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HIGH ENERGY QCD AT e+e�; pp AND ep COLLIDERS�Albert De RoekCERN 1211, Geneva 23, SwitzerlandE-mail: deroek�mail.ern.h(Reeived August 19, 2002)We review reent high energy QCD data and phenomenologial de-velopments on small-x and BFKL like e�ets. Data of ep, e+e� and ppolliders are disussed, and prospets for future olliders are given.PACS numbers: 13.60.Hb, 13.65.+i, 13.85.Hd1. High energy QCDIn this ontribution we will study strong interations at large partonienter of mass (CMS) energy s and momentum transfer t suh that s� jtj.This is the domain of small x and the region where we ould expet BFKLtheory to be appliable.In this paper we report on progress of measurements whih study theparton evolution in the `parton ladder' as depited for an ep ollision inFig. 1. This is often also alled the study of the hard or the perturbativeor BFKL pomeron. We will examine footprints for suh BFKL signals. Thesignals studied are:� Struture funtions.� Forward jet measurements in ep.� Forward high pT partile measurements in ep.� Dijets in pp.� Hard olor singlet exhange in pp and ep.� Double tagged events in ee.� Plenary presentation at the X International Workshop on Deep Inelasti Sattering(DIS2002) Craow, Poland, 30 April�4 May, 2002.(2749)



2750 A. De Roek� Vetor Meson prodution in ep and ee.� New ideas on small x measurements.� A few ommon hallenges in ee, ep and pp data.� Instantons searhes.
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pFig. 1. Ladder diagram for multi-gluon emission in low-x ep ollisions.We will report both on present and possible future low-x data for thesedi�erent interations, shown in Fig. 2. The present data onsists of resultsfrom HERA (ep;ps = 320 GeV), Tevatron (pp;ps = 1800 GeV) and LEP(e+e�;ps = 90�210 GeV). The �rst two olliders have terminated run I afew years ago and now start run II in order to ollet 10 times and 100 timesmore data respetively. LEP has onluded its data taking in the year 2000.Future data will inlude data from the LHC (pp;ps = 14 TeV, startupexpeted in 2007), and possible that of a linear ollider LC (ep;ps = 500�1000 GeV and ;ps = 400�800 GeV) and a ollider suh as THERA(ep;ps = 1 TeV).
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Fig. 2. Sketh of proesses for small-x signatures in high energy ollisions in ep, pp(or pp) and e+e� ollisions. 2. Parton evolutionBasially, there are three di�erent parton evolution equations at ourdisposal: the DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi) [1℄,BFKL (Balitski, Fadin, Kuraev, Lipatov) [2℄ and CCFM (Catani, Ciafaloni,Fiorani, Marhesini) [3℄ equations.The DGLAP equations resum �s lnQ2 terms. This implies a strongordering of the parton kT in the ladder, and predits the Q2 evolution ofparton distributions, i.e. one a parton distribution is given at any sale Q20it an be predited at any other Q2 value.The BFKL equation resums �s ln 1=x terms. It implies strong orderingin x but no ordering of the parton kT in the ladder whih follows in fat adi�usion pattern. These equations are expeted to ultimately desribe thelow-x behaviour of proesses.The CCFM equation interpolates between DGLAP and the BFKL limits,and is based on angular ordering and olour oherene. In the appropriatelimits it will produe the DGLAP and BFKL approximation.In the ase of DGLAP ollinear fatorisation and for BFKL/CCFM kTfatorisation an be used to alulate ross setions of proesses. The partondistributions to be used in the latter ase are the so alled unintegrated ones:f(x; k2T; Q2).The DGLAP equation is well know and studied sine quite some time.The study of the BFKL equation began in earnest just before and duringthe HERA data taking. In LO it predits a power inrease of the rosssetion �BFKL � s� � (1=x)� with � = 0:5 for �s = 0:2. In 1998, afteran heroi e�ort, the NLO orretions to the kernel were �nalised [4℄. Theseorretions turned out to be very large and may turn � zero or even negative.



