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AbstratA real photon has a ompliated nature, whereby it may remain unresolved or utu-ate into a vetor meson or a perturbative qq pair. Based on this piture, we previouslypresented a model for p events that is based on the presene of three main eventlasses: diret, VMD and anomalous [1℄. In  events, a natural generalization givesthree-by-three ombinations of the nature of the two inoming photons, and thus sixdistint event lasses. The properties of these lasses are onstrained by the hoiesalready made, in the p model, of ut-o� proedures and other aspets. It is there-fore possible to predit the energy-dependene of the ross setion for eah of the sixomponents separately. The total ross setion thus obtained is in good agreementwith data, and also gives support to the idea that a simple fatorized ansatz with apomeron and a reggeon term an be a good approximation. Event properties undergoa logial evolution from pp to p to  events, with larger harged multipliity, moretransverse energy ow and a higher jet rate in the latter proess.
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1 IntrodutionThere are many reasons for being interested in  physis. The proess e+e� !e+e� ! e+e�X will be a main one at LEP 2 and future linear e+e� olliders.Therefore,  events are always going to give a non-negligible bakground to what-ever other physis one is interested in. However, more importantly, the ollisionbetween two photons provides the rihest spetrum of (leading-order) proesses thatis available for any hoie of two inoming elementary partiles. For instane, sinethe photon has a hadroni omponent, all of hadroni physis is ontained as a subsetof the possibilities. A orret desription of the omponents of the total  rosssetion is therefore the ultimate hallenge of `minimum-bias' physis.The study of  physis has a long history, and it is not our intention here to givea omplete list of referenes. Many topis have been overed by the ontributions tothis and other workshops [2℄. For the approah we are going to take, one importantline of work is the subdivision of photon interations by the nature of the photon [3℄.Minijet phenomenology has attrated muh attention in reent years [4℄.However, none of these approahes attempts to give a omplete desription of ross setions and event properties, but only onentrate on spei� topis. Herewe will try to be more ambitious, and really provide all the neessary aspets inone single framework. The starting point is our model for p physis [1℄, whihan be generalized in an (almost) minimal fashion. The results presented here arepreliminary, in the sense that a number of further ross-heks are in progress [5℄.One main area is still left out of our desription: in all that follows, both inomingphotons are assumed to be on the mass shell. Further issues need to be addressedwhen either photon or both of them are virtual. For reasons of larity, we also restritourselves to disussing what happens in the ollision between two photons of givenmomenta. The addition of photon ux fators will ompliate the piture, but notadd anything fundamentally new.2 Event ClassesTo �rst approximation, the photon is a point-like partile. However, quantum me-hanially, it may utuate into a (harged) fermion{antifermion pair. The utua-tions  $ qq are of speial interest to us, sine suh utuations an interat stronglyand therefore turn out to be responsible for the major part of the p and  totalross setions, as we shall see. On the other hand, the utuations into a leptonpair are uninteresting, sine suh states do not undergo strong interations to leadingorder, and therefore ontribute negligibly to total hadroni ross setions. The lep-toni utuations are perturbatively alulable, with an infrared ut-o� provided bythe lepton mass itself. Not so for quark pairs, where low-virtuality utuations entera domain of non-perturbative QCD physis. It is therefore ustomary to split thespetrum of utuations into a low-virtuality and a high-virtuality part. The formerpart an be approximated by a sum over low-mass vetor-meson states, ustomarily(but not neessarily) restrited to the lowest-lying vetor multiplet. Phenomenologi-ally, this Vetor Meson Dominane (VMD) ansatz turns out to be very suessful indesribing a host of data. The high-virtuality part, on the other hand, should be ina perturbatively alulable domain. 1
