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DESY 04-011 ISSN 0418-9833LPSC 04-002hep-ph/0408203Fatorization Breaking in Di�rative Dijet PhotoprodutionM. Klasen1;2 and G. Kramer21 Laboratoire de Physique Subatomique et de Cosmologie, Universit�e Joseph Fourier/CNRS-IN2P3, 53 avenue des Martyrs,F-38026 Grenoble, Frane, e-mail: klasen�lps.in2p3.fr2 II. Institut f�ur Theoretishe Physik, Universit�at Hamburg, Luruper Chaussee 149, D-22761 Hamburg, GermanyDate: August 18, 2004Abstrat. We have alulated the di�rative dijet ross setion in low-Q2 ep sattering in the HERAregime. The results of the alulation in LO and NLO are ompared to reent experimental data of theH1 ollaboration. We �nd that in LO the alulated ross setions are in reasonable agreement with theexperimental results. In NLO, however, some of the ross setions disagree, showing that fatorizationbreaking ours in that order. By suppressing the resolved ontribution by a fator of approximately three,good agreement with all the data is found. The size of the fatorization breaking e�ets in di�rative dijetphotoprodution agrees well with absorptive model preditions.PACS. 12.38.Bx Perturbative QCD alulations { 13.60.-r Photon interations with hadrons1 IntrodutionDi�rative p interations are haraterized by an out-going proton of high longitudinal momentum and/or alarge rapidity gap, de�ned as a region of pseudo-rapidity,� = � ln tan �=2, devoid of partiles. It is assumed that thelarge rapidity gap is due to the exhange of a pomeron,whih arries the internal quantum numbers of the va-uum. Di�rative events that ontain a hard sattering arereferred to as hard di�ration. A neessary ondition fora hard sattering is the ourrene of a hard sale, whihmay be the large momentumtransfer Q2 in inlusive deep-inelasti ep sattering, the high transverse momentum ofjets or single hadrons, or the mass of heavy quarks or ofW -bosons produed in high-energy p, ep or p�p ollisions.The entral problem in hard di�ration is the ques-tion of QCD fatorization, i.e. the question whether itis possible to explain the observed ross setions in harddi�rative proesses by a onvolution of di�rative par-ton distribution funtions (PDFs) with parton-level rosssetions.The di�rative PDFs have been determined by theH1 ollaboration from a reent high-preision inlusivemeasurement of the di�rative deep inelasti sattering(DIS) proess ep ! eXY , where Y is a single proton ora low mass proton exitation [1℄. The di�rative PDFsan serve as input for the alulation of any of the otherdi�rative hard sattering reations mentioned above. Fordi�rative DIS, QCD fatorization has been proven byCollins [2℄. This has the onsequene that the evolutionof the di�rative PDFs is preditable in the same wayas the PDFs of the proton via the DGLAP evolutionequations. Collins' proof is valid for all lepton-indued

ollisions. These inlude besides di�rative DIS also thedi�rative diret photoprodution of jets. The proof failsfor hadron-indued proesses.As is well known, the ross setion for the photopro-dution of jets is the sum of the diret ontribution, wherethe photon ouples diretly to the quarks, and of the re-solved ontribution, where the photon �rst resolves intopartons (quarks or gluons), whih subsequently indue thehard sattering to produe the jets in the �nal state. So,the resolved part resembles hadron-indued prodution ofjets as for example in p�p ollisions. Dijet prodution insingle-di�rative ollisions has been measured reently bythe CDF ollaboration at the Tevatron [3℄. It was foundthat the dijet ross setion was suppressed relative to thepredition based on older di�rative PDFs from the H1ollaboration [4℄ by one order of magnitude [3℄. From thisresult we would onlude that the resolved ontribution indi�rative photoprodution of jets should be redued bya orretion fator similar to the one needed in hadron-hadron sattering [5℄. This suppression fator (sometimesalso alled the rapidity gap survival probability) has beenalulated using various