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QCD TESTS THROUGH HADRONIC FINAL-STATEMEASUREMENTS�G.P. SalamLPTHE, Universités Paris VI et Paris VII, Paris, Frane(Reeived July 15, 2002)Modern-day `testing' of (perturbative) QCD is as muh about pushingthe boundaries of its appliability as about the veri�ation that QCD is theorret theory of hadroni physis. This talk gives a brief disussion of asmall seletion of topis: fatorisation and jets in di�ration, power orre-tions and event shapes, the apparent exess of b-prodution in a variety ofexperiments, and the mathing of event generators and NLO alulations.PACS numbers: 12.38.�t, 12.38.Aw1. IntrodutionThe testing of QCD is a subjet that many would onsider to be wellinto maturity. The simplest test is perhaps that �s values measured in dif-ferent proesses and at di�erent sales should all be onsistent. It su�esto take a look at ompilations by the PDG [2℄ or Bethke [3℄ to see that thisondition is satis�ed for a range of observables, to within the urrent theo-retial and experimental preision, namely a few perent. There exist manyother potentially more disriminatory tests, examples expliit measurementsof the QCD olour fators [4℄ or the running of the b-quark mass [5℄ � andthere too one �nds a systemati and exellent agreement with the QCD pre-ditions. A signi�ant amount of the data omes from HERA experiments,and to illustrate this, �gure 1 shows a ompilation of a subset of the resultson �s, as ompiled by ZEUS [1℄.In the spae available however, it would be impossible to give a ritialand detailed disussion of the range of di�erent observables that are usedto verify that QCD is `orret'. Rather let us start from the premise that,in light of the large body of data supporting it, QCD is the right theory ofhadroni physis, and onsider what then is meant by `testing QCD'.� Plenary presentation at the X International Workshop on Deep Inelasti Sattering(DIS2002) Craow, Poland, 30 April�4 May, 2002.(2791)
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HERA       αs Measurements

Fig. 1. A ompilation of HERA �s measurements, taken from [1℄.One large body of ativity is entred around onstraining QCD. Thisinludes suh diverse ativities as measuring fundamental (for the time be-ing) unknowns suh as the strong oupling and the quark masses; measuringquantities suh as struture funtions and fragmentation funtions, whihthough formally preditable by the theory are beyond the sope of the toolsurrently at our disposal (perturbation theory, lattie methods); and theunderstanding, improvement and veri�ation of the auray of QCD pre-ditions, through NNLO alulations, resummations and projets suh asthe mathing of �xed-order alulations with event-generators. One of themajor purposes of suh work is to provide a reliable `referene' for the inputsand bakgrounds in searhes for new physis.A omplementary approah to testing QCD is more about exploring theless well understood aspets of the theory, for example trying to develop anunderstanding of non-perturbative phenomena suh as hadronisation anddi�ration, or the separation of perturbative and non-perturbative aspetsof problems suh as heavy-quark deays; pushing the theory to new limitsas is done at small-x and in studies of saturation; or even the searh for andstudy of qualitatively new phenomena and phases of QCD, be they withinimmediate reah of experiments (the quark�gluon plasma, instantons) or not(olour superondutors)!



