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DESY{06{04216th June 2006Event shapesin deep inelasti satteringat HERAZEUS CollaborationAbstratMean values and di�erential distributions of event-shape variables have beenstudied in neutral urrent deep inelasti sattering using an integrated luminos-ity of 82.2 pb�1 olleted with the ZEUS detetor at HERA. The kinemati rangeis 80 < Q2 < 20 480 GeV2 and 0:0024 < x < 0:6, where Q2 is the virtuality ofthe exhanged boson and x is the Bjorken variable. The data are omparedwith a model based on a ombination of next-to-leading-order QCD alula-tions with next-to-leading-logarithm orretions and the Dokshitzer-Webber non-perturbative power orretions. The power-orretion method provides a reason-able desription of the data for all event-shape variables studied. Nevertheless,the lak of onsisteny of the determination of �s and of the non-perturbativeparameter of the model, �0, suggests the importane of higher-order proessesthat are not yet inluded in the model.
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1 IntrodutionThe hadroni �nal states formed in e+e� annihilation and in deep inelasti sattering(DIS) an be haraterised by a number of variables that desribe the shape of the event.The event shapes presented in this paper are infrared- and ollinear-safe observables andan be alulated using perturbative QCD (pQCD). In some ases, the predition in next-to-leading order and next-to-leading-logarithm (NLO+NLL) approximation is available.Preision tests of the pQCD preditions using the experimentally measured event shapesrequire a good understanding of non-perturbative e�ets, namely the hadronisation pro-ess, whih desribes the transition from partons to the experimentally observed hadrons.These non-perturbative orretions derease as a power of Q, the square root of the vir-tuality of the exhanged boson, and are therefore alled power orretions. They an beparametrised as �p=Qp, where the sale �p and exponent p depend on the shape variable;the exponent p an be predited by perturbation theory [1{4℄. The suess of this sim-ple model in �tting the data [5℄ has initiated many studies; previously non-perturbativee�ets ould be estimated only through the use of Monte Carlo (MC) models.In the formulation of the power-orretion model by Dokshitzer and Webber [2, 6{8℄,the shape variables are given by the sum of the perturbative and non-perturbative partswhih depend only on two onstants: the strong oupling, �s and an e�etive low-energyoupling, �0, whih is universal to all event shapes. This formulation allows the extrationof �s and �0 from a �t to the data.Studies of event shapes at HERA have been already reported by the H1 and ZEUSollaborations [9, 10℄. This paper extends with inreased statistis the previous ZEUSmeasurement of the mean event-shape variables to the analysis of di�erential distributionsand of two new shape variables. Measurements were performed in the Breit frame [11℄ inthe kinemati range 0:0024 < x < 0:6, 80 < Q2 < 20 480 GeV2 and 0:04 < y < 0:9. Herex is the Bjorken variable and y = Q2=sx, where s is the entre-of-mass energy squared ofthe ep system. Inlusion of the di�erential distributions allows an improved test of thevalidity of the power orretion method.2 Event-shape variablesThe event-shape variables studied in this analysis are thrust, T , jet broadening, B, theinvariant jet mass, M2, the C-parameter, the variable y2 (de�ned below) and the mo-mentum out of the event plane, KOUT. Thrust measures the longitudinal ollimation of agiven hadroni system, while broadening measures the omplementary aspet. These two1



parameters are spei�ed relative to a hosen axis, denoted by a unit vetor �!n . Thus:T = Pi j�!pi � �!n jPi j�!pi j ; (1)B = Pi j�!pi ��!n jPi j�!pi j ; (2)where �!pi is the momentum of the �nal-state partile i.When �!n is the diretion of the virtual-photon, thrust and broadening are denoted by Tand B, respetively. Alternatively, both quantities may be measured with respet to thethrust axis, de�ned as that diretion along whih the thrust is maximised by a suitablehoie of �!n . In this ase, the thrust and broadening are denoted by TT and BT .In the Born approximation, the �nal state onsists of a single quark, and T and TT areunity. Consequently, the shape variables (1 � T) and (1 � TT ) are employed so thatnon-zero values at the parton level are a diret indiator of higher-order QCD e�ets.The normalised jet invariant mass is de�ned byM2 = (PiEi)2 � jPi�!pi j2(2PiEi)2 ; (3)where Ei is the energy of the �nal-state partile i.The C-parameter is given by C = 3Pij j�!pi jj�!pj j sin2 (�ij)2(Pi j�!pi j)2 ; (4)where �ij is the angle between two �nal-state partiles, i and j.The shape variables in Eqs. (1){(4) are summed over the partiles in the urrent hemi-sphere of the Breit frame. To ensure infrared safety, it is neessary to exlude events inwhih the energy in the urrent hemisphere is less than a ertain limit, Elim. The valueElim = 0:25 � Q was used [12℄. The analysis is based on event shapes alulated in theP -sheme, i.e. with partiles assumed to have zero mass after boosting to the Breit frame.In addition, two variables, y2 and KOUT, referred to as two-jet variables, are onsidered.The quantity y2 is de�ned as the value of the jet resolution ut parameter, yut, in thekT jet algorithm [13℄, at whih the transition from (2+1) to (1+1) jets takes plae in agiven event; here the �rst number refers to the urrent jet(s) and the seond to the protonremnant. 2



