
*0
70
7.
37
49
*

ar
X

iv
:0

70
7.

37
49

v1
  [

he
p-

ex
] 

 2
5 

Ju
l 2

00
7

DESY{07{102July 2007
Three- and four-jet �nal states inphotoprodution at HERA

ZEUS Collaboration
AbstratThree- and four-jet �nal states have been measured in photoprodution at HERAusing the ZEUS detetor with an integrated luminosity of 121 pb�1. The resultsare presented for jets with transverse energy EjetT > 6 GeV and pseudorapidityj�jetj < 2:4, in the kinemati region given by the virtuality of the photon Q2 <1 GeV2 and the inelastiity 0:2 � y � 0:85 and in two mass regions de�ned as25 �Mnj < 50 GeV and Mnj � 50 GeV, where Mnj is the invariant mass of then-jet system. The four-jet photoprodution ross setion has been measured forthe �rst time and represents the highest-order proess studied at HERA. Both thethree- and four-jet ross setions have been ompared with leading-logarithmiparton-shower Monte Carlo models, with and without multi-parton interations.The three-jet ross setions have been ompared to an O(��2s) perturbative QCDalulation.
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1 IntrodutionIn photoprodution at HERA, a quasi-real photon, emitted by the inoming eletron1,interats with the proton. Hard photoprodution [1{10℄ may be ategorised at leadingorder (LO) as being either diret, if the photon interats as a point-like partile, orresolved, if it utuates into a partoni system, and subsequently transfers only a frationof its momentum to the hard interation.Photoprodution ollisions at HERA an lead to �nal states with multiple jets. Multi-jetevents are of partiular interest as they are produed by proesses that are manifestlybeyond LO in the strong oupling onstant, �s. Presently, preditions from perturbativequantum hromodynamis (pQCD) pertaining to multi-jet �nal states in photoprodutionare only available up to O(��2s), where � is the �ne struture onstant.The hadron-like struture of the photon in resolved proesses gives rise to the possibilityof multi-parton interations (MPIs) at HERA. In the MPI piture, more than one pairof partons takes part in the hard interation. A shemati of an MPI event is shownin Fig. 1. The seondary satters generate additional hadroni energy ow in the event,the topology and magnitude of whih is poorly understood theoretially. Potentially, thisenergy ow may lead to the formation of jets and so MPIs may onstitute a soure ofmulti-jets in the �nal state. Multi-parton interations have been studied before at theTevatron [11{14℄, in dijet photoprodution events at HERA [15, 16℄ and are expeted tobe prevalent at the LHC [17,18℄.Three-jet photoprodution events have been studied before at HERA in the M3j �50 GeV [19℄ region of three-jet invariant mass. Multi-jet �nal states have also beenstudied in deep inelasti sattering (DIS) at HERA [20{23℄. In this paper, di�erentialross setions are presented for the three-jet photoprodution �nal state, in a wider M3jregion and with over seven times the luminosity of the previous ZEUS publiation [19℄.The four-jet photoprodution ross setions are presented here for the �rst time. Alsoexamined is the desription of the data by two Monte Carlo (MC) models and whetheror not it is improved by the introdution of simulated MPIs. In addition, an O(��2s)predition has been ompared to the three-jet data.2 Experimental onditionsThe data were olleted using the ZEUS detetor during the 1996 to 2000 running periods.In 1996 and 1997, HERA ollided positrons with protons, with energies of Ee = 27:5 GeV1 From now on the word \eletron" is used as a generi term for eletrons and positrons, unless statedotherwise. 1



and Ep = 820 GeV, respetively, orresponding to a beam entre-of-mass energy, ps,of 300 GeV. From 1998 onwards the proton beam energy was raised to Ep = 920 GeV(ps = 318 GeV). Furthermore, a subsample of these later data onsists of eletron-protonollisions. The total sample orresponds to an integrated luminosity of (121� 2) pb�1,of whih 82 pb�1 were olleted at ps = 318 GeV. A detailed desription of the ZEUSdetetor an be found elsewhere [24, 25℄. A brief outline of the omponents that are ofmost relevane to this analysis is given below.The high-resolution uranium{sintillator alorimeter (CAL) [26℄ onsists of three parts:the forward, the barrel and the rear alorimeters. Eah part is subdivided transverselyinto towers and longitudinally into one eletromagneti and either one (in the rear) or two(in the barrel and forward) hadroni setions. The smallest subdivision of the alorime-ter is alled a ell. The CAL relative energy resolutions, as measured under test-beamonditions, are 0:18=pE for eletrons and 0:35=pE for hadrons, with E in GeV.Charged partiles are measured in the entral traking detetor (CTD) [27℄, whih op-erates in a magneti �eld of 1.43 T provided by a thin superonduting oil. The CTDovers the polar-angle2 region 15Æ < � < 164Æ. The relative transverse-momentum resolu-tion for full-length traks is �pT =pT = 0:0058pT�0:0065�0:0014=pT , with pT in GeV. Bothtraking and alorimetry were used to reonstrut the transverse energy and diretion ofjets as desribed in Setion 3.The luminosity was measured from the rate of the bremsstrahlung proess ep ! ep,where the photon is deteted in a lead{sintillator alorimeter [28℄ plaed in the HERAtunnel at Z = �107 m.3 Event reonstrution and seletionA three-level trigger system was used to selet events online [25,29℄. At the �rst two levels,general harateristis of photoprodution ollisions were required and bakground frombeam-gas events was rejeted. At the third level, jets were reonstruted by applyinga one jet algorithm to the CAL ells. Events with at least two jets satisfying EjetT �4:5 GeV and �jet � 2:5 were aepted, where EjetT and �jet are the transverse energy andpseudorapidity of the jet evaluated in the laboratory frame.In the o�ine analysis, the hadroni �nal state was reonstruted using energy-ow ob-jets [30,31℄ (EFOs), whih are formed from a ombination of trak and alorimeter infor-2 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe entre of HERA. The oordinate origin is at the nominal interation point.2



mation. This approah optimises the energy resolution and the one-to-one orrespondenebetween the detetor-level objets and the hadrons. The EFOs were orreted [32, 33℄ toaount for energy losses in the dead material and were fored to be massless by settingthe energy omponent equal to the magnitude of the three-momentum.The jets were reonstruted using the kT luster algorithm [34℄ in the longitudinallyinvariant inlusive mode [35℄ using the p2T reombination sheme. At the detetor level,jets were formed from the EFOs. The energy and angular reonstrution of the detetor-level jets exhibited no systemati bias with respet to those de�ned at the hadron level.The data sample was seleted by requiring the following:� the longitudinal position of the reonstruted vertex was in the range jZvtxj � 40 m;� yJB � 0:2, to redue the ontamination from beam-gas events, where yJB is theJaquet{Blondel estimator [36℄ of the inelastiity, y, the fration of the inomingeletron momentum arried by the photon;� no sattered eletron was observed in the CAL with ye � 0:85, to remove bakgrounddue to DIS, where ye is the eletron-method estimator of y;� yJB � 0:85, whih further removed ontamination from DIS;� PmissT =pET � 2 GeV1=2, where PmissT is the missing transverse momentum and ETis the total transverse energy. This removed any bakground from harged urrent,osmi and halo-muon events;� at least three (or four, depending on the spei� sample) jets were found with j�jetj �2:4 and EjetT � 6 GeV.Furthermore, the three- and four-jet analyses were onduted in low- and high-mass re-gions given by 25 � Mnj � 50 GeV and Mnj � 50 GeV, respetively, where Mnj is theinvariant mass of the n-jet system.After all of the seletion riteria had been applied, the low- and high-mass, three-jet datasamples had 291646 and 38098 events, respetively, while the equivalent four-jet datasamples had 31533 and 12525 events.Photoprodution events are haraterised by the low virtuality, Q2, of the quasi-realexhanged photon, where Q2 is the negative of the photon four-momentum squared. Thekinematis are spei�ed by y and x , the fration of the photon momentum taking part inthe interation. The variable x an be approximated using the observable xobs , de�nedas xobs = Pni=1EjetT;i exp(��jeti )2yEe ; (1)where the sum runs over the n-jets onsidered in the event and Ee = 27:5 GeV denotesthe energy of the inoming eletron. 3



