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High-ET dijet photoprodution at HERAZEUS Collaboration

AbstratThe ross setion for high-ET dijet prodution in photoprodution has beenmeasured with the ZEUS detetor at HERA using an integrated luminosity of81:8 pb�1. The events were required to have a virtuality of the inoming pho-ton, Q2, of less than 1 GeV2 and a photon-proton enter-of-mass energy in therange 142 < Wp < 293 GeV. Events were seleted if at least two jets satis-�ed the transverse-energy requirements of Ejet1T > 20 GeV and Ejet2T > 15 GeVand pseudorapidity (with respet to the proton beam diretion) requirements of�1 < �jet1;2 < 3, with at least one of the jets satisfying �1 < �jet < 2:5. Themeasurements show sensitivity to the parton distributions in the photon andproton and to e�ets beyond next-to-leading order in QCD. Hene these dataan be used to onstrain further the parton densities in the proton and photon.
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1 IntrodutionIn photoprodution at HERA, a quasi-real photon emitted from the inoming positron1ollides with a parton from the inoming proton. The photoprodution of jets an belassi�ed into two types of proesses in leading-order (LO) Quantum Chromodynamis(QCD). In diret proesses, the photon partiipates in the hard satter via either boson-gluon fusion (see Fig. 1(a)) or QCD Compton sattering. The seond lass, resolvedproesses (see Fig. 1(b)), involves the photon ating as a soure of quarks and gluons,with only a fration of its momentum, x , partiipating in the hard satter. Measurementsof jet ross setions in photoprodution [1{6℄ are sensitive to the struture of both theproton and the photon and thus provide input to global �ts to determine their partondensities.There are three objetives of the measurement reported in this paper. Firstly, the analysiswas designed to provide onstraints on the parton density funtions (PDFs) of the photon.Over the last two years there has been ative researh in the area of �tting photon PDFsand a number of new parameterizations have beome available [7{9℄. In two of these [7,8℄,�ts were performed exlusively to photon struture funtion, F 2 , data; the other [9℄also onsidered data from a previous dijet photoprodution analysis published by theZEUS ollaboration [4℄. It is the purpose of this analysis to test the e�etiveness of eahparameterization at desribing HERA photoprodution data. To this end, the presentanalysis was onduted at higher transverse energy relative to previous publiations. Itis expeted that at these high transverse energies the preditions of next-to-leading-order(NLO) QCD alulations should desribe the data well, have smaller unertainties, andallow a more preise disrimination between the di�erent parameterizations of the photonPDFs. The redution in statistis assoiated with moving to higher transverse energieswas in part ompensated by the fator of two inrease in luminosity, for this independentdata sample, and the extension to higher pseudorapidity2 of the jet ompared to theprevious analysis [4℄.Seondly, the present analysis was designed to provide onstraints on the proton PDFs.Global �ts to determine the proton PDFs ontinue to be a very ative and importantarea of researh. A ommon feature of these global �ts is a large unertainty in the gluonPDF for high values of xp, the frational momentum at whih partons inside the proton1 In the following, the term \positron" denotes generially both the eletron (e�) and positron (e+).Unless expliitly stated, positron will be the term used to desribe both partiles.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 enter of HERA. The oordinate origin is at the nominal interation point. The pseudorapidityis de�ned as � = � ln �tan �2�, where the polar angle, �, is measured with respet to the proton beamdiretion. 1



are probed. At suh high values (xp & 0:1), the gluon PDF is poorly onstrained and soattempts were made for the present investigation to measure ross setions whih showpartiular sensitivity to these unertainties. Reently, the ZEUS ollaboration inludedjet data into �ts for the proton PDFs [10℄.Finally, the di�erene in azimuthal angle of two jets was onsidered, as in previous mea-surements of harm and prompt photon photoprodution [11, 12℄. In LO QCD, the rosssetion as a funtion of the azimuthal di�erene would simply be a delta funtion loatedat � radians. However, the presene of higher-order e�ets leads to extra jets in the �nalstate and in values less than � radians. The ross setion is therefore diretly sensitiveto higher-order topologies and provides a test of NLO QCD and of Monte Carlo (MC)models with di�erent implementations of parton-asade algorithms. The data for harmphotoprodution [11℄ demonstrated the inadequay of NLO QCD, partiularly when theazimuthal angle di�erene was signi�antly di�erent from � and for a sample of eventsenrihed in resolved-photon proesses. To investigate this inadequay in a more inlusiveway and with higher preision, suh distributions were also measured.2 De�nition of the ross setion and variablesWithin the framework of perturbative QCD, the dijet positron-proton ross setion, d�ep,an be written as a onvolution of the proton PDFs, fp, and photon PDFs, f, with thepartoni hard ross setion, d�̂ab, asd�ep =Xab Z dyf=e(y) Z Z dxpdxfp(xp; �2F )f(x ; �2F )d�̂ab(xp; x ; �2R); (1)where y = E=Ee is the longitudinal momentum fration of the almost-real photon emittedby the positron and the funtion f=e is the ux of photons from the positron. The equationis a sum over all possible partons, a and b. In the ase of the diret ross setion, thephoton PDF is replaed by a delta funtion at x = 1. The sales of the proess are therenormalization, �R, and fatorization sales, �F .To probe the struture of the photon, it is desirable to measure ross setions as funtionsof variables that are sensitive to the inoming parton momentum spetrum, suh as themomentum fration, x , at whih partons inside the photon are probed. Sine x is notdiretly measurable, it is neessary to de�ne [1℄ an observable, xobs , whih is the frationof the photon momentum partiipating in the prodution of the two highest transverse-energy jets (and is equal to x for partons in LO QCD), as:2



