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Review of High Energy Di�ration in Realand Virtual Photon Proton sattering atHERA
G. WolfDeutshes Elektronen-Synhrotron, DESY, Hamburg, Germany
AbstratThe eletron-proton ollider HERA at DESY opened the door for the studyof di�ration in real and virtual photon-proton sattering at enter-of-massenergies W up to 250 GeV and for large negative mass squared �Q2 of thevirtual photon up to Q2 = 1600 GeV2. At W = 220 GeV and Q2 = 4 GeV2,di�ration aounts for about 15% of the total virtual photon proton rosssetion dereasing to � 5% at Q2 = 200 GeV2. An overview of the resultsobtained by the experiments H1 and ZEUS on the prodution of neutralvetormesons and on inlusive di�ration up to the year 2008 is presented.
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1 IntrodutionDi�ration is a well known phenomenon in optis. Sine the sixties, di�ration phenom-ena are also known from partile physis, for instane from proton-proton sattering. Inhadron-hadron sattering these proesses are phenomenologially desribed by the ex-hange of a virtual, olourless and avourless neutral objet arrying no quantum num-bers, alled the Pomeron. The Pomeron seemed to ouple to quarks [1,2℄. The possibilitythat the Pomeron may have a partoni struture had been disussed [3{5℄. This point wasstressed again [6{8℄ based on results from UA8 [9,10℄ whih were obtained in pp ollisionsat a enter-of-mass (.m.) energy of 630 GeV.The eletron (positron) ollider HERA at DESY has opened a new avenue towards di�ra-tion. In virtual photon-proton sattering, events an be studied where the spatial reso-lution provided by the virtual photon is muh smaller than the proton radius suh thatthe inner struture of the proton beomes visible. In the analysis of events with energytransfers between photon and proton of more than 10000 GeV - measured in the pro-ton rest frame - the ZEUS ollaboration [11℄ observed a speial lass of events, where ahadroni system is emitted lose to the diretion of the virtual photon, and separated bya large rapidity gap from a proton or low-mass nuleoni system emitted along the dire-tion of the inoming proton. Suh events were also deteted by the H1 ollaboration [12℄.For omparison, standard events from deep-inelasti sattering exhibit uniform partileprodution in the rapidity spae between the diretions of the inoming virtual photonand the proton. The prodution harateristis of large rapidity gap events are those ofa di�rative proess in whih no quantum numbers are exhanged in the t-hannel, andwhere the ross setion is found to be independent of the .m. energy, up to logarithmiterms.On the theoretial side, long before HERA had beome a projet, the authors of Ref. [13℄had onsidered the possibility of produing a large mass objet suh as the Z-boson bydi�rative deep-inelasti ep sattering and demonstrated that a viable prodution ratemay be ahieved. An extensive study of physis issues, suh as di�ration, that ould beaddressed with a large eletron proton ollider had been presented by [14℄ before HERAwas approved. A group of experimental physiists headed by A. Zihihi had insistedthat a detetor at HERA must be equipped with a magneti spetrometer lose to theoutgoing proton beam for tagging protons whih arise from di�rative sattering [15℄.For large negative mass squared �Q2 of the virtual photon (�), the photon has a smalltransverse extension of the order 1=pQ2; for example, at Q2 = 10 GeV2 the transversedimension of the photon is of the order of a few perent of the proton radius. Sine smallsales, in general, allow the use of perturbative methods, the data on �p sattering fromHERA an be used to study di�rative sattering in the framework of QCD perturbation1



theory.This artile reviews the results obtained on di�ration in high energy photon-proton anddeep-inelasti eletron-proton sattering by the experiments H1 and ZEUS at HERA,whih were in operation for physis between 1992 and 2007.In order to put the results on di�ration into perspetive the report starts with a briefreview of the experimental results for the proton struture funtion F2 and the total pand �p ross setion.2 Kinematis of inelasti eletron-proton satteringThe reation e(k) p(P ) ! e(k0) + anything; (1)see Fig. 1, is desribed in terms of the four momenta k; (k0) of the inident (sattered)lepton (e+ or e�) and proton (P ), with beam energies Ee and Ep, respetively. At �xedsquared entre-of-mass energy, s = (k+P )2 � 4EeEp, deep-inelasti sattering is desribedin terms of Q2 � �q2 = �(k � k0)2 and Bjorken-x = Q2=(2P � q). The frational energytransferred to the proton in its rest system is y � Q2=(sx). The entre-of-mass energy ofthe hadroni �nal state, W , is given by W 2 = (P + q)2 = m2p +Q2(1=x� 1) � Q2=x = ys,where mp is the mass of the proton.In di�ration, proeeding via �p! X +N; (2)see Fig. 2, where � = e � e0, a hadroni system X is produed. The inoming protonundergoes a small perturbation by the emission of a Pomeron, whih in lowest order QCDan be represented by a two-gluon system. The proton emerges either intat (N = p), oras a low-mass nuleoni state N with mass MN , in both ases arrying a large fration,xL, of the inoming proton momentum. Di�ration is desribed in terms of W , Q2, MX ,MN and of t, the four-momentum transfer squared between the inoming proton and theoutgoing system N; t = (P � N)2. Alternatively, di�ration is parametrised in terms ofxIP , the fration of the proton momentum arried by the pomeron, and �, the momentumfration of the struk quark within the pomeron:xIP = (P � P 0) � qP � q = M2X +Q2 � tW 2 +Q2 �M2p � M2X +Q2W 2 +Q2 (3)� = Q22(P � P 0) � q = xxIP = Q2M2X +Q2 � t � Q2M2X +Q2 : (4)2



3 The H1 and ZEUS detetorsFor the study of di�ration and of the total photon-proton ross setion at HERA it wasessential that the detetors of H1 [16,17℄ and ZEUS [18,19℄ overed the full solid angle (upto the beam pipe) with alorimetry. Figures 3 and 4 show side views of the two detetors.The H1 detetor had traking detetors around the interation region and a large liquidargon alorimeter equipped with lead plates as absorber for partile detetion. The ZEUSdetetor employed traking detetors and a large, almost hermeti alorimeter onsistingof Uranium plates interspaed with sintillator for signal olletion, whih provided equalresponse to eletrons, photons and hadrons of the same momentum.For a substantial fration of the data taken by ZEUS, the forward area lose to theoutgoing proton beam (pseudorapidities � = 4 � 5, where � = � ln tan(�)=2 and � isthe polar angle in radians) was instrumented with the Forward Plug Calorimeter (FPC),whih had been inserted in the Uranium-sintillator alorimeter leaving a hole of only3.15 m radius for the passage of the beams. The FPC was a lead sintillator sandwihalorimeter with 5.4 nulear absorption lengths that provided equal response to eletronsand hadrons of the same energy [20℄.Close to the diretion of the outgoing proton beam, at a distane of about 100m from theentral detetor, H1 and ZEUS were equipped with spetrometers and alorimeters (notshown) for the detetion of leading protons and neutrons.4 The struture funtion F2(x;Q2) of the protonThe di�erential ross setion for inlusive ep sattering,e(k)p(P ) ! e(k0) + anything; (5)mediated by virtual photon exhange, is given in terms of the struture funtions F2 andFL of the proton byd2�e+pdxdQ2 = 2��2xQ4 [Y F2(x;Q2)� y2FL(x;Q2)℄(1 + Ær(x;Q2)); (6)where Y = 1 + (1 � y)2. In general, the struture funtion F2 represents the mainomponent of the ross setion. In the deep-inelasti sattering (DIS) fatorisation sheme,F2 orresponds to the sum of the momentum densities of the quarks and antiquarksweighted by the squares of their eletri harges; FL is the longitudinal struture funtionand Ær is a term aounting for radiative orretions. The ontribution of FL to the rosssetion relative to that from F2 is given by (y2=Y ) � (FL=F2). For the determination of F23



by ZEUS [21,22℄, the FL ontribution was taken from the ZEUS NLO QCD �t [24℄. Theontribution of FL to the ross setion in the highest y (= lowest x) bin of this analysiswas 3.2%, dereasing to 1.3% for the next highest y bin. For the other bins, the FLontribution is below 1%. The resulting unertainties on F2 are below 1% [21,22℄.In the Q2 range onsidered here (Q2 � 500 GeV2), the ontributions from Z0 exhangeand Z0 -  interferene were estimated to be at most 0.4% [21, 22℄ and were ignored.The struture funtion F2 is shown in Fig. 5 as a funtion of x for �xed Q2. The resultsby H1 [23℄ and ZEUS [21,22℄ are presented together with the results from the �xed targetexperiments [25℄, E665 [26℄, NMC [27℄ and BCDMS [28℄. For Q2 between 0.11 and 0.65GeV2 and x < 0:01, the struture funtion F2 exhibits a modest rise as x! 0. At largervalues of Q2, starting from x = 0:7, F2 is rising with dereasing x, reahing a plateauaround x = 0:1. Below x � 0:1 � 0:01 and Q2 � 1:3 the HERA measurements show F2growing rapidly as x! 0; the growth aelerates as Q2 inreases from 1.3 to 320 GeV2.The most reent measurement of the longitudinal struture funtion FL at HERA, asprovided by H1 [29℄, is shown in Fig. 6. Within errors, FL = 0:2� 0:4 for the x;Q2 valuesmeasured.The leading order (LO) and next-to-leading order (NLO) QCD diagrams for deep-inelastieletron proton sattering are shown in Fig. 7. The QCD-asade whih develops at largeenergies is illustrated by Fig. 8. The solid urves in Fig. 5 show the ZEUS next-to-leadingorder QCD �t [24℄ to data from ZEUS and �xed target experiments. The dashed urveswere determined by a Regge �t to the low Q2 data from ZEUS [30℄.The HERA data for F2 an be represented in a ompat form:log10 F2(x;Q2) = 1 + 2 � log10 x+ 3 � (log10 x) � log10(Q2=Q20)+4 � (log10 x) � (log10(Q2=Q20))2 (6)where Q2 in units of GeV2. A �t to the HERA data for Q2 � 2:7 GeV2 with 389 datapoints yielded (1) = �0:735� 0:004, (2) = �0:098� 0:002, (3) = �0:158� 0:002, and(4) = 0:023� 0:001, with �2 = 368. The �t gives a good representation of the data, seeFig. 9.The F2 data will be presented below also in terms of the total ross setion for virtualphoton proton sattering. 4