eikonal models, based on multi-pomeron exhanges and s-hannel unitarity [6℄. The di-ret and the resolved parts of the ross setion ontributewith varying strength in di�erent kinemati regions. Inpartiular, the x-distribution is very sensitively depen-dent on the way how these two parts of the ross se-tion are superimposed. Near x ' 1 the diret part dom-inates, whereas for x < 1 the resolved part gives themain ontribution. However, in this region also ontribu-tions from next-to-leading order (NLO) orretions of thediret ross setion our. Therefore, to deide whetherthe resolved part is suppressed as ompared to the exper-



2 M. Klasen, G. Kramer: Fatorization Breaking in Di�rative Dijet Photoprodutionimental data, a NLO analysis is atually needed. This isthe aim of this paper. For our alulations we rely on ourwork on dijet prodution in the inlusive (sum of di�ra-tive and non-di�rative) reation  + p ! jets + X [7℄,in whih we have alulated the ross setions for inlu-sive one-jet and two-jet prodution up to NLO for boththe diret and the resolved ontribution. The preditionsof this and other work [8℄ have been tested now by manyexperimental studies of the H1 and ZEUS ollaborations[9,10℄. Very good agreement with the experimental data[9,10℄ has been found. From these omparisons it followsthat a leading order (LO) alulation is not suÆient. Itunderestimates the measured ross setion by up to 50%[11℄.The question whether the resolved ross setion needsa suppression fator, an be deided �rst by looking atthe shape of those distributions whih are partiularlysensitively dependent on the resolved ontributions, asfor example the x-distribution for the smaller x or theET -distributions at small ET . Beause of the interplayof diret and resolved ontributions, LO alulations arenot suÆient, in partiular, sine the NLO orretions aremuh more important for the resolved than the diret part.This is even more important if one looks at the normal-ization of the di�erential ross setions.Reently the H1 ollaboration [12℄ have presented datafor di�erential dijet ross setions in the low-jtj di�rativephotoprodution proess ep! eXY , in whih the photondissoiation system X is separated from a leading low-mass baryoni system Y by a large rapidity gap. Using thesame kinemati onstraint as in these measurements weshall alulate the same ross setion as in the H1 analysisup to NLO. By omparing to the data we shall try to �ndout, whether or not a suppression of the resolved rosssetion is needed in order to �nd reasonable agreementbetween the data and the theoretial preditions.The outline of this work is as follows. In Se. 2, wespeify the kinemati variables used in the analysis anddesribe the input for the alulation of the di�rative di-jet ross setion. In Se. 3, we report our results and dis-uss our �ndings onerning the suppression fator for theresolved ontributions. Setion 4 ontains our onlusionsand the outlook to further work.2 Kinemati Variables and Di�rative PartonDistributions2.1 Kinemati Variables and ConstraintsThe di�rative proess ep ! eXY , in whih the systemsX and Y are separated by the largest rapidity gap in the�nal state, is skethed in Fig. 1. The system X ontains atleast two jets, and the system Y is supposed to be a protonor another low-mass baryoni system. Let k and p denotethe momenta of the inoming eletron (or positron) andproton, respetively and q the momentum of the virtualphoton �. Then the usual kinemati variables ares = (k + p)2; Q2 = �q2; and y = qpkp: (1)

X

Y{
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γ
( pX)

