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Angular orrelations in three-jet events inep ollisions at HERA
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AbstratThree-jet prodution in deep inelasti ep sattering and photoprodution wasinvestigated with the ZEUS detetor at HERA using an integrated luminosity of127 pb�1. Measurements of di�erential ross setions are presented as funtionsof angular orrelations between the three jets in the �nal state and the proton-beam diretion. These orrelations provide a stringent test of perturbative QCDand show sensitivity to the ontributions from di�erent olour on�gurations.Fixed-order perturbative QCD alulations assuming the values of the olourfators CF , CA and TF as derived from a variety of gauge groups were om-pared to the measurements to study the underlying gauge group symmetry. Themeasured angular orrelations in the deep inelasti ep sattering and photopro-dution regimes are onsistent with the admixture of olour on�gurations aspredited by SU(3) and disfavour other symmetry groups, suh as SU(N) in thelimit of large N .
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1 IntrodutionQuantum hromodynamis (QCD) is based on the non-Abelian group SU(3) whih induesthe self-oupling of the gluons. Investigations of the triple-gluon vertex (TGV) werearried out at LEP [1, 2℄ using angular orrelations in four-jet events from Z0 hadronideays. At HERA, the e�ets of the di�erent olour on�gurations arising from theunderlying gauge struture an be studied in a lean way in three-jet prodution in neutralurrent (NC) deep inelasti sattering (DIS) and photoprodution (p).Neutral urrent DIS at high Q2 (Q2 � �2QCD, where Q2 is the virtuality of the exhangedphoton) up to leading order (LO) in the strong oupling onstant, �s, proeeds as inthe quark-parton model (V q ! q, where V = � or Z0) or via the boson-gluon fusion(V g ! q�q) and QCD-Compton (V q ! qg) proesses. Photoprodution is studied atHERA by means of ep sattering at low four-momentum transfers (Q2 � 0). In preations, two types of QCD proesses ontribute to jet prodution at LO [3, 4℄: eitherthe photon interats diretly with a parton in the proton (the diret proess) or the photonats as a soure of partons whih satter o� those in the proton (the resolved proess).A subset of resolved subproesses with two jets in the �nal state are desribed by dia-grams with a TGV; however, suh events are diÆult to distinguish from two-jet eventswithout suh a ontribution. Three-jet �nal states in diret p proesses also ontainontributions from TGVs and are easier to identify. Sine three-jet prodution in NC DISproeeds via the same diagrams as in diret p, suh proesses an also be used to inves-tigate the underlying gauge symmetry. Examples of diagrams ontributing to four olouron�gurations are shown in Fig. 1: (A) double-gluon bremsstrahlung from a quark line,(B) the splitting of a virtual gluon into a pair of �nal-state gluons, (C) the produtionof a q�q pair through the exhange of a virtual gluon emitted by an inoming quark, and(D) the prodution of a q�q pair through the exhange of a virtual gluon arising from thesplitting of an inoming gluon.Other possible diagrams and interferenes orrespond to one of the four on�gurations.The prodution rate of all ontributions is proportional to the so-alled olour fators,CF , CA and TF , whih are a physial manifestation of the underlying group struture.For QCD, these fators represent the relative strengths of the proesses q ! qg, g ! ggand g ! q�q. The ontributions of the diagrams of Fig. 1 are proportional to C2F , CFCA,CFTF and TFCA, respetively, independently of the underlying gauge symmetry.Three-jet ross setions were previously measured in p [5℄ and in NC DIS [6, 7℄. Theshape of the measured ross setions was well reprodued by perturbative QCD (pQCD)alulations and a value of �s was extrated [6℄. In this paper, measurements of angu-lar orrelations in three-jet events in p and NC DIS are presented. The omparisonbetween the measurements and �xed-order O(�2s) and O(�3s) perturbative alulations1



based on di�erent olour on�gurations provides a stringent test of pQCD preditionsdiretly beyond LO and gives insight into the underlying group symmetry. Phase-spaeregions where the angular orrelations show potential sensitivity to the presene of theTGV were identi�ed.2 Theoretial frameworkThe dynamis of a gauge theory suh as QCD are ompletely de�ned by the ommutationrelations between its group generators T i,[T i; T j℄ = iXk f ijk � T k;where f ijk are the struture onstants. The generators T i an be represented as matries.In perturbative alulations, the average (sum) over all possible olour on�gurations inthe initial (�nal) states leads to the appearane of ombinatori fators CF , CA and TF ,whih are de�ned by the relationsXk;� T k��T k�� = Æ��CF ; Xj;k f jkmf jkn = ÆmnCA;X�;� Tm��T n�� = ÆmnTF :Measurements of the ratios between the olour fators allow the experimental determi-nation of the underlying gauge symmetry of the strong interations. For SU(N), thepredited values of the olour fators are:CA = N; CF = N2 � 12N and TF = 1=2;where N is the number of olour harges. In partiular, SU(3) predits CA=CF = 9=4and TF=CF = 3=8. In ontrast, an Abelian gluon theory based on U(1)3 would preditCA=CF = 0 and TF=CF = 3. A non-Abelian theory based on SO(3) predits CA=CF = 1and TF=CF = 1.The O(�2s) alulations of three-jet ross setions for diret p and NC DIS proesses anbe expressed in terms of CA, CF and TF as [8℄:�ep!3jets = C2F � �A + CFCA � �B + CFTF � �C + TFCA � �D; (1)where �A, ..., �D are the partoni ross setions for the di�erent ontributions (see Fig. 1).2



