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HERWIG is a general-purposeparticle-physicseventgenerator,which includesthe simulation of hard lepton—lepton,
lepton—hadronandhadron—hadronscatteringandsoft hadron—hadroncollisionsin one package.It usestheparton-shower
approachfor initial-stateand final-stateQCD radiation, includingcolour coherenceeffectsandazimuthalcorrelationsboth
within andbetweenjets.

This article includesa brief reviewof thephysics underlyingHERWIG, followed by a descriptionof the programitself.
This includesdetailsof the input and controlparametersusedby the program,andtheoutput data provided by it. Sample
output from a typical simulationis given andannotated.

PROGRAM SUMMARY

Title ofprogram: HERWIG 5.1 No. of lines in distributedprogram, including test data, etc.:
12534

Cataloguenumber: ACBY
Keywords: MonteCarlo, event generator,perturbativeQCD,

Program obtainable from: CPC Program Library, Queen’s parton shower, coherentbranching,fragmentation,hadronic
Universityof Belfast, N. Ireland (seeapplicationform in this final states
issue)

Natureofphysicalproblem
Computerfor which the program is designedand others on Simulationof high energyparticlecollisions,especiallythose
which it has been tested: VAX. Only minor modifications are in which a high momentumtransfergives rise to the emission
neededto run on anymachinerunningstandardFORTRAN of jets of hadrons.The theoreticalbasisis theresummationof
77 theperturbativeQCD expansionincluding all asymptoticand

someimportant subasymptoticcontributions.
Operatingsystems:VAX-VMS, and any other systemwhich
supportsFORTRAN 77 Methodof solution

Monte Carlo simulation of a variety of primary collision
Programminglanguageused: FORTRAN 77 processes,followed by parton shower generation using a

coherentbranchingalgorithmand hadron formation using a
Memoryrequired to executewith typical data: 240 kwords clusterfragmentationmodel.

No. of bits in a word: 32 Restrictionon thecompl&ityof theproblem
To run atvery high energy(V~~ 40TeV), theprogramwould
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Typical running time Referenceto otherpublishedversion of this program
Dependscrucially on the processmodelled. Can range from CERN ProgramLibrary longwrite-up W5037.
1000 LEP qi~events in 10 mm, to 1000 SSC QCD 2 —a 2
eventsin 3 h. Both timesarefor a 1 VUP (i.e. approximatelyI
MIP) machine.

LONG WRITE-UP

1. Introduction

HERWIG is a general-purposeeventgeneratorfor high energyhadronicprocesses,with particular
emphasison the detailed simulation of QCD parton showers.The program has the following special
features:
• simulation of hard lepton—lepton,lepton—hadronand hadron—hadronscatteringand soft hadron—

hadroncollisions in onepackage;
• colour coherenceof partons(initial andfinal) in hardsubprocesses;
• heavyflavour hadronproductionanddecaywith QCD coherenceeffects;
• QCD jet evolution with soft gluoninterferencevia angularordering;
• backwardevolutionof initial-statepartonsincluding interference;
• azimuthalcorrelationswithin andbetweenjetsdue to interference;
• azimuthalcorrelationswithin jetsdueto gluon polarization;
• clusterhadronizationof jetsvia non-perturbativegluon splitting;
• a similar clustermodel for soft andunderlying hadronicevents.

The programoperatesby setting up parametersin common blocks and then calling a sequenceof
subroutinesto generatean event. Parametersnot set in the main program H W I GPR are set to default
valuesin the main initialisation routine H W I G I N.

To generateevents the user must first set up the beam particle names PART1, PART2 (type
CHARACTER*4) in the common block /HWBEAM/, and the beam momenta PBEAM1 PBEAM2 (in
GeV/c), a processcode I PROC andthe numberof eventsrequired MAX EV in / H W PROCI. Seesection5
for beamsand processesavailable.

All analysis of generatedevents(histogramming,etc.) should be performedby the user-provided
routines H WA BEG (to initialise), H WAN A L (to analysean event)and H WA END (to terminate).The default
H WAN A L subroutinewrites eventandjet information andstableparticledataon unit LW EVT defined in
H W I GI N (or simply returnsif LW EVT = 0). SeeH WAN A L for detailsof eventinformation written.

A detailed event summary is printed out for the first MAXPR events (default MAXPR = 1). Set
I PRI NT = 2 to list the particle identity codesand (simplified) particle decay schemesused in the
program.

The programminglanguageis standardFORTRAN 77 as far as possible.However, the following may
requiremodification for running on computersother thanVax’s:
• Most common blocks are insertedby I N C LU D E ‘HE R W I G 5 1 - I NC’ Vax Fortran statements(see

section7 for contentsof HERWIG51 - INC).

• Many commonblocks are initialized by BLOCK DATA HWUDAT. Although BLOCK DATA is standard
FORTRAN 77, it can causelinkageproblemsfor somesystems.

• SubroutineH W UT I M (returningCPU time left) is machinedependent.

2. PhysicsunderlyingHERWIG

The physics that underliesthe original programwas presentedin detail in ref. [1]. More recent
improvementsarediscussedin refs. [2—7].Other relevanttheoreticalbackgroundmay be found in refs.
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Fig. 1. Colour structureof app — W~+ X, W~ tb event.

[8—12].We limit ourselveshereto a reviewof the key componentsof the programandtheir theoretical
basis.

Themain theoreticaljustification for QCD Monte Carlo simulationslies in the factorizationtheorems
for hard processes.This propertyis illustrated in fig. 1 for the processp~—~ W~+X, with W~—*tb ~.

Quarksandantiquarksarerepresentedby singlecolour lines, gluonsby doublelines (the so-calledplanar
approximation).Dottedlines representcolour-singletparticles(W bosonsor leptons).Note thatfig. 1 is
not a Feynmandiagram: it representsthe coherentsumof manyreal and virtual diagramswhich are
summedby the branchingalgorithm.

A processsuchas that in fig. 1 can be factorizedinto the following subprocesses.
1. Final stateemission.An outgoingvirtual partonwith largetime-like massgeneratesa showerof

partonswith lower virtuality. The amountof emissiondependson the upperlimit on thevirtual massof
theinitiating parton,whichis controlledby themomentumtransferscaleQ of the hardsubprocess,to be
discussedbelow.

2. Initial stateemission.A parton constituentof an incident hadronwith low space-likevirtuality
radiatestime-likepartons.In theprocessit decreasesits energyto afraction x of that of the hadron,and
increasesits space-likevirtual mass.This massis boundedin absolutevalueby the scaleQ of the hard
subprocess.The initial stateemissionprocessleadsto theevolutionof the structurefunction F(x, Q) of
the incidenthadron.

* This eventwas generatedusinganearlierversion(2.2) of HERWIG.Thedecaysof heavyquarksare handledslightly differently

in version5.1 — seesection12. In additionwe now know that the topquark is too heavyfor theW to decayto tb. Nevertheless,
fig. 1 illustratesthe typical branchingand colour structureof a simulatedevent.
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3. Elementaryhard subprocess.This can be computedexactlyto finite order in perturbationtheory.
For the processof fig. 1 it is given by the q~j—~ W — q~jamplitude squared.The hard subprocess
momentumtransferscale Q, given here by the massof the virtual W~,setsthe boundaryconditionsfor
the initial andfinal stateparton showers.A largevarietyof QCD andelectroweakhard processeshave
the samebasicstructureas in fig. 1, with different elementarysubprocessmatrix elements.

4. Hadronizationprocess.In order to constructa realisticsimulationoneneedsto convertthe partons
into hadrons.This processtakesplaceat a low momentumtransferscale,for which the strongcoupling
as is largeandperturbationtheoryis not applicable.Thereforewe needto addto the aboveperturbative
QCD processesa phenomenologicalhadronizationmodel which fortunately(see later) doesnot conceal
the perturbativestructure.

An importantconsequenceof the factorization theoremis that the distributionsfor any hard QCD
processareobtainedfrom the samefour subprocessesdescribedabove. In lepton—leptoncollisions we
have only to considerthe elementaryand final stateemission subprocesses,while in lepton—hadron
collisionswe needto consideralso the emissionfrom oneincomingparton. In hadron—hadroncollisions
thereis emissionfrom two incomingpartons:onefrom eachhadron.In addition, in processesinvolving
incominghadronstheremay be soft emissiondueto the presenceof “spectator”partons.

As a consequenceof factorization, one can construct a single Monte Carlo program, such as
HERWIG, which canin principle simulateall hardprocesses.The main theoreticaladvantageof sucha
universal programis that the phenomenologicalparametersin the hadronizationmodel can be tuned
simultaneouslyby fitting dataat different machinesandenergies.This enhancesthe predictivepowerof
the program.

If onestudiesonly totally inclusive quantities,the hardprocessof fig. 1 is infraredfinite. Howeverwe
are interestedalso in exclusivedistributionsand for thesewe needto introducea cutoff. In HERWIG
this is done by requiring that the partonsare emitted with a transversemomentumlarger than some
finite value Q0, which is selectedin such a way that as(Qo) is still a small number.(In fact the cutoff
dependson the type of parton involved, as explainedin section6, butwe can takeQ0 hereto represent
the smallestcutoff.) As observedin some next-to-leadinganalyses[13], a transversemomentumcutoff
correspondsto the M~schemefor the regularizationof QCD.

In the Monte Carlo simulationone describesthe entireprocess,within the resolution implied by the
cutoff Q0, at the exclusivelevel. This canbe donebecausethe final and initial stateemissionprocesses
also havea factorizedstructure,as we shall illustrate. Factorizationin thesecasesholds to the leading
order in collinearand infraredlogarithms.However, aswe shall recall, for someimportantdistributions
factorizationcanbe extendedbeyondleadingorder.

We now discussthe abovesubprocessesseparatelyin moredetail.

2.1. Final stateemission

Parton emissionfactorizesas a successivebranchingprocesswhich is characterizedby the following
properties:

1. The energyfractionsaredistributedaccordingto the Altarelli—Parisi splitting functions.
2. The full availablephasespaceis restrictedto an angular-orderedregion.Such a restriction is the

result of interferenceandtakesleadinginfraredsingularitiescorrectly into account.At eachbranching,
the anglebetweenthe two emittedpartonsis smallerthan that of the previousbranching.

3. The emissionanglesaredistributedaccordingto the Sudakovform factors,which sumthe virtual
corrections.The Sudakovform factor normalizesthe branchingdistributions to give the probabilistic
interpretation neededfor a Monte Carlo simulation. This fact is a consequenceof field theory, in
particularof unitarity andof the infraredfinitenessof inclusive quantities.
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4. The azimuthal angulardistribution in eachbranchingis determinedby two effects: (a) for a soft
emittedgluon the azimuthis distributedaccordingto the eikonaldipole distribution[1]; (b) for non-soft
emissionone finds azimuthalcorrelationsdue to spin effects. See refs. [2—4]for the method used to
implementthesecorrelationsin full, to leadingcollinearlogarithmicaccuracy,in HERWIG.

5. In eachbranchingthe scaleof as is the relativetransversemomentumof the two emittedpartons.
6. In the caseof heavyflavour productionthe massof the quark modifiesthe angular-orderedphase

space.The most importanteffectis that the soft radiationin the directionof the heavyquarkis depleted.
Onefinds that theemissionwithin an angleof orderM/E vanishes(with M andE the massandenergy
of the heavyquarkemitting thesoft gluon). This angularscreeningdetermines[5,14,151the shapeof the
heavyflavour jet, which could prove to be an importantsignature.The angularscreeningcan easilybe
takeninto accountin the coherentbranchingalgorithmandis consistentlyincludedin HERWIG [5].

A branching algorithm characterizedby the above propertieswill be called coherentfinal state
branching and, in general,gives parton distributions which are correct to leading infrared order. In
particular this algorithmcorrectly describedintra-jetdistributions such as the string effects in three-jet
events[16].

The coherent branching correctly describes[17—19]also the next-to-leading corrections to the
distributionsof soft partons,i.e. partonswith momentumsmallcomparedwith the hardscaleQ but still
largecomparedwith the QCD scaleA~. This fact is very importantbecausethe perturbativeexpansion
for thesedistributionsis singular.Thereforethe next-to-leadingcorrectionsarelargeand for a reliable
calculationat presentenergiestheyneedto be takeninto account.The importanceof the next-to-leading
contributionsis clear in the LEP dataon the multiplicity and inclusive distributions in the soft region
[201.

In the literatureone can find different prescriptionsfor the branchingsubprocess(with different
phasespaceand/orargumentof a~,or without the angularscreeningdue to the heavyquark mass).
Someof thesealgorithmsarebasedon old andpartial resultsof perturbativeQCD studies,anddo not
give the correct resultsevento leadinginfraredorder.

2.2. Initial stateemission

The theoreticalanalysisof this processis morecomplexthanfor the final statecase.Evento leading
order,the structurefunctionandassociatedradiationhaveonly beenanalyzedquite recentlyfor small x
[21], x being the energyfraction of the incomingparton after the emissionof initial stateradiation.For
lepton—hadronprocessesx correspondsto the Bjorken variable,while for hadron—hadronprocessesx is
relatedto Q2/s.

The main resultis that for anyvalue of x, evenfor x —~ 0, the initial stateemissionprocessfactorizes
and canbe describedas a branchingprocesssuitable for Monte Carlo simulations,which we shall call
coherentinitial state branching. The properties which characterizethis branching include all the
propertiesdiscussedabovefor the final stateemission.In the initial stateemissionthe angularordering
restrictionof the phasespace(point 2 in the previouslist) appliesto the angles0, betweenthe incoming
hadronand the emittedpartonsi.

In the caseof small values of x, the initial statebranchingprocesshasthe following additional
properties,which arehowevernot yet fully includedin HERWIG:

7. For small x therearevirtual correctionswhich are not includedin the Sudakovform factors.These
correctionsareimportantin the casein which theenergyfraction z~of an exchangedspace-likegluon is
soft (z~—~ 0). In this casethe Altarelli—Parisi splitting function contributeswith a singularterms of the
type CA/z, or C~/z,,accordingto whetherthe exchangedgluon is generatedby a gluon or a quark.
Thesevirtual correctionsexponentiate,giving a non-Sudakovform factor [21].The importantfeatureof
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this form factor is that it screensthe 1/z1 singularity. This is the sameeffect as that of the Regge
trajectoryin the Lipatov equation[22].

8. A secondimportanteffect in the branchingwith a soft exchangedgluon is related to the angular
ordering.For small z, the angularordering condition

0j+1 >0, gives ~ >z,q~,,where ‘i~1 is the
transversemomentumof the ith emission.Therefore for z —~ 0, the lower bound on q~~+

1vanishes,
givingsingularin z, contributions.However,thesesinguiartermsarecancelledby contributionsfrom the
non-Sudakovform factor.

