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Abstract. Recentdevelopmentsn QCD phenomenologyhave spurredon several improved ap-
proachego Monte Carloeventgenerationrelative to the post—LEPstateof the art. In this brief re-
view, theemphasiss placedon approachefor 1) consistentlyneming fixed—ordematrix element
calculationswith partonshawer descriptionsf QCD radiation,2) improving the partonshower al-
gorithmsthemseles,and3) improving the descriptionof the underlyingeventin hadroncollisions.
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INTRODUCTION

The immediatehorizon of acceleratebasedhigh enegy experimentsis dominatedby
HERA, its legag/ andfinal yearsof runningat DESY, by the Tevatron,currentlyin its
secondun of operationst Fermilab,andby the LargeHadronCollider, underconstruc-
tion at CERN. A commondenominatoffor all threemachineseingthe studyof high
enegy hadronidnteractionsatunprecedenteldvelsof statisticalprecisionjncreasingly
high demandsare being put on the precisionof the correspondingheoreticalcalcula-
tions.Amongthe mostimportantchallengess naturallythefactthat,while perturbatve
QCD describegheinteractionsof quarksandgluons,experimentsobsere hadronsin
addition,mary collider obsenablesinvolve aninterplaybetweernwidely separatedn-
ergy scales|ogarithmsof which mayappeamandimpactthe validity of predictionseven
attheperturbatve level. As aresult,thefield of QCD phenomenologys experiencinga
rapid paceof developmenta significantportion of which canbetracedto eitherof two
sourceghat! will focusonhere.

Firstly, asthe Centre-of-Massnengy increasesthe phasespacefor radiationalso
becomedarger; high-Sfinal statesarelik ely to be accompaniedby high jet multiplici-
ties. To accuratelypredictobsenablesin suchprocessedpwestorderscatteringmatrix
elementsare not sufficient, even when multiple soft bremsstrahlung@missionsarere-
summedRatheyr more sophisticate@pproacheare calledfor, which combinethe rate
of hardwide—anglgets predictedby fixed—order2 — n matrix elementswith a resum-
mation of the soft emissionsin a consistentway, avoiding both double countingand
“deadregions” over all of phasespace.

Secondly hadroncollisions involve new intrinsic challengeselative to ee and ep
scatteringssinceboth of the initial statesare herecompositeandstronglyinteracting.
However, on the theoreticalside, the descriptionof beamremnantsand underlying
eventshasgonethroughalong periodof relative hibernationgssentiallyduringthe LEP
era,with few new ideasemenging over the last~ 20 years.Recently however, interest
hasbeenrekindled,largely in responséo increasednterestfrom the TevatronandLHC



collaborations.

Stayingalong the samelines, it shouldalso herebe emphasizedhat, when using
LEP, HERA, and Tevatronresultsto make predictionsfor the LHC, an extrapolationis
performedover ordersof magnitudein Q? andx, at the sametime as approximations
thatare“safe” at lower enegiesmay be stretchednto regionswherelarge corrections
areto be expected.As such,a non-trivial and mary-facetedissueis how to treatthe
associategystemati@ndtheoreticaluncertaintiesThoughl will nottouchdirectly on
thistopic below, somerecentprogresghatpartly addresset is theemegenceof parton
distributionswith intrinsic errors,reportedon elsavherein theseproceeding$l, 2, 3].

HARD & SOFT —-ME/PS MATCHING

Theevaluationof tree—level transitionamplitudesjnvolving lessthan,say 5-6 partons
in the final state,is a procedurewhich by now hasbeenlargely automatedMatrix
ElementGeneratordike CompHEP [4], Grace [5, 6], HELAS [7], MadGraph [8, 9],
O’Mega [10], andAMEGIC++ [11] provide fastandreliable meansof obtaining(more
or less)tractableanalytic expressiondor a broadrangeof matrix elementsboth in
the StandardModel andbeyond. Combiningthesewith efficient numericalphasespace
integrationalgorithmssuchas BASES/SPRING [12] and others[13], it is possibleto
furtherautomateghephasespaceveighting,andhenceto generateventscorresponding
to the chosenamplitudeat matrix—elementevel. A numberof more dedicatednatrix
elementevaluation codesalso exist, with processesard-codedone by one, suchas
AlpGen [14], MCFM [15], andothers[16, 17,18, 19, 20, 21].

