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Soon the LHC will start operation and will draw the attention of a large fration of HEPphysiists, inluding many of those that have been working on HERA during the last years.There is however still a lot to learn from the HERA data, muh of it will be of extremelyhigh importane also for understanding LHC data, or for making preision measurementswith LHC data. So it is worth ontinuing the analysis and investing the neessary time toomplete this job. Hene, it seems to be timely to summarize and struture topis, whereanalysis of HERA data an ontribute signi�antly to answer general and fundamentalquestions of QCD. In order to bene�t fully from the power of the HERA data some furtherdevelopments in theory are needed as well, whih will be addressed in this note too.A disussion on future measurements at HERA took plae at DIS 08, with more than100 people attending a speially organized evening session. Many interesting issues werebrought up. The lear support from the DESY diretorate for fully utilizing the HERApotential enouraged us to prioritize a list of investigations and ideas for what still an orshould be done with HERA data. As reeted in this report, questions of fatorization anduniversality emerged as very prominent themes.This paper is strutured as follows: in the seond setion we disuss the prospets ofmeasurements of parton distribution funtions (PDFs), whih are the essential input for allalulations and preditions in hadron-initiated proesses. We also disuss the theoretialinterpretation of suh measurements.When srutinizing the emerging hadroni �nal state, issues like universality of hadroniza-tion, the olor struture of the partoni �nal state and multi-sale phenomena beome im-portant. This is the topi of the third setion.Finally, sine HERA is a mahine perfetly suited for preision measurements in largeareas of QCD, it is an ideal plae to test the validity of the present theoretial approahes,and to limit their ranges. For example, deviations from linear evolution equations an beinvestigated, related to a regime where olletive phenomena beome dominant. Topis likethis are disussed in the fourth setion.We disuss the impat of the measurements on tuning and validation of Monte Carloevent generators in the �fth setion and give a onlusion in setion 6.In the �nal setion we give a wish-list of measurements whih should be done with HERAdata.Last but not least, one should seure the future. HERA has been the only lepton-protonollider in the world so far, and no onstrution of a similar mahine is presently sheduled.Hene the data and analysis environment of the HERA experiments should be preservedsuh that it is possible in future to turn to these data for questions and studies, if futurephysis requires it.2 Parton distribution funtions { the irreduible input to all al-ulations involving hadron beamsThe fatorization theorems in QCD allow us to evaluate ross setions from the onvolutionof orresponding hard sattering matrix elements, whih are perturbatively alulable, withparton distribution funtions (PDF), whih inlude also non-perturbative physis. Althoughthe fatorization theorems are stritly proven only for a very limited number of proesses,see for instane [1℄, their validity always is impliitly assumed when suh ross setions arealulated. Di�erent fatorization theorems exist, whih are appliable to di�erent regions2 DIS 2008



of phase spae:� Collinear Fatorization, appliable at large enough Q2.Cross setions are fatorized into proess-dependent oeÆient funtions Ca and ollinear(integrated over kt) parton distribution funtions at a fatorization sale �f (e.g.�2f = Q2 for the inlusive ross setion in deep inelasti sattering):� = �0 Z dzz Ca �xz ; �f� fa (z; �f ) (1)� kt - Fatorization, appliable at small enough x (high energy fatorization).Cross setions are kt{fatorized [2{5℄ into o� mass-shell (kt{dependent) partoni rosssetions �̂(xz ; kt) and kt{unintegrated parton distribution funtions F(z; kt):� = Z dzz d2kt �̂ �xz ; kt�F (z; kt) (2)The proper and preise determination of the various PDFs is essential, as their unertaintiesdiretly ontribute to the unertainties of the respetive ross setion alulations.Besides the determination of the parton distribution funtions, the oupling strength�s(�2) has to be determined. A 4-loop analysis of the non-singlet world data [6℄ resulted in�s(M2Z) = 0:1141 +0:0020�0:0022 : (3)The omplete statistis of HERA shall be analyzed in a orresponding singlet analysis, fromwhih a further improvement of the error of �s(M2Z) and improved error ontours of thesea-quark and gluon distributions are expeted. This analysis an be arried out at 3{looporder. Sine the harm-quark ontributions are large in the small-x region, the orrespondingWilson oeÆients have to be alulated to the same level [7{9℄. Only if universal PDFsand �s are measured and obtained an the whole fatorization program be used in pratie.Therefore the most preise measurements of these quantities relates to very fundamentalquestions of our theoretial understanding. Preision harged urrent (CC) and neutralurrent (NC) ross-setions at high Q2 also provide onstraints on the eletroweak ouplingsof the light quarks.To extrat the di�erent PDFs, ross setion measurements need to be performed forvarious proesses. The most preise of these measurements are obtained for the inlusivetotal ross setions. In semi-inlusive measurements (like jet, harm or di�rative rosssetions), whih require tagging of one or more partiles in the �nal state, only parts ofthe phase spae are experimentally aessible. Charmed - or di�rative struture funtions,F 2 or FD2 , an only be obtained after extrapolation from the visible to the total (partiallyinvisible) phase spae, whih requires assumptions and thereby introdues an additionalmodel dependene and systemati unertainty. For example, in the ase of harm prodution,large model unertainties enter through the extrapolation from the visible ross setion ofD� prodution in DIS to the total harm prodution ross setion [10℄. Measurements basedon the impat parameter have muh smaller extrapolation unertainties [11℄.Therefore, aiming for minimal model dependene, emphasis has to be put on the measure-ment of mostly visible ross setions. In addition, in order to further redue the unertaintiesDIS 2008 3