An angular variable used to analyse three-jet events is  3 [37℄, whih, as shown in Fig. 2,is the angle in the three-jet entre-of-mass frame between the plane ontaining the highestenergy jet and the beam, and the plane ontaining the three jets. The beam is desribedby the three-vetor pbeam = pp�pe, where pp and pe are the momenta of the proton andeletron beams, respetively. The variable may be written asos( 3) = (pbeam � p3) � (p4 � p5)jpbeam � p3jjp4 � p5j ; (2)where it is onventional to number the three jets, 3, 4 and 5, in order of dereasing energy.The  3 angle reets the orientation of the lowest-energy jet. In the ase where this jetarises from initial-state gluon radiation, the oherene property of QCD will tend to orientthe third jet lose to the inoming proton or photon diretion. The two planes shown inFig. 2 will therefore tend to oinide leading to a  3 distribution that peaks toward 0 and�.4 Monte Carlo modelsTwo MC generators were used to simulate photoprodution events, Herwig 6.505 [38℄and Pythia 6.206 [39℄. Both models inlude the LO (2 ! 2) matrix elements, approxi-mate higher-order proesses using initial-state and �nal-state parton showers and simulatehadronisation. Diret and resolved photoprodution samples were generated separately.The implementation of the parton-showers and hadronisation models in the generatorsdi�ers [39{42℄. Hadronisation in Herwig is simulated using the luster model [43℄ whilePythia uses the Lund string model [44, 45℄.4.1 Underlying-event modelsIn the Herwig samples, MPIs were simulated using a separate program alled Jimmy4.0 [46{49℄. The latter is based on a simple eikonal model that approximates the inter-ating hadrons as disks that are extended in the transverse plane. An impat parameterquanti�es the degree to whih the two disks overlap during the ollision.The Pythia MPI model that was used in this paper is known as the \simple model" [39℄.It estimates the average number of MPIs per event, �n, as �n = �H(p̂minT )=�ND(s), where �Hand �ND are the inlusive-hard and non-di�rative, inelasti ross setions, respetively,and p̂minT is a minimal onstraint applied to the pT of the partoni ollision. The numberof MPIs is assumed to obey a Poisson distribution. The probability that the seondaryollisions our with transverse momentum pT is given by P (pT ) = (1=�ND(s))(d�H=dpT ).4



The simple model proeeds by ordering the seondary interations in terms of pT and thenalulates the probability of eah suessive satter.4.2 Monte Carlo samplesThe MC samples were used for two purposes: to orret the data for detetor e�ets andto ompare to the measured hadron-level ross setions. The MC samples used to orretthe data inluded a full Geant 3.13 [50℄ simulation of the ZEUS detetor and three-leveltrigger. The resolved and diret MC samples were ombined in the ratio that gave thebest �t to the xobs distribution in the data, signi�antly improving the overall desriptionof the data by the MC. The resolved and diret samples used to ompare to the measuredross setions, however, were ombined in the ratio predited by the MC models.The Herwig samples that were ompared to the data were generated with p̂minT set to4 GeV and with the CTEQ5L [51℄ and GRV-G LO [52℄ parameterisations for the protonand photon parton density funtions (PDFs), respetively. All other Herwig parameterswere set to default. To simulate the Herwig MPIs, the Jimmy model was run with theminimum pT of the seondary satters, p̂mpiT , set to 2.2 GeV, the probability that thephoton would resolve via a large hadron-like utuation set to 1=340 and the e�etivetransverse radius of the photon squared was inreased by a fator of 4 from its defaultvalue. These adjusted MPI settings were the result of simultaneous tuning to the three-and four-jet xobs ross setions measured in this analysis, in the low- and high-massregions.The Pythia samples that were ompared to the data were generated with p̂minT = 4:5 GeV,p̂mpiT = 1:9 GeV, whih is the default value, and with the CTEQ5L and GRV-G LOparameterisations for the proton and photon PDFs, respetively. All other Pythia andsimple-model parameters were set to default.4.3 Monte Carlo saling fatorsBoth LO MC simulations underestimated the magnitude of the measured ross setions.To ompare with the shape of the di�erential ross setions, the MC preditions wereeither area normalised to the equivalent data set or saled by the fator required toarea normalise the high-mass MC ross setions to the high-mass data, where MPIs areexpeted to be less inuential. The hoie of normalisation proedure will be learlystated in Setion 8 and in the �gure aptions.The saling fators that were applied to the Herwig and Pythia ross setions are shownin Table 1. The saling fators for the Pythia model were signi�antly larger than for5



Herwig. Within eah model, the fators applied to the three-jet preditions were similarwhether MPIs were inluded or not, indiating that both models expet relatively littlee�et from MPIs in the high-mass three-jet sample. In the four-jet ase, however, thesaling fators for the high-mass MPI samples were signi�antly smaller than those forthe nominal samples, showing that both models predit a sizable ontribution from MPIsin the high-mass four-jet sample.5 The O(��2s) pQCD alulationThe three-jet di�erential ross setions were alulated at O(��2s) using the program byKlasen, Kleinwort and Kramer [53, 54℄. The alulation is LO for this proess. Therenormalisation, �r, and fatorisation, �f , sales were set to �r = �f = � = EmaxT , theET of the hardest parton. The theoretial sale unertainty was evaluated by varying�, setting it to 2�1EmaxT . The value of �s was alulated with one-loop preision andassuming �ve ative avours. A value of �(5)MS = 181 MeV was taken. The CTEQ6L [55℄proton and GRV-G LO [56℄ photon PDFs were used for the alulation.The theoretial alulations were orreted for both hadronisation and MPI e�ets. Theorretion fators were obtained using the Herwig and Pythia models. The hadronisa-tion orretions, Chad, were alulated by taking the bin-by-bin ratio of the MC ross se-tions at the hadron (�HL) and parton levels (�PL), Chad = �HL=�PL. To obtain �PL, the kTluster algorithm was run over all partons produed by the parton shower, prior to hadro-nisation. The MPI orretions, CMPI, were alulated by taking the bin-by-bin ratio of thehadron-level ross setions, with (�MPIHL ) and without MPIs (�noMPIHL ), CMPI = �MPIHL =�noMPIHL .The hadronisation and MPI orretions that were applied to the alulation representedthe average orretions taken from the two MC models. A symmetri unertainty wasassoiated with the orretion fators equal to half the di�erene between the preditionsof the two MC models. The hadronisation orretions were found to typially reduethe ross setion by O(20%), whereas the MPI orretions inreased the ross setion byO(50%) in the low-mass region and by O(10%) in the high-mass sample. The unertaintyassoiated with the MPI orretions was larger than that estimated for the hadronisationfators.6 Aeptane orretionsDetetor e�ets and trigger ineÆienies were aounted for by applying bin-by-bin or-retion fators, Cdet = �HL=�DL, where �DL is the predited detetor-level ross setion.6



The orretion fators were extrated separately from the Herwig and Pythia MC sam-ples with MPIs. Before alulating the orretions, the resolved omponents of the MCsamples were reweighted in yJB to improve the overall desription of the data [57℄. Thetypial bin-by-bin orretions applied to the low- and high-mass three-(four-)jet data wereapproximately 0:75 (0:45) and 1:3 (0:95), respetively. The largest orretion fators werefound in the lowest EjetT and the extreme �jet bins.One orreted to the hadron level, the measured ross setions, �ps, at ps = 300 GeVand ps = 318 GeV were ombined using the following formula:� = �300 � (�m318=�m300) � L300 + �318 � L318L300 + L318 ; (3)where Lps is the integrated luminosity and �mps , the predited ross setion at ps. Assuh, the measured ross setions presented here orrespond to ps = 318 GeV. The�m318=�m300 ratios were � 1:1 for all but the low-mass four-jet sample, where it was around10% larger.The results presented here represent the average hadron-level ross setions obtainedwhen the data is treated with Herwig or Pythia, with half the spread interpreted assymmetri systemati unertainty. This systemati unertainty was added in quadratureto those desribed below.7 Systemati unertaintiesA detailed study of the soures of systemati unertainty assoiated with the measurementwas performed using the Herwig MC sample [57℄. The soures ontributing to the quotedsystemati unertainties are,� the CAL energy sale unertainty is �3%. The energy sale was hanged in the MCsimulation aordingly;� the unertainty due to the dependene of the measured ross setions on the detetor-level seletion riteria, whih were varied up and down by the detetor resolution forthe data and the MC samples together. More spei�ally,{ the EjetT ut on eah of the jets was hanged by �1 GeV;{ the j�jetj ut on eah of the jets was hanged by �0:04;{ the Mnj seletion riteria were hanged by �10%;{ the lower and upper ut on yJB was hanged by �0:03 and �0:05, respetively;7



