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Subjet distributions in deep inelastisattering at HERA
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AbstratSubjet distributions were measured in neutral urrent deep inelasti ep satteringwith the ZEUS detetor at HERA using an integrated luminosity of 81.7 pb�1.Jets were identi�ed using the kT luster algorithm in the laboratory frame. Sub-jets were de�ned as jet-like substrutures identi�ed by a reappliation of theluster algorithm at a smaller value of the resolution parameter yut. Measure-ments of subjet distributions for jets with exatly two subjets for yut = 0:05 arepresented as funtions of observables sensitive to the pattern of parton radiationand to the olour oherene between the initial and �nal states. PerturbativeQCD preditions give an adequate desription of the data.
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1 IntrodutionJet prodution in ep ollisions provides a wide testing ground of perturbative QCD(pQCD). Measurements of di�erential ross setions for jet prodution [1{3℄ have alloweddetailed studies of parton dynamis, tests of the proton and photon parton distributionfuntions (PDFs) as well as preise determinations of the strong oupling onstant, �s.Gluon emission from primary quarks was investigated [4, 5℄ by means of the internalstruture of jets; these type of studies gave insight into the transition between a partonprodued in a hard proess and the experimentally observable jet of hadrons. The patternof parton radiation within a jet is ditated in QCD by the splitting funtions. Thesefuntions, Pab(z; �) with a; b = q or g, are interpreted as the probability that a parton oftype b, having radiated a parton of type a, is left with a fration z of the longitudinalmomentum of the parent parton and a transverse momentum squared smaller than �2,where � is the typial hard sale of the proess. The splitting funtions are alulable aspower series in �s. Thus, the harateristis of jet substruture provide diret aess tothe QCD splitting funtions and their dependene on the sale.The understanding of jet substruture is also important in the ontext of jet identi�ationin boosted systems, like hadroni top deays [6℄ or b�b �nal states at LHC [7℄. The �rstexample alls for a diret appliation of jet substruture, the seond requires knowledgeabout jet substruture to distinguish between single- and double-quark indued jets. Thispaper presents a study of jet substruture in a more ontrolled hadroni-type environmentthan that provided by hadron-hadron olliders.Jet prodution in neutral urrent (NC) deep inelasti sattering (DIS) was previously usedto study the mean subjet multipliity [4℄ and the mean integrated jet shape [5℄ with valuesof �s(MZ) extrated from those measurements. In the present study, the pattern of QCDradiation is investigated by means of the subjet topology, providing a more stringent testof the pQCD alulations.In this paper, measurements of normalised di�erential subjet ross setions for those jetswhih ontain two subjets at a given resolution sale are presented. The measurementswere done as funtions of the ratio between the subjet transverse energy and that of thejet, EsbjT =EjetT , the di�erene between the subjet pseudorapidity1 (azimuth) and that ofthe jet, �sbj��jet (j�sbj��jetj), and �sbj, the angle, as viewed from the jet entre, betweenthe subjet with higher transverse energy and the proton beam line in the pseudorapidity-1 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe entre of HERA. The oordinate origin is at the nominal interation point. The pseudorapidity isde�ned as � = � ln(tan �2 ), where the polar angle � is taken with respet to the proton beam diretion.1



