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A Monte Carlo eventgeneratorsimulatingneutralandchargedcurrentep interactionsatHERA energiesand beyondis
described.The presentversion 4.0 of the generatoroptionally treatsthe ep scatteringeitherby meansof structure-function
parametrizationsor on the basisof parton distributionfunctions in the frameworkof the quark—partonmodel. Single-pho-
ton emissionfrom thelepton line aswell asself-energycorrectionsandthecompletesetof one-loopweakcorrectionscanbe
included.Thesecorrectionsaresufficient to describethe cross-sectionwith an accuracyof a few percentor, if Q2 � 2x io~
GeV2, of lessthan 1%.
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LONG WRITE-UP

1. Introduction

In order to plan the HERA experimentsit is necessaryto have detailed information on the
characteristicsof eventsthat arepredictedby the standardtheory. Higher-orderelectroweakeffectsnot
only changethe amplitudesof the tree-graphprocess,but also introducenew types of events.On the
one-loop level additionalphotonscan emerge.The most flexible method to studytheseeffects is the
application of a Monte Carlo eventgeneratorwhich simulatesan experimentby constructingevents
accordingto probabilities given by the appropriatedifferential cross-sections.Theseeventsare fully
characterizedby the quantum numbers,masses,and momentaof the final-stateparticles. Samplesof
generatedeventscanthen easilybe usedto performsimulationsof possiblemeasurements.

In this note we presenta technical descriptionof the eventgeneratorHERACLES, version 4.0, for
the simulation of deep inelastic e±pcollisions via the neutral-currentas well as charged-current
interactions at HERA energies.The first-order electroweakradiative corrections to deep inelastic
scatteringat HERA areknownto belarge,particularlyfor the neutral-currentprocessin the low-x/high-y
region [3,41.They aremostly dueto radiationof realandvirtual photonsfrom thelepton line (seefig. 1).
These leptonic corrections togetherwith the fermionic contributions to the photon and Z or W
self-energiesaresufficient to describethe differentialcross-sectiond2o-/dxdywith anaccuracyof better
than 5% or, if x or y are not extremelylarge, i.e. if Q2 � 2 x iO~GeV2, better than 1%. The event
generatorHERACLES includes the leptonic correctionsas well as the complete one-loop virtual
correctionsusingthe resultsof ref. [31and is thusableto give a good descriptionof radiativeeffectsat
HERA.

The most importantcapabilitiesof the generatorare:
• It allows integration of the differential cross-sectionsfor Ip —~ l’X and lp —* l”yX over kinematical

regionswhich can be defined in terms of the variables x, y, Q2. Thesekinematic variablesare
determinedfrom the outgoinglepton’s energyand scatteringangle. As well, in the calculationof the

~

Fig. 1. Feynmandiagramsdescribingthe c~Y(a)leptoniccorrectionsfor neutral-currentelectron—quarkscatteringandthefermionic
contributionsto thephotonandZ selfenergies.
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cross-sectionfor lp —~ l’-yX it is possibleto limit the phasespaceby requiringa minimal value for the
photonenergyE~.

• The programperformseventgenerationin predefinedkinematicalregions,as in the integrationstep.
The generatedevents are described by the 4-momentaof the final-state particles (electrons/
neutrinos,quarks,andphotons)and the flavor of the scatteredquark.

• The structureof the programallows a separatetreatmentof the Born term and severalpartsof the
leptonicQED corrections(comprisingsoft- and hard-leptonicbremsstrahlungand the corresponding
virtual corrections). These parts describe for the neutral-currentreaction initial-state radiation,
final-state radiation, and a contribution called Compton part. In the caseof the charged-current
reaction,thereis only oneradiativechanneldescribingradiation from the initial lepton.

• Optionally, variouspartsof weakvirtual correctionscanbe included(self-energies,vertexcorrections,
box diagrams).

• Theprogramdescribeselectronas well aspositronscatteringandallows for polarizedleptons.
• The user can chooseamong a set of parametrizationsfor input parton distributions.The list of

parametrizationsmay be easilyextendedby the user.
The presentversion4.0 of HERACLES supersedesformer versionsin the following respects:
(1) HERACLES itself generateseventsat the parton level. However, the interfaceDJANGO is now

available which calls routines from LEPTO 5.2 and JETSET 6.3 for the fragmentation and
hadronizationof the scatteredquarkandthe proton remnant[51.

(2) The chargedcurrent processis now included.
(3) It is also possibleto usearbitrary structurefunctions to describethe electron—protoncross-section

without relying on the partonmodel. In particular,a non-zerolongitudinalstructurefunction FL can
be included.Note that in thiscaseit is not reasonableto perform the hadronizationstep,becausethe
prescriptionsrealizedin LEPTO 5.2 arebasedon the parton model.

(4) The kinematic rangewhere the program is applicable has been increased:After restoringterms
proportionalto the electronandthe proton masses,the programagreesnow with ref. [41also for very
small x down to x = iO~andlarge y up to y = 0.99.

Moreover,a uniform namingof functions,subroutinesandcommonblocks hasbeenintroducedin order
to avoid confusionwhen interfacingHERACLESwith otherprogrampackages.In version4.0 all names
startwith the two letters HS exceptthosefor subroutinesthat weretakenfrom elsewhere(e.g.VEGAS,
PYSTFU and the randomnumbergeneratorRNDM which the userwill probably wish to exchange
anyway).

Sinceexponentiationof soft-photoniccorrectionsis notyet included,the programis still restrictedto
not toosmall valuesof y andnot too largex. In the presentversionx and y must lie in the region

y(l —x)2 � 0.004.

Consideringthe kinematicalregion accessiblefor HERA experiments[61,this conditiondoesprobably
not limit the applicabilityof the generator.The limitation to Q2 � 4 GeV~of former versionshasnow
beenremoved.The userhas to make sureby himself that parametrizationsfor structurefunctions are
usedwhich arevalid in the wholekinematicregionconsidered.