Commonto all theseapproachegmostat tree level anda few at oneloop) is that
they represenfixed—orderexpansiondn the electromagneticyweak,andin particular
strong coupling constantsAs such,the virtue of thesecalculationsis, briefly stated,
thatthey includethe entirehelicity andinterferencestructureof the amplitude(aswell
asvirtual correctiongo it, to the extentthatloopsareincluded),up to the givenorder
calculatedFurthermoreasymptotidfreedomimpliesthatthe stability of this expansion
shouldimprove with enegy, due to the gradualvanishingof the strong coupling at
large enegies. Admittedly, the complexity rapidly grows with the numberof particles
involved,andso asalreadymentionedtheseapproachesre presentlylimited to fairly
inclusive obsenableswherethenumberof final stateparticlesdoesnotexceedahandful
or so.

Ontheotherhand,from LEP we know thatmultiple soft gluonemissionsareimpor-
tantin building up thefull eventstructure Mathematicallythesecorrectionscorrespond
to logarithmicenhancementsf theamplitude ,of theform

a;\l |092N (Qnard/ Qsoft) + --- (1)

where Qsoft/ Qnard iS @ measureof the softnessof the gluon(s) relative to the hard
scale(s)in the problem.Moreover, whengoing to higherenepies, the phasespacefor
suchemissiongncreasesThus,while fixed—ordercalculationsshouldbe ableto predict
reliably the rate of a few well-separategets (and other obsenablesat the samelevel
of inclusiveness)ijt is necessargo beyond the fixed—orderapproximationto obtaina
pictureof thefull eventstructure.



To improve the logarithmicaccurag, two dominantapproachegxist: resummation
calculationsandpartonshavers.Both areapproximationgo perturbatiortheorywhich
work atinfinite orderin the couplingconstantandwhich areexactin certainlimits.

The former approach,resummationallows to include not only the terms showvn
explicitly above (doublelogs~ LLA), but alsolesssingularlogarithmsin a systematic
way. However, the formalismcanstill only be appliedto relatively inclusive quantities,
and a separatecalculationmust be performedfor eachobsenable,thoughinteresting
work hasrecentlybeencarriedout on automatingcalculationsof thistype[22].

In thistalk, I will concentrat®nthepartonshoverapproachWhile thisdescriptions
formally correctonly to leadinglogarithmicaccurag, it hasthevirtue thatafully exclu-
sive descriptionof thefinal stateis obtainedwhich canbe easilymatchedonto hadro-
nisationdescriptionsand from which in principle ary obsenable canbe constructed.
Moreover, it is possible(andindeednecessaryase.g.in the caseof momentunconser
vation)to includeat leasta subsetf higherordereffects,suchasangularorderingof
emissionspptimizing the scalechoicein as with respecto higherorderkernels[23],
and choosingazimuthalanglesin the branchingsnon—isotropically[24]. In practice,
suchrefinementshave beenintroducedin all of the standardshover Monte Carlos,in-
cludingin particularthe ARIADNE dipoleshower[25, 26, 27], theHERWIG [28, 29, 30]
and HERWIG++ [31] shawers, and both the PYTHIA virtuality—ordered[32, 33, 34]
andtrans\erse-momentum—order§8b] shovers(the SHERPA generatof36] basically
usesavariantof thePYTHIA virtuality—orderedalgorithm).It wouldthereforebegrossly
misleadingto equatdeadinglog analyticalcalculationswhereno suchrefinementsare
included,with leadinglog partonshowers.