QCD Tests Through Hadroni Final-State Measurements 2793Of ourse, these two branhes of ativity are far from being ompletelyseparated: it would in many ases be impossible to study the less well un-derstood aspets of QCD without the solid knowledge that we have of itsmore `traditional' aspets � and it is the exploration of novel aspets ofQCD that will provide the `referenes' of the future.The sope of this talk is restrited to tests involving �nal states. Finalstates tend to be highly disriminatory as well as omplementary to moreinlusive measurements. We shall onsider two examples where our under-standing of QCD has seen vast progress over the past years, taking us froma purely `exploratory' stage almost to the `referene' stage: the question ofjets and fatorisation in di�ration (Setion 2); and that of hadronisationorretions in event shapes (Setion 3). We will then onsider two questionsthat are more diretly related to the `referene' stage: the topial issue of theexess of b-quark prodution seen in a range of experiments (Setion 4); andthen the problem of providing Monte Carlo event generators that are or-ret to NLO auray, whih while urrently only in its infany is a subjetwhose pratial importane warrants an awareness of progress and pitfalls.For reasons of lak of spae, many ative and interesting areas will not beovered in this talk, among them small-x physis, progress in next-to-next-to-leading order alulations, questions related to prompt photons, the topiof generalised parton distributions and deeply-virtual Compton sattering,hints (or not) of instantons, a range of measurements involving polarisationand so on. Many of these subjets are widely disussed in other ontributionsto both the plenary and parallel sessions of this onferene, to whih thereader is referred for more details.2. Jets in di�ration and fatorisationFatorisation, for problems expliitly involving initial or �nal state had-rons, is the statement that to leading twist, preditions for observables anbe written as a onvolution of one or more non-perturbative but universalfuntions (typially struture or fragmentation funtions) with some pertur-batively alulable oe�ient funtion.While fatorisation has long been established in inlusive proesses [7℄ ithas been realised in the past few years [8℄ that it should also hold in moreexlusive ases � in partiular for di�ration, in terms of di�rative partondistributions fdi�a=p(x; xIP; �2; t), whih an be interpreted loosely as beingrelated to the probability of �nding a parton a at sale �2 with longitudinalmomentum fration x, inside a di�ratively sattered proton p, whih inthe sattering exhanges a squared momentum t and loses a longitudinalmomentum fration xIP. These kinemati variables are illustrated in �gure 2.
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F.-P.Shilling What is the Pomeron?Di�rative Dijet ProdutionWhy bother with Dijets?� pT of Jets introdues another hard sale, whih may allowperturbation theory to be applied� through O(�s) diagram (see below) diret sensitivity togluons!Kinematis, viewed in terms of a resolved \Pomeron" model:

}
}

zIPxIP tp
e

p0
e0 XY

�Q2,y JetJet 'Remnant' Gap
zIP � Q2+M212Q2+M2X � (Dijet Mass)2(Total Mass)2! momentum fration of exhange entering hard proessHEP Colloquium, Univ. Heidelberg, 31/10/2000 21/31

Fig. 2. Illustration of di�rative kinematis. Figure taken from [6℄.The dependene of the di�rative parton distributions on so many vari-ables means that without a large kinematial range (separately in x, xIP andQ2, while perhaps integrating over t) it is a priori di�ult to thoroughlytest di�rative fatorisation. An interesting simplifying assumption is thatof Regge fatorisation, where one writes [9℄fdi�a=p (x; xIP; �2; t) = j�p(t)j2x�2�(t)IP fa=IP(x=xIP; �2; t) (1)the interpretation of di�ration being due to (unut) pomeron exhange(�rst two fators), with the virtual photon probing the parton distributionof the pomeron (last fator).As yet no formal justi�ation exists for this extra Regge fatorisation.Furthermore given that di�ration is arguably related to saturation andhigh parton densities (assuming the AGK utting rules [10℄) one ould evenquestion the validity of arguments for general di�rative fatorisation, whihrely on parton densities being low (as does normal inlusive fatorisation).The experimental study of fatorisation in di�ration relied until re-ently exlusively on inlusive F d2 measurements. This was somewhat un-satisfatory beause of the wide range of alternative models able to repro-due the data and even the existene of signi�antly di�erent forms for thefa=IP(x=xIP; �2; t) whih gave a satisfatory desription of the data withinthe Regge fatorisation piture. However di�rative fatorisation allows oneto predit not only inlusive ross setions but also jet ross setions. Re-sults in the Regge fatorisation framework are ompared to data in �gure 3(taken from [11℄), showing remarkable agreement between the data and thepreditions (based on one of the pomeron PDF �ts obtained from F d2 ). Onthe other hand, when one onsiders ertain other models that work wellfor F d2 the disagreement is dramati, as for example is shown with the softolour neutralisation models [12, 13℄ in �gure 4. Despite this apparentlystrong on�rmation of di�rative fatorisation, a word of warning is perhapsneeded. Firstly there exist other models whih have not been ruled out (for
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Fig. 3. Comparisons of H1 di�rative dijet ross setions with preditions obtainedusing the assumption of Regge fatorisation [11℄.
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Fig. 4. A omparison between di�rative dijet data and results from the soft-olourinteration (SCI) [12℄ and semilassial [13℄ models. Figure adapted from [11℄.example the dipole model [14℄). In these ases it would be of interest toestablish whether these models an be expressed in a way whih satis�essome e�etive kind of fatorisation.