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p )Figure 1: Contributions to hard p interations: a) VMD, b) diret, and) anomalous. Only the basi graphs are illustrated; additional partoni a-tivity is allowed in all three proesses. The presene of spetator jets has beenindiated by dashed lines, while full lines show partons that (may) give rise tohigh-p? jets.In total, the photon wave funtion an then be written asji = barejbarei+ XV=�0;!;�;J= V jV i+ Xq=u;d;s;;b qjqqi+ X`=e;�;� `j`+`�i (1)(negleting the small ontribution from �). In general, the oeÆients i depend onthe sale � used to probe the photon. Thus 2̀ � (�em=2�)(2=3) ln(�2=m2̀). Intro-duing a ut-o� parameter p0 to separate the low- and high-virtuality parts of the qqutuations, one similarly obtains 2q � (�em=2�)2e2q ln(�2=p20). The VMD part orre-sponds to the range of qq utuations below p0 and is thus �-independent (assuming� > p0). In onventional notation 2V = 4��em=f 2V , with f 2V =4� determined from datato be 2.20 for �0, 23.6 for !, 18.4 for � and 11.5 for J= [6℄. Finally, bare is givenby unitarity: 2bare � Z3 = 1 �P 2V �P 2q �P 2̀. In pratie, bare is always loseto unity. Usually the probing sale � is taken to be the transverse momentum of a2 ! 2 parton-level proess. Our �tted value p0 � 0:5 GeV (see below) then sets theminimum transverse momentum of a perturbative branhing  ! qq.The subdivision of the above photon wave funtion orresponds to the existeneof three main event lasses in p events, f. Fig. 1:1. The VMD proesses, where the photon turns into a vetor meson before theinteration, and therefore all proesses allowed in hadroni physis may our.This inludes elasti and di�rative sattering as well as low-p? and high-p?non-di�rative events.2. The diret proesses, where a bare photon interats with a parton from theproton.3. The anomalous proesses, where the photon perturbatively branhes into a qqpair, and one of these (or a daughter parton thereof) interats with a partonfrom the proton.All three proesses are of O(�em). However, in the diret ontribution the photonstruture funtion is of O(1) and the hard sattering matrix elements of O(�em), whilethe opposite holds for the VMD and the anomalous proesses. As we already noted,the `+`� utuations are not interesting, and there is thus no lass assoiated withthem. 2



The above subdivision is not unique, or even the onventional one. More ommonis to lump the jet prodution proesses of VMD and anomalous into a lass alledresolved photons. The remaining `soft-VMD' lass is then de�ned as not having anyjet prodution at all, but only onsisting of low-p? events. We �nd suh a subdivisionounterprodutive, sine it is then not possible to think of the VMD lass as beinga saled-down version (by a fator 2V ) of ordinary hadroni proesses | rememberthat normal hadroni ollisions do ontain jets part of the time.In a omplete framework, there would be no sharp borders between the threeabove lasses, but rather fairly smooth transition regions that interpolate betweenthe extreme behaviours. However, at our urrent level of understanding, we do notknow how to do this, and therefore push our ignorane into parameters suh as the p0sale and the f 2V =4� ouplings. From a pratial point of view, the sharp borders onthe parton level are smeared out by parton showers and hadronization. Any MonteCarlo event sample intended to ath a border region would atually onsist of amixture of the three extreme senarios, and therefore indeed be intermediate. Also,remember that our separation is applied to leading-order proesses, with higher-ordere�ets inluded only in the leading-logarithmi approximation. An additional shemedependene would arise for truly higher-order matrix elements.The di�erene between the three lasses is easily seen in terms of the beam jetstruture. The inoming proton always gives a beam jet ontaining the partons of theproton that did not interat. On the photon side, the diret proesses do not give abeam jet at all, sine all the energy of the photon is involved in the hard interation.The VMD ones (leaving aside the elasti and di�rative subproesses for the moment)give a beam remnant just like the proton, with a `primordial k?' smearing of typiallyup to half a GeV. The anomalous proesses give a beam remnant produed by the ! qq branhing, with a transverse momentum going from p0 upwards. Thus thetransition from VMD to anomalous should be rather smooth.A generalization of the above piture to  events is obtained by noting that eahof the two inoming photons is desribed by a wave funtion of the type given ineq. (1). In total, there are therefore three times three event lasses. By symmetry,the `o�-diagonal' ombinations appear pairwise, so the number of distint lasses isonly six. These are, f. Fig. 2:1. VMD�VMD: both photons turn into hadrons, and the proesses are thereforethe