
*0
80
6.
22
69
*

 DESY 08-074
 LPSC 08-070

ar
X

iv
:0

80
6.

22
69

v1
  [

he
p-

ph
] 

 1
3 

Ju
n 

20
08

June 13, 2008 15:36 WSPC/INSTRUCTION FILE paper
Modern Physis Letters A World Sienti� Publishing Company
Review of fatorization breaking in di�rative photoprodution of dijetsMICHAEL KLASENLaboratoire de Physique Subatomique et de Cosmologie, Universit�e Joseph Fourier /CNRS-IN2P3 / INPG, 53 Avenue des Martyrs, F-38026 Grenoble, Franeklasen�lps.in2p3.frGUSTAV KRAMERII. Institut f�ur Theoretishe Physik, Universit�at Hamburg, Luruper Chaussee 149,D-22761 Hamburg, GermanyReeived (Day Month Year)Revised (Day Month Year)After the �nal analyses of the H1 and ZEUS ollaborations for the di�rative photo-prodution of dijets have appeared, we have realulated these ross setions in next-to-leading order (NLO) of perturbative QCD to see whether they an be interpretedonsistently. The results of these alulations are ompared to the data of both ollab-orations. We �nd that at NLO the ross setions disagree with the data, showing thatfatorization breaking ours at this order. If diret and resolved ontributions are bothsuppressed by the same amount, the global suppression fator depends on the transverse-energy ut and is 0:42 for the H1 and 0:71 for the ZEUS analysis. However, by suppressingonly the resolved ontribution by a fator of approximately three, also reasonably goodagreement with all the data is found. The size of the fatorization breaking e�ets forresolved photons agrees with absorptive-model preditions.Keywords: Perturbative QCD; fatorization; Regge theory; jet prodution.12.38.Bx; 12.39.St; 12.40.Nn; 13.87.Ce.
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1. IntrodutionIt is well known that at high-energy olliders suh as the ep ollider HERA atDESY and the p�p ollider Tevatron at Fermilab, a large fration of the observedevents are di�rative. These events are de�ned experimentally by the presene of aforward-going hadroni system Y with four-momentum pY , low massMY (typiallya proton that remained intat or a proton plus low-lying nuleon resonanes), smallfour-momentum transfer t = (P �pY )2, and small longitudinal-momentum transferxIP = q(P � pY )=(qP ) from the inoming proton with four momentum P to theentral hadroni system X (see Fig. 1 for the ase of ep ! eXY ). Experimentally,a large rapidity gap separates the hadroni system X with invariant massMX fromthe �nal-state system Y with invariant mass MY .Theoretially, di�rative interations are desribed in the framework of Regge1
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Fig. 1. Di�rative sattering proess ep ! eXY , where the hadroni systems X and Y areseparated by the largest rapidity gap in the �nal state.theory 1 as the exhange of a trajetory with vauum quantum numbers, thepomeron (IP ) trajetory. Then the objet exhanged between the systems X andY , as indiated in Fig. 1, is the pomeron (or additional lower-lying Regge poles),and the upper vertex of the proess eIP ! eX an be interpreted as deep-inelastisattering (DIS) on the pomeron target for the ase that the virtuality of the ex-hanged photon Q2 = �q2 is suÆiently large. In analogy to DIS on a protontarget, ep ! eX , the ross setion for the proess eIP ! eX in the DIS regionan be expressed as the onvolution of partoni ross setions and universal partondistribution funtions (PDFs) of the pomeron. The partoni ross setions are thesame as for DIS ep sattering. Usually these pomeron PDFs are multiplied withvertex funtions for the lower vertex in Fig. 1, yielding the di�rative parton distri-bution funtions (DPDFs). The Q2-evolution of the DPDFs is alulated with theusual DGLAP 2 evolution equations known from ep ! eX DIS. Exept for theirevolution with Q2, the DPDFs an not be alulated in the framework of pertur-bative QCD and must be determined from experiment. Suh DPDFs 3;4;5;6 havebeen obtained from the HERA inlusive measurements of the di�rative struturefuntion FD2 3;4, de�ned analogously to the proton struture funtion F2.Similarly to di�rative DIS, ep! eXY , where the presene of the large sale Qallows for the appliation of perturbative QCD and X omprises the sum over allpossible �nal states, many other proesses with a hard sale provided by spei� �nalstates in the entral system X an be predited using QCD perturbation theory.Suh proesses, usually alled hard di�rative proesses, are e.g. dijet produtionin di�rative photoprodution (Q2 ' 0) and DIS (Q2 6= 0), where the large saleis given by the jet transverse energy EjetT and possibly Q, and di�rative openheavy-avor prodution, where the large sale is given by the heavy-avor massand possibly ET and/or Q, in photoprodution or DIS and many more di�rativeproesses indued by p�p or pp ollisions. The entral problem in hard di�rationis the problem of QCD fatorization, i.e. the question whether di�rative rosssetions are fatorisable into universal DPDFs and partoni ross setions, whih are