The partonshowver approximationstartsfrom the obsenation thatthe collinearlimit
of QCD (and QED, for that matter)is universal.Thus,a procesdike e"e~ — qg can
be correctedto the processe™e™ — qqg using universalexpressiongor the g — qg
splitting probability. Dueto the universality the sameexpressionsnay thenbe applied
againto describethe radiationof further gluons,aswell asgluon splittingsinto quarks
and so forth. Since the integrated probability at eachstepis nominally infinite, an
orderingis introduced wherebythe emissionsare generatedgequentiallyaccordingto
someresolutioncriterion, lik e angle virtuality, or transversemomentumA lower cutoff
on the resolutionvariablemay thenbe naturallyintroduced that regulatesthe infrared
divergencesandat which scalea hadronisatiordescriptions supposedo take over.

Thus, the virtues are that final stateswith an arbitrary numberof partonsmay be
built up, with atransitionto hadronisatiordescriptionsouilt in from the start. Thedown
sideis thatthe approximatioris only exactin the collinearlimit. For hardand/orwide—
angleemissionsdifferentpartonshaverscangive widely differentanswersreflecting
theapproximatenatureof the approachn thoseregions.However, asmentionedabove
thesearepreciselytheregionswherethefixed—ordercalculationsareat their best,hence
it hasbeenalong—standingvishto join consistentlythe stateof theart of bothworlds.



TABLE 1. ME/PS Merging: List of processesX, for which X+jet meiging hasbeenimplemented
in theHERWIG andPYTHIA Monte Carlos(ete™ processesmitted).

pp—h® pp—=V(=y/Z/W) DIS topdecay SMdecays SUSYdecay$

HERWIG v Vv v v - -
PYTHIAT v Vv Vv i Vv Vv

* correctionsapproximatdor 2—bodyRPV modes absenfor RPV 3—-bodymodeg37].
T PYTHIA: appliesto boththeQ? andp? orderedshaver algorithmsin PYTHIA 6.3.

ME/PS Merging

The simplest(and oldest) approachego join matrix elementsand parton shovers
I will hererefer to as matrix—element/parton—sther (ME/PS) “merging”, to be con-
trastedwith “matching” below. Essentially meging improvesthe partonshower off a
hardsystemcall it X, by re-weightingthe positionof the hardesjet in phasespaceto
reproducehematrix elementistributionfor X+jet. An overview of hadroncolliderpro-
cessesor which suchcorrectionshave beenimplementedn the HERWIG andPYTHIA
modelsis givenin Tah 1.

Technically the way thesecorrectionsare implementedcan be quite different, de-
pendingon the shoveringalgorithm.In HERWIG, the shaveringalgorithmhasa “dead
zone”in the hardwide—angleregion, whereno radiationat all is producedIn orderto
matchto the matrix elementwhich doesproducejets there,two classesf eventsare
effectively meged,e.g.X andX+jet, with thelatterchoserinsidethedeadregion of the
former[29]. Thedetailedproceduraes someavhatcomplicatecandhasonly beenworked
outfor afew casesmostrecentlyfor Higgs production[38].

In PYTHIA, the problemis rather the opposite.Too much radiationis generally
producedn the hardwide—angleegion,ascomparedo the matrix elementanswerlt is
therebystraightforvardto introduceare-weighting vetoingsomeof theextraemissions,
to arrive backdown at the matrix elementrate[33, 39]. Note thatthesecorrectionsare
appliedfor boththe Q- and pﬁ—orderedshcwer algorithmsin PYTHIA 6.3.

So far, so good. However, for both the HERWIG and PYTHIA style meming, the
procedureapidly becomesnoreinvolvedwhenattemptingo generalizéhe methodgo
morecomplicatedfinal stateg(seee.q.[40, 41]). Moreover, recentdevelopmentsalong
relatedlines have resultedin a rangeof moregenericapproachesvhich arenow being
moreactively pursuedaswill bediscussedbelow.