same as allowed in hadron{hadron ollisions.2. VMD�diret: a bare photon interats with the partons of the VMD photon.3. VMD�anomalous: the anomalous photon perturbatively branhes into a qqpair, and one of these (or a daughter parton thereof) interats with a partonfrom the VMD photon.4. Diret�diret: the two photons diretly give a quark pair,  ! qq. Alsolepton pair prodution is allowed,  ! `+`�, but will not be onsidered by us.5. Diret�anomalous: the anomalous photon perturbatively branhes into a qqpair, and one of these (or a daughter parton thereof) diretly interats with theother photon.6. Anomalous�anomalous: both photons perturbatively branh into qq pairs, andsubsequently one parton from eah photon undergoes a hard interation.The �rst three lasses above are pretty muh the same as the three lasses allowed inp events, sine the interations of a VMD photon and those of a proton are about3
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 f)Figure 2: Contributions to hard  interations: a) VMD�VMD,b) VMD�diret, ) VMD�anomalous, d) diret�diret, e) diret�anomalous,and f) anomalous�anomalous. Notation as in Fig. 1.the same.The main parton-level proesses that our in the above lasses are:� The `diret' proesses  ! qq only our in lass 4.� The `1-resolved' proesses q! qg and g! qq our in lasses 2 and 5.� The `2-resolved' proesses qq0 ! qq0 (where q0 may also represent an antiquark),qq ! q0q0, qq ! gg, qg ! qg, gg ! qq and gg ! gg our in lasses 1, 3 and6.� Elasti, di�rative and low-p? events our in lass 1.The notation diret, 1-resolved and 2-resolved is the onventional subdivision of interations. The rest is then alled `soft-VMD'. As for the p ase, our subdivisionis an attempt to be more preise and internally onsistent than the onventionallasses allow. One aspet is that we really want to have a VMD�VMD lass that isnothing but a saled-down opy of the �0�0 and other vetor-meson proesses, with aonsistent transition between low-p? and high-p? events (see below). Another aspetis that, in a omplete desription, the VMD and anomalous parts of the photon giverise to di�erent beam remnant strutures, as disussed above, even when the hardsubproess itself may be the same.A third aspet is that our subdivision provides further onstraints; these, at leastin priniple, make the model more preditive. In partiular, the parton distributionsof the photon are onstrained by the ansatz in eq. (1) to be given byf a (x; �2) = f ;dira (x; �2) + f ;VMDa (x; �2) + f ;anoma (x; �2; p20) : (2)Here f ;dira (x; �2) = Z3 Æa Æ(1� x) (3)4



and f ;VMDa (x; �2) = XV=�0;!;�;J= 4��f 2V fVa (x; �2) : (4)The anomalous part, �nally, is fully alulable perturbatively, given the boundaryondition that the distributions should vanish for �2 = p20. In priniple, everythingis therefore given. In pratie, the vetor-meson distributions are not known, and soone is obliged to make further assumptions, suh as �0 � �0 � (�++��)=2. Sine the�0 is rather short-lived, it is not impossible that it ould be somewhat di�erent froma �, e.g. with fewer partons at small x. By omparison, onventional distributionsare de�ned for resolved proesses only:f ;resa (x; �2) = f ;VMDa (x; �2) + f ;anoma (x; �2; p20) : (5)The resolved distributions are then assumed to be given in a ompletely free way, atsome input sale, i.e. without any diret relation with the vetor-meson distributions.3 Cross SetionsTotal hadroni ross setions show a harateristi fall-o� at low energies and a slowrise at higher energies. This behaviour an be parametrized by the form�ABtot (s) = XABs� + Y ABs�� (6)for A+B ! X. The powers � and � are universal, with �t values [7℄� � 0:0808 ; � � 0:4525 ; (7)while the oeÆients XAB and Y AB are proess-dependent. Equation (6) an be in-terpreted within Regge theory, where the �rst term orresponds to pomeron exhangeand gives the asymptoti rise of the ross setion. Ultimately, this inrease violatesthe Froissart{Martin bound [8℄; � should therefore be thought of as slowly dereasingwith energy (owing to multi-pomeron exhange e�ets), although data at urrent en-ergies are well �tted by a onstant �. The seond term, the reggeon one, is mainly ofinterest at low energies. For the purpose of our study we do not rely on the Reggeinterpretation of eq. (6), but an merely onsider it as a onvenient parametrization.The VMD part of the p ross setion should have a similar behaviour, but thereis no ompelling reason why the diret and anomalous parts would have to. However,empirially, the p data are well desribed by�ptot(s) � 67:7 s� + 129 s�� [�b℄; (8)with s in GeV2. (Cross-setions are throughout given in mb for hadron{hadron inter-ations, in �b for {hadron ones and in nb for  ones.) Atually, the above formulais a predition [7℄ preeding the HERA data [9℄.If we take the Regge-theory ansatz seriously also for the photon, it is possible toderive an expression for the total  ross setion�tot(s) � 211 s� + 297 s�� [nb℄: (9)5