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Fig. 2. Di�rative prodution of dijets with invariant mass M12 in diret (left) and resolved(right) photon-pomeron ollisions, leading to the prodution of one or two additional remnantjets.alulable in perturbative QCD. This question is the subjet of the urrent debatein di�rative physis and is of partiular interest for the prospets of disovery ofnew partiles suh as the Higgs boson in di�rative reations at the LHC 7;8;9.For the inlusive DIS proess, fatorization has indeed been proven to hold 10,and on this basis DPDFs have been extrated at Q2 6= 0 3;4;5 from high-preisioninlusive measurements of the proess ep! eXY using the usual DGLAP evolutionequations. The proof of the fatorization formula, usually referred to as the validityof QCD fatorization in hard di�ration, also appears to be valid for the produtionof spei� �nal states in DIS, as e.g. the prodution of jets or heavy-avor partiles,and for the diret part of photoprodution (Q2 ' 0) or low-Q2 eletroprodution ofjets 10. However, fatorization does not hold for hard proesses in di�rative hadron-hadron sattering. The problem is that soft interations between the ingoing hadronsand/or their remnants our in both the initial and the �nal state. This agrees withexperimental measurements at the Tevatron 11. Preditions of di�rative dijet rosssetions for ollisions as measured by CDF using DPDFs determined earlier by theH1 ollaboration 12 at HERA overestimate the measured ross setion by up toan order of magnitude 11. This large suppression of the CDF ross setion an beexplained by the resattering of the two inoming hadron beams, whih, by reatingadditional hadrons, destroy the rapidity gap 13.Jet prodution with real photons involves diret interations of the photon withquarks or gluons originating from the proton or pomeron, respetively, as well asresolved photon ontributions leading to parton-parton interations with an addi-tional remnant jet oming from the photon as reviewed in 14 (see Fig. 2). For thediret interations, we expet fatorization to be valid as in the ase of inlusiveDIS, as already mentioned, whereas we expet it to fail for the resolved proessas in hadron-hadron sattering. For this part of photoprodution we would there-fore expet a similar suppression fator (sometimes also alled rapidity-gap survival
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4 M. Klasen, G. Kramerprobability) due to resattering e�ets of the ingoing partons or hadrons. Introdu-ing vetor-meson dominane photon utuations, suh a suppression by about afator of three was predited for resolved photoprodution at HERA 15.The �rst measurements of dijet ross setions in di�rative photoprodutionhave been presented by the H1 ollaboration as ontributions to two onferenes16. The kinemati range for these data were Q2 < 0:01 GeV2, xIP < 0:03, Ejet1T > 5GeV, Ejet2T > 4 GeV and 165 < W < 240 GeV, where jets were identi�ed using theinlusive kT -luster algorithm (the de�nitions of these and the following variableswill be given in the next setion). The measured ross setions as a funtion of xobsand zobsIP were ompared to leading-order (LO) QCD preditions, using the RAP-GAP Monte Carlo model 17. For the DPDFs the LO `H1 2002 �t' was used 12.The two ross setions were found to be well desribed by the preditions in nor-malization and shape over the whole range of xobs and zobsIP , showing no breakdownof fatorization neither in resolved nor in diret photoprodution. In addition, nor-malized ross setions as a funtion of various other variables were ompared to thepreditions with the result that all measured distributions were in good agreement.Subsequently we alulated the next-to-leading order (NLO) orretions for theross setion of di�rative dijet prodution using the same kinemati uts and withthe same DPDFs as in the �rst H1 analysis 16 on the basis of our previous work onNLO orretions for inlusive diret 18 and resolved 19 dijet photoprodution. Whileat LO good agreement with the H1 data 16 was found, onsistent with the �ndingin the H1 analysis 16, it was found that the NLO orretions inrease the rosssetion signi�antly 20;21 and require a suppression fator of the order of R = 0:5.Sine on theoretial grounds only a suppression of the resolved ross setion wouldbe aeptable, we demonstrated in 20;21 that by multiplying the resolved rosssetion with the suppression fator R = 0:34, reasonably good agreement with thepreliminary H1 data 16 ould be ahieved. This value for the suppression fatorturned out to be in good agreement with the predition of 15.The �rst experimental data from the ZEUS ollaboration were presented at theDIS workshop in 2004 22. The dijet ross setions were obtained in the kinematirange Q2 < 1 GeV2, xIP < 0:035 and Ejet1(2)T > 7:5 (6:5) GeV. For these kinemationstraints NLO alulations were not available in 2004. So, the measurements wereompared to LO alulations, unfortunately with previous H1 DPDFs 23 with theresult, that good agreement in the shape was ahieved. But the normalization waso� by a fator of 0:6, whih was attributed to the older DPDF input 24, so that theH1 and ZEUS results were onsistent with eah other. The situation onerning theagreement of H1 and ZEUS data and the inuene of NLO orretions improvedalready onsiderably in the fall of 2004. These preliminary data from both HERAollaborations together with omparisons to NLO alulations based on the DPDF�ts from 12 were presented at workshops and onferenes in the following years.In 2006 the H1 ollaboration published their �nal DPDF �ts from their high-preision measurements using the DGLAP evolution equations 4. This analysis was
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Review of fatorization breaking in di�rative photoprodution of dijets 5based on the larger data sample of the years 1997-2000 as ompared to the earlierpreliminary DPDF sets 12. In 4 two DPDF sets, the 'H1 2006 �t A' and the 'H1 2006�t B' were presented, whih both give a good desription of the inlusive di�rativedata. These two sets di�er mainly in the gluon density at large frational partonmomenta, whih is poorly onstrained by the inlusive di�rative sattering data,sine there is no diret oupling of the photon to gluons, so that the gluon densityis onstrained only through the evolution. The gluon density of �t A is peaked atthe starting sale at large frational momenta, whereas �t B is at in this region.In 2007 the �nal publiations for di�rative dijet prodution appeared 25. Theomparison between these experimental results and the NLO theory was based onthe new and �nal DPDFs from H1 4. The di�erential ross setions as