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Abstract
Recentlythecollider physicscommunityhasseensignificantadvancesin the
formalismsandimplementationsof eventgenerators.This review is a primer
of the methodscommonly usedfor the simulation of high energy physics
eventsatparticlecolliders.Weprovidebrief descriptions,references,andlinks
to the specificcomputercodeswhich implementthe methods.The aim is to
provide an overview of the available tools, allowing the readerto ascertain
which tool is bestfor aparticularapplication,but alsomakingclearthelimita-
tionsof eachtool.
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1. INTR ODUCTION 1

The complexity andnumberof simulationprogramsfor hadroncollidershasgrown considerablywith
theprospectsof LHC physicsapproachingandTevatronRunII resultscomingin. With theseprograms
hascomea shift towardsincreasedmodularity. A physicistanalysinghadroncollider dataoften ob-
tainsthe mostaccuratetheoreticalpredictionsby combiningcomponentsof many differentsimulation
programs—minimumbiasfrom onegenerator, thesignalprocessfrom another, andyet moreprograms
for backgroundgeneration.This sort of diversificationis alsohappeningfor thegenerationof a single
process.It is becomingfeasibleto useoneprogramto producea hardprocess,anotherto evolve the
event througha partonshoweralgorithm,andperhapsa third to hadronizethecolouredproductsof the
shower. With this sort of modularity, the complexity of Monte Carlo simulationtools is reachingthat
of a complicateddetectorsystem.At thesametime theexpertiseneededby theusersis increasing.At
thevery startof a physicsanalysis,theexperimenteris confrontedwith a simplequestion,which Monte
Carlo toolsare bestsuitedto mapthetheoretical predictionfor mymeasurementontotheexperimental
result?

The goal for this guidebookis to provide usersinexperiencedwith event simulationa starting
point to answerthe “which tools?” question.A completedescriptionof Monte Carlo generatortech-
niqueswould requirea many-volumedbook. Insteadwe provide thebasicdefinitionsandexplanations

1Contributedby: theeditors.
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whicha new readerwill needto appreciatetheliterature.We do soin themostpolitically incorrectway,
by notquotingtheoriginalpapersin mostcases(sincethefoundationsaretextbookmatterby definition),
andstriving for plain jargon-freelanguage.We follow this with abstractsdescribingmany of the cur-
rently availablesimulationprograms,aimingto serve asa jumpingoff point into thespecificreferences
documentingtheprogramsandthetechniquesemployedwithin them.Theabstractswill alsopointusers
to the(authorsupplied)correctreferencesfor citationsto their papers.

Finally, theeditorswish to apologiseto theauthorsof MonteCarlocodesfor which we have not
providedabstracts.We choseto restrictthiswork to hadroncollidersonly, andlimited thescopeto gen-
eralpurposetechniques,whicharemoreor lessdirectly relatedto eventgeneratorcodes.For this reason,
we could not list the many NLO or resummationprogramswhich areavailablefor specificprocesses.
Despitethis limitation, therearestill a largenumberof programabstractsincludedin thisguidebook.In
all likelihoodwehave misseda few packagesandweapologiseto thoseauthorsin advance.

2. THE SIMULA TION OF HARD PROCESSES2

Theoreticalpredictionsform an integral part of any particle physicsexperiment. On onehand,they
help to designthe detectorsandto definethe experimentalstrategies. To serve sucha purpose,these
predictionsmustreproduceascloselyaspossiblethecollision processestakingplacein realdetectors.
A largely successfulway of achieving this goal is throughthe so-calledeventgenerator codes,which
areusedto producehypotheticaleventswith the distribution predictedby theory—i.e.the frequency
we expecttheeventsto appearin Nature. On theotherhand,for an unambiguousinterpretationof the
experimentalresults(for example,extractingwith high precisionthenon-computableparametersof the
theoryor decidingwhethersomenew physicsphenomenahasbeenobserved)othertypesof codes,which
we shall call crosssectionintegrators, arebettersuitedthanevent generators.In a loosesense,these
codescanalsooutputevents(seesect.4. for aprecisedefinition);however, sucheventscanbeusedonly
to predicta limited numberof observables(for example,the transversemomentumof single-inclusive
jets)andarenot a faithful descriptionof actualeventstakingplacein realdetectors.

Currently, eventgeneratorsandcrosssectionintegratorshave reacheda considerablesophistica-
tion. Thepurposeof this introductorysectionis to show thatbothof themoriginatefrom thevery same
simpledescriptionof anelementaryprocess(denotedashard subprocesshenceforth)andnotnecessarily
a physically-observableone.

To stressthelatterpoint, let usdesigna gedankenexperimentwhich,at an imaginaryaccelerator
that collides45 GeV � -quarkswith 45 GeV �� -quarks,observesa

� �� quarkpair producedthroughthe
decayof a � 	 . Theprocessof interestis therefore� ��"!#� 	 ! � �� at 90 GeV. Any theoreticalmodel
describingthisprocessmuststartfrom theknowledgeof its crosssection�%$'& � ��(!)� 	 ! � ��+*-, ./10243 5 & � ��(!)� 	 ! � ��+* 3 � �7698+:<;=�?>@ & /+A * �CB (1)

wherethe decayangles(
; B > ) of the � 	 , arethe two degreesof freedomof the problem3. 5 is the

relevantmatrix elementand
02 is thecentre-of-massenergy squared.

We cannow useeq.(1) to write aneventgeneratoror a crosssectionintegrator. Thefirst stepis
to samplethephasespace. Thephasespaceis themulti-dimensionalhypercubewhich spansall of the
degreesof freedom.For thisprocessit is thetwo dimensionalspaceD .FE 698G:<; EH. BJI E > E /+A

. The
procedureof choosingthe

698+:<; B > variablesusinga uniformly distributedrandomnumbergeneratoris
saidto definea candidateevent. The candidateevent’s differentialcrosssection(or eventweight)

�?$
is calculatedfrom eq.(1) andis directly relatedto theprobabilityof this eventoccurring. Theaverage
of many candidateevent weights K �?$1L is an approximationto the integral M �%$ andconvergesto the
measuredcrosssection.

2Contributedby: M. Dobbs,S.Frixione.
3Therotationalsymmetryof thecollision impliesthatthedifferentialcrosssectionis independentof theazimuthalangleN .

3



At thispoint thecandidateeventsaredistributedflat in phasespaceandthereis no physicsinfor-
mationin thedistributions.Two methodscanbeusedto derivephysicalpredictionsfrom thesecandidate
events: (A) the event weightsmaybe usedto createhistogramsrepresentingphysicaldistributions, or
(B) theeventsmaybeunweightedsuchthat they aredistributedaccordingto thetheoreticalprediction.
Procedure(A) is very simpleandis what is donefor crosssectionintegrators. A histogramof some
relevantdistribution(e.g.thetransversemomentumof the

�
quark)is filled with theeventweightsfrom

a largenumberof candidateevents.Theindividual candidateeventsdo not correspondto anything ob-
servablebut, in the limit of an infinite numberof candidateevents,the distribution is exactly the one
predictedby eq. (1). Procedure(B) is a bit moreinvolved,hasaddedadvantages,andis what is done
in eventgenerators.It produceseventswith thefrequency predictedby thetheorybeingmodelled,and
theindividualeventsrepresentwhatmight beobservedin a trial experiment—inthis senseunweighted
eventsprovidea genuinesimulationof anexperiment.

Thehit-and-misstechnique(alsoknown astheacceptance-rejectionmethodor theVon Neumann
method)is normallyusedto unweightevents.To applythemethod,themaximumeventweight

�%$PORQ<S
mustbeknown. For thisprocess,themaximumoccurswhenoneof thefinal statequarksis collinearwith
oneof the initial statequarks,so it is easyto calculate

�?$TORQ<S
by insertingtheseconditions(

698+:U;V,W . ) into eq. (1). For more complicatedprocessesthe maximumevent weight can be approximated
by randomlyscanningthe parameterspace.For eachcandidateevent, the ratio of event weight over
themaximumeventweight

�?$1XG�?$TOYQZS
is comparedto a randomnumber[ generateduniformly in the

interval (0,1). Eventsfor which the ratio exceedsthe randomnumber(
�%$1X+�%$PORQ<SH\ [ ) areaccepted;

theothersarerejected.Theacceptedeventshave thefrequency anddistributionpredictedby eq.(1) and
representthephysicalexpectationfor theimaginary � �� colliderexperiment.

We have now learnedthe basicsof the constructionof an event generatoror of a crosssection
integrator. Unfortunately, theprocessin eq.(1) is nonphysical.This evidentfact canbestressedin two
differentways:

a) Thekinematicsof theprocessis trivial; the � 	 hastransversemomentumequalto zero.

b) Quarkbeamscannotbepreparedandisolatedquarkscannotbedetected.

Itemsa) andb) have a commonorigin. In eq. (1) the numberof both initial- andfinal-stateparticles
is fixed, i.e. thereis no descriptionof theradiationof any extra particles.This radiationis expectedto
playa majorrole,especiallyin QCD,giventhestrengthof thecouplingconstant.Let’s thereforerestrict
ourselves, in what follows, to the caseof QCD; althoughmany of theseconceptsremainvalid in the
context of theelectroweaktheory.

In thecaseof item a), theextra radiationtakingplaceon top of thehardsubprocesscorresponds
to consideringhigher-ordercorrectionsin perturbationtheory. In thecaseof itemb), it canbeviewedas
aneffectivewayof describingthedressingof abarequarkwhichultimatelyleadsto theformationof the
boundstatesweobserve in Nature(hadronization). Thus,any eventgeneratoror crosssectionintegrator
whichaimsatgiving a realisticdescriptionof collisionprocessesmustinclude:

i) A way to computeexactly or to estimatethe effectsof higher-ordercorrectionsin perturbation
theory.

ii) A wayto describehadronizationeffects.

Dif ferentstrategies have beendevised to solve theseproblems. They can be quickly summarisedas
follows:

Higher orders

i.1) Computeexactly theresultof a given(andusuallysmall)numberof emissions.

i.2) Estimatethedominanteffectsdueto emissionsatall ordersin perturbationtheory.

Hadronization
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ii.1) Usethe QCD-improved versionof Feynman’s partonmodelideas(factorizationtheorem) to de-
scribetheparton ] hadrontransition.

ii.2) Usephenomenologicalmodelsto describethe parton ] hadrontransitionat massscaleswhere
perturbationtechniquesarenotapplicable.

The simplestway to implementstrategy i.1) is to consideronly thosediagramscorresponding
to the emissionof real particles. Basically, the numberof emissionscoincideswith the perturbative
orderin ^ _ . This choiceformsthecoreof TreeLevel Matrix Elementgenerators,describedin sect.3..
Thesecodescan be usedeitherwithin a crosssectionintegratoror within an event generator. With
currently available techniques,the maximumnumberof emissionsis betweenfive and ten. A more
involved procedureaims at computingall diagramscontributing to a given perturbative order in ^ _ ,
which implies the necessityof consideringvirtual emissionsas well as real emissions. SuchǸ LO
computations, reviewed in sect.4., aretechnicallyquite challengingandsatisfactorygeneralsolutions
areknown only for thecaseof oneextra emission(i.e., NLO). Until recently, thesecomputationshave
beenusedonly in the context of crosssectionintegrators;their usewithin event generatorsis a brand
new field (seesect.8.).

Strategy i.2) is basedon theobservationthat thedominanteffectsin certainregionsof thephase
spacehave almosttrivial dynamics,suchthat extra emissionscanbe recursively described.Thereare
two vastlydifferentclassesof approachesin thiscontext. Thefirst one,calledresummation(seesect.7.),
is basedon a procedurewhich generallyworks for oneobservableat a time and,so far, hasonly been
implementedin crosssectionintegrators.The secondprocedureforms the basisof the Parton Shower
technique(seesect.6.) and is, by construction,the core of event generators.This procedureis not
observable-specificmakingit moreflexible thanthefirst approach,but it cannotreachthesamelevel of
accuracy asthefirst, at leastformally.

At variancewith the solutionsgiven in items i.1) and i.2), solutionsto the problemposedby
hadronizationalwaysinvolve someknowledgeof quantitieswhich cannotbecomputedfrom first prin-
ciples (pendingthe lattice solutionof the theory)andmustbe extractedfrom data. The factorization
theoremsmentionedin ii.1) arebriefly describedin sect.4. andarethe theoreticalframework in which
crosssectionintegratorsaredefined.Partonshowertechniques,ontheotherhand,areusedto implement
strategy ii.2) (seesect.6.) in thecontext of eventgenerators.

Eachof thestrategiesoutlinedabove,andthecodesimplementingthem,havestrengthsandweak-
nessesthatmustbeconsideredin orderto choosethebesttool for studyingtheproblemof interest.The
following schemegivesafirst, roughclassificationandpointsto thesectionswherethecharacteristicsof
eachapproacharedescribedin moredetail:a If hadronization is expectedto play a major role, usean event generatorwhich incorporatesa

showerandhadronizationmechanism(sect.6.).a If hadronizationis not a factor, thencrosssectionintegratorsaresufficient; treelevel (sect.3.),
NLO (sect.4.) or resummed(sect.7.) computationscanbeadopted.a If the analysisstudiesthe peakof the crosssection,event generators(sect.6.) or crosssection
integratorsimplementingresummation(sect.7.) shouldbeused.a If the analysisstudiesthe tail of the crosssection,thenmulti-leg, tree-level (sect.3.) andNLO
(sect.4.) resultsareusuallynecessary.

Clearly, oneshouldaim for theoptimal tool which is ableto give correctpredictionsbothat the
peakandin the tail of thecrosssection.Nowadays,this is not just anacademicexercisebecausemost
of theanalysesperformedat theTevatronandespeciallyat theLHC demandtheconstructionof sucha
tool. Therehasbeenconsiderableprogressin thepastfew yearsin thisdirectionsincewehavebasically
learnedhow to mergethetechniquesfor fixed-ordermatrix elementcomputationswith thoserelevantto
partonshowersimulations.More detailswill begivenin sect.3. andsect.8..

5



3. TREE LEVEL MATRIX ELEMENT GENERATORS 4

In this sectionwedescribecodeswhich allow thecomputationof tree-level matrixelementswith a fixed
numberof legs (i.e. fixed numberof partonsin the final state).Theseparton-level generatorsdescribe
a specificfinal stateto lowestorderin perturbationtheory–virtualloopsarenot includedin thematrix
elements.This impliesthatall complicationsinvolving theregularizationof matrixelementsareavoided,
andthe codesarebasedeitheron the direct computationof the relevant Feynmandiagramsor on the
solutionsof theunderlyingclassicalfield theory. We shallnot describethesecomputationaltechniques
in thisreview; theinterestedreaderwill find theappropriateliteraturecitedin thepapersrepresentingthe
codeslistedbelow.

Theseprogramsgenerallydo not includeany form of hadronization,thusthefinal statesconsist
of barequarksandgluons.Thekinematicsof all hardobjectsin theeventareexplicitly representedand
it is simplyassumedthatthereis aoneto onecorrespondencebetweenhardpartonsandjets.

However, this assumptionmay causeproblemswhen interfacingthesecodesto showering and
hadronizationprogramssuchasHERWIG or PYTHIA; a stepwhich is necessaryin order to obtaina
physicallysensibledescriptionof theproductionprocess.In fact,akinematicconfigurationwith b final-
statepartonscanbe obtainedstartingfrom b-Ddc partonsgeneratedby the tree-level matrix element
generator, with theextra c partonsprovidedby theshower. This impliesthat,althoughthelatterpartons
aregenerallysofterthanor collinearto theformer, thereis alwaysa non-zeroprobability that thesameb -jet configurationbegeneratedstartingfrom different

& beDfc * -partonconfigurations.In otherwords,
sincetree-level matrix elementsdo have soft andcollinearsingularities(seesect.4. for moredetailson
thesedivergences),a cut at the partonlevel is necessaryin orderto avoid them. Physicalobservables
shouldbeindependentof thiscut,but they arenot. Solutionsto thisproblemareknownandwill bebriefly
describedin sect.8.. However, it mustbestressedthateven if theproblemis ignored,thecombination
of tree-level matrix elementgeneratorsandshoweringprogramsis essentialfor 1) the optimisationof
detectordesignsand2) analysesbasedon multi-jet configurations(suchasSUSY signals)wherethe
standardshoweringcodesarebasicallyunableto describethe kinematicsof thoseprocessescorrectly.
Recentlythis interfacingtaskhasbeenstandardisedfor FORTRAN-basedevent generatorsby the Les
HouchesAccord(LHA) event record[19] (the LHA standardis supportedin C++ by theHepMC[35]
eventrecord).ThemajorshoweringandhadronizationprogramssupporttheLHA andmostof thematrix
elementcodeshave begunusingit.

Tree-level matrix elementgeneratorscanbe divided into two broadclasses,which will be pre-
sentedin thetwo subsectionsbelow.

3.1 Matrix ElementGeneratorsfor SpecificProcesses

Thesecodesfeaturea pre-definedlist of partonicprocesses.Thematrix elementsrelevant to thesepro-
cessesareobtainedwith a matrix elementgenerationprogram,which is eitherpartof thepackageor is
oneof thosedescribedin thenext subsection.Multi-leg amplitudesarestronglyandirregularly peaked;
for this reasonthephase-spacesamplinghastypically beenoptimisedfor thespecificprocess.Thepres-
enceof phasespaceroutinesimpliesthatthesecodesarealwaysableto outputpartonicevents(weighted
or unweighted).

AcerMC

(Contributedby: B. Kersevan)
Authors:Borut Paul KersevanandElzbietaRichter-Was
Ref: [66]
Webpage:http://cern.ch/Borut.Kersevan/AcerMC.Welcome.html

4Contributedby: M. Dobbs,S.Frixione.
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CurrentVersion:AcerMC1.4

TheAcerMCMonteCarloEventGenerator[66] is dedicatedto thegenerationof StandardModel
backgroundprocessesat g+g LHC collisions. The programitself providesa library of the massive ma-
trix elementsandphasespacemodulesfor generationof a setof selectedprocesses:[?[ Bih �h ! j �j�k � k ,h �h=l & !nm�o * k � k , h �h=l & !pm�o * j �j , [%[ Bqh �h !p� X=r1st& !nm�m * k � k , [%[ Bqh �h !p� X=r1su& !vm�m B oPo B k � k * j �j andcomplete
electroweak [?[w! & � X l X=r s ! * k � k�j �j process.Thehardprocessevent,generatedwith oneof thesemod-
ules,canbecompletedby the initial andfinal stateradiation,hadronisationanddecays,simulatedwith
eitherthe PYTHIA 6.2 or HERWIG 6.5 Monte Carlo eventgenerator. Interfacesto both of thesegen-
erators,basedon theLesHouchesInterfaceStandard[19], areprovided in thedistribution version.An
additionalinterfaceto theTAUOLA [60] andPHOTOS[12] programsarealsoprovided with AcerMC
version1.4 andlater. The leadingordermatrix elementcodeshave beenderived with the help of the
MADGRAPH [105] package.Thephase-spacegenerationis basedon themulti-channelself-optimising
approachasproposedin Ref.[18] for theNEXTCALIBUR eventgenerator. Additionalsmoothingof the
phasespacewasobtainedby usingamodifiedac-VEGASadaptivealgorithmroutinein orderto improve
thegenerationefficiency. Themainaimandadvantageof theAcerMCgeneratoris providing anefficient
(and thereforefast) generationof unweightedevents,the typical unweightingefficiency being on the
orderof 20%.

The distribution includesthe AcerMC library, PYTHIA 6.2, HERWIG 6.5, HELAS, TAUOLA
andPHOTOSlibrariesandrequiresCERNLIB for theFFREADandPDFlib804routines.AcerMC has
beentestedto compileusingg77compileron RedHatlinux (versions7.2-9.0).

AlpGEN

(Contributedby: M. Mangano)

Authors:M.L. Mangano,M. Moretti, F. Piccinini,R. PittauandA. Polosa
Ref: Alpgendocumentation:[81]. Formalismfor ME evaluation:[25] and[26].
Webpage:http://mlm.home.cern.ch/mlm/alpgen/
CurrentVersion:V1.3.3(Feb17,2004)

Alpgen is designedfor the generationof StandardModel processesin hadroniccollisions,with
emphasison final stateswith largejet multiplicities. It is basedon theexact leadingorderevaluationof
partonicmatrix elements,with the inclusionof k and j quarkmasses( x massesarepresentedin some
cases,wherenecessary)and j andgaugebosondecayswith helicity correlations.The codegenerates
eventsin bothaweightedandunweightedmode,andprovidesbook-keepingutilities for a simpleonline
histogrammingof arbitrarykinematicaldistributions. Several defaultspectra,in additionto a logging
of total cross-sections,have beenimplementedallowing theuserto obtainresultsaftera straighforward
compilationandrun. Several routineshave beenmadeeasilyaccessiblefor theuserto defineanalysis
cutsanddistributions. Weightedgenerationallows for high-statisticsparton-level studies.Unweighted
eventscanbe processedin an independentrun throughshower evolution andhadronizationprograms.
Interfacesfor processingwith HERWIG 6.4andPYTHIA 6.220areprovidedasdefaults(interfacesfor
higherversionscanbeprovideduponrequest)usingtheLesHouchesformat.

