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DESY 08-110Di�ration and Forward Physis: from HERA to LHC �Markus DiehlDeutshes Elektronen-Synhroton DESY22603 Hamburg - GermanyI disuss and onnet a number of topis in small-x physis at HERA and at LHC,pointing out reent progress and open questions in theory and phenomenology.1 Leading protons and rapidity gapsAn antiipated highlight of di�ration at LHC is the study of new partiles in entral exlu-sive prodution, pp! p+X+ p. Detailed investigations have been made for the ase whereX is a Higgs boson in the Standard Model or its supersymmetri extension (see e.g. [2℄), butother systems with a strong oupling to two gluons, like a gluino pair X = ~g~g [3℄, an beequally interesting. Provided that rates are suÆiently high, entral exlusive produtionenables us to study the system X in a lean environment, with a signal-to-bakground ratiooften muh larger than in onventional, inlusive prodution hannels. Measurement of theoutgoing proton momenta in forward detetors gives the possibility of a preise determi-nation of the mass and possibly the width of X , and the exlusive prodution mehanismstrongly favours systems X with quantum numbers CP = ++. If the e�etive two-gluonluminosity for pp! p+gg+p! p+X+p an be determined from Standard-Model hannelssuh as X = dijet or X = , the ross setion measurement for a new partile X deayinginto a �nal state f yields the ombination �X!gg�X!f=�tot of widths. More detail is givenin several presentations at this meeting [4℄.
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Figure 1: A simple graph for entral exlu-sive Higgs prodution. The blobs representthe generalised gluon distribution.
HERA data provides essential non-perturbative input needed to alulate en-tral exlusive prodution at LHC. This isimportant not only to estimate event ratesbefore LHC measurements start, but also toontrol bakgrounds and to help optimisetriggers and seletion uts when LHC datawill be available. An example are eventswhere the entral system X ontains notonly a Higgs but also relatively soft gluons.Di�rative parton densities from HERA [5℄are ruial to estimate the importane ofthis hannel, whih would spoil the au-ray of a Higgs mass determination from thesattered protons alone [6℄.The theory desription of entral exlusive prodution involves a number of nontrivialissues, some of whih were disussed at this meeting [7℄. The simplest leading-order graph for�Talk given at the 16th International Workshop on Deep Inelasti Sattering and Related Subjets,University College London, England, 7{11 April 2008 [1℄DIS 2008 1
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the prodution mehanism is shown in Fig. 1. There is no all-order fatorisation theorem forthis proess, and indeed fatorisation is broken by resattering between spetator partons.Radiative orretions to the leading-order graph in Fig. 1 are known to be important andan in part be grouped into Sudakov fators. A full next-to-leading order alulation is,however, not available, and it has reently been argued that there may be important higher-order orretions whih have not been evaluated so far [8℄.The non-perturbative input to the graph in Fig. 1 is given by the generalised gluondistribution. Our present knowledge of this distribution derives essentially from HERA dataon vetor meson prodution and on deeply virtual Compton sattering [9℄. From a theorypoint of view, � photoprodution is a partiularly lean hannel for this purpose, but therate at HERA is too limited for detailed measurements. Along with J=	 photoprodutionthis hannel ould, however, be further studied in pp and pA ollisions at LHC [10℄. It isimportant to note that the alulation of entral exlusive prodution involves generaliseddistributions fg that depend expliitly on the transverse momentum kT of the emitted gluon.Put in a simpli�ed way, the graph in Fig. 1 involves an integralZ d2kTk4T fg(x1; x01;�1T ; kT ) fg(x2; x02;�2T ; kT ) ; (1)where the distributions in the two olliding protons are entangled. This annot readily beredued to the kT integrated, ollinear distributionsZ �2 dk2Tk2T fg(x; x0;�T ; kT ) (2)that appear in ep sattering proesses. While the understanding and evaluation of higher-order orretions is fairly advaned for ollinear generalised parton distributions, the sameis unfortunately not the ase for their kT dependent ounterparts.As already mentioned, the simple mehanism shown in Fig. 1 reeives important orre-tions from the resattering of spetator partons in the two olliding protons. Most alu-lations assume that the dominant resattering e�ets an be desribed by elasti or quasi-elasti proton-proton interations. This leads to a simple representation � = �hard
