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1 IntroductionThe ultimate goal of particle physics is to �nd and understand the underlying theory ofthe Universe. Experimental progress in this direction requires exploration at ever higherenergies. This way one hopes to gain access to new particles and reactions not allowedat lower energies, to observe hints of symmetries that are spontaneously broken at somehigh energy scale, and to pro�t from a smaller �s(Q2). The latter point also implies areduced dependence of non-perturbative physics, such as con�nement and hadronic wavefunctions, that are not all too well understood. Experimental data are consistent with thehypothesis that, above some grand uni�cation scale, the three couplings of the standardmodel come together (at least if supersymmetry is included in the game) [1]. So it is nowonder that theorists' folklore says that physics is simpler at higher energies.From an experimental point of view, this is all wrong. If the energy of a process isincreased, the amount of cascading is also increased. With cascading I here mean, in avery broad sense, all the mechanisms that increase the number of quanta that are neededto describe the event as times goes by: decays of exotic new particles or the familiar Wand Z resonances, initial- and �nal-state QCD parton showers, fragmentation mechanismsthat turn partons into hadrons, and decays of ordinary unstable particles. The lower cut-o� of the cascading is given essentially by the pion mass, independently of the full energyof the process. So higher energies means a larger energy range over which cascading canoccur, i.e. higher multiplicities, and thus larger experimental challenges.The evolution of experimental particle physics is therefore towards larger complexity.In the �fties and sixties, the emulsion and bubble chamber data of the time showedevery single vertex of the processes studied, usually with two or three outgoing particles.Around 1980, the turn-on of higher-energy e+e� and pp colliders gave events with tens ofcharged particles, sometimes even above 100. When we today plan ahead for the LHC,the expected average charged multiplicity per event is above 100. At nominal luminosity,with around 20 events overlayed in each single beam crossing, any physics will have to bedug out among 4000 charged or neutral particles!There are ways to get back to some kind of simplicity. One is to consider (semi-)inclusive quantities, such as jets, where a set of particles is characterized just by a summedenergy and a direction vector. These jets approximate the partons of a simpler pertur-bative description, but with a non-negligible smearing that has to be understood forprecision physics. Another is to search only for especially clean (parts of) �nal states.As an example, a 200 GeV Higgs particle can decay into two Z0's, each of which cansubsequently decay to a lepton pair. So the observation of events with four well isolatedleptons, with invariant mass distributions peaked in the appropriate places, would provideclear evidence for new physics. However, there is a price to be paid, in that the cleanstates normally have small branching ratios. When we search for a process that is rarein the �rst place, this may not always be acceptable. Combine this with an unrealisticde�nition of `isolation' of leptons among 4000 other particles, and a promising signal maybe gone. Remove the isolation criterion, and leptons from the decays of top quarks andbottom mesons will completely overwhelm the new physics. It then becomes imperativeto understand the �ner details of detector acceptance and resolution, to devise an analysisstrategy that cuts away these backgrounds without too much of a loss to the signal.As we see, it is seldom possible to avoid all the complications of high-multiplicityevents. Furthermore, even if we �rmly believe in QCD today, it is somewhat embarrassingthat we know so little about how con�nement really works. After all, this is a uniquechance that the standard model provides us with to study strong-coupling physics! One1



line of approach is to devise models that allow various aspects of con�nement to betested by a judicious analysis of data. The foremost place where the two aspects above(experimental demands and theoretical curiosity) come together is event generators.2 Event Generator SurveyIn real life, an accelerator provides events. These events are registered in a detector aselectronics signals. A data acquisition system stores a digitized and compressed versionof the information, often only for the `promising' part of the full event rate. In an eventreconstruction program, the digitized electronics signals are turned back into a list ofparticle momenta and charges. The reconstructed events can then be used for physicsanalysis.In the `virtual reality' world, event generators take the rôle of the accelerator in pro-viding the events. The response of the detector is then modelled in a detector simulationprogram. The most frequently used such program is Geant [2]. This program providesan output in a format identical to that of the experimental data acquisition system, exceptthat the original physics event input is also kept for later reference. Therefore the samereconstruction programs can be used, and the same physics analysis strategies. Compar-isons between real data and simulated data form an important ingredient for the �nalresults that can be published.While event generators are not always as fast as desirable, the real bottleneck isdetector simulation, where (for some applications) it is necessary to trace hadronic andelectromagnetic shower evolution in excruciating detail. For many studies it is thereforecommon to jump directly from the event generator to the physics analysis. Detector e�ectsare then completely neglected, or simulated by simple geometrical cuts and rule-of-thumbsmearing of momentum vectors.The phenomenologist is not normally concerned with the detector-speci�c aspects, andtherefore may use the event generator as it is to explore various potentially interestingaspects. He/she might, for instance, introduce `crackpot' alternative models just to checkwhether one should expect any testable consequences.The description above may help illustrate why generators are useful. Let us try to givea somewhat more formalized list, subdivided by interest group. For the event generatorauthor� it allows theoretical studies of very complex multiparticle physics, by a subdivisionof the complete problem into more manageable subtasks;� it gives a larger exibility in the spectrum of physical quantities that can be studied(no need to worry whether an observable is infrared �nite or not in perturbativeQCD);� it provides a vehicle for the dissemination of interesting theoretical ideas to theexperimental community;� it allows a larger feedback from the experimental community, and hence a fasterpath for improved understanding of the underlying physics; and� it is a source of fun and satisfaction (for some of us) to attack the non-trivialchallenges.For the experimental physicists (and many phenomenological ones as well), an eventgenerator can be used� to predict event rates and topologies, and hence to estimate the feasibility of anintended physics study in the �rst place;2



