
LU TP 95{35December 1995Soft Photoproduction Physics �Torbj�orn Sj�ostrandDepartment of Theoretical Physics,University of Lund, S�olvegatan 14A,S-223 62 LUND, SwedenABSTRACTSeveral topics of interest in soft photoproduction physics are discussed.These include jet universality issues (particle avour composition), thesubdivision into event classes, the buildup of the total photoproduc-tion cross section and the e�ects of multiple interactions.1 IntroductionWhy should we be concerned with soft photoproduction? The most obvious an-swer is that it is there, at an overwhelmingly large cross section, and so it is anirresistible challenge to unravel what is going on. The nature of a real photon isnot well understood | its multifaceted behaviour is illustrated by the conventionalbut handwaving subdivision into direct and resolved components. Furthermore, thebremsstrahlung spectrum o� an electron beam contains photons of varying virtual-ity, which prompts a study of the poorly explored transition region between a realphoton and the virtual photon of DIS.The \problems" of photoproduction should not be seen in isolation. The relationbetween total and di�ractive cross sections in p events is part of the same pomeronphysics complex that is now under intense scrutiny in the context of rapidity gapsin DIS; the study of the transition region between real and virtual photons, inparticular, may well provide further clues to the gap production mechanism. Thetotal p cross section is also related to the issue of multiple interactions and fromthere to the small-x behaviour of parton distributions and the inuence of hot spots.The similarities between the photon and hadrons will allow various cross-checksbetween pp/pp, p and  physics. Jet universality issues can be explored bycomparing high-p? (hard) with low-p? (soft) jets.Finally, as a general philosophical comment, today perturbative QCD is wellestablished. Further calculations certainly are very useful for precision physics, but�to appear in the proceedings of the Durham Workshop on HERA Physics, \Proton, Photonand Pomeron Structure", 17{23 September 1995, Durham, U.K.1



may not bring many basic new insights. By contrast, the nonperturbative aspectsstill contain many challenges and opportunities.A breakdown of the physics of photoproduction events might look somethinglike:� The total cross section of p events is subdivided into a direct and a resolvedcomponent.� The resolved class is induced by a spectrum of virtual uctuations  $ qq,where the low-virtuality part can be associated with low-mass vector mesonssuch as �0, ! and �, and the high-virtuality \anomalous" part either withtowers of excited vector mesons or with perturbative qq states.� Each vector-meson class may in its turn have \elastic", di�ractive and non-di�ractive topologies.� The jet cross section in the non-di�ractive component presumably is whatdrives the energy dependence of the total cross section, but contributions mayadditionally come e.g. from soft pomeron exchange. The perturbative jet crosssection is divergent in the limit p? ! 0, so some nonperturbatively motivatedcut-o� procedure is required.� When the jet cross section is large, the possibility of multiple parton{partoninteractions is non-negligible, and an eikonalization approach can be invokedto address the multiplicity distribution of interactions and the mixing of eventclasses. The de�nition of the multiparton distributions of the p and  is herefar from obvious.� Each parton{parton interaction is associated with the possibility of furtherradiation, to be calculated either in a matrix-elements approach or by invok-ing initial- and �nal-state parton showers. Issues include matching of hardscattering with showers, coherence e�ects, and cut-o�s.� The proton and a resolved photon contains a beam jet, still not well un-derstood. The remnant takes \what is left" after the hard interaction(s) withassociated radiation, including a \primordial k?" recoil. The latter is expectedto be larger for the higher-mass anomalous states than for events associatedwith the lowest-lying vector mesons.� So far, only parton production has been considered. Con�nement implies thatthese hadronize to produce a set of primany hadrons that can subsequentlydecay further.The multitude and complexity of tasks reduces the scope for purely analytical stud-ies. On the other hand, the above subdivision may be seen as a suitable startingpoint for the construction of event generators. Today programs such as HERWIG[1], Phojet [2] and Pythia [3, 4] are used frequently to compare with data and toextract physics conclusions.In view of the multitude of topics, only some of these will be covered in thefollowing.2 HadronizationThese days the issue of hadronization is considered so standard that it is not verymuch discussed. The recent measurements of strangeness production at HERA have2