A branchingalgorithmwhich includesthesepropertiesfor small x leadsto a structurefunction which
satisfiesthe Lipatov equationfor x —* 0 andthe Altarelli—Parisi equationfor finite x. Suchan algorithm
hasbeenusedto beginthe constructionof a new Monte Carlo simulationprogram[23], butmuch further
work is neededbefore thesedevelopmentscanbe included in a fully exclusiveeventgenerator.

For the moment, in HERWIG we takeinto accountthe fact that the most importantsingularitiesat
small x, coming from the region ~ <q~~~1<q~1for z,—~ 0, are partially cancelledby contributions
from the non-Sudakovform factor. Thus we ignore the non-Sudakovform factor and correspondingly
reducethe phasespaceto the q~-orderedregion ~ <q~~~1for z,—* 0. This algorithm correspondsto
neglectingnon-leadingsingularcontributionsbut generatesan anomalousdimensionwhich is correct in
this regionup to threeloops.

Forlarge x, the coherentbranchingcorrectlysums[6] not only the leadingbutalso the next-to-leading
contributions.This accuracyallows usto identify the relationbetweenthe QCD scaleusedin theMonte
Carlo programand the fundamentalparameterA ~. This is achievedby using the one-loopAltarelli—
Parisi splitting functions and the two-loop expressionfor as with the following universal relation
betweenthe scaleparameterAMC used in the simulationand AM-s

67 — 3,~.2— 10N1/3
AMC=exp 2(33—2N) A~~1.569A~for Nf=5. (2.1)

Thereforea Monte Carlo simulationwith next-to-leadingaccuracycan be usedto determineA~ from
semi-inclusivedataat largemomentumfractions.

2.3. Elementaryhardsubprocess

In HERWIG version 5.1 thereis a fairly large library of QCD and electroweakelementarysubpro-
cesses(see section5).

From the point of view of QCD coherence,the elementarysubprocessplays an importantrole in
defining the phasespaceof the initial and final statebranchingsubprocesses.As we haveseen,these
branchingsareorderedin anglefrom a maximumto a minimumvalue.The minimumvaluesis fixed by
the cutoff Q0, but the maximum value is determinedby the elementarysubprocessand is due to
interferenceamongsoft gluons. The generalresult [1,17,24] is that the initial andfinal branchingsare
approximatelyconfinedwithin conesaroundthe incoming and outgoing partonsfrom the elementary
subprocess.For the branchingof parton i, the apertureof the coneis definedby the direction of the
otherpartonj which is colour-connectedto i.

For a generalprocessthereare a numberof contributionswith different colour connections.The
HERWIG library of elementarysubprocessesincludestheseparatecolour connectioncontributions.See
ref. [1] for a discussionof themostcomplexcase,namelythe 2 —* 2 QCD subprocessesgeneratingtwo-jet
events with high transverseenergy. The relation between soft gluon interferenceand the colour
connectionstructureof the elementarysubprocessleadsto detectableeffects,suchas the string effectin
threejet events[16].
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Another important function of the elementarysubprocessis to set up the polarizationsof any
electroweakbosonsor gluon jets that may be involved. These polarizations give rise to angular
asymmetriesandcorrelationsin bosondecaysandjet fragmentation.They areincludedin HERWIG for
mostof the subprocessesprovided(but not yet for W + jet production),usingthe approachof refs. [2—4]
to generateall correlationsin jet fragmentationto leading-logarithmicaccuracy.

2.4. Hadronizationprocess

For the mostcomplicatedhardprocessessuchas that in fig. 1, we havethreetypesof non-perturba-
tive contributions to consider: (a) the representationof the incoming partons as constituentsof the
incidenthadrons;(b) the conversionof the emittedpartonsinto outgoinghadrons;(c) the “underlying
soft event” associatedwith the presenceof spectatorpartons.

We refer to all of theseas aspectsof “hadronization”.We first recall briefly the relevantfeaturesof
perturbativefield theory, thendiscussthe modelsused for (b) and(c) in the following subsections.

The treatmentof the incomingparton is relatedto the factorizationtheoremfor collinearsingulari-
ties. The distribution of the parton’s longitudinal momentumfraction at a low space-likescale Q, is
describedby a phenomenologicalinput structurefunction.The transversemomentumat such a scalehas
a distributioncharacteristicof the size of the hadron.

Perturbativestudiesdo not provide information on the confinementmechanismwhich convertthe
emittedpartons into hadronsbelow the time-like cutoff scale Q0. However, provided this mechanism
doesactuallyexist, perturbativeQCD predicts[25,26] that in hardprocessesconfinementof partonsis
local in colour and independentof the hard scale Q. This “preconfinement”property is due to the
Sudakovform factor. In QED this form factor depletesthe cross-sectionfor emissionof a single charge
without an accompanyingcloud of photons,within a given resolution.Similarly, in QCD the Sudakov
form factor inhibits the separationof the colour chargesforming a singlet. In the emissionof jets of
partons,onefinds [25] in perturbativeQCD, aswell as in theMonte Carlo simulations[9],that the mass
distribution of two partonsforming a coloursinglet is concentratedaroundvaluesof the orderof Q0 and
is independentof the hardscaleQ for largeQ.

This property is confirmed by the phenomenologicalanalysisof jet fragmentationby the Leningrad
group[26].In this analysisthe fragmentationfunctionsfor ii, K and p productionin e+ e- annihilation
at varioushigh energiesQ were comparedwith the fragmentationsfunction for partons,computedby
resummingleading perturbativecontributions. The result is that thesefragmentationfunctions are
proportional to the partonfragmentationfunctions.The proportionalityconstantsK,~,KK andK~are
independentof Q andcorrespondto thehadronizationconversionfactorsfrom partonsto hadrons.Thus
partonsareconvertedinto hadronslocally in phasespace,a propertythat hasbeennamedlocal parton
hadronduality (LPHD).

2.5. Clusterhadronizationmodel

The preconfinementpropertyis usedin HERWIGby assumingaclusterhadronizationmodelwhichis
local in colour andindependentof the hardprocessandthe energy[1,10].After the perturbativeparton
branchingprocess,all outgoinggluons aresplit non-perturbatively,as shownin fig. 1, into light (u or d)
quark—antiquarkor diquark—antidiquarkpairs (the default option is to suppressdiquark splitting). At
this point, eachjet consistsof aset of outgoingquarksandantiquarks(alsopossibly somediquarksand
antidiquarks),and,in the caseof spacelikejets, a single incomingvalencequark or antiquark.The latter
is replaced by an outgoing spectator carrying the opposite colour and the residual flavour and
momentumof the correspondingbeamhadron.
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As may be seenin fig. 1, a colour line can now be followed, in the planarapproximation,from each
quark to an antiquarkor diquarkwith which it can form a colour-singletcluster. Theseclusterssatisfy
the “preconfinement”discussedabove— they havea distribution of massand spatialsize that peaksat
low values,falls rapidly for largeclustermassesandsizes,andis asymptoticallyindependentof the hard
subprocessscale.

The clustersthus formed are fragmentedinto hadrons. If a cluster is too light to decayinto two
hadrons,it is taken to representthe lightest single hadron of its flavour. Its mass is shifted to the
appropriatevalue by an exchangeof momentumwith a neighbouringcluster in the jet. Thoseclusters
massiveenoughto decayinto two hadrons,but below a fission thresholdto be specifiedbelow, decay
isotropicaliy into pairs of hadronsselectedin the following way: a flavour f is chosenat randomfrom
amongu, d, s, the six correspondingdiquark flavour combinations,andc. Froma cluster of flavour f1f2,
this specifiesthe flavours f1f and ff2 of the decayproducts,which are then selectedat random from
tablesof hadronsof thoseflavours.The hadronscanbe J” = 0, 1 ±or 2~mesons,or ~+ or ~+ baryons.
For charmedhadrons,some of thesestatesare just educatedguesses.For b- and t-flavoured hadrons,
only jP = 0 mesonsand ~ + baryons are included, and their binding energiesare neglected.No
diquark—antidiquarkcombinationsare allowed. The selectedchoice of decayproductsis acceptedin
proportionto the densityof states(phasespacetimes spin degeneracy)for that channel.Otherwise,f is
rejectedandthe procedureis repeated.In thisway oneobtainsan unbiasedselectionof decayproducts
that conserveflavour.

A small fraction of clustershavemassestoo high for isotropic two-bodydecayto be a reasonable
ansatz,eventhoughtheclustermassspectrumfalls rapidly (fasterthanany power) at high masses.These
are fragmentedusing an iterativefission model until the massesof the fission productsfall below the
fission threshold.In the fission model the producedflavour f is limited tou, d or s and the product
clustersf1f andff2 move in the directionsof theoriginal constituentsf1 andf2 in their c.m. frame.Thus
the fission mechanismis not unlike stringfragmentation[27]. Thereare two fission parameters,C LMAX

and PSPL T. The maximum clustermassparameterC L MAX specifiesthe fission threshold Mf according
to the formula

M~= C LMAX
2 + (Q

1 + Q2)
2’ (2.2)

where Q
1 and Q2 are the virtual masscutoffscorrespondingto flavoursf1 andf2. The parameterPSPLT

specifiesthe mass spectrumof the producedclusters,which is takento be MPSPLT within the allowed
phasespace.Provided the parameterCLMAX is not chosentoo small (typically it is about 4 GeV), the
gross featuresof eventsare insensitiveto the details of the fission. However, the production ratesof
high-pt or heavyparticles(especiallybaryons)areaffected,becausethey are sensitiveto the tail of the
clustermassdistribution.

2.6. Underlyingsoft event

In hadron—hadronand lepton—hadroncollisionsthereare “beam clusters”containingthe spectators
from the incoming hadrons. In the formation of beamclusters, the colour connectionbetween the
spectatorsandthe initial stateparton showersis cut by the forced emissionof a soft quark—antiquark
pair. The underlyingsoft eventin a hardhadron—hadroncollision is thenassumedto be a soft collision
betweenthe two beamclusters.In a lepton—hadroncollision the corresponding“soft hadronicremnant”
is representedby a soft collision between the beam cluster and the adjacent cluster, i.e. the one
producedby the forcedemissionmentionedabove.

The necessityof addingan underlyingsoft eventto the hardemissiondescribedin subsections2.1 and
2.2 was analysedin ref. [12], in which the “pedestalheight” in hadronicjet production, i.e. the mean
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transverseenergyperunit rapidity accompanyinga high-transverse-energyjet, was studied.The observed
pedestalheight andits dependenceonjet transverseenergy[28]areaccountedfor by superposingon the
hardemissionanunderlyingeventstructuresimilar to that of a minimum-biascollision.

The model used for the underlying event is basedon the minimum-biaspji event generatorof the
UAS Collaboration[29], modified to makeuseof our clusterfragmentationalgorithm.The model starts
from a parametrizationof thepji inelasticchargedmultiplicity distribution as a negativebinomial. As an
option, for underlyingevents thevalue of ~ usedto choosethe multiplicity n may be enhancedby a
parameterENS0 F to allow for an enhancedunderlying activity in hard events. The actual charged
multiplicity is then takento be n plus the sum of the moduli of the chargesof the colliding hadronsor
clusters.Next the clustersarehadronizedusingthe modeldescribedabove.

If the chargedmultiplicity from the beamclustersis equalto the selectedvalue,no further clustersare
created.If it is greaterthan the selectedvalue, the beam clusterhadronizationis redone.If it is less,
“soft clusters” q1~2,q2~3,...,are createdand hadronizeduntil the selectedmultiplicity is either
reached,in which caseclusterproductionstops,or elseovershot,in which casethe wholeprocedureis
repeated,startingfrom the beamclusterhadronization.

The producedquarksq, that define the flavour of the soft clustersare takento be u or d only. The
cluster massesarechosenfrom the distribution

P(M) a (M—M0) exp[—a(M—M0)], (2.3)

where M0 = 1 GeVanda = 2 GeV ~. Sincewe usethe samehadronizationmodel for soft clustersasfor
those that comefrom parton branching,our schemediffers from the original UA5 Monte Carlo in
requiringno further parametersto specifythe hadrondistribution from a clusterof a given massand
flavour.

Oncethe preselectedchargedmultiplicity has~beenachieved,the clustermomentaaregeneratedwith
a simple longitudinal phase-spacedistribution and limited transversemomenta,as explainedin refs.
[1,29].

Unstablehadronsfrom clustersproducedin theboth thehardandsoft componentsof the eventdecay
accordingto simplified decayschemes,which canbetabulatedby specifyingthe print option I PRI NT = 2.
All decaysare assumedto bequasi-twoor -threebody andmodesare inventedwherenecessaryto make
the branchingratios addup to 100%.Phasespacedistributionsare assumedexceptfor the decaysof b-
andt-flavoured hadrons,for which a spectatormodelwith charged-currentdecayof the heavyquarkis
assumed.Note that in the caseof top decaythe t quarkis assumedto hadronizeanddepolarizebefore
decaying,a model whichcouldbe unreliablefor somedistributionsif the t massis greaterthanabout130
GeV. After a b or t decay,secondaryparton showersareproducedby outgoingpartonsas discussedin
ref. [5]; thesearehadronizedin the sameway as primaryjets.

3. New featuresof recent versions

We give here a summaryof the main newfeaturesof HERWIGversions4.1, 4.2, 4.3, 4.6, 5.0 and5.1,
all introducedsince the preliminaryprogramdescription[30].

For version 4.1, the programwas largely rewritten to conformwith the standardslaid down by the
Working Group on QCD Event Generatorsfor LEP [31]. The standardevent format, and any usages
peculiarto HERWIG are discussedmorefully later, especiallyin sections9, 10, 16 and 18.
• All outputeventdataappearin standardformat in the LEP standardcommonblock / H EPE VT /.

• Internal statuscodesand pointers in the programhave been replaced by those in the standard
common block. Status codes I STHEP = 100—199 replaceHERWIG codes ISTK = 0—99 of earlier
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versions,andthe tasks of the HERWIG pointers I PTK arenow performedby the mother/daughter
pointersJMOHEP and JDAHEP.

• All subroutineand non-standardcommon block nameshavebeenchangedto the form H W * * * *, to
avoid conflicts with otherprogramsto which HERWIG may be linked.

• The cluster formation and decay,and unstableparticle and heavy flavour decay phasesof event
generationhavebeenisolatedin subroutinesH W C FOR, H W C D E C, H W D HAD andH W D H V Y, respectively,to
enableany of theseto be replacedby other packagesif desired.