jSj2 forthe physial ross setion, where the onvolution is in transverse-momentum spae, �harddesribes the hard-sattering mehanism skethed in Fig. 1, and the rapidity gap survivalfator jSj2 an be inferred from pp and p�p sattering data. More ompliated resatter-ing mehanisms have, however, been studied [11, 12℄. The underlying physis is relatedto multiple sattering in inlusive pp ollisions, whih by itself is of high importane forunderstanding �nal states at LHC. The desription of suh resattering e�ets involves on-siderable diÆulties, and a reliable evaluation of their importane has not been ahieved asyet.It is all the more important to test the phenomenologial models urrently used for thedesription of entral exlusive prodution. Fortunately, this is already possible by usingdata from the Tevatron, either for inlusive di�rative hannels suh as �pp! �p+ dijet +Xor for exlusive reations like �pp! �p+dijet+p and �pp! �p++p [13℄. Possible tests usingearly data from LHC are disussed in [7℄. HERA provides ruial input to these tests inthe form of di�rative parton densities and of the generalised gluon distribution, whih areneeded to alulate the hard part �hard of the ross setion. The importane of resatteringan also be probed in di�rative photoprodution at HERA, given the hadroni omponent2 DIS 2008



of a real photon. This has turned out to be more ompliated than initially thought, bothfrom the experimental and the theoretial sides [14, 15℄. It is probably too early to draw�nal onlusions here, but ultimately these studies might teah us more about the doublenature of the photon as a pointlike partile and a hadron than about resattering dynamisin di�ration.2 Saturation and the dipole formalismParton saturation, aused by nonlinear dynamis that sets in when parton densities beomevery large, has beome a entral topi in high-energy QCD. It allows us to study a �eldtheory in a strongly oupled regime, but with a small oupling onstant, whih makesit possible to use perturbative methods. Beyond this intrinsi interest, parton saturationentails the breakdown of a desription based on ollinear fatorisation and DGLAP evolution.To quantify nonlinear e�ets at small xB and moderate Q2 at HERA is hene relevant forassessing the limits of preision in DGLAP based extrations of parton densities. For generireasons, one expets suh nonlinear, higher-twist orretions to be stronger in FL than in F2.Quantitative estimates based on the olour dipole model have been given several years ago[16℄, and work is underway to update these estimates taking into aount the progress indipole phenomenology [17℄.A onvenient framework to desribe parton saturation in ep ollisions is the olour dipoleformalism. It permits the alulation of many inlusive and di�rative proesses|fromthe inlusive struture funtions F2, F harm2 , FL and their di�rative ounterparts to ex-lusive vetor meson prodution and deeply virtual Compton sattering|with the samenon-perturbative input, namely the sattering amplitude for a dipole on a proton target.The assoiated phenomenology is very suessful, as presented in [19℄ at this meeting. Onthe theoretial side, this formalism is, however, still largely restrited to leading order in�s. The utuation of a � into q�q is readily taken into aount, but the next highestFok state q�qg has so far only been taken in ertain approximations, whih limits a reliabledesription of inlusive di�ration. The evolution of the dipole sattering amplitude withenergy is desribed by the BFKL or the Balitsky-Kovhegov equations, whose leading-ordersolutions annot aount for the energy dependene seen in experiment. In pratie onetherefore typially takes a funtional form of the dipole sattering amplitude motivated bytheory, but �ts the relevant parameters to data. Note that this is di�erent from DGLAPtype �ts in ollinear fatorisation, where