This is based on the assumption that the pomeron and reggeon terms fatorize,XAB = �AIP�BIP and Y AB = AIRBIR, so that X = (Xp)2=Xpp and Y  =(Y p)2=Y pp, with Xpp � 21:70 and Y pp � 56:08. In hadroni ross setions, fator-ization seems valid for the pomeron term but not for the reggeon one, e.g. Xpp = Xppwhile Y pp � 98:39� Y pp. An equally valid guess for Y  would then be obtained byY  = 2(Y p)2=(Y pp+Y pp) � 215. The unertainty in Y  only a�ets the low-energybehaviour, and so is not ritial for us.Note that fatorization is assumed to hold separately for the pomeron and thereggeon terms, not for the total ross setion itself. That is, the relation �tot =(�ptot)2=�pptot is not exat in this approah, although numerially it is a very goodapproximation.Our eq. (9) above should be ompared with the time-honoured expression � =240 + 270=W [10℄. This orresponds to a ritial pomeron, � = 0, as was ommonlyassumed in the early seventies, and an � = 0:5, but it is otherwise in the same spiritas our formula. Also numerially the two losely agree at not too large energies.One should remember that our expression (9) is here `derived' based on a simpleRegge-theory ansatz that has no real validity for the photon. Next we will proeedto study the ontributions of the individual event lasses. The onstraints that omefrom p physis data then diretly feed into onstraints on the ontribution fromthese lasses and therefore on the total  ross setion. At the end of the day wewill therefore show that a ross setion behaving roughly like eq. (9) should be a goodapproximation. In doing so, the properties of the event lasses are also �xed, to alarge extent.Based on the subdivision into event lasses, the total p ross setion may bewritten as �ptot = �pVMD + �pdir + �panom (10)and the total  one as�tot = �VMD�VMD+2�VMD�dir+2�VMD�anom+�dir�dir+2�dir�anom+�anom�anom : (11)Here we expliitly keep the fator of 2 for the o�-diagonal terms, where the rôle ofthe two inoming photons may be interhanged.The V p ross setions may be parametrized as��0ptot � �!ptot � 12 ���+ptot + ���ptot � � 13:63 s� + 31:79 s�� [mb℄; (12)��ptot � �K+ptot + �K�ptot � ���ptot � 10:01 s� � 1:51 s�� [mb℄: (13)(The J= p ross setion is taken to be about a tenth of the �p one, with a largeamount of unertainty; it is inluded in the omplete analysis but is negleted inour disussion here.) Again using fatorization for the pomeron and reggeon termsseparately, the total ross setion for two vetor mesons is�V1V2tot � XpV1XpV2Xpp s� + Y pV1Y pV2Y pp s�� : (14)For a desription of VMD events, a further subdivision into elasti (el), di�rative(sd and dd for single and double di�rative) and non-di�rative (nd) events is required.Keeping only the simplest di�rative topologies, one may write�ABtot (s) = �ABel (s) + �ABsd(XB)(s) + �ABsd(AX)(s) + �ABdd (s) + �ABnd (s) : (15)6



The elasti and di�rative ross setions for all required V p and V1V2 proesses havebeen alulated and parametrized in the ontext of our model presented in ref. [11℄.The non-di�rative ross-setion is then given by whatever is left. The �nd may befurther subdivided into a low-p? and a high-p? lass. Sine the 2! 2 parton{partonsattering ross setions are divergent in the limit p? ! 0, some further are is neededfor this lassi�ation. We expet the perturbative formulae to break down at smallp?, sine an exhanged gluon with a large transverse wavelength �? � 1=p? annotresolve the individual olour harges inside a hadron. The hadron being a net oloursinglet, the e�etive oupling should therefore vanish in this limit. A parameterp?min is introdued to desribe the border down to whih the perturbative expressionis assumed to be valid [1℄:p?min(s) = pVMD?min(s) � 1:3 + 0:15 ln(Em=200)ln(900=200) [GeV℄ : (16)The jet rate above p?min may still be large, in fat even larger than the total �nd. It istherefore neessary to allow for the possibility of having several perturbative parton{parton interations in one and the same event, i.e. to unitarize the jet emissionprobability. We do this using the formalism of ref. [12℄.The total VMD ross setions are obtained as weighted sums of the allowed vetor-meson states, �pVMD =XV 4��emf 2V �V ptot � 53:4 s� + 115 s�� [�b℄; (17)�VMD�VMD =XV1 4��emf 2V1 XV2 4��emf 2V2 �V1V2tot � 131 s� + 236 s�� [nb℄: (18)In Fig. 3 we show