{ the ut on ye, used to di�erentiate between real and fake sattered-eletron an-didates, was hanged by �0:05.In addition, it was veri�ed that the bin-by-bin aeptane orretions were not sensitiveto variations in the relative amount of diret and resolved events or the exat shape ofthe yJB distribution in the ombined MC sample.All the systemati unertainties were added in quadrature exept that assoiated withthe CAL energy sale. The CAL energy sale unertainty is highly orrelated betweenbins and is displayed separately in the plots presented here.The largest systemati unertainty in the ross setions, exept for the high-mass three-jet ase, was that assoiated with the CAL energy sale, whih led to an unertaintyof approximately �10% in both the low- and high-mass three-jet ross setions, and�20% and �15% in the low- and high-mass four-jet ross setions, respetively. Thelargest unertainty in the high-mass three-jet ross setion ame from the hoie of MCmodel used to alulate the aeptane orretions and was approximately �10%. In thelow-mass three-jet sample, the unertainty due to the MC model was �5% and in thefour-jet low- and high-mass samples the values were �3% and �4%, respetively. Anothersigni�ant soure of systemati unertainty in the low-mass samples was that assoiatedwith the EjetT seletion riteria, whih generated a �4% and �8% e�et in the three- andfour-jet ases, respetively. In the high-mass samples, varying the Mnj seletion riteriagenerated a �8% and �6% e�et in the three- and four-jet ross setions, respetively.The high-mass four-jet ross setion was also sensitive to varying the EjetT ut, whihhanged its value by about �4%.8 Results and disussionThe three- and four-jet photoprodution ross setions are presented here at the hadronlevel for jets with EjetT � 6 GeV and j�jetj � 2:4, in the kinemati region given byQ2 < 1 GeV2 and 0:2 � y � 0:85, and in low- (25 � Mnj < 50 GeV) and high-mass(Mnj � 50 GeV) regions.8.1 The d�=dMnj ross setionThe three- and four-jet ross setions are given as a funtion of Mnj in Fig. 3 and Tables 2and 3. In general, both ross setions derease exponentially with inreasing Mnj. Alsoshown in Fig. 3 are the Herwig and Pythia preditions without MPIs, normalised to thehigh-mass region (Mnj � 50 GeV). Both models inorretly desribe the Mnj dependene8



of the ross setion and signi�antly underestimate the low mass data. The disrepanyis larger in the four-jet ase. With the inlusion of MPIs, both saled MC preditions givea reasonably good desription of the data over the full Mnj ranges.
8.2 The d�=dxobs ross setionThe three- and four-jet ross setions are given as a funtion of xobs for the low- and high-mass samples in Fig. 4 and Tables 4 and 5. The distributions exhibit a peak at xobs � 0:9in all but the low-mass four-jet sample. The low-mass ross setions show enhanement atlow xobs ompared to those at high-mass, whih is a onsequene of the tighter kinemationstraints at high mass. The degree to whih the low xobs region is enhaned is largerin the four-jet ase. Shown also in Fig. 4 are the saled MC preditions ompared to thedata.The MC preditions show that, in the absene of MPIs, the three- and four-jet rosssetions are expeted to derease with dereasing xobs in both mass regions. Moreover,the low-xobs suppression is expeted to be marginally stronger in the four-jet ase. Thelow-mass data, however, are in ontradition to both preditions. These data thereforesuggest that some mehanism in addition to the proesses modelled in the MC withoutMPIs, is ontributing to the low-mass ross setions. One possible mehanism is MPIs.A omparison of the data with the MC preditions, normalised to the high-mass data,shows that both those with and without MPIs are in reasonable agreement with the high-mass ross setions (Figs. 4b and 4d). In the low-mass low-xobs regions that are poorlydesribed by the nominal MC models, the introdution of MPIs to the simulations aidsthe desription of the data. More spei�ally, the Herwig predition with tuned MPIsdesribes the data reasonably well in all of the samples. The default Pythia model tendsto overestimate the data in the mid-xobs region (0:4 . xobs . 0:8) in the low-mass samplesbut desribes the ross setion reasonably well elsewhere.Shown also in Fig. 4 is the ontribution to the Herwig preditions attributed to diretproesses, as de�ned in that LO model with parton showers. In all four samples, diretevents are predited to be found solely at high xobs , although resolved proesses areexpeted to make a signi�ant, and in the four-jet ase dominant, ontribution even athigh xobs . This is in ontrast to the behaviour of dijet photoprodution, where the high-xobs region is dominated by diret events [15℄.9



8.3 The d�=dy ross setionThe three- and four-jet ross setions are given as a funtion of y in the low- and high-masssamples in Fig. 5 and Tables 6 and 7. The ross setions are observed to inrease steeplywith y in all but the low-mass three-jet sample where it is approximately onstant. Theshapes of the distributions are governed by the available kinemati phase spae and theenergy distribution of the photon ux: while the phase spae inreases with y, the photonux dereases with inreasing y.Also shown in Fig. 5 are the preditions from Herwig and Pythia, with and withoutMPIs, whih have been area normalised to the data. At high mass, the preditions withand without MPIs are similar and desribe the data well. In the low-mass samples, MPIsare predited to ause a more steeply inreasing ross setion. However, the data are notpreise enough to di�erentiate between the various models and all of the MC preditionsroughly desribe the data.8.4 The d�=dEjetT and d�=d�jet ross setionsThe ross setions are given as a funtion of the EjetT of eah of the jets in both three-jetsamples in Fig. 6 and Tables 8 to 10 and in both four-jet samples in Fig. 7 and Tables 11to 14. Similarly, the d�=d�jet ross setions are given in Figs. 8 and 9 and Tables 15 to21. In eah ase the jets have been ordered in desending EjetT .The EjetT distributions of all of the jets in all of the samples are observed to fall o� approx-imately exponentially with inreasing EjetT . All of the samples are similarly distributedwhen binned in terms of �jet, regardless of the position of the jet in the EjetT ordering. Thegeneri trend is an inreasing ross setion from �jet � �1:4 followed by a plateau and,in the high-mass samples, a ontinued rise above �jet � 1:4. In the low-mass samples,the plateaux begin at �jet � 0:6 and extend to the upper edge of the measured � region.In the high-mass samples, the lower bounds of the �jet ranges overed by the plateauxderease with dereasing EjetT , while the upper bounds all lie at �jet � 1:4.Shown also in Figs. 6 and 7 are d�=dEjetT preditions from the Pythia and Herwigmodels, with and without MPIs, normalised to the data. The desription of the databy eah of the MC models is generally good for all of the jets in all of the samples,although the MC preditions do vary somewhat. In all four samples, the Pythia rosssetions without MPIs give the poorest desription, in partiular of d�=dEjet2T . Overall,the desription of the data is improved by the inlusion of MPIs.Figures 8 and 9 show the omparison between d�=d�jet in the data and as predited bythe MC models. Eah MC model largely desribes both sets of high-mass data. The10



best desription of the low-mass data is given by the Herwig model with tuned MPIs.The Pythia predition with default MPIs also generally desribes the data. The poorestdesription is of the three-jet �jet1 distribution. The introdution of MPIs into the sim-ulations ertainly aids the desription. In general, the MC models without MPIs predita ross setion that falls o� at high �jet but MPIs redue this e�et in line with what isobserved.8.5 The d�=d os( 3) ross setionThe three-jet ross setion is given as a funtion of os( 3) for the low- and high-masssamples in Fig. 10 and Table 22. The os( 3) ross setion has a similar shape in both thelow- and high-mass samples; relatively at in the entral os( 3) region and inreasingrapidly as j os( 3)j ! 1. Also shown in Fig. 10 is a omparison of the MC models withthe data. All of the area normalised MC preditions desribe the data well.8.6 The d�=dM3j ross setion ompared with O(��2s) pQCDFigure 11 shows an O(��2s) predition, orreted for hadronisation e�ets and MPIs, om-pared to the measured d�=dM3j ross setion. The hadronisation and MPI orretions,inluding their estimated unertainties, are given in Fig. 11b and in Table 2. The hadro-nisation orretions are onstant in M3j, while the MPI orretions inrease signi�antlytowards low M3j. The theoretial unertainties on both the MPI orretions and thepQCD preditions are large. The magnitude and shape of the alulation is onsistentwith the data within the large theoretial unertainties. This is best seen in the data overtheory ratio shown in Fig. 11. The level of onsisteny between data and theory wouldbe far worse at low M3j if it were not for the large MPI orretions.8.7 The d�=dEjetT ross setion ompared with O(��2s) pQCDFigure 12 shows the omparison between the measured and predited d�=dEjetT rosssetions at O(��2s) for eah jet in the low- and high-mass three-jet samples. The pQCDpreditions have been orreted for hadronisation e�ets and MPIs, whih are detailed inTables 8 to 10 (not shown in Fig. 12). Hadronisation is predited to derease the parton-level ross setions at low EjetT , whereas the MPIs are expeted to do the reverse in thelow-mass region: at high mass they are small.The alulation is largely onsistent, within the large unertainties, with both the low-and high-mass data. The exeption to this is the rapid predited fallo� of the Ejet1T ross11



setion at high Ejet1T in the low-mass sample, whih is not observed in the data. Thise�et is due to the three-parton kinematis within the theory, whih preludes the highestmomentum parton from arrying more than half of the total entre-of-mass energy. Thus,for the low-mass sample, the Mnj < 50 GeV riterium translates into an ET < 25 GeVonstraint for the partons in the theory, as indeed observed.8.8 The d�=d�jet ross setion ompared with O(��2s) pQCDFigure 13 shows the omparison between the measured and predited d�=d�jet ross se-tions at O(��2s) for eah jet in the low- and high-mass three-jet samples. The hadroni-sation and MPI orretion fators are given in Tables 15 to 17 (not shown in Fig. 13).Hadronisation is predited to ause an overall derease in the parton-level ross setions,most signi�antly at low �jet. The MPIs in the low-mass sample are predited to ause asmall inrease in the ross setion at low �jet, beoming larger as �jet inreases. The al-ulation is onsistent with the �jet distributions. There is some indiation of a di�erenein shape at lower masses, however, the unertainties are again large. The desription ofthe low-mass data would be worse if it were not for the MPI orretions.8.9 The d�=d os( 3) ross setion ompared with O(��2s) pQCDThe omparison between the measured and the predited d�=d os( 3) ross setionsat O(��2s) is shown for the low-mass sample in Fig. 14 and for the high-mass regionin Fig. 15. The ratio of the low-mass data divided by the alulation is shown alongwith the hadronisation and MPI orretions, whih are also given in Table 22. In bothlow- and high-mass regions, the QCD alulation is onsistent with the data. There issome indiation of a di�erene in shape at low masses; however, the theory has largeunertainties.9 SummaryThree- and four-jet states have been measured in hard p ollisions at HERA, usingan integrated luminosity of 121 pb�1. The three- and four-jet ross setions have beenmeasured for jets with EjetT > 6 GeV and j�jetj < 2:4, in the kinemati region given byQ2 < 1 GeV2 and 0:2 � y � 0:85 and in two mass regions de�ned as 25 �Mnj < 50 GeVand Mnj � 50 GeV. The three-jet events have been measured with over seven times theluminosity of the previous ZEUS publiation and in a wider M3j region. The four-jetproess desribed here has been measured for the �rst time at HERA.12