Thecurrentavailableprocessesare:a & l !)y �yZz *�{ �{}|f~
jets(

{
beinga heavy quarkand y ,d� Bih ) with

~��f�a & � X=r s !)y �y *P{ �{�|f~
jets( y ,d� B o ) with

~��f�a & l !)y �y z *1| charm
|�~

jets( y ,d� Bih , ~����
)a & l !)y �y z *1|f~ jets( y ,d� Bih ) and

& � X=r s !�y �y *1|f~ jets( y ,d� B o ) with
~����

7
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a b l | ce� | m�� |-~
jets,with b | c | m |-~�� @

,
~��d�

, includingall 2-fermiondecaymodes
of l and � bosons,with spincorrelationsa { �{H|}~

jets,with j�!�k9y �y z decaysandrelative spincorrelationsincludedwhererelevant,and~����a { �{F{ z �{ z |f~ jets,with
{

and
{ z heavy quarks(possiblyequal)and

~����a � { �{�|f~
jets,with jR!�k9y �yZz decaysandrelativespincorrelationsincludedwhererelevantand~��f�a ~

jets,with
~����a ~�rF|d�

jets,with
~�� . , ~�|�� � @

and
� ���

.
Thefollowing new classesof processeswill appearin V1.4:a � |�~

jets(
~��f�

), with theHiggsproducedvia theeffective [?[<� vertexa singletopproduction.
A suiteof up-to-datePDFsetsis availablewith thecode. An interfaceto LHAPDF will appear

soon.Thecodeis written in F77. A F90variantof themostCPU-demandingroutines,togetherwith a
freeF90compilersuitablefor Pentiumarchitectures,areprovidedaswell. Makefileswith compilation
instructionsand datacardsfor ready-to-useexecutionare provided. The codehasbeenvalidatedon
severalplatformsandcompilers:Linux basedPC’s, Digital Alpha Unix, HP series9000/700,Sunwork
stationsandMAC-OSX with a g77 (v2.9 up to 3.4) compiler. Codeanddocumentationupdates,as
well asdetailedbug-fix informationandrevision history, areavailablefrom theabove webpageandare
distributedvia theAlpgenusermailing list (email to michelangelo.mangano@cern.chto join thelist).

Gr@ppa (GRaceAt Proton-Proton/Antipr oton collisions)

(Contributedby: S.Odaka)
Authors:S.Tsuno,S.Shimma,J.Fujimoto,T. Ishikawa,Y. KuriharaandS.Odaka.
Ref: [107]
Webpage:http://atlas.kek.jp/physics/nlo-wg/grappa.html

GR@PPA is a framework to extendtheGRACE systemto hadroncollider interactions.Theex-
tensionprovidesmechanismsto refer to PDFsandto handleseveral processes(matrix elements)in a
singleevent generationrun. The first productbasedon GR@PPA is GR@PPA 4b, whereall the pos-
sible four b-quarkproductionprocesseswithin the StandardModel areimplemented.A new package
namedGR@PPA All includes,in addition,generatorsfor W+jetsfrom 0 jet up to 3 jets, full six-body
top pair, andsoon. Theseprocessesareall at thetreelevel (leadingorder)andthegeneratedeventsare
unweighted.SeetheWebpagefor furtherdetailsandto downloadtheprogram.

TheGR@PPA generatorsmustbeinterfacedto general-purposegeneratorsin orderto addparton
showersand further event evolution. Early versionswere codedso that they could be embeddedin
PYTHIA 6.1or couldbeusedstand-alone,while recentversionssuchasGR@PPA 4b 2.01supportthe
LHA eventrecord[19]. Thus,they canbeembeddedin HERWIG 6.5aswell asPYTHIA 6.2(default).
Stand-aloneuseis supportedaswell. The event generationcanbe controlledin the sameway asthe
built-in generatorsif embedded.ThedefaultPDFlibrary is thePYTHIA built-in PDFsin thePYTHIA
embedding;PDFLIB or LHAPDF canbechosenasanoption.EitherPDFLIB or LHAPDF canbelinked
whentheHERWIG-embedor stand-aloneuseis chosen.

Theprogramsarewritten in Fortran(F77). ThePYTHIA or HERWIG library hasto beprepared
by usersif anembeddingoption is chosen.PDFLIB andLHAPDF arenot packagedwith theprogram.
CERNLIB is necessaryto runsampleprograms.Eachpackageincludesall theothernecessarylibraries,
a Makefileandinstructionsfor setupon Unix systems,andsampleprograms.

MadCUP
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(Contributedby: D. Zeppenfeld)
Authors:K .Cranmer, T. Figy, W. Quayle,D. Rainwater, andD. Zeppenfeld.
Ref: Apart from the webpagethereis asyet no written or publisheddocumentgiving specificsof the
software.Usersshouldcite theweb-page[33].
Webpage:http://pheno.physics.wisc.edu/Software/MadCUP/
.

TheMadisonCollectionof UserProcesses(MadCUP)is a collectionof partonlevel MonteCarlo
programswhich have in thepastbeenusedfor a varietyof phenomenologyresearchpapers.Theweb-
pageprovideslinks for downloadingthe sourcecodeandpregeneratedevent files, which canbe read
directly into PYTHIA. At present,thesiteprovidesFortran77sourcecodefor productionof l | b jets
and � | b jetsatorder ^�^1�� ( b , / B � ) (dubbedQCWW+2 jet productionetc.)and l | /

jet production
atorder ^ � (dubbedEW Wjj production),i.e. all codesareatLO. Also availableis treelevel codefor j �j
and j �j�� production.All codesincludeleptonicdecayprocessesof thetopquarksand l�B � with full spin
correlations.The l�B � productioncodesincludefull off-shell effects.

All codesfill thecommonblocksof theLesHouchesInterfaceStandard[19] andthusprovide full
colorandflavor information.Partondistributionsareobtainedby linking to PDFLIB andhistogramsare
generatedwith hbook.Minor editingof thesourcecodeis requiredto changethesedefaults.

Theweb-pageprovideslinks for downloadingthesourcecodeandpre-generatedeventfiles,which
canbereaddirectly into PYTHIA.

Mostof thecodesgenerateadatafile of unweightedeventswhichcanbereadasexternalPYTHIA
processeswith the MadCUPreader(provided assourcecode). A few examplesof eventdatafiles are
provided,seethewebpagefor furtherdetails.

Vecbos- W/Z + n jets

(Contributedby: W. Giele)
Authors: F.A. Berends,H. Kuijf, B. TauskandW.T. Giele
Ref: [17]
Webpage:http://theory.fnal.gov/people/giele/vecbos.html

VECBOS is a leadingorderMonte Carlo programfor inclusive productionof a W-bosonplus
up to 4 jets or a Z-bosonplus up to 3 jets in HadronColliders. The correlationsof the vectorboson
decayfermionswith therestof theeventarebuilt in. Variouspartondensityfunctionsareavailableand
distributionscanbebuilt in numerically.

The programusesanalyticformulaefor all treelevel amplitudes.Theseamplitudeswerecalcu-
latedusingrecursive techniquesdevelopedin refs.[15,16,47].

3.2 Matrix ElementGeneratorsfor Arbitrary Processes

The programsdescribedin this subsectionmay be thoughtof asautomatedmatrix elementgenerator
authors.Theuserinputstheinitial andfinal stateparticlesfor a process.Thentheprogramenumerates
Feynmandiagramscontributing to thatprocessandwrites thecodeto evaluatethematrix elementin a
programminglanguagesuchasC or FORTRAN.

Theprogramsareableto write matrixelementsfor anytreelevel SM process.Thelimiting factor
for the complexity of the eventsis simply the power of the computerrunningthe program. Typically
StandardModelparticlesandcouplings,andsomecommonextensionsareknown to theprogram.

Many of theprogramsincludephasespacesamplingroutines.As such,they areableto generate
notonly thematrixelements,but tousethosematrixelementstogeneratepartonicevents(someprograms
alsoincludeacceptance-rejectionroutinesto unweighttheseevents).
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AMEGIC++

(Contributedby: F. Krauss)
Authors:TanjuGleisberg, FrankKrauss,Ralf Kuhn,AndreasScḧalicke,SteffenSchumann,JanWinter
Ref: [70] is theAMEGIC++ manualfor version1.0(manualfor theimprovedversion2.0 is in progress).
Webpage:
CurrentVersion:AMEGIC++ 2.0

AMEGIC++ (A MatrixElementGeneratorInC++) isamatrixelementgeneratorwrittenin C++. It
constitutesanintegralpartof thenew eventgeneratorSHERPA (Simulationfor HighEnergyReactionsof
PArticles)by providinghardtree-level matrixelementsandsuitableintegratorsfor . !�b particledecays
and

/ !)b particlescatteringsin theStandardModel,its minimalsupersymmetricextensionandanADD
modelof extra dimensions.To evaluatesuchprocesses,suitableFeynmandiagramsaregeneratedby
AMEGIC++ andtranslatedinto helicity amplitudeswhich arethensimplifiedandstoredaslibrary files.
The integrationover the multi-dimensionalphasespaceis performedthrougha multi-channelmethod
with self-adaptingweights; the individual channelsare also constructedinternally. This is doneby
inspectionof theFeynmandiagramsandmappingout their kinematicalstructurein termsof pre-defined
building blocks.Finally, thechannelsarealsowritten out aslibrary files. Henceit is appropriateto call
AMEGIC++ a generator-generator, sinceit producescompletematrixelementgeneratorsto runwith the
coreprogram.In afirst initialization run, thesefilesandthecorrespondingmakefilesaregenerated,after
compilingandlinking a secondrunwill starttheevaluationof crosssections.Dueto its object-oriented
structureit is very easyto includenew physicsmodelsas long a no new spin statesfor particlesare
involvedbeyondwhatis supportedat themoment(Spin-0,1/2,1, and2). Of course,AMEGIC++ is able
to produceweightedandunweightedeventsto allow for usagein theframework of eventgenerators.

In theSHERPA-framework AMEGIC++ is interfacedto a full wealthof othercodes,theseinclude:a Spectrumgenerators:Hdecay(for SM Higgswidth andbranchingratios),Isajet/Isasusy(for the
MSSM)a Laser-Backscatteringbeamspectrum;ownC++ versionof theCompAZparametrizationa PDF’s: LHAPDF, MRST99(C++-version),CTEQ6(FortranversionoutsideLHAPDF)a Partonshowers:APACIC++ with properME+PSmerginga Hadronizationandhadrondecays:Pythia 6.163a Eventrecords:HepEvt,HepMC

Reference[96] describestheimplementationof theYFSschemefor initial stateradiationin lepton
collisions.Ref. [53] providesdetailson theimplementationof theADD model.

CompHEP

(Contributedby: E. BoosandS.Ilyin)
Authors: [Authors for CompHEP4.2 and later versions]: E. Boos, V. Bunichev, M. Dubinin, L. Dudko,
V. Edneral,V. Ilyin, A. Kryukov, V. Savrin, A. Semenov, A. Sherstnev (theCompHEPcollaboration)
[Authorsfor CompHEP4.1andearlierversions]:A. Pukhov, E. Boos,M. Dubinin,V. Edneral,V. Ilyin, D.
Kovalenko,A. Kryukov, V. Savrin, S.Shichanin,A. Semenov
Ref: Thedocumentationfor CompHEP4.2andlaterversionsis not fully readyyet. Referto thewebsite
andto the“User’smanualfor version3.3”, [88]
Webpage:http://theory.sinp.msu.ru/comphep
CurrentVersion:CompHEP4.4.0
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CompHEPis a packagefor evaluatingFeynmandiagrams,integratingover multi-particlephase
spaceandgeneratingeventswith a high level of automation.

CompHEPallows usersto generateFeynmandiagramsandto presentthemin a graphicalform
with a Latex output. CompHEPcomputessquaredFeynmandiagramssymbolicallyandthennumer-
ically calculatescrosssectionsanddistributions. After numericalcomputationonecangeneratewith
CompHEPtheunweightedeventswith implementedcolourflow information.Theeventsarein theform
of theLesHouchesAccordeventrecordtobeusedin thePYTHIA programfor showeringandhadroniza-
tion with thehelpof thenew CompHEP-PYTHIAinterface.An interfaceto HERWIG will beavailable
soon. CompHEPhasan option to introducenew physicalmodelsusinga friendly graphicalinterface
to enternew particlesand/ornew interactionvertexesor to modify theexisting ones.CompHEP4.4.0
includesthe specializedpackageLanHEP[91] which allows automaticallygeneratedFeynmanrules
(the list of propagatorsandvertexes) for new physicsmodelsin a standardCompHEPformat. Com-
pHEP4.4.0includesasthebuilt-in modelsQED,Fermimodel,SM in theunitaryandt’Hooft-Feynman
gauges,thevariantsof theSM modelsSM ud andSM qQ with simplificationof light quarkcombina-
torics[20], theunconstrainedMSSMin theunitaryandt’Hooft-Feynmangauges,mSUGRAandGMSB
in the unitary gaugewith the interfaceto ISASUSY, andFeynHiggsFast. Several other models,like
Leptoquark,completeTHDM, ExcitedLeptonetc.areavailble by request.

CompHEPis written in C. It allows for the computationof scatteringprocesseswith up to 6
particlesanddecayprocesseswith upto 7 particlesin thefinal state.However, in practiceacomputation
of a completesetof diagramswith 6 and7 final particlestakesa lot of time andcomputerresources.In
thiscaseCompHEPcouldbeused,for instance,to computesignalcontributionstakinginto accountfinal
widthsandspincorrelations.Somecautionrelatedto thegaugeinvarianceisneededhere.CompHEPis a
thetreelevel program,soit basicallydoescomputationsat leadingorder. Howeverit allowstheinclusion
of partial (approximate)NLO corrections:NLO treelevel

/ ! ~�| . realemissioncorrectionsto the/ ! ~
process(for example,in high gP� regionsif important),NLO structurefunctions,loop relations

betweenparameters,known K-factors,andtheknown loopcontributionsaseffectivevertices.Thelatter
canbedonenumericallybut not in a fully automaticway.

CompHEPwith the interfaceto PYTHIA, andwith the new scriptsfor symbolicandnumerical
batchmodesis a powerful tool for the simulationof differentphysicalprocessesat hadronandlepton
colliders. New batchmodesprovide possibilitiesto uselarge computerclustersand/orMC farmsin a
parallelway.

OneshouldalsostressthatthesymbolicCompHEPanswersfor squareddiagramswith theoutput
in theform REDUCE,MATHEMATICA or FORMcodesareavailableandgiveausefultheoreticaltool
for symbolicmanipulations,especiallyin thecaseof new modelsandnew Lagrangians.

Graceand Grace/SUSY

(Contributedby: Y. Kurihara)
Authors:J. Fujimoto,T. Ishikawa,M. Jimbo,T. Kaneko,K. Kato, S. Kawabata,K. Kon, M. Kuroda,Y.
Kurihara,Y. Shimizu,H. Tanaka.
Ref: [46]
Webpage:http://minami-home.kek.jp/

GRACE/SUSYis apackagefor generatingtree-level amplitudesandevaluatingthecorresponding
crosssectionsof processesof theMinimal Supersymmetricextensionof theStandardModel (MSSM).
TheHiggspotentialadoptedin thesystem,however, is assumedto have a moregeneralform indicated
by thetwo-Higgs-doublet model. This systemis anextensionof GRACE for theStandardModel (SM)
of the electroweakandstronginteractions.For a given MSSM processthe Feynmangraphsandam-
plitudesat tree-level areautomaticallycreated.Integrationof the Monte-Carlophasespaceby means
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of the BASES[64] algorithmgivesthe total anddifferentialcrosssections.Whencombinedwith the
SPRING[64] event generator, the programpackageprovidesus with the simulationof SUSYparticle
productions.

MadEvent and MadGraph

(Contributedby: F. Maltoni)
Authors:MadEvent:F. Maltoni, T. Stelzer;MadGraph:T. StelzerandW. F. Long
Ref: MadEvent:[80], MadGraph:[105]
Webpage:http://madgraph.physics.uiuc.edu

MadEvent [80] is a multi-purpose,tree-level event generatorwhich is poweredby the matrix
elementgeneratorMadGraph [105]. In thepresentversion,a process-dependent,self-consistentcode
for a specificSM process(at any collider,e.g., �=����� , ��g , g+g , g'�g ) is generatedupontheuser’s requeston
a webform athttp://madgraph.physics.uiuc.edu. Givena userprocess,MadGraph auto-
maticallygeneratestheamplitudesfor all the relevantsubprocessesandproducesthemappingsfor the
integrationover thephasespace.Thisprocess-dependentinformationis packagedinto MadEvent, and
astand-alonecodeis producedthatcanbedownloadedfrom thewebsiteandallowstheuserto calculate
crosssectionsandto obtainunweightedeventsautomatically. Oncethe eventshave beengenerated–
event information,(e.g. particleid’s,momenta,spin,color connections)is storedin the“Les Houches”
format[19]. Eventsmaybepasseddirectlyto ashowerMonteCarloprogram(interfacesareavailablefor
HERWIG andPYTHIA) or may be usedasan input for combinedmatrix-element/shower calculations,
suchastheoneproposedin Ref. [27].

The codeis written in Fortran77 andhasbeendevelopedusingtheg77 compilerunderLinux.
Thecodeis parallelin natureandit is optimizedto run on a PCfarm. At present,thesupportedbatch
systemis PBS. The stand-alonecodesdo not needany external library. LHAPDF is supportedasan
option.

Limitationsof thecodearerelatedto themaximumnumberof final stateQCDparticles.Currently,
thepackageis limited to ten thousanddiagramspersubprocess.So, for example, l +5 jetswhich has
beencalculated,is closeto its practicallimit. At present,only the StandardModel Feynmanrulesare
implementedandtheuserhasto provide his/herown rulesfor beyondStandardModel physics,suchas
MSSM.

Furtherinformation,includingexamples,a setof benchmarkcross-sectionsfor hadroncolliders,
a list of frequentlyaskedquestions,downloadsandupdatescanbefoundat
http://madgraph.physics.uiuc.edu.

4. HIGHER ORDER CORRECTIONS – PERTURBATIVE QCD COMPUTATIONS 5

In this sectionwe shall briefly describethe problemsthat arisewhenboth real- andvirtual-emission
diagramsareconsideredin thecontext of a perturbative computation.The formerclassof diagramsis
the oneuponwhich the tree-level matrix elementgeneratorsof theprevious sectionarebased.Unfor-
tunately, the techniqueswhich allow a high degreeof automatizationin theconstructionof thesecodes
arenot readilyextendedto thecaseof virtual diagrams(althoughprogressis beingmadeon this point).
Furthermore,evenwith analyticalmethods,thecomputationof multi-leg, one-loopamplitudesis a very
difficult problemwhich is not limited, asin thecaseof realdiagrams,by CPUpower. Clearly, thesit-
uationworsensat two and threeloops,whereonly a handfulof resultsarepresentlyavailable. Each
N ` LO computation(where,roughlyspeaking,� is the numberof loops)basicallyinvolvesa laborious
andad-hocprocedure.

5Contributedby: S.Frixione.
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Higher-orderQCDcomputationsareahighly technicalmatter. However, thebeginnershouldfeel
uneasynotbecauseof technicalities,but for morefundamentalreasons.In fact,themostnaturalquestion
is: in aworld wherehadronsinteractproducingotherhadrons,why doQCDtheoristsspendmostof their
time talking aboutandcomputingreactionswith quarksandgluons?

Let usdefertheanswerto thisquestion.In fact, let usdeferthetreatmentof thecaseof QCDand
insteadstartby explaininghow to organiseanext-to-leadingorder(NLO) computationin thecontext of
anunphysicalmodel,whoseonly virtueis its simplicity. In thisone-dimensionalmodel,asystem(whose
natureis irrelevant)canradiatemasslessparticles(which we call photons),whoseenergy we denoteby  , with I �   �   � � . , where   � is theenergy of thesystembeforetheradiation.After theradiation,
theenergy of thesystemis   z � ,   � D   .

In a perturbative computation,the Born term correspondsto no emissions.The first non-trivial
order in perturbationtheorygetsa contribution from thosediagramswith oneandonly oneemission,
beingeithera virtual or realphoton.Thesediagramsaredepictedin fig. 1. We write thecorresponding

(b) (v) (r)

Fig.1: Born(b), virtual (v), andreal(r) diagramsfor thetoymodel.Theblobrepresentsthesystem,thewiggly line theemitted

photon.

contributionsto thecrosssectionasfollows:¡ �?$�  J¢�£ , ¤¦¥P&   * B (2)¡ �?$�   ¢¨§ , © ¡ ¤/+ª |f« ¢ ¥P&   * B (3)¡ �%$�  7¢­¬ , ©�® &   *  B (4)

for theBorn, virtual, andrealcontributionsrespectively, where
©

is thecouplingconstant,
¤

and
«

are
constantwith respectto   , and ¯±°³²´tµ 	 ® &   *J,H¤(¶

(5)

Theconstant
¤

appearsin eqs.(3) and(5) sincewe expecttheresidueof theleadingsingularityof the
virtual and real contributionsto be given by the Born term timesa suitablekernel. (We arecheating
a bit here,sincewe didn’t write the Lagrangianof the toy model from which this propertyshouldbe
derived. We assumeit, sinceit holdsin QCD). We takethis kernelequalto 1, sincethis simplifiesthe
computationsandit is not restrictive. Finally,

ª
is theparameterenteringdimensionalregularizationin� D /+ª dimensions.