3 De�nition of the angular orrelationsAngular-orrelation observables were devised to distinguish the ontributions from thedi�erent olour on�gurations. They are de�ned in terms of the three jets with highesttransverse energy in an event and the beam diretion as:� �H , the angle between the plane determined by the highest-transverse-energy jet andthe beam and the plane determined by the two jets with lowest transverse energy [9℄;� �23, the angle between the two lowest-transverse-energy jets. This variable is basedon the angle �e+e�34 for e+e� ! 4 jets [2℄;� �KSW, the angle de�ned via the equationos(�KSW) = os �12 (\[(~p1 � ~p3); (~p2 � ~pB)℄ + \[(~p1 � ~pB); (~p2 � ~p3)℄)�,where ~pi; i = 1; :::; 3 is the momentum of jet i and ~pB is a unit vetor in the diretion ofthe beam; the jets are ordered aording to dereasing transverse energy. This variableis based on the K�orner-Shierholz-Willrodt angle �e+e�KSW for e+e� ! 4 jets [10℄;� �jetmax, the maximum pseudorapidity of the three jets.For three-jet events in ep ollisions, the variable �H was designed [9℄ to be sensitive to theTGV in quark-indued proesses (see Fig. 1B). In e+e� annihilation into four-jet events,the distribution of �e+e�KSW is sensitive to the di�erenes between q�qgg and q�qq�q �nal stateswhereas that of �e+e�34 distinguishes between ontributions from double-bremsstrahlungdiagrams and diagrams involving the TGV.4 Experimental set-upThe data samples used in this analysis were olleted with the ZEUS detetor at HERAand orrespond to an integrated luminosity of 44:9�0:8 (65:1�1:5) pb�1 for e+p ollisionstaken during 1995{97 (1999{2000) and 16:7 � 0:3 pb�1 for e�p ollisions taken during1998{99. During 1995{97 (1998{2000), HERA operated with protons of energy Ep = 820(920) GeV and positrons or eletrons1 of energy Ee = 27:5 GeV, yielding a entre-of-massenergy of ps = 300 (318) GeV.A detailed desription of the ZEUS detetor an be found elsewhere [11, 12℄. A briefoutline of the omponents that are most relevant for this analysis is given below. Chargedpartiles were traked in the entral traking detetor (CTD) [13℄, whih operated in amagneti �eld of 1:43 T provided by a thin superonduting solenoid. The CTD onsisted1 Here and in the following, the term \eletron" denotes generially both the eletron (e�) and thepositron (e+). 3



of 72 ylindrial drift-hamber layers, organised in nine superlayers overing the polar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length trakswas parameterised as �(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV. Thetraking system was used to measure the interation vertex with a typial resolution along(transverse to) the beam diretion of 0.4 (0.1) m and to ross-hek the energy sale ofthe alorimeter.The high-resolution uranium{sintillator alorimeter (CAL) [14℄ 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 was alled a ell. Under test-beam onditions, the CAL single-partile relativeenergy resolutions were �(E)=E = 0:18=pE for eletrons and �(E)=E = 0:35=pE forhadrons, with E in GeV.The luminosity was measured from the rate of the bremsstrahlung proess ep! ep. Theresulting small-angle energeti photons were measured by the luminosity monitor [15℄, alead{sintillator alorimeter plaed in the HERA tunnel at Z = �107 m.5 Data seletion and jet searhA three-level trigger system was used to selet events online [12,16℄. At the third level, jetswere reonstruted using the energies and positions of the CAL ells. Events with at leastone (two) jet(s) with transverse energy in exess of 10 (6) GeV and pseudorapidity below2:5 were aepted. For trigger-eÆieny studies, no jet algorithm was applied and eventswith a total transverse energy, exluding the energy in the eight CAL towers immediatelysurrounding the forward beampipe, of at least 25 GeV were seleted in the p sample; forthe NC DIS sample, events were seleted in whih the sattered-eletron andidate wasidenti�ed using loalised energy depositions in the CAL.In the o�ine seletion, a reonstruted event vertex onsistent with the nominal intera-tion position was required and uts based on traking information were applied to reduethe ontamination from beam-indued and osmi-ray bakground events. The seletionriteria of the p and NC DIS samples were analogous to previous publiations [17, 18℄.The seleted p sample onsisted of events from ep interations with Q2 < 1 GeV2 and2 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.4



a median Q2 � 10�3 GeV2. The event sample was restrited to the kinemati range0:2 < y < 0:85, where y is the inelastiity.Events from NC DIS interations were seleted from the 1998{2000 data. Two sampleswere studied: Q2 > 125 GeV2 and 500 < Q2 < 5000 GeV2. For both samples, j os hjwas restrited to be below 0:65, where h, whih orresponds to the angle of the satteredquark in the quark-parton model, is de�ned asos h = (1� y)xEp � yEe(1� y)xEp + yEeand x is the Bjorken variable.The kT luster algorithm [19℄ was used in the longitudinally invariant inlusive mode [20℄to reonstrut jets in the measured hadroni �nal state from the energy deposits in theCAL ells (alorimetri jets). The axis of the jet was de�ned aording to the Snowmassonvention [21℄.For p events, the jet searh was performed in the � � � plane of the laboratory frame.Corretions [17℄ to the jet transverse energy, EjetT , were applied to the alorimetri jetsas a funtion of the jet pseudorapidity, �jet, and EjetT and averaged over the jet azimuthalangle. Events with at least three jets of EjetT > 14 GeV and �1 < �jet < 2:5 were retained.Diret p events were further seleted by requiring xobs > 0:8, where xobs , the fration ofthe photon momentum partiipating in the prodution of the three jets with highest EjetT ,is de�ned as xobs = 12yEe �Ejet1T e��jet1 + Ejet2T e��jet2 + Ejet3T e��jet3� :The �nal p data sample ontained 1888 events.For NC DIS events, the kT jet algorithm was applied after exluding those ells assoiatedwith the sattered-eletron andidate and the searh was onduted in the Breit frame.Jet transverse-energy orretions were omputed using the method developed in a previousanalysis [18℄. Events were required to have at least three jets satisfying Ejet1T;B > 8 GeV,Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5, where EjetT;B and �jetB are the jet transverse energyand pseudorapidity in the Breit frame, respetively. The �nal NC DIS data sample withQ2 > 125 (500 < Q2 < 5000) GeV2 ontained 1095 (492) events.6 Monte Carlo simulationSamples of Monte Carlo (MC) events were generated to determine the response of thedetetor to jets of hadrons and the orretion fators neessary to obtain the hadron-level5