� to simulate possible backgrounds, and hence to devise analysis strategies that opti-mize signal-to-background ratios;� to study detector requirements, and hence to optimize the detector design andtrigger strategy; and� to study detector imperfections, and hence to evaluate acceptance corrections.To the lists above, a �nal point should be added: nature is random! We are all familiarwith the quantum mechanical uncertainty principle, with the principle of superposition,with the collapse of the wave function at measurements, and so on. What this meansis that each event is unique. Had we had a perfect understanding of QCD, and in�nitecomputing power, it would still have been a formidable task to enumerate all possiblehadronic �nal states allowed, e.g. at LEP, as a function of the complete setup of allquantum numbers of the event (avours, momenta, decay vertices, spins, : : : ), to calcu-late the complete matrix element for each such state, and to sum it all up to arrive atsomething as straightforward as a charged multiplicity distribution. It is therefore naturalto subdivide the complete process into a sequence of smaller steps: the Z0 decaying toa speci�c qq avour; these developing a shower by consecutive branchings q ! qg andg ! gg; fragmentation of a complex partonic system as the iterative production of oneparticle at a time; a sequential chain of secondary hadronic decays; and so on. In eachstep, nature is assumed to make a random choice between the allowed possible outcomes,and the relative probabilities may be calculated or modelled. This sequence of randomchoices may be simulated in an event generator by the use of random numbers. Aftereach new step the set of possible states that could be reached is larger and more varied,until the �nal output has the full complexity observable in nature. Therefore, just aseach experimental event is unique, so is each generator event. It is the average over manyevents that should be compared, and the uctuations around this average.There is one catch: the basic description of quantum mechanics is in terms of am-plitudes rather than probabilities. One therefore has to watch out that a probabilisticdescription does not lose some of the fundamental aspects associated with interferenceterms. There is no generic recipe to handle this problem, but often nature is kind to us,so that reasonable ways out can be found.There exist a wide range of generators, and by now the zoology may be quite confusing.However, in view of their increasing importance, a number of workshops have been devotedin part to collect information and critically compare all main generators by topic. Surveysare available for LEP 1 [3], for HERA [4], and for hadron colliders [5], and another willappear within the framework of the current LEP 2 workshop.Generators can be designed for di�erent purposes, and therefore also be quite di�erentin size. The two with the widest scope are Herwig [6] and Pythia/Jetset [7], whichcan be used for e+e�, ep and pp collision alike, which contain a wide range of allowedsubprocesses, and which are attempts to cover all the aspects of the way from a hardprocess to a complex multihadronic �nal state. Almost in the same class is Isajet [8],which is primarily intended for pp physics. The development and support of programs likethese can easily be full-time e�orts, where many model aspects related to non-perturbativeQCD have to be developed from scratch.There is then a broad spectrum of other generators, with more speci�c scopes. Someare devoted to the study of QCD parton shower evolution, or to the non-perturbativefragmentation modelling, or to more precise descriptions of particle decays, or to thesimulation of multiparton matrix elements, or to multiple QED radiation, or to higher-order (including loop graphs) corrections to electroweak processes, or to a multitude ofother tasks. Most of them do not contain models for fragmentation. So long as non-3



hadronic �nal states are considered, or observables not so sensitive to fragmentation,these programs are often superior to the general-purpose ones above. Therefore, thechoice is sometimes between describing a few things very precisely or `everything' at areduced level of precision. In practice, often both are needed.In the following, the discussion will tend to be centred more around the former kindof approach, �rstly because this is where my own interests lie, and secondly because itgives me the chance to address a wide range of topics.3 e+e� PhysicsJet physics started in earnest when the experiments at PETRA observed clean two- andthree-jet events. Experience has shown that a sensible approach is to divide the processinto four consecutive steps:1. A hard process e+e� ! �=Z0 ! qq. This process is perturbatively calculablein the standard model. Often initial-state QED radiation is also included in thedescription. The `�nal state' of this step is given by the q avour and angulardistribution, plus possibly the distribution of additional photons.2. A stage where perturbative QCD is applicable. Full second-order matrix-elementcalculations have been performed for the jet rate, which means that the produc-tion of two-, three- and four-jet events can be described consistently to that order.The game gets increasingly more complicated for each new order, however, at thesame time as higher-order e�ects are clearly visible in the data. The alternativeis therefore to adopt the parton-shower approach, wherein the evolution towardshigher parton multiplicities is described as a sequence of branchings at decreasingvirtualities, of the kinds q ! qg, g ! gg and g ! qq. This is an approximationto the correct answer, which should be good in the collinear limit but less good forwidely separated jets. A standard method is to match the �rst branching of theshower to the �rst-order matrix element, so that a reasonable description is therebyobtained over the full kinematical range.3. The fragmentation stage. When the shower is evolved towards smaller virtualities,the running �s becomes larger, and ultimately a limit is hit where perturbationtheory breaks down. In models this scale typically comes out to be around 1 GeV.Below this scale, the coloured partons are somehow transformed into colourlesshadrons. Currently only phenomenologically motivated models are available, todaynormally string or cluster fragmentation.4. Secondary decays occur since many of the hadrons produced above are unstable.Normally also this step involves non-perturbative physics, but experimentally de-termined branching ratios [9] can here often be used as input.3.1 Parton ShowersThe parton-shower picture is derived within the framework of the leading-logarithm ap-proximation, LLA. In this picture, only the leading terms in the perturbative expansionare kept in a systematic manner. Some subleading corrections are included, as we shallsee, but most are neglected. The overall theoretical picture is rather encouraging: thereis reason to believe that neglected e�ects are small, and the predictive power of thisapproach is increasing year by year. 4



Phenomenologically, the main reason for the LLA success is our ability to formulateit in terms of a probabilistic picture, suitable for event generation. The probability Pthat a branching a ! bc will take place during a small change dt = dQ2evol=Q2evol of theevolution parameter t = ln(Q2evol=�2) is given by the evolution equations [10]dPa!bcdt = Z dz�s(Q2)2� Pa!bc(z) : (1)For gluons it is necessary to sum over all allowed �nal-state avour combinations b and cto obtain the total branching probability. The Pa!bc(z) are the Altarelli{Parisi splittingkernels Pq!qg(z) = CF 1 + z21 � z ;Pg!gg(z) = NC (1 � z(1 � z))2z(1� z) ;Pg!qq(z) = TR(z2 + (1� z)2) ; (2)with CF = 4=3, NC = 3, and TR = nf=2, i.e. TR receives a contribution of 1=2 for eachallowed qq avour. The z variable speci�es the sharing of four-momentum between thedaughters, with daughter b taking fraction z and c taking 1 � z.Starting at the maximum allowed virtuality tmax for parton a, the t parameter maybe successively degraded. This does not mean that an individual parton runs througha range of t values: each parton in the end is associated with a �xed t value, and theevolution procedure is just a way of picking that value. It is only the ensemble of partonsin many events that evolve continuously with t, cf. the concept of structure functions.The probability that no branching occurs during a small range of t values, �t, is givenby (1� �tdP=dt). When summed over many small intervals, the no-emission probabilityexponentiates Pno�emission(tmax; t) = exp � Z tmaxt dt0dPa!bcdt0 ! : (3)This is (almost) what is normally called the Sudakov form factor. Thus the actual prob-ability for a branching of a given t is the naive probability, eq. (1), multiplied by theprobability that a branching has not already taken place, eq. (3). Compare with theexponential decay law of radioactive decays, with a t-dependent decay probability.Once the branching of parton a has been selected, the products b and c may beallowed to branch in their turn, and so on, giving a tree-like structure of branchings atsuccessively smaller t values. The branching of a given parton is stopped whenever theevolution parameter is below tmin.Very valuable input for model builders is provided by the theoretical studies of cor-rections beyond leading log, such as coherence e�ects [11, 12, 13]. The latter come in twokinds:� The intrajet coherence phenomenon is responsible for a decrease of the amount ofsoft gluon emission inside jets. It has been shown that an ordering in terms ofa decreasing emission angle takes into account the bulk of soft gluon interferencee�ects. Algorithms which contain angular ordering are loosely said to producecoherent showers, while those without generate conventional ones.� The interjet coherence phenomenon, responsible for the ow of particles in betweenjets, with constructive or destructive interference depending on colour con�guration(`colour drag phenomena'), cf. [12]. This form of coherence is not just a direct5



