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Abstract. Recentdevelopmentsin QCD phenomenologyhave spurredon several improved ap-
proachesto MonteCarloeventgeneration,relative to thepost–LEPstateof theart. In this brief re-
view, theemphasisis placedon approachesfor 1) consistentlymergingfixed–ordermatrix element
calculationswith partonshowerdescriptionsof QCDradiation,2) improving thepartonshoweral-
gorithmsthemselves,and3) improving thedescriptionof theunderlyingeventin hadroncollisions.
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INTR ODUCTION

The immediatehorizonof accelerator-basedhigh energy experimentsis dominatedby
HERA, its legacy andfinal yearsof runningat DESY, by theTevatron,currentlyin its
secondrunof operationsatFermilab,andby theLargeHadronCollider, underconstruc-
tion at CERN.A commondenominatorfor all threemachinesbeingthestudyof high
energy hadronicinteractionsatunprecedentedlevelsof statisticalprecision,increasingly
high demandsarebeingput on the precisionof the correspondingtheoreticalcalcula-
tions.Amongthemostimportantchallengesis naturallythefactthat,while perturbative
QCD describesthe interactionsof quarksandgluons,experimentsobserve hadrons.In
addition,many collider observablesinvolve an interplaybetweenwidely separateden-
ergy scales,logarithmsof whichmayappearandimpactthevalidity of predictionseven
at theperturbative level. As a result,thefield of QCDphenomenologyis experiencinga
rapidpaceof development,a significantportionof which canbetracedto eitherof two
sourcesthatI will focuson here.

Firstly, as the Centre-of-Massenergy increases,the phasespacefor radiationalso
becomeslarger;high–ŝ final statesarelikely to beaccompaniedby high jet multiplici-
ties.To accuratelypredictobservablesin suchprocesses,lowestorderscatteringmatrix
elementsarenot sufficient, even whenmultiple soft bremsstrahlungemissionsarere-
summed.Rather, moresophisticatedapproachesarecalledfor, which combinetherate
of hardwide–anglejetspredictedby fixed–order2 � n matrix elementswith a resum-
mation of the soft emissionsin a consistentway, avoiding both doublecountingand
“deadregions”overall of phasespace.

Secondly, hadroncollisions involve new intrinsic challengesrelative to ee and ep
scatterings,sinceboth of the initial statesareherecompositeandstronglyinteracting.
However, on the theoreticalside, the descriptionof beamremnantsand underlying
eventshasgonethroughalongperiodof relativehibernation,essentiallyduringtheLEP
era,with few new ideasemerging over the last � 20 years.Recently, however, interest
hasbeenrekindled,largely in responseto increasedinterestfrom theTevatronandLHC



collaborations.
Stayingalong the samelines, it shouldalso herebe emphasizedthat, when using

LEP, HERA, andTevatronresultsto make predictionsfor theLHC, anextrapolationis
performedover ordersof magnitudein Q2 andx, at the sametime asapproximations
thatare“safe” at lower energiesmaybestretchedinto regionswherelargecorrections
are to be expected.As such,a non-trivial andmany-facetedissueis how to treat the
associatedsystematicandtheoreticaluncertainties.ThoughI will not touchdirectly on
this topicbelow, somerecentprogressthatpartlyaddressesit is theemergenceof parton
distributionswith intrinsicerrors,reportedon elsewherein theseproceedings[1, 2, 3].

HARD & SOFT – ME/PS MATCHING

Theevaluationof tree–level transitionamplitudes,involving lessthan,say, 5–6partons
in the final state,is a procedurewhich by now hasbeenlargely automated.Matrix
ElementGeneratorslike CompHEP [4], Grace [5, 6], HELAS [7], MadGraph [8, 9],
O’Mega [10], andAMEGIC++ [11] provide fastandreliablemeansof obtaining(more
or less) tractableanalytic expressionsfor a broadrangeof matrix elements,both in
theStandardModel andbeyond.Combiningthesewith efficient numericalphasespace
integrationalgorithmssuchasBASES/SPRING [12] andothers[13], it is possibleto
furtherautomatethephasespaceweighting,andhenceto generateeventscorresponding
to the chosenamplitudeat matrix–elementlevel. A numberof morededicatedmatrix
elementevaluationcodesalso exist, with processeshard-codedone by one, suchas
AlpGen [14], MCFM [15], andothers[16, 17,18, 19,20,21].

Commonto all theseapproaches(mostat tree level anda few at one loop) is that
they representfixed–orderexpansionsin the electromagnetic,weak,and in particular
strongcoupling constants.As such,the virtue of thesecalculationsis, briefly stated,
that they includetheentirehelicity andinterferencestructureof theamplitude(aswell
asvirtual correctionsto it, to the extent that loopsareincluded),up to thegivenorder
calculated.Furthermore,asymptoticfreedomimpliesthatthestabilityof this expansion
should improve with energy, due to the gradualvanishingof the strongcoupling at
large energies.Admittedly, the complexity rapidly grows with the numberof particles
involved,andsoasalreadymentioned,theseapproachesarepresentlylimited to fairly
inclusiveobservables,wherethenumberof final stateparticlesdoesnotexceedahandful
or so.