( pY)Fig. 1. Di�rative sattering proess ep ! eXY , where thehadroni systemsX and Y are separated by the largest rapiditygap in the �nal state.We denote the four-momenta of the systems X and Y bypX and pY . The H1 data [12℄ are desribed in terms ofM2X = p2X and t = (p � pY )2;M2Y = p2Y and xIP = q(p � pY )qp ; (2)whereMX andMY are the invariantmasses of the systemsX and Y , t is the squared four-momentum transfer ofthe inoming proton and the system Y , and xIP is themomentum fration of the proton beam transferred to thesystem X.The exhange between the systems X and Y is sup-posed to be the pomeron IP or any other Regge pole,whih ouples to the proton and the system Y with four-momentum p� pY . The pomeron is resolved into partons(quarks or gluons) with four-momentum v. In the sameway the virtual photon an resolve into partons with four-momentum u, whih is equal to q for the diret proess.With these two momenta u and v we de�nex = pupq and zIP = qvq(p� pY ) : (3)x is the longitudinal momentum fration arried by thepartons oming from the photon, and zIP is the orre-sponding quantity arried by the partons of the pomeronet., i.e. the di�rative exhange. For the diret proess wehave x = 1. The �nal state, produed by the ingoing mo-menta u and v, has the invariant mass M12 =p(u+ v)2,whih is equal to the invariant dijet mass in the asethat no more than two hard jets are produed. q � u andp� pY � v are the four-momenta of the remnant jets pro-dued at the photon and pomeron side. The regions of thekinemati variables, in whih the ross setion has beenmeasured by the H1 ollaboration [12℄, are given in Tab. 1.With the same onstraints we have evaluated the theoret-ial ross setions.The upper limit of xIP is kept small in order for thepomeron exhange to be dominant. In the experimentalanalysis as well as in the NLO alulations, jets are de�nedwith the inlusive kT -luster algorithm with a distane



M. Klasen, G. Kramer: Fatorization Breaking in Di�rative Dijet Photoprodution 3Table 1. Regions of kinemati variables.0.3 < y < 0.65Q2 < 0.01 GeV2Ejet1T > 5 GeVEjet2T > 4 GeV�1 < �jet1;2lab < 2xIP < 0.03MY < 1.6 GeV�t < 1 GeV2parameter d = 1 [13℄ in the laboratory frame. At least twojets are required with transverse energies Ejet1T > 5 GeVand Ejet2T > 4 GeV. They are the leading and subleadingjets with �1 < �jet1;2lab < 2. The lower limits of the jetET 's are asymmetri in order to avoid infrared sensitivityin the omputation of the NLO ross setions, whih areintegrated over ET [14℄.In the experimental analysis the variable y is deduedfrom the energy E0e of the sattered eletron y = 1 �E0e=Ee. Furthermore, sy = W 2 = (q + p)2 = (pX + pY )2.xIP is reonstruted aording toxIP = PX (E + pz)2Ep ; (4)where Ep is the proton beam energy and the sum runs overall partiles (jets) in the X-system. The variablesM12, x ,and zIP are determined only from the kinemati variablesof the two hard leading jets with four-momenta pjet1 andpjet2. So, M212 = (pjet1 + pjet2)2 (5)where additional jets are not taken into aount. In thesame wayxjets = Pjets(E � pz)2yEe and zjetsIP = Pjets(E + pz)2xIPEp : (6)The sum over jets runs only over the variables of the twoleading jets. These de�nitions for x and zIP are not thesame as the de�nitions given earlier, where also the rem-nant jets and any additional hard jets are taken into a-ount in the �nal state. In the same way MX an be es-timated by M2X = M212=(zjetsIP xjets ). The dijet system isharaterized by the transverse energies Ejet1T and Ejet2Tand the rapidities in the laboratory system �jet1lab and �jet2lab .The di�erential ross setions are measured and alulatedas funtions of the transverse energy Ejet1T of the leadingjet, the average rapidity �jets = (�jet1lab + �jet2lab )=2, and thejet separation j��jetsj = j�jet1lab � �jet2lab j, whih is related tothe sattering angle in the enter-of-mass system of thetwo hard jets.2.2 Di�rative Parton DistributionsThe di�rative PDFs are obtained from an analysis ofthe di�rative proess ep ! eXY , whih is illustrated in