in the measurements and thus of the extrated PDFs, e�orts have already been started toombine the measurements of H1 and ZEUS. This requires a detailed agreement onerningthe kinemati ranges and aessible phase spae. The ombination of the inlusive rosssetion measurements [12℄ of H1 and ZEUS, based on part of the HERA I data, is alreadyleading to a very good preision. A ombination of inlusive ross setions with measure-ments of heavy quarks and jets [13℄ an be used to further onstrain the gluon distributionfuntion and �s. Also for the inlusive di�rative ross setion a muh better preision anbe ahieved from a ombination of the measurements from H1 and ZEUS, whih has alreadystarted.Strategies to extrat the most preise PDFs to be used at the LHC, and questions on howto use future LHC data to further onstrain the PDFs are disussed in the PDF4LHC [14℄forum.From these measurements the PDFs an be determined, either in the ollinear and/or thekt-fatorization approah. The ombined measurements onstrain muh better the PDFs,espeially the low x gluon density [15℄. This new parameterization (HERAPDF) will bemade available in LHAPDF. An issue whih is still open is whether the proton ontains anintrinsi harm omponent. In order to verify and potentially quantify this experimentally,extra e�orts to tag harm in the very forward proton region would be needed.However to fully appreiate the impat of highly preise measurements, further theoret-ial progress is required in the following issues:� ollinear fatorizationÆ inlusive ross setions and struture funtions at three loop order in �sÆ heavy quark ross setions: transition from the massive to the massless approahÆ disontinuities when going beyond NLO in ollinear fatorizationÆ higher order alulations for semi-inlusive ross setions (i.e. jet ross setionat NNLO)� kt-fatorizationÆ NLO alulationsÆ unintegrated PDFs also for medium and large x� usage of PDFs in Monte Carlo event generators (PDF4MC)Ativities in these areas have started, but are not fully ompleted yet.3 Universality of the hadroni �nal stateThe hadroni �nal state in ep ollisions is muh more ompliated than in e+e� annihilation,due to the presene of the olored proton remnant.Although it impliitly has been assumed for all theoretial preditions up to date, theuniversality of parton-jet orrelations at perturbative sales has never systematially beeninvestigated in proesses where more than one jet is produed. This orrelation depends onthe olor struture of the �nal state, therefore the so-alled underlying event, whih inludeseverything exept the lowest-order proess, might play a signi�ant role. In addition, in thesoft and non-perturbative regime the universality of hadronization and the parameters ofthe phenomenologial hadronization model still waits to be veri�ed in detail.4 DIS 2008



3.1 Color struture of �nal stateThe olor ow between the partons of the hard proess with the proton-remnant is responsi-ble for the prodution of the hadrons in the phase spae region between the hard satteringand the remnant. In di�rative events, the olor ow from the proton to the hard satteringis broken, in a simple model realized by the exhange of two gluons whih neutralize eahother's olor. Single parton exhange (non-di�rative) and double parton exhange are onlytwo extreme ases. Multi-parton exhanges, whih are not in a olor singlet state, are alsopossible and an inrease the hadron multipliity, sine eah of them will radiate furtherpartons, possibly modi�ed by interferene e�ets. Multiparton interations have been stud-ied with jets in photoprodution [16{18℄ and there are indiations for interesting e�ets inDIS [19℄.In general, everything exept for the lowest order proess under investigation ontributesto the so-alled underlying event (UE). The UE inludes ontributions from initial and �nalstate parton showers, as well as hadronization but also multi-parton exhanges inludingdi�ration. Thus the study of the UE turns out to be as important and interesting for thebasis of QCD as the hard perturbative proesses itself are.Measurements of the transverse hadroni energy ow an be used to test the� universality of the olor onnetion between hard partons� universality of the olor onnetion between hard partons and proton-remnantsThe appliation of hard sattering QCD ollinear fatorization [20℄ to the leading Q2omponent of di�rative DIS (ep! eXp) leads to a onept of `di�rative parton distributionfuntions' (DPDFs), desribing interations whih produe a leading �nal state proton witha partiular four-momentum. Several authors have reently analyzed di�rative DIS dataand extrated DPDFs [21{23℄. Many tests of the fatorization properties of di�rative DIShave been made by omparing preditions based on these DPDFs with observables from thedi�rative hadroni �nal state, suh as jet and heavy quark ross setions.Testing the fatorization properties of di�ration and improving on the preision of theDPDFs remains a major theme in di�ration at HERA, with the di�rative longitudinalstruture funtion FDL a notable new observable whih may provide an interesting test ofthe large gluon density. However, perhaps the most important remaining work to be doneenters around understanding the manner in whih di�rative fatorization an be broken.There are two main themes, whih are briey disussed below.As expeted [20℄, di�rative fatorization breaks down spetaularly when DPDFs fromHERA are applied to di�rative p�p interations at the Tevatron [24℄. However, with theintrodution of a `rapidity gap survival probability' fator to aount for seondary inter-ations between the beam remnants [25, 26℄, a good desription has been reovered. Thereremains muh to be learned about gap destrution and survival, whih together with theHERA DPDFs are the two essential ingredients for prediting the phenomenology of di�ra-tion at the LHC. HERA may still ontribute here through the study of the onset of gapdestrution events in resolved photoprodution.A fatorization - breaking e�et whih is present even in di�rative DIS arises due to thepresene of perturbatively alulable on�gurations from Q2-suppressed non-leading twistq�q utuations of longitudinally polarized photons [27℄. Although q�q dipole sattering is notthe dominant feature of inlusive di�ration at HERA, it gives rise to a good desriptionDIS 2008 5



