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Abstract

Recentlythe collider physicscommunityhasseensignificantadvancesn the
formalismsandimplementation®f eventgeneratorsThis review is a primer
of the methodscommonly usedfor the simulation of high enegy physics
eventsatparticlecolliders.We provide brief descriptionsreferencesandlinks
to the specificcomputercodeswhich implementthe methods. The aim is to
provide an overview of the available tools, allowing the readerto ascertain
whichtool is bestfor a particularapplication but alsomakingclearthe limita-
tionsof eachtool.
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1. INTRODUCTION 1

The compleity andnumberof simulationprogramsfor hadroncollidershasgrown considerablywith
the prospectof LHC physicsapproachingand TevatronRunll resultscomingin. With theseprograms
hascomea shift towardsincreasednodularity A physicistanalysinghadroncollider dataoften ob-
tainsthe mostaccuratetheoreticalpredictionsby combiningcomponent®f mary differentsimulation
programs—minimunbiasfrom onegeneratqgrthe signalprocessrom anothey andyet more programs
for backgroundyeneration.This sortof diversificationis alsohappenindgor the generatiorof a single
process.lt is becomingfeasibleto useone programto producea hard processanotherto evolve the
eventthrougha partonshower algorithm,andperhapsa third to hadronizethe colouredproductsof the
shower. With this sort of modularity the compleity of Monte Carlo simulationtoolsis reachingthat
of a complicateddetectorsystem.At the sametime the expertiseneededy the usersis increasing.At
thevery startof a physicsanalysis the experimenteiis confrontedwith a simplequestionwhich Monte
Carlo tools are bestsuitedto mapthetheortical predictionfor my measuementontothe experimental
result?

The goal for this guidebookis to provide usersinexperiencedwith event simulationa starting
point to answerthe “which tools?” question. A completedescriptionof Monte Carlo generatottech-
nigueswould requirea mary-volumedbook. Insteadwe provide the basicdefinitionsand explanations
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whichanew readewill needto appreciataheliterature.We do soin the maostpolitically incorrectway;,
by notquotingtheoriginal paperdn mostcasegsincethefoundationsaretextbookmatterby definition),
andstriving for plain jargon-freelanguage.We follow this with abstractddescribingmary of the cur
rently availablesimulationprogramsaiming to sene asa jumping off pointinto the specificreferences
documentinghe programsandthetechniquegmployedwithin them. Theabstractsill alsopointusers
to the (authorsupplied)correctreferencegor citationsto their papers.

Finally, the editorswish to apologiseto the authorsof Monte Carlo codesfor which we have not
providedabstractsWe choseto restrictthis work to hadroncollidersonly, andlimited the scopeto gen-
eralpurposdechnigueswhicharemoreor lessdirectly relatedto eventgeneratocodes For thisreason,
we could not list the mary NLO or resummatiorprogramswhich are availablefor specificprocesses.
Despitethis limitation, therearestill alarge numberof programabstractsncludedin this guidebook.n
all likelihood we have misseda few packagesndwe apologiseo thoseauthorsin adwance.

2. THE SIMULATION OF HARD PROCESSES?

Theoreticalpredictionsform an integral part of ary particle physicsexperiment. On one hand, they

help to designthe detectorsandto definethe experimentalstratgies. To sene sucha purpose these
predictionsmustreproduceascloselyas possiblethe collision processesaking placein real detectors.
A largely successfulvay of achieving this goalis throughthe so-calledeventgeneator codes,which

are usedto producehypotheticaleventswith the distribution predictedby theory—i.e.the frequeny

we expectthe eventsto appeaiin Nature. On the otherhand,for an unambiguousnterpretationof the

experimentalresults(for example,extractingwith high precisionthe non-computablg@arametersf the

theoryor decidingwhethersomenew physicsphenomenaasbeenobsened)othertypesof codeswhich

we shall call crosssectionintegrators, are bettersuitedthanevent generators.In a loosesensethese
codescanalsooutputevents(seesect ll for aprecisedefinition); however, sucheventscanbe usedonly

to predicta limited numberof obsenables(for example,the trans\ersemomentumof single-inclusve

jets)andarenot afaithful descriptionof actualeventstaking placein realdetectors.

Currently eventgenerator@nd crosssectionintegratorshave reacheda considerablesophistica-
tion. The purposeof this introductorysectionis to show thatboth of themoriginatefrom thevery same
simpledescriptionof anelementaryprocesgdenotedashard subpiocesdenceforthandnotnecessarily
a physically-obgnableone.

To stresghe latterpoint, let usdesigna gedankerexperimentwhich, at animaginaryaccelerator
that collides 45 GeV u-quarkswith 45 GeV u-quarks,obsenesa d@ qguarkpair producedthroughthe
decayof a Z". The procesf interestis thereforeuuz — Z° — dd at 90 GeV. Any theoreticaimodel
describingthis processnuststartfrom the knowledgeof its crosssection

- 1 — g dcosbd
do(un — 72° = dd) = - | M(un = 2° - dd)|” %ﬂ)f ,

wherethe decayangles(f, ¢) of the Z°, arethe two degreesof freedomof the problent. M is the
relevantmatrix elementands is the centre-of-masgenegy squared.

(1)

We cannow useeq. ([l to write aneventgeneratoor a crosssectionintegrator Thefirst stepis
to samplethe phasespace The phasespaceds the multi-dimensionahypercubewnhich spansall of the
degreesof freedom.For this processt is thetwo dimensionakpace-1 < cos# < 1, 0 < ¢ < 27. The
procedureof choosingthecos 8, ¢ variablesusinga uniformly distributedrandomnumbergeneratois
saidto definea candidatesvent. The candidatesvent’s differentialcrosssection(or eventweigh) do
is calculatedrom eq. (M) andis directly relatedto the probability of this eventoccurring. The average
of mary candidateevent weights(do) is an approximationto the integral [ do and corvergesto the
measuredrosssection.
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At this point the candidatesventsaredistributedflat in phasespaceandthereis no physicsinfor-
mationin thedistributions. Two methodscanbeusedto derive physicalpredictionsrom thesecandidate
events: (A) the eventweightsmay be usedto createhistogramsepresentinghysicaldistributions or
(B) the eventsmay be unweightedsuchthatthey aredistributedaccordingto the theoreticalprediction.
Procedurg/A) is very simpleandis whatis donefor crosssectionintegrators. A histogramof some
relevantdistribution (e.g.thetrans\ersemomentunof the d quark)is filled with the eventweightsfrom
alarge numberof candidatesvents. The individual candidateaventsdo not correspondo arything ob-
senablebut, in the limit of aninfinite numberof candidateavents,the distribution is exactly the one
predictedby eq. (). ProcedurgB) is a bit moreinvolved, hasaddedadwantagesandis whatis done
in eventgeneratorslt producesventswith the frequeng predictedby thetheorybeingmodelled,and
theindividual eventsrepresentvhatmight be obsenedin atrial experiment—inthis sensaunweighted
eventsprovide a genuinesimulationof anexperiment.

Thehit-and-misgechnique(alsoknown asthe acceptance-rejectianethodor the Von Neumann
method)is normally usedto unweightevents.To apply the method the maximumeventweightdoyax
mustbeknown. For this processthe maximumoccurswhenoneof thefinal statequarksis collinearwith
oneof theinitial statequarks,soit is easyto calculatedoyiax by insertingtheseconditions(cos§ =
+1) into eq. (. For more complicatedprocesseshe maximumevent weight can be approximated
by randomlyscanningthe parameteispace. For eachcandidateevent, the ratio of event weight over
the maximumeventweight do /doyiax is comparedo arandomnumberg generatediniformly in the
intenval (0,1). Eventsfor which the ratio exceedsthe randomnumber(do /doyiax > g) areaccepted;
the othersarerejected.The acceptedventshave the frequeng anddistribution predictedby eq. () and
representhe physicalexpectationfor theimaginaryuu collider experiment.

We have now learnedthe basicsof the constructionof an event generatoror of a crosssection
integrator Unfortunatelythe processn eq. (@ is nonphysical. This evidentfact canbe stressedn two
differentways:

a) Thekinematicsof the processs trivial; the Z° hastrans\ersemomentumequalto zero.
b) Quarkbeamscannotbe preparedandisolatedquarkscannotbe detected.

Itemsa) andb) have a commonorigin. In eq. () the numberof bothinitial- andfinal-stateparticles
is fixed, i.e. thereis no descriptionof the radiationof ary extra particles. This radiationis expectedto
play amajorrole, especiallyin QCD, giventhe strengthof the couplingconstantLet's thereforerestrict
ourseles, in whatfollows, to the caseof QCD; althoughmary of theseconceptgemainvalid in the
context of the electraveaktheory
In the caseof item a), the extra radiationtaking placeon top of the hardsubprocessorresponds
to considerinchigherordercorrectionsn perturbatiortheory In the caseof itemb), it canbeviewedas
aneffective way of describinghedressingf a barequarkwhich ultimatelyleadsto theformationof the
boundstatesve obsere in Nature(hadmonizatian). Thus,arny eventgeneratoor crosssectionintegrator
whichaimsat giving arealisticdescriptionof collision processemustinclude:
i) A way to computeexactly or to estimatethe effects of higherordercorrectionsin perturbation
theory
i) A wayto describehadronizatioreffects.

Different stratgies have beendevisedto solve theseproblems. They canbe quickly summarisedas
follows:

Higher orders

i.1) Computesxactly theresultof a given(andusuallysmall)numberof emissions.
i.2) Estimatethedominanteffectsdueto emissionsatall ordersin perturbatiortheory

Hadronization
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ii.1) Usethe QCD-improved versionof Feynmans partonmodelideas(factorizationtheorem to de-
scribetheparton«s hadrontransition.

ii.2) Usephenomenologicainodelsto describethe parton<«» hadrontransitionat massscaleswhere
perturbatiortechniquesrenotapplicable.

The simplestway to implementstrateyy i.1) is to consideronly thosediagramscorresponding
to the emissionof real particles. Basically the numberof emissionscoincideswith the perturbatve
orderin a5. This choiceformsthe coreof TreeLevel Matrix Elementgeneratorsgescribedn sect il
Thesecodescan be usedeitherwithin a crosssectionintegrator or within an event generatar With
currently available techniquesthe maximum numberof emissionsis betweenfive andten. A more
involved procedureaims at computingall diagramscontributing to a given perturbatve orderin «g,
which implies the necessityof consideringvirtual emissionsas well as real emissions. SuchN*LO
computationsreviewedin sectll aretechnicallyquite challengingand satisfactorygeneralsolutions
areknown only for the caseof oneextra emission(i.e., NLO). Until recently thesecomputationdhave
beenusedonly in the contet of crosssectionintegrators;their usewithin eventgeneratorss a brand
new field (seesectll).

Stratay i.2) is basedon the obsenationthatthe dominanteffectsin certainregionsof the phase
spacehave almosttrivial dynamics,suchthat extra emissionscanbe recursvely described.Thereare
two vastlydifferentclasse®f approacheim this context. Thefirst one,calledresummatioriseesectili),
is basedon a procedurewhich generallyworks for one obsenableat a time and,so far, hasonly been
implementedn crosssectionintegrators. The secondproceduregforms the basisof the Parton Shower
technique(seesect.l andis, by construction,the core of event generators. This procedureis not
obsenable-specifianakingit moreflexible thanthe first approachbut it cannotreachthe samedevel of
accurayg asthefirst, atleastformally.

At variancewith the solutionsgiven in itemsi.1) andi.2), solutionsto the problem posedby
hadronizatioralwaysinvolve someknowledgeof quantitieswhich cannotbe computedrom first prin-
ciples (pendingthe lattice solution of the theory) and mustbe extractedfrom data. The factorization
theoremamentionedn ii.1) arebriefly describedn sectlll andarethe theoreticalframeavork in which
crosssectionintegratorsaredefined.Partonshovertechniquespnthe otherhand,areusedto implement
strateyy ii.2) (seesectl) in the contet of eventgenerators.

Eachof thestratgjiesoutlinedabove, andthecodesmplementinghem,have strengthaandweak-
nesseshatmustbe consideredn orderto choosehebesttool for studyingthe problemof interest.The
following schemagivesafirst, roughclassificatiorandpointsto the sectionsvherethe characteristicef
eachapproacharedescribedn moredetail:

e If hadronization is expectedto play a major role, usean event generatomwhich incorporatesa
shaverandhadronizatiormechanisnisect l).

¢ If hadmonizationis not a factor, thencrosssectionintegratorsare sufficient; treelevel (sectil),
NLO (sectll or resummedsectll) computationsanbe adopted.

¢ If the analysisstudiesthe peakof the crosssection,event generatorgsect.l) or crosssection
integratorsimplementingresummatior{sectl) shouldbe used.

¢ If the analysisstudiesthe tail of the crosssection,thenmulti-leg, tree-level (sectl) andNLO
(sect resultsareusuallynecessary

Clearly, oneshouldaim for the optimal tool which is ableto give correctpredictionsboth at the
peakandin thetail of the crosssection. Nowadays this is not just an academiexercisebecausanost
of the analyseperformedat the Tevatronandespeciallyat the LHC demandhe constructiorof sucha
tool. Therehasbeenconsiderablgrogressn the pastfew yearsin this directionsincewe have basically
learnedhow to meige thetechniquedor fixed-ordematrix elementcomputationsvith thoserelevantto
partonshaver simulations.More detailswill begivenin sectlllandsect il



3. TREE LEVEL MATRIX ELEMENT GENERATORS*

In this sectionwe describecodeswhich allow the computatiorof tree-level matrix elementswith afixed
numberof legs (i.e. fixed numberof partonsin the final state). Theseparton-level generatorglescribe
a specificfinal stateto lowestorderin perturbationtheory—virtualloopsarenot includedin the matrix
elementsThisimpliesthatall complicationsnvolving theregularizationof matrixelementareavoided,
andthe codesare basedeitheron the direct computationof the relevant Feynmandiagramsor on the
solutionsof the underlyingclassicalfield theory We shall not describethesecomputationatechniques
in thisreview; theinterestedeademwill find theappropriatditeraturecitedin thepapersepresentinghe
codedistedbelow.

Theseprogramsgenerallydo notincludeary form of hadronizationthusthe final statesconsist
of barequarksandgluons.The kinematicsof all hardobjectsin the eventareexplicitly representednd
it is simply assumedhatthereis a oneto onecorrespondencleetweerhardpartonsandjets.

However, this assumptiormay causeproblemswheninterfacingthesecodesto showvering and
hadronizatiomprogramssuchasHERWIG or PYTHIA; a stepwhich is necessaryn orderto obtaina
physicallysensibledescriptiorof the productionprocessin fact, a kinematicconfiguratiorwith » final-
statepartonscan be obtainedstartingfrom n — m partonsgeneratedy the tree-level matrix element
generatqgrwith theextra m partonsprovidedby theshower. Thisimpliesthat,althoughthelatterpartons
aregenerallysofterthanor collinearto the former, thereis alwaysa non-zergprobability thatthe same
n-jet configurationbe generatedtartingfrom different(n — m)-partonconfigurations.In otherwords,
sincetree-level matrix elementslo have soft andcollinearsingularities(seesect lll for moredetailson
thesedivergences)a cut at the partonlevel is necessaryn orderto avoid them. Physicalobsenables
shouldbeindependendf thiscut, but they arenot. Solutiongo thisproblemareknown andwill bebriefly
describedn sectll However, it mustbe stressedhatevenif the problemis ignored,the combination
of tree-lerel matrix elementgeneratorand shavering programsis essentiafor 1) the optimisationof
detectordesignsand 2) analysesbasedon multi-jet configurationg(suchas SUSY signals)wherethe
standardshavering codesare basicallyunableto describethe kinematicsof thoseprocessesorrectly
Recentlythis interfacingtaskhasbeenstandardisedor FORTRAN-basedevent generatorsy the Les
HouchesAccord (LHA) eventrecord[19] (the LHA standards supportedn C++ by the HepMC [35]
eventrecord). Themajorshoveringandhadronizatiorprogramssupporthe LHA andmostof thematrix
elementcodeshave begunusingit.

Tree-level matrix elementgeneratorsan be divided into two broadclasseswhich will be pre-
sentedn thetwo subsectiongelow.

3.1 Matrix ElementGeneratorsfor SpecificProcesses

Thesecodesfeaturea pre-definedist of partonicprocessesThe matrix elementgelevantto thesepro-
cessesreobtainedwith a matrix elementgeneratiorprogram,whichis eitherpartof the packageor is
oneof thosedescribedn the next subsectionMulti-leg amplitudesarestronglyandirregularly peaked;
for this reasorthe phase-spacsamplinghastypically beenoptimisedfor the specificorocessThe pres-
enceof phasespaceaoutinesimpliesthatthesecodesarealwaysableto outputpartonicevents(weighted
or unweighted).

AcerMC

(Contributedby: B. Kersevan)

Authors:Borut Paul KersevanandElzbietaRichterWas

Ref: [66]

Webpageh ml
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http://cern.ch/Borut.Kersevan/AcerMC.Welcome.html

CurrentVersion:AcerMC 1.4

The AcerMC Monte Carlo EventGeneratof66] is dedicatedo the generatiorof StandardModel
backgroundorocesseat pp LHC collisions. The programitself providesa library of the massve ma-
trix elementsand phasespacemodulesfor generationof a setof selectedprocessesyg, ¢ — ttbb,
qqW (— lv)bb, qqW (— IV)tt, gg,qq — Z/v*(— l1)bb, gg,qq — Z/v*(— ll,vv, bb)tt andcomplete
electraveakgg — (Z/W/~* —)bbtt processThehardprocessvent,generatedvith oneof thesemod-
ules,canbe completedby the initial andfinal stateradiation,hadronisatioranddecays simulatedwith
eitherthe PYTHIA 6.2 or HERWIG 6.5 Monte Carlo eventgeneratar Interfacesto both of thesegen-
erators basedon the Les HouchednterfaceStandard19], areprovidedin the distribution version. An
additionalinterfaceto the TAUOLA [60] andPHOTOS[12] programsare alsoprovided with AcerMC
versionl.4 andlater The leadingorder matrix elementcodeshave beenderived with the help of the
MADGRAPH [105] packageThe phase-spacgeneratioris basedn the multi-channekelf-optimising
approactasproposedn Ref.[18] for theNEXTCALIBUR eventgeneratarAdditional smoothingof the
phasespaceavasobtainedby usingamodifiedac-VEGASadaptie algorithmroutinein orderto improve
thegeneratiorefficiengy. Themainaim andadvantageof the AcerMC generators providing anefficient
(and thereforefast) generationof unweightedevents,the typical unweightingefficiengy being on the
orderof 20%.

The distribution includesthe AcerMC library, PYTHIA 6.2, HERWIG 6.5, HELAS, TAUOLA
andPHOTOS librariesandrequiresCERNLIB for the FFREAD and PDFIlib804routines.AcerMC has
beentestedto compileusingg77 compileron RedHatlinux (versions7.2-9.0).

