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DESY 06-129August, 2006Measurement of azimuthal asymmetriesin neutral urrent deep inelasti satteringat HERAZEUS CollaborationAbstratThe distribution of the azimuthal angle of harged and neutral hadrons relativeto the lepton plane has been studied for neutral urrent deep inelasti ep sat-tering using an integrated luminosity of 45 pb�1 taken with the ZEUS detetorat HERA. The measurements were made in the hadroni entre-of-mass system.The analysis exploits the energy-ow method, whih allows the measurement tobe made over a larger range of pseudorapidity ompared to previous results. Thedependene of the moments of the azimuthal distributions on the pseudorapidityand minimum transverse energy of the �nal-state hadrons are presented. Al-though the preditions from next-to-leading-order QCD desribe the data betterthan do the Monte Carlo models inorporating leading-logarithm parton show-ers, they still fail to desribe the magnitude of the asymmetries. This suggeststhat higher-order alulations may be neessary to desribe these data.
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1 IntrodutionThe desription of the hadroni �nal state in deep inelasti sattering (DIS) is inuenedby perturbative Quantum Chromodynamis (pQCD) in several ways that an be alu-lated through exat matrix elements or leading-logarithm parton showers. Measurementsof the azimuthal distribution of hadrons in the semi-inlusive proess e + p! e+ h + Xin DIS are sensitive to preditions of pQCD. The azimuthal angle, �, is de�ned in thehadroni entre-of-mass (HCM) frame as the angle between the hadron-prodution planeand the lepton-sattering plane as illustrated in Fig. 1.Asymmetries in � result from the �nal-state hadron having transverse momentum withrespet to the olliding virtual photon and the inoming proton. In pQCD, higher-orderQCD proesses suh as QCD Compton (QCDC) (�q ! qg) and boson-gluon fusion(BGF) (�g ! q�q) are the main soures of these hadrons. These two proesses havedi�erent � behaviours [1℄ as well as a di�erent pseudorapidity, �, dependene, de�nedhere with respet to the inoming proton diretion in the HCM frame. Figure 2(a) showsthat hadrons from BGF and QCDC dominate over quark-parton-model (QPM) (�q ! q)events in the region �4 < �HCM < 0. In addition, gluons and quarks from the QCDCproess have di�erent pseudorapidity dependenies, as illustrated in Fig. 2(b).The azimuthal dependene for semi-inlusive neutral urrent (NC) DIS an be written [2{5℄ as: d�ep!ehXd� = A+ B os � + C os 2� +D sin �+ E sin 2�: (1)The azimuthal asymmetries, spei�ed by the parameters B; C; D and E, are extratedfrom the data by alulating the statistial moments of the experimental distributions:hos �i = B2A ; hsin �i = D2A ;hos 2�i = C2A ; hsin 2�i = E2A :Equation (1) results from the polarisation of the exhanged virtual photon. The oeÆientB originates from the interferene between the transversely and longitudinally polarisedomponents; the oeÆient C is due to the interferene of amplitudes orresponding tothe +1 and �1 heliity parts of the transversely polarised exhanged boson. The oeÆ-ients D and E arise from parity-violating weak interations or longitudinal polarisationof the initial lepton beam [3℄. They vanish for purely eletromagneti interations withunpolarised beams. 2



It has been proposed [4℄ to analyse the asymmetry as a funtion of the transverse mo-mentum uto�, putT , of a deteted hadron. Suh a ut is eÆient in removing QPMevents. Consequently, at higher putT values a better agreement should be obtained withthe perturbative QCD preditions. A model using a resummation formalism [6℄ to pre-dit azimuthal asymmetries has also been proposed. This model predits that logarithmiorretions due to soft parton emission ould be large. A reent paper [7℄ showed that apart of the asymmetries previously measured by the ZEUS ollaboration [8,9℄ may omefrom terms that are not inluded in the perturbative gluon radiation but are related tothe intrinsi transverse motion of quarks. Preditions of these models are addressed inthis paper.For NC DIS with an unpolarised lepton beam, the hos �i and hos 2�i values have beenmeasured by the ZEUS ollaboration [8, 