5 The total ross setion for real and virtual photon-proton sattering5.1 Real photons, Q2 = 0The total photon-proton ross setion for real photons, �ptot(Q2 = 0), was measured byZEUS [19,31,32℄ and H1 [33,34℄ at several stages of the two experiments. The �nal resultsat the total photon proton enter-of-mass energy W areH1: W = 200 GeV: �ptot = 165� 2(stat:)� 11(syst:)�bZEUS: W = 209 GeV: �ptot = 174� 1(stat:)� 13(syst:)�bThe HERA measurements are presented in Fig. 10 together with the low-energy re-sults [35, 36℄. For Wp < 6 GeV, the total-photon proton ross setion exhibits a steepdesent - on a logarithmi sale - with Wp, followed by a rapid inrease to the valuesmeasured at HERA. The solid urve shows a �t of the data to the form [31℄�ptot = A �W Æp +B �W��pwith W in units of GeV, A = 57 � 5�b, B = 121 � 13�b, Æ = 0:200 � 0:024; � hadbeen �xed to the value 0:716� 0:030, found by [37,38℄. The dot-dashed urve shows a �twhih inludes a soft and a hard Pomeron trajetory [39℄.5.2 Virtual photons, Q2 > 0The total ross setion for virtual photon-proton sattering, �tot�p � �T (x;Q2)+�L(x;Q2),where T (L) stands for transverse (longitudinal) photons, was extrated from the mea-surement of F2 using the relation�tot�p = 4�2�Q2(1� x)F2(x;Q2); (7)whih is valid for 4m2px2 � Q2 [40℄. The total ross setion for virtual photons is shownin Fig. 11 as a funtion of W for �xed Q2 between zero and 320 GeV2. The lines show thepower �t presented above for the stuture funtion F2, see Eq. 6. The power Æ, deribingthe rise �tot�p / W Æ, is inreasing with Q2 from Æ = 0:2 at Q2 = 0 to Æ � 0:8 at Q2 = 320GeV2; the latter value of Æ implies an almost linear rise with W . Suh a rise with Whas not been seen in hadron-hadron interations. The NLO QCD �t presented above forF2(x;Q2) gives also a good desription of �tot�p.5



6 Di�rationFirst evidene for a substantial ontribution from di�ration in deep-inelasti satteringwas reported by ZEUS [11℄, observing events in whih no energy is deposited lose to thediretion of the proton beam, i.e. at large angle �, see Fig. 12. Desribed in terms ofpseudorapidity �, where � = �ln(tan�=2); (8)nondi�rative events show uniform partile prodution in �, see Fig. 13(a), while di�ra-tive events exhibit a sizeable gap between the pseudorapidity of the smallest alorimeterangle (� = 1:50, � = 4:3) and the pseudorapidity of the hadron(s) observed losest to theproton diretion, see Fig. 13(b): in di�rative sattering partile emission is onentratedaround the diretions of the inoming photon and proton.Figure 14 illustrates the di�erent topologies of nondi�rative events (bottom) and di�ra-tive events (top), as registered in the ZEUS detetor.Figure 15 shows the distribution of the maximum rapidity (�max) observed in the alorime-ter for events from deep-inelasti sattering with Q2 > 10 GeV2. There is a large exessof events at �max < 2 ompared to the expetation from nondi�rative deep-inelastisattering (shaded histogram).Di�erent methods have been employed by H1 and ZEUS for isolating di�rative ontribu-tions. In the ase of vetormeson prodution, �p! V N , resonane signals in the deaymass spetrum ombined with the absene of other substantial ativity in the detetorhave been used. The ontribution from inlusive di�ration has been extrated using thepresene of a large rapidity gap, the detetion of the leading proton or the hadroni massspetrum observed in the entral detetor (MX method [41, 42℄). Event samples seletedon the basis of a large rapidity gap or a leading proton may inlude additional ontri-butions from Reggeon exhange. Suh ontributions are exponentially suppressed whenusing the MX method.7 Deeply virtual Compton satteringIn deeply virtual Compton sattering, DVCS, the inoming eletron emits a virtual photonwith mass squared �Q2, whih in turn satters on the proton and is emitted as a realphoton: ep! e0 + � + p! e0 +  + p: (9)6



This proess an be regarded as the (quasi) elasti sattering of a virtual photon o� theproton, viz. � + p !  + p. Figure 16 shows the diagram for DVCS together with thediagrams for the Bethe-Heitler ontribution, whih is purely eletromagneti and leads tothe same �nal state.Measurements of DVCS at HERA were reported by H1 [43, 44℄ and ZEUS [45, 46℄. Theombined data presented in Fig. 17 show that for �xed W = 82 GeV the DVCS rosssetion, �DV CS, falls rapidly with inreasing Q2, while for �xed Q2 the ross setion isrising proportional to W . For �xed Q2 and W , �DV CS is falling exponentially with jtj, thefour-momentum transfer squared between inoming and outgoing proton: d�=dt / e�bjtj(see Fig. 18). A �t to the H1 data at average values of Q2 = 8 GeV2 and W = 82 GeV,yielded b = 6:02� 0:35(stat:)� 0:39(syst:) GeV�2. The slope b is shown below (Fig. 26)as a funtion of (Q2 +M2V ) (where M2V = 0 for DVCS) together with the b-values for theprodution of vetormesons with mass MV : within errors, the b values from DVCS andfrom the prodution of vetormesons lie on a universal urve. The H1 data show that theDVCS ross setion sales as a funtion of � = Q2=Q2s(x) where Qs(x) = Q0(x0=x)��=2with Q0 = 1 GeV, � = 0:25 and x0 = 2:7 � 10�5, see Fig. 19.The Q2 dependene of the DVCS ross setion for �xed W , as well as its W dependenefor �xed Q2, have been ompared with QCD alulations by [47℄ whih assume that thevirtual photon utuates into a qq system whih in turn interats with the target proton.The observed inrease of the DVCS ross setion with W at �xed Q2 is due to the inreaseof the gluon ontent of the proton with dereasing Bjorken-x. The QCD alulations arebased on twist-2 generalised parton distributions (GPDs) whih have been extrated fromexperimental data. Comparison with the H1 and ZEUS data shows that leading orderparton distributions (MRST2001 [48℄) lead to a good desription of the data, see Fig. 17:here the alulated DVCS ross setion (urves) is ompared with the HERA data for�xed W = 82 GeV as a funtion of Q2, and for �xed Q2 = 8 GeV2 as a funtion of W .8 Prodution of vetormesons by real and virtualphotons8.1 �0 prodution8.1.1 p! �0pFirst results from HERA on �0 prodution by real photons, p! �0p, were presented inRefs. [32, 49℄. The seond analysis is based on 6000 events of the type ep ! ep�+�� atan average energy W = 70 GeV, obtained with an integrated luminosity of 0:55 pb�1.7



The �nal state eletron and proton were not deteted. Figure 20(top) shows the �+��mass spetrum in terms of the di�erential ross setion d�=dM�� for events with four-momentum transfer squared between inoming photon an proton, jtj < 0:5 GeV2. Themass spetrum is skewed ompared to a Breit-Wigner distribution whih an be under-stood in terms of the interferene between the resonant �+�� prodution and a non-resonant (p! �+��p) Drell-type bakground [50℄, as explained by S�oding [51℄.The W dependene of the �0 ross setion is shown in Fig. 20(bottom) whih inludesmeasurements from �xed-target experiments [52{57℄. The ZEUS data indiate a substan-tial rise of �p!�0p for W > 60 GeV. The di�erential ross setion, d�=djtj - see Fig. 21(top) - is proportional to e�bjtj with b = 10:4� 0:6(stat:)� 1:1(syst:) GeV�2 for jtj < 0:15GeV�2. In a measurement of �0 prodution by ZEUS, where the four-momentum of thesattered proton was determined diretly, within errors the same value was obtained, viz.b = 9:8� 0:8(stat:)� 1:1(syst:) GeV�2 [58℄. A similar behaviour of d�=djtj was observedby H1 [59℄ where b = 10:9� 2:4(stat:)� 1:1(syst:) GeV�2 was obtained. The value of theslope b is omparable to what is found for elasti �p sattering.The deay angular distribution of the �0 mesons has been used to determine the orientationof the �0 spin [60,61℄. The exlusive eletroprodution of �0 mesons and their deay into�+�� is desribed by three angles: �h - the angle between the �0 prodution plane andthe eletron sattering plane in the �p .m. system, and �h; �h - the polar and azimuthalangles of the �+ w.r.t. the proton diretion, all determined in the �0 rest system. The �0deay angular distribution, W (os�h; �h;�h), an be parametrised by the �0 spin-densitymatrix elements, ��i;k, with i,k = -1,0,1, and � = 0; 1; :; 6. The �0 s-hannel heliity deayangular distribution w.r.t. �h and �h an be written as follows:1N dNdos�h = 34[1� r0400 + (3r0400 � 1) � os2�h℄ (10)1N dNd�h = 12� [1� 2r041�1os2�h℄ (11)where the density matrix element r0400 represents the probability that the �0 is produedlongitudinally polarised.The distributions of os�h and �h for �0 prodution by real photons [49℄ are shown inFig. 21. The dominant ontribution is proportional to sin2�h whih shows that the �0mesons are mostly transversely polarised, as veri�ed by the small value of r0400 = 0:055�0:028. The �h distribution is onstant, yielding a value of r041�1 = 0:008�0:014. The valuesof r0400 and r041�1 are ompatible with zero as expeted for s-hannel heliity onservation(SCHC): the �0 in the �nal state has the same heliity as the photon in the initial state.8