In the high-mass regions, the shape of the three- and four-jet ross setions are reasonablywell desribed by both the Pythia and Herwig models without MPIs. In the low-massregion, the MC models without MPIs underestimate the data when normalised to themeasured high-mass ross setion. When MPIs are added to the MC simulations, theagreement between the models and data is generally improved. Although the data havelarge unertainties, the measured ross setions are potentially useful in the testing andtuning of MPI and underlying-event models.The O(��2s) pQCD alulation was ompared to the three-jet data and is onsistent withinthe large unertainties. The MPI orretions typially improved the desription of thedata by the pQCD alulation. This data will provide a testing ground for higher-orderalulations in photoprodution.10 AknowledgmentsThe support and enouragement of the DESY Diretorate has been invaluable and we areindebted to the HERA mahine group for their diligent e�orts. The design, onstrutionand installation of the ZEUS detetor involved many people both in and outside of DESYthat are not listed as authors here but their ontributions are aknowledged with greatappreiation nonetheless.
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Herwig saling fators3-jet no MPIs 3-jet with MPIs 4-jet no MPIs 4-jet with MPIs1.7 1.7 3.1 2.1Pythia saling fators3-jet no MPIs 3-jet with MPIs 4-jet no MPIs 4-jet with MPIs3.8 3.1 9.2 5.3Table 1: The saling fators applied to the Herwig and Pythia xobs and Mnjross setions.
M3j range d�=dM3j �stat. �syst. �E-sale had. orr. MPI orr.(GeV) (pb/GeV)25 - 32 94 � 0 +10�9 +12�12 0.793 �0.004 1.88 �0.3732 - 41 80.4 � 0.3 +8:5�8:2 +9:5�9:5 0.805 �0.010 1.44 �0.2341 - 50 48.4 � 0.3 +5:5�5:4 +5:6�5:6 0.815 �0.015 1.25 �0.1650 - 59 25.2 � 0.2 +3:1�3:1 +2:5�2:5 0.815 �0.017 1.15 �0.1359 - 70 10.7 � 0.1 +1:9�1:4 +1:2�1:2 0.817 �0.008 1.09 �0.1070 - 82 4.00 � 0.08 +0:56�0:52 +0:50�0:50 0.810 �0.009 1.07 �0.0882 - 95 1.44 � 0.04 +0:24�0:27 +0:20�0:20 0.808 �0.007 1.04 �0.0595 - 109 0.61 � 0.02 +0:28�0:21 +0:07�0:07 0.811 �0.014 1.03 �0.05109 - 124 0.179 � 0.012 +0:084�0:066 +0:023�0:023 0.840 �0.019 1.03 �0.05124 - 140 0.066 � 0.008 +0:022�0:019 +0:014�0:014 0.798 �0.008 1.00 �0.04140 - 160 0.023 � 0.005 +0:019�0:010 +0:012�0:012 0.809 �0.012 1.00 �0.06Table 2: The measured three-jet di�erential ross-setion d�=dM3j. The sta-tistial, systemati and alorimeter energy sale (E-sale) unertainties are shownseparately. Also shown are the hadronisation and MPI orretions that were appliedto the O(��2s) predition.
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M4j range d�=dM4j �stat. �syst. �E-sale(GeV) (pb/GeV)25 - 32 1.16 � 0.04 +0:29�0:20 +0:28�0:2832 - 41 5.8 � 0.1 +0:6�0:7 +1:1�1:141 - 50 6.3 � 0.1 +0:7�0:7 +1:1�1:150 - 59 4.49 � 0.09 +0:65�0:48 +0:73�0:7359 - 70 2.85 � 0.07 +0:43�0:59 +0:43�0:4370 - 82 1.25 � 0.05 +0:27�0:20 +0:22�0:2282 - 95 0.488 � 0.027 +0:064�0:063 +0:087�0:08795 - 109 0.237 � 0.018 +0:052�0:068 +0:042�0:042109 - 124 0.060 � 0.009 +0:019�0:013 +0:010�0:010124 - 140 0.027 � 0.006 +0:019�0:015 +0:006�0:006140 - 160 0.0024 � 0.0016 +0:0053�0:0019 +0:0012�0:0012Table 3: The measured four-jet di�erential ross-setion d�=dM4j. Other detailsas desribed in the aption to Table 2.
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xobs range d�=dxobs �stat. �syst. �E-sale(pb)25 �M3j < 50 GeV0.00 - 0.11 109 � 7 +66�53 +31�310.11 - 0.22 1449 � 15 +334�324 +289�2890.22 - 0.33 2102 � 15 +240�230 +361�3610.33 - 0.47 1989 � 13 +128�119 +292�2920.47 - 0.62 1774 � 12 +117�97 +234�2340.62 - 0.75 1752 � 13 +115�99 +199�1990.75 - 0.85 2579 � 19 +204�184 +253�2530.850 - 0.935 3803 � 26 +672�600 +227�2270.935 - 1.000 730 � 12 +203�194 +22�22M3j � 50 GeV0.11 - 0.22 6.9 � 1.0 +8:0�5:0 +2:0�2:00.22 - 0.33 51 � 3 +10�13 +10�100.33 - 0.47 153 � 4 +42�42 +21�210.47 - 0.62 310 � 6 +87�75 +40�400.62 - 0.75 504 � 8 +93�86 +60�600.75 - 0.85 871 � 12 +101�113 +100�1000.850 - 0.935 1695 � 18 +202�211 +161�1610.935 - 1.000 666 � 14 +169�164 +52�52Table 4: The measured three-jet di�erential ross-setion d�=dxobs in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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xobs range d�=dxobs �stat. �syst. �E-sale(pb)25 �M4j < 50 GeV0.00 - 0.11 4.9 � 1.7 +5:1�3:0 +1:4�1:40.11 - 0.22 100 � 4 +44�37 +21�210.22 - 0.33 210 � 5 +46�45 +53�530.33 - 0.47 177 � 4 +31�18 +38�380.47 - 0.62 136 � 3 +21�13 +29�290.62 - 0.75 94 � 3 +27�17 +14�140.75 - 0.85 113 � 3 +42�35 +15�150.850 - 0.935 125 � 4 +28�33 +9�90.935 - 1.000 22 � 2 +6�13 +3�3M4j � 50 GeV0.11 - 0.22 0.4 � 0.2 +2:3�0:2 +0:2�0:20.22 - 0.33 25 � 2 +14�12 +9�90.33 - 0.47 64 � 3 +26�23 +11�110.47 - 0.62 103 � 3 +26�30 +19�190.62 - 0.75 126 � 4 +18�24 +21�210.75 - 0.85 170 � 5 +31�27 +24�240.850 - 0.935 307 � 8 +39�40 +35�350.935 - 1.000 122 � 5 +69�37 +7�7Table 5: The measured four-jet di�erential ross-setion d�=dxobs in both the low-and high-mass regions. Other details as desribed in the aption to Table 2.