We want to stressagain that the presentversion of HERACLES is able to describethe differential
cross-sectionfor scatteringof polarizedelectronsandpositronswell with an accuracyof better than5%
for not too extremelylargevaluesof x and y. This is completelysufficient for the dataanalysisduring
the first one or two yearsof experimentationat HERA. In the long run, however,the measurementof
chargeandpolarizationasymmetrieswill probablybe possiblewith a higherprecision.Theseobservables
receive non-negligible corrections from y-y boxes and the interferenceof leptonic and quarkonic
radiation and, therefore,cannotbe describedwith a sufficient accuracyby the presentversion of the
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program.For thesereasonsthereis a continuingeffort to removetheselimitations in future releasesof
the generator.

In section2 we describeshortly the physicsthat is simulatedby HERACLESandin section 3 some
technical details. In section4 we explain how to usethe program,what kind of input is expected,and
how the usercan extract the desiredinformation on generatedevents.Finally, in section 5 we report
somefirst experiencewith the program.Further details are given in severalappendices.First results
from HERACLES havebeenpublishedin ref. [71.

2. Treatmentof physics input

HERACLES hastwo choicesfor the descriptionof deepinelasticscatteringof electronsor positrons
off protons.

The first possibility is basedon a model-independentformulation of the ep cross-sectionin termsof
arbitrary structurefunctions F1, F2 and F3. This descriptionis suited for electron-inclusivemeasure-
ments. Events generatedby using this option contain the 4-momentumof the outgoing lepton (and
photon in case of radiative events)and the total 4-momentumof the hadronic final state. If this
structure-functionsoption is used,only leptonic QED correctionsand self-energiesof the exchange
bosonscanbe included.

Thesecondchoice is basedon the partonmodelwhere the lepton—protoncross-sectionis determined
from hard lepton—quarkscatteringprocesses.In the following we focusour descriptionon this option.

The underlyingcross-sections[3,4] for lq —s l’q (elasticscattering)andfor lq —s l’q-y (bremsstrahlung)
contain the standardelectroweakinteractionmediatedby photonand Z or W exchange.The depen-
denceon the lepton polarization is also included,although a specific helicity state is not assignedto
individual events.For eacheventthe actualquark flavor is sampledaccordingto the relativemagnitude
of the contributionsfrom individual flavors to the differential cross-section.The flavor content in the
total eventsamplethus dependson the kinematicalregionconsidered,as well as on the choice of the
quark distribution functions. These distribution functions may be Q

2 dependentand thus include
leading-logarithmicQCD corrections.Othert9(a~)corrections(e.g.the longitudinalstructurefunction)
arenot included,however.

Several switches allow to include the t9(a) electroweakvirtual corrections(self-energies,vertex
corrections,and box diagrams)into the non-radiativecross-section.If only a moderateaccuracyis
requiredone can turn off the weak contributionssavingtherebya considerableamount of CPU time.
There is also a switch that determineswhetherthe electroweakparametersarecalculatedfrom fixed Z
andW bosonmassesM~,M~or from fixed M~andthe p. decayconstantG~.

The bremsstrahlungcross-sectionis split into a soft and a hard part. The soft-bremsstrahlungis
treatedanalyticallyand includedasa correctionin the non-radiativecross-section.It describesemission
of photonswith an energysmallerthana cutoff E~0ft.This cutoff dependson x and y andis chosenby
the programsuchthat it is small as comparedto the thresholdof photondetection. The userhas no
accessto thisquantityunlessa hard-photoncut is requested.In this caseintegrationor samplingincludes
only the radiativecontributions,E~0ftis taken from the userinput andhasthe meaningof the minimal
energyof emitted photons.E.~0t’tis definedin the HERA-laboratoryreferenceframe.

The hard-bremsstrahlungcontribution describeseventswith a resolvedphoton. Theseeventsare
describedby the Lorentz-invariantvariables

s = (p +q)2, t = (p —p’)2, u = (p’ —q)2,
, , , 2 , , 2 , , 2

s=(p+q), t=(q—q), u=(p—q),
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wherep(p’) and q(q’) denotethe 4-momentaof the incoming(outgoing)leptonsand quarks, respec-
tively. We usealso the 4-productsof the fermionmomentawith thephoton-momentumk andthe “true”
scalingvariable x’,

, 2

—(p—p —k)
X 2P(p—p’—k)

Internally, thefollowing integrationvariablesareused:x, Q2 = —t, x’, —t’, andoneof the invariantskp
or kp’ (dependingon the channel).For the neutral-currentprocess,the hardbremsstrahlungis split into
threecontributions.Two of them correspondto the collinearpeaksfrom initial- andfinal-stateleptonic
radiation. The third one is dominatedby the kinematical situation where the electronscattersoff an
almost real photon, collinear to the incident quark (Comptoncontribution). For the charged-current
reactionthereis only onechanneldescribingradiationfrom the initial-stateelectron.Thesepartsmaybe
usedseparately.Eachof thesecontributionsgives a verygood approximationfor the spectrumof emitted
photons in the correspondingphase-spaceregion but all of them are neededto obtain a reasonable
predictionfor the photon-inclusivecross-section.

Further details of the treatmentof the bremsstrahlungcontributions, like explicit cross-section
formulas,choiceof variablesandkinematical limits aregiven in refs. [7,81.

3. Sampling techniques

The computationalproceduresapplied in HERACLESarebasedon the methodsused in the AXO
library [9] for Monte Carlo integrationand eventgeneration.AXO itself relies on the Monte Carlo
integrationalgorithmVEGAS by P. Lepage[1]. The methodmay be characterizedas a combinationof
adaptiveimportancesampling[11and anoptimizedvon-Neumannrejectiontechnique[9].

According to this procedure,the following stepshaveto be performedin actualcomputations:
1. Integrationof the different contributionsto be included. Therebypartial cross-sectionsare deter-

mined according to the actually definedphase-spaceregion. They define the relative weight of the
correspondingcontributionin the final stepof eventsampling.Furthermore,the integrationproce-
dure suppliesinformation for the constructionof the distribution function applied for eventgenera-
tion.

2. Estimationof the local maximaof the distribution function in a predefinednumberof hypercubes,
since the integrationvolume is subdividedto optimize the rejectionprocedure.This step is usually
executedtogetherwith the integrationstep 1.