The taskof predictingan observable · to NLO accuracy amountsto computingthe following
integral K¸· L', ¯¹°³²º»µ 	<¼ �	 �  ½  � � º · &   *¿¾ ¡ �%$�   ¢ £ | ¡ �%$�   ¢ § | ¡ �?$�  J¢ ¬GÀ B (6)

where· &   * is theobservableasa functionof   , possiblytimesasetof Á functionsdefiningahistogram
bin. Theconditionthattheintegralof eq.(6) existsis equivalentto therequirementthat¯¹°³²´tµ 	 · &   *J, · & I *9¶ (7)
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Theanalogueof thisconditionin QCDis knownasinfraredsafety. Themaintechnicalproblemin eq.(6)
is dueto thepresenceof theregularisingparameter

ª
. In orderto have anefficientnumericalprocedure,

it is mandatoryto extract the pole in
ª

from the real contribution, thuscancellinganalyticallythepole
explicitly presentin thevirtual contribution. Onehasto keepin mind that theintegral in eq.(6) cannot
befully computedanalytically, becauseof thecomplicatedform of · &   * and ® &   * .

Two strategiescanbedevisedto solve this problem.In theslicing method, a smallparameter
¥

is
introducedinto therealcontribution(third termon ther.h.s.of eq.(6)) in thefollowing way:

K¸· L ¬ , ¼fÂ	 �  ­  � � º · &   * ¡ �%$�   ¢ ¬ | ¼ �
Â
�  ½  � � º · &   * ¡ �?$�  J¢ ¬ ¶ (8)

In thefirst term on the r.h.s.of this equationwe expand · &   * and ® &   * in Taylor seriesaround0 and
keeponly thefirst term;thesmaller

¥
, thebettertheapproximation.On theotherhand,thesecondterm

in eq.(8) doesnot containany singularityandwe canjust set
ª , I there.We obtain

K�· L ¬ , ©%¤ · & I * ¼ Â	 �     � � º  | ¼ �
Â
�   · &   * ¡ �%$�  7¢­¬ |}ÃÄ&�¥=*

(9), © ¡ D ./+ª | ¯ 8+ÅY¥ ¢ ¤ · & I *Æ|f© ¼ �
Â
�   · &   * ® &   *  |}ÃÄ&�¥ B ª *9¶ (10)

Usingthis resultin eq.(6), we gettheNLO predictionfor K�· L asgivenin theslicingmethod:

K»· LqÇ»ÈÊÉÌË¸Í�,H¤ · & I *Z|�© ¾ &�¤ ¯ 8+ÅÎ¥R|f«¦* · & I *Æ| ¼ �
Â
�   · &   * ® &   *  À |ÏÃÐ&�¥u*Ñ¶

(11)

Thetermscollectively denotedby
ÃÄ&�¥=*

, althoughcomputable,canbeneglectedby choosing
¥

small. In
practicalcomputations,theintegral is performednumerically, but dueto thedivergenceof theintegrand
for   ! I , ¥ cannotbetakentoosmallbecauseof thelossof accuracy of thenumericalintegration.Thus,
thevalueof

¥
is acompromisebetweenthesetwo oppositerequirements,beingneithertoosmallnor too

large. Of course,“small” and “large” are meaningfulonly when referredto a specificcomputation.
Therefore,whenusingthe slicing method,it is mandatoryto checkthat the physicalresultsarestable
againstthevariationof thevalueof

¥
, chosenover a suitablerange.In principle,this checkwould have

to beperformedfor eachobservable,· , computed.In practice,only oneobservableis consideredwhich
is generallychosento beratherinclusive(suchasa total rate).

In the subtraction method, no approximationis performed. Onewrites the real contribution as
follows:K¸· L ¬ ,Ò©?¤ · & I * ¼ �	 �     � � º Á &  <Ó D   *  |f© ¼ �	 �   · &   * ® &   * D ¤ · & I * Á &  ZÓ D   *  � � � º B (12)

where  Ó is anarbitraryparameterI E   Ó � . . Thesecondtermon ther.h.s.doesnotcontainsingulari-
tiesandwe canset

ª , I there:K�· L ¬ , D ©%¤   � � ºÓ/+ª · & I *U|f© ¼ �	 �   · &   * ® &   * D ¤ · & I * Á &   Ó D   *  ¶
(13)

Therefore,theNLO predictionasgivenin thesubtractionmethodis:

K¸· L Ç»Ô�Õ ,H¤ · & I *Æ|�©V¾�&�¤ ¯ 8+Å   Ó |f«Ö* · & I *Æ| ¼ �	 �   · &   * ® &   * D ¤ · & I * Á &   Ó D   *  À ¶ (14)

This equationhas to be comparedwith eq. (11). Although the two are quite similar, thereare two
importantdifferencesthat have to be stressed.First, the parameter  Ó introducedin the subtraction
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methoddoesnot needto besmall. (Actually, in theoriginal formulationof themethod  Ó wasnot even
introduced,which correspondsto setting   Ó , . here). This is dueto the fact that in the subtraction
methodno approximationhasbeenperformedin theintermediatestepsof thecomputation.This in turn
impliesthesecondpoint; thereis no needto checkthatthephysicalresultsareindependentof thevalue
of   Ó , sincethis is trueby construction.

We stressthatbotheqs.(11) and(14) arequitepowerful. Thecancellationof thedivergentterms,
whicharisein theintermediatestepsof thecomputationfrom loopandphase-spaceintegralsfor thecase
of virtual andrealcontributionsrespectively, hasbeenachievedwithout knowing anything about:1) the
observable· , apartfrom its infraredsafety, and2) thematrixelements,apartfrom their leadingsingular
behaviour (seeeq.(5)).

We now turn to the caseof QCD. As anticipated,for the time beingwe assumethe world to be
madeof quarksandgluons,andwe computecrosssectionsfor their scatterings.As in the toy model,
NLO correctionsimply the computationof virtual andreal diagrams.Accordingto the toy model, in
orderto achieve thecancellationof thesingularities6 it is crucial to singleout thesingulartermsin the
matrix elements.Let us first considerthe caseof real emissions.It is not difficult to realisethat the
only diagramswhich cancontributea singularityin thematrix elementsarethosein which anemission
occursonanexternalleg (strictly speaking,this is trueonly in physicalgauges).Thefinal-stateemission
from a quark(thecaseof emissionfrom a gluon is completelyanalogous)canbeformally represented

b

c

a

Fig. 2: Gluonemissionfrom a final-statequark.Theblob representstherestof thediagram.

asin fig. 2. Theblob representstherestof thediagram,which doesn’t play any role in whatfollowsand
canbe arbitrarily complicated.For thecomputationof this diagramit is convenientto parametrisethe
momentaasfollows: �?× ,HØ �%Ù | �?Ú |�Û ×�b B � Ó ,Ü& . D ØG* �?ÙRDÝ�%Ú |�Û Ó b B (15)

where �?ÚÖÞ=�?Ù , �?ÚÖÞ=b , I , b � , I , � �Ù , I , beÞu�%Ùeß, I , andthecoefficients
Û × , Û Ó aredeterminedby

imposingtheon-shellconditions

� �× , Iáà Û × , D � �Ú/ Ø b(Þt� Ù B � �Ó , Iáà Û Ó , D � �Ú/ & . D Ø+* b(Þt� Ù ¶ (16)

Thecomputationof thediagramis prettystraightforwardandtedioussowe’ll only reportthefinal result.
Thecontribution to theproductioncrosssectionis�%$�â ��ã ä1å , ^ _/+A ¼ � � �Ú �%Ø�æ�ç . |fØ �. D Ø .� �Ú �%$�â 	iå & �%Ù *Æ|fè-¶ (17)

with thecolourfactor
æ�çw,é&�~ �Ó D . *�X<& / ~ Ó *RêÒ�?X+�

. A regularizationprescriptionis understoodin the
first termon ther.h.s.of eq.(17). Thedimensionalregularizationadoptedin thetoy modelwould imply
an extra factor � � � ºÚ & . D Ø+* � � º . Alternatively, thesingularregions � Ú-ë I , Ø ë . could be cut off by
computingtheintegralfor �%Ú \�ì 	 and

Ø EH. D Ø 	 . Thequantity
�%$ â 	iå & �?Ù * is thecrosssectioncomputed

6Weareagainsloppyhereanddon’t considerultraviolet singularities,whichweassumeto beproperlycancelledby standard
renormalizationtechniques.
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asif theoutgoingquark
©

wouldn’t have split into k | x . Pictorially, it correspondsto thesquareof the
blackblob, timesphasespaceandnormalizationfactors.

è
denotesall thetermsthatarenotsingularin. X � Ú . �%$ â ��ã ä1å is theanalogueof eq.(4) in thetoy model,where   playstherole of � Ú , and

¤
playsthe

role of
�%$ â 	iå

. In thetoy model,we would have
èí,î©Æ& ® &   * D ¤Ö*�X   asa non-singularquantitythanks

to eq. (5). Clearly, the structureof eq. (17) is more involved thanthat of eq. (4) sinceQCD is more
complicatedthanthe toy model. In particular, we seethat

�?$ â ��ã ä1å
is singularnot only for �?Úï! I but

alsofor
Ø ! . . Thesetwo limits correspondto theemittedquarkandgluonbeingcollinear, andto the

emittedgluonbeingsoft, respectively. By explicit computationonethusrecoversa well known fact of
QCD,thatmatrixelementsaresingularwhentwo on-shellpartonsbecomecollinear, or agluonbecomes
soft.

If QCDworksasthetoy model,weexpectthat,uponregulatingtheintegralappearingin eq.(17),
the singularitieswill cancelagainstthoseobtainedfrom the virtual contribution. This is in fact what
happens.Theloop integralscaneasilybecastin thesameform astheintegral in eq.(17):�%$ â ��ã ð<å , D ^ _/+A ¼ � � �Ú �?Ø�æ ç . |fØ �. D Ø .� �Ú �%$ â 	iå & � Ù *U|dñ½¶

(18)

This correspondsto writing
¥P&   *�X<& /+ª *F, D M �	 �  <  � � � � º |òÃÐ& ª *

in the toy modelandreplacingthis
expressioninto eq.(3). Thesumof eqs.(17) and(18) is indeednonsingular.

Westressthat
�%$ â ��ã ä1å |e�%$ â ��ã ðÆå

beingfinite is not theanalogueof eq.(11) or eq.(14). In fact,here
we limited ourselvesto computingthemostinclusiveof theobservablesin thekinematicsof partonsk
and x , which correspondsto taking · ê . in the toy model. We shall comebacklater to the treatment
of non-trivial observablesin the caseof QCD. Beforedoing that,we first have to considerthe casein
which a splitting occursin the initial state. The situationis depictedin fig. 3. The kinematicsfor this

b

c

a

Fig. 3: Gluonemissionfrom aninitial-statequark.Theblobrepresentstherestof thediagram.

splitting canbeagainparametrizedasin eq.(15). Thecrucialdifferenceis themomentumenteringthe
blob,beingin thiscase�?ÙóDÝ� Ó . Theanalogueof eq.(17) is�?$ â ��ã ä1å , ^ _/GA ¼ � � �Ú �%ØJæ�ç . |dØ �. D Ø .� �Ú �%$ â 	qå &�Ø �?Ù *1|�è4¶ (19)

Ontheotherhand,thekinematicsof thevirtual termareidenticalto thoserelevantto final-stateemission
(andin fact it is improperto talk aboutinitial- andfinal-statecontributionsto thevirtual term).Therefore�?$ôâ ��ã ä1å |f�?$ôâ ��ã ðÆå , ^J_/+A ¼ � � �Ú �%Ø�æ�ç . |fØ �. D Ø .� �Úöõ �?$�â 	iå &�Ø �%Ù * D �%$�â 	iå & �?Ù *ø÷ù|�èú|�ñ½¶

(20)

This expressionis non-singularin the soft limit
Ø ! . , but it is still divergent in the collinear limit�%ÚV! I . We, therefore,have to concludethat theNLO crosssectionfor a processinvolving quarksin

theinitial stateis adivergentquantity(thesameholdstruein thecaseof gluonsin theinitial state).
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Theproblemis not asseriousasit mayseem.To understandthis, we have to go backto the real
world whereno onehas,or ever ever will, succeededin preparingquarkor gluonbeams.BeforeQCD
wasborn,Feynmanproposedthepartonmodelto describelepton-hadroncollisions. Thecrosssection
for theprocess� | �û!�ü , ü beingagenericfinal state,is writtenas�%$'&�ý(þ B ýÐÿ­*J,���� ¼ �	 ��� y â ÿ å� &��%*��?$ � &�ý(þ B �%ýwÿ­* ¶ (21)

Here,
ýÄþ

and
ýwÿ

are the electronandhadronmomentarespectively. The hadronis thoughtof asa
beamof freemasslessconstituents–thepartons–whichhaveonly longitudinal(with respectto thehadron
directionof motion)degreesof freedom.Theremaybedifferentpartontypes,which aresummedover
in eq.(21). Thecrosssection

$ �
is relevant to theprocess� | g � ! ü , with g � beinga partonof type�

. Finally, thequantity
��� y â ÿ å� &��?*

is theprobabilityof finding thepartong � with 3-momentum	� � such

that
� 	ý ÿ E 	� � E &��Ð|H���%* 	ý ÿ . The functions y â ÿ å� &��?*

are the partondensities(alsocalledparton
distribution functions). They describea propertyof thepartonsashadronconstituentsand,assuch,are
independentof thenatureof theinteractionsbetweenthepartonsandthelepton.This propertyis called
universality.

In QCD, it appearsnatural to identify the partonswith quarksand gluons.7 The questionis:
canwe computeNLO QCD correctionsto

�%$ �
in eq.(21)? From eq. (20) we know that the answeris

negative,sothepartonmodeldoesnot survive radiative corrections.However, we shallnow show that,
by suitablymodifying it, anequationanalogousto eq.(21) holds,with all thequantitiesappearingin it
freeof divergences.In orderto proceed,wesimplify thenotationasfollows. We assumethatthesumin
eq.(21) runsonly overquarkssowesuppressit andits dependenceupon

�
. Wealsosuppresswriting the

dependenceupon
ý(þ

andshortenthenotationin eq.(20) by introducingthequantity
 &�Ø+*',Ïæ ç ¡ . |fØ �. D Ø ¢ � ¶ (22)

Thisnotationis denotedasthe“plus prescription”andis definedasfollows:

¼ �	 �%Ø���&�Ø+*t& [ &�Ø+*�* � , ¼ �	 �%Ø<&���&�Ø+* D ��& . *�* [ &�Ø+* ¶ (23)

Thus,neglectingthefinite terms
è

and
ñ

, weget�%$ â � ã ä å & � Ù *Æ|��%$ â ��ã ðÆå & � Ù *J, ^ _/+A ¼ � � �Ú� �Ú �%Ø 
 &�ØG*��?$ â 	iå &�Ø � Ù *Ñ¶ (24)

We cannow computethe � �Ú integral by cutting off the � Ú ë I region (so we don’t usedimensional
regularizationhere):

¼ � � �Ú� �Ú DZ! ¼ 
��� �� � � �Ú� �Ú , ¯ 8+Å { �ì �	 B (25)

where
ì 	 is anarbitrarymassscalewith

ì 	�� {
, and

{
is a characteristic(hard)scaleof theprocess.

Thus,theNLO contribution to eq.(21) is�?$ â ��å &�ý ÿ *J, ^ _/GA ¯ 8GÅ { �ì �	 ¼ ���%�%Ø y â ÿ å &��?* 
 &�Ø+*��%$ â 	iå &��?Ø+ý ÿ *9¶ (26)

7This follows from asymptoticfreedom;furthermore,sincethe quarkshave spin ����� andthe gluonshave zero electric
charge,theCallan-Grossrelationis recovered.
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Sincetheleadingordercontributionis�%$�â 	qå &�ýÐÿ­*J, ¼ ��� y â ÿ å &��%*��%$�â 	qå &��%ýÐÿ­* B (27)

aftersomesimplealgebrathefull NLO predictioncanbecastin thefollowing form (neglectingtermsof
order ^ � _ ), with

ì 	�� ì ë {�%$'&�ýÐÿÎ*J, ¼ ��� 0y â ÿ å &�� B ì � B ì �	 *�� 0$ô&��?ýÐÿ B ì � B { � * B (28)

where 0y â ÿ å &�� B ì � B ì �	 *v, y â ÿ å &��?*Æ| ^ _/+A ¯ 8+Å ì �ì �	 ¼ �� �%ØØ 
 &�Ø+* y â ÿ å &��%X+Ø+* B (29)� 0$'&�ý B ì � B { � *v, �%$�â 	iå &�ý4* | ^J_/+A ¯ 8+Å { �ì � ¼ �	 �%Ø 
 &�Ø+*��%$�â 	iå &�Ø+ý-*9¶
(30)

Eq. (28) is meantto replaceeq.(21). As canbeseenfrom eq.(30), thecrosssection
� 0$

is finite when
removing thecutoff,

ì 	 ! I , atvariancewith eq.(20). However, thecutoff dependencehassimplybeen
moved from the partoncrosssectionto the partondensity

0y 8, which alsoacquiredin the procedurea
dependenceonthescale

ì
. This is quiteanachievement.In fact,thecutoff dependenceis now universal,

in thesensethatit doesnotdependuponthenatureof thepartonscattering� | h !)ü . Thismeansthat
0y

hasthesameuniversalitycharacteristicof the y originally introducedin thepartonmodel.Furthermore,
the result in eq. (30) is likely to be a goodapproximationof theall-orderresult,sincethedependence
on large scalesonly implies that thecoefficient of ^ _ ê ^J_ &¸ì1* is a smallnumber. On the otherhand,
thesameis not true in eq.(29), sincethecoefficient of ^J_ is a large number,

¯ 8GÅYì � X=ì �	 . Thus,an all-
ordercomputationof

0y would benecessaryin orderto obtaina reliableprediction.This is beyondour
currentcapabilities(althoughprogressis beingmadein latticecomputations).However, if we give up
thepossibilityof computing

0y , wemayassumewecanmeasureit in agivenprocessanduseit to predict
thecrosssectionof someotherprocess.Thiswill work becauseof theuniversalityof

0y .

Eq. (30) mayappearoddbecausetheinformationon theproductionprocessin the
ÃÄ& ^ _ * termis

entirelycontainedin
�?$ â 	iå

, which is of
ÃÐ& ^ 	 _ * . This is becausewe have neglectedin thederivationthe

finite terms
è

and
ñ

, which shouldbeaddedon ther.h.s.of eq.(30) to reinstatethecorrectnotation.It
is however importantto notethat thecancellationof thedivergencesproceedsindependentlyof

è
andñ

. Thecomputationof thesefinite terms,which is thetoughestpartof any matrixelementcomputation,
canbeforgottenwhendealingwith thesingularities.

Thereis possiblya logical flaw in this reasoning,sincewe didn’t prove thateq.(28) holdsto all
orders. In fact, this is a highly non-trivial proof, which hasbeencarriedout for a numberof different
processes,suchaslepton-hadronandhadron-hadroncollisions.Theresultingforms,eq.(28) or�%$'&�ýÐÿ�� B ýÐÿ � *J, ¼ ��� � ��� � 0y â ÿ�� å &�� � * 0y â ÿ � å &�� � * � 0$J&�� � ýÐÿ�� B � � ýwÿ � * (31)

for the collisionsof hadrons� � and � � with momenta
ý � and

ý � respectively go underthenameof
factorizationtheorems.

Thereareacoupleof interestingfeaturesof thepartondensities
0y thatdeservesomeconsideration.

First,weconsidereq.(29), by deriving bothsidesof theequationwith respectto

¯ 8+Å7ì �
, weget� 0y â ÿ å &�� B ì � B ì �	 *� ¯ 8+Å7ì � , ^J_/+A ¼ �� �?ØØ 
 &�Ø+* 0y &��%X+Ø B ì � B ì �	 *1|dÃÄ& ^ � _ *9¶ (32)

8In QCD, thenotation  is usedinsteadof ! ; herewe preferto use ! to stressthefact thatthisquantityis a subtractedone.
Also noticethatin QCD ! is nota probabilitydensitybut a numberdensity, sinceit doesnot integrateto one.
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In this equation,the dependenceupon
ì 	 is entirelycontainedin

0y . Thus,it is sensibleto assumethe
r.h.s. to bethefirst termof a well-behavedperturbative expansion(in thesensethat thenext termswill
be smallerthanthis). Eq. (32) is nothingbut the familiar Altarelli-Parisi equation(for the non-singlet
case),oftenreferredto astheDokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation.