jet ross setions. The hadron level is de�ned by those hadrons with lifetime � � 10 ps.For the NC DIS sample, the MC events were also used to orret the measured rosssetions for QED radiative e�ets and the running of �em.The generated events were passed through the Geant 3.13-based [22℄ ZEUS detetor-and trigger-simulation programs [12℄. They were reonstruted and analysed by the sameprogram hain as the data. The kT jet algorithm was applied to the MC simulated eventsusing the CAL ells in the same way as for the data. The jet algorithm was also applied tothe �nal-state partiles (hadron level) and the partons available after the parton shower(parton level).The programs Pythia 6.1 [23℄ and Herwig 6.1 [24℄ were used to generate p events forresolved and diret proesses. Events were generated using GRV-HO [25℄ for the photonand CTEQ4M [26℄ for the proton parton distribution funtions (PDFs). In both genera-tors, the partoni proesses are simulated using LO matrix elements, with the inlusionof initial- and �nal-state parton showers. Fragmentation into hadrons is performed usingthe Lund string model [27℄ as implemented in Jetset [23,28℄ in the ase of Pythia, anda luster model [29℄ in the ase of Herwig.Neutral urrent DIS events inluding radiative e�ets were simulated using the Her-ales 4.6.1 [30℄ program with the Djangoh 1.1 [31℄ interfae to the hadronisationprograms. Herales inludes orretions for initial- and �nal-state radiation, vertexand propagator terms, and two-boson exhange. The QCD asade is simulated usingthe olour-dipole model (CDM) [32℄ inluding the LO QCD diagrams as implemented inAriadne 4.08 [33℄; additional samples were generated with the MEPS model of Lepto6.5 [34℄. Both MC programs use the Lund string model for the hadronisation. TheCTEQ5D [35℄ proton PDFs were used for these simulations.7 Fixed-order alulationsThe alulations of diret p proesses used in this analysis are based on the programby Klasen, Kleinwort and Kramer (KKK) [36℄. The number of avours was set to �ve;the renormalisation, �R, and fatorisation sales, �F , were set to �R = �F = EmaxT ,where EmaxT is the highest EjetT in an event. The alulations were performed using theZEUS-S [37℄ parameterisations of the proton PDFs; �s was alulated at two loops using�(5)MS = 226 MeV, whih orresponds to �s(MZ) = 0:118. These alulations are O(�2s)and represent the lowest-order ontribution to three-jet p. Full O(�3s) orretions arenot yet available for three-jet ross setions in p.The alulations of NC DIS proesses used in this analysis are based on the programNlojet++ [38℄, whih provides O(�2s) and O(�3s) preditions for three-jet ross setions.6



The sales were hosen to be �R = �F = Q. Other parameters were set as for the pprogram.In general, the programs mentioned above are very exible and provide observable-independent omputations that allow a omplete analytial anellation of the soft andollinear singularities enountered in the alulations of jet ross setions. However, theseprograms were written assuming the SU(3) gauge group and the di�erent ingredientsneessary to perform a alulation aording to Eq. (1) were not readily available. Theprograms were rewritten in order to disentagle the olour omponents to make separatepreditions for �A, ..., �D.The kT jet algorithm was applied to the partons in the events generated by KKK andNlojet++ in order to ompute the jet ross-setion preditions. Thus, these preditionsrefer to jets of partons. Sine the measurements refer to jets of hadrons, the alulationswere orreted to the hadron level. The multipliative orretion fators, de�ned as theratios between the ross setion for jets of hadrons and that for jets of partons, wereestimated using the MC samples desribed in Setion 6. The normalised ross-setionalulations hanged typially by less than �5 (10)% for the preditions in p (NC DIS)upon appliation of the parton-to-hadron orretions. Therefore, the e�et of the parton-to-hadron orretions on the angular distributions is small. In NC DIS proesses, othere�ets not aounted for in the alulations, namely Z0 exhange, were also orreted forusing the MC samples.The preditions for jet ross setions are expressed as the onvolution of the PDFs andthe matrix elements, whih depend on �s. Both the PDFs and �s evolve with the energysale. In the alulations performed for this analysis, QCD evolution via the DGLAP andthe renormalisation group equations, respetively, were used. These evolution equationsalso depend on the olour fators. This proedure introdues an additional dependeneon the olour fators with respet to that shown in Eq. (1); this dependene is suppressedby onsidering normalised ross setions (see Setion 8 for the de�nition of the rosssetions). The remaining dependene was estimated by omparing to alulations with�xed �F or �R. The values hosen for �F and �R were the mean values of the datadistributions, hEmaxT idata = 27:8 GeV for p and phQ2idata = 31:3 (36:6) GeV for NC DISwith Q2 > 125 (500 < Q2 < 5000) GeV2.Figure 2 shows the relative di�erene of the O(�2s) p alulations with �F (�R) �xed3to those in whih �F = EmaxT (�R = EmaxT ) as a funtion of the angular variables stud-ied. Figures 3(a) to 3(d) show the same relative di�erene for the O(�2s) Nlojet++alulations for Q2 > 125 GeV2.Very small di�erenes are observed for the �F variation. Sizeable di�erenes for the �R3 When �F was �xed, �R was allowed to vary with the sale, and vie-versa.7



variation are seen in some regions; in partiular, a trend is observed for the relativedi�erene as a funtion of �jetmax: this trend is due to the fat that the mean values of Q2in eah bin of �jetmax inrease as �jetmax dereases.These studies demonstrate that the normalised ross setions have little sensitivity tothe evolution of the PDFs. However, there is still some sensitivity to the running of�s. Figures 3(e) to 3(h) show the relative di�erene for 500 < Q2 < 5000 GeV2. Therestrition of the phase spae further redues the dependene on the running of �s; thus,this region is more suitable to extrat the olour fators in NC DIS at O(�2s). At O(�3s)(see Fig. 4), the e�et due to the running of �s is already very small for Q2 > 125 GeV2.Therefore, the wider phase-spae region an be kept in an extration of the olour fatorsat O(�3s).The following theoretial unertainties were onsidered (as an example of the size of theunertainties, an average value of the e�et of eah unertainty on the normalised rosssetion as a funtion of �H is shown in parentheses for p, NC DIS with Q2 > 125 GeV2and NC DIS with 500 < Q2 < 5000 GeV2):� the unertainty in the modelling of the parton shower was estimated by using di�erentmodels (see Setion 6) to alulate the parton-to-hadron orretion fators (�2:8%,�2:9% and �5:8%);� the unertainty on the alulations due to higher-order terms was estimated by varying�R by a fator of two up and down (+0:6�0:8%, �1:6% and �2:2%);� the unertainty on the alulations due to those on the proton PDFs was estimatedby repeating the alulations using 22 additional sets from the ZEUS analysis [37℄;this analysis takes into aount the statistial and orrelated systemati experimentalunertainties of eah data set used in the determination of the proton PDFs (�0:7%,�0:2% and �0:1%);� the unertainty on the alulations due to that on �s(MZ) was estimated by repeatingthe alulations using two additional sets of proton PDFs, for whih di�erent valuesof �s(MZ) were assumed in the �ts. The di�erene between the alulations usingthese various sets was saled to reet the unertainty on the urrent world averageof �s [39℄ (negligible in all ases);� the unertainty of the alulations due to the hoie of �F was estimated by varying�F by a fator of two up and down (negligible in all ases).The total theoretial unertainty was obtained by adding in quadrature the individualunertainties listed above. The dominant soure of theoretial unertainty is that on themodelling of the parton shower. 8