3. Event sampling.According to the partial cross-sectionsdeterminedin step 1, eventsaregenerated
randomlyfrom the individual contributions(Born term including soft andvirtual corrections,initial-
andfinal-stateleptonic radiation,andComptonpart, respectively).
Note that steps 1 and 2 are necessaryfor each individual contribution to be included in the event

generation.For flexibility (in particularwith respectto CPU-time requirements)and testpurposes,the
program allows a treatmentof the different steps for each contribution separately.The information
obtained in steps 1 and 2 is always written to an external file which has to be assignedin the
correspondingrun. If step 3 is done in a separaterun of the program,a correspondingfile had to be
preparedin a preceedingrun which performedat least steps1 and 2. The randomnumberseedsfor
refined integration by VEGAS or continued event samplingcan also be storedon an external file.
Conventionsfor file units are definedin the next section.
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4. Technical description

4.1. Input to theprogram

The input to the programhas the following generalstructure:an option card definingthe expected
information(FORMAT (AlO)) is to befollowedby onecardcontainingtheappropriatedata(format-free).
In general,the sequenceof different options does not matter, only the START option (see below)
triggeringthe actualoperationof the programhasto be the lastone.

In the following we describethe potential input options andthe correspondingdataexpectedby the
program.Default valuesaregiven in brackets.

TITLE
data: userdefinedheadingof the first page.

EL-BEAM
data:EELE, POLARI, LLEPT;
quantitiesdefining the propertiesof the electronbeam.
EELE = energyof the electronbeamin GeV (30 GeV);
POLARI = degreeof beampolarization(0.0), — 1 � POLARI � 1;
LLEPT = leptoncharge(— 1),

= — 1, electronbeam,
= +1, positronbeam.

PR-BEAM
data:EPRO;
propertiesof the proton beam.
EPRO = energyof the proton beamin GeV (820 GeV).

KINEM-CUTS
data: ICUT, XMIN, XMAX, YMIN, YMAX, Q2MIN, WMIN;
definition of kinematicalcuts to be applied.
ICUT = 1: cuts in x andlowercut in Q2 (Q2MIN in GeV2), cuts in y are ignored,

= 2: cuts in x, lowercut in Q2 andlower cut in thehadronicmassW (WMIN in GeV), cuts in y
are ignored,

= 3: cuts in x, y, Q2 andW.
Default: ICUT = 3. The final definition of cutsaccordingto the most restrictiveconditionsis performed
in the subroutineHSPRLG; detailsaregiven in appendixA.

EGAM-MIN
data:EGMIN;
definition of a lower cutoff energyfor bremsstrahlungphotons(in GeV).
EGMIN = 0.0: Integration and/or simulation of both radiative and non-radiative events (default).

Internally a value for the minimal photon energy in radiative events is calculated
dependingon x and y. This option shouldbe usedonly if integration/samplingof the
non-radiativechannel is also requestedby setting INC2 (ICC2) = 1 and/or ISNC2
(ISCC2)= 1 or 2.



A. Kwiatkowskiet al. / HERACLES:aneventgeneratorfor epreactions 161

EGMIN > 0.0: Only hard-photonbremsstrahlungconsideredfor eventsampling(in this casethe data
items ISNC2 and ISCC2 from input options ‘SAM-OPT-NC’ and ‘SAM-OPT-CC’ are
ignored!).

GSW-PARAM
data: LPARIN (1: 11);
monitoring the definition of electroweakparametersand the inclusionof different virtual corrections.
LPARIN(1) = 1: electroweakparametersset with fixed valuesfor the bosonmassesM~,M~

= 2: electroweakparameterscalculatedfrom fixed M~,G~.
Default: LPARIN(1) = 2. The definition of bosonandfermion massesas far as they arenot input from
codeword “GSW-MASS” andthe calculationof coupling constantsis donein the subroutineHSSETP.
LPARIN(2) = 0: only Born cross-sectionwithout electromagneticor weakcorrectionsis integrated/sam-

pled;
1: Born cross-sectionincluding correctionsasdeterminedby LPARIN(3) — LPARIN(1 1).

Default: LPARIN(2) = 1.
The following options define the correspondingcorrectionsto be included in the actualcalculation
(0/1 = no/yes).
LPARIN(3) (0): soft-photonexponentiation*;

LPARIN(4) (1): leptonicQED corrections;
LPARIN(5) (0): quarkonicQED corrections*;

LPARIN(6) (0): lepton—quark interference *;

LPARIN(7) (1): fermioniccontributionsto the photonself-energy.~
LPARIN(8) (0): fermionic contributionto the y—Z mixing;
LPARIN(9) (0): fermioniccontributionto the self-energyof the Z boson;
LPARIN(l0) (0): fermionic contributionto the self-energyof the W boson;
LPARIN(11) (0): purelyweak contributionsto the self-energies,vertexcorrectionsandboxes.

GSW-MASS
data: MW, MZ, MH, MT;
the electroweakmassparametersW andZ bosonmasses,Higgsmassandthe top-quarkmass(in GeV).
Thevaluegiven for MW is only usedif at the sametime LPARIN(1) = 1. OtherwiseMW is calculatedin
the programfrom the p. decayconstant.

PARTON-DIS
data: IPART;
defines the parametrizationof parton densitiesor structurefunctions applied in the calculation. The
availableparametrizations(takenfrom the subroutinePYSTFU of JETSET6.3 [10]) canbe found in the
sourcememberHSOURCE3,additionalonescanbe includedeasily by the user.
IPART � 100: direct call to partondistributions,
IPART � 200: structurefunctionsarecalculatedusingthe partonmodel relationsusingthe parametriza-

tions definedby IPART-100;
IPART> 200: is foreseenfor calls to other parametrizationsof structurefunctions not basedon the

partonmodel.
For IPART> 100, only leptonicQED correctionsandself-energycontributionscanbe included andno
hadronizationis sensible.

* Not implementedin the presentversion.
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IPART = 0: simple scalingdistributions;
= 1: Eichtenet al., set 1 of ref. [11];
= 2: Eichtenet al., set 2 of ref. [11];
= 3: Duke/Owens,set 1 of ref. [12];
= 4: Duke/Owens,set2 of ref. [12];
= 5: Glück, Hoffmann, Reya[13];
= 6: Harrimanet al., set E of ref. [14];
= 7: Harrimanet al., set B of ref. [14].