2796 G.P. SalamOther important provisos are that a di�rative PDF �t based on morereent F d2 data has a lower gluon distribution and so leads to di�rative dijetpreditions whih are a bit lower than the data, though still ompatible towithin experimental and theoretial unertainties [15℄. And seondly thatthe preditions themselves are based on the Rapgap event generator [16℄whih inorporates only leading order dijet prodution. It would be of in-terest (and assuming that the results depend little on the treatment of the`pomeron remnant,' tehnially not at all di�ult) to alulate di�rative di-jet prodution to NLO with programs suh as Disent [17℄ or Disaster++ [18℄,using event generators only for the modelling of hadronisation orretion, asis done in inlusive jet studies.3. HadronisationAnother subjet that has seen onsiderable experimental and theoret-ial progress reent years is that of hadronisation. Even at the relativelyhigh sattering energies involved at LEP and the Tevatron, for many �nalstate observables non-perturbative ontributions assoiated with hadronisa-tion are of the same order of magnitude as next-to-leading order pertur-bative ontributions and annot be negleted. With the advent of NNLOalulations in the foreseeable future the need for a good understanding ofhadronisation beomes ever more important.Until a few years ago, the only way of estimating hadronisation orre-tions in �nal-state measurements was by omparing the parton and hadronlevels of Monte Carlo event generators. Suh a proedure su�ers from anumber of drawbaks. In partiular the separation between perturbativeand non-perturbative ontributions is ill-de�ned: for example event genera-tors adopt a presription for the parton level based on a uto�; on the otherhand, in �xed-order perturbative alulations no uto� is present, and theperturbative integrals are naively extended into the non-perturbative region� furthermore the `illegally-perturbative' ontribution assoiated with thisregion di�ers order by order (and depends also on the renormalisation sale).Additionally, hadronisation orretions obtained from event generatorssu�er from a lak of transpareny: the hadronisation models are generallyquite sophistiated, involving many parameters, and the relation betweenthese parameters and the hadronisation orretions is rarely straightforward.In the mid 1990's a number of groups started examining approahes forestimating hadronisation orretions based on the perturbative estimates ofobservables' sensitivity to the infrared. This leads to preditions of non-perturbative orretions whih are suppressed by powers of 1=Q relativeto the perturbative ontribution (for a review see [19℄). One of the mostsuessful appliations of these ideas has been to event shapes, for whih (in



QCD Tests Through Hadroni Final-State Measurements 2797the formalism of Dokshitzer and Webber [20℄)hVNPi = hVPTi+ VP ; P � 2CF� �IQ ��0(�I)� �s(Q)�O ��2s�	 ; (2)where V is a perturbatively alulable observable-dependent oe�ient andP governs the size of the power orretion. The quantity �0(�I), whih anbe interpreted as the mean value of an infrared �nite e�etive oupling inthe infrared (up to an infrared mathing sale �I , onventionally hosen tobe 2 GeV), is hypothesised to be universal. The terms in powers of �s aresubtrations of piees already inluded in the perturbative predition for theobservable.It is interesting to see the progress that has been made in our under-standing of these e�ets. The �rst preditions for the V oe�ients werebased on alulations involving the Born on�guration plus a single `mas-sive' (virtual) gluon. Fitting �0 and �s to data for mean values of e+e�event-shapes, using the original preditions for the V , leads to the resultsshown in �gure 5.
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2798 G.P. Salammassive gluon) [22℄. It was also realised that it is insu�ient to onsider alone `non-perturbative' gluon, but rather that suh a gluon must be takenin the ontext of the full struture of soft and ollinear perturbative gluonradiation [23℄. Another disovery was that hadron-masses an be assoiatedwith universality breaking 1=Q power orretions in ertain de�nitions ofobservables [24℄ and when testing the universality piture all observablesshould be measured in an appropriate ommon `hadron-mass' sheme.Results inorporating these theoretial developments are shown in �g-ure 6. As well as e+e� mean event shapes we also inlude reent resultsusing resummed DIS event shapes [25℄, �tted to H1 distributions [26℄. Theagreement between observables, even in di�erent proesses, is remarkable,espeially ompared to �gure 5, and a strong on�rmation of the universalityhypothesis1.
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Fig. 6. Results of �ts to e+e� mean event shapes and DIS distributions with state-of-the-art aount of NP ontributions.This is not to say that the �eld has reahed maturity. In the above �tsthe approximation has been made that non-perturbative orretions justshift the perturbative distribution [29℄, however there exists a onsiderableamount of reent work whih examines the problem with the more sophis-tiated `shape-funtions' approah [30℄ in partiular in the ontext of theDressed Gluon Exponentiation approximation [31℄. An important point alsois that all the detailed experimental tests so far are for 2-jet event shapes,where there exists a solid theoretial justi�ation based on the Feynmantube model [32℄, i.e. longitudinal boost invariane. It will be of interest tosee what happens in multi-jet tests of 1=Q hadronisation orretions whereone introdues both non-trivial geometry and the presene of gluons in the1 It should be noted that results for ertain e+e� distributions [27℄ and DIS means[26,28℄ are not quite as onsistent. Though this remains to be understood, it may inpart be assoiated with the partiular �t ranges that are used.