AlpGEN

(Contributedby: M. Mangano)

Authors:M.L. ManganoM. Moretti, F. Piccinini, R. PittauandA. Polosa
Ref: Alpgendocumentation[81]. Formalismfor ME evaluation:[25] and[26].
Webpageh yen/
CurrentVersion:V1.3.3(Feb17,2004)

Alpgenis designedor the generatiorof StandardModel processei hadroniccollisions, with
emphasi®n final stateswith large jet multiplicities. It is basedon the exactleadingorderevaluationof
partonicmatrix elementswith the inclusionof b andt quarkmassegc massesare presentedn some
caseswherenecessaryandt andgaugebosondecayswith helicity correlations. The codegenerates
eventsin bothaweightedandunweightednode,andprovidesbook-keepingutilities for a simpleonline
histogrammingpf arbitrary kinematicaldistributions. Several defaultspectra,jn additionto a logging
of total cross-sectioniave beenimplementedallowing the userto obtainresultsaftera straighforward
compilationandrun. Several routineshave beenmadeeasilyaccessibldor the userto defineanalysis
cutsanddistributions. Weightedgeneratiorallows for high-statistcs parton-level studies.Unweighted
eventscanbe processedn anindependentun throughshower evolution and hadronizatiorprograms.
Interfacedor processingvith HERWIG 6.4andPYTHIA 6.220areprovided asdefaults(interfacesfor
higherversionscanbe provided uponrequestusingthe LesHouchesormat.

Thecurrentavailableprocesseare:

(W = Ff)QQ + N jets(Q beingaheary quarkand f = £, ¢) with N < 4

(Z)v* = ff)QQ+ N jets(f = {,v) with N < 4

(W — ff') + charm+ N jets(f = £,q, N < 5)

(W = ff)+ Njets(f = ¢,q)and(Z/v* — ff) + N jets(f = £,v) with N < 6


http://mlm.home.cern.ch/mlm/alpgen/

o nW+mZ+IH+ N jets,withn+m+1+ N <8 N < 3,includingall 2-fermiondecaymodes
of W andZ bosonswith spincorrelations

e QQ + N jets,with ¢ — bf f’ decaysandrelative spin correlationsincludedwhererelevant, and
N <6

e QQQ'Q' + N jets,with Q andQ’ heavy quarks(possiblyequal)andN < 4

e HQQ + N jets,with t — bf f’ decaysandrelative spin correlationsncludedwhererelevantand
N <4

e Nijets,with N <6

e Ny+ Mjets,with N > 1, N+ M < 8andM < 6.
Thefollowing new classe®f processewill appeain V1.4:

e H + N jets(V < 4), with the Higgsproducedvia the effective gg H vertex

e singletop production.

A suiteof up-to-datePDF setsis availablewith the code. An interfaceto LHAPDF will appear
soon. Thecodeis writtenin F77. A F90variantof the mostCPU-demandingoutines,togethemwith a
free F90 compilersuitablefor Pentiumarchitecturesare provided aswell. Makefileswith compilation
instructionsand datacarddor ready-to-usexxecutionare provided. The code hasbeenvalidatedon
several platformsandcompilers:Linux basedPC’s, Digital Alpha Unix, HP series9000/700,Sunwork
stationsand MAC-OSX with ag77 (v2.9 up to 3.4) compiler Codeanddocumentatiorupdatesas
well asdetailedbug-fix informationandrevision history, areavailablefrom theabore webpageandare
distributedvia the Alpgenusermailing list (emailto michelangelo.mangano@cerntctjoin 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]

Webpageh nll

GR@PHR is aframewnork to extendthe GRACE systemto hadroncollider interactions.The ex-
tensionprovides mechanismsgo referto PDFsandto handleseveral processegmatrix elementsn a
singleevent generatiorrun. Thefirst productbasedon GR@PR is GR@PR _4b, whereall the pos-
sible four b-quarkproductionprocessesvithin the Standardviodel areimplemented.A new package
namedGR@PR _All includes,in addition,generatordor W+jetsfrom 0 jet up to 3 jets, full six-body
top pair, andsoon. Theseprocesseareall atthetreelevel (leadingorder)andthe generateadventsare
unweighted Seethe Web pagefor furtherdetailsandto downloadthe program.

TheGR@PR generatorsnustbeinterfacedo general-purposgeneratorsn orderto addparton
showvers and further event evolution. Early versionswere codedso that they could be embeddedn
PYTHIA 6.1or couldbe usedstand-alonewhile recentversionssuchasGR@PR _4b 2.01 supportthe
LHA eventrecord[19]. Thus,they canbe embeddedn HERWIG 6.5aswell asPYTHIA 6.2 (default).
Stand-alonauseis supportedaswell. The event generationcanbe controlledin the sameway asthe
built-in generatorsf embeddedThe defaultPDF library is the PYTHIA built-in PDFsin the PYTHIA
embeddingPDFLIB or LHAPDF canbechoserasanoption. EitherPDFLIB or LHAPDF canbelinked
whenthe HERWIG-embedor stand-aloneiseis chosen.

The programsarewrittenin Fortran(F77). The PYTHIA or HERWIG library hasto be prepared
by usersif anembeddingptionis chosen.PDFLIB andLHAPDF are not packagedwith the program.
CERNLIB is necessaryo run sampleprograms Eachpackagéncludesall theothernecessariibraries,
a Makefileandinstructionsfor setupon Unix systemsandsampleprograms.

MadCUP
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http://atlas.kek.jp/physics/nlo-wg/grappa.html

(Contributedby: D. Zeppenfeld)

Authors:K .CranmerT. Figy, W. Quayle,D. RainwaterandD. Zeppenfeld.

Ref: Apart from the webpagethereis asyet no written or publisheddocumentgiving specificsof the
software.Usersshouldcite theweb-pagd33].

Webpageh P/

TheMadisonCollectionof UserProcesse@MadCUP)is a collectionof partonlevel Monte Carlo
programswhich have in the pastbeenusedfor a variety of phenomenologyesearctpapers.The web-
pageprovideslinks for downloadingthe sourcecodeand pregeneratedevent files, which canbe read
directlyinto PYTHIA. At presentthe site providesFortran77sourcecodefor productionof W + n jets
and”Z +n jetsatorderaa? (n = 2, 3) (dubbedQCWW+2 jet productionetc.) andiV + 2 jet production
atordera® (dubbedEW Wijj production);.e. all codesareatLO. Also availableis treelevel codefor ¢
andttj production.All codesincludeleptonicdecayprocessesf thetop quarksand¥, Z with full spin
correlationsThe W, Z productioncodesincludefull off-shell effects.

All codedill thecommonblocksof theLesHouchednterfaceStandard19] andthusprovide full
colorandflavor information. Partondistributionsareobtainedby linking to PDFLIB andhistogramsare
generatedvith hbook.Minor editing of the sourcecodeis requiredto changethesedefaults.

Theweb-pagerovideslinks for downloadingthe sourcecodeandpre-generatedventfiles, which
canbereaddirectly into PYTHIA.

Mostof thecodeggenerata datafile of unweightedeventswhichcanbereadasexternalPYTHIA
processewvith the MadCUPRreader(provided assourcecode). A few examplesof eventdatafiles are
provided, seetheweb pagefor furtherdetails.

Vecbos- W/Z +n jets

(Contributedby: W. Giele)

Authors: FA. BerendsH. Kuijf, B. TauskandW.T. Giele
Ref:[17]

Webpage !

VECBOS s a leadingorder Monte Carlo programfor inclusive productionof a W-bosonplus
up to 4 jets or a Z-bosonplus up to 3 jetsin HadronColliders. The correlationsof the vectorboson
decayfermionswith therestof the eventarebuilt in. Variouspartondensityfunctionsareavailableand
distributionscanbebuilt in numerically

The programusesanalyticformulaefor all treelevel amplitudes.Theseamplitudeswere calcu-
latedusingrecursve techniqueslevelopedin refs.[15,16,47].

3.2 Matrix ElementGeneratorsfor Arbitrary Processes

The programsdescribedn this subsectiommay be thoughtof asautomatednatrix elementgenerator
authors.The userinputstheinitial andfinal stateparticlesfor a process.Thenthe programenumerates
Feynmandiagramscontributing to that processandwrites the codeto evaluatethe matrix elementin a
programminganguagesuchasC or FORTRAN.

Theprogramsareableto write matrix elementdor anytreelevel SM processThelimiting factor
for the compl«ity of the eventsis simply the power of the computerrunningthe program. Typically
StandardModel particlesandcouplings,andsomecommonextensionsareknown to the program.

Mary of the programsincludephasespacesamplingroutines.As such,they areableto generate
notonly thematrix elementsbut to usethosematrix elementso generatgartonicevents(someprograms
alsoincludeacceptance-rejectiaioutinesto unweighttheseevents).
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AMEGIC++

(Contributedby: F. Krauss)

Authors: TanjuGleisbeg, FrankKrauss,Ralf Kuhn,AndreasSchalicke, Stefen SchumannJanWinter
Ref:[70] isthe AMEA C++ manualfor versionl.0 (manualfor theimprovedversion2.0is in progress).
Webpage:

CurrentVersion:AVEG C++ 2.0

AMVEQ C++ (A Matrix ElementGeneratot n C++) isamatrixelemengeneratowvrittenin C++. It
constitutesanintegral partof thenew eventgeneratoSHERPA (Simulationfor High Enelgy Reactionsof
PArticles)by providing hardtree-level matrix element@andsuitableintegratorsfor 1 — n particledecays
and2 — n particlescatteringsn theStandardodel,its minimal supersymmetriextensionrandanADD
model of extra dimensions.To evaluatesuchprocessessuitableFeynmandiagramsare generatedy
AMEQ C++ andtranslatednto helicity amplitudeswhich arethensimplified andstoredaslibrary files.
The integrationover the multi-dimensionalphasespaceis performedthrougha multi-channelmethod
with self-adaptingweights; the individual channelsare also constructednternally. This is done by
inspectionof the Feynmandiagramsandmappingout their kinematicalstructurein termsof pre-defined
building blocks. Finally, the channelsarealsowritten out aslibrary files. Henceit is appropriateto call
AMEG C++ ageneratogeneratgrsinceit producesompletematrix elementgeneratorso run with the
coreprogram.In afirstinitialization run, thesefiles andthe correspondingnakefilesaregeneratedafter
compilingandlinking a secondunwill startthe evaluationof crosssections.Dueto its object-oriented
structureit is very easyto include nev physicsmodelsaslong a no new spin statesfor particlesare
involvedbeyondwhatis supportedatthe moment(Spin-0,1/2, 1, and2). Of course AMEG C++ is able
to produceweightedandunweightedaventsto allow for usagdn theframework of eventgenerators.

In the SHERPA-frameavork AMVEG C++ isinterfacedo afull wealthof othercodestheseanclude:

e SpectrumgeneratorsHdecay(for SM Higgs width andbranchingratios), Isajet/Isasusyfor the
MSSM)

e LaserBackscatteringpeamspectrumpwn C++ versionof the CompAZ parametrization

e PDF's: LHAPDF, MRST99(C++-version),CTEQG6(FortranversionoutsideLHAPDF)

e Partonshowers: APACI C++ with properME+PSmeiging

e HadronizatiormandhadrondecaysPyt hi a 6. 163

e Eventrecords:HepEvt,HepMC

Referencd96] describesheimplementatiorof the YFS schemdor initial stateradiationin lepton
collisions.Ref.[53] providesdetailson theimplementatiorof the ADD model.

CompHEP

(Contributedby: E. BoosandS.Ilyin)

Authors: [Authors for CompHEP4.2 and later versions]: E. Boos, V. Buniches, M. Dubinin, L. Dudko,
V. Edneral V. llyin, A. Kryukov, V. Sarrin, A. Semenu, A. Sherstne (the CompHEPcollaboration)
[Authorsfor CompHEP4.1 andearlierversions]: A. Pukhoy, E. Boos,M. Dubinin, V. Edneral, V. llyin, D.
Kovalenko,A. Kryukov, V. Sarrin, S. Shichanin A. Semeng

Ref: Thedocumentatiorior CompHEP4.2 andlaterversionsis notfully readyyet. Referto thewebsite
andto the“User's manualfor version3.3”, [88]

Webpageh ep

CurrentVersion:CompHEP4.4.0
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CompHEPIs a packagdor evaluatingFeynmandiagrams,ntegrating over multi-particle phase
spaceandgeneratingeventswith a high level of automation.

CompHEPallows usersto generatd~eynmandiagramsandto presenthemin a graphicalform
with a Latex output. CompHEPcomputessquared-eynmandiagramssymbolically andthen numer
ically calculatescrosssectionsand distributions. After numericalcomputationone cangeneratewith
CompHEPtheunweightedaventswith implementedtolourflow information. The eventsarein theform
of theLesHouchesAccordeventrecordto beusedn thePYTHIA programfor shoveringandhadroniza-
tion with the help of thenew CompHEP-PYTHIAinterface.An interfaceto HERWIG will beavailable
soon. CompHEPhasan option to introducenew physicalmodelsusinga friendly graphicalinterface
to enternew particlesand/ornew interactionvertexesor to modify the existing ones. CompHEP4.4.0
includesthe specializedpackageLanHEP [91] which allows automaticallygenerated~eynmanrules
(the list of propagatorsaind vertexes)for new physicsmodelsin a standardCompHEPformat. Com-
pHEP4.4.0includesasthebuilt-in modelsQED, Fermimodel,SM in the unitaryandt’Hooft-Feynman
gaugesthe variantsof the SM modelsSM_ud and SM_gQ with simplificationof light quarkcombina-
torics[20], theunconstrained1SSMin theunitaryandt’'Hooft-FeynmangaugesmSUGRAandGMSB
in the unitary gaugewith the interfaceto ISASUSY, and FeynHiggsFast. Several other models, like
LeptoquarkcompleteTHDM, ExcitedLeptonetc. areavailble by request.

CompHEPIs written in C. It allows for the computationof scatteringprocessesvith up to 6
particlesanddecayprocessewith upto 7 particlesin thefinal state.However, in practiceacomputation
of acompletesetof diagramswith 6 and7 final particlestakesa lot of time andcomputeresourcesin
this caseCompHEPcouldbeused for instanceto computesignalcontributionstakinginto accounfinal
widthsandspincorrelations Somecautionrelatedto thegaugenvariances neededtere.CompHEPs a
thetreelevel program soit basicallydoescomputationstleadingorder Howeverit allowstheinclusion
of partial (approximateNLO corrections:NLO treelevel 2 — N + 1 realemissioncorrectiongo the
2 — N procesgfor example,in high p; regionsif important),NLO structurefunctions,loop relations
betweerparameterknown K-factors,andthe known loop contributionsaseffective vertices.Thelatter
canbe donenumericallybut notin afully automatiowvay.

CompHEPwith theinterfaceto PYTHIA, andwith the new scriptsfor symbolicand numerical
batchmodesis a powerful tool for the simulationof differentphysicalprocessegat hadronandlepton
colliders. New batchmodesprovide possibilitiesto uselarge computerclustersand/orMC farmsin a
parallelway.

Oneshouldalsostresghatthe symbolicCompHEPanswerdor squareddiagramswith the output
in theform REDUCE,MATHEMATICA or FORM codesareavailableandgive a usefultheoreticatool
for symbolicmanipulationsespeciallyin the caseof new modelsandnew Lagrangians.

Grace and 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]

Webpageh Jp/

GRACE/SUSYis apackagdor generatingree-level amplitudesandevaluatingthe corresponding
crosssectionsof processesf the Minimal Supersymmetriextensionof the StandardModel (MSSM).
The Higgs potentialadoptedn the systemhowever, is assumedo have a moregeneralform indicated
by the two-Higgs-doultet model. This systemis anextensionof GRACE for the StandardModel (SM)
of the electraveak and stronginteractions. For a given MSSM processhe Feynmangraphsandam-
plitudesat tree-level are automaticallycreated. Integration of the Monte-Carlophasespaceby means
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of the BASES [64] algorithm givesthe total and differential crosssections.When combinedwith the
SPRINGI[64] event generatarthe programpackageprovidesus with the simulationof SUSY patrticle
productions.

MadEvent and MadGraph

(Contributedby: F. Maltoni)

Authors:MadEwent: F. Maltoni, T. Stelzer;MadGraph:T. StelzerandW. F. Long
Ref: MadEwent:[80], MadGraph]105]

Webpageh du

MadEvent [80] is a multi-purpose tree-level event generatowhich is poweredby the matrix
elementgeneratoVadGr aph [105]. In the presentversion,a process-dependergelf-consistentode
for aspecificSM procesgat ary collidere.g., e"eT, ep, pp, pp) is generatediponthe users requeson
awebformatht t p: // madgr aph. physi cs. ui uc. edu. GivenauserprocessMadG aph auto-
matically generateshe amplitudesfor all the relevantsubprocessesndproduceghe mappingsor the
integrationover the phasespace.This process-dependemtformationis packagednto MadEvent , and
astand-aloneodeis producedhatcanbe downloadedrom thewebsiteandallows the userto calculate
crosssectionsandto obtain unweightedeventsautomatically Oncethe eventshave beengenerated-
eventinformation,(e.g. particleid’s, momentaspin, color connections)s storedin the “Les Houches”
format[19]. Eventsmaybepassedlirectlyto ashoverMonte Carloprogram(interfacesareavailablefor
HERW G andPYTHI A) or may be usedasan input for combinedmatrix-element/shweer calculations,
suchastheoneproposedn Ref.[27].

The codeis written in Fortran77 andhasbeendevelopedusingthe g77 compilerunderLinux.
The codeis parallelin natureandit is optimizedto run on a PCfarm. At presentthe supportecatch
systemis PBS. The stand-alonecodesdo not needary externalllibrary. LHAPDF is supportedasan
option.

Limitationsof thecodearerelatedto themaximumnumberof final stateQCD particles.Currently
the packagss limited to tenthousanddiagramsper subprocessSo, for example, W +5 jetswhich has
beencalculatedjs closeto its practicallimit. At presentonly the StandardVlodel Feynmanrulesare
implementecandthe userhasto provide his/herown rulesfor beyond Standardviodel physics,suchas
MSSM.

Furtherinformation,including examples,a setof benchmarlcross-sectionfor hadroncolliders,
alist of frequentlyaskedquestionsdownloadsandupdatesanbefoundat
htt p: // madgr aph. physi cs. ui uc. edu.

4. HIGHER ORDER CORRECTIONS —PERTURBATIVE QCD COMPUTATIONS °

In this sectionwe shall briefly describethe problemsthat arise when both real- and virtual-emission
diagramsare consideredn the context of a perturbatve computation.The former classof diagramss

the oneuponwhich the tree-lesel matrix elementgenerator®f the previous sectionare based.Unfor-

tunately the techniquesvhich allow a high degreeof automatizatiorin the constructiorof thesecodes
arenot readily extendecdto the caseof virtual diagramgalthoughprogresss beingmadeon this point).

Furthermoregvenwith analyticalmethodsthe computationof multi-leg, one-loopamplitudeds avery

difficult problemwhich is not limited, asin the caseof real diagramspy CPU power. Clearly, the sit-

uationworsensat two andthreeloops, whereonly a handful of resultsare presentlyavailable. Each
N LO computation(where,roughly speaking/ is the numberof loops)basicallyinvolvesa laborious
andad-hocprocedure.

SContritutedby: S. Frixione.
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HigherorderQCD computationgarea highly technicalmatter However, the beginnershouldfeel
uneasynotbecausef technicalitiesbut for morefundamentateasonsin fact,themostnaturalquestion
is: in aworld wherehadrongnteractproducingotherhadronswhy do QCD theoristsspendmostof their
time talking aboutandcomputingreactionswith quarksandgluons?