the relevant parton distributions are parametrisedat a starting sale but evolved using the perturbative evolution equations. It remains anoutstanding task to formulate BFKL and saturation dynamis in a dipole framework atNLO, in a manner that would allow one to pursue phenomenologial analyses.To whih extent nonlinear dynamis is seen in HERA data remains rather ontrover-sial. Current saturation models �nd that the virtualities where saturation e�ets beomeimportant are below a GeV at HERA energies, whih limits the possibilities of ontrolledperturbative alulations. A prominent experimental observation is the very at energy de-pendene for the ratio FD2 =F2 of di�rative and total struture funtions at given Q2. Thisis explained in a natural way by the saturation mehanism [20℄. It must, however, be notedthat many dipole models, inluding versions without saturation, provide a good desriptionof FD2 and F2 in a wide kinemati range [21℄. To better assess the situation, it may behelpful to ompare models with data spei�ally for the struture funtion ratio.A striking feature observed in HERA small-x data is geometri saling, i.e., the depen-DIS 2008 3



dene of the total �p ross setion (and also of di�rative ross setions) on a single salingvariable �(xB ; Q2) [22℄. This is sometimes presented as evidene for saturation dynamis.However, several investigations have shown that, both analytially and numerially, one�nds approximate geometri saling also from the DGLAP and the BFKL equations [23℄.To infer from geometri saling on the underlying dynamis, one may have to fous on thedeviations from exat saling, whih should di�er among the various dynamial mehanisms.How well this an be quanti�ed theoretially, and whether the preision and kinemati leverarm of the HERA data are suÆient for suh a study, remains to be seen.There are prospets to pursue the HERA studies of saturation e�ets for the muh smallerparton momentum frations ahievable at LHC. This will require detetion of partiles atvery forward rapidities [18℄. Forward Drell-Yan pair prodution is of partiular interest froma theory point of view. On the one hand, it permits a desription in the dipole piture [24℄and an thus be losely related with the studies performed at HERA. On the other hand thisproess is very well understood in ollinear fatorisation, with full next-to-next-to-leadingorder results [25℄ allowing for preise \non-saturated" alulations.AknowledgmentsIt is a pleasure to aknowledge disussions with D.Yu. Ivanov and L. Motyka, and to thankR. Devenish, M. Wing, and their o-organisers for hosting a great onferene.Referenes[1℄ Slides: http://indio.ern.h/ontributionDisplay.py?ontribId=21&sessionId=16&onfId=24657[2℄ S. Heinemeyer et al., Eur. Phys. J. C 53 (2008) 231 [arXiv:0708.3052 [hep-ph℄℄;J. R. Ellis, J. S. Lee and A. Pilaftsis, Phys. Rev. D 71 (2005) 075007 [hep-ph/0502251℄.[3℄ P. J. Bussey et al., JHEP 0611 (2006) 027 [hep-ph/0607264℄.[4℄ Talks at this onferene by B. Cox, J. Forshaw and M. Ta�sevski.[5℄ Talks at this onferene by P. Layok and W. S lomi�nski.[6℄ V. A. Khoze, A. D. Martin and M. G. Ryskin, Phys. Lett. B 650 (2007) 41 [hep-ph/0702213℄.[7℄ V. A. Khoze, talk at this onferene.[8℄ J. R. Cudell, A. Dehambre, O. F. Hernandez and I. P. Ivanov, arXiv:0807.0600 [hep-ph℄.[9℄ Talks at this onferene by L. Favart, X. Janssen, P. Kroll, K. Kumeri�ki, J. Malka, L. Shoe�el andJ. Ukleja.[10℄ Talks at this onferene by L. Motyka, J. Nystrand and S. Ovyn.[11℄ J. Bartels, S. Bondarenko, K. Kutak and L. Motyka, Phys. Rev. D 73 (2006) 093004 [hep-ph/0601128℄.[12℄ J. Miller, talk at this onferene.[13℄ Talks at this onferene by K. Goulianos and J. Pinfold.[14℄ Talks at this onferene by K. �Cern�y and W. S lomi�nski.[15℄ M. Klasen and G. Kramer, arXiv:0806.2269 [hep-ph℄.[16℄ J. Bartels, K. J. Gole-Biernat and K. Peters, Eur. Phys. J. C 17 (2000) 121 [hep-ph/0003042℄.[17℄ L. Motyka, talk at the Workshop on HERA and the LHC, CERN, 26{30 May 2008,http://indio.ern.h/ontributionDisplay.py?ontribId=101&sessionId=6&onfId=27458[18℄ M. G. Albrow et al., Letter of Intent, CERN-LHCC-2005-025.[19℄ G. Watt, talk at this onferene.[20℄ K. J. Gole-Biernat and M. W�ustho�, Phys. Rev. D 60 (1999) 114023 [hep-ph/9903358℄.4 DIS 2008
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