azimuth plane (see Fig. 1). The preditions of pQCD at next-to-leading order (NLO)were ompared to the data.2 Jets and subjetsThe analysis of subjets presented in this paper was performed using the laboratory frame.In this frame, the alulations of the subjet distributions an be performed up to O(�2s),i.e. NLO, with jets onsisting of up to three partons. The analysis used events with highvirtuality of the exhanged boson, Q2; at low values of Q2, the sample of events with atleast one jet of high EjetT (EjetT � pQ2) is dominated by dijet events. In that ase, thealulations inlude jets onsisting of up to only two partons and, therefore, orrespondto lowest-order preditions of jet substruture.The kT luster algorithm [8℄ was used in the longitudinally invariant inlusive mode [9℄ tode�ne jets in the hadroni �nal state. Subjets [10℄ were resolved within a jet by onsid-ering all partiles assoiated with the jet and repeating the appliation of the kT lusteralgorithm until, for every pair of partiles i and j the quantity dij = min(ET;i; ET;j)2 �((�i � �j)2 + (�i � �j)2), where ET;i, �i and �i are the transverse energy, pseudorapidityand azimuth of partile i, respetively, was greater than dut = yut �(EjetT )2. All remaininglusters were alled subjets.The subjet multipliity depends upon the value hosen for the resolution parameter yut.Subjet distributions were studied for those jets with exatly two subjets at a value ofthe resolution parameter of yut = 0:05. This value of yut was hosen as a ompromisebetween resolution, size of the hadronisation orretion fators and statistis. The e�etof the parton-to-hadron orretions on the shape of the subjet distributions beomesinreasingly larger as yut dereases. On the other hand, the number of jets with exatlytwo subjets dereases rapidly as yut inreases.Subjet distributions were studied as funtions of EsbjT =EjetT , �sbj��jet, j�sbj��jetj and �sbj.One of the goals of this study was to investigate the extent to whih pQCD alulations areable to reprodue the observed distributions. In addition, the dependene of the splittingfuntions Pab(z; �) on z an be investigated using the EsbjT =EjetT distribution. The splittingfuntions at leading order (LO) do not depend on � but aquire a weak dependene due tohigher-order orretions. Suh a dependene an be investigated by measuring the subjetdistributions in di�erent regions of EjetT or Q2.The substruture of jets onsisting of a quark-gluon pair (the quark-indued proess eq !eqg) or a quark-antiquark pair (the gluon-indued proess eg ! eq�q) are predited tobe di�erent (see Setion 8.1). Furthermore, the relative ontributions of quark- andgluon-indued proesses vary with Bjorken x and Q2. The predited di�erene mentioned2



above is amenable to experimental investigation by omparing the shape of the subjetdistributions in di�erent regions of x and Q2.Colour oherene leads to a suppression of soft-gluon radiation in ertain regions of phasespae. The e�ets of olour oherene between the initial and �nal states have beenstudied in hadron-hadron ollisions [11℄. These e�ets are also expeted to appear inlepton-hadron ollisions. For the proess eq ! eqg, olour oherene implies a tendenyof the subjet with lower (higher) transverse energy, EsbjT;low (EsbjT;high), to have �sbj��jet > 0(�sbj� �jet < 0). The variable �sbj, de�ned in lose analogy to the variables used to studyolour oherene in hadron-hadron ollisions [11℄, reets diretly whether the subjetwith the lower transverse energy has a tendeny to be emitted towards the proton beamdiretion.
3 Experimental set-upA detailed desription of the ZEUS detetor an be found elsewhere [12, 13℄. A briefoutline of the omponents most relevant for this analysis is given below.Charged partiles were traked in the entral traking detetor (CTD) [14℄, whih operatedin a magneti �eld of 1:43 T provided by a thin superonduting solenoid. The CTDonsisted of 72 ylindrial drift-hamber layers, organised in nine superlayers overing thepolar-angle region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtraks an be parameterised as �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT inGeV. The traking system was used to measure the interation vertex with a typialresolution along (transverse to) the beam diretion of 0:4 (0:1) m and to ross-hek theenergy sale of the alorimeter.The high-resolution uranium{sintillator alorimeter (CAL) [15℄ 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 towers andlongitudinally into one eletromagneti setion and either one (in RCAL) or two (in BCALand FCAL) hadroni setions. The smallest subdivision of the alorimeter was alled aell. Under test-beam onditions, the CAL single-partile relative energy resolutions were�(E)=E = 0:18=pE for eletrons and �(E)=E = 0:35=pE for hadrons, 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 [16℄, alead{sintillator alorimeter plaed in the HERA tunnel at Z = �107 m.3