of vetor meson prodution, whih have a large omponent arising from longitudinally po-larized photons and are suppressed with inreasing Q2. Completing the program of studyof exlusive proesses will lead to a better understanding of the sattering of q�q pairs fromthe proton. Non-fatorizing longitudinal q�q ontributions also play a signi�ant role in theinlusive ross setion at large momentum frations zIP [22, 28℄, whih must be better un-derstood in order to derease the large DPDF unertainties in that region. This is essentialfor LHC preparations, as high zIP inlusive proesses are the dominant bakground to en-tral exlusive proesses suh as di�rative Higgs prodution. Among other possibilities, aomprehensive searh for exlusive ontributions to di�rative dijet prodution is urgentlyneeded.3.2 Universality of parton-jet relationsThe hard perturbative proess in e+e�; ep; pp ollisions an be studied either by taggingthe produed heavy objets (typially quarks in ep ollisions) or by measuring jets, whihoriginate from hard partons produed in the hard proess. The jets are reonstruted fromthe observed hadrons. The preise de�nition of a jet, i.e. whih hadrons and how theyare ombined into a jet depends on the jet algorithm and its resolution sale [29℄. It hasbeen a long-standing issue that jet algorithms need to be infrared- and ollinear-safe (i.e.the result must not hange when a soft or ollinear partile is added). Muh progress hasbeen made reently in providing also infrared- and ollinear-safe de�nitions of one-type jetalgorithms [30℄. In all jet algorithms deisions are made on how many and whih partilesare lustered into a jet, and thus are potentially a�eted by the ontribution from partileswhih do not belong to or originate from the hard perturbative proess under onsideration.With a proper jet de�nition, the measured jet ross-setions an be ompared with the-oretial preditions alulated at �xed order at parton level or supplemented with partonshowers (resummation) and hadronization. Similarly to the PDFs, the parton shower re-summation is assumed to be universal. However, no expliit fatorization theorem exists,whih is appliable to the parton showers (although some steps in this diretion have beenmade [31℄), and thus experimental tests are vital.Proesses with one or two jets an provide experimental tests of� universality of parton-jet orrelation� universality of soft gluon resummation� universality and importane of small x resummationNew and additional measurements are needed for a preise investigation of the parton-jetto hadron-jet relation for multi-jet events; espeially the inuene of multiparton interationsneeds to be understood.In the ontext of high energy fatorization and the BFKL approah, forward jets wellseparated in rapidity from the outgoing lepton in DIS [32, 33℄ are sensitive to next-to-leading order e�ets in the gluon Green's funtion, whih have proved to be very important.In partiular, the azimuthal angle orrelations inrease when higher order orretions areintrodued (opposite to what is expeted in a �xed order alulation) for a �xed value of x,while the jet and the eletron beome more de-orrelated as we inrease the enter-of-massenergy. Suh investigations are important for the desription of Mueller-Navelet jets at the6 DIS 2008



LHC, and ontribute to the prodution of high-multipliity events [34℄, where di�erenes tothe standard approahes [35℄ ould be observed.3.3 Universality of hadronizationMost of the parameters needed to desribe the transition from on-shell or almost on-shellpartons to observable hadrons have been preisely determined at e+e� olliders, espeially atLEP. However, the struture of the �nal state of events in e+e� ! hadrons is di�erent fromthat in ep ! e0 + hadrons and even more so from that in pp ! hadrons. There are hintsfrom HERA measurements that there are some di�erenes of hadronization in those proess.For example, the K=� ratio in ep-ollisions seems to be di�erent from that obtained in e+e�-annihilation events [36℄. It is therefore ruial to investigate the universality of hadronization| the fatorization of the soft and the perturbative region.A omparison of fragmentation parameters obtained at HERA with those from LEP willlarify the question of universality of hadronization. The measurements from HERA areimportant, as they allow us to understand the transition from e+e� to hadron olliders andthey may be neessary for a preise modeling of the hadroni �nal state at LHC.Fragmentation funtions are among the simplest quantities to desribe the hadronizationproess in QCD. Measurements at HERA of identi�ed inlusive hadron prodution wouldprovide a strong impat to global �ts. Furthermore, the pT spetrum and azimuthal distri-bution of the produed hadron provides insight into the intriaies of the dynamis and anbe interpreted within a powerful theoretial formalism [37℄.D-meson prodution at HERA is fairly well desribed by NLO alulations treatingharm as massive and employing a fragmentation funtion. Measurements of distributionsin xBj , pseudorapidity, pT et, have been performed by both H1 and ZEUS ollaborations.The dominant unertainty in the NLO desription is due to the value of the harm (pole)mass, and a parameter in a harm fragmentation funtion (e.g. Peterson, or Kartvelishvili).For a given hoie of PDF set and hadronization fration f( ! Di), the value of theseuniversal parameters an be determined in a orrelated �t. A �rst good attempt yieldingpromising results an be found [38℄.More measurements are needed for a preise determination of fragmentation and hadroniza-tion parameters. With these measurements a detailed omparison of hadronization param-eters and fragmentation funtions with those obtained in e+e� at LEP an be performed,and for the �rst time a systemati test of the universality of hadronization an be ahieved.4 Deviations from expetations in linear QCD evolution equationsMost of the topis disussed in the previous setions are related to single-parton exhangeproesses and to linear evolution equations, i.e. DGLAP, BFKL and CCFM. The latterdesribe a regime whih is normally lassi�ed as a dilute region, where the density of partonsan be large, but still small enough suh that they do not signi�antly interat with eahother. However, when the density of partons beomes larger, they an shadow or start tooverlap and thus interat with eah other. This is the regime of a dense system, wherenon-linear evolution equations are relevant, the oldest example of whih is the GLR-MQequation [2,39℄. Hints at the onset of a dense region ome from the observation of di�rativeevents at HERA and their interpretation in terms of the dipole piture. A strong signal forthe onset of a dense region (or blak disk limit) are the measured di�rative gluon PDFs,DIS 2008 7