Wecanalsogobackto eq.(26) andwonderwhatwouldhavehappenedif wehadreplaced
ì 	 withì � ë ì 	 . Clearly0y â ÿ å &�� B ì � B ì �	 * D 0y â ÿ å &�� B ì � B ì � � *J, ^ _/GA ¯ 8GÅ ì � �ì �	 ¼ �� �%ØØ 
 &�Ø+* y â ÿ å &��%X+Ø+*1¶ (33)

Ther.h.s.of thisequationis asmallnumber. Thissuggeststhatthequantitiesappearingin eq.(28) could
have actuallybeendefinedasfollows0y â ÿ å &�� B ì � B ì �	 B#" * , y â ÿ å &��%*U| ^J_/+A ¼ �� �%ØØ ¡ ¯ 8+Å ì �ì �	 
 &�Ø+* | " &�Ø+* ¢ y â ÿ å &��?X+ØG* B (34)� 0$J&�ý B ì � B { � B#" * , �?$ â 	iå &�ý-*Æ| ^ _/GA ¼ �	 �?Ø ¡ ¯ 8GÅ { �ì � 
 &�Ø+* D " &�Ø+* ¢ �?$ â 	iå &�ØGý4*Ñ¶ (35)

The function " &�Ø+* is largely arbitrary, but theideais that its contribution to eq.(34) is a smallnumber
comparedto

¯ 8+ÅRì � X=ì �	 . It shouldbeclearthat thedependenceof
0y upon " &�ØG* is completelydifferent

from thatupon
ì 	 ; " &�Ø+* is arbitrary, andcanbefreely changedwithout changingthel.h.s. of eq.(28).

Ontheotherhand,wecannotcontrolthedependenceupon
ì 	 , whichis fixedby Nature.For this reason,

it is customaryto suppresswriting it in the argumentsof
0y . It shouldthereforebe clear that neither0y nor

� 0$
arephysicalquantities,sincethey dependon our conventions. Still, with a given choiceof" &�ØG* , 0y is universalandcanthereforebeusedin thecomputationof eq.(31), providedthat

� 0$
thereis

definedaccordingto thesameconventionsusedin eq.(35). The choiceof " &�Ø+* is usuallydenotedas
schemechoice, with popularschemes,suchas $&% or DIS, usinga specificform for " &�Ø+* . We stress
againthatnot only partondensities,but alsopartoncrosssectionsarecomputedin a givenscheme.An
error, of next-to-leadingorder, is madeif onepredictsan observableusingpartondensitiesandparton
crosssectionscomputedin differentschemes.Therefore,standardMonte Carlo partonshower codes,
which implementhardcrosssectionsonly at theleadingorder, canbeusedwith partondensitiesdefined
in whatever scheme.On the otherhand,careis requiredwith codesthat implementNLO corrections,
sincethepartondensityschememustmatchthatusedin thepartoncrosssections.

In summary, with apurelytheoreticalargument(thepresenceof collineardivergencesin thecross
sectionfor aprocessinvolving quarksin theinitial state)weshowedthataworld withouthadronscannot
exist (or at leastthatQCD is not ableto describeit). Thepartonmodeldoesn’t survive radiativecorrec-
tions. However, its analoguein perturbative QCD, thefactorizationtheorem,is basedon thevery same
physicalpicture9. Althoughhadrons,andnot quarksandgluons,arepresentin thefinal state,no final-
statecollineardivergencesarefound in the crosssectionwe previously computed.This is at variance
with eq.(20), wherethesumof eqs.(17) and(18) is finite. This preventsus from usingquantitiesakin
to partondensitiesin thefinal state,which would convert quarksandgluonsinto theobservedhadrons
(sincewe have explicitly shown thattheintroductionof partondensitiesis associatedwith thepresence
of collineardivergences).In orderto givea physicalmeaningto QCD computations,onehasto assume
that thosecrosssectionswhich canbecomputedin termsof quarksandgluons,andarefreeof infrared
andcollineardivergences,correspondto crosssectionsof physicalhadrons.This assumptionis know
ashadron-partonduality. For example,the computationat

ÃÄ& ^ � _ * of the total rate for producingany
numberof quarksandgluonsin � � � � collisionshasto be interpretedasthe

ÃÄ& ^ � _ * predictionfor the
total � � � � hadroniccrosssection.

It is notdifficult to obtainaQCDcrosssectionwith final-statecollineardivergences.For example,
thiswouldhavehappenedby fixing themomentumof thegluon x in fig. 2. In general,thefinal-statequark

9Hence,thefactorizationtheoremis sometimesreferredto asQCD-improvedpartonmodel,a fairly horriblename.
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andgluon momentaarecombinedin orderto definethe observablewe want to study. In the previous
example,we consideredthe simplestpossibleobservable,the total rate,which correspondsto setting· &   *Öê . in the toy model. In general,the observabledefinition in termsof momentais non trivial.
Sincethekinematicsof therealandvirtual diagramsaredifferent,sois thedefinitionof theobservable.
In thetoy model,thecontributionof thereal(virtual) diagramsto theobservable · is · &   * ( · & I * ), and
theconditionof eq.(7) mustbefulfilled in orderto obtainafinite crosssection.Physically, themeaning
of eq. (7) is clear; the smallerthe emittedphotonenergy, the closerthe valueof the observableto the
valueof theobservablecomputedwhenno emissionshave occurred.It is easyto prove thatanalogous
conditionsmusthold in QCD for avoiding divergences:theobservablevaluemustbeinsensitiveto soft
emissionsor collinearsplittings.Theseconditionsareknown asinfraredsafety.

With an infrared-safejet definition, hadron-partonduality is the understoodassumptionin the
extremelysuccessfulcomparisonsbetweenjet dataandNLO parton-level computations.On the other
hand,therearephysically interestingcasesassociatedwith final-statecollinear divergent QCD cross
sections(for example,

A 	
spectrain g7�g collisions). In thesecases,thedayis savedby applyingparton-

model techniquesto final-stateemissions,that is, by proving other factorizationtheorems.The cross
sectionis writtenanalogouslyto eq.(28)�?$'&�ýwÿÎ*J, ¼ �%Ø+� 0$ Ù &�ýÐÿ­X+Ø B ì � B { � * 0' â Ù åÿ &�Ø B ì � B ì �	 * B (36)

where
ýÐÿ

is now themomentumof thefinal-statehadron � ,
� 0$ Ù is thecrosssectionfor producinga

final-stateparton
©
, and

0' â Ù åÿ is analogousto
0y â ÿ å , which is relatedto theprobabilitydensityof finding

a hadron� within a parton
©
, ratherthanto theprobabilityof finding a partonin a hadron.This “final-

statepartondensity” is actuallya hadrondensityandis calleda fragmentation function. In eq.(36) all
the quantitiesarefinite, with thoseon the r.h.s. beingdefinedthroughequationssimilar to eqs.(29)
and(30). Noticethatthefinitenessof eq.(36) is not in contradictionwith whatwassaidbefore.In fact,
thefragmentationfunctionscannotbecomputedin perturbationtheory. However, similarly to theparton
densities,they canbe extractedfrom datain an universalmanner, i.e. independentlyof the collision
processconsidered.

It is worth mentioningthat the factorizationtheoremsandthe hadron-partonduality hold up to
termsproportionalto someinversepower of thehardscaleof theprocess,. X={)( . For this reason,these
termsareusuallyreferredto aspower-suppressedterms. In real experiments,the scale

{
may not be

large enoughfor themto besafelyneglectedin thecomparisonwith perturbative QCD predictions.In
the vastmajority of cases,they areestimatedwith the help of partonshower Monte Carlos,although
alternativeapproachesexist for � � � � and ��� collisions.

Thefactorizationtheoremsandthehadron-partondualityarearatherpowerful machinery, andal-
low thecomputationof QCD correctionsto theobservablethatonewantsto comparewith data.Nowa-
days,NLO predictionsexist for the vastmajority of observablesmeasuredby experimentsanda few
NNLO computationsareavailableaswell. Becauseof thedelicatesingularitycancellations,earlycom-
putationsweretypically performedfor a specificobservablein a given collision process.However, it
waslaterrealisedthatsuchcancellationsbasicallyrely onpropertiescommonto all matrixelementsand
are independentof the observablebeingstudied(apartfrom the requirementthat it be infraredsafe).
This formsthecoreof theso-calleduniversalformalismsfor dealingwith infraredsingularities.These
formalisms,at presentonly availableat theNLO, allow oneto write any crosssectionin termsof finite
quantities,obtainedwith a well-definedprescriptionfrom matrix-elementcomputations(in theexample
given before,thesefinite quantitiesare

�%$ â 	iå
,
è

, and
ñ

). Barring involved technicaldetails,the re-
sultingexpressionsareanalogousto eqs.(11) or (14). Preciselyasin the toy model,popularuniversal
formalismsrely eitheron theslicing or on thesubtractionmethod.They differ in theway in which the
slicing parametersareintroducedor in thewayin which thesubtractiontermsaredefined.

Theuniversalformalismscanbeeasilyimplementedin numericalprograms,which computeK�· L
for any observable · &   * . From eqs.(11) and (14), it shouldbe clear that theseprogramsaresimply
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integrators, andtheintegral is typically computedwith MonteCarlotechniques.Theword “integrator”
is usuallyunderstoodor forgottenand“Monte Carlo” is whatremains.We shall referto themasMonte
CarloIntegrators(MCI) in what follows.10 Theconfusionwith partonshowerMonteCarlos(PSMC)is
worsenedby thefact thatoneinsiststhateventsareproducedby MCI’s,notonly by PSMC’s. In orderto
clarify thatthewordeventis usedin MCI’sandPSMC’swith differentmeanings,considereq.(14). Let’s
pretendthatonly thelasttermis present(theremainingonescanbetreatedsimilarly) andto simplify the
notationset   Ó , . . Theprocedureto obtain K�· L Ç»Ô�Õ with MonteCarlotechniquescanbesummarisedas
follows:a Pickat randomI �   � . .a Compute*�+ § ,H© ® &   *�X   (theeventweight).a Compute*�,+Ú , D ©%¤ÖX   (thecounter-eventweight).a Call an output routine, that adds *-+ § to the bin to which · &   * belongsand *-, Ú to the bin to

which · & I * belongs.a Repeattheprecedingsteps
~

timesandnormalisewith . X9~ .

Picking   at randomis equivalentto generatingtheconfiguration
&�.=*

in fig. 1. Sincethis configuration
andits correspondingweight * + § areindependentof · &   * , onecallsit anevent.This is similar to what
happensin PSMC,whereeventsaregeneratedwith no referenceto an observable. Thereis more to
this similarity, sincethe outputroutineof the fourth stepcanbe calledfor many differentobservables
for a given event andeventuallypredictall of themwith a singleintegrationprocedure.On the other
hand,at variancewith PSMC’s,eacheventis accompaniedby acounter-event,whoseweightis *�,+Ú and
whosekinematicscorrespondsto

&�/?*
(or

& k * , which is equivalent)in fig. 1. Supposean   valuevery
closeto 0 is generated.Thequantities*�+ § and *�,+Ú will bevery largein absolutevalueandoppositein
sign. In fact, becauseof eq.(5), they arealmostidentical,up to thesign. Thus,if · &   * and · & I * fall
in thesamebin, thecontributionsof theeventandof thecounter-event tendto cancelandonly a small
leftover will contribute to thatbin. If, on the otherhand, · &   * and · & I * belongto differentbins, the
crosssectionin thesebinswill beextremelylarge in absolutevalue. Noticethat this canhappenalsoif· is infraredsafe,i.e. it fulfils theconditionof eq.(7), so it is sufficient to chosea very smallbin size.
Onetypically saysthatQCD doesnot haveinfinite-resolutionpower. Finally, let’s try to useour MCI
asanunweighted-eventgenerator. Accordingto thehit-and-misstechnique(seesect.2.), preliminarily
oneneedsto estimatethe maximumof theweight distribution. Since *-+ § is divergentfor   ! I , the
unweightingprocedureis simply undefined.This problemcanbecircumventedby introducinga small
cutoff (suchas

¥
of theslicing method),wherethe maximumweight will thenbe ë ©?¤ÖX+¥

. However,
thesmaller

¥
, thelessefficient theunweightingprocedure.In summary, anMCI is aneventgeneratoris

thesensethat: a) thewordeventsimplieseventsandcounter-events,asdefinedabove;b) only weighted
eventscanbegeneratedandtheweightsmayhave positiveor negative values,thelatterbeingtypically
associatedwith counter-events; c) the eventsconsistof a few final-statequarksand gluons(i.e., not
hadrons).

5. PARTON DISTRIBUTION FUNCTIONS 11

As pointedout in sect.4., thecalculationof any productioncrosssectionsreliesupona knowledgeof
thedistributionof themomentumfraction   of thepartons(quarksandgluons)in theincominghadrons
in therelevantkinematicrange.Thesepartondensitiesor partondistribution functions(PDF’s) cannot
becalculatedperturbatively but ratheraredeterminedby globalfits to datafrom deepinelasticscatter-
ing (DIS), Drell-Yan(DY), andjet productionat currentenergy ranges.Two majorgroups,CTEQand
MRST, provide semi-regularupdatesto thepartondistributionswhennew dataand/ortheoreticaldevel-
opmentsbecomeavailable. ThenewestPDF’s, in mostcases,provide themostaccuratedescriptionof

10Thesecodeshave beendenotedpreviously as“crosssectionintegrators”. We usethewordsMonteCarloherein orderto
stressthetechniqueinvolvedin thecomputation,but no differenceof principle is involved.

11Contributedby: J.Huston.
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theworld’s data,andshouldbe utilised in preferenceto olderPDFsets.Thenewestsetsfrom the two
groupsareCTEQ6.1[106] andMRST2002[82].

ProcessesInvolvedin Global AnalysisFits

Measurementsof DIS structurefunctions( 0 � B 0 � ) in lepton-hadronscatteringandof leptonpair
productioncrosssectionsin hadron-hadroncollisionsprovide themainsourceof informationon quark
distributions y â ( å1 &   B { � * insideprotons.12 At leadingorder, thegluondistribution function y â ( å2 &   B { � *
entersdirectly in hadron-hadronscatteringprocesseswith jet final states.Modernglobalpartondistri-
bution fits arecarriedout to next-to-leadingorderwhich allows ^ _ &¸{ � * , y â ( å1 &   B { � * and y â ( å2 &   B { � *
to all mix andcontributein thetheoreticalformulaefor all processes.13 Nevertheless,thebroadpicture
describedabovestill holdsto somedegreein globalPDFanalyses.

Thedatafrom DIS, DY andjet processesutilisedin PDFfits cover a wide rangein   and
{

, but
needto beextrapolatedto covertherangeaccessibleatLHC. HERA data(H1+ZEUS)arepredominantly
at low   , while thefixedtargetDIS andDY dataareathigher   . Thereis considerableoverlap,however,
with the degreeof overlap increasingwith time as the statisticsof the HERA experimentsincreases.
Partondistributionsdeterminedat a given   and

{ �
’feed-down’ to lower   valuesat higher

{ �
values.

DGLAP-basedNLO pQCD shouldprovide an accuratedescriptionof the data(and of the evolution
of the partondistributions) over the entirekinematicrangecurrently accessible.At very low   and{

, DGLAP evolution is believed to be no longerapplicableanda BFKL descriptionmustbe used.14

No clear evidenceof BFKL physicsis seenin the currentrangeof data; thusall global analysesuse
conventionalDGLAP evolutionof PDF’s.

Thereis a remarkableconsistency betweenthedatain thePDFfits andtheNLO QCDtheoryfit to
them.Ontheorderof 2000datapointsor moreareusedin modernglobalPDFanalysesandthe 3 � /DOF
for thefit of theoryto datais on theorderof 1.

Theaccuracy of theextrapolationto higher
{ �

dependson theaccuracy of theoriginal measure-
ment,any uncertaintyon ^ _ &�{ � * andthe accuracy of theevolution code. Currentprogramsin useby
CTEQandMRSTshouldbeableto carryout theevolution usingNLO DGLAP to anaccuracy of a few
percentoverthehadroncolliderkinematicrange,exceptperhapsatvery large   andverysmall   . Evolu-
tion programsarealsocurrentlyavailablewhichuseapproximateexpressionsfor NNLO Altarelli-Parisi
kernels.

ParameterizationsandSchemes

A global PDF analysiscarriedout at next-to-leadingorderneedsto be performedin a specific
renormalizationandfactorizationscheme.Theevolutionkernelsarein aspecificscheme,andto maintain
consistency any hardscatteringcrosssectioncalculationsusedfor the input processesor utilising the
resultingPDF’s needto have beenimplementedin thatsamescheme(seesect.4.). Almost universally,
the $4% schemeis used,but PDF’s arealsoavailablein the DIS scheme,a fixed flavour scheme,and
severalschemesthatdiffer in their specifictreatmentof thecharmquarkmass.

Someglobalanalyseshave alsobeencarriedout atNNLO [4,83]. However, theNNLO evolution
kernelsarestill known only approximatelyandonly the DIS crosssectionsareknown to NNLO. The
othercrosssectionsarestill treatedatNLO.

It is alsopossibleto useonly leading-ordermatrix elementcalculationsin the global fits which
resultsin leading-orderpartondistribution functions.SuchPDF’s arethestandardchoicewhenleading

12Thefunction  �5 687 coincideswith ! �5 687 of sect.4..
13This meansthat thedefinitionof 9;:=<?> �#@ usedin a crosssectionintegratoror eventgeneratorneedsto beconsistentwith

thespecificPDFbeingemployed.
14Seee.g.Ref.[37] for a discussionof DGLAP andBFKL.
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order matrix elementcalculations(suchas Monte Carlo programslike Herwig and Pythia) areused.
The differencesbetweenLO andNLO PDF’s, though,are formally NLO. Thus, the additionalerror
introducedby using a NLO PDF with Herwig, rather than a LO PDF, shouldnot be significant, in
principle,andNLO PDF’scanbeusedwhennoLO alternativesareavailable(seesect.4. for adiscussion
on this point). The differencesbetweenNLO andLO partondistributions arenot that large for many
PDF’s in many regionsof   andtendto shrinkathigher

{ �
.

All globalanalysesuseagenericform for theparameterizationof boththequarkandgluondistri-
butionsatsomereferencevalue

{BA
:0 &   B {BA�*7,DC�A  �E � & . D   * E � 
 &  �F C � B ¶ ¶³¶Ì*1¶ (37)

Thereferencevalue
{ A

is usuallychosenin therangeof 1-2 GeV. Theparameter
C � is associatedwith

small-  Reggebehaviour, while
C � is associatedwith large-  valencecountingrules.In general,thefirst

two factorsarenot sufficient to describeeitherquarkor gluondistributions. The term

 &  GF C � B ¶³¶³¶Ì* is a

suitablychosensmoothfunction,dependingon oneor moreparameters,thataddsmoreflexibility to the
PDFparameterization.In general,boththenumberof freeparametersandthefunctionalform canhave
aninfluenceon theglobalfit.

The PDF’s madeavailableto the world from the global analysisgroupscaneitherbe in a form
wherethe   and

{ �
dependenceis parameterisedor the PDF’s for a given   and

{ �
rangecan be

interpolatedfrom eithera grid which is providedor canbe generatedgiventhestartingparametersfor
the PDF’s (seethe discussionon LHAPDF given below). All of thesetechniquesshouldprovide an
accuracy on theoutputPDFdistributionsof theorderof a few percent.

Thepartondistributionsfrom therecentCTEQPDFreleaseareplottedin Figure4 at a
{

value
of . I+I GeV. The gluon distribution is dominantat   valuesof lessthan .02 with the valencequark
distributionsdominantathigher   .

Uncertaintieson PDF’s

In additionto having the bestestimatesfor the valuesof the PDF’s in a given kinematicrange,
it is alsoimportantto understandthe allowed rangeof variationof the PDF’s, i.e. their uncertainties.
A conventionalmethodof estimatingpartondistribution uncertaintieshasbeento comparedifferent
publishedpartondistributions. This is unreliablesincemostpublishedsetsof partondistributions(for
examplefrom CTEQandMRST)adoptsimilar assumptionsandthedifferencesbetweenthesetsdo not
fully exploretheuncertaintiesthatactuallyexist.

Thesumof thequarkdistributions õIH)J y â ( å1 &   B {¦*Æ| y â ( å1 &   B {¦*8K ÷ is, in general,well-determined

over a wide rangeof   and
{ �

. As statedabove, thequarkdistributionsarepredominantlydetermined
by theDIS andDY datasetswhich have largestatistics,andsystematicerrorsin thefew percentrange
(
W ��L

for . I � � E   E I ¶NM+� ). Thusthe sumof the quarkdistributionsis basicallyknown to a similar
accuracy. Theindividualquarkflavours,though,mayhave a greateruncertaintythanthesum.This can
beimportant,for example,in predictingdistributionsthatdependon specificquarkflavours,like the l
rapidity distributionandits asymmetry.

Thelargestuncertaintyof any partondistribution,however, is thaton thegluondistribution. The
gluondistributioncanbedeterminedindirectlyat low   by measuringthescalingviolationsin thequark
distributions, but a directmeasurementis necessaryat moderateto high   . Thebestdirect information
on thegluondistributionatmoderateto high   comesfrom jet productionat theTevatron.