8 De�nition of the ross setionsNormalised di�erential three-jet ross setions were measured as funtions of �H , �23 and�KSW using the seleted data samples in p and NC DIS. For NC DIS, the normaliseddi�erential three-jet ross setion as a funtion of �jetmax was also measured. The normaliseddi�erential three-jet ross setion in bin i for an observable A was obtained using1� d�idA = 1� Ndata;iL ��Ai � NhadMC;iNdetMC;i ;where Ndata;i is the number of data events in bin i, NhadMC;i (NdetMC;i) is the number of MCevents at hadron (detetor) level, L is the integrated luminosity and �Ai is the bin width.The integrated three-jet ross setion, �, was omputed using the formula:� = Xi Ndata;iL � NhadMC;iNdetMC;i ;where the sum runs over all bins.For the p sample, due to the di�erent entre-of-mass energies of the two data sets used inthe analysis, the measured normalised di�erential three-jet ross setions were ombinedusing �omb = �300 � L300 + �318 � L318L300 + L318 ;where Lps is the luminosity and �ps is the measured ross setion orresponding tops = 300 or 318 GeV. This formula was applied for ombining the di�erential and totalross setions. The same formula was used for omputing the O(�2s) preditions in p.9 Aeptane orretions and experimental uner-taintiesThe Pythia (MEPS) MC samples were used to ompute the aeptane orretions tothe angular distributions of the p (NC DIS) data. These orretion fators took intoaount the eÆieny of the trigger, the seletion riteria and the purity and eÆienyof the jet reonstrution. The samples of Herwig and CDM were used to ompute thesystemati unertainties oming from the fragmentation and parton-shower models in pand NC DIS, respetively. 9



The data EjetT , �jet and xobs distributions of the p sample, before the xobs > 0:8 require-ment, are shown in Fig. 5 together with the MC simulations of Pythia and Herwig.Considering that three-jet events in the MC arise only from the parton-shower approx-imation, the desription of the data is reasonable. Figure 5(d) shows the resolved anddiret ontributions for the Pythia MC separately. It is observed that the region ofxobs > 0:8 is dominated by diret p events. The remaining ontribution in this regionfrom resolved-photon events was estimated using Pythia (Herwig) simulated events tobe � 25 (31)%.Figure 6 shows the data distributions as funtions of �H , �23 and �KSW together with thesimulations of Pythia and Herwig for xobs > 0:8. The Pythia MC preditions desribethe data distributions well, whereas the desription given by Herwig is somewhat poorer.It was heked that the angular distributions of the events from resolved proesses withxobs > 0:8 were similar to those from diret proesses (see Fig. 7) and, therefore, nosubtration of the resolved proesses was performed when omparing to the �xed-orderalulations desribed in Setion 7.The data Ejet1T;B , Ejet2;3T;B , �jetB and Q2 distributions of the NC DIS samples are shown inFig. 8 (9) for Q2 > 125 (500 < Q2 < 5000) GeV2 together with the MC simulations fromthe MEPS and CDM models. Both models give a reasonably good desription of the datain both kinemati regions. The data distributions of �H , �23, �KSW and �jetmax are shown inFig. 10 (11) for Q2 > 125 (500 < Q2 < 5000) GeV2. The MEPS MC preditions desribethe data distributions well, whereas the desription given by CDM is somewhat poorer.A detailed study of the soures ontributing to the experimental unertainties was per-formed [40℄. The following experimental unertainties were onsidered for p (as anexample of the size of the unertainties, an average value of the e�et of eah unertaintyon the ross setion as a funtion of �H is shown in parentheses):� the e�et of the modelling of the parton shower and hadronisation was estimated byusing Herwig instead of Pythia to evaluate the orretion fators (�6:1%);� the e�et of the unertainty on the absolute energy sale of the alorimetri jets wasestimated by varying EjetT in simulated events by its unertainty of �1%. The methodused was the same as in earlier publiations [17, 18, 41℄ (�1:6%);� the e�et of the unertainty on the reonstrution of y was estimated by varying itsvalue in simulated events by the estimated unertainty of �1% (�1:0%);� the e�et of the unertainty on the parameterisations of the proton and photon PDFswas estimated by using alternative sets of PDFs in the MC simulation to alulate theorretion fators (�0:4% and �2:0%, respetively);� the unertainty in the ross setions due to that in the simulation of the trigger10



(�0:4%).For NC DIS events, the following experimental unertainties were onsidered (as an ex-ample of the size of the unertainties, an average value of the e�et of eah unertaintyon the ross setion as a funtion of �H is shown in parentheses for the Q2 > 125 GeV2and 500 < Q2 < 5000 GeV2 kinemati regions):� the e�et of the modelling of the parton shower was estimated by using CDM insteadof MEPS to evaluate the orretion fators (�5:6% and �9:1%);� the e�et of the unertainty on the absolute energy sale of the alorimetri jets wasestimated by varying EjetT in simulated events by its unertainty of �1% for EjetT >10 GeV and �3% for lower EjetT values (�2:3% and �1:7%);� the unertainties due to the seletion uts was estimated by varying the values of theuts within the resolution of eah variable (less than �1:6% and less than �4:2% inall ases);� the unertainty on the reonstrution of the boost to the Breit frame was estimatedby using the diretion of the trak assoiated with the sattered eletron instead ofthat derived from the impat position as determined from the energy depositions inthe CAL (�1:6% and �1:6%);� the unertainty in the absolute energy sale of the eletron andidate was estimatedto be �1% [42℄ (�0:2% and �0:3%);� the unertainty in the ross setions due to that in the simulation of the trigger (�0:5%and �0:5%).The e�et of these unertainties on the normalised di�erential three-jet ross setions issmall ompared to the statistial unertainties for the measurements presented in Se-tion 10. The systemati unertainties were added in quadrature to the statistial uner-tainties.10 ResultsNormalised di�erential three-jet ross setions were measured in p in the kinemati regionQ2 < 1 GeV2, 0:2 < y < 0:85 and xobs > 0:8. The ross setions were determined forjets of hadrons with EjetT > 14 GeV and �1 < �jet < 2:5. In NC DIS, the ross setionswere measured in two kinemati regimes: Q2 > 125 GeV2 and 500 < Q2 < 5000 GeV2.In both ases, it was required that j os hj < 0:65. The ross setions orrespond to jetsof hadrons with Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5.11