measuredby H1 25 were ompared to NLO preditions obtained with the Frixione program26 interfaed to the `H1 2006 �t B' DPDFs. The onlusions dedued earlier fromthe omparison with the preliminary data and the preliminary `H1 2002 �t' 12 arefully on�rmed in 25 with the new DPDFs �ts 4. In partiular, a global suppressionis obtained, independent of the DPDFs �ts used, i.e. �t A or �t B, by onsideringthe ratio of measured dijet ross setions to NLO preditions in photoprodution inrelation to the same ratio in DIS. In this omparison the value of the suppressionis 0:5. In addition, by using this overall suppression fator, H1 obtained a gooddesription of all the measured distributions in the variables zobsIP , xobs , xIP , W ,Ejet1T , ��jets, j��jets j andM12 interfaed with the `H1 2006 �t B' DPDFs and takinginto aount hadronization orretions 25. Finally, the H1 ollaboration investigatedhow well the data are desribable under the assumption that in the NLO alulationthe ross setion for xobs > 0:9 is not suppressed. The best agreement in a �t wasobtained for a suppression fator 0.44 for the NLO alulation with xobs < 0:9, basedon �tting the distributions for xobs , W , ��jets and Ejet1T . In this omparison theyfound disagreement for the largest xobs -bin and the lowest ��jets (whih are related),but better agreement in the Ejet1T -distribution. In 25 this leads to the statement,that the assumption that the diret ross setion obeys fatorization is stronglydisfavored by their analysis. In total, it is obvious that in the �nal H1 analysis 25a global suppression in di�rative dijet photoprodution is learly established andthe model with resolved suppression only is not as well supported by the data.Just reently also the ZEUS ollaboration presented their �nal result on di�ra-tive dijet photoprodution 27. As in their preliminary analysis, the two jets withthe highest transverse energies EjetT were required to satisfy Ejet1(2)T > 7:5 (6:5)GeV, whih is higher than in the H1 analysis with Ejet1(2)T > 5 (4) GeV 25. ZEUSompared their measurements with the NLO preditions for di�rative photopro-dution of dijets based on our program 21. Three sets of DPDFs were used, theZEUS LPS �t, determined from a NLO analysis of inlusive di�ration and di�ra-tive harm-prodution data 3, and the two H1 �ts, H1 2006 �t A and �t B 4. TheNLO results obtained with the two H1 �ts were saled down by a fator of 0.874, sine the H1 measurements used to derive the DPDFs inlude low-mass proton
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6 M. Klasen, G. Kramerdissoiative proesses with MY < 1:6 GeV, whih inreases the photon-di�rativeross setion by 1:15+0:15�0:08 as ompared to the pure proton �nal state as orretedto in the ZEUS analysis. The omparison of the measured ross setions and thetheoretial preditions was based on the distributions in the variables y, MX , xIP ,zobsIP , Ejet1T , �jet1lab and xobs . The data were reasonably well desribed in their shapeas a funtion of these variables and lay systematially below the preditions. Thepreditions for the three DPDFs di�ered appreiably. The ross setions for the H12006 �t A (�t B) were the highest (lowest) and the one for the ZEUS LPS �t laybetween the two, but nearer to the �t A than the �t B preditions. For d�=dxobsZEUS also showed the ratio of the data and the NLO preditions using the ZEUSLPS �t. It was onsistent with a suppression fator of 0.7 independent of xobs . Thissuppression fator depended on the DPDFs and ranged between 0.6 (H1 2006 �tA) and 0.9 (�t B). Taking into aount the sale dependene of the theoretialpreditions the ratio was outside the theoretial unertainty for the ZEUS LPS �tand the H1 2006 �t A, but not for �t B. In their onlusions the authors of theZEUS analysis 27 made the statement that the NLO alulations tend to overesti-mate the measured ross setion, whih would mean that a suppression is present.Unfortunately, however, they ontinued, that, within the large unertainties of theNLO alulations, the data were ompatible with the QCD alulations, i.e. withno suppression.Suh a statement learly ontradits the result of the H1 ollaboration 25 andasts doubts on the orretness of the H1 analysis. The authors of 27 attribute thisdisrepany to the fat that the H1 measurements 25 were arried out in a lowerEjetT and a higher xIP range than those in the ZEUS study 27. Besides the di�erentEjetT and xIP regions in 25 and 27, the two measurements su�er also from di�erentexperimental uts of some other variables, whih makes it diÆult to ompare thetwo data sets diretly (note also the lower enter-of-mass energy for the H1 data). Inaddition the omparison with NLO theory in 25 and 27 was done with two di�erentprograms 19 versus 26, whih, however agreed quite well with eah other 25.The rather di�erent onlusions onerning fatorization breaking in di�rativedijet photoprodution alls for a new omparative study of the two data sets in 25and 27. We have therefore performed a new alulation of the NLO ross setionson the basis of our earlier work 21 with the new H1 2006 DPDFs and revisedhadroni orretions as ompared to 20, in order to see whether we an on�rmthe very di�erent onlusions ahieved in the H1 25 and ZEUS 27 analyses. In theomparison with the new data sets we shall follow more or less the same strategyas in our earlier work 20;21. We �rst alulate the unsuppressed NLO ross setionsinluding an error band based on the sale variation and see how muh and in whihdistribution the data points lie inside or outside this error band. Then we determinea global suppression fator by �tting the di�erential ross setion d�=dEjet1T at thebin with the lowest Ejet1T . With this suppression fator we shall ompare to thedi�erential ross setions of all the other measured variables and look for onsisteny.