Therehasbeenagreatdealof recentactivity on thesubjectof PDFuncertainties.Two techniques
in particular, theLagrangeMultiplier andHessiantechniques,have beenusedby CTEQandMRST to
estimatePDFuncertainties[82,89]. The LagrangeMultiplier techniqueis usefulfor probingthePDF
uncertaintyof agivenprocess,suchasthe l crosssection,while theHessiantechniqueprovidesamore
generalframework for estimatingthePDFuncertaintyfor any crosssection.
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Fig. 4: Several PDF’s from the CTEQ6.1 set plotted at a > � value of 100 VXWZY � .
In theHessianmethodalargematrix (20x20for CTEQ,15x15for MRST),with dimensionsequal

to thenumberof freeparametersin thefit, hasto bediagonalised.Theresultis 20(15)orthogonaleigen-
vectordirectionsfor CTEQ(MRST) which provide thebasisfor thedeterminationof thePDFerror for
any crosssection.Thelargereigenvaluescorrespondto directionswhicharewell-determined.EachPDF
errorresultsfrom anexcursionalongthe“+” and“-” directionsfor eacheigenvector. Theexcursionsare
symmetricfor thelargereigenvalues,but maybeasymmetricfor themorepoorlydetermineddirections.
Thereare40 PDF’s for the CTEQ error setand30 for the MRST error set–onefor eacheigenvector
direction. For a givenevent, it is necessaryto recalculatetheevent weight for eachof theerrorsetsin
orderto evaluatethePDFuncertainty.15

Perhapsthe mostcontroversialaspectof PDF uncertaintiesis the determinationof the [\3 � ex-
cursionfrom the centralfit that is representative of a reasonableerror. CTEQ choosesa []3 � valueof
100 (correspondingto a 90% CL limit) while MRST usesa valueof 40. Thus, in general,the PDF
uncertaintiesfor any crosssectionwill be larger for the CTEQ set thanfor the MRST set. Exceptat
high   (

\ I ¶Ì� ), the uncertaintieson the � -quarkand
�
-quarkdistributionsarelessthan5%, while the

uncertaintyon thegluondistribution is lessthan10%for   valuessmallerthan0.2.

LHAPDF

LibrariessuchasPDFLIB [87] have beenestablishedthatmaintaina largecollectionof available
PDF’s. However, PDFLIB is no longersupportedmakingit moredifficult for easyaccessto themost
up-to-datePDF’s. In addition,the determinationof thePDF uncertaintyof any crosssectiontypically

15This canbea complicatedtask,asmosteventgeneratorsarenot yet setupto recalculateweightsfor a giveneventwith a
differentPDF set. It is normally not adequateto simply regeneratea new sampleof events,asthe new eventswill normally
have differentkinematics.
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involvestheuseof a largenumberof PDF’s(on theorderof 30-100)andthemannerin which thePDF’s
arestoredin PDFLIB (gridsin   and

{
) makestorageof suchensemblesveryunwieldy.

At Les Houchesin 2001, representatives from a numberof PDF groupswere presentand an
interfacewasdefined(LesHouchesaccord2, or LHAPDF [49]) thatallows thecompactstorageof the
informationneededtodefineaPDF. EachPDFis determinedbyonly afew linesof information(basically
thestartingvaluesof theparametersat

{Ü,}{ A
) andtheinterfacecarriesout theevolution to any   and{

value,at eitherLO or NLO asappropriatefor eachPDF.

Theinterfaceis aseasyto useasPDFLIB andconsistsessentiallyof 3 subroutinecalls:a call InitPDFset(name): calledonceat the beginning of the code; nameis the file nameof the
externalPDFfile thatdefinesthePDFset(for example,CTEQ,GKK [48] or MRST).a call InitPDF(mem): memspecifiestheindividualmemberof thePDFset.a call evolvePDF(x,Q,f): returnsthe PDF momentumdistributions for flavour f at a momentum
fractionx andscaleQ.

The interfacecanbe downloadedat durpdg.dur.ac.uk/lhapdf/downloads. It is cur-
rently includedin thematrix elementprogramMCFM (seemcfm.fnal.gov) andwill beincludedin
futureversionsof thecrosssectionintegratorsandeventgeneratorprograms.Recentmodificationsmake
it possibleto includeall errorPDF’s in memoryat thesametime. Sucha possibility reducestheamount
of timeneededfor PDFerrorcalculationson any observable.

Resourcesavailable

The PDF’s andrelevant informationcanbe obtainedfrom the CTEQ andMRST groupsat web
addressesgivenin thereferences.LHAPDF canbedownloadedfrom
http://durpdg.dur.ac.uk/lhapdf. Thereis alsoa sitewherePDF’s (andtheir uncertainties)
canbedisplayedon-line:http://durpdg.dur.ac.uk/hepdata/pdf3.html.

6. HIGHER ORDER CORRECTIONS –SHOWERING AND HADRONIZATION EVENT GEN-
ERATORS 16

Programswhich employthe partonshower approach,suchasPYTHIA, HERWIG, andISAJET, have
enjoyedwidespreadusebyexperimentalists.Theseprograms,referredtoasshoweringandhadronization
generators(SHG’s), aregeneralpurposetoolsableto simulatea wide varietyof initial andfinal states.
They begin with a leadingorderhardsubprocesssuchastheone( � ��e! � �� ) describedin sect.2.. Higher
ordereffectsareaddedby “evolving” theeventusingthepartonshower, whichallowspartonstosplit into
pairsof otherpartons(thissplittingis usuallydenotedasbranching in thiscontext). Theresultantpartons
arethengroupedtogetheror hadronizedinto colour-singlethadronsandresonancesaredecayed.Finally,
theunderlyingstructureof theeventis generated:beamremnants,interactionsfrom otherpartonsin the
hadrons,andcollisionsbetweenotherhadronsin thecolliding beams(calledpile-up).

Thegeneralstructureof the final stateof anevent from an SHGis shown in Figure5. The time
evolution of the event goesfrom bottomto top. Two protons(eachindicatedby threesolid lines to
denotetheirvalencequarkcontent)collideandapartonis resolvedatscale

{
andmomentumfraction  

in eachone.Thephenomenologyof thepartonresolutionis encodedin thepartondistribution functiony &   B { � * . In thisexample,avalencequarkis resolvedin theprotonshownontheleft, while ananti-quark
is resolvedfrom theprotonontheright’sseaquarkdistribution.Thequarkandanti-quarkannihilateinto
an 2 -channelresonancedenotedby a wavy line. Theresonancethendecaysinto a fermionanti-fermion
pair. Thispartof theeventiscalledthehardsubprocess. If theresonanceis a � 	 andtheinitial- andfinal-
statefermionanti-fermionpairsare � �� and

� �� respectively, thephysicsdescribedin thehardsubprocess
16Contributedby: M. Dobbs.
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Fig. 5: Thebasicstructureof a showeringandhadronizationgeneratoreventis shown schematically[35].

is exactly thatwhich is containedin thebasiceventgeneratorof sect.2.. As briefly outlinedthere,the
SHGincorporateshigherorderQCDeffectsby allowing the(anti)quarksto branchinto h5a`I7 [ pairs,while
thegluonsmaybranchinto h �h or [%[ pairs.Theresultantpartonsmayalsobranch,resultingin a shower
or cascadeof partons.17 This part of the event is labelledparton showerin the figure. Showering of
the initial statepartonsis alsoincludedin theSHG’s, but is not shown in thefigure for simplicity. The
eventnow consistsof a numberof elementaryparticles,includingquarks,antiquarks,andgluonswhich
arenot allowedto exist in isolation,asdictatedby colour confinement.Next, the programgroupsthe
colouredpartonsinto colour-singletcompositehadronsusinga phenomenologicalmodelreferredto as
hadronization.The hadronizationscaleis in the non-perturbative regime andthe programsusefairly
crudephenomenologicalmodels,which containseveral non-physicalparametersthat are tunedusing
experimentaldata.Nevertheless,sincethehadronizationscaleis muchsmallerthanthehardscale(s),the
impactof thehadronizationmodelchoiceonthefinal resultis typically smallfor mostphysicalprocesses.
After hadronization,many short-livedresonanceswill bepresentandaredecayedby theprogram.

The SHG’s alsoadd in featuresof the underlyingevent. The beamremnantsare the coloured
remainsof the protonwhich areleft behindwhenthepartonwhich participatesin the hardsubprocess
is ‘pulled out’. The motion of the partonsinsidethe protonresultsin a small ( b . GeV) primordial
transversemomentum, againstwhichthebeamremnantsrecoil. Thebeamremnantsarecolourconnected
to the hardsubprocessandso shouldbe includedin the samehadronizationsystem.Multiple parton-
parton interactions,whereinmore than one pair of partonsfrom the beamprotonsinteract,are also
accountedfor. In a final step,pile-upfrom otherproton-protoncollisionsin thesamebunchcrossingare
addedto theevent.

SHG’s produceeventswith thefrequency predictedby theory, sothey areeventgeneratorsin the
truesense(asopposedto crosssectionintegrators).Oneimportantrelatedpoint aboutthegenerationof
an event with the SHG’s is that, with a few minor exceptions,the hardsubprocessis the only process
dependentpart.Everythingelseis (almost)completelygenericandimplementinganew physicsprocess
usually only involvesimplementingthe computercodefor a new hardsubprocess.18 The SHG’s are
normally implementedsuchthat thegenerationof everythingexceptthehardsubprocesshappenswith
unit probability—i.e.only thehardsubprocesshasa weightassociatedwith it. This means(with certain
exceptionswhich areunimportanthere)that after selectinga hardsubprocessevent usingthe hit-and-
miss method(seesect.2.), all the other aspectsof the generationareaddedonto the acceptedevent

17Thoughthe discussionof partonshowerspresentedhereis restrictedto QCD showers,an identicalprescriptioncanbe
appliedto electromagneticshowersandis usedin SHG’s to incorporatehigherorderQEDcorrections.

18New physicalprocessescanalsoaffectotherpartsof theevent,but sinceweareusuallyinterestedin new physicsoperating
at largescales,it will have a noticeableimpactonthehardsubprocessonly.
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withouteverrejectingtheevent. This is importantfor themodularisationof eventgenerators.Thuswhen
aneventgeneratorsimulatesthehardsubprocessa largenumberof candidateeventsareattempted,but
only a fractionof thosecandidatesareaccepted.However, for eachhardsubprocesseventthat is chosen
andsubjectedto thesubsequentstepsof thegenerationprocess,onefully simulatedeventwill comeout.

Anotherimportantaspectof SHG’s is thatthey provide anexclusivedescriptionof theevents.As
an example,considerthe productionof a � 	 bosonasthehardsubprocess.As alreadystressed,at the
leadingorder(i.e.,prior to theshower) thetransversemomentumof the � 	 will alwaysbezero,because
thereisnothingfor the � 	 to recoilagainst.TheSHG’sproducetransversemomentumfor the � 	 through
thepartonshower, sincethefinal-stateparticlesemerging from thehardsubprocessmustrecoil against
thoseproducedby the shower, in order to conserve momentum.This predictionof the � 	 transverse
momentumis termedexclusivebecauseof thedetailedlisting (theeventrecord)of theparticlesrecoiling
againstthe � 	 is provided. In contrast,acrosssectionintegratorresultsin aninclusivepredictionbecause
it generallyoutputsonly the � 	 variablesandno informationaboutwhat the � 	 is recoilingagainstis
provided. Exclusive calculations—suchas thoseprovided by SHG’s—areideal for the simulationof
experiments,becausethefull eventis necessaryfor detaileddetectorsimulation.

Themostimportantcharacteristicfor SHG’s is themannerin which they treathigherorderQCD
correctionswith thepartonshower. As such,thisprocessis describedin moredetailbelow. Wenotethat
althoughsome“predictions”of theSHG (hadronization,underlyingevent,etc.) have beenusedin the
pastin conjunctionwith NLO crosssectionintegrators,theseprocedureshavealwaysbeenheuristicand
far from beingrigorous.(For example,thereis no solid theoreticalargumentthatjustifiestheprocedure
of correctingthe NLO parton-level predictionsfor jets to the hadronlevel, which is usuallyperformed
by multiplying the former by the ratio of hadron-level to parton-level crosssectionsin SHG’s). In
particular, theuseof thepartonshower with NLO matrix elementshas,until recently, been“off-limits”
dueto problemswith doublecounting(essentiallythecorrectionswill beappliedtwice). In sect.8. we
discussa new classof programswhich incorporateNLO matrix elementsinto SHG’s in a consistent
manner.

TheParton Shower19

Thepartonshowerstepin MonteCarloeventgenerationservestwo mainpurposes:a To provide estimatesof higher-ordercorrectionsthatareenhancedby largekinematiclogarithms.
Theseoccurin thephasespaceregionsof collinearpartonbranchingand/orsoftgluonemission;a To generatehigh-multiplicity partonicstateswhich can readily be converted into the observed
hadronsby a soft hadronizationmechanism,i.e. onethat involvesonly modesttransfersof mo-
mentumor quantumnumbersbetweenneighbouringregionsof phasespace.

Schematically, the partonshower is a Markov process20 in which successive valuesof an evolution
variable j , amomentumfraction

Ø
andanazimuthalangle

>
aregenerated,togetherwith theflavoursof

thepartonsemittedduringshowering.Theevolutionvariablej startsatsomehighvaluec , characteristic
of thehardprocess,andthenext valueis selectedby solvingtheequation[ � & c B j 	 *J,Ïè [ � & j B j 	 * (38)

where [ � is the Sudakovform factor for partonsof the relevant flavour
�
, j 	 is an infraredcutoff andèed J IPB . K is a randomnumber. TheSudakov form factoris

[ � & c B j 	 *J,gfih�jlkm D �on ¼lp� � � jj ¼ �	 �%Ørq n � &�Ø B j B j 	 *tsu (39)

19Contributedby: B.R. Webber– for furtherdetailsandoriginal referencessee[37].
20Basically, a Markov processis a randomprocesswhosefutureprobabilitiesaredeterminedby its mostrecentvalues.In

otherwords,if v ��wyxzxzxIw v|{ , we have }�<�~�<?v?{ @ w ~={�� ~�<?v|{ ` � @t� xzxzx � ~�<?v � @�@;� }�<�~�<?v|{ @ w ~�{�� ~�<?v?{ ` � @�@ .
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where
q n �

is the probability distribution for the partonbranching
� ! � . Naively, this is given by^ _ 
 n � &�Ø+*�X /+A where


 n �
is thecorrespondingDGLAP splitting function.However, in practicetheparton

branchingprobabilitiesaremodifiedin variousways,thedetailsof whichdependontheprecisedefinition
of theevolutionvariableandthewayin which theshower is implemented:

1. Thesplitting functionshave infraredsingularitiesat
Ø¨, I and/or1, whichhave to beregularised.

Normally this is doneby cutting out the singularpart of the region of integration,in a way that
dependson the evolution variable j andthe cutoff j 	 . For example,for the splitting [f!�[%[ in
HERWIG wehave � j 	 X j E Ø EÒ. D�� j 	 X j (seebelow).

2. Quarkmasseffectsmaybe takeninto accountin the splittings h ! h [ and [f! h �h , leadingto
splitting functionsthatdependon quarkmassesandtheevolution variableaswell as

Ø
.

3. The argumentof ^J_ will dependon the evolution scale j andon the momentumfraction
Ø
, if

importanthigher-ordercorrectionsareabsorbedinto the running of the coupling. The optimal
argument,at leastin thecaseof light partons,is therelativetransversemomentumgeneratedin the
splitting.

4. Other higher-ordercorrectionsmay be includedin the splitting functions. In this case . ! �
partonsplittingscanalsooccur;we ignorethispossibilityin thefollowing discussion.

With all thesecomplications,it is impossibleto evaluatethe integrals in eq. (39) in closedform and
eq.(38) cannotbesolvedanalytically. Onecan,of course,donumericalintegrationsandconstructlook-
up tablesof theSudakov form factors,asis donein HERWIG. A neatermethod,adoptedin PYTHIA and
Herwig++, is to makeuseof therejectionmethod. This involvesfindinganupperbound

q zn � \�q n � for
which theintegralscanbedoneandtheequationsolvedfor thenext value, j z , of theevolution variable.
SincetheSudakov form factorwith

q zn � in placeof
q n �

is asteeperfunctionof j , theselectedvalue j
z will
tendto betoo high. By acceptingthis valuewith probability

q n � X=q zn � , andrestartingtheevolution withj
z in theplaceof c if it is rejected,onecangeneratethecorrectdistributionquiteefficiently withoutany
pre-tabulation.

If several typesof branchingareavailable for partonsof flavour
�
, for example [}! h n �h n and[ú! [%[ , the next valueof the evolution variablecan be selectedconveniently by treatingeachtype

separatelyandselectingtheonethat choosesthe largestvalue. This allows the rejectionmethodto be
optimisedseparatelyfor eachtypeof branching.

If the selectedvalueof j is lessthanthe cutoff value j 	 , i.e. if the randomnumberin eq.(38) isè E [ � & c B j 	 * , thentheevolution of parton
�

hasfinished.It canemitno more(resolvable)partonsand
is readyto enterthe hadronizationstageof the generator. Dependingon the hadronizationmodel,the
partonmaybeseton mass-shellor givena virtuality of order j 	 .

Otherwise,thenext valueof theevolutionvariablej andthetypeof branching
� !í� having been

selected,themomentumfraction
Ø

of thebranchingis chosenby solvingtheequation

¼��	 �?Ø z q n � &�Ø z B j B j 	 *J,}è z ¼ �	 �?Ø z q n � &�Ø z B j B j 	 * (40)

where
è z d J IPB . K is anotherrandomnumber. Hereagaina rejectionmethodcanbe applied,usingthe

upperbound
q zn � on thebranchingprobabilitydistribution.

Knowledgeof j and
Ø

ateachbranchingallows(almost)completereconstructionof thekinematics
of thepartonshower. Thedetailsdependon theprecisemeaningof theshower variables.In PYTHIA,j is thevirtuality of theparentpartonand

Ø
is a light-conemomentumfraction. Therelative transverse

momentumof thebranching(neglectingthevirtuality of thedaughters)is thengivenby h �� ,ÒØ<& . D ØG* j .
Ontheotherhand,in HERWIG j represents� � & . D 698+:<;=* where� is theenergy of theparentpartonand;

is theopeningangle,while
Ø

is anenergy fraction,sothat h �� , / Ø � & . D Ø+* � j . In eithercase,weseethat
theSudakov form factor (39) incorporatesthe resummationof leadingcollinear( h �� ! I ) singularities
to all orders.
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The remainingquantity to be fixed at eachbranchingis the azimuthalangle
>
, which fixesthe

directionof the relative transversemomentumh � . This canbechosenwith varyingdegreesof sophisti-
cation.Thesimplestapproachis to assumeauniform distribution.More accurately, onecanbuild in the
correctazimuthalcorrelationsbetweensuccessive branchingsin thecollinearapproximation.However,
theeffectof theseis small,sincetheonly branchingwith astrongazimuthalcorrelationis theraregluon
splitting, [Ä! h �h .

Oncea branchinghasoccurred,say
� !p�P� at scale j � , the evolution of the daughterpartons�

and � hasto begenerated.At thesimplestlevel, their evolution startsat scalej � andthenext valuesj n
and j ` areobtainedfrom eq.(38) usingtheappropriateSudakov form factors [ n and [ ` , respectively,
with c replacedby j � . However, this implies that j n and j ` canboth be arbitrarily closeto j � , which
is impossible. In PYTHIA, the virtualities of the daughtersareconstrainedby the kinematicrelation� j n | � j ` E � j � . In HERWIG the constraintis even stronger, dueto angular ordering. Recall that
in HERWIG j � , � �� & . D 698G:<; � *

, where
; �

is the openinganglein the branching
� ! � � . Angular

orderingmeansthat the openingangle
; n

of any subsequentbranchingof parton � is lessthan
; �

and,
therefore, j n , � �n & . D 698+:<; n * E Ø � j � , where

Ø�, � n X � � . Hencethe evolution of parton � starts
at
Ø � j � ratherthan j � . Correspondingly, the evolution of parton � startsat

& . D Ø+* � j � . Note that the
conditionfor furtherevolution to bepossibleis that

Ø � j � B & . D Ø+* � j � \ j 	 , which leadsto thecondition� j 	 X j � E Ø E�. D�� j 	 X j � mentionedabove. In PYTHIA the angularorderingconstraintis applied
subsequentlyusingtherejectionmethod,soits relationto theshowervariablesis not sodirect.

Angularorderingrepresentsanattemptto simulatemoreaccuratelythosehigher-ordercontribu-
tions that areenhanceddueto soft gluon emission(andassociatedvirtual corrections).A soft gluon
emittedby oneof thedaughterpartonsin thebranchingh ! h [ , for example,canonly resolve theindi-
vidualoutgoingquarkandgluoncolourchargesif its angleof emissionis lessthantheopeningangleof
thebranching.Otherwise,it is emittedby thecoherentsumof theircolourcharges,whichis equalto that
of theparentquark.Thereforewe shouldgenerateany emissionat largeranglesfrom theparent,not the
daughters;this correspondsto angularordering.It leadsto a suppressionof soft gluonemission,which
is clearlyreflectedin thelow-momentumcomponentof hadronjets.

Strictly speaking,whetherthe daughtercolour chargescanbe resolveddependson both the az-
imuthalandthepolarangleof emissionof thesoft gluon. Orderingof thepolaranglesis a valid repre-
sentationof soft gluoncoherenceonly afteraveragingover azimuthalangles.Thereforeit givesresults
equivalentto resummationof enhancedsoftcontributionsfor observablesthatareinsensitivetoazimuthal
distributions, suchasthemultiplicity distributionandsingle-particleinclusivespectra,but is lessprecise
for quantitiessuchastheout-of-planeenergy flow.