On theotherhand,from LEP we know thatmultiple soft gluonemissionsareimpor-
tantin building upthefull eventstructure.Mathematically, thesecorrectionscorrespond
to logarithmicenhancementsof theamplitude,of theform

α N
s log2N � Qhard� Qsoft�����	�
� (1)

where Qsoft� Qhard is a measureof the softnessof the gluon(s) relative to the hard
scale(s)in theproblem.Moreover, whengoing to higherenergies,the phasespacefor
suchemissionsincreases.Thus,while fixed–ordercalculationsshouldbeableto predict
reliably the rateof a few well–separatedjets (andotherobservablesat the samelevel
of inclusiveness),it is necessarygo beyond the fixed–orderapproximationto obtaina
pictureof thefull eventstructure.



To improve the logarithmicaccuracy, two dominantapproachesexist: resummation
calculations,andpartonshowers.Bothareapproximationsto perturbationtheorywhich
work at infinite orderin thecouplingconstant,andwhichareexactin certainlimits.

The former approach,resummation,allows to include not only the terms shown
explicitly above (doublelogs � LLA), but alsolesssingularlogarithmsin a systematic
way. However, theformalismcanstill only beappliedto relatively inclusivequantities,
anda separatecalculationmustbe performedfor eachobservable,thoughinteresting
work hasrecentlybeencarriedouton automatingcalculationsof this type[22].

In thistalk, I will concentrateonthepartonshowerapproach.While thisdescriptionis
formally correctonly to leadinglogarithmicaccuracy, it hasthevirtuethata fully exclu-
sive descriptionof thefinal stateis obtained,which canbeeasilymatchedontohadro-
nisationdescriptions,andfrom which in principle any observablecanbe constructed.
Moreover, it is possible(andindeednecessary, ase.g.in thecaseof momentumconser-
vation) to includeat leasta subsetof higher–ordereffects,suchasangularorderingof
emissions,optimizing the scalechoicein αs with respectto higherorderkernels[23],
and choosingazimuthalanglesin the branchingsnon–isotropically[24]. In practice,
suchrefinementshave beenintroducedin all of thestandardshower MonteCarlos,in-
cludingin particulartheARIADNE dipoleshower[25, 26, 27], theHERWIG [28,29,30]
and HERWIG++ [31] showers, and both the PYTHIA virtuality–ordered[32, 33, 34]
andtransverse-momentum–ordered[35] showers(theSHERPA generator[36] basically
usesavariantof thePYTHIA virtuality–orderedalgorithm).It wouldthereforebegrossly
misleadingto equateleadinglog analyticalcalculations,whereno suchrefinementsare
included,with leadinglog partonshowers.

Thepartonshower approximationstartsfrom theobservationthat thecollinearlimit
of QCD (andQED, for that matter)is universal.Thus,a processlike e� e� � qq̄ can
be correctedto the processe� e� � qq̄g using universalexpressionsfor the q � qg
splitting probability. Dueto theuniversality, thesameexpressionsmaythenbeapplied
againto describetheradiationof furthergluons,aswell asgluonsplittingsinto quarks
and so forth. Since the integratedprobability at eachstep is nominally infinite, an
orderingis introduced,wherebythe emissionsaregeneratedsequentiallyaccordingto
someresolutioncriterion,likeangle,virtuality, or transversemomentum.A lowercutoff
on the resolutionvariablemay thenbenaturallyintroduced,that regulatesthe infrared
divergences,andat whichscalea hadronisationdescriptionis supposedto takeover.

Thus, the virtues are that final stateswith an arbitrary numberof partonsmay be
built up,with a transitionto hadronisationdescriptionsbuilt in from thestart.Thedown
sideis thattheapproximationis only exactin thecollinearlimit. For hardand/orwide–
angleemissions,differentpartonshowerscangive widely differentanswers,reflecting
theapproximatenatureof theapproachin thoseregions.However, asmentionedabove
thesearepreciselytheregionswherethefixed–ordercalculationsareat theirbest,hence
it hasbeena long–standingwish to join consistentlythestateof theart of bothworlds.



TABLE 1. ME/PS Merging: List of processes,X , for whichX+jet merginghasbeenimplemented
in theHERWIG andPYTHIA MonteCarlos(e
 e� processesomitted).

pp � h0 pp � V ( � γ � Z � W) DIS top decay SM decays SUSYdecays�
HERWIG � � � � - -
PYTHIA† � � � � � �
� correctionsapproximatefor 2–bodyRPVmodes,absentfor RPV3–bodymodes[37].
† PYTHIA: appliesto boththeQ2 andp2� orderedshower algorithmsin PYTHIA 6.3.