brought the issue back to focus, as follows.In our standard approach to multiparticle production, we often assume thathadronization is a universal process that can be factorized from a preceding pertur-bative stage. If so, the free parameters of a hadronization model can be determinedonce and for all, e.g. from e+e� data at LEP, and thereafter applied to HERA events.Such a factorization is explicit in the Lund model [5], where all hadron productionis caused by the stretching and breaking of strings. Since there is only one kind ofstring, in principle it is only necessary to specify the parton content and string draw-ing topology (colour connectedness) of events to predict the structure of hadronic�nal states. In practice, some new aspects of nonperturbative physics do appearin ep/p, such as parton distributions, multiple interactions and the treatment ofbeam remnants. An imperfect modelling either of perturbative or of nonperturba-tive e�ects could show up in a mismatch in the total number of hadrons produced,while the relative composition of di�erent hadron species should be rather stable.It is here that the HERA data provide a surprise. ZEUS [6] and H1 [7] bothobserve a de�cit of strangeness production. Interpreted in string fragmentationterms, the s/u ratio is shown to be of the order of 0.2 rather than the 0.3 normallyobserved in e+e� data (see e.g. [8] and references therein). The ZEUS study is forDIS, while the H1 one covers also photoproduction. The suppression a�ects bothK0S and � production.In fact, the problem is not quite new, but has been observed before at �xed-target energies, in neutrino and muon interactions [9]. However, earlier data werepartly contradictory [9], and so we tended to think of it as some speci�c low-energyproblems and not care so much. Obviously, this will not work now. Although notnecessarily related, one should also keep in mind two possible anomalies in avourproduction at LEP: a \strangeness de�cit" in the subclass of very two-jetlike events[10] and an � production \excess" in the gluon jet in three-jet events [11].Other existing models might solve the problem at HERA. In an approach such asPhojet, the production of multiple small chains with a non-negligible phase-spacesuppression in each can make a di�erence. In the HERWIG approach there is noexplicit jet universality: branchings g ! qq are used to split the partonic �nal stateinto clusters that then produce the hadrons according to phase space, so the clustermass spectrum directly inuences the particle composition. Based on our currentunderstanding, the e�ect would go in the wrong direction: the cluster mass spectrumis universal for clusters produced by the perturbative cascades, but these cascadesare suppressed close to the beam remnants, and this leads to larger remnant clustermasses with the possibility of enhanced strangeness and baryon production. Someadditional source of soft-gluon emission close to the beam remnants could revertthis trend, however.Within the Lund string model, it is interesting to speculate on a true breakdownof jet universality. Here comes three examples of possible physics mechanisms:� The \quiet string scenario". A conventional QCD cascade gives a fractal struc-ture [12], i.e. the string is wrinked on all scales (down to some unknowninfrared cut-o�). The string tension � � 1 GeV/fm is an e�ective param-eter based on measurements at hadronic distance scales. The \true" stringlength, de�ned along all the wrinkes, is larger than the smoothened-out nor-mal length, and therefore the \bare" string tension is correspondingly smaller.3



If the amount of soft-gluon radiation is smaller in ep than in e+e�, it wouldlead to a less wrinkled string and therefore a smaller e�ective string tension.The string tension appears in the tunnelling mechanism of avour production[5], and so a smaller � is directly reected in a reduced strangeness production.A prediction in such a scenario is that baryon production should be even moresuppressed than strangeness is.� Medium dependence. Unlike e+e�, the ep perturbative processes appear insidethe \hadronic bag" of the proton, so why could not this a�ect particle produc-tion? The counterargument would be that hadronization is a long-distanceprocess, that only appears once the string is stretched beyond the con�nesof the original proton, so somehow information would have to survive a longdistance.