9℄ to be at the few perent level. The �rstpubliation [8℄ measured the azimuthal distribution for harged hadrons, whereas the se-ond [9℄ was performed for jets of high transverse energy. The present analysis used theenergy-ow method, whih permits both neutral and harged hadrons to be inluded inthe measurements. This analysis was performed using a similar data sample but in an ex-tended kinemati range ompared to previous publiations. In partiular, the polar-anglerange of the measurements was inreased with respet to the previous studies [8,9℄. Theenergy-ow method enhanes the ontribution of leading hadrons sine the diretion ofeah partile in the �nal state is weighted with its transverse energy [10,11℄. Additionally,the values hsin �i and hsin 2�i were determined, although they are expeted [3, 5℄ to bemuh smaller than hos �i and hos 2�i.This paper presents measurements of hos�i, hos 2�i, hsin �i and hsin 2�i as a funtionof the pseudorapidity, �HCM, and minimum transverse energy, EHCMT;min (instead of putT [4℄),of the �nal-state hadrons. The results are ompared to theoretial expetations.2 Data sampleThe experimental results are based on the data olleted in 1995-97 with the ZEUS dete-tor at HERA. Protons of 820 GeV ollided with 27.5 GeV unpolarised1 positrons. Neutralurrent DIS events were seleted from data orresponding to an integrated luminosity of45 pb�1. A detailed desription of the ZEUS detetor an be found elsewhere [13℄. Abrief outline of the omponents that are most relevant for this analysis is given below.The high-resolution uranium{sintillator alorimeter (CAL) [14℄ onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part1 The positrons were transversely polarised due to the Sokolov-Ternov [12℄ e�et, but had no longitudinalpolarisation. 3



is subdivided transversely into towers and longitudinally into one eletromagneti se-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions(HAC). The smallest subdivision of the alorimeter is alled a ell. The CAL energy res-olutions, as measured under test-beam onditions, are �(E)=E = 0:18=pE for eletronsand �(E)=E = 0:35=pE for hadrons, with E in GeV.Charged partiles are traked in the entral traking detetor (CTD) [15℄, whih oper-ates in a magneti �eld of 1:43 T provided by a thin superonduting oil. The CTDonsists of 72 ylindrial drift hamber layers, organised in 9 superlayers overing thepolar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtraks is �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT in GeV.The seletion riteria were based on an earlier ZEUS investigation [8℄. The main require-ments on the event were:� an identi�ed sattered positron with energy E0e > 10 GeV. Energy deposits in theCAL, within an � � � one of radius 1 and onsistent with being a photon, wereremoved from the alulation of the positron energy;� 100 < Q2 < 8000 GeV2, 0:2 < y < 0:8 and 0:01 < x < 0:1. The quantities x; y and Q2are respetively x-Bjorken, the inelastiity, and the negative square of the exhangedboson virtuality. The double angle method was used to reonstrut these variablesand so determine the diretion of the exhanged boson [16℄. The mean values of x, yand Q2 were respetively 0:0222, 0:351 and 700 GeV2. The �nal sample onsisted of16 472 events.Charged and neutral �nal-state partiles were reonstruted using a ombination of trakand alorimeter information that optimises the resolution of the reonstruted kinemativariables [17℄. The seleted traks and alorimeter lusters are referred to as energy owobjets (EFOs). The EFOs were required to satisfy the following:� transverse momentum in the laboratory frame pT > 0.15 GeV;� polar angle � > 8Æ.These uts ensured the analysis was performed in a region of high aeptane and highdetetor eÆieny. An average of about 18 EFOs per event were reonstruted, yieldinga total of 293 000 objets, eah of whih provided a value of the azimuthal angle, �, usedfor further analysis.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.4