ME/PS Matching at Leading Order

The problemof consistentlyaddingpartonshowversto a setof leading—ordematrix
elementdor X, X + jet, X + 2 jets, etc,to obtainaninclusive sampleof X production,
matchedto all available hardradiationmatrix elementsand avoiding doublecounting
of emissionshasrecentlybeenstudiedin detail by a numberof authors,in particular
by Mangano(MLM) [46], by Catani,Krauss,Kuhn,and Webber(CKKW) [42, 43], by
Lénnblad[44], andmostrecentlyby MrennaandRichardsor{45].



All theseapproachegssentiallyallow a consistentaddingtogetherof eventsgener
atedwith differentjet multiplicities atthematrix—elemenlevel (e.g.W, W+jet, W+2jets,
...), by re-weightingthemandshaowveringthemin way sothatdoublecountingandempty
regionsareavoidedover all of phasespace.

The approachproposedoy CKKW [42] is, briefly stated to first selectthe jet multi-
plicity, n, atthe matrix elementevel accordingo a known probability

P(n)

o1+ 0+ 03+...

(2)

thento generatea set of explicit four-momentap; accordingto the chosenmatrix
elementandapply a jet clusteringalgorithmto the resultingconfiguration. A seriesof
‘branchings’is therebyreconstructedhatcanbeinterpretedasa partonshower history.
Theeventasawholeis thenre-weightedaccordingo the Sudakv form factors andasg
valuesassociateavith the reconstructedhtermediatescales A partonshaver canthen
be appliedasthe final step,with emissionsabove the cut scalevetoedfor all exceptthe
highestet multiplicity matrix elements.

Why this works is more technical:recall that the parton shaver is formulatedin
terms of the no—emissionprobability betweentwo scales,the Sudalov form factor
Essentiallythis factortells you whatthe (singularpart of the) probabilityis for an n—
jet configurationto remainan n—jet one (i.e. that it doesnot migrateto a higher jet
multiplicity configuration)as a function of the resolutionscale.By re-weightingthe
matrixelementsvith Sudalov factorsfor eachleg, theleadingdivergenciesvhichwould
leadto double—countindgetweenre.g.o; and o, areresummedRoughlyspeakingthe
Sudalov re-weightingtakesinto accounthatfor every 2-jetconfigurationyou gain,you
looseone 1-jet one. It wasshown by [42] thatthis proceduremakesthe sumstableat
leastto NLL accurag. Notethat,in asensethis stabilisationof thecombinedprediction
is equialentto the cancellationof real divergenciesby virtual onesthat occursat full
NLO, wherethe Sudalov hereplaysthe role of a virtual correction,thathasthe same
structure(but oppositesign) asthe tree—level divergencies.

To furtherexplainwhatthe Sudakovs aredoing,notethatthe partonshoweris correct
for strongly orderedemissions,i.e. in the limit that eachsuccessie scaleis much
smallerthanthe precedingone.In this case the no—emissiorprobability is small, and
the Sudalkov re-weightingbecomegjuite important.At the otherextremeareemissions
whichhapperat similar scaleshere,the Sudakvs arevery closeto one(the probability
to gofrom onescaleto anothemwithout emissionbecomesinity in thelimit thatthetwo
scalexoincide),andhencethe matrix elementresultsremainessentiallyunalterechere,
asdesired.

This styleof matchinghassincebeenmplementedn the SHERPA eventgeneratofor
severalprocessep36]. It wasthennoticedby Lonnblad[44] thatabettermatchingcould
beobtainedoy replacingtheanalyticalSudakovs usedn theoriginal CKKW prescription
by Sudalovs numerically generatedby running the actual parton shaver (so—called
pseudo—shwers). This is the approachimplemented47] in the ARIADNE generator

1 Sudalov form factor:in apartonshaver, the Sudalov betweertwo scaless theno—emissiomrobability
usedto ordertheshower, i.e. it is the probabilitythatno emissionoccursbetween thosetwo scales.