2752 A. De RoekSine then the e�ets of higher orders have been studied for measurableproesses. A phenomenologial determination of the e�etive � via analysesof subleading terms or studying the struture of the divergenes [5℄ (e.g.onsisteny onstraints, e�etive �s, ollinear resumation, order-by-orderonsisteny of the lnQ2 terms, resaling Y , dipole asades et.) lead tothe observation that the `NLO' value of � seems to onverge to a range of0.15�0.3. Complete NLO alulations for measurable proesses are also inpreparation, e.g. [6℄.Several tools exist to onfront preditions with experimental low-x data.For BFKL studies we have:� BFKL Monte Carlo program [7, 8℄.� Monte Carlo programs without kT ordering (CDM : : : not truly BFKL).� HERWIG and PYTHIA versions with BFKL for spei� proesses.� BFKL analytial and numerial alulations (many : : :).For CCFM preditions we have:� The CASCADE Monte Carlo program [9℄. This inludes a CCFMbakward evolution, has been �tted to the F2 data to �x the parame-ters, and �nal state results an be predited without further tuning.� The LDC Monte Carlo [11℄.� The SMALLx program [10℄.� CCFM analytial and numerial alulations (many : : :).DGLAP preditions are provided by various Monte Carlo programs.3. Struture funtionsThe �rst DIS workshop in 1993 in Durham also marked the release of� and debate on � the �rst low-x data. During that workshop the �rstF2 measurements from HERA were shown, reahing x values down to afew times 10�4, whih showed a strong rise of F2 with dereasing x. Thisobservation was at �rst sight not inompatible with the LO BFKL powergiven above. The rise of F2 at small x has been on�rmed ever sine withmuh more data and an improvement in preision of a fator 10.However, it was soon realised that leading twist NLO DGLAP equationsare perfetly able to desribe the data down to x values of a few times10�5. Where are the expeted large 1=x logarithms hiding? (Some reent



High Energy QCD at e+e�; pp and ep Colliders 2753disussion an be found in [12℄.) The DGLAP evolution was shown to berather robust and able to desribe the data, but perhaps at the expense ofhaving a rather unnatural behaviour of the resulting gluon distribution atsmall Q2 values, where it an beome negative. Suh behaviour ould resultfrom higher twists ontributions to the data, or from a genuine breakdownof the theory, but it remains di�ult to proof the latter. Any inonsistenywith a measurement and analysis of FL in the HERA region ould shed lighton this matter, but it is doubtful that a preise enough measurement an bemade at HERA within its antiipated lifetime, as presented in [13℄.Despite the suess of the DGLAP equations for the inlusive observableF2, attempts to test uni�ed BFKL+DGLAP desriptions of F2 also do agood job (see e.g. [14℄), if not better, but obviously makes the desriptionmore ompliated. Reently R. Thorne showed that when inluding low-xresumation a substantially better �t of the data an be obtained than witha pure DGLAP �t alone. The results of this analysis are shown in Fig. 3.Does the F2 data start to reah a preision that will allow to detet thee�et of small-x terms? The present measurement errors are around 1�2%
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Fig. 3. Proton struture funtion data as a funtion of Q2 at �xed x. Several �ts areshown, following the MRST presription, one of whih inludes small-x resumation.