the breakdown of �VMD�VMD by vetor-meson ombination. Ob-viously the �0�0 ombination dominates. The same kind of formulae as above alsoapply for the subdivision into elasti, di�rative and non-di�rative events. This sub-division is shown in Fig. 4 for the sum of all meson ombinations, whih then mainlyreets the �0�0 omposition.Comparing eqs. (8) and (17), about 80% of the p total ross setion is seento ome from the VMD term. The remaining 20% is to be attributed to the diretand anomalous omponents. At small energies the anomalous part is negligible, andso the dependene of the diret ross setion on p0 an be used to determine thisparameter. We obtain a value of p0 � 0:5 GeV, whih is onsistent with the simple-minded answer p0 � m�=2, and also gives a reasonable f ;resa (x; �2) [1℄. The anomalousproess ontains two ut-o� parameters, the p0 sale for the photon to branh to aperturbative qq pair and a panom?min sale for one of the anomalous-photon partons tointerat in a hard proess. As a �rst guess, one might hoose panom?min also to be givenby eq. (16). However, this turns out to give a ross setion inreasing too rapidly.Physially, it is understandable why hard proesses should be more suppressed atsmall p? in anomalous proesses than in VMD ones: the anomalous photon orre-sponds to a qq pair of larger virtuality than a VMD one, and hene of smaller spatialextent. The best reipe for inluding this physis aspet is not well understood. Re-membering that the anomalous ross setion is the produt (or, more preisely, theonvolution) of the anomalous parton distributions and the hard partoni 2 ! 2sattering ross setions, one an, purely pragmatially, imagine two extreme proe-dures to weaken the too-strong rise of �panom: either redue the partoni ross setion7
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Figure 3: The total VMD�VMD ross setion, full urve, and its subdivisionby vetor-meson ombination. The omponents are separated by dashed urves,from bottom to top: �0�0, �0!, �0�, �0J= , !!, !�, !J= , ��, �J= , andJ= J= . Some of the latter omponents are too small to be resolved in the�gure.

Em [GeV℄

�VMD�VMD [nb℄

Figure 4: The total VMD�VMD ross setion, full urve, and its subdivision byevent topology. The omponents are separated by dashed urves, from bottomto top: elasti, single di�rative (split for the two sides by the dotted urve),double di�rative, and non-di�rative (inluding jet events unitarized).8
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Figure 5: The total p ross setion and its subdivision by event topology. Fullurve: the parametrization of eq. (8). The dashed urves, from bottom to top:VMD, VMD+diret and VMD+diret+anomalous.by inreasing panom?min, or derease the values of the anomalous parton distributions byhoosing a smaller value for the sale �, ompare eq. (2). Over the HERA energyrange, say 100 GeV � Em � 300 GeV, both hoiespanom?min(s) = 1:5 + 0:0035Em [GeV℄ ; � = p? (19)panom?min(s) = pVMD?min(s) ; � = p?r ; r � pVMD?min=p0 (20)give sensible answers, whereof we will use (19) as our main option. The resultingsubdivision of the p total ross setion is shown in Fig. 5.Turning to the  ross setions, in priniple all free parameters have now been�xed, and the ross setion for eah of the six event lasses an be obtained. TheVMD�VMD one has already been disussed; the others are given as integrals of2 ! 2 sattering ross setions above the respetive p? ut-o�s already spei�ed.The results are shown in Fig. 6, lass by lass. For omparison, we also show theresults that would be obtained if the simple fatorization ansatz used to derive �totin eq. (9) is valid omponent by omponent of the photon wave funtion. That is,if the omposition of the p ross setion at some energy is 80% VMD, 15% diretand 5% anomalous, say, the  ross setion is then assumed to be 0:8� 0:8 = 64%VMD�VMD, 2 � 0:8 � 0:15 = 24% VMD�diret, et. This relative omposition isthen saled by the assumed �tot of eq. (9) to get atual ross setion numbers.A few omments about eah of the lasses:1. For the VMD�VMD lass in priniple the simple fatorization ansatz is exat inour model. The small deviations observed in Fig. 6a are not to be taken serious-ly, they ome from the fat that the numerially integrated �pVMD+�pdir+ �panomdoes not agree perfetly with the desired �ptot of eq. (8), f. Fig. 5. Therefore9
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Figure 6: Comparison of  partial ross setions obtained by integration, fullurves, and by a simple fatorization ansatz, dashed urves. In a few of theplots, dotted urves give variations of the main urve obtained by integration,see text.