whih indiate [40℄ that for x � 10�4 and Q2 � 4 GeV2 the probability of di�ration in gluonindued proesses reahes � 40% whih is lose to the blak disk limit of 50%. Now, thetheoretial understanding of the dense region has reeived muh support from measurementsat RHIC, and new evolution equations (like the Balitsky-Kovhegov equation [41,42℄ (BK)),whih inlude non-linear terms, are available. However, the BK equation is derived for alarge nuleus and only approximately appliable to ep and pp.Although saturation is theoretially well motivated, a lear, lean and indisputable ex-perimental signature for it is still missing. To deide if and where nonlinear dynamial e�etsbeome important at HERA is diÆult, espeially sine some signatures of saturation anbe mimiked approximately within the linear DGLAP or BFKL desriptions.However, the kt-dependene of the unintegrated PDF as a funtion of x ould provideimportant information. In a linear senario (BFKL) the parton density (for �xed kt) isexpeted to inrease with deeasing x, while in the ase of saturation this density will �rstinrease, then atten for smaller and smaller x and will eventually derease. As a funtionof kt the parton density is expeted to derease for kt below the saturation sale and thex-dependene of the saturation sale an thus be studied diretly. High-preision data in awide kinemati region for dediated observables will ertainly help.On the theoretial side progress is needed in� the alulation of the evolution of unintegrated PDFs in the presene of saturation� the fatorization and fatorization breaking in the presene of saturation� the alulation of the hange of the leading pion spetrum expeted due to the onsetof the saturation regime ompared to the fatorization preditionBesides investigations on saturation, the range of validity of the linear evolution equationsis not yet fully understood:� in the moderate Q2 region ontributions from higher twist e�ets (multi-parton ex-hange proesses) are expeted. However they are suppressed by additional powersof 1=Q2 and therefore typially have only a small e�et. At small x this ontributionis inreased by large log(1=x) terms. A systemati investigation of the higher-twistregion would require measurements at the same Q2 but with x varying over a largerrange than available up to now. This an be ahieved with F2 measurements reordedat lower enter-of-mass energies.� in the large x region a breakdown of the ollinear fatorization ansatz is expeted dueto the transverse momentum as well as energy momentum onservation as advoatedin [43℄.The program to investigate non-linear e�ets at HERA further and to onstrain the validityof linear evolution equations is essential for any proper interpretation of small-x e�ets atLHC. HERA is the only plae where these e�ets an systematially be studied in a leanand ontrollable environment, i.e. where preision measurements are possible. The resultsof suh a program will have diret impat on measurements at RHIC but even more atLHC, where deviations from linear dynamis (saturation and multi-parton interations) areexpeted even for high pt proesses [44℄.8 DIS 2008



5 Tuning and validation of MC event generators and models atHERA for future ollidersWith preision measurements, as desribed in the previous setions, di�erent models andalulations an be systematially srutinized. In many ases it will be possible to �ndparameter settings whih desribe spei� sets of measurements very well, while failingfor di�erent sets of observables, making di�erent parameter settings unavoidable. Suha situation is not at all satisfatory, as it indiates de�its in our understanding of theunderlying physis.Sine many of the alulations are also applied and used at di�erent olliders (mostprominently the LHC), the investigation of the range of validity of various models is essen-tial for their suess. For a detailed investigation all measurements from HERA, but alsofrom other ollider experiments, need to be available in a omputer-readable form, whihautomatially inludes all neessary uts and reonstrution algorithms. Suh frames existin form of HZTOOL and its suessor RIVET [45℄.For the major Monte Carlo event generators, whih are appliable for ep as well as forpp, suh as ARIADNE [46℄, CASCADE [47℄, HERWIG [48℄ and PYTHIA [49℄, a number oftunable parameters an be obtained from the measurements desribed here. These investi-gations should inlude:� parton showersÆ tuning of hadronization parametersÆ tuning and validation of parton shower resummation; validity range of ollinearand kt fatorized parton showersÆ signi�ane of angular ordered parton showersÆ signi�ane of LL or NLL parton showers� parton distribution funtions for MC event generatorsÆ LO or NLO PDFsÆ determination of dediated PDFs for MCs (PDF4MC)Æ unintegrated PDFsIt ould also happen that some parameters are not uniquely tunable to desribe all themeasurements. Suh a situation indiates the inompleteness and inonsisteny of the ansatzused and would be of general interest. HERA with its QCD preision measurements maywell be the only plae for a long time where suh a global validation of the di�erent modelsan be done in an environment with a hadron beam and a ontrollable probe. In a globalvalidation also measurements from p�p, pp and e+e� have to be inluded.6 Wish-list for measurementsIn the following we list the measurements whih are needed in our view to omplete theprogram outlined above.DIS 2008 9