� A separate kind of gluon string. This is allowed within a fairly standardextension of the normal string model [13] and could be combined with a stringfragmentation model giving more glueballs [14] and maybe also strangeness.So a larger amount of energetic gluons in e+e� than in ep could induce someof the desired di�erence.To be honest, neither of the above approaches appears particularly attractive,with the �rst the least contrived. Further experimental input therefore is eagerlyawaited. First, the observations should be veri�ed and extended to more hadronspecies, especially (anti)baryons. Second, ratios such as K/all are preferrable, sincethen theory uncertainties in the total multiplicity divide out. Third, in DIS eventsa comparison of the current and target hemispheres in the Breit frame would berevealing | any di�erence between the current hemisphere and e+e� would be verydi�cult to explain away. Fourth, in photoproduction a corresponding subdivisionwould be into high-p? jets and beam jets, again with the former more constrainedby jet universality arguments. Fifth, can the strangeness de�cit be related with anyother property of events, so that a pattern emerges?3 Event ClassesThe photon can uctuate into charged fermion{antifermion pairs. Low-virtualityuctuations may be associated with a sum over vector-meson states while high-virtuality uctuations are better described by a continuous spectrum of states. Aconvenient ansatz for the photon wave function then is [4]ji = cbarejbarei + XV=�0;!;�;J= cV jV i + Xq=u;d;s;c;bcqjqqi+ X`=e;�;� c`j`+`�i (1)(neglecting the small contribution from �). In general, the coe�cients ci dependon the scale � used to probe the photon. Thus c2̀ � (�em=2�)(2=3) ln(�2=m2̀).Introducing a cut-o� parameter k0 to separate the low- and high-virtuality parts ofthe qq uctuations, one similarly obtains c2q � (�em=2�)2e2q ln(�2=k20). The VMDpart corresponds to the range of qq uctuations below k0 and is thus �-independent(assuming � > k0). Finally, cbare is given by unitarity: c2bare � Z3 = 1 �P c2V �P c2q �P c2̀. In practice, cbare is always close to unity.The leptonic component is not interesting for strong-interaction physics, but theother three can be associated with the direct, VMD and anomalous event classes.4



All three processes are of O(�em). However, in the direct contribution the photonstructure function is of O(1) and the hard scattering matrix elements of O(�em),while the opposite holds for the VMD and the anomalous processes.The separation is very convenient in a leading-order description, but in higher-order contributions the various components appear mixed. This certainly is a com-plication, but it should not be over-stressed. We expect that the (numerically)dominant contributions will come from event topologies that can still be classi�edas above. For instance, in lowest order the direct process is characterized by thecomplete absence of a beam remnant in the photon direction, while some energyow can always be expected in higher orders. Such a smearing is already includedin generators by the addition of standard (coherent) parton-shower activity. Toleading-log accuracy, the direct process then is characterized by a ladder diagramwhere the largest virtuality is found in the ladder adjacent to the photon, whileresolved proceses have the largest virtuality somewhere in between the photon andthe proton, with decreasing virtualities on either side. Alternatively, it is possible toimagine functional separations, with some fraction � of energy allowed within a cone� around the beam direction for direct processes, along what is done experimentally.Whichever approach is adopted, it is important that physics should impose asmooth joining between the event classes. Any classi�cation is a matter of conve-nience. However, at our current level of understanding, phenomenological studiescan be made more realistic if they are based on a pragmatic division of p (and [15]) events into separate subclasses.4 The Total Cross SectionThere are two common approaches to the issue of the total cross section in p (aswell as pp and ) collisions. One is the Regge-theory ansatz, where �tot is given asthe sum of two terms, the pomeron one (/ s�, � � 0:08) and the reggeon one (/ s��,� � 0:45) [16]. This ansatz gives a very handy parametrization of cross sections,that seems to be in good agreement with data. However, it does not necessarily leadto any understanding of the underlying physics.More appealing is the second main approach, where the rise of the total crosssection at large energies is related to the increase of the jet cross section. In itssimplest variant, one would write �tot(s) = �soft(s)+�jet(s; p?min) [17]. The �jet termis obtained by integrating the perturbative 2! 