consequence of the ordering of (polar) emission angles mentioned above, but alsorequires that azimuthal angles of branchings be properly distributed.The angular ordering may be understood as follows, for the example of a branchingq0 ! qg. In the branching, the original q0 colour is inherited by the gluon, while theq and g share a new colour{anticolour pair. A soft gluon g0 (emitted at large angles)corresponds to a large (transverse) wavelength, so the soft gluon is unable to resolve theseparate colour charges of the q and the g, and only feels the net charge. This is nothingbut the original charge carried by the q0. Such a soft gluon (in the region �q0g0 > �qg)could therefore be thought of as being emitted by the q0 rather than by the q{g system.If one only considers the emission that should be associated with the q or the g, to agood approximation, there is a complete destructive interference in the regions of non-decreasing opening angles, while partons radiate independently of each other inside theregions of decreasing opening angles (�qg0 < �qg and �gg0 < �qg), once azimuthal angles areaveraged over. The details of the colour interference pattern are reected in non-uniformazimuthal emission probabilities.Parton-shower programs generally give a good account of LEP data [14]: thrust distri-butions, jet masses, the number of jets as a function of the resolution parameter, and soon. In some variables, deviations are visible, such as the four-jet relative angular distribu-tions used to test the triple-gluon vertex [15]. This is not so surprising, since the partonshower does not contain any explicit information about the four-jet matrix elements. So,while the overall rate of four-jet emission is well described, some of the azimuthal angulardistributions are not correctly simulated.Many of the above distributions do not test coherence speci�cally. Better signals area slower increase in multiplicity as a function of energy, or in a characteristic depletion ofparticle production at low momenta [13]. The data clearly speak in favour of coherence.Recently, two new tests have been performed. One is to consider the rate of particlepairs as a function of the relative angle, and speci�cally the di�erence in rate between thepairs almost back-to-back and those almost collinear [16]. Another is to classify eventsas either three- or two-jet ones at some given resolution scale, and then compare theaverage number of additional sub-jets that are found when the resolution parameter isreduced [17]. Again incoherent models fail to describe the data, while the coherent onesdo very well. The only catch is that all the tests above probe not only the perturbativebut also the non-perturbative aspects of the models, so some caution is necessary in notoverinterpreting the results.Recently, the b-quark rate in hadronic Z0 decays has been a topic of some contro-versy. The experimentally observed bb rate is about two standard deviations above thetheoretically predicted one in the standard model [18]. This may not seem enough of adeviation to worry anybody but, given the excellent agreement with the standard modelin almost every other respect, it is natural to closely scrutinize every hint of even theslightest crack in the shiny wall. One possibility put forward is that there is a larger rateof secondary bb production, i.e. branchings g ! bb, than assumed in current showerprograms. Since the absolutely overwhelming contribution comes from primary Z0 ! bbproduction, the small excess observed translates into a requirement to enhance the g ! bbrate by at least a factor of 4. The issue has been studied in some detail [19], by comparingparton-shower programs with resummed matrix-element calculations. The conclusion isthat parton showers seem accurate in this respect to about the 20% level. This does notinclude general uncertainties such as what is the proper b quark mass (not necessarily thesame for the high-virtuality Z0 ! bb vertices as for the close-to-threshold g ! bb ones),but it is still di�cult to imagine a total error of a factor of 2, let alone one of 4. The6



discrepancy, if there is one, is therefore likely to be found elsewhere. One example mightbe in uncertainties in the shape of the b fragmentation function, speci�cally how often aB hadron is so slow that no secondary vertex is registered in the detector.3.2 FragmentationThe fragmentation process has yet to be understood from �rst principles, starting fromthe QCD Lagrangian. This has left the way clear for the development of a number ofdi�erent phenomenological models. Being models, none of them can lay claims to being`correct'. The best one can aim for is a good representation of existing data, plus apredictive power for properties not yet studied or results at higher energies.All existing models are of a probabilistic and iterative nature. This means that thefragmentation process as a whole is described in terms of one (or a few) simple underlyingbranchings, of the type jet ! hadron + remainder-jet, string ! hadron + remainder-string, cluster ! hadron + hadron, or cluster ! cluster + cluster. At each branching,probabilistic rules are given for the production of new avours, and for the sharing ofenergy and momentum between the products.Three main schools are usually distinguished, string fragmentation (SF), cluster frag-mentation (CF) and independent fragmentation (IF) [20]. These need not be mutuallyexclusive; it is possible to have models which contain both cluster and string aspects, ormodels which interpolate between independent and string fragmentation. Local parton{hadron duality (LPHD) is a fourth approach, wherein the perturbatively calculable rateof partons is assumed directly translatable into corresponding rates of hadrons; it is nota complete scheme in the sense of the others, but it is useful for some observables.While the evolution of fragmentation models was rapid in the early eighties, no reallynew algorithms have been introduced in the last ten years, and only a modest amount ofre�nement of the existing approaches has been performed.For lack of time, and because of personal bias, in the following I concentrate on thestring fragmentation approach [21].While non-perturbative QCD is not solved, lattice QCD studies lend support to alinear con�nement picture (in the absence of dynamical quarks), i.e. the energy storedin the colour dipole �eld between a charge and anticharge increases linearly with theseparation between the charges, if the short-distance Coulomb term is neglected. This isquite di�erent from the behaviour in QED, and is related to the presence of a three-gluonvertex in QCD. The details are not yet well understood, however.The assumption of linear con�nement provides the starting point for the string model,most easily illustrated for the production of a back-to-back qq jet pair. As the partonsmove apart, the physical picture is that of a colour ux tube (or maybe colour vortexline) being stretched between the q and the q. The transverse dimensions of the tube areof typical hadronic sizes, roughly 1 fm. If the tube is assumed to be uniform along itslength, this automatically leads to a con�nement picture with a linearly rising potential.In order to obtain a Lorentz covariant and causal description of the energy ow dueto this linear con�nement, the most straightforward way is to use the dynamics of themassless relativistic string with no transverse degrees of freedom. The mathematical,one-dimensional string can be thought of as parametrizing the position of the axis of acylindrically symmetric ux tube. From hadron spectroscopy, the string constant, i.e. theamount of energy per unit length, is deduced to be � � 1 GeV/fm.As the q and q move apart, the potential energy stored in the string increases, andthe string may break by the production of a new q0q0 pair, so that the system splits into7