QCD Tests Through Hadroni Final-State Measurements 2799Born on�guration [33℄. Finally we note the provoative analysis by the Del-phi ollaboration [34℄ where they show that a renormalisation-group based�t prefers an absene of hadronisation orretions, at least for mean valuesof event shapes, as well as leading to highly onsistent values for �s arossa range of event-shapes.4. Heavy quark (b) produtionFor light quarks (and gluon) it is impossible to make purely perturbativepreditions of their multipliity or of their fragmentation funtions beauseof soft and ollinear divergenes. For heavy quarks however, these diver-genes are ut o� by the quark mass itself, opening the way to a range ofperturbative preditions and orresponding tests of QCD.It is therefore partiularly embarrassing that there should be a signi�antdisrepany in most experiments (but not all, e.g. [37℄) where the QCDbottom prodution ross setion has been measured. The situation is shownin �gure 7 for Tevatron, HERA and LEP results, illustrating the systematiexess of a fator of three between measurements and NLO alulations. Toadd to the puzzle, the agreement for harm prodution (whih if anythingshould be worse desribed beause of the smaller mass) is onsiderably betteraross a range of experiments (see e.g. the lower-right plot of �gure 7).
bottom production

charm production

Fig. 7. Left: b-quark pt distribution at the Tevatron [35℄; upper right: summaryof open b ross setions in p, DIS and  ollisions, normalised to theoretialexpetations (�gure taken from [36℄); lower right: ratio of experiment to theory forthe harm pt distribution at HERA (taken from [36℄).



2800 G.P. SalamAside from the intrinsi interest of having a good understanding of b-prodution in QCD, one should keep in mind that b-quarks are widely reliedupon as signals of Higgs prodution and in searhes for physis beyond thestandard model, so one needs to have on�dene in preditions of the QCDbakground.We shall disuss a ouple of explanations that have been proposed for theexess at the Tevatron (the exesses in other experiments are more reentand have yet to be addressed in the same detail). Indeed, one hypothesisis preisely that we are seeing a signal of light(ish) gluino prodution. An-other is that bottom fragmentation e�ets have been inorretly aountedfor. A third explanation, disussed in detail in another of the opening ple-nary talks [38℄ is assoiated with unintegrated kt distributions and small-xresummations. 4.1. The SUSY hypothesisIn [39℄ it has been argued that a possible explanation of the Tevatronb-quark exess is the prodution of a pair of light gluinos with a mass oforder 14 GeV whih then deay to sbottoms (� 3:5 GeV) and bottoms, asin �gure 8. The mixing angles are hosen suh that the sbottom deouplesfrom the Z at LEP, aounting for its non-observation there.
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QCD Tests Through Hadroni Final-State Measurements 2801There are a number of other onsequenes of suh a senario: one is theprodution of like-sign b quarks (as in the Feynman graph of �gure 8), whihould in priniple be observed at the Tevatron, although it would need to bedisentangled from B0- �B0 mixing. Another is that the running of �s wouldbe modi�ed signi�antly above the gluino mass, leading to an inrease ofabout 0:007 in the running to MZ of low Q measurements of �s. This seemsto be neither favoured nor totally exluded by urrent �s measurements.Though they have not provided a detailed analysis, the authors of [39℄also onsider the impliations for HERA. There it seems that the enhane-ment of the b-prodution rates is too small to explain the data (beause ofthe suppression due to the gluino mass).4.2. The fragmentation explanationIn any situation where one sees a signi�ant disrepany from QCD ex-petations it is worth reexamining the elements that have gone into thetheoretial alulation. Various groups have onsidered issues related to bfragmentation and found signi�ant e�ets, whih ould be of relevane tothe Tevatron results (see for example [40℄). However, a reent artile byCaiari and Nason [41℄ is partiularly interesting in that it makes use ofthe full range of available theoretial tools to arry out a uni�ed analysis allthe way from the e+e� data, used to onstrain the b-quark fragmentationfuntion, through to expetations for the Tevatron. It raises a number ofimportant points along the way2.To be able to follow their analysis it is worth realling how one alulatesexpetations for proesses involving heavy quarks. The ross setion forproduing a b-quark with a given pt (or even integrated over all pt) is �nite,unlike that for a light quark. This is beause the quark mass regulates (uts-o�) the infrared ollinear and soft divergenes whih lead to in�nities formassless quark prodution. But infrared �niteness does not mean infraredinsensitivity and to obtain a B-meson pt distribution from a b-quark p̂tdistribution, one needs to onvolute with a fragmentation funtion,d�dpt|{z}measured; e:g : B0 = Z dp̂tdz d�dp̂t|{z}PTQCD; b quark D(z)| {z }fragmentation Æ(pt � zp̂t) : (3)The details of the infrared �niteness of the b-quark prodution are suh thathzD(z)i is 1�O (�=mb), where the origin of the �=mb piee is losely relatedto that of the �=Q power orretions disussed in the previous setion [42℄.2 The reader is referred to their artile for full referenes to the `ingredients' used atdi�erent stages of the analysis.