The variable desribing the momentum out of the event plane, KOUT, has been suggestedfor study [14℄ in events with a on�guration at least as omplex as (2+1) jets. The eventplane is de�ned by the proton momentum �!P in the Breit frame and the unit vetor �!nwhih enters the de�nition of thrust major:TM = maxPi j�!pi � �!n jPi j�!pi j ; (5)with the additional ondition �!P � �!n = 0.The variable KOUT is given by KOUT = Xi ��pouti ��; (6)where pouti is the omponent of momentum�!pi of the hadron i perpendiular to the eventplane. For leading-order (LO) (2+1) on�gurations, sine both jets lie in the event plane,only non-perturbative e�ets ontribute to KOUT. At higher orders of �s, perturbativee�ets will also ontribute to KOUT.In ontrast to the de�nitions in Eqs. (1){(4) the sums in Eqs. (5) and (6) run over allpartiles in the Breit frame.3 Experimental set-upThe data used in this analysis were olleted during the 1998-2000 running period, whenHERA operated with protons of energy Ep = 920 GeV and eletrons or positrons1 ofenergy Ee = 27:5 GeV, and orrespond to an integrated luminosity of 82:2� 1:9 pb�1. Adetailed desription of the ZEUS detetor an be found elsewhere [15,16℄. A brief outlineof the omponents that are most relevant for this analysis is given below.Charged partiles are measured in the entral traking detetor (CTD) [17℄, whih oper-ates in a magneti �eld of 1:43 T provided by a thin superonduting solenoid. The CTDonsists of 72 ylindrial drift hamber layers, organised in nine superlayers overing thepolar-angle2 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 in1 In the following, the term \eletron" denotes generially both the eletron (e�) and the positron (e+).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.3



GeV. 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 also to ross-hekthe energy sale of the alorimeter.The high-resolution uranium-sintillator alorimeter (CAL) [18℄ overs 99:7% of the totalsolid angle and onsists of three parts: the forward (FCAL), the barrel (BCAL) andthe rear (RCAL) alorimeters. Eah part is 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 is 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 [19℄, alead-sintillator alorimeter plaed in the HERA tunnel at Z = �107 m.4 Kinematis and event seletionA three-level trigger system was used to selet events online [16,20℄. Neutral urrent DISevents were seleted by requiring that a sattered eletron andidate with an energy morethan 4 GeV was measured in the CAL [21℄.The o�ine kinemati variables Q2, x and y were reonstruted using the double angle(DA) method [22℄. For o�ine seletion the eletron (e) and the Jaquet-Blondel (JB) [23℄methods were also used.The o�ine seletion of DIS events was based on the following requirements:� E0e>10 GeV, where E 0e is the sattered eletron energy after orretion for energy lossin inative material in front of the CAL, to ahieve a high-purity sample of DIS events;� ye<0:9, where ye is y as reonstruted by the eletron method, to redue the photo-prodution bakground;� yJB>0:04, where yJB is y reonstruted by the JB method, to ensure suÆient aurayfor the DA reonstrution of Q2;� 38<Æ<60 GeV, where Æ = Pi(E�PZ)i and the sum runs over all CAL energy deposits.The lower ut removed bakground from photoprodution and events with large initial-state QED radiation. The upper ut removed osmi-ray bakground. For eventswith forward eletrons with �elab < 1 radian, where the �elab is the polar angle inthe laboratory system, the Æ ut was tightened to 44 < Æ < 60 GeV, to redue theontributions from eletromagneti deposits outside the CTD that are likely to beneutral pions wrongly identi�ed as eletrons;4



� jZvtxj<50 m, where Zvtx is the Z position of the reonstruted primary vertex, toselet events onsistent with ep ollisions.The kinemati range of the analysis is:80 < Q2 < 20 480 GeV2, 0:0024 < x < 0:6 and 0:04 < y < 0:9.For eah event, the reonstrution of the shape variables and jets was performed using aombination of trak and CAL information, exluding the ells and the trak assoiatedwith the sattered eletron. The seleted traks and CAL lusters were treated as masslessEnergy Flow Objets (EFOs) [24℄. The minimum transverse momentum, pT , of eah EFOwas required to be greater than 0:15 GeV.The variables M2, C, T , and B were reonstruted only using objets in the urrent regionof the Breit frame, with the following additional requirements:� number of EFOs (hadrons, in the ase of theoretial alulations) in the urrent regionof the Breit frame � 2;� j�EFOlab j < 1:75, where �lab is the pseudorapidity of an EFO as measured in the labora-tory frame.Jets were reonstruted using the kT luster algorithm [13℄ in the longitudinally invariantinlusive mode [25℄. The jet searh was onduted in the entire Breit frame. For they2 variable, at least two EFOs (hadrons) had to be found in the Breit frame. Sine theproton remnants were expliitly treated by the jet algorithm, all hadrons from the urrentand target hemispheres of the Breit frame were onsidered.The KOUT variable was reonstruted in the entire Breit frame, with the following utsrequired by theory [14℄: �EFO(hadrons)Breit < 3, to remove the proton remnants, and y2 > 0:1,to avoid small values of TM. In addition, j�EFOlab j < 2:2 was required to selet a region ofwell understood aeptane.5 Monte Carlo simulationA Monte Carlo event simulation was used to orret the data for aeptane and resolutione�ets. The detetor simulation was performed with the Geant 3.13 program [26℄.Neutral urrent DIS events were generated using the Djangoh 1.1 pakage [27℄, om-bining the Lepto 6.5.1 [28℄ generator with the Herales 4.6.1 program [29℄, whihinorporates �rst-order eletroweak orretions. The parton asade was modelled withthe olour-dipole model (CDM), using the Ariadne 4.08 [30℄ program. In this model,oherene e�ets are impliitly inluded in the formalism of the parton asade. The Lund5