Let usdefertheanswetto this question.In fact, let usdeferthetreatmenbf the caseof QCD and
insteadstartby explaining how to organisea next-to-leadingorder(NLO) computationin the context of
anunphysicamodel,whoseonly virtueis its simplicity. In thisone-dimensionahodel,asystemwhose
natureis irrelevant) canradiatemasslesgarticles(which we call photons) whoseenepgy we denoteby
z,with 0 < 2z < z, < 1, wherez, is theenepy of the systembeforetheradiation. After the radiation,
theenegy of thesystemis 2, = z, — z.

In a perturbatve computation the Born term correspond$o no emissions.The first non-trivial
orderin perturbationtheory getsa contribution from thosediagramswith oneand only one emission,

beingeithera virtual or real photon. Thesediagramsaredepictedn fig. ll We write the corresponding

T o

x=0 x=1 x=0 x=1
(b) ) 0]

<
Il
O
<
Il
N

Fig.1: Born(b), virtual (v), andreal(r) diagramdor thetoy model. Theblobrepresentthesystemthewiggly line theemitted
photon.

contributionsto the crosssectionasfollows:

(Z—") = Bi(@), @)
) - 2o

for the Born, virtual, andreal contributionsrespectrely, wherea is the couplingconstant,B andV are
constantwith respecto x, and
lim R(z) = B. (5)

r—0

The constantB appearsn egs.(l) and @l sincewe expectthe residueof theleadingsingularityof the
virtual and real contributionsto be given by the Born term timesa suitablekernel. (We are cheating
a bit here,sincewe didn't write the Lagrangianof the toy modelfrom which this propertyshouldbe
derived. We assumat, sinceit holdsin QCD). We takethis kernelequalto 1, sincethis simplifiesthe
computationsandit is not restrictive. Finally, ¢ is the parameteenteringdimensionaregularizationin

4 — 2¢ dimensions.

The taskof predictingan obsenable O to NLO accurag amountsto computingthe following

integral
Y A do do do
(0) = 11_r>r(1) ; dz z72 O(z) |:<£>B + (a)v + (@)R] ) (6)

whereO(z) is theobsenableasa functionof z, possiblytimesasetof © functionsdefininga histogram
bin. The conditionthattheintegral of eq. (ll) existsis equivalentto therequirementhat

lim O(z) = 0(0). (7)
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Theanalogueof this conditionin QCDis known asinfraredsafety Themaintechnicalproblemin eq. ()
is dueto the presencef the regularisingparametee. In orderto have anefficienthnumericalprocedure,
it is mandatoryto extractthe polein ¢ from the real contrikution, thus cancellinganalytically the pole
explicitly presenin thevirtual contribution. Onehasto keepin mind thattheintegralin eq. (i) cannot
befully computedanalytically becaus®f the complicatedorm of O (z) and R(z).

Two stratgyiescanbe devisedto solve this problem.In the slicing method a smallparameteb is
introducednto therealcontribution (third termonther.h.s.of eq. (@) in thefollowing way:

<O)R:/05 dz %0 (x) (Z%)R+/51 dz 27*0O(x) (%)R. (8)

In thefirst termon ther.h.s.of this equationwe expandO(z) and R(z) in Taylor seriesaroundO and
keeponly thefirst term;the smallersd, the betterthe approximation.On the otherhand,the seconderm
in eq. (@ doesnot containary singularityandwe canjustsete = 0 there.We obtain

—2e

(0), = aBO(O)/OJd.r$x —}—/;de(:v) (Z—‘;)R+0(5) 9)
O(z)R(z)

Z

1 1
= a<—2——|—10g5> BO(O)—}—a/ dx + O, €). (10)
€ Jé

Usingthisresultin eq. (), we getthe NLO predictionfor (O) asgivenin theslicingmethod:

(©)

1
e = BOW+a |(Blogd+ V)00 + [ ar D] 4 o), )
Thetermscollectively denotedby O(4), althoughcomputablecanbe neglectedby choosingy small. In
practicalcomputationstheintegralis performednumerically but dueto the divergenceof theintegrand
forz — 0, 6 cannotbetakentoosmallbecausef thelossof accurag of thenumericalntegration. Thus,
thevalueof § is acompromisébetweerthesewo oppositerequirementsheingneithertoo smallnor too
large. Of course,“small” and“large” are meaningfulonly whenreferredto a specificcomputation.
Therefore, whenusingthe slicing method,it is mandatoryto checkthatthe physicalresultsare stable
againstthe variationof the valueof §, choserover a suitablerange.In principle,this checkwould have
to beperformedor eachobsenable,O, computedIn practice,only oneobsenableis consideredvhich
is generallychoserto beratherinclusive (suchasatotal rate).

In the subtraction method no approximationis performed. One writes the real contribution as
follows:

$1+26 !

1 L —2€ ~ 1 , 7Y P
), = aBO(O)/ P Gt n a/ 4z Q@) R(z) — BO(0)O(z, — 2) (12)
0 x 0
wherez, is anarbitraryparametef < z. < 1. Thesecondermonther.h.s.doesnotcontainsingulari-
tiesandwe cansete = 0 there:

(0), = —anC_QEO(O) —|—a/1 do Q@) E(@) = BO(0)O(z — 2) (13)

R 2¢ z

Thereforethe NLO predictionasgivenin the subtractiormethodis:

O(z)R(z) — BO(0)O(z, — z)

x

(14)

0).,,=BO(0) +a [(Blog z.+ V)O(0) + /1 dx

This equationhasto be comparedwith eq. (. Although the two are quite similar, there are two
importantdifferencesthat have to be stressed.First, the parameterz. introducedin the subtraction
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methoddoesnot needto be small. (Actually, in the original formulationof the methodz . wasnot even

introduced,which correspondso settingz. = 1 here). This is dueto the fact thatin the subtraction
methodno approximatiorhasbeenperformedn theintermediatestepsof the computation.Thisin turn

impliesthe secondooint; thereis no needto checkthatthe physicalresultsareindependenof thevalue
of z., sincethisis true by construction.

We stresghatbotheqs.(@l and (@@ arequite powerful. The cancellatiorof thedivergentterms,
whicharisein theintermediatestepsof the computatiorfrom loop andphase-spacategralsfor thecase
of virtual andreal contributionsrespectiely, hasbeenachiezedwithout knowing arything about: 1) the
obsenableO, apartfrom its infraredsafety and2) the matrix elementsapartfrom their leadingsingular
behaiour (seeeq.(@).

We now turn to the caseof QCD. As anticipated for the time beingwe assumehe world to be
madeof quarksand gluons,andwe computecrosssectionsfor their scatterings.As in the toy model,
NLO correctionsmply the computationof virtual and real diagrams. Accordingto the toy model,in
orderto achieve the cancellatiorof the singularitie$ it is crucialto singleout the singulartermsin the
matrix elements.Let us first considerthe caseof real emissions.lt is not difficult to realisethat the
only diagramswhich cancontributea singularityin the matrix elementsarethosein which anemission
occursonanexternalleg (strictly speakingthisis trueonly in physicalgauges)Thefinal-stateemission
from a quark (the caseof emissionfrom a gluonis completelyanalogoustanbe formally represented

Fig. 2: Gluonemissionfrom afinal-statequark. The blob representtherestof the diagram.

asin fig. ll Theblobrepresentsherestof the diagramwhich doesnt play ary role in whatfollowsand

canbe arbitrarily complicated.For the computationof this diagramit is corvenientto parametrisehe
momentaasfollows:

ky=zky + ke +Gn, ko= (1—2)ky — ks +(n, (15)

wherek, -k, = kr-n =0,n%? =0,k =0, n- k, # 0, andthe coeficients(;, . aredeterminedy
imposingtheon-shellconditions

k2 k2
T k=0 = (= —5——r (16)

B2 = — ot .
p=0=0 2zm - kg ¢ 2(1 — 2)n - ky

Thecomputatiorof thediagramis pretty straightforwarcandtedioussowe’ll only reportthefinal result.
Thecontributionto the productioncrosssectionis

o 1 + 22 1
do(LR) — ﬁ / dkidz CF?EdU(O)(’%) + K. (17)

with thecolourfactorC, = (N2 — 1)/(2N.) = 4/3. A regularizationprescriptionis understoodn the
firsttermonther.h.s.of eq. (. Thedimensionategularizationadoptedn thetoy modelwould imply

anextra factor k72 (1 — z)~%¢. Alternatively, the singularregionsk, ~ 0, z ~ 1 could be cut off by
computingtheintegralfor k; > po andz < 1— z,. Thequantitydo(©)(k,) is thecrosssectioncomputed

5We areagainsloppyhereanddon't considetltraviolet singularitieswhichwe assumeo beproperlycancelledy standard
renormalizatiortechniques.
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asif the outgoingquarka wouldn'’t have splitinto b + ¢. Pictorially, it correspondso the squareof the

blackblob, timesphasespaceandnormalizationfactors.R denotesall thetermsthatarenot singularin

1/ky. do(t1) is theanalogueof eq. @ in thetoy model,wherez playstherole of k.., and B playsthe

role of do(®). In thetoy model,we would have R = a(R(z) — B)/x asanon-singulaquantitythanks
to eq. (. Clearly, the structureof eq. (lll is moreinvolved thanthat of eq. () sinceQCD is more
complicatedthanthe toy model. In particular we seethat do (%) is singularnot only for £, — 0 but

alsofor z — 1. Thesetwo limits correspondo the emittedquarkandgluonbeingcollinear andto the

emittedgluonbeingsoft, respectiely. By explicit computatioronethusrecorersawell known fact of

QCD, thatmatrix elementsaresingularwhentwo on-shellpartonsbecomecollinear, or agluonbecomes
soft.

If QCD worksasthetoy model,we expectthat,uponregulatingtheintegral appearingn eq. (ll),
the singularitieswill cancelagainstthoseobtainedfrom the virtual contribution. This is in fact what
happensTheloop integralscaneasilybe castin the sameform astheintegralin eq. (lll):

o 1+2% 1
doMV) = —ﬁ/dkidzCF—k—Qda( ko) + V. (18)
This correspondso writing &(z)/(2¢) = — [, dza='=% + O(e) in the toy model andreplacingthis

expressioninto eq. (). Thesumof eqgs.(l and (@@ is indeednonsingular

We sstresghatdo (1) + do(1:V) beingfinite is nottheanaloguef eq. @ or eq.@. In fact, here
we limited ourselesto computingthe mostinclusive of the obsenablesin the kinematicsof partonsh
ande¢, which correspondso takingO = 1 in thetoy model. We shall comebacklater to the treatment
of non-trivial obsenablesin the caseof QCD. Before doing that, we first have to considerthe casein
which a splitting occursin the initial state. The situationis depictedin fig. B The kinematicsfor this

S

c

Fig. 3: Gluonemissiorfrom aninitial-statequark. The blob representsherestof thediagram.

splitting canbe againparametrizedisin eq. (). The crucialdifferenceis the momentumenteringthe
blob, beingin this casek, — k.. Theanalogueof eq. ([l is

Jo(LR) 2o 1121
o' 27r dk dzCF kzd (zks) + R. (19)

Ontheotherhand thekinematicsof thevirtual termareidenticalto thoserelevantto final-stateemission
(andin factit isimproperto talk aboutinitial- andfinal-statecontributionsto thevirtual term). Therefore

14+ 22
(1,R) (1,Vv) _ 2 (0) (0)
do + do 2ﬂ/alk dzCr—— T k:2 (d. (zky) — do (ka)) + R+ V. (20)

This expressionis non-singularin the soft limit z — 1, but it is still divergentin the collinear limit
kr — 0. We, therefore have to concludethatthe NLO crosssectionfor a processnvolving quarksin
theinitial stateis adivergentquantity(the sameholdstruein the caseof gluonsin theinitial state).
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The problemis not asseriousasit may seem.To understandhis, we have to go backto the real
world whereno onehas,or ever ever will, succeedeéh preparingquarkor gluonbeams.BeforeQCD
wasborn, Feynmanproposedhe parton modelto describdepton-hadrorcollisions. The crosssection
for theprocess + H — X, X beingagenericfinal state js written as

do(Ke, K) =) /0 1 dy fI (y)doy(K., yKg) . (21)

Here, K. and Ky arethe electronand hadronmomentarespectiely. The hadronis thoughtof asa
beamof freemasslessonstituents—tapartons—whicthave only longitudinal(with respecto thehadron
directionof motion) degreesof freedom. Theremay be differentpartontypes,which are summedover
in eq.(@@. The crosssectiono; is relevantto the process + p; — X, with p; beinga partonof type
7. Finally, thequantitydyfi(H)(y) is the probability of finding the partonp; with 3-momentum; such

thatyKy < k; < (y + dy)Kp. Thefunctions f™)(y) arethe partondensities(also called parton
distributionfunctiong. They describea propertyof the partonsashadronconstituentsand,assuch,are
independentf the natureof theinteractionsbetweerthe partonsandthe lepton. This propertyis called
universality,

In QCD, it appearsnaturalto identify the partonswith quarksand gluons’/ The questionis:
canwe computeNLO QCD correctionsto do; in eq. (@l? Fromeq. (i we know thatthe answeris
negative, sothe partonmodeldoesnot survive radiative corrections.However, we shallnow shaw that,
by suitablymodifying it, anequationanalogouso eq. (il holds,with all the quantitiesappearingn it
freeof divergenceslin orderto proceedwe simplify the notationasfollows. We assumehatthe sumin
eq. (@@ runsonly over quarkssowe suppres# andits dependencapon:. We alsosuppressvriting the
dependencapon K. andshorternthe notationin eq. (ll by introducingthe quantity

14+ 22
P(z) = . 22
B=c(T55), 22
This notationis denotedasthe“plus prescription"andis definedasfollows:
1 1
| e = [ dshin) - (o). @3)
Thus,ngglectingthefinite termsR and), we get
(1,R) (1,V) as [ dk} 0)
do" " (k) + do' " (ky) = oy k—deP(z)da (zkq). (24)
m T

We cannow computethe k2 integral by cutting off the k. ~ 0 region (so we don't usedimensional
regularizationhere):
dk2 Q* k2 2
—QT—>/ —QTzlogQ—Q, (25)
k3 7 k3 Ko
wherep is anarbitrarymassscalewith pg < @, and( is a characteristi¢hard)scaleof the process.
Thus,the NLO contributionto eq. (il is
O (K = 25 10g & (1) O (g2
do\V(Kpg) = o log 2z dydz Y (y)P(z)do"" (yzKm). (26)
0 -

"This follows from asymptoticfreedom; furthermore sincethe quarkshave spin 1/2 andthe gluonshave zero electric

chage,the Callan-Grosselationis recovered.
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Sincetheleadingordercontributionis

do©)(Ky) = / dy ) (y)do© (yKp), 27)

aftersomesimplealgebrathefull NLO predictioncanbecastin the following form (neglectingtermsof
ordera?), with po < p ~ Q

do(Kp) = / dy FD(y, 12, 12)d6 (y K, 12, QP), (28)
where
2 1
. d
F I (y, p? ud) = f(H)(y)+§—slogu—2/ ZP) fM(y/z), (29)
s Ho Jy Z
o Q2 1
do (K, 1%, Q%) = da<0>(K)+2—Slog—2 / dzP(2)do ) (2K). (30)
T 0

Eq. (@ is meantto replaceeq. (. As canbe seenfrom eq. (ll), the crosssectionds is finite when
remaoving thecutoff, uo — 0, atvariancewith eq. (). However, the cutoff dependenchassimply been
moved from the partoncrosssectionto the partondensityf 8 which alsoacquiredin the procedurea
dependencenthescaleu. Thisis quiteanachiavement.In fact, the cutoff dependencis now universal,
in thesensehatit doesnotdependuponthenatureof thepartonscatteringe.+¢ — X. This meansthatf
hasthe sameuniversalitycharacteristiof the f originally introducedn the partonmodel. Furthermore,
theresultin eq. (ll is likely to be a goodapproximationof the all-orderresult,sincethe dependence
on large scalesonly implies thatthe coeficient of oy = as(i) is a smallnumber On the otherhand,
the sameis not truein eq. (), sincethe coeficient of o is alarge number log p?/u3. Thus,anall-
ordercomputationof f would be necessanyn orderto obtaina reliable prediction. This is beyond our
currentcapabilities(althoughprogresss beingmadein lattice computations).However, if we give up
the possibility of computingf, we mayassumeve canmeasurét in a givenprocessanduseit to predict
the crosssectionof someotherprocessThiswill work becausef the universalityof f

Eq. (@ may appeainodd becauseheinformationon the productionprocessn the O(«a5) termis
entirely containedn do(®), whichis of O(a2). Thisis becausave have neglectedin the derivationthe
finite termsR andV, which shouldbe addedon ther.h.s. of eq. (lll to reinstatethe correctnotation. It
is however importantto notethatthe cancellationof the divergencegproceedsndependentlyof R and
V. Thecomputatiorof thesefinite terms,which is thetoughespartof ary matrix elementtomputation,
canbeforgottenwhendealingwith the singularities.

Thereis possiblya logical flaw in this reasoningsincewe didn’t prove thateq. (il holdsto all
orders. In fact, this is a highly non-trivial proof, which hasbeencarriedout for a numberof different
processessuchaslepton-hadrorandhadron-hadrorollisions. Theresultingforms, eq. (il or

do(Km,, Kn,) = /dyldny(Hl)(yl)f(H2)(y2)d'5(ylf(H1 Y2 K m,) (31)

for the collisionsof hadronsH; and H, with momentak’; and K, respectiely go underthe nameof
factorizationtheoems

Thereareacoupleof interestingeaturesof the partondensitiesf thatdesere someconsideration.
First, we considereq. (il by deriving both sidesof the equatiorwith respecto log 1%, we get

Of I (y, u2, u3) %/1 dz
Yy

d log 12 - —P(2)f(y/z 12, 1) + O(a?). (32)

z

8ln QCD, thenotation{ is usedinsteadof f; herewe preferto usef to stresshefactthatthis quantityis a subtractedne.
Also noticethatin QCD f is nota probabilitydensitybut a numberdensity sinceit doesnotintegrateto one.
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In this equationthe dependencepon i is entirely containedn f Thus, it is sensibleto assumehe
r.h.s.to bethefirst term of a well-behared perturbatve expansion(in the sensehatthe next termswill
be smallerthanthis). Eq. (il is nothingbut the familiar Altarelli-Parisi equation(for the non-singlet
case) pftenreferredto asthe DokshitzerGribov-Lipatov-Altarelli-Parisi (DGLAP) equation.