xobs = Ejet1T e��jet1 + Ejet2T e��jet22yEe ; (2)where Ee is the inident positron energy, Ejet1T and Ejet2T are the transverse energies and�jet1 and �jet2 the pseudorapidities of the two jets in the laboratory frame (Ejet1T > Ejet2T ).At LO (see Fig. 1), diret proesses have xobs = 1, while resolved proesses have xobs < 1.For the proton, the observable xobsp is similarly de�ned [1℄ asxobsp = Ejet1T e�jet1 + Ejet2T e�jet22Ep ; (3)where Ep is the inident proton energy. This observable is the fration of the protonmomentum partiipating in the prodution of the two highest-energy jets (and is equalto xp for partons in LO QCD).Cross setions are presented as funtions of xobs , xobsp , �ET , Ejet1T , �� and j��jjj. The meantransverse energy of the two jets, �ET , is given by�ET = Ejet1T + Ejet2T2 : (4)Similarly, the mean pseudorapidity of the two jets, ��, is given by�� = �jet1 + �jet22 : (5)The absolute di�erene in azimuthal angle of the two jets, �jet1 and �jet2, is given byj��jjj = j�jet1 � �jet2j: (6)The kinemati region for this study is de�ned as Q2 < 1 GeV2, where Q2 = 2EeE 0e(1 +os �e) and E 0e and �e are the energy and angle, respetively, of the sattered positron.The photon-proton enter-of-mass energy, Wp = p4yEeEp, is required to be in therange 142 GeV to 293 GeV. Eah event is required to have at least two jets reonstrutedwith the kT luster algorithm [13℄ in its longitudinally invariant inlusive mode [14℄, withat least one jet having transverse energy greater than 20 GeV and another greater than15 GeV. The jets are required to satisfy �1 < �jet1;2 < 3 with at least one jet lying in therange between �1 and 2:5. The upper bound of 3 units represents an extension of thepseudorapidity range by 0:6 units in the forward diretion over the previous analysis [4℄,thereby inreasing the sensitivity of the measurement to low-x and high-xp proesses.The ross setions for all distributions have been determined for regions enrihed in diret-3



and resolved-photon proesses by requiring xobs to be greater than 0:75 or less than 0:75,respetively.One of the goals of the present investigation is to provide data that onstrain the gluonPDF in the proton, whih exhibits large unertainties at values of xp & 0:1. A studywas performed [15℄ by onsidering the xobsp ross setion in di�erent kinemati regions,varying the uts on the jet transverse energies and pseudorapidities as well as on xobs .This allowed the determination of kinemati regions in whih the ross setion was largeenough to be measured and in whih the unertainties on the ross setion that arisedue to those of the gluon PDF were largest. These ross setions will be referred to as\optimized" ross setions and are those whih have the largest unertainty from the gluonPDF; in total eight ross setions were measured (four diret enrihed and four resolvedenrihed). The PDF sets hosen to ondut the optimization study were the ZEUS-S [16℄and ZEUS-JETS [10℄ PDF sets. The kinemati regions of the ross setions are de�nedin Table 1, where the Wp and Q2 requirements are as above.3 Experimental onditionsThe data were olleted during the 1998-2000 running periods, where HERA operatedwith protons of energy Ep = 920 GeV and eletrons or positrons of energy Ee = 27:5GeV. During 1998 and the �rst half of 1999, a sample of eletron data orrespondingto an integrated luminosity of 16:7 � 0:3 pb�1 was olleted. The remaining data up tothe year 2000 were taken using positrons and orrespond to an integrated luminosity of65:1 � 1:5 pb�1. The results presented here are therefore based on a total integratedluminosity of 81:8� 1:8 pb�1. A detailed desription of the ZEUS detetor an be foundelsewhere [17, 18℄. A brief outline of the omponents that are most relevant for thisanalysis is given below.Charged partiles are traked in the entral traking detetor (CTD) [19℄, 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, organized in 9 superlayers overing thepolar-angle 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 high-resolution uranium{sintillator alorimeter (CAL) [20℄ onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah partis 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 eletrons4



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,where the photon was measured in a lead{sintillator alorimeter [21℄ plaed in the HERAtunnel at Z = �107 m.4 Monte Carlo modelsThe aeptane and the e�ets of detetor response were determined using samples ofsimulated events. The programs Herwig 6.505 [22℄ and Pythia 6.221 [23℄, whih im-plement the leading-order matrix elements, followed by parton showers and hadronization,were used. The Herwig and Pythia generators di�er in the details of the implemen-tation of the leading-logarithmi parton-shower models and hene are also ompared tothe measured ross-setion d�=dj��jjj. The MC programs also use di�erent hadronizationmodels: Herwig uses the luster model [24℄ and Pythia uses the Lund string model [25℄.Diret and resolved events were generated separately. For the purposes of orretion, therelative ontribution of diret and resolved events was �tted to the data. For all gener-ated events, the ZEUS detetor response was simulated in detail using a program basedon Geant 3.13 [26℄.For both MC programs, the CTEQ5L [27℄ and GRV-LO [28℄ proton and photon PDFs,respetively, were used. The pminT for the outgoing partons from the hard satter was set to4 GeV. For the generation of resolved photon events, the default multiparton interationmodels [29,30℄ were used. A omparably reasonable desription of the raw data kinematidistributions was observed with both Herwig and Pythia MC simulations.5 NLO QCD alulationsThe alulation for jet photoprodution used is that of Frixione and Ridol� [31,32℄, whihemploys the subtration method [33℄ for dealing with the ollinear and infra-red divergen-ies. The number of avors was set to 5 and the renormalization and fatorization saleswere both set to hEpartonT i, whih is half the sum of the transverse energies of the �nal-statepartons. The parton densities in the proton were parameterized using CTEQ5M1 [27℄;the value �s(MZ) = 0:118 used therein was adopted for the entral predition.The following parameterizations of the photon PDFs were used: Cornet et al. (CJK) [7℄,Aurenhe et al. (AFG04) [8℄, Slominski et al. (SAL) [9℄, Gl�uk et al. (GRV-HO) [28℄ anda previous set of PDFs from Aurenhe et al. (AFG) [34℄. The three new PDFs [7{9℄ useall available data on F 2 from the LEP experiments. The data are of higher preision and5



