (73:6) pb�1and luminosity-weighted average polarization of P nege� = �0:27�0:01 (P pose� = +0:29�0:01)were analyzed. For positrons, the samples analyzed were of 76:5 and 102:1 pb�1 with aluminosity-weighted average polarization of P nege+ = �0:37+0:01�0:02 and P pose+ = +0:32� 0:01,respetively.The main signature of a CC DIS event at HERA is the presene of large pmissT and largeEtotT , where pmissT is the missing transverse momentum arising from the energeti �nal-stateneutrino whih esapes detetion and EtotT is the total transverse energy arising from thehard interation. The variable pmissT was reonstruted using the vetorial sum pmissT =p(Pi pX;i)2 + (Pi pY;i)2 and EtotT was reonstruted as the salar sum EtotT =PiET;i. Inboth ases, the sum runs over all CAL ells. The online seletion of the signal was based onthe ZEUS three-level trigger [12℄. Two di�erent trigger seletions were used. One triggerseletion relied on large pmissT and large EtotT . The alternative trigger seletion additionallyrequired the presene of at least one jet with transverse energy above 8 GeV. Eventsfrom CC DIS interations were seleted o�ine using riteria similar to those of an earlierpubliation [8℄. The kinemati variables Q2, the inelastiity, y, and x were estimatedusing the method of Jaquet-Blondel [23℄, whih uses the information from the hadronienergy ow of the event, and orreted for detetor e�ets as desribed elsewhere [9, 24℄.These estimators were reonstruted as:yJB = Pi(Ei � pZ;i)2 Ee ; Q2JB = (pmissT )21� yJB and xJB = Q2JBs yJB ;where the sum runs over all CAL ells. The main seletion riteria were:� pmissT > 11 GeV;� pmissT =EtotT > 0:5, to rejet photoprodution and beam-gas bakground;3



� the vertex position along the beam axis in the range �35 < Zvtx < 33 m, onsistentwith an e�p interation;� at least one trak assoiated with the vertex, whih had a polar angle between 15Æ and164Æ and a transverse momentum exeeding 0.15 GeV, to rejet non-e�p bakground;� j�'j < 1 rad, where j�'j is the di�erene between the azimuth of the net transversemomentum as measured by the traks assoiated with the vertex and the azimuthmeasured by the CAL. This requirement redued the ontamination from randomoinidenes of osmi rays with e�p interations;� PT;traks=pmissT > 0:1, where PT;traks is the net transverse momentum of the traksassoiated with the vertex (this ondition was not applied if pmissT > 25 GeV). Thisut rejeted events with additional energy deposits in the CAL not related to e�pinterations (mainly osmi rays) and beam-related bakground in whih pmissT has asmall polar angle;� events were removed from the sample if there was an isolated eletron or positronandidate with energy above 10 GeV, to rejet NC DIS events;� events were rejeted if EBHAC2=EBCAL > 0:5 for EBCAL > 2 GeV and EBHAC1=EBCAL >0:85 for EBCAL > 8 GeV, where EBHAC1(BHAC2) is the energy deposited in the �rst(seond) HAC setion of BCAL and EBCAL is the total energy deposition in BCAL.These requirements rejeted beam-related bakground;� traking requirements were not applied if the highest-EjetT jet (see below) in the eventhad �jet > 2; in suh a ase, a tighter pmissT ut of 20 GeV was applied;� Q2 > 200 GeV2, to ensure high trigger eÆieny;� y < 0:9, to avoid the degradation of the resolution in Q2 near y � 1.The seleted events were visually inspeted and a few remaining non-e�p bakgroundevents (1:2% of the �nal sample), mainly osmi-ray and halo-muon events, were removed.Jets were identi�ed in the pseudorapidity (�) - azimuth (�) plane of the laboratory frameusing the kT luster algorithm [25℄ in the longitudinally invariant inlusive mode [26℄.This algorithm ombines objets with a small relative distane dij,dij = min(ET;i; ET;j)2 � ((�i � �j)2 + (�i � �j)2);where ET;i, �i and �i are the transverse energy, pseudorapidity and azimuth of objet i.The axis of the jet was de�ned aording to the Snowmass onvention [27℄, where �jet(�jet) is the transverse-energy weighted mean pseudorapidity (azimuth) of all the objetsbelonging to that jet. The jets were reonstruted using the CAL and orreted [24, 28℄for detetor e�ets to yield jets of hadrons. Events with at least one jet in the range4



�1 < �jet < 2:5 were retained. The inlusive-jet sample ontained Nneg = 5335 (870) andNpos = 2122 (2284) jets with EjetT > 14 GeV in the e�p (e+p) data, where Nneg(pos) is thenumber of jets seleted in events with negatively-(positively-)polarized lepton beams. Thedijet sample was seleted requiring the jets with the highest and seond-highest EjetT tohave Ejet1T > 14 and Ejet2T > 5 GeV, respetively. The three-jet sample was seleted fromthe dijet sample by requiring the third-highest EjetT jet to have Ejet3T > 5 GeV. The e�p(e+p) dijet and three-jet samples ontained 1117 (464) and 109 (30) events, respetively.Eleven events ontained a fourth jet with EjetT > 5 GeV.4 Monte Carlo simulationSamples of Monte Carlo (MC) events were generated to determine the response of thedetetor and to evaluate the orretion fators neessary to obtain the hadron-level jetross setions. The hadron level is de�ned by those hadrons with lifetime � � 10 ps.The generated events were passed through the Geant 3.21-based [29℄ ZEUS detetor-and trigger-simulation programs [12℄. They were reonstruted and analyzed by the sameprogram hain as the data. The CC DIS events were generated using the Lepto 6.5 pro-gram [30℄ interfaed to Herales 4.6.1 [31℄ via Djangoh 1.3 [32℄. The Herales pro-gram inludes �rst-order eletroweak radiative orretions, vertex and propagator terms,and two-boson exhange. The CTEQ5D [33℄ proton parton distribution funtions (PDFs)were used. The QCD radiation was modeled with the olor-dipole model (CDM) [34℄ byusing the Ariadne 4.08 program [35℄ inluding the boson-gluon-fusion proess. To studythe systemati e�et of the modeling of parton showers in the orretion of the data, sam-ples of events were generated using the Lepto model whih is based on �rst-order QCDmatrix elements and parton showers (MEPS). For the generation of the Lepto-MEPSsamples2, the option for soft-olor interations was swithed o�. In both ases, fragmen-tation into hadrons was performed using the Lund string model [36℄ as implemented inJetset 7.4 [37, 38℄.The photoprodution bakground was estimated using resolved and diret samples gen-erated using the program Herwig 5.9 [39℄. After all the seletion uts desribed in theprevious setion, the ontribution from photoprodution events to the inlusive-jet samplewas estimated to be smaller than 0:5% overall and amounted to � 2% in the lowest EjetTbin. The NC DIS ontamination was estimated to be smaller than the photoprodutionbakground. No bakground subtration was performed.2 The program Lepto allows the generation of only QPM events when using the MEPS option for e�pollisions; thus, only positron samples were generated and used as an estimate of the systemati e�etalso for e�p ollisions. 5