2802 G.P. SalamThere are various well-known points to bear in mind about fragmen-tation funtions. Firstly, in lose analogy to the hadronisation orretionsdisussed earlier (and of ourse struture funtions), the exat form for thefragmentation funtion will depend on the perturbative order at whih wede�ne Eq. (3). Seondly, while for pt � mb we are free to use �xed order(FO) perturbative preditions, for pt � mb there are large logarithmiallyenhaned terms, whih need to be resummed. The tehnology for doing thisurrently exists to next-to-leading logarithmi (NLL) order. In the interme-diate region pt & mb the two approahes an be ombined to give FONLLpreditions [43, 44℄ (stritly this an be used even for pt � mb).Having established these points we an onsider what has been done byCaiari and Nason [41℄. Firstly they disuss moments of the fragmentationfuntion hzN�1D(z)i. This is beause for a steeply falling perturbative p̂tdistribution in Eq. (3), d�dp̂t � 1=p̂Nt , after integrating out the Æ-funtion togive p̂t = pt=z, one obtains the resultd�dpt ����B�meson = hzN�1D(z)i d�dp̂t ����b�quark ; (4)where for the Tevatron N ' 5.The leanest plae to onstrain b fragmentation is in e+e� ollisions.Figure 9 shows moments of the momentum fration (with respet to Q=2)arried by B-mesons as measured by Aleph [45℄. The (magenta) dot-dashedurve shows the purely perturbative NLL predition, whih is learly abovethe data. The dashed urve shows what happens when one inludes the on-volution with an " = 0:006 Peterson fragmentation funtion [46℄. Why thispartiular funtion? Simply beause it is the one inluded in ertain MonteCarlo event generators and used widely by experimental ollaborations thathave ompared measured and theoretial pt distributions. The data pointfor the N = 5 moment is 50% higher than the theoretial expetation withthis fragmentation funtion.Of ourse we don't expet agreement: the " = 0:006 Peterson is widelyused in Monte Carlos where one has only leading-logs. But we are interestedin NLL alulations and the fragmentation funtion needs to be re�tted. Theauthors of [41℄ take the funtional form of [47℄, �tted to the N = 2 moment,to give the solid urve.The next step in the Caiari and Nason analysis should simply have beento take the FONLL alulation of bottom prodution at the Tevatron [43℄,onvolute with their new fragmentation funtion and then ompare to data.This however turns out to be impossible for most of the data, beause it hasalready been deonvoluted to `parton-level' (in some ases with the " = 0:006Peterson fragmentation funtion). So they are only able to ompare with the
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Fig. 9. Moments of the momentum fration arried by B-mesons in e+e�, omparedto NLL preditions with and without fragmentation funtions [41℄.reent CDF data [48℄ for B-mesons, shown in the left-hand plot of �gure 10.The dashed urve is the entral result, while the solid ones are those obtainedwhen varying the fatorisation and renormalisation sales by a fator of two3.The dotted urve shows the results that would have been obtained with thePeterson fragmentation funtion. Preditions with FO (generally used inprevious omparisons) rather than FONLL would have been 20% lower still.