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the relative p omposition used in the fatorization ansatz has been slightlyresaled so as to add to unity.2. Agreement is also aeptable for VMD�diret. This is not so surprising, sinethis proess is just a saled-down version of a diret proess on a vetor mesontarget. Disagreements should therefore primarily ome from di�erenes betweenthe meson and the proton struture funtions. (The agreement would be perfetif the experimental input had ome from �0�0 and �0, and so forth for the othermesons, rather than from pp and p.) We show an example of the variationthat may ome from using di�erent sets of parton-distribution funtions for thepion. The similarity of the large-energy behaviour reets the fat that we haveused the same small-x modi�ation for both sets [1℄.3. Also the VMD�anomalous omponent agrees well; again this lass an be seenas a saled-down version of the anomalous p lass. The dependene on thehoie of parton distributions is redued, ompared with the previous lass, sineanomalous proesses involve larger x and �2 (i.e. better onstrained regions)than the diret ones.4. The diret�diret omponent is not at all well predited by the fatorizedansatz. The latter yields a ross setion growing at large energies at a raterelated to the small-x behaviour of the proton distribution funtions, i.e. / s�for our modi�ed distributions. On the other hand, the total ross setion for ! qq is proportional to ln(s=p20)=s, and thus drops rapidly with .m. ener-gy. Charm prodution has here been inluded using massive matrix elements(whereas masses are negleted for a few other proesses), sine the assumed p0ut-o� is smaller than the harm mass and sine harm makes up a signi�antfration of the total ontribution.5. The diret�anomalous omponent again ompares reasonably well with thepredition from fatorization. There is some ambiguity about the hoie of p?ut-o� for hard satterings, but it is seen that results are not drastially sensitiveto this, even when the default panom?min ut-o� of the hard proess is replaed byp0.6. The anomalous�anomalous proess, �nally, is most unertain, beause its rosssetion sensitively depends on the hoie of method to keep �panom low. Proe-dure (20) yields a muh smaller ross setion than (19), whih is easily under-stood by realling that f;anoma enters quadratially in the anomalous�anomalousross setion. If method (20) is the orret one then, in fat, fatorization hold-s to a very good approximation. Also other mehanisms ould be invoked toargue for a smaller �anom�anom than the default one, suh as the possibility ofseveral parton{parton interations in the same event.When taking the sum of the six lasses above, eq. (11), it should be rememberedthat the �rst three are the dominant ones. In fat, sine the diret and anomalousomponents together give about 20% of the p total ross setion, the expetationis that the last three lasses together would only give a 4% ontribution to the total ross setion. Apart from the large unertainty in the anomalous�anomalousomponent, this is also the way it works out. The �rst three lasses, on the otherhand, are all related to the respetive p lasses, with only a replaement of a p by aV (and an extra weight fator 4��em=f 2V ). This makes the argumentation for eq. (9)redible, in spite of the absense of a (well-de�ned) oupling between a diret photon11
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Figure 7: The total  ross setion. Full urve: the parametrization of e-q. (9). Dashed urve: result from sum of integrations of the six omponents.Data points: open triangles PLUTO 1984, �lled triangles PLUTO 1986, squaresTPC/2 1985, spades TPC/2 1991, irles MD-1 1991 [13℄.and a pomeron.The �tot obtained by integration of the six omponents is ompared with eq. (9)and experimental data in Fig. 7. As already disussed, the results of the integrationare unertain by some amount, so within this band of unertainty the agreementwith eq. (9) is very good. It is also readily seen that data are not (yet) preiseenough to provide any real onstraints, but are in generally good agreement withboth approahes.One an also ompare our �tot with the numbers obtained in various minijet-based approahes [4℄. For Em = 200 GeV, ross setions in the range 1000{1800 nbare typially obtained, but are redued to about 500 nb if unitarity is enfored, inagreement with our results.4 Event PropertiesThe subdivision of the total p and  ross setions above, with the related hoiesof ut-o� parameters et., spei�es the event omposition at the hard-sattering level.For studies of the omplete event struture, it is neessary to add models for initial-and �nal-state QCD radiation (parton showers), for beam remnants, and for frag-mentation and seondary deays [1℄. A Monte Carlo generation of omplete hadroni�nal states is obtained with Pythia/Jetset [14℄. Thus any experimental quantityan be studied. This setion gives some representative examples. In partiular, weompare the properties of pp, p and  events. It should be noted that pp and ppevents are very similar for the quantities studied here. Unless otherwise spei�ed, the12