Thefinal outcomeof successive branchingsis a partonshower in which eachinitial partonfrom
thehardprocessis replacedby ajet of partonsmoving in roughlythesamedirection,togetherwith some
relatively soft wide-anglepartonsbetweenthe jets. The typical scaleof relative transversemomentaat
theendof theshower is setby the cutoff j 	 andnot by thescaleof thehardprocess.Furthermorethe
shower exhibits preconfinement: the distribution of colour andflavour is organisedin sucha way that
non-exotic colour-singletobjectscanform througha soft mechanisminvolving momentumtransfersof
order j 	 . Thereforetheshower is ideally suitedto serve astheinput to ahadronizationmodel.

Theapproximatetreatmentof soft gluoncoherenceby angularorderingalsohasimplicationsfor
theinitial conditionsof thepartonshowers.Themaximumangleof emissionfrom a parton

�
emerging

from thehardprocessissetby theangle
; � n

betweenthedirectionsof thatpartonandits colour-connected
partner� , assumingthat the two togetherform a coloursinglet. Thus,the initial valueof theevolution
variablec is in generaldifferentfor thevariouspartonsinvolvedin thehardprocessanddependsonthe
colourstructure.In HERWIG, for example,if

�
and � arecolourpartnerswe have c � , � �� & . D 698+:<; � n *

and c n , � �n & . D 698+:<; � n * . Thesequantitiesarenot separatelyLorentzinvariant,so the showeringof
individualpartonsis frame-dependent.However, theproduct c � c n , & g � Þ�g n * � (for masslesspartons)is
invariant,andthecombinedshowerfrom thetwo partonsis approximatelyframeindependent.
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Most of theabove discussionappliesequallywell to partonshowersassociatedwith incomingor
outgoinglegs of the hardprocess.Initial-stateshowers involve someadditionalcomplicationsdueto
the origin of the incomingpartonsin the colliding beamhadrons.Evolving downwardsfrom the hard
processscaletowardsthecutoff correspondsin thiscaseto backwardevolution in energy. We thenhave
to ensurethat the energy distribution of the incomingpartonsat the cutoff scaleis consistentwith the
measuredpartondistribution functions(PDF’s) of theincominghadrons.This is achievedby weighting
theSudakov form factorswith thePDF’sat thecorrespondingscale.Thedifferentkinematicsalsomean
that the effectsof soft gluon coherencearenot so evident in initial-stateshowers; in fact thereis an
enhancementat smallmomentumfractionsratherthana suppression.

6.1 GeneralPurposeShoweringand Hadronization Event Generators

HERWIG

(Contributedby: P. Richardson)
Authors:G.Corcella,I.G. Knowles,G.Marchesini,S.Moretti,K. Odagiri,P. Richardson,M.H. Seymour,
B.R. Webber
Ref: [30]
Webpage:http://hepwww.rl.ac.uk/theory/seymour/herwig/
CurrentVersion:6.5

HERWIG is a generalpurposeMonte Carlo event generatorfor the simulationof lepton-lepton,
lepton-hadronandhadron-hadroncollisions.Theprogramincludesa largerangeof hardscatteringpro-
cessestogetherwith initial- andfinal-stateradiationusingtheangular-orderedpartonshower, hadroniza-
tion andhadrondecays,andunderlyingeventsimulation.

Thecurrentversionof theprogram,6.5[30,31], is availablefrom theHERWIG webpagetogether
with the manual,releasenotesand other information. The programincludesa Les Houchesaccord
interfaceto allow the userto addnew processesandan interfaceto PDFLIB [87] to allow the useof
externalpartondensityfunctions. We alsohave an interfaceto ISAJET [10] for SUSY spectrumand
decayratescalculations.

Subprocesses

HERWIG containsa largelibrary of hard
/ !)b scatteringprocessesfor boththeStandardModel

andits supersymmetricextension.HERWIG is particularlysophisticatedin its treatmentof the subse-
quentdecayof unstableresonances,including full spin correlationsfor most processesusing the ap-
proachdescribedin [90]. This methodallows us to includesimultaneouslythe correctdecaymatrix
elementin thedecayof theseparticles,thecorrectcorrelationsbothbetweentheproductionanddecay
of theparticlesandbetweenall thedecaysin anevent.Thereis alsoaninterfaceto TAUOLA [60] which
allows this informationto bepassedto TAUOLA to includethecorrectpolarizationin thedecayof the
taus.

Thefollowing typesof processareincluded:

QCD
/ ! /

scatteringprocessesincludingheavy flavourproduction,

Electroweak
r X r s X � 	 X l�� X � 	 productioneithersinglyor in pairsandoftenwith additionalhardjets,

SUSY A largerangeof MSSM productionprocessesin lepton-leptonandhadron-hadroncollisionsin-
cluding Higgs productionand the option of R-parity violating decaysandhardproductionpro-
cesses,

Exotics New gaugebosonsandresonantgraviton production.

It is unlikely thatany additionalprocesseswill beaddedto theFortranprogramat thispoint. Any
additionalprocessescannow beaddedby theuserusingtheLesHouchesAccord.

30

http://hepwww.rl.ac.uk/theory/seymour/herwig/


Parton Shower

Following thehardscatteringprocessadditionalQCD radiationis generatedin HERWIG usinga
coherentbranchingalgorithmfor boththeinitial- andfinal-stateparticles.In thisalgorithmthefull phase
spacefor emissionis restrictedto an angular-orderedregion in orderto treatboth the leadingsoft and
collinearsingularities.Thesimulationalsoincludesazimuthalcorrelationsdueto spineffects[67,68] in
thepartonshowerandthedead-coneeffect for radiationfrom massivequarks.

In additionto thepartonshower simulation,matrix elementcorrections[94,95] areincludedfor� � � � collisions[92], deepinelasticscatteringprocesses[93], top quarkdecay[28] andDrell-Yanpro-
duction[29]. Thiscorrectionconsistsof twoparts:thefirst fills thedead-zone21 accordingto theleading-
ordermatrix element;while thesecondcorrectstheemissionof any radiationinsidetheregion already
filled by HERWIG which is capableof beingthehardestemissionaccordingto theleading-ordermatrix
element.

Underlying Event

TheunderlyingeventmodelinsideHERWIG is basedontheminimum-biaspp eventgeneratorof
theUA5 Collaboration[5], modifiedto makeuseof theclusterfragmentationalgorithm. In additionto
thismodelthereis anexternalpackage,JIMMY [22,23], which usesamultiple scatteringmodelfor the
underlyingevent.Hopefully thismodelwill beincorporatedinto theprogramin thenearfuture.

Hadronization and Hadron Decays

HERWIG usesthe clusterhadronizationmodel which is basedon the colour pre-confinement
propertyof theangular-orderedpartonshower. After thepartonshowerphase,any gluonsaresplit non-
pertubatively into h �h pairs.In the

~B� !�� limit, all thequarksandantiquarkscanbeuniquelyformed
into coloursingletclusters;duetocolourpre-confinement,themassspectrumof theseclustersis strongly
peakedat low massandfalls off rapidly. Thehigh massclustersarefirst split into lower massclusters
usingastring-likemechanism.Thisis followedby thedecayof thelow massclusters,accordingto phase
space,into theobservedhadrons.

The unstableprimary hadronsare thendecayed.In mostcasesthesedecaysareperformedac-
cordingto phasespacewith matrix elementsin only a few specialcases.Interfacesareprovidedto use
externalpackagesfor thedecayof B hadrons.

Herwig++

(Contributedby: B.R.Webber)
Authors:S.Gieseke,A. Ribon,P. Richardson,M.H. Seymour, P. Stephens,B.R. Webber
Ref: [50]
Webpage:http://www.hep.phy.cam.ac.uk/theory/Herwig++/
CurrentVersion:1.0

Herwig++ is a completelynew event generator, written in C++. It is built on the experience
collectedwith the well-known Fortranevent generatorHERWIG, but is not simply a translation.The
aim is to provide a multipurposeeventgeneratorwith similar or improvedcapabilities,suchasangular-
orderedpartonevolution andtheclusterhadronizationmodel,but with greaterflexibility , generalityand
easeof maintenance.From now on the developmentof FortranHERWIG will cease(apartfrom bug
fixes)andHerwig++will graduallytakeover.

The main stagesof the simulationare the sameasin HERWIG. However, in comparisonto its
predecessor, Herwig++featuresanew partonshowerandanimprovedclusterhadronizationmodel.The
partonshower evolution is carriedout usingnew evolution variablessuitedto describingradiationfrom

21This is theregion of phasespacewhich is not filled by theHERWIG partonshower.
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heavy quarksaswell aslight partons[51]. Theclusterhadronizationmodelavoidssomeshortcomings
of themodelusedin HERWIG andgivesyieldsof baryonsandstrangeparticlesin betteragreementwith
LEPdata.

A detailedmanualfor Herwig++ is in preparation[52]. Theprogramis basedon theToolkit for
High Energy PhysicsEvent Generation(ThePEG)22 and the ClassLibrary for High Energy Physics
(CLHEP) [75]. They areutilized in orderto takeadvantageof the extendedgeneralfunctionality they
canprovide. Theuseof ThePEGunifiesthe eventgenerationframework with thatof Pythia723. This
will provide benefitsfor the user, as the userinterface,event storageetc. will appearthe same. The
implementationsof the physicsmodels,however, arecompletelydifferentandindependentfrom each
other.

Version1.0 of Herwig++ doesnot containinitial-statepartonshowering or a model for the un-
derlyingevent. Thesewill beavailableshortly in version2.0. Meanwhile,theprogramis beingtested
againstawide varietyof electron–positrondatafrom LEPandSLC [50].

Parton shower

Thepartonicevolution from thelargescaleof thehardcollision processdown to hadronicscales
via thecoherentemissionof partons,mainlygluons,is simulatedonthebasisof theSudakov form factor.
Startingfrom thehardprocessscale

{
, subsequentemissionsatscales

{ � E { andmomentumfractionsØ �
are randomlygeneratedasa Markov chainon the basisof the soft andcollinearapproximationto

partonicmatrix elements. In Herwig++ we have chosena new framework of variables,generically
called

&i�h%B ØG* . Here,
�h is a scalethatappearsnaturallyin thecollinearapproximationof massive partonic

matrix elementsandgeneralizestheevolution variableof HERWIG to theevolution of massive quarks.
The variable

Ø
is a relative momentumfraction; the evolution is carriedout in termsof the Sudakov

decompositionof momentain the framewherethe respective colour partnersareback-to-back.As in
HERWIG, the useof the new variablesallows for an inherentangularorderingof the partoncascade,
which simulatescoherenceeffectsin soft gluon emission.Thedetailsof theunderlyingformalismare
describedin ref. [51].

The most importantparametersof the partonshower are the QCD scale ������� and the cutoff
parameter

{ 2 , which regularizesthesoft gluonsingularityin thesplitting functionsanddeterminesthe
terminationof the partonshower. Lessimportantbut relevant in extremecasesis the treatmentof the
strongcouplingconstantat low scales.Wehaveparametrized̂�� &�{¦* below asmallscale

{��r���F\ �������
in differentways.Wekeep

{ �r���
generallyto beof theorderof 1GeV, whereweexpectnon-perturbative

effectsto becomerelevant. Below thatscalêX� &¸{Ö* canoptionallybesetto zero,frozen,or interpolate
linearlyor quadraticallyin

{
, between0 and ^�� &¸{��r���t* .

Hadronization and decay

We put thefinal partonsof theshower evolution on their constituentmassshells,sincethenon-
perturbativeclusterhadronizationwill takeoverat thecutoff scale.Thepartonicfinal stateis turnedinto
ahadronicfinal statewithin thegeneralframework of theclusterhadronizationmodelof HERWIG [112].
In orderto addresssomeshortcomingsof theHERWIG model[72], a new clusterhadronizationmodel
hasbeencreatedfor Herwig++. Themethodfor flavour selectionin clusterdecayshasbeenchangedso
thattheprobabilityof choosinga givenlight hadronis not reducedwhenheavier statesareaddedto the
particletables.In addition,themesonandbaryonsectorsaretreatedseparately, andthebaryonto meson
ratio canbecontrolledby thediquarkweightparameter. Detailscanbefoundin ref. [50].

The emerging hadronsarepossiblyunstableandeventuallydecay. At presentthe decaymatrix
elementsandmodescorrespondto thosein HERWIG. A moresophisticatedtreatmentincludingpolar-
izationcorrelationsis underdevelopmentfor version2.0.

22http://www.thep.lu.se/ThePEG/
23http://www.thep.lu.se/Pythia7/
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ISAJET

(Contributedby: H. Baer)
Authors:F. Paige,S.Protopopescu,H. BaerandX. Tata
Ref: [11]
Webpage:http://www.phy.bnl.gov/ � isajet
CurrentVersion:7.69

ISAJET is a Monte Carlo programwhich simulates��� , �� � , and ¡£¢r¡=¤ interactionsat high ener-
gies[11]. It is basedon perturbativeQCD plusphenomenologicalmodelsfor partonandbeamjet frag-
mentation.Themanualdescribesthephysicsandexplainshow to usetheprogram.Thecodeincludesa
toy calorimetersimulation(CALSIM) andjet finder(GETJET).

ISAJET is written in Fortran 77 and is distributedusing the Patchy codemanagementsystem
developedat CERN. The Patchy sourcefile isajet.carcanbe be unpackedandcompiledon any sup-
portedUnix systemby editingtheMakefileandselectingtheappropriateoptions.CompilingISAJETon
any othercomputerwith ANSI Fortran77 andPatchy, including any for which CERNlib is supported,
shouldbestraightforward.Thefiles isajet.carandMakefileareavailablevia HTTP, via anonymousFTP
from ftp.phy.bnl.gov/pub/isajetor via AFS from /afs/cern.ch/user/p/paige/public/isajet. The alternative
sourcesalsocontainsomeadditionalfiles.

Subprocesses

ISAJET canbe usedto generateeventsfor all StandardModel
/¦¥ /

subprocesses.Subpro-
cessreactionsarecontrolledby specifyingthe reactiontype in the input.par file, whereprogram
inputsarestored.Reactiontypesfor hadroncollidersinclude: TWOJET(quarkandgluonproduction),
DRELLYAN ( § and ¨ production),WPAIR ( § ¢ § ¤ , ¨�¨©§�¨ , §«ª and ¨�ª productionincludingspin
correlations),HIGGS( ¬ -channelHiggsbosonproductionvia ­® ­ , ¯�¯ or vectorbosonfusion),WHIGGS
( §�° or ¨�° production),PHOTON ( ª�­ , ª®¯ or ª�ª production),SUSY(all lowestorder

/]¥)/
sparticle

productionprocesses),TCOLOR (techni-rhoproduction),EXTRDIM (graviton productionin models
with large extra dimensions)andMINBIAS (minimum biaseventsgeneratedusingan ± -cut Pomeron
modelwith modifiedhadronization).ThereactionZJJfor ¨ plus2-jet productionhasbeenincluded,as
well asafirst attemptat including

/²¥ ± subprocesses.If DRELLYAN reactionsareinvoked,the § sor¨ canbecreatedas
/\¥ . subprocesses,or as

/\¥�/
subprocessesas §g¯ , §�­ , ¨³¯ and ¨�­ production

if non-zeroPT is stipulatedin theinput file. PDFLIB is includedif theappropriatelink to CERNLIB is
made.

For ¡ ¢ ¡ ¤ colliders,all SM
/&¥ /

particleandHiggs productionprocessesareincluded,along
with

/]¥ /
SUSYparticleandSUSYHiggsproductionprocesses.The ¡ ¢ ¡ ¤ reactionscanberun with

arbitraryelectronor positronbeampolarization. In addition, it is an option to run usingelectronand
photonPDF’s from bremsstrahlung.Electronandphotonbeamstrahlungdistributionsare includedas
well.

Parton shower

Isajetusestheoriginal Fox-Wolfram partonshower algorithm[43] for QCD radiationfrom final
statequarksandgluons. In addition,radiationof § s, ¨ s and ª s from final stateparticlesis treatedin
thesameapproximation.

Radiationfrom initial statequarksandgluonsis invokedusingSjöstrandsbackwardshoweralgo-
rithm [101], whichactuallyusesthePDF’s to calculateemissionprobabilities.

Hadronization and decays

Isajet usesa modified Field-Feynmanindependenthadronizationmodel [42] to convert quarks
andgluonsinto mesonsandbaryons.Independentfragmentationcorrectlydescribesthefasthadronsin
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a jet, but it fails to conserve energy or flavor exactly. Energy conservation is imposedafter theevent is
generatedby boostingthehadronsto theappropriaterestframe,rescalingall of thethree-momenta,and
recalculatingtheenergies.

Unstableparticlesaredecayedfurther, with decaymodeslistedin thedecaytableISADECAY.DAT.
ISAJETkeepstrackof ´ leptonhelicities,anddecaysthe ´ saccordingto weakinteractiondecaymatrix
elements.Exact decaymatrix elementsarealso invokedfor µ -quarkdecaysand for ¶ -body sparticle
decays.

Underlying event

Thereis now experimentalevidencethat beamjets aredifferentin minimum biaseventsandin
hardscatteringevents. ISAJET thereforeusesa similar algorithmbut differentparametersin the two
cases.

The standardmodelsfor particle productionare basedon pulling pairs of particlesout of the
vacuumby the QCD confining field, leading naturally to only short-rangerapidity correlationsand
to essentiallyPoissonmultiplicity fluctuations. The minimum biasdataexhibit Koba-Nielsen-Olesen
(KNO) scalingandlong-rangecorrelations.A naturalexplanationof this wasgiven by the modelof
Abramovskii, Kanchelli andGribov [1]. In their model the basicamplitudeis a single cut Pomeron
with Poissonfluctuationsaroundanaveragemultiplicity ·¸±�¹ , but unitarity thenproducesgraphsgivingº

cut Pomeronswith multiplicity
º ·¸±�¹ . A simplified versionof the AKG modelis usedin ISAJET.

Thenumberof cut Pomeronsis chosenwith a distributionadjustedto fit thedata.Eachcut Pomeronis
hadronizedin its own centerof massusinga modifiedindependentfragmentationmodelwith anenergy
dependentsplitting functionto reproducetherisein »�¼¾½�»�¿ .
Supersymmetry

Supersymmetricscatteringeventscanbegeneratedin awide varietyof SUSYmodelsin ISAJET.
A weakscaleMSSMmodelmaybeinvoked,whichassumesÀ -parityconservationandno ÁBÂ violating
phasesor off-diagonalsoft SUSYbreakingmasses.Sparticlemassesarecomputed,andall sparticleand
Higgsbosoncascadedecaybranchingfractionsarecalculated.Themassspectraanddecaytablecanbe
outputindependentlyvia the(independent)ISASUSYprogram.

Alternatively, theprogramISASUGRAcontainsa varietyof SUSYmodels(mSUGRA,minimal
andnon-minimalGMSB models,non-universalSUGRA, AMSB model,right-handneutrinoSUGRA
model)which requireaniterativesolutionto theSUSYrenormalizationgroupequations(RGEs).ISAS-
UGRA includes2-loopRGEsfor bothcouplingsandsoftSUSYbreakingterms.Electroweaksymmetry
is brokenradiatively, andthe renormalizationgroupimproved 1-loop effective potentialis minimized
at the high scale Ã ,ÅÄ ÆÈÇÉ?Ê ÆÈÇÉ�Ë , which accountsfor leading2-loop termsin the computationof Ì
andtheSUSYHiggs bosonmasses.All sparticlemassesarecalculatedincluding full 1-loop radiative
corrections.Sparticlemassesandthedecaytableareoutputby the(independent)ISASUGRAprogram.

ISASUSYor ISASUGRA inputscanbe includedin theinput.par file for sparticleor Higgs
bosonevent generationwithin thesescenarios. À -parity violation decaysmay be simply includedby
addingtheseto theISADECAY.DAT file with theappropriatebranchingfractions.

PYTHIA

(Contributedby: T. SjöstrandandP. Skands)
Authors:T. Sjöstrand,L. Lönnblad,S.MrennaandP.Z. Skands
Ref: Pleasecite thelatestpublishededition,[100]
Webpage:http://www.thep.lu.se/� torbjorn/Pythia.html
CurrentVersion:Usestableversion6.222for production,betaversion6.303.

PYTHIA is a general-purposegeneratorfor hadroniceventsin pp, e¢ e¤ andepcolliders. It con-
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tainsa subprocesslibrary andgenerationmachinery, initial- andfinal-statepartonshowers,underlying
event,hadronizationanddecays,andanalysistools. Thephysicsaspectsaredescribedseparatelyin the
subsectionsbelow.

PYTHIA wascombinedwith JETSET in 1997,to form asingle,self-containedlibrary. Thecurrent
versioncanbedownloadedfrom thePythiawebpage,whereyou canalsofind themanual[99], update
notes,samplemainprograms,anarchiveof previousversions,andmore.

Theprogramis written entirely in Fortran77; thereareplansto move to C++. Particlecodesare
givenin thePDGstandard.Parton-level configurationscanbeinput from theLesHouchesAccordEvent
Record,andhadron-level eventscanbeoutputto (or input from) theHEPEVTcommonblock.PDFLIB
is interfaced,andvia this interfaceLHAPDF canalsobeused.An interfaceto theLesHouchesAccord
SUSYspectrumanddecaycalculations[104] is availablein PYTHIA 6.3.