3 MethodThe energy-ow method was proposed [18,19℄ to ensure that the inlusive variables suhas those measured here are infra-red and ollinear safe due to the diretion of eah partilebeing weighted by its transverse energy.In this analysis, the moments of trigonometri funtions of the azimuthal angle are al-ulated as follows. For a funtion, F (n�HCM), where F (n�HCM) an be sin(n�HCM) oros(n�HCM) and n = 1 or 2, the mean value was determined using the formula:hF �n�HCM�i = PiEHCMT;i F �n�HCMi �Pi EHCMT;i ; (2)where EHCMT is the transverse energy and � the azimuthal angle for eah EFO, i. Thevalue is alulated in bins of �HCM, semi-inlusively, and for di�erent minimum uts onthe transverse energy of the EFO, EHCMT;min. Equation (2) is also used for the determinationof the moments in theoretial alulations, in whih the sum is either over �nal-statehadrons or partons. The mean values are not expeted to be sensitive to unertaintiesin parton distribution funtions, fragmentation funtions, and alorimeter energy sale,sine suh e�ets ontribute to both the numerator and the denominator.4 Corretion proedureMonte Carlo (MC) events were used to orret the data for detetor aeptanes. For allgenerated events, the ZEUS detetor response was simulated in detail using a programbased on Geant 3.13 [20℄.Neutral urrent events with eletroweak radiative orretions were simulated with theLepto 6.5.1 [21℄ program interfaed to Herales 4.6.1 [22, 23℄ via the Djangoh 1.1program [24, 25℄. High-order QCD proesses were simulated using the MEPS option ofLepto. A seond sample of MC events was generated with Ariadne 4.12 [26℄, wherethe QCD asade is simulated with the olour-dipole model. In all ases, the events weregenerated using the CTEQ4D parton density parametrisation [27℄ of the proton. The�nal-state partoni system was hadronised using the Lund string model as implementedin Jetset 7.4 [28℄.For a given bin, j, in �HCM and F (n�HCM), two orretion fators for F (n�HCM) werederived from MC as the ratio of values determined using hadrons and EFOs:5



Cj = �PiEHCMT;i F �n�HCMi ��MChad;j�PiEHCMT;i F (n�HCMi )�MCEFO;j ; Dj = �PiEHCMT;i �MChad;j�Pi EHCMT;i �MCEFO;j ;where Cj orrets the trigonometri funtion weighted with ET and Dj orrets the sumof ET in the bin, j. The orreted data for a bin in �HCM is then given by:hF �n�HCM�i = Pj �Pi EHCMT;i F �n�HCMi ��EFO;j � CjPj �PiEHCMT;i �EFO;j �Dj :The overall orretion fators are about 10% and arise mainly from undeteted hadrons.For this approah to be valid, the unorreted energy ow in the data must be welldesribed by the MC simulations at the detetor level. This ondition was satis�ed [29℄by both the Lepto and Ariadne simulations in the �HCM and EHCMT regions underinvestigation. The samples of Lepto events were used for the �nal orretions.Systemati unertainties of the azimuthal asymmetry were determined by varying theevent seletion uts within their reonstrution resolution and the total systemati uner-tainty was taken as the sum in quadrature of the individual systematis. The dominantontributions originated from the following soures (maximal deviations for hos �i areshown in parentheses):� the use of the Ariadne MC model to orret the data (0.017);� varying the ut on the pT of the �nal-state objets from 0.15 GeV to 0.2 GeV toestimate the e�et due to low-pT traks (0.013);� the inlusion of energy deposits onsistent with being a photon for the alulation of thehadroni angle, used in the double angle method [16℄, and therefore the transformationto the HCM frame (0.009).The e�et of the variation of other seletion uts was negligible.5 QCD alulationsThe data were ompared to the MC programs Lepto and Ariadne, desribed in theprevious setion, and to a next-to-leading-order (NLO) predition. In these two MCprograms, the azimuthal-angular distribution is implemented aording to the �rst-orderQCD matrix elements for QCDC and BGF. The parton-shower and soft-matrix-elementevents are at in azimuth. The NLO preditions were alulated using the dipole fatori-sation formulae [30℄ implemented in the Disent program [30,31℄. The alulations used a6