TABLE 2. LO ME/PS Matching: List of processesX, for which LO
ME/PSmatchedyenerators/sampleseavailable.

ete"—qq pp—V(=y/Z/W) pp—VV DIS

ARIADNE Vv Na - Vv
SHERPA Vv Vv Vv -
PATRIOT - Vi -

*V =W only.

[26]. MrennaandRichardsorsubsequentlynadefurtherrefinement$45], applyingthe
methodologyalsoto hadroniccollisions,usingMadGraph andtheHERWIG andPYTHIA
generatorspartof whichwork is storedin the PATRIOT eventdatabasg48].

Manganas prescription(*MLM matching”)[46] is similar but somevhat simplerin
spirit than CKKW. In particular it is basedon clusteringof events after shaovering
andthushasa muchsimplerinterface betweenthe matrix elementand partonshowver
generators.

Tah 2 givesanoverview of processefor which LeadingOrdermatchingis currently
implemented/aailable.

ME/PS Matching at NLO

Above, the aim wasessentiallyto describereal QCD radiationasaccuratelyaspos-
sible over all regionsof phasespace.This wasaccomplishedy consistentlymatching
on partonshawver descriptionsof soft radiationto a setof tree—level matrix elements
describingasmary hardemissionsasonecareso calculatewhichin practicecurrently
meanaup to 3—4extra jets.

However, sincevirtual correctionsarenotincluded,the normalizationof the distribu-
tionsis still only correctto leadingorder Quiterecently the problemof matchingparton
showersto the full NLO theory i.e. one—lg and one—loopcorrectiongo the lowestor-
der, hasbeenaddressedby several groups.Early approacheiclude the useof phase
spaceslicing to separateesohableandunresohableregions[49, 50|, which, despitea
numberof initial successesuffers from the dravback of not reproducingthe pertur
bative expansioncorrectly Importanttheoreticakesultshave alsobeenobtainedby the
group[51, 52,53], thoughsofar practicalapplicationshave beenlimited.

Presentlythe mostmatureNLO matchingapproachs the oneput forth by Frixione,
Nason,and Webber[54, 55], which hasbeenimplementedn the programMC@NLO
(essentiallya superstructuréuilt ontothe HERWIG Monte Carlo). Anotherpromising
approachsuggestedy Kramer and Soper[56, 57] has so far only beenappliedto
e"e~ obsenables,thoughwork is in progressto generalisdét. A more completelist
of processess givenin Tah 3.

Naturally, the big boonis thatoneautomaticallyobtainscrosssectionsnormalisedo
NLO precision A vice,ascomparedo theleadingordermatchingshassofar beenthat
the NLO matrix elementsnly includethefirst (real) hardemission;subsequentgmis-
sions,evenwhenhard,muststill begeneratedby the partonshaver, thoughrecentwork



TABLE 3. NLO ME/PS Matching: List of processesX, for whichunweightedNLO ME/PSmatched
eventsamplesanbegenerateavith the MC@NLO generatofweights= +1).

ete” =>qq pp—=h® pp—=V(=y/Z/W) pp—=VV pp—=QQ singletop
MC@NLO * Vv Vv v VT inprogress

* Notethat, dueto the simplecolour structureof ete~, NLO matchingcanhereeffectively be obtainedusingthe
existing HERWIG andPYTHIA meiging methodsandre-weightingby theloop factor(1+as/4m).

T Q: heavry quark.

hasbeencarriedoutonincludingalsoCKKW-style matchingfor higherjet multiplicities
[58].

A relatedissueis that, since MC@NLO is hard-wiredto HERWIG, it is presently
not possibleto vary the partonshover model. Considerfor instancethe peakposition
of the Drell-Yan andh® p, spectra.This is wherethe bulk of the crosssectionsits,
andthis is, roughly speaking the region that getsthe mostenhancemenby the loop
corrections.However, this region is also highly sensitve to multiple soft emissions,
which areresummedy the partonshaver. A muchawaitedfuture developments thus
thecreationof toolsthatallow amoregenericinterfacingwith differentshaver models.