We canalsogo backto eq. (il andwonderwhatwould have happenedf we hadreplaced.q with
1 ~ po. Clearly
N A o 2 rbdz
P, 1) = FUD (1) = 2 log M—é/ —P(2) P (y/2). (33)
s 0y z
Ther.h.s.of thisequationis asmallnumber This suggestshatthe quantitiesappearingn eq. (il could
have actuallybeendefinedasfollows

1 2
Pt ) = 100+ 5 [ 2 (ol p) + 1) 1002, 60
. L« o 222 .
do(K, 12, Q" H) = doO(K)+ ﬁ/ dz (log ﬁP(z) - 7—[(2)) do©)(zK).  (35)

0

Thefunction#(z) is largely arbitrary but theideais thatits contribution to eq. (il is a smallnumber
comparedo log 12 /u2. It shouldbe clearthatthe dependencef f upon?#(z) is completelydifferent
from thatuponyg; H(z) is arbitrary andcanbe freely changedvithout changingthel.h.s. of eq. (l).
Ontheotherhand we cannotcontrolthedependencapony, whichis fixed by Nature.For thisreason,
it is customaryto suppresswriting it in the agumentsof f It shouldthereforebe clearthat neither
f nor d& are physicalquantities,sincethey dependon our corventions. Still, with a given choiceof
H(z), f is universalandcanthereforebe usedin the computatiorof eq. (ll), providedthatds thereis
definedaccordingto the samecorventionsusedin eq. (lll). The choiceof #(z) is usuallydenotedas
schemechoice with popularschemessuchasMS or DIS, usinga specificform for 7(z). We stress
againthat not only partondensitiesput alsopartoncrosssectionsarecomputedn a givenscheme An
error, of next-to-leadingorder is madeif one predictsan obsenableusing partondensitiesand parton
crosssectionscomputedin differentschemes.Therefore,standardMonte Carlo partonshowver codes,
whichimplementhardcrosssectionsonly attheleadingorder canbe usedwith partondensitiesdefined
in whaterer scheme.On the otherhand,careis requiredwith codesthatimplementNLO corrections,
sincethe partondensityschememustmatchthatusedin the partoncrosssections.

In summarywith apurelytheoreticabrgument(the presenc®f collineardivergencesn thecross
sectionfor aprocessnvolving quarksin theinitial state)we shovedthataworld withouthadronsannot
exist (or atleastthat QCD is not ableto describdt). The partonmodeldoesnt survive radiative correc-
tions. However, its analoguen perturbatve QCD, the factorizationtheorem,is basedon the very same
physicalpicture’. Althoughhadronsandnot quarksandgluons,arepresenin thefinal state,no final-
statecollineardivergencesarefound in the crosssectionwe previously computed.This is at variance
with eq. (), wherethe sumof eqgs.(@l and (@@ is finite. This preventsus from usingquantitiesakin
to partondensitiesn thefinal state,which would corvert quarksandgluonsinto the obsered hadrons
(sincewe have explicitly shawvn thattheintroductionof partondensitieds associatedvith the presence
of collineardivergences)ln orderto give a physicalmeaningto QCD computationspnehasto assume
thatthosecrosssectionswvhich canbe computedn termsof quarksandgluons,andarefree of infrared
andcollineardivergencesgcorrespondo crosssectionsof physicalhadrons. This assumptioris know
ashadron-partonduality. For example,the computationat O(«a?%) of the total rate for producingary
numberof quarksandgluonsin ete™ collisionshasto be interpretedasthe O(a”) predictionfor the
total et e~ hadroniccrosssection.

It is notdifficult to obtaina QCD crosssectionwith final-statecollineardivergencesFor example,
thiswouldhave happenedby fixing themomentunof thegluoncin fig.ll In generalthefinal-statequark

®Hence thefactorizationtheoremis sometimeseferredto asQCD-improred partonmodel,a fairly horrible name.
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andgluon momentaare combinedin orderto definethe obsenablewe wantto study In the previous
example,we consideredhe simplestpossibleobsenable, the total rate, which correspondgo setting
O(z) = 1in thetoy model. In general,the obsenabledefinition in termsof momentais non trivial.
Sincethekinematicsof therealandvirtual diagramsaredifferent,sois the definition of the obsenable.
In thetoy model,the contribution of thereal (virtual) diagramgo theobsenableO is O(z) (O(0)), and
the conditionof eq. @ mustbefulfilled in orderto obtainafinite crosssection.Physically the meaning
of eq. @ is clear; the smallerthe emittedphotonenepy, the closerthe value of the obsenableto the
value of the obsenablecomputedwhenno emissionshave occurred.lt is easyto prove thatanalogous
conditionsmusthold in QCD for avoiding divergencesthe obsenablevaluemustbeinsensitive to soft
emissionsor collinearsplittings. Theseconditionsareknown asinfrared safety

With an infrared-safgjet definition, hadron-partorduality is the understoodassumptiorin the
extremely successfutomparisondbetweenjet dataand NLO parton-level computations.On the other
hand, there are physically interestingcasesassociatedvith final-statecollinear divergentQCD cross
sectiongfor example, 7" spectrain pp collisions). In thesecasesthe dayis saved by applyingparton-
modeltechniguego final-stateemissionsthat s, by proving otherfactorizationtheorems. The cross
sectionis written analogouslyto eq. (il

do (K1) = / d=d6, (K1) 12, Q) D (2, 12, i), (36)

where K 7 is now the momentumof the final-statehadronH, dé, is the crosssectionfor producinga
final-statepartona, and D{?) is analogouso f(7), whichis relatedto the probability densityof finding
ahadronH within a partone, ratherthanto the probability of finding a partonin a hadron.This “final-
statepartondensity”is actuallya hadrondensityandis calleda fragmentatim function In eq. (il all
the quantitiesare finite, with thoseon the r.h.s. beingdefinedthroughequationssimilar to eqgs. (ll)
and(@ . Noticethatthefinitenessof eq. (@l is notin contradictionwith whatwassaidbefore.In fact,
thefragmentatiorfunctionscannotbe computedn perturbatiortheory However, similarly to the parton
densities,they canbe extractedfrom datain an universalmanney i.e. independentlyof the collision
procesgonsidered.

It is worth mentioningthat the factorizationtheoremsand the hadron-partorduality hold up to
termsproportionalto someinversepower of the hardscaleof the process]/@Q?. For thisreasonthese
termsare usuallyreferredto as powersuppessederms In real experimentsthe scale may not be
large enoughfor themto be safelyneglectedin the comparisorwith perturbatve QCD predictions.In
the vastmajority of casesthey are estimatedwith the help of partonshonver Monte Carlos, although
alternatve approachesxist for et e~ ande H collisions.

Thefactorizationtheoremsandthe hadron-partoruality area ratherpowerful machineryandal-
low the computatiorof QCD correctiongo the obsenablethat onewantsto comparewith data. Nowa-
days,NLO predictionsexist for the vastmajority of obsenablesmeasuredy experimentsanda few
NNLO computationsreavailableaswell. Becausef the delicatesingularity cancellationsearly com-
putationsweretypically performedfor a specificobsenablein a given collision process.However, it
waslaterrealisedhatsuchcancellationdasicallyrely on propertiesccommonto all matrix elementsand
are independenbf the obsenable being studied(apartfrom the requirementhat it be infrared safe).
This formsthe coreof the so-calleduniversalformalismsfor dealingwith infraredsingularities. These
formalisms,at presenbnly availableat the NLO, allow oneto write ary crosssectionin termsof finite
guantities pbtainedwith a well-definedprescriptionfrom matrix-elementomputationgin the example
given before, thesefinite quantitiesare do(?), R, and V). Barring involved technicaldetails, the re-
sulting expressionsareanalogougo eqs. ([l or (. Preciselyasin the toy model,popularuniversal
formalismsrely eitheron the slicing or on the subtractiormethod. They differ in the way in which the
slicing parameterareintroducedor in thewayin which the subtractiortermsaredefined.

The universalformalismscanbe easilyimplementedn numericalprogramswhich compute(O)
for ary obsenableO(z). Fromeqs. (@ and (), it shouldbe clearthat theseprogramsare simply
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integrators, andtheintegral is typically computedwith Monte CarlotechniguesTheword “integrator”
is usuallyunderstoodr forgottenand“Monte Carlo” is whatremains.We shallreferto themasMonte
CarloIntegrators(MCI) in whatfollows1° The confusionwith partonshover Monte Carlos(PSMC)is
worsenedy thefactthatoneinsiststhateventsareproducedoy MCI’s, notonly by PSMCS. In orderto
clarify thattheword eventis usedin MCI'sandPSMC5s with differentmeaningsconsidereq. (@l. Let's
pretenadhatonly thelasttermis presen{the remainingonescanbetreatedsimilarly) andto simplify the
notationsetz, = 1. Theprocedurdo obtain(O) , with Monte Carlotechniquesanbe summarises
follows:

e Pickatrandom0d < z < 1.
e Computew, = aR(z)/z (theeventweigh).
e Computew., = —aB/z (thecountereventweighy.

e Call an outputroutine, that addsw, to the bin to which O(z) belongsandw. to the bin to
whichO(0) belongs.

e RepeatheprecedingstepsN timesandnormalisewith 1/N.

Pickingz at randomis equialentto generatinghe configuration(r) in fig.ll Sincethis configuration
andits correspondingveightw ., areindependenof O(z), onecallsit anevent. Thisis similarto what
happendn PSMC,whereeventsare generatedvith no referenceto an obsenable. Thereis moreto

this similarity, sincethe outputroutine of the fourth stepcanbe calledfor mary differentobsenables
for a given event and eventually predictall of themwith a singleintegration procedure.On the other
hand,at variancewith PSMCS5, eacheventis accompaniedby a counterevent,whoseweightis w., and
whosekinematicscorrespondso (v) (or (b), which is equialent)in fig. [l Supposean z valuevery
closeto 0 is generatedThe quantitiesw ;,» andw., will bevery largein absolutevalueandoppositein

sign. In fact, becausef eq. (), they arealmostidentical,up to the sign. Thus,if O(z) andO(0) fall

in the samebin, the contributionsof the eventandof the countereventtendto cancelandonly asmall
leftover will contribute to thatbin. If, on the otherhand,O(z) andO(0) belongto differentbins, the
crosssectionin thesebinswill be extremelylarge in absolutevalue. Noticethatthis canhapperalsoif

O isinfraredsafe,i.e. it fulfils the conditionof eq. @, soit is sufficientto chosea very smallbin size.
Onetypically saysthat QCD doesnot haveinfinite-resolutionpower. Finally, let'stry to useour MCI

asanunweighted-eentgeneratar Accordingto the hit-and-misstechnique(seesect i), preliminarily
oneneeddo estimatethe maximumof the weight distribution. Sincewy,, is divergentfor =z — 0, the
unweightingprocedurds simply undefined.This problemcanbe circumventedby introducinga small
cutoff (suchasé of the slicing method),wherethe maximumweightwill thenbe ~ a«B/§. However,

thesmallerd, thelessefficient the unweightingprocedureln summaryanMCI is aneventgeneratois

the sensdhat: a) theword eventsimplies eventsandcounterevents,asdefinedabore; b) only weighted
eventscanbe generatec@ndthe weightsmay have positive or negative values the latter beingtypically
associatedvith counterevents; c) the eventsconsistof a few final-statequarksand gluons(i.e., not
hadrons).

5. PARTON DISTRIBUTION FUNCTIONS 11

As pointedout in sectlll, the calculationof arny productioncrosssectionsreliesupona knowledgeof
thedistribution of themomentuntractionz of the partongquarksandgluons)in theincominghadrons
in therelevantkinematicrange.Thesepartondensitiesor partondistribution functions(PDF’s) cannot
be calculatedperturbatvely but ratheraredeterminedoy globalfits to datafrom deepinelasticscatter
ing (DIS), Drell-Yan (DY), andjet productionat currentenegy ranges.Two major groups,CTEQ and
MRST, provide semi-rgular updatedo the partondistributionswhennew dataand/ortheoreticadevel-
opmentshecomeavailable. The newestPDF’s, in mostcasesprovide the mostaccuratedescriptionof

Thesecodeshave beendenotedpreviously as“crosssectionintegrators”. We usethe wordsMonte Carlo herein orderto
stresghetechniguenvolvedin the computationput no differenceof principleis involved.
"cContritutedby: J. Huston.
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theworld’s data,andshouldbe utilisedin preferencdo older PDF sets. The newestsetsfrom thetwo
groupsareCTEQ®6.1[106] andMRST2002[82].

Processesnvolvedin Global AnalysisFits

Measurementsf DIS structurefunctions(F%, F3) in lepton-hadrorscatteringand of lepton pair
productioncrosssectionsn hadron-hadrorollisions provide the main sourceof informationon quark
distributionsfép)(x, @?) insideprotons!? At leadingorder the gluondistribution function fép)(x, Q%)
entersdirectly in hadron-hadrorscatteringprocessesvith jet final states.Modernglobal partondistri-
bution fits are carriedout to next-to-leadingorderwhich allows a5 (Q?), £ (z,Q?) and £ (z, Q?)
to all mix andcontributein thetheoreticaformulaefor all processe$® Neverthelessthe broadpicture
describedabove still holdsto somedegreein globalPDFanalyses.

The datafrom DIS, DY andjet processestilisedin PDFfits cover a wide rangein z and(), but
needto beextrapolatedo covertherangeaccessiblat LHC. HERA data(H1+ZEUS)arepredominantly
atlow z, while thefixedtargetDIS andDY dataareathigherz. Thereis considerabl®verlap,however,
with the degree of overlapincreasingwith time asthe statisticsof the HERA experimentsincreases.
Partondistributionsdeterminedat agivenz and@? 'feed-dovn’ to lower z valuesat higher(? values.
DGLAP-basedNLO pQCD shouldprovide an accuratedescriptionof the data(and of the evolution
of the partondistributiong over the entire kinematic range currently accessible. At very low = and
(), DGLAP evolution is believed to be no longerapplicableand a BFKL descriptionmustbe used!*
No clearevidenceof BFKL physicsis seenin the currentrangeof data;thusall global analysesuse
conventionalDGLAP evolution of PDF’s.

Thereis aremarkableconsisteng betweerthedatain the PDFfits andtheNLO QCD theoryfit to
them.Ontheorderof 2000datapointsor moreareusedin modernglobalPDFanalysesindthe y?/DOF
for thefit of theoryto datais ontheorderof 1.

Theaccuray of the extrapolationto higher(? dependon the accurayg of the original measure-
ment,ary uncertaintyon «s(Q?) andthe accurayg of the evolution code. Currentprogramsin useby
CTEQandMRST shouldbe ableto carryout the evolution usingNLO DGLAP to anaccurag of afew
percenbverthehadroncollider kinematicrange exceptperhapstverylargexz andvery smallz. Evolu-
tion programsarealsocurrentlyavailablewhich useapproximatexpressiongor NNLO Altarelli-Parisi
kernels.

Parameterizationgnd Sthemes

A global PDF analysiscarriedout at next-to-leadingorder needsto be performedin a specific
renormalizatiorandfactorizationschemeTheevolutionkernelsarein aspecificschemeandto maintain
consisteng ary hard scatteringcrosssectioncalculationsusedfor the input processesr utilising the
resultingPDF’s needto have beenimplementedn thatsameschemegseesectll). Almostuniversally
the MS schemsds used,but PDF’s are also availablein the DIS schemea fixed flavour schemeand
severalschemegshatdiffer in their specifictreatmenbf the charmquarkmass.

Someglobalanalyse$ave alsobeencarriedoutat NNLO [4,83]. However, the NNLO evolution
kernelsarestill known only approximatelyandonly the DIS crosssectionsareknown to NNLO. The
othercrosssectionsarestill treatedat NLO.

It is alsopossibleto useonly leading-ordematrix elementcalculationsin the global fits which
resultsin leading-ordepartondistribution functions. SuchPDF’s arethe standarcchoicewhenleading

2Thefunction £*) coincideswith £ of sectill

3This meanghatthe definition of o (Q?) usedin a crosssectionintegratoror eventgeneratoneedgo be consistentvith
the specificPDF beingemployed.

145eee.g.Ref.[37] for adiscussiorof DGLAP andBFKL.

22



order matrix elementcalculations(suchas Monte Carlo programslike Herwig and Pythia) are used.
The differenceshbetweenLO and NLO PDF’s, though,are formally NLO. Thus, the additionalerror
introducedby usinga NLO PDF with Herwig, ratherthana LO PDF, should not be significant, in
principle,andNLO PDF'scanbeusedwhenno LO alternatvesareavailable(seesectllfor adiscussion
on this point). The differenceshetweenNLO andLO partondistributions are not that large for mary
PDF’sin mary regionsof z andtendto shrinkat higher?.

All globalanalysesiseagenericform for theparameterizationf boththe quarkandgluondistri-
butionsat somereferencevalue(,:

Fz,Q,) = Ayz (1 — 2)*2 P(z; As, ...) . (37)

Thereferencevalue(), is usuallychosenin therangeof 1-2 GeV. The parameterd; is associatedvith
small« Reggebehaiour, while A, is associateavith large« valencecountingrules.In generalthefirst
two factorsarenot sufficient to describeeitherquarkor gluondistributions Theterm P(z; As, ...) is a
suitablychosersmoothfunction,dependingn oneor more parameterghataddsmoreflexibility to the
PDF parameterizationln general boththe numberof free parameterandthe functionalform canhave
aninfluenceon the globalfit.

The PDF's madeavailableto the world from the global analysisgroupscaneitherbe in a form
wherethe z and Q? dependencés parameterisedr the PDF’s for a given z and Q? rangecan be
interpolatedrom eithera grid which is provided or canbe generatedjiventhe startingparametergor
the PDF’s (seethe discussionon LHAPDF given below). All of thesetechniquesshouldprovide an
accurag ontheoutputPDFdistributionsof the orderof afew percent.

The partondistributionsfrom the recentCTEQ PDF releaseare plottedin Figurell ata () value
of 100 GeV. The gluon distribution is dominantat » valuesof lessthan .02 with the valencequark
distributionsdominantat higherz.

Uncertaintieson PDF’s

In additionto having the bestestimatedor the valuesof the PDF’s in a given kinematicrange,
it is alsoimportantto understandhe allowed rangeof variation of the PDF’s, i.e. their uncertainties.
A corventionalmethodof estimatingpartondistribution uncertaintieshasbeento comparedifferent
publishedpartondistributions This is unreliablesincemostpublishedsetsof partondistributions (for
examplefrom CTEQandMRST) adoptsimilar assumptionandthe differencedetweerthe setsdo not
fully exploretheuncertaintieshatactuallyexist.

The sumof thequarkdistributions(E[fq(p)(x,Q) + fép)(m,Q)]) is, in general well-determined

over awide rangeof z andQ?. As statedabove, the quarkdistributions are predominantlydetermined
by the DIS andDY datasetswhich have large statistics andsystematierrorsin the few percentrange
(+£3% for 10~* < z < 0.75). Thusthe sumof the quarkdistributionsis basicallyknown to a similar

accurag. Theindividual quarkflavours,though,may have a greateruncertaintythanthe sum. This can
beimportant,for example,in predictingdistributionsthatdependon specificquarkflavours, like the W

rapidity distribution andits asymmetry

Thelargestuncertaintyof ary partondistribution, however, is thaton the gluondistribution. The
gluondistribution canbedeterminedndirectly atlow z by measuringhe scalingviolationsin thequark
distributions but a direct measuremeris necessanat moderatgo high x. The bestdirectinformation
onthegluondistributionat moderateo high x comesfrom jet productionat the Tevatron.

Therehasbeena greatdealof recentactivity onthesubjectof PDFuncertaintiesTwo techniques
in particular the LagrangeMultiplier andHessiantechnigueshave beenusedby CTEQandMRST to
estimatePDF uncertaintie§82,89]. The LagrangeMultiplier technigueis usefulfor probingthe PDF
uncertaintyof agivenprocesssuchasthe W crosssectionwhile the Hessiartechniqueprovidesamore
generalframevork for estimatinghe PDFuncertaintyfor ary crosssection.
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Fig.4: Several PDF’s from the CTEQ6.1 set plotted at a Q* value of 100 GeV?2.