ME/PS Merging

The simplest(and oldest)approachesto join matrix elementsand partonshowers
I will hererefer to asmatrix–element/parton–shower (ME/PS) “merging”, to be con-
trastedwith “matching” below. Essentially, merging improvesthe partonshower off a
hardsystem,call it X , by re-weightingthepositionof thehardestjet in phasespaceto
reproducethematrixelementdistributionfor X+jet.An overview of hadroncolliderpro-
cessesfor which suchcorrectionshave beenimplementedin theHERWIG andPYTHIA
modelsis givenin Tab. 1.

Technically, the way thesecorrectionsare implementedcan be quite different,de-
pendingon theshoweringalgorithm.In HERWIG, theshoweringalgorithmhasa “dead
zone” in thehardwide–angleregion, whereno radiationat all is produced.In orderto
matchto the matrix elementwhich doesproducejets there,two classesof eventsare
effectively merged,e.g.X andX+jet,with thelatterchoseninsidethedeadregionof the
former[29]. Thedetailedprocedureis somewhatcomplicatedandhasonly beenworked
out for a few cases,mostrecentlyfor Higgsproduction[38].

In PYTHIA, the problem is rather the opposite.Too much radiation is generally
producedin thehardwide–angleregion,ascomparedto thematrixelementanswer. It is
therebystraightforwardto introduceare-weighting,vetoingsomeof theextraemissions,
to arrive backdown at thematrix elementrate[33, 39]. Note that thesecorrectionsare
appliedfor boththeQ2– andp2� –orderedshoweralgorithmsin PYTHIA 6.3.

So far, so good. However, for both the HERWIG and PYTHIA style merging, the
procedurerapidlybecomesmoreinvolvedwhenattemptingto generalizethemethodsto
morecomplicatedfinal states(seee.g.[40, 41]). Moreover, recentdevelopmentsalong
relatedlineshave resultedin a rangeof moregenericapproacheswhich arenow being
moreactively pursued,aswill bediscussedbelow.

ME/PS Matching at Leading Order

Theproblemof consistentlyaddingpartonshowersto a setof leading–ordermatrix
elementsfor X , X + jet, X + 2 jets,etc,to obtainan inclusive sampleof X production,
matchedto all availablehardradiationmatrix elementsandavoiding doublecounting
of emissions,hasrecentlybeenstudiedin detail by a numberof authors,in particular
by Mangano(MLM) [46], by Catani,Krauss,Kuhn,andWebber(CKKW) [42, 43], by
Lönnblad[44], andmostrecentlyby MrennaandRichardson[45].



All theseapproachesessentiallyallow a consistentaddingtogetherof eventsgener-
atedwith differentjetmultiplicitiesatthematrix–elementlevel (e.g.W, W+jet,W+2jets,
...),by re-weightingthemandshoweringthemin waysothatdoublecountingandempty
regionsareavoidedoverall of phasespace.

The approachproposedby CKKW [42] is, briefly stated,to first selectthe jet multi-
plicity, n, at thematrixelementlevel accordingto aknown probability,

P � n ��� σn

σ1 � σ2 � σ3 ���
�	��� (2)

then to generatea set of explicit four-momentapi accordingto the chosenmatrix
elementandapplya jet clusteringalgorithmto the resultingconfiguration.A seriesof
’branchings’is therebyreconstructed,thatcanbeinterpretedasapartonshowerhistory.
Theeventasawholeis thenre-weightedaccordingto theSudakov form factors1 andαs
valuesassociatedwith thereconstructedintermediatescales.A partonshower canthen
beappliedasthefinal step,with emissionsabove thecut scalevetoedfor all exceptthe
highestjet multiplicity matrixelements.

Why this works is more technical:recall that the parton shower is formulatedin
terms of the no–emissionprobability betweentwo scales,the Sudakov form factor.
Essentially, this factortells you what the (singularpart of the) probability is 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
matrixelementswith Sudakov factorsfor eachleg,theleadingdivergencieswhichwould
leadto double–countingbetweene.g.σ1 andσ2 areresummed.Roughlyspeaking,the
Sudakov re-weightingtakesinto accountthatfor every2-jetconfigurationyougain,you
looseone1-jet one.It wasshown by [42] that this proceduremakesthe sumstableat
leastto NLL accuracy. Notethat,in asense,thisstabilisationof thecombinedprediction
is equivalentto the cancellationof real divergenciesby virtual onesthat occursat full
NLO, wherethe Sudakov hereplaysthe role of a virtual correction,thathasthe same
structure(but oppositesign)asthetree–level divergencies.

To furtherexplainwhattheSudakovsaredoing,notethatthepartonshower is correct
for strongly orderedemissions,i.e. in the limit that eachsuccessive scale is much
smallerthanthe precedingone.In this case,the no–emissionprobability is small,and
theSudakov re-weightingbecomesquiteimportant.At theotherextremeareemissions
whichhappenatsimilarscales;here,theSudakovsareverycloseto one(theprobability
to go from onescaleto anotherwithoutemissionbecomesunity in thelimit thatthetwo
scalescoincide),andhencethematrixelementresultsremainessentiallyunalteredhere,
asdesired.