6.1 Parton Distribution FuntionsA summary of ross setion measurements relevant for the determination of the protonPDFs is given in Tabs. 1 and 2. The measurements desribed here are either already doneor are to be ompleted with the full statistis of HERA II. The inlusive ross setion mea-surements an be used to determine integrated as well as unintegrated PDFs. Using thefull statistis will be important for measurements of the visible ross setions, espeially formulti-jets and heavy avor tags. The determination of unintegrated PDFs is omplementedby measurements of semi-inlusive ross setions like harm or jet ross setions. Measure-ments of �� and pt orrelations an further onstrain the kt{dependene of the unintegratedPDFs (Tab. 2). A extended kinemati range to smaller Q2 and smaller pt as well as moredi�erential data as a funtion of pt and the dijet mass would be desirable, requiring newmeasurements.neutral urrent (NC) (inlusive)F =Z2 (x;Q2) (e� + p! e� +X) �s, sea quarks,gluonF =ZL (x;Q2) (e� + p! e� +X) �s, gluonF =Z2 (x;Q2) (e� + p! e� +X) at large Q2 d=u at large xxF =Z3 (x;Q2) (e� + p! e� +X) q � �q�K�vis (x;Q2) (e� + p! e� +K� +X) strange-quark�D�vis(x;Q2) (e� + p! e� +D� +X) harm-quark, �s, gluon�jetsvis (x;Q2) (e� + p! e� + n-jets +X) �s, gluonharged urrent (CC)F2(x;Q2) (e� + p! �� +X) u+ , �d+ �sF2(x;Q2) (e+ + p! � +X) d+ s, �u+ �neutral urrent (NC) (di�rative)FD(3)2 (x;Q2; xIP ) (e� + p! e� +X + p) di�rative quarks, gluonTable 1: Summary of measurements relevant for the determination of the parton distri-bution funtions. The right olumn indiates whih quantities an be onstrained by themeasurements.10 DIS 2008



harm in DISd2�(ep!e0D�+X)dx dQ2 , d�(ep!e0D�+jet+X)dpD�;jett R dkt A(x; kt; �)harm and/or jets in DISd�(ep!e0D�+jet+X)d��D�;jet12 , d2�(ep!e0D�+jet+X)d��D�;jet12 d��D�;jet12 R dx A(x; kt; �)d2�(ep!e0D�(jet)+jet+X)d��D�;jet12 dx A(x; kt; �)d2�(ep!e0D�(jet)+jet+jet+X)d��D�;jet12 dx , d2�(ep!e0D�(jet)+jet+jet+X)d��D�;jet13 dx A(x; kt; �)Table 2: Summary of measurements relevant for the determination of the unintegrated PDFsA(x; kt; �). The indies label the jets (D�) ordered in pt. The right olumn indiates whihpart of the unintegrated PDF an be onstraint by the measurement.The photoprodution of muon pairs [50℄ is largely indued by quark-antiquark annihila-tion and is therefore diretly sensitive to the quark distributions in the real photon, whihwere up to now measured only in e+e� ollisions from the photon struture funtion F 2 . Ameasurement at HERA ould probe a di�erent avor ombination than the one appearing inF 2 , thereby yielding a measurement of the avor struture of the quark ontent of the pho-ton. Suh a measurement would have important impliations for prediting photon-protonross setions at the LHC, and photon-photon ross setions at a future linear ollider. Anew measurement of F 2 would omplete the struture funtion measurement at HERA.6.2 Color struture of the �nal stateThe olor struture of the hadroni �nal state an be investigated with measurements oftransverse energy ow and harged partile spetra over the widest possible phase spae:� Universality of the olor onnetion between partons from the hard proess (new mea-surements)Æ The energy ow between the jets depends on the olor onnetion of the hardpartons. In di�ration, 3-jet events should show the same string-e�et as in e+e�-annihilation into three jets, whereas in non-di�rative events the partile ow betweenthe jets is expeted to be di�erent. A new measurement in the same phase spae regionof di�rative and non-di�rative events needs to be performed.Æ The energy ow between the jets is also inuened by ontributions of multi-parton exhanges. Thus a omparison of 2- and 3-jet measurements in photoprodutionwith those at large Q2 in the same phase spae region will show the importane ofmulti-parton interations in DIS. In the photoprodution region, a omparison betweendiret photon enhaned and resolved photon enhaned regions for the same jet phasespae is also sensitive to multi-parton exhanges.DIS 2008 11



� Universality of the olor onnetion between partons from the hard proess and theproton-remnant (new measurements in extended phase spae)Æ In non-di�rative events the transverse energy ET and the hadron multipliityin the forward region does not derease as expeted from ollinear fatorization [51℄.Measurements of ET and hadron multipliity as a funtion of �, x and Q2 are not welldesribed by theoretial preditions [51{53℄.Æ In di�ration the formation of a rapidity gap is diretly related to the olorstruture of the exhange. Resattering e�ets between the remnants may destroythe rapidity gap. This is diretly related to the observation of fatorization break-ing in di�rative di-jet prodution in the low-Q2 region [54℄. A systemati study offatorization breaking using di�rative di-jets in photoprodution and DIS as a fun-tion of the di�rative variables xIP , � and Q2 are indispensable. The understandingof resattering e�ets is essential for entral exlusive Higgs boson prodution at theLHC.Æ New measurements (also in di�ration) of energy ow, hadron multipliity butalso jets espeially lose to the rapidity gap are needed. If the di�rative exhangeemerges from the proton due to proesses whih take plae at non-perturbative sales(and thus, if di�ration an be inorporated into the starting ondition of the usualPDFs), then the rate of jets with large transverse momenta (forward jets) lose to therapidity gap should be small. However, if the di�rative exhange ontains a hardperturbative omponent, the ross setion of di�rative forward jets should be sizable.Æ The measurement of transverse energy ET and hadron multipliity in the for-ward region will be an important ingredient for any uniform desription of non-di�rative, di�rative and multi-parton interation events as provided by the AGKutting rules. Suh a new measurement would require further investigations on trak-ing in the forward region.6.3 Universality of parton-jet relationsThe universality of the orrelation between parton and jets (at parton or hadron level) anbe investigated with proesses whih have one or two jets. The following, partially new,analyzes would be useful:� orrelation between hard partons and jets at parton levelÆ The orrelation an be investigated by measurements of the di-jet produtionross setion as a funtion of the di-jet mass mij , thereby avoiding to ompare di-retly the transverse energy and rapidity of the jet with those of the parton jet in thealulation.Æ The orrelation as a funtion of the jet pt as well as the inuene of the un-derlying event an be quanti�ed by jet prodution ross setion measurements fromlowest possible pt � 1 GeV to high pt. The inuene of soft and ollinear radiationan be studied with measurements as a funtion of the jet resolution parameter andas a funtion of the jet algorithm (inlusive kt, anti-kt, SiSCone, et.). In addition,energy ows inside the jets or the jet pro�les ould shed light on this e�et.12 DIS 2008