The jet searh was performed on the MC events using the energy measured in the CALells in the same way as for the data. The MC samples provided a good desription ofthe measured distributions of the kinemati and jet variables. The data distributions asfuntions of �jet, EjetT , Q2 and x for the inlusive-jet samples are shown in Figs. 2 (e�p) and3 (e+p) separately for negatively- and positively-polarized eletron and positron beams.Figure 4 shows the �jet1, �jet2, Ejet1T and Ejet2T distributions for the dijet sample. These�gures also show the MC simulations normalized to the number of jets in the data.The same jet algorithm was also applied to the �nal-state hadrons to obtain the preditionsat the hadron level. To orret the data to the hadron level, multipliative orretionfators, de�ned as ratios of the measured quantities for jets (events) of hadrons overthe same quantity for jets (events) at detetor level, were estimated by using the CDMsamples and applied to the inlusive-jet (dijet and three-jet) data distributions. Thesamples of Lepto-MEPS were used as an estimation of the unertainty on the modelingof the parton shower.Parton-level preditions were also obtained by applying the jet algorithm to the MC-generated partons. These preditions were used to orret the �xed-order QCD alula-tions (see Setion 5) to the hadron level. The program Herales was used to orret thepredited ross setions to the eletroweak Born level evaluated using the �ne strutureonstant � = 1=137:035999, the Fermi oupling onstant GF = 1:1664 � 10�5 GeV�2 andthe mass of the Z boson MZ = 91:1876 GeV to determine the eletroweak parameters.5 Fixed-order QCD alulationsFixed-order QCD alulations were obtained using the program Mepjet [40℄, whih em-ploys the phase-spae sliing method [41℄. This is the only available program providing�xed-order QCD alulations for jet prodution in CC DIS. The jet algorithm desribedin Setion 3 was also applied to the partons in the events generated by Mepjet to om-pute the preditions for the jet ross setions. The alulations were performed in theMS sheme. The alulations are O(�s) (O(�2s)) for inlusive-jet (dijet and three-jet)prodution; this means that for inlusive-jet and dijet ross setions, the preditions areNLO whereas those for three-jet ross setions are only LO. The number of avors wasset to �ve and the renormalization (�R) and fatorization (�F ) sales were hosen to be�R = �F = Q. The alulations were performed using the ZEUS-S [42℄ parameterizationsof the proton PDFs. Alternative alulations were performed using the CTEQ6 [43℄ andMRST2001 [44℄ sets of proton PDFs. The ross setions were evaluated using the samevalues for �, GF and MZ as in the MC simulations (Setion 4). The mass of the W bosonwas �xed to 80:40 GeV [45℄. The strong oupling onstant was alulated at two loops6



with �(5)MS = 226 MeV, orresponding to �s(MZ) = 0:118.Sine the measurements orrespond to jets of hadrons whereas the QCD alulationsorrespond to jet of partons, the preditions were orreted to the hadron level using MCsimulations. The multipliative orretion fator (Chad) is de�ned as the ratio of the rosssetions for jets of hadrons to the same quantity for jets of partons, estimated using theMC programs desribed in Setion 4. The ratios obtained with the CDM model weretaken as the default orretions, whereas those from the Lepto-MEPS model were usedas an estimation of the e�et of the parton shower. The value of Chad typially di�ersfrom unity by less than 5%, 10% and 30% for the inlusive-jet, dijet and three-jet rosssetions, respetively.The following soures of unertainty in the theoretial preditions were onsidered:� the unertainty on the NLO QCD alulations due to terms beyond NLO, estimatedby varying �R between Q=2 and 2Q, was typially below �2% for the inlusive-jetross setions and below �5% for the dijet ross setions. For the LO alulationsof the three-jet ross setions the unertainty was � �30%. For the three-jet rosssetions, this unertainty is dominant. Thus, no other theoretial unertainty wastaken into aount for the three-jet ross setions;� the unertainty on the NLO QCD alulations due to those on the proton PDFs wasestimated by repeating the alulations using 22 additional sets from the ZEUS-S anal-ysis, whih takes into aount the statistial and orrelated systemati experimentalunertainties of eah data set used in the determination of the proton PDFs. Theresulting unertainty in the inlusive-jet e�p (e+p) ross setions was below �2 (4)%,exept in the high-EjetT , high-Q2 and high-x regions where it reahed �4 (10)%. Theresulting unertainty in the dijet e�p (e+p) ross setions was below �5 (5)%, exeptin the high-EjetT , high-Q2 and high-x regions where it reahed �7 (15)%;� the unertainty on the NLO QCD alulations due to that on �s(MZ) was estimated byrepeating the alulations using two additional sets of proton PDFs, for whih di�erentvalues of �s(MZ) were assumed in the �ts. The di�erene between the alulationsusing these various sets was saled by a fator suh as to reet the unertainty onthe urrent world average of �s [46℄. The resulting unertainty in the ross setionswas below �1%;� the unertainty from the modeling of the QCD asade was estimated as the di�er-ene between the hadronization orretions obtained using the Ariadne and Lepto-MEPS models. The resulting unertainty on the inlusive-jet and dijet ross setionswas typially below 1%;� the unertainty of the alulations due to the value of �F was estimated by repeatingthe alulations with �F = Q=2 and 2Q. The e�et was negligible.7



The total theoretial unertainty was obtained by adding the individual unertaintieslisted above in quadrature.6 Systemati unertaintiesThe following soures of systemati unertainty were onsidered for the measurements ofthe jet ross setions [24℄; values in perentage of the e�ets for the integrated inlusive-jet,dijet and three-jet ross setions are shown in parentheses:� the unertainty in the absolute energy sale of the jets was estimated by studying thedi�erenes between data and MC simulation in single-jet NC DIS events [24, 47℄ byomparing the transverse energy imbalane between the sattered eletron or positronand the jet. The unertainty was found to be �1% for EjetT < 75 GeV and �2% forEjetT > 75 GeV (0:5%, 2%, 4%);� the unertainty in the reonstrution of the kinemati variables due to the unertaintyin the absolute energy sale of the CAL was estimated by varying pmissT and yJB asmeasured with the CAL by �1% for pmissT < 75 GeV and +3�1% for pmissT > 75 GeV inthe MC samples (0:2%, 0:3%, 0:4%);� the di�erenes in the results obtained by using either CDM or Lepto-MEPS to orretthe data for detetor e�ets were taken as systemati unertainties due to the modelingof the parton shower (0:7%, 7%, 6%);� the seletion ut of pmissT > 11 GeV was hanged to 10 GeV and 12 GeV in data andMC events (0:2%, 0:1%, below 0:1%);� the unertainty in the simulation of the vertex position was estimated by hanging theseletion ut to �24 < Zvtx < 22 m in data and MC events (2%, 2%, 2%);� the unertainty in the simulation of the trigger was estimated to be negligible by usingtwo di�erent trigger seletions in data and MC events (see Setion 3).The experimental unertainties are dominated by the statistial unertainty of the data,exept for the inlusive-jet di�erential ross setions at high EjetT and high Q2, wherethe unertainty oming from the modeling of the parton shower is large. The systematiunertainties not assoiated with the absolute energy sale were added in quadrature tothe statistial unertainties and are shown in the �gures as error bars. The unertaintiesdue to the absolute energy sale of the jets and the CAL were added linearly, due to thelarge bin-to-bin orrelation, and are shown separately in the tables. In addition, therewas an overall normalization unertainty of 3:5% from the luminosity determination and3� 5% unertainty on the polarization measurement.8



7 Results7.1 Polarized inlusive-jet ross setionsDi�erential inlusive-jet ross setions were measured in the kinemati regime Q2 > 200GeV2 and y < 0:9. The ross setions were determined for jets with EjetT > 14 GeV and�1 < �jet < 2:5.The inlusive-jet di�erential ross setions as funtions of �jet, EjetT , Q2 and x for negatively-and positively-polarized e�p (e+p) ollisions are shown in Fig. 5 (6) and Tables 1 to4. The preditions of the NLO alulations are ompared to the data in the �gures.The lower parts of the �gures show the ratio of the ross setions for negatively- andpositively-polarized lepton beams, whih is in agreement with the measured polarizationratio, (1� P nege� )=(1� P pose� ) = 1:79� 0:05 for e�p and (1 + P pose+ )=(1 + P nege+ ) = 2:10+0:08�0:14for e+p. The integrated polarized inlusive-jet ross setions, �jets, are shown in Table 5.The measured ross setions are in good agreement with the preditions of the SM as givenby the NLO QCD alulations, also shown in Table 5, in the kinemati range studied.7.2 Unpolarized inlusive-jet ross setionsFigure 7 and Tables 6 to 13 show the unpolarized inlusive-jet di�erential ross setionsas funtions of �jet, EjetT , Q2 and x in CC e�p DIS. The unpolarized ross setion for anobservable A was obtained viad�dA(e�) = Nunpoldata (e�)Le� ��A � NhadMCNdetMC ;where Nunpoldata (e�) = Nnegdata(e�)1� P nege� + Nposdata(e�)1� P pose� ;Le� is the total integrated luminosity for e�p ollisions and �A is the bin width.The measured d�=d�jet has a maximum at �jet � 1. The measured d�=dEjetT exhibits afall-o� of two (three) orders of magnitude in the e�p (e+p) sample. Values of EjetT of morethan 100 GeV are aessible with the present statistis. For 200 < Q2 . 2000 GeV2, thedistributions display a weak dependene on Q2. The ross setions as funtions of EjetTand Q2 show a less rapid fall-o� than what is observed in NC DIS proesses due to thepresene of the massive W propagator. Furthermore, the measured ross setions for thee+p sample derease more rapidly as a funtion of EjetT and Q2 than for the e�p sample9