For version4.2 the main new featureswere:
• Full azimuthalcorrelationsdueto gluon spin arenow included in leading logarithmic approximation

for both initial and final state parton showers,using the Knowles algorithms[2—4].Azimuthal spin
correlationsbetweendifferentjetsare also included.In the caseof heavyquarkprocesses,correlations
are treatedin the masslessapproximation.

• Bugs in gluon splitting and Higgs cross-sectionhavebeen fixed. The gg —~ H°cross-sectionis now
correctly includedto lowest order for any combinationof Higgsandtop quarkmasses.

• Hard scatteringand minimum-biassoft eventscan now be generatedfor any combinationof pion,
nucleonand/orantinucleonbeams.

• The identifier andcolour connectionvectorsI D N and I CO for hardsubprocesseshavebeenextended
to dimension10 for userswho wish to usethem in their own multijet subprocessroutines.

• All variable types arenow declaredexplicitly so that the programcan be compiledwith I M P L I C I T
NON E wherethis option is available.

For version4.3 the main newfeatureswere:
• Default valuesof the parametersQ C D LAM and C L MAX (see section 6) were changedto give better

agreementwith LEP data[32].
• Tau lepton decaysare now generatedfrom (simplified) particle data tables, like strong hadronic

decays,insteadof by secondaryparton showering(which is still usedfor heavy quark decays).The
decaytablesusedcanbeenseenby settingprint option I PRI NT = 2.

• Clusterstoo light to decayinto two hadronsarenow treatedmorecovariantly:the massis shifted to an
appropriatesingle-hadronmassby 4-momentumtransferto anotherclustervia rescalingthe two-clus-
ter centre-of-massmomentum,ratherthanvia a lab energytransfer.

• “Remnant”clusters(i.e. thosecontainingspectatorpartonsfrom incominghadrons)are now split if
possibleinto two clusterslike thoseproducedin minimum-biashadronicevents.This changeresulted
from a studyof remnantfragmentationin deepinelasticlepton scattering.

For version4.6the main new featureswere:
• QCD a~was changedto the full 2-loop formula throughout,with matchingat flavour thresholdsas

specifiedby the Working Group on QCD at LEP [33]. This meansthat the parameterQCDLAFI must
be interpreteddifferently from earlierversions,and can now be relatedto A~ in the semi-inclusive
region (x or z —a 1) only. Seeref. [6] for proof of this relation. (Since default parametervalueswere
not changedfrom thosein version4.3, agreementwith LEP databecamelessgood.)

• The programwas convertedto doubleprecisionandarraysizeswere increasedto facilitate running at
LHC/SSCenergies.The protectionagainstevenoverflows (NHEP>NMXHEP) wasalso improved.

• Severalhardprocesseswere added:
— New Higgs boson production and decay processes,including full matrix elementsfor Higgs

productionvia WW fusion (IPR0C = 1900,etc.),
— Top productionvia W exchange,eg. u + b —* d + t (I PROC= 2000, etc.),
— W+jet production,eg.q+g-aW+q(IPROC = 2100,etc.).

• SAVE statementswere includedto permit running in overlaymode.
• Bugs in heavyquarkmatrix elementswere fixed.
• Default W andZ massesandwidths wereupdated.
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HERWIG version 5.0 wasthe first version to attemptseriouslyto simulatelepton—nucleonscatteringat
HERA, by including the heavy flavour generatorHARHEA and other program developmentsby
Abbiendi and Stanco[7], who haveprimary responsibilityfor this areaof the program.The main new
featurescomparedwith version4.6 are:
• Neutral- and charged-currentdeepinelastic scatteringof chargedleptonswere fully included with

optionally polarized incidentleptons.
• Neutral- and charged-currentheavyflavour electroproductionwere included.
• Several technical defects in the simulation of deep inelastic processesin earlier versions were

corrected.
• Bugs in heavyquark plus spectatorclusterfragmentationwerecorrected.
• REAL * 8 was changedto DOUBLE PR E C I SI ON for machine independence,and common blocks

re-orderedto put DOUBLE PRECISIONvariablesfirst.
• ParameterQ C D LAM now equalsthe5-flavour QCD scaleA~5~y~in the high-x region. (Printedvaluesof

A ~ for Nf = 3, 4, 5 in version 4.6were actuallynot A~ so theyarenow suppressed).
• Default parametervalueswereresetto thosefound to give a satisfactoryfit to eventshapedataof the

OPAL Collaboration at LEP[34].
The main further new featuresin the currentversion5.1, are:
• New e+ e— processes:WW pair production(I PROC = 200, programmedby Kunszt [35]) and standard

model Higgsbosonproductionvia the Bjorken processand boson—bosonfusion (I PROC = 300 and
400, etc.).

• All hard hadronicprocesses(1000 < I PROC <8000)are availablealso for photonand lepton beams
(and eke) via the hadroniccomponentof the photon(Drees—Grassiestructurefunctions [36], plus
Weizsacker—Williamsapproximationfor photonemissionby leptons).

• The soft hadron remnantfragmentationmodel outlined in Subsect.2.6 is used in lepton—hadron
processes(I PROC = 9000,etc.).Set I PROC = 19000etc. to suppresssoft fragmentation(seesection5).

• Optional linking to the CERN nucleon structure function library PDFLIB [37]. For this option,
removethe dummysubroutinesPD F SE T and STRUCTF andset thenewHERWIG parameterMOD PDF
to the valueof the PDFLIB parameterMODE for the structurefunction set required.

• W andZ bosondecaymodesarenow controlledby new parametersMODBOS(i): seesection 15.
• The running coupling H W U AL F is now matchedcontinuouslyat the top quarkmassaswell as at the b

andc masses(but the input parameterQC D LAM still representsthe 5-flavour~
• The randomnumbergeneratorH W R GEN is now one of thoserecommendedin ref. [38] (l’Ecuyer’s

algorithm).
• The readingandwriting of the Sudakovform factor tablealso readsandwrites the valuesof relevant

parametersandchecksfor conflicts.
• The programprints moredetailedinformationon cross-sections,and on Higgsbosonbranchingratios

if relevant.
Note that the following featuresare not yet includedin the program:polarizationof heavyquarksand
leptons;weakdecaysof heavyquarksbeforehadronization;treatmentof coherencein the small-x region
of incomingjets [21,231;multiple-partoninteractionsandparton shadowing;diffractive processes;QED
radiativecorrections;W/Z/-y gaugebosonsas componentsof partonshowers.

4. Program structure

The mainprogramH W I G PR is listed at the endof this paper.Various phaseof the simulationcanbe
suppressedby deletingthe correspondingsubroutinecalls, or different subroutinesmay be substituted.
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For example, in studiesat the parton level everythingfrom CALL HWC FOR to CALL HWMEVT can be
omitted.

The following is a full list of subroutinesandfunctions,which areclassifiedaccordingto their initial
letters. The starred sections may be omitted for certain event types provided the corresponding
subroutinecalls are suppressedin HWI GPR or HWBGEN. Brief subroutinedescriptionsmay be found in
sect.19.

Main programand initialisation:

HWIGPR HWIGIN

User-providedroutines to initialise, terminateandperform user’sanalysisof eventdata:

HWABEG HWAEND HWANAL

Partonbranchinggenerationwith interferinggluons:

HWBAZF HWBCON HWBFIN HWBGEN HWBJCO HWBMAS HWBRAN HWBSPA

HWBSPN HWBSUD HWBSUG HWBSU1 HWBSU2 HWBTIM HWBVMC

Clusterhadronizationmodel:

HWCCUT HWCDEC HWCFLA HWCFOR HWCGSP HWCHAD

Deca~’of unstableparticlesandheavyflavours:

HWDBOS HWDBOZ HWDHAD HWDHIG HWDHVY HWDIDP HWDPWT HWDTHR

HWDTWO HWDWWT

Elementarysubprocessgeneration:

HWEFIN HWEGAM HWEINI HWEONE HWEPRO HWETWO

Individual hard subprocesses:

HWHBGF HWHBKI HWHBRN HWHBSG HWHDIS HWHDYP HWHEPA HWHEPG

HWHEWW HWHEWO HWHEW1 HWHEW2 HWHEW3 HWHEW4 HWHHVY HWHIGC

HWHIGF HWHIGM HWHIGS HWHIGT HWHIGW HWHIGY HWHIGZ HWHPHO

HWHQCD HWHQCP HWHWEX HWHWPR HWHW1J

* Soft minimum-biashadron—hadroncollision or underlyingevent:

HWMEVT HWMLPS HWMNBI HWMULT

Randomnumbergenerators:

HWRAZM HWREXP HWREXT HWRGAU HWRGEN HWRINT HWRLOG HWRPOW

HWRUNG HWRUNI

* Spacelikebranchingof incomingpartons:

HWSBRN HWSDGG HWSDGQ HWSFBR HWSFUN HWSGAM HWSGEN HWSGQQ

HWSSPC HWSSUD HWSTAB HWSVAL

Miscellaneousutilities:

HWUALF HWUBPR HWUDAT HWUEEC HWUEEQ HWUEPR HWUGAU HWUIDT

HWUINC HWUINE HWULDO HWULOB HWULOF HWULOR HWUMAS HWUPCM

HWURAP HWURES HWUROB HWUROF HWUROT HWUSOR HWUSQR HWUSTA

HWUTAB HWUTIM
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Table 1
Variableswhich mustbe set in the main program

Name Description Default

PART1 typeof particlein beam1 ‘P
PART2 typeof particlein beam2 P

PBEAM1 momentumof beam1 20000.0
PBE AM 2 momentumof beam2 20000.0
IPROC typeof processto generate 1500
MAX E V numberof eventsto generate 100

Table 2
NAME valuesfor beamparticle types

Beam Name Beam Name

‘PBAR’
e ‘E— ‘ n ‘N

‘MU+ ‘ ii ‘NBAR’

‘MU— • .~+ ‘P1+
‘GAMA’ ‘P1—

p ‘P

Vector manipulation:

HWVDIF HWVDOT HWVEQU HWVSCA HWVSUM HWVZRO

Warningmessagesanderror handling:

HWWARN

In addition thereare dummyversion of the CERN PDFLIB structurefunction routinesPDFSETand
STRUCTF,which shouldbe deletedif the PDFLIB packageis to be used.

5. Beams and processes

As indicatedabove,a numberof variablesmust be set in the main programto specify what is to be
simulated,seetable 1.

Note that in HERWIG the beam momenta PB E AM 1 and PBEAM 2 are both assumedto be large.
Thereforefixed-targetexperimentsshouldbe simulatedin a movingframe,such as theoverall centre-of-
massframe,andthenboostedbackinto the laboratory.

The beamparticletypes PART 1, PART 2 cantakeany of thevaluesNAME listed in table2.
The currently availableprocessesI PROC are as follows:

100 e~e—*q~(all flavours)
100 + IQ eke— q~(IQ = 1, 2,3,4,5, 6 for q = d, u, s, c, b, t)
110 e~e—*q~g(all flavours)
110+ IQ e~e-aq~g(IQ as above)
150 + IL e~e—~(((IL = 2, 3 for P= gi, ‘r)
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200 e~e—*W~W (see Sect.15 on control of W/Z decays)

300 eke— Z°H°—a Z°q~(all flavours)
300+ IQ e~e—aZ°H°--aZ°q~(IQas above)
306+ IL e~e—aZ°H°—aZ°t((IL = 1,2,3 for (=e, ~ ‘r)

310, 311 eke—aZ°H°—a Z°W~W,Z°Z°Z°
312 e~e—aZ°H°--aZ°-y~y
399 e~e—~Z°H°-a Z°anything

400+ ID e~evi3H°+e~eTH°(ID as in IPROC = 300+ ID)

1350 q~—a Z°/-y —a (( (all lepton species)
1350 + IL q~-a Z°/-y —at! (IL = 1,2,3 for (= e, ~, ‘r)

1400 q~j —a W±—* q’~” (all flavours)
1400+ IQ q~.+W~—aq’~”(q’ or q” as above)
1450 q~—a W±—~ (V( (all lepton species)
1450+ IL q~-aW~—*(v~(IL as above)
1499 q~—a Wi—a anything

1500 QCD2 —a 2 hard parton scattering.After generation,I H PRO is subprocess (see section 13)

1600+ID gg-aH°(IDa5inIPROC==300+ID)

1700 + I Q QCDheavy quarkproduction(I Q as above). After generation,I HPRO is subprocess (see
section 13)

1800 QCDdirect photon+ jet production.After generation,I HPRO is subprocess (see section
14)

1900+ ID W~W—aH°(ID asin IPROC=300+ ID)

2000 t production via Wexchange (sum of 2001—2008)
2001—4 ii~-a~,db—au~,~—aii~,ub-adt
2005—8 cb—a ~i, sb -a cTt, cb —* st

2100 W±+ jet production
2110 W~+ jet production (Compton only: gq —‘ Wq)
2120 W±+ jet production (annihilation only: q~—a Wg)

8000 Minimum bias soft hadron—hadron event

9000 deep inelastic lepton scattering (neutral current)
9000 + I Q deepinelasticlepton scattering(NC on flavour I Q)
9010 deepinelasticlepton scattering(chargedcurrent)
9010 + I o deepinelasticlepton scattering(CC on flavour I G’~)

N.B. Chargedincomingleptonsonly

9100 + I p heavyquarkproductionby boson—gluonfusion in chargedlepton—nucleonNC processes.
IP: 1=cë,2=bb,3=tt

9110 + IP CC processes.IP: 1 = së, 2 = be, 3 = s~, 4 = bt (+ch. conj.)

10000 + I P as I PROC = I P but with soft underlying event (soft remnantfragmentationin lepton—
hadron)suppressed
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Table 3

Adjustable parameters

Name Description Default

QCDLAM AQCD(seebelow) 0.20

RMAS SC1) downquarkmass 0.32
RMASS(2) upquarkmass 0.32
R MASS(3) strangequarkmass 0.50
RMASS(4) charmed quark mass 1.80
RMASS(5) bottom quark mass 5.20
RMASS(6) topquarkmass 100.0

RMASS (13) gluon effectivemass 0.75

V Q CUT quarkvirtuality cutoff (addedto 0.48
quarkmassesin parton showers)

VG CUT gluon virtualitycutoff (addedto 0.06
effectivemassin partonshowers)

CLMAX maximumclustermassparameter 3.50
PSP LI split clusterspectrumparameter 1.00

ao I Q K maximumscalefor gluon —a diquarks 0.00
PD I a K gluon —, diquarks rate parameter 5.00

Q SPA C cutoff for spacelikeevolution 2.50
PTRMS intrinsic PT in incominghadrons 0.00
ENSOF enhancement of underlying event 1.00

6. Input parameters

The quantities that may be regardedas adjustableparametersare given in table 3. Notes on
parameters:
• Q CDLAM can be identified at high momentumfractions(x or z) with the fundamental5-flavour QCD

scale~ However, this relationdoesnot necessarilyhold in otherregionsof phasespace,since
higherordercorrectionsarenot treatedpreciselyenoughto removerenormalizationschemeambigui-
ties [6].