4 Data seletionThe data were olleted during the running period 1998{2000, when HERA operated withprotons of energy Ep = 920 GeV and eletrons or positrons2 of energy Ee = 27:5 GeV,and orrespond to an integrated luminosity of 81:7� 1:9 pb�1.Neutral urrent DIS events were seleted o�ine using riteria similar to those reportedpreviously [5℄. The main steps are given below.A reonstruted event vertex onsistent with the nominal interation position was re-quired and uts based on traking information were applied to redue the ontaminationfrom beam-indued and osmi-ray bakground. The sattered-eletron andidate wasidenti�ed using the pattern of energy deposits in the CAL [17℄. The energy, E 0e, and polarangle, �e, of the eletron andidate were also determined from the CAL measurements.The double-angle method [18℄, whih uses �e and an angle  that orresponds, in thequark-parton model, to the diretion of the sattered quark, was used to reonstrut Q2.The angle  was reonstruted using the CAL measurements of the hadroni �nal state.Eletron andidates were required to have an energy E 0e > 10 GeV, to ensure a high andwell understood eletron-�nding eÆieny and to suppress bakground from photopro-dution. The inelastiity variable, y, as reonstruted using the eletron energy and polarangle, was required to be below 0:95; this ondition removed events in whih fake eletronandidates from photoprodution bakground were found in the FCAL. The requirement38 < (E � pZ) < 65 GeV, where E is the total CAL energy and pZ is the Z ompo-nent of the energy measured in the CAL ells, was applied to remove events with largeinitial-state radiation and to redue further the photoprodution bakground. Remainingosmi rays and beam-related bakground were rejeted by requiring the total missingtransverse momentum, pmissT , to be small ompared to the total transverse energy, EtotT ,pmissT =pEtotT < 3 pGeV. The kinemati range was restrited to Q2 > 125 GeV2.The kT luster algorithm was used in the longitudinally invariant inlusive mode to reon-strut jets in the measured hadroni �nal state from the energy deposits in the CAL ells.The jet algorithm was applied after exluding those ells assoiated with the sattered-eletron andidate. Jet transverse-energy orretions were omputed using the methoddeveloped in a previous analysis [5℄. Events were required to have at least one jet ofEjetT > 14 GeV and �1 < �jet < 2:5. The �nal sample of 128986 events ontained 132818jets, of whih 21162 jets had exatly two subjets at yut = 0:05.2 In the following, the term \eletron" denotes generially both the eletron (e�) and the positron (e+).4



5 Monte Carlo simulationSamples of events were generated to determine the response of the detetor to jets ofhadrons and the orretion fators neessary to obtain the hadron-level subjet rosssetions. The hadron level is de�ned as those hadrons with lifetime � � 10 ps. Thegenerated events were passed through the Geant 3.13-based [19℄ ZEUS detetor- andtrigger-simulation programs [13℄. They were reonstruted and analysed applying thesame program hain as to the data.Neutral urrent DIS events inluding radiative e�ets were simulated using the Her-ales 4.6.1 [20℄ program with the Djangoh 1.1 [21℄ 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) [22℄ inluding the LO QCD diagrams as implemented inAriadne 4.08 [23℄ and, alternatively, with the MEPS model of Lepto 6.5 [24℄. TheCTEQ5D [25℄ proton PDFs were used for these simulations. Fragmentation into hadronsis performed using the Lund string model [26℄ as implemented in Jetset [27, 28℄.The jet searh was performed on the Monte Carlo (MC) events using the energy measuredin the CAL ells in the same way as for the data. The same jet algorithm was also appliedto the �nal-state partiles (hadron level) and to the partons available after the partonshower (parton level) to ompute hadronisation orretion fators (see Setion 6).6 QCD alulationsThe O(�2s) NLO QCD alulations used to ompare with the data are based on theprogram Disent [29℄. The alulations used a generalised version of the subtrationmethod [30℄ and were performed in the massless MS renormalisation and fatorisationshemes. The number of avours was set to �ve; the renormalisation (�R) and fatorisation(�F ) sales were set to �R = �F = Q; �s was alulated at two loops using �(5)MS = 220 MeVwhih orresponds to �s(MZ) = 0:118. The ZEUS-S [31℄ parameterisations of the protonPDFs were used. The results obtained with Disent were ross-heked by using theprogram Nlojet++ [32℄.Sine the measurements refer to jets of hadrons, whereas the QCD alulations refer tojets of partons, the preditions were orreted to the hadron level using the MC sam-ples desribed in Setion 5. The multipliative orretion fator, Chad, de�ned as theratio of the ross setion for subjets of hadrons to that of partons, was estimated withthe Lepto-MEPS model, sine it reprodued the shape of the QCD alulations better.5