two colour singlet systems qq0 and q0q. If the invariant mass of either of these stringpieces is large enough, further breaks may occur. In the Lund string model, the stringbreak-up process is assumed to proceed until only on-mass-shell hadrons remain, eachhadron corresponding to a small piece of string.In order to generate the quark{antiquark pairs q0q0, which lead to string break-ups, theLund model invokes the idea of quantum mechanical tunnelling. This leads to a avour-independent Gaussian spectrum for the transverse momentum of q0q0 pairs. Tunnellingalso implies a suppression of heavy quark production, u : d : s : c � 1 : 1 : 0:3 :10�11. Charm and heavier quarks hence are not expected to be produced in the softfragmentation.A tunnelling mechanism can also be used to explain the production of baryons. Thisis still a poorly understood area. In the simplest possible approach, a diquark in acolour antitriplet state is just treated like an ordinary antiquark, such that a string canbreak either by quark{antiquark or antidiquark{diquark pair production. The productionprobabilities are then given by the e�ective diquark masses assumed, plus simple avourClebsch-Gordan coe�cients of the baryon wave functions. In this approach, the baryonand antibaryon are produced next to each other, and share (at least) two quark avours.A more complex scenario is the `popcorn' one, where diquarks as such do not exist,but rather quark{antiquark pairs are produced one after the other. Part of the time, thisscenario gives back an e�ective diquark picture, but in addition con�gurations are possiblewhere one or more mesons are produced in between the baryon and antibaryon, and wheretherefore these two are no longer required to be as strongly correlated in avour content.In general, the di�erent string breaks are causally disconnected. This means that it ispossible to describe the breaks in any convenient order, e.g. from the quark end inwards.Results, at least not too close to the string endpoints, should be the same if the processis described from the q end or from the q one. This `left{right' symmetry constrains theallowed shape of fragmentation functions f(z), where z is the fraction of E + pL that thenext particle will take out of whatever remains. Here pL is the longitudinal momentumalong the direction of the respective endpoint, opposite for the q and the q. Two freeparameters remain, which have to be determined from data.If several partons are moving apart from a common origin, the details of the stringdrawing become more complicated. For a qqg event, a string is stretched from the qend via the g to the q end, i.e. the gluon is a kink on the string, carrying energy andmomentum. As a consequence, the gluon has two string pieces attached, and the ratio ofgluon/quark string forces is 2, a number that can be compared with the ratio of colourcharge Casimir operators, NC=CF = 2=(1 � 1=N2C ) = 9=4. In this, as in other respects,the string model can be viewed as a variant of QCD, where the number of colours NC isnot 3 but in�nite. Fragmentation along this kinked string proceeds along the same lines,as sketched for a single straight string piece. Therefore no new fragmentation parametershave to be introduced.The more prominent features of LEP data are well described by the string model,when combinedwith the parton-shower approach mentioned before. One recent example isdetailed comparisons of quark and gluon jet fragmentation, which have been made possibleby the high statistics and good avour tagging capabilities of LEP experiments [22]. Itis now clearly established that gluon jets have a softer particle momentum spectrum anda broader angular distribution than quark jets of the same energy, and that the resultsare in excellent agreement with the model predictions. However, as a consequence ofthe increased statistics, also discrepancies start to show up. This is most notable in theavour composition, i.e. in the rate of various mesons and baryons: even with a rather8



large number of free parameters available, the current string fragmentation approach issomewhat o� in many places and fails miserably in some [23]. So the conclusion seemsto be that the general space{time structure of fragmentation is under control, but thatthe detailed mechanism of avour production and hadron formation is still not so wellunderstood.3.3 W+W� EventsBased on the above sections, the situation might seem rather satisfactory: if both per-turbative and non-perturbative QCD aspects appear reasonably well under control, then,from now on, e�ectively we can forget about QCD whenever we go about the business oftesting the standard model in the weak sector. However, this is not quite true, and asan example we can consider determinations of the W mass. The mW will be the criticalobservable of LEP 2, which should allow new precision tests.The problem is that QCD interference e�ects between the W+ and W� decays under-mine the traditional meaning of a W mass in the process e+e� ! W+W� ! q1q2 q3q4.Speci�cally, it is not even in principle possible to subdivide the hadronic �nal state intotwo groups of particles, one of which is produced by the q1q2 system of the W+ decay andthe other by the q3q4 system of the W� decay: some particles originate from the jointaction of the two systems.In order to understand which QCD interference e�ects can occur in hadronic W+W�decays, it is useful to examine the space{time picture of the process. Consider a typicalc.m. energy of 170 GeV, a W mass mW = 80 GeV, and a width �W = 2:08 GeV. Theaveraged (over the W-mass distribution) proper lifetime for a W is h� i � (2=3)�h=�W �0:06 fm. This gives a mean separation of the two decay vertices of 0.04 fm in space and0.07 fm in time. A gluon with an energy ! � �W therefore has a wavelength muchsmaller than the separation between the W+ and W� decay vertices, and is emittedalmost incoherently either by the q1q2 system or by the q3q4 one. Only fairly soft gluons,! <� �W, feel the joint action of all four quark colour charges. On the other hand, thetypical distance scale of hadronization is about 1 fm, i.e. much larger than the decayvertex separation. Therefore the hadronization phase may contain signi�cant interferencee�ects.A complete description of QCD interference e�ects is not possible since non-pertur-bative QCD is not well understood. The concept of colour reconnection/rearrangement[24] is therefore useful to quantify e�ects (at least in a �rst approximation). In a recon-nection two original colour singlets (such as q1q2 and q3q4) are transmuted into two newones (such as q1q4 and q3q2). Subsequently each singlet system is assumed to hadronizeindependently according to the standard algorithms, as outlined above. Depending onwhether a reconnection has occurred or not, the hadronic �nal state is then going to besomewhat di�erent.In the following, we will �rst discuss perturbative e�ects and subsequently non-perturbative ones. Further details may be found in [25].Until today, perturbative QCD has mainly been applied to systems of primary partonsproduced almost simultaneously. The radiation accompanying such a system can berepresented as a superposition of gauge-invariant terms, in which each external quark lineis uniquely connected to an external antiquark line of the same colour. The system isthus decomposed into a set of colourless cqq antennae/dipoles. Neglecting interferences, thee+e� !W+W� ! q1q2 q3q4 �nal state can be subdivided into two separate dipoles, dq1q2and dq3q4. Each dipole may radiate gluons from a maximum scalemW downwards. Within9