Æ Measurements of �pt = jpt;1 � pt;2j or P pt = pt;1 + pt;2 for di-jets, with pt;1;2being the transverse momentum of the jets, as a funtion of pjett , �jet, Q2 and x areextremely important as they give diret aess to higher-order ontributions.� universality of soft gluon resummationThe probability to have two jets exatly bak-to-bak in the �p enter-of-mass shouldvanish sine gluon radiation from the initial and �nal state destroys the LO bak-to-bak on�guration. This so-alled Sudakov e�et also plays an important role for thept-spetrum of W=Z prodution as well as the pt distribution for the Higgs boson inhadron-hadron ollisions.The e�et of soft gluon radiation an be investigated by di-jet measurements as a fun-tion of ��, as a funtion of the di-jet mass and of Q2, ranging from photoprodutionto high Q2. In the region of �� � 180o ontributions from soft gluon resummationan be studied.� importane of small x resummationAt large enough energies or small enough x the suppression of higher-order ontribu-tions (due to higher orders in �s) is ompensated by logarithms of 1=x, thus the jet(or leading partile) ross setion inreases with p2t � Q2. At small values of x also thetransverse energy and the partile multipliity beome larger than expeted from purehadronization. Small x resummation an play an important role for the pt-spetrumof W=Z prodution as well as the pt distribution for the Higgs as pointed out in [55℄.The small x resummation an be studied by the forward jet ross setion assoiatedwith jets or heavy quarks in the entral region.Æ Important information on parton radiation an be obtained by a measurementof the transverse energy ow as a funtion of � in events with a forward jet.Æ The measurement of the DIS di-jet ross setion in the region of �� < 120ois sensitive to ontributions beyond 2 ! 3-proesses and thus an signal e�ets of allorder resummation. The transverse energy ow and partile multipliity in DIS di-jetevents as a funtion of �� and jet pt is important.Æ The measurement of forward jet prodution with p2t � Q2 an provide essentialinformation on small x resummation. The forward jet needs to be at smallest possibleangle w.r.t. proton beam axis. The ross setion as a funtion of the angle � betweenthe sattered eletron and the forward jet, as a funtion of the rapidity separationbetween both, and as a funtion of the jet pt is essential.The relation between partons (or jets at parton level) and jets at hadron level an beinvestigated with the following new measurements:� the inlusive single jet prodution ross setion as a funtion of the jet resolution pa-rameter R, as well as the di�erential jet ross setion as a funtion of x, Q2, transversemomentum pjett and �jet.� the investigation of the above ross setions for di�erent jet algorithms and a ompar-ison with theoretial preditions at parton level and with those after parton showeringand hadronization.DIS 2008 13



� measurement of multi-jet prodution ross setions as a funtion of Njet in photo-prodution and DIS as a probe for the relevane of higher-order ontributions. Thismeasurement ould be repeated using the full HERA II statistis.� measurement of di�erential multi-jet ross setions in photoprodution and DIS foran investigation of higher-order ontributions. Correlations between the jets in � andpt should allow one to separate multi-parton interations from multi-jet produtionoming from a single interation (similar to what was done in [56℄).� measurement of partile multipliity and energy ow in multi-jet events. Underlyingevent ontributions and multi-hain proesses will show an inreasing ativity away in� and � from the hard proess.� measurements of jet ross setions with equal and with very di�erent transverse mo-menta for an investigation of multi-sale proesses.6.4 Universality of hadronizationThe e�et of hadronization in general is diÆult to separate from soft parton radiation.Energy ow, harged and neutral partile multipliities an be used to determine generalproperties of hadronization, requiring new investigations:� partile multipliity and transverse energy distributions, di�erential in x, Q2 as wellas in � and �. This would also potentially provide insights into the role of smallx dynamis (BFKL), multiparton radiation (higher order ontributions and partonshowers) as well as multiple-parton interations.� partile multipliity, energy and pt spetra in the forward region: this would help to�x the fragmentation of the proton-remnant. Natural questions to ask inlude: Doesthe proton remnant fragmentation depend on x or Q2? What is the intrinsi kt ofquarks and gluons in the proton? HERA data ould help to answer suh questions.The following measurements (using full statistis and extended phase spae) are needed fora preise determination of fragmentation and hadronization parameters:� measurements of harm fragmentation funtions and at the same time the harm (pole)mass as a funtion of x, Q2, pt and ŝ� measurement of non-strange meson (�) and baryon (p, n) and strange meson andbaryon prodution (hyperons) as a funtion of x, Q2, �, � and pt and orrelationsbetween them, needed in partiular for the determination of light and strange hadronfragmentation funtions� quark and gluon jet fragmentation: measurement of leading and subleading partilesin jets to allow a separation of quark and gluon jets.� measurement of proton and anti-proton prodution in the forward region (proton-fragmentation region)14 DIS 2008