Default: IPART = 7. The parametrizationsof Harrimanet al. (IPART = 6 and7) requireinformationon
expansioncoefficientscontainedin externalfiles. This informationis readin from unit LUNPD6 (for set
E) or LUNPD7 (for set B). It is containedin the membersHMRSEDAT andHMRSBDAT of the source
file.

NFLAVORS
data:NPYMIN, NPYMAX.
minimal andmaximal numberof flavors to be includedin thecross-section.The flavorsarecountedfrom
1 to 6 in the following order: d, u, s,c, b, and t. DefaultsareNPYMIN = 1 andNPYMAX = 6.

INT-ONLY
data: INTOPT.
A negativevalue for INTOPT supressesthe call to subroutinesneededfor the preparationof the
samplingsteps.Only integrationof the differentialcross-sectionis performedin this case.Default: 0.

INT-OPT-NC
data: INC2, INC31, 1NC32, INC33;
definesthe contribution(s)to neutralcurrentinteractionsfor which the integratedcross-sectionis asked
to be calculatedin order to preparethe samplingprocedure(includingestimationof local maximaof the
actualdistribution function if INTOPT� 0).
INC2: integrationfor the non-radiativecontribution(Born termwith virtual andsoft corrections);

integrationby Gaussianquadrature,NAGLIB routine DO1FCF;
INC31 <100: number of iterations for integration of the contribution from initial state leptonic

bremsstrahlungby VEGAS;
INC31> 100: (INC31-100)iterationsby VEGAS1;
INC31 > 200:(INC31-200)iterationsby VEGAS2;
1NC32: monitoring the integrationof final-state leptonic bremsstrahlungwith the sameconven-

tions as for INC31;
INC33: monitoring the integrationof the Comptoncontributionwith the sameconventionsas for

INC31.
Defaults are INC2 = INC31 = 1NC32= 1NC33 = 0, no integration.A moredetailedexplanationof the
different VEGAS optionsis given in appendixB.

INT-OPT-CC
data: ICC2, ICC31, ICC32, 1CC33;
sameas INT-OPT-NC but for the charged-currentinteraction.
ICC2: integrationfor the non-radiativecontribution(Born term with virtual andsoft corrections);
ICC31: integrationof the contributionfrom initial-state leptonic bremsstrahlungby VEGAS;
1CC32: integrationof the contributionfrom initial-state quarkonicradiation(not yet active);
1CC33: integrationof the contributionfrom final-statequarkonicradiation(not yet active);
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INT-POINTS
data:NPOVEG;
upper limit for the number of integration points used by VEGAS. Default is NPOVEG = 1000.
Recommendationsfor the useof this input dataare discussedin section 6.

SAM-OPT-NC
data: ISNC2, ISNC31, ISNC32, ISNC33;
monitoring the inclusion of individual contributions to the neutral current cross section for event
sampling; default: ISNCx = 0. A contribution is included if the correspondingoption is set to 1 or 2,
respectively;ISNCx = 2 triggerscontinuedsampling,i.e. information from a previoussamplingrun with
ISNCx ~ 0 is expected.
ISNC2: non-radiativecontribution;
ISNC31: initial-stateleptonicbremsstrahlung;
ISNC32: final-stateleptonicbremsstrahlung;
ISNC33: Comptoncontribution.

SAM-OPT-CC
data: ISCC2,ISCC31,ISCC32,ISCC33;
sameas SAM-OPT-NC but for the chargedcurrent. For the physical contentof the charged-current
radiativechannels,seeoption “INT-OPT-CC”.

RNDM-SEEDS
data: ISDINP, ISDOUT;
monitoring input/outputof actualrandomseedsfrom/to unit LUNRND.
ISDINP = 0/1: (no) input of seeds;
ISDOUT = 0/1: (no) outputof seeds.
Default: ISDINP = ISDOUT = 0.

IOUNITS
data: LUNIN, LUNOUT, LUNRND, LUNDAT, LUNPD6, LUNPD7;
logical unit numbersfor in- andoutput.
LUNIN: for input of parametersas describedin thissection4.1 (default: 5);
LUNOUT: for control outputandoutputof results(see section4.2.1,default: 6);
LUNDAT: for in-/output of resultsfrom the integrationstepfrom/to anexternalfile (see section4.4,

default: 11);
LUNRND: for in-/output of the random numberstatusfrom/to an external file (see section 4.4,

default: 10);
LUNPD6: for input neededfor the partondistributionsHMRS(E) (default:27);
LUNPD7: for input neededfor the partondistributionsHMRS(B) (default: 28).

START
data: NEVENT
starts the executionof the main program.
NEVENT: numberof requestedeventsif any samplingoption is activated.Default: NEVENT = 1000.

4.2. Output/scoringofgeneratedevents

In this subsectionwe describethe standardoutputof the programas well as the way the usermay
extractthe information wantedduring eventsampling.
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4.2.1. Standardoutput
1. Definition of run parameters.
— All quantitiestransferredto the programvia the input optionsareechoedimmediatelyafter reading

the input.
— The final definition of all important parameters is printed before the actual start of the

integration/samplingprocedure.

2. Integration.
(i) Non-radiativecontribution:

The resultingestimateof the integratednon-radiativecross-sectionand an estimatefor its error is
printed(presentlyrequestedrelative accuracyIXI/I = iO~).

(ii) Bremsstrahlungcontributions:
The programgives the standardoutputgeneratedby the VEGAS routines,including:
— numberof function evaluationsper iteration;
— integralanderror estimatesfor the actualiteration;
— accumulatedintegral and error estimatestaking into account results from previous iterations

(dependingon the entry chosenfor the VEGAS routine,compareappendixB and input option
“INT-OPT-NC”).

3. Sampling.
Actually applied cross-sectionsand the numbersof generatedeventsare given for each individual

contribution. For eachrun, a headerrecord and a terminating record is written to the commonblock
/HEPEVT/ accordingto the standardsproposedin [15]. The headerrecordcontainsin additionto the
standardquantitiesparameterdefinitionsandoption flags,thefinal recordincludessome partial results.
Details aregiven in appendixC.