In asimilar vein, notethat,while the overallnormalisatioris improvedby goingfrom
LO to NLO matching,the sameis not necessarilyftrue for the shapesof distributions,
asfollows. ConsideragainDrell-Yan production.At NLO, the following diagramsare
included:Z productionat tree—and 1-loop level, aswell asZ + jet productionat the
treelevel (the y* contribution is implicitly understoodalsoto beincluded).lt is clear
that,whencomparingo aninclusive experimentalZ obsenable,this predictioncontains
the full 1-loop corrections,at the sametime as for an experimentallydefinedZ+jet
obsenablethe samepredictionshouldbe regardedas effectively leadingorder (since
only tree—level Z+jet is included).So far so good. But considernow againthe Z p;
spectrumAs mentionedabove, it is dominatedby Z + multiple soft emissionsn the
peak,while Z+jet dominatedn the tail. It would now be possible(experimentally)to
definea semi-inclusve Z+jet fraction asa function of p,, which would go to oneas
the p, increasesThis amountsto sayingthat, while the predictionof the total cross
sectionis NLO, the precisionin the “tail” of the distribution canbe regardedasbeing
effectively “LO”, i.e. correctonly at tree level, and hencethe overall shapeshould
probablynot be regardedasbeing more preciselydeterminecherethanin the leading
order matchingschemesThe extreme example would be an obserable sensitve to
multiple hard emissionswhere a leading order matchingincluding several hard jet
radiationswould clearly be superiorto the presentNLO matchingschemeswherethe
secondet hasto beradiatedby the partonshawer.

NEW PARTON SHOWER ALGORITHMS

Both HERWIG++ [59] andPYTHIA 6.3[60] containnew partonshover models.In the
HERWIG++ case refinementshave beenmade[31] on the alreadyexisting HERWIG
model,while a completelynen shover model[35] hasbeenimplementedn PYTHIA



6.3. The recentlycompletedprogramAPACIC++ [61] also containsa partonshower
model, which essentiallyis an adaptionof the old PYTHIA shaver model with the
specificimplementatiorof CKKW style matchingin mind.

The HERWIG shawer is basedon a strictly angularorderedsequencef emissions
[28]. This correctlyaccountdor coherenceeffectsin the emissionof soft gluons,but
hasthedisadwantagdhatit leavesa‘deadzone’in thehard3—jetregion, which hasto be
filled in separatelyasdiscusse@bove. Theshowverevolutionis stoppednceafixedlow
scaleis reachedat which time a transitionis madeto a non—perturbatie hadronisation
descriptionthe HERWIG onebeingbasedn the clustermodel[62].

TheHERWIG++ algorithm[31] startsfrom thesamebasicprinciplesandthusinherits
mostfeaturesrom the old shower, but the definition of the evolution variablehasbeen
slightly changedto allow a more correcttreatmentof heary quark radiationaswell
asamoreconsistenbehaiour in the soft—gluonlimit. Finally, thetreatmenbf cascade
decayof resonancemterspersewith shoversshouldbeimprovedby amoreconsistent
implementatiorof multi—-scaleshavers.Recentstudiesexploring this algorithmcanbe
foundin [31, 63, 64]. At presentHERWIG++ is still mainly atool for e"e™ collisions,
thoughwork is undervay to extendit to hadroncollisions.Anotheritem ontheagenda
is theinclusionof a CKKW-style ME/PSmatchingscheme.

