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Natureofphysicalproblem
PROGRAMSUMMARY Low-p1 interactions of high energy photons with nuclear

targets are describedby the vectormesondominancemodel
Titleofprogram: LUCIFER version2.2 (VDM) in which thephotonappearsasa virtual vectormeson

(p° dominantly) which interacts strongly with the nucleon.
Cataloguenumber: AAXH High-p1 interactions,on the other hand, occur through the

point-like interactionof thephotonwith a constituentquark in
Programobtainablefrom: CPCProgramLibrary, Queen’sUrn- thenucleon. This latter processis particularlyinterestingas a
versity of Belfast, N. Ireland (see application form in this cleanprobe of quark dynamicswithin QED and QCD.
issue)

Methodofsolution
Computerson which theprogram is operable: IBM, CDC, VAX,
ND, Univac andotherswith a FORTRAN 77 compiler For high-p,1, interactions,perturbativelycalculatedmatrix ele-

ments for the QED and QCD Compton processes,the

Computer: IBM 3084Q; Installation: DESY, Hamburg, Fed. photon—gluonfusion processand prompt mesonproduction
Rep.Germany throughthehigher twist mechanismare used.Low-p1 events

are treatedas p°-nucleoninteractionsusing a simple VDM
Operatingsystem:MYS )(A approach.TheLund stringmodel is usedfor thefragmentation

of colour chargedpartonsinto final statehadronssuchthat
Programminglanguageused: FORTRAN 77 completeeventsare simulatedwhich facilitates easycompari-

sonwith anyexperimentalobservable.
High speedstoragerequired: 680 Kbytes

Restrictionson thecomplexityof theproblem
No. of bits in a word: 32 For eachsubprocess,only the leadingorder matrix elements

Peripheralsused: terminalandprinter for input/output areused,but somehigherorder correctioneffects (K-factors)
canbereducedby anoptimal scalechoice.

No. of lines in combinedprogram and testdeck: 3656
Typical running time

CPC library programs used: JETSET6.2; cat, no.: AAFP; ref The time neededto generateone event is 0.02 to 0.03 s
in CPC: 39 (1986)347, or updatedversion6.3; cat, no.: AATJ; dependingon energyand Pi scale.
ref. in CPC: 43 (1987)367

Unusualfeaturesof theprogram
Keywords: photon—nucleoncollisions, QED Compton,QCD A randomnumbergeneratorandtheordinarygammafunction
Compton, photon—gluon fusion, high-p1 particles, prompt are required.
photons,higher twist, prompt mesons,Monte Carlo simula-
tion, hadronization,low-p1 VDM
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LONG WRITE-UP

1. Introduction

The presentdescriptionof high energyphoton—hadroninteractionsis basedon two different, but
complementarytheoreticalframeworks.On the one hand,the low-p1 behaviorthat dominatesthe cross
sectionis describedin termsof the vector-mesondominancemodel (VDM) [1]. In this model,the photon
appearsas a vector-meson,mainly as a p°,andcan as suchexperiencestrong interactionswith a target
nucleonleadingto low-p1 eventssimilar to thoseoccurringin minimumbias hadron—hadroninteractions.
On the other hand, final states with high-p1 particles are expected to occur through a point-like
interactionof the photonwith a quarkconstituentin the targetnucleonandarethereforecalculableusing
perturbativeQED and QCD (seee.g. refs. [2_4]).Although LUCIFER attemptsto cover both cases,it is
essentiallymeant to treat only the latter in detail. This is due mainly to the much better theoretical
understandingof hardinteractionsmaking abetterMonteCarlo modelpossibleanddetailedstudiesof the
interactionmechanismmoremeaningful.The underlyingquark dynamicsandchargesare thusinteresting
topicsfor detailedphenomenologicalstudieswith theaid of a Monte Carlo eventgenerator.