generalised version of the subtration method [32℄ and were performed in the massless MSrenormalisation and fatorisation shemes. The azimuthal-angle distribution is alulatedto NLO by the Disent program through the use of the photon leptoni urrent in theamplitudes for the QCDC, BGF and O(�2s) proesses. This program ontains neither Z0exhange nor hadronisation e�ets. The following settings were used as defaults for Dis-ent: the number of avours was �ve, the fatorisation and renormalisation sales were�F;R = Q, and the parton distribution funtion was CTEQ3M [33℄. Samples of eventsfrom Lepto 6.5.1 were used to orret the NLO QCD alulations for Z0-exhange ef-fets, hadronisation and undeteted partiles due to the requirements on pT and � of theprodued hadrons.The unertainty in the Disent preditions was estimated by hanging the following:� the renormalisation and fatorisation sales were individually hanged to �F;R = Q=2and 2Q;� the parton distribution funtions CTEQ4M [27℄, CTEQ5M [34℄, were used;� the orretion for Z0-exhange e�ets, hadronisation and undeteted partiles wasrepeated with the Ariadne 4.12 MC.The above unertainties were at most 0.004 in both hos �i and hos 2�i. They wereadded in quadrature and are displayed in the �gures as shaded bands around the entralpredition. The sensitivity to di�erent gluon distributions was heked by using theMRST99 [35℄ parton distributions funtions with an inreased or dereased gluon density;the di�erenes were negligible.6 ResultsAzimuthal asymmetries have been measured in NC DIS events with the requirements:100 < Q2 < 8000 GeV2, 0.2 < y < 0.8 and 0:01 < x < 0:1 for hadrons with pT > 0:15 GeVand � > 8Æ. The mean values of os �HCM, os 2�HCM, sin�HCM and sin 2�HCM are shownin Fig. 3 and given in Tables 1 and 2 as a funtion of �HCM. The data are ompared withpreditions from MC models and from NLO QCD as desribed in the previous setion.Figure 3 shows that the value of hos �HCMi is negative for �HCM < �2 but beomespositive for larger �HCM. This is in disagreement with both MC preditions, whih are lessnegative for �HCM < �2 and remain negative for larger �HCM. The measured hos 2�HCMivalues are onsistent with zero for �HCM < �2 but are positive for higher values of �HCM.This is onsistent with the expetations from both Lepto and Ariadne.The NLO QCD preditions, orreted for hadronisation, agree better with the experi-mental values for hos �HCMi than do the MC preditions. The preditions from NLO7



QCD are more negative for �HCM < �2 than those from the MC generators and also havepositive values for larger �HCM. However, the NLO alulation still fails to desribe themagnitude of the asymmetry in the data. The omparison with NLO QCD was also madeat higher pT , greater than 1 GeV (not shown). The Monte Carlo was used to orret theNLO for this ut; although the �nal orretion for hos �HCMi was small, the orretionfor hadron removal was large. However, the omparison with the data was qualitativelythe same as when the more inlusive ut was used. The disagreement between data andNLO suggests that higher-order alulations may be neessary to desribe this distribu-tion fully. Inlusion of higher orders through a resummation of large logarithmi terms isexpeted [6℄ to give an improved desription ompared to that of LO for �5 < � < �3.However, the desription is not signi�antly better than for the other preditions. Forhos 2�HCMi, the NLO and MC preditions are similar and desribe the data reasonablywell.Figure 3 shows that the values of hsin �HCMi and hsin 2�HCMi are small. A deviation ofhsin �HCMi from zero at the level of three standard deviations is observed. The meanvalues are expeted to be at least an order of magnitude smaller than the hos �HCMiterm [5℄. The values of hsin 2�HCMi are onsistent with zero. None of the theoretialmodels inlude preditions for hsin�HCMi or hsin 2�HCMi.To investigate the e�et of the minimum transverse energy ut, EHCMT;min, on the asymme-tries, the event sample was subdivided into three regions of �HCM: �5 < �HCM < �2:5,�2:5 < �HCM < �1 and �1 < �HCM < 0. For EHCMT;min = 1 GeV, the aeptane is ap-proximately 100%. Below this value, some hadrons are removed by the pT > 0.15 GeVrequirement mainly in the region �2:5 < �HCM < �1. The data are shown in Fig. 4, andgiven in Tables 3 and 4, ompared to the preditions from Lepto and Ariadne MCs.As stated previously, NLO QCD preditions for higher EHCMT;min have large orretions forhadron removal.The �rst region �5 < �HCM < �2:5 is part of the urrent region in DIS de�ned in theBreit frame as �Breit � �HCM+2 < 0; in