Fig. 10. Left: result for B-meson prodution [48℄ ompared to the FONLL pre-dition with the `N = 2' fragmentation funtion [41℄. Right: results for b-jetprodution [50℄ ompared to the NLO preditions [51℄.Another interesting approah to the problem is to eliminate the frag-mentation aspets altogether, whih an be ahieved by looking at the Etdistribution of b-jets, without spei�ally looking at the b momentum [51℄.3 A point worth keeping in mind [49℄ is that the entral sale hoie � = pp2t +m2bis not universally aepted as being optimal � indeed for pt & mb, a sale hoie of� = pt is equally justi�able, and would have a non-negligible e�et on the preditions.



2804 G.P. SalamThis has been examined by the D0 ollaboration [50℄ and the omparison toNLO preditions is shown in the right-hand plot of �gure 10. Though in aslightly di�erent Et range, the relation between theory and data is similar tothat in the Caiari�Nason approah for B-mesons: there is a slight exessin the data but not signi�ant ompared to the unertainties. A minor pointto note in the study of b-jets is that there are ontributions �ns ln2n�1Et=mbfrom soft and ollinear logs in the multipliity of gluons whih an thenbranh ollinearly to b�b pairs [52℄. At very large Et these terms would needto be resummed.So overall, one one has a proper theoretial treatment, inluding both anappropriate fragmentation funtion and, where relevant, an FONLL pertur-bative alulation, it is probably fair to say that the exess of b-produtionat the Tevatron is not su�iently signi�ant to be worrisome (or evidenefor supersymmetry).At some of the other experiments where an exess of b-prodution isobserved a number of the same issues arise, in partiular relative to the useof the " = 0:006 Peterson fragmentation funtion and the presentation ofresults at parton level rather than hadron level. However fragmentation isless likely to be able to explain the disrepanies, beause of the lower ptrange. 5. Event generators at NLOThe problem of mathing event generators with �xed order alulations isone of the most theoretially ative areas of QCD urrently, and onsiderableprogress has been made in the past ouple of years. This lass of problems isboth of intrinsi theoretial interest in that it requires a deep understandingof the struture of divergenes in QCD and of phenomenologial importanebeause of the need for aurate and reliable Monte Carlo preditions aturrent and future olliders.Two main diretions are being followed: one is the mathing of event-generators with leading-order alulations of n-jet prodution (where n maybe relatively high), whih is of partiular importane for orretly estimat-ing bakgrounds for new-partile searhes involving asades of deays withmany resulting jets. For a disussion of this subjet we refer the reader tothe ontributions to the parallel sessions [53℄.The seond diretion, still in its infany, is the mathing of event gen-erators with next-to-leading order alulations (urrently restrited to lownumbers of jets), whih is neessary for a variety of purposes, among themthe inlusion of orret rate estimates together with onsistent �nal states,for proesses with large NLO orretions to the Born ross setions (e.g. Kfators in pp and p ollisions, boson�gluon fusion at small-x in DIS).



QCD Tests Through Hadroni Final-State Measurements 2805While there have been a number of proposals onerning NLO mathing,many of them remain at a somewhat abstrat level. We shall here onen-trate on two approahes that have reahed the implementational stage. As a�rst step, it is useful to reall why it is non-trivial to implement NLO orre-tions in an event generator. Let us use the toy model introdued by Frixioneand Webber [54℄, involving the emission only of `photons' (simpli�ed, whoseonly degree of freedom will be their energy) from (say) a quark whose initialenergy is taken to be 1. For a system whih has radiated n photons wewrite a given observable as O(Eq; E1 ; : : : ; En). So for example at the Bornlevel, the observable has value O(1). At NLO we have to integrate over themomentum of an emitted photon, giving the following ontribution to themean value of the observable:� 1Z0 dxx R(x)O(1� x; x) ; (5)where R(x) is a funtion assoiated with the real matrix element for one-photon emission. There will also be NLO virtual orretions and their on-tribution will be ��O(1) 1Z0 dxx V (x) ; (6)where V (x) is related to the matrix element for virtual orretions.The struture of dx=x divergenes is typial of �eld theory. Finiteness ofthe overall ross setion implies that for x ! 0, R(x) = V (x). This meansthat for an infrared safe observable (i.e. one that satis�es limx!0O(1 �x; x) = O(1)), the O (�) ontribution to the mean value of the observableis also �nite. However any straightforward attempt to implement Eqs. (5)and (6) diretly into an event generator will lead to problems beause ofthe poor onvergene properties of the anellation between divergent posi-tively and negatively weighted events orresponding to the real and virtualpiees respetively. So a signi�ant part of the literature on mathing NLOalulations with event generators has addressed question of how to reastthese divergent integrals in a form whih is pratial for use in an eventgenerator (whih must have good onvergene properties, espeially if eahevent is subsequently going to be run through a detetor simulation). Theseond part of the problem is to ensure that the normal Monte Carlo eventgeneration (parton showering, hadronisation, et.) an be interfaed withthe NLO event generation in a onsistent manner.