(see below). The values in x aessible by the data are within the range 0:013 < x < 0:63,as shown in Fig. 7d. The NLO QCD preditions using the ZEUS-S PDF sets are omparedto the data in Fig. 7. Figure 8 shows the relative di�erene between the data and thepreditions. The NLO QCD preditions give a reasonable desription of the shape andnormalization of the data.Figure 8 also displays the ratio of the e�p and e+p di�erential ross setions. The measuredratio as a funtion of �jet is onstant and � 2 as predited by QCD, sine the two reationsprobe a di�erent parton ontent of the proton. The ratio as a funtion of EjetT (Q2)inreases as EjetT (Q2) inreases, in good agreement with the predition. The inrease athigh values of EjetT and Q2 is expeted due to the inreasing ontribution from the valene-quark densities in the proton at high x and the fat that both reations are sensitive todi�erent quark avors. The behavior observed in the ratio of the measured ross setionsas a funtion of Q2 is similar to the ratio of u and d parton densities. The same behavioris observed as a funtion of x.Figure 9 shows the ontributions to the theoretial unertainty from the terms beyondNLO, the parton-shower model and that oming from the unertainty in the PDFs sep-arately for e�p and e+p ollisions. Also shown are alulations using other PDF sets.For inlusive-jet e�p CC ross setions, the unertainty oming from that on the PDFsis dominant. At high EjetT , Q2 and x, the unertainty in the predited ross setions forpositron beams is larger than those for eletron beams. This di�erene in the unertaintydue to the PDFs in the alulations for e� and e+ beams an be attributed to the di�erentavor ontent probed: in e�p (e+p) at high x the W� (W+) will ouple predominantly tothe u (d) valene quark in the proton; at present, the unertainty in the d parton densityis larger than that for the u quark. Furthermore, the omparison with the alulations us-ing other PDF sets shows a wide spread in the preditions, espeially for positron beams.Therefore, these measurements, in a phase-spae region where the other theoretial un-ertainties are well under ontrol, have the potential to onstrain the avor ontent ofthe proton if used together with other data in global �ts. A fast and aurate methodto perform �ts to extrat the proton PDFs on data sets that inluded jet ross setionsin NC DIS and photoprodution was reently developed by the ZEUS Collaboration [48℄;the result was a sizable redution of the unertainty on the gluon density at medium andhigh x. Using the data presented here and extending suh a method to jet ross setionsin CC DIS may help to onstrain the u and d valene quark distributions at high x.The integrated unpolarized inlusive-jet ross setions, �jets, are shown in Table 14. Themeasured ross setions are in good agreement with the preditions of NLO QCD, alsoshown in the table using di�erent PDF sets.10



7.3 Dijet ross setionsUnpolarized dijet di�erential ross setions were measured in the kinemati regime Q2 >200 GeV2 and y < 0:9. The ross setions were determined for jets with Ejet1T > 14 GeV,Ejet2T > 5 GeV and �1 < �jet < 2:5. Figure 10 and Tables 6 to 11, 15 and 16 showthe unpolarized dijet di�erential ross setions as funtions of �jet, EjetT , Q2 and the dijetinvariant mass, M jj, where �jet = (�jet1 + �jet2)=2 and EjetT = (Ejet1T + Ejet2T )=2 in CC e�pDIS. The measured �jet ross setion has a maximum at �jet � 1:25. The measured rosssetion as a funtion of EjetT exhibits a fall-o� of two orders of magnitude for EjetT & 20 GeV.For 200 < Q2 . 2000 GeV2, the distribution displays a weak dependene on Q2. Valuesof M jj above 100 GeV are aessible with the present statistis.The NLO QCD preditions are ompared to the data in Fig. 10. Figure 11 shows therelative di�erene to the preditions. The NLO preditions do not give an adequatedesription in shape and normalization of the measured di�erential ross setions overthe entire phase spae onsidered. In partiular, for M jj, the data tend to be abovethe preditions for M jj & 70 GeV. It was reported [49℄ that alulations of jet rosssetions in NC DIS omputed using the Mepjet program di�er by 5 � 8% from theresults from other NLO programs. Comparisons of inlusive-jet alulations for NC DISin the kinemati range of the measurements presented here performed using Mepjet andDisent [50℄ showed an agreement better than 1%. However, similar omparisons fordijet ross setions showed relative di�erenes above � 5%. For CC DIS, it is not possibleto quantify the degree of auray of the alulations of Mepjet sine no alternativeprogram exists. The NLO preditions give a reasonable desription of the ratios of theross setions for e�p and e+p interations (see Fig. 11). New implementations of thetheory are ruially needed to use the di�erential dijet ross setions presented here inglobal �ts to extrat the proton PDFs.The integrated unpolarized dijet ross setions are shown in Table 14. The measuredross setions are larger than the preditions of NLO QCD.7.4 Measurements of three-jet ross setions and observation offour-jet eventsDi�erential three-jet ross setions were measured in the kinemati regime Q2 > 200 GeV2and y < 0:9. The ross setions were determined for jets with Ejet1T > 14 GeV, Ejet2T > 5GeV, Ejet3T > 5 GeV and �1 < �jet < 2:5. Three-jet ross setions in CC DIS weremeasured for the �rst time in e�p ollisions.Figure 12 shows a three-jet andidate event in the ZEUS detetor: a lear three-jettopology and large transverse momentum are observed. The three-jet seleted sample11



also ontains 9 e�p and 2 e+p andidates with a fourth jet of transverse energy above 5GeV in the �jet range onsidered. One of these andidates is displayed in Fig. 13: thefourth jet is learly observed in the ZEUS detetor.Figure 14 and Tables 6 to 11, 15 and 16 show the unpolarized three-jet di�erential rosssetions as funtions of �jet, EjetT , Q2 and the three-jet invariant mass, M3j, where �jet =(�jet1 + �jet2 + �jet3)=3 and EjetT = (Ejet1T + Ejet2T + Ejet3T )=3 in CC e�p DIS. Values of M3jabove 100 GeV are aessible with the present statistis.The preditions of LO QCD are ompared to the data in Fig. 14. The urrently availableQCD alulations are only lowest order and annot predit the normalization of the data.Therefore, they were saled by 1.92 and 1.42 for e�p and e+p ollisions, respetively, so asto reprodue the measured integrated three-jet ross setion. The saled LO alulationsgive a good desription of the shape of the data. Figure 15 shows the relative di�erenebetween the data and the saled preditions. The lower part of Fig. 15 shows the ratio ofthe di�erential ross setions for the e�p and e+p samples.The integrated unpolarized three-jet ross setions are shown in Table 14. The preditionsof LO QCD are also shown in the table.8 SummaryMeasurements of polarized and unpolarized integrated and di�erential multi-jet rosssetions in CC e�p DIS were made using 0:36 fb�1 of data olleted with the ZEUSdetetor at HERA II. The measurements were made in the kinemati region de�ned byQ2 > 200 GeV2 and y < 0:9. Jets were identi�ed in the laboratory frame using the kTluster algorithm in the longitudinally invariant inlusive mode.Polarized inlusive-jet ross setions were measured integrated over the phase-spae regiononsidered and di�erentially as funtions of �jet, EjetT , Q2 and x for jets with EjetT > 14GeV and �1 < �jet < 2:5. The measured ross setions are in good agreement withthe SM preditions. The ratios of the di�erential ross setions for negative and positivelongitudinally-polarized lepton beams are also well desribed by the preditions.Unpolarized di�erential inlusive-jet ross setions were measured as funtions of �jet,EjetT , Q2 and x. The ratio of the di�erential ross setions for e�p and e+p ollisions as afuntion of �jet is � 2 in the �jet range measured, as predited by the theory. The ratio asa funtion of EjetT (Q2) inreases as EjetT (Q2) inreases, in agreement with the expetedinreased ontribution from the valene-quark densities in the proton at high x and thefat that both reations are sensitive to di�erent quark avors. Dijet di�erential rosssetions were measured for jets with Ejet1T > 14 GeV, Ejet2T > 5 GeV and �1 < �jet < 2:5.12