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Review of fatorization breaking in di�rative photoprodution of dijets 7In this new omparison between the experimental and the theoretial results weshall onentrate on using the H1 2006 �t B 4 input, sine it leads to smaller rosssetions than the DPDFs from H1 2006 �t A 4 or the ZEUS LPS DPDF �t 3.Atually the H1 ollaboration onstruted a third set of DPDFs, whih is alledthe 'H1 2007 �t jets'. This �t is obtained through a simultaneous �t to the di�rativeinlusive and DIS dijet ross setions 28. It is performed under the assumption thatthere is no fatorization breaking in the di�rative dijet ross setions. Under thisassumption, inluding the di�rative dijet ross setions in the analysis leads toadditional onstraints, mostly on the di�rative gluon distribution. On average the'H1 2007 �t jets' is similar to the 'H1 2006 �t B' exept for the gluon distribution athigh momentum fration and smaller fatorization sales. In our analysis we shalldisregard this new set of DPDFs, sine it would be ompatible with the fatorizationtest of the photoprodution data only if we restrited these tests to the ase thatonly the resolved part has this breaking and not the diret part, whih has the samestruture as the DIS dijet ross setion.In Se. 2 we shall present the omplete list of uts on the experimental vari-ables, give all the input used in the ross setion alulations, and present the basiformul�, from whih the dijet ross setions have been alulated. The omparisonwith the H1 25 and the ZEUS 27 experimental data is presented and disussed inSe. 3. In this omparison we shall onentrate on the main question, whether thereis a suppression in the photoprodution data at all. In addition we shall investigatealso whether a reasonable desription of the data is possible with suppression of theresolved ross setion only, as we studied it already in our previous work in 200420;21. In Se. 4 we shall �nish with a summary and our onlusions.2. Kinemati variables and ross setion formul�2.1. Kinemati variables and onstraintsThe di�rative proess ep ! eXY , in whih the systems X and Y are separatedby the largest rapidity gap in the �nal state, is skethed in Fig. 2. The system Xontains at least two jets, and the system Y is supposed to be a proton or anotherlow-mass baryoni system. Let k and P denote the momenta of the inoming eletron(or positron) and proton, respetively, and q the momentum of the virtual photon�. Then the usual kinemati variables ares = (k + P )2; Q2 = �q2; and y = qPkP : (1)We denote the four-momenta of the systems X and Y by pX and pY . The H1 data25 are desribed in terms ofM2X = p2X and t = (P � pY )2;M2Y = p2Y and xIP = q(P � pY )qP ; (2)
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8 M. Klasen, G. KramerTable 1. Kinemati uts applied in the H1analysis of di�rative dijet photoprodution.165 GeV < W < 242 GeVQ2 < 0.01 GeV2Ejet1T > 5 GeVEjet2T > 4 GeV�1 < �jet1;2lab < 2xIP < 0.03MY < 1.6 GeV�t < 1 GeV2where MX and MY are the invariant masses of the systems X and Y , t is thesquared four-momentum transfer of the inoming proton and the system Y , andxIP is the momentum fration of the proton beam transferred to the system X .The exhange between the systems X and Y is supposed to be the pomeronIP or any other Regge pole, whih ouples to the proton and the system Y withfour-momentum P � pY . In this work we will neglet Reggeon exhanges, whihontribute only at large xIP . The pomeron is resolved into partons (quarks or gluons)with four-momentum v. In the same way the virtual photon an resolve into partonswith four-momentum u, whih is equal to q for the diret proess. With these twomomenta u and v we de�nex = PuPq and zIP = qvq(P � pY ) : (3)x is the longitudinal-momentum fration arried by the partons oming from thephoton, and zIP is the orresponding quantity arried by the partons of the pomeronet., i.e. the di�rative exhange. For the diret proess we have x = 1. The�nal state, produed by the ingoing momenta u and v, has the invariant massM12 =p(u+ v)2, whih is equal to the invariant dijet mass in the ase that no morethan two hard jets are produed. q�u and P � pY � v are the four-momenta of theremnant jets produed at the photon and pomeron side. The regions of the kinemativariables, in whih the ross setion has been measured by the H1 ollaboration 25,are given in Tab. 1, whereas the orresponding regions for the ZEUS analysis 27are given in Tab. 2. In eah ase, we have evaluated the theoretial ross setionswith the orresponding onstraints.The upper limit of xIP is kept small in order for the pomeron exhange to bedominant. In the experimental analysis as well as in the NLO alulations, jets arede�ned with the inlusive kT -luster algorithm with a distane parameter d = 129 in the laboratory frame. At least two jets are required with transverse energiesEjet1T > 5 (7.5) GeV and Ejet2T > 4 (6.5) GeV. They are the leading and subleadingjets with �1 < �jet1;2lab < 2 (�1:5 < �jet1;2lab < 1:5) for H1 (ZEUS). The lower limits ofthe jet ET 's are asymmetri in order to avoid infrared sensitivity in the omputationof the NLO ross setions, whih are integrated over ET 30.In the experimental analysis the variable y is dedued from the energy E0e of the