2806 G.P. SalamOne approah that has reahed the implementational stage ould bealled a `pathing together' of NLO and MC. It was originally proposedin [55℄ and reently further developed in [56℄ and extended in [57℄. Thereone hooses a uto� xzero on the virtual orretions suh that the sum ofBorn and virtual orretions gives zero:1� � 1Zxzero dxx V (x) � 0 : (7)It is legitimate to sum these two ontribution beause they have the same(Born) �nal state. Then for eah event, a real emission of energy x is gen-erated with the distribution dx=xR(x) and with the same uto� as on thevirtuals. The NLO total ross setion is guaranteed to be orret by on-strution: �NLO � �0� 1Zxzero dxx R(x) : (8)The next step in the event generation is to take an arbitrary separationparameter xsep, satisfying xzero < xsep < 1. For x > xsep the NLO emission isonsidered hard and kept (with ideally the generation of normal Monte Carloshowering below sale x, as in the implementation of [57℄). For x < xsep theNLO emission is thrown away and normal parton showing is allowed belowsale x4.Among the advantages are that the events all have positive and uniformweights. And while the omputation of xzero is non-trivial, the methodrequires relatively little understanding of the internals of the event generator(whih are often poorly doumented and rather ompliated). However thepresene of the separation parameter xsep is in priniple problemati: therean be disontinuities in distributions at xsep, ertain quantities (for examplethe probability for a quark to have radiated an amount of energy less thansome xr whih is below xsep) will not quite be orret to NLO and abovexsep potentially large logarithms of xsep are being negleted. These last twopoints mean that for eah new observable that one studies with the MonteCarlo program, one should arry out an analysis of the xsep dependene(varying it over a onsiderable range, not just a fator of two as is sometimesurrently done).4 For simpliity, many important but sometimes triky tehnial details have been leftout. This will also be the ase for the merging proedure disussed lower down.



QCD Tests Through Hadroni Final-State Measurements 2807A rather di�erent approah (whih we refer to as `merging') has beendeveloped by Frixione and Webber in [54℄5. They speify a number of on-ditions that must be satis�ed by a Monte Carlo at NLO (MC�NLO): (i) allobservables should be orret to NLO; (ii) soft emissions should be treatedas in a normal event generator and hard emissions as in an NLO alula-tion; (iii) the mathing between the hard and soft regions should be smooth.Their approah exploits the fat that Monte Carlo programs already ontaine�etive real and virtual NLO orretions,��dxx M(x) for realvirtual : (9)Beause Monte Carlo programs are designed to orretly reprodue the stru-ture of soft and ollinear divergenes,M(x) has6 the property that for x! 0,M(x) = R(x) = V (x), i.e. the divergent part of the NLO orretions is al-ready inluded in the event generator. This an be exploited when adjustingthe Monte Carlo to be orret to NLO, beause the regions that need adjust-ing are the hard regions, but not the (soft) divergent regions. Spei�allythe method introdued in [54℄ an be summarised by the formulaIMC;Born � � IMC;Born Z dxx (V (x)�M(x))+� Z dxx (R(x)�M(x)) IMC;Born+x : (10)IMC;Born is to be read `interfae to Monte Carlo.' It means that one shouldgenerate a Monte Carlo event starting from the Born on�guration (or fromthe Born on�guration plus a photon in the ase of IMC;Born+x). Sine atthe Born level, IMC;Born already ontains e�etive real and virtual orre-tions whih go as ��M(x)=x, when evaluating the NLO orretions to theMC, these piees should be subtrated from the full NLO matrix elements.Beause M(x) and R(x) (or V (x)) have the same x! 0 limit, the real andvirtual integrals are now individually �nite and well-behaved, whih meansthat the Monte Carlo only needs only a small, O (�), orretion in order forit to be orret to NLO. Illustrative results from this approah are shownin �gure 11 for the transverse momentum distribution of a W+W� pair inhadron-hadron ollisions. In the low transverse momentum region (whihrequires resummation � the pure NLO alulation breaks down) MC�NLO5 A number of aspets of the work of Collins and ollaborations [58℄ may atuallybe equivalent, though presented in a rather di�erent framework. Related issues aredisussed also in [59℄.6 Or rather, `should have.' In pratie the divergene struture of large-angle soft-gluonemission is not always properly treated in event generators, whih leads to some extraompliations in the MC�NLO approah.
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Fig. 11. Transverse momentum distribution of W+W� pairs in pp ollisions alu-lated at NLO, with HERWIG (multiplied a K-fator) and with MC�NLO [54℄.learly oinides with the HERWIG results, while at high transverse mo-mentum it agrees perfetly with the NLO alulation (default HERWIG isfar too low).So this proedure has several advantages: it is a smooth proedure with-out uto�s; the preditions are guaranteed to be orret at NLO and it doesnot break the resummation of large logarithms. From a pratial point ofview it has the (minor) drawbak of some events with negative weights, how-ever the fration of negative weight events is low (about 10% in the exampleshown above) and they are uniform negative weights, so they should havelittle e�et on the onvergene of the results. Another limitation is that toimplement this method it is neessary that one understand the Monte Carloevent generator su�iently well as to be able to derive the funtion M(x),i.e. the e�etive NLO orretion already embodied in the event generator.This however is almost ertainly inevitable: there is no way of ensuring atruly NLO result without taking into aount what is already inluded inthe event generator. 6. Conlusions: testing QCD?An apology is perhaps due at this stage to those readers who would havepreferred a detailed disussion of the evidene from �nal-state measurementsin favour of (or against) QCD as the theory of hadroni physis. I rathertook the liberty of reinterpreting the title as `Tests and perspetives of ourunderstanding of QCD through �nal-state measurements.' Suh tests arevital if we are to extend the domain of on�dene of our preditions, as hasbeen disussed in the ases of di�ration and power orretions.The tests of ourse should be well thought through: some onsiderationsthat ome out of the still to be fully understood b-exess story are (a) the