In theHessiamrmethodalarge matrix (20x20for CTEQ,15x15for MRST), with dimensionsqual
to thenumberof freeparameteri thefit, hasto bediagonalisedTheresultis 20 (15) orthogonakigen-
vectordirectionsfor CTEQ (MRST) which provide the basisfor the determinatiorof the PDF error for
ary crosssection.Thelargereigervaluescorrespondo directionswhich arewell-determinedEachPDF
errorresultsfrom anexcursionalongthe“+” and“-" directionsfor eacheigervector Theexcursionsare
symmetricfor thelargereigervalues but may beasymmetridor themorepoorly determinedirections.
Thereare 40 PDF's for the CTEQ error setand 30 for the MRST error set—onefor eacheigervector
direction. For a givenevent, it is necessaryo recalculatehe event weightfor eachof the error setsin
orderto evaluatethe PDFuncertainty*®

Perhapghe mostcontroversialaspeciof PDF uncertaintiess the determinatiorof the Ay? ex-
cursionfrom the centralfit thatis representatie of a reasonablerror CTEQ choosesa Ax? valueof
100 (correspondingo a 90% CL limit) while MRST usesa value of 40. Thus,in general,the PDF
uncertaintiedor ary crosssectionwill be larger for the CTEQ setthanfor the MRST set. Exceptat
high = (> 0.5), the uncertaintien the u-quarkand d-quarkdistributionsarelessthan 5%, while the
uncertaintyon the gluondistributionis lessthan10%for z valuessmallerthan0.2.

LHAPDF
LibrariessuchasPDFLIB [87] have beenestablishedhat maintaina large collectionof available

PDF’'s. However, PDFLIB is no longersupportednakingit moredifficult for easyaccesgo the most
up-to-datePDF's. In addition,the determinatiorof the PDF uncertaintyof any crosssectiontypically

15This canbe a complicatedask,asmosteventgeneratorsrenot yet setupto recalculateveightsfor a given eventwith a
differentPDF set. It is normally not adequateo simply regeneratea new sampleof events,asthe new eventswill normally
have differentkinematics.
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involvestheuseof alarge numberof PDF’s (on theorderof 30-100)andthe mannerin whichthe PDF'’s
arestoredin PDFLIB (gridsin x and()) makestorageof suchensemblesery unwieldy.

At Les Houchesin 2001, representaties from a numberof PDF groupswere presentand an
interfacewasdefined(Les Houchesaccord2, or LHAPDF [49]) that allows the compactstorageof the
informationneededo defineaPDF. EachPDFis determinedy only afew linesof information(basically
thestartingvaluesof the parameterat ) = (Q,) andtheinterfacecarriesout the evolutionto arny = and
() value,at eitherLO or NLO asappropriatdor eachPDFE

Theinterfaceis aseasyto useasPDFLIB andconsistessentiallyof 3 subroutinecalls:

e call InitPDFsetfamg: called onceat the baginning of the code; nameis the file hameof the
externalPDFfile thatdefinesthe PDF set(for example,CTEQ,GKK [48] or MRST).

e call InitPDF(men): memspecifiegheindividualmemberf the PDF set.

e call evolvePDFL,Q,): returnsthe PDF momentumdistributions for flavour f at a momentum
fractionx andscaleQ.

The interfacecanbe downloadedat dur pdg. dur . ac. uk/ | hapdf / downl oads. It is cur
rently includedin the matrix elementprogramMCFM (seencf m f nal . gov) andwill beincludedin
futureversionsof thecrosssectionintegratorsandeventgeneratoprograms Recenimodificationamake
it possibleto includeall errorPDF’sin memoryatthe sametime. Sucha possibility reducegsheamount
of time neededor PDF errorcalculationson ary obsenable.

Resoucesavailable

The PDF’s andrelevant informationcanbe obtainedfrom the CTEQ and MRST groupsat web
addressegivenin thereferencesLHAPDF canbe downloadedrom
htt p: // durpdg. dur. ac. uk/ | hapdf . Thereis alsoa site wherePDF’s (andtheir uncertainties)
canbedisplayedon-line: ht t p: / / dur pdg. dur . ac. uk/ hepdat a/ pdf 3. ht i .

6. HIGHER ORDER CORRECTIONS —SHOWERING AND HADRONIZATION EVENT GEN-
ERATORS16

Programswhich employthe partonshover approachsuchasPYTHIA, HERWIG, andISAJET, have
enjoyedwidespreadiseby experimentalistsTheseprogramsreferredto asshaveringandhadronization
generatordSHG’s), aregeneralpurposetools ableto simulatea wide variety of initial andfinal states.
They begin with aleadingorderhardsubprocessuchastheone(uu — dd) describedn sectlll Higher
ordereffectsareaddedby “evolving” theeventusingthe partonshowver, whichallows partongo splitinto
pairsof otherpartongthis splittingis usuallydenotedasbrandingin this contet). Theresultanpartons
arethengroupedogetheror hadronizednto coloursinglethadronsandresonancearedecayedFinally,
theunderlyingstructureof the eventis generatedbeamremnantsinteractionsrom otherpartonsin the
hadronsandcollisionsbetweerntherhadrongn the colliding beamgcalledpile-up).

The generalstructureof the final stateof aneventfrom an SHG is shovn in Figurell Thetime
evolution of the event goesfrom bottomto top. Two protons(eachindicatedby threesolid lines to
denotetheirvalencequarkcontent)collide anda partonis resohedat scale() andmomentunfractionz
in eachone. The phenomenologwf the partonresolutionis encodedn the partondistribution function
f(z,Q?%). Inthisexample avalenceguarkis resohedin theprotonshavn ontheleft, while ananti-quark
is resohedfrom the protonontheright’s seaquarkdistribution. Thequarkandanti-quarkannihilateinto
an s-channelresonancelenotedoy a wavy line. Theresonancéhendecaysnto a fermionanti-fermion
pair. Thispartof theeventis calledthehard subpiocess|f theresonancés a 7" andtheinitial- andfinal-
statefermionanti-fermionpairsareuu anddd respectiely, the physicsdescribedn the hardsubprocess

8Contritutedby: M. Dobbs.
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Fig.5: Thebasicstructureof a shaveringandhadronizatiorgeneratoeventis shovn schematically35].

is exactly thatwhich is containedn the basiceventgeneratoof sectlll As briefly outlinedthere,the
SHGincorporatediigherorderQCD effectsby allowing the (anti)quarkgo branchinto(q_) g pairs,while
the gluonsmay branchinto ¢q or gg pairs. Theresultantpartonsmay alsobranch resultingin a shawver
or cascadef partonst’ This part of the eventis labelledparton showerin the figure. Shavering of
theinitial statepartonsis alsoincludedin the SHG’s, but is not shawvn in the figure for simplicity. The
eventnow consistof a numberof elementaryparticles,including quarks,antiqguarksandgluonswhich
arenot allowedto exist in isolation, as dictatedby colour confinement.Next, the programgroupsthe
colouredpartonsinto coloursingletcompositehadronsusinga phenomenologicahodelreferredto as
hadronization. The hadronizationscaleis in the non-perturbatie regime andthe programsusefairly
crude phenomenologicamodels,which containseveral non-physicalparametershat are tunedusing
experimentaldata.Neverthelesssincethe hadronizatiorscaleis muchsmallerthanthe hardscale(s)the
impactof thehadronizatioomodelchoiceonthefinal resultis typically smallfor mostphysicalprocesses.
After hadronizationmary short-livedresonancewill be presenfindaredecayedy the program.

The SHG's alsoaddin featuresof the underlyingevent. The beamremnantsare the coloured
remainsof the protonwhich areleft behindwhenthe partonwhich participatesn the hardsubprocess
is ‘pulled out’. The motion of the partonsinside the protonresultsin a small (~ 1 GeV) primordial
transversenomentumagainsivhichthebeanremnantsecoil. Thebeamremnantsarecolourconnected
to the hardsubprocessind so shouldbe includedin the samehadronizatiorsystem. Multiple parton-
partoninteractions,whereinmore than one pair of partonsfrom the beamprotonsinteract, are also
accountedor. In afinal step,pile-upfrom otherproton-protorcollisionsin the samebunchcrossingare
addedto theevent.

SHG's produceeventswith thefrequeny predictedby theory sothey areeventgeneratorsn the
true sensgasopposedo crosssectionintegrators).Oneimportantrelatedpoint aboutthe generatiorof
an event with the SHG's is that, with a few minor exceptions,the hard subprocesss the only process
dependenpart. Everythingelseis (almost)completelygenericandimplementinga new physicsprocess
usually only involvesimplementingthe computercodefor a nev hard subproces$® The SHG's are
normally implementedsuchthatthe generatiorof everythingexceptthe hard subprocesfappenswith
unit probability—i.e.only the hardsubproceshasa weightassociatedvith it. This meangwith certain
exceptionswhich are unimportanthere)that after selectinga hard subprocessvent using the hit-and-
miss method(seesect.ll), all the other aspectf the generationare addedonto the acceptedevent

YThoughthe discussiorof partonshaverspresentedhereis restrictedto QCD shawers, an identical prescriptioncanbe
appliedto electromagnetishoversandis usedin SHG's to incorporatehigherorderQED corrections.

BNew physicalprocessesanalsoaffect otherpartsof theevent,but sincewe areusuallyinterestedn new physicsoperating
atlarge scalesijt will have a noticeableémpactonthe hardsubprocessnly.
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withouteverrejectingtheevent Thisisimportantfor the modularisatiorof eventgeneratorsThuswhen
aneventgeneratosimulateghe hardsubprocess large numberof candidateventsare attemptedbut
only afractionof thosecandidatesreacceptedHowever, for eachhardsubprocessventthatis chosen
andsubjectedo thesubsequerdtepsof the generatiorprocesspnefully simulatedeventwill comeout.

Anotherimportantaspecof SHG's is thatthey provide anexclusivedescriptionof the events.As
an example,considerthe productionof a 7" bosonasthe hardsubprocessAs alreadystressedat the
leadingorder(i.e., prior to theshawver) the trans\ersemomentunof the Z° will alwaysbezero,because
thereis nothingfor the Z° to recoilagainst TheSHG’s producerans\ersemomentunfor the Z° through
the partonshawer, sincethefinal-stateparticlesemeging from the hardsubprocessustrecoil against
thoseproducedby the shower, in orderto consere momentum. This predictionof the Z° trans\erse
momentums termedexclusivebecaus®f the detailedlisting (theeventrecord)of the particlesrecoiling
againsthe Z° is provided. In contrastacrosssectionintegratorresultsin aninclusivepredictionbecause
it generallyoutputsonly the Z° variablesand no informationaboutwhatthe ZY is recoiling againstis
provided. Exclusie calculations—suclasthoseprovided by SHG's—areideal for the simulationof
experimentspecausehefull eventis necessarjor detaileddetectorsimulation.

The mostimportantcharacteristidfor SHG’s is the mannetin which they treathigherorderQCD
correctionswith the partonshaver. As such,this processs describedn moredetailbelon. We notethat
althoughsome“predictions” of the SHG (hadronizationunderlyingevent, etc.) have beenusedin the
pastin conjunctionwith NLO crosssectionintegrators theseproceduresiave alwaysbeenheuristicand
far from beingrigorous.(For example,thereis no solid theoreticalargumentthatjustifiesthe procedure
of correctingthe NLO parton-level predictionsfor jetsto the hadronlevel, which is usually performed
by multiplying the former by the ratio of hadron-leel to parton-level crosssectionsin SHG’s). In
particular the useof the partonshover with NLO matrix elementdhas,until recently been“off-limits”
dueto problemswith doublecounting(essentiallythe correctionswill be appliedtwice). In sect il we
discussa new classof programswhich incorporateNLO matrix elementsinto SHG’s in a consistent
manner

TheParton Showert?

Thepartonshowver stepin Monte Carlo eventgeneratiorsenestwo main purposes:
e To provide estimate®f higherordercorrectionghatareenhancedby large kinematiclogarithms.
Theseoccurin the phasespaceregionsof collinearpartonbranchingand/orsoft gluonemission;
e To generatehigh-multiplicity partonic stateswhich can readily be corvertedinto the obsered
hadronsby a soft hadronizatiormechanismij.e. onethat involvesonly modesttransfersof mo-
mentumor quantumnumbershetweemeighbouringegionsof phasespace.
Schematically the partonshower is a Markov proces$’ in which successie valuesof an evolution
variablet, amomentunfraction z andanazimuthalangle¢ aregeneratediogethemvith the flavoursof
the partonsemittedduringshawvering. Theevolution variablet startsatsomehighvaluel’, characteristic
of thehardprocessandthe next valueis selectedy solvingthe equation

A(T,to) = R A(t, to) (38)

whereA; is the Sudakovform factor for partonsof the relevantflavour i, ¢, is aninfrared cutoff and
R € [0, 1] is arandomnumber The Sudake form factoris

A(T,tg) =exp |— Z " dzPji(z,t,to) (39)
j kY tO 0

Contritutedby: B.R. Webber—for furtherdetailsandoriginal referencesee[37].
2Basically a Markov processs a randomprocessavhosefuture probabilitiesare determinedy its mostrecentvalues. In
otherwords,if t; < ... < tn, wehave P(z(tn) < zn|z(tn=1),...,2(t1)) = P(z(tn) < zn|z(tn-1)).
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whereP;; is the probability distribution for the partonbranching: — j. Naively, this is given by
asP;i(z) /27 whereP;; is thecorrespondindd GLAP splitting function. However, in practicethe parton
branchingprobabilitiesaremodifiedin variousways,thedetailsof which dependntheprecisadefinition
of the evolution variableandtheway in which theshoweris implemented:

1. Thesplitting functionshave infraredsingularitiesat = = 0 and/or1, which have to beregularised.
Normally this is doneby cutting out the singularpart of the region of integration,in a way that
dependon the evolution variablet andthe cutoff t,. For example,for the splitting g — ¢gg in
HERWIG we have \/to/t < z < 1 — /to/t (Seebelow).

2. Quarkmasseffects may be takeninto accountin the splittingsq — ¢g andg — ¢¢, leadingto
splitting functionsthatdependon quarkmassesndthe evolution variableaswell asz.

3. The agumentof a; will dependon the evolution scalet and on the momentumfraction z, if
importanthigherorder correctionsare absorbednto the running of the coupling. The optimal
amgumentatleastin the caseof light partonsjs therelative trans\ersemomentungeneratedh the
splitting.

4. Otherhigherorder correctionsmay be includedin the splitting functions. In this casel — 3
partonsplittingscanalsooccur;we ignorethis possibilityin thefollowing discussion.

With all thesecomplications,it is impossibleto evaluatethe integralsin eq. (ll in closedform and
eq. (@@ cannotbesolvedanalytically Onecan,of coursedo numericalintegrationsandconstructook-
up tablesof the Sudake form factors,asis donein HERWIG. A neatemethod,adoptedn PYTHIA and
Her wi g++, is to makeuseof therejectionmethod This involvesfinding anupperbound?;; > P;; for
which theintegralscanbe doneandthe equationsolvedfor the next value,t’, of the evolution variable.
Sincethe Sudake form factorwith 7}, in placeof P;; is asteepefunctionof ¢, theselected/aluet’ will

tendto betoo high. By acceptinghis valuewith probabilitiji/P;i, andrestartingthe evolution with
t" in theplaceof T if it is rejectedpnecangeneratdhe correctdistribution quite efficiently without ary
pre-talulation.

If severaltypesof branchingare available for partonsof flavour 7, for exampleg — ¢;¢; and
g — gy, the next value of the evolution variable can be selectedconveniently by treatingeachtype
separatehandselectingthe onethat chooseghe largestvalue. This allows the rejectionmethodto be
optimisedseparatelyor eachtype of branching.

If the selectedvalueof ¢ is lessthanthe cutoff valuet,, i.e. if therandomnumberin eq. (il is
R < A;(T,tg), thentheevolution of parton: hasfinished.It canemitno more(resohable)partonsand
is readyto enterthe hadronizatiorstageof the generatar Dependingon the hadronizatiormodel,the
partonmay be seton mass-shelbr givenavirtuality of ordert,.

Otherwisethe next valueof theevolution variablet andthetype of branching: — j having been
selectedthe momentunfraction z of the branchings choserby solvingthe equation

z 1

/ dz'Pji(Z',t, tg) = R’ / dz'Pji(2',t,to) (40)
0 0

whereR’ € [0, 1] is anotherandomnumber Hereagaina rejectionmethodcanbe applied,usingthe

upperboundP]‘i onthebranchingprobability distribution.

Knowledgeof ¢t andz ateachbranchingallows (almost)completereconstructiorof thekinematics
of the partonshower. The detailsdependon the precisemeaningof the shaver variables.In PYTHIA,
t is thevirtuality of the parentpartonandz is a light-conemomentunfraction. The relative trans\erse
momentunof the branching(neglectingthevirtuality of thedaughters)s thengivenby ¢? = z(1 — 2)t.
Ontheotherhand,in HERWIG ¢ represent#’?(1 — cos #) whereF is theenegy of the parentpartonand
¢ is theopeningangle while z is anenegy fraction,sothatg? = 222(1 — z)?¢. In eithercasewe seethat
the Sudake form factor (ll) incorporateghe resummatiorof leadingcollinear(¢? — 0) singularities
to all orders.
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The remainingquantity to be fixed at eachbranchingis the azimuthalangle ¢, which fixesthe
directionof therelative trans\ersemomentumy;. This canbe chosernwith varyingdegreesof sophisti-
cation. The simplestapproachis to assume uniform distribution. More accuratelyonecanbuild in the
correctazimuthalcorrelationsbetweersuccessie branchingsn the collinearapproximation.However,
the effect of thesds small,sincetheonly branchingwith a strongazimuthalcorrelationis theraregluon
splitting, g — ¢q.

Oncea branchinghasoccurred,say: — jk at scalet;, the evolution of the daughterpartons;
andk hasto be generatedAt the simplestlevel, their evolution startsat scalet; andthe next valuest;
andt;, areobtainedfrom eq. (il usingthe appropriateSudake form factorsA; and Ay, respectiely,
with T replacedby ¢;,. However, this implies thatt; andt; canboth be arbitrarily closeto ¢;, which
is impossible. In PYTHIA, the virtualities of the daughtersare constrainedoy the kinematicrelation
VE + Vit < +/t. In HERWIG the constraintis even stronger dueto angular ordering. Recallthat
in HERWIG t; = EZ(1 — cos#;), whereé; is the openinganglein the branching: — jk. Angular
orderingmeansthat the openingangled; of ary subsequenbranchingof parton; is lessthané; and,
therefore,t; = EZ(1 — cosb;) < z°;, wherez = F;/F;. Hencethe evolution of parton; starts
at 2%¢; ratherthan¢;. Correspondinglythe evolution of partonk startsat (1 — z)%¢;. Note thatthe
conditionfor furtherevolution to be possibleis that z%¢;, (1 — 2)?t; > to, which leadsto the condition
Vio/ti < z < 1 — 4/tg/t; mentionedabore. In PYTHIA the angularorderingconstraintis applied
subsequentlusingtherejectionmethod soits relationto the showvervariabless not sodirect.

Angular orderingrepresentsn attemptto simulatemoreaccurateljthosehigherordercontritu-
tions that are enhancedueto soft gluon emission(and associatediirtual corrections). A soft gluon
emittedby oneof thedaughtempartonsin thebranchingg — ¢g, for example,canonly resohe theindi-
vidual outgoingquarkandgluoncolourchagesif its angleof emissionis lessthanthe openingangleof
thebranching.Otherwisejt is emittedby the coherensumof their colourchages,whichis equalto that
of theparentquark. Thereforewe shouldgenerateary emissiorat largeranglesfrom the parent,notthe
daughtersthis correspond$o angularordering. It leadsto a suppressionf soft gluonemissionwhich
is clearlyreflectedn the low-momenturmcomponenbf hadronjets.