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y range d�=dy �stat. �syst. �E-sale(pb)25 �M3j < 50 GeV0.200 - 0.272 2264 � 22 +400�392 +152�1520.272 - 0.344 2794 � 22 +491�382 +286�2860.344 - 0.417 2854 � 22 +390�282 +321�3210.417 - 0.489 2900 � 22 +288�238 +340�3400.489 - 0.561 2973 � 22 +270�261 +361�3610.561 - 0.633 2918 � 22 +268�242 +363�3630.633 - 0.706 2833 � 22 +232�218 +366�3660.706 - 0.778 2739 � 22 +250�216 +380�3800.778 - 0.850 2797 � 23 +340�326 +415�415M3j � 50 GeV0.200 - 0.272 156 � 7 +24�38 +16�160.272 - 0.344 271 � 7 +28�13 +24�240.344 - 0.417 455 � 10 +78�65 +43�430.417 - 0.489 565 � 11 +59�91 +52�520.489 - 0.561 684 � 12 +134�108 +67�670.561 - 0.633 768 � 13 +111�131 +81�810.633 - 0.706 905 � 14 +171�199 +100�1000.706 - 0.778 961 � 15 +201�206 +113�1130.778 - 0.850 1058 � 16 +259�224 +130�130Table 6: The measured three-jet di�erential ross-setion d�=dy in both the low-and high-mass regions. Other details as desribed in the aption to Table 2.
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y range d�=dy �stat. �syst. �E-sale(pb)25 �M4j < 50 GeV0.200 - 0.272 90 � 4 +30�25 +8�80.272 - 0.344 113 � 4 +23�14 +18�180.344 - 0.417 154 � 5 +28�24 +29�290.417 - 0.489 171 � 5 +30�17 +33�330.489 - 0.561 186 � 5 +15�23 +37�370.561 - 0.633 210 � 5 +30�27 +39�390.633 - 0.706 215 � 5 +31�28 +42�420.706 - 0.778 218 � 6 +23�24 +44�440.778 - 0.850 246 � 7 +37�43 +52�52M4j � 50 GeV0.200 - 0.272 16.8 � 2.4 +5:3�6:8 +3:1�3:10.272 - 0.344 40 � 3 +13�13 +6�60.344 - 0.417 81 � 4 +13�7 +9�90.417 - 0.489 108 � 5 +8�9 +15�150.489 - 0.561 136 � 5 +13�16 +17�170.561 - 0.633 171 � 6 +28�17 +24�240.633 - 0.706 228 � 7 +33�47 +33�330.706 - 0.778 266 � 8 +54�66 +40�400.778 - 0.850 266 � 8 +60�51 +47�47Table 7: The measured four-jet di�erential ross-setion d�=dy in both the low-and high-mass regions. Other details as desribed in the aption to Table 2.
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Ejet1T range d�=dEjet1T �stat. �syst. �E-sale had. orr. MPI orr.(GeV) (pb/GeV)25 �M3j < 50 GeV6.0 - 8.5 107 � 1 +19�17 +11�11 0.744 �0.026 2.09 �0.708.5 - 11.2 248 � 1 +20�20 +29�29 0.791 �0.012 1.67 �0.3411.2 - 14.2 169 � 1 +11�10 +21�21 0.819 �0.009 1.38 �0.1714.2 - 17.6 75.2 � 0.6 +6:9�7:2 +9:7�9:7 0.842 �0.003 1.24 �0.1217.6 - 21.5 19.9 � 0.3 +2:6�2:3 +2:6�2:6 0.834 �0.017 1.17 �0.0921.5 - 26.0 2.54 � 0.09 +0:38�0:32 +0:37�0:37 0.774 �0.064 1.16 �0.1126.0 - 31.2 0.200 � 0.022 +0:071�0:077 +0:040�0:040 0.725 �0.080 1.21 �0.20M3j � 50 GeV6.0 - 8.5 2.7 � 0.2 +1:3�1:0 +0:6�0:6 0.515 �0.052 1.42 �0.298.5 - 11.2 14.4 � 0.4 +5:8�4:7 +1:5�1:5 0.646 �0.044 1.28 �0.2011.2 - 14.2 24.5 � 0.4 +5:5�5:6 +2:5�2:5 0.759 �0.024 1.17 �0.1614.2 - 17.6 27.8 � 0.4 +4:7�4:0 +2:7�2:7 0.839 �0.018 1.13 �0.1317.6 - 21.5 23.1 � 0.3 +2:2�2:1 +2:2�2:2 0.878 �0.007 1.09 �0.0921.5 - 26.0 14.1 � 0.2 +1:5�1:3 +1:5�1:5 0.864 �0.016 1.07 �0.0826.0 - 31.2 6.07 � 0.12 +0:59�0:58 +0:72�0:72 0.859 �0.025 1.06 �0.0731.2 - 37.0 2.06 � 0.07 +0:19�0:18 +0:32�0:32 0.848 �0.034 1.04 �0.0537.0 - 43.9 0.79 � 0.04 +0:63�0:16 +0:22�0:22 0.838 �0.032 1.02 �0.0443.9 - 51.8 0.246 � 0.020 +0:044�0:046 +0:066�0:066 0.847 �0.045 1.04 �0.0751.8 - 60.8 0.067 � 0.007 +0:021�0:031 +0:013�0:013 0.881 �0.039 1.00 �0.0460.8 - 71.0 0.035 � 0.004 +0:019�0:019 +0:001�0:001 0.870 �0.001 1.02 �0.07Table 8: The measured three-jet di�erential ross-setion d�=dEjet1T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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Ejet2T range d�=dEjet2T �stat. �syst. �E-sale had. orr. MPI orr.(GeV) (pb/GeV)25 � M3j < 50 GeV6.0 - 8.5 383 � 1 +48�47 +43�43 0.772 �0.023 1.68 �0.398.5 - 11.2 229 � 1 +10�9 +28�28 0.829 �0.010 1.41 �0.1811.2 - 14.2 59.0 � 0.5 +3:7�2:7 +7:4�7:4 0.868 �0.018 1.25 �0.1014.2 - 17.6 10.4 � 0.2 +1:3�1:0 +1:3�1:3 0.869 �0.005 1.19 �0.0617.6 - 21.5 0.84 � 0.05 +0:42�0:23 +0:11�0:11 0.861 �0.042 1.16 �0.09M3j � 50 GeV6.0 - 8.5 22.2 � 0.5 +9:0�8:0 +2:6�2:6 0.626 �0.027 1.26 �0.228.5 - 11.2 40 � 1 +11�9 +4�4 0.759 �0.019 1.16 �0.1511.2 - 14.2 34.3 � 0.4 +4:1�4:0 +3:6�3:6 0.861 �0.005 1.11 �0.1214.2 - 17.6 21.6 � 0.3 +1:5�1:4 +2:3�2:3 0.891 �0.008 1.08 �0.0917.6 - 21.5 11.5 � 0.2 +0:7�0:6 +1:3�1:3 0.898 �0.011 1.07 �0.0721.5 - 26.0 4.48 � 0.12 +0:49�0:54 +0:47�0:47 0.888 �0.015 1.06 �0.0726.0 - 31.2 1.57 � 0.07 +0:18�0:12 +0:16�0:16 0.881 �0.010 1.06 �0.0731.2 - 37.0 0.558 � 0.035 +0:065�0:091 +0:077�0:077 0.892 �0.028 1.03 �0.0537.0 - 43.9 0.214 � 0.021 +0:046�0:053 +0:025�0:025 0.898 �0.003 1.01 �0.0343.9 - 51.8 0.071 � 0.013 +0:026�0:020 +0:008�0:008 0.898 �0.028 1.00 �0.0551.8 - 60.8 0.042 � 0.009 +0:022�0:025 +0:004�0:004 0.765 �0.092 1.02 �0.10Table 9: The measured three-jet di�erential ross-setion d�=dEjet2T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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Ejet3T range d�=dEjet3T �stat. �syst. �E-sale had. orr. MPI orr.