Thisstyleof matchinghassincebeenimplementedin theSHERPA eventgeneratorfor
severalprocesses[36]. It wasthennoticedby Lönnblad[44] thatabettermatchingcould
beobtainedby replacingtheanalyticalSudakovsusedin theoriginalCKKW prescription
by Sudakovs numerically generatedby running the actual parton shower (so–called
pseudo–showers).This is the approachimplemented[47] in the ARIADNE generator

1 Sudakov form factor:in apartonshower, theSudakov betweentwo scalesis theno–emissionprobability
usedto ordertheshower, i.e. it is theprobabilitythatnoemissionoccursbetween thosetwo scales.



TABLE 2. LO ME/PS Matching: List of processes,X , for which LO
ME/PSmatchedgenerators/samplesareavailable.

e
 e��� qq̄ pp � V ( � γ � Z � W) pp � VV DIS

ARIADNE � � � - �
SHERPA � � � -
PATRIOT - � - -

� V � W only.

[26]. MrennaandRichardsonsubsequentlymadefurtherrefinements[45], applyingthe
methodologyalsotohadroniccollisions,usingMadGraph andtheHERWIG andPYTHIA
generators,partof whichwork is storedin thePATRIOT eventdatabase[48].

Mangano’s prescription(“MLM matching”) [46] is similar but somewhat simpler in
spirit than CKKW. In particular, it is basedon clusteringof events after showering
andthushasa muchsimpler interfacebetweenthe matrix elementandpartonshower
generators.

Tab. 2 givesanoverview of processesfor whichLeadingOrdermatchingis currently
implemented/available.

ME/PS Matching at NLO

Above, theaim wasessentiallyto describerealQCD radiationasaccuratelyaspos-
sibleover all regionsof phasespace.This wasaccomplishedby consistentlymatching
on partonshower descriptionsof soft radiationto a setof tree–level matrix elements
describingasmany hardemissionsasonecaresto calculate,which in practicecurrently
meansup to 3–4extra jets.

However, sincevirtual correctionsarenot included,thenormalizationof thedistribu-
tionsis still only correctto leadingorder. Quiterecently, theproblemof matchingparton
showersto thefull NLO theory, i.e. one–leg and one–loopcorrectionsto thelowestor-
der, hasbeenaddressedby several groups.Early approachesincludethe useof phase
spaceslicing to separateresolvableandunresolvableregions[49, 50], which,despitea
numberof initial successes,suffers from the drawbackof not reproducingthe pertur-
bativeexpansioncorrectly. Importanttheoreticalresultshave alsobeenobtainedby the
group[51, 52,53], thoughsofarpracticalapplicationshavebeenlimited.

Presently, themostmatureNLO matchingapproachis theoneput forth by Frixione,
Nason,andWebber[54, 55], which hasbeenimplementedin the programMC@NLO
(essentiallya superstructurebuilt onto the HERWIG MonteCarlo).Anotherpromising
approachsuggestedby Krämer and Soper[56, 57] has so far only beenapplied to
e� e� observables,thoughwork is in progressto generaliseit. A more completelist
of processesis givenin Tab. 3.

Naturally, thebig boonis thatoneautomaticallyobtainscrosssectionsnormalisedto
NLO precision.A vice,ascomparedto theleadingordermatchings,hassofarbeenthat
theNLO matrix elementsonly includethefirst (real)hardemission;subsequentemis-
sions,evenwhenhard,muststill begeneratedby thepartonshower, thoughrecentwork



TABLE 3. NLO ME/PS Matching: List of processes,X , for whichunweightedNLO ME/PSmatched
eventsamplescanbegeneratedwith theMC@NLO generator(weights= � 1).

e
 e��� qq̄ pp � h0 pp � V ( � γ � Z � W) pp � VV pp � QQ singletop

MC@NLO - � � � � � † in progress

� Notethat,dueto thesimplecolourstructureof e� e� , NLO matchingcanhereeffectively beobtainedusingthe
existingHERWIG andPYTHIA merging methods,andre-weightingby theloop factor(1+αs � 4π).
† Q: heavy quark.

hasbeencarriedouton includingalsoCKKW-stylematchingfor higherjet multiplicities
[58].

A relatedissueis that, sinceMC@NLO is hard-wiredto HERWIG, it is presently
not possibleto vary the partonshower model.Considerfor instancethe peakposition
of the Drell–Yan andh0 p � spectra.This is wherethe bulk of the crosssectionsits,
and this is, roughly speaking,the region that getsthe mostenhancementby the loop
corrections.However, this region is also highly sensitive to multiple soft emissions,
which areresummedby thepartonshower. A muchawaitedfuturedevelopmentis thus
thecreationof toolsthatallow amoregenericinterfacingwith differentshowermodels.