• R MAS S (1, 2, 3, 1 3) areeffectivelight quarkand gluonmassesused in the hadronizationphase
of the program.They can be set to zero providedthe partonshowercutoffs V Q CUT and V G CUT are
largeenoughto preventdivergences(seebelow).

• Forclusterhadronization,it mustbe possibleto split gluonsinto q~,i.e. R MASS (1 3) must be at least
twice the lightestquarkmass.Similarly it may be impossiblefor heavy-flavouredclustersto decay if
RMASS(4,5) are too low.

• V Q CUT and V G CUT areneededif the quarkandgluoneffective massesbecomesmall. The conditionto
avoid divergencesin partonshowersis

1/Q1 + 1/Q1 < 1/QCDL3 (6.1)

for either i or for both gluons, where Q~=RMASS(i)+ VQCUT for quarks, RMASS(13) +VGCUTfor
gluons, and Q C D L 3 is the equivalent A~

3~computed from Q C DL AM. In the notation of ref. [6] and
section 2, Q C D L 3 is the 3-flavour equivalent of Q C DL 5 where

151 — 9~w2
QCDL5=QCDLAMXexp 138 /~=1.109XQCDI~AM. (6.2)
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We haveapproximately

_ Lb + L
QC DL3 QC D L 5 X L~°7~‘725L~7~2025exp( 27 ) (6.3)

where Lb,C = 2 ln(mbC/QCDL5), giving a defaultvalueof QCDL3 0.40.
• C LMAX determinesthe maximum allowedmassof a clustermadefrom quarks i and j as follows

M2 < CLMAX2+ (RMASS(i) + RMASS(J))2. (6.4)

Sincethe clustermassspectrumfalls rapidly at highmass,resultsbecomeinsensitiveto C LMAXat large
values.

• PS PLI determinesthe massdistribution in the clustersplitting Cl
1 —a Cl2 + Cl3 whenCl1 is abovethe

maximum allowedmass.The massesof Cl2 andCl3 aregenerateduniformly in MPSPLT. As long asthe
numberof split clustersis small, dependenceon PSP L T is weak.

• GDI GK greater than twice the lightest diquark mass enablesnon-perturbativegluon splitting into
diquarksas well as quarks.The probabilityof this is PDIQK x dQ/Q for scalesW below QDIQK. The
diquark masses are taken to be the sum of constituent quark masses. Thus the default value
GDI QK = 0 suppressesgluon —a diquark splitting.

• QS PAC is the scale below which the structure functions of incoming hadrons are frozen and
non-valenceconstituentpartonsare forcedto evolveto valencepartons.

• PT RMS is the width of the (Gaussian)intrinsic transversemomentumdistribution of valencepartonsin
incominghadronsat scale QS PA C.

• ENS0 F is the enhancementfactor used in choosingthe multiplicity of the underlyingsoft event. The
multiplicity distribution is takento be that of a p~collision at c.m. energyENS0 F X v~.

In practice,the parametersthat havebeenfoundmosteffective in fitting dataare QCD LAM, the gluon
effective mass R MASS(1 3), and the cluster mass parameterC LMAX. Note that Q SPA C, PT R MS and
ENSOF do not affect lepton—leptoncollisions.

The defaultparametervalueshavebeenfound to give good agreementwith eventshapedistributions
at LEP [32,34].

A numberof further parametersareneededto control the programandto turn variousoptionson or
off, seetable 4. Printoutoptions are:

I PR I NT = 0 print programtitle only
1 print selectedinputparameters
2 1 + table of particlecodesandproperties
3 2 + tablesof Sudakovform factors

Seesection 8 on form factorsfor details of L RSUD and LW SU D.

If B GSHAT is . F A L SE -, the scale used for heavy quark production via boson—gluonfusion in
lepton—hadroncollision will be

2.~I~2
~2 ~2 ~ (6.5)

S +t +U

The quantitiesfrom PTM I N onwardscontrol the regionof phasespacein which eventsare generated
andthe importancesamplinginsidethoseregions.Seesection 11 on eventweightsfor further details on
thesequantitiesandthe useof W G TM AX and NOW GT.

For processesinvolving W, Z and/orHiggsbosons,thereareadditional parametersto control decay
modesandHiggsproductionoptions: seesection 15 for details.
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Table4
Control parameters

Name Description Default

I PRINT printoutoption 1
MAX PR numberof eventsto print out
MAXER maximumnumberof errors 10
LWEVT unit for writing outputevents 0
LRSUD unit for reading Sudakov table 0
LWSUD unit for writing Sudakovtable 7

NRN(1) randomnumberseed1 17673
N RN (2) randomnumberseed2 63565
W G TM AX maxweight(0 to searchfor it) 0.0
NOWGT generateunweightedevents . TRUE.

A Z SOFT softgluon azimuthalcorrelations . T RUE.
AZ SPIN gluon spin azimuthalcorrelations . TRUE.

NCOLO numberof colours 3
N F LA V numberof (producible)flavours 6

MOD PD F PDFLIB structurefunction set — 1
(if negativedo not usePDFLIB)

N ST RU inputstructurefunctionset 1
(1, 2 = Duke—Owensl,2;3,4 = EHLQ1,2)

EPOLN electronbeampolarization in DIS 0.0
(±1 for fully r.h./l.h. polarized)

BG S H AT scale= .i for boson—gluonfusion .TRUE.

PTMIN mm PT in hadronicjet production 10.0
PTMAX maxPT tfl hadronicjet production 108
PTPOW l/p.~TPoa~forjet sampling 4.0
Y J MI N mm jet rapidity —8.0
YJMAX maxjetrapidity 8.0

EMMIN mm dileptonmassin Drell—Yan 10.0
EMMAX maxdileptonmassin Drell—Yan 108
EMPOW l/mEMPOW for Drell—Yan sampling 4.0

Q2MIN mm Q2 in deepinelastic 9999.5
G2MAX maxQ2 in deepinelastic 10000.5

&2POW i/Q2Q2P0w for sampling 2.5

T H MAX maxthrustin 3-partonproduction 0.9

In addition thereareoptionsto give differentweigthsto the variousflavours of quarksanddiquarks,
andto resonancesof differentspins.So far, theseoptionshavenot beenused.Seethe commentsin the
initialization routine H W I G I N for details.

7. Common block file

The commonblock file is listedat the endof this paper.
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8. Formfactor file

HERWIG useslook-up tablesof Sudakov form factors for the evolution of initial- and final-state
parton showers.Thesecan be read from an input file rather than being recomputedeachtime. The
reading, writing and computing of form factor tables is controlled by integer parameters L R S U D and
LWSUD:

L R S U D = N > 0 readform factorsfor this run from unit N

L RS UD = 0 computenew form factor tablesfor this run
L R S U D <0 form factor tablesare alreadyloaded
LWS UD = N > 0 write form factorson unit N for futureuse
LWSUD= 0 do not write new form factortables

The option LRSUD <0 allows the program to be initialized several times in the same run (e.g. to
generatevarious eventtypes)without recomputingor rereadingform factors.

Note that the Sudakovform factors dependon the parametersQCDLAM, VQCUT, VGCUT, NCOLO,

N F LA V, R MA S 5 (1 3) and R MA SS(i) for i = 1,.. ., N F LA V. Consequentlyform factor tables must be
recomputedevery time any of these parametersis changed. In version 5.1, these parametersare
written/ readwith the form factor tablesandchecksareperformedto ensureconsistency.

9. Event data

/ HEPEVT/ is the LEP standardcommonblock containingcurrenteventdata:

NEVHEP eventnumber
NHEP numberof entriesfor this event
I STHEP(I) statusof entry I (seeblow)
I DH E P ( I) identity of entry I (Particle Data Group code)
J MOHEP (1 , I) pointer to first motherof entry I (see below)
J MOHEP (2, I) pointer to secondmotherof entry I (seebelow)
J D AHEP (1 , I) pointer to first daughterof entry I (seebelow)
J DA HE P (2, I) pointer to last daughterof entry I (seebelow)

PHEP (*, I) (ps, p~,,~ E, M) of entry I: M= sign(~/~i~(m2), m2)
VHEP (*, I) (x, y, z, t) of productionvertexof entry I (not yet used)

All momentaare given in GeV/c in the laboratory frame, in which the input beammomenta are
PBE AM1 and PBEAM2 as specified by the userandpoint along the + z and — z directions,respectively.
Final stateparticleshave1STHEP ( I) = 1. Seesection 10 for a completelist of the specialstatuscodes
usedby HERWIG.

The identity codesI D HEP areas recommendedby the LEP Working Group[31], i.e. asdefinedby the
Particle DataGroup[39] plus I D HEp = 91 for clusters,94 for jets, and 0 for otherswith no PDG code.
HERWIG also has its own internal identity codes I DHW(I), stored in / HWEV NT /. The utility
subroutineHWUI DT translates betweenHERWIG and PDG identity codes. Seesection16 for further
details.

The mother/daughterpointersare standard,except that J MOHEP (2, I) and J D AHEP (2 , I) for a
parton are its colour mother andcolour daughter,i.e. thepartonsto which its colour and anticolourare
connected,respectively.Forthis purposethe primary partonsfrom a hardsubprocessare all regardedas
outgoing(see examplesin sections13, 16 and 18). Since a quark has no anticolour, J DAHE P(2, I) is

usedto point to its flavour partner.Similarly for J MOHEP (2, I) in the caseof an antiquark.
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In addition to entries representingpartons, particles, clusters, etc., /HEPEVT / containspurely
informationalentries representingthe total centre-of-massmomentum,hard and soft subprocessmo-
menta,etc. Seesection10 for the correspondingstatuscodes.

Information from all stagesof eventprocessingis retainedin / HE P E VT I so the sameparticle may
appearseveraltimeswith different statuscodes.For example,an outgoingpartonfrom a hardscattering
(enteredinitially with status113 or 114)will appearafter processingas an on-mass-shellpartonbefore
QCD branching(status123, 124),an off-mass-shellentryrepresentingthe flavour andmomentumof the
outgoingjet (status 143, 144), and a jet constituent(157). It might also appearagainin other contexts,
e.g. as a spectatorin a heavyflavour decay(status154, 160).

Incoming partons(enteredwith status111, 112, changedto 121, 122 after branching)give rise to
spacelike jets (status 141, 142), with m2 <0, indicated by PHE P (5 , I HE P) <0, due to the loss of
momentumvia initial statebremsstrahlung.The sameappliesin principle to incomingleptons,but QED
radiativecorrectionsarenot yet included.

Eachpartonjet beginswith a status141—144jet entry giving the total flavour and momentumof the
jet. The first motherpointerof this entrygives thelocation of the parenthardparton,while the second
gives that of the subprocesscentre-of-massmomentum.If QCD branchinghasoccurred,this is followed
by a lightlike CONE entry, which fixes the angularextentof thejet andits azimuthalorientationrelative
to the partonwith which it interferes.The interferingparton is listed as the secondmotherof the cone.
Next come the actual constituentsof the jet. If no branchinghas occurred, thereis no coneand the
singlejet constituentis the sameas the jet. However,thejet andconstituentmomentamay not coincide
if some transferof momentumhasoccurredduring clusterhadronization.Seethe Test Run Outputat
the endof this paperand section18 for illustration of thesepoints.

10. Status codes

A complete list of currently used HERWIG statuscodesis given below. Many are used only in
intermediatestagesof event processing. The most important for users are probably 1 (final-state
particle), 101—103 (initial state),141—144(jets), and 199 (decayedb- andt-flavoured hadrons).

The eventstatusISTAT in common /HWEVNT/ is roughly ISTHEP — l00where ISTHEP is the status
of entriesbeing processes.For completedevents, I STAT = 100.

1 final stateparticle
2 gluon split to q~j
3 documentation line

100 cone limiting jet evolution
101 “beam” (beam1)
102 “target” (beam2)
103 overall centreof mass

110 unprocessedhardprocessc.m.
111 unprocessedbeamparton
112 unprocessedtargetparton
113 unprocessedfirst outgoingparton
114 unprocessedotheroutgoingparton
115 unprocessedspectatorparton

120—125 as 110—115, afterprocessing
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130 lepton in jet (unboosted)
131—134 as 141—144,unboostedto cm.
135 spacelikeparton(beam,unboosted)
136 spacelikeparton(target,unboosted)
137 spectator(beam,unboosted)
138 spectator(target,unboosted)
139 parton from branching(unboosted)
140 parton from gluon splitting (unboosted)

141—144 jet from parton type 111—114
145—150 as 135—140boosted,unclustered

151 as 159, not yet clustered
152 as 160, not yet clustered
153 heavyquark beforedecay
154 spectatorbeforeheavydecay
155 spectatorfrom beam
156 spectatorfrom target
157 partonfrom QCD branching
158 partonfrom gluonsplitting
159 partonfrom clustersplitting
160 spectatorafter heavydecay

161 beamclusterbefore soft process
162 targetclusterbefore soft process
163 otherclusterbefore soft process
164 unhadronizedbeamcluster
165 unhadronizedtargetcluster

170 soft processcentreof mass
171 soft cluster(beam,unhadronized)
172 soft cluster(target,unhadronized)
173 soft cluster(other, unhadronized)

181 beamcluster(no soft process)
182 targetcluster(no soft process)
183 hardprocesscluster(hadronized)
184 soft cluster(beam,hadronized)
185 soft cluster(target,hadronized)
186 soft cluster(other,hadronized)

190—193 as 195—198, beforedecays
195 direct unstablenon-hadron
196 direct unstablehadron(1-bodycluster)
197 direct unstablehadron(2-bodycluster)
198 indirect unstablehadronor lepton
199 decayedheavyflavour hadron
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11. Event weights

The default is to generateunweightedevents(EVWGT = AVWGT). Theneventdistributions are gener-
atedby computinga weight proportional to the cross-sectionand comparingit with a randomnumber
timesthe maximum weight.SetW G TM AX to the maximumweight, or to zero for the programto compute
it. If a weight greaterthan WGTMAX is generatedduring execution,a warningis printedand WGTMAX is
reset. Similarly if the efficiency is too low (WGTMAX too large). If theseerrorsoccur too often, output
eventdistributionscould be distorted.