The programmeis basedon the differential cross sectionson the parton level [2—61.The outgoing
partonsare subsequentlyconnectedby colour force fields, and the Lund string model [7] is usedto
describethe hadronizationprocess.As a result, the detailedevolution of the eventcan be monitoredas
well as thecompletefinal particlestateobtained.This allows to predictthe behaviorin any observableand
thus makescomparisonswith experimentaldataeasier,in particularsince crosssectionestimatesof the
generatedprocessesare also provided. Included are the QCD Compton and the photon—gluonfusion
processeswhich dominatethe high-p1 crosssection,but also the pureQED Comptonprocessas well as
the higher twist processesof prompt meson and glueball production. Although thesehard point-like
interactions,with the exceptionof higher twist processes,are theoreticallywell understood,they havenot
yet beenwell testedwith experimentaldata. Severalphotonbeamexperimentshavetakendataor are in
progressand observationsof high-p1 particle production exist [8], but further and more detailed
comparisonswith the theoreticalexpectationsare desirable.It is the aim of this Monte Carlo programme
to be ananalysistool in theseforthcominginvestigations.

The higher twist processes,althoughbeing studiedwithin QCD for a numberof years[9], havenever
beenexperimentallyestablished.Recentdataindicatetheir existencein high-p1 hadron—hadronscattering
[10] andin low-p1 neutrinointeractions[11], but no evidenceis availableso far in photonexperiments.A
clear observationto prove their existencewill needextensiveanalysisof both the higher twist processes
themselvesand the backgroundfrom normal processes,e.g. with the help of the programmepresented
here.

In this paperwefirst discuss,in section2, theincludedprocessesfrom the pointof view of physics(with
referencesto programmeroutinesand variablesin capital letters). We then give, in sections3 and4, a
detailedmanualfor the use of the programme,LUCIFER * version 2.2. The programmeis basedon the
Lund Monte Carlo for high-p1 physics,PYTHIA version3.4 [13], andalso hascommonfeatureswith the
laterhighertwist version,TWISTER[14]. Although the presentpaperis essentiallyself-contained,we refer
the readerto thesepapersalso for discussionnot repeatedhere.For someresults alreadyobtainedwith
LUCIFER we refer to [15], which containshelpful examplesas well as somebasic physics results of
experimentalrelevance.

* Lucifer n (light-bringing, theplanetVenus as) themorning star; nameof Satan,thechief rebelangle, beforehis defeat[121.



G. Ingelman,A. Weigend/A MonteCarlofor high-p
1 photoproduction 243

2. Physicsaspectsof includedprocesses

Thehardprocessesconsideredare all of the same2 —* 2 scatteringtype with a crosssectionof the form

da1=f.(x, Q2)~dx dl. (1)

Here,x is the usualmomentumfraction carriedby theinteractingparton,of type i, occurringin thetarget
hadronwith a probability as given by the structurefunctions, f1, which can be chosenamonga set of
availableparametrizations(seeIPY(12) and PYSTFU) [16—19].A basiccutoff (QTMIN) in p1 of the
scatteredpartonsis usedto avoid the divergencesthat occur for zeromomentumtransfer, I —~ 0. Thehard
scatteringmomentum transfer scale, Q

2, used in a~and structure function parametrizationsis not
uniquely definedto this order and some alternative definitions are therefore available (IPY(11)). The
choice Q2 = 2~1~/(~2+ 12 + j~2)is takenas default, but the optimizedscalechoicesdiscussedin [20] can
also beemployedwhich mayminimizethe size of higherorder corrections(K-factors) for a generalclassof
processes,althoughthey werederivedfor somespecific processes.

The efficiency of the simulation is increasedby introducing the functions h (x) and h~( x, I) in the
programme(the detailed definitions are given by commentlines in PYRAND) and rewriting the total
crosssectionin the form

da={~~dthxh,}{~xfj(x, Q2)~....L} (2)

In subroutinePYRAND the randomvariables(x, I) are first chosenexactlyaccordingto the expressionin
the first bracketand theremainingfactorappliedin a weighting procedurebasedon the maximumvalue
estimatedin the initialization (LUCINI) usingMINUIT routines[21] (includedin the programpackage).
Hence,no weightsare associatedwith the generatedevents,i.e., theyall haveunit weight.The h-functions
werechosenaccordingto the polesof the crosssectionsof the various processessuch that the remaining
weightingfactor variesas little as possible,leadingto a moreefficient simulation procedure.