June 13, 2008 15:36 WSPC/INSTRUCTION FILE paper
Review of fatorization breaking in di�rative photoprodution of dijets 9Table 2. Kinemati uts applied in the ZEUSanalysis of di�rative dijet photoprodution.0.2 < y < 0.85Q2 < 1 GeV2Ejet1T > 7.5 GeVEjet2T > 6.5 GeV-1.5 < �jet1;2lab < 1.5xIP < 0.025�t < 5 GeV2sattered eletron, y = 1�E0e=Ee. Furthermore, sy =W 2 = (q+P )2 = (pX +pY )2.The range of W given in Tab. 1 orresponds to the y range 0:3 < y < 0:65. xIP isreonstruted aording to xIP = PX(E + pz)2Ep ; (4)where Ep is the proton beam energy and the sum runs over all partiles (jets) in theX-system. The variables M12, x , and zIP are determined only from the kinemativariables of the two hard leading jets with four-momenta pjet1 and pjet2. So,M212 = (pjet1 + pjet2)2; (5)where additional jets are not taken into aount. In the same way we havexobs = Pjets(E � pz)2yEe and zobsIP = Pjets(E + pz)2xIPEp : (6)The sum over jets runs only over the variables of the two leading jets. These de�ni-tions for x and zIP are not the same as the de�nitions given earlier, where also theremnant jets and any additional hard jets are taken into aount in the �nal state.In the same way MX an be estimated by M2X =M212=(zobsIP xobs ). The dijet systemis haraterized by the transverse energies Ejet1T and Ejet2T and the rapidities in thelaboratory system �jet1lab and �jet2lab . The di�erential ross setions are measured andalulated as funtions of the transverse energy Ejet1T of the leading jet, the averagerapidity ��jets = (�jet1lab + �jet2lab )=2, and the jet separation j��jets j = j�jet1lab � �jet2lab j,whih is related to the sattering angle in the enter-of-mass system of the two jets.2.2. Di�rative parton distributionsThe di�rative PDFs are obtained from an analysis of the di�rative proessep ! eXY , whih is illustrated in Fig. 1, where now Q2 is large and the stateX onsists of all possible �nal states, whih are summed. The ross setion for thisdi�rative DIS proess depends in general on �ve independent variables (azimuthalangle dependene negleted): 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 isnot measured, and the results are integrated over �t < 1 GeV2 and MY < 1:6 GeV
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10 M. Klasen, G. Krameras in the photoprodution ase. The measured ross setion is expressed in termsof a redued di�rative ross setion �D(3)r de�ned throughd3�DdxIP dxdQ2 = 4��2xQ4 �1� y + y22 ��D(3)r (xIP ; x;Q2) (7)and is related to the di�rative struture funtions FD(3)2 and 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�rative struture funtion.The proof of Collins 10, that QCD fatorization is appliable to di�rative DIS,has the onsequene that the DIS ross setion for �p ! XY an be written as aonvolution of a partoni ross setion ��a , whih is alulable as an expansion inthe strong oupling onstant �s, with di�rative PDFs fDa yielding the probabilitydistribution for a parton a in the proton under the onstraint that the protonundergoes a sattering with a partiular value for the squared momentum transfert and xIP . Then the ross setion for �p! XY isd2�dxIP dt =Xa Z xIPx d���a (x;Q2; �)fDa (�;Q2;xIP ; t): (9)This formula is valid for suÆiently large Q2 and �xed xIP and t. The parton rosssetions are the same as those for inlusive DIS. The di�rative PDFs are non-perturbative objets. Only their Q2-evolution an be predited with the well-knownDGLAP evolution equations 2, whih we shall use in NLO.Usually for fDa (x;Q2;xIP ; t) an additional assumption is made, namely that itan be written as a produt of two fators, 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 the probability that a pomeron withvariables xIP and t ouples to the proton. Its shape is ontrolled by Regge asymp-totis and is in priniple measurable by soft proesses under the ondition thatthey an be fully desribed by single-pomeron exhange. This Regge fatorizationformula represents the resolved pomeron model, in whih the di�rative exhange,i.e. the pomeron, an be onsidered as a quasi-real partile with a partoni stru-ture given by PDFs fa=IP (�;Q2). � is the longitudinal momentum fration of thepomeron arried by the emitted parton a in the pomeron. The important point isthat the dependene of fDa on the four variables x;Q2; xIP and t fatorizes into twofuntions fIP=p and fa=IP , whih eah depend only on two variables.Sine the value of t ould not be �xed in the di�rative DIS measurements, it isintegrated over with t in the region tut < t < tmin. Therefore we have 4;12f(xIP ) = Z tmintut dtfIP=p(xIP ; t); (11)