2754 A. De Roeknow in a large region of the phase spae. Future HERA-II data will be ableto extend the region of preise data further and perhaps even improve theoverall preision. Hene there is some hope that future F2 measurementsmay beome one of the referees in the small x disussion.4. Final states4.1. The �rst ideasBy 1995 it was already realized that F2 may be a too inlusive observableto reveal the BFKL dynamis. At the time the interest started to turn to�nal state variables. The underlying idea was to study the behaviour of thepartons in the `ladder' as shown in Fig. 1.Proposed variables at the time where� Forward jets in ep.� Forward energy �ow in ep.� Mueller�Navelet jets in pp.� Jet angular de-orrelation in ep.The global energy �ows, although enouraging at �rst [16℄, �nally wereonluded to be too dependent on the non-perturbative fragmentation phase,and have no longer been pursued. The initial BFKL e�ets on jet angularde-orrelations were found to be below the expeted resolution, but thistopi has been reently revisited [17℄ in order to extrat the unintegratedgluon distribution in the proton.Sine then a number of new ideas have been put forward suh as themeasurement of forward partiles, vetor meson prodution at large t, ��sattering, et. 4.2. Forward jets in epThe idea [18℄ of this measurement is to hoose low-x events as shown inFig. 4 with a jet with xjet(= x1) � Ejet=Eproton to be large, i.e. around 0.1,and to hoose E2Tjet(= k2T1) � Q2. The latter ondition suppresses DGLAPevolution while the former selets event with a large partoni ladder. Themeasurement exploits the strong kT ordering expeted in the DGLAP evo-lution to suppress this ontribution. These jets are kinematially lose tothe forward proton diretion in the HERA lab frame, and hene labelled for-ward jets. Typial experimental uts selet jets with 7 to 10 degrees of anglew.r.t. the proton and ET values of 4�5 GeV [19,20℄. Fig. 4 and Fig. 5 showthe data ompared to alulations. Pure DGLAP based models generally
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Fig. 5. Forward jet data as funtion of Bjorken-x, ompared to Monte Carlo alu-lations (left) and numerial alulations (right).underestimate the data. Pure LO BFKL alulations predit generally toosteep a rise. Improved BFKL alulations whih inlude expliit kinematie�ets (via Monte Carlo tehniques [7℄) or so alled onsisteny onstraints,whih inlude a large (alulable) part of the subleading e�ets [21℄ an



2756 A. De Roekdesribe the data, see Fig. 4. However also DGLAP models with added re-solved photon ontributions an desribe the data equally well [22℄. Also theCASCADE Monte Carlo desribes well the H1 forward jet data, but slightlyworse the ZEUS data, as shown in Fig. 6.
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High Energy QCD at e+e�; pp and ep Colliders 2757that the di�erent approahes, whih are presently suessful in desribingthe data (BFKL, resolved photons, dipole asades) an be distinguished.Ideally forward jets with an angle down to 1 degree need to be tagged.4.3. Forward high pT partilesForward jets have the disadvantage of being fairly extended objets, de-pend on jet �nding algorithms and are sensitive to the alorimetry hadronienergy sales. A omplementary approah is to study forward high pT par-tiles. Generally lower angles (i.e. longer ladders) an be reahed, and suhanalyses have di�erent systematis. On the other hand fragmentation fun-tions are needed to alulate the rates. H1 has published forward �0 data [25℄whih have been ompared with various models. The BFKL alulations in-luding the onsisteny onstraint [26℄ give a good desription of those data.The resolved photon approah was found to desribe the data less well. Onthis onferene H1 has released new measurements with larger statistis andpresented more di�erentially [27℄, e.g. studying the ET assoiated with thetagged �0. Some of the results are shown in Fig. 7. The onlusion is how-ever not yet lear: in some regions CASCADE performs better, in others theresolved photon approah is in better agreement. The failure of CASCADEin this measurement ould be due to the quark splitting funtions whih arepresently not yet taken into aount in this model.
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2758 A. De Roek4.4. Dijets in ppThe forward jets studied in ep ollisions have emerged from the originalidea of Mueller and Navelet [28℄, who suggested to study di-jets in pp (orin pratie at the Tevatron in pp) with a large rapidity di�erene, allowingfor a gluon ladder to develop between the two jets. The D0 ollaborationhas analysed suh events in terms of low-x phenomenology. The azimuthalangle de-orrelations between jets have been studied as a funtion of the jetdistane in rapidity. The result was at �rst slightly disouraging, showingthat both naive and somewhat improved BFKL alulations overestimatedthe de-orrelation e�et. A �xed order QCD alulation on the other handunderestimated the e�et, but the general purpose Monte Carlo programHERWIG does a good job. HERWIG, whih ontains angular ordering inits QCD showers, ould of ourse just have that part of the BFKL