8.1.2 �p! �0pThe �rst observation at HERA of �0 prodution by virtual photons, �p ! �0p (seeFig. 22) leading to the �nal state �+��p [62℄, is shown in Fig. 23. The M�+�� massspetrum is ompletely dominated by the prodution of � mesons. The ross setion for�p ! �0p shows a fast derease with Q2, viz. �(�p ! �0p) / Q�4:2�0:8+1:4�0:5 . For �xedQ2 > 8 GeV2, the ross setion rises by about a fator of �ve from W = 12 GeV toW = 60 GeV.The distribution of the polar angle for the deay �0 ! �+�� is shown in Fig. 23.The dominant os2�-type distribution shows that the �-mesons are mostly longitudinallyaligned. Further results on (�)p! �0p from HERA were reported in Refs. [64,65,101℄.A �rst preise measurement of the heliity amplitudes for �p ! �0p at HERA wasprovided by H1 [66℄. It showed that the heliity is onserved in the s-hannel exeptfor a small but nonzero heliity ip amplitude at the level of 8 � 3% of the nonipamplitudes. This is evidene for a (small) ontribution of longitudinal �0 mesons produedby transverse photons. The �nding was orroborated by results from ZEUS [67℄. Foromparison, in a �xed target experiment at low W = 1:7�2:8 GeV and low Q2 = 0:3�1:4GeV2, the ratio of single ip to nonip amplitudes had been found to be of order 15-20% [68℄.An extended study of �p ! �0p was presented by ZEUS [69℄, based on an integratedluminosity of 120 pb�1. The �+�� mass distribution (Fig. 24) is dominated by �0 pro-dution1. The ross setion for �p! �0p, as measured by H1 and ZEUS, is presented inFig. 25 as a funtion of W for Q2 values between 2 and 19.5 GeV2. For �xed W , ��p!�0pis falling rapidly with Q2. For �xed Q2, the ross setion rises with W . A parametrisa-tion of the form ��p!�0p / W Æ yielded the Æ values shown in Fig. 26 as a funtion of(Q2 +M2V ): the power Æ rises from around 0:15 at Q2 � 0 to about 0:8 at (Q2 +M2V ) = 30GeV2.The Q2 dependene of �(�p ! �0p) is shown in detail [69℄ in Fig. 27 for W = 90 GeV.There is an almost exponential derease from � � 700 nb at Q2 = 2 GeV2 to 0:04 nb atQ2 = 100 GeV2. The measurements were ompared with several models whih are basedon the dipole representation of the virtual photon: the photon utuates into a qq pair -the olour dipole - whih in turn interats with the gluon loud of the proton to produethe �0, see e.g. [70℄. For Q2 > 1 GeV2, the alulations of [71℄ (KMW) and [72℄ (DF) givea good desription of the data while those of FSS [73℄ are somewhat low for Q2 above 10GeV2.1 The skewing of the mass distribution is explained by the S�oding model, see above. The exess of eventsobserved at masses below 0.65 GeV is due to bakground from ! ! �+���0, where the �0 was notdeteted, and from �! K+K�, where the K 0s were misidenti�ed as �0s.9



As a funtion of jtj, the di�erential ross setion d�=djtj at W = 90 GeV is fallingexponentially, d�=djtj / e�bjtj [69℄, see Fig. 28. The dependene of b on (Q2 +M2V ), whereMV is the mass of the vetormeson, is shown in Fig. 29. For (Q2 +M2V ) � 1 GeV2, b is ofthe order of 10� 12 GeV�2, similar to what has been measured for elasti pp satteringat W = 31 � 62 GeV, viz. b � 11 GeV�2 [74℄. At larger values of (Q2 + M2V ) the slopeb dereases rapidly approahing a onstant value of b � 5 GeV�2 for (Q2 + M2V ) > 10GeV�2. In an optial model, b is proportional to the sum of the radii squared of thevirtual photon and the proton, b = [(R�)2 + (Rp)2℄=4. As Q2 inreases, the transverseextension of the virtual photon expeted to be proportional to 1=Q, goes to zero, suhthat b! (Rp)2=4.The W dependene of d�=djtj at �xed values of jtj was used to determine the parametersof the Pomeron trajetory, �IP = �IP (0) + �0IP � jtj, with the following result [69℄:< Q2 >= 3 GeV2:�IP (0) = 1:113� 0:010(stat)+0:009�0:012(syst), �0IP = 0:185� 0:042(stat)+0:022�0:057(syst) GeV�2< Q2 >= 10 GeV2:�IP (0) = 1:152� 0:011(stat)+0:006�0:008(syst), �0IP = 0:114� 0:043(stat)+0:026�0:024(syst) GeV�2The data suggest a small inrease of �IP (0) with inreasing Q2.Figure 30 summarises the measurements of r0400 for �0, � and J=	 prodution as a funtionof Q2=M2V . The same behaviour is observed for all three vetormeson speies: r0400 risessharply from zero at Q2 = 0 to a value of 0:7 � 0:8 for Q2 > 5 GeV2. This showsthat at large Q2 the vetormesons are predominantly longitudinally polarised. Under theassumption of SCHC their prodution is dominated by longitudinal photons.The ratio R = �L=�T for �p! �0p is shown in Fig. 31: R rises rapidly with Q2, reahingunity at Q2 � 2 GeV2 and values around 4 at Q2 = 20 GeV2: for Q2 > 2 GeV2 thedominant ontribution to �p ! �0p omes from longitudinal photons. The ratio of theontribution from longitudinal photons to the total ross setion for �0 prodution - asgiven by the density matrix element r0400 (see Fig. 32) - illustrates the preponderane oflongitudinal photon ontributions at large Q2. The measurements are well desribed bythe models of [73℄ and [75℄, whih are based on two-gluon exhange.The omplete set of densitiy matrix elements ��ik for �p ! �0p is shown in Fig.33 asa funtion of Q2. A strong dependene on Q2 is observed for r0400, r11�1, Imr21�1 and r500.Under the assumption of SCHC, the dependene on Q2 is driven by the dependene ofR = �L=�T on Q2, i.e. by the rapid inrease of the ontribution from longitudinal relativeto that from transverse photons. 10



8.2 ! produtionThe data on ! prodution at HERA are santy, due mainly to the diÆulty in reon-struting the �0 of the �nal state p ! !p ! p�+���0. Two measurements have beenpublished, one on ! prodution by real photons [76℄, based on an integrated luminos-ity of 0.89pb�1, and one on ! prodution by virtual photons [77℄ (integrated luminosity37.7pb�1).8.2.1 p! !pThe  and �+���0 mass spetra, measured at Q2 = 0;W = 70 � 90 GeV (Fig. 34),show lear signals for �0 (Fig. 34a), ! and � prodution (Fig. 34b) [76℄. The ross setion�(p! !p) is presented in Fig. 35 as a funtion ofW together with measurements by �xedtarget experiments from [52, 53, 56, 57, 78{85℄. It is large at low .m. energies, W < 2GeV, due to the ontribution from one-pion exhange whih dereases approximatelyproportional to 1=(W 2�m2p)2. For W > 6 GeV the ross setion is approximately onstantas a funtion ofW , as expeted for di�rative prodution. The ZEUS measurement yielded�(p! !p) = 1:21� 0:12(stat:)� 0:23(syst:)�b at W = 80 GeV.The distributions of the polar and azimuthal deay angles of the ! in the heliity systemare shown in Fig. 36. They are of the form dN=dos�h / 1�os2�h and dN=d�h = onstantand yield for W � 80 GeV: r0400 = 0:11 � 0:08(stat) � 0:26(syst) and r041�1 = �0:04 �0:08(stat)� 0:12(syst). These values are ompatible with those measured for p ! �0p,see above, and are in agreement with s-hannel heliity onservation SCHC [76℄.8.2.2 �p! !pThe prodution of ! mesons by virtual photons was studied [77℄ for the kinemati region:3 < Q2 < 20 GeV2, 40 < W < 120 GeV and jtj < 0:6 GeV2. Only events with0:3 < M�+�� < 0:6 GeV were kept. The results are presented in Fig. 37. The �+���0mass spetrum shows lear signals for the prodution of ! and � mesons. The rosssetion for �p! !p at Q2 = 7 GeV2 is a fator of about 10 smaller than for �p! �0pand shows, for �xed W = 70 GeV, a rapid derease with Q2, similar to the Q2-behaviourof �(�p! �0p).8.3 � produtionFirst observations of � prodution by real and virtual photons were reported by ZEUS [86,87℄ for integrated luminosities of 0.9 and 2.6 pb�1, respetively.11



8.3.1 p! �pThe reation p! K+K�p measured at a .m. energy W = 70 GeV [86℄ exhibits a lean� signal in the MK+K� mass spetrum (Fig. 38). The omparison with results at lowerenergy shows that the ross setion �(p ! �p) is rising with W . The di�erential rosssetion, d�=djtj, is falling exponentially with jtj. The distributions of the � meson deayangles �h and �h measured in the heliity system are shown in Fig. 38 (bottom). Theyyield r0400 = �0:01� 0:04 and r041�1 = 0:03� 0:05. These values are onsistent with SCHC,and agree with those measured for p! �0p and p! !p, see above.8.4 �p! �pFirst results from HERA on � prodution by virtual photons, �p ! �p, have beenpublished by ZEUS [87℄, based on an integrated luminosity of 2.6 pb�1. The K+K�mass spetrum (Fig. 39) shows the �-signal. The distribution of the deay angle �h isapproximately proportional to os2 �h - indiating predominant prodution of longitudinal�'s, in ontrast to � prodution by real photons, see Fig. 38.Further results on � prodution were presented by H1 [88℄ (integrated luminosity L = 3.1pb�1) and ZEUS [89,90℄ (L = 45 and 119 pb�1, respetively). Figure 40 shows the resultsfrom ZEUS: the K+K� mass spetrum is ompletely dominated by � prodution. Theross setion for �p ! �p at Q2 = 2:4; 6:5 and 13:0 GeV2 (Fig. 40a) shows a moderaterise with W . The dependene on (Q2 + M2�) is shown in Fig. 40b for W = 75 GeV,separately for the ontributions from longitudinal (L) and transverse photons (T). At(Q2 +M2�) = 3 GeV2, �T and �L are approximately equal; for larger values of (Q2 +M2�),�T falls o� more rapidly than �L. At (Q2 +M2�) � 45 GeV2 �L is larger than �T by abouta fator of 10.The jtj - dependene of � prodution is displayed in Fig. 41(top) for di�erent values ofQ2. The data yield d�=djtj / e�bjtj, with b � 5:5 GeV�2 for (Q2 + M2�) > 5 GeV2, seeFig. 29.The distribution of the � polar deay angle in the heliity system, os �h, is displayedin Fig. 41 (bottom): it is of the form dN=d os �h / a + os2 �, where a tends to zeroas Q2 inreases from 2.4 to 19.7 GeV2. This implies that at large Q2, the � mesonsare predominantly longitudinally polarised - as has been observed for �0 prodution (seeabove). Under the assumption of SCHC, � prodution at Q2 � 2:4 GeV2 proeedspredominantly by longitudinal-photon proton sattering.12