the perturbative approach, colour transmutations can result only from the interferencesbetween gluons (virtual as well as real) radiated in the W+ and W� decays. A colourreconnection then corresponds to radiation, e.g. from the dipoles dq1q4 and dq3q2. Theemission of a single primary gluon cannot give interference e�ects, by colour conservation,so interference terms only enter in second order in �s.The general structure of the results is well illustrated by the interference between thegraph where a gluon with momentum k1 (k2) is emitted o� the dq1q2 (dq3q4) dipole and thesame graph with k1 and k2 interchanged:1�0 d�int ' d3 k1!1 d3 k2!2 �CF �s4�2 �2 1N2C � 1 �12 H(k1)H(k2) : (4)Note that the interference is suppressed by 1=(N2C � 1) = 1=8 as compared to the totalrate of double primary gluon emissions. This is a result of the ratio of the correspondingcolour traces.The so-called pro�le function �12 controls decay{decay interferences. It quanti�es theoverlap of the W propagators in the interfering Feynman diagrams. Near the W+W� pairthreshold, �12 simpli�es to �12 � �2W�2W + (!1 � !2)2 : (5)Other interferences (real or virtual) are described by somewhat di�erent expressions, buthave the same general properties. The pro�le functions cut down the phase space availablefor gluon emissions with ! >� �W by the alternative quark pairs. The possibility for thereconnected systems to develop QCD cascades is thus reduced, i.e. the dipoles are almoststerile.The radiation pattern H(k) is given byH(k) = dq1q4 + dq3q2 � dq1q3 � dq2q4 ; (6)where the radiation antennae are bij = (pi � pj)(pi � k)(pj � k) : (7)In addition to the two dipoles dq1q4 and dq3q2, which may be interpreted in terms ofreconnected colour singlets, one �nds two other terms, dq1q3 and dq2q4, which come in witha negative sign. The signs represent the attractive and repulsive forces between quarksand antiquarks. The e�ects of the reconnected almost sterile cascades should appear ontop of a dominant background generated by the ordinary-looking no-reconnection dipolesdq1q2 and dq3q4. The negative-sign interference terms are therefore perfectly physical, anddistort the overall radiation pattern in the same direction as the positive-sign ones.We now turn to the possibility of reconnection occurring as a part of the non-perturbative hadronization phase. This requires model building, beyond what is alreadyavailable in the standard string fragmentation approach. Speci�cally, the string modeldoes not constrain the nature of the string fully. At one extreme, the string may beviewed as an elongated bag, i.e. as a ux tube without any pronounced internal structure.At the other extreme, the string contains a very thin core, a vortex line, which carriesall the topological information, while the energy is distributed over a larger surroundingregion. The latter alternative is the chromoelectric analogue to the magnetic ux lines ina type II superconductor, whereas the former one is more akin to the structure of a type10



I superconductor. We use them as starting points for two contrasting approaches, withnomenclature inspired by the superconductor analogy.In scenario I, the reconnection probability is proportional to the space{time volumeover which the W+ and W� strings overlap, with saturation at unit probability. A consid-eration of distances in the W+W� system shows that each W can e�ectively be viewed asinstantaneously decaying into a string spanned between the partons, from a quark end viaa number of intermediate gluons to the antiquark end. The strings expand, both trans-versely and longitudinally, at a speed limited by that of light. They eventually fragmentinto hadrons and disappear. An overlap of the W+ and W� strings may be calculatedby making an ansatz for each individual string �eld, uniform in the longitudinal directionand falling o� as a Gaussian of approximately 0.5 fm width in the transverse direction,and an average proper time of decay of �frag � 1:5 fm. This gives a model with one freeparameter, the constant of proportionality between the space{time integral of the overlapand the probability of a reconnection.In scenario II it is assumed that reconnections can only take place when the core regionsof two string pieces cross each other. This means that the transverse extent of stringscan be neglected, which leads to considerable simpli�cations compared with the previousscenario. Such an approach does not introduce any new parameters. The reconnectionprobability comes out to be about 35% at 170 GeV; the free parameter of model I hasbeen adjusted to give the same answer at this energy. This probability does not vary bymore than a factor of 2 over the full LEP 2 energy range.Comparing scenarios I and II above with the no-reconnection scenario, it turns outthat reconnection e�ects are very small. The change in the average charged multiplicityis at the level of a per cent or less, and similar statements hold for rapidity distributions,thrust distributions, and so on. This is below the experimental precision we may expect,and so may well go unobserved. One would like to introduce more clever measures, whichare especially sensitive to the interesting features, but so far we have had little success.Ultimately, the hope would be to distinguish between scenarios I and II, and therebyto gain some insight into the nature of the con�nement mechanism. In principle, thereare such di�erences. For instance, the reconnection probability is much more sensitive tothe event topology in scenario II, since the requirement of having two string cores crossis more selective than that of having two broad ux tubes overlap.We now come to the W mass. Experimentally, mW depends in a non-trivial fashionon all particle momenta of an event. Errors in the W mass determination come froma number of sources [26], which we do not intend to address here. Therefore we onlystudy the extent to which the average reconstructed W mass is shifted when reconnectione�ects are added, but everything else is kept the same. Even so, results do depend onthe reconstruction algorithm used. We have tried a few di�erent ones, which however areall based on the same philosophy: a jet �nder is used to de�ne at least four jets, eventswith two very nearby jets or with more than four jets are rejected, the remaining jets arepaired to de�ne the two W's, and the average W mass of the event is calculated. Eventswhere this number agrees to better than 10 GeV with the input average mass are used tocalculate the systematic mass shift.In scenario I this shift is consistent with being zero, within the 10 MeV uncertainty inour results from limited Monte Carlo statistics (160,000 events per scenario). Scenario IIgives a negative mass shift, of about �30 MeV; this also holds for several variations ofthe basic scheme. A simpler model, where reconnections are always assumed to occur atthe centre of the event, gives a positive mass shift instead: about +30 MeV if results arerescaled to a reconnection probability of 35%. We are therefore forced to conclude that11