4.2.2. Scoringof events
Theprogramis designedin sucha way that any useractionis expectedin the user-suppliedsubroutine

HSUSER(ICALL,X,Y,Q2). Here the user may ask for output of the eventsor the preparationof
histograms.This subroutineis called only if event samplingis requestedvia the input options. The
argumentshavethe following meaning:
ICALL = 1: initial call from the main programto allow the necessaryinitializations;

= 2: calls for scoringof sampledevents(HSUSERis calledfor eachacceptedevent);
= 3: final call after completionof eventsampling.

X,Y,Q2: correspondingkinematicalvariablesof the actualevent.

The completeinformation on eachsampledeventis transferredto HSUSERvia the common block
/HEPEVT/ composedaccordingto recentrecommendationsfor eventgenerators[15]. This form was
chosento allow for an easyextensionof the programtowardsthe coupling of fragmentationprograms.
The common block has the structure

COMMON/HEPEVT/ NEVHEP, NHEP, ISTHEP (NMXHEP), IDHEP (NMXHEP),
& JMOHEP (2, NMXHEP), JDAHEP (2, NMXHEP),

& PHEP (5, NMXHEP), VHKK (4, NMXHEP)

The importantvariablesare:
NEVHEP: normally the eventnumber;
NHEP: the actualnumberof entriesstoredin the currentevent;
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IDHEP(IHEP): particleidentity, accordingto the ParticleDataGroup standard;
PHEP(1:4, IHEP) 4-momentum,in GeV/c.

The conventionsfor storingthe individual particlesin this commonblock are: the scatteredlepton has
IHEP = 1, IHEP = 2 denotesthe scatteredquark(or the completehadronicfinal stateif IPART> 100),
and IHEP = 3 the photon. For IPART � 100, i.e. if the parton model is to be used,also the proton
remnant is savedon the event record with IHEP = 4 and the convention IDHEP(4) = 90 ‘i’, and
ISTHEP(4)= 1.

It might also be convenientto usethe information of the commonblock /HSIKP/ which describes
the eventsin termsof Mandelstaminvariantsof the electronquarksubprocessasdefined in section 1.
The contentof this commonblock is

COMMON /HSIKP / S,T,U,SS,TS,US,DKP,DKPS,DKQ,DKQS

In case of non-radiative events the primed quantitites s’, t’ and u’ (entriesSS, TS, and US) areput
equal to the unprimed S,T, and U, respectively, and the four dot-products of the photon 4-momentum
with the different fermion momentaaresetto 0. Note that the real variables of both the common blocks
HEPEVT andHSIKP aredeclaredasDOUBLE PRECISION.

4.3. Randomnumbergenerator

The algorithm for the generator of uniform randomnumbersused in our programhas beentaken
from ref. [2]. The generated sequence of pseudorandom numbers should be independent of the actual
hardware (if a real number has at least 24 significant bits in the internal representation). This generator
has a period of about 2 144~Optionally, the actual seeds for the generatormay be written to an external
file (unit number LUNRND) after integration/eventsamplingis completedin the actual run. Seeds
from previous runs may be read from the same unit for continuedintegration/sampling(comparethe
input option “RNDM-SEEDS’).

4.4. Externalfiles to be definedby the user

Theprogramneedstwo externalfiles to be definedby the user, which are listed in the following:
unit LUNRND: file to store/readrandom-numberseeds(101 double-precisionwordson the IBM);
unit LUNDAT: information from integrationprocedures(and potential previous event sampling),

neededfor (continued)eventgeneration.
Besidesquantitiesnecessaryfor (continued)integration/sampling,also thefollowing parameterscharac-
terizing theactualrun conditionsarewritten to the correspondingdatafile: beamproperties(codewords
“EL-BEAM” and “PR-BEAM”), kinematicalcuts (“KINEM-CUTS” and “EGAM-MIN”), optionsfor
the electroweakeffectsandpartondistributions(“GSW-PARAM” and“PARTON-DIS”). If a dataset
is usedin subsequentruns theseparametersarecheckedfor consistencywith thosedefinedin the actual

job.

4.5. Sourcefiles andsampleinput

The sourceof the programis divided into severalmembers:
• HSMAIN: Contains the main program, the routines settingthe parametersas well as the routines

handling input andoutputof data.

* Thereis no standardfor the identity of the proton remnant.Whethertheprotonremnantis treatedasa diquarkor a systemof a

baryon anda singlequark or somethingelsehasto bemodeledinside the programsfor hadronization.
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• HSOURCE1:Generalsamplingroutines,appliedversionof the integrationroutineVEGAS, routines
relatedto the random-numbergenerator.

• HSOURCE2: Subroutinesfor the calculation of partial crosssections,kinematical limits, one-loop
corrections,etc.

• HSOURCE3: A set of parametrizationsof the quark distribution functions. Actually the parton
distributions from JETSET6.3 [10] are supplied, extendedby the parametrizationsfrom Harriman,
Martin, Stirling andRoberts[14].

• HSSTRFCT:Subroutinesfor the calculationof structurefunctions including leptonic QED correc-
tions andbosonself-energies.

• HSOURCEC: A set of routines for the calculation of the charged current cross section and
corrections.

• HSEXTERN: Substitutesfor externalroutines.
Furthermore,sample jobs for integration and samplingof all contributions are supplied including
IBM-JCL andinput data:
#NINTNR: integration for the non-radiative NC contribution;
#NINTINI: integrationfor initial-statebremsstrahlung(NC);
#NINTFIN: integrationfor final-statebremsstrahlung(NC);
#NINTCMP: integrationfor the Comptonpart (NC);
#CINTNR: integrationfor the non-radiativeCC contribution;
#CINTINI: integrationfor initial-statebremsstrahlung(CC);
#SAMPLE: generationof 1000 eventsincluding all contributions(first call);
#SAMPLEC: generationof 1000 eventsincludingall contributions(continuedsampling).
We also provide an example for the subroutine HSUSER, which may serve as a starting point for the
developmentof user-specificscoringroutines: it simply writes some parametersfor the actualrun and
the characteristicsof the generatedeventsontoan externalfile to be assignedto unit LUNEVE.