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Figure 8: The total transverse energy per event, separately normalized foreah of the six event lasses. Top frame: VMD�VMD: full histogram;VMD�diret: dashed one; and VMD�anomalous: dash-dotted one. Bot-tom frame: diret�diret: full histogram; diret�anomalous: dashed one; andanomalous�anomalous: dash-dotted one.�gures refer to an Em = ps = 100 GeV. As we will show at the end of the setion,the qualitative features do not depend ritially on this hoie.Figure 8 shows the PE? per event for eah of the six omponents of the  rosssetion. The spike at small PE? for the VMD�VMD lass omes from elasti sat-tering events, e.g.  ! �0�0. Also di�rative events ontribute in this region. The13



large-PE? tail of the VMD�VMD urve is enhaned by the possibility of multipleparton{parton interations, whih is only inluded for this lass. Beause of the larg-er panom?min ut-o�, the lasses involving anomalous photons typially have larger PE?,while the smaller p0 ut-o� for the diret proesses orresponds to smaller medianPE?. However, note that the  ! qq proesses only fall o� very slowly with p?, inpart beause of the absense of struture funtions, in part beause of the form of thematrix element itself. The diret�diret lass therefore wins out at very large PE?.The results of Fig. 8 are a bit misleading, sine the relative importane of thesix event lasses is not visible. The weighted mixture is shown in Fig. 9, al-so ompared with p and pp events. One observes a steady progression, withhPE?ipp < hPE?ip < hPE?i. This pattern, of more ativity for a  thanfor a p, is seen in essentially all distributions. The elasti spike at small PE? is lesspronouned for , due to three fators: the VMD�VMD omponent is only a partof the  ross setion, elasti sattering is a smaller fration of the total �0�0 rosssetion than it is for pp, and kineti energy in the �0 ! �+�� deays add to the totaltransverse energy.The E? ow as a funtion of rapidity, dE?=dy, is given in Fig. 10. It illustrateshow p interpolates between pp and : around the diretion of the inoming photon,the p events look like the  ones, while they look more like pp ones in the oppositediretion, with an intermediate behaviour in the entral region.The harged-multipliity distributions follow essentially the same pattern as shownfor the PE? ones in Figs. 8, 9 and 10, and are therefore not inluded here. Thereis one noteworthy exeption, however: the diret�diret omponent does not havea tail out to large multipliities. That is, even if the proess  ! qq an generatelarge p? values, the absene of any beam jets keeps the multipliity down.The transverse momentum spetrum of harged partiles is shown in Fig. 11. Thelarger high-p? tail of the  proesses is one of the simplest observables to experi-mentally establish di�erenes between pp, p and . Of ourse, the ause of thedi�erenes is to be sought in the higher jet rates assoiated with photon interations.The jet spetra are ompared in Fig. 12, using a simple one algorithm where a min-imum E? of 5 GeV is required inside a one of �R = q(��)2 + (��)2 < 1. Alreadyfor an E?jet of 5 GeV there are about ten times as many jets in  as in pp, and thisratio then inreases with inreasing E?jet.To illustrate the energy dependene of these distributions, Figs. 13 and 14 givethe dE?=dy ow for  .m. energies of 25 and 400 GeV, respetively. These an beompared with the result for 100 GeV in Fig. 10. Qualitatively, the same pattern isseen at all three energies, although relative di�erenes tend to be somewhat reduedat larger energies. This is also true for other observables, suh as jet rates. One reasonis that the possibility of multiple parton{parton interations in the VMD omponentpushes up the ativity in those events at larger energies, and thus brings them loserto the anomalous lass. The importane of the diret lass, on the other hand, isredued at large energies. Further, at large energies, jet prodution is dominantlyinitiated by small-x inoming partons, where the VMD and anomalous distributionsare more similar than at large x (although still di�erent).