10.1 Colour omponents and the triple-gluon vertexNormalised di�erential three-jet ross setions at O(�2s) of the individual olour ompo-nents from Eq. (1), �A, ..., �D, were alulated using the programs desribed in Setion 7and are shown separately in Fig. 12 for p and in Fig. 13 (14) for NC DIS with Q2 > 125(500 < Q2 < 5000) GeV2 as funtions of the angular variables. In these and subsequent�gures, the preditions were obtained by integrating over the same bins as for the data.The urves shown join the points and are a result of a ubi spline interpolation, exeptin the ase of �jetmax, for whih adjaent points are onneted by straight lines.The omponent whih ontains the ontribution from the TGV in quark-indued pro-esses, �B, has a very di�erent shape than the other omponents for all the angularvariables onsidered. The other omponents have distributions in �KSW and �H thatare similar and are best separated by the distribution of �23 in p. In NC DIS with500 < Q2 < 5000 GeV2, the di�erent olour omponents as funtions of �H and �KSWalso display di�erent shapes. In partiular, the �D omponent, whih also ontains aTGV, shows a distint shape for these distributions. This demonstrates that the three-jetangular orrelations studied show sensitivity to the di�erent olour omponents.In p (NC DIS: Q2 > 125 GeV2, 500 < Q2 < 5000 GeV2), the SU(3)-based preditionsfor the relative ontribution of eah olour omponent are: (A): 0:13 (0:23; 0:30), (B):0:10 (0:13; 0:14), (C): 0:45 (0:39; 0:35) and (D): 0:32 (0:25; 0:21). Therefore, the overallontribution from the diagrams that involve a TGV, B and D, amounts to 42 (38; 35)%in SU(3).10.2 Three-jet ross setions in pThe integrated three-jet ross setion in p in the kinemati range onsidered was mea-sured to be: �ep!3jets = 14:59� 0:34 (stat:) +1:25�1:31 (syst:) pb:The predited O(�2s) integrated ross setion, whih is the lowest order for this proessand ontains only diret proesses, is 8:90 +2:01�2:92 pb.The measured normalised di�erential three-jet ross setions are presented in Fig. 15 andTables 1 to 3 as funtions of �H , os(�23) and os(�KSW). The measured ross setionshows a peak at �H � 60Æ, inreases as os(�23) inreases and shows a broad peak in therange of os(�KSW) between �0:5 to 0:1. 12



10.3 Three-jet ross setions in NC DISThe integrated three-jet ross setions in NC DIS for Q2 > 125 GeV2 and 500 < Q2 <5000 GeV2 were measured to be:�ep!3jets = 11:48� 0:35 (stat:) � 1:98 (syst:) pband �ep!3jets = 5:73� 0:26 (stat:) � 0:60 (syst:) pb:The predited O(�3s) integrated ross setions are 14:14� 3:40 pb and 6:86� 1:77 pb forthe two kinemati regions, respetively.The measured normalised di�erential three-jet ross setions in NC DIS for Q2 > 125 GeV2and 500 < Q2 < 5000 GeV2 are presented in Figs. 16 and 17, respetively, as funtions of�H , os(�23), os(�KSW) and �jetmax (see Tables 4 to 7). The measured ross setions havesimilar shapes in the two kinemati regions onsidered, exept for the distribution as afuntion of os(�KSW): the ross setion dereases as os(�KSW) inreases for 500 < Q2 <5000 GeV2 whereas for Q2 > 125 GeV2 it shows an approximately onstant behaviourfor �1 < os(�KSW) < 0:25. The measured ross setion as a funtion of os(�23) peaksaround 0:5 and inreases as �H and �jetmax inrease.10.4 Comparison to �xed-order alulationsCalulations at O(�2s) in whih eah olour ontribution in Eq. (1) was weighted aord-ing to the olour fators predited by SU(3) (CF = 4=3, CA = 3 and TF = 1=2) areompared to the measurements in Figs. 15 to 19. The theoretial unertainties are shownin Figs. 15, 18 and 19 as hathed bands. Sine the alulations are normalised to unity,the unertainties are orrelated among the points; this orrelation is partially responsiblefor the pulsating pattern exhibited by the theoretial unertainties. The preditions basedon SU(3) give a reasonable desription of the data for all angular orrelations. For p, thepreditions do not inlude resolved proesses (see Setion 7), as alulations separatedaording to the di�erent olour fators are not available. Monte Carlo simulations ofsuh proesses show that their ontribution is most likely to be di�erent from that ofdiret proesses in the �fth and last bin of (1=�)(d�=d os(�23)) (see Figs. 7b and 15b).To illustrate the sensitivity of the measurements to the olour fators, alulations basedon di�erent symmetry groups are also ompared to the data in Figs. 15 to 17. In thesealulations, the olour omponents were ombined in suh a way as to reprodue theolour struture of a theory based on the non-Abelian group SU(N) in the limit of largeN (CF = 1, CA = 2 and TF = 0), the Abelian group U(1)3 (CF = 1, CA = 0 and TF = 3),13