not even the sign of the e�ect can be taken for granted, but that a real uncertainty of�30 MeV does exist from our ignorance of non-perturbative reconnection e�ects. Studiesshow that pure perturbative e�ects could add at most about 5 MeV to this, while thepotential interplay between perturbative and non-perturbative e�ects (one W decayinginside the hadronic �eld of the other W) has been assumed no larger than that.Since the three sources are not independent, the numbers are added linearly to getan estimated total uncertainty of 40 MeV. In view of the aimed-for precision, this is non-negligible, and should be a cause for worry. It is not impossible that one could tailor-makeexperimental algorithms that are less sensitive to these e�ects, however.Potential reconnection e�ects may not be the only uncertainty. Currently we arestudying the uncertainties that could come from Bose{Einstein e�ects [27]. The under-lying reason is the same as for the W reconnections: the two W's decay so close to eachother compared with typical hadronization distances and Bose{Einstein radii. For a pairof nearby �0's, say, the production amplitude then should be symmetrized with respectto which �0 comes from which W. Even neglecting reconnection phenomena. the conceptof a W mass on the hadron level is then undermined. The Bose-Einstein phenomenonis very poorly known, so we cannot de�nitely claim that there have to be observable ef-fects. However, attempts at modelling indicate that the uncertainty in the W mass canwell turn out to be comparable with or even larger than the one quoted for reconnectionphenomena.4 Hadronic PhysicsThe need for event generators is excellently illustrated by the recent CDF top paper [28].In order to reach a conclusion, generators are used at every step of the way: to studythe signal, potential backgrounds, detector response and imperfections, and so on. Thisshows how critical the generator aspects are, for better or for worse.While hadron colliders are well suited to reach energies higher than e+e� ones (cf.the Tevatron and LEP), there are disadvantages. Hadrons have a complicated internalstructure of quarks and gluons. This means that hadronic collisions are more complexthan leptonic ones. Leptoproduction ep events are intermediate to the e+e� and thepp=pp ones, with a simple probe on a complicated target. Therefore the experience fromHERAwill be invaluable in reaching a better understanding of the hadronic structure in itsbroadest sense, i.e. also including aspects such as initial-state QCD radiation, interferencebetween initial- and �nal-state radiation, and beam-jet fragmentation. However, from anevent-generator point of view, ep and e+e� processes may be viewed as special cases of thehadron{hadron description. I therefore now jump directly to the latter kind of processes.A summary of the physics in hadronic event generators is the following:� An event is normally classi�ed by the `hardest' (i.e. the one with largest momentumtransfer) interaction that occurs. This can be a process such as qg! qg, qq0 !W+,qq ! tt, or anything else. The corresponding matrix element is perturbativelycalculable. Not all events need contain a hard, calculable subgraph, exceptions arefound among elastic, di�ractive and low-p? events.� In order to calculate a cross section, the squared matrix element has to be multipliedby two parton-distribution functions, which describe the partonic content of the twoincoming hadrons. The analogy with e+e� and ep physics is made more transparentif one introduces parton distributions also for leptons. The evolution is here notgiven by QCD processes but by QED branchings such as e ! e. The probability12



that the electron retains a fraction x of the full momentum if it is probed at a scaleQ2 is fully perturbatively calculable, unlike the QCD case.� The initial-state radiation that gave rise to the two incoming partons has to bereconstructed, i.e. the inclusive parton-distribution description has to be turnedinto an exclusive set of radiated partons.� Also partons in the �nal state can radiate further, in the same spirit as describedfor e+e� events.� Not all partons of an incoming hadron take part in the hard interaction. A remnantis left behind, `attached' to the hard interaction by its colour charge. Nothing forbidsseveral partons being kicked out, by independent (semi-)hard interactions. All thisgives a `beam jet' structure that still is not so well understood.� Again outgoing coloured partons turn into colourless hadrons by fragmentation.Normally the fragmentation process is assumed universal, i.e. the same models canbe used as in e+e�. This need not be correct | universality is known to breakdown if one tries to extrapolate from pp collisions to heavy-ion ones | but it is areasonable starting point.� Unstable particles decay, just as in e+e�.Below we give some further details on the topics not already covered for e+e�.4.1 Hard Processes and Parton DistributionsThe wide range of physics processes that are of interest in hadronic physics leads to aneed for generators to contain a bit of everything. For instance, Pythia contains thefollowing major groups:� Hard QCD processes, e.g. qg! qg.� Soft QCD processes, such as di�ractive and elastic scattering, and minimum-biasevents.� Heavy-avour production, e.g. gg! tt.� Prompt-photon production, e.g. qg! q.� Photon-induced processes, e.g. g ! qq.� Deep inelastic scattering, e.g. q`! q`.� W=Z production, such as e+e� ! �=Z0 or qq!W+W�.� Standard model Higgs production, where the Higgs is reasonably light and narrow,and can therefore still be considered as a resonance.� Gauge boson scattering processes, such as WLWL ! WLWL (L = longitudinal),when the standard model Higgs is so heavy and broad that resonant and non-resonant contributions have to be considered together.� Non-standard Higgs particle production, within the framework of a two-Higgs-doublet scenario with three neutral (h0, H0 and A0) and two charged (H�) Higgsstates.� Production of new gauge bosons, such as a Z0, W0 and R (a horizontal boson,coupling between generations).� Production of fourth-generation fermions.� Leptoquark (LQ) production.� Technicolour, e.g. gg! �techni.� Compositeness, e.g. d� and u� production.13



� Other deviations from standard model processes, e.g. due to contact interactions ora strongly interacting gauge boson sector.The list is by no means a survey of all interesting physics. Most notable is the absence ofsupersymmetric particle production and decay, but many other examples could be found:axigluons, baryon number violating processes, and so on. Also, within the scenarios stud-ied, not all contributing graphs have always been included, but only the more importantand/or more interesting ones. In many cases, various approximations are involved in thematrix elements coded. Other generators contain also other processes, and sometimes inother approximations, so there is a lot of complementarity.The cross-section for a process ij ! k is given by�ij!k = Z dx1 Z dx2 f1i (x1; Q2) f2j (x2; Q2) �̂ij!k(ŝ) : (8)Here �̂ is the cross-section for the hard partonic process, as codi�ed in the matrix elementsfor each speci�c process. For processes with many particles in the �nal state it would bereplaced by an integral over the allowed �nal-state phase space.The fai (x;Q2) are the parton distribution functions, which describe the probability to�nd a parton i inside beam particle a, with parton i carrying a fraction x of the total amomentum, when the a is probed at some squared momentum scale Q2 that characterizesthe hard process. Since we do not understand QCD in the low-Q2 region, a derivation from�rst principles of the parton distributions of hadrons does not yet exist. It is thereforenecessary to rely on parametrizations, where experimental data are used in conjunctionwith the evolution equations for the Q2 dependence, to pin down the parton distributions.The most complete selection of distributions is found in Pdflib [29].The input from HERA has provided further stimulus for studies in this �eld. Whatis the small-x behaviour? Do parton distributions saturate? What is the rôle of thepomeron and rapidity-gap events? A number of questions remain to be answered.4.2 Initial- and Final-State RadiationFor parton showers, a separation of radiation into a hard scattering and initial- and �nal-state showers is arbitrary, but very convenient. There are also situations where it isappropriate: for instance, the process e+e� ! Z0 ! qq only contains �nal-state QCDradiation, while qq ! Z0 ! e+e� only contains initial-state QCD radiation. Similarly,the distinction of emission as coming either from the q or from the q is arbitrary. Ingeneral, the assignment of radiation to a given mother parton is a good approximationfor an emission close to the direction of motion of that parton, but not for the wide-angleemission in between two jets, where interference terms are expected to be important. Forsuch con�gurations the matrix-element approach is better, if possible.In both initial- and �nal-state showers, the structure is given in terms of branchingsa! bc, speci�cally e ! e, q ! qg, q! q, g ! gg, and g ! qq. These processes arecharacterized by the splitting kernels and evolution equations given earlier.Each parton is associated with some virtuality scale Q2, which gives an approximatesense of time ordering to the cascade. In the initial-state shower, Q2 values are space-like(m2 < 0) and gradually increasing as the hard scattering is approached, while Q2 is time-like (m2 > 0) and decreasing in the �nal-state showers. Emission angles increase on theway in to the hard interaction and decrease again thereafter. Only the energy per partonis decreased at both stages, as more and more partons are created and share the originalenergy. 14