To generateweightedevents,set NOWGT = . FALSE, in common /HWEVNT I.
In QCD hard scatteringand heavyflavour, direct photon, and W + jet production(i PROC = 1500,

1700, 1800, 2100, etc.) the transverseenergy distribution of weighted events (or the efficiency for
unweightedevents)canbe variedusingthe parametersPTM I N, PTMAX and PIPOW.

Similarly in Drell—Yan processes(I PROC = 1350,etc.)the lepton pair massdistribution is controlled
by the parametersEMMI N, EMMAX and EMPOW, andin deepinelasticscattering(I PROC= 9000, etc.) the
Q2 distribution dependson Q2MIN, Q2MAX andQ2POW.

Data on weightsgeneratedareoutput at the endof the run. The meanweight is an estimateof the
cross-section(in nanobarns)integratedover the region usedfor eventgeneration.Note that the mean
weight is the sum of weightsdivided by the total numberof weightsgenerated,not the total numberof
events.

In version5.1, the estimatedcross-section(in picobarns)andits error arealso printed.

12. Heavy flavour decays

Heavy quark decays(b, t andhighergenerations)are treatedas secondaryhard subprocesses.Heavy
flavoured hadronsare split into collinear heavyquark and spectatorand the former decaysindepen-
dently. After decay,partonshowersmay be generatedfrom coloureddecayproducts,in the usualway.
Seeref. [5] for details of the treatmentof colour coherencein theseshowers.

As wediscussedin section 2, for high valuesof the top quarkmass,the t quark is expectedto decay
before it hastime to form a hadron.At presentthis possibility is not taken into accountin HERWIG.

Usersmay wish to changethe decayfractionsfor heavyquarks, for exampleto force a leptonic decay
in every event. This can be done by modifying the contents of COMMON I HWU F HV I: FBTM (1 ,1),
FBTM(2,1 ),..., FBTM(6,1) are the b-quarkdecayfractionsinto the 6 doublets(d,u)(s, c)(b, t)(e, ye)

(p~v~)(‘r, VT), respectively. FBTM(1 ,2), etc. are the correspondingb fractions. Thus to get all
b-hadronsto decayto muons,while keepingthe default decayfractionsfor b-hadrons,onewould set
FBTM(J , 1) = 0 for J ~ 5 and FBTM (5,1) = 1, without changingFBTM(J ,2). FlOPis thecorrespond-
ing array for the top quark, while FHVY is for quarksheavier than top. All thesequantitiescan be
changedfrom event to event.

13. QCD hard subprocesses

At presentonly 2 —a 2 subprocessesare implemented.They are classifiedas shown in table 5. “c/f
conn.” refers to the colour/flavour connectionsbetweenthe partons:“if k 1” meansthat the colour of
parton 1 comes from parton i, that of 2 from j, etc. For antiquarks,which have no colour (only
anticolour), the label shows insteadto which partonthe flavour is connected.For this colour/flavour
labelling all partonsare definedasoutgoing.Thus,for example,process10 hascolourconnections3 1 42,
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TableS
QCD hardsubprocesses

IHPRO 1+2—~3+4 c/fconn.

1 q+q—aq+q 3421
2 q+q-.q+q 4312
3 q+q’ —.q+q’ 3421
4 q+~—~q’+~’ 2413
5 q+~-.q+~ 3142
6 q+~—*q+~ 2413
7 q+~—ag+g 2413
8 q+~—÷g+g 2341
9 q±~’—÷q±~’ 3142

10 q+g—*q+g 3142
11 q+g —* q+g 3421
12 ~+q—~’+q’ 3142
13 —~ 2413
14 ~±q—~+q 3142
15 ~+q—~g+g 3142
16 ~+q—*g+g 4123
17 ~+q’—*~+q’ 2413
18 ~±~-*~+~ 4312
19 ~+~—‘~±~ 3421
20 ~+~‘—*~+~‘ 4312
21 ~+g—~+g 2413
22 ~+g—~+g 4312
23 g+q—~g+q 2413
24 g+q—*g+q 3421
25 g+~—*g+~ 3142
26 g+~—ag+~ 4312
27 g+g—~q+~ 2413
28 g+g—~q+~ 4123
29 g+g—~g+g 4123
30 g+g—*g+g 4312
31 g+g—ag+g 2413

correspondingto the colour flow diagramin fig. 2. When different colour flows are possible,they are
listed asseparatesubprocesses.This separationis not exactbut is normally a good approximation[1,24].
The sum of the colourflows is the exact lowest-ordercross-section.

1 3

-1 -4

I-

2 4
Fig. 2. Colour flow diagramof QCD hardsubprocesses.
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Table6
QCD direct photon subprocesses

IHPRO 1+2--a3+4 c/fconn.

41 q+~—ag+~y 231
41 q+g—aq+-y 312
43 ~+q—ag+-y 312
44 ~+g-~+~y 231
45 g+q—aq+~y 231
46 g+~—a~+’y 312
47 g+g—g+~y 231

14. QCD direct photonsubprocesses

QCD direct photonsubprocessesare listed in table6. Note that at presentthe gluon fusion process
47, which proceedsvia quarkloopsandis verysmall, is neglected.

15. Electroweaksubprocesses

HERWIG generatesHiggsbosonsthrough gluon fusion and W fusion in hadron—hadroncollisions
(I PROC= 1 600 + I D and 1900+ ID), and in lepton—leptoncollisions through the Bjorken process(i.e.

—a Z~* ~H with one or both Z’s off-shell) and W fusion (I PROC = 300 + I D and 400 + I D). Each
processis generatedaccordingto the exact leadingordermatrix elementin the s-channelapproximation.
This results in unitarity violation for mH >> m~,s ~ a few m~,(where s = q~),so to regularizethis,
the mHFH in the propagatorcanbe replacedby V~FH(s).The variable I OPH I G controlsthisprocedure,
seetable 7, wherereweightingmeansweighting the distribution backto

V~FH( s)
2 (15.1)

(s—m~)+~FH(s)

The default is I OP H I G = 1. The difference between options 0 and 1 is purely in the weight
distribution produced.Options 2 and3 are intendedprimarily for userswho wish to supply their own
unitarity conservingreweightingfunction at the point indicatedin routine HWH 1GM. In all cases,the
distribution is restrictedto the range [mH — GAMMAX x F~, mH + GAMMAX X FH]. GAMMAX defaultsto
10, but in the non-perturbativeregion mH � 1 TeV should be reducedto protectagainst poorweight
distributions. Theseconsiderationsdo not affect the distribution noticably for m~~ 500 GeV, and
GAMMA X cansafelybe increasedif necessary.

Table 7
Electroweaksubprocesses

tOPH I G Chooses accordingto Reweight?

0 s
2/((s— m~)2+ mHFH) yes

1 1/((s—m~)2+mHFH) yes
2 s2/((s—m~)2+mHFH) no
3 1/((s—m~)2+mHFH) no
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Table 8
Variable MODBOS(i)

MODBOS(i) Wdecay Zdecay

0 all all
qt~

2 cv
3 ii.v
4 Tv T~T

S evand~v ce and~~
6 all vv

> 6 all all

For each process,ID controls the Higgs decay: ID = 1—6 for quarks, 7—9 for leptons, 10, 11 for
WW/ZZ pairs,and 12 for photons.In addition I D = 0 gives quarksof all flavours,and I D = 99 gives all
decays.For eachprocess,the averageeventweight is the crosssection in nanobarntimes the branching
fraction to the requesteddecay.The branching ratios to quarks use the next-to-leading logarithm
corrections,thoseto WW/ZZ pairs allow for oneor bothbosonsoff-shell.

Gauge bosons formed by lepton—antilepton or quark—antiquarkannihilation (IPROC = 100—199,
1300—1499)havetheir decaydeterminedby the processcode I PROC. Gaugebosonsare also generated
through theprocessesof W + I partonproductionin hadron—hadroncollisions,andWW pair production
in lepton—leptoncollisions,as well as in the Higgsprocessesmentionedabove.In thesecasestheir decay
is controlled by the variable MODBOS(i). This controls the decayof the ith gaugebosonper event, see
table 8.

All entries of MODBOS default to 0. Bosons which are produced in pairs (i.e. from WW pair
production, or Higgs decay)are symmetrizedin MODBOS(i) and MODBOS(i + 1). For processeswhich
directly producegaugebosons,the eventweight includesthe branchingfraction to the requesteddecay,
but this is only true for Higgsproductionif decayto WW/ZZ is forced(ID = 10, 11) andnot if ID = 99.
The spin correlationsin the decaysare handledin oneof two ways:
(a) the diagonalmembersof the spin densitymatrix are storedin RHOHEP(i,IHEP), where i = 1,2,3 for

helicity = i — 2 in the centre-of-massframe of their production,for processeswhere this matrix is
diagonal(i.e. thereis no interferencebetweenspin states),

(b) the correlationsin the decayarehandleddirectly by theproductionroutinewhere(a) is not possible.

16. Including new subprocesses

It shouldnot be difficult for usersto include further subprocessesin this version of the programif
required.The parton and hardsubprocess4-momenta,massesand identity codesneedto be enteredin
COMMON I H EPEVT I with the appropriatestatuscodesI STHEP(I) = 110—114to tell the programwhich
is which (see the table in section 10). The colour/flavour structureshouldbe specified by the second
mother anddaughterpointersas explainedin sect. 13 (see also the Test Run Output and section 18).

The HERWIG identity codes IDHW(I) in COMMON/ HWEVNT/ also need to be set correctly. The
IDHW codescanbe listed in a run with IPRINT = 2: the most importantarethe quarks1—6 (as IDHEP),
antiquarks7—12, gluon 13, overall centre-of-mass14, hard centre-of-mass15, soft centre-of-mass16,
photon59, leptons121—126,antileptons127—132.

The utility subroutineH W U I D T ( I OPT , I PDG, I H W G ,NAME) is providedto translatebetweenParticle
Data Group code IPDG, HERWIG code IHWG, and HERWIG CHARACTER*4 NAME, with IOPT =

1,2,3 dependingon which of IPDG, IHWG and NAME is the input argument.
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e

Fig. 3. Colour structureof theprocessof virtual photob—gluonfusion.

Considerfor examplethe processof virtual photon—gluonfusion to makeb + b in proton—electron
collisions (in fact this processis now included as I PROC= 9102). We assumethe userprovides a
subroutineto generatethe momentaPHE P for the hardsubprocesse + g — ebb.The colour structureis
given in fig. 3. Thus the momentagenerated,togetherwith thoseof the initial beamsand the overall
centreof mass,couldbe enteredin the sequencegiven in table9. Note that if therearemore than two
outgoingpartons,the first has status113 and all the others114. Eachparton has J MO HE P (1 , I) = 6 to
indicate the location of the hard centerof mass for this subprocess,while JMO H E P (2, I) gives the
location of the colour mother (treating the incoming gluon as outgoing)or the connectedelectron.
JDAHEP(1 , I) will be set by the jet generatorHWBGEN, while J DAHEP (2,1) points to the anticolour
mother(or connectedelectron).Finally theHERWIG identifiers I D H W ( I) couldbe set to theindicated
valuesby meansof the translationsubroutineH W U I D T as follows:

CHARACTER*4 NAME

NHEP= 9
IDHEP(1) =11

IDHEP(2) = 2212

IDHEP(9) =—5

DO 10 I1,NHEP
10 CALL HWUIDT(1 ,IDHEP(I) ,IDHW(I) ,NAME)

IDHW(6) =15

The last statementis neededbecauseID PD G ( I) = 0 returnsI D HW ( I) = 14. If subroutineH W B GEN is

Table9
/HEPEVT/ entries for the processof fig. 3

IHEP Entry ISTHEP IDHEP JMOHEP JDAHEP IDHW

1 ebeam 101 11 0 0 0 0 121
2 p beam 102 2212 0 0 0 0 73
3 epc.m. 103 0 0 0 0 0 14

4 em iii 11 6 7 0 7 121
5 gluon 112 21 6 9 0 8 13
6 hardcm 110 0 4 5 7 9 15
7 eout 113 11 6 4 0 4 121
8 b 114 5 6 5 0 9 5

9 b 114 —5 6 8 0 5 11
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now called, it will find the coloured partonsand generateQCD jets from them. Subsequentcalls to
HWC FOR etc. can thenbe usedto form clustersandhadronizethem.

If the hardsubprocessroutine is calledfrom H WE PRO, like thosealreadyprovided, it shouldhavetwo
options controlled by the logical variable GENEV in COMMON / HWHARD I. For GENEV = . FALSE., an
eventweight (normally the cross-sectionin nanobarns)is generatedand storedas E V W G T in COMMON
/HWEVNT I. If this weight is acceptedby HWEPRO, the subroutine is called a second time with
GE N E V = . T RU E. and the correspondingeventdatashould then be generatedand storedas explained
above. On certain computersit will be necessaryto SAVE those variables that determine event
characteristicsbetweenthe two subroutinecalls.

17. Error conditions

Certain combinationsof input parametersmay lead to problems in execution.HERWIG tries to
detecttheseand print a warning. Errors during executionare dealtwith by H W WA RN which prints the
calling subprogramand a codeand takesappropriateaction. In general,the larger the codethe more
seriousthe problem. Refer to the source programto find out why HWWARNwas called. Eventscan be
rerunby settingthe randomnumberseedsN RN (1) and NRN (2) to the valuesgivenin the error message
or eventdump.The contentsof /HEPEVT / canby printedby calling HWUEPR, thoseof /HWPART / (the
lastpartonshower)by calling H W U B PR.

Examplesof error messagesare:

HWWARN CALLED FROM SUBPROGRAM HWSBRN: CODE = 101
EVENT 31: SEEDS = 422399901 & 771980111 WEIGHT = 0.3893E—08
EVENT KILLED. EXECUTION CONTINUES

Spacelike(initial state)partonbranchinghadno phasespace.This canhappendueto cutoffswhich are
slightly different in the hardsubprocessandthe partonshower.Action taken: programthrowsaway this
eventandstartsa new one.

HWWARNCALLED FROM SUBPROGRAMHWCHAD: CODE = 102

EVENT 51: SEEDS = 1033784787 & 428957533 WEIGHT = 0.3893E—08

EVENT KILLED. EXECUTION CONTINUES

A clusterhasbeenformed with too low a massto representany hadronof the correct flavour, andthere
is no colour-connectedcluster from which the necessaryadditional masscould be transferred.Action
taken: programthrowsaway this eventand startsa newone.