8.5 J=	 prodution8.5.1 p! J=	pFirst evidene at HERA for J=	 prodution by p sattering was obtained by H1 [91℄from the analysis of events with two leptons in the �nal state (40 e+e� and 48 �+��events, respetively). The l+l� mass spetrum (Fig. 42) shows a peak at the mass of theJ=	. The ross setion for p! J=	p measured by H1 for Q2 < 4 GeV2, 30 < Wp < 180GeV, indiates a substantial rise with W ompared to the �xed target measurements atlower energies [92{98℄, and an exponential derease with the J=	 transverse momentumsquared p2T , see Fig. 43.The e+e� and �+�� mass distributions obtained in photoprodution by ZEUS [99℄ areshown in Figs. 44, 45; they are based on integrated luminosities of 55.2 pb�1 and 38.0pb�1, providing about 11000 and 6500 J=	 events, respetively. For W values between35 and 260 GeV, J=	 prodution is observed with little bakground.The W dependene of the ross setion �(p ! J=	p) as obtained by ZEUS [99℄ andH1 [100℄ is shown in Fig. 46. There is exellent agreement between the two measurements.The J=	p ross setion is rising proportional to W Æ, where Æ = 0:75 � 0:03(stat:) �0:03(syst:), as determined by H1.The jtj dependene of the ross setion as measured by ZEUS [99℄ is shown in Fig. 47 forseveral bins in W between 50 and 290 GeV: d�=djtj is of the form  � e�bjtj. The slope b isrising with W , as shown by Fig. 47. A �t of the data [99℄ to the formb(W ) = b0 + 4 � �0IP � ln(W=(90GeV)); (12)where �0IP is the slope of the Regge trajetory of the Pomeron, yielded b0 = 4:15 �0:05(stat:)+0:30�0:18(syst:)GeV�2 and �0IP = 0:116 � 0:026(stat:)+0:010�0:025(syst:)GeV�2 , see thestraight line. The e�etive Pomeron trajetory dedued by H1 [100℄ from the H1 andZEUS data is shown in Fig. 48 as a funtion of jtj.For Q2 = 0:05 GeV2:�IP = [1:224� 0:010(stat:)� 0:012(syst:)℄� [0:164� 0:028(stat:)� 0:030(syst:)℄ � jtjand for Q2 = 8:9 GeV2:�IP = [1:183� 0:054(stat:)� 0:030(syst:)℄� [0:019� 0:139(stat:)� 0:076(syst:)℄ � jtj.The J=	 polar and azimuthal angular distributions for the l+l� deay (l = � or e) inthe heliity system are shown in Fig. 49 as measured by ZEUS [99℄. They yield r0400 =�0:017� 0:015(stat:)� 0:009(syst:) and r041�1 = 0:027� 0:013(stat:)� 0:005(syst:). If theJ=	 retains the heliity of the photon (SCHC) then r0400 and r041�1 should both be zero:the data show that both matrix elements are small.13



8.5.2 �p! J=	pThe �rst signal for J=	 prodution in deep-inelasti sattering was reported by H1 [64℄:Fig. 50 shows the lepton-lepton mass distribution, the di�erential ross setion d�=djtjand the ross setion as a funtion of W . The ross setions at Q2 = 10(20) GeV2 are afator of about 4(10) below the measurements at Q2 = 0.Further results were reported by ZEUS [101,102℄ and H1 [100,103℄. The �nal results stemfrom about 1200 (ZEUS) and 600 (H1) J=	p events with Q2 > 2 GeV2, see Figs. 51, 52.The W dependene of the ross setion �(�p ! J=	) is shown in Fig. 53 for Q2 valuesbetween 3.2 and 22.4 GeV2. The parametrisation �(�p ! J=	p) / W Æ yields the Ævalues shown as a funtion of Q2 in Fig. 53(bottom); within errors, Æ � 0:7.The di�erential ross setion d�(�p ! J=	p)=djtj (Fig. 54a-d) is proportional to e�bjtj,where b = 4:72�0:15�0:12 GeV�2 (Fig. 54a) independent of Q2, as shown by Fig. 54(e).The measured b-value of 4.7 GeV�2 orresponds to the size of the radius of the protonalone. Hene, the radius of the virtual photon must be small.The deay J=	 ! l+l� was studied in terms of the deay angles �h and  h = �h � �h,where �h and �h are the polar and azimuthal angles of the positively harged deaylepton, and �h is the angle between the J=	 prodution plane and the lepton satteringplane. The distributions of os �h and of  h are shown in Figs. 55a-f for Q2 between2 and 100 GeV2. The full set of r�ik is shown in Fig. 56 as a funtion of Q2 (left) andjtj (right). The element r041�1 and the ombinations r500 + 2r511 and r100 + 2r111 are zero,within errors, in agreement with SCHC. Assuming SCHC, the ratio of the longitudinal totransverse ross setions, R = �L=�T , was determined from r0400: R = 1� r04001�r0400 , where � isthe polarisation parameter. The ratio R is shown in Fig 55(g): it is rising proportionalto Q2: R = � � (Q2=M2J=	) with � = 0:52 � 0:16. For Q2 = 20 GeV2, �L and �T areapproximately equal.8.5.3 p! 	(2S)pThe prodution of 	(2S) in p ollisions was reported by H1 [104, 105℄. In the �rstanalysis, based on an integrated luminosity of 6.3 pb�1, the 	(2S) was identi�ed by thedeays 	(2S) ! l+l�, l = e; �, and 	(2S) ! J=	�+��, J=	 ! l+l�, see Fig. 57. Atotal of 60 	(2S) events were observed. In the seond analysis, performed with 77 pb�1,about 300 	(2S) ould be isolated (Fig. 58). Figure 59 shows the ross setion ratioR = �(	(2S))=�(J=	). When R is assumed to be independent of Wp, the data yieldR = �(	(2S))=�(J=	) = 0:166� 0:007(stat:)� 0:008(syst:)� 0:007(BR),14



where the last error aounts for the unertainty of the 	(2S) ! J=	 branhing ra-tio. The dashed and dashed-dotted lines show the preditions of [106℄, [107℄: in thesemodels the photon utuates into a  olour dipole whih interats with the proton viathe exhange of two gluons. The di�erent wave funtions of J=	 and 	0 are taken intoaount. The model of Nemhik et al. [106℄ reprodues the data somewhat better.8.5.4 p! �pThe �rst observation of the reation p ! �p was reported by ZEUS [108℄, see Fig. 60.Based on an integrated luminosity of 43.2 pb�1, a total of 57 events were observed inthe mass range 8.9 - 10.9 GeV of whih 17 events were estimated to ome from � pro-dution(assuming that the relative prodution ross setions for the �(nS) states are thesame as those measured in pp ollisions by CDF [109℄). The ross setion derived for amean W = 120 GeV is �p!�p = 375� 170(stat:)+75�64(syst:) pb; (13)and the ratio �p!�(1S)p=�p!J=	p = [(4:8� 2:2(stat:)+0:7�0:6(syst:)℄� 10�3: (14)A further measurement of � photoprodution was presented by H1 [110℄. Based on anintegrated luminosity of 27.5 pb�1, a total of 12:2 � 6:3 signal events were deteted,see Fig. 61(a). The ross setion �p!�(1S)p as measured by ZEUS and H1 is shown inFig. 61(b): it is of the order of 0.3 - 0.6 nb for W = 120� 150 GeV.8.6 The W dependene of the photoprodution of vetormesonsThe ross setions for photoprodution of vetormesons, p! V 0p, are shown in Fig. 62as a funtion of W together with the total p ross setion [111℄. The parametrisationof the ross setions by the form � / W Æ gives the Æ-values indiated: for the total rosssetion Æ = 0:16; for vetormeson prodution Æ inreases with the mass of the vetormesonfrom Æ = 0:22 (�0) to Æ = 0:8 (J= ) and Æ � 1:6 (�).8.6.1 Estimate of ross setions for elasti vetormeson protonsatteringAssuming Vetor Meson Dominane (VDM), the ross setions measured for photopro-dution of vetormesons, p! V 0p, an be used to estimate the ross setions for elasti15



sattering of transverse vetormesons on protons, V 0T p! V 0T p:�(V 0T p! V 0T p) = 4� 2V4� � �(p! V 0T p); (15)where 2V4� = �2MV12�V ee = 0:489; 5:8; 3:56; 2:48 for V = �; !; �; J=	, respetively [118℄. Theresulting ross setions for W = 70� 80 GeV are�(�0T p! �0Tp) = 4:0� 0:5 mb (16)�(!Tp! !Tp) = 3:8� 1:0 mb (17)�(�Tp! �Tp) = 1:9� 0:6 mb (18)�(J=	Tp! J=	Tp) = 0:8� 0:1 mb: (19)The elasti �0Tp and !Tp ross setions are of the same magnitude as the ross setionsmeasured for elasti �+p and ��p sattering - albeit at a somewhat lower energy ofW � 26GeV: �(��p! ��p) = 3:6 mb and �(�+p! �+p) = 3:3 mb [119℄.8.7 The Q2 and t-dependenes of vetormeson produtionFigure 63 shows the ross setions for �p ! V p at W = 75 GeV, as a funtion of(Q2 + M2V ), where V = �0; !; �; J=	;� [88℄. The ross setions lie on a universal urveand are falling by four orders of magnitude from (Q2 + M2V ) = 1 to (Q2 + M2V ) = 100GeV2. The urve shown has the form � = a1(Q2 +M2V + a2)a3 , with a1 = 10689� 165 nb,a2 = 0:42� 0:09 GeV2 and a3 = �2:37� 0:10 [88℄.The ross setions for V = �0; �; J=	 are ompared in Fig. 64 with the preditions of thebSat and gGGC models [112℄ 2, as provided by [114℄. A good desription of the data isobtained.The slope b haraterising the jtj dependene of photon and vetormeson prodution,d�=djtj / e�bjtj, is shown in Fig. 65 as a funtion of (Q2 +M2V ), where MV = 0 for DVCS,and equal to the mass of the vetormeson produed, otherwise [46℄. Within errors, allslope values lie on a universal urve. For (Q2 + M2V ) � 5 GeV2, b reahes a onstantvalue of about 5 GeV�2. As remarked before, this value of b orresponds to an interationradius of R = p4b = 0:9 � 10�13m, onsistent with the radius of the proton: in reations2 These models are based on the soalled olor glass onept [113℄: the hadrons partiipating in thesattering proess behave as a new form of matter (olor glass ondensate) whih is made of small-x gluons. These gluons arry small frations x << 1 of the total momentum and are reated byslowly moving olor soures - i.e. partons at large x - like for a glass where, on short time sales, theonstituents appear to be frozen. 16