The normalised ross-setion alulations hanged typially by less than �20% upon ap-pliation of the parton-to-hadron orretions, exept at the edges of the distributions,where they hanged by up to �50%. Other e�ets not aounted for in the alulations,namely QED radiative orretions and Z0 exhange, were found to be very small for thenormalised ross-setion alulations and negleted.The following theoretial unertainties were onsidered (as examples of the size of theunertainties, average values of the e�et of eah unertainty on the normalised rosssetion as funtions of EsbjT =EjetT , �sbj��jet, j�sbj��jetj and �sbj are given in parentheses):� the unertainty in the modelling of the parton shower was estimated by using di�erentmodels (see Setion 5) to alulate the parton-to-hadron orretion fators (5:6%,13:2%, 7:6%, 5:3%);� the unertainty on the alulations due to higher-order terms was estimated by varying�R by a fator of two up and down (0:01%, 0:46%, 0:58%, 0:34%);� the unertainty on the alulations due to the hoie of �F was estimated by varying�F by a fator of two up and down (0:05%, 0:43%, 0:11%, 0:12%);� 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 [31℄;this analysis takes into aount the statistial and orrelated systemati experimentalunertainties of eah data set used in the determination of the proton PDFs (0:07%,0:18%, 0:12%, 0:05%);� 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 [33℄ (0:02%, 0:04%, 0:05%, 0:01%).These unertainties were added in quadrature and are shown as hathed bands in the�gures.7 Corretions and systemati unertaintiesThe sample of events generated with CDM, after applying the same o�ine seletion asfor the data, gives a reasonably good desription of the measured distributions of thekinemati, jet and subjet variables; the desription provided by the MEPS sample issomewhat poorer. The omparison of the measured subjet distributions and the MCsimulations is shown in Fig. 2. 6



The normalised di�erential ross setions were obtained from the data using the bin-by-binorretion method, 1� d�idA = 1� Ndata;iL ��Ai � NhadMC;iNdetMC;i ;where Ndata;i is the number of subjets in data in bin i of the subjet variableA, NhadMC;i (NdetMC;i)is the number of subjets in MC at hadron (detetor) level, L is the integrated luminosityand �Ai is the bin width. The MC samples of CDM and MEPS were used to omputethe aeptane orretion fators to the subjet distributions. These orretion fatorstook into aount the eÆieny of the trigger, the seletion riteria and the purity andeÆieny of the jet and subjet reonstrution.The following soures of systemati unertainty were onsidered for the measured subjetross setions (as examples of the size of the unertainties, average values of the e�etof eah unertainty on the normalised ross setion as funtions of EsbjT =EjetT , �sbj � �jet,j�sbj � �jetj and �sbj are given in parentheses):� the deviations in the results obtained by using either CDM or MEPS to orret thedata from their average were taken to represent systemati unertainties due to themodelling of the parton shower (0:5%, 2:9%, 2:6%, 1:3%);� variations in the simulation of the CAL response to low-energy partiles (0:3%, 1:6%,1:2%, 0:6%).Other unertainties, suh as those arising from the unertainty in the absolute energy saleof the jets [1, 34℄, the unertainty in the simulation of the trigger and the unertainty inthe absolute energy sale of the eletron andidate [35℄, were investigated and found tobe negligible. The systemati unertainties were added in quadrature to the statistialunertainties and are shown as error bars in the �gures.8 ResultsNormalised di�erential subjet ross setions were measured for Q2 > 125 GeV2 for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whih have exatly two subjets for yut = 0:05.The distribution of the fration of transverse energy, (1=�)(d�=d(EsbjT =EjetT )), is presentedin Fig. 3a. It ontains two entries per jet and is symmetri with respet to EsbjT =EjetT = 0:5by onstrution. This distribution has a peak for 0:4 < EsbjT =EjetT < 0:6, whih shows thatthe two subjets tend to have similar transverse energies.7