e�etinluded whih is most relevant for this de-orrelation.Meanwhile it has been shown that improved BFKL alulations eitherby using the onsisteny onstraint [29℄ or e�etive rapidity [30℄ an providealso a reasonably good desription of the pp dijet de-orrelation data.To avoid the strong dependene on the steeply falling parton densitiesat small-x, it has been proposed [28, 31℄ to study the dijet ross setion at�xed xi, the frational momenta of the partons in the proton, at di�erentCMS energies. In an analysis performed by D0 [32℄, jets have been seletedwith ET;i > 20 GeV and j�ij < 3 and 400 < (Q2 = ET;1ET;2) < 1000 GeV2.The ross setion ratio at �xed xi for two CMS energies has been measured:R = �(psa)�(psb) = exp (� (��a ���b))p��a=��b : (1)The result of the ross setion ratio at psa = 1:8 TeV and psb = 630 GeVis shown as a funtion of the average h��i for psb = 630 GeV in Fig. 8. Atlarge h��i the dijet ross setion inreases almost by a fator of 3 betweenthe two CMS energies. The strong inrease leads to a large value for �namely: � = 0:65� 0:07. The exat LO pQCD alulation leads to a fallingross setion. The LO BFKL alulation (labelled LLA in Fig. 8) predits� = 0:45 for �s(20 GeV) = 0:17. A omplete NLO BFKL alulation isunfortunately not yet available. Surprisingly, the highest � = 0:6 is obtainedby HERWIG.However, it has reently been pointed out [30℄ that an interpretation ofthese results is ambiguous beause of di�erenes in the de�nition of the rosssetions between the D0 data and the original Mueller�Navelet proposal,related to the momentum frations xi whih is based on the assumption of 2-body kinematis, and an upper bound on the momentum transfer Q2. Thesee�ets an only be negleted in the asymptoti limit i.e. at large s and large
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2762 A. De Roekin the ontext of BFKL [45℄. Preditions have been made [46℄ and an beompared to data. The alulations are found to agree well with the data,as shown in Fig. 11.
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High Energy QCD at e+e�; pp and ep Colliders 2763Vetor meson prodution is also a good tool to study low-x in two-photon ollisions. The diagram is presented in Fig. 13(left). At TESLA,with a CMS energy of 500 GeV, one expets a few hundred events of thetype  ! J= J= per year. In [49℄ the ross setions in the presene ofBFKL are predited, see Fig. 13(right). Also �� prodution at large t andQ2 would be a good hannel to study but there are no preditions yet.
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W [GeV]Fig. 13. (left) The pomeron exhange mehanism of the proess  ! J= J= .(right) Energy dependene of the ross setion for the proess  ! J= J= .Upper urves are LO BFKL preditions while the two lower urves inlude theonsisteny onstraint, both for two values of the ut-o�.Reently DELPHI [48℄ has reported the observation of the proess  !J= +X and dedued a ross setion �(J= ! ��) = 25:2�10:2 pb. Thereis however no hane for a `BFKL' measurement with the LEP J= data.4.7. Review of the hadroni measurementsWe arrive at the following table for BFKL/CCFM measurements at thevarious olliders (Table I).Clearly in most ases the BFKL or CCFM alulations an desribe thedata (and at the same time pure DGLAP alulations fail), but often withdi�erent approximations or orretions to LO BFKL. Do we have a onsis-tent piture and preditive power? Espeially the `onsisteny onstraint'approah seems to be suessful for most of the data shown above. Howeveromplete NLO BFKL alulations for these variables are eagerly awaitedfor.



2764 A. De Roek TABLE IMeasurements onfronted with BFKL/CCFM desriptions, and alternative su-essful explanations.Proess BFKL/CCFM Other/ommentsForward jets in (ep) yes Resolved photons?Forward partiles (ep) maybe Resolved photons?Azimuth jet de-orrelation (pp) yes HERWIG also okR(di-jets,ps) (pp) ? ?Hard olor singlet (pp) yes (D0), ? (CDF) CDF & D0 data?Hard olor singlet (ep) yes enhaned  exh.�� sattering yes e�et small at LEPVetor mesons at large t yes4.8. Future of low-x measurementsIt is imperative that a onsistent and systemati study of the availablemeasurements of low-x and related phenomena is performed. To that endthe good news is the start-up of the low-x Collaboration, whih resultedout of a workshop organised at Lund around this topi. The ollaborationis open and everybody interested in this subjet should join it. Its �rstmanifesto an be found on [50℄.Not all options and new ideas to detet BFKL e�ets in the already ol-leted or future data have been exhausted yet. The di�erent ordering in kTin the gluon ladder between DGLAP and BFKL will remain the importantsignal to hunt for. To this end it will most ertainly be required to looknot just at one but at the same time di�erent objets (partiles, jets) inthe ladder, and to their orrelations. Some of the possible new ideas, whihshould be explored further, inlude� Partile or jet orrelations.� Number of jets with an ET above a given threshold.� Azimuthal orrelations in the ladder.� Long range partile orrelations in the ladder.� R(ET1=ET2) of jets for di�erent CMS energy.� pT ompensation e�ets in the ladder.