of the type �p ! V p, the transverse extension of the virtual photon beomes negligiblewhen Q2 � 5 GeV2.The di�erential ross setions d�=djtj for �p! V p are shown in Fig. 66 as a funtion ofjtj, where V = �0; J=	 (W = 90 GeV) and V = � (W = 75 GeV); Q2 is �xed with valuesbetween 2.4 and 19.7 GeV2. The jtj-dependenes of the three reations are onsistentwith an exponential fall-o�, d�=djtj / e�bjtj.The relative size of these ross setions at large Q2 an be understood by assuming thatthe virtual - predominantly longitudinal - photon ouples to a vetormeson V , whihsatters elastially on the proton, see Fig 67. The ross setion for �Lp ! VLp is givenby: �(�Lp! V 0Lp) = �4 � 12V =4� � M4V(Q2 +M2V )2 � Q2M2V �(V 0Lp! V 0Lp): (20)From Fig. 66 one �nds for jtj = 0.5 GeV2:d�(�Lp! �Lp;W = 75; Q2 = 19:7)=djtjd�(�0Lp! �0Lp;W = 90; Q2 = 19:7)=djtj = 1:03� 0:05 (21)d�(J=	Lp! J=	Lp;W = 90; Q2 = 19:7)=djtjd�(�0Lp! �0Lp;W = 90; Q2 = 19:7)=djtj = 0:59� 0:15 (22)Both ratios are about a fator of two larger than those obtained with transverse photonsat Q2 = 0, see above.8.8 �p! D��(2010)Xp and �p! �pThe ontribution from di�rative prodution of � pairs (see diagrams in Fig. 68) wasdetermined by ZEUS [120℄, studying the reation �p! D�(2010)Xp with an integratedluminosity of 81.8 pb�1. Events with a D�+(�) ! D0�+(�) deay were isolated by makinguse of the small mass di�erene between D� and D0, see Fig. 69. For Q2 > 1 GeV2, intotal 253� 21 events with an identi�ed D� meson were obtained.The di�erential ross setions for �p! D��(2010)Xp as funtion of � = Q2=(Q2 +M2X),Q2 and W , are shown in Fig. 70. The ratio of di�ratively produed D�� mesons toinlusive D�� prodution is of the order of 0.05 to 0.1, see Fig. 71. The harm ontributionto the di�rative struture funtion of the proton, xIPFD(3);�(�;Q2; xIP ), is presented inFigs. 72, 73 as a funtion of log(�) for Q2 = 4 and 25 GeV2 and xIP = 0:004; 0:02: thestruture funtion rises rapidly as � dereases. The ACTW alulation [121℄ with thegluon-dominated �t B reprodues the data.17



A similar measurement was performed by H1 [122℄. Based on an integrated luminosity of47 pb�1, 70� 13 (124� 15) events with D�(2010) prodution were deteted at Q2 < 0:01GeV2 (Q2 > 2 GeV2). Figure 73 shows for Q2 = 35 GeV2 the ombined results from H1and ZEUS for xIP ��D = xIPFD(3);�2 : within the limited statistis there is agreement betweenthe two data sets. The fration f D of the total di�rative ross setion ontributed bythe prodution of harm quarks is shown in Fig. 74 as a funtion of � for Q2 = 35 GeV2,xIP = 0:004 and 0:018. For � around 0.03 - 0.1, f D is of the order of 20-30%.9 Jet prodution by p and �p di�rative satteringThe study of jet prodution by virtual-photon proton sattering led ZEUS to the obser-vation of events with a large rapidity gap between the jet - or system of jets - and thediretion of the outgoing proton [123℄. With an integrated luminosity of 0.55 pb�1 a totalof 39000 events were olleted for Q2 > 10 GeV2. A fration of these events showed alarge gap between the diretion of the outgoing proton and the diretion of partile(s)emitted losest to the outgoing proton. The size of the gap was quanti�ed by the variable�max = �ln tan �min=2, where �min is the polar angle of the most forward going partilemeasured w.r.t the proton beam diretion. Figure 75 shows two events with a large ra-pidity gap in � � � spae (� = azimuthal angle), (a) with one jet and (b) with two jets(b). In both events there is a large spae in � (a) or � (b) without energy deposition.The distribution of the total hadroni transverse energy, E�T , as determined in the �p.m. system, is shown in Fig. 76 for events with 0,1,2 or 3 jets and a large rapidity gap.A fration of these events have one (� 15%) or two jets (� 0:3%). For E�T > 7 GeV, thedominant prodution mehanism is jet prodution. In the ase of two-jet prodution thetwo jets are bak-to-bak in the �p system (not shown).9.1 p! two jets + NAn early observation of photo-produed events with a large rapidity gap and two bak-to-bak jets was reported by H1 [124℄, see Fig. 77. An analysis by ZEUS [125℄ indiatedthat between 30% and 80% of the Pomeron momentum arried by partons is due to hardgluons. Photoprodution of two or more jets with jet-transverse energies above 6 GeVwas studied by ZEUS [126℄. For a fration of events with two jets, the jets are separatedby a large rapidity gap �� of up to four units, with little hadroni energy in between thejets. The fration of suh events dereases exponentially with �� up to �� � 3 whereit reahes a onstant value of about 0.08, see Fig. 78. The exess of events above theexponential fall-o� gave evidene for hard di�rative sattering in photoprodution.18



Further measurements on di�rative photoprodution of two jets have been reported byZEUS [127, 128℄ and H1 [129{131℄. Figure 79 shows leading-order digrams for diret andresolved di�rative photoprodution,e + p! e0 +X + p0: (23)The proess is desribed in terms of the four-momenta e; e0 of the inoming and satteredeletron, the inoming and sattered proton p; p0, and the outgoing system X. De�ningthe four-momentum of the virtual photon, q = e�e0, and the square of the photon-proton.m. energy, W 2 = (p+q)2, the fration of the energy of the inoming eletron transferredto the proton is given by y = p�qp�e � W 22p�e . Under the assumption that the virtual photoninterats with the Pomeron (IP ) and produes a hadroni system X of mass MX , thefration of the proton momentum arried by the Pomeron is xIP = (p�p0)�qp�q . The partonsfrom the resolved photon and the di�rative exhange have frational momenta x = (p�u)(p�q)(where u is the four-momentum of the parton in the resolved photon) and zIP = v�q(p�p0)�q(where v is the four-momentum of the parton in the di�rative exhange). The variablesx and zIP are approximately given by the energies and pseudorapidities of the two jetswith the highest transverse energies Ejet1;2T in the laboratory system:xobs = Pjet1;2EjetT e��jet2yEe ; zobsIP = Pjet1;2EjetT e�jet2xIPEp (24)The di�erential ross setions as measured by ZEUS [128℄ are shown in Figs. 80, 81together with NLO QCD preditions [132℄: they reprodue the data to within a fator ofabout 1.5.9.2 �p! two jets+ N and three jets + NA �rst in-depth analysis of deep-inelasti sattering leading to the prodution of two jetsombined with a large rapidity gap has been presented by ZEUS [133℄ for 160 < W < 250GeV, 5 < Q2 < 185 GeV2 and �max � 1:8. For this event sample the value of xIPis below 0.01; thus, dominane by Pomeron exhange an be expeted. The observedmultihadron �nal state X of mass MX is studied in its rest system whih is interpretedas the �-Pomeron rest system. As shown by Fig. 82, the system X is ollimated aroundthe diretion of the virtual photon. The observed features are lose to those observedin e+e� annihilation at a total .m. energy ps � MX [134, 135℄. The solid and dottedhistograms show the omparison with the VBLY model [136℄ whih is based on QCD. Inthis model, the Pomeron is assumed to have a pointlike oupling to qq, and an additional19



gluon may be radiated. The predition for qq alone agrees with the data for os �S < 0:7,but is too low for os �S > 0:8, while the predition for qq plus qqg agrees with the dataat os �S > 0:8 and overshoots the data when os �S < 0:7. RAPGAP [137℄, whih alsoonsiders the sum of the ontributions from qq plus qqg, gives a fair representation of thedata for the full os �S range.The importane of multi-jet prodution by di�ration is also illustrated by Fig. 83 [138℄whih shows the fration of events with �max < 3 and two or more jets, as a funtionof the jet resolution parameter yut. For yut � 0:02, the dominant ontributions are ofthe two- and three-jet type. QCD diagrams leading to two- and three-jet on�gurationsby di�rative proesses are shown in Fig. 84. The urves in Fig. 83 show preditions ofseveral models: the Monte Carlo generator SATRAP [139℄ ombined with higher orderQCD ontributions [140, 141℄ desribes the data best.In Ref. [142℄ di�rative dijet prodution (see Fig. 85) for 100 < W < 250 GeV, 5 <Q2 < 100 GeV2 has been studied by ZEUS with an integrated luminosity of 61 pb�1.The jet transverse energies in the �p rest system were required to be E�T;j1 > 5 GeV andE�T;j2 > 4 GeV, respetively; their pseudorapidities had to satisfy �3:5 < ��j < 0 and theirpseudorapidities in the laboratory frame were restrited to j�LABj j < 2. Di�rative eventswere seleted by requiring less than 1 GeV energy deposition in a small forward alorimeter(FPC), whih ensures a large rapidity gap, and by demanding xobsIP = Q2+M2XQ2+W 2 < 0:03.Figure 86 shows the di�erential ross setion as funtions of E�T;J , ��J , zobs = Q2+M2jjQ2+M2X andof x , the frational momentum of the virtual photon. For E�T;J > 6 GeV, the jet rosssetion is falling exponentially with E�T;J . The requirement of two high ET jets suppressesthe ontribution at low xIP . The low value of the peak position in zobsIP indiates additionalprodution of hadrons.The data were ompared with NLO alulations whih inlude diret and resolved photonontributions and use di�rative PDFs (DPDF) of Refs. [143, 144℄. They determine theprobability to �nd in the proton a parton of type i arrying a fration xIP � of the protonmomentum with a probe resolution Q2 under the ondition that the proton stays intat.They have been determined by �ts to inlusive di�rative DIS data. The preditionsfrom the ZEUS LPS+harm �t, as well as those from the H1-2006 �ts A and B, lie ingeneral above the data. The MRW �t [144℄ is in broad agreement with the data with theexeption of the high xobs region, where the preditions are too high.Di�rative prodution of dijets has also been reported by H1 [145℄, using data from anintegrated luminosity of 51.5 pb�1 with 100 < W < 250 GeV and 5 < Q2 < 100 GeV2.Di�rative events were required to have xIP < 0:03, MN < 1:6 GeV, where MN is themass of the nuleoni system produed in the forward (= proton diretion), and jtj < 1GeV2. The jet seletion required p�T;jet1 > 5:5 GeV, p�T;jet2 > 4 GeV and �3 < ��jet < 0,20