over a wider region of phase spae, reahing lower in x and higher in the momentum ofthe exhanged photon, ompared to the data used in the AFG and GRV-HO parameteri-zations. The parameterization from CJK uses a more areful treatment of heavy quarks,whereas that from SAL also onsiders previous dijet photoprodution data from ZEUS [4℄.The most striking di�erene between the resulting PDFs is that CJK has a more rapidrise of the gluon density at low x .The NLO QCD preditions were orreted for hadronization e�ets using a bin-by-binproedure aording to d� = d�NLO � Chad, where d�NLO is the ross setion for partonsin the �nal state of the NLO alulation. The hadronization orretion fator, Chad, wasde�ned as the ratio of the dijet ross setions after and before the hadronization proess,Chad = d�HadronsMC =d�PartonsMC . The value of Chad was taken as the mean of the ratios obtainedusing the Herwig and Pythia preditions. The hadronization orretion was generallybelow 10% in eah bin.Several soures of theoretial unertainty were investigated, whih are given below withtheir typial size,� the renormalization sale was hanged to 2�0:5�hEpartonT i [10℄. This led to an unertaintyof �(10� 20)%;� the fatorization sale was hanged to 2�0:5 � hEpartonT i [10℄. This led to an unertaintyof �(5� 10)%;� the value of �s was hanged by �0:001, the unertainty on the world average [35℄,by using the CTEQ4 PDFs for �s(MZ) = 0.113, 0.116 and 0.119 and interpolatingaordingly. This led to an unertainty of about �2%;� the unertainty in the hadronization orretion was estimated as half the spread be-tween the two MC orretion fators. This led to an unertainty of generally less than�5%.The above four unertainties were added in quadrature and are displayed on the �guresas the shaded band around the entral predition. The size of these unertainties is alsoshown as a funtion of �ET , xobs and xobsp in Fig. 2. The unertainty from hanging therenormalization sale is dominant. It should be noted that here the renormalization andfatorization sales were varied independently by fators of 2�0:5 and the resulting hangeswere added in quadrature as in the determination of the ZEUS-JETS PDF [10℄. The resultof this proedure leads to an unertainty whih is approximately the same as varying bothsimultaneously by 2�1 as has been done previously [4℄.Other unertainties whih were onsidered are:� the unertainties in determining the proton PDFs were assessed by using the ZEUS-JETS PDF unertainties propagated from the experimental unertainties of the �tted6



data. This led to an unertainty of �(5� 10)%;� the unertainties in determining the photon PDFs were assessed by using sets fromdi�erent authors. Di�erenes of generally less than 25% were observed between theAFG, AFG04, SAL and GRV sets. However, the preditions based on CJK were upto 70% higher than those based on the other four.These unertainties were not added in quadrature with the others, but examples of theirsize are given in Fig. 2. Di�erenes between the two photon PDFs, CJK and AFG04, areonentrated at low xobs and low �ET ; the low xobs region is most sensitive to the gluondistribution in the photon, whih inreases more rapidly for CJK as shown in Fig. 3. Atlowest xobs , the fration of the ross setion arising from the gluon distribution in thephoton is 66% for CJK. The unertainty on the proton PDF inreases with inreasing�ET and xobsp and is sometimes, as seen in Fig. 2(), as large as the other ombined un-ertainties. The fration of the ross setion arising from the gluon distribution in theproton is about 50% for the lower �ET and xobsp values onsidered, but dereases to below20% for high values. However, the unertainty on the gluon dominates the proton PDFunertainty in most of the kinemati region investigated.6 Event seletionA three-level trigger system was used to selet events online [2,18,36℄. At the third level, aone algorithm was applied to the CAL ells and jets were reonstruted using the energiesand positions of these ells. Events with at least one jet, whih satis�ed the requirementsthat the transverse energy exeeded 10 GeV and the pseudorapidity was less than 2:5,were aepted. Dijet events in photoprodution were then seleted o�ine by using thefollowing proedures and uts designed to remove soures of bakground:� to remove bakground due to proton beam-gas interations and osmi-ray showers,the longitudinal position of the reonstruted vertex was required to be in the rangejZvertexj < 40 m;� a ut on the ratio of the number of traks assigned to the primary vertex to thetotal number of traks, Nvtxtrk =Ntrk > 0:1, was also imposed to remove beam-relatedbakground, whih have values of this ratio typially below 0.1;� to remove bakground due to harged urrent deep inelasti sattering (DIS) andosmi-ray showers, events were required to have a relative transverse momentum ofpT=pET < 1:5pGeV, where pT and ET are, respetively, the measured transversemomentum and transverse energy of the event;7