the non-Abelian group SO(3) (CF = 1=3, CA = 3 and TF = 1=3) and, as an extremehoie, a alulation with CF = 0. The shapes of the distributions predited by U(1)3in p are very similar to those by SU(3) due to the smallness of the omponent �B andthe diÆulty to distinguish the omponent �D. In NC DIS, the preditions of U(1)3 showdi�erenes of around 10% with respet to those of SU(3), whih are of the same order asthe statistial unertainties. In both regimes, the data learly disfavour a theory basedon SU(N) in the limit of large N or on CF = 0.Figures 18 and 19 show the measurements in NC DIS ompared to the preditions ofQCD at O(�2s) and O(�3s). This omparison provides a very stringent test of pQCD. TheO(�3s) alulations give a very good desription of the data. In partiular, a signi�antimprovement in the desription of the data an be observed for the �rst bin of the �23distribution (Figs. 18b and 19b).11 Summary and onlusionsMeasurements of angular orrelations in three-jet p and NC DIS were performed inep ollisions at HERA using 127 pb�1 of data olleted with the ZEUS detetor. Theross setions refer to jets identi�ed with the kT luster algorithm in the longitudinallyinvariant inlusive mode and seleted with EjetT > 14 GeV and �1 < �jet < 2:5 (p) andEjet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 (NC DIS). The measurements weremade in the kinemati regions de�ned by Q2 < 1 GeV2, 0:2 < y < 0:85 and xobs > 0:8 (p)and Q2 > 125 GeV2 or 500 < Q2 < 5000 GeV2 and j os hj < 0:65 (NC DIS). Normaliseddi�erential three-jet ross setions were measured as funtions of �H , �23, �KSW and �jetmax.The olour on�guration of the strong interation was studied for the �rst time in ep olli-sions using the angular orrelations in three-jet events. While the extration of the olourfators will require the full analysis of all HERA data and omplete O(�3s) alulations,the studies presented in this paper demonstrate the potential of the method.Fixed-order alulations separated aording to the olour on�gurations were used tostudy the sensitivity of the angular orrelations to the underlying gauge struture. Thepredited distributions of �H , �23 and �KSW learly isolate the ontribution from thetriple-gluon oupling in quark-indued proesses while �jetmax isolates the ontribution fromgluon-indued proesses. The variable �23 provides additional separation for the otherontributions. Furthermore, the studies performed demonstrate that normalised rosssetions in three-jet ep ollisions have redued sensitivity to the assumed evolution of thePDFs and the running of �s.The data learly disfavour theories based on SU(N) in the limit of large N or CF = 0.Di�erenes between SU(3) and U(1)3 are smaller than the urrent statistial unertainties.14



The measurements are found to be onsistent with the admixture of olour on�gurationsas predited by SU(3). The O(�3s) alulations give a very good desription of the NCDIS data.AknowledgementsWe thank the DESY Diretorate for their strong support and enouragement. We ap-preiate the ontributions to the onstrution and maintenane of the ZEUS detetor ofmany people who are not listed as authors. The HERA mahine group and the DESYomputing sta� are espeially aknowledged for their suess in providing exellent op-eration of the ollider and the data-analysis environment. We would like to thank M.Fontannaz, M. Klasen and Z. Nagy for useful disussions.
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�H bin (deg) (1=�) d�=d�H Æstat Æsyst Chad0, 9 0.00264 0.00038 �0:00052 0.939, 18 0.00393 0.00044 �0:00021 0.9418, 27 0.00507 0.00051 +0:00040�0:00039 1.0027, 36 0.00838 0.00064 +0:00105�0:00104 0.9336, 45 0.01071 0.00075 �0:00023 0.9645, 54 0.01486 0.00087 +0:00021�0:00016 0.9454, 63 0.01795 0.00098 +0:00036�0:00035 0.9563, 72 0.01765 0.00095 �0:00062 0.9472, 81 0.01517 0.00088 +0:00081�0:00084 0.9481, 90 0.01473 0.00086 +0:00075�0:00077 0.96Table 1: Normalised di�erential ep ross setion for three-jet photoprodutionintegrated over EjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region de�nedby Q2 < 1 GeV 2, 0:2 < y < 0:85 and xobs > 0:8 as a funtion of �H . The statistialand systemati unertainties are shown separately. The multipliative orretionsfor hadronisation e�ets to be applied to the parton-level QCD di�erential rosssetion, Chad, are shown in the last olumn.os(�23) bin (1=�) d�=d os(�23) Æstat Æsyst Chad-1, -0.8 0.0138 0.0046 �0:00042 1.04-0.8, -0.6 0.078 0.012 +0:004�0:003 0.96-0.6, -0.4 0.198 0.022 +0:026�0:027 0.95-0.4, -0.2 0.343 0.029 +0:041�0:040 0.93-0.2, 0 0.360 0.029 �0:010 0.970, 0.2 0.512 0.034 +0:014�0:013 0.980.2, 0.4 0.618 0.037 +0:015�0:016 1.000.4, 0.6 0.847 0.044 �0:013 0.990.6, 0.8 0.937 0.045 +0:043�0:042 0.990.8, 1 1.092 0.049 +0:019�0:018 1.02Table 2: Normalised di�erential ep ross setion for three-jet photoprodutionintegrated over EjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region de�nedby Q2 < 1 GeV 2, 0:2 < y < 0:85 and xobs > 0:8 as a funtion of os(�23). Otherdetails as in the aption to Table 1.
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os(�KSW) bin (1=�) d�=d os(�KSW) Æstat Æsyst Chad-1, -0.8 0.552 0.035 �0:044 0.97-0.8, -0.6 0.651 0.039 �0:026 0.99-0.6, -0.4 0.745 0.042 +0:032�0:031 0.97-0.4, -0.2 0.741 0.042 �0:039 0.93-0.2, 0 0.784 0.042 +0:014�0:016 0.960, 0.2 0.768 0.042 �0:046 0.950.2, 0.4 0.500 0.034 �0:005 0.940.4, 0.6 0.200 0.022 �0:021 0.950.6, 0.8 0.056 0.010 +0:010�0:009 0.850.8, 1 0.0029 0.0015 �0:0037 0.74Table 3: Normalised di�erential ep ross setion for three-jet photoprodutionintegrated over EjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region de�nedby Q2 < 1 GeV 2, 0:2 < y < 0:85 and xobs > 0:8 as a funtion of os(�KSW). Otherdetails as in the aption to Table 1.�H bin (deg) (1=�) d�=d�H Æstat Æsyst CQED ChadQ2 > 125 GeV20, 18 0.00372 0.00046 �0:00031 0.92 0.8918, 36 0.00770 0.00056 �0:00095 0.88 0.9036, 54 0.01291 0.00072 �0:00045 0.96 0.8454, 72 0.01438 0.00074 �0:00042 1.00 0.8472, 90 0.01686 0.00077 �0:00160 0.99 0.84500 < Q2 < 5000 GeV20, 18 0.00481 0.00076 �0:00048 0.88 0.9218, 36 0.00993 0.00094 �0:00231 0.95 0.9636, 54 0.0141 0.0011 �0:0004 0.92 0.9754, 72 0.0134 0.0011 �0:0008 1.03 0.8972, 90 0.0133 0.0011 �0:0023 0.96 0.94Table 4: Normalised di�erential ep ross setion for three-jet prodution in NCDIS integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in thekinemati region given by j os hj < 0:65 and Q2 > 125 GeV 2 or 500 < Q2 <5000 GeV 2 as a funtion of �H . The multipliative orretions applied to the dif-ferential measured ross setion to orret for QED radiative e�ets, CQED, is alsoshown. The multipliative orretions for hadronisation e�ets and the Z0-exhangeontribution to be applied to the parton-level QCD di�erential ross setion, Chad,are shown in the last olumn. Other details as in the aption to Table 1.20