In asimilarvein,notethat,while theoverallnormalisationis improvedby goingfrom
LO to NLO matching,the sameis not necessarilytrue for the shapesof distributions,
asfollows. ConsideragainDrell–Yanproduction.At NLO, the following diagramsare
included:Z productionat tree–and1–loop level, aswell asZ + jet productionat the
treelevel (the γ  contribution is implicitly understoodalsoto be included).It is clear
that,whencomparingto aninclusiveexperimentalZ observable,thispredictioncontains
the full 1–loop corrections,at the sametime as for an experimentallydefinedZ+jet
observablethe samepredictionshouldbe regardedaseffectively leadingorder (since
only tree–level Z+jet is included).So far so good.But considernow againthe Z p �
spectrum.As mentionedabove, it is dominatedby Z + multiple soft emissionsin the
peak,while Z+jet dominatesin the tail. It would now be possible(experimentally)to
definea semi-inclusive Z+jet fraction asa function of p � , which would go to oneas
the p � increases.This amountsto sayingthat, while the predictionof the total cross
sectionis NLO, the precisionin the “tail” of thedistribution canbe regardedasbeing
effectively “LO”, i.e. correctonly at tree level, and hencethe overall shapeshould
probablynot be regardedasbeingmorepreciselydeterminedherethanin the leading
order matchingschemes.The extremeexamplewould be an observable sensitive to
multiple hard emissions,where a leading order matchingincluding several hard jet
radiationswould clearly besuperiorto thepresentNLO matchingschemes,wherethe
secondjet hasto beradiatedby thepartonshower.

NEW PARTON SHOWER ALGORITHMS

Both HERWIG++ [59] andPYTHIA 6.3 [60] containnew partonshower models.In the
HERWIG++ case,refinementshave beenmade[31] on the alreadyexisting HERWIG
model,while a completelynew shower model[35] hasbeenimplementedin PYTHIA



6.3. The recentlycompletedprogramAPACIC++ [61] also containsa partonshower
model, which essentiallyis an adaptionof the old PYTHIA shower model with the
specificimplementationof CKKW stylematchingin mind.

The HERWIG shower is basedon a strictly angular–orderedsequenceof emissions
[28]. This correctlyaccountsfor coherenceeffects in the emissionof soft gluons,but
hasthedisadvantagethatit leavesa‘deadzone’in thehard3–jetregion,whichhasto be
filled in separately, asdiscussedabove.Theshowerevolutionis stoppedonceafixedlow
scaleis reached,at which time a transitionis madeto a non–perturbativehadronisation
description,theHERWIG onebeingbasedon theclustermodel[62].

TheHERWIG++ algorithm[31] startsfrom thesamebasicprinciplesandthusinherits
mostfeaturesfrom theold shower, but thedefinitionof theevolution variablehasbeen
slightly changed,to allow a more correcttreatmentof heavy quark radiationas well
asa moreconsistentbehaviour in thesoft–gluonlimit. Finally, thetreatmentof cascade
decaysof resonancesinterspersedwith showersshouldbeimprovedbyamoreconsistent
implementationof multi–scaleshowers.Recentstudiesexploring this algorithmcanbe
foundin [31, 63, 64]. At present,HERWIG++ is still mainly a tool for e� e� collisions,
thoughwork is underway to extendit to hadroncollisions.Anotheritem on theagenda
is theinclusionof a CKKW-styleME/PSmatchingscheme.

More radical changeshave occurred in PYTHIA 6.3, where a new transverse–
momentum–orderedshower basedon a recentlyproposedhybrid betweenthe dipole
and parton shower formalisms [35] has been implemented(in addition to the old
virtuality–orderedshower, which is carriedover from previousversions).Thechoiceof
p � asevolution variablewasmadefor several reasons.Firstly, it hasthedualproperty
of simultaneouslybeing a good measureof hardnesswhile still leadingto a natural
angularorderingof emissions[65]. Secondly, it is Lorentzinvariantunderlongitudinal
boosts,which is not thecasee.g.for the HERWIG angular–orderedevolution variable.
Thirdly, while both PYTHIA and HERWIG canbe tunedto give gooddescriptionsof
the LEP data,the ARIADNE p � –ordereddipole shower tendsto do even better. Note,
however, that the p � measureproposedin [35] is different from the oneusedin the
ARIADNE evolution. Fourthly, the underlying–event model in PYTHIA is basedon a
p � –orderedsequenceof multipleperturbative interactions,henceashoweralsoordered
in p � allows for amoreunifiedtreatmentof theperturbativeactivity asa whole,aswill
bediscussedbelow.

Thedipole/partonshower hybrid approachimpliesanevolution of individual parton
lines,but with recoilsoccurringinsidedipoles,asillustratedin Fig. 1. For thefinal–state
shower, thesedipolesarenormallydefinedby therespectivecolourpartners,with some
exceptionsinvolving decaysof heavy resonances.For the initial–stateshower, wherea
backwardsevolution is performedfrom thehardscatteringdown, only asingledipoleis
relevant,spannedbetweenthetwo incomingpartons.