this region the main ontribution to the azimuthalasymmetry omes from QCDC and arises from hadrons from quark fragmentation (Fig. 2).This region was investigated in the �rst ZEUS analysis of azimuthal asymmetries [8℄ usingharged hadrons. The data from the urrent analysis, shown in Fig. 4, on�rm, with higherexperimental preision and to higher EHCMT;min, that the value of hos �HCMi is more negativethan expeted from MC preditions. The hos 2�HCMi values are small and onsistentwith zero and also in agreement with both Lepto and Ariadne.The region �2:5 < �HCM < �1 is still dominated by QCDC events but the ontributionfrom BGF events inreases. The ZEUS analysis of azimuthal asymmetries measuredusing jets [9℄ was based on hadrons from this region of phase spae. In that analysis,a large positive value of hos 2�HCMi was measured, whereas the hos �HCMi value was8



onsistent with zero. The hos 2�HCMi values agreed with the NLO QCD predition andwere inonsistent with the LO predition. The results presented here in Fig. 4 on�rm,with higher experimental preision, a small value of hos �HCMi and positive values forhos 2�HCMi for all EHCMT;min. The MC preditions of Lepto and Ariadne are in goodagreement with the data.The third region, �1 < �HCM < 0, is populated roughly equally by hadrons from QCDCand from BGF proesses. This measurement extends the kinemati region over thosepresented previously. The results are presented in Fig. 4. The hos �HCMi values arepositive, ontrary to MC preditions, whereas the hos 2�HCMi values are positive andin agreement with MC preditions. These trends persist up to the highest EHCMT;min valuesmeasured.7 Summary and onlusionsThe azimuthal asymmetries in deep inelasti sattering have been measured in the hadronientre-of-mass frame at HERA for a seleted sample of neutral urrent events with100 < Q2 < 8000 GeV2, 0:2 < y < 0:8 and 0:01 < x < 0:1. An energy-ow analysismethod was used, whih permitted the use of both neutral and harged hadrons andextends the phase spae over previous measurements.Azimuthal asymmetries have been investigated as a funtion of hadron pseudorapidity,�HCM. The value of hos �HCMi is negative for �HCM < �2 but beomes positive forlarger �HCM. The distribution is not well desribed by the MC preditions of Ariadneand Lepto. Although the preditions from NLO QCD desribe the data better thando the MCs, they still fail to desribe the magnitude of the asymmetries. This suggeststhat higher-order alulations may be neessary to desribe these data. However, thepredited values of hos 2�HCMi in both MC models and in NLO QCD agree with thedata. A deviation of hsin �HCMi from zero at the level of three standard deviations isobserved. The values of hsin 2�HCMi are onsistent with zero.AknowledgementsWe thank the DESY Diretorate for their strong support and enouragement. The e�ortof the HERA mahine group is gratefully aknowledged. We thank the DESY omputingand network servies for their support as well as the engineers and tehniians for theirwork in onstruting and maintaining the ZEUS detetor. Speial thanks go to Thomas9
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�HCM hos �HCMi Æstat Æsyst�4:75 �0:034 �0:015 +0:009�0:019�4:25 �0:064 �0:010 +0:016�0:003�3:75 �0:062 �0:008 +0:004�0:006�3:25 �0:066 �0:007 +0:008�0:004�2:75 �0:068 �0:006 +0:008�0:011�2:25 �0:030 �0:007 +0:005�0:017�1:75 0:010 �0:008 +0:002�0:013�1:25 0:020 �0:008 +0:002�0:012�0:75 0:028 �0:010 +0:002�0:007�0:25 0:019 �0:010 +0:012�0:004�HCM hos 2�HCMi Æstat Æsyst�4:75 �0:011 �0:015 +0:017�0:002�4:25 �0:019 �0:010 +0:008�0:003�3:75 �0:029 �0:008 +0:013�0:002�3:25 0:009 �0:007 +0:000�0:012�2:75 0:004 �0:007 +0:006�0:006�2:25 0:015 �0:007 +0:004�0:018�1:75 0:025 �0:008 +0:009�0:007�1:25 0:028 �0:008 +0:006�0:008�0:75 0:030 �0:009 +0:004�0:004�0:25 0:004 �0:010 +0:006�0:005Table 1: The values of hos �HCMi and hos 2�HCMi, alulated using the energy-ow method as in Eq. (2), as a funtion of hadron pseudorapidity, �HCM. Theywere obtained in the HCM frame for the kinemati region 100 < Q2 < 8000GeV2,0:01 < x < 0:1 and 0:2 < y < 0:8 for hadrons with pT > 0:15GeV and � > 8Æ. Thequantities Æstat and Æsyst are respetively the statistial and systemati unertainties.