2 hard-scattering cross section in theregion p? > p?min. Uncertainties come from the choice of p?min scale, from partondistributions, from higher-order corrections to the lowest-order matrix elements,from the choice of a �soft(s), and so on. Furthermore, if one attempts to limit thearbitrariness by keeping p?min independent of s, the approach breaks down at largeenergies, where the jet cross section is known to increase faster than the total one.We understand that this is linked to the emergence of events with several parton{parton interactions above the p?min scale. For instance, an event with two inter-actions should count twice against the hard-scattering cross section, but only onceagainst the total one. The eikonalization approach is a convenient way of accountingfor an arbitrary number of interactions. Normally the direct processes are assumeduna�ected, i.e. only the ones with a resolved photon are eikonalized. In addition to5



the input already mentioned, one here needs to specify the probability for a photonto turn into a hadron [18], the impact parameter dependence of the eikonal (ob-tained as a convolution of the matter densities of the two incoming particles), therôle of elastic and di�ractive topologies, and so on. Sub-variants are possible, suchas leaving �soft out of the eikonalization machinery [19].In a further level of sophistication, the probability for a photon to interact like ahadron can be replaced by a sum over discrete vector-meson states plus an integralover a continuum of perturbative qq states (the anomalous component) [20]. Eachstate is now to be eikonalized separately, and each with its own set of free param-eters: soft cross sections, matter densities, and so on. The only area where thefreedom is reduced by this choice is for parton distributions, where the VMD onesin principle are measurable (though in practice not, so one uses e.g. the � ones) andthe anomalous ones are calculable.Unless the energy-dependence of �soft is �ne-tuned, it is di�cult to obtain aturnover from a falling to an increasing �tot(s) at as low energies (ps ' 10 GeV)as observed experimentally, simply because the jet rate above some reasonablep?min>�1 GeV only picks up at larger energies. It appears plausible that soft, non-perturbative multiple interactions in fact drive the change of �tot at low energies.One attractive framework for putting it all together is DTU (dual topological uni-tarization), where both the soft and hard interactions, the triple- and loop-pomerongraphs responsible for di�ractive topologies, and higher-order pomeron graphs are allput together [21]. New parameters include several pomeron and reggeon couplings.In the end, even this complex machinery is hardly more successful than thesimple Regge-theory-based one we started out with. In fact, if the only criterion ispredictive power for the total cross section at higher energies, it could be arguedthat the simple pomeron-type ansatz is the best bet. Somewhat surprisingly, theexperience outlined above teaches us that there is a tradeo� between sophisticationand predictive power: the more advanced we try to be, the more free parameterswe have to play with, and the less constrained we are about what will happen atenergies not yet explored.So when we still persevere to build ever more detailed models for the total crosssection, it is because the ultimate goal is to reach an understanding of the nature ofthe photon and its interactions. If we have reasons to believe that the photon hasa complex nature, then we should not expect to get away with simple recipes foreverything. A sophisticated approach also provides a blueprint for how to model orpredict a number of exclusive event properties. Testability therefore comes not onlyfrom the total cross section.One test is provided by partial cross sections to \elastic" and di�ractive topolo-gies. The elastic process p ! �0p turns out to be very well predicted, both thecross section and the t slope. This certainly is a major success for the VMD ap-proach: the picture with  $ V uctuations is now shown to hold independently ofenergy. Discrimination between models is obtained by the H1 study of di�ractivecross sections [22]. Here the DTU approach [21] does best among the ones studied;speci�cally, it correctly predicts that the \photon-di�ractive" process p! Xp hasa much larger cross section than the \proton-di�ractive" one p ! V X. Manyfurther tests can be expected in the years to come.6