Strictly speakingwhetherthe daughtercolour chagescanbe resohed dependson boththe az-
imuthal andthe polarangleof emissionof the soft gluon. Orderingof the polaranglesis a valid repre-
sentationof soft gluoncoherencenly afteraveragingover azimuthalangles.Thereforeit givesresults
equialentto resummatiorf enhancedoftcontributionsfor obsenableghatareinsensitveto azimuthal
distributions suchasthemultiplicity distributionandsingle-particlenclusive spectraputis lessprecise
for quantitiessuchasthe out-of-planeenengy flow.

Thefinal outcomeof successie branchingds a partonshaver in which eachinitial partonfrom
thehardprocesss replaceddy ajet of partonsmoving in roughlythe samedirection,togethemwith some
relatively soft wide-anglepartonsbetweerthe jets. The typical scaleof relative trans\ersemomentaat
the end of the shower is setby the cutoff ¢, andnot by the scaleof the hard process.Furthermorehe
shower exhibits preconfinementthe distribution of colour andflavour is organisedin sucha way that
non-eotic coloursingletobjectscanform througha soft mechanisninvolving momentumtransfersof
orderty. Thereforethe shaweris ideally suitedto serne astheinputto a hadronizatiormodel.

The approximatdreatmenbf soft gluon coherencdy angularorderingalsohasimplicationsfor
theinitial conditionsof the partonshowvers. The maximumangleof emissionfrom a parton: emeging
fromthehardprocesss setby theangled;; betweerthedirectionsof thatpartonandits colourconnected
partnerj, assuminghatthe two togetherform a coloursinglet. Thus,theinitial valueof the evolution
variableT’ is in generadifferentfor thevariouspartonsnvolvedin the hardprocessanddependonthe
colour structure.In HERWIG, for example,if i andj arecolourpartnerswe have T; = E?(1 — cos ;)
andT; = E]?(l — cosb;;). Thesequantitiesare not separatelyLorentzinvariant,so the shovering of
individual partonsis frame-dependentiowever, the product?;T; = (p; - p;)? (for masslespartons)s
invariant,andthe combinedshaver from thetwo partonds approximatelyfframeindependent.
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Most of the above discussiorappliesequallywell to partonshonversassociatedvith incomingor
outgoinglegs of the hard process.Initial-stateshovers involve someadditionalcomplicationsdue to
the origin of theincomingpartonsin the colliding beamhadrons.Evolving downwardsfrom the hard
processcaletowardsthe cutoff correspondin this caseto backwardevolutionin enegy. We thenhave
to ensurethat the enegy distribution of the incoming partonsat the cutoff scaleis consistenwith the
measuregbartondistribution functions(PDF's) of theincominghadrons.This is achiered by weighting
the Sudake form factorswith the PDF's atthe correspondingcale.Thedifferentkinematicsalsomean
that the effects of soft gluon coherenceare not so evident in initial-state showvers; in fact thereis an
enhancemerdt smallmomentuntractionsratherthana suppression.

6.1 General PurposeShoweringand Hadronization Event Generators

HERWIG

(Contributedby: P. Richardson)

Authors:G. Corcella,l.G. Knowles,G. Marchesini,S. Moretti, K. Odagiri,P. RichardsonM.H. Seymour,
B.R. Webber

Ref: [30]

Webpageh )/

CurrentVersion:6.5

HERWIG is a generalpurposeMonte Carlo event generatoifor the simulationof lepton-lepton,
lepton-hadrorandhadron-hadrormollisions. The programincludesa large rangeof hardscatteringoro-
cessesogethemvith initial- andfinal-stateradiationusingtheangularorderedpartonshower, hadroniza-
tion andhadrondecaysandunderlyingeventsimulation.

Thecurrentversionof the program 6.5[30,31], is availablefrom the HERWIG webpagdogether
with the manual,releasenotesand other information. The programincludesa Les Houchesaccord
interfaceto allow the userto add new processesindaninterfaceto PDFLIB [87] to allow the useof
external partondensityfunctions. We alsohave an interfaceto ISAJET [10] for SUSY spectrumand
decayratescalculations.

Subprocesses

HERWIG containsalargelibrary of hard2 — n scatteringorocessefor boththe Standardvodel
andits supersymmetriextension. HERWIG is particularly sophisticatedn its treatmentbf the subse-
guentdecayof unstableresonancesncluding full spin correlationsfor most processesising the ap-
proachdescribedn [90]. This methodallows us to include simultaneoushthe correctdecaymatrix
elementin the decayof theseparticles,the correctcorrelationshoth betweerthe productionanddecay
of the particlesandbetweenrall thedecaysn anevent. Thereis alsoaninterfaceto TAUOLA [60] which
allows this informationto be passedo TAUOLA to includethe correctpolarizationin the decayof the
taus.

Thefollowing typesof processreincluded:
QCD 2 — 2 scatteringorocessemcluding heary flavour production,
Electroweak ~/v*/Z°/W* / H° productioreithersingly or in pairsandoftenwith additionalhardijets,

SUSY A large rangeof MSSM productionprocessem lepton-leptorandhadron-hadrormollisionsin-
cluding Higgs productionand the option of R-parity violating decaysand hard productionpro-
cesses,

Exotics New gaugebosonsandresonangraviton production.

It is unlikely thatarny additionalprocessewill beaddedo the Fortranprogramat this point. Any
additionalprocessesannow be addedby the userusingthe LesHouchesAccord.
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Parton Shower

Following the hardscatteringprocessadditionalQCD radiationis generatedn HERWIG usinga
coherenbranchingalgorithmfor boththeinitial- andfinal-stateparticles.In thisalgorithmthefull phase
spacefor emissionis restrictedto an angularorderedregion in orderto treatboth the leadingsoft and
collinearsingularities.Thesimulationalsoincludesazimuthalcorrelationsdueto spineffects[67,68] in
the partonshowver andthe dead-coneffect for radiationfrom massve quarks.

In additionto the partonshower simulation,matrix elementcorrectiong94,95] areincludedfor
ete~ collisions[92], deepinelasticscatteringprocesse§93], top quarkdecay[28] and Drell-Yan pro-
duction[29]. This correctionconsistf two parts:thefirstfills thedead-zon#&" accordingo theleading-
ordermatrix element,while the secondcorrectsthe emissionof ary radiationinsidetheregion already
filled by HERWIG whichis capableof beingthe hardesemissionaccordingo theleading-ordematrix
element.

Underlying Event

TheunderlyingeventmodelinsideHERWIG is basednthe minimum-biagop eventgeneratoof
the UA5S Collaboration5], modifiedto makeuseof the clusterfragmentatioralgorithm. In additionto
this modelthereis anexternalpackage JIMMY [22,23], which usesa multiple scatteringnodelfor the
underlyingevent. Hopefully this modelwill beincorporatednto the programin the nearfuture.

Hadronization and Hadron Decays

HERWIG usesthe clusterhadronizationmodel which is basedon the colour pre-confinement
propertyof the angularorderedpartonshower. After the partonshaver phaseary gluonsaresplit non-
pertubatiely into ¢¢ pairs.In the No — oo limit, all thequarksandantiquarkscanbe uniquelyformed
into coloursingletclustersdueto colourpre-confinementhemassspectrunof theseclusterds strongly
peakedat low massandfalls off rapidly. The high massclustersarefirst split into lower massclusters
usingastring-likemechanismThisis followedby the decayof thelow massclustersaccordingo phase
spaceijnto theobsenedhadrons.

The unstableprimary hadronsare thendecayed.In mostcaseshesedecaysare performedac-
cordingto phasespacewith matrix elementsn only a few specialcases Interfacesareprovidedto use
externalpackagedgor thedecayof B hadrons.

Herwig++

(Contributedby: B.R.\ebber)

Authors:S. GiesekeA. Ribon,P. RichardsonM.H. Seymour, P. StephensB.R. Webber
Ref: [50]

Webpageh H

CurrentVersion:1.0

Herwig++ is a completelynen event generatqgrwritten in C++. It is built on the experience
collectedwith the well-known Fortran event generatoHERWIG, but is not simply a translation. The
aimis to provide a multipurposeaventgeneratowith similar or improved capabilities suchasangular
orderedpartonevolution andthe clusterhadronizatiormodel,but with greatefflexibility , generalityand
easeof maintenance From now on the developmentof Fortran HERWIG will ceasgapartfrom bug
fixes)andHerwig++will graduallytakeover.

The main stagesof the simulationare the sameasin HERWIG. However, in comparisorto its
predecessoHerwig++featuresa new partonshaverandanimprovedclusterhadronizatiormodel. The
partonshawver evolutionis carriedout usingnew evolution variablessuitedto describingradiationfrom

2Thisis theregion of phasespacewnhichis notfilled by the HERWIG partonshower.
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heary quarksaswell aslight partong[51]. The clusterhadronizatiormodelavoids someshortcomings
of themodelusedin HERWIG andgivesyieldsof baryonsandstrangeparticlesin betteragreementvith
LEP data.

A detailedmanualfor Herwig++is in preparatior]52]. The programis basedon the Toolkit for
High Enegy PhysicsEvent Generation(ThePEG)?? andthe ClassLibrary for High Eneigy Physics
(CLHEP)[75]. They areutilized in orderto takeadvantageof the extendedgeneralfunctionality they
canprovide. The useof ThePEGunifiesthe eventgeneratiorframeavork with that of Pythia723. This
will provide benefitsfor the user asthe userinterface,event storageetc. will appearthe same. The
implementation®of the physicsmodels,however, are completelydifferentandindependenfrom each
other

Versionl1.0 of Herwig++ doesnot containinitial-statepartonshowering or a modelfor the un-
derlyingevent. Thesewill be availableshortlyin version2.0. Meanwhile,the programis beingtested
againstawide variety of electron—positronlatafrom LEP andSLC [50].

Parton shower

The partonicevolution from thelarge scaleof the hardcollision processiown to hadronicscales
viathecoherenemissiorof partonsmainly gluons,is simulatedonthebasisof the Sudakae form factor.
Startingfrom the hardprocesscale()), subsequergmissionsatscalesy); < ¢ andmomentunfractions
z; arerandomlygeneratedhs a Markov chainon the basisof the soft and collinear approximationto
partonic matrix elements. In Herwig++ we have chosena newv framewvork of variables,generically
called(q, z). Here,q is ascalethatappearsaturallyin the collinearapproximatiorof massve partonic
matrix elementsaandgeneralizeshe evolution variableof HERWIG to the evolution of massie quarks.
The variablez is a relative momentumfraction; the evolution is carriedout in termsof the Sudake
decompositiorof momentain the framewherethe respectie colour partnersare back-to-back.As in
HERWIG, the useof the new variablesallows for aninherentangularorderingof the partoncascade,
which simulatescoherenceffectsin soft gluon emission. The detailsof the underlyingformalismare
describedn ref. [51].

The mostimportantparameterof the partonshowver are the QCD scaleAqcp and the cutoff
parametery),, which regularizesthe soft gluonsingularityin the splitting functionsanddetermineghe
terminationof the partonshowver. Lessimportantbut relevantin extremecasess the treatmentof the
strongcouplingconstanttlow scales We have parametrizeds(Q)) below asmallscale@min > Agep
in differentways.We keep(@) .in generallyto be of theorderof 1 GeV, wherewe expectnon-perturbatie
effectsto becomerelevant. Below thatscaleas(()) canoptionally be setto zero,frozen,or interpolate
linearly or quadraticallyin @, betweerD andas (Qmin) -

Hadronization and decay

We put the final partonsof the shaver evolution on their constituentmassshells,sincethe non-
perturbatve clusterhadronizatiorwill takeover atthecutoff scale.Thepartonicfinal stateis turnedinto
ahadronidfinal statewithin thegeneraframewvork of theclusterhadronizatiormodelof HERWIG [112].
In orderto addressomeshortcoming®f the HERWIG model[72], a new clusterhadronizatiormodel
hasbeencreatedor Herwig++. The methodfor flavour selectionin clusterdecayshasbeenchangedo
thatthe probability of choosinga givenlight hadronis not reducedvhenheaier statesareaddedto the
particletables.In addition,themesorandbaryonsectorsaretreatedseparatelyandthe baryonto meson
ratio canbe controlledby thediquarkweightparameterDetailscanbefoundin ref. [50].

The emeging hadronsare possiblyunstableand eventuallydecay At presenthe decaymatrix
elementsandmodescorrespondo thosein HERWIG. A moresophisticatedreatmenincluding polar
izationcorrelationds underdevelopmentfor version2.0.
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28 7/

32


http://www.thep.lu.se/Pythia7/
http://www.thep.lu.se/ThePEG/

ISAJET

(Contributedby: H. Baer)

Authors:F. Paige,S. Protopopescuil. BaerandX. Tata
Ref:[11]

Webpageh ot
CurrentVersion:7.69

ISAJET is a Monte Carlo programwhich simulatespp, pp, andet e~ interactionsat high ener
gies[11]. It is basedon perturbatve QCD plus phenomenologicahodelsfor partonandbeamijet frag-
mentation.The manualdescribeghe physicsandexplainshow to usethe program.The codeincludesa
toy calorimetersimulation(CALSIM) andjet finder(GETJET).

ISAJET is written in Fortran 77 andis distributed using the Patchy code managemengystem
developedat CERN. The Patchy sourcefile isajet.carcan be be unpackedand compiledon ary sup-
portedUnix systenby editingthe Makefileandselectingheappropriateptions.CompilingISAJETon
ary othercomputerwith ANSI Fortran77 andPatchy including ary for which CERNIib is supported,
shouldbe straightforward Thefiles isajet.camndMakefileareavailablevia HTTP, via anorymousFTP
from ftp.phy.bnl.gos/publ/isajetor via AFS from /afs/cern.ch/user/p/paige/plic/isajet. The alternatie
sourceslsocontainsomeadditionalfiles.

Subprocesses

ISAJET canbe usedto generatesventsfor all StandardModel 2 — 2 subprocessesSubpro-
cessreactionsare controlledby specifyingthe reactiontypein thei nput . par file, whereprogram
inputsarestored.Reactiontypesfor hadroncollidersinclude: TWOJET (quarkandgluon production),
DRELLYAN (W andZ production) WPAIR (W W —, ZZ W Z, W+~ andZ~ productionincludingspin
correlations) HIGGS (s-channelHiggs bosonproductionvia ¢q, gg or vectorbosonfusion), WHIGGS
(W H or ZH production) PHOTON (¢, vg or v~ production), SUSY (all lowestorder2 — 2 spatrticle
productionprocesses)TCOLOR (techni-rhoproduction),EXTRDIM (graviton productionin models
with large extra dimensionsand MINBIAS (minimum biaseventsgeneratedisingan n-cut Pomeron
modelwith modifiedhadronization).ThereactionZJJfor Z plus 2-jet productionhasbeenincluded,as
well asafirst attemptatincluding2 — n subprocesses$f DRELLYAN reactionsareinvoked,theWsor
7 canbecreatedas?2 — 1 subprocessesy as2 — 2 subprocesseasW g, W¢q, Zg and Z¢ production
if non-zeroPT is stipulatedin theinputfile. PDFLIB is includedif the appropriatdink to CERNLIB is
made.

For eTe~ colliders,all SM 2 — 2 particleand Higgs productionprocessesreincluded,along
with 2 — 2 SUSY particleandSUSY Higgs productionprocessesThe et e~ reactionscanberun with
arbitrary electronor positronbeampolarization. In addition, it is an option to run using electronand
photonPDF's from bremsstrahlung Electronand photonbeamstrahlunglistributionsare includedas
well.

Parton shower

Isajetusesthe original Fox-Wolfram partonshawver algorithm[43] for QCD radiationfrom final
statequarksandgluons. In addition,radiationof W's, Zs and~s from final stateparticlesis treatedin
the sameapproximation.

Radiationfrom initial statequarksandgluonsis invokedusingSjostrandsackwardshawveralgo-
rithm [101], which actuallyuseshe PDF's to calculateemissionprobabilities.

Hadronization and decays

Isajet usesa modified Field-Feynmanindependenhadronizatiormodel [42] to convert quarks
andgluonsinto mesonsandbaryons.Independenfragmentatiorcorrectlydescribeghe fasthadronsn
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ajet, but it fails to consere enegy or flavor exactly. Enegy conserationis imposedafterthe eventis
generatedby boostingthe hadrongo the appropriataestframe,rescalingall of thethree-momentaand
recalculatingheenepies.

Unstableparticlesaredecayedurther, with decaymodedistedin thedecaytablelSADECAY.DAT.
ISAJETkeepdrackof r leptonhelicities,anddecayghe rs accordingo weakinteractiondecaymatrix
elements. Exactdecaymatrix elementsare also invokedfor ¢-quark decaysandfor 3-body sparticle
decays.

Underlying event

Thereis now experimentalevidencethat beamjets are differentin minimum biaseventsandin
hard scatteringevents. ISAJET thereforeusesa similar algorithm but differentparametersn 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 bias dataexhibit Koba-Nielsen-Olesen
(KNO) scalingandlong-rangecorrelations. A naturalexplanationof this was given by the model of
Abramorskii, Kanchelliand Gribov [1]. In their modelthe basicamplitudeis a single cut Pomeron
with Poissorfluctuationsaroundan averagemultiplicity (), but unitarity thenproducesgraphsgiving
K cut Pomeronswvith multiplicity K (n). A simplified versionof the AKG modelis usedin ISAJET.
The numberof cut Pomeronss choserwith a distribution adjustedo fit the data. Eachcut Pomeroris
hadronizedn its own centerof massusinga modifiedindependenfragmentatiormodelwith anenegy
dependensplitting functionto reproduceherisein dN/dy.

Supersymmetry

Supersymmetriscatteringeventscanbegeneratedn awide varietyof SUSY modelsin ISAJET.
A weakscaleMSSM modelmaybeinvoked,whichassumegz-parity conserationandno C' P violating
phase®r off-diagonalsoft SUSY breakingmassesSparticlemassesrecomputedandall sparticleand
Higgsbosoncascadalecaybranchingfractionsarecalculated.The massspectraanddecaytablecanbe
outputindependentlyia the (independent)SASUSY program.

Alternatively, the programlSASUGRA containsa variety of SUSY models(mSUGRA, minimal
and non-minimalGMSB models,non-universalSUGRA, AMSB model, right-handneutrinoSUGRA
model)which requireaniterative solutionto the SUSYrenormalizatiorgroupequation§RGES).ISAS-
UGRA includes2-loopRGEsfor bothcouplingsandsoft SUSY breakingterms.Electroveaksymmetry
is brokenradiatively, andthe renormalizationgroup improved 1-loop effective potentialis minimized
at the high scale() = VT, which accountsfor leading2-loop termsin the computationof
andthe SUSY Higgs bosonmassesAll sparticlemassesre calculatedncluding full 1-loop radiative
corrections Sparticlemassesndthe decaytableareoutputby the (independent}SASUGRA program.

ISASUSY or ISASUGRA inputscanbeincludedin thei nput . par file for sparticleor Higgs

bosonevent generationwithin thesescenarios. R-parity violation decaysmay be simply includedby
addingtheseto theISADECAY.DAT file with theappropriatebranchingfractions.