A particularsubprocessis then chosenaccordingto its relativecontribution to eq. (2). The scattered
partonsas well as the targetremnantparton(s)are connectedby strings (PYCONF) as discussedbelow
(see subroutinePYSPLI and [13] for details concerningnon-trivial target remnants).Finally, the Lund
string model [7] in its Monte Carlo implementation[22] is usedto simulatethe hadronizationprocess.

The crosssectionsfor the simulatedprocessesare estimatedthrough the Monte Cab samplingof the
crosssectionformulae and storedin common PYCROS. They can, e.g., be printed at the end of a job
using LUCROS.We note that their accuracydependson the statisticsessentially as 1/ %/7~7 since they
updatedwith eachgeneratedevent.

2.1. The QED Comptonprocess

The differential crosssectionfor the pureQED processof Comptonscattering

y+q—*y+q, y+4—*y+4 (3)

(fig. la) is givenby [2]

da 2’rra2 ( ~

(4)
where .~, 1, i~are the usual Mandeistamvariablesin the parton level subsystem;in particular I is the
squaredfour-momentumtransferbetweenthe incomingand the outgoingphoton.
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(a) (b)

:~—~ M Fig. 1. Processesincluded in the programme:(a) QED Corn-

pton ‘~+ q —~q + y. (b) QCD Compton y +q —~q + g, (c)
photon—gluonfusion y +g —~q + 4, (d) higher twist prompt
mesonproductiony + q —~M + q’. (Note that theseFeynman
diagramsare examplesonly, thus q can be a quark or an

(c) (dl antiquarkandcrosseddiagramsarenot shown.)

Despitethe low rate due to the a
2 factor (as opposedto the aa~factor for the lowest order QCD

processes),it hasseveralinterestingproperties:The pureQED calculationshouldmake the crosssection
calculationparticularly reliable and the final statephoton, being unaffectedby the confinementforces,
should reflect the dynamicsof the parton level processwithout any distortions from the hadronization
processes.The dependenceof the quark chargeto the fourth power makes it suitable to distinguish
betweenmodel with fractional andintegerquarkcharges.

The stringsystemhereis particularly simple. The scattered(anti)quarkformesa colour singlet system
with the targetremnant,thusasinglecolourtriplet stringis stretchedbetweenthem.

2.2. The QCD Comptonprocess

In the QCD Comptonprocess,a gluon is emitted in the final state

~y+q—~g+q, y+~—*g+4 (5)

(fig. ib) leadingto the differential crosssection[2,3]

dG 81raa~2~ ~
—~=————e~—+—~ (6)
dt 3 ~2 q~_

1~ s

where I is the momentumtransfersquaredbetweenthe incomingphotonandthe final gluon. Together
with the photon—gluonfusion process,this processdominatesthe cross section for high-p1 particle
production.A singlecolour string-systemis formedby joining the scattered(anti)quarkvia the gluon to
the targetremnant.

2.3. Thephoton—gluonfusionprocess

The crosssectionof the photon-gluonfusion processinto a quark-antiquarkpair

(7)

(fig. ic) is givenby [4]

~-~=——-~e~ m~—I q ,.+ —4 ~ ,~ 2 , (8)
cit ~2 m~—I~ mq~~t mq~~t mq~~ mq—t mq~u
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wheremq is the massof the producedquark.We haveincludedthe option (IPY(21)) to neglectthe quark
massin the matrix elementandto apply a simplethresholdfactor instead.This processis expectedto be
the dominantsourcefor productionof charmandheavierquark flavours. * With the quarkmassin the
matrix elementthereis no singularityfor p1 = 0. Hence,if only fusion into heavyquarkpairs (charmand
heavier) is simulated one may let QTMIN —~ 0 obtaining also an estimateof the total heavy quark
productioncrosssection.This leadingorder calculationmay not, however,bequite reliablefor too small
valuesof QTMIN dueto significanthigherorder corrections.