6.5 Deviations from expetations in linear QCDDeviations from linear QCD might be seen in inlusive measurements but the best observ-ables are semi-inlusive measurements. The following measurements using the full statistisould show e�ets of non-linear QCD:� kt-dependene of the unintegrated PDF for di�erent values of x with the transversemomentum of a di-jet pair, a heavy-quark pair or a J= + g system.� the energy dependene of the ratio FD2 =F2 of di�rative and inlusive struture fun-tions.� geometri saling of the inlusive struture funtionF2 � F 2 (with the harm ontri-bution subtrated)6.6 Proposals for additional measurementsHere we present proposal for measurements in addition to the program outlined above.6.6.1 Intrinsi Heavy Quarks at HERA [57℄As emphasized by the CTEQ group [58℄, there are indiations that the struture funtionsused to model harm and bottom quarks in the proton at large xbj have been stronglyunderestimated, sine they ignore the intrinsi heavy quark utuations of hadron wave-funtions. The probability for Fok states of a light hadron suh as the proton to have anextra heavy quark pair dereases as 1=m2Q in non-Abelian gauge theory [59,60℄. The intrinsiFok state probability is maximized at minimal o�-shellness; i.e., when the onstituents haveminimal invariant mass and equal rapidity. Thus the heaviest onstituents have the highestmomentum frations and the highest xi. Intrinsi harm thus predits that the harmstruture funtion has support at large xbj in exess of DGLAP extrapolations [61℄; this isin agreement with the EMC measurements [62℄.The SELEX [63℄ disovery of d and u double-harm baryons at large xF reinforesother signals for the presene of heavy quarks at large momentum frations in hadroniwave-funtions, whih is a novel feature of intrinsi heavy quark Fok states. This has strongonsequenes for the prodution of heavy hadrons, heavy quarkonia, and even the Higgs atthe LHC. Intrinsi harm and bottom leads to substantial rates for heavy hadron produtionat high xF [64℄, as well as anomalous nulear e�ets. The heavy quark distributions in theproton at large x are perhaps the most important unertainties in hadron struture; theunertainties in (x;Q2) also auses onfusion when one uses harm prodution to tag gluondistributions.Although HERA measurements of harm and bottom ross setions in deep inelasti epsattering are normally restrited by kinematis and rate to small xbj , there is some haneof seeing exess �p! X events at high Q2 and x.In addition, other hard sattering reations may allow aess the intrinsi omponent ofheavy quark distributions at large x at HERA:� Study the hard photoprodution proess p! X where the harm jet is produed atlarge pT . The dominant subproess is  ! g; where a gluon jet reoils against theharm quark trigger.DIS 2008 15



� Look for open or hidden harm prodution at high xF in the proton fragmentationregion in normal high Q2 deep inelasti events, possibly using the existing forwardsilion detetors. In this ase one looks at fast harm produed from the exitation ofthe juud� > Fok state of the proton.� Use ep! e0X to e�etively lower the eletron energy; this would require tagging aforward photon along the eletron diretion.6.6.2 Exlusive Proesses [65℄� The extration of the bare 3IP vertexThe triple-Pomeron vertex is an important ingredient for the physis of di�ration [66,67℄. In order to determine the value of the bare (unsreened) vertex, the triple-Pomeroninteration should be measured in a proess where the resattering e�ets are sup-pressed. Suh a proess is proton dissoiation in the inelasti di�rative J= photo (oreletro-) prodution. Unfortunately, the existing HERA data are fragmentary and noresults on the distribution over the mass M of the system Y aompanying J= areavailable. We need better statistis of inelasti di�rative J= events. The inelastidi�rative � events are of a speial interest, but are limited by the reorded statis-tis. It is ruially important to have the data with an expliit measurement of theproton dissoiation mass spetrum-spetrum in order to perform the full triple-Reggeanalysis whih will allow to separate the IPIPIP term from the other tripple-Reggeontributions.� More preise measurements of exlusive � photoprodutionExlusive � photoprodution allows to probe the generalized unintegrated gluon dis-tribution in a kinematial region whih is lose to the expeted one in entral exlusiveprodution of the Higgs boson at the LHC [68℄. Currently, the unertainties aused bythe lak of knowledge of the gluon distribution at low x and small sales are sizable,and better statistis of exlusive � event will allow to onstrain the expetations forthe entral exlusive prodution of new physis events at the LHC. Also exlusive pollisions at the LHC ould be diretly used.� Measurement of the ratio R of di�rative and inlusive di-jet photoprodution.It was suggested in [69℄ that a good way to study the e�ets of fatorization breakingin di�rative di-jet photoprodution is to measure the ratio R of the di�rative proessto the orresponding inlusive prodution proess. In this ratio many theoretial andsome experimental unertainties an anel. It will be very interesting to have theresults on R as a funtion of Q2 in order to observe variation of absorptive e�ets.Further studies of the ET dependene of the sreening e�ets in di�rative di-jet pho-toprodution are very important. It is expeted (for instane [70℄) that with dereasingof the jet ET the sreening e�ets beome stronger. This is beause at lower ET therole of the large size di�rative omponent with larger absorptive ross setion beomesmore pronouned. The new H1 and ZEUS data seem to indiate suh behavior butmore data are urgently needed.16 DIS 2008