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Review of fatorization breaking in di�rative photoprodution of dijets 11where tut = �1 GeV2 and tmin is the minimum kinematially allowed value of jtj.In 12;4 the pomeron ux fator is assumed to have the 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 of BIP ; �IP (0) and �0IP are taken from 4 and have the values BIP = 5:5GeV�2, �IP (0) = 1:118 (�t A), �IP (0) = 1:111 (�t B) and �0IP = 0:06 GeV�2.Usually fIP=p(xIP ; t) as written in Eq. (12) has in addition to the dependene on xIPand t a normalization fator N , whih an be inferred from the asymptoti behaviorof �tot for pp and p�p sattering. Sine it is unlear whether these soft di�rative rosssetions are dominated by a single pomeron exhange, it is better to inlude N intothe pomeron PDFs fa=IP and �x it from the di�rative DIS data 4. The di�rativeDIS ross setion �D(3)r is measured in the kinemati range 3:5 � Q2 � 1600 GeV2,0:01 � � � 0:9 and 10�4 � xIP < 0:05.The pomeron ouples to quarks in terms of a light avor 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 Q20 = 1:75 GeV2 (�t A) and 2:5 GeV2 (�t B). zIPis the momentum fration entering the hard subproess, so that for the LO proesszIP = �, and in NLO � < zIP < 1. These PDFs of the pomeron are parameterizedby a partiular form in terms of the usual power ansatz as given in 4. Charm quarksand bottom quarks ouple di�erently from the light quarks by inluding the �niteharm mass m = 1:4 GeV and bottom mass mb = 4:5 GeV in the massive quarksheme and desribing the oupling to photons via the photon-gluon fusion typeproess up to order �2s . For the pomeron PDFs, we used a two-dimensional �t inthe variables zIP andQ2 and then inserted the interpolated result in the ross setionformula.2.3. Cross setion formulaUnder the assumption that the ross setion an be alulated from the well-knownformul� for jet prodution in low-Q2 ep ollisions, the ross setion for the reatione+ p! e+ 2 jets +X 0 + Y is omputed from the following basi 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 frations of the photon in theeletron, the parton a in the photon, and the parton b in the pomeron.M andMIPare the fatorization sales at the respetive verties, and d�(n)(ab ! jets) is the
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12 M. Klasen, G. Kramerross setion for the prodution of an n-parton �nal state from two initial partonsa and b. It is alulated in NLO, as are the PDFs of the photon and the pomeron.The funtion f=e(y), whih desribes the virtual photon spetrum, is assumedto be given by the well-known Weizs�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 ontribution is onsidered. We haveadded the seond non-logarithmi term as evaluated in 31. Q2max = 0:01 (1) GeV2for the H1 (ZEUS) ross setions alulated in this work.The formula for the ross setion d�D an be used for the resolved as well as forthe 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 distintion betweendiret and resolved photon proesses is meaningful only in LO of perturbation the-ory. In NLO, ollinear singularities arise from the photon initial state, that must beabsorbed into the photon PDFs and produe a fatorization sheme dependene asin the proton and pomeron ases. The separation between the diret and resolvedproesses is an artifat of �nite order perturbation theory and depends in NLO onthe fatorization sheme and saleM . The sum of both parts is the only physiallyrelevant quantity, whih is approximately independent of the fatorization saleMdue to the ompensation of the sale dependene between the NLO diret and theLO resolved ontribution. For the resolved proess, PDFs of the photon are needed,for whih we hoose the NLO versions of GRV 32 transformed to the MS sheme.3. Results3.1. Comparison with H1 dataIn this setion, we present the omparison of the various theoretial preditions inNLO with the experimental data from the H1 ollaboration 25. The orrespondingkinemati uts are given in Tab. 1. Before we onfront the alulated ross se-tions with the experimental data, we orret them for hadronization e�ets. Thehadronization orretions are alulated by means of the LO RAPGAPMonte Carlogenerator 17. The fators for the transformation from jets made up of stable hadronsto parton jets were supplied by the H1 ollaboration 25. Most of our alulations aredone with the `H1 2006 �t B' 4 DPDFs sine they give they smaller di�rative dijetross setions as ompared to the `H1 2006 �t A'. These DPDF �ts are based onnf = 3 massless avors. The prodution of harm and bottom quarks was treatedthere in the Fixed-Flavor Number Sheme (FFNS) in NLO with non-zero harmand bottom quark mass. Instead of this extra treatment of the harm and bottomontribution in the pomeron we added a harm PDF in the pomeron as obtainedin the `H1 2002 �t' 12, where the harm quark was also onsidered to be massless.