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�HCM hsin�HCMi Æstat Æsyst�4:75 �0:007 �0:015 +0:006�0:017�4:25 �0:018 �0:010 +0:005�0:014�3:75 �0:023 �0:008 +0:004�0:002�3:25 �0:016 �0:007 +0:004�0:002�2:75 �0:001 �0:007 +0:002�0:004�2:25 �0:012 �0:007 +0:002�0:001�1:75 0:009 �0:008 +0:001�0:005�1:25 �0:003 �0:008 +0:006�0:001�0:75 �0:018 �0:009 +0:006�0:004�0:25 �0:025 �0:010 +0:003�0:006�HCM hsin 2�HCMi Æstat Æsyst�4:75 0:012 �0:015 +0:010�0:002�4:25 �0:004 �0:010 +0:001�0:007�3:75 0:006 �0:008 +0:001�0:007�3:25 �0:009 �0:007 +0:005�0:002�2:75 �0:010 �0:007 +0:004�0:006�2:25 0:005 �0:007 +0:002�0:003�1:75 �0:009 �0:008 +0:014�0:002�1:25 �0:001 �0:008 +0:006�0:007�0:75 0:007 �0:010 +0:003�0:005�0:25 0:010 �0:010 +0:005�0:002Table 2: The values of hsin �HCMi and hsin 2�HCMi, alulated using the energy-ow method as in Eq. (2), as a funtion of hadron pseudorapidity, �HCM. Theywere obtained in the HCM frame for the kinemati region 100 < Q2 < 8000GeV2,0:01 < x < 0:1 and 0:2 < y < 0:8 for hadrons with pT > 0:15GeV and � > 8Æ. Thequantities Æstat and Æsyst are respetively the statistial and systemati unertainties.
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�5 < �HCM�� 2:5EHCMT;min (GeV) hos �HCMi Æstat Æsyst0:0 �0:064 �0:004 +0:004�0:0050:5 �0:074 �0:005 +0:006�0:0031:0 �0:090 �0:007 +0:011�0:0031:5 �0:099 �0:009 +0:013�0:0072:0 �0:108 �0:011 +0:011�0:0042:5 �0:123 �0:013 +0:015�0:0043:0 �0:128 �0:016 +0:021�0:0073:5 �0:131 �0:019 +0:020�0:0104:0 �0:126 �0:023 +0:019�0:008�2:5 < �HCM�� 1EHCMT;min (GeV) hos �HCMi Æstat Æsyst0:0 0:000 �0:004 +0:002�0:0120:5 0:018 �0:006 +0:003�0:0071:0 0:020 �0:008 +0:004�0:0081:5 0:017 �0:010 +0:004�0:0102:0 0:017 �0:011 +0:005�0:0122:5 0:020 �0:013 +0:005�0:0143:0 0:018 �0:015 +0:005�0:015�1 < �HCM�0EHCMT;min (GeV) hos �HCMi Æstat Æsyst0:0 0:024 �0:007 +0:004�0:0040:5 0:037 �0:010 +0:004�0:0031:0 0:042 �0:013 +0:005�0:0051:5 0:046 �0:016 +0:007�0:0092:0 0:044 �0:019 +0:009�0:009Table 3: The values of hos �HCMi alulated using the energy-ow methodas in Eq. (2), as a funtion of hadron minimum transverse energy, EHCMT;min.They were obtained in the HCM frame for the pseudorapidity intervals �5 <�HCM� � 2:5, �2:5 < �HCM� � 1 and �1 < �HCM�0 in the kinemati region100 < Q2 < 8000GeV2, 0:01 < x < 0:1 and 0:2 < y < 0:8 for hadrons withpT > 0:15GeV and � > 8Æ. The quantities Æstat and Æsyst are respetively thestatistial and systemati unertainties. 15