Next-to-leading-order QCD preditions omputed using the program Mepjet were om-pared to the data. The NLO QCD preditions give a good desription of the measuredinlusive-jet ross setions. A detailed study of the theoretial unertainties was per-formed: they are dominated by the ontribution from the PDFs. Furthermore, the un-ertainties due to the PDFs are larger for e+p than for e�p ollisions. Therefore, thesemeasurements, if used together with other data in global �ts, have the potential to on-strain the avor ontent of the proton at high x.The omparison of the preditions with the measured dijet di�erential ross setions showsa poor agreement in shape and normalization. Improved implementations of the theoryare ruially needed to use these dijet measurements in a global �t to onstrain the protonPDFs.Three-jet di�erential ross setions were measured for the �rst time in e�p ollisions forjets with Ejet1T > 14 GeV, Ejet2T > 5 GeV, Ejet3T > 5 GeV and �1 < �jet < 2:5. Theleading-order QCD preditions give a good desription of the shape of the data. Thethree-jet sample also ontains eleven andidates with a fourth jet of EjetT > 5 GeV in the�jet range onsidered.AknowledgementsWe are grateful to the DESY diretorate for their strong support and enouragement.We thank the HERA mahine group whose outstanding e�orts resulted in a suessfulupgrade of the HERA aelerator whih made this work possible. We also thank theHERA polarimeter group for providing the measurements of the lepton-beam polarization.The design, onstrution and installation of the ZEUS detetor were made possible bythe e�orts of many people not listed as authors.
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�jet bin d�=d�jet (pb) Æstat Æsyst ÆESPe� = �0:27 - inlusive jets�1:0;�0:5 4:22 �0:38 �0:32 +0:17�0:16�0:5; 0:0 13:35 �0:62 �0:51 +0:30�0:290:0; 0:5 23:40 �0:77 �0:29 +0:23�0:220:5; 1:0 27:77 �0:81 �0:82 �0:091:0; 1:5 28:30 �0:82 �0:92 +0:08�0:091:5; 2:0 24:71 �0:79 �0:40 +0:10�0:092:0; 2:5 19:41 �0:87 �2:36 �0:15Pe� = +0:30 - inlusive jets�1:0;�0:5 2:81 �0:37 �0:21 +0:11�0:10�0:5; 0:0 7:22 �0:55 �0:28 �0:160:0; 0:5 12:45 �0:67 �0:47 +0:12�0:110:5; 1:0 16:05 �0:74 �0:48 �0:051:0; 1:5 15:99 �0:74 �0:50 �0:051:5; 2:0 15:34 �0:75 �0:42 +0:06�0:052:0; 2:5 11:39 �0:80 �1:37 �0:09Pe+ = �0:37 - inlusive jets�1:0;�0:5 1:26 �0:28 �0:14 �0:04�0:5; 0:0 3:33 �0:38 �0:16 �0:050:0; 0:5 5:68 �0:47 �0:14 �0:040:5; 1:0 6:64 �0:49 �0:40 �0:041:0; 1:5 6:74 �0:49 �0:24 �0:031:5; 2:0 6:52 �0:50 �0:07 �0:042:0; 2:5 5:09 �0:55 �0:93 �0:06Pe+ = +0:32 - inlusive jets�1:0;�0:5 2:92 �0:36 �0:30 �0:09�0:5; 0:0 7:37 �0:49 �0:29 �0:110:0; 0:5 10:34 �0:54 �0:41 �0:080:5; 1:0 14:75 �0:63 �0:65 �0:081:0; 1:5 12:38 �0:58 �0:65 �0:061:5; 2:0 11:64 �0:58 �0:50 +0:07�0:062:0; 2:5 10:22 �0:68 �1:26 �0:12Table 1: Di�erential polarized inlusive-jet ross-setions d�=d�jet for jets ofhadrons in the laboratory frame seleted with the longitudinally invariant kT lus-ter algorithm. The statistial, unorrelated systemati and energy-sale (ES) un-ertainties are shown separately. 17



EjetT bin (GeV) d�=dEjetT (pb/GeV) Æstat Æsyst ÆESPe� = �0:27 - inlusive jets14; 21 2:318 �0:076 �0:140 +0:045�0:05121; 29 1:776 �0:056 �0:079 +0:019�0:01829; 41 1:419 �0:038 �0:070 +0:009�0:01041; 55 0:834 �0:027 �0:051 +0:011�0:01055; 71 0:450 �0:018 �0:022 �0:01171; 87 0:212 �0:012 �0:057 +0:003�0:00287; 120 0:0421 �0:0035 �0:0225 +0:0063�0:0050Pe� = +0:30 - inlusive jets14; 21 1:284 �0:068 �0:089 +0:025�0:02821; 29 1:081 �0:052 �0:049 +0:012�0:01129; 41 0:795 �0:035 �0:041 +0:005�0:00641; 55 0:486 �0:024 �0:030 �0:00655; 71 0:263 �0:017 �0:016 +0:007�0:00671; 87 0:106 �0:010 �0:029 �0:00187; 120 0:0276 �0:0035 �0:0149 +0:0041�0:0033Pe+ = �0:37 - inlusive jets14; 21 0:761 �0:053 �0:058 �0:01221; 29 0:584 �0:039 �0:031 +0:003�0:00429; 41 0:338 �0:023 �0:019 +0:004�0:00341; 55 0:160 �0:014 �0:011 �0:00455; 71 0:0602 �0:0079 �0:0037 +0:0025�0:002371; 87 0:0157 �0:0039 �0:0047 +0:0007�0:000687; 120 0:00166 �0:00083 �0:00106 +0:00032�0:00025Pe+ = +0:32 - inlusive jets14; 21 1:576 �0:066 �0:112 +0:026�0:02421; 29 1:077 �0:045 �0:020 +0:006�0:00729; 41 0:675 �0:028 �0:037 +0:007�0:00641; 55 0:307 �0:017 �0:020 �0:00755; 71 0:1135 �0:0094 �0:0143 +0:0047�0:004371; 87 0:0374 �0:0052 �0:0083 +0:0016�0:001487; 120 0:0050 �0:0012 �0:0027 +0:0010�0:0008Table 2: Di�erential polarized inlusive-jet ross-setions d�=dEjetT . Other detailsas in the aption to Table 1. 18