4.6. Externalproceduresrequired by theprogram

Besides those routinessupplied by the user for eventscoring and output, the program needsan
external integration procedurefor the calculation of the non-radiativecross-section.Presently, the
routine DO1FCF from the NAGLIB library is used.But it can be replacedby any otherroutine for a
two-dimensionalintegrationwith fixed integrationlimits for a non-singularintegrand.An explicit codeas
analternativefor DO1FCFis provided in the memberHSEXTERN.This file containsalso somedummy
routineswhich are foreseento provide the interfaceto programswhich shouldperformthe hadroniza-
tion of the scatteredquarkandthe proton remnant.

Moreover,a subroutinefor the evaluationof the F function GAMMA(X) for a realdouble-precision
argumentis needed.

5. First experiencewith theprogram

The integrationof the non-radiativepart (job#NINTNR) neededabout12 secondson an IBM 3090.
The integration by VEGAS for the radiative parts (five iterations with maximally 3100 function
evaluationseach)accordingto thejobs in the members#NINTINI, #NINTFIN, and #NINTCMP took
eachabout62 CPU seconds.It is recommendedto startwith a few iterationsusing not less than 1000
functionevaluationsfollowedby severalfinal iterationswith a highernumberof integrationpoints (about
10000).A run of # SAMPLE generating10000 events(both non-radiativeandradiative) wasfinished
after about 25 CPU seconds.In the initialization stepsfor this run we had used5 iterationswith 3100
integrationpointseach,followed further by 3 iterationseachwith 10000points.
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The timeneededfor eventgenerationdependson the sizeof the rangeof kinematicvariablesx and
y.For small bins the event generation works faster. The time per event increases slightly with the number
of generated events. This happens if in the course of event sampling the estimated values of the
integrand maxima are corrected and the sampling is re-iterated. It is therefore recommended to check
the remaining CPUtime (in the subroutine HSUSER)and stop the programin time.
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AppendixA. Definition of kinematicalcuts

In the presentversionof the programthe basic constrainton the momentumtransfer Q2 � Q~is
superimposingall further kinematical constraints.Q~may be defined by the uservia the option
“KINEM-CUTS”. In addition, limits on x and y and a minimal hadronic mass W may be given.
Additionally, severaldefinitions of the kinematicalregionmay be requestedby the uservia the input
parametersof the option “KJNEM-CUTS”. In the following we list in detail the kinematicalcuts as
defined in the programfor non-radiativeevents(S= 4EeEp).

ICUT = 1: x-limits and Q~from input accepted,y-limits and Wmjn ignored:

Q~,,� Q2 � Q~=xtS, Xmjn = Max{x~t, Q~~/S}�x �xt.

ICUT = 2: As ICUT = 1 with anadditional lower cut on the massof the final-statehadrons,

W~� W2 = (1 —x)yS+M~.

Wmjn will be set automaticallyto M~if the input is smaller.The additional restriction of W2 translates
into a modificationof the lowest allowed Q2 valuein the actualcalculation:

— MaxJ(fl2 \uhh1~t X
12 —

~ mm — ~ mm) ‘1 — ‘~ mill P

and

x = Mm
1 input i — (11.72 —max txm~ ~, mm P

ICUT = 3: All given limits (Xminm~,Ymmn,max, Q~
1,,,and Wmjn)are accepted. The actually applied limits

arecalculatedfrom the most-restrictiveinput conditionsresulting in:

Q~= Max{xmjnymmnS,(Q~mn)I~t,1 Xmin (w~~— M~)}� Q
2,

xmill

xmin = Max{x~~t, Q~mn/Ymax5}’

Xmax = Min{xt, 1— ~ _M~)/Ym~S},

• w2. -M2
inut 2 ~ P

Ymin = Max Ynii~ ‘ Qmmn/Xmax5, i,.,

~ mm)
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For radiativeevents,analogousconstraintsare respecteddependingon the valueof ICUT. In thiscase
the limits on the hadronicfinal-statemassdoesnotchangethe inputvaluesfor the cutson x and y or
Q2, but restrictsthe phasespaceof the bremsstrahlungphoton.

Appendix B. Remarks on the integration routine VEGAS

Oneof the mostimportantfeaturesof the integrationalgorithmrealizedin VEGAS is thesubdivision
of the integrationvolume in order to concentrateevaluationsof the integrandin regionswhereit takes
largevalues.This subdivisioninto hypercubesis modified after eachiteration accordingto the resultsof
this last integralestimation.If a calculationwith a givennumberof iterationsis finished,the information
on the actualgrid structuretogetherwith results for the integral and error estimatesare storedon an
externalfile. Thisinformation maybeusedas input for further iterationsto calculatetheintegral.Finally
it is usedto constructan optimizeddensityfor samplingin the event-generationprocedure.A detailed
descriptionof the method is given in ref. [1]. The VEGAS codeoffers severalentriesreferredto in the
descriptionof the input options“INT-OPT-NC” and“INT-OPT-CC”:
• VEGAS: Cold startof the integrationprocedurewith uniform grid; no information is requiredfrom

externalfiles.
• VEGAS1: Restartof the iteration procedureto estimatethe integral; the grid structureis usedfrom

the previousrun, but estimatesof the integraland its error accumulatedin the previous run(s) are
discarded.(The information necessaryis readfrom the correspondingexternalfile.)

• VEGAS2: Restart of the iteration procedureusingboth the grid information and the accumulated
estimatesof the integral andits error from the previousrun(s).