Studiescarriedout so far indicate that the new shower leadsto an improved de-
scriptione.g.of eventshapesat LEP [66] andof Drell–Yanproductionat theTevatron
[35, 67]. Fig. 2 givesa preliminarycomparisonof the tt̄+jet rateat the Tevatron,asa
functionof jet p � [68]. Resultsareshown for MadGraph (thick blackline), for two vari-
antsof theold Q2–orderedshower (greenlines,solid anddotted),andfor two variants
of thenew p2� –orderedshower (bluelines,solid anddotted).The’power’ and’wimpy’
versionsof eachshowerrepresenta reasonablerangeof variationof themaximumscale
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for shower emissions,with theformerpopulatingall availablephasespace,andthelat-
ter boundedby the scaleof the hard interaction.Thoughit is still too early to draw
moregeneralconclusions,it is encouragingthat both the shapeandnormalisationof
thedistribution appearto be improved,especiallyin the ’power shower’ variantof the
p � –orderedalgorithm.

THE UNDERLYING EVENT

The underlyingevent may be definedsomewhat loosely as the activity in a (single)
hadron–hadroncollision which doesnot originate directly from the hard scattering
that triggeredthe event. Currently, this componentis not well understoodfrom first
principles.Whatis known, on theotherhand,is thatit producesomnipresentsystematic



as well as randomfluctuationsin activity, which impact isolation criteria, jet energy
scales,etc.,which canbeof significantmagnitudefor experimentalanalysis.

During the last few yearsit hasbecomeincreasinglyclearthat theunderlyingevent
not only containssoft activity but alsohasa semi–hard,’ lumpy’ component[73]. To
explain this, theconceptof multiple perturbative interactions[69] appearsincreasingly
attractive. Several recent implementationsare built on ideas incorporatingmultiple
interactionsin oneform or another, including the underlying–event framework in the
HERWIG add–onJIMMY [70], thenew interleavedmodel[71, 35] in PYTHIA 6.3,and
theunderlying–eventmodelbeingdevelopedfor SHERPA [72], with thelatterhowever
beingquitesimilar to theold PYTHIA one[69].

Themostrecentdevelopmenthasbeentheinterleavedmodelof [71, 35]. In this pic-
ture,theevolutionof theinitial stateradiationandthegenerationof multiplescatterings
areno longer independent.Instead,a successive ‘fine-graining’ of all the perturbative
activity is done,with radiationsinterspersed(or ‘interleaved’) with interactions.This
allowscorrelationsto beintroducedbetweenall theperturbativeactivity atsuccessively
smallerscales.For instance,the third interactionwill know about the presenceof a
gluonhaving beenradiatedoff a valencequarkin thefirst, etcetera.This introducesfor
the first time non–trivial correlationsin flavour andx, while all known sumrulesare
still respected(e.g.momentumconservationandquarkcountingrules).In addition,the
modelallows new possibilitiesfor impactparameterdependence,andcontainsa more
refinedtreatmentof beamremnants,basedon anextensionof theLund stringmodelto
‘baryonic’ colourtopologies[37].

With thedevelopmentof moresophisticatedphysicsmodels,thehopeis thatit will be
possibleto aska rangeof moremeaningfulphysicsquestionsthatgo beyondthescope
of themoreprimitive models,amongwhich especiallythe topic of colourcorrelations
andcolour reconnections(in view of a possibledifferencebetweenthe vacualeft by
e� e� andhadronicinitial states)is presentlythemostactively investigated.Finally, the
energy dependenceof the underlyingactivity is currently very poorly known. Hence
furtherstudiesaiming to pin down thescalingbehaviour, for instanceby including the
availableRHIC ppdata,wouldbeof greatinterest.

CONCLUSION

Thequestfor thecauseof electroweaksymmetryis (hopefully)nearingits end.Should
theTevatronnotdiscover it within a few years,theexperimentalprogrammeat theLHC
promisesacomprehensiveexplorationof theTeV scale,with theemphasison precisely
this question,as well as on more generalsearchesfor signalsof physicsbeyond the
StandardModel. In addition,the high energiesandhadronicenvironmentof both the
Tevatronandin particulartheLHC will challengeourunderstandingof QCD,especially
ourability to solve it for largenumbersof partons,bothrealandvirtual, andourcontrol
of phenomenanearthebordersof its perturbativedomain.

It is reassuring,then,to seeatruly impressiveeffort mountedin recentyearsto address
severalof themostimportantissues,amongwhich I have herediscussedmoreprecise
andrealisticsimulationof eventsat higherperturbativeorders,improvedpartonshower
models,and someprogresstowardsa better understandingof the underlying event.