(GeV) (pb/GeV)25 �M3j < 50 GeV6.0 - 8.5 644 � 2 +68�57 +76�76 0.799 �0.011 1.53 �0.288.5 - 11.2 63.2 � 0.6 +3:5�2:8 +8:5�8:5 0.859 �0.011 1.30 �0.0811.2 - 14.2 3.82 � 0.14 +0:82�0:70 +0:68�0:68 0.887 �0.017 1.24 �0.0214.2 - 17.6 0.096 � 0.034 +0:053�0:090 +0:050�0:050 0.834 �0.058 1.09 �0.21M3j � 50 GeV6.0 - 8.5 94 � 1 +20�20 +11�11 0.767 �0.010 1.15 �0.148.5 - 11.2 43.1 � 0.5 +5:1�4:4 +4:4�4:4 0.864 �0.010 1.08 �0.0911.2 - 14.2 15.3 � 0.3 +1:5�1:3 +1:7�1:7 0.914 �0.015 1.06 �0.0714.2 - 17.6 5.0 � 0.1 +1:0�1:0 +0:5�0:5 0.915 �0.020 1.04 �0.0517.6 - 21.5 1.08 � 0.06 +0:15�0:15 +0:16�0:16 0.919 �0.016 1.04 �0.0621.5 - 26.0 0.289 � 0.026 +0:086�0:068 +0:034�0:034 0.898 �0.032 1.00 �0.0426.0 - 31.2 0.065 � 0.012 +0:030�0:034 +0:006�0:006 0.887 �0.145 1.00 �0.0831.2 - 40.0 0.0185 � 0.0053 +0:0085�0:0078 +0:0037�0:0037 0.921 �0.054 1.05 �0.15Table 10: The measured three-jet di�erential ross-setion d�=dEjet3T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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Ejet1T range d�=dEjet1T �stat. �syst. �E-sale(GeV) (pb/GeV)25 �M4j < 50 GeV6.0 - 8.5 9.6 � 0.2 +1:4�1:6 +1:7�1:78.5 - 11.2 19.6 � 0.3 +1:9�2:0 +3:7�3:711.2 - 14.2 9.3 � 0.2 +1:4�1:1 +1:8�1:814.2 - 17.6 2.66 � 0.10 +0:40�0:52 +0:50�0:5017.6 - 21.5 0.29 � 0.03 +0:12�0:06 +0:06�0:06M4j � 50 GeV6.0 - 8.5 1.00 � 0.16 +0:48�0:55 +0:13�0:138.5 - 11.2 6.1 � 0.2 +1:8�1:7 +0:9�0:911.2 - 14.2 8.3 � 0.2 +1:4�1:4 +1:1�1:114.2 - 17.6 6.46 � 0.16 +0:71�0:56 +0:95�0:9517.6 - 21.5 3.93 � 0.11 +0:43�0:29 +0:62�0:6221.5 - 26.0 1.93 � 0.07 +0:29�0:21 +0:33�0:3326.0 - 31.2 0.74 � 0.04 +0:09�0:09 +0:14�0:1431.2 - 37.0 0.289 � 0.022 +0:044�0:052 +0:051�0:05137.0 - 43.9 0.100 � 0.014 +0:028�0:023 +0:020�0:02043.9 - 51.8 0.016 � 0.004 +0:017�0:011 +0:004�0:00451.8 - 60.8 0.0022 � 0.0014 +0:0040�0:0022 +0:0010�0:0010Table 11: The measured four-jet di�erential ross-setion d�=dEjet1T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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Ejet2T range d�=dEjet2T �stat. �syst. �E-sale(GeV) (pb/GeV)25 �M4j < 50 GeV6.0 - 8.5 27.0 � 0.3 +3:1�3:6 +4:9�4:98.5 - 11.2 15.3 � 0.3 +2:2�1:8 +2:9�2:911.2 - 14.2 2.04 � 0.10 +0:50�0:30 +0:33�0:3314.2 - 17.6 0.066 � 0.017 +0:050�0:061 +0:004�0:004M4j � 50 GeV6.0 - 8.5 5.7 � 0.2 +1:9�1:5 +0:7�0:78.5 - 11.2 12.7 � 0.3 +1:8�1:4 +1:9�1:911.2 - 14.2 8.4 � 0.2 +0:5�0:7 +1:4�1:414.2 - 17.6 3.40 � 0.13 +0:48�0:25 +0:48�0:4817.6 - 21.5 1.55 � 0.08 +0:26�0:51 +0:24�0:2421.5 - 26.0 0.55 � 0.05 +0:17�0:09 +0:08�0:0826.0 - 31.2 0.152 � 0.021 +0:043�0:032 +0:036�0:03631.2 - 37.0 0.058 � 0.016 +0:036�0:029 +0:013�0:01337.0 - 43.9 0.017 � 0.005 +0:014�0:009 +0:005�0:005Table 12: The measured four-jet di�erential ross-setion d�=dEjet2T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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Ejet3T range d�=dEjet3T �stat. �syst. �E-sale(GeV) (pb/GeV)25 �M4j < 50 GeV6.0 - 8.5 40.8 � 0.4 +4:7�4:0 +7:7�7:78.5 - 11.2 4.72 � 0.14 +0:99�0:72 +0:85�0:8511.2 - 14.2 0.054 � 0.019 +0:060�0:047 +0:005�0:005M4j � 50 GeV6.0 - 8.5 17.5 � 0.4 +3:7�2:6 +2:6�2:68.5 - 11.2 13.1 � 0.3 +1:4�1:0 +1:7�1:711.2 - 14.2 4.3 � 0.1 +0:7�1:5 +0:6�0:614.2 - 17.6 0.99 � 0.07 +0:21�0:22 +0:10�0:1017.6 - 21.5 0.191 � 0.031 +0:075�0:049 +0:051�0:05121.5 - 26.0 0.035 � 0.009 +0:017�0:015 +0:007�0:007Table 13: The measured four-jet di�erential ross-setion d�=dEjet3T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
Ejet4T range d�=dEjet4T �stat. �syst. �E-sale(GeV) (pb/GeV)25 �M4j < 50 GeV6.0 - 8.5 45.4 � 0.4 +5:3�2:4 +8:6�8:68.5 - 11.2 0.53 � 0.05 +0:15�0:11 +0:11�0:11M4j � 50 GeV6.0 - 8.5 32.0 � 0.5 +4:5�3:8 +4:9�4:98.5 - 11.2 5.02 � 0.17 +0:37�0:45 +0:71�0:7111.2 - 14.2 0.81 � 0.07 +0:59�0:24 +0:09�0:0914.2 - 20.0 0.086 � 0.014 +0:044�0:034 +0:004�0:004Table 14: The measured four-jet di�erential ross-setion d�=dEjet4T in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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�jet1 range d�=d�jet1 �stat. �syst. �E-sale had. orr. MPI orr.(pb)25 � M3j < 50 GeV-1.686 - -1.371 3.3 � 0.4 +1:4�1:7 +0:5�0:5 0.324 �0.012 1.15 �0.21-1.371 - -1.057 36.0 � 1.4 +7:8�9:9 +2:9�2:9 0.538 �0.041 1.34 �0.23-1.057 - -0.743 123 � 2 +18�20 +9�9 0.686 �0.044 1.33 �0.18-0.743 - -0.429 256 � 3 +40�37 +19�19 0.763 �0.025 1.35 �0.19-0.429 - -0.114 394 � 4 +55�51 +33�33 0.793 �0.025 1.35 �0.19-0.114 - 0.200 506 � 4 +67�63 +51�51 0.803 �0.014 1.37 �0.210.200 - 0.514 600 � 5 +68�65 +65�65 0.820 �0.009 1.39 �0.210.514 - 0.829 653 � 5 +65�57 +74�74 0.816 �0.008 1.43 �0.220.829 - 1.143 631 � 5 +54�49 +76�76 0.814 �0.004 1.49 �0.251.143 - 1.457 556 � 4 +63�58 +72�72 0.814 �0.007 1.55 �0.281.457 - 1.771 573 � 4 +58�50 +85�85 0.821 �0.003 1.64 �0.311.771 - 2.086 697 � 6 +97�84 +103�103 