5 Multiple InteractionsThe importance of multiple parton{parton interactions is more discussed and estab-lished among HERA physicists than it is among pp collider people, in spite of thelarger energies available to the latter. This is an interesting paradox, which can onlybe understood if one considers the \historical prejudices" of the two communities.DESY has a background in e+e� physics, where the combination of a perturbative(shower) picture and a universal hadronization stage is �rmly established. Whensuch a picture applied to photoproduction events gives too little activity at smalltransverse momenta, both in \minimum-bias" events and in the \underlying event"of jets, it is therefore interpreted as a sign of additional (semi)perturbative activitywith its associated universal hadronization, in line with predictions [4].Experiments at hadron colliders, on the other hand, have a tradition stretchingback to before the days of QCD-based models for multihadron production. There-fore another philosophy has developed in that �eld: high-p? jets are considered asstandard QCD objects but the low-p? activity is described in terms detached fromany jet universality constraints. A common attitude is that \soft hadronic physics isso dirty that you cannot predict anything; let us therefore simply parametrize what-ever we observe". The litmus test of multiple interactions, namely the observationof an excess of two jet pairs in the same event, with the pairs identi�ed e.g. by eachhaving vanishing net transverse momentum, is very di�cult experimentally. There-fore studies have not been conclusive, though the picture with multiple interactionsis favoured [23]. And, strictly speaking, the observation of multiple interactionsat moderately large p? does not tell anything about their possible rôle in the softregion.Attempts to produce support for multiple interactions based on jet universalityarguments [24] have not caught on in the pp community, though the \evidence" isreasonably compelling (in the eyes of the believers). To give a few examples:� The charged multiplicity and the transverse energy is increasing with energymuch faster than the ln s that could be expected from the increasing rapidityrange.� The multiplicity distribution is much broader than the roughly Poissonianshape that is predicted from a single (or double) string. A reasonable accountof the experimental \negative Binomial" distribution, with a relative width�(nch)=hnchi that increases with energy, can be obtained by adding the furtherelement of randomness caused by a variable number of semihard interactionsin events.� The data also contains strong forward{backward multiplicity correlations: ifone hemisphere of an event has a large multiplicity then, normally, so doesthe other. A varying number of strings, frequently stretched over both hemi-spheres, easily explains this phenomenon.In spite of the lower energy, HERA has a chance to provide many further inter-esting tests of multiple interactions, and put the whole game on much �rmer footing.The main reason is the variability o�ered by the photon probe:1. Multiple interactions are expected to vanish gradually as the photon virtualityQ2 is increased. This may be seen as a consequence of the reduced number of(resolved) partons in a higher-virtuality photon.7



2. The direct events are not expected to contain multiple interactions. This canbe observed as a decrease of multiplicity and E? for events with larger x.3. Within the resolved class, the anomalous events are expected to have less mul-tiple interactions than the VMD ones. This may be understood by consideringa  ! qq branching at a transverse momentum k?, where the latter quantityin principle is measurable from the p? of the remnant jet. The k? sets a vir-tuality scale, like Q in the �rst point above, with reduced evolution range andtherefore fewer partons in a photon branching at a larger k?. Additionally,the p?min cut-o� of (semi)hard interactions can be expected to increase withk?, thus further reducing multiple interactions.4. Points 2 and 3 above come together in the variation of the multiple-interactionrate as a function of the p? of an observed jet. It is here well-known thata larger p?jet biases the event sample towards direct and anomalous events,and hence should give fewer multiple interactions. This \anti-pedestal" ef-fect should take over at larger p?jet, whereas the smaller p?jet events shouldshow the conventional pedestal e�ect [25] presumably caused by an impact-parameter variation [24].5. Multiple interactions could o�er a chance to probe \hot spots" in the proton.A virtual photon with virtuality Q>�m� probes a region of size � 1=Q, anda (real) anomalous photon with a branching k?