� neutral urrent (NC) DIS events with a sattered positron andidate in the CAL wereremoved by utting [1℄ on the inelastiity, y, whih is estimated from the energy, E 0e,and polar angle, �0e, of the sattered positron andidate using ye = 1� E0e2Ee (1� os �0e).Events were rejeted if ye < 0:7;� the requirement 0:15 < yJB < 0:7 was imposed, where yJB is the estimator of ymeasured from the CAL energy deposits aording to the Jaquet-Blondel method [37℄.The upper ut removed NC DIS events where the positron was not identi�ed and whihtherefore have a value of yJB lose to 1. The lower ut removed proton beam-gas eventswhih typially have a low value of yJB;� the kT -lustering algorithm was applied to the CAL energy deposits. The transverseenergies of the jets were orreted [3,4,38℄ in order to ompensate for energy losses ininative material in front of the CAL. Events were seleted in whih at least two jetswere found with Ejet1T > 20 GeV, Ejet2T > 15 GeV and �1 < �jet1;2 < 3, with at leastone jet lying in the range between �1 and 2:5. In this region, the resolution of the jettransverse energy was about 10%.7 Data orretion and systematisThe data were orreted using the MC samples detailed in Setion 4 for aeptane and thee�ets of detetor response using the bin-by-bin method, in whih the orretion fator, asa funtion of an observable O in a given bin i, is Ci(O) = Nhadi (O)=Ndeti (O). The variableNhadi (O) is the number of events in the simulation passing the kinemati requirements onthe hadroni �nal state desribed in Setion 2 and Ndeti (O) is the number of reonstrutedevents passing the seletion requirements as detailed in Setion 6.The results of a detailed analysis [15,39℄ of the possible soures of systemati unertaintyare listed below. Typial values for the systemati unertainty are quoted for the rosssetions as a funtion of xobs ,� varying the measured jet energies by �1% [3, 4, 38℄ in the simulation, in aordanewith the unertainty in the jet energy sale, gave an unertainty of �5%;� the entral orretion fators were determined using the Pythia MC. The HerwigMC sample was used to assess the model dependeny of this orretion and gave anunertainty of +4%, but up to +12% at lowest xobs ;� hanging the values of the various uts to remove bakgrounds from DIS, osmi-rayand beam-gas events gave a ombined unertainty of less than �1%;� varying the fration of diret proesses between 34% and 70% of the total MC samplein order to desribe eah of the kinemati distributions gave an unertainty of about8



+2�5%;� hanging the proton and photon PDFs to CTEQ4L [27℄ and WHIT2 [40℄ respetivelyin the MC samples gave an unertainty of about �1:5% and �2:5%.The unertainty in the ross setions due to the jet energy-sale unertainty is orrelatedbetween bins and is therefore displayed separately as a shaded band in Figs. 4{13. Allother systemati unertainties were added in quadrature when displayed in these �gures.The hoie of MC sample also exhibited some orrelation between bins and is hene givenseparately in Tables 2{20. In addition, an overall normalization unertainty of 2:2% fromthe luminosity determination is not inluded in either the �gures or tables.8 Results8.1 Dijet di�erential ross setionsDi�erential ross-setions d�=d �ET , d�=dEjet1T , d�=d�� and d�=dxobsp are given in Tables 2{9 and shown in Figs. 4{7 for xobs above and below 0.75. For xobs > 0.75, d�=d �ET andd�=dEjet1T fall by over three orders of magnitude over the �ET and Ejet1T ranges measuredand the jets are produed up to �� � 2. For xobs � 0.75, the slopes of d�=d �ET and d�=dEjet1Tare steeper, with the jets produed further forward in ��. It is interesting to note that inboth regions of xobs , the data probe high values of x in the proton.The NLO QCD preditions, orreted for hadronization and using the AFG04 and CJKphoton PDFs, are ompared to the data. For xobs > 0.75, the NLO QCD preditionsdesribe the data well, although some di�erenes in shape are observed for d�=d �ET andd�=dEjet1T . Although measurements at high xobs are less sensitive to the struture of thephoton, it is interesting to note that the predition using the CJK photon PDF desribesthe �ET spetrum somewhat better. The shapes for the �� and xobsp distributions are alsobetter reprodued using the CJK photon PDF.At low xobs , the di�erene in shapes between data and NLO QCD for d�=d �ET andd�=dEjet1T is more marked, as has been seen previously [4℄. For the predition usingAFG04, the data and NLO agree in the lowest bin whereas the predition is signi�antlylower at higher �ET and Ejet1T . In ontrast, the predition from CJK is too high in the�rst bin, whih dominates the ross setion, but agrees well at higher �ET and Ejet1T . Forthe �� and xobsp distributions, the shapes are again better desribed by NLO QCD usingthe CJK photon PDF, although the normalization is too high. Sensitivity to the photonPDFs is disussed further in Setion 8.4. 9



8.2 Measurement of d�=dj��jjjThe ross-setion d�=dj��jjj is presented for xobs above and below 0.75 in Tables 10and 11 and Fig. 8. For xobs > 0.75, the ross-setion data fall by about three orders ofmagnitude in the ross setion, more steeply than for xobs � 0.75. The preditions fromNLO QCD and also both Herwig and Pythia MC programs (plotted separately sinethe implementation of parton showers di�ers between the two programs) are ompared tothe data. The MC preditions are area normalized to the data in the measured kinematiregion. At high xobs , NLO QCD agrees with the data at highest j��jjj, but it has asomewhat steeper fall o�. The predition from the Pythia MC program is similar tothat for NLO QCD, whereas the predition from the Herwig program desribes the datawell. For low xobs , the distribution for NLO QCD is muh too steep and is signi�antlybelow the data for all values of j��jjj exept the highest bin. The predition from thePythia program is less steep, but still gives a poor desription. The predition from theHerwig program is in remarkable agreement with the data.The results and onlusions shown are qualitatively similar to those already seen in dijetphotoprodution in whih at least one of the jets was tagged as originating from a harmquark [11℄. The results here on�rm that the parton-shower model in Herwig gives agood simulation of high-order proesses and suggest that a mathing of it to NLO QCDwould give a good desription of the data in both shape and normalization. Should suha alulation or other high-order predition beome available, the distributions presentedhere would be ideal tests of their validity as they present inlusive quantities and alsohave higher preision ompared to the previous result [11℄.