os(�23) bin (1=�) d�=d os(�23) Æstat Æsyst CQED ChadQ2 > 125 GeV2-1, -0.6 0.117 0.015 �0:025 0.96 0.90-0.6, -0.2 0.338 0.028 �0:035 1.01 0.70-0.2, 0.2 0.568 0.032 �0:018 0.90 0.780.2, 0.6 0.993 0.037 �0:021 0.95 0.880.6, 1 0.484 0.030 �0:020 1.02 1.01500 < Q2 < 5000 GeV2-1, -0.6 0.199 0.030 �0:018 1.04 0.83-0.6, -0.2 0.381 0.043 �0:041 0.97 0.75-0.2, 0.2 0.589 0.047 �0:074 0.92 0.830.2, 0.6 1.018 0.055 �0:061 0.95 1.070.6, 1 0.313 0.036 �0:022 0.97 1.16Table 5: Normalised di�erential ep ross setion for three-jet prodution in NCDIS integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in thekinemati region given by j os hj < 0:65 and Q2 > 125 GeV 2 or 500 < Q2 <5000 GeV 2 as a funtion of os(�23). Other details as in the aption to Table 4.os(�KSW) bin (1=�) d�=d os(�KSW) Æstat Æsyst CQED ChadQ2 > 125 GeV2-1, -0.6 0.585 0.031 �0:057 0.92 0.95-0.6, -0.2 0.691 0.034 �0:094 0.99 0.88-0.2, 0.2 0.721 0.035 �0:020 1.01 0.850.2, 0.6 0.332 0.026 �0:025 0.92 0.740.6, 1 0.171 0.020 �0:022 0.93 0.71500 < Q2 < 5000 GeV2-1, -0.6 0.770 0.052 �0:076 0.94 1.04-0.6, -0.2 0.536 0.045 �0:112 0.93 0.97-0.2, 0.2 0.497 0.045 �0:037 1.01 0.940.2, 0.6 0.430 0.044 �0:058 1.01 0.840.6, 1 0.267 0.036 �0:061 0.89 0.78Table 6: Normalised di�erential ep ross setion for three-jet prodution in NCDIS integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in thekinemati region given by j os hj < 0:65 and Q2 > 125 GeV 2 or 500 < Q2 <5000 GeV 2 as a funtion of os(�KSW). Other details as in the aption to Table 4.21



�jetmax bin (1=�) d�=d�jetmax Æstat Æsyst CQED ChadQ2 > 125 GeV2-2, -0.1 0.0042 0.0013 �0:0006 1.07 0.61-0.1, 0.3 0.092 0.016 �0:012 1.17 0.770.3, 0.7 0.267 0.024 �0:054 0.96 0.810.7, 1.1 0.751 0.034 �0:016 0.93 0.831.1, 1.5 1.370 0.038 �0:048 0.96 0.88500 < Q2 < 5000 GeV2-2, -0.1 0.0059 0.0021 �0:0022 1.14 0.62-0.1, 0.3 0.110 0.022 �0:011 0.96 0.770.3, 0.7 0.378 0.040 �0:084 0.96 0.860.7, 1.1 0.918 0.054 �0:052 0.93 0.931.1, 1.5 1.066 0.056 �0:035 0.98 1.00Table 7: Normalised di�erential ep ross setion for three-jet prodution in NCDIS integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in thekinemati region given by j os hj < 0:65 and Q2 > 125 GeV 2 or 500 < Q2 <5000 GeV 2 as a funtion of �jetmax. Other details as in the aption to Table 4.

22



γ q g

q

gq

γ q

q

q g
g

g

γ

q

q

g

q

q

q

γ
q

q
q

g

g
g

(A) (B)

(C) (D)