High Energy QCD at e+e�; pp and ep Colliders 2765� Forward b-quark prodution in pp e.g. at the LHC.� : : : and hopefully more whih we have not thought of yet : : : .Furthermore it was observed in [51, 52℄ that some small x e�ets areenhaned in the sattering of polarised beams. A polarised ep ollider wouldbe the ideal tool hereAn example of a new proess is the forward prodution of b quarks at theLHC. The signal is given by the diagram gg ! bbbb while the bakgroundis gg ! bb. Fig. 14 shows the preliminary alulation [8℄, where 2 b's aredeteted as funtion of a minimum rapidity value away from zero. The signalis alulated without inluding possible BFKL e�ets. The CMS detetorwill detet b-jets for a rapidity up to 2�2.5, the region where the bbbb signalstarts to dominate over the bb bakground. Hene BFKL studies in thishannel an be performed at the LHC.
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2766 A. De Roekdesribe the Tevatron data and also redues the disrepany with the HERAdata. It would be interesting to see how well it an predit the 2-photondata. Hene the `b-problem' an ertainly be relevant for low-x, but alsoother explanations are proposed to solve the issue, as disussed in [53℄.5. Future ollidersIn the previous setion we already showed where future olliders anontribute to the spei� BFKL measurements.LHC will be the next new ollider and will allow to study in more detailthe low-x region in general [54�56℄. Fig. 15 shows the kinemati plane inx and Q2 whih an be probed by the LHC. The plot safely stops at aQ2min of 100 GeV2 whih ould be reahed with jets and photons in theentral detetor. However new ideas are forming to have a better overagein rapidity, perhaps as far down as j�j = 7�8 and to reah lower mass sales,suh that x values down to 10�6�10�7 an be probed [56℄. This would bean ideal environment to study e.g. parton saturation e�ets.
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High Energy QCD at e+e�; pp and ep Colliders 2767the hadron�hadron ross setions in this regime. A Donnahie�Landsho�type of �t of the soft pomeron slope gives a value of � = 0:215 � 0:019ompared to a value of � = 0:09�0.11 in measurements of hadron�hadronollisions. What is the origin of this large slope? If on�rmed by data fromother LEP experiments, this would be a very exiting observation. Whilewe have data now only up to ps = 175 GeV extending this measurementtowards higher energies would be very important. Suh an opportunity anbe o�ered by the LHC [56, 57℄, if the low angle sattered protons an bedeteted, or better by a linear ollider and its photon-ollider option [58℄.For the latter, possible measurements of the total ross setion up to ps =400�800 GeV ould be made.Finally I would like to mention instantons. The disovery and under-standing of instantons will be of prime importane for the study of thenon-perturbative QCD. So far these have been studied theoretially and ex-perimentally only for ep ollisions, but there is no reason not to onsidere+e� and pp. While still no positive signal is reported, the H1 analysisstarts to exlude regions of parameter phase spae [59, 60℄. I would enour-age our theory friends to make preditions for signals to hunt for instantonsat e+e� and pp olliders, espeially for the LHC.6. SummaryThe small-x data tells us that:� Wherever we look at purposely seleted regions or proesses we seedeviations from the DGLAP type of preditions. Clearly somethingmore is needed at small-x.� BFKL alulations an often aommodate for these e�ets e.g. for-ward jets and partiles, vetor mesons, Tevatron data, and in ��sattering.� However often agreement with data is only reahed when using speialhoies using phenomenologial approahes to the subleading terms,�xed �s, et. A omplete onsistent piture is still somewhat laking.Do we really have preditive power with these alulations for di�erentand new proesses?� What is learly needed at the end are omplete NLO alulations forexperimental variables, some of these alulations are in progress now.� The CASCADE/CCFM Monte Carlo works well. Is this the way to goto understand low-x? There is presently a debate between the LDCand CASCADE groups on how to inlude non-singular terms, whiha�ets the preditions.
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