Fig. 1, where nowQ2 is large and the stateX onsists of allpossible �nal states, whih are summed. The ross setionfor this di�rative DIS proess depends in general on �veindependent variables (azimuthal angle dependene ne-gleted): Q2, x (or �), xIP ,MY , and t. These variables arede�ned as before, and x = Q2=(2pq) = Q2=(Q2 +W 2) =xIP�. The system Y is not measured, and the results areintegrated over �t < 1 GeV2 and MY < 1:6 GeV as inthe photoprodution ase. The measured ross setion isexpressed in terms of a redued di�rative ross setion�D(3)r de�ned throughd3�DdxIPdxdQ2 = 4��2xQ4 �1� y + y22 ��D(3)r (xIP ; x;Q2) (7)and is related to the di�rative struture funtions FD(3)2and FD(3)L by�D(3)r = FD(3)2 � y21 + (1� y)2FD(3)L : (8)y is de�ned as before, and FD(3)L is the longitudinal di�ra-tive struture funtion.The proof of Collins [2℄, that QCD fatorization is ap-pliable to di�rative DIS, has the onsequene that theDIS ross setion for �p! XY an be written as a on-volution of a partoni ross setion ��a , whih is alulableas an expansion in the strong oupling onstant �s, withdi�rative PDFs fDa yielding the probability distributionfor a parton a in the proton under the onstraint that theproton undergoes a sattering with a partiular value forthe squared momentum transfer t and xIP . Then the rosssetion for �p! XY isd2�dxIPdt =Xa Z xIPx d���a (x;Q2; �)fDa (�;Q2;xIP ; t): (9)This formula is valid for suÆiently large Q2 and �xed xIPand t. The parton ross setions are the same as those forinlusive DIS. The di�rative PDFs are non-perturbativeobjets. Only their Q2 evolution an be predited with thewell known DGLAP evolution equations, whih we shalluse in LO and NLO.Usually for fDa (x;Q2;xIP ; t) an additional assumptionis made, namely that it an be written as a produt of twofators, fIP=p(xIP ; t) and fa=IP (�;Q2),fDa (x;Q2;xIP ; t) = fIP=p(xIP ; t)fa=IP (� = x=xIP ; Q2):(10)fIP=p(xIP ; t) is the pomeron ux fator. It gives theprobability that a pomeron with variables xIP and t ou-ples to the proton. Its shape is ontrolled by Regge asymp-totis and is in priniple measurable by soft proesses un-der the ondition that they an be fully desribed by singlepomeron exhange. This Regge fatorization formula, �rstintrodued by Ingelman and Shlein [15℄, represents the re-solved pomeron model, in whih the di�rative exhange,i.e. the pomeron, an be onsidered as a quasi-real parti-le with a partoni struture given by PDFs fa=IP (�;Q2).



4 M. Klasen, G. Kramer: Fatorization Breaking in Di�rative Dijet Photoprodution� is the longitudinal momentum fration of the pomeronarried by the emitted parton a in the pomeron. The im-portant point is that the dependene of fDa on the fourvariables x;Q2; xIP and t fatorizes in two funtions fIP=pand fa=IP , whih eah depend only on two variables.Sine the value of t ould not be �xed in the di�ra-tive DIS measurements, it has been integrated over witht varying in the region tut < t < tmin. Therefore we haveaording to [1℄f(xIP ) = Z tmintut dtfIP=p(xIP ; t); (11)where tut = �1 GeV2 and tmin is the minimum kinemat-ially allowed value of jtj. In [1℄ the pomeron ux fator isassumed to have the following formfIP=p(xIP ; t) = x1�2�IP (t)IP exp(BIP t): (12)�IP (t) is the pomeron trajetory, �IP (t) = �IP (0) + �0IP t,assumed to be linear in t. The values ofBIP ; �IP (0) and �0IPare taken from [1℄ and have the values BIP = 4:6 GeV�2,�IP (0) = 1:17, and �0IP = 0:26GeV�2. Usually fIP=p(xIP ; t)as written in Eq. (12) has in addition to the dependeneon xIP and t a normalization fator N , whih an be in-ferred from the asymptoti behavior of �tot for pp and p�psattering. Sine it is unlear whether these soft di�ra-tive ross setions are dominated by a single pomeron ex-hange, it is better to inlude N into the pomeron PDFsfa=IP and �x it from the di�rative DIS data [1℄. Thedi�rative DIS ross setion �D(3)r is measured in the kine-mati range 6:5 � Q2 � 120 GeV2, 0:01 � � � 0:9 and10�4 � xIP < 0:05.The pomeron ouples to quarks in terms of a lightavor singlet �(zIP ) = u(zIP ) + d(zIP ) + s(zIP ) + �u(zIP ) +�d(zIP )+ �s(zIP ) and to gluons in terms of g(zIP ), whih areparameterized at the starting sale Q0 = p3 GeV. zIPis the momentum fration entering the hard subproess,so that for the LO proess zIP = �, and in NLO � <zIP < 1. These PDFs of the pomeron are parameterizedby a partiular form in terms of Chebyhev polynomials