AppendixC. Conventionsfor headerand final record

Before event generation, a header record is written to the common block /HEPEVT/ with
NEVHEP = — 1. The contentof its first entry (IHEP = 1) is accordingto the standard[15]. The other
entrieshavethe following meaning:
NHEP = 73, numberof entriesin the headerrecord;
PHEP(1,2) = EELE, energyof the initial electronin GeV;
PHEP(1,3) = POLARI, polarizationof the initial electron;
PHEP(1,4) = EPRO,energyof the initial proton in GeV;
PHEP(1,5) = XMIN, minimum of the leptonic x;
PHEP(1,6) = XMAX, maximumof the leptonic x;
PHEP(1,7) = YMIN, minimum of the leptonic y;
PHEP(1,8) = YMAX, maximumof the leptonic y;
PHEP(1,9) = Q2MIN, minimumof the leptonicmomentumtransferQ2 in GeV2
PHEP(1,10) = WMIN, minimum of the invariant massof the hadronicfinal statein GeV;
PHEP(1,11) = EGMIN, minimumof thephotonenergyin GeV;
PHEP(1,12) = MW, W-bosonmassin GeV;
PHEP(1,13) = MZ, Z-bosonmassin GeV;
PHEP(1,14) = MH, Higgs-bosonmassin GeV;
PHEP(1,15) = MT, top-quarkmassin GeV;
ISTHEP(2) = LLEPT, chargeof the initial lepton;
ISTHEP(3) = ICUT, flag for kinematicalcuts;
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ISTHEP(4:15) = LPARIN(1 : 12), flags for the definition of electroweakparametersand partial
electroweakcorrections;

ISTHEP(16) = IPART, flag for the parametrizationof quark distribution functions or structure
functions;

ISTHEP(17) = NPYMIN, minimalnumberof flavors;
ISTHEP(18) = NPYMAX, maximal numberof flavors;
ISTHEP(19) = LUNIN, logical unit numberfor parameterinput;
ISTHEP(20) = LUNOUT, logical unit numberfor standardoutput;
ISTHEP(21) = LUNTES, logical unit numberfor testoutput;
ISTHEP(22) = LUNRND, logical unit numberfor in- andoutputof the randomnumbergenerator;
ISTHEP(23) = LUNDAT, logical unit numberfor in- andoutput of resultsof the integrationstep;
ISTHEP(24) = NINP, logical unit numberfor VEGAS input;
ISTHEP(25) = NOUTP, logical unit numberfor VEGAS output;
ISTHEP(26: 30) = flags for integrationof non-radiativepartial cross-sections(internally denotedby

INT2(1 :5);
ISTHEP(26) = INC2 from input codeword “INT-OPT-NC”;
ISTHEP(27) = ICC2 from input codeword “INT-OPT-CC”;
ISTHEP(28:30) = not used;
ISTHEP(31: 45) = flags for integration of radiative partial cross-sections(internally denoted by

INT3(1 : 15));
ISTHEP(31) = INC31 from input codeword “INT-OPT-NC”;
ISTHEP(32) = 1NC32from input codeword “INT-OPT-NC”;
ISTHEP(33) = 1NC33from input codeword “INT-OPT-NC”;
ISTHEP(34: 36) = not used;
ISTHEP(37) = ICC31 from input codeword “INT-OPT-CC”;
ISTHEP(38) = 1CC32from input codeword “INT-OPT-CC”;
ISTHEP(39) = 1CC33from input codeword “INT-OPT-CC”;
ISTHEP(40:45) = not used;
ISTHEP(46) = NPOVEG,maximal numberof pointsused in the VEGAS integration;
ISTHEP(47) = NUMINT, not activein version4.0;
ISTHEP(48) = NPHYP, not active in version4.0;
ISTHEP(49: 53) = flags for the inclusion of non-radiativepartial cross-sectionsin eventgeneration

(internally denotedby ISAM2(1 : 5));
ISTHEP(49) = ISNC2from input codeword “SAM-OPT-NC”;
ISTHEP(50) = ISCC2 from input codeword “SAM-OPT-CC”;
ISTHEP(51:53) = notused;
ISTHEP(54:68) = flags for the inclusion of radiativepartial crosssections in eventgeneration(inter-

nally denotedby ISAM3(1 : 15));
ISTHEP(54) = ISNC31from input codeword “SAM-OPT-NC”;
ISTHEP(55) = ISNC32from input codeword “SAM-OPT-NC”;
ISTHEP(56) = ISNC33from input codeword “SAM-OPT-NC”;
ISTHEP(57: 59) = not used;
ISTHEP(60) = ISCC31 from input codeword “SAM-OPT-CC”;
ISTHEP(61) = ISCC32from input codeword “SAM-OPT-CC”;
ISTHEP(62) = ISCC33from input codeword “SAM-OPT-CC”;
ISTHEP(63: 68) = not used;
ISTHEP(69) = INTOPT, flag for integrationin- or excludingpreparationof the samplirtgstep;
ISTHEP(70) = IPRINT, flag for testoutput;
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ISTHEP(71) = ISDINP, flag for input of random-numberseeds;
ISTHEP(72) = ISDOUT, flag for outputof random-numberseeds;
ISTHEP(73) = NEVENT, requestednumberof events.

The following list showsthe contentof the final record with NEVHEP = —2. This record contains
outputof the program.
NHEP = 44, numberof entriesin the final record;
PHEP(1,1) SIGTOT, total cross-section;
PHEP(1,2) = SIGTRR, estimatederror of the total cross-section;
PHEP(1,3: 22) = SIGG(1: 20), partialcross-sections;
PHEP(1,23:42) = SIGGRR(1 : 20), estimatederrors of partial cross-sections;
PHEP(1,43) = SW2, weak mixing angle s~
PHEP(1,44) = MW, W-bosonmass;may be changedfrom its input value;
ISTHEP(1) = NEVENT, totalnumberof generatedevents;
ISTHEP(2:22) = NEVE(1 : 21), partial eventnumbersfor eachchannel.

References

[11 G.P. Lepage,J. Comput.Phys.27 (1978) 192.
[21 G. MarsagliaandA. Zaman, Towardsa universalrandomnumbergenerator,Florida StateUniv. PreprintFSU-SCRI(1987).

SeealsoF. James,Comput.Phys.Commun.,60 (1990)329.
[3] M. Böhm andH. Spiesberger,Nuci. Phys.B 294 (1987) 1081.
[41D.Yu. Bardin,C. Burdik, P.Ch.Christova andT. Riemann,Z. Phys.C 42 (1989)679.
[5] G. Schulerand H. Spiesberger,in preparation.
[6] J. Feltesse,Proc.HERA Workshop,Hamburg,1987, Vol. 1, ed. RD. Peccei,p. 33.
[7] A. Kwiatkowski, H.-J. Möhring andH. Spiesberger,Z. Phys.C 50 (1991) 165.
[81A. Kwiatkowski, PhD thesis.
[9] S. deJungand J. Vermaseren,AXO UserManual, NIKHEF-H Report 1987.