PYTHIA

(Contributedby: T. SjostrandandP. Skands)

Authors: T. SjostrandL. Lonnblad,S. MrennaandPZ. Skands

Ref: Pleasecite thelatestpublishededition,[100]

Webpageh nl
CurrentVersion:Usestableversion6.222for production betaversion6.303.

PYTHIA is a general-purposgeneratorfor hadroniceventsin pp, et e~ andepcolliders. It con-
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tainsa subprocestibrary andgeneratiormachineryinitial- andfinal-statepartonshowers,underlying
event,hadronizatiormnddecaysandanalysistools. The physicsaspectaredescribedseparatelyn the
subsectionbelow.

Py THIA wascombinedwith JETSET in 1997 ,to form asingle,self-containedibrary. Thecurrent
versioncanbe downloadedfrom the Pythiawebpagewhereyou canalsofind the manual[99], update
notes,samplemainprogramsan archive of previousversionsandmore.

The programis written entirelyin Fortran77; thereareplansto move to C++. Particle codesare
givenin the PDG standardParton-level configurationcanbeinputfrom theLesHouchesAccord Event
Record,andhadron-leel eventscanbe outputto (or input from) the HEPEVT commonblock PDFLIB
is interfaced andvia this interfaceLHAPDF canalsobe used.An interfaceto the LesHouchesAccord
SUSY spectrumanddecaycalculationd104] is availablein PYTHIA 6.3.

Subprocesses

PyTHIA containsaround240different2 — n subprocessesg]l atleadingorder Most of theseare
2 — 2,some2 — 1 or2 — 3. Thesubsequerdecaysf unstableesonance8V, Z, top, Higgs,SUSY,
...) bringsup the partonicmultiplicity, for mary processewith full spincorrelationsn thedecays.The
physicsareascoveredinclude:
—QCD: 2 — 2 partonicscatteringheavy flavour, elasticanddiffractive processes;
— StandardVlodel: v /v*/Z° /W* singly or in pairs,or with a quarkor gluon,Higgs;
— SUSY: two Higgsdoublets sfermionandgauginopairs, R-parity-violatingdecays;
— Exotics: Technicolor new gaugebosonscompositenesdeptoquarksdoubly chagedHiggses,extra
dimensions.
Theseinternalprocessesanbe mixedfreely with LesHouchesAccord externalones andare,normally
evolvedthroughthe shaveringandhadronizatioridentically.

Parton Showers

Giventhe generatiorof the basicpartonicprocessefisted above, initial- andfinal-stateshovers
areaddedto provide morerealisticmultipartonicconfigurationsgspeciallyfor the internalstructureof
jets.

The final-stateshower [14, 85] is basedon forward evolution in termsof a decreasingimelike
virtuality m?, with angularorderingimposedby veto. Theframeavork is leading-log but includesmary
NLL aspectsuchasenegy—momentuntonseration,«,(p? ) andcoherenceFurtherfeaturesinclude
gluonpolarizationeffectsandphotonemission While of leading-ordecharactefor 2 — 2 processest
is matchedo first-order(*"NLO”) matrix elementdor gluonemissionin 1 — 2 resonanceecaysn the
Standardlodel andits Minimal Supersymmetriextensiong.g.t — bWg, h° — bbgandj — GG g.

Theinitial-stateshaver [84,101] is basedn backwardsevolution, i.e. startingatthe hardscatter
ing andmoving backwardsn time to the shower initiators, in termsof a decreasingpacelikevirtuality
@Q?. It alsoincludessomecoherenceffectsandusesa; (p? ). It hasbeenmatchedo first-ordermatrix
elementonly for v*/Z° /W* production(andto gg — A° in the heary-top limit). Partonsradiatedin
theinitial statemay initiate final-stateshaversof their own.

Initial andfinal shoversarematchedo eachotherby maximumemissioncones.

Underlying event

The compositenatureof hadrons(and resolved photons)allows for several partonsfrom each
of the incoming hadronsto undego scatterings.Suchmultiple parton—partonnteractionsare, in the
PyTHIA framavork [102], instrumentain building up theactiity in theunderlyingevent,in everything
from chaged multiplicity distributionsand long-rangecorrelationsto minijets andjet pedestals.The
interactionsaredescribedy perturbatiortheory approximatedy a setof moreor lessseparat@ — 2
scatteringsenegy conserationandothereffectsintroduce(anti)correlationsThescatteringsrecolour
connectedvith eachotherandwith thebeamremnants.
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Thekey parameters a p, min cutoff of the orderof 2 GeV, below which colour screeningn the
incominghadronsds takento stronglydamperthe naive perturbatve interactionrate. Furtherparameters
arerelatedto anassumedmpact-parametatependencéentralvs. peripheratollisions),theprimordial
k., andenepy sharingwhenthereareseveralpartonsin the beamremnantsandsoon.

Studiesareunderwayto furtherimprove therealismof this framewvork [97]..

Hadronization and decays

The Lund string model[6, 103] is probablythe mostsuccessfuandwidely usedframevork to
understandhehadronizatiorprocesslt is basednapicturewith linearconfinementwhere(anti)quarks
or othercolour (anti)tripletsarelocatedat the endsof the string,andgluonsareenegy andmomentum
carryingkinks onthe string. Therebya gluon comesto be attachedo two string pieces,onerelatedto
its color andthe otherto its anticolout and experiencesa confinemenforce twice thatof a quark,just
like in the No — oo limit of QCD. The string breaksby the productionof new ¢g pairs,anda quark
from one breakcan combinewith an antiquarkfrom an adjacentoneto form a colour singletmeson.
The whole framework is very constrainedn termsof its enegy—momentunstructurebut the flavour
selectioninvolvesa multitudeof parameters.

Unstableparticlesare allowedto decay In caseswvherebetterdecaymodelsare available else-
where,e.qg. for 7% with spininformationor for B hadronssuchdecayscanbe delegatedto specialized
packages.

Furthercomponent®f the hadronization/decaframevork include junctionswherethreecolour
linesmeetthespecialdescriptiorof occasionalow-massstrings,Bose—Einsteimrffectsamongidentical
mesonsandcolourreconnectioreffects.

SHERPA

(Contributedby: F. Krauss)

Authors: TanjuGleisbeg, FrankKrauss,AndreasSchalicke, Stefen SchumannJanWinter
Ref: A manualis in preparation.

Webpage.

CurrentVersion:The codeis aboutto bereleasedn an« version.

SHERPA (Simulation for High Eneigy Reactionsof PArticles)is a new multi purposesventgen-
eratorfor the simulationof eventsat leptonandhadroncolliders. To a large extent it is beingdevel-
opedcompletelyindependentf the othertwo projectsPyt hi a7 andHERW G++ andof structuredike
CLHEP. In its currentstate SHERPA includes:

e The full width of servicemethodsneededsuchasan internal event record, particle data, four
vectors/O handling,etc.;

e A physicsmodelhandlingwhich allows for simulationsin the framework of the Standardviodel,
theMSSM, andsomeADD modelof extra dimensionsplusinterfacedo somespectragenerators
(Hdecayandlsasusyareimplemented;

e beamspectrehandlingto allow for treatmenbf LaserbackscatteringBeamstrahlungiVeizsaecker
Williams-typeprocessestc.;

e alarge setof PDF’s thatis easyto extend, but at the moment,the following setsare available:
LHAPDF, MRST99 (C++-version),CTEQG6 (FortranversionoutsideLHAPDF) aswell asstruc-
turefunctionfor leptons;

e a powerful matrix elementgeneratofAMEG C++) aswell asa - quite limited set- of simple
2 — 2 processes$n analyticalform, both canbe integratedwith the full machineryof multi-
channeintegration;
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e theirmeging with the partonshowver throughthe CKKW method,implementedor arbitrarypro-
cesses;

e asimplepartonshover module(APACI C++);

e aninterfaceto the Lund-stringhadronizatiorof Pyt hi a 6. 163 andthe subsequerttadronde-
caysby thesameprogram;

e interfaceso HepEvtandHepMC aswell assomesimpleanalysisroutinesbasedn ROOT.

6.2 Specialisednitial and Final State Radiation Programs
APACIC++

(Contributedby: F. Krauss)

Authors: TanjuGleisbeg, FrankKrauss,AndreasSchalicke, Stefen SchumannJanWinter

Ref: Ref.[71] is the APACI C++ manualfor versionl1.0 (amanualfor version2.0is forthcoming).
Webpage.

CurrentVersion:APACI C++ 2.0

APACI C++ (A PArton Cascadd n C++) is the partonshovermoduleof thethenew eventgener
ator SHERPA (Simulationfor High Eneigy Reactionsof PArticles). In its original version(1.0)it carried
muchof the functionality thathasnow migratedto the new framavork. Specifically it wasresponsible
notonly for the multiple emissiorof partonghroughthe shower, but alsofor themeging with thematrix
elementstheinterfaceto hadronizatiorandhadrondecaysandfor the overalleventgeneratiormethods.
Apart from the showvering, all thesetaskshave now beenmovedto SHERPA, henceAPACI C++ cannot
be usedasa stand-alongrogramary longer Whatremainsin version2.0 of APACI C++ is only the
partonshaowerin theinitial andfinal state.

This partonshoweris donein a Pyt hi a-like fashion.In otherwords,the orderingparameteof
theradiationpatternis givenby thevirtual massof thepartonsguantumcoherence,e. angularrdering,
is realizedonly in approximatdorm by explicit vetoeson partonemissionswith rising openingangles.
Differencego Pyt hi a arerelatively minor, they include:

e Full genericsupportfor ME+PSmening, e.g.the possibilityto apply vetoesn boththeinitial and
final statepartonshaver onthe emissionof a partonthatgivesriseto anextra jet accordingo the

k. algorithm;

o differenttreatmenbf heary particlesthroughmodifiedsplitting functionsinsteadof cuttingphase
space;

o differenttreatmenbf infraredcut-off of the partonshawer;

e abstracstructureallowing for easyhandlingof splitting functions.

Ariadne Colour Dipole Model

(Contributedby: L Lonnblad)

Authors:L. Lonnblad

Ref: [76]

Webpageh e
CurrentVersion:4.12

The ARIADNE program[76] implementsthe Colour Dipole Model [7, 8,57,58] for QCD cas-
cadeslt wasinitially developedto describdinal-statecascades et e~ annihilation,but hassincebeen
extendedto alsodescribecollisionswith incominghadrong7,77,78]. Here,effectsof initial-statera-
diation are describedn termsof final-stategluon radiationfrom colour dipolesproducedin the hard
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interactionwith speciatreatmen{the so-calledSoft RadiationModel [7]) of dipolesinvolving ahadron
remnant.

The programhasbeenvery successfuln describingdatafrom LEP 1 and 2 andis also one of
thefew programswhich areableto describehe actiity in the forwardregionin small« DIS eventsat
HERA. ARIADNE hasnot beencomparedxtensiely with datafrom hadron—hadrowgolliderssuchas
the Tevatron,althoughthereis in principle no problemto do soand,in particularin theforwardregions,
the programshouldgive different predictionsas comparedo corventionalpartonshaver basedpro-
grams.For et e~ annihilation,ARIADNE includesa modelfor interfacingfixed-ordematrix elements
with the dipole cascad€79] whichis similarto the CKKW procedurd27]. Work is underwayto extend
this modelto alsowork for hadroncollisions.

ARIADNE works as an add-onto PYTHIA, and a main programfor PYTHIA can be easily
changedo useARIADNE for the QCD shower, by simply addingtwo functioncalls. The hardinterac-
tions, possiblemultiple scatteringshadronizatiorandparticledecaysarethenstill handledoy PYTHIA.
In principle this shouldwork for ary sub-processelectedn PYTHIA, althoughall of themhave not
beenproperlytested.In particular it hasnot beencheckedf the PYTHIA interfaceto the LesHouches
AccordEventrecordworkstogethemwith ARIADNE.

ARIADNE is written in standard-ortran 77 andshouldbe linked togetherwith a main program
andPYTHIA.

Photos
(Contributedby: Z. Was)
Authors:E.BarberioB. vanEijk, Z. Was
Ref:[12,13]
Webpage:| l

In the cascadelecaysof resonancesffectsof QED bremsstrahlungorrectionsneedto be sim-
ulated.Becausef a multitude of decaychannelsthe developmentof tayloredsolutionsis not possible
in every caseandin factis not necessaryPhotoscanbe usedfor generatiorof bremsstrahlungorrec-
tions for the generalcase. The precisionof the generatiormay in somecasese limited, in generalit
is not worsethanthe completedoublebremsstrahlungn LL approximation.The infraredlimit of the
distributionsis alsocorrectly reproduced.The actionof the algorithmconsistsof generatingwith in-
ternally calculatedprobability, bremsstrahlunghoton(s) which arelateraddedio the HEPEV T record.
Kinematicconfigurationsareappropriatelymodified. Enegy-momentuntonsenrationis assuredlf dif-
ficulties ariserelatingto how the eventrecordsarefilled in by the hostgeneratarthe talk in Ref. [65]
may be useful. Recently[54], technicaldocumentatiorbecameavailable. Discussionof all recentim-
provementsijn particularfor caseof W decayds documentedhere.

6.3 Programsfor Diffractive Collisions
PHOJET

(Contributedby: R. Engel)
Authors:RalphEngel,Johannefanft, StefanRoesler
Ref:[38,39]

Webpageh nl
CurrentVersion:1.12

TheeventgeneratoPHOJETwasdevelopedfor detailedmodelingof minimum biaseventswith
arealisticsuperpositiorof varioustypesof diffractive andnon-diffractive particle productionprocesses.
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Theideasandmethodsmplementedn the programarebasedmainly onthe Dual PartonModel (DPM)
[24] andQuark-GluorStringsModel [63]. Theeventgeneratois formulatedasatwo-componeniodel
by distinguishing softandhardcomponentsf multiparticleproduction whicharecombinedn asophis-
ticatedunitarizationprocedurd9, 38,39].

PHOJETcanbe usedto simulatehadronicmultiparticle productionat high enegiesfor hadron-
hadron photon-hadronandphoton-photorinteractionghadron= proton,antiproton,neutron,or pion).
The generatorincludesthe photonflux simulationfor photon-hadrorand photon-photorprocessei
lepton-lepton])epton-hadronandheavy ion-heay ion collisions[41]. In addition,variousphotonflux
spectraof relevanceto plannedinear collidersareimplementedbremsstrahlungyeamstrahlundaser
backscattering).

Subprocesses

All leadingordermatrix elementdor scatteringprocessesf quarksgluonsandphotonsnto light
guarksandgluonsareimplemented.By constructiorhardandsemi-hardprocessearenot only simu-
latedfor non-diffractive interactionsbut alsofor single and doublediffraction dissociationand central
diffraction(doublepomeronexchange)21,40].

Up to now processedvolving heary quarksandiV and 7 vectorbosonsarenot availablein the
code.

Parton showers,hadronization and decay

Initial statepartonshaversaresimulatedby a backwardevolutionalgorithmthatusespartonden-
sity functionsasexternalinput[101] andincludessomecoherenceffectsby imposingangularordering.
In the caseof photonsthe anomalougerm in the partondensityevolution equationss takeninto ac-
count[36].

Final statepartonshoversaregeneratedy PYTHIA [100], which is usedto handlestring frag-
mentation,hadronizatiorand resonancelecays. A humberof spin/polarizatiordependentdecaysare
implementedseparatelyp, w and¢ productionin photondiffractiondissociation).

Underlying event

Soft andhard processesaretreatedin a unified way, applyinga trans\ersemomentumcutoff to
separateéhe two component®f the model. In general PHOJETpredictsmultiple soft andhardinter-
actionsin one high-enegy event. Employingthe optical theorem,Regge phenomenologys usedto
parametrizesariouspartial crosssectionsaccordingto string and color flow topologies. The structure
of thedifferenteventclassesincluding the soft underlyingparticleproductionin eventswith hardinter-
actions,is thuspredictedby the modelparametershatarefound by fits to total, elastic,anddiffractive
crosssections.

POMWIG

(Contributedby: B. Cox)

Authors: Brian Cox andJef Forshav
Ref:[32]

Webpageh m

POMWIG [32] is asimplemodificationto the HERWIG Monte Carlogeneratomhich allowsthe
simulationof diffractive collisions. In proton- proton(or anti-proton)collisions,bothsingleanddouble
diffractive collisions (sometimeknown as’doublepomeronexchangeareimplemented.In electron
- proton collisions, the diffrative DIS processis implemented. In both cases,pomeronand reggeon
exchangeprocessegaregeneratedeperately By default,the pomeronandreggeonstructurefunctions
andflux factorsarethosemeasuredby the H1 Collaboration2], althoughPOMWIG allows the userto
implementnew structurefunctionsandflux factorsin a simpleway:.
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POMWIG will runon ary systemthatrunsHERWIG (all versionsfrom 5.9 onwardshave been
fully tested). Oncethe POMWIG routineshave beenadded,HERWIG will function normally except
for the generationof resoled photoproductioreventsin electron- proton collisions (sinceit is these
HERWIG routineswhich aremodifiedin orderto run POMWIG).

6.4 SpecialisedDecayPrograms
EVTGEN

(Contributedby: A. Ryd)

Authors:David LangeandAndersRyd

Ref:[74]

Webpage ]

The EvtGenpackagéds a Monte Carlo programof resonancelecaysfocusedon the physicspro-
cesseselavantto B mesondecays. The framework includestools neededo handlesequentiadecays
andto correctlysimulateangulardistributions includingtheir correlationsIndividual physicsprocesses
areimplementedn moduleghatallow usergo build complicatedlecaychainsfrom simplepieces.Each
modulecalculateslecayamplitudesusedby the framewnork to generatehe correctkinematicdistribu-
tions. EvtGenprovidesimplementation®©f mary detaileddecays,ncluding a variety of semileptonic
decaymodelsandtime dependenf’ P asymmetriesn neutralB mesondecaysaswell asa decaytable
for simulationof genericB decays.

EvtGenis written primarily in C++, with somelegagy fortrancode.EvtGenwasmainly developed
onthe Linux platform, but hasbeenusedon otherplatformsaswell. EvtGeninterfaceso the PHOTOS
packagdor generatiorof final stateradiationandto PYTHIA. PYTHIA is usedbothfor its hadronization
capabilitiesaswell astofill outtheunknovn componenbf theB mesordecaytablevia inclusivegeneric
decaysHEPEVTis usedto interfaceto both of thesepackages.

A hypernevs forumis availableat:

Tauola

(Contributedby: Z. \Was)

Authors:R. Decker S. JadachM. Jezabek]).H.Kuhn,Z. Was
Ref: [59-62]

Webpageh nl

Tauloais aFortran77 packageusedfor generatiorof tauleptondecaysncludingspinpolarization.
For eachdecaymodethereis:
e anindividualphasespacegeneratofwith no approximatiorused);
e a part describingweak current: including first order QED correctionsfor leptonic decaysand

the possibility to admixturesomenon standardnteractionstau neutrinomassandfree choiceof
vectorandaxialvectorcouplingsof tauto virtual W state;

e apartdescribinchadroniacurrentwith severalchoicesavailable, someof themaresupported/distbuted

from Tauolaweb page but nonetheleseequireindividualreferencingavailablefrom the program
printout);

e a partresponsabldor the choice of the decaymode and overall administration,as well as for
writing the generatediecayinto HEPEVT record.
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For moredetailslook into the referencesbut alsorecenttransparenciesf the MC4LHC work-
shop[108] or review talk atthelasttauconferenceRef.[109].