A closer look reveals further di�erences. In a �nal-state branching, the two daughtersare on an equal footing, both being time-like (or on the mass shell). In the initial-statebranching, the mother parton and one daughter parton are space-like, whereas the otherdaughter is time-like (or on the mass shell). It is the space-like daughter that goes ontowards the hard interaction, while the other daughter may initiate a time-like cascadeon a side branch, just as in �nal-state radiation. The initial-state cascade may be viewedas a virtual uctuation, wherein an initial parton almost on the mass shell is resolvedinto a set of partons with the same net invariant mass. Such uctuations are born anddie continuously in the proton wave function. It is the hard interaction that provides themomentum transfer to turn the space-like virtualities of the two incoming partons intotime-like virtualities of the outgoing partons. It thereby also allows all the side branches tobe promoted from a status of virtual uctuations into one of �nal-state partons. Space-like uctuations in principle are allowed on the side branches, but then remain purelyvirtual and are not observable in the �nal state.A sequential evolution of the shower in time is not very convenient for generator appli-cations, since the momenta of the incoming partons are then not known beforehand, whichmakes a matching to a desired hard scattering very costly in terms of e�ciency. A com-mon solution is backwards evolution [30], wherein the evolution equations are rewrittento act in the opposite direction for inital-state showers, i.e. from a given daughter-parton,the mother that produced it (together with a sister) is reconstructed. The procedure canthen be started at the hard scattering, with known kinematics, and traced back to thetwo shower initiators.Shower evolution is cut o� at some lower scale Q0, typically around 1 GeV for QCDbranchings. The same cut-o� scale is also used to regularize the soft-gluon-emissiondivergences in the splitting kernels. From above, a maximum scale Qmax is introduced,where the showers are matched to the hard interaction itself. The relation between Qmaxand the kinematics of the hard scattering is uncertain, and the choice made can stronglya�ect the amount of well-separated jets.We already mentioned a few open questions in the description of parton distributions;clearly, also these are reected in corresponding uncertainties in the structure of initial-state parton showers. On top of this, the coherence conditions that we encountered for�nal-state radiation have a much more complicated and poorly understood analogue forthe initial state [31]. Although existing parton shower programs do rather well by compar-ison with experiments, it should therefore not be a surprise that the level of con�dence isnot as high as in e+e� annihilation. However, progress is being made. For instance, CDFrecently presented an interesting study that shows the importance of angular ordering inthe initial-state radiation or, more speci�cally, how the angles in the shower are matchedto the hard scattering angle [32].4.3 Beam Remnants and Multiple InteractionsIn a hadron{hadron collision, the initial-state-radiation algorithm reconstructs one showerinitiator in each beam, by backwards evolution from the hard scattering. This initiatoronly takes some fraction of the total beam energy, leaving behind a beam remnant thattakes the rest. For a proton beam, a u quark initiator would leave behind a ud di-quark beam remnant, with an antitriplet colour charge. The remnant is therefore colour-connected to the hard interaction, and forms part of the same fragmenting system. Oftenthe remnant is more complicated, e.g. a g initiator would leave behind a uud proton-remnant system in a colour octet state, which can conveniently be subdivided into a15



colour triplet quark and a colour antitriplet diquark, each of which are colour-connectedto the hard interaction. The energy sharing between these two remnant objects, and theirrelative transverse momentum, introduces additional degrees of freedom.So far we have assumed that each event only contains one hard interaction, i.e. thateach incoming particle has only one parton that takes part in hard processes, and that allother constituents sail through una�ected. This is appropriate in e+e� or ep events, butnot necessarily so in hadron{hadron collisions. Here each of the beam particles contains amultitude of partons, and so the probability for several interactions in one and the sameevent need not be negligible. The dominant mechanism is expected to be that disjointpairs of partons, with one parton from each beam, undergo 2! 2 scatterings.The dominant 2 ! 2 QCD cross sections are divergent for p? ! 0, and drop rapidlyfor larger p?. Probably the lowest-order perturbative cross-sections will be regularizedat small p? by colour coherence e�ects: an exchanged gluon of small p? has a largetransverse wave function and can therefore not resolve the individual colour charges ofthe two incoming hadrons; it will only couple to an average colour charge that vanishesin the limit p? ! 0. Customarily, some e�ective p?min scale is therefore introduced,below which the perturbative cross-section is either assumed completely vanishing or atleast strongly damped. Phenomenologically, in some approaches, p?min comes out to bea number of the order of 1.5{2.0 GeV [33].In a typical `minimum-bias' event one therefore expects to �nd one or a few scatter-ing(s) at scales around or a bit above p?min, while a high-p? event also may have additionalscatterings at the p?min scale. The probability to have several high-p? scatterings in thesame event is small, since the cross-section drops so rapidly with p?.The understanding of a multiple interaction is still very primitive, and even the ex-perimental evidence that it exists at all is rather weak [34]. The approach taken to thisproblem therefore varies signi�cantly from one generator to the next. This may not alwaysbe appreciated by the normal user, since any approach by necessity contains a number offree parameters, and these parameters have been tuned by comparisons with essentiallythe same experimental data. Only when a broad range of properties are studied, prefer-ably at several di�erent energies, can one hope to better understand this complex part ofphysics.HERA may provide very interesting possibilities to test these issues: a deep inelasticscattering should only give one interaction, but in the Q2 ! 0 limit the hadronic natureof the photon takes over (see below) and one comes back to a hadron{hadron physicsscenario with the possibility of multiple interactions.4.4 p and  EventsThere are many reasons for being interested in p and  physics. The process ep !ep! eX is a main one at HERA and e+e� ! e+e� ! e+e�X will be a main one atLEP 2 and future linear e+e� colliders. Therefore, these events are always going to give anon-negligible background to whatever other physics one is interested in. However, moreimportantly, collisions between real photons provides the richest spectrum of (leading-order) processes that is available for any choice of incoming elementary particles. Forinstance, since the photon has a hadronic component, all of hadronic physics is containedas a subset of the possibilities. A correct description of the components of the total p and cross sections is therefore the ultimate challenge of `minimum-bias' physics. (Leavingheavy-ion physics aside.) This also explains why p and  events here appear under theheading of hadronic physics. In the following I will describe the approach developed in16