0.829 �0.002 1.75 �0.362.086 - 2.400 790 � 9 +186�186 +107�107 0.843 �0.005 1.90 �0.42M3j � 50 GeV-1.686 - -1.371 2.4 � 0.5 +1:7�1:6 +0:6�0:6 0.300 �0.040 1.19 �0.25-1.371 - -1.057 14.7 � 1.1 +5:5�4:0 +2:0�2:0 0.498 �0.022 1.20 �0.15-1.057 - -0.743 42 � 2 +12�11 +4�4 0.648 �0.030 1.13 �0.10-0.743 - -0.429 67 � 2 +16�15 +6�6 0.757 �0.019 1.10 �0.10-0.429 - -0.114 84 � 2 +18�16 +7�7 0.830 �0.019 1.08 �0.09-0.114 - 0.200 90 � 2 +11�10 +8�8 0.863 �0.010 1.06 �0.060.200 - 0.514 99 � 2 +14�16 +9�9 0.867 �0.008 1.06 �0.070.514 - 0.829 92 � 2 +10�9 +10�10 0.840 �0.006 1.07 �0.080.829 - 1.143 99 � 2 +13�13 +11�11 0.830 �0.018 1.08 �0.091.143 - 1.457 115 � 2 +14�19 +14�14 0.812 �0.026 1.11 �0.121.457 - 1.771 145 � 2 +17�21 +18�18 0.808 �0.019 1.12 �0.121.771 - 2.086 200 � 3 +31�34 +23�23 0.818 �0.012 1.16 �0.162.086 - 2.400 283 � 4 +66�54 +32�32 0.829 �0.012 1.22 �0.17Table 15: The measured three-jet di�erential ross-setion d�=d�jet1 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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�jet2 range d�=d�jet2 �stat. �syst. �E-sale had. orr. MPI orr.(pb)25 �M3j < 50 GeV-1.686 - -1.371 9.1 � 0.8 +7:4�3:4 +1:8�1:8 0.382 �0.005 1.17 �0.20-1.371 - -1.057 57 � 2 +11�10 +9�9 0.592 �0.019 1.35 �0.27-1.057 - -0.743 168 � 3 +21�25 +15�15 0.720 �0.024 1.40 �0.25-0.743 - -0.429 282 � 4 +39�30 +26�26 0.766 �0.015 1.42 �0.26-0.429 - -0.114 408 � 4 +41�44 +39�39 0.780 �0.012 1.43 �0.25-0.114 - 0.200 492 � 4 +54�46 +50�50 0.808 �0.007 1.42 �0.220.200 - 0.514 574 � 5 +66�57 +67�67 0.817 �0.005 1.44 �0.220.514 - 0.829 628 � 5 +67�61 +73�73 0.817 �0.003 1.45 �0.210.829 - 1.143 615 � 5 +62�57 +72�72 0.816 �0.003 1.48 �0.221.143 - 1.457 550 � 4 +40�34 +66�66 0.818 �0.013 1.50 �0.251.457 - 1.771 564 � 4 +36�32 +77�77 0.819 �0.012 1.56 �0.291.771 - 2.086 686 � 6 +79�82 +96�96 0.833 �0.015 1.63 �0.332.086 - 2.400 767 � 8 +183�181 +96�96 0.844 �0.015 1.75 �0.38M3j � 50 GeV-2.000 - -1.686 0.48 � 0.16 +0:44�0:27 +0:18�0:18 0.085 �0.007 1.00 �0.18-1.686 - -1.371 8.2 � 0.7 +2:5�2:5 +0:9�0:9 0.347 �0.021 1.20 �0.22-1.371 - -1.057 43 � 2 +16�19 +5�5 0.571 �0.025 1.20 �0.17-1.057 - -0.743 70 � 2 +20�18 +7�7 0.710 �0.038 1.18 �0.14-0.743 - -0.429 92 � 2 +22�24 +11�11 0.783 �0.014 1.14 �0.12-0.429 - -0.114 97 � 2 +20�15 +10�10 0.822 �0.013 1.12 �0.09-0.114 - 0.200 96 � 2 +12�12 +10�10 0.845 �0.006 1.10 �0.100.200 - 0.514 104 � 2 +12�13 +11�11 0.852 �0.007 1.09 �0.080.514 - 0.829 106 � 2 +16�14 +12�12 0.858 �0.001 1.09 �0.090.829 - 1.143 108 � 2 +14�17 +11�11 0.851 �0.009 1.09 �0.101.143 - 1.457 103 � 2 +16�16 +11�11 0.846 �0.011 1.09 �0.101.457 - 1.771 113 � 2 +19�14 +13�13 0.827 �0.018 1.10 �0.111.771 - 2.086 157 � 3 +26�20 +17�17 0.829 �0.013 1.12 �0.132.086 - 2.400 232 � 4 +51�49 +23�23 0.839 �0.010 1.14 �0.15Table 16: The measured three-jet di�erential ross-setion d�=d�jet2 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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�jet3 range d�=d�jet3 �stat. �syst. �E-sale had. orr. MPI orr.(pb)25 �M3j < 50 GeV-2.000 - -1.686 0.33 � 0.23 +0:49�0:33 +0:08�0:08 0.090 �0.045 1.42 �0.82-1.686 - -1.371 15.2 � 1.0 +3:4�3:5 +1:3�1:3 0.388 �0.019 1.30 �0.33-1.371 - -1.057 80 � 2 +16�13 +7�7 0.631 �0.004 1.33 �0.33-1.057 - -0.743 187 � 3 +25�24 +17�17 0.738 �0.007 1.38 �0.34-0.743 - -0.429 308 � 4 +37�39 +29�29 0.791 �0.002 1.41 �0.31-0.429 - -0.114 396 � 4 +46�35 +42�42 0.800 �0.006 1.44 �0.30-0.114 - 0.200 474 � 4 +49�44 +53�53 0.826 �0.009 1.46 �0.270.200 - 0.514 560 � 5 +67�60 +67�67 0.829 �0.015 1.49 �0.260.514 - 0.829 616 � 5 +73�74 +72�72 0.818 �0.000 1.51 �0.220.829 - 1.143 605 � 5 +67�58 +71�71 0.807 �0.010 1.52 �0.211.143 - 1.457 538 � 4 +38�29 +64�64 0.806 �0.017 1.50 �0.191.457 - 1.771 559 � 4 +34�30 +72�72 0.808 �0.022 1.52 �0.211.771 - 2.086 685 � 5 +79�75 +91�91 0.822 �0.032 1.57 �0.242.086 - 2.400 793 � 8 +183�177 +103�103 0.835 �0.030 1.66 �0.29M3j � 50 GeV-2.000 - -1.686 1.9 � 0.3 +1:2�1:2 +1:0�1:0 0.145 �0.014 1.01 �0.11-1.686 - -1.371 26.1 � 1.3 +9:5�6:9 +3:1�3:1 0.456 �0.004 1.19 �0.22-1.371 - -1.057 70 � 2 +14�16 +9�9 0.673 �0.003 1.20 �0.22-1.057 - -0.743 104 � 2 +26�22 +11�11 0.788 �0.001 1.18 �0.19-0.743 - -0.429 100 � 2 +20�16 +10�10 0.840 �0.005 1.14 �0.15-0.429 - -0.114 97 � 2 +12�16 +10�10 0.876 �0.014 1.13 �0.14-0.114 - 0.200 92 � 2 +11�13 +10�10 0.901 �0.033 1.11 �0.120.200 - 0.514 89 � 2 +19�15 +9�9 0.900 �0.036 1.10 �0.110.514 - 0.829 98 � 2 +17�16 +11�11 0.856 �0.022 1.12 �0.100.829 - 1.143 95 � 2 +16�14 +10�10 0.840 �0.002 1.11 �0.091.143 - 1.457 89 � 2 +11�12 +10�10 0.819 �0.012 1.12 �0.081.457 - 1.771 103 � 2 +16�15 +12�12 0.815 �0.023 1.11 �0.061.771 - 2.086 138 � 3 +22�21 +16�16 0.817 �0.030 1.11 �0.082.086 - 2.400 222 � 4 +44�49 +19�19 0.820 �0.042 1.12 �0.07Table 17: The measured three-jet di�erential ross-setion d�=d�jet3 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.31