A generalnoteon the future directionsis that, with the emergenceof the many new
sophisticatedmatrixelementtools,thefocusof thetraditionalMonteCarloprogramsis
‘returning’ to partonshowers& hadronisation,with hardprocessesinterfacedexternally.
One should thereforenot expect many new processesimplementeddirectly in these
programsin the future, but ratherusethe Les HouchesAccords[74, 75] andsimilar
interfacesto passinformationbetweencodes.

Finally, thoughmuchof theeffort reportedhereis still centredaroundarelatively few
groups,for which simplemanpower restrictionsoften representa non–trivial problem,
the many new and exciting developmentsdo seemto have led to an increasedcom-
munication,bringing peopletogetherfrom differentfields. Hopefully, with continued
nourishment,this is a trendthatwill continueandgrow in thefuture.

REFERENCES

1. J. Pumplin, “Parton Distributions,” in these proceedings, 2005, transparenciesavailable from
www.hep.wisc.edu/dis05/.

2. D. Stump,“Stability anduncertaintyof partondistribution functions,” in these proceedings, 2005,
transparenciesavailablefrom www.hep.wisc.edu/dis05/.

3. R. Thorne,“MRST PDFsandimpacton LHC physics,” in these proceedings, 2005,transparencies
availablefrom www.hep.wisc.edu/dis05/.

4. A. Pukhov, etal. (1999),hep-ph/9908288.
5. F. Yuasa,et al., Prog. Theor. Phys. Suppl., 138, 18–23(2000),hep-ph/0007053.
6. S.Tsuno,et al., Comput. Phys. Commun., 151, 216–240(2003),hep-ph/0204222.
7. H. Murayama,I. Watanabe,andK. Hagiwara(1991),kEK-91-11.
8. T. Stelzer, andW. F. Long,Comput. Phys. Commun., 81, 357–371(1994),hep-ph/9401258.
9. F. Maltoni, andT. Stelzer, JHEP, 02, 027(2003),hep-ph/0208156.
10. M. Moretti, T. Ohl, andJ.Reuter(2001),hep-ph/0102195.
11. F. Krauss,R. Kuhn,andG. Soff, JHEP, 02, 044(2002),hep-ph/0109036.
12. S.Kawabata,Comp. Phys. Commun., 88, 309–326(1995).
13. V. A. Ilyin, D. N. Kovalenko, and A. E. Pukhov, Int. J. Mod. Phys., C7, 761 (1996),hep-ph/

9612479.
14. M. L. Mangano,M. Moretti, F. Piccinini, R. Pittau, and A. D. Polosa,JHEP, 07, 001 (2003),

hep-ph/0206293.
15. J.M. Campbell,andR. K. Ellis, Phys. Rev., D62, 114012(2000),hep-ph/0006304.
16. W. Beenakker, R. Hopker, andM. Spira(1996),hep-ph/9611232.
17. F. A. Berends,W. T. Giele,andH. Kuijf, Phys. Lett., B232, 266(1989).
18. F. A. Berends,H. Kuijf, B. Tausk,andW. T. Giele,Nucl. Phys., B357, 32–64(1991).
19. W. T. Giele,E. W. N. Glover, andD. A. Kosower, Nucl. Phys., B403, 633–670(1993),hep-ph/

9302225.
20. B. P. Kersevan, and E. Richter-Was, Comput. Phys. Commun., 149, 142–194(2003),hep-ph/

0201302.
21. Z. Nagy, andZ. Trocsanyi, Phys. Rev., D59, 014020(1999),hep-ph/9806317.
22. A. Banfi,G. P. Salam,andG. Zanderighi,JHEP, 03, 073(2005),hep-ph/0407286.
23. D. Amati, A. Bassetto,M. Ciafaloni, G. Marchesini,and G. Veneziano,Nucl. Phys., B173, 429

(1980).
24. B. R. Webber, Ann. Rev. Nucl. Part. Sci., 36, 253(1986).
25. G. Gustafson,andU. Pettersson,Nucl. Phys., B306, 746(1988).
26. L. Lönnblad,Comput. Phys. Commun., 71, 15–31(1992).
27. L. Lonnblad,Nucl. Phys., B458, 215–230(1996),hep-ph/9508261.
28. G. Marchesini,andB. R. Webber, Nucl. Phys., B238, 1 (1984).
29. M. H. Seymour, Comp. Phys. Commun., 90, 95–101(1995),hep-ph/9410414.
30. G. Corcella,et al., JHEP, 01, 010(2001),hep-ph/0011363.