The �sbj� �jet data distribution is shown in Fig. 3b and also has two entries per jet. Themeasured ross setion has a two-peak struture; the dip around �sbj � �jet = 0 is due tothe fat that the two subjets are not resolved when they are too lose together.Figure 3 presents the measured normalised ross setion as a funtion of j�sbj � �jetj.There are two entries per jet in this distribution. The distribution has a peak for 0:2 <j�sbj � �jetj < 0:3; the suppression around j�sbj � �jetj = 0 also arises from the fat thatthe two subjets are not resolved when they are too lose together.The data distribution as a funtion of �sbj (one entry per jet) inreases as �sbj inreases(see Fig. 3d). This shows that the subjet with higher transverse energy tends to bein the rear diretion. This is onsistent with the asymmetri peaks observed in the�sbj � �jet distribution (see Fig. 3b). Figure 4 shows the �sbj � �jet distribution for thosejets whih have two subjets with asymmetri EsbjT (EsbjT;low=EjetT < 0:4, or, equivalently,EsbjT;high=EjetT > 0:6), separately for the subjet with higher and lower EsbjT . It is to be notedthat sine the jet axis is reonstruted as the transverse-energy-weighted average of thesubjet axes, the subjet with higher EsbjT is onstrained to be loser to the jet axis thanthat of the lower EsbjT subjet. The measured distributions show that the higher (lower)EsbjT subjet tends to be in the rear (forward) diretion. All these observations support theexpetation of the presene of olour-oherene e�ets between the initial and �nal statesand, in partiular, the tendeny of the subjet with lower EsbjT to be emitted predominantlytowards the proton beam diretion.8.1 Comparison with NLO QCD alulationsNext-to-leading-order QCD alulations are ompared to the data in Figs. 3 and 4. TheQCD preditions give an adequate desription of the data. However, the data points aresituated at the upper (lower) edge of the theoretial unertainty in some regions of thesubjet variables suh as EsbjT =EjetT � 0:5, j�sbj � �jetj � 0, �sbj � 0 and the peaks inthe �sbj � �jet distribution (EsbjT =EjetT � 0:25, j�sbj � �jetj > 0:3 and j�sbj � �jetj > 0:5).Sine the alulations are normalised to unity, the unertainties are orrelated among thepoints; this orrelation gives rise to the pulsating pattern exhibited by the theoretialunertainties.The alulation of the ross setion as a funtion of EsbjT =EjetT exhibits a peak at 0:4 <EsbjT =EjetT < 0:6, as seen in the data. The alulations for the �sbj � �jet and �sbj dis-tributions predit that the subjet with higher transverse energy tends to be in the reardiretion, in agreement with the data. This shows that the mehanism driving the subjettopology in the data is the eq ! eqg and eg ! eq�q subproesses as implemented in thepQCD alulations. 8