where the index � indiates evaluation relative to the ollision axis in the �p entre ofmass frame. Figures 87, 88 show the di�erential ross setion as funtions of y; xIP ; p�T;jet1and ���jets = j��jet1 � ��jet2j, for all zIP (zIP is the frational longitudinal momentum ofthe di�rative exhange arried by the parton entering the hard interation), and forzIP < 0:4, respetively.The dijet data are ompared with QCD preditions at next-to-leading order based ondi�rative parton distribution funtions obtained from a �t to these data (H1 2007 JetsDPDF �t B, based on Refs. [146, 147℄), and to H1 data on inlusive di�ration in deep-inelasti sattering. As a funtion of zIP the dijet data at low and intermediate zIP arewell desribed. The resulting di�rative quark and gluon densities are shown in Fig. 89(for fatorisation sales �2 = 25 and 90 GeV2, respetively) as a funtion of z = zIP . Thesinglet quark densities show a (small) rise towards z = 0 and a broad maximum aroundz = 0:5� 0:6. In ontrast, the gluon density is falling rapidly with z.10 Inlusive di�rationFollowing the �rst observation of events with a large rapidity gap [11℄, ZEUS presenteda quantitative study of the di�rative ontribution to deep-inelasti sattering [148℄. Theenergy ow was analyzed in the Breit frame, where the virtual photon arries only aspae-like momentum omponent, q = (0; 0;�Q; 0), and the momentum vetor of theinoming proton is given by P = (0; 0; Q=2x;Q=2x). In the Quark-Parton Model, theinterating quark from the proton arries a momentum p = xP ; the z omponent of theinoming quark is Q=2 before, and �Q=2 after interation with the virtual photon.Figure 90 shows for Q2 between 14 and 380 GeV2 the energy ow distributions, 1=N �(dE=d(��), as a funtion of �� = �ell � �(H ), where �ell is the pseudorapidity of aalorimeter ell with energy deposit above 60 MeV (110 MeV) depending on the alorime-ter setion, and H orresponds to the sattering angle of the massless struk quark emerg-ing as the urrent jet. Here, �ell and �H were measured in the laboratory frame. Fornon-rapidity gap events, �max > 1:5 (open irles), the energy ow rises towards large ��in the diretion of the inoming proton. For events with a large rapidity gap, �ell � 2:5,the energy ow peaks around the diretion of the virtual photon, �� = 0, and is small atlarge ��. Note, the outgoing proton or low-mass nuleoni system arising from di�rativeprodution was not deteted in this analysis.The olour dipole model (CDMBGF [149{151℄) whih deribes standard deep-inelastisattering without di�ration, onsiders the prodution of arbitrarily many jets in leading-log approximation for parton shower development. It gives an exellent representation ofthe non-rapidity gap events (solid histograms) but fails for events with a large rapidity21



gap. Di�rative sattering is modelled by POMPYT [152℄ where the beam proton emitsa pomeron, whose onstituents take part in a hard sattering proess with the virtualphoton. POMPYT reprodues the distribution of events with a large rapidity gap (dashedhistograms).10.1 Inlusive di�ration by p interationsFirst results on inlusive photoprodution by di�ration were presented by ZEUS [153℄.The seletion of events with W � 180 GeV, �max < 2 and �max > 2, respetively, providedseparate samples of di�rative and nondi�rative events. For di�ration, events withaverage hadroni masses reonstruted in the detetor, MX = 5 and 10 GeV, respetively,were seleted. The pT spetra for harged partiles with �1:2 < � < 1:4 from thenondi�rative and di�rative event samples are displayed in Fig. 91: for the di�rativesamples the pT -spetra fall o� / e�b�pT with b = 5:9(5:3) GeV�1 (average MX = 5(10)GeV), while the pT spetra for the nondi�rative sample show a long tail towards largepT .10.2 Inlusive di�ration by �p interationsThe early observations of inlusive di�rative prodution in deep-inelasti sattering byZEUS [11,148℄ (see Figs.12,15,90), and subsequently by H1 [12℄, were followed by detailedstudies of this subjet.The �rst measurement of the di�rative struture funtion was presented by H1 [157℄,based on an integrated luminosity of 0.27 pb�1. For unpolarised beams, the di�erentialross setion for �p! Xp, an be desribed in terms of the di�rative struture funtions,FD(4)2;L (�;Q2; xIP ; t):d4�diffd�dQ2dxIP dt = 2��2�Q4 [(1 + (1� y)2)FD(4)2 x� y2FD(4)L ℄; (25)where y = Q2=(x � s), s is the square of the ep .m. energy, and the relation x = � � xIPhas been used. A possible ontribution from longitudinal photons, as measured by FD(4)L ,will be negleted in the following: it would inrease the value of FD(4) extrated from thedi�erential ross setion by at most 17%.Figure 92 shows the di�rative struture funtion measured by H1 [157℄ as a funtionof xIP for di�erent values of � and Q2. For �xed Q2 and �, FD(4)2 dereases with xIPproportional to (xIP )(�n) with n = 1:19� 0:06(stat:)� 0:07(syst:), independent of Q2 and�. This behaviour suggests a olourless target (T ) in the proton, whih arries only a small22



fration of the proton momentum. In this ase FD(4)2 / fT=p(xIP ), where fT=p desribesthe ux of T in the proton, and the ross setion fatorises into the ux f and the rosssetion for virtual photon - proton sattering on target T . The observed xIP dependeneorresponds to an e�etive Regge trajetory of �(t = 0) = 1:10� 0:03(stat:)� 0:04(syst:)whih agrees with that of the Pomeron. Note, for � or ! exhange one would expet�(t = 0) � 0:5. Therefore, the large rapidity gap events observed in deep-inelasti epsattering result predominantly from di�rative sattering.A similar onlusion was reahed by ZEUS in Ref. [158℄. Furthermore, the ratio of di�ra-tive to total �p ross setion was found to be of the order of 10 to 20%, independent ofx and W , for Q2 = 13 and 39 GeV2. Further results were reported by H1 [159℄.A novel method (MX-method) in the analysis of inlusive di�rative prodution wasintrodued by ZEUS [42℄. Until then, the di�rative ontribution had been extratedby seleting events with a large rapidity gap (�max ut), or with a leading proton. Thedrawbak of both proedures is that not only di�rative prodution (by the exhangeof the Pomeron), but any t-hannel exhange (see Fig. 93) of a olourless and eletrialneutral partile suh as the Reggeons �0, ! et. an produe events with a large rapiditygap and/or with a leading proton. The W dependene of the ross setion in the aseof Reggeon exhange is proportional to W 2�R�2 at t = 0: for instane �-exhange, with�R � 0:5 at t = 0, leads to � / W�1.Suh bakground is avoided by using the MX -method [41℄ for the extration of the di�ra-tive part sine ontributions from Reggeon exhange are exponentially suppressed. Here,MX is the mass of the hadroni system observed in the detetor. The �rst extrationof the di�rative ross setion with the MX -method was performed by ZEUS [42℄, usingdata from an integrated luminosity of 0.54 pb�1. The MX and lnM2X distributions areshown in Fig. 94 at Q2 = 14 GeV2 for several bins of W . In the MX spetra (top) thedi�rative ontribution is falling rapidly with inreasing MX , while the lnM2X spetra(bottom) show a plateau for the di�rative omponent one MX is suÆiently above thekinematial threshold. This allows the extration of the di�rative ontribution by a �tto the lnM2X spetrum of the form:dNd lnM2X = D +  � exp(b � lnM2X) (26)The �t is applied in the interval lnM2X � lnW 2 � �0, where lnW 2 � �0 is the maximumvalue of lnM2X up to whih the exponential behaviour of the nondi�rative part holds.The di�rative ontribution is not taken from the �tted value of D; rather it is obtainedby subtrating the nondi�rative ontribution determined by the �t ( � exp(b � lnM2X))from the observed number of events.The ross setion for di�rative sattering, d�diff�p!XN=dMX , is shown in Fig. 95 as a23