HWWARN CALLED FROM SUBPROGRAM HWUINE: CODE 200
EVENT SURVIVES. RUN ENDS GRACEFULLY

CPU time limit liable to be reachedbefore generatingMAX EV events.Action taken: skips to terminal
calculationsusingexistingevents.

HWWARN CALLED FROM SUBPROGRAM HWBSUD: CODE 500
RUN CANNOT CONTINUE

The table of Sudakovform factors read on unit L R SU D doesnot extendto the maximum momentum
scale QLI M specifiedfor this run. Action taken: run aborted.The usermust eitherreduceQ LI M or set
L RSU D = 0 to makea bigger table(set LWSU D nonzeroto write it).

HWWARNCALLED FROM SUBPROGRAMHWBSUD: CODE 515

RUN CANNOT CONTINUE
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The tableof Sudakovform factorsreadon unit L R SU D is for a different value of a relevant parameter (in
this casethe b quarkmass).Action taken: run aborted.The usermust make a new table (set LW SU D

nonzeroto write it).

18. Guide to Test Run Output

At the endof this paperwe give a completelisting of output from the program,set up for e + e— —a bbg
at a center-of-massenergyof 91.2 GeV. The main featuresof theoutput arediscussedhereafter.

After listing the moreimportantinput parametervalues,the programprints the message

PDFLIB STRUCT FUNCTIONS NOT USED

to tells us that the built-in structure functions have beenselected,rather than the PD F LI B library
(althoughof coursetheyarenot relevantfor thisprocess).The message

NO EVENTS WILL BE WRITTEN TO DISK

remindsthe userthat LWEVT = 0 for this run. Thena tableof Sudakovform factorsfor partonbranching
is computed,since none has beenprovided on an input file (L R SU D = 0). The table is written on an
output file (LWSUD= 7) for use in future runs:

WRITING SUDAKOV TABLE ON UNIT 7

The defaultparticledatatable is modified by calling H W U STA ( ‘P1 0 ‘) to suppressTr0 decays:

PARTICLE TYPE 21=PIO SET STABLE

Next the programsearchesfor the maximum weight, i.e. the maximum cross-sectionin the available
phasespace,as implied by the defaultvalue WGTMAX = 0. The parameter

MAX THRUST FOR 2—>3 = 0.9000

with

PROCESS CODE = 115

meansthat bbg eventswith a thrustof less than 0.9will begenerated.After this search,the result

CROSS SECTION (PB) = 719.8381
ERROR IN C—S (PB) = 17.2916
EFFICIENCY PERCENT = 7.9329

tells us that the initial estimate of the cross-sectionfor this subprocessin this region is 720±17
picobarns,andthe fraction of weightsacceptedfor eventgenerationis likely to be about8%.

Sincethe default is MAXPR = 1, the first generatedeventis printed.The heading

EVENT 1: 45.60 GEVIC E+ ON 45.60 GEV/C E— PROCESS: 115

SEEDS: 17673 & 63565 STATUS: 100 ERROR: 0 WEIGHT: O.7198E+OO

tells us the beamand target, the randomnumberseedsat the start of the event (so that it can be
regeneratedby settingN RN (1 & 2) to thesevalues),andthe processcodeI PROC. The status100 meansa
completeeventwasgeneratedand the zero error code meansno problemswere encountered.Since
NOW G T = . TRUE. (unweightedeventgeneration),eacheventhas the meanweight computedearlier.
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Table 10
Contentsof COMMON/HEPEVT/

Entry Description

1—3 initial state
4 hardsubprocess:Z°/y production
5—7 Za/.Y decayto bbg
8—21 partonshowers
22—33 gluon splitting
34—40 clusterformation
4 1—69 clusterand hadrondecays

70—83 weakdecaysof B°andB~mesons

84—124 hadronizationof B
4/B° decay products

Next come the content of COMMON / I-IEPEVT / and related quantities. The various parts of this
particulareventare locatedas given in table 10. We discusseachpart in turn.

INITIAL STATE(entriesl—3)

CMF representsthe overall centre of mass of the initial state. The “mother” pointer MOi =

J MOHEP(i, I HEP) and “daughter”pointer 0 Ai = J D A HE P(i, I HE P) are set to zero for theseentries.

HARD SUBPROCESS(entry4)

and

H / W / Z BOSON DECAYS (entries5—7)

Z 0 / G is the hard subprocesscentre of mass(which is equal to the overall centreof massbecause
initial stateQED radiation is not yet included). Its mother anddaughterpointersgive the locationsof
the incomingandoutgoing partons.The statuscode123 correspondsto the first outgoing parton, and
124 to all otheroutgoingpartonsin the hardsubprocess.The first motherpointersshow the location of
the hard centreof mass,and the secondmother of eachparton is the “colour mother”, as explained
above.Thus the coloursof partons5, 6, 7 areconnectedto 6, 7, 5 respectively.Sinceantiquarkscarry no
colour MO 2 for the b is usedfor the flavour connectionto the b. Similarly, the first daughterpoints to the
associatedjet but the seconddaughteris the colour daughter, i.e. the parton to which this one’s
anticolour(or its flavour, in thecaseof the b) is connected.Thus the anticolourconnectionsof 5, 6, 7 in
this caseare to 7, 5, 6. The colour flow diagramis given in fig. 4. Gluon radiation from the b andthe b
will belimited by interferencewith the gluon, andthat from the gluon by the b or b. The momentaand
massesof the partonsare the raw on-shellvaluesgeneratedbeforeQCD radiativecorrections.

If the incomingpartonswere coloured, then they would havestatus121 and 122, and in specifying
their colourconnections,theywould be regardedas outgoing.

PARTON SHOWERS (entries8—21)

The QCD cascadefrom each hard parton is generatedin sequence.First there is a jet entry
(I D HEP = 94) giving the total jet momentum,flavour and mass.In the caseof initial statejets the mass
would represent— I q2 1/2 MO1 gives the parenthardpartonand MO2 the hardcentreof mass.DA1 and
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Fig. 4. Colourflow diagramof a Z bosondecay.

O A 2 point to the first andlastpartonin thejet afterperturbativebranching.If branching occurs,the next
entry (CONE) is a lightlike 4-vector defining the radiation cone and the orientation of the radiation
pattern.

The partonsin the jet (IsTH E P = 157, plus 155, 156 for spectators,with gluonsresetto 2 by gluon
splitting subroutineHWCGSP)havetheir colour and anticolour connectionsspecified by MO2 and DA2,
respectively,as describedabovefor the hardsubprocess.The b jet is given in entries8—11, the gluonjet
in entries12—17, andthe b jet in entries18—21.

GLUON SPLITTING (entries22—23)

As the first step in the cluster hadronizationmodel, any gluons in the jets are split into light
quark-antiquarkpairs. The flavours of the pairs are chosen at random amongstthose allowed by
kinematics.The colourconnectionsare remadeaccordingly.

CLUSTER FORMATION(entries34—40)

Each quark (or antidiquark)is combinedwith its colour mother antiquark(or diquark) to make a
clusterwith the sum of their 4-momenta.Non-beamclusterswith massesabovethe maximumspecified
by Eq.(2.2) would be split by creatingnewquark-antiquarkpairswith I STHEP = 159 (thereareno such
pairs in this event).In a hadroncollision, the beamremnantclusters,i.e., thosecontainingthe spectator
quarksfrom the incidenthadrons(I STHE P = 167, 168)would be split into 2 ‘soft’ clusterseach(seenew
featuresof version 4.3, above),making anothertwo pairs.The clustersthemselvesare then listed.

CLUSTER DECAYS(entries41—54)

The clusters, including the b-flavoured clusters 34 and 40, now decay isotropically into pairs of
hadronschosenaccordingto densityof states.Particleswith I STHEP = 1 are stable. I STH E P = 199
indicatesa heavy(b or 0 hadronwhich will laterdecayweaklyvia a secondaryhardsubprocess.
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STRONG HADRON DECAYS(entries55—69)

Next comethe decayproductsof unstablehadronsgeneratedin the cluster decays.Rememberthat
the ir°was set stablein the initialization phase.

HEAVY FLAVOUR DECAYS(entries70—83)

The B°and B~aresplit into collinearheavyquarksand spectators(entries70—73).Then the heavy
quarksdecayweakly, the spectatorsarecopiedand given the correctcolour connectionlabels, andthe
leptonsare copiedandre-labelledas final stateparticles(entries74—83).

PARTON SHOWERS(entries84—91)

In the hadronizationof the b decayproducts,the heavy flavour decays are treated as new hard
processes,in which secondaryparton showersmay be generated.In this event, the phasespacefor
branchingis small and noneof the decayquarksemitsa gluon.

CLUSTER FORMATION (entries92—94) and CLUSTER DECAYS (entries95—100)

The weak decayproductsare thusthe lepton pair alreadyprocessedplus threeclusters,which decay
as in a primary hard process.

STRONG HADRON DECAYS (entries 101—124)

The subsequentcharmedparticle decays are generatedaccording to the simplified particle data
tables. In t —~ b -a c decays,the secondaryb’s would be hadronized,undergostrong decaysand then
weak decayin the sameway as above.

Generationof this event is now complete.In the caseof hadroncollisions, this would be followed by
the treatmentof the soft underlyingevent. The undecayedbeamclusterswould undergoa soft collision
with the remainingcentre-of-massenergyin parallelwith the hardsubprocesses.This would producesoft
clusterswith a flat rapidity distribution and low transversemomenta,which would decayto provide the
low-PT hadronsof the soft underlyingevent.

After the 100 eventsrequestedhavebeengenerated,an analysisof the associatedweight distribution
is printed.The information

NUMBER OF WEIGHTS = 1339

and

CROSS SECTION (PB) = 732.2993

ERROR IN C-S (PB) = 73.8432

gives usa new, independentestimateof the cross-section(which is lessaccuratein this case since the
numberof weights is less than the 2000 generatedin the initial search).Finally we are told that the
Monte Carlo efficiency of elementarysubprocessgenerationduring the run was8%, as waspredictedin
the initial search:

EFFICIENCY PERCENT = 8.0702
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19. Subroutine descriptions

HWIGPR main program
HWI GI N default initializations

HWABEG initializes user’s analysis
HWAE N0 terminatesuser’sanalysis
HWANA L performsuser’sanalysison event

H W BAZ F computesazimuthalcorrelationfunctions
H W B CON makescolour connectionsbetweenjets
HWBFIN transfersexternal linesof jet to IHEPEVT I
HWBGEN finds unevolvedpartonsandgeneratesjets
HWBJ CO combinesjetswith correctkinematics
HWBMAS computesmassesand trans.momentain jet
HWBRAN generatesa time-like partonbranching
HWBSPA computesmomentain space-likejet
HWBS P N computesspin density/decaymatrices
HWB S U o computes(or reads)Sudakovform factors
HWBS U G integrandin gluon Sudakovform factor
H WBS U 1 first term in quarkSudakovform factor
H W B S U 2 secondterm in quarkSudakovform factor
HWBTIM computes momenta in time-like jet
H W B VMC virtual mass cutoff for parton type I 0

H W C C UT cuts a massiveclusterin two
H W C 0 E C decaysclustersinto primary hadrons
HWCFLA setsup flavoursfor HWCHAD
H W C FOR forms clusters
HWCGSP splits gluons
HWCHAD decaysa clusterinto one or two hadrons

H W D B OS finds anddecaysW andZ bosons
HWOBOZ choosesdecaymodeof W andZ bosons
H W D HAD generatesdecaysof unstablehadrons
H W OH I G finds anddecaysHiggsbosons
H W DHVy finds anddecaysheavyflavours
HWD lOP chooses a parton for HWDHVY
H W OPW T phasespacedecayweight
H W 0TH R generatesa three-bodydecay
H W 0 TWO generatesa two-bodydecay
H WOWWT weak(V—A) decayweight

H WEF I N final calculationson elementarysubprocess
H WEGAM generatesWeizsacker—Williamsphoton
H WEI N I initializeselementarysubprocess
HWEONE setsup a 2-al hardsubprocess
H WE PRO generateselementarysubprocess
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HWETWO sets up a 2 —*2 hard subprocess

H W H B G F hardsubprocess:boson—gluonfusion (BGF)
HWHBKI computeskinematicsfor BGF
HWHBRN returnsa phase-spacepoint for BGF
H WHBS G computescross-sectionfor BGF
HWHDIS hardsubprocess:deepinelastice/p. quark
HWHDYP hard subprocess:Drell—Yan Z°/-yprodn
HWHEPA hard subprocess:e~e—~q~
HWHEPG hardsubprocess:eke—’ q~jg
H WHEW W hardsubprocess:e+ e— —* W ± W -

HWHEWO e~e—*W~Wsubroutine
HWHEW1 e~e—*W~Wsubroutine
HWHEW2 e~e—*W~W subroutine
HWHEW3 eke—’ W±W subroutine
HWHEW4 e~e—~W~W subroutine
HWHHVY hard subprocess:heavyquark production
HWHIGC Higgs—sy-y decay
HWHI GF Higgs —s W~W decay
HWH I GM chooseHiggsmassfor productionroutines
HWHI GS hard subprocess:gg —s Higgs
HWH I GT computesgg -a Higgscross-section
H WHI Gw W + W — —s Higgscross-section
HWHIGY computese~e—~Z°—* Z°H°crosssection
HWHIGZ hard subprocess:e~e—sZ°----sZ°H°
HWHPHO hard subprocess:direct photonproduction
HWHQC o hard subprocess:QCD 2 —s 2
H W HQC P identifies QCD 2 —s 2 hardsubprocess.
HWHWEX top productionby W exchange
HWHWPR hard subprocess:W production
H W H W 1 J hard subprocess:W + jet production

HWMEVT generatesmm. bias or soft underlyingevent
HWML PS generateslongitudinalphasespace
HWMNB I computesnegativebinomial probability
HWMULT choosesmm. bias chargedmultiplicity

HWRAZM randomly rotatedazimuth
HWREXp randomnumber:exponentialdistribution
HWREXT randomnumber:exponentialtransversemass
H W R GA U randomnumber:Gaussian
HWRGEN randomnumbergenerator(l’Ecuyer’s method)
H WRI NT randominteger
HWRLOG randomlogical
HWR POW randomnumber:powerdistribution
H WRUNG random number: uniform + Gaussiantails
HWRUNI randomnumber:uniform
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HWSBRN generatesspace-likepartonbranching
HWS 0 G G Drees—Grassiegluon distribution in photon
HWS D GQ Drees—Grassiequark distribution in photon
H WS F BR choosesa space-likebranching
H WS F U N hadronstructurefunctions
HWSGAM gammafunction (for structurefunctions)
HWSGEN generatesx valuesfor spacelikeparton
HWSGQQ insertsg —a qi~part of gluon form factor
H W SSPC replacesspacelikepartonsby spectators
HWS SUo Sudakovform factor/structurefunction
HWSTAB interpolatesin function table (for HWS S U0)