Q2 bin (GeV2) d�=dQ2 (pb/GeV2) Æstat Æsyst ÆESPe� = �0:27 - inlusive jets200; 500 0:0246 �0:0013 �0:0015 +0:0024�0:0023500; 1000 0:02226 �0:00079 �0:00090 +0:00061�0:000591000; 2000 0:01578 �0:00046 �0:00053 �0:000222000; 4000 0:00797 �0:00023 �0:00007 �0:000044000; 10000 0:002532 �0:000072 �0:000134 �0:00003810000; 20000 0:000429 �0:000022 �0:000029 �0:00001820000; 88000 1:4 � 10�5 �1:3 � 10�6 �5:7 � 10�6 �1:4 � 10�6Pe� = +0:30 - inlusive jets200; 500 0:0135 �0:0011 �0:0011 �0:0013500; 1000 0:01332 �0:00074 �0:00051 +0:00036�0:000351000; 2000 0:00926 �0:00042 �0:00030 �0:000132000; 4000 0:00437 �0:00020 �0:00004 �0:000024000; 10000 0:001364 �0:000064 �0:000075 �0:00002010000; 20000 30:6 � 10�5 �2:2 � 10�5 �2:0 � 10�5 �1:3 � 10�520000; 88000 8:1 � 10�6 �1:2 � 10�6 �3:3 � 10�6 �0:8 � 10�6Pe+ = �0:37 - inlusive jets200; 500 0:00984 �0:00096 �0:00049 +0:00091�0:00087500; 1000 0:00814 �0:00058 �0:00026 �0:000161000; 2000 0:00463 �0:00030 �0:00022 �0:000022000; 4000 0:00182 �0:00013 �0:00007 �0:000034000; 10000 34:1 � 10�5 �3:1 � 10�5 �2:0 � 10�5 �1:4 � 10�510000; 20000 25:0 � 10�6 �5:9 � 10�6 �5:7 � 10�6 �2:3 � 10�6Pe+ = +0:32 - inlusive jets200; 500 0:0198 �0:0012 �0:0010 +0:0018�0:0017500; 1000 0:01586 �0:00070 �0:00023 +0:00030�0:000311000; 2000 0:00905 �0:00036 �0:00027 +0:00004�0:000042000; 4000 0:00345 �0:00016 �0:00014 +0:00005�0:000054000; 10000 68:8 � 10�5 �3:9 � 10�5 �5:6 � 10�5 �2:7 � 10�510000; 20000 61:3 � 10�6 �8:0 � 10�6 �10:0 � 10�6 �5:6 � 10�620000; 88000 3:5 � 10�7 �1:8 � 10�7 �2:8 � 10�7 �0:6 � 10�7Table 3: Di�erential polarized inlusive-jet ross-setions d�=dQ2. Other detailsas in the aption to Table 1. 19