Subprocesses

PYTHIA containsaround240different
/\¥ ± subprocesses,all at leadingorder. Mostof theseare/²¥)/

, some
/\¥ . or

/]¥ ¶ . Thesubsequentdecaysof unstableresonances( § , ¨ , top,Higgs,SUSY,
. . . ) bringsupthepartonicmultiplicity, for many processeswith full spincorrelationsin thedecays.The
physicsareascoveredinclude:
– QCD:

/²¥)/
partonicscattering,heavy flavour, elasticanddiffractiveprocesses;

– StandardModel: ª�½oª�Í#½i¨�Î£½�§�Ï singly or in pairs,or with a quarkor gluon,Higgs;
– SUSY: two Higgsdoublets,sfermionandgauginopairs, À -parity-violatingdecays;
– Exotics: Technicolor, new gaugebosons,compositeness,leptoquarks,doublychargedHiggses,extra
dimensions.
Theseinternalprocessescanbemixedfreelywith LesHouchesAccordexternalones,andare,normally
evolvedthroughtheshoweringandhadronizationidentically.

Parton Showers

Giventhegenerationof thebasicpartonicprocesseslistedabove, initial- andfinal-stateshowers
areaddedto provide morerealisticmultipartonicconfigurations,especiallyfor the internalstructureof
jets.

The final-stateshower [14,85] is basedon forward evolution in termsof a decreasingtimelike
virtuality

ÆyÐ
, with angularorderingimposedby veto.Theframework is leading-log,but includesmany

NLL aspectssuchasenergy–momentumconservation, ÑXÒ£Óa� Ð Ô�Õ andcoherence.Furtherfeaturesinclude
gluonpolarizationeffectsandphotonemission.While of leading-ordercharacterfor

/²¥�/
processes,it

is matchedto first-order(“NLO”) matrix elementsfor gluonemissionin . ¥�/
resonancedecaysin the

StandardModelandits Minimal Supersymmetricextension,e.g. µ ¥ÅÖ §×¯ , Ø Î ¥ÙÖ Ö ¯ and Ú¯ ¥ Ú­ ­G¯ .

Theinitial-stateshower [84,101] is basedon backwardsevolution, i.e. startingat thehardscatter-
ing andmoving backwardsin time to theshower initiators, in termsof a decreasingspacelikevirtualityÃ Ð . It alsoincludessomecoherenceeffectsandusesÑ Ò Óa� Ð Ô Õ . It hasbeenmatchedto first-ordermatrix
elementsonly for ª�Í#½i¨ÛÎI½�§�Ï production(andto ¯�¯ ¥ Ø�Î in theheavy-top limit). Partonsradiatedin
theinitial statemayinitiatefinal-stateshowersof their own.

Initial andfinal showersarematchedto eachotherby maximumemissioncones.

Underlying event

The compositenatureof hadrons(and resolved photons)allows for several partonsfrom each
of the incominghadronsto undergo scatterings.Suchmultiple parton–partoninteractionsare, in the
PYTHIA framework [102], instrumentalin building up theactivity in theunderlyingevent,in everything
from chargedmultiplicity distributionsand long-rangecorrelationsto minijets andjet pedestals.The
interactionsaredescribedby perturbationtheory, approximatedby a setof moreor lessseparate

/¾¥v/
scatterings;energyconservationandothereffectsintroduce(anti)correlations.Thescatteringsarecolour-
connectedwith eachotherandwith thebeamremnants.
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Thekey parameteris a � Ô�ÜrÝ�Þ cutoff of theorderof 2 GeV, below which colourscreeningin the
incominghadronsis takento stronglydampenthenaiveperturbativeinteractionrate.Furtherparameters
arerelatedto anassumedimpact-parameterdependence(centralvs. peripheralcollisions),theprimordialß Ô

andenergy sharingwhenthereareseveralpartonsin thebeamremnants,andsoon.

Studiesareunderwayto furtherimprove therealismof this framework [97]..

Hadronization and decays

The Lund string model [6, 103] is probablythe mostsuccessfulandwidely usedframework to
understandthehadronizationprocess.It is basedonapicturewith linearconfinement,where(anti)quarks
or othercolour (anti)tripletsarelocatedat theendsof thestring,andgluonsareenergy andmomentum
carryingkinks on thestring. Therebya gluoncomesto beattachedto two stringpieces,onerelatedto
its color andtheotherto its anticolour, andexperiencesa confinementforce twice thatof a quark,just
like in the ¼\à ¥ á

limit of QCD. The string breaksby the productionof new ­ ­ pairs,anda quark
from onebreakcancombinewith an antiquarkfrom an adjacentoneto form a colour singletmeson.
The whole framework is very constrainedin termsof its energy–momentumstructure,but the flavour
selectioninvolvesamultitudeof parameters.

Unstableparticlesareallowed to decay. In caseswherebetterdecaymodelsareavailableelse-
where,e.g. for ´ Ï with spininformationor for â hadrons,suchdecayscanbedelegatedto specialized
packages.

Furthercomponentsof the hadronization/decayframework includejunctionswherethreecolour
linesmeet,thespecialdescriptionof occasionallow-massstrings,Bose–Einsteineffectsamongidentical
mesons,andcolourreconnectioneffects.

SHERPA

(Contributedby: F. Krauss)
Authors:TanjuGleisberg, FrankKrauss,AndreasScḧalicke,Steffen Schumann,JanWinter
Ref: A manualis in preparation.
Webpage:
CurrentVersion:Thecodeis aboutto bereleasedin an Ñ version.

SHERPA (Simulation for High Energy Reactionsof PArticles) is a new multi purposeeventgen-
eratorfor the simulationof eventsat leptonandhadroncolliders. To a large extent it is beingdevel-
opedcompletelyindependentof theothertwo projectsPythia7 andHERWIG++ andof structureslike
CLHEP. In its currentstate,SHERPA includes:ã The full width of servicemethodsneeded,suchasan internal event record,particle data,four

vectors,I/O handling,etc.;ã A physicsmodelhandlingwhich allows for simulationsin theframework of theStandardModel,
theMSSM,andsomeADD modelof extradimensions,plusinterfacesto somespectragenerators
(HdecayandIsasusy)areimplemented;ã beamspectrahandlingtoallow for treatmentof Laserbackscattering,Beamstrahlung,Weizsaecker-
Williams-typeprocesses,etc.;ã a large setof PDF’s that is easyto extend,but at the moment,the following setsareavailable:
LHAPDF, MRST99(C++-version),CTEQ6(FortranversionoutsideLHAPDF) aswell asstruc-
turefunctionfor leptons;ã a powerful matrix elementgenerator(AMEGIC++) as well as a - quite limited set - of simple/g¥ /

processesin analytical form, both can be integratedwith the full machineryof multi-
channelintegration;
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ã their merging with thepartonshower throughtheCKKW method,implementedfor arbitrarypro-
cesses;ã asimplepartonshowermodule(APACIC++);ã aninterfaceto theLund-stringhadronizationof Pythia 6.163 andthesubsequenthadronde-
caysby thesameprogram;ã interfacesto HepEvtandHepMCaswell assomesimpleanalysisroutinesbasedon ROOT.

6.2 SpecialisedInitial and Final StateRadiation Programs

APACIC++

(Contributedby: F. Krauss)
Authors:TanjuGleisberg, FrankKrauss,AndreasScḧalicke,Steffen Schumann,JanWinter
Ref: Ref. [71] is theAPACIC++ manualfor version1.0 (amanualfor version2.0 is forthcoming).
Webpage:
CurrentVersion:APACIC++ 2.0

APACIC++ (A PArtonCascadeInC++) is thepartonshowermoduleof thethenew eventgener-
atorSHERPA (Simulationfor High Energy Reactionsof PArticles). In its original version(1.0) it carried
muchof thefunctionality thathasnow migratedto thenew framework. Specifically, it wasresponsible
notonly for themultipleemissionof partonsthroughtheshower, but alsofor themergingwith thematrix
elements,theinterfaceto hadronizationandhadrondecays,andfor theoveralleventgenerationmethods.
Apart from theshowering,all thesetaskshave now beenmovedto SHERPA, henceAPACIC++ cannot
be usedasa stand-aloneprogramany longer. What remainsin version2.0 of APACIC++ is only the
partonshower in theinitial andfinal state.

This partonshower is donein aPythia-like fashion.In otherwords,theorderingparameterof
theradiationpatternis givenby thevirtual massof thepartons;quantumcoherence,i.e. angularordering,
is realizedonly in approximateform by explicit vetoeson partonemissionswith rising openingangles.
Dif ferencesto Pythia arerelatively minor, they include:ã Full genericsupportfor ME+PSmerging,e.g.thepossibilityto applyvetoesin boththeinitial and

final statepartonshoweron theemissionof apartonthatgivesriseto anextra jet accordingto theß Ô
algorithm;ã differenttreatmentof heavy particlesthroughmodifiedsplitting functionsinsteadof cuttingphase

space;ã differenttreatmentof infraredcut-off of thepartonshower;ã abstractstructureallowing for easyhandlingof splitting functions.

Ariadne Colour Dipole Model

(Contributedby: L Lönnblad)
Authors:L. Lönnblad
Ref: [76]
Webpage:http://www.thep.lu.se/� leif/ariadne
CurrentVersion:4.12

The ARIADNE program[76] implementsthe Colour Dipole Model [7, 8,57,58] for QCD cas-
cades.It wasinitially developedto describefinal-statecascadesin e¢ e¤ annihilation,but hassincebeen
extendedto alsodescribecollisionswith incominghadrons[7, 77,78]. Here,effectsof initial-statera-
diation aredescribedin termsof final-stategluon radiationfrom colour dipolesproducedin the hard
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interaction,with specialtreatment(theso-calledSoftRadiationModel [7]) of dipolesinvolving ahadron
remnant.

The programhasbeenvery successfulin describingdatafrom LEP 1 and2 andis alsooneof
thefew programswhich areableto describetheactivity in the forwardregion in small-ä DIS eventsat
HERA. ARIADNE hasnot beencomparedextensively with datafrom hadron–hadroncolliderssuchas
theTevatron,althoughthereis in principleno problemto do soand,in particularin theforwardregions,
the programshouldgive differentpredictionsascomparedto conventionalpartonshower basedpro-
grams.For e¢ e¤ annihilation,ARIADNE includesa modelfor interfacingfixed-ordermatrix elements
with thedipolecascade[79] which is similar to theCKKW procedure[27]. Work is underwayto extend
thismodelto alsowork for hadroncollisions.

ARIADNE works as an add-onto PYTHIA, and a main programfor PYTHIA can be easily
changedto useARIADNE for theQCD shower, by simply addingtwo functioncalls. Thehardinterac-
tions,possiblemultiplescatterings,hadronizationandparticledecaysarethenstill handledby PYTHIA.
In principle this shouldwork for any sub-processselectedin PYTHIA, althoughall of themhave not
beenproperlytested.In particular, it hasnot beencheckedif thePYTHIA interfaceto theLesHouches
AccordEventrecordworkstogetherwith ARIADNE.

ARIADNE is written in standardFortran77 andshouldbe linked togetherwith a main program
andPYTHIA.

Photos

(Contributedby: Z. Was)
Authors:E.Barberio,B. vanEijk, Z. Was
Ref: [12,13]
Webpage:http://wasm.home.cern.ch/wasm/goodies.html

In thecascadedecaysof resonances,effectsof QED bremsstrahlungcorrectionsneedto besim-
ulated.Becauseof a multitudeof decaychannels,thedevelopmentof tayloredsolutionsis not possible
in every case,andin fact is not necessary. Photoscanbeusedfor generationof bremsstrahlungcorrec-
tions for thegeneralcase.The precisionof the generationmay in somecasesbe limited, in generalit
is not worsethanthe completedoublebremsstrahlungin LL approximation.The infraredlimit of the
distributionsis alsocorrectlyreproduced.The actionof the algorithmconsistsof generating,with in-
ternallycalculatedprobability, bremsstrahlungphoton(s),which arelateraddedto theHEPEVTrecord.
Kinematicconfigurationsareappropriatelymodified.Energy-momentumconservationis assured.If dif-
ficulties ariserelatingto how theevent recordsarefilled in by the hostgenerator, the talk in Ref. [65]
maybe useful. Recently[54], technicaldocumentationbecameavailable. Discussionof all recentim-
provements,in particularfor caseof § decaysis documentedthere.

6.3 Programsfor Diffractive Collisions

PHOJET

(Contributedby: R.Engel)
Authors:RalphEngel,JohannesRanft,StefanRoesler
Ref: [38,39]
Webpage:http://www-ik.fzk.de/� engel/phojet.html
CurrentVersion:1.12

TheeventgeneratorPHOJETwasdevelopedfor detailedmodelingof minimumbiaseventswith
a realisticsuperpositionof varioustypesof diffractiveandnon-diffractiveparticleproductionprocesses.
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Theideasandmethodsimplementedin theprogramarebasedmainly ontheDualPartonModel (DPM)
[24] andQuark-GluonStringsModel [63]. Theeventgeneratoris formulatedasatwo-componentmodel
by distinguishingsoftandhardcomponentsof multiparticleproduction,whicharecombinedin asophis-
ticatedunitarizationprocedure[9,38,39].

PHOJETcanbe usedto simulatehadronicmultiparticleproductionat high energiesfor hadron-
hadron,photon-hadron,andphoton-photoninteractions(hadron= proton,antiproton,neutron,or pion).
The generatorincludesthe photonflux simulationfor photon-hadronandphoton-photonprocessesin
lepton-lepton,lepton-hadron,andheavy ion-heavy ion collisions[41]. In addition,variousphotonflux
spectraof relevanceto plannedlinearcollidersareimplemented(bremsstrahlung,beamstrahlung,laser-
backscattering).

Subprocesses

All leadingordermatrixelementsfor scatteringprocessesof quarks,gluonsandphotonsinto light
quarksandgluonsareimplemented.By constructionhardandsemi-hardprocessesarenot only simu-
latedfor non-diffractive interactionsbut alsofor singleanddoublediffractiondissociationandcentral
diffraction(doublepomeronexchange)[21,40].

Up to now processesinvolving heavy quarksand § and ¨ vectorbosonsarenot availablein the
code.

Parton showers,hadronization and decay

Initial statepartonshowersaresimulatedby abackwardevolutionalgorithmthatusespartonden-
sity functionsasexternalinput [101] andincludessomecoherenceeffectsby imposingangularordering.
In the caseof photonsthe anomalousterm in the partondensityevolution equationsis takeninto ac-
count[36].

Final statepartonshowersaregeneratedby PYTHIA [100], which is usedto handlestring frag-
mentation,hadronizationand resonancedecays.A numberof spin/polarization-dependentdecaysare
implementedseparately( å , æ and ç productionin photondiffractiondissociation).

Underlying event

Soft andhardprocessesaretreatedin a unified way, applyinga transversemomentumcutoff to
separatethe two componentsof the model. In general,PHOJETpredictsmultiple soft andhardinter-
actionsin onehigh-energy event. Employing the optical theorem,Regge phenomenologyis usedto
parametrizevariouspartial crosssectionsaccordingto string andcolor flow topologies.The structure
of thedifferenteventclasses,includingthesoftunderlyingparticleproductionin eventswith hardinter-
actions,is thuspredictedby themodelparametersthatarefoundby fits to total, elastic,anddiffractive
crosssections.

POMWIG

(Contributedby: B. Cox)
Authors:BrianCoxandJeff Forshaw
Ref: [32]
Webpage:http://www.pomwig.com

POMWIG [32] is asimplemodificationto theHERWIG MonteCarlogeneratorwhichallowsthe
simulationof diffractivecollisions.In proton- proton(or anti-proton)collisions,bothsingleanddouble
diffractive collisions(sometimesknown as’doublepomeronexchange’)areimplemented.In electron
- proton collisions, the diffrative DIS processis implemented. In both cases,pomeronand reggeon
exchangeprocessesaregeneratedseperately. By default,the pomeronandreggeonstructurefunctions
andflux factorsarethosemeasuredby theH1 Collaboration[2], althoughPOMWIG allows theuserto
implementnew structurefunctionsandflux factorsin a simpleway.
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POMWIG will run on any systemthat runsHERWIG (all versionsfrom 5.9 onwardshave been
fully tested). Oncethe POMWIG routineshave beenadded,HERWIG will function normally except
for the generationof resolved photoproductioneventsin electron- protoncollisions(sinceit is these
HERWIG routineswhich aremodifiedin orderto runPOMWIG).

6.4 SpecialisedDecayPrograms

EVTGEN

(Contributedby: A. Ryd)
Authors:David LangeandAndersRyd
Ref: [74]
Webpage:http://www.slac.stanford.edu/� lange/EvtGen

TheEvtGenpackageis a MonteCarloprogramof resonancedecays,focusedon thephysicspro-
cessesrelavant to B mesondecays.The framework includestools neededto handlesequentialdecays
andto correctlysimulateangulardistributions, includingtheircorrelations.Individualphysicsprocesses
areimplementedin modulesthatallow usersto build complicateddecaychainsfrom simplepieces.Each
modulecalculatesdecayamplitudes,usedby theframework to generatethecorrectkinematicdistribu-
tions. EvtGenprovidesimplementationsof many detaileddecays,including a variety of semileptonic
decaymodelsandtime dependentÁ\Â asymmetriesin neutralB mesondecays,aswell asa decaytable
for simulationof genericB decays.

EvtGenis writtenprimarily in C++,with somelegacy fortrancode.EvtGenwasmainlydeveloped
on theLinux platform,but hasbeenusedon otherplatformsaswell. EvtGeninterfacesto thePHOTOS
packagefor generationof final stateradiationandto PYTHIA. PYTHIA isusedbothfor its hadronization
capabilitiesaswell asto fill outtheunknowncomponentof theB mesondecaytablevia inclusivegeneric
decays.HEPEVTis usedto interfaceto bothof thesepackages.

A hypernewsforum is availableat:
http://www-babar2.slac.stanford.edu:5090/HyperNews/EvtGen/index/index.html.

Tauola

(Contributedby: Z. Was)
Authors:R. Decker, S.Jadach,M. Jezabek,J.H.Kuhn,Z. Was
Ref: [59–62]
Webpage:http://wasm.home.cern.ch/wasm/goodies.html

TauloaisaFortran77packageusedfor generationof tauleptondecaysincludingspinpolarization.
For eachdecaymodethereis:ã anindividualphasespacegenerator(with no approximationused);ã a part describingweak current: including first order QED correctionsfor leptonic decaysand

thepossibility to admixturesomenonstandardinteractions,tauneutrinomassandfreechoiceof
vectorandaxialvectorcouplingsof tauto virtual W state;ã apartdescribinghadroniccurrentwith severalchoicesavailable,someof themaresupported/distributed
from Tauolawebpage,but nonethelessrequireindividualreferencing(availablefrom theprogram
printout);ã a part responsablefor the choiceof the decaymodeandoverall administration,as well as for
writing thegenerateddecayinto HEPEVTrecord.
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For moredetailslook into the references,but alsorecenttransparenciesof the MC4LHC work-
shop[108] or review talk at thelasttauconference,Ref. [109].

A universalinterfacefor Tauolato theHEPEVTeventrecordis provided in theTauolaInterface
program,Ref. [54,86,110].Referto [54] for technicaldocumentation.Discussionof all recentimprove-
ments,in particularTAUOLA universalinterface,is documentedthere.

A programcalledMC-Tester[55] (AuthorsP. Golonka,T. Pierzchala,Z. Was,
http://cern.ch/MC-TESTER ) is alsoavailable. This package,written in C++ andinterfacedto
Fortran77/90,is developedfor testsof decaypackages.The ideais to have a quick way of comparing
two packagesfor the decayof a particlee.g. ‘X’. The algorithmsearchesover the input event records
(HEPEVT, PYJETS,LUJETSandsomeC++ recordsmaybeusedasinput)andwhenever a new decay
of ‘X’ is found, a list of the decaymodesis extended(classifiedon the basisof the decayproducts)
andhistogramsof all invariantmassesareinitialisedon thefirst occurenceandlaterfilled in. Thedata
from two distinct runs of MC-Testerwith two decaypackagescan be later comparedwithin a MC-
Testeranalysisrun, independentlyof theprogramminglanguageor eventrecordsusedby thecompared
generators.SinceLesHouchesworkshop,MC-testerfounda lot of applicationsoutsidedecaylibraries.
In particular, it wasfoundto uesfulfor comparisonsof matrix elementgeneratorsduringLC andLHC
workshopsandalsoin studiesof softwareof ATLAS collaboration(see).

7. RESUMMATION 24

In this sectionwe shall briefly discussa differentapproach,with respectto thatof SHG’s, to thecom-
putationsrelevantto thephase-spaceregionswherethecrosssectionstypically peak.We shalldo soby
answeringthequestion:Resummation,whatis that?

Readersof thisguidebookwill readilyanswerthatit refersto any effort atsummingsometermsin
aquantity’sperturbativeseriesto all orders.Thisbasicunderstanding,while correct,is notenoughhow-
ever to really participatein, or perhapsfully appreciate,discussionsinvolving themerit of resummation
in phenomenologicalissues.To thisendit is profitableto know at leastwhatthewords“some”,“terms”,
“quantity”, and“summing” meanin thesentenceabove. This brief sectionwill, therefore,try to clarify
theseconceptssomewhatin thehopethatsuchdiscussionsmightbecomemorerewardingfor thereader.
Thetext below leavesthequantumfield theoryunspecified,but wehave of courseQCDin mind.