>�m� probes a region of size� 1=k?, so by increasing Q or k? a smaller region of the proton is probed.As discussed above, the multiple interaction rate should go down in eithercase, but the question is whether it does so uniformly. If the proton containshot spots, with several nearby partons, a photon probe hitting such a spot willstill have a non-negligible chance of multiple interactions. In terms of an inclu-sive distribution of the charged multiplicity or summed E?, the average valueshould be independent of the existence of hot spots, but the event-by-eventuctuations around this average would go up with hot spots present. Resultson this topic would tie in with the small-x behaviour of parton distributionsand saturation e�ects.6 SummaryAfter a few years of exciting HERA results, it is clear that existing models do a rea-sonable job of explaining the data. In this sense, we do have a zeroth approximationto work with. This is always useful as a guide to help us classify and understandphenomena, but it should not straight-jacket our thinking. Moreover, agreementbetween data and models is far from perfect, so there is no reason for complacency.There are several areas where more work is needed to see whether we actually haveall the necessary ingredients at hand. It is in no sense excluded that we need todevelop new ways of thinking. Among the many issues one may mention:� jet universality and systematic comparisons with e+e�, pp, DIS p and events;� the change in event properties (such as rapidity gaps) when moving from areal to a virtual photon;� multiple interactions and hot spots;8



� the smooth joining of event classes;� the character of beam jets; and� the mass spectrum of di�ractive states.In view of this, it is important to remember that we are only at the beginning ofthe story.Acknowledgments: The organizers are thanked for a very stimulating workshop,and Gerhard Schuler for an enjoyable collaboration.References[1] G. Marchesini et al., Comput. Phys. Commun. 67 ( 1992) 465[2] R. Engel, Z. Phys. C66 (1995) 203[3] T. Sj�ostrand, Comput. Phys. Commun. 82 (1994) 74[4] G.A. Schuler and T. Sj�ostrand, Phys. Lett.B300 (1993) 169, Nucl. Phys.B407(1993) 539[5] B. Andersson, G. Gustafson, G. Ingelman and T. Sj�ostrand, Phys. Rep. 97(1983) 31[6] ZEUS Collaboration, M. Derrick et al., Z. Phys. C68 (1995) 29[7] H1 Collaboration, S. Aid et al., contribution 479 to EPS HEP95, Brussels[8] I.G. Knowles, T. Sj�ostrand et al., \QCD Event Generators", to appear in theproceedings of the LEP 2 physics workshop[9] V.V. Ammosov et al., Phys. Lett. 93B (1980) 210;A. Wroblewski, Acta. Phys. Pol. B16 (1985) 379;G.T. Jones et al., Z. Phys C27 (1985) 43;N.J. Barker et al., Phys. Rev. D34 (1986) 1251;EMC Collaboration, M. Arneodo et al., Z. Phys. C34 (1987) 283;E665 Collaboration, M.R. Adams et al., Z. Phys. C61 (1994) 539[10] DELPHI Collaboration, P. Abreu et al., Z. Phys. C67 (1995) 543[11] L3 Collaboration, M. Acciarri et al., contribution 92 to EPS HEP95, Brussels[12] G. Gustafson and A. Nilsson, Nucl. Phys. B355 (1991) 106[13] I. Montvay, Phys. Lett. B84 (1979) 331[14] C. Peterson and T.F. Walsh, Phys. Lett. 91B (1980) 455[15] G.A. Schuler and T. Sj�ostrand, in Proc. Workshop on Two-Photon Physics fromDA�NE to LEP200 and Beyond, Paris, France, 1994, eds. F. Kapusta and J.Parisi (World Scienti�c, Singapore, 1994), p. 163;T. Sj�ostrand, in Proc. Multiparticle Dynamics 1994, Vietri sul Mare, Italy, eds.9



A. Giovannini, S. Lupia and R. Ugoccioni (World Scienti�c, Singapore, 1995),p. 221[16] A. Donnachie and P.V. Landsho�, Phys. Lett. B296 (1992) 227[17] M. Drees and R.M. Godbole, Nucl. Phys. B339 (1990) 355, Z. Phys. C59(1993) 591[18] J.C. Collins and G.A. Ladinsky, Phys. Rev. D43 (1991) 2847[19] J.R. Forshaw and J.K. Storrow, Phys. Lett. B321 (1994) 151[20] K. Honjo, L. Durand, R. Gandhi, H. Pi and I. Sarcevic, Phys. Rev.D48 (1993)1048[21] A Capella et al., Phys. Lett. B337 (1994) 358[22] H1 Collaboration, S. Aid et al., DESY 95{162[23] AFS Collaboration, T. �Akesson et al., Z. Phys. C34 (1987) 163 ;UA2 Collaboration, J. Alitti et al., Phys. Lett. B268 (1991) 145 ;CDF Collaboration, F. Abe et al., Phys. Rev. D47 (1993) 4857[24] T. Sj�ostrand and M. van Zijl, Phys. Rev. D36 (1987) 2019[25] UA1 Collaboration, C. Albajar et al., Nucl. Phys. B309 (1988) 405

10