�jet1 range d�=d�jet1 �stat. �syst. �E-sale(pb)25 �M4j < 50 GeV-1.371 - -1.057 0.61 � 0.09 +0:91�0:36 +0:08�0:08-1.057 - -0.743 1.76 � 0.23 +0:85�0:67 +0:30�0:30-0.743 - -0.429 6.1 � 0.4 +1:0�1:5 +1:0�1:0-0.429 - -0.114 13.2 � 0.6 +2:2�3:0 +2:1�2:1-0.114 - 0.200 21.9 � 0.8 +4:4�3:6 +4:0�4:00.200 - 0.514 36.7 � 1.1 +5:7�6:7 +6:4�6:40.514 - 0.829 43.3 � 1.3 +6:0�4:6 +7:5�7:50.829 - 1.143 55 � 1 +12�12 +9�91.143 - 1.457 43 � 1 +10�8 +8�81.457 - 1.771 44.5 � 1.1 +8:1�4:1 +9:5�9:51.771 - 2.086 54 � 2 +11�9 +12�122.086 - 2.400 68 � 3 +25�24 +13�13M4j � 50 GeV-1.371 - -1.057 1.10 � 0.29 +0:63�0:70 +0:14�0:14-1.057 - -0.743 4.9 � 0.6 +2:3�1:4 +0:6�0:6-0.743 - -0.429 10.9 � 0.8 +3:7�2:3 +1:2�1:2-0.429 - -0.114 20.6 � 0.9 +5:1�7:1 +2:5�2:5-0.114 - 0.200 20.9 � 1.0 +3:7�2:8 +2:7�2:70.200 - 0.514 24.0 � 1.1 +4:0�2:5 +3:3�3:30.514 - 0.829 24.4 � 1.1 +4:8�2:5 +3:4�3:40.829 - 1.143 27.8 � 1.2 +3:5�3:4 +3:6�3:61.143 - 1.457 28.0 � 1.0 +4:2�4:7 +4:3�4:31.457 - 1.771 37.0 � 1.3 +5:9�3:7 +6:4�6:41.771 - 2.086 47.0 � 1.7 +7:6�8:9 +8:6�8:62.086 - 2.400 63 � 2 +16�17 +11�11Table 18: The measured four-jet di�erential ross-setion d�=d�jet1 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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�jet2 range d�=d�jet2 �stat. �syst. �E-sale(pb)25 �M4j < 50 GeV-1.371 - -1.057 0.67 � 0.18 +0:43�0:50 +0:11�0:11-1.057 - -0.743 3.15 � 0.37 +0:87�0:73 +0:35�0:35-0.743 - -0.429 11.3 � 0.5 +6:5�6:9 +1:0�1:0-0.429 - -0.114 17.0 � 0.8 +2:4�2:8 +1:9�1:9-0.114 - 0.200 23.5 � 0.9 +4:1�3:6 +3:5�3:50.200 - 0.514 37.9 � 1.2 +4:9�5:8 +6:3�6:30.514 - 0.829 42.4 � 1.3 +4:9�5:7 +7:5�7:50.829 - 1.143 46.2 � 1.3 +4:2�6:4 +9:0�9:01.143 - 1.457 40.3 � 1.1 +8:7�6:9 +8:3�8:31.457 - 1.771 43.3 � 1.1 +8:7�5:5 +9:0�9:01.771 - 2.086 52 � 1 +10�7 +11�112.086 - 2.400 57 � 2 +19�15 +11�11M4j � 50 GeV-1.686 - -1.371 0.08 � 0.04 +0:21�0:08 +0:03�0:03-1.371 - -1.057 3.1 � 0.3 +5:2�1:3 +0:6�0:6-1.057 - -0.743 7.6 � 0.7 +1:9�1:4 +1:0�1:0-0.743 - -0.429 15.2 � 0.9 +2:3�1:7 +2:5�2:5-0.429 - -0.114 22.9 � 1.2 +4:2�6:0 +3:5�3:5-0.114 - 0.200 20.9 � 1.1 +3:8�2:5 +2:5�2:50.200 - 0.514 26.4 � 1.2 +2:7�5:2 +3:2�3:20.514 - 0.829 33.8 � 1.3 +5:6�9:4 +3:9�3:90.829 - 1.143 28.1 � 1.3 +5:0�3:0 +3:7�3:71.143 - 1.457 25.4 � 1.1 +5:5�4:7 +3:6�3:61.457 - 1.771 29.4 � 1.1 +4:1�3:6 +4:4�4:41.771 - 2.086 43.3 � 1.6 +8:4�7:0 +6:7�6:72.086 - 2.400 51 � 2 +15�12 +10�10Table 19: The measured four-jet di�erential ross-setion d�=d�jet2 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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�jet3 range d�=d�jet3 �stat. �syst. �E-sale(pb)25 �M4j < 50 GeV-1.371 - -1.057 0.5 � 0.1 +1:1�0:4 +0:3�0:3-1.057 - -0.743 3.7 � 0.4 +1:1�0:9 +0:9�0:9-0.743 - -0.429 9.4 � 0.6 +1:9�1:5 +1:2�1:2-0.429 - -0.114 20.0 � 0.8 +7:2�7:8 +3:2�3:2-0.114 - 0.200 26.2 � 0.9 +2:6�3:3 +4:6�4:60.200 - 0.514 37.2 � 1.2 +6:4�4:4 +6:5�6:50.514 - 0.829 45.7 � 1.4 +4:3�5:8 +7:8�7:80.829 - 1.143 47.8 � 1.4 +5:0�5:6 +8:5�8:51.143 - 1.457 37.8 � 1.0 +8:2�4:1 +7:3�7:31.457 - 1.771 40.0 � 1.0 +7:2�5:5 +8:6�8:61.771 - 2.086 51 � 1 +8�6 +11�112.086 - 2.400 61 � 2 +16�19 +13�13M4j � 50 GeV-1.686 - -1.371 0.59 � 0.20 +0:97�0:59 +0:28�0:28-1.371 - -1.057 6.1 � 0.6 +2:0�2:0 +1:4�1:4-1.057 - -0.743 19 � 1 +5�10 +3�3-0.743 - -0.429 20.4 � 1.1 +4:6�4:3 +4:6�4:6-0.429 - -0.114 21.0 � 1.1 +4:0�3:4 +3:9�3:9-0.114 - 0.200 22.7 � 1.2 +4:8�4:3 +3:6�3:60.200 - 0.514 24.8 � 1.2 +6:0�4:1 +3:7�3:70.514 - 0.829 27.6 � 1.3 +3:8�3:4 +4:1�4:10.829 - 1.143 27.3 � 1.3 +6:3�4:1 +4:1�4:11.143 - 1.457 24.0 � 1.1 +4:1�2:7 +3:9�3:91.457 - 1.771 26.3 � 1.0 +4:3�2:7 +3:9�3:91.771 - 2.086 33.5 � 1.4 +4:3�2:9 +4:8�4:82.086 - 2.400 55 � 2 +11�13 +5�5Table 20: The measured four-jet di�erential ross-setion d�=d�jet3 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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�jet4 range d�=d�jet4 �stat. �syst. �E-sale(pb)25 �M4j < 50 GeV-1.371 - -1.057 1.3 � 0.2 +1:0�1:1 +0:3�0:3-1.057 - -0.743 4.4 � 0.4 +1:1�1:6 +0:4�0:4-0.743 - -0.429 18 � 1 +10�13 +3�3-0.429 - -0.114 18.8 � 0.8 +2:1�1:9 +3:6�3:6-0.114 - 0.200 26.3 � 0.9 +4:0�2:4 +4:5�4:50.200 - 0.514 36.6 � 1.2 +4:5�4:3 +6:4�6:40.514 - 0.829 44.1 � 1.3 +7:1�6:3 +7:7�7:70.829 - 1.143 45.0 � 1.4 +7:3�5:0 +7:9�7:91.143 - 1.457 37.8 � 1.0 +7:9�4:1 +7:0�7:01.457 - 1.771 39.2 � 1.0 +7:5�3:5 +8:2�8:21.771 - 2.086 48.3 � 1.3 +7:6�6:8 +9:8�9:82.086 - 2.400 60 � 2 +14�15 +12�12M4j � 50 GeV-1.686 - -1.371 2.8 � 0.4 +2:0�1:8 +5:6�2:2-1.371 - -1.057 7.3 � 0.7 +2:8�2:2 +1:0�1:0-1.057 - -0.743 15.2 � 0.9 +3:8�2:2 +2:0�2:0-0.743 - -0.429 21.6 � 1.2 +4:1�4:0 +3:5�3:5-0.429 - -0.114 22.7 � 1.2 +5:5�5:7 +3:5�3:5-0.114 - 0.200 24.3 � 1.1 +4:1�4:1 +3:9�3:90.200 - 0.514 23.3 � 1.2 +4:9�3:1 +3:7�3:70.514 - 0.829 27.3 � 1.2 +4:1�4:0 +4:0�4:00.829 - 1.143 34.6 � 1.3 +6:3�9:3 +4:7�4:71.143 - 1.457 25.8 � 1.0 +2:8�3:5 +3:7�3:71.457 - 1.771 25.6 � 1.0 +5:3�4:2 +4:2�4:21.771 - 2.086 34.0 � 1.4 +7:4�5:8 +5:4�5:42.086 - 2.400 44.3 � 2.0 +9:9�9:7 +6:1�6:1Table 21: The measured four-jet di�erential ross-setion d�=d�jet4 in both thelow- and high-mass regions. Other details as desribed in the aption to Table 2.
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os( 3) range d�=dos( 3) �stat. �syst. �E-sale had. orr. MPI orr.(pb)25 �M3j < 50 GeV-1.00 - -0.88 1494 � 13 +217�175 +188�188 0.864 �0.012 1.76 �0.43-0.88 - -0.72 856 � 9 +117�105 +107�107 0.821 �0.017 1.51 �0.28-0.72 - -0.56 804 � 8 +77�77 +99�99 0.793 �0.019 1.43 �0.20-0.560 - -0.336 766 � 7 +75�76 +94�94 0.776 �0.008 1.43 �0.19-0.336 - -0.112 759 � 7 +70�64 +94�94 0.763 �0.005 1.42 �0.20-0.112 - 0.112 746 � 6 +70�57 +92�92 0.761 �0.006 1.41 �0.190.112 - 0.336 812 � 7 +80�80 +98�98 0.767 �0.012 1.42 �0.200.336 - 0.560 851 � 7 +101�98 +99�99 0.780 �0.015 1.48 �0.220.56 - 0.72 886 � 9 +99�103 +100�100 0.809 �0.017 1.48 �0.220.72 - 0.88 898 � 9 +114�107 +102�102 0.839 �0.013 1.51 �0.270.88 - 1.00 1475 � 13 +212�196 +173�173 0.894 �0.006 1.64 �0.38M3j � 50 GeV-1.00 - -0.88 542 � 9 +99�94 +55�55 0.824 �0.018 1.15 �0.15-0.88 - -0.72 263 � 5 +44�45 +29�29 0.812 �0.031 1.11 �0.11-0.72 - -0.56 215 � 5 +38�40 +25�25 0.807 �0.021 1.10 �0.10-0.560 - -0.336 164 � 3 +26�24 +19�19 0.790 �0.026 1.10 �0.09-0.336 - -0.112 156 � 3 +31�30 +18�18 0.793 �0.012 1.10 �0.10-0.112 - 0.112 149 � 3 +33�27 +17�17 0.785 �0.013 1.11 �0.110.112 - 0.336 143 � 3 +25�22 +15�15 0.784 �0.009 1.12 �0.110.336 - 0.560 151 � 3 +25�28 +16�16 0.802 �0.017 1.12 �0.110.56 - 0.72 169 � 4 +32�34 +17�17 0.823 �0.015 1.10 �0.110.72 - 0.88 217 � 5 +39�45 +22�22 0.847 �0.006 1.10 �0.110.88 - 1.00 370 � 7 +67�61 +38�38 0.865 �0.009 1.12 �0.12Table 22: The measured three-jet di�erential ross-setion d�=dos( 3) in boththe low- and high-mass regions. Other details as desribed in the aption to Table 2.
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Figure 1: A shemati representation of an event exhibiting a seondary satter(MPI).

Figure 2: A shemati representation of the three-jet entre-of-mass system andthe  3 angle.
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Figure 4: Measured ross setion as a funtion of xobs in the three-jet (a) low-and (b) high-mass samples and the four-jet, () low- and (d) high-mass samples.Other details as in the aption to Fig. 3.
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Figure 14: (a) Measured ross setion as a funtion of os( 3) in the low-massthree-jet sample. Other details as in the aption to Fig. 11.
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Figure 15: (a) Measured ross setion as a funtion of os( 3) in the high-massthree-jet sample. Other details as in the aption to Fig. 11.
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