HWSVAL checksfor valenceparton

HWU AL F two-loop QCDrunning coupling constant
H WUBPR prints branchingdatafor lastpartonshower
HWUDAT particleproperties(N.B. BLOCK DATA)
H WUEE C computese+ e— cross-sectionandasymmetry
H W U EEQ e + e — cross-sectionandasymmetry(given q)
H W U E PR prints eventdata
H W U GA U adaptiveGaussianintegration
H W U I 0 T translatesparticleidentity codes
H W U I N C initial parameter-dependentcalculations
HWUI NE initializesanevent
HWUL Do Lorentz 4-vectordot product
HWULOB Lorentz transformation:rest frame -a lab
HWUL 0 F Lorentz transformation:lab —a rest frame
HWULOR multiplies by Lorentzmatrix
HWUMAS putsmassin 5th componentof vector
H W U PCM centre-of-massmomentum
HWURAP rapidity
HWURE S computes/prints resonancedata
HWUROB rotationby inverseof matrix R
HWUROF rotation by matrix R
HWUROT computesrotation R from vectorto z-axis
HWUSOR sorts an array in ascendingorder
H W US Q R squareroot with sign retention
HWUSTA makes a particle type stable
HWUTA B interpolatesin a table
HWUTIM checkstime remaining(N.B. VAX Fortran)

H WV0 I F vectordifference
HWVDOT vectordot product
H WV EQU vectorequality
HWVS C A vectortimesscalar
HWVSUM vector sum
HWVZRO vectorzero

H W WARN issueswarningsanddealswith errors
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PROGRAM LISTING

PROGRAM HWIGPR

C---COMMON BLOCKS ARE INCLUDED AS FILE HERWIG51.INC
INCLUDE ‘HERWIG51 . INC’
INTEGER N

C---MAX NUMBEROF EVENTS THIS RUN

MAXEV=100
C---BEAM PARTICLES

PART1=’P

PART2=’P

C---BEAM MOMENTA

PBEAM1=20000.

PBEAM2=20000.
C---PROCESS

IPROC=1500

C---INITIALISE OTHER COMMONBLOCKS

CALL HWIGIN
C---USER CAN RESET PARAMETERSAT THIS POINT,

C OTHERWISEDEFAULT VALUES IN HWIGIN WILL BE USED.

PTMIN= 1000.
C---COMPUTE PARAMETER-DEPENDENTCONSTANTS

CALL HWUINC
C- - -CALL HWUSTATO MAKE ANY PARTICLE STABLE

CALL HWUSTA(’PIO ‘)

C---USER’S INITIAL CALCULATIONS

CALL HWABEG
C---INITIALISE ELEMENTARYPROCESS

CALL HWEINI
C- - -LOOP OVER EVENTS

DO 100 N=1,MAXEV
C---INITIALISE EVENT

CALL HWUINE

C---GENERATE HARD SUBPROCESS

CALL HWEPRO
C---GENERATE PARTON CASCADES

CALL HWBGEN
C---DO CLUSTER FORMATION

CALL HWCFOR
C---DO CLUSTER DECAYS

CALL HWCDEC
C---DO UNSTABLE PARTICLE DECAYS

CALL HWDHAD
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C---DO HEAVY FLAVOUR DECAYS

CALL HWDHVY
C- - -ADD SOFT UNDERLYINGEVENT IF NEEDED

CALL HWMEVT

C---USER’S EVENT ANALYSIS
CALL HWANAL

100 CONTINUE

C---TERMINATE ELEMENTARYPROCESS
CALL HWEFIN

C---USER’S TERMINAL CALCULATIONS

CALL HWAEND

STOP

END
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COMMON BLOCK FILE

C ****COMMON BLOCK FILE FOR HERWIG VERSION 5.1****
C ALTERATIONS:DOUBLEDNQEV

C DOUBLEDNMXHEP

C CONVERTEDTO DOUBLE PRECISION
C INTRODUCEDNMXSUD(MAX NUMBEROF ENTRIES IN LOOKUP

C TABLES OF SUDAKOVFORM FACTORS)

C ADDED NEWVARIABLE RHOHEP: LIKE RHOPARBUT WITH 3 CMPTS
C 25/7/90 CHANGEDTREATMENTOF ALPHA-S

C 3/11/90 CHANGEDORDER (DOUBLE PRECISION FIRST), ADDED EPOLN

C 29/3/91 ADDED NEW COMMON/HWBOSC/, MADE NRN,IBRN ARRAYS(2)
C

IMPLICIT NONE

C
DOUBLE PRECISION PHEP,VHEP,PBEAM1,

& PBEAM2, QCDLAM,VGCUT,VQCUT,BETAF ,CAFAC,

& CFFAC,CLMAX,PSPLT,QSPAC,PTRMS,PXRMS,QG,QV,SWEIN,SCABI,PDIQK,

& QDIQK,ENSOF,TMTOP,ZBINM,GAMW,GAMZ,GAMH,PGSMX,PGSPL,PPAR,VPAR,
& PHIPAR,DECPAR,RHOPAR,RHOHEP,XFACT,PTINT,EVWGT ,AVWGT,WGTMAX,
& WGTSUM,WSQSUM,WBIGST,TLOUT,YJMIN,YJMAX,PTMIN,PTMAX,PTPOW,EMMIN,

& EMMAX,EMPOW,Q2MIN,Q2MAX,Q2POW,THMAX,QLIM,REQT,XXMIN,XLMIN,EMCMF,

& EMLST,COSTH,GPOLN,GCOEF,XX,REQ,AEQ,DISF,RESN,RMIN,CTMAX,FBTM,
& FTOP,FHVY ,RMASS ,BFRAC ,CMMOM,ACCUR,QEV ,SUD ,VECWT,TENWT ,DECWT,

& QWT,PWT,SWT,SWTEF,RESWT,PIFAC,QCDL3,QCDL5,EPOLN,BRHIG,GAMMAX
INTEGER NMXHEP,NEVHEP,NHEP , ISTHEP , IDHEP , JMOHEP, JDAHEP,

& IPROC ,MAXEV , IPRINT ,LRSUD ,LWSUD,NCOLO,NFLAV,MODPDF,NSTRU,

& NZBIN ,NBTRY ,NCTRY,NDTRY ,NETRY ,NSTRY,NGSPL,NMXPAR, NEVPAR,

& NPAR, ISTPAR, IDPAR,JMOPAR,JDAPAR,JCOPAR, INHAD,NSPAC ,NRN,

& MAXER,MAXPR,LWEVT , ISTAT , IERROR,NWGTS, IDHW,IBSH , IBRN ,IPRO,
& MAXFL,IDCMF,IHPRO,IDN,ICO,IDEQ,LOCN,NRES,IDPDG,ICHRG,MADDR,

& MODES,MODEF,IDPRO,INTER,NQEV,NSUD,NMXSUD,MODBOS,IOPHIG

LOGICAL AZSOFT,AZSPIN ,FROST ,GENEV,BGSHAT,NOWGT,TMPAR

CHARACTER*4PART1 ,PART2,RNAME
C

C---NEW STANDARDEVENT COMMON
PARAMETER(NMXHEP=2000)

COMMON/HEPEVT/NEVHEP,NHEP , ISTHEP(NMXHEP) , IDHEP(NMXHEP),
& JMOHEP(2,NMXHEP),JDAHEP(2,NMXHEP),PHEP(S,NMXHEP),VHEP(4,NMXHEP)

C
C---BEAMS, PROCESSAND NUMBEROF EVENTS

COMMON/HWBEAM/PART1, PART2

COMMON/HWPROC/PBEAM1, PBEAM2, IPROC , MAXEV
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C---PARAMETERS (AND QUANTITIES DERIVED FROM THEM)

COMMON/HWPRAM/QCDLAM , VGCUT , VQCUT , PIFAC , BETAF , CAFAC , CFFAC , CLMAX,

& PSPLT,QSPAC,PTRMS,PXRMS,QG,QV,SWEIN,SCABI,PDIQK,QDIQK,ENSOF,

& TMTOP,ZBINM,GAMW,GAMZ,GAMH,QCDL3,QCDL5,PGSMX,PGSPL(4),

& IPRINT,LRSUD,LWSUD,NCOLO,NFLAV,MODPDF,NSTRU,NZBIN,NBTRY,
& NCTRY,NDTRY,NETRY,NSTRY,NGSPL,AZSOFT,AZSPIN

C
C---PARTON SHOWERCOMMON(SAME FORMAT AS /HEPEVT/)

PARAMETER(NMXPAR=500)
COMMON/HWPART/NEVPAR,NPAR,ISTPAR(NMXPAR) ,IDPAR(NMXPAR),

& JMOPAR(2,NMXPAR),JDAPAR(2,NMXPAR) ,PPAR(5,NMXPAR) ,VPAR(4,NMXPAR)

C---PARTON POLARIZATION COMMON

COMMON/HWPARP/PHIPAR(2,NMXPAR),DECPAR(2,NMXPAR) ,RHOPAR(2,NMXPAR),
& TMPAR(NMXPAR)

C—---ELECTROWEAKBOSON COMMON
COMMON/HWBOSC/BRHIG(12),RHOHEP(3,NMXHEP),MODBOS(5),IOPHIG,GAMMAX

C---PARTON COLOURCOMMON:

C JCOPAR(1,*) = COLOURMOTHER
C JCOPAR(2,*) = ANTICOLOURMOTHER

C JCOPAR(3,*) = COLOURDAUGHTER
C JCOPAR(4,*) = ANTICOLOURDAUGHTER

COMMON/HWPARC/JCOPAR(4, NMXPAR)
C
C---OTHER HERWIG BRANCHING, EVENT AND HARD SUBPROCESSCOMMON

COMMON/HWBRCH/XFACT,PTINT(3,2) ,NSPAC(7) ,INHAD,FROST

COMMON/HWEVNT/EVWGT,AVWGT,WGTMAX,WGTSUM,WSQSUM,WBIGST,TLOUT,
& NRN(2) ,MAXER,MAXPR,LWEVT,ISTAT,IERROR,NOWGT,NWGTS,IDHW(NMXHEP)

COMMON/HWHARD/YJMIN, YJMAX, PTMIN , PTMAX, PTPOW, EMMIN, EMMAX, EMPOW,

& Q2MIN,Q2MAX,Q2POW,THMAX,QLIM,REQT,XXMIN,XLMIN,EMCMF,EMLST,
& COSTH,CTMAX,EPOLN,GPOLN,GCOEF(7),XX(2),REQ(6),AEQ(6),DISF(13,2),

& IBSH,IBRN(2),IPRO,MAXFL,IDCMF,IHPRO,IDN(10),ICO(10),IDEQ(6),

& GENEV,BGSHAT
C----UTILITIES COMMON

COMMON/HWUCLU/RESN(12,12),RMIN(12,12),LOCN(12,12)

COMMON/HWUFHV/FBTM(6,2),FTOP(6,2) ,FHVY(6,2)
COMMON/HWUNAM/RNAME(264)
COMMON/HWUPDT/RMASS(264),BFRAC(460) ,CMMOM(460) ,IDPDG(264),

& ICHRG(264) ,MADDR(264) ,MODES(264) ,MODEF(264),IDPRO(3,460) ,FIRES
C---MAX NUMBEROF ENTRIES IN LOOKUP TABLES OF SUDAKOVFORMFACTORS

PARAMETER(NMXSUD=1024)

COMMON/HWUSUD/ACCUR,QEV(NMXSUD,6),SUD(NMXSUD,6) ,INTER,NQEV,NSUD
COMMON/HWUWTS/VECWT,TENWT,DECWT,QWT(3),PWT(12) ,SWT(264),

& SWTEF(264) ,RESWT(264)
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TEST RUN OUTPUT

HERWIG 5.1 APRIL 1991

INPUT CONDITIONS FUR THIS RUN

BEAM 1 (E+ ) MOMENTUM= 45.60

BEAM 2 (E- ) MOMENTUM= 45.60
PROCESSCODE (IPROc) = U.S

NUMBEROF FLAVOURS = 6
STRUCTUREFUNCTION SET = 1

AZIM SPIN CORRELATIONS= T

AZIM SOFT CORRELATIONS= T
QCD LAMBDA (GEV) = 0.2000

DOWN QUARK MASS = 0.3200
UP QUARK MASS = 0.3200
STRANGE QUARK MASS = 0.5000

CHARMED QUARK MASS = 1.8000

BOTTOM QUARK MASS = 5.2000
TOP QUARK MASS = 100.0000

GLUON EFFECTIVE MASS = 0.7500

EXTRA SHOWERCUTOFF (Q)= 0.4800
EXTRA SHOWERCUTOFF (G)= 0.0600

CLUSTER MASS PARAMETER= 3.5000
SPACELIKE EVOLN CUTOFF = 2.5000

INTRINSIC P-TRAM (RMS) = 0.0000

MAX THRUST FOR 2->3 = 0.9000

PDFLIB STRUCT FUNCTIONS NOT USED

NO EVENTS WILL BE WRITTEN TO DISK
WRITING SUDAKOYTABLE ON UNIT 7

PARTICLE TYPE 21=PI0 SET STABLE

INITIAL SEARCH FOR MAX WEIGHT

PROCESSCODE IPROC = 115

RANDOMNO. SEED 1 = 1246579
SEED 2 = 8447766

NUMBEROF SHOTS = 2000
NEW MAXIMUMWEIGHT = 0.4792E+01

NEWMAXIMUMWEIGHT = 0.6094E+01
NEW MAXIMUMWEIGHT = 0.9074E+O1
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INITIAL SEARCH FINISHED

OUTPUT ON ELEMENTARYPROCESS

NUMBEROF EVENTS = 0
NUMBER OF WEIGHTS = 2000

MEAN VALUE OF WGT = 0.7198E+00

RMS SPREAD IN WGT = 0.7733E+00
ACTUAL MAX WEIGHT = 0.8249E+01
ASSUMEDMAX WEIGHT = 0.9074E+01

PROCESSCODE IPROC = 115

CROSS SECTION (PB) = 719.8381

ERROR IN C-S (PB) = 17.2916
EFFICIENCY PERCENT= 7.9329

EVENT 1: 45.60 GEV/C E+ ON 45.60 GEV/C E- PROCESS: 115

SEEDS: 17673 & 63565 STATUS: 100 ERROR: 0 WEIGHT: 0.7198E+00

---INITIAL STATE---

IHEP ID IDPDG 1ST MOl M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS

1 E+ -11 101 0 0 0 0 0.00 0.00 45.60 45.60 0.00
2 E- 11 102 0 0 0 0 0.00 0.00 -45.60 45.60 0.00
3 CMF 0 103 0 0 0 0 0.00 0.00 0.00 91.20 91.20