To gain further insight into the pattern of parton radiation, the preditions for quark- andgluon-indued proesses (see Setion 2) are ompared separately with the data in Fig. 5.The NLO alulations predit that the two-subjet rate is dominated by quark-induedproesses: the relative ontribution of quark- (gluon-) indued proesses is 81% (19%).The shape of the preditions for these two types of proesses are di�erent; in quark-induedproesses, the two subjets have more similar transverse energies (see Fig. 5a) and are loserto eah other (see Fig. 5b and 5) than in gluon-indued proesses. The omparison withthe measurements shows that the data are better desribed by the alulations for jetsarising from a qg pair than those oming from a q�q pair.8.2 EjetT , Q2 and x dependene of the subjet distributionsFigures 6 to 9 show the normalised di�erential subjet ross setions in di�erent regionsof EjetT . Even though the mean subjet multipliity dereases with inreasing EjetT [4℄, themeasured normalised di�erential subjet ross setions have very similar shapes in all EjetTregions for all the observables onsidered. This means that the subjet topology does nothange signi�antly with EjetT . This is better illustrated in Fig. 10, where the data for allEjetT regions are plotted together. In partiular, it is observed that the maximum of eahmeasured normalised ross setion in every region of EjetT ours in the same bin of thedistribution. To quantify the EjetT dependene more preisely, Fig. 11 shows the maximumvalue of the measured normalised ross setion for eah observable as a funtion of EjetTtogether with the NLO preditions. The spread of the measured maximum values of thenormalised ross setions is �(4� 6)%. For eah observable, the saling behaviour of thenormalised di�erential subjet ross setions is learly observed and in agreement with theexpetation that the splitting funtions depend weakly on the energy sale. The NLOQCD alulations are in agreement with the data and support this observation.Figures 12 to 15 show the normalised di�erential subjet ross setions in di�erent regionsof Q2. In this ase, it is observed that while the shape of the EsbjT =EjetT distribution does nothange signi�antly with Q2, some dependene an be seen in the other observables. Forexample, the dip in the �sbj� �jet distribution is shallower for 125 < Q2 < 250 GeV2 thanat higher Q2 and the shape of the �sbj distribution for 125 < Q2 < 250 GeV2 is somewhatdi�erent than for the other regions (see Fig. 16). These features of the data are reasonablyreprodued by the NLO QCD alulations and understood as a ombination of two e�ets:the fration of gluon-indued events is predited to be 32% for 125 < Q2 < 250 GeV2and below 14% for higher Q2; the shape of the normalised ross setions as funtions of�sbj��jet and �sbj hanges from the region 125 < Q2 < 250 GeV2 to 250 < Q2 < 500 GeV2(see Fig. 17) for quark- and gluon-indued events. It is observed that the maximum ofeah measured normalised ross setion in every region of Q2 ours in the same bin9



of the distribution, exept for j�sbj � �jetj in the highest-Q2 region. Figure 18 shows themaximum3 value of the measured normalised ross setion for eah observable as a funtionof Q2 together with the NLO preditions. The spread of the measured maximum valuesof the normalised ross setions as funtions of EsbjT =EjetT and j�sbj � �jetj is �(3 � 4)%.On the other hand, the measured and predited maximum values for the normalised rosssetions as funtions of �sbj � �jet and �sbj exhibit a step-like behaviour between thelowest-Q2 region and the rest.Figures 19 to 22 show the normalised di�erential subjet ross setions in di�erent regionsof x. Figure 23 shows the data for all x regions plotted together. It is observed that themaximum of eah measured normalised ross setion in every region of x ours in thesame bin of the distribution, exept for j�sbj � �jetj in the highest x region. Figure 24shows the maximum3 value of the measured normalised ross setion for eah observableas a funtion of x. The shape of the EsbjT =EjetT measured distribution does not hangesigni�antly with x, whereas some dependene is expeted (see Fig. 24a). The dependeneof the �sbj � �jet and �sbj distributions with x exhibits features similar to those observedin the study of the Q2 dependene; in partiular, the maximum values (see Figs. 24b and24d) exhibit a monotoni inrease as x inreases, whih is reasonably reprodued by thealulations. As disussed previously, these features are understood as a ombination oftwo e�ets: a derease of the predited fration of gluon-indued events from 44% for0:004 < x < 0:009 to 6% for x > 0:093 and the hange in shape of the normalised rosssetions for quark- and gluon-indued proesses as x inreases (see Fig. 25).To investigate the origin of the hange in shape of the normalised di�erential ross setionsbetween the lowest and higher Q2 and x regions, LO and NLO alulations were ompared.The most dramati hange is observed when restriting the kinemati region to 125 <Q2 < 250 GeV2 or 0:004 < x < 0:009 (see Fig. 26); the LO alulation of the �sbj � �jetdistribution does not exhibit a two-peak struture as seen in the NLO predition and inthe data. In addition, the LO alulation of the �sbj distribution peaks at �sbj � �=2 inontrast with the NLO predition and the data. This proves that the NLO QCD radiativeorretions are responsible for these variations in shape and neessary for desribing thedata.In summary, while the shapes of the normalised di�erential ross setions show only a weakdependene on EjetT , their dependene on Q2 and x have some prominent features at low Q2or x. The weak dependene on EjetT is onsistent with the expeted saling behaviour of thesplitting funtions; however, the restrition to low Q2 or x values demonstrates that theNLO QCD radiative orretions are important there. The NLO QCD alulations, whihinlude the two ompeting proesses eq ! eqg and eg ! eq�q and radiative orretions,3 For the j�sbj � �jetj distribution, the same bin has been used for onsisteny.10