8.3 Optimized ross setionsThe ross-setions d�=dxobsp , optimized to be most sensitive to the unertainty on thegluon PDF in the proton, are given in Tables 12{19 and shown in Figs. 9 and 10 for xobsabove and below 0.75, respetively. The measurements over a range in xobsp of about 0.1to 0.5. At high xobs , the data are very well desribed by NLO QCD preditions. At lowxobs , the desription by NLO QCD is poorer, partiularly when using the AFG04 photonPDF. Generally the preditions with CJK desribe the data better with the exeptionof the \Low-xobs 3" ross setion. Inlusion of these high-xobs data in future �ts wouldonstrain the proton PDFs further, in partiular that of the gluon. To inlude the rosssetions for low xobs , a systemati treatment of the photon PDFs and their unertainty isneeded. 10



8.4 Sensitivity to the photon PDFsAs disussed in Setion 8.1, the measured ross setions show sensitivity to the hoie ofphoton PDFs. This is to be expeted due to the extension further forward in pseudorapid-ity ompared to previous measurements. This was investigated further, with the resultspresented in Figs. 11{13, where preditions with all �ve available parameterizations ofthe photon PDFs are ompared to the data. In Table 20 and Fig. 11 the ross-setiond�=dxobs is shown. At high xobs , all preditions are similar, as expeted sine there is littlesensitivity to the photon struture in this region. Towards low xobs , the preditions di�erby up to 70%. The predition from CJK deviates most from the other preditions andalso from the data. The other preditions, although also exhibiting di�erenes betweeneah other of up to 25%, give a qualitatively similar desription of the data.In Figs. 12 and 13, the ross-setions d�=d �ET , d�=dxobsp and d�=d�� are presented forxobs �0:75, as shown previously in Figs. 4, 7 and 6, respetively, but here with additionalpreditions using di�erent photon PDFs. For d�=d �ET , the predition using CJK is muhhigher than the data in the �rst bin, but then agrees with the data for all subsequent bins.All photon PDFs have a similar shape, and none an reprodue the shape of the measureddistribution. Apart from CJK, all PDFs are too low in the region 22:5 < �ET < 37:5 GeV.For the ross-setion d�=dxobsp , no predition gives a satisfatory desription of the data.The predition from CJK is generally above the data by 20-30%, but desribes the shapeof the ross setion reasonably well. All other preditions give a poor desription of theshape, with ross setions whih fall too rapidly to high xobsp . For d�=d��, the preditionfrom CJK again gives the best desription of the shape of the data, although it is toohigh in normalization.In summary, the data show a large sensitivity to the parameterization of the photonPDFs. The gluon PDF from CJK, in partiular, di�ers from the others and this may givea hint of how to improve the photon PDFs. The data presented here should signi�antlyimprove the measurement of the gluon PDF of the photon, whih is urrently insuÆientlyonstrained by the F 2 data.9 ConlusionsDijet ross setions in photoprodution have been measured at high EjetT and probe a widerange of xobs and xobsp . The kinemati region is Q2 < 1 GeV2, 142 < Wp < 293 GeV,Ejet1T > 20 GeV, Ejet2T > 15 GeV and -1 < �jet1;2 < 3, with at least one jet lying in therange between �1 and 2:5. In general, the data enrihed in diret-photon events, at highxobs , are well desribed by NLO QCD preditions. For the data enrihed in resolved-photon events, at low xobs , the data are less well desribed by NLO QCD preditions.11



Preditions using di�erent parameterizations of the photon parton density funtions givea large spread in the region measured, with no parton density funtion giving an adequatedesription of the data. Therefore the data have the potential to improve the onstraintson the parton densities in the proton and photon and should be used in future �ts. Theross setion in the di�erene of azimuthal angle of the two jets is intrinsially sensitive tohigh-order QCD proesses and the data are poorly desribed by NLO QCD, partiularlyat low xobs . Therefore the data should be ompared with new alulations of higher orders,or simulations thereof.10 AknowledgmentsThe strong support and enouragement of the DESY Diretorate have been invaluable,and we are muh indebted to the HERA mahine group for their inventiveness and diligente�orts. The design, onstrution and installation of the ZEUS detetor have been madepossible by the ingenuity and dediated e�orts of many people from inside DESY and fromthe home institutes who are not listed as authors. Their ontributions are aknowledgedwith great appreiation. We would also like to thank S. Frixione for help in using hisalulation.
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Label xobs ut �jet1;2 uts Ejet1;2T uts\High-xobs 1" xobs > 0.75 0 < �jet1 < 1, 2 < �jet2 < 3 Ejet1;2T > 25; 15 GeV\High-xobs 2" xobs > 0.75 0 < �jet1 < 1, 2 < �jet2 < 3 Ejet1;2T > 20; 15 GeV\High-xobs 3" xobs > 0.75 1 < �jet1;2 < 2 Ejet1;2T > 30; 15 GeV\High-xobs 4" xobs > 0.75 �1 < �jet1 < 0, 0 < �jet2 < 1 Ejet1;2T > 20; 15 GeV\Low-xobs 1" xobs < 0.75 2 < �jet1 < 2:5, 2 < �jet2 < 3 Ejet1;2T > 20; 15 GeV\Low-xobs 2" xobs < 0.75 1 < �jet1;2 < 2 Ejet1;2T > 25; 15 GeV\Low-xobs 3" xobs < 0.75 1 < �jet1 < 2, 2 < �jet2 < 3 Ejet1;2T > 20; 15 GeV\Low-xobs 4" xobs < 0.75 1 < �jet1 < 2, 2 < �jet2 < 3 Ejet1;2T > 25; 15 GeVTable 1: Kinemati regions of the \optimized" ross setions.
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�ET bin (GeV) d�=d �ET Æstat ÆMC Æsyst ÆES (pb/GeV) Chad17.5, 22.5 25.73 � 0.36 +0:66�0:00 +0:41�0:43 +1:03�1:20 0.955 � 0.01722.5, 27.5 14.66 � 0.28 +0:00�0:28 +0:42�0:26 +0:60�0:65 0.931 � 0.00827.5, 32.5 5.57 � 0.18 +0:09�0:00 +0:14�0:24 +0:30�0:19 0.937 � 0.02932.5, 37.5 2.37 � 0.12 +0:00�0:03 +0:15�0:04 +0:11�0:11 0.927 � 0.01237.5, 42.5 0.96 � 0.07 +0:02�0:00 +0:06�0:03 +0:07�0:03 0.907 � 0.03442.5, 55.5 0.300 � 0.024 +0:000�0:004 +0:004�0:018 +0:016�0:020 0.932 � 0.04455.5, 70.5 0.046 � 0.009 +0:006�0:000 +0:001�0:003 +0:003�0:003 0.926 � 0.02970.5, 90.5 0.009 � 0.004 +0:001�0:000 +0:001�0:002 +0:000�0:002 0.917 � 0.085Table 2: Measured ross-setion d�=d �ET for xobs > 0.75. The statistial, Æstat, MCmodel, ÆMC, unorrelated systemati, Æsyst, and jet energy sale, ÆES, unertaintiesare shown separately. The hadronization orretion fator, Chad, applied to theNLO QCD predition is shown in the last olumn, where its unertainty is half thespread between the values obtained using the Herwig and Pythia models.�ET bin (GeV) d�=d �ET Æstat ÆMC Æsyst ÆES (pb/GeV) Chad17.5, 22.5 27.10 � 0.36 +0:49�0:00 +0:18�1:31 +1:45�1:42 1.082 � 0.04522.5, 27.5 11.97 � 0.24 +0:07�0:00 +0:21�0:66 +0:56�0:74 1.047 � 0.00927.5, 32.5 3.69 � 0.14 +0:17�0:00 +0:10�0:23 +0:27�0:18 1.057 � 0.01632.5, 37.5 1.24 � 0.08 +0:03�0:00 +0:06�0:12 +0:07�0:09 1.004 � 0.02437.5, 42.5 0.46 � 0.05 +0:03�0:00 +0:01�0:05 +0:04�0:03 1.069 � 0.04342.5, 55.5 0.090 � 0.013 +0:005�0:000 +0:009�0:010 +0:008�0:007 1.019 � 0.01555.5, 70.5 0.011 � 0.005 +0:004�0:000 +0:006�0:002 +0:001�0:001 0.974 � 0.064Table 3: Measured ross-setion d�=d �ET for xobs � 0.75. For further details, seethe aption to Table 2.