asgiven in [1℄. Charm quarks ouple di�erently from the lightquarks by inluding the �nite harm mass m = 1:5 GeVin the massive harm sheme and desribing the ouplingto photons via the photon-gluon fusion proess. For theNLO pomeron PDFs, we used a two-dimensional �t in thevariables zIP and Q2 and then inserted the interpolatedresult in the ross setion formula.2.3 Cross Setion FormulaUnder the assumption that the ross setion an be al-ulated from the well known formul� for jet produtionin low Q2 ep ollisions, the ross setion for the reatione+p! e+2 jets+X0+Y is omputed from the followingbasi formula:d�D(ep! e + 2 jets +X 0 + Y ) =

Xa;b Z tmintut dt Z xmaxIPxminIP dxIP Z 10 dzIP Z ymaxymin dy Z 10 dxf=e(y)fa= (x ;M2 )fIP=p(xIP ; t)fb=IP (zIP ;M2IP )d�(n)(ab! jets): (13)y, x and zIP denote the longitudinal momentum fra-tions of the photon in the eletron, the parton a in thephoton, and the parton b in the pomeron. M and MIPare the fatorization sales at the respetive verties, andd�(n)(ab! jets) is the ross setion for the prodution ofan n-parton �nal state from two initial partons a and b.It is alulated in LO and NLO, as are the PDFs of thephoton and the pomeron.The funtion f=e(y), whih desribes the virtual pho-ton spetrum, is assumed to be given by the well-knownWeizs�aker{Williams approximation,f=e(y) = �2� �1 + (1� y)2y ln Q2max(1� y)m2ey2+ 2m2ey( 1 � ym2ey2 � 1Q2max )� : (14)Usually, only the dominant leading logarithmi ontribu-tion is onsidered. We have added the seond non-logarith-mi term as evaluated in [16℄. Q2max = 0:01 GeV2 for theross setions alulated in this work.The formula for the ross setion d�D an be used forthe resolved as well as for the diret proess. For the latter,the parton a is the photon and f=(x ;M2 ) = Æ(1� x),whih does not depend on M . As is well known, the dis-tintion between diret and resolved photon proesses ismeaningful only in LO of perturbation theory. In NLO,ollinear singularities arise from the photon initial state,that must be absorbed into the photon PDFs and produea fatorization sheme dependene as in the proton andpomeron ases. The separation between the diret and re-solved proesses is an artifat of �nite order perturbationtheory and depends in NLO on the fatorization shemeand saleM . The sum of both parts is the only physiallyrelevant quantity, whih is approximately independent ofthe fatorization sale M due to the ompensation of thesale dependene between the NLO diret and the LO re-solved ontribution [17,7℄.For the resolved proess, PDFs of the photon are need-ed, for whih we hoose the LO and NLO versions of GRV[18℄. They have been found to give a very good desriptionof the ross setions for photoprodution of inlusive one-and two-jet �nal states [9,10℄.3 ResultsIn this Setion, we present the omparison of the theo-retial preditions in LO and NLO with the experimen-tal data from H1 [12℄. In this paper, preliminary data onross setions di�erential in xjets and zjetsIP for the di�ra-tive prodution of two jets in the kinemati regions spe-i�ed in Tab. 1 are given. These two ross setions are the



M. Klasen, G. Kramer: Fatorization Breaking in Di�rative Dijet Photoprodution 5only di�erential ross setions, whih are not normalizedto unity in the measured kinemati range. All other di�er-ential ross setions, namely those di�erential in the vari-ables log10 xIP , y, Ejet1T , M jetsX , M jets12 , �jets, and j��jetsj,are normalized ross setions. With these latter distribu-tions, only the shape an be used to test a possible fa-torization breaking in the resolved omponent.The alulated ross setions are the ross setions forthe prodution of QCD jets, whih onsist either of oneparton or a reombination of two partons aording to thekT -luster algorithm.On the other hand, the experimentalross setions are measured with hadron jets onstrutedwith the same jet algorithm. Sine the di�erene betweenthe two kinds of jets is not large exept for a well-knownregion of phase spae (xjets � 0:6 and the related regions