adequately reprodue the measurements.9 SummaryNormalised di�erential subjet ross setions in inlusive-jet NC DIS were measured inep ollisions using 81:7 pb�1 of data olleted with the ZEUS detetor at HERA. Theross setions refer to jets identi�ed in the laboratory frame with the kT luster algorithmin the longitudinally invariant inlusive mode and seleted with EjetT > 14 GeV and�1 < �jet < 2:5. The measurements were made for those jets whih have exatly twosubjets for yut = 0:05 in the kinemati region de�ned by Q2 > 125 GeV2.The ross setions were measured as funtions of EsbjT =EjetT , �sbj��jet, j�sbj��jetj and �sbj.The data show that the two subjets tend to have similar transverse energies and that thesubjet with higher transverse energy tends to be in the rear diretion. This is onsistentwith the e�ets of olour oherene between the initial and �nal states, whih predit thatsoft parton radiation is emitted predominantly towards the proton beam diretion.An adequate desription of the data is given by NLO QCD alulations. This means thatthe pattern of parton radiation as predited by QCD reprodues the subjet topology inthe data. Furthermore, the subjet distributions in the data are better desribed by thealulations for jets arising from a quark-gluon pair.The normalised ross setions show a weak dependene on EjetT , in agreement with theexpeted saling behaviour of the splitting funtions. By restriting the measurements tolow Q2 or x values, signi�ant di�erenes in shape are observed, whih an be primarilyattributed to NLO QCD radiative orretions.AknowledgementsWe thank the DESY Diretorate for their strong support and enouragement. We appre-iate the ontributions to the onstrution and maintenane of the ZEUS detetor of manypeople who are not listed as authors. The HERA mahine group and the DESY omput-ing sta� are espeially aknowledged for their suess in providing exellent operation ofthe ollider and the data-analysis environment.
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Figure 2: Detetor-level normalised subjet data distributions (dots) for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05 inthe kinemati region given by Q2 > 125 GeV 2 as funtions of (a) EsbjT =EjetT , (b)�sbj��jet, () j�sbj��jetj and (d) �sbj. The statistial unertainties are smaller thanthe marker size. For omparison, the distributions of the CDM (solid histograms)and MEPS (dot-dashed histograms) Monte Carlo models are inluded.
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Figure 3: Measured normalised di�erential subjet ross setions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05in the kinemati region given by Q2 > 125 GeV 2 as funtions of (a) EsbjT =EjetT ,(b) �sbj � �jet, () j�sbj � �jetj and (d) �sbj. The inner error bars represent thestatistial unertainties of the data, the outer error bars show the statistial andsystemati unertainties added in quadrature. In many ases, the error bars aresmaller than the marker size and are therefore not visible. For omparison, theNLO QCD preditions (solid histograms) are inluded. The hathed bands representthe theoretial unertainty.
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Figure 5: Measured normalised di�erential subjet ross setions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05 inthe kinemati region given by Q2 > 125 GeV 2 as funtions of (a) EsbjT =EjetT , (b)�sbj � �jet, () j�sbj � �jetj and (d) �sbj. For omparison, the NLO preditions forquark- (solid histograms) and gluon-indued (dot-dashed histograms) proesses areinluded. Other details are as in the aption to Fig. 3.
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Figure 17: Predited normalised di�erential subjet ross setions (solid his-tograms) for jets with EjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjetsfor yut = 0:05 in the kinemati region given by Q2 > 125 GeV 2 as funtions of(a,) �sbj � �jet and (b,d) �sbj in di�erent regions of Q2. The NLO preditions forquark- (dotted histograms) and gluon-indued (dot-dashed histograms) proesses arealso shown separately.
31