QCD Tests Through Hadroni Final-State Measurements 2809importane (as ever) of quoting results at hadron level, not some ill-de�nedparton level; and (b) that if arrying out a test at a given level of prei-sion (e.g. NLO), it is neessary that all stages of the theoretial alulation(inluding for example the determination of the fragmentation funtion), bearried out at that same level of preision.Another, general, onsideration is the need for the Monte Carlo modelsto be reliable and aurate, whether they be used to reonstrut data or toestimate bakgrounds. This is espeially relevant in ases where the atualmeasurements are limited to orners of phase spae or where large extrap-olations are needed. In this ontext the reent advanes in the extensionof Monte Carlo models to NLO auray is a signi�ant development, andin the medium term we should expet progress from the urrent `proof-of-onept' implementations to a widespread availability of NLO-merged eventgenerators.To onlude, it ould well be that a few years from now, many of themeasurements and theoretial approahes disussed here will have made itto textbooks as `standard' QCD. We look forward to future speakers on thistopi have an equally varied (but di�erent) range of `until reently ontro-versial' tests of QCD to disuss!I wish to thank Matteo Caiari, John Collins, Yuri Dokshitzer, StefanoFrixione, Hannes Jung, and Frank Shilling for numerous helpful suggestions,disussions and omments during the preparation and writeup of this talk.REFERENCES[1℄ E. Rodrigues [for the ZEUS ollaboration℄, talk given at the XXXVIIth Ren-ontres de Moriond, `QCD and high energy hadroni interations,' Marh2002.[2℄ D.E. Groom et al. [Partile Data Group℄, Eur. Phys. J. C15, 1 (2000).[3℄ S. Bethke, J. Phys. G 26, R27 (2000).[4℄ e.g. P. Tortosa, not submitted to the Proeedings.[5℄ P. Bambade, M. J. Costa, J. Fuster, P. Tortosa, in `Budapest 2001, Highenergy physis,' PRHEP-hep2001/005.[6℄ F.P. Shilling [H1 ollaboration℄, to appear in the proeedings of DIS2001,hep-ex/0107002.[7℄ See for example J.C. Collins, D.E. Soper, G. Sterman, Nul. Phys. B308, 833(1988), and referenes therein.[8℄ L. Trentadue, G. Veneziano, Phys. Lett. B323, 201 (1994); A. Berera,D.E. Soper, Phys. Rev. D50, 4328 (1994); M. Grazzini, L. Trentadue,G. Veneziano, Nul. Phys. B519, 394 (1998); J.C. Collins, Phys. Rev. D57,3051 (1998) [Erratum D61, 019902 (2000)℄.
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