---HARD SUBPROCESS---

IHEP ID IDPDG 1ST MOl MO2 DA1 DA2 P-X P-Y P-Z ENERGY MASS
4 Z0/G 23 120 1 2 5 7 0.00 0.00 0.00 91.20 91.20

---H/W/Z BOSON DECAYS---

IHEP ID IDPDG 1ST MO1 M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS
5 BOTM 5 123 4 6 8 7 35.40 12.90 -8.32 38.94 5.20
6 GLUE 21 124 4 7 12 5 3.67 -11.51 2.89 12.45 0.75

7 BBAR -5 124 4 5 18 6 -39.07 -1.39 5.43 39.81 5.20
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---PARTON SHOWERS---

IHEP ID IDPDG 1ST MO1 MO2 DA1 DA2 P-X P-Y P-Z ENERGY MASS

8 BOTM 94 143 5 4 10 11 33.41 12.18 -7.85 37.11 7.17

9 CONE 0 100 5 6 0 0 0.85 -0.73 0.10 1.13 0.00

10 BUTM 5 157 8 22 34 21 31.72 12.16 -6.97 35.07 5.20

11 GLUE 21 2 8 14 22 23 1.69 0.02 -0.88 2.05 0.75
12 GLUE 94 144 6 4 14 17 3.46 -10.87 2.73 15.86 10.67

13 CONE 0 100 6 7 0 0 -1.11 0.26 0.07 1.14 0.00
14 GLUE 21 2 12 15 24 25 0.79 0.81 0.03 1.36 0.75

15 GLUE 21 2 12 16 26 27 -0.08 -1.17 2.80 3.12 0.75

16 GLUE 21 2 12 17 28 29 0.74 -1.59 0.96 2.13 0.75
17 GLUE 21 2 12 20 30 31 2.01 -8.92 -1.06 9.24 0.75

18 BBAR 94 144 7 4 20 21 -36.87 -1.31 5.12 38.23 8.63

19 CONE 0 100 7 6 0 0 -0.40 -0.98 0.34 1.11 0.00

20 GLUE 21 2 18 21 32 33 -1.42 -0.26 1.49 2.21 0.75
21 BBAR -5 157 18 10 40 33 -35.45 -1.05 3.63 36.02 5.20

---GLUON SPLITTING---

IHEP ID IDPDG 1ST MO1 M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS

22 UBAR -2 158 8 23 34 10 1.01 -0.02 -0.31 1.11 0.32
23 UP 2 158 8 24 35 22 0.67 0.04 -0.57 0.94 0.32

24 UBAR -2 158 12 25 35 23 0.20 0.45 —0.07 0.59 0.32
25 UP 2 158 12 26 36 24 0.59 0.36 0.10 0.77 0.32

26 UBAR -2 158 12 27 36 25 -0.10 -0.66 1.11 1.33 0.32

27 UP 2 158 12 28 37 26 0.02 -0.51 1.69 1.79 0.32
28 UBAR -2 158 12 29 37 27 0.44 -1.02 0.78 1.39 0.32

29 UP 2 158 12 30 38 28 0.30 -0.57 0.18 0.74 0.32

30 UBAR -2 158 12 31 38 29 1.14 -5.22 -0.80 5.42 0.32

31 UP 2 158 12 32 39 30 0.87 -3.70 -0.26 3.82 0.32
32 DBAR -1 158 18 33 39 31 -0.59 -0.16 0.89 1.13 0.32

33 DOWN 1 158 18 21 40 32 -0.84 -0.10 0.60 1.08 0.32

---CLUSTER FORMATION---

IHEP ID IDPDG 1ST MO1 M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS

34 CLUS 91 183 10 22 41 42 32.73 12.14 -7.28 36.17 6.06

35 CLUS 91 183 23 24 43 44 0.87 0.49 -0.63 1.53 0.97
36 CLUS 91 183 25 26 45 46 0.49 -0.29 1.21 2.10 1.62
37 CLUS 91 183 27 28 47 48 0.46 -1.53 2.47 3.18 1.23

38 CLUS 91 183 29 30 49 50 1.44 -5.79 -0.62 6.15 1.37
39 CLUS 91 183 31 32 51 52 0.29 -3.86 0.64 4.95 3.03
40 CLUS 91 183 33 21 53 54 -36.28 -1.15 4.23 37.10 6.41
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---CLUSTER DECAYS---

IHEP ID IDPDG 1ST MO1 MO2 DA1 DA2 P-X P-Y P-Z ENERGY MASS

41 BOBR -511 199 34 8 70 71 27.90 10.32 -5.49 30.71 5.28

42 P1- -211 1 34 8 0 0 4.84 1.81 -1.79 5.47 0.14
43 P1+ 211 1 35 8 0 0 0.02 0.09 -0.12 0.21 0.14
44 RHO- -213 197 35 8 55 56 0.86 0.40 -0.51 1.32 0.77

45 K+ 321 1 36 12 0 0 0.53 0.11 0.62 0.96 0.49
46 K*- -323 197 36 12 57 58 -0.04 -0.40 0.58 1.14 0.89

47 RHO+ 213 197 37 12 59 60 0.50 -1.39 2.47 2.98 0.77
48 P1- —211 1 37 12 0 0 -0.04 -0.15 -0.01 0.21 0.14
49 RHO+ 213 197 38 12 61 62 0.50 -2.55 0.06 2.71 0.77

50 P1- -211 1 38 12 0 0 0.93 -3.24 -0.67 3.44 0.14

51 DL++ 2224 197 39 12 63 64 0.23 -1.25 -0.52 1.84 1.23

52 DLB- -2214 197 39 12 65 66 0.05 -2.61 1.15 3.11 1.23
53 RHO- -213 197 40 18 67 68 -4.61 -0.57 -0.05 4.71 0.77

54 B+ 521 199 40 18 72 73 -31.67 -0.59 4.27 32.40 5.27

---STRONG HADRONDECAYS---

IHEP ID IDPDG 1ST MO1 MO2 DA1 DA2 P-X P-Y P-Z ENERGY MASS

55 PlO 111 1 44 8 0 0 0.15 0.29 -0.47 0.59 0.13
56 P1- -211 1 44 8 0 0 0.71 0.10 -0.04 0.73 0.14

57 PT- -211 1 46 12 0 0 -0.23 -0.09 0.40 0.50 0.14

58 KBAR -311 198 46 12 69 69 0.20 -0.31 0.18 0.64 0.50
59 PlO 111 1 47 12 0 0 0.48 -1.32 1.80 2.29 0.13

60 P1+ 211 1 47 12 0 0 0.02 -0.06 0.67 0.69 0.14
61 PlO 111 1 49 12 0 0 0.08 -1.80 —0.16 1.81 0.13

62 P1+ 211 1 49 12 0 0 0.42 -0.75 0.21 0.90 0.14

63 P1+ 211 1 51 12 0 0 0.22 -0.40 -0.29 0.56 0.14

64 P 2212 1 51 12 0 0 0.02 -0.85 -0.22 1.29 0.94
65 PlO 111 1 52 12 0 0 0.18 -0.46 0.38 0.64 0.13
66 PBAR -2212 1 52 12 0 0 -0.13 -2.14 0.78 2.47 0.94

67 PlO 111 1 53 18 0 0 -0.52 -0.07 0.20 0.68 0.13

68 P1- -211 1 53 18 0 0 -4.09 -0.50 -0.25 4.13 0.14
69 KOL 130 1 58 12 0 0 0.20 -0.31 0.18 0.64 0.50

---HEAVY FLAVOUR DECAYS---

IHEP ID IDPDG 1ST MO1 M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS

70 BOTM 5 153 41 71 74 76 26.21 9.70 -5.16 28.84 4.95

71 DBAR -1 125 41 76 80 76 1.69 0.63 -0.33 1.86 0.32

72 UP 2 125 54 79 81 79 -1.92 -0.04 0.26 1.97 0.32
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73 BBAR -5 153 54 72 77 79 -29.75 -0.55 4.01 30.43 4.95
74 NUEB -12 123 70 75 82 75 7.41 2.16 -2.02 7.98 0.00
75 E- 11 124 70 74 83 74 2.86 -0.01 0.04 2.86 0.00

76 CHRM 4 124 70 70 84 70 15.94 7.54 -3.18 18.01 1.80
77 UP 2 123 73 78 86 78 -18.31 -0.94 2.49 18.51 0.32

78 DBAR -1 124 73 77 88 77 -5.82 0.17 0.02 5.83 0.32

79 CBAR -4 124 73 73 90 73 -5.62 0.22 1.50 6.09 1.80

80 DBAR -1 160 71 85 93 85 1.69 0.63 -0.33 1.86 0.32
81 UP 2 160 72 91 92 91 -1.92 -0.04 0.26 1.97 0.32

82 NUEB -12 1 74 70 0 0 7.41 2.16 -2.02 7.98 0.00
83 E- 11 1 75 70 0 0 2.86 -0.01 0.04 2.86 0.00

- - -PARTON SHOWERS---

IHEP ID IDPDG 1ST MO1 M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS
84 CHRM 94 144 76 70 85 85 15.94 7.54 -3.18 18.01 1.80

85 CHRM 4 157 84 80 93 80 15.94 7.54 -3.18 18.01 1.80

86 UP 94 143 77 73 87 87 -18.31 -0.94 2.49 18.51 0.32
87 UP 2 157 86 89 94 89 -18.31 -0.94 2.49 18.51 0.32

88 DBAR 94 144 78 73 89 89 -5.82 0.17 0.02 5.83 0.32

89 DBAR -1 157 88 87 94 87 -5.82 0.17 0.02 5.83 0.32

90 CBAR 94 144 79 73 91 91 -5.62 0.22 1.50 6.09 1.80
91 CBAR -4 157 90 81 92 81 -5.62 0.22 1.50 6.09 1.80

---CLUSTER FORMATION---

IHEP ID IDPDG 1ST MOl MO2 DA1 DA2 P-X P-Y P-Z ENERGY MASS

92 CLUS 91 183 81 91 95 96 -7.54 0.18 1.76 8.06 2.22
93 CLUS 91 183 85 80 97 98 17.63 8.17 -3.51 19.87 2.22

94 CLUS 91 183 87 89 99 100 -24.13 -0.77 2.51 24.34 1.76

---CLUSTER DECAYS---

IHEP ID IDPDG 1ST MO1 MO2 DA1 DA2 P-X P-Y P-Z ENERGY MASS

95 P1+ 211 1 92 72 0 0 -0.62 -0.11 0.22 0.68 0.14
96 DC*- -413 197 92 72 101 102 -6.92 0.30 1.54 7.38 2.01

97 DC*+ 413 197 93 84 103 104 15.59 7.08 -3.15 17.53 2.01
98 PlO 111 1 93 84 0 0 2.04 1.09 -0.36 2.34 0.13

99 P1+ 211 1 94 86 0 0 -10.09 -0.29 0.92 10.14 0.14
100 A20 115 197 94 86 105 106 -14.04 -0.48 1.58 14.20 1.32
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---STRONG HADRONDECAYS---

IHEP ID IDPDG 1ST MOl M02 DA1 DA2 P-X P-Y P-Z ENERGY MASS

101 DCBR -421 198 96 72 107 108 -6.37 0.29 1.45 6.80 1.86

102 PT- -211 1 96 72 0 0 -0.56 0.01 0.09 0.58 0.14
103 DCO 421 198 97 84 109 111 14.66 6.68 -2.94 16.48 1.86

104 P1+ 211 1 97 84 0 0 0.93 0.41 -0.21 1.04 0.14
105 P1+ 211 1 100 86 0 0 -5.59 -0.12 0.22 5.60 0.14

106 RHO- -213 198 100 86 112 113 -8.45 -0.36 1.36 8.60 0.77

107 KO 311 198 101 72 114 114 -2.67 0.52 1.02 2.95 0.50
108 ETPR 331 198 101 72 115 116 -3.69 -0.23 0.43 3.85 0.96

109 KBAR -311 198 103 84 117 117 4.99 2.37 -0.95 5.62 0.50

110 RHOO 113 198 103 84 118 119 5.11 2.33 -1.00 5.76 0.77
111 ETA 221 198 103 84 120 122 4.57 1.98 -0.99 5.11 0.55

112 PlO 111 1 106 86 0 0 -3.45 0.20 0.61 3.51 0.13
113 P1- -211 1 106 86 0 0 -5.00 -0.56 0.76 5.09 0.14

114 KOL 130 1 107 72 0 0 -2.67 0.52 1.02 2.95 0.50
115 GAMA 22 1 108 72 0 0 -0.82 0.04 -0.05 0.82 0.00

116 RHOO 113 198 108 72 123 124 -2.88 -0.27 0.48 3.03 0.77

117 KOL 130 1 109 84 0 0 4.99 2.37 -0.95 5.62 0.50

118 P1- -211 1 110 84 0 0 0.57 0.40 0.05 0.71 0.14

119 P1+ 211 1 110 84 0 0 4.54 1.94 -1.05 5.04 0.14
120 PlO 111 1 111 84 0 0 1.22 0.53 -0.25 1.36 0.13

121 PT- -211 1 111 84 0 0 1.57 0.53 -0.40 1.71 0.14

122 P1+ 211 1 111 84 0 0 1.79 0.92 -0.33 2.04 0.14
123 P1- -211 1 116 72 0 0 -2.39 -0.25 0.65 2.49 0.14

124 P1+ 211 1 116 72 0 0 -0.49 -0.02 -0.17 0.54 0.14

OUTPUT ON ELEMENTARYPROCESS

NUMBEROF EVENTS = 100
NUMBEROF WEIGHTS = 1339
MEAN VALUE OF WGT = O.7323E+O0

RMS SPREAD IN WGT = O.8725E+OO
ACTUAL MAX WEIGHT = O.7355E+01
ASSUMED MAX WEIGHT = 0.9O74E+O1

PROCESSCODE IPROC = 115
CROSS SECTION (PB) = 732.2993
ERROR IN C-S (PB) = 23.8432

EFFICIENCY PERCENT= 8.0702