string-fragmentation model [31℄, as implemented in Jetset 7.4 [32,33℄, was used for thehadronisation phase.Additional samples were generated with the Herwig 5.9 program [34℄, whih does notapply eletroweak radiative orretions. The oherene e�ets in the �nal-state asadeare inluded by angular ordering of suessive parton emissions, and a luster model isused for the hadronisation [35℄. Events were also generated using the MEPS option ofLepto within Djangoh, whih subsequently uses a parton showering model similar toHerwig.For Ariadne, the default parameters were used. The Lepto simulation was run withsoft-olour interations turned o�, and Herwig was tuned3 to give loser agreementwith the measured shape variables at low Q; the CTEQ4D [36℄ parameterisations of theproton parton distribution funtions (PDFs) were used. The MC event samples werepassed through reonstrution and seletion proedures idential to those of the data.The set of MCs used here ensures that the inuene of both the parton level (Ariadneversus Lepto, Herwig) and the fragmentation (Herwig versus Ariadne, Lepto) onthe systemati unertainties is inluded.The generated distributions inlude the produts of strong and eletromagneti deays,together with K0S and � deays, but exlude the deay produts of weakly deayingpartiles with lifetime greater than 3� 10�10 s.6 QCD alulations6.1 Perturbative QCD alulationsThe mean values and di�erential event-shape distributions were analysed using di�erentperturbative QCD alulations.For the mean event shapes, NLO QCD alulations have been performed using the pro-grams DISASTER++ [37℄ and DISENT [38℄, whih give parton-level distributions. Todetermine the theoretial �s dependene of the variables, both programs were run withthe CTEQ4A proton PDFs with �ve �s sets [36℄. The mean value of eah shape variablewas found to be linearly dependent on �s(MZ) in the range 0.110�0.122. The alula-tions were performed with the renormalisation and fatorisation sales �R = xRQ and�F = xFQ, respetively, where for the entral analysis xR and xF were set to 1.Infrared and ollinear safety ensures that the mean values of event shapes an be omputedwith �xed order alulations [1,2℄. However, in order to desribe the di�erential distribu-3 The parameter PSPLT was set equal to 1.8; otherwise default parameters were used.6



tions in the phase spae region where the perturbative radiation is suppressed (region ofsmall values of the shape parameters), large logarithmi terms must be resummed.To obtain the theoretial preditions for the di�erential distributions, DISASTER++events were generated using the DISPATCH [39℄ program with the MRST99 [40℄ PDFs.The �nal preditions of the di�erential distributions, ombining the NLO and NLL alu-lations as well as the power orretions (see Setion 6.2), were made using the DISRE-SUM [39℄ pakage desribed below.To alulate the perturbative part of the di�erential distribution, (d�=dV )PT, where V isthe event-shape variable, DISRESUM mathes the NLL resummed perturbative alu-lation of the di�erential distribution to the orresponding NLO distribution. The detailsof the resummed alulations depend on the type of shape variable i.e global, T andB , or non-global, M , C and TT [12, 39, 41{43℄. Three possible types of mathing wereinvestigated: logR mathing, similar to that used in e+e� annihilation analyses, M andM2 mathings. The last two were spei�ally introdued for DIS proesses [41℄. In ad-dition, a modi�ed mathing tehnique an be used for the three types of mathing. Themodi�ation to the mathing ensures �rstly that the integrated ross setion has the or-ret upper limit at V = Vmax, where Vmax is the maximum of the distribution [41℄, andseondly that, if the �xed order distribution goes smoothly to zero at the upper limit, themathed-resummed distribution has similar behaviour. The modi�ation requires thatthe ln(1=V ) terms in the resummation are replaed by expressions of the form1p ln �� 1V �p �� 1Vmax�p + 1� : (7)In addition, to ensure the orret upper limit to the distribution after non-perturbativeorretions, as disussed in Setion 6.2, the shift to the distribution is multiplied by1�� VVmax�ps : (8)The resummation an be expressed in terms of a resaled variable, 1=xLV , instead of 1=V ,where xL is a logarithmi resaling fator [43℄. The values of p, ps and xL were set bydefault to 1, 2 and 1, respetively, and were varied, as explained in Setion 9, to estimatethe theoretial unertainties of the method.6.2 Non-perturbative QCD alulation: power orretionsBefore the data are ompared to the pQCD preditions, the latter require orretion forthe e�ets of hadronisation. Dokshitzer and Webber alulated power orretions to the7