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Review of fatorization breaking in di�rative photoprodution of dijets 13The bottom ontribution was negleted. This assumption simpli�es the alulationsonsiderably. Sine the harm ontribution from the pomeron is small, this shouldbe a good approximation. We then take nf = 4 with �(4)MS = 0:347 GeV, whihorresponds to the value used in the DPDFs `H1 2006 �t A' and `H1 2006 �t B' 4.As it is lear from the disussion of the various preliminary analyses of the H1 andZEUS ollaborations, there are two questions whih we would like to answer fromthe omparison with the reent H1 and the ZEUS data. The �rst question is whethera suppression, whih di�ers substantially from one, is needed to desribe the data.The seond question is whether the data are also onsistent with a suppression fatorapplied to the resolved ross setion only. To give an answer to these two questionswe alulated �rst the ross setions with no suppression fator (R = 1 in thefollowing �gures) with a theoretial error obtained from varying the ommon saleof renormalization and fatorization by fators of 0.5 and 2 around the entral sale(highest EjetT ). In a seond step we show the results for the same di�erential rosssetions with a global suppression fator, adjusted to d�=dEjet1T in the smallestEjet1T -bin. As in the experimental analysis 25, we onsider the di�erential rosssetions in the variables xobs , zobsIP , log10(xIP ), Ejet1T , M12, ��jets, j��jetsj and W .The unsuppressed (R = 1) ross setions d�=dxobs , d�=dzobsIP , d�=d log10(xIP ),d�=dEjet1T , d�=dM12, d�=d��jets , d�=dj��jetsj and d�=dW (��jets � h�jetlabi in 25)with their sale variation are shown in Fig. 3a-h. In these �gures we also plottedthe experimental data with their errors. Exept for two points (largest zobsIP andlargest Ejet1T -bin) all other experimental points lie, inluding their errors, outsidethe theoretial error band. This omparison learly tell us, that an unsuppressedross setion is in disagreement with the data. It is lear, that with the DPDFs 'H12006 �t A' ross setion this onlusion would be even stronger, sine with theseDPDFs the unsuppressed ross setions are even larger. That d�=dzobsIP overlaps inthe largest bin with the lower limit of the predition for R = 1 (see Fig. 3b) an beexplained with the fat that the gluon DPDF in the 'H1 2006 �t B' is not very wellonstrained for large � and might be larger there.If we now determine the suppression fator from �tting the lowest Ejet1T -binexperimental ross setion we obtain R = 0:42 � 0:06. The indiated error orre-sponds to the experimental unertainty, while we show in the �gures expliitly thetheoretial unertainty. With this suppression fator we have alulated the eightdistributions inluding their theoretial errors and ompare with the experimentaldata inluding their errors. The results of this omparison is shown also in Figs.3a-h. With the exeption of Figs. 3d and 3h, where the omparisons of d�=dEjet1Tand d�=dM12 are shown, all other plots are suh that the data points lie inside theerror band based on the sale variation. Most of the data points even agree withthe R = 0:42 preditions inside the muh smaller experimental errors. In d�=dEjet1T(see Fig. 3d) the preditions for the seond and third bin lie outside the data pointswith their errors. For R = 1 and R = 0:42 these ross setions falls o� strongerwith inreasing Ejet1T than the data, the normalization being of ourse about two
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Review of fatorization breaking in di�rative photoprodution of dijets 1525 based on earlier preliminary 16 and �nal H1 data 25.Next we want to answer the seond question, whether the data ould be on-sistent with a suppression of the resolved omponent only. For this purpose wehave alulated the ross setions in two versions: (i) suppression of the resolvedross setion and (ii) suppression of the resolved ross setion plus that part ofthe NLO diret part whih depends on the fatorization sale at the photon ver-tex and thereby eliminates the M-dependene in the ombined diret and resolvedross setion 33. Of ourse, the needed suppression fators for the two versions willbe di�erent. We determine the suppression fators by �tting again the measuredd�=dEjet1T for the lowest Ejet1T -bin (see Fig. 4d). Then, the suppression fator forversion (i) is R = 0:31 (denoted res in the �gures), and for version (ii) it is R = 0:29(denoted res+dir-IS). The omparison with the H1 data of d�=dxobs , d�=dzobsIP ,d�=d log10(xIP ), d�=dEjet1T , d�=dM12, d�=d��jets, d�=dj��jets j and d�=dW is shownin Figs. 4a-h, where we also have plotted the predition for the global suppression(diret and resolved) with R = 0:42, already shown in Figs. 3a-h. Looking at Figs.4a-h we an distinguish three groups of results from the omparison with the data.In the �rst group, the ross setions as funtions of zobsIP , log10(xIP ), M12, j��jetsjand W , the agreement with the global suppression (R = 0:42) and the resolvedsuppression (R = 0:31 and R = 0:29) is omparable. In the seond