A universalinterfacefor Tauolato the HEPEVT eventrecordis providedin the Tauolalnterface
programRef.[54,86,110]. Referto [54] for technicaldocumentationDiscussiorof all recentimprove-
ments,in particularTAUOLA universalinterface js documentedhere.

A programcalledMC-Teste{55] (AuthorsP. Golonka,T. PierzchalaZ. Was,

htt p://cern. ch/ MC- TESTER ) is alsoavailable. This packagewrittenin C++ andinterfacedto
Fortran77/90,is developedfor testsof decaypackagesTheideais to have a quick way of comparing
two packagedor the decayof a particlee.g. ‘X'. The algorithmsearchesver the input eventrecords
(HEPEVT, PYJETS,LUJETSandsomeC++ recordsmay be usedasinput) andwheneer a new decay
of ‘X’ is found, a list of the decaymodesis extended(classifiedon the basisof the decayproducts)
andhistogramsf all invariantmassesreinitialised on the first occurenceandlaterfilled in. The data
from two distinct runs of MC-Testerwith two decaypackagesan be later comparedwithin a MC-
Testeranalysisrun, independentlyf the programmindanguageor eventrecordsusedby the compared
generatorsSinceLesHoucheswvorkshop MC-testerfoundalot of applicationsoutsidedecaylibraries.
In particular it wasfoundto uesfulfor comparison®f matrix elementgeneratorsiuring LC andLHC
workshopsandalsoin studiesof softwareof ATLAS collaboration(see. .

7. RESUMMATION 24

In this sectionwe shall briefly discussa differentapproachwith respecto thatof SHG's, to the com-
putationsrelevantto the phase-spacegionswherethe crosssectiongypically peak.We shalldo soby
answeringhe question:Resummationyhatis that?

Reader®f this guidebookwill readilyanswetthatit refersto ary effort atsummingsometermsin
aquantity’s perturbatve serieso all orders.This basicunderstandingyhile correct,is notenoughhow-
everto really participatein, or perhapdully appreciatediscussionsnvolving the merit of resummation
in phenomenologicassues.To this endit is profitableto know atleastwhatthewords“some”, “terms”,
“quantity”, and“summing” meanin the sentencabove. This brief sectionwill, therefore try to clarify
theseconceptsomavhatin thehopethatsuchdiscussionsnightbecomemorerewardingfor thereader

Thetext below leavesthe quantumfield theoryunspecifiedbut we have of courseQCD in mind.

Quantity. This is often an obsenable suchas a (differential) crosssection,a decayrate, or a
derivedquantitylike a structurefunction. It mightalsobe a moretheoreticalquantitylike a form factor,
a partondistribution or fragmentatiorfunction; in generalit may be ary quantityhaving a perturbatve
expansion.

Terms Let O besucha quantitywith the (schematicperturbatve expansion
Opr = foo + 04(012L2 + el + fio) + 042(C24L4 + 3l +eoal? ..+ f20) + ... (41)

whereq is the couplingof thetheory alsoservingasexpansionparameterl is somelogarithm,andthe
fio represenall termsnot containinga power of .. Ourdiscussiorherefocusenthe casewith atmost
two extra powersof I per ordet associatedvith an extra soft and/orcollinearemissionof a particle.
The quantity O determineswvhat L is the logarithmof: for a thrust(7’) distribution L = In(1 — T'),
for do(pp — 7 + X)/dp% L = In(Myz/p%). Notethat I, doesnot haveto be the logarithm of a
measuredrariablebut canalsobe a function of unobserable partonicmomentato be integratedover,
e.g. for inclusive heary quark hadroproduction’, = In(1 — 4m?/z,2,5) wherez,, z, are partonic
momentumfractions.When L is numericallylarge, sothatevenwith small « the corvergentbehaiour
of theseriesis endangeredesumminghe problematicermsmight remedythis andtherebyextendthe
theory’s predictive powerto the situationwherel is large.

2Contritutedby: E. Laenen.
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Summing The (schematicyesummedorm of O may; in all known casesbewritten as

Ores = exp [Lgl (OAL) + QQ(QL) + . ] (f(l)O —I_ af{O —I_ .t ) (42)

whereg; ;... areknown functions. Although even a sketchof a derivation of suchan expressions be-
yondthe scopeof this section,we candiscusssomeof O,..;'s features First, theresidualseries) f{oai
is without logs andthereforebetterbehaed. The dependencen the logarithmhasmaovedinto the ex-
ponentwhichis now aseriesin «, andunderanalyticalcontrol. This is the mainmerit of resummation.
Secondnoticethattheresummedorm containsanexponentialwhichreflectsroughlythe Poissorstatis-
tics of independeneémissionsThird, dueto technicalreasonghe L in questionin (il is mostoftennot
thelog of theoriginal variable(say p%), but of a conjugatevariable(impactparameteb) resultingfrom
a Fourier or otherintegral transform. An expressionlike ([l may be evaluatednumericallyandused
phenomenologicallyinvolving of coursethe appropriaténversetransform,but it shouldbe mentioned
thatthis is not alwaysanunambiguougrocedurein particularfor QCD; theall-orderresummatiorcan
introduceinfraredsingularbehaiour into O, thatis not presentn finite ordercomputations.There-
fore,aresummedesultmust,in suchcasesbe specifiedogethemith a prescriptiorhow to handlethis
singularbehaiour numerically

Some Specifyingthetheoreticabccurag for aperturbatve seriessuchaseq. ([l involvesstating
whetheronly the leadingorder(LO) term hasbeenkept, or alsothe next-to leadingO(«) (NLO) term,
etc. The analogueor the resummedorm () involvesstatingwhetheronly ¢, is kept (leadingloga-
rithmic (LL) accurag) or alsog, (next-to-leadinglogarithmic(NLL)) is kept,etc. Notethatanincrease
in the logarithmicaccurag mustgo alongwith including, without doublecounting,moretermsin the
3= floot series. This is called matching. Justas one may parametricallyand systematicallyincrease
the accuray of the perturbatve approximation(illl by including ever higherorderterms,one may do
sofor theresummedxpressiorby including ever moretermsin the exponenttogethemith appropriate
matching.

To summarisea resummedjuantityis, besideghe fact thatsomeof the termsin its perturbatve
expansiondave beensummedo all orders:characterisey the logarithmat hand,a statemenof accu-
ragy like LL, NLL etc,and(possibly)a prescriptionto handleambiguities.

In mary casesthe authorsof an obsenable’s resummatiorwrite a computercodeto studyits
effectsnumerically Suchcodesaretypically obsenable-specifiandareoftennotwritten with ageneral
userin mind (with someexceptions).How, then,doesresummatiorhappenn eventgeneratorshatare
purposelynot obsenable-specific?

Recallthatthe simulationof an eventby a particulargeneratoinvolvesvariousstages:the hard
subprocessinitial stateshowering, final stateshavering, and hadronization. Of these,the first three
are eachdescribedby perturbatve physicsinvolving interactingquarks,gluonsandotherquanta. The
hardsubprocesss in all event generatorgslescribedoy a leadingorderor next-to-leadingorder matrix
element.The shaver algorithms,onthe otherhand,generatanary partonspereventandincludehigher
ordercontributions,becauseachpartongeneratiorrequiresat leastone power of the coupling,in ary
Monte Carlo predictionof anobsenable. Thealgorithmsaresuchthatin generakheleadinglogarithms,
whaterer they may be, in the Monte Carlo predictionof the obsenableare correctly generatedn this
way, in additionto some but notall, of theN*LL, for ary k. In essencdeadinglogarithmsareprocess
independentwhereadogarithmsbeyondtheleadingonesusuallyarelessso. But thereadershouldkeep
in mind that, while the logarithmicaccurag obtainedby a Monte Carloresummatiorof an obsenable
is almostalwayslessthanin a dedicatedstudy, the Monte Carlo caneasilysimulateacceptanceutsetc.
Clearly, thereis still lots of roomfor improvementin bringingthesewo descriptionspneanalyticaland
oneby Monte Carlo, closertogether

Finally, resummedcalculationsof obsenablesare, in general,closely linked with their power
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corrections.Someof the latter involve hadronizatioreffects. While therehasbeenrecentprogressn
understandingheir connectiormorepreciselyfor eventshapeobsenablesin et e~ collisionsandDIS,
thisis alsoanareawheremuchremainsto be understood.

8. COMBINING MATRIX ELEMENTS WITH SHOWERING %°

We have discussedit lengththe virtuesof SHG's andfixed-order(eithertree-larel multi-leg or NLO)
predictions. The partonshower is mosteffective whenthe extra emissionsare soft or collinear which
chiefly contributeto the peakof the crosssection whereaghe matrix elementprescriptionexcelsin the
complementaryegion (typically a high-p tail). Ideally, onewould like to modelNaturewith a program
thatknows bothtechniquesndcanusethemsimultaneously

Onecommonpitfall new usersof SHG codesfall into is the combinationof a procesdike ¢q —
Z9, with its higherordercompaniorprocessyg — Z%¢. Eventsfrom thesetwo processeshouldnever
be blindly combined sincea fraction of the latter eventsarealreadyincludedin theformer processvia
gluonradiationin the partonshaver. Combiningthetwo processewvithout specialproceduremamounts
to doublecountingsomeportion of phasespace.However, usingthefirst processaloneis alsounsatis-
factory, because¢he partonshonverdoesapoorjob in modellingtheregion of hightransersemomentum
of the ZY.

Thisissuehasbeenaddresseth HERWIG andPYTHIA with matrix elementorrections These
canbeimplementeceitherasa strict partition of phasespacebetweerthe two processesyr asanevent
reweighting(re-esaluationof the event probability usingthe matrix elementlusingthe higherordertree
level matrix elementfor the relatedprocess.In eithercasethe effect is the same:the eventshapesare
dominatedby the partonshower in the low-p, region, the shapesare NLO-like in the high-p, region,
andthetotal crosssectionremainsleadingorder (i.e. for our examplethe total crosssectionwill bethe
sameasthatfor ¢g — Z°). Thetroublewith matrix elementcorrectionss thatthey canbe appliedonly
in a very limited numberof caseswhich arerelatively simplein termsof radiationpatternsandcolour
connections.Furthermore pnly one extra emissioncan be treatedwith respectto the underlyinghard
subprocess.

New physicssignalswill likely bedetectedhroughmulti-jet channelgupto theorderof tenjets),
sinceheavy, fastly decayingparticlesare expectedto be formed. StandardSHG’s suchas HERWIG
andPYTHIA, regardlessof the presencef matrix elementcorrections perform particularlybadly for
theseobsenables.The obviousway outis thatof dressinghe mary hardpartonsavailablefrom atree-
level matrix elementgeneratofseesect l) with the extra emissiongprovided by a shover mechanism.
However, as pointedout in sectJll, this procedures not completelysafeanda dependenceanarise
of physicalobsenablesuponunphysicalpartoncuts(which we symbolicallydenoteasy..;). Typically,
this dependencis of leadinglog nature(i.e., o* log?* y...).

A solutionto this problemhasbeenproposedn ref. [27] (referredto asCKKW, afterthe names
of the authors).The phasespaceof n partonsis partitioned,usingthe parametey..;, into two regions,
which can be called partonshover dominatedand matrix elementdominated. In the former region,
the hardkinematicsis thatrelevantto n — 1 partons;thesekinematicsactasaninitial conditionfor a
vetoedshower wherethe veto basically preventsthe shover from populatingthe latter region. In the
matrix elementdominatedregion the hardkinematicsis that of » partons.In both regions, the matrix
elementsare reweightedwith a suitablecombinationof the Sudakae form factorsenteringthe shover
algorithm. It is clearthat,in orderto beinternally consistentmatrix elementanustbe availablefor ary
valueof n. In practice,n < 5 is agoodapproximationof n < oo. Usingthe CKKW prescription the
dependencef the physicalobsenablesupony.,; is reducedrom leadingto next-to-next-to-leadinglog
(i.e., ok log?~2 y_.,), plustermssuppressetly powersof y.,,. Althoughthe original CKKW proposal
concernectt e~ collisions, an extensionto hadroniccollisions hasbeenpresented69], and practical

Contritutedby: M. Dobbs,S. Frixione.
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implementationshave beenachieved in HERWIG, PYTHIA, and SHERRA (seesect. . Thereis
considerabléreedomin theimplementatiorof the CKKW prescriptiorin the caseof hadroniccollisions.
This freedomis usedto tune(someof) the SHG’s parameterin orderto reduceasmuchaspossiblethe
Yoot dependenceyhich typically manifestdtself in the form of discontinuitiesin the derivative of the
physicalspectra. We notethat the completeindependencef y.,; cannotbe achiesed; this would be
possibleonly by includingall diagramgi.e., alsothevirtual ones)contributing to a givenorderin .

In the last couple of years,the problemof including in SHG’s the completehigherorder cor-
rectionsto matrix elementshasreceved considerablattention. Given the situationof the fixed-order
computationsiescribedn sectlll, the only casewhich could be studiedin practiceis that of the NLO
matrix elementsRemarkablya few proposaldiave passedhestageof theoreticakexercisesandmadeit
to theimplementatiorstep. The correspondingodesare presentedelony andreaderdnterestedn the
technicalitiesof theformalismsareurgedto checkthe original 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. MunehisaH. Tanaka.
Ref: [73]

Webpageh al

CurrentVersion:Programis not yet available.

A new methodto construcievent-generatorBasedn next-to-leadingorderQCD matrix-elements
andleading-logarithmigartonshaversis proposed.Matrix elementsof loop diagramsaswell astree
level canbe generatedisinganautomaticsystem A soft/collinearsingularityis treatedusinga leading-
log subtractiommethod.Higherorderre-summatiorof the soft/collinearcorrectionby the partonshaver
methodis combinedwith the NLO matrix-elementvithoutary double-countingn this method.

MC@NLO

(Contributedby: S.Frixione)

Authors:S. Frixione,B.R. Webber

Ref: [44,45]

Webpageh D/
CurrentVersion:2.3

The MC@NLO event generatotincludesthe full next-to-leadingorder QCD correctionsin the
computationof hardsubprocessedt is basedon the formalism presentedn refs.[44,45]. In the cur
rentversion,the packagencludeshadroniccollisions,with the productionof the following final states:
WHW-—, W*Z, 27, bb, tt, H°, W*, Z,v*, [;1;, with thelatterleptonpair originatingfrom anoff-shell
W#*, Z or v (the Z /v interferences included). Masseffectsarealwaysincluded;spin correlationsfor
thedecayproductsareincludedexceptin the casef vectorbosonpair andit production.

Incorporatingthe NLO matrix elementsprovides a better predictionof the rateswhile improv-
ing the descriptionof the first hard partonemission. As with ary other partonshover basedMonte
Carlo, MC@NLO is capableof giving a sensibledescriptionof multiple soft/collinearemissions.For
the samereason andat variancewith usualNLO programs propagatiorthroughthe shover and sub-
sequenhadronizationgivesa final statedescriptionat the hadronlevel. Onefeatureof MC@NLO as
opposedo standardVIC’s is the presencef negative weights. Thereforein unweightedevent gener
ation MC@NLO producesunit weight eventswith a fraction (typically 15%) having weight-1. The
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unweightingefficiengy is of the orderof 40%or higherfor all the processesonsideredWeightedevent
generatiorhasnot beenincluded,but thereis no principle reasorwhich preventsit.

Theprogramis providedasastandalon@ackagewrittenin Fortran77 downloadabldrom theweb
sitegivenabove. It writesaneventfile whichis readby a generaburposeshoveringandhadronization
codeusingthe Les HouchednterfaceStandard19]. Althoughthe MC@NLO formalismis generaljn
the currentversionsuchshowering and hadronizationcode mustbe HERWIG (version6.5 or newer).
Bashscriptsanda Makefile areprovidedto run the codein away similar to standardHERWIG (in fact,
the sameanalysisroutinescanbe used).The codehasbeentestedon variousoperatingsystems.Linux,
SunUnix, Digital Unix runningon Alpha’s, Mac OSX. The packagéncludesa self-containedibrary of
partondensitiefupdatedo includingthe CTEQ6andMRST2002families),andaninterfaceto PDFLIB.

PhaseSpaceVeto

(Contributedby: M. Dobbs)

Authors:M. Dobbs

Ref:[34]

Webpagcnmme

CurrentVersion:Proof-of-conceponly. Not currentlysupported Contactauthor

The phasespaceveto is a methodfor organisingnext-to-leadingorder QCD calculationsusing
a veto which enforcesthe cancellationshetweenvirtual and real emissiondiagrams Jeaving a region
of phasespacewherethe Parton Shaver methodcanbe employed. Essentiallythe methodpartitions
phasespaceand useseitherthe NLO matrix elementor the partonshover methodin eachregion. In
this mannemo region is countedtwice, but in the (soft and collinear)domainof the partonshawer, the
eventshapesrenot preciselyaccuratedo NLO. The adwantageof this technigueover othermethodss
thatsamplesof truely unweightedeventscanbe producedthereareno nggative weightsandno events
which mustbeusedto cancelotherevents).Thetotal crosssectionfrom this methodis preciselyNLO.

Themethodemploysphasespacsslicingwith theslicing parametedeterminedlynamicallyevent-
by-event. The outputcan be interfacedto generalpurposeshownering and hadronizationprogramsto
obtaincompletesventdescriptionsOnly oneproof-of-concepprocessﬁﬁ) — Z + X, isimplemented.
This processs interfacedto the PYTHI A shoverandhadronizatiorpackage .The programis writtenin
C++usingmodernobject-orientedechniques.

9. CONCLUSIONS 26

A sunwey of Monte Carlo programdor the simulationof hadroncollider eventshasbeenpresentedvith
theaim of makingthe programamoreaccessibléo a new user

Thereaderfamiliar with Monte Carlo codesemployedduring the lastdecadewill noticeatrend
in modernsimulationprograms.They arebecomingmore modularisedwith authorsspecialisingtheir
codesto afocusedaspecbf the eventsimulation.The userhasthe luxury of choosingdifferenttoolsfor
differentaspectof the event—andthe responsibilityto understandhe limitations and caveatsof each
tool's use. The communityis maving towardsa time when eachaspectof the event simulation(hard
subprocesspartonshawer, etc.) canbe interchangeablgimulatedwith differentprograms,allowing
for the crosscheckingof resultsandan estimateof the systematicerrorsassociatedvith eachaspect.
Breakthroughsn the meging of seeminglydistinct techniquegthe Parton Shover with NLO matrix
elementshave beenachiered,andwill be of ever greaterimportanceascollidersmove towardshigher
enegy.

2Contritutedby: the editors.
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A few brave programauthorsareembracingnodernsoftwareprogramminganguageseitherby
rewriting existing codesor beginning new projectsusingobject-orientedanguagesuchasC++. This
fits very well with the currenttrendsfor detectorsimulation(suchasthe completerewriting of GEANT
in C++[3]), andthetrendfor experimentalcollaborationswho are overwhelminglychoosingC++ for
their experimentsoftware.

With modernmodularMonte Carlosimulationtools,the compleity of theeventgeneratiorchain
is approachinghat of a complicateddetectorsubsystem. Given that the developmentof thesetools
is strugglingalongwith a fraction of the resourcesandfunding typically allocatedto an experiments
software,it' samazingwhathasbeenachieredin thisfield.
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