ofsmall y and bakward rapidities), and sine the orretionfators obtained from Monte Carlo models inluding LOross setions together with parton showering and subse-quent hadronization are not yet reliably known for di�ra-tive proesses [19℄, we have abstained from orreting theoriginally alulated ross setions for the transformationfrom QCD jets to hadron jets. Instead, we remind thereader that no �rm onlusions an be drawn from theabove mentioned regions of phase spae.The di�erential ross setions have been alulated inLO and NLO with varying sales, where the renormaliza-tion sale and both fatorization sales are set equal andare � = �Ejet1T with � varied in the range 0:5 � � � 2. Thisway we hope to have a reasonable estimate of the error forthe theoretial ross setions and are not in danger to baseour onlusions onerning fatorization breaking only onone partiular sale hoie. Note that for the pomeronPDFs the variation of the fatorization sale is restritedby their parameterization to M2IP � 150 GeV2.The theoretial ross setions are presented in two ver-sions in LO and NLO, respetively. In the �rst version nosuppression fator R is applied. It orresponds to the LOor NLO predition with no fatorization breaking, labeledR = 1 in the �gures. The seond version is with a sup-pression fator R = 0:34 in the resolved ross setion,labelled R = 0:34 in the �gures. This partiular value forR is motivated by the reent work of Kaidalov et al. [20℄.These authors studied the ratio of di�rative to inlusivedijet photoprodution in the HERA regime with and with-out inluding unitarity e�ets, whih are responsible forfatorization breaking, as a funtion of x . In this studythey applied a very simpli�ed dijet prodution model forthis ratio, whih is very similar to the model proposedby the CDF ollaboration for p�p ollisions [3℄. From thealulations of this ratio, with and without unitarity or-retions, they obtained the suppression fator R = 0:34for x � 0:3 (see Fig. 6 in Ref. [20℄), whih they attributeto the resolved part of the photoprodution ross setion.We shall use this value of the suppression fator as a �rsttry and apply it to the total resolved part in the LO al-ulation and to its NLO orretion. The diret part is, inboth ases, left unsuppressed (R = 1). It is lear that notall of the distributions will be sensitive to the value of R.Furthermore, most of the distributions are normalized to

one, so that the absolute magnitude an not be used as adisriminator for the ourene of a suppression fator.Our LO (top) and NLO (bottom) results are shownin Fig. 2 for the di�erential ross setions in xjets (left)and zjetsIP (right), whih are not normalized to one. Thenormalized distributions in xjets , zjetsIP , log10 xIP , y, Ejet1T ,M jetsX , M jets12 ; �jets, and j��jetsj are shown in LO and NLOin Figs. 3-7.For d�=dxjets (Fig. 2, left), we have very di�erent rosssetions for R = 1 and R = 0:34 and for the sale hoie� = 1. An exeption is the highest xjets -bin, where thedi�erene is only 20%, sine in this bin the diret ontri-bution is dominant and the suppression fator is there-fore less e�etive. In all the other bins, d�=dxjets withR = 0:34 is redued by this fator as expeted. Neither ofthe two LO alulations agrees with the data. The R = 1ross setion is too large and the R = 0:34 ross setion istoo small. Only when we onsider the sale variation with0:5 � � � 2 as a realisti error estimate, we would on-lude that the unsuppressed LO ross setion (R = 1) ismarginally onsistent with the H1 data inside the experi-mental errors (exept for the highest xjets -bin). At NLO,the onlusion is reversed: The suppressed ross setionnow agrees well with the data, in partiular when the twohighest bins are added in order to ompensate for migra-tions due to hadronization e�ets (H1 prelim.: 720 � 50pb; NLO, R=0.34: 850+285�153 pb), while the unsuppressedross setion drastially overestimates the data.For d�=dzjetsIP in Fig. 2 (right), the agreement of un-suppressed and suppressed ross