event-shape variables in e+e� annihilation, assuming an infrared-regular behaviour of thee�etive oupling, �e� [2, 6{8℄. The tehnique was subsequently applied to the ase ofDIS [44℄ and has been used here.In this approah, a onstant, �0, is introdued, whih is independent of the hoie ofthe shape variable. This onstant is de�ned as the �rst moment of the e�etive strongoupling below the sale �I and is given by:�0(�I ) = 1�I �IZ0 �e�(�)d�; (9)where �I orresponds to the lower limit where the perturbative approah is valid. This istaken to be 2 GeV, as in the previous analyses [5,9,10,45,46℄.The theoretial predition for the mean values of an event-shape variable, denoted byhV i, is then given by hV i (�s; �0) = hV iPT (�s) + hV ipow (�s; �0); (10)where hV iPT is alulated using the NLO QCD alulation, and hV ipow is the powerorretion. The power orretion is given byhV ipow = aV 4MA1�Q : (11)The values of aV for (1 � TT ); (1 � T); C and M2 are respetively 2, 2, 3� and 1. ForB and BT more omplex expressions were used [8,41℄.The variable M is the `Milan fator' of value 1.49 [47℄, whih takes into aount two-looporretions; it has a relative unertainty of about �20%, due to three- and higher-loope�ets. The term A1 is given by:A1 = CF� �I ��0 � �s(�R)� �02� �log��R�I �+ K�0 + 1��2s(�R)� ; (12)where CF = 43 , K = 676 � �22 � 59Nf , �0 = 11� 23Nf and Nf , the number of ative avours,is taken to be �ve.The power-orreted di�erential distributions are given by:d�dV (V ) = d�dV PT(V � hV ipow); (13)where d�=dV PT is alulated as desribed in the previous setion.8



7 Analysis methodThe event shapes were evaluated for event samples in seleted bins of x and Q2. Thehoie of the bin sizes [48℄ was motivated by the need to have good statistis and keepingthe migrations, both between bins, and from the urrent to the target region within eahbin, small. The kinemati bin boundaries are listed in Table 1.The preditions that ombine the pQCD alulations and the power orretions are �ttedto the measured mean and di�erential distributions, with the exeptions of y2 and KOUT,to extrat the (�0; �s) values. The theoretial preditions for y2 and KOUT are not yetavailable, therefore, no attempt is made to extrat (�0; �s) from these variables, but theyare ompared to the NLO QCD alulations and MC preditions at parton and hadronlevels.Separate �2-�ts to the mean values as a funtion of Q and to the di�erential distributionsin bins of Q2 are performed for eah variable. The distributions, when alulated to NLO,diverge at small values of the shape variable. The divergene is removed when evaluatingthe integral to determine the mean values. Consequently for the mean values, the �xed-order NLO predition is used ombined with the power orretion aording to Eq. (10).For the di�erential distributions, the divergene is removed by mathing NLO to NLLusing DISRESUM. The distributions are orreted for hadronisation following Eq. (13).For eah observable, the �t was performed with �s(MZ) and �0 taken as free parameters.The �ts to both the mean values and the di�erential distributions were made using theHessian method [49℄ whih uses a full error matrix that inludes orrelated o�-diagonalterms due to the systemati unertainties. Therefore, the statistial and systemati un-ertainties are not quoted separately and appear as one `�t error' in all the tables.The mean values of the event shapes were evaluated over the full measured kinematirange. The range used in the �ts to the di�erential distribution has been de�ned in-dividually for eah shape variable and eah Q2 range. The ranges are limited by therequirements that the pQCD preditions should be well de�ned within the bin used in the�t and that the range used should not extend above the LO upper limit for the variable.The �rst requirement was based on the ratio (NLL + NLO + power orretions)/(NLL+NLO); bins were omitted at low values of the shape variable, where the ratio showed arapid fall, indiating that the power orretion is not well de�ned in this region. Also therange 0:8 < V=Vmax < 1 was exluded from the �t for 1 � T, B and M , where the LOupper limit is equal to Vmax, to avoid the region where theoretial preditions are sensitiveto the details of the mathing between NLO and NLL alulations (where the mathingmodi�ation disussed in Setion 6.1 has a large e�et).The �nal ranges are summarised in Table 2. Sine the theoretial preditions for dif-9



ferential distributions are reliable only at high values of Q2, the �t was restrited toQ2 > 320 GeV2.8 CorretionsIn eah (x, Q2) bin, the Ariadne MC was used to orret for the event aeptane andthe aeptane in eah bin of eah event-shape variable. The aeptane is de�ned as theratio of the number of reonstruted and seleted events to the number of generated eventsin a given bin. The aeptane generally exeeds 70% for all bins, exept at extremes ofthe Q2 range and at low y.Agreement was found between the unorreted data and the preditions of Ariadnethroughout the entire kinemati range of eah event-shape variable (see Setion 10.1),thus on�rming its suitability for the purpose of orreting the data. The data were alsoompared with the Herwig preditions; here the agreement with data was satisfatorybut slightly worse than when using Ariadne. The orretion fators were evaluated asthe ratios of the generated to the observed values in eah (x;Q2) bin. The orretionproedure aounts for event migration between (x;Q2) intervals, QED radiative e�ets,EFO-reonstrution eÆieny and energy resolution, aeptanes in pT and �, and EFOmigration between the urrent and target regions. These orretion fators are all within15% of unity, and the majority lie within 10% for the mean values of the shape variables.The orretion fators for the di�erential distributions are typially within 20% of unity.9 Systemati unertaintiesA detailed study of the soures ontributing to the systemati unertainties of the measure-ments has been performed. The main soures ontributing to the systemati unertaintiesare listed below:� the data were orreted using a di�erent hadronisation and parton-shower model,namely Herwig or Lepto, instead of Ariadne;� the ut ye was hanged from 0.9 to 0.8;� the ut on yJB was inreased from 0.04 to 0.05;� the ut on Æ was tightened from 38(44) < Æ < 60 GeV to 40(46) < Æ < 60 GeV;the harder ut was used to estimate any residual unertainties in the photoprodutionbakground; 10