31. S.Gieseke,P. Stephens,andB. Webber, JHEP, 12, 045(2003),hep-ph/0310083.
32. M. Bengtsson,andT. Sjöstrand,Nucl. Phys., B289, 810(1987).
33. E. Norrbin,andT. Sjöstrand,Nucl. Phys., B603, 297–342(2001),hep-ph/0010012.
34. T. Sjöstrand,et al., Comput. Phys. Commun., 135, 238–259(2001),hep-ph/0010017.
35. T. Sjöstrand,andP. Z. Skands,Eur. Phys. J., C39, 129–154(2005),hep-ph/0408302.
36. T. Gleisberg, et al., JHEP, 02, 056(2004),hep-ph/0311263.
37. T. Sjöstrand,andP. Z. Skands,Nucl. Phys., B659, 243(2003),hep-ph/0212264.
38. G. Corcella,andS.Moretti (2004),hep-ph/0402149.
39. G. Miu, andT. Sjostrand,Phys. Lett., B449, 313–320(1999),hep-ph/9812455.
40. J.Andre,andT. Sjöstrand,Phys. Rev., D57, 5767–5772(1998),hep-ph/9708390.
41. S.Mrenna(1999),hep-ph/9902471.
42. S.Catani,F. Krauss,R. Kuhn,andB. R. Webber, JHEP, 11, 063(2001),hep-ph/0109231.
43. F. Krauss,JHEP, 08, 015(2002),hep-ph/0205283.
44. L. Lonnblad,JHEP, 05, 046(2002),hep-ph/0112284.
45. S.Mrenna,andP. Richardson,JHEP, 05, 040(2004),hep-ph/0312274.
46. M. Mangano,"Theso–calledMLM prescriptionfor ME/PSmatching"(2004),Talk presentedat the

FermilabME/MC TuningWorkshop,October4, 2004.
47. N. Lavesson,andL. Lonnblad(2005),hep-ph/0503293.
48. S.Mrenna,Patriot database(2004),see

http://cepa.fnal.gov/personal/mrenna/Matched_Dataset_Description.html.
49. M. Dobbs,Phys. Rev., D65, 094011(2002),hep-ph/0111234.
50. B. Potter, andT. Schorner, Phys. Lett., B517, 86–92(2001),hep-ph/0104261.
51. J.C. Collins,JHEP, 05, 004(2000),hep-ph/0001040.
52. J.C. Collins,andF. Hautmann,JHEP, 03, 016(2001),hep-ph/0009286.
53. J.C. Collins,andX. Zu, JHEP, 03, 059(2005),hep-ph/0411332.
54. S.Frixione,andB. R. Webber, JHEP, 06, 029(2002),hep-ph/0204244.
55. S.Frixione,P. Nason,andB. R. Webber, JHEP, 08, 007(2003),hep-ph/0305252.
56. M. Kramer, andD. E. Soper, Phys. Rev., D69, 054019(2004),hep-ph/0306222.
57. D. E. Soper, Phys. Rev., D69, 054020(2004),hep-ph/0306268.
58. Z. Nagy, andD. E. Soper(2005),hep-ph/0503053.
59. S.Gieseke,A. Ribon,M. H. Seymour, P. Stephens,andB. Webber, JHEP, 02, 005(2004),hep-ph/

0311208.
60. T. Sjostrand,L. Lonnblad,S.Mrenna,andP. Skands(2003),hep-ph/0308153.
61. F. Krauss,A. Schalicke,andG. Soff (2005),hep-ph/0503087.
62. B. R. Webber, Nucl. Phys., B238, 492(1984).
63. S.Gieseke (2004),hep-ph/0408034.
64. S.Gieseke,JHEP, 01, 058(2005),hep-ph/0412342.
65. G. Gustafson,Phys. Lett., B175, 453(1986).
66. G. Rudolph(2003),ALEPH, unpublished.
67. J.Huston,I. Puljak,T. Sjöstrand,andE.Thomé,“Resummationandshowerstudies,” in The QCD/SM

working group: Summary report, 3rd Les Houches Workshop: Physics at TeV Colliders, Les Houches,
France, 26 May - 6 Jun 2003, M. Dobbs et al., hep-ph/0403100, 2004,hep-ph/0401145.

68. T. Plehn,D. Rainwater, andP. Skands(2005),in preparation.
69. T. Sjostrand,andM. vanZijl, Phys. Rev., D36, 2019(1987).
70. J. M. Butterworth, J. R. Forshaw, andM. H. Seymour, Z. Phys., C72, 637–646(1996),hep-ph/

9601371.
71. T. Sjostrand,andP. Z. Skands,JHEP, 03, 053(2004),hep-ph/0402078.
72. S.Schumann,SHERPA: aneventgeneratorfor theLHC (2004),talk givenatHERA/LHCWorkshop,

CERN,October2004.
73. R. Field, presentationsat the ‘Matrix Element and Monte Carlo Tuning Workshop, Fer-

milab, 4 October 2002 and 29–30 April 2003 (2002–2003), talks available from web-
pagehttp://cepa.fnal.gov/CPD/MCTuning/, and further recent talks available from
http://www.phys.ufl.edu/ 1 rfield/cdf/.

74. E. Boos,et al. (2001),hep-ph/0109068.
75. P. Skands,et al., JHEP, 07, 036(2004),hep-ph/0311123.