setions with the data isequally marginal at LO, even within the respetive errorbands, while it is exellent for the suppressed NLO rosssetion. We remark that the suppressed and unsuppressedross setions with � = 1 di�er approximately only bya fator 0.5, sine in this distribution the diret and re-solved ontributions are superimposed di�erently than ind�=dxjets .For the normalized xjets distributions in Fig. 3 (left),the overall agreement is, of ourse, better. In partiular,the unsuppressed LO distribution agrees now with thedata within the sale unertainty, when the two highestbins are merged, whereas at NLO it is again the suppresseddistribution that desribes the data best. Furthermore, thesale unertainty is substantially redued in the normal-ized distributions as expeted. For the zjetsIP distributionsin Fig. 3 (right), both the unsuppressed and suppressedLO distributions agree with the data within errors, whileat NLO better agreement is found for the latter.The omparison of the normalized distributions in log10xIP and y is shown in Fig. 4. Here the theoretial predi-tions for R = 0:34 and R = 1 di�er very little. This isunderstandable, sine the xIP and y dependene of theross setion fatorize (see Eq. (13)) to a large extent.Only through the orrelations due to the kinematial on-straints we observe small di�erenes between the R = 0:34and the R = 1 ross setions, partiularly in the y dis-tribution. As mentioned above, this distribution may bea�eted by hadronization orretions at low values of y.
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Fig. 2. LO (upper) and NLO (lower) ross setions for di�rative dijet photoprodution as funtions of xjets (left) and zjetsIP(right), ompared to preliminary H1 data. The shaded areas indiate a variation of sales by a fator of two around Ejet1T .From this omparison no de�nite onlusions onerningthe suppression an be drawn. All theoretial preditionsagree more or less with the data. In the highest log10 xIPbin the measured point lies higher than the theoretialpoints. This an be explained, at least partly, by an ad-ditional sub-leading Reggeon ontribution, whih has notbeen taken into aount in the di�rative PDFs we areusing (see Fig. 7 in [12℄).Next we look at the Ejet1T distribution in Fig. 5. TheLO (left) and NLO (right) distributions with R = 0:34 are atter than the unsuppressed distribution as we expet it,sine the resolved omponent ours dominantly at thesmaller Ejet1T . The suppressed ross setion agrees betterwith the data points, even if the sale unertainty is takeninto aount. Due to the normalization of the ross setion,the di�erenes between LO and NLO are almost invisible.The distributions 1=� d�=dM jetsX and 1=� d�=dM jets12are orrelated due to M jetsX = M jets12 =qzjetsIP xjets . Althoughthe distributions in xjets and zjetsIP are bound to reveal more
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Fig. 4. Normalized log10 xIP (left) and y (right) distributions in LO (top) and NLO (bottom), ompared to preliminary H1data.is not suppressed (R = 1), the onlusion is again reversedat NLO, as was already the ase for the xjets -distributionin Fig. 2. For the lowest bin in �, we observe an exessof the theoretial predition over the data, whih is wellknown from studies of inlusive jet prodution at the verylow transverse momenta studied here and whih an be re-lated to hadronization e�ets. The distribution in j��jetsjis intimately linked to the angular distribution of the par-toni sattering matrix elements. It is thus less sensitive tothe superposition of diret and resolved photon ontribu- tions, and the theoretial preditions agree almost equallywell.In summary, we onlude that for most LO distri-butions the unsuppressed theory, i.e. with no fatoriza-tion breaking, agrees better with the experimental data.This onlusion is, however, premature, sine at NLO itis the suppressed theory, i.e. with fatorization breakingand R = 0:34, whih is preferred.In [20℄, the suppression fator ofR = 0:34 was deduedfrom a alulation of the ratio of di�rative and inlusivedijet photoprodution at HERA as a funtion of x for