x bin d�=dx (pb/GeV) Æstat Æsyst ÆESPe� = �0:27 - inlusive jets0:006; 0:025 16:17 �0:70 �0:83 +1:06�1:010:025; 0:063 46:9 �1:3 �1:6 �0:90:063; 0:16 60:6 �1:4 �0:9 �0:20:16; 0:40 39:7 �1:1 �1:7 �0:70:40; 1:0 3:94 �0:33 �0:53 �0:29Pe� = +0:30 - inlusive jets0:006; 0:025 9:71 �0:65 �0:76 +0:64�0:610:025; 0:063 24:3 �1:1 �0:9 �0:50:063; 0:16 36:6 �1:3 �0:6 �0:10:16; 0:40 23:2 �1:0 �1:2 �0:40:40; 1:0 2:21 �0:30 �0:38 �0:16Pe+ = �0:37 - inlusive jets0:006; 0:025 6:10 �0:54 �0:28 +0:35�0:340:025; 0:063 13:59 �0:81 �0:53 �0:150:063; 0:16 14:90 �0:82 �0:62 �0:160:16; 0:40 5:22 �0:47 �0:30 �0:130:40; 1:0 0:33 �0:11 �0:12 �0:02Pe+ = +0:32 - inlusive jets0:006; 0:025 12:34 �0:67 �0:56 +0:71�0:690:025; 0:063 28:1 �1:0 �1:0 �0:30:063; 0:16 26:57 �0:95 �0:88 �0:290:16; 0:40 11:55 �0:60 �0:65 �0:280:40; 1:0 0:50 �0:12 �0:06 �0:04Table 4: Di�erential polarized inlusive-jet ross-setions d�=dx. Other detailsas in the aption to Table 1.
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lepton and polarization �jets (pb) Æstat (pb) Æsyst (pb) ÆES (pb) SM predition (pb)Pe� = �0:27� 0:01 70:54 0:97 0:58 +0:43�0:40 69:17Pe� = +0:29� 0:01 40:53 0:88 0:45 +0:24�0:23 38:67Pe+ = �0:37+0:01�0:02 17:55 0:60 0:57 �0:11 16:86Pe+ = +0:32� 0:01 34:51 0:72 1:05 +0:23�0:22 35:33Table 5: Integrated polarized inlusive-jet ross-setions �jets for jets of hadronsin the laboratory frame seleted with the longitudinally invariant kT luster algo-rithm. The statistial, unorrelated systemati and energy-sale (ES) unertaintiesare shown separately. The unertainty oming from the luminosity measurementis not shown. The preditions of the Standard Model as given by the Mepjetalulation are shown in the last olumn.
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�jet bin d�=d�jet (pb) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets�1:0;�0:5 3:58 �0:28 �0:30 +0:15�0:13 0:97 0:93�0:5; 0:0 10:38 �0:43 �0:35 +0:24�0:22 0:97 0:980:0; 0:5 18:06 �0:53 �0:34 �0:17 0:98 0:990:5; 1:0 22:17 �0:57 �0:75 �0:07 0:97 1:001:0; 1:5 22:38 �0:58 �0:90 �0:07 0:97 1:001:5; 2:0 20:33 �0:57 �0:31 +0:08�0:07 0:96 1:012:0; 2:5 15:59 �0:61 �1:85 �0:12 0:96 1:01�jet bin d�=d�jet (pb) Æstat Æsyst ÆES CQED Chadunpolarized - dijets�1:0;�0:5 0:103 �0:073 �0:003 +0:033�0:032 0:80 0:60�0:5; 0:0 1:48 �0:26 �0:52 �0:09 0:96 0:810:0; 0:5 3:63 �0:33 �0:88 �0:12 0:97 0:890:5; 1:0 5:68 �0:37 �0:43 +0:14�0:13 0:98 0:911:0; 1:5 6:43 �0:34 �0:07 +0:12�0:11 0:97 0:921:5; 2:0 3:77 �0:24 �0:14 �0:07 0:95 0:922:0; 2:5 0:58 �0:10 �0:05 �0:01 0:93 0:88unpolarized - three jets0:0; 0:5 0:49 �0:18 �0:49 +0:03�0:05 0:95 0:750:5; 1:0 1:05 �0:21 �0:15 +0:05�0:06 0:93 0:781:0; 1:5 1:06 �0:17 �0:13 +0:04�0:03 0:99 0:801:5; 2:5 0:246 �0:046 �0:053 +0:009�0:007 0:99 0:80Table 6: Di�erential unpolarized inlusive-jet, dijet and three-jet ross-setionsd�=d�jet and d�=d�jet in e�p ollisions for jets of hadrons in the laboratory frameseleted with the longitudinally invariant kT luster algorithm. The statistial, un-orrelated systemati and jet-energy-sale (ES) unertainties are shown separately.The multipliative orretions for QED radiative e�ets, CQED, and the orretionsfor hadronization e�ets, Chad, to be applied to the parton-level NLO QCD alu-lations, are shown in the last two olumns.
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�jet bin d�=d�jet (pb) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets�1:0;�0:5 2:12 �0:24 �0:21 +0:07�0:06 0:92 0:94�0:5; 0:0 5:45 �0:34 �0:23 �0:08 0:94 0:980:0; 0:5 8:34 �0:39 �0:22 �0:06 0:95 0:990:5; 1:0 10:90 �0:43 �0:54 �0:06 0:95 1:001:0; 1:5 9:95 �0:42 �0:42 �0:05 0:95 1:001:5; 2:0 9:48 �0:42 �0:26 +0:06�0:05 0:94 1:012:0; 2:5 7:88 �0:48 �1:15 �0:09 0:93 1:02�jet bin d�=d�jet (pb) Æstat Æsyst ÆES CQED Chadunpolarized - dijets�0:5; 0:0 0:92 �0:23 �0:33 +0:07�0:05 0:94 0:830:0; 0:5 1:75 �0:28 �0:42 +0:06�0:05 0:94 0:900:5; 1:0 3:01 �0:32 �0:24 +0:07�0:06 0:95 0:941:0; 1:5 3:52 �0:28 �0:06 +0:07�0:06 0:95 0:941:5; 2:0 1:95 �0:20 �0:11 �0:04 0:94 0:942:0; 2:5 0:287 �0:073 �0:043 +0:008�0:005 0:93 0:91unpolarized - three jets0:0; 0:5 0:079 �0:079 �0:079 +0:006�0:003 0:92 0:720:5; 1:0 0:68 �0:23 �0:09 +0:04�0:03 0:93 0:791:0; 1:5 0:254 �0:086 �0:033 +0:011�0:010 0:94 0:811:5; 2:5 0:087 �0:029 �0:019 �0:003 0:91 0:83Table 7: Di�erential unpolarized inlusive-jet, dijet and three-jet ross-setionsd�=d�jet and d�=�jet in e+p ollisions. Other details as in the aption to Table 6.
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EjetT bin (GeV) d�=dEjetT (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets14; 21 1:819 �0:053 �0:120 +0:035�0:040 1:03 0:9921; 29 1:449 �0:040 �0:040 +0:016�0:014 1:01 1:0029; 41 1:118 �0:027 �0:042 +0:007�0:008 0:97 1:0041; 55 0:668 �0:019 �0:039 �0:008 0:95 1:0055; 71 0:361 �0:013 �0:031 �0:009 0:92 0:9971; 87 0:1596 �0:0082 �0:0360 +0:0020�0:0015 0:88 0:9987; 120 0:0355 �0:0026 �0:0190 +0:0053�0:0042 0:83 0:98EjetT bin (GeV) d�=dEjetT (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - dijets9:5; 14 0:345 �0:032 �0:017 �0:004 1:03 0:8814; 21 0:502 �0:028 �0:077 +0:007�0:004 0:99 0:9121; 29 0:375 �0:021 �0:030 �0:010 0:94 0:9229; 41 0:156 �0:011 �0:005 �0:007 0:92 0:9041; 55 0:0390 �0:0049 �0:0107 +0:0037�0:0026 0:88 0:9055; 71 0:0070 �0:0023 �0:0007 +0:0014�0:0016 0:90 0:9571; 87 0:0021 �0:0021 �0:0021 +0:0014�0:0000 1:00 0:94unpolarized - three jets8; 9:5 0:0096 �0:0096 �0:0025 +0:0016�0:0017 1:02 0:729:5; 14 0:060 �0:015 �0:015 �0:001 1:02 0:7714; 21 0:099 �0:015 �0:003 �0:004 0:96 0:7921; 29 0:0481 �0:0087 �0:0036 +0:0030�0:0027 0:92 0:7829; 41 0:0078 �0:0029 �0:0008 +0:0007�0:0006 0:86 0:85Table 8: Di�erential unpolarized inlusive-jet, dijet and three-jet ross-setionsd�=dEjetT and d�=dEjetT in e�p ollisions. Other details as in the aption to Table 6.
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EjetT bin (GeV) d�=dEjetT (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets14; 21 1:200 �0:046 �0:087 +0:020�0:019 0:99 1:0021; 29 0:863 �0:033 �0:029 +0:005�0:006 0:96 1:0029; 41 0:522 �0:019 �0:025 �0:005 0:93 1:0041; 55 0:242 �0:012 �0:016 �0:006 0:91 0:9955; 71 0:0901 �0:0067 �0:0078 +0:0037�0:0034 0:87 0:9971; 87 0:0269 �0:0035 �0:0067 +0:0011�0:0010 0:84 0:9887; 120 0:00329 �0:00078 �0:00179 +0:00064�0:00050 0:79 0:97EjetT bin (GeV) d�=dEjetT (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - dijets9:5; 14 0:288 �0:033 �0:017 +0:001�0:002 0:99 0:9014; 21 0:330 �0:026 �0:052 �0:004 0:95 0:9321; 29 0:190 �0:018 �0:015 +0:007�0:006 0:93 0:9329; 41 0:0433 �0:0066 �0:0023 +0:0026�0:0022 0:88 0:9341; 55 0:0112 �0:0032 �0:0031 +0:0014�0:0010 0:90 0:95unpolarized - three jets8; 9:5 0:019 �0:019 �0:005 �0:002 0:82 0:739:5; 14 0:040 �0:013 �0:010 �0:001 0:96 0:7614; 21 0:043 �0:012 �0:002 �0:002 0:93 0:8021; 29 0:0034 �0:0024 �0:0003 +0:0003�0:0002 0:86 0:8229; 41 0:0018 �0:0018 �0:0002 +0:0003�0:0002 0:88 0:86Table 9: Di�erential unpolarized inlusive-jet, dijet and three-jet ross-setionsd�=dEjetT and d�=dEjetT in e+p ollisions. Other details as in the aption to Table 6.
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Q2 bin (GeV2) d�=dQ2 (pb/GeV2) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets200; 500 0:01921 �0:00087 �0:00131 +0:00190�0:00180 0:98 0:97500; 1000 0:01803 �0:00056 �0:00047 +0:00049�0:00048 0:99 1:001000; 2000 0:01268 �0:00032 �0:00017 �0:00018 0:98 1:002000; 4000 0:00623 �0:00016 �0:00006 �0:00003 0:97 1:004000; 10000 0:001963 �0:000050 �0:000097 �0:000029 0:95 1:0010000; 20000 0:000376 �0:000016 �0:000045 +0:000015�0:000016 0:94 1:0020000; 88000 1:121 � 10�5 �0:091 � 10�5 �0:706 � 10�5 +0:113�0:114 � 10�5 0:93 1:00unpolarized - dijets200; 500 0:00409 �0:00091 �0:00112 +0:00094�0:00083 1:00 0:91500; 1000 0:00323 �0:00031 �0:00037 +0:00027�0:00026 0:97 0:921000; 2000 0:00251 �0:00016 �0:00004 �0:00009 0:97 0:912000; 4000 0:001170 �0:000071 �0:000112 +0:000024�0:000023 0:96 0:914000; 10000 0:000343 �0:000021 �0:000029 �0:000011 0:95 0:8910000; 20000 69:8 � 10�6 �6:9 � 10�6 �23:9 � 10�6 �4:1 � 10�6 0:99 0:8720000; 88000 2:11 � 10�6 �0:37 � 10�6 �1:62 � 10�6 �0:26 � 10�5 0:96 0:86unpolarized - three jets500; 1000 0:00034 �0:00018 �0:00015 +0:00006�0:00005 0:98 0:781000; 2000 0:000306 �0:000073 �0:000025 +0:000027�0:000026 0:96 0:782000; 4000 0:000193 �0:000034 �0:000024 +0:000011�0:000010 0:95 0:794000; 10000 5:04 � 10�5 �0:93 � 10�5 �2:18 � 10�5 �0:20 � 10�5 0:95 0:7910000; 20000 1:04 � 10�5 �0:25 � 10�5 �0:70 � 10�5 +0:09�0:08 � 10�5 0:95 0:7520000; 88000 1:34 � 10�7 �0:99 � 10�7 �0:06 � 10�7 �0:19 � 10�7 0:92 0:77Table 10: Di�erential unpolarized inlusive-jet, dijet and three-jet ross-setionsd�=dQ2 in e�p ollisions. Other details as in the aption to Table 6.
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Q2 bin (GeV2) d�=dQ2 (pb/GeV2) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets200; 500 0:01525 �0:00082 �0:00074 +0:00141�0:00134 0:96 0:97500; 1000 0:01241 �0:00050 �0:00018 �0:00024 0:96 1:001000; 2000 0:00707 �0:00026 �0:00021 �0:00003 0:95 1:002000; 4000 0:00273 �0:00011 �0:00010 �0:00004 0:94 1:004000; 10000 0:000530 �0:000027 �0:000037 �0:000021 0:91 1:0010000; 20000 4:35 � 10�5 �0:53 � 10�5 �0:71 � 10�5 �0:40 � 10�5 0:88 1:0020000; 88000 2:3 � 10�7 �1:1 � 10�7 �1:5 � 10�7 �0:4 � 10�7 0:81 1:00unpolarized - dijets200; 500 0:00204 �0:00072 �0:00051 +0:00042�0:00037 0:98 0:92500; 1000 0:00301 �0:00033 �0:00033 +0:00025�0:00024 0:96 0:931000; 2000 0:00152 �0:00014 �0:00003 +0:00004�0:00003 0:95 0:932000; 4000 0:000605 �0:000058 �0:000060 �0:000016 0:94 0:924000; 10000 0:000106 �0:000013 �0:000011 �0:000006 0:91 0:9210000; 20000 9:3 � 10�6 �2:4 � 10�6 �3:2 � 10�5 +1:1�1:0 � 10�6 0:92 0:9220000; 88000 7:4 � 10�8 �7:4 � 10�8 �5:8 � 10�8 �1:1 � 10�8 0:93 0:88unpolarized - three jets500; 1000 0:00038 �0:00020 �0:00017 �0:00006 0:97 0:781000; 2000 0:000156 �0:000055 �0:000013 +0:000014�0:000013 0:91 0:802000; 4000 0:000065 �0:000021 �0:000008 +0:000003�0:000002 0:91 0:804000; 10000 9:2 � 10�6 �4:4 � 10�6 �4:1 � 10�6 �0:7 � 10�6 0:88 0:7910000; 20000 4:6 � 10�7 �4:6 � 10�7 �3:1 � 10�7 �0:6 � 10�7 1:00 0:82Table 11: Di�erential unpolarized inlusive-jet, dijet and three-jet ross-setionsd�=dQ2 in e+p ollisions. Other details as in the aption to Table 6.
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x bin d�=dx (pb) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets0:006; 0:025 13:12 �0:50 �0:74 +0:86�0:82 0:95 1:010:025; 0:063 35:82 �0:85 �1:13 +0:70�0:69 0:98 1:000:063; 0:16 49:26 �0:98 �0:09 �0:14 0:97 0:990:16; 0:40 31:81 �0:77 �1:30 +0:53�0:54 0:97 0:990:40; 1:0 3:11 �0:23 �0:30 �0:23 0:95 0:98Table 12: Di�erential unpolarized inlusive-jet ross-setions d�=dx in e�pollisions. Other details as in the aption to Table 6.