funtion of W for di�erent values of Q2 and MX . The di�rative ross setion is risingwith W for all Q2, MX values. Assuming that only Pomeron exhange is ontributing,the W dependene for �xed Q2 was parametrised in terms of the Regge trajetory of thePomeron, d�diff�p!XNdMX / (W 2)(2 ��IP�2) (27)The data yielded for the Regge trajetory of the Pomeron [42℄,��IP = 1:23� 0:02(stat)� 0:04(syst); (28)in agreement with the result obtained by H1, see above.The di�rative struture funtion determined with the MX -method is shown in Fig. 96together with the results from previous measurements of H1 [157℄ and ZEUS [158℄. Asindiated, the three measurements were performed at slightly di�erent values of � andQ2. Broad agreement is observed between the H1 and ZEUS measurements.The �rst measurement of �p! Xp, where the sattered proton was momentum analyzedin a magneti spetrometer, has been reported by ZEUS [160℄. Figure 97 shows d�=djtjas a funtion of the four-momentum transfer squared t, for the range 5 < Q2 < 20 GeV2,50 < W < 270 GeV and 0:15 < � < 0:5. A �t of the form d�=djtj = A � e�bjtj yieldedfor the slope b = 7:2� 1:1(stat)+0:7�0:9(syst) GeV�2. Further results on b from [161,162℄ arealso presented in Fig. 97. Sine for these Q2-values the transverse extension of the virtualphoton is negligible ompared to the radius of the proton Rp then b = (R2p)=4. Elasti �ppsattering at a .m. energy of 546 GeV yields b = 15:35 GeV�2 [163℄ whih is expetedto be equal to (R2p)=2. This result is in good agreement with the data from HERA.In the following, the high statistis results on inlusive di�ration as obtained by H1 andZEUS are presented.The di�rative struture funtion measured by H1 for � values between 0.01 and 0.9, andQ2 values from 3.5 to 1600 GeV2 is shown in Fig. 98 as a funtion of xIP . (From hereon the term \di�rative struture funtion" is used for the funtion xIPF (D(3)2 whih H1denotes by xIP �D(3)r while ZEUS uses the notation xIPFD(3)2 ; multipliation by xIP takesout a trivial dependene on xIP and eluidates better the xIP dependene of the di�rativestruture funtion.). In the H1 measurement, the mass of the nuleoni system Y esapingthrough the forward beam hole is limited to MY < 1:6 GeV.Figure 98 shows that xIPFD(3)2 inreases as xIP ! 0, provided � � 0:2. A �t of thedata by a QCD motivated model, whih inludes the ontributions from Pomeron plusReggeon exhanges in the t-hannel, gives a good aount of the data (see solid urves):24



it indiates that a large fration of the momentum of the Pomeron exhanged in the t-hannel is arried by gluons (see dashed urves). In the model, the rise of xIPFD(3)2 forxIP > 0:1 is due to Pomeron-Reggeon interferene.In Figs. 99, 100 the H1 measurements for xIPFD(3)2 are shown as a funtion of Q2 at �xedvalues of xIP and �. The dependene on Q2 an be summarised as follows: for � � 0:5 thedi�rative struture funtion is rising with inreasing Q2, while for � > 0:8 it is dereasingwith inreasing Q2. The data are well reprodued by the QCD �t.10.3 Inlusive di�ration at W = 45 � 220 GeV, Q2 = 2:7 � 320GeV2Inlusive di�ration in deep-inelasti sattering has been measured by ZEUS over a widespae in Q2, W and MX , making use of the forward-plug alorimeter (FPC). The FPChad a beamhole of only 3.15 m radius for the passage of the beams. This limited themass of the nuleoni system esaping undeteted in the forward (= proton) diretion toMN < 2:3 GeV, on average.Data were olleted in two periods for Q2 = 2:7� 80 GeV2 and Q2 = 25� 320 GeV2 withintegrated luminosities of 4.2 [21℄ and 52.4 pb�1 [22℄, respetively. The di�rative rosssetion d�diff=dMX is shown in Figs. 101, 102 as a funtion of W for the bins of Q2 andMX indiated. In all Q2, MX bins with suÆient W overage the di�rative ross setionshows a strong rise with W .The ratio of the di�rative ontribution to the total �p ross setion is displayed inFigs. 103, 104 as a funtion of W , for di�erent values of Q2 and MX . For �xed values ofQ2 the relative ontribution of di�ration to the total �p ross setion is approximatelyindependent of W . It is substantial when M2X > Q2. The ratio r = �di�(0:28 < MX <35 GeV;MN < 2:3 GeV)=�tot is 15:8+1:1�1:0% at Q2 = 4 GeV2, dereasing to 5:0 � 0:9% atQ2 = 190 GeV2, see Fig. 105. Sine the optial theorem relates the forward amplitude forelasti sattering to the total ross setion - whih behaves, say, proportional to W Æ - onewould naively expet that the di�rative ross setion is proportional to W 2Æ. However,the measured ratio of the di�rative ontribution to the total �p ross setion is approx-imately independent of W , as shown in Figs. 103, 104. This apparent ontradition isunderstood as the result of a strong growth of the gluon density (\olor glass ondensate")suh that gluon-gluon interations beome important and damp the rise of the di�rativeross setion [165℄.The di�rative struture funtion xIPFD(3)2 for �p ! XN , MN < 2:3 GeV, is shownin Figs. 106, 107 as a funtion of xIP for �xed Q2;MX , or equivqalently for �xed Q2; �:xIPFD(3)2 rises approximately proportional to ln 1=xIP as xIP ! 0, reeting the rise of the25



di�rative ross setion d�di�=dMX with inreasing W . The rise is observed for most Q2values between 2.7 and 320 GeV2.The Q2 dependene of xIPFD(3)2 for �xed � and xIP is shown in Fig. 108. The data aredominated by positive saling violations for xIP � = x < 10�3, by negative saling viola-tions for x � 5�10�3, and by onstany in between. The data ontradit the assumption ofRegge fatorisation, namely that xIPFD(3)2 (�; xIP ; Q2) fatorises into a term that dependsonly on xIP , and a seond term that depends only on � and Q2.10.4 Leading proton prodution and the ontribution from di�ra-tionDeep inelasti di�rative sattering has also been studied in measurements where thesattered proton was deteted in a forward spetrometer. The �rst suh measurementhas been reported by ZEUS [160℄. Figure 97 shows d�=djtj as a funtion of the four-momentum transfer squared t, for the range 5 < Q2 < 20 GeV2, 50 < W < 270 GeVand 0:15 < � < 0:5. A �t of the form d�=djtj = A � e�bjtj yielded for the slope b =7:2� 1:1(stat)+0:7�0:9(syst) GeV�2. Further results on b from [161,162℄ are also presented inFigure 97. For the Q2-values seleted, the transverse extension of the virtual photon isnegligible ompared to the radius of the proton.The �nal measurement [166℄, based on an integrated luminosity of 32.6 pb�1, providedresults for the kinemati region Q2 > 2 GeV2, W = 40 � 240 GeV, MX > 2 GeV. Thedi�rative peak overed the region xL > 0:98, where xL is the fration of the momentumof the inoming proton arried by the sattered proton.The di�erential ross setion d�ep!eXp=djtj is shown in Fig. 109 as a funtion of jtj for xIP =0:0002� 0:01 and xIP = 0:01� 0:1, respetively. The ross setion is falling exponentiallywith jtj, d�ep!eXp=djtj / e�bjtj, where b = 7:0 � 0:3 GeV�2 for xIP = 0:0002 � 0:01 andb = 6:9� 0:3 GeV�2 for xIP = 0:01� 0:1. Within errors the value of b is independent ofxIP , Q2 and MX .The ross setion for ep! eXp was also studied in terms of the azimuthal angle � betweenthe positron sattering angle and the proton sattering plane. Within errors no signi�antdependene on � was observed for xIP = 0:0002� 0:01 and xIP = 0:01� 0:1, respetively.This is in ontrast to �0 prodution by deep-inelasti sattering, ep! e�0p [69℄, where asubstantial dependene on � had been observed, viz. d�d� / 1 + ALT os � + ATT os2�,ALT = p2�(1 + �)(r500 + 2r511) = �0:256� 0:030+0:032�0:022.The struture funtion xIPFD(3)2 , here denoted by xIP �D(3)r , is shown in Figs. 110, 111 andompared with the FPCI,II measurements disussed before. The xIPFD(3)2 data from theFPCI,II measurements have been saled down by a fator of 0.83 to aount for the extra26



ontribution from p! N dissoiation with MN < 2:3 GeV. Good agreement between theFPC and LPS measurements is observed.10.4.1 Comparison with the BEKW parametrisationFurther insight into the behavior of the di�rative struture funtion an be gained withthe help of the BEKW parametrisation [164℄ whih is guided by QCD. It onsiders thease where the inoming virtual photon utuates into a qq or qqg dipole, whih in turninterats with the target proton via the exhange of a two-gluon system, the Pomeron.The ontributions from the transitions: transverse photon to qq and qqg, respetively,and longitudinal photon to qq, are taken into aount. The � spetrum and the salingbehaviour in Q2 are derived in the non-perturbative limit from the wave funtions ofthe inoming transverse (T ) and longitudinal (L) photons on the light one. The xIPdependene of the ross setion is not predited by BEKW and has to be determined byexperiment. The BEKW parametrisation reads as follows:xIPFD(3)2 (�; xIP ; Q2) = T � F Tqq + L � FLqq + g � F Tqqg; (29)where F Tqq = � x0xIP �nT (Q2) � �(1� �); (30)FLqq = � x0xIP �nL(Q2) � Q20Q2 +Q20 � �ln�74 + Q24�Q20��2 � �3(1� 2�)2; (31)F Tqqg = � x0xIP �ng(Q2) � ln�1 + Q2Q20� � (1� �): (32)In the ZEUS analysis, the powers nL;T;g were assumed to be the same for the ontributionsfrom T; L and g, and of the form n(Q2) = n1 � ln(1 + Q2Q20 ) with Q20 = 0:4 GeV2.The ontribution from longitudinal photons oupling to qq is limited to � values lose tounity. The qq ontribution from transverse photons is expeted to have a broad maximumaround � = 0:5, while the qqg ontribution beomes important at small �, provided thepower  is large.The original BEKW parametrisation also inludes a higher-twist term for qq produedby transverse photons. Sine the data were insensitive to this term, it was negleted.A �t of this modi�ed BEKW form (BEKW(mod)) to the ZEUS data [21, 22℄ gave anexellent desription of the data with the following result for the �ve parameters left free:27