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Fig. 5. Normalized Ejet1T distribution in LO (left) and NLO (right), ompared to preliminary H1 data.two ases: (i) no absorption and (ii) absorption inluded.The alulation of this ratio for the two ases was basedon a very simpli�ed model, in whih the ratio dependedonly on the gluon PDFs of the pomeron and proton in thenumerator and denominator, respetively. It is of interestto see how this ratio behaves as a funtion of xjets forthe two ases R = 1 and R = 0:34 in LO and NLO inthe more detailed theory presented in this work, i.e. ina theory where this ratio is alulated from the full rosssetion formula in Eq. (13) and the orresponding formulafor the inlusive dijet ross setion with quarks and gluonsand realisti experimental uts.The result is shown in Fig. 8 (left), where we have usedthe CTEQ5M1 parameterization for the proton PDFs [21℄in the inlusive ross setion results. In LO and for R = 1,the ratio d�di�r=d�inl starts at small xjets = 0:05 at avery low value (' 0:001) and then rises monotoniallyup to 0:032 and 0:037 at xjets = 0:85 and 0:95. WithR = 0:34, i.e. with suppression of the resolved part, theinrease of this ratio is very muh redued. It goes up to0:011 at xjets = 0:85. At xjets = 0:95 the ratio is substan-tially larger, sine in this region the unsuppressed diretross setion dominates. We see that up to xjets = 0:85the suppressed ratio (R = 0:34) is redued approximatelyby a fator of three as ompared to the unsuppressed ra-tio (R = 1) as expeted. The behavior of the ratio issomewhat di�erent for the NLO ase. In partiular, thedi�rative NLO resolved ontribution has a steeper riseat xjets = 0:25 and atter behavior above, whih is re-eted in both the unsuppressed and the suppressed sum.Compared to the orresponding urves for d�di�r=d�inlin [20℄, the qualitative behavior of our urves, in LO andNLO, is similar. The 'no absorption/absorption inluded'urves in [20℄ resemble more our LO than our NLO re-

sults as expeted. We have to keep in mind, however, thatthe kinemati onstraints applied in [20℄ di�er from ours,whih are the same as in the experimental analysis. Thistranslates mainly into a di�erent (smaller) normalizationof our results. Clearly it would be interesting to measured�di�r=d�inl as a funtion of xjets in order to have anotherobservable for measuring the suppression as a funtion ofxjets . Compared to the ross setion d�=dxjets onsideredearlier, this ratio has the advantage to depend less on thephoton PDFs, whih appear both in the numerator andthe denominator and should anel to a large extent.It may well be that our proedure to desribe the fa-torization breaking by applying a suppression fator tothe total resolved ross setion is not orret and mustbe modi�ed. An indiation for this is the fat that theseparation between the diret and the resolved proessis not physial. It depends in NLO on the fatorizationsheme and sale M , as already mentioned earlier. Thesum of both ross setions is the only physially relevantross setion, whih is approximately independent of thefatorization sale M . By multiplying the resolved partwith the suppression fator R = 0:34 the orrelation of theM-dependene between the diret and the resolved partis hanged and the sum of both parts has a muh strongerM dependene than for the unsuppressed ase (R = 1).This is shown in Fig. 8 (right). We see the ompensation ofthe M-dependene between the NLO diret ross setion(dotted line) and the LO resolved ross setion (dashedline) in the unsuppressed (R = 1) ase, leading to a fairlyM independent sum of both ontributions (full line) [7,17℄. When the LO resolved part is suppressed with thefator R = 0:34, the ompensation is redued, and thesum of the NLO diret and LO resolved parts beomesmuh more M-dependent than before (although not too
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