group, whihonsists just of d�=dEjet1T , the agreement is better for the resolved suppression only.In the third group, d�=dxobs and d�=d��jets, the agreement with the resolved sup-pression is worse than with the global suppression. In partiular, for d�=dxobs , whihis usually onsidered as the harateristi distribution for distinguishing global ver-sus resolved suppression, the agreement with resolved suppression does not improve.Unfortunately, this ross setion has the largest hadroni orretions of the orderof (25� 30)% 25. Here, the bins with largest xobs are partiularly sensitive to thehadroni orretions and possible migrations of the data between the two bins. Ifwe average the ross setions for these two bins, the agreement with the data pointbeomes muh better. We also notie, that the preditions for the two suppressionmodes (i) and (ii) are almost the same. The only exeption are the ross setions forthe largest xobs -bin (see Fig. 4a). In Figs. 4a-h the theoretial errors oming fromthe sale unertainty are not shown. If they are taken into aount, the di�erenebetween experimental data and theory in Figs. 4a and 4f is muh less dramati.On the other hand, for the ross setion d�=dEjet1T the agreement improves on-siderably with the suppression of the resolved part only (note the logarithmi salein Fig. 4d). Here, of ourse, we must admit that the suppression fator ould beET -dependent, although we do not know of any mehanism, whih ould ause suha EjetT -dependene of the suppression. We remark that this EjetT -dependene of theglobal suppression is also visible in the H1 analysis of 25.We also heked for two distributions whether the preditions for resolved sup-pression depend on the hosen di�rative PDFs. For this purpose we have alulatedfor the two ases d�=dzobsIP and d�=dEjet1T the ross setions with the `H1 2006 �t
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Review of fatorization breaking in di�rative photoprodution of dijets 19the ross setion is approximately larger by a fator of 1:8 than the predition withR = 0:41. If we now hek how the preditions for R = 0:71 ompare to the datapoints inside the theoretial errors, we observe from Figs. 6a-g that with the ex-eption of d�=dzobsIP (largest bin), the data points agree with the preditions insidethe theoretial error band. This is quite onsistent with the H1 analysis, disussedin the previous subsetion, and leads to the onlusion that also the ZEUS dataagree muh better with the suppressed preditions than with the unsuppressed one.In partiular, the global suppression fator approximately agrees with the globalsuppression fator, whih one would expet from the analysis of the H1 data at theseond smallest Ejet1T -bin.Similarly as in the previous setion we ompared the ZEUS data also with theassumption that the suppression results only from the resolved ross setion. Here weonsider again the two versions: (i) only resolved suppression (res) and (ii) resolvedplus diret suppression of the initial-state singular part (res+dir-IS). For these twomodels we obtain the suppression fators R = 0:53 and R = 0:45, respetively,where these suppression fators are again obtained by �tting the data point at the�rst bin of d�=dEjet1T . The omparison to the global suppression with R = 0:71 andto the data is shown in Figs. 7a-g. In general, we observe that the di�erene betweenglobal suppression and resolved suppression is not large, i.e. the data points agreewith the resolved suppression almost as well as with the global suppression.In Figs. 8a and b the di�erene between `H1 2006 �t B' and `H1 2006 �t A'is shown again for the ase of the resolved suppression. In both �gures we observethat the �t A suppression with the suppression fator R = 0:27 agrees better withthe data than with the fator R = 0:53 for the �t B suppression. In partiular, ford�=dEjet1T the agreement with the three data points is perfet (note the logarithmisale).4. ConlusionIn summary, we have revisited the �nal H1 and ZEUS data on the di�rative photo-prodution of dijets at HERA. We foused on the question if the two data sets, takenwith di�erent ep enter-of-mass energies and kinemati uts (in partiular on thejet transverse energies), ould be onsistently interpreted within QCD fatorization,employing universal parton densities in the di�rative exhange and proess-spei�hard partoni ross setions evaluated at NLO, or showed rather evidene of fator-ization breaking in the diret and/or resolved photon hannels.First, we found that even with the most optimisti (and likely realisti) partondensity set `H1 2006 �t B', both the H1 and ZEUS data sets were overestimatedby the unsuppressed NLO preditions and better desribed by global suppressionfators of 0:42� 0:06 and 0:71� 0:06, respetively. These fators were obtained by�tting our NLO preditions in both ases to the lowest (and dominant) EjetT -binand are in agreement with the global suppression fator of 0:50� 0:10 found by theH1 ollaboration in a �t to all of their data points, but at variane with the �nal
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