� the measured energies of lusters in the alorimeter were varied by �3%, �1% and�2% for the FCAL, BCAL and RCAL, respetively, orresponding to the unertaintiesof the assoiated energy sales;� the EFO uts on �lab and pT > 150 MeV were tightened to j�labj < 1:5 and pT >200 MeV; the uts were also removed.The largest systemati unertainty arose from the hoie of Herwig as the hadronisationmodel. The other signi�ant systemati was due to the �lab seletion. The remainingsystematis were smaller than or similar to the statistial unertainties.To estimate the theoretial unertainties for both the mean values and the di�erentialdistributions, the renormalisation sale was varied by a fator of two, and studies weremade of the e�ets of hanges to �I and to the Milan fator. To give an indiation of theunertainties due to mass e�ets, the data were reanalysed using the E-sheme. For themean values, the CTEQ4 PDFs were replaed by the MRST99 set. For the di�erentialdistributions, the additional parameters p and ps, that ensure the orret behaviour of themathing and shift, were varied as shown in Tables 7 and 8. The logarithmi resalingfator, xL, was hanged to 1.5 [43℄ and the CTEQ5 PDF was used instead of MRST99.10 Results10.1 Mean valuesThe mean values of the event-shape variables are ompared with the Ariadne preditionsin Fig. 1. In general, there is a good agreement between data and MC. However the MCtends to overestimate the shape variables at low Q2, in partiular M2. The Ariadne pre-ditions at the parton level are also shown. The di�erene between the hadron and partonlevel demonstrates the ontribution from the hadronisation proess, as implemented inAriadne. It should be noted that the parton level of Ariadne, de�ned by the partonshower model, does not have a rigorous meaning in pQCD [50℄ and should be taken asindiative only. The struture in the theoretial distributions results from the di�erentx-ranges assoiated with the Q2 bins, see Table 1.The mean values of the event-shape variables (1 � TT ), BT , M2, C, (1 � T) and B asa funtion of Q were �tted, by varying �s and �0, to the sum of an NLO term obtainedfrom DISASTER++, plus the power orretion as given by Eq. (11). The data and �tresults are shown in Fig. 2. For all variables the theory �ts the data well. For (1�T), thebest �t results in a negative power orretion, whereas theory predits a power orretionequal to that found for (1� TT ). 11



The extrated values (�0; �S) are shown in Fig. 3 and in Tables 3 and 4. The ontours onthe plot represent one standard deviation errors, orresponding to about 30% on�denelevel (CL), as well as the 95% CL regions based on the �t errors as alulated usingthe Hessian method. The theoretial unertainties are not shown but are given in thetables, sine they result in a orrelated shift to all �t results. The urrent world average,�s(MZ) = 0:1182�0:0027 [51℄, is also shown.The �0 values are in good agreement with those previously published [10℄, but somewhatlower than those obtained by the H1 and e+e� experiments. The values of �s obtainedfrom �ts to (1 � TT ), B , C and M2 are roughly onsistent with eah other, but some-what above the world average value. However, Tables 3 and 4 show that the theoretialunertainties are substantial and strongly orrelated between variables. Fits to BT and(1� T) give values of �s whih are inonsistent with the values obtained with the othervariables, as already observed in the earlier ZEUS measurement.For �s, the dominant unertainty is that due to variation of the renormalisation sale.For �0, the variation in the Milan fator gives the largest unertainty exept in the ase ofB. The PDF unertainty was evaluated by replaing the CTEQ4 PDFs by the MRST99set. With the exeption of (1 � T), the hanges in the �tted (�0; �S) are of the order ofthe Hessian �t error. For (1 � T), the power orretion beomes positive and the �ttedvalues of �s(�0) hange to 0.1285(0.3541), values that are in loser agreement with theother variables. If the model were robust, the �tted values of �s would be independent of�I . However a dependene on �I is learly evident in the tables. In view of these results,no attempt to extrat ombined values of (�0; �S) from the mean event shapes was made.10.2 Di�erential distributionsThe di�erential distributions of the event-shape variables for Q2 > 320 GeV2 are omparedto the preditions of Ariadne in Figs. 4 and 5. For all variables, Ariadne desribesthe data well. The parton level of Ariadne is also shown. The di�erene between thehadron and parton levels an be taken as illustrative of the hadronisation orretion.The di�erential distributions for (1�T), B , M2, C and (1�TT ), for whih the theoretialpreditions are available, have been �tted with NLL + NLO + PC alulations as shownin Figs. 6 and 7. The solid (dashed) bars show the bins that were used (unused) in the�t as desribed in Setion 7.None of the three mathing tehniques disussed in Setion 6.1 is strongly preferred theo-retially. Although the modi�ation terms should be used to ensure the orret behaviourof the ross setion, all options inluded in DISRESUM have been used. The resultsof �ts using six di�erent mathing options are shown in Fig. 8 and Tables 5 and 6. The12