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Ejet1T bin (GeV) d�=dEjet1T Æstat ÆMC Æsyst ÆES (pb/GeV) Chad20, 26 27.24 � 0.33 +0:18�0:00 +0:56�0:54 +1:05�1:22 0.957 � 0.02126, 32 9.21 � 0.20 +0:17�0:00 +0:21�0:15 +0:49�0:37 0.920 � 0.01132, 38 3.34 � 0.12 +0:00�0:05 +0:16�0:12 +0:14�0:17 0.916 � 0.02438, 44 1.25 � 0.07 +0:03�0:00 +0:15�0:03 +0:07�0:06 0.943 � 0.00544, 55 0.37 � 0.03 +0:00�0:00 +0:01�0:03 +0:02�0:03 0.921 � 0.03555, 70 0.056 � 0.009 +0:008�0:000 +0:004�0:003 +0:007�0:002 0.889 � 0.05170, 90 0.010 � 0.004 +0:004�0:000 +0:004�0:001 +0:002�0:000 0.85 � 0.11Table 4: Measured ross-setion d�=dEjet1T for xobs > 0.75. For further details,see the aption to Table 2.Ejet1T bin (GeV) d�=dEjet1T Æstat ÆMC Æsyst ÆES (pb/GeV) Chad20, 26 25.59 � 0.31 +0:43�0:00 +0:21�1:33 +1:32�1:34 1.081 � 0.04326, 32 8.11 � 0.18 +0:21�0:00 +0:10�0:41 +0:49�0:47 1.041 � 0.01532, 38 2.39 � 0.10 +0:06�0:00 +0:10�0:17 +0:14�0:15 1.017 � 0.02538, 44 0.72 � 0.05 +0:00�0:01 +0:02�0:05 +0:04�0:05 0.997 � 0.00644, 55 0.18 � 0.02 +0:02�0:00 +0:01�0:02 +0:02�0:01 0.963 � 0.02755, 70 0.018 � 0.006 +0:001�0:000 +0:004�0:003 +0:001�0:002 0.927 � 0.033Table 5: Measured ross-setion d�=dEjet1T for xobs � 0.75. For further details,see the aption to Table 2.�� bin d�=d�� Æstat ÆMC Æsyst ÆES (pb) Chad-0.50, 0.00 4.8 � 1.2 +0:2�0:0 +0:7�1:4 +0:7�1:6 0.551 � 0.0370.00, 0.50 90.1 � 2.3 +5:1�0:0 +4:0�1:2 +6:8�5:3 0.892 � 0.0180.50, 1.00 177.8 � 2.9 +2:5�0:0 +2:6�3:6 +7:1�8:9 0.940 � 0.0011.00, 1.50 167.6 � 2.6 +0:0�1:2 +6:5�3:1 +6:6�6:5 0.952 � 0.0141.50, 2.00 59.0 � 1.5 +0:6�0:0 +0:7�0:6 +1:4�1:5 1.079 � 0.0352.00, 2.50 2.8 � 0.5 +0:0�0:2 +0:1�0:3 +0:0�0:0 1.062 � 0.064Table 6: Measured ross-setion d�=d�� for xobs > 0.75. For further details, seethe aption to Table 2.
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�� bin d�=d�� Æstat ÆMC Æsyst ÆES (pb) Chad0.00, 0.50 7.2 � 0.8 +0:0�0:1 +0:7�0:9 +0:9�0:8 1.052 � 0.0800.50, 1.00 65.9 � 1.9 +0:0�0:0 +1:5�5:1 +4:1�5:1 1.074 � 0.0541.00, 1.50 144.0 � 2.6 +3:2�0:0 +1:7�7:6 +7:6�8:1 1.080 � 0.0211.50, 2.00 146.8 � 2.4 +1:6�0:0 +2:2�7:8 +7:2�7:2 1.063 � 0.0192.00, 2.50 71.3 � 1.7 +5:1�0:0 +2:2�2:5 +4:0�2:9 1.062 � 0.0222.50, 2.75 18.4 � 1.5 +0:7�0:0 +0:3�2:6 +0:4�1:5 1.066 � 0.002Table 7: Measured ross-setion d�=d�� for xobs � 0.75. For further details, seethe aption to Table 2.
xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.00, 0.05 1260 � 26 +57�0 +21�23 +69�72 0.902 � 0.0250.05, 0.10 1960 � 30 +7�0 +35�48 +81�82 0.932 � 0.0070.10, 0.15 925 � 20 +0�1 +60�12 +27�41 0.996 � 0.0240.15, 0.20 468 � 15 +0�9 +13�7 +24�17 0.999 � 0.0150.20, 0.25 220 � 11 +0�4 +12�5 +6�9 0.982 � 0.0120.25, 0.30 104.9 � 8.4 +0:0�1:3 +2:9�10:8 +5:1�4:1 0.963 � 0.0150.30, 0.35 45.0 � 5.6 +1:5�0:0 +3:4�1:0 +2:4�1:2 1.063 � 0.0230.35, 0.40 23.2 � 4.1 +0:0�0:9 +0:5�0:9 +0:6�1:6 1.027 � 0.0080.40, 0.45 8.7 � 2.4 +0:9�0:0 +4:0�0:5 +1:0�0:1 1.010 � 0.0200.45, 0.50 3.2 � 1.4 +0:0�0:3 +2:5�1:0 +0:2�0:2 1.006 � 0.0160.50, 1.00 0.40 � 0.17 +0:08�0:00 +0:08�0:21 +0:06�0:01 0.987 � 0.018Table 8: Measured ross-setion d�=dxobsp for xobs > 0.75. For further details, seethe aption to Table 2.