14
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Figure 9: The total transverse energy per event for di�erent beams: : fullhistogram; p: dashed one: and pp: dash-dotted one.
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Figure 10: Transverse energy ow as a funtion of rapidity for di�erent beams:: full histogram; p: dashed one; and pp: dash-dotted one.
15
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Figure 11: Charged partile inlusive p? spetra for di�erent beams: : fullhistogram; p: dashed one; and pp: dash-dotted one.
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Figure 12: Jet rate as funtion of the transverse jet energy for di�erent beams:: full histogram; p: dashed one; and pp: dash-dotted one.
16
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Figure 13: Transverse energy ow for Em = 25 GeV as a funtion of rapidityfor di�erent beams: : full histogram; p: dashed one; and pp: dash-dottedone.
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Figure 14: Transverse energy ow for Em = 400 GeV as a funtion of rapidityfor di�erent beams: : full histogram; p: dashed one; and pp: dash-dottedone.
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5 SummaryIn this paper we have shown that our model for p events [1℄ an be onsistentlygeneralized to  events. That is, essentially all free parameters are �xed by (low-energy) p phenomenology. Sine we start out with a more detailed subdivision ofthe p total ross setion than has onventionally been done in the past, our model also ontains a riher spetrum of possible proesses. We distinguish six mainevent lasses, but most of these ontain further subdivisions. The aim is that thisapproah will allow preditions for a broader range of observables than is addressedin onventional models. For instane, although not disussed in detail here, ourapproah does orrelate the hard-jet physis in the entral rapidity region with thestruture of the beam remnants.This does not mean that all results are ompliated. We have shown that thesimple Regge-theory expression �tot(s) � 211 s0:08 + 297 s�0:45 [nb℄ omes very loseto what is obtained in our full analysis. We therefore expet this expression to begood to better than 10% from a few GeV onwards, at least to the top  energiesthat ould be addressed with the next generation of linear e+e� olliders. Also globalevent properties show a very simple pattern, with more ativity (transverse energy,multipliity, jets, . . . ) in p events than in pp ones, and still more in  ones. Thisis perhaps ontrary to the na��ve image of a `lean' point-like photon. The p eventsshow their intermediate status by having a photon (proton) hemisphere that looksmuh like  (pp) events, with a smooth interpolation in the middle.This does not mean that all problems have been solved. In partiular, the nature ofthe anomalous omponent of the photon is still not well understood. This is reetedin the di�erent ut-o� proedures that ould be applied at small transverse momenta.Further, all the disussions so far have been on inoming real photons; the transitionto the deeply-inelasti-sattering region has not been addressed so far. More problemsmay well rop up one our model is ompared with observations. Therefore furtherdata from HERA, TRISTAN, LEP 1 and 2, and future linear e+e� olliders will havemuh to teah us.Referenes[1℄ G.A. Shuler and T. Sj�ostrand, Phys. Lett. B300 (1993) 169, Nul. Phys. B407(1993) 539[2℄ Pro. 8th Int. Workshop on Photon{Photon Collisions, Shoresh, Israel, 1988, ed.U. Karshon (World Sienti�, Singapore, 1988);Pro. 9th Int. Workshop on Photon{Photon Collisions, La Jolla, CA, USA, 1992,eds. D.O. Caldwell and H.P. Paar (World Sienti�, Singapore, 1992)[3℄ C. Peterson, T.F. Walsh and P.M. Zerwas, Nul. Phys. B229 (1983) 301;J.H. Field, F. Kapusta and L. Poggioli, Z. Phys. C36 (1987) 121;P. Aurenhe et al., Nul. Phys. B286 (1987) 553[4℄ M. Drees and R.M. Godbole, Nul. Phys. B339 (1990) 355, Z. Phys. C59 (1993)591;J.R. Forshaw and J.K. Storrow, Phys. Rev. D46 (1992) 495518
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