T = 0:118 � 0:002, L = 0:087 � 0:005, g = 0:0090 � 0:0003, n1 = 0:062 � 0:002 and = 8:22� 0:46.The urves in Figs. 106, 107 show the individual ontributions from the (qq)T , (qq)L and(qqg)T terms, and their sum. The ontribution from (qq)L is important for � � 0:96;the (qq)T ontribution is dominant for 0:14 < � < 0:9, while gluon emission, (qqg)T ,is important at small � < 0:05 � 0:1. The urves in Fig. 108 show the sum of theontributions.The � dependene of xIPFD(3)2 is shown in Figs. 112, 113, 114 for �xed values of xIPand Q2. In general, the xIPFD(3)2 values measured at di�erent Q2 values luster arounda narrow band of the form � � (1 � �). The urves show the ontributions from (qq)T ,(qqg)T and (qq)L, as determined by the BEKW(mod) �t. The dominant ontribution isof the form �(1� �) as predited for (qq)T ; the rise towards small � � 0:2 is the resultof gluon emission, (qqg)T ; ontributions from longitudinal photons, (qq)L, are importantnear � = 1 only.11 Summary and onlusionsHERA has opened the door to the study of di�ration in real and virtual photon protonsattering within a large range in total .m. energy W and photon virtuality �Q2.A substantial fration of di�rative sattering leads to the prodution of vetormesons,�p ! V p, where V = �0; !; �; J=	;�. For �xed Q2, the ross setions rise with .m.energy proportional to W Æ. In photoprodution, Æ � 0:2 for the light vetormesons, andÆ = 0:8 (� 1:6) for J=	 (�). In virtual-photon proton sattering, the integrated rosssetions at �xed W = 75 GeV lie on a universal urve, dereasing exponentially with(Q2 +M2V ) provided (Q2+M2V ) > 3 GeV2. The di�erential ross setions d�=djtj dereasewith jtj proportional to e�bjtj, where b � 10 GeV�2 for (Q2+M2V ) < 1 GeV2, and droppingrapidly to a onstant value of b � 5 GeV�2 when (Q2 +M2V ) � 5 GeV2.The Q2 dependene of �(�p ! �0p) is reprodued well by a QCD based model wherethe photon utuates into a qq pair whih interats with the gluon loud of the proton toprodue the �0.The deay angular distributions of photoprodued �0, ! and � show that the vetormesonsare transversely aligned and the heliity is onserved in the s-hannel (SCHC). In virtualphoton proton sattering, the deay angular distributions show that under the assumptionof SCHC, �0; � and J=	 are produed predominantly by longitudinal photons.The prodution by real and virtual photons of events with a large rapidity gap and twoor more jets gave evidene for hard di�rative sattering. The experimental results are28



reprodued by QCD alulations in NLO.Inlusive di�ration, �p ! XN , where N is a proton or a low-mass nuleoni system,behaves similar to the prodution of vetormesons. For �xed Q2 and suÆient overagein W , the ross setion di�erential in the mass MX of the system X, shows a rapid risewith W , d�diff=dMX / W Æ, where Æ � 0:6 � 0:7 for Q2 > 20 GeV2. It yields for theaverage of the Pomeron trajetory a value of ��IP = 1:23 � 0:02(stat) � 0:04(syst). Thedependene on t is of the form d�=djtj / e�bjtj with b = 7:2� 1:4 GeV�2.The ratio of the di�rative ross setion, integrated over MX < 35 GeV, to the totalross setion is approximately onstant with W , being 15:8+1:1�1:0% at Q2 = 4 GeV2 anddereasing to 5:0� 0:9% at Q2 = 320 GeV2.The di�rative struture funtion of the proton, xIPFD(3)2 (�;Q2; xIP ), where � = Q2=(Q2+M2X) and xIP = (Q2 +M2X)=(Q2 +W 2), has been measured for Q2 values between 2.7 and1600 GeV2. For �xed values of � and Q2, xIPFD(3)2 is rising as xIP ! 0.A QCD inspired model (BEKW), in whih the inoming photon utuates into a qq or qqgdipole that interats with the target proton by the exhange of a two-gluon system (the"Pomeron"), gives an exellent desription of the data for inlusive di�ration, after ad-justing the free parameters. The ontribution from longitudinal photons via qq exhangeis important for � � 0:96 while transverse photons dominate the regions 0:14 < � < 0:9by qq exhange, and � < 0:1 by qqg exhange.AknowledgementsThe author is most grateful to Erih Lohrmann and Paul S�oding for a ritial reviewof the manusript.
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Figure 3: Side view of the H1 detetor. The proton (eletron) beam enters fromthe right (left).
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1Figure 4: Side view of the ZEUS detetor with the FPC integrated in the ZEUSCalorimeter.The proton (eletron) beam enters from the right (left).38
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Figure 15: Distribution of �max, the maximum rapidity of a alorimeter lus-ter in an event for data, and for Monte Carlo events generated for nondi�rativesattering (shaded).

Figure 16: Diagrams for deeply-virtual Compton sattering (DVCS) (a) and forphoton prodution via the Bethe-Heitler proess (b,).
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Figure 17: The DVCS ross setion as a funtion of Q2 for W = 82 GeV(top),and as a funtion of W for Q2 = 8 GeV2 (bottom), as measured by H1 and ZEUS.The urves show the alulations by Freund.
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Figure 22: Diagram for ep! e�0p
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Figure 42: Mass distribution for e+p! l+l� +X. The urve shows a �t to J=	prodution plus bakground; from H1.

Figure 43: Reation p ! J=	X: ross setion as a funtion of W (left);di�erential ross setion d�=dp2T as a funtion of p2T (right); from H1.
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Figure 57: Reation p! 	(2S)p: e�etive mass plots for the four trak sample:four trak e�etive mass; l+l� (l = e; �) e�etive mass; �M = (Ml+l��+�� �Ml+l�); Ml+l� of the two-trak sample; from H1.
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Figure 62: Photoprodution: total ross setion and ross setions for the pro-dution of vetormesons, p ! V p, V = �0; !; �; J=	;	(2S);�, as a funtion ofW ; from A. Levy
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Figure 64: The ross setion �(�p ! V p) with V = �0; �; J=	, as a funtionof (Q2 +M2V ) for W = 75 GeV: results from H1 and ZEUS. The urves have beenomputed with the b-Sat and b-CGC models; from Watt and Kowalski.
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Figure 67: Diagram for di�rative vetormeson prodution, �p! V p.
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Figure 68: Diagrams for harm prodution in di�rative ep sattering: boson-gluon fusion and �, �g states in the two-gluon exhange model; from ZEUS.
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Figure 77: Photoprodution of a two-jet event with a large rapidity gap; from H1.

Figure 78: Photoprodution of two jets whih are bak-to-bak in azimuth andseparated by a pseudorapidity gap ��: gap fration f(��) as a funtion of ��(dots). Shown are also the expetations for olour non-singlet exhange (dottedline) and olour singlet exhange (solid line); from ZEUS.
91



IP
IP −remnant

IP

IPz

IP
IP

IP−remnant

IP

IPz

IP

g

γ

q

q
_

γ

x

y

γ

e

e

PI x

jet1

jet2

Q
2

g

γ

q

q
_

γ

x

y

γ

e

e

PI x

jet1

jet2

Q
2

p

MXMX

X

p
t

IP
IP−remnant

IP

IPz

IP
IP

IP−remnant

IP

IPz

IP

g

g

γ

q

q
_

γx

x

y

γ−remnant

e

e

PI x

jet1

jet2

Q
2

g

g

γ

q

q
_

γx

x

y

γ−remnant

e

e

PI x

jet1

jet2

Q
2

p

p

MXMX

X

tFigure 79: Leading-order diagrams for diret (left) and resolved (right) proessesin di�rative photoprodution of dijets via the exhange of a Pomeron (IP ).

92



Figure 80: Di�rative photoprodution of dijets as funtion of y, MX , xIP , zobsIP ,Ejet1T and �jet1, from ZEUS; also shown are NLO QCD preditions based on the H12006 DPDFs.
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Figure 81: Di�rative photoprodution of dijets as funtion of xobs , from ZEUS;also shown are NLO QCD preditions based on the H1 2006 DPDFs.
94



Figure 82: Multihadron �nal states of mass MX produed by deep-inelasti sat-tering with 160 < W < 250 GeV, 5 < Q2 < 185 GeV2, where the most forwardgoing (in proton diretion) ondensate has pseudorapidity �remax � 1:8: distributionof os �S , where �S is the angle between the spheriity axis and the diretion of thevirtual photon in the ��IP rest frame, for the range of MX values indiated; fromZEUS.
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Figure 83: Di�rative prodution of jets by deep-inelasti sattering: (left) jetfration as a funtion of the jet resolution parameter yut for njet = 2; 3 and > 3,for the kinemati range indiated; (right) distribution of the 3-jet sample in the�; x1 plane. The MC expetations were alulated with RAPGAP; from ZEUS.

Figure 84: Diagrams for two- and three-jet prodution in deep-inelasti di�rativesattering. 96
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Figure 86: Cross setion for di�rative dijet prodution by deep-inelasti satter-ing with Q2 < 100 GeV2, 100 < W < 250 GeV. Also shown are NLO preditionsusing the dPDFs indiated; from ZEUS.
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Figure 90: Energy ow as a funtion of the rapidity gap �� = �ell � �H . Theopen irles show the distributions of events without a rapidity gap (�max > 1:5);the solid irles show events with a large rapidity-gap (LRG: �ell � 2:5). Thefull histograms represent the expetation of the Colour Dipole Model (CDMBGF)for nondi�rative prodution where large rapidity gaps are exponentially suppressed.The dotted histograms show the expetation of POMPYT for di�rative prodution;from ZEUS. 101



Figure 91: Inlusive transverse momentum distributions of harged partiles inphotoprodution at < W >= 180 GeVfor the interval �1:2 < � < 1:4. Solid linesindiate a �t to the data with pT < 1:2 GeV; the dotted line shows a power law�t to the nondi�rative data for pT > 1:2 GeV. Note, for the sake of larity thedi�rative data are shifted downwards by two orders of magnitude; from ZEUS.
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Figure 94: Reation ep ! eX: distribution of MX(top) and lnM2X (bottom)for di�erent regions of W at Q2 = 14 GeV2. The shaded distributions show thepredition of the NZ model for di�rative prodution; the dashed histograms showthe expetations for nondi�rative prodution predited by the CDMBGF model;from ZEUS.
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Figure 95: The ross setion d�diff (�p ! XN)=dMX as a funtion of Waveraged over the MX intervals indiated, for Q2 = 14 and 31 GeV2. The linesshow the result of a �t to all data with the form d�diff=dMX / (W 2)(2 ��IP�2), seetext; from ZEUS.
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Figure 96: The di�rative struture funtion FD(3)2 as a funtion of xIP : solidpoints from ZEUS obtained with the MX - analysis; open points from a previ-ous ZEUS analysis using the �max-method; stars from H1, obtained with the �max-method; from ZEUS.
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