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xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.00, 0.05 236 � 12 +2�0 +17�24 +18�19 1.103 � 0.0920.05, 0.10 1131 � 24 +0�0 +19�76 +55�70 1.063 � 0.0460.10, 0.15 1120 � 22 +19�0 +37�63 +56�61 1.086 � 0.0220.15, 0.20 829 � 19 +12�0 +7�37 +46�37 1.074 � 0.0010.20, 0.25 581 � 17 +14�0 +5�49 +31�30 1.053 � 0.0010.25, 0.30 302 � 12 +31�0 +25�10 +17�13 1.052 � 0.0520.30, 0.35 146.8 � 9.4 +8:3�0:0 +4:2�6:2 +7:0�9:7 1.052 � 0.0140.35, 0.40 65.5 � 6.6 +0:0�0:3 +0:6�15:0 +3:9�4:2 1.041 � 0.0080.40, 0.45 24.6 � 4.2 +1:1�0:0 +4:8�2:2 +0:4�3:0 1.036 � 0.0040.45, 0.50 9.6 � 2.7 +0:0�0:7 +0:7�2:3 +1:7�0:2 1.020 � 0.0050.50, 1.00 0.86 � 0.27 +0:09�0:00 +0:32�0:09 +0:07�0:10 1.012 � 0.034Table 9: Measured ross-setion d�=dxobsp for xobs � 0.75. For further details, seethe aption to Table 2.j��jjj bin d�=dj��jjj Æstat ÆMC Æsyst ÆES (pb/rad) Chad1.83, 2.09 1.7 � 0.5 +0:1�0:0 +0:2�0:5 +0:1�0:2 0.65 � 0.112.09, 2.36 7.8 � 1.0 +0:0�0:0 +1:2�0:6 +0:6�0:6 0.729 � 0.0592.36, 2.62 36.1 � 2.2 +0:2�0:0 +1:6�1:7 +2:1�1:8 0.826 � 0.0132.62, 2.88 132.9 � 3.9 +5:8�0:0 +5:9�2:7 +6:6�8:3 0.868 � 0.0082.88, 3.14 779.1 � 8.1 +4:0�0:0 +15:0�13:3 +31:8�33:6 0.984 � 0.015Table 10: Measured ross-setion d�=dj��jjj for xobs > 0.75. For further details,see the aption to Table 2.j��jjj bin d�=dj��jjj Æstat ÆMC Æsyst ÆES (pb/rad) Chad0.00, 1.57 0.26 � 0.07 +0:05�0:00 +0:02�0:02 +0:04�0:02 0.84 � 0.151.57, 1.83 2.9 � 0.6 +0:3�0:0 +0:6�0:1 +0:1�0:3 0.869 � 0.0831.83, 2.09 6.6 � 0.8 +0:2�0:0 +0:4�0:2 +0:3�0:6 0.910 � 0.0312.09, 2.36 28.2 � 1.7 +0:0�0:5 +0:6�2:3 +2:4�1:3 0.959 � 0.0042.36, 2.62 78.4 � 2.8 +1:2�0:0 +3:5�1:0 +4:3�5:3 0.988 � 0.0062.62, 2.88 203.2 � 4.5 +0:0�1:1 +0:6�8:6 +10:4�13:4 1.006 � 0.0152.88, 3.14 528.6 � 6.7 +16:5�0:0 +6:0�36:5 +28:1�26:4 1.069 � 0.020Table 11: Measured ross-setion d�=dj��jjj for xobs � 0.75. For further details,see the aption to Table 2. 20



xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.1, 0.2 80.9 � 4.2 +0:0�3:4 +3:8�6:1 +3:8�3:4 0.957 � 0.0100.2, 0.3 51.6 � 3.5 +0:0�1:0 +3:1�2:0 +2:4�2:1 0.974 � 0.0590.3, 0.4 12.6 � 2.1 +0:0�0:0 +1:0�0:9 +0:6�0:9 0.962 � 0.0100.4, 0.5 2.1 � 1.0 +1:0�0:0 +1:0�0:3 +0:2�0:1 0.953 � 0.024Table 12: Measured ross-setion d�=dxobsp for xobs > 0.75 (\High-xobs 1"). Forfurther details, see the aption to Table 2.xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.0, 0.1 10.1 � 1.6 +0:1�0:0 +0:6�0:5 +0:7�0:2 0.961 � 0.0370.1, 0.2 238.9 � 7.1 +0:0�5:2 +15:0�6:8 +9:7�10:8 1.006 � 0.0210.2, 0.3 77.0 � 4.5 +0:0�2:4 +6:7�1:9 +3:6�2:7 1.005 � 0.0260.3, 0.4 12.6 � 2.1 +0:0�0:0 +0:9�0:9 +0:6�0:9 0.964 � 0.0090.4, 0.5 2.1 � 1.0 +1:0�0:0 +1:0�0:3 +0:2�0:1 0.953 � 0.024Table 13: Measured ross-setion d�=dxobsp for xobs > 0.75 (\High-xobs 2"). Forfurther details, see the aption to Table 2.xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.0, 0.1 2.1 � 0.8 +0:4�0:0 +1:4�0:1 +0:1�0:1 0.914 � 0.0140.1, 0.2 55.9 � 3.5 +0:1�0:0 +1:2�2:7 +2:3�1:4 0.974 � 0.0060.2, 0.3 20.5 � 2.1 +0:9�0:0 +0:3�3:0 +0:7�0:8 0.988 � 0.0110.3, 0.4 2.4 � 0.7 +0:0�0:0 +0:1�0:4 +0:1�0:1 1.007 � 0.046Table 14: Measured ross-setion d�=dxobsp for xobs > 0.75 (\High-xobs 3"). Forfurther details, see the aption to Table 2.xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.0, 0.1 198.0 � 8.8 +10:9�0:0 +2:9�2:3 +18:7�16:0 0.832 � 0.017Table 15: Measured ross-setion d�=dxobsp for xobs > 0.75 (\High-xobs 4"). Forfurther details, see the aption to Table 2.