[35].To �rst approximation, the photon is a point-like particle. However, quantum me-chanically, it may uctuate into a (charged) fermion{antifermion pair. The uctuations $ qq are of special interest to us, since such uctuations can interact strongly and there-fore turn out to be responsible for the major part of the p and  total cross sections, aswe shall see. On the other hand, the uctuations into a lepton pair are uninteresting, sincesuch states do not undergo strong interactions to leading order, and therefore contributenegligibly to total hadronic cross sections. The leptonic uctuations are perturbativelycalculable, with an infrared cut-o� provided by the lepton mass itself. Not so for quarkpairs, where low-virtuality uctuations enter a domain of non-perturbative QCD physics.It is therefore customary to split the spectrum of uctuations into a low-virtuality anda high-virtuality part. The former part can be approximated by a sum over low-massvector-meson states, usually (but not necessarily) restricted to the lowest-lying vectormultiplet. Phenomenologically, this Vector Meson Dominance (VMD) ansatz turns outto be very successful in describing a host of data. The high-virtuality part, on the otherhand, should be in a perturbatively calculable domain.In total, the photon wave function can then be written asji = cbarejbarei+ XV=�0;!;�;J= ;� cV jV i+ Xq=u;d;s;c;bcqjqqi + X`=e;�;� c`j`+`�i : (9)In general, the coe�cients ci depend on the scale � used to probe the photon. Intro-ducing a cut-o� parameter p0 to separate the low- and high-virtuality parts of the qquctuations, one obtains c2q � (�em=2�)2e2q ln(�2=p20). The VMD part corresponds to therange of qq uctuations below p0 and is thus �-independent (assuming � > p0). Themajor contribution comes from the �0, c� � 0:04. Finally, cbare is given by unitarity:c2bare � Z3 = 1 �P c2V �P c2q �P c2̀. In practice, cbare is always close to unity. Usuallythe probing scale � is taken to be the transverse momentum of a 2 ! 2 parton-levelprocess. Our �tted value p0 � 0:5 GeV then sets the minimum transverse momentum ofa perturbative branching  ! qq.The subdivision of the above photon wave function corresponds to the existence ofthree main event classes in p physics:1. The VMD processes, where the photon turns into a vector meson before the inter-action, and therefore all processes allowed in hadronic physics may occur. This in-cludes elastic and di�ractive scattering as well as low-p? and high-p? non-di�ractiveevents.2. The direct processes, where a bare photon interacts with a parton from the proton.3. The anomalous processes, where the photon perturbatively branches into a qq pair,and one of these (or a daughter parton thereof) interacts with a parton from theproton.All three processes are of O(�em). However, in the direct contribution the photon structurefunction is of O(1) and the hard-scattering matrix elements of O(�em), while the oppositeholds for the VMD and the anomalous processes. The VMD component contributes about80% of the total p cross section, but less in the jet cross section; at intermediate p? valuesthe anomalous processes are contributing most and at large p? values the direct processesdominate.The di�erence between the three classes is easily seen in terms of the beam jet struc-ture. The incoming proton always gives a beam jet containing the partons of the protonthat did not interact. On the photon side, the direct processes do not give a beam jet atall, since all the energy of the photon is involved in the hard interaction. The VMD ones17



give a beam remnant just like the proton, with a `primordial k?' smearing of typically upto half a GeV. The anomalous processes give a beam remnant produced by the  ! qqbranching, with a transverse momentum going from p0 upwards. Thus the transition fromVMD to anomalous should be rather smooth.A generalization of the above picture to  events is obtained by noting that eachof the two incoming photons is described by a wave function of the type given ineq. (9). In total, there are therefore three times three event classes. By symmetry,the `o�-diagonal' combinations appear pairwise, so the number of distinct classes is `only'six: VMD�VMD, VMD�direct, VMD�anomalous, direct�direct, direct�anomalous andanomalous�anomalous. The pattern of their relative importance is the same as for thep process: VMD�VMD dominates the total cross section and direct�direct the jet crosssection at large p?.When pp (or pp), p and  events are compared at a common energy, the aboveansatz leads to characteristic di�erences. There are most jets in  events and least inpp ones, not surprisingly, and this is also reected in the total transverse energy ow, inthe multiplicity distribution, and so on. Indications along these lines now start to appearat HERA, e.g. in the inclusive p? spectrum of charged particles [36]. The excess of jetsin  events is observed at TRISTAN [37] and LEP 2 should have much more to say.5 Summary and OutlookThis talk has only scratched the surface of the aspects that have to be programmed in amodern, versatile generator. If one looks back, the evolution has been explosive. The �rstversion of the Lund Monte Carlo, in 1978, was about 200 lines long (and coded on punchedcards!). Today, Pythia/Jetset together is over 30,000 lines of code, supplemented bya 300 pages long physics description and manual [7]. The growth in physics potentialof the programs has been fairly linear over these years (a roughly constant number ofpersons contributing a rather constant number of new aspects per year), whereas theincrease in the code itself has been closer to an exponential. This in part reects changesin programming style, in part the trend to address more subtle and di�cult-to-programproblems as the simpler are `solved'.Of course, Lund is only one family of generators. Historically one should presumablystart with models based on pure phase space or longitudinal phase space, but the �rstevent generator in a more modern sense (that I am aware of) is the Artru{Mennessiermodel of 1974 [38]. The Field{Feynman ansatz of 1978 [39] had an enormous impact(partly due to the magic of the name Feynman). Starting with PETRA, the use of eventgenerators has taken o�, so that today there is hardly any experimental analysis presentedor planned without the help of generators.Initially there was a lot of scepticism, and it is not so easy to say when that disap-peared. In retrospect it is tempting to call the UA1 experiences of 1984 the watershed.The `discoveries' of supersymmetry and of top [40] can be traced back at least in partto a poor understanding of the signal, of the backgrounds, and of the detector response,and the only way one has found to do better in cases like these is to have more elaborateevent generation and detector simulation programs.Today, the problem is rather the opposite: some people have too deep a faith ingenerators. For instance, in the LEP 1 workshop our main recommendation was that`Due to the large uncertainties present in any realistic QCD Monte Carlo, physics studiesmust be based on the use of at least two complete and independent programs.' [3], but this18
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