1101 T SjoestrandandM. Bengtsson,Comput.Phys.Comm. 43 (1987)367.
[11] E. Eichten, I. Hinchliffe, K. Laneand C. Quigg, Rev. Mod. Phys.56 (1984) 579.
[12] D.W. Duke andiF. Owens, Phys.Rev. D 30 (1984) 49.
[13] M. GlOck, E. Hoffmannand E. Reya,Z. Phys.C 13 (1982) 119.
[141 P.N. Harriman,A.D. Martin, W.J. Stirling and R.G. Roberts,preprint RAL-90-007(1990).
[15] G. Altarelli, R. Kleiss andC. Verzegnassi(eds.),Z PhysicsatLEP 1, Vol. 3: Event generatorsandsoftware,CERN 89-08(21

September1989).
B. Bambahetal., QCD generatorsfor LEP, CERN-TH. 5466/89(July 1989).



A. Kwiatkowskieta!. / HERACLES:an eventgeneratorfor epreactions 171

TEST RUN OUTPUT

Here we reproducethe sample jobs #NINTNR (integration of the neutral current non-radiative
cross-section)and#NCSAMP (first call for the generationof 1000eventsincluding the contributionsof
all channelsfor neutralandchargedcurrent scattering).Thesejobs run on the IBM-3090 at DESY.

II JOB CLASS=K,MSGLEVEL=(2,0),TIME=(00,30),NOTIFY=FO1MOE
/ /* ******************************************************************

//*
11* HERACLESV 4.0 / INTEGRATION FOR NON-RADIATIVE CONTRIBUTION

//*
//* ******************************************************************

// EXEC VFORTCLG,
II CPRT=DUMMY,

II LLB1=’FO1MOE.HERACLES.V40.L’,
II LLB2=’SYSWl .DNAGLIB’
//C.SYSIN DO *

MACROHSUSER

//L.SYSIN DO *

INCLUDE SYSLIB(HSMAIN)
INCLUDE SYSLIB(HSOURCE1,HSOURCE2,HSOURCE3)
INCLUDE SYSLIB (HSOURCEC,HSSTRFCT)

ENTRY EPGEN
//G.FT1OFOO1 DD DSN=FO1MOE.HER.V40.RNDNRS,UNIT=FAST,
II DCB=(RECFM=VBS,BLKSIZE=6233,LRECL=32760),

II DISP=OLD

hG .FT11FOO1 DD DSN=F01MOE.HER.V40.DATA,UNIT~FAST,

II DCB=(RECFN=VBS,BLKSIZE6233,LRECL’32760),
II DISP=OLD
//G.FT27FOO1 DD DSN=IO2SPI.HMRSE.DAT,UNITFAST,DISPSHR
//G.FT28FOO1 DD DSN=IO2SPI.HMRSB.DAT,UNITFAST,DISPSHR
//G.SYSIN DD *

TITLE
TEST RUN // INTEGRATION FOR NON-RADIATIVE CONTRIBUTION

IOUNITS
5 6 11 10 27 28

GSW-PARAM
21010010000

EL-BEAM
30D0 ODO -1

PR-BEAM
82000

KINEM-CUTS
3 10-04 5D-01 1D-02 0.99D0 4D0 2D0

EGAM-MIN
ODO

INT- OPT-NC
1 0 0 0

INT-POINTS
1000

SAM-OPT-NC
0000

PARTON-DIS
7

NFLAVORS
0 5

RNDM-SEEDS
0 1

START
1000
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The following JCL calls HERACLES to produce 1000 events.The information of the preceeding
initialization stepsis supplied from the datasetHER.V40.DATA. The generatedeventsarewritten to
the file HER.V40.EVENTS.Of course,the namesandspecificationsof thesefiles haveto beadjustedto
the specificenvironment.In thissecondexampleonly non-default input optionsareexplicitly given.

II JOB CLASS=A,MSGLEVEL=(2,0),TIME=(00,10),NOTIFYFO1MOE

/ /* ******************************************************************

//*
//* HERACLESV 4.0 I SAMPLING OF 1000 EVENTS

FOR NEUTRAL AND CHARGEDCURRENTINTERACTIONS

//* WITHOUT CUT ON PHOTONENERGY

//*
//* EVENTS ARE WRITTEN TO UNIT LUNEVE=31
11*
/ /* ******************************************************************

II EXEC VFORTCLG,
II LLB1=’FO1MOE.HERACLES.V40.L’,
II LLB2=’SYSWl.DNAGLIB’,
II LLB3=’ROlUTL.CERN.PACKLIB’,
II LLB4=’ROlUTL.CERN.GENLIB’,
II LLB5=’ROlUTL.CERN.KERNLIB’
//C.SYSIN DD *

MACROHSUSER

IIL.SYSIN DD *

INCLUDE SYSLIB (HSMAIN)
INCLUDE SYSLIB(HSOURCE1,HSOURCE2,HSOURCE3)
INCLUDE SYSLIB(HSOURCEC,HSSTRFCT)
ENTRY EPGEN

hG .FT1OFOOI DD DSN=FO1MOE.HER.V40.RNDNRS,UNIT=FAST,
II DCB=(RECFMVBS,BLXSIZE=6233,LRECL=32760),
II DISP=OLD
//G.FT11FOO1 DD DSN=FO1MOE.HER.V40.DATA,UNITFAST,

II DCB(RECFMVBS,BLKSIZE6233,LRECL~32760),
II DISP~OLD
//G.FT31FOO1 DD DSN=FO1MOE.HER.V40.EVENTS,UNIT=FAST,
II DISPOLD
//G.FT27FOO1 DD DSN=IO2SPI.HMRSE.DAT,UNITFAST,DISPSHR

//G.FT28FOD1 DO DSN=IO2SPI .HMRSB.DAT,UNITFAST,DISPSHR
h/G.SYSIN DD *

TITLE
TEST RUN /1 GENERATION OF 1000 NC/CC-EVENTS / WRITTEN TO UNIT 31

IOUNITS
5 6 11 10 27 28

KINEM-CUTS
3 1D-04 5D-01 10-02 0.99D0 400 2D0

SAM-OPT-NC
1111

SAM-OPT-CC

1100
RNDM-SEEDS

0 1

START

1000