6.6.3 Semi exlusive di�ration [71℄� Hard Pomeron trajetoryOne of the important issues of the hard Pomeron dynamis is the t-dependene of thehard Pomeron trajetory. It has been measured at HERA for small t in the exlusiveeletro (photo) prodution of onium states. To study it at large t it is neessary touse rapidity gap events at large t: (�) + p ! VM + gapX . A number of suhanalyses were performed at HERA. However, pratially in all asesM2X=W 2 was keptonstant. It turns out that in this ase sensitivity to �IP (t) is very low as the energydependene is mostly given by x dependene of the gluon density in the target [72℄. Itis neessary to perform analyses of the energy dependene of the proess for the �xedupper limit on MX . In this ase sensitivity to �IP (t) will be maximal.� Improving knowledge of the transverse distribution of small x partonsKnowledge of transverse distribution of gluons and quarks (whih is a Fourier transformof the t-dependene of gluon and quark GPDs measured in exlusive DVCS and DISvetor meson prodution) is ruial for a realisti modeling of the geometry of the ppollisions at the LHC. One needs to determine more preisely the di�erene betweenthe t-slopes of DVCS, eletro and photo prodution of J= and measure the slope ofthe � photoprodution.� Gluon utuations in the nuleonIt was demonstrated in [73℄ that the ratioR(W;Q2;MX) = d�(�+p!VM+MX )(t=0)dtd�(�+p!VM+p)(t=0)dtmeasures the variane of the utuations of the gluon density in the nuleon for a givenx. A slow Q2; x dependene of this ratio is predited. Hene a systemati experimentalstudy of this ratio will provide an important new information about struture of thenuleon and will allow a better modeling of the pp ollisions at LHC.� Novel two ! three proessesThere exists a number of novel DIS proesses whih were not studied so far whih aresensitive to the generalized PDFs (GPDs) in the nuleons and large t GPDs in thenuleon. One example [74℄ is the proess whih maybe feasible for detetion at HERAis the proess � + p ! VM + gap + �+ + n where a pion is produed with xF �0:1; pt � 1:5 GeV/ orresponding to relatively small rapidities and the neutron hitsthe neutron alorimeter and has xF � 0:9; pt � 0:1 GeV/. The transverse momentaof the VM and pions are nearly balaned in this kinematis and seletion of large tfor the proess (olor transpareny) and low pt for the neutron lead to a suppressionof the �nal state interation. This proess is expeted to be reasonably enhaned forlarge t sine it has a muh weaker t dependene than the � +N ! VM +N proess(a fator / 1=t2) due to a weaker large t dependene pion GPD as ompared to thenuleon GPD.6.6.4 Observation of the Odderon at HERAOdderon exhange has never been observed in experiment, even though it is an essentialpredition of QCD.DIS 2008 17



The asymmetry in either the frational energy distribution or the angular distributionof harm versus anti-harm jets produed in high energy di�rative photoprodution�p! �pis sensitive to the interferene of the Odderon (C = �) and Pomeron (C = +) exhangeamplitudes in QCD [75℄. This asymmetry has been estimated to be of the order 15%using an Odderon oupling to the proton whih saturates onstraints from proton-protonvs. proton-antiproton elasti sattering.Measurements of this asymmetry at HERA ould provide �rm experimental evidene forthe presene of Odderon exhange.7 ConlusionHERA was and is still the only plae where preision measurements in QCD in a ontrolledenvironment with an eletron probe and a hadron beam are performed. The vast amount ofdata olleted at the HERA II ollider with exellently understood detetors is still in theproess of being analyzed.Many fundamental questions of QCD, suh as the universality of the PDFs for di�erentproesses, hadroni �nal state and hadronization universality an be addressed with HERAdata. The answers to these questions are extremely interesting on their own, but evenmore so, this will be neessary ingredients for many potential disoveries at the LHC andelsewhere.It has been disussed in this note that the HERA physis program is still extremely rih,full of potentially very important measurement in many di�erent areas of QCD. We triedto struture the topis and to fous on the most fundamental questions suh as universalityand fatorization.We believe that muh progress an be ahieved in theses �elds in the next few years, andwe look forward to many exiting and hallenging new results.8 AknowledgmentsWe would like to thank the whole organizing ommittee of DIS08 for this very inspiring andinteresting onferene. We are espeially grateful for the possibility to hold this disussionsession and for the invitation to ontribute with this note to the DIS proeedings.A very speial thank-you goes also to all the partiipants of this evening disussionsession, whih was so lively and produtive that we were enouraged to write up this note.This session showed that HERA physis is interesting also for young physiists and thatQCD is still a hallenging �eld, with many ups and downs but learly the potential forinteresting disoveries.Referenes[1℄ Raymond Brok et al. Handbook of perturbative QCD: Version 1.0. Rev. Mod. Phys., 67:157{248,1995.[2℄ L.V. Gribov, E.M. Levin, and M.G. Ryskin. Semihard proesses in QCD. Phys. Rep., 100:1, 1983.[3℄ E. M. Levin, M. G. Ryskin, Yu. M. Shabelski, and A. G. Shuvaev. Heavy quark prodution insemihard nuleon interations. Sov. J. Nul. Phys., 53:657, 1991.18 DIS 2008
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