x bin d�=dx (pb) Æstat Æsyst ÆES CQED Chadunpolarized - inlusive jets0:006; 0:025 9:49 �0:47 �0:41 +0:54�0:53 0:93 1:010:025; 0:063 21:40 �0:71 �0:76 �0:24 0:96 1:000:063; 0:16 21:64 �0:69 �0:76 +0:24�0:23 0:95 0:990:16; 0:40 8:55 �0:41 �0:48 �0:21 0:93 0:980:40; 1:0 0:439 �0:090 �0:084 �0:032 0:91 0:98Table 13: Di�erential unpolarized inlusive-jet ross-setions d�=dx in e+pollisions. Other details as in the aption to Table 6.
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lepton/ �jets (pb) Æstat (pb) Æsyst (pb) ÆES (pb) QCD preditions (pb)jet multipliity ZEUS-S CTEQ6 MRSTe�/inlusive jet 56:18 0:68 0:53 +0:34�0:32 54:47� 0:75 54:05 54:56e+/inlusive jet 26:88 0:51 0:82 +0:18�0:17 26:77� 0:45 25:85 26:49e�/dijet 10:87 0:34 0:80 +0:24�0:23 9:14� 0:35 9:05 9:26e+/dijet 5:83 0:29 0:45 +0:13�0:12 4:57� 0:19 4:38 4:55e�/three jet 1:52 0:15 0:09 �0:06 0:79� 0:22 0:79 0:82e+/three jet 0:563 0:110 0:037 +0:025�0:022 0:397� 0:118 0:386 0:409Table 14: Integrated unpolarized jet ross-setions �jets for jets of hadrons in thelaboratory frame seleted with the longitudinally invariant kT luster algorithm. Thestatistial, unorrelated systemati and energy-sale (ES) unertainties are shownseparately. The preditions of QCD as given by the Mepjet alulations using theZEUS-S PDFs are shown at NLO for the inlusive-jet and dijet ross setions and atLO for the three-jet ross setions, together with the total theoretial unertainty.Also shown are the total ross setions predited by QCD using the CTEQ6 orMRST PDF sets.
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M jj bin (GeV) d�=dM jj (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - dijets10; 15 0:090 �0:011 �0:010 �0:001 1:02 0:8715; 20 0:207 �0:018 �0:011 �0:002 0:99 0:8820; 30 0:284 �0:016 �0:032 +0:005�0:004 0:97 0:8930; 45 0:250 �0:014 �0:028 +0:006�0:007 0:96 0:9045; 65 0:0960 �0:0083 �0:0191 +0:0051�0:0038 0:95 0:9465; 90 0:0385 �0:0060 �0:0058 +0:0023�0:0032 0:94 0:9690; 120 0:0132 �0:0046 �0:0035 +0:0023�0:0016 0:97 0:96M3j bin (GeV) d�=dM3j (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - three jets20; 30 0:0069 �0:0024 �0:0017 �0:0001 0:99 0:8330; 45 0:0253 �0:0045 �0:0009 +0:0006�0:0008 0:99 0:7645; 65 0:0307 �0:0049 �0:0012 +0:0012�0:0011 0:97 0:7765; 90 0:0150 �0:0034 �0:0054 +0:0014�0:0012 0:94 0:7990; 120 0:0036 �0:0022 �0:0001 +0:0004�0:0003 0:94 0:85Table 15: Di�erential unpolarized dijet and three-jet ross-setions d�=dM jj andd�=dM3j in e�p ollisions. Other details as in the aption to Table 6.
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M jj bin (GeV) d�=dM jj (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - dijets10; 15 0:069 �0:011 �0:007 �0:001 0:96 0:9015; 20 0:146 �0:017 �0:010 +0:001�0:002 0:96 0:9020; 30 0:171 �0:015 �0:022 �0:003 0:95 0:9130; 45 0:108 �0:010 �0:013 �0:003 0:95 0:9345; 65 0:0522 �0:0077 �0:0103 +0:0023�0:0025 0:94 0:9565; 90 0:0169 �0:0052 �0:0026 +0:0015�0:0011 0:94 0:9790; 120 0:0020 �0:0020 �0:0002 +0:0003�0:0002 0:92 0:99M3j bin (GeV) d�=dM3j (pb/GeV) Æstat Æsyst ÆES CQED Chadunpolarized - three jets20; 30 0:0051 �0:0024 �0:0013 �0:0001 0:91 0:8430; 45 0:0124 �0:0037 �0:0006 +0:0005�0:0003 0:95 0:7545; 65 0:0076 �0:0029 �0:0007 �0:0004 0:94 0:7865; 90 0:0049 �0:0024 �0:0018 +0:0005�0:0004 0:90 0:81Table 16: Di�erential unpolarized dijet and three-jet ross-setions d�=dM jj andd�=dM3j in e+p ollisions. Other details as in the aption to Table 6.