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xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.1, 0.2 15.0 � 2.0 +0:8�0:0 +2:2�0:5 +0:5�0:3 1.004 � 0.0990.2, 0.3 89.4 � 4.6 +13:4�0:0 +1:5�4:1 +4:3�3:9 1.030 � 0.0030.3, 0.4 46.7 � 3.8 +2:3�0:0 +0:4�4:3 +1:8�3:3 1.070 � 0.0900.4, 0.5 7.0 � 1.5 +0:4�0:0 +0:2�0:6 +0:1�0:9 0.960 � 0.0830.5, 1.0 0.48 � 0.20 +0:00�0:04 +0:04�0:09 +0:03�0:05 1.024 � 0.027Table 16: Measured ross-setion d�=dxobsp for xobs � 0.75 (\Low-xobs 1"). Forfurther details, see the aption to Table 2.xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.0, 0.1 19.5 � 2.3 +1:5�0:0 +0:8�3:0 +0:4�1:8 0.876 � 0.0760.1, 0.2 117.6 � 5.0 +2:0�0:0 +4:7�9:7 +5:5�5:3 1.048 � 0.0140.2, 0.3 12.6 � 1.7 +0:6�0:0 +0:6�1:9 +0:7�0:7 1.116 � 0.085Table 17: Measured ross-setion d�=dxobsp for xobs � 0.75 (\Low-xobs 2"). Forfurther details, see the aption to Table 2.xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.1, 0.2 278.4 � 7.6 +4:2�0:0 +4:6�12:7 +13:5�12:4 1.087 � 0.0150.2, 0.3 235.2 � 7.1 +10:3�0:0 +2:1�9:6 +12:2�10:3 1.077 � 0.0300.3, 0.4 47.8 � 3.6 +0:7�0:0 +0:8�3:4 +2:8�2:6 0.999 � 0.0640.4, 0.5 8.3 � 1.6 +0:0�0:1 +1:7�0:6 +0:7�0:6 1.037 � 0.0200.5, 1.0 0.28 � 0.14 +0:15�0:0 +0:19�0:04 +0:07�0:01 1.003 � 0.037Table 18: Measured ross-setion d�=dxobsp for xobs � 0.75 (\Low-xobs 3"). Forfurther details, see the aption to Table 2.xobsp bin d�=dxobsp Æstat ÆMC Æsyst ÆES (pb) Chad0.1, 0.2 71.3 � 4.1 +1:8�0:0 +2:6�4:6 +4:2�3:4 1.066 � 0.0520.2, 0.3 120.4 � 5.0 +5:6�0:0 +2:6�6:3 +7:3�4:6 1.042 � 0.0210.3, 0.4 45.0 � 3.4 +0:3�0:0 +1:9�3:3 +1:8�3:2 1.013 � 0.0590.4, 0.5 8.3 � 1.6 +0:0�0:1 +1:7�0:6 +0:7�0:6 1.037 � 0.0200.5, 1.0 0.28 � 0.14 +0:15�0:00 +0:19�0:04 +0:07�0:01 1.003 � 0.037Table 19: Measured ross-setion d�=dxobsp for xobs � 0.75 (\Low-xobs 4"). Forfurther details, see the aption to Table 2.22



xobs bin d�=dxobs Æstat ÆMC Æsyst ÆES (pb) Chad0.1, 0.2 169.5 � 6.8 +19:6�0:0 +2:3�7:4 +14:7�12:6 1.081 � 0.0460.2, 0.3 271.6 � 8.0 +12:0�0:0 +1:7�8:2 +17:1�14:3 1.042 � 0.0560.3, 0.4 325.7 � 8.9 +0:3�0:0 +2:5�15:2 +16:2�16:3 1.065 � 0.0170.4, 0.5 346.6 � 9.3 +7:2�0:0 +7:6�15:3 +17:2�19:0 1.058 � 0.0230.5, 0.6 385 � 10 +3�0 +4�21 +20�19 1.072 � 0.0160.6, 0.7 458 � 11 +3�0 +17�30 +20�24 1.089 � 0.0280.7, 0.8 557 � 12 +1�0 +16�55 +28�29 1.087 � 0.0110.8, 1.0 1106 � 11 +15�0 +32�21 +47�48 0.940 � 0.018Table 20: Measured ross-setion d�=dxobs . For further details, see the aptionto Table 2.
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Figure 3: Preditions of the fration of the ross setion initiated by gluons forsample distributions: (a) xobs , (b) �ET for xobs � 0.75, () \Low-xobs 3" and (d)\High-xobs 2", whih are de�ned in Table 1. The gluon frations are from theproton using the CTEQ5M1 PDF (long-dashed line), and from the photon usingthe AFG04 (solid line) and CJK PDFs (short-dashed line).
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Figure 4: Measured ross-setion d�=d �ET for (a) xobs > 0.75 and (b) xobs �0.75 ompared with NLO QCD preditions using the AFG04 (solid line) and CJK(dashed line) photon PDFs. The data (dots) are shown with statistial (inner bars)and statistial and systemati unertainties added in quadrature (outer bars) alongwith the jet energy-sale (Jet ES) unertainty (shaded band). The NLO QCD pre-ditions are shown (NLO QCD 
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Figure 5: Measured ross-setion d�=dEjet1T for (a) xobs > 0.75 and (b) xobs �0.75. For further details, see the aption to Fig. 4.
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Figure 6: Measured ross-setion d�=d�� for (a) xobs > 0.75 and (b) xobs � 0.75.For further details, see the aption to Fig. 4.
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Figure 7: Measured ross-setion d�=dxobsp for (a) xobs > 0.75 and (b) xobs � 0.75.For further details, see the aption to Fig. 4.
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Figure 9: Optimized ross-setions d�=dxobsp for xobs > 0.75 in the kinematiregions de�ned in Table 1. For further details, see the aption to Fig. 4.
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Figure 10: Optimized ross-setions d�=dxobsp for xobs � 0.75 in the kinematiregions de�ned in Table 1. For further details, see the aption to Fig. 4.
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Figure 12: Measured ross-setion for d�=d �ET for xobs � 0.75. For further details,see the aption to Fig. 11.
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Figure 13: Measured ross-setion for (a) d�=dxobsp and (b) d�=d�� both for xobs �0.75. For further details, see the aption to Fig. 11.
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