�2 of the �ts does not depend signi�antly on the form of mathing used. The M2modmathing has been hosen for this analysis in view of the minimal dispersion of �s and�0 for this type of mathing. Tables 5 and 6 show that the M2mod and Mmod mathingtehniques give �tted �s and �0 values that agree, in general, within the Hessian �t errors;an exeption is B , whih shows a �ve standard deviation shift in �0 when the math-ing is hanged from M2mod to Mmod. The logRmod mathing gives larger systematihanges in the �tted �s(�0), of the order of two (one) standard deviation. In all ases, theunmodi�ed mathing shemes, whih are theoretially disfavoured, result in larger shiftsthan the orresponding modi�ed mathing. It an be onluded that mathing-shemeunertainties are approximately twie the Hessian �t errors.The results of the �t to the di�erential distributions using the M2mod mathing shemeare summarised in Tables 7 and 8. The model gives a good desription of the di�erentialdistributions for the global variables (1�T) and B over a substantial range of the shapevariables; the �2=dof of the �t is lose to unity. For the non-global variables, (1 � TT ),C, M2, the �t is less good, with the �2=dof lying in the range two to four. The �tted�s values are onsistent with the world average. With the exeption of C, the �0 valuesare onsistent with those obtained from the mean values. Figure 9 shows that, for theglobal variables, the �tted values of �s and �0 are onsistent with being independent ofthe Q range. The non-global variables show a larger sensitivity to the Q range, possiblyreeting the poorer �2 of the �ts.Tables 7 and 8 also give the theoretial unertainties in the �tted (�0; �S) values. For�s, the dominant theoretial unertainties result from the renormalisation sale and thelogarithmi resale fator. The power fators in the modi�ation terms also give rise tosigni�ant unertainties for all variables exept (1� T). In ontrast to the results foundfor the mean values, hanges in the Milan fator and �I have no signi�ant inuene onthe �tted �s. In general, all systemati unertainties, with exeption of the hek onPDFs, for �0 are large ompared to the �t errors and omparable in size to those of themean �ts.An estimate of the inuene of the �t range is given in the two �nal lines of Tables 7 and 8.This estimate was obtained by hanging the �t range by half a bin at low values of theshape variable, where the inuene of the NLL terms is greatest. For �s, the e�et of thehange is a few perent for (1� T) and B. In ontrast, the �t values for the non-globalvariables are signi�antly dependent on the �t range. A omparison with the di�erentialdistributions measured by H1 shows reasonable agreement with this analysis. However,it should be noted that the two analyses di�er in the kinemati range of the �ts as wellas in many details of the �ts. The value of �0, given by H1, agrees with the interval,approximately 0.4�0.5, obtained in this analysis.As in the ase of the mean values, the �tted values of (�0; �S) for the di�erential dis-13



tributions are inonsistent with one another, with the non-global variables, M2, C and(1�TT ), yielding a lower �s than the global variables (1�T) and B, irrespetive of themathing sheme used. The unertainties due to the �t range and theoretial parametersprelude a meaningful determination of the average values for �s and �0 from the �ts tothe di�erential distribution.10.3 Measurement of y2 and KOUTAs disussed in Setion 2, the analyses of the variable y2 and KOUT were made in the fullphase spae of the Breit frame, inluding both the urrent and target regions. In ontrastto the variables disussed previously, the orretion to y2 is expeted to fall as 1=Q2.Although the general form of the orretion is known, the theoretial alulations arenot yet available. Consequently, no �t has been made but the data have been omparedto Ariadne and NLO preditions. The distribution of y2 and the mean of y2 as afuntion of Q are shown in Figs. 10a and 10b, respetively, together with the Ariadnepreditions at the hadron and parton levels. The �gures show that Ariadne desribesthe y2 distribution for Q2 > 320 GeV2 well, but overestimates the means at lower Q.In Fig. 10, the y2 distributions are ompared with the NLO distribution from DISENTalulated using �s(MZ) = 0:116. Exept at the lowest y2 value for high Q, the NLOpreditions desribe the data well. In Fig. 10d, the mean values of y2 are plotted as afuntion of Q and ompared with the NLO preditions. The agreement with the NLOpreditions is good over the entire range of Q.The KOUT variable measures the momentum out of the event plane de�ned by two jetsand thus depends on �2s at lowest order. The data are ompared to Ariadne preditionsat the parton and hadron level in Fig. 11. For the di�erential distribution, at the partonlevel, Ariadne agrees well with the tail of the KOUT distribution but peaks at a lowervalue than the data. The hadron-level predition, on the other hand, desribes the datawell everywhere, indiating the importane of hadronisation orretions to this variable.The mean value of KOUT=Q agrees well with the expetation fromAriadne at the hadronlevel. In ontrast, the parton-level preditions lie below the data, with a di�erene thatdereases with Q, again indiating the importane of hadronisation e�ets.11 SummaryMeasurements have been made of mean values and di�erential distributions of the event-shape variables thrust T , broadening B, normalised jet mass M2, C-parameter, y2 andKOUT using the ZEUS detetor at HERA. The variables T and B were determined relative14