More radical changeshave occurredin PYTHIA 6.3, where a new trans\erse—
momentum—orderedhaver basedon a recently proposedhybrid betweenthe dipole
and parton shover formalisms [35] has beenimplemented(in addition to the old
virtuality—orderedshower, whichis carriedover from previous versions).The choiceof
p, asevolution variablewasmadefor severalreasonsFirstly, it hasthe dual property
of simultaneouslybeing a good measureof hardnesawhile still leadingto a natural
angularorderingof emissiong65]. Secondlyit is Lorentzinvariantunderlongitudinal
boostswhich is not the casee.g.for the HERWIG angularorderedevolution variable.
Thirdly, while both PYTHIA and HERWIG can be tunedto give good descriptionsof
the LEP data,the ARIADNE p, —ordereddipole shaver tendsto do even better Note,
however, that the p; measureproposedn [35] is differentfrom the one usedin the
ARIADNE evolution. Fourthly, the underlying—eent modelin PYTHIA is basedon a
p —orderedsequencef multiple perturbatve interactionshencea shaveralsoordered
in p, allowsfor amoreunifiedtreatmenbf the perturbatve actiity asawhole,aswill
bediscussedbelon.

The dipole/partonshaver hybrid approachmplies an evolution of individual parton
lines,but with recoilsoccurringinsidedipoles,asillustratedin Fig. 1. For thefinal-state
shower, thesedipolesarenormally definedby the respectie colourpartnerswith some
exceptionsinvolving decaysof heavy resonanced-or the initial-stateshowver, wherea
backwardsevolutionis performedrom thehardscatteringdown, only asingledipoleis
relevant,spannedetweerthetwo incomingpartons.

Studiescarried out so far indicate that the newv shover leadsto an improved de-
scriptione.g.of eventshapesat LEP [66] andof Drell-Yan productionat the Tevatron
[35, 67]. Fig. 2 givesa preliminary comparisorof the tt+jet rate at the Tevatron,asa
functionof jet p, [68]. Resultsareshovn for MadGraph (thick blackline), for two vari-
antsof the old Q°—orderedshaver (greenlines, solid anddotted),andfor two variants
of thenew pi—orderedshcwer (bluelines,solid anddotted).The 'power’ and’'wimpy’
versionsof eachshoverrepresenareasonableangeof variationof the maximumscale



FIGURE 1. Final-statébranchingin the p, —orderedshowver. The evolution is performedon eachside
of thedipole separatelyin thevariablepia,ol, hereexpressedn termsof the partonvirtuality, m,, its rest
mass,my (for massie partons) andthe enegy sharingfraction z appearingn the splitting kernelsP(z).

Kinematicsareconstructedn thedipole CM frame,conservingenegy andmomenturninsidethesystem.

Tevatron: tthar + 1 jet CTEQS5L, no K-factars

[ MadGraph: ttbar + jet

— Pythia 6.3: p;2 (power)
-------- Pythia 6.3: p2 (wimpy)
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-------- Pythia 6.2: Q2 (wimpy)
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FIGURE 2. TheTevatrontt+jet rateasafunctionof jet p, . Resultsareshavn for MadGraph andfor
hard(‘power’) andsoft (‘wimpy’) variantsof boththe Q°—~ and pi—orderedDYTH IA showers,seetext.

for shaver emissionswith the former populatingall available phasespaceandthe lat-
ter boundedby the scaleof the hardinteraction.Thoughit is still too early to drav
more generalconclusionsjt is encouraginghat both the shapeand normalisationof
the distribution appearto be improved, especiallyin the 'power shaver’ variantof the
p —orderedalgorithm.

THE UNDERLYING EVENT

The underlying event may be definedsomeavhat loosely as the actwvity in a (single)
hadron—hadrorcollision which doesnot originate directly from the hard scattering
that triggeredthe event. Currently this componentis not well understoodrom first
principles.Whatis known, onthe otherhand,is thatit producesomnipresensystematic



aswell asrandomfluctuationsin actwity, which impactisolation criteria, jet enegy
scalesetc.,which canbe of significantmagnitudefor experimentalanalysis.