 ZEUS

2

2.5

3

10
3

 Q2 (GeV2)

 (
1/

σ)
 d

σ/
d(

E
sb

j T
/E

je
t T
) m

ax

ZEUS 82 pb-1

NLO

q-induced

g-induced 1

1.5

2

10
3

 Q2 (GeV2)

 (
1/

σ)
 d

σ/
d(

ηsb
j -η

je
t ) m

ax

2

2.5

3

3.5

10
3

 Q2 (GeV2)

 (
1/

σ)
 d

σ/
d|

φsb
j -φ

je
t | m

ax

0.3

0.4

0.5

10
3

 Q2 (GeV2)

 (
1/

σ)
 d

σ/
d(

αsb
j ) m

ax

(a) (b)

() (d)

Figure 18: Maximum of the measured normalised di�erential (a) EsbjT =EjetT , (b)�sbj � �jet, () j�sbj � �jetj and (d) �sbj subjet ross setions (dots) for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05 in thekinemati region given by Q2 > 125 GeV 2 as a funtion of Q2. For omparison,the NLO preditions for quark- (dotted histograms) and gluon-indued (dot-dashedhistograms) proesses are also shown separately. Other details are as in the aptionto Fig. 3.
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Figure 23: Measured normalised di�erential subjet ross setions for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05 inthe kinemati region given by Q2 > 125 GeV 2 as funtions of (a) EsbjT =EjetT , (b)�sbj� �jet, () j�sbj��jetj and (d) �sbj in di�erent regions of x. Details onerningthe error bars are as in the aption to Fig. 3.
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Figure 24: Maximum of the measured normalised di�erential (a) EsbjT =EjetT , (b)�sbj � �jet, () j�sbj � �jetj and (d) �sbj subjet ross setions (dots) for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05 in thekinemati region given by Q2 > 125 GeV 2 as a funtion of x. For omparison,the NLO preditions for quark- (dotted histograms) and gluon-indued (dot-dashedhistograms) proesses are also shown separately. Other details are as in the aptionto Fig. 3.
38



 ZEUS

0

0.5

1

1.5

2

-0.5 0 0.5
 ηsbj-ηjet

 (
1/

σ)
 d

σ/
d(

ηsb
j -η

je
t )

q-induced

g-induced

NLO

0.004 < x < 0.009

0

0.2

0.4

0.6

0 1 2 3
 αsbj (rad)

 (
1/

σ)
 d

σ/
dα

sb
j

0.004 < x < 0.009

0

0.5

1

1.5

2

-0.5 0 0.5
 ηsbj-ηjet

 (
1/

σ)
 d

σ/
d(

ηsb
j -η

je
t )

0.019 < x < 0.043

0

0.2

0.4

0.6

0 1 2 3
 αsbj (rad)

 (
1/

σ)
 d

σ/
dα

sb
j

0.019 < x < 0.043

(a) (b)

() (d)

Figure 25: Predited normalised di�erential subjet ross setions (solid his-tograms) for jets with EjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjetsfor yut = 0:05 in the kinemati region given by Q2 > 125 GeV 2 as funtions of(a,) �sbj � �jet and (b,d) �sbj in di�erent regions of x. The NLO preditions forquark- (dotted histograms) and gluon-indued (dot-dashed histograms) proesses arealso shown separately.
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Figure 26: Measured normalised di�erential subjet ross setions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whih have two subjets for yut = 0:05in restrited Q2 and x regions as funtions of (a,) �sbj � �jet and (b,d) �sbj. TheNLO (solid histograms) and LO (dashed histograms) alulations are also shown.The hathed bands represent the NLO theoretial unertainty.
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