to both the virtual photon axis and the thrust axis. The events were analysed in theBreit frame for the kinemati range 0:0024 < x < 0:6, 80 < Q2 < 20 480 GeV2 and0:04 < y < 0:90. The data are well desribed by the Ariadne Monte Carlo model.The Q dependene of the mean event shapes T , B, M2 and C, have been �tted toNLO alulations from perturbative QCD using the DISASTER++ program togetherwith the Dokshitzer-Webber non-perturbative power orretions, with the strong oupling�s(MZ) and the e�etive non-perturbative oupling �0 as free parameters.Consistent values of �s are obtained for the shape variables (1�TT ), B, M2 and C, with�0 values that agree to within �10%. For BT , the �0 value agrees with other variables,whereas �s does not. The variable (1 � T) gives �s and �0 values that are inonsis-tent with the other variables and, in ontrast to the other variables, that are sensitiveto the parton density used in DISASTER++. For all variables, the renormalisationunertainties, the dominant theoretial unertainty, are three to ten times larger than theexperimental unertainties. Also the �I parameter used in the power orretions giveslarge unertainties. These may be indiations for the need for higher orders in the powerorretions.The program DISRESUM together with NLO alulations from DISPATCH has beenused to �t the di�erential distributions for the event-shape variables (1 � TT ), M2, C,(1�T) and B for Q2 > 320 GeV2. A reasonable desription is obtained for all variables.The modi�ed mathing shemes give �tted values of �s that are onsistent with the worldaverage. With the exeption of C, the values of �0 are onsistent with those found fromthe mean values and lie within the range 0.4�0.5.Comparison between the �s and �0 from the �ts to di�erent variables show, however, thatthe results are not onsistent within the experimental unertainties. The renormalisationunertainties are still large. There is a onsiderable sensitivity to small hanges in thekinemati range of �ts, indiating problems in the theoretial desription of the data.Also the hoie of mathing sheme produes variations of the order of the experimentalunertainties.The power orretions for the variables y2 and KOUT are not yet available. For y2, thedata are well desribed by NLO alulations. The variable KOUT is well desribed byAriadne preditions at the hadron level. A omparison of KOUT with parton and hadronlevel preditions of Ariadne indiates the need for substantial hadronisation orretions.In summary, the power-orretion method provides a reasonable desription of the datafor all event-shape variables studied. Nevertheless, the lak of onsisteny of the �s and�0 determinations obtained in deep inelasti sattering, for the mean values in partiular,suggests the importane of higher-order proesses that are not yet inluded in the model.15
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Bin Q2 ( GeV2) x1 80 � 160 0.0024 � 0.0102 160 � 320 0.0024 � 0.0103 320 � 640 0.01 � 0.054 640 � 1280 0.01 � 0.055 1280 � 2560 0.025 � 0.1506 2560 � 5120 0.05 � 0.257 5120 � 10240 0.06 � 0.408 10240 � 20480 0.10 � 0.60Table 1: The kinemati boundaries of the bins in x and Q2.Q2 ( GeV2) 1� TT M2 C 1� T B320 � 640 0:1� 0:3 0:05 � 0:2 0:3� 0:7 0:1� 0:8 0:15 � 0:4640 � 1280 0:05� 0:3 0:025 � 0:2 0:2� 0:7 0:1� 0:8 0:15 � 0:41280 � 2560 0:05� 0:3 0:025 � 0:2 0:2� 0:7 0:1� 0:8 0:1� 0:42560 � 5120 0:05� 0:3 0:025 � 0:2 0:1� 0:7 0:1� 0:8 0:1� 0:45120 � 10240 0:05� 0:3 0:025 � 0:2 0:1� 0:7 0:1� 0:8 0:05 � 0:410240 � 20480 0:05� 0:3 0:025 � 0:2 0:1� 0:7 0:1� 0:8 0:05 � 0:4Table 2: Ranges used for �ts to the di�erential distributions.
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Variable 1� TT BT M2 C 1 � T B�s(MZ) 0:1252 0:1149 0:1231 0:1263 0:1456 0:1231Fit error �0:0010 �0:0008 �0:0010 �0:0006 �0:0035 �0:0022�2=dof 0:4150 0:4873 1:4003 0:4127 0:9725 2:6992orrelation �0:5337 �0:5719 �0:5275 �0:1133 �0:9257 0:7610xR = 0:5 �0:0070 �0:0068 �0:0077 �0:0072 �0:0095 �0:0062xR = 2:0 +0:0085 +0:0065 +0:0091 +0:0088 +0:0104 +0:0067M = 1:19 +0:0026 +0:0019 +0:0024 +0:0030 +0:0034 +0:0012M = 1:79 �0:0023 �0:0017 �0:0021 �0:0026 �0:0029 �0:0011�I = 1 GeV +0:0056 +0:0039 +0:0052 +0:0067 +0:0075 +0:0024�I = 4 GeV �0:0061 �0:0047 �0:0057 �0:0070 �0:0077 �0:0032E-sheme +0:0046 +0:0031 +0:0036 +0:0033 +0:0033 +0:0013PDF �0:0010 �0:0005 �0:0015 �0:0008 �0:0172 �0:0024Table 3: Results for �s(MZ) from the �t to the mean values of the shape variables.The �t error is the total experimental error inluding both statistial and experi-mental systemati errors. The orrelation oeÆients are those between the �ttedvalues of �s(MZ) and �0 (see Table 4). The theoretial unertainties (see text) arealso shown.Variable 1� TT BT M2 C 1 � T B�0 (2 GeV ) 0:4622 0:4349 0:4184 0:4122 0:2309 0:4352Fit error �0:0047 �0:0044 �0:0074 �0:0030 �0:0167 �0:0044xR = 0:5 +0:0105 +0:0316 +0:0239 +0:0094 +0:0339 +0:1625xR = 2 �0:0036 �0:0089 �0:0111 �0:0039 +0:0063 �0:1030M = 1:19 +0:0360 +0:0343 +0:0258 +0:0232 �0:0507 +0:0272M = 1:79 �0:0280 �0:0294 �0:0210 �0:0198 +0:0252 �0:0201E-sheme +0:0157 +0:0079 +0:0120 +0:0130 �0:0043 +0:0072PDF +0:0139 +0:0113 +0:0169 +0:0129 +0:1232 +0:0032Table 4: Results for �0 from the �t to the mean values of the shape variables. The�t error is the total experimental error inluding both statistial and experimentalsystemati errors. The theoretial unertainties (see text) are also shown.21