During the lastfew yearsit hasbecomeincreasinglyclearthat the underlyingevent
not only containssoft actvity but alsohasa semi—hard, lumpy’ componen{73]. To
explain this, the conceptof multiple perturbatve interactiong69] appearsncreasingly
attractve. Several recentimplementationsare built on ideasincorporatingmultiple
interactionsin one form or anothey including the underlying—eent framework in the
HERWIG add—onJIMMY [70], the new interleavred model[71, 35 in PYTHIA 6.3,and
theunderlying—eentmodelbeingdevelopedfor SHERPA [72], with the latter however
beingquite similar to theold PYTHIA one[69].

The mostrecentdevelopmenthasbeentheinterleared modelof [71, 35]. In this pic-
ture,the evolution of theinitial stateradiationandthe generatiorof multiple scatterings
areno longerindependentinstead,a successie ‘fine-graining’ of all the perturbatve
actiity is done,with radiationsinterspersedor ‘interleaved’) with interactions.This
allows correlationgo beintroducedoetweerall the perturbatve activity at successiely
smallerscales.For instance,the third interactionwill know aboutthe presenceof a
gluonhaving beenradiatedoff a valencequarkin thefirst, etceteraThis introducedor
the first time non—triial correlationsin flavour and x, while all known sumrulesare
still respectede.g.momentunmconserationandquarkcountingrules).In addition,the
modelallows new possibilitiesfor impactparametedependenceand containsa more
refinedtreatmenbf beamremnantsbasedon an extensionof the Lund stringmodelto
‘baryonic’ colourtopologieq37].

With thedevelopmenbf moresophisticateghysicsmodels the hopeis thatit will be
possibleto aska rangeof moremeaningfulphysicsquestionghatgo beyondthe scope
of the more primitive models,amongwhich especiallythe topic of colour correlations
and colour reconnectiongin view of a possibledifferencebetweenthe vacualeft by
e"e~ andhadronicinitial states)s presentlythe mostactively investigatedFinally, the
enegy dependencef the underlyingactuity is currently very poorly known. Hence
further studiesaimingto pin down the scalingbehaiour, for instanceby including the
availableRHIC pp data,would be of greatinterest.

CONCLUSION

The questfor the causeof electraveaksymmetryis (hopefully) nearingits end.Should
the Tevatronnotdiscoverit within afew yearstheexperimentapbrogrammeatthe LHC
promisesa comprehensie explorationof the TeV scale with theemphasi®on precisely
this question,aswell as on more generalsearchedor signalsof physicsbeyond the
StandardViodel. In addition, the high enegies and hadronicervironmentof both the
Tevatronandin particularthe LHC will challengeourunderstandingf QCD, especially
our ability to solveit for large numbersof partonspothrealandvirtual, andour control
of phenomenaearthe bordersof its perturbatve domain.

It isreassuringthen,to seeatruly impressve effort mountedn recentyearsto address
several of the mostimportantissuesamongwhich | have herediscussednore precise
andrealisticsimulationof eventsat higherperturbatve orders,mproved partonshowver
models,and some progresstowards a better understandingf the underlying event.



A generalnote on the future directionsis that, with the emegenceof the mary newv
sophisticatednatrix elementools, thefocusof thetraditionalMonte Carlo programsgs
‘returning’ to partonshavers& hadronisationwith hardprocessemterfacedexternally.
One shouldthereforenot expect mary nev processesmplementeddirectly in these
programsin the future, but ratherusethe Les HouchesAccords[74, 75] and similar
interfacesto passinformationbetweercodes.

Finally, thoughmuchof theeffort reportechereis still centredaroundarelatively few
groups,for which simple manpaver restrictionsoften represents non—trvial problem,
the mary new and exciting developmentsdo seemto have led to an increasedcom-
munication,bringing peopletogetherfrom differentfields. Hopefully, with continued
nourishmentthisis atrendthatwill continueandgrow in thefuture.
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