Quantity: This is often an observablesuchas a (differential) crosssection,a decayrate, or a
derivedquantitylike a structurefunction. It mightalsobeamoretheoreticalquantitylike a form factor,
a partondistributionor fragmentationfunction; in generalit maybeany quantityhaving a perturbative
expansion.

Terms: Let è besucha quantitywith the(schematic)perturbativeexpansionè)é�ê ,«ë Î#Î�ì ÑíÓ�îðï Ð�ñ Ð ì îðïòï ñ ì ë ï Î Õ ì Ñ Ð Ó�î Ðzóôñ ó ì î Ðzõiñ õ ì î ÐòÐZñ Ð ì÷ö£ö£ö�ì ë Ð Î Õ ìgö£öðö (41)

whereÑ is thecouplingof thetheory, alsoservingasexpansionparameter, ñ is somelogarithm,andtheëðø Î representall termsnotcontainingapowerof ñ . Ourdiscussionherefocusesonthecasewith atmost
two extra powersof ñ per order, associatedwith an extra soft and/orcollinearemissionof a particle.
The quantity è determineswhat ñ is the logarithmof: for a thrust ( ù ) distribution ñ ,ûú�ü Ó .²ý ù Õ ,
for »�þ�Óa�� � ¥ ¨ ì�ÿ Õ ½�»£���ê ñ�� ú ü Ó � � ½i���ê Õ . Note that ñ doesnot have to be the logarithm of a
measuredvariablebut canalsobe a function of unobservablepartonicmomentato be integratedover,
e.g. for inclusive heavy quarkhadroproductionñ�� ú�ü Ó�� ý
	 ÆyÐ ½�ä ïZä Ð�� Õ where ä ï�
Zä Ð arepartonic
momentumfractions.When ñ is numericallylarge,sothatevenwith small Ñ theconvergentbehaviour
of theseriesis endangered,resummingtheproblematictermsmight remedythisandtherebyextendthe
theory’spredictivepower to thesituationwhereñ is large.

24Contributedby: E. Laenen.
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Summing: The(schematic)resummedform of è may, in all known cases,bewrittenasè����¸Ò ��������� ñ ¯ ï Ó�Ñ ñ Õ ì ¯ Ð Ó�Ñ ñ Õ ìgö£öðö ��� ë��Î#Î ì Ñ ë��ï Î ìgöðö£ö � (42)

where ¯ ï � Ð �"!"!"! areknown functions.Althougheven a sketchof a derivationof suchanexpressionis be-
yondthescopeof this section,wecandiscusssomeof è����¸Ò ’s features.First,theresidualseries# ë �ø Î Ñ ø
is without logsandthereforebetter-behaved. Thedependenceon the logarithmhasmoved into theex-
ponent,which is now aseriesin Ñ , andunderanalyticalcontrol.This is themainmerit of resummation.
Second,noticethattheresummedform containsanexponential,whichreflectsroughlythePoissonstatis-
ticsof independentemissions.Third, dueto technicalreasonsthe ñ in questionin (42) is mostoftennot
thelog of theoriginal variable(say, � �ê ), but of a conjugatevariable(impactparameter

Ö
) resultingfrom

a Fourier or other integral transform. An expressionlike (42) may be evaluatednumericallyandused
phenomenologically, involving of coursetheappropriateinversetransform,but it shouldbe mentioned
thatthis is not alwaysanunambiguousprocedure,in particularfor QCD; theall-orderresummationcan
introduceinfraredsingularbehaviour into è ���¸Ò that is not presentin finite ordercomputations.There-
fore,a resummedresultmust,in suchcases,bespecifiedtogetherwith a prescriptionhow to handlethis
singularbehaviour numerically.

Some: Specifyingthetheoreticalaccuracy for aperturbativeseriessuchaseq.(41) involvesstating
whetheronly theleadingorder(LO) termhasbeenkept,or alsothenext-to leading $¾Ó�Ñ Õ (NLO) term,
etc. The analoguefor the resummedform (42) involvesstatingwhetheronly ¯�ï is kept (leadingloga-
rithmic (LL) accuracy) or also ¯ Ð (next-to-leadinglogarithmic(NLL)) is kept,etc.Notethatanincrease
in the logarithmicaccuracy mustgo alongwith including,without doublecounting,moretermsin the# ø ë �ø Î Ñ ø series. This is calledmatching. Justasonemay parametricallyandsystematicallyincrease
the accuracy of the perturbative approximation(41) by including ever higherorderterms,onemaydo
sofor theresummedexpressionby includingevermoretermsin theexponent,togetherwith appropriate
matching.

To summarise,a resummedquantityis, besidesthefact thatsomeof thetermsin its perturbative
expansionshavebeensummedto all orders:characterisedby thelogarithmathand,astatementof accu-
racy like LL, NLL etc,and(possibly)aprescriptionto handleambiguities.

In many cases,the authorsof an observable’s resummationwrite a computercodeto study its
effectsnumerically. Suchcodesaretypically observable-specificandareoftennotwrittenwith ageneral
userin mind (with someexceptions).How, then,doesresummationhappenin eventgeneratorsthatare
purposelynotobservable-specific?

Recallthat the simulationof an eventby a particulargeneratorinvolvesvariousstages:thehard
subprocess,initial stateshowering, final stateshowering, andhadronization.Of these,the first three
areeachdescribedby perturbative physicsinvolving interactingquarks,gluonsandotherquanta.The
hardsubprocessis in all event generatorsdescribedby a leadingorderor next-to-leadingordermatrix
element.Theshoweralgorithms,on theotherhand,generatemany partonspereventandincludehigher
ordercontributions,becauseeachpartongenerationrequiresat leastonepower of thecoupling,in any
MonteCarlopredictionof anobservable.Thealgorithmsaresuchthatin generaltheleadinglogarithms,
whatever they may be, in the Monte Carlo predictionof the observablearecorrectlygeneratedin this
way, in additionto some,but not all, of theN % LL, for any

ß
. In essence,leadinglogarithmsareprocess

independent,whereaslogarithmsbeyondtheleadingonesusuallyarelessso.But thereadershouldkeep
in mind that,while the logarithmicaccuracy obtainedby a MonteCarlo resummationof anobservable
is almostalwayslessthanin a dedicatedstudy, theMonteCarlocaneasilysimulateacceptancecutsetc.
Clearly, thereis still lotsof roomfor improvementin bringingthesetwo descriptions,oneanalyticaland
oneby MonteCarlo,closertogether.

Finally, resummedcalculationsof observablesare, in general,closely linked with their power
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corrections.Someof the latter involve hadronizationeffects. While therehasbeenrecentprogressin
understandingtheir connectionmorepreciselyfor eventshapeobservablesin ¡ ¢ ¡ ¤ collisionsandDIS,
this is alsoanareawheremuchremainsto beunderstood.

8. COMBINING MATRIX ELEMENTS WITH SHOWERING 25

We have discussedat lengththe virtuesof SHG’s andfixed-order(either tree-level multi-leg or NLO)
predictions.Thepartonshower is mosteffective whenthe extra emissionsaresoft or collinear, which
chiefly contributeto thepeakof thecrosssection,whereasthematrixelementprescriptionexcelsin the
complementaryregion (typically ahigh-��& tail). Ideally, onewould like to modelNaturewith aprogram
thatknowsbothtechniquesandcanusethemsimultaneously.

Onecommonpitfall new usersof SHGcodesfall into is thecombinationof a processlike ­® ­ ¥¨ Î , with its higherordercompanionprocess­® ­ ¥ ¨ Î ¯ . Eventsfrom thesetwo processesshouldnever
beblindly combined,sincea fractionof thelattereventsarealreadyincludedin theformerprocessvia
gluonradiationin thepartonshower. Combiningthetwo processeswithoutspecialproceduresamounts
to doublecountingsomeportionof phasespace.However, usingthefirst processaloneis alsounsatis-
factory, becausethepartonshowerdoesapoorjob in modellingtheregionof hightransversemomentum
of the ¨ Î .

This issuehasbeenaddressedin HERWIG andPYTHIA with matrix elementcorrections. These
canbe implementedeitherasa strict partitionof phasespacebetweenthetwo processes,or asanevent
reweighting(re-evaluationof theeventprobabilityusingthematrixelement)usingthehigherordertree
level matrix elementfor the relatedprocess.In eithercasetheeffect is thesame:the eventshapesare
dominatedby the partonshower in the low-��& region, the shapesareNLO-like in the high-��& region,
andthetotal crosssectionremainsleadingorder(i.e. for our examplethe total crosssectionwill bethe
sameasthatfor ­® ­ ¥ ¨ Î ). Thetroublewith matrix elementcorrectionsis thatthey canbeappliedonly
in a very limited numberof cases,which arerelatively simplein termsof radiationpatternsandcolour
connections.Furthermore,only oneextra emissioncanbe treatedwith respectto the underlyinghard
subprocess.

New physicssignalswill likely bedetectedthroughmulti-jet channels(upto theorderof tenjets),
sinceheavy, fastly decayingparticlesareexpectedto be formed. StandardSHG’s suchasHERWIG
andPYTHIA, regardlessof the presenceof matrix elementcorrections,performparticularlybadly for
theseobservables.Theobviousway out is thatof dressingthemany hardpartonsavailablefrom a tree-
level matrix elementgenerator(seesect.3.) with theextra emissionsprovidedby a showermechanism.
However, aspointedout in sect.3., this procedureis not completelysafeanda dependencecanarise
of physicalobservablesuponunphysicalpartoncuts(which we symbolicallydenoteas ¿('*) É ). Typically,
thisdependenceis of leadinglog nature(i.e., Ñ+%, ú.-0/ Ð % ¿('*) É ).

A solutionto this problemhasbeenproposedin ref. [27] (referredto asCKKW, after thenames
of theauthors).Thephasespaceof ± partonsis partitioned,usingtheparameter¿1'*) É , into two regions,
which can be calledpartonshower dominatedand matrix elementdominated. In the former region,
the hardkinematicsis that relevant to ± ý � partons;thesekinematicsact asan initial conditionfor a
vetoedshower, wherethe veto basicallypreventsthe shower from populatingthe latter region. In the
matrix elementdominatedregion the hardkinematicsis thatof ± partons. In both regions, the matrix
elementsarereweightedwith a suitablecombinationof the Sudakov form factorsenteringthe shower
algorithm.It is clearthat,in orderto beinternallyconsistent,matrixelementsmustbeavailablefor any
valueof ± . In practice,±3254 is a goodapproximationof ±36 á

. Using theCKKW prescription,the
dependenceof thephysicalobservablesupon ¿ '*) É is reducedfrom leadingto next-to-next-to-leadinglog
(i.e., Ñ % , ú.-0/ Ð % ¤ Ð ¿1'*) É ), plustermssuppressedby powersof ¿('*) É . Althoughtheoriginal CKKW proposal
concerned¡ ¢ ¡ ¤ collisions,an extensionto hadroniccollisionshasbeenpresented[69], andpractical

25Contributedby: M. Dobbs,S.Frixione.
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implementationshave beenachieved in HERWIG, PYTHIA, and SHERPA (seesect.6.1). Thereis
considerablefreedomin theimplementationof theCKKW prescriptionin thecaseof hadroniccollisions.
This freedomis usedto tune(someof) theSHG’sparametersin orderto reduceasmuchaspossiblethe¿('*) É dependence,which typically manifestsitself in the form of discontinuitiesin the derivative of the
physicalspectra.We note that the completeindependenceof ¿('*) É cannotbe achieved; this would be
possibleonly by includingall diagrams(i.e.,alsothevirtual ones)contributing to a givenorderin Ñ , .

In the last coupleof years,the problemof including in SHG’s the completehigher-ordercor-
rectionsto matrix elementshasreceived considerableattention. Given the situationof the fixed-order
computationsdescribedin sect.4., theonly casewhich could bestudiedin practiceis thatof theNLO
matrixelements.Remarkably, a few proposalshave passedthestageof theoreticalexercisesandmadeit
to theimplementationstep.Thecorrespondingcodesarepresentedbelow andreadersinterestedin the
technicalitiesof theformalismsareurgedto checktheoriginal papers.

8.1 Programsusing NLO Matrix Elementswith Showering

grcNLO (GRACE NLO with Parton Shower)

(Contributedby: Y. Kurihara)
Authors:Y. Kurihara,J.Fujimoto,T. Ishikawa,K. Kato,S.Kawabata,T. Munehisa,H. Tanaka.
Ref: [73]
Webpage:http://research.kek.jp/people/kurihara/
CurrentVersion:Programis not yet available.

A new methodto constructevent-generatorsbasedonnext-to-leadingorderQCDmatrix-elements
andleading-logarithmicpartonshowersis proposed.Matrix elementsof loop diagramsaswell astree
level canbegeneratedusinganautomaticsystem.A soft/collinearsingularityis treatedusinga leading-
log subtractionmethod.Higherorderre-summationof thesoft/collinearcorrectionby thepartonshower
methodis combinedwith theNLO matrix-elementwithoutany double-countingin thismethod.

MC@NLO

(Contributedby: S.Frixione)
Authors:S.Frixione,B.R. Webber
Ref: [44,45]
Webpage:http://www.hep.phy.cam.ac.uk/theory/webber/MCatNLO/
CurrentVersion:2.3

The MC@NLO event generatorincludesthe full next-to-leadingorderQCD correctionsin the
computationof hardsubprocesses.It is basedon the formalismpresentedin refs. [44,45]. In thecur-
rentversion,thepackageincludeshadroniccollisions,with theproductionof thefollowing final states:§ ¢ § ¤ , §�Ïr¨ , ¨ ¨ ,

Ö   Ö , µ  µ , °ÈÎ , §�Ï , ¨ , ª�Í , 7 ø  798 , with thelatterleptonpairoriginatingfrom anoff-shell§ Ï , ¨ or ª (the ¨í½oª interferenceis included).Masseffectsarealwaysincluded;spincorrelationsfor
thedecayproductsareincludedexceptin thecasesof vectorbosonpairand µ  µ production.

Incorporatingthe NLO matrix elementsprovidesa betterpredictionof the rateswhile improv-
ing the descriptionof the first hard partonemission. As with any other partonshower basedMonte
Carlo, MC@NLO is capableof giving a sensibledescriptionof multiple soft/collinearemissions.For
the samereason,andat variancewith usualNLO programs,propagationthroughthe shower andsub-
sequenthadronizationgivesa final statedescriptionat the hadronlevel. Onefeatureof MC@NLO as
opposedto standardMC’s is the presenceof negative weights. Thereforein unweightedevent gener-
ation MC@NLO producesunit weight eventswith a fraction (typically 15%) having weight -1. The
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unweightingefficiency is of theorderof 40%or higherfor all theprocessesconsidered.Weightedevent
generationhasnot beenincluded,but thereis noprinciplereasonwhich preventsit.

Theprogramisprovidedasastandalonepackagewrittenin Fortran77,downloadablefromtheweb
sitegivenabove. It writesaneventfile which is readby a generalpurposeshoweringandhadronization
codeusingtheLesHouchesInterfaceStandard[19]. AlthoughtheMC@NLO formalismis general,in
the currentversionsuchshowering andhadronizationcodemustbe HERWIG (version6.5 or newer).
Bashscriptsanda Makefileareprovidedto run thecodein a waysimilar to standardHERWIG (in fact,
thesameanalysisroutinescanbeused).Thecodehasbeentestedon variousoperatingsystems:Linux,
SunUnix, Digital Unix runningon Alpha’s,MacOSX.Thepackageincludesa self-containedlibrary of
partondensities(updatedto includingtheCTEQ6andMRST2002families),andaninterfaceto PDFLIB.

PhaseSpaceVeto

(Contributedby: M. Dobbs)
Authors:M. Dobbs
Ref: [34]
Webpage:none
CurrentVersion:Proof-of-conceptonly. Not currentlysupported.Contactauthor.

The phasespaceveto is a methodfor organisingnext-to-leadingorderQCD calculationsusing
a veto which enforcesthe cancellationsbetweenvirtual andreal emissiondiagrams,leaving a region
of phasespacewherethe PartonShower methodcanbe employed. Essentiallythe methodpartitions
phasespaceanduseseither the NLO matrix elementor the partonshower methodin eachregion. In
this mannerno region is countedtwice, but in the(soft andcollinear)domainof thepartonshower, the
eventshapesarenot preciselyaccurateto NLO. Theadvantageof this techniqueover othermethodsis
thatsamplesof truely unweightedeventscanbeproduced(thereareno negative weightsandno events
whichmustbeusedto cancelotherevents).Thetotal crosssectionfrom thismethodis preciselyNLO.

Themethodemploysphasespaceslicingwith theslicingparameterdetermineddynamicallyevent-
by-event. The outputcan be interfacedto generalpurposeshowering andhadronizationprogramsto
obtaincompleteeventdescriptions.Only oneproof-of-conceptprocess,���:.;1< ¥ ¨ ì4ÿ , is implemented.
This processis interfacedto thePYTHIA showerandhadronizationpackage.Theprogramis written in
C++ usingmodernobject-orientedtechniques.

9. CONCLUSIONS 26

A survey of MonteCarloprogramsfor thesimulationof hadroncollider eventshasbeenpresentedwith
theaimof makingtheprogramsmoreaccessibleto a new user.

Thereaderfamiliar with MonteCarlocodesemployedduring the lastdecadewill noticea trend
in modernsimulationprograms.They arebecomingmoremodularised,with authorsspecialisingtheir
codesto a focusedaspectof theeventsimulation.Theuserhastheluxury of choosingdifferenttoolsfor
differentaspectsof the event—andthe responsibilityto understandthe limitationsandcaveatsof each
tool’s use. The communityis moving towardsa time wheneachaspectof the event simulation(hard
subprocess,partonshower, etc.) can be interchangeablysimulatedwith differentprograms,allowing
for the crosscheckingof resultsandan estimateof the systematicerrorsassociatedwith eachaspect.
Breakthroughsin the merging of seeminglydistinct techniques(the Parton Shower with NLO matrix
elements)have beenachieved,andwill beof ever greaterimportanceascollidersmove towardshigher
energy.

26Contributedby: theeditors.
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A few brave programauthorsareembracingmodernsoftwareprogramminglanguages,eitherby
rewriting existing codesor beginning new projectsusingobject-orientedlanguagessuchasC++. This
fits very well with thecurrenttrendsfor detectorsimulation(suchasthecompleterewriting of GEANT
in C++ [3]), andthe trendfor experimentalcollaborations,who areoverwhelminglychoosingC++ for
their experimentsoftware.

With modernmodularMonteCarlosimulationtools,thecomplexity of theeventgenerationchain
is approachingthat of a complicateddetectorsubsystem.Given that the developmentof thesetools
is strugglingalongwith a fraction of the resourcesandfunding typically allocatedto an experiment’s
software,it’ samazingwhathasbeenachievedin thisfield.
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[78] L. LönnbladNucl.Phys.B458(1996)215–230[arXiv:hep-ph/9508261].
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[103] T. Sjöstrand,Nucl. Phys.B 248(1984)469.

[104] P. Skandset al., arXiv:hep-ph/0311123.

[105] T. StelzerandW. F. Long,Comput.Phys.Commun.81 (1994)357[arXiv:hep-ph/9401258].

[106] D. Stump,J. Huston,J. Pumplin,W. K. Tung,H. L. Lai, S. KuhlmannandJ. F. Owens,JHEP0310, 046
(2003)[arXiv:hep-ph/0303013].

[107] S. Tsuno,K. Sato,J. Fujimoto,T. Ishikawa, Y. Kurihara,S. OdakaandT. Abe, Comput.Phys.Commun.
151(2003)216[arXiv:hep-ph/0204222].

[108] Z. Was, “Tauola and Photos, general description”, talk given at MC4LHC workshop, May 2003
http://agenda.cern.ch/fullAgenda.php?ida=a031540.

[109] Z. Was,“Statusreporton TAUOLA, its environment,andits applications”,eConfC0209101,2002,FR01,
[hep-ph/0210386].

[110] Z. WasandM. Worek,Acta Phys.Polon.B 33 (2002)1875[arXiv:hep-ph/0202007].

[111] B. R. Webber, Ann. Rev. Nucl. Part.Sci.36, 253(1986).

[112] B. R.Webber, “A QCDModelFor JetFragmentationIncludingSoftGluonInterference,” Nucl. Phys.B 238
(1984)492; G. MarchesiniandB. R. Webber, “Monte Carlo SimulationOf GeneralHardProcessesWith
CoherentQCDRadiation,” Nucl. Phys.B 310(1988)461.

[113] F. Yuasaetal., Prog.Theor. Phys.Suppl.138(2000)18 [arXiv:hep-ph/0007053].

49

http://agenda.cern.ch/fullAgenda.php?ida=a031540

	Introduction
	The Simulation of Hard Processes
	Tree Level Matrix Element Generators
	Matrix Element Generators for Specific Processes
	Matrix Element Generators for Arbitrary Processes

	Higher Order Corrections -- Perturbative QCD Computations
	Parton Distribution Functions
	Higher Order Corrections -- Showering and Hadronization Event Generators
	General Purpose Showering and Hadronization Event Generators
	Specialised Initial and Final State Radiation Programs
	Programs for Diffractive Collisions
	Specialised Decay Programs

	Resummation
	Combining Matrix Elements with Showering
	Programs using NLO Matrix Elements with Showering

	Conclusions
	Acknowledgments