Variable 1 � TT M2 C 1 � T B�s(MZ) 0:1151 0:1158 0:1176 0:1227 0:1226Fit error �0:0016 �0:0013 �0:0016 �0:0012 �0:0013Mmod �0:0009 �0:0001 +0:0007 �0:0011 �0:0020M �0:0020 �0:0040 �0:0033 �0:0012 �0:0031M2 �0:0038 �0:0048 �0:0011 �0:0025 �0:0036logRmod �0:0031 �0:0032 �0:0029 �0:0029 +0:0012logR �0:0045 �0:0056 �0:0026 �0:0040 �0:0054Table 5: Results for �s(MZ) from the �t to the di�erential distributions of theshape variables using the M2mod mathing sheme. The �t error is the total ex-perimental error inluding both statistial and experimental systemati errors. Thetheoretial unertainties due to the use of di�erent mathing shemes (see text) areshown. Variable 1� TT M2 C 1 � T B�0 (2 GeV ) 0:4173 0:4650 0:3358 0:4820 0:4268Fit error �0:0134 �0:0100 �0:0138 �0:0138 �0:0217Mmod �0:0012 +0:0013 +0:0042 +0:0162 +0:1048M +0:0041 +0:0264 +0:0496 +0:0129 +0:1329M2 +0:0087 +0:0287 +0:0657 +0:0272 +0:1506logRmod +0:0018 +0:0130 +0:0165 +0:0159 +0:0286logR +0:0107 +0:0335 +0:0650 +0:0360 +0:1707Table 6: Results for �0 from the �t to the di�erential distributions of the shapevariables using the M2mod mathing sheme. The �t error is the total experimentalerror inluding both statistial and experimental systemati errors. The theoretialunertainties due to the use of di�erent mathing shemes (see text) are shown.22



Variable 1� TT M2 C 1� T B�s(MZ) 0:1151 0:1158 0:1176 0:1227 0:1226Fit error �0:0016 �0:0013 �0:0016 �0:0012 �0:0013�2=dof 3:33 2:46 3:97 0:74 0:50orrelation �0:72 �0:72 �0:64 �0:69 �0:75xR = 0:5 �0:0023 �0:0039 �0:0039 �0:0040 �0:0028xR = 2 +0:0054 +0:0057 +0:0051 +0:0060 +0:0049M = 1:19 +0:0000 �0:0000 +0:0003 +0:0001 +0:0000M = 1:79 �0:0000 +0:0000 �0:0002 �0:0001 �0:0001�I = 1 GeV +0:0001 �0:0001 +0:0004 +0:0002 +0:0001�I = 4 GeV �0:0001 +0:0000 �0:0007 �0:0004 �0:0002xL = 1:5 +0:0045 +0:0046 +0:0049 +0:0024 +0:0038xL = 0:67 �0:0044 �0:0048 �0:0044 �0:0034 �0:0062p = 2:0 �0:0029 �0:0044 �0:0069 �0:0011 �0:0038ps = 1:0 +0:0029 +0:0031 +0:0025 +0:0016 +0:0013E-sheme �0:0049 +0:0033 �0:0114 +0:0009 �0:0004PDF +0:0000 +0:0003 +0:0004 +0:0009 +0:0008-0.5 Bins �0:0143 �0:0112 �0:0066 �0:0019 �0:0022+0.5 Bins +0:0103 +0:0073 +0:0086 +0:0039 +0:0037Table 7: Results for �s(MZ) from the �t to the di�erential distributions of theshape variables. The �t error is the total experimental error inluding both sta-tistial and experimental systemati errors. The orrelation oeÆients are thosebetween the �tted values of �s(MZ) and �0 (see Table 8). The theoretial uner-tainties (see text) are also shown.
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Variable 1� TT M2 C 1 � T B�0 (2 GeV ) 0:4173 0:4650 0:3358 0:4820 0:4268Fit error �0:0134 �0:0100 �0:0138 �0:0138 �0:0217xR = 0:5 �0:0419 �0:0344 �0:0366 �0:0444 �0:0637xR = 2 +0:0114 +0:0215 +0:0233 +0:0284 +0:0503M = 1:19 +0:0453 +0:0571 +0:0211 +0:0505 +0:0394M = 1:79 �0:0301 �0:0377 �0:0150 �0:0349 �0:0258xL = 1:5 +0:0231 +0:0308 +0:0289 +0:0442 +0:0665xL = 0:67 �0:0203 �0:0230 �0:0262 �0:0385 �0:0299p = 2:0 +0:0042 +0:0223 +0:0424 +0:0109 +0:1010ps = 1:0 +0:0009 +0:0029 �0:0098 �0:0014 +0:0145E-sheme +0:0006 +0:0026 +0:0410 +0:0107 �0:0030PDF +0:0009 �0:0019 �0:0023 �0:0035 �0:0027-0.5 Bins +0:1473 +0:1079 +0:0751 +0:0437 +0:0514+0.5 Bins �0:0021 �0:0203 �0:1039 +0:0348 �0:0688Table 8: Results for �0 from the �t to the di�erential distributions of the shapevariables. The �t error is the total experimental error inluding both statistial andexperimental systemati errors. The theoretial unertainties (see text) are alsoshown.
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