�5 < �HCM�� 2:5EHCMT;min (GeV) hos 2�HCMi Æstat Æsyst0:0 �0:002 �0:004 +0:003�0:0030:5 0:002 �0:005 +0:003�0:0021:0 0:006 �0:007 +0:002�0:0021:5 0:009 �0:009 +0:002�0:0102:0 0:016 �0:011 +0:001�0:0182:5 0:014 �0:014 +0:003�0:0163:0 0:014 �0:017 +0:004�0:0283:5 0:019 �0:021 +0:005�0:0104:0 0:006 �0:025 +0:012�0:005�2:5 < �HCM�� 1EHCMT;min (GeV) hos 2�HCMi Æstat Æsyst0:0 0:022 �0:004 +0:004�0:0070:5 0:039 �0:006 +0:005�0:0061:0 0:055 �0:008 +0:006�0:0091:5 0:062 �0:009 +0:007�0:0112:0 0:067 �0:011 +0:008�0:0102:5 0:070 �0:012 +0:009�0:0103:0 0:076 �0:014 +0:010�0:011�1 < �HCM�0EHCMT;min (GeV) hos 2�HCMi Æstat Æsyst0:0 0:018 �0:007 +0:005�0:0040:5 0:022 �0:009 +0:005�0:0051:0 0:026 �0:013 +0:008�0:0081:5 0:032 �0:016 +0:010�0:0102:0 0:034 �0:018 +0:012�0:013Table 4: The values of hos �HCMi alulated using the energy-ow methodas in Eq. (2), as a funtion of hadron minimum transverse energy, EHCMT;min.They were obtained in the HCM frame for the pseudorapidity intervals �5 <�HCM� � 2:5, �2:5 < �HCM� � 1 and �1 < �HCM�0 in the kinemati region100 < Q2 < 8000GeV2, 0:01 < x < 0:1 and 0:2 < y < 0:8 for hadrons withpT > 0:15GeV and � > 8Æ. The quantities Æstat and Æsyst are respetively thestatistial and systemati unertainties. 16
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Figure 1: The de�nition of the azimuthal angle � either in the HCM or theBreit frame. The inoming eletron is denoted by e, the sattered eletron by e0, theexhanged virtual photon by � and the outgoing hadron or parton by h.
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Figure 2: (a) The fration of BGF (dashed line), QCDC (full line) and QPM (dot-ted line) proesses as a funtion of pseudorapidity, �HCM , in the HCM frame for theenergy-ow method. (b) For the QCD Compton proess, the quark and gluon on-tributions as a funtion of �HCM . These preditions were taken from Lepto 6.5.1and are shown for the kinemati region 100 < Q2 < 8000GeV2, 0.2 < y < 0.8 and0:01 < x < 0:1 for hadrons with pT > 0:15GeV and � > 8Æ.18
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Figure 3: The values of hos �HCMi, hos 2�HCM i, hsin �HCMi and hsin 2�HCM i,alulated using the energy-ow method as in Eq. (2), as a funtion of hadronpseudorapidity, �HCM . They were obtained in the HCM frame for the kinematiregion 100 < Q2 < 8000GeV2, 0:01 < x < 0:1 and 0:2 < y < 0:8 for hadrons withpT > 0:15GeV and � > 8Æ. The inner error bars are statistial unertainties, theouter are statistial and systemati unertainties added in quadrature. The NLOQCD preditions of Disent (solid line), with its assoiated unertainty (shadedband), orreted for hadronisation and hadron losses (see text), the preditions ofLepto 6.5.1 (dotted line), and the preditions of Ariadne 4.12 (dashed line) areshown.
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