31



e ν

W Jet
q

q
p

qg

q

ν

W

e

Jet

Jet

p

e
ν

W g

q
q

p Jet

Jet

q

(a)

(b) ()Figure 1: Examples of jet prodution up to O(�s) in CC DIS. Feynman dia-grams for: (a) quark-parton model, (b) boson-gluon fusion and () QCD-Comptonproesses.
32



 ZEUS

1

10

10 2

10 3

-1 0 1 2
 ηjet

 J
et

s

ZEUS CC e-p 106 pb-1 (Pe = -0.27)

1

10

10 2

10 3

25 50 75 100
 ET

 jet (GeV)

 J
et

s

ZEUS CC e-p  74 pb-1 (Pe = +0.29)

CDM

1

10

10 2

10 3

 Q2 (GeV2)

 J
et

s

103 104

1

10

10 2

10 3

 x

 J
et

s

10-2 10-1

(a) (b)

() (d)

Figure 2: Detetor-level data distributions for inlusive-jet prodution with neg-ative (dots) and positive (open irles) longitudinally polarized eletron beams withEjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region given by Q2 > 200GeV2 and y < 0:9 as funtions of (a) �jet, (b) EjetT , () Q2 and (d) Bjorken x. Foromparison, the distributions of the CDM Monte Carlo model normalized to thenumber of jets in the data (solid histograms) are inluded.
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Figure 3: Detetor-level data distributions for inlusive-jet prodution with neg-ative (dots) and positive (open irles) longitudinally polarized positron beams withEjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region given by Q2 > 200GeV2 and y < 0:9 as funtions of (a) �jet, (b) EjetT , () Q2 and (d) Bjorken x. Thedistributions of the Lepto-MEPS Monte Carlo model are also inluded (dashedhistograms). Other details as in the aption to Fig. 2.
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Figure 4: Detetor-level data distributions for dijet prodution with eletron(dots) and positron (open irles) beams with Ejet1T > 14 GeV, Ejet2T > 5 GeV and�1 < �jet < 2:5 in the kinemati region given by Q2 > 200 GeV2 and y < 0:9as funtions of (a) �jet1, (b) �jet2, () Ejet1T and (d) Ejet2T . Other details as in theaption to Fig. 2.
35



 ZEUS 

5

10

15

20

25

30

35

40

ZEUS CC e-p
P=-0.27 (106 pb-1)
P=+0.30 (74 pb-1)

NLO

inclusive jets

 d
σ/

dη
je

t  (
pb

)

1

1.5

2

2.5

3

-1 -0.5 0 0.5 1 1.5 2 2.5

polarization uncertainty

 ηjet

 d
σ/

dη
je

t (P
=-

0.
27

)/
dσ

/d
ηje

t (P
=+

0.
29

) 10
-2

10
-1

1

 d
σ/

dE
T j
et  (

pb
/G

eV
)

1

1.5

2

2.5

3

20 40 60 80 100 120
 ET

 jet (GeV) d
σ/

dE
T j
et (P

=-
0.

27
)/

dσ
/d

E
T j
et (P

=+
0.

29
)

10
-5

10
-4

10
-3

10
-2

10
-1

 d
σ/

dQ
2  (

pb
/G

eV
2 )

1

1.5

2

2.5

3

10
3

10
4

 Q2 (GeV2) d
σ/

dQ
2 (P

=-
0.

27
)/

dσ
/d

Q
2 (P

=+
0.

29
)

10

20

30

40

50

60

70

 E
jet

T   > 14 GeV

-1 < ηjet < 2.5

Q2 > 200 GeV2

y < 0.9 d
σ/

dx
 (

pb
)

1

1.5

2

2.5

3

10-2 10-1

 x

 d
σ/

dx
(P

=-
0.

27
)/

dσ
/d

x(
P

=+
0.

29
)

(a) (b)

() (d)

Figure 5: Measured inlusive-jet ross setions in CC e�p DIS for jets withEjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati regime given by Q2 >200 GeV2 and y < 0:9 as funtions of (a) �jet, (b) EjetT , () Q2 and (d) Bjorkenx for negative (dots) and positive (open irles) longitudinally polarized eletronbeams. The data points are plotted at the bin entres. The inner error bars representthe statistial unertainties of the data, and the outer error bars show the statistialand unorrelated systemati unertainties added in quadrature. For omparison, thepreditions of NLO QCD (solid lines) are inluded. The lower parts of the �guresdisplay the ratio of the ross setions for negatively- and positively-polarized eletronbeams (squares) and the predition (solid line) for the measured polarizations. Thehathed band displays the unertainty due to the polarization measurement.36
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Figure 6: Measured inlusive-jet ross setions in CC e+p DIS for jets with EjetT >14 GeV and �1 < �jet < 2:5 in the kinemati regime given by Q2 > 200 GeV2 andy < 0:9 as funtions of (a) �jet, (b) EjetT , () Q2 and (d) Bjorken x for negative(dots) and positive (open irles) longitudinally polarized eletron beams. Otherdetails as in the aption to Fig. 5.
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Figure 10: Measured unpolarized dijet ross setions in CC DIS for jets withEjet1T > 14 GeV, Ejet2T > 5 GeV and �1 < �jet < 2:5 in the kinemati regime givenby Q2 > 200 GeV2 and y < 0:9 as funtions of (a) �jet, (b) EjetT , () Q2 and (d)M jj in e�p (dots) and e+p (open irles) ollisions. Other details as in the aptionto Fig. 7.
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Figure 11: Relative di�erene between the measured ross setions of Fig. 10and the orresponding NLO QCD preditions in e�p (dots) and e+p (open irles)ollisions as funtions of (a) �jet, (b) EjetT , () Q2 and (d) M jj. The lower partsof the �gures display the ratio of the ross setions for e�p and e+p ollisions(squares). Other details as in the aption to Fig. 8.
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Figure 12: Three-jet andidate event in CC DIS in the ZEUS detetor. Theenergy deposition in the CAL is proportional to the size and density of shading inthe CAL ells. The lego plots show the CAL transverse energy deposition projetedin the � � � plane. In the X � Y view, only the energy deposition in the barrelalorimeter is shown.
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Figure 13: Four-jet andidate event in CC DIS in the ZEUS detetor. The energydeposition in the CAL is proportional to the size and density of shading in the CALells. The lego plots show the CAL transverse energy deposition projeted in the��� plane. In the X�Y view, only the energy deposition in the barrel alorimeteris shown.

44



 ZEUS 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.5 1 1.5 2 2.5

ZEUS CC e-p 180 pb-1

ZEUS CC e+p 179 pb-1

LO (norm.)

three jets

 η
—

 jet

 d
σ/

dη—
 je

t  (
pb

)

10
-3

10
-2

10
-1

10 15 20 25 30 35 40

 E
—

T
   jet  (GeV)

 d
σ/

dE—

T
   

je
t  (
pb

/G
eV

)

10
-7

10
-6

10
-5

10
-4

10
-3

10
3

10
4

 Q2 (GeV2)

 d
σ/

dQ
2  (

pb
/G

eV
2 )

10
-3

10
-2

10
-1

20 30 40 50 60 70 80 90 100 110 120

Q2 > 200 GeV2

y < 0.9

-1 < ηjet < 2.5

 E
jet1

T   > 14 GeV

 E
jet2

T   > 5 GeV

 E
jet3

T   > 5 GeV

 M3j (GeV)

 d
σ/

dM
3j

 (
pb

/G
eV

)

(a) (b)

() (d)

Figure 14: Measured unpolarized three-jet ross setions in CC DIS for jets withEjet1T > 14 GeV, Ejet2T > 5 GeV, Ejet3T > 5 GeV and �1 < �jet < 2:5 in thekinemati regime given by Q2 > 200 GeV2 and y < 0:9 as funtions of (a) �jet,(b) EjetT , () Q2 and (d) M3j in e�p (dots) and e+p (open irles) ollisions. Foromparison, the preditions of LO QCD based on the Mepjet alulations usingthe ZEUS PDF sets (solid lines) are also shown. The predited ross setions arenormalized to the measured three-jet ross setions (�1:92 for e�p and �1:42 fore+p). Other details as in the aption to Fig. 7.45
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Figure 15: Relative di�erene between the measured ross setions of Fig. 14and the orresponding LO QCD preditions in e�p (dots) and e+p (open irles)ollisions as funtions of (a) �jet, (b) EjetT , () Q2 and (d) M3j. The lower partsof the �gures display the ratio of the ross setions for e�p and e+p ollisions(squares). Other details as in the aption to Fig. 8.
46


	Introduction
	Experimental set-up
	Data selection and jet search
	Monte Carlo simulation
	Fixed-order QCD calculations
	Systematic uncertainties
	Results
	Polarized inclusive-jet cross sections
	Unpolarized inclusive-jet cross sections
	Dijet cross sections
	Measurements of three-jet cross sections and observation of four-jet events

	Summary