Figure 1: Examples of diagrams for the photoprodution of three-jet events throughdiret-photon proesses and in NC DIS three-jet events in eah olour on�guration:(A) double-gluon bremsstrahlung from a quark line; (B) the splitting of a virtualgluon into a pair of �nal-state gluons; (C) the prodution of a q�q pair through theexhange of a virtual gluon emitted by an inoming quark; (D) the prodution ofa q�q pair through the exhange of a virtual gluon arising from the splitting of aninoming gluon.
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Figure 5: Detetor-level data distributions for three-jet photoprodution (dots)with EjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region given by Q2 <1 GeV 2 and 0:2 < y < 0:85 as funtions of (a) EjetT , (b) �jet and (,d) xobs .For omparison, the distributions of the Pythia (solid histograms) and Herwig(dashed histograms) MC models for resolved plus diret proesses normalised to thedata are inluded. In (d), the ontributions for resolved (dotted histogram) anddiret (dot-dashed histogram) proesses from Pythia MC are shown separately.
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Figure 6: Detetor-level data distributions for three-jet photoprodution (dots)with EjetT > 14 GeV and �1 < �jet < 2:5 in the kinemati region given by Q2 <1 GeV 2, 0:2 < y < 0:85 and xobs > 0:8 as funtions of (a) �H , (b) os(�23) and() os(�KSW). Other details as in the aption to Fig. 5.
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Figure 8: Detetor-level data distributions for three-jet prodution in NC DIS(dots) with Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in the kinematiregion given by Q2 > 125 GeV 2 and j os hj < 0:65 as funtions of (a) Ejet1T;B, (b)Ejet2;3T;B , () �jetB and (d) Q2. For omparison, the distributions of the MEPS (solidhistograms) and CDM (dashed histograms) MC models normalised to the data areinluded.
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Figure 9: Detetor-level data distributions for three-jet prodution in NC DIS(dots) with Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in the kinematiregion given by 500 < Q2 < 5000 GeV 2 and j os hj < 0:65 as funtions of (a)Ejet1T;B , (b) Ejet2;3T;B and () �jetB . Other details as in the aption to Fig. 8.
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Figure 10: Detetor-level data distributions for three-jet prodution in NC DIS(dots) with Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in the kinematiregion given by Q2 > 125 GeV 2 and j os hj < 0:65 as funtions of (a) �H , (b)os(�23), () os(�KSW) and (d) �jetmax. For omparison, the distributions of theMEPS (solid histograms) and CDM (dashed histograms) MC models normalised tothe data are inluded.
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Figure 11: Detetor-level data distributions for three-jet prodution in NC DIS(dots) with Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and �2 < �jetB < 1:5 in the kinematiregion given by 500 < Q2 < 5000 GeV 2 and j os hj < 0:65 as funtions of (a)�H , (b) os(�23), () os(�KSW) and (d) �jetmax. Other details as in the aption toFig. 10.
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Figure 12: Predited normalised di�erential ep ross setions for three-jet diret-photon proesses at O(�2s) integrated over EjetT > 14 GeV and �1 < �jet < 2:5 inthe kinemati region de�ned by Q2 < 1 GeV 2 and 0:2 < y < 0:85 as funtionsof (a) �H , (b) os(�23) and () os(�KSW). In eah �gure, the preditions for theolour omponents are shown: �A (dashed lines), �B (solid lines), �C (dot-dashedlines) and �D (dotted lines). These alulations do not inlude orretions forhadronisation e�ets.
34



 ZEUS 

0

0.01

0.02

0.03

0 20 40 60 80

ΘH (deg)

(1
/σ

) 
dσ

/d
Θ

H

σA

σB

σC

σD

0

0.5

1

-1 -0.5 0 0.5 1

cos(α23)

(1
/σ

) 
dσ

/d
co

s(
α 23

)

Q2 > 125 GeV2

0

0.5

1

1.5

-1 -0.5 0 0.5 1

cos(βKSW)

(1
/σ

) 
dσ

/d
co

s(
β ks

w
)

0

0.5

1

1.5

-2 -1 0 1

η
max

jet

(1
/σ

) 
dσ

/d
η m

ax

je
t

(a) (b)

() (d)

Figure 13: Predited normalised di�erential ep ross setions for three-jet pro-dution in NC DIS at O(�2s) integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeVand �2 < �jetB < 1:5 in the kinemati region given by Q2 > 125 GeV 2 andj os hj < 0:65 as funtions of (a) �H , (b) os(�23), () os(�KSW) and (d) �jetmax.Other details as in the aption to Fig. 12. These alulations do not inlude or-retions for hadronisation e�ets.
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Figure 14: Predited normalised di�erential ep ross setions for three-jet pro-dution in NC DIS at O(�2s) integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeVand �2 < �jetB < 1:5 in the kinemati region given by 500 < Q2 < 5000 GeV 2and j os hj < 0:65 as funtions of (a) �H , (b) os(�23), () os(�KSW) and (d)�jetmax. Other details as in the aption to Fig. 12. These alulations do not inludeorretions for hadronisation e�ets.
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Figure 15: Measured normalised di�erential ep ross setions for three-jet pho-toprodution (dots) integrated over EjetT > 14 GeV and �1 < �jet < 2:5 in thekinemati region de�ned by Q2 < 1 GeV 2, 0:2 < y < 0:85 and xobs > 0:8 as fun-tions of (a) �H , (b) os(�23) and () os(�KSW). The data points are plotted at thebin entres. The inner error bars represent the statistial unertainties of the data,and the outer error bars show the statistial and systemati unertainties addedin quadrature. For omparison, the O(�2s) alulations for diret-photon proessesbased on SU(3) (solid lines), U(1)3 (dashed lines), SU(N) in the limit of largeN (dot-dashed lines), CF = 0 (short-spaed dotted lines) and SO(3) (long-spaeddotted lines) are inluded. The lower part of the �gures displays the relative dif-ferene to the alulations based on SU(3) and the hathed band shows the relativeunertainty of this alulation. 37
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Figure 16: Measured normalised di�erential ep ross setions for three-jetprodution in NC DIS (dots) integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeVand �2 < �jetB < 1:5 in the kinemati region given by Q2 > 125 GeV 2 andj os hj < 0:65 as funtions of (a) �H , (b) os(�23), () os(�KSW) and (d) �jetmax.Other details as in the aption to Fig. 15.
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Figure 17: Measured normalised di�erential ep ross setions for three-jet pro-dution in NC DIS (dots) integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and�2 < �jetB < 1:5 in the kinemati region given by 500 < Q2 < 5000 GeV 2 andj os hj < 0:65 as funtions of (a) �H , (b) os(�23), () os(�KSW) and (d) �jetmax.Other details as in the aption to Fig. 15.
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Figure 18: Measured normalised di�erential ep ross setions for three-jetprodution in NC DIS (dots) integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeVand �2 < �jetB < 1:5 in the kinemati region given by Q2 > 125 GeV 2 andj os hj < 0:65 as funtions of (a) �H , (b) os(�23), () os(�KSW) and (d) �jetmax.For omparison, the O(�2s) (dashed lines) and O(�3s) (solid lines) QCD alulationsare also inluded. The hathed band displays the relative theoretial unertainty ofthe O(�3s) alulation. Other details as in the aption to Fig. 15.
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Figure 19: Measured normalised di�erential ep ross setions for three-jet pro-dution in NC DIS (dots) integrated over Ejet1T;B > 8 GeV, Ejet2;3T;B > 5 GeV and�2 < �jetB < 1:5 in the kinemati region given by 500 < Q2 < 5000 GeV 2 andj os hj < 0:65 as funtions of (a) �H , (b) os(�23), () os(�KSW) and (d) �jetmax.For omparison, the O(�2s) (dashed lines) and O(�3s) (solid lines) QCD alulationsare also inluded. The hathed band displays the relative theoretial unertainty ofthe O(�3s) alulation. Other details as in the aption to Fig. 15.
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