The targetremnantconsistingof thenucleonvalencequarksin a colour octetstateis in thiscasesplit in
a colour triplet (quark)anda colour antitriplet(diquark) [13]. Two independentstringsystemsareformed:
onestring connectsthe producedquarkwith the remnantdiquark, the other theproducedantiquarkwith
the remnantquark.By a call to LUPREPin [22]eachstringsystemis checkedfor sufficientenergyfor the
fragmentationroutines to be applicable.Although this doesusuallynotpresenta problem, heavyquark
productioncloseto thresholdmayfail this requirement.A heavymeson,or baryon,will be formeddirectly
(i.e. without the normal hadronizationprocess)in such cases, and energy and momentum slightly
reshuffledin order to obtain the correctparticlemassandto conserveenergyandmomentum.

2.4. Higher twistprocesses

In the so-called‘higher twist’ processesa hadronis produceddirectly in the hard process.This is in
contrast to the ‘minimum twist’ processesdescribedabove, where it is formed indirectly through the
fragmentation process. Photoproductionof such prompt high-p1 mesons through the higher twist
processes

y+q—~M+q’, y+4—~M+~’ (9)

(fig. ld) was first discussedin ref. [5] andlaterelaboratedin ref. [6] to takemixing of neutralmesonsinto
accountas well as glueballproduction,i.e. M abovecanalsorepresenta two-gluon gluoniumstatewithout
orbital angular momentum. By default, the latter formalism [6] is used, but the former [5] is also
implemented(IPY(23), c.f. function PYIMES).

Theimplementationof the crosssectionfrom [6] closelyfollows the onefor hadron—hadroninteractions
in ref. [14] andwe refer to section5 thereinfor a ratherdetaileddescription.Weemphasizethat for M in
eq. (9) all low-lying (S-wave) mesons composedof light quarks (u, d, s), i.e. all light vector and
pseudoscalarmesons,are includedas well as the expectedthreelightestgluomum states.Whenthe cross
sections from [5] are used, glueballsare excluded and the mixing of neutral mesonsis treatedin a
simplified way (seeDPROin commonPYPHOT).

Sincethepromptmeson‘decouples’from the remainingpartonsystemtheseprocessesleadto astring
configurationanalogousto that occurringin the QED Comptoncasewith a final statephoton. Thus a
singlestring is stretchedbetweenthe high-p1 (anti)quarkthat balancesthe promptmeson,andthe target
remnantsystem.

2.5. Low-p1 VDM interactions

To facilitate the simulationof low-p1 interactions,we usethe VDM idea[1] to simulatethe hadronic
natureof the photonby a neutralvectormeson(p°essentially)which interactssoftly asmodelledby the
Lund low-p1 model [23] in its Monte Carlo implementation[22]. The main idea hereis that the most
importantpropertiesof theeventcanbedescribedby the hadronizationof a singlestring with the valence

* Suchproductioncanbesimulatedseparately(byusingISELEC = 3), andtheflavoursto beproducedbespecified(IPY(2), IPY(22)).

For convenience,charmproductiononly can beselectedsimply with ISELEC =10.
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quarksof the reactingparticles‘distributed along the string’ accordingto a definite prescription.Apart
from the additionof a transversemomentuminducedby the soft interaction(PYPAR(11))we follow this
model.Sincethis routine(LUCVDM) is a separateroutine, its use doesnot affect the remainingpart of
LUCIFER. Furthermore,it doesnot provide any crosssectionestimate.The usercan, however,easily
associateanappropriatecrosssectionto the generatedevents.

3. Descriptionof programme components

LUCIFER version 2.2, written completelyin FORTRAN77, is essentiallybasedon the Lund Monte
Carlo for high-p1 physics,PYTHIA version3.4 [13], andsimilar to TWISTER[14], a furtherdevelopment
of [13] containinghighertwist processesin hadron—hadronhigh-p1 scattering.No previousknowledgeof
thoseprogrammershasbeenassumed.But, to help the usersalreadyacquaintedwith previousprogrammes
or striving for a deeperunderstandingby studyingref. [13] or [14], wehaveretainedmostnames,although
many subroutinesand functions havebeenmodified internally. Also, namesof variablesand common
blocks havebeenkept to a largeextent.New routinesandcommonblocks have,of course,beenaddedto
treatthe new physicsintroducedin the programme.The namingconventionis that all namesof routines
and common blocks namesstart with ‘PY’ or ‘LUC’, so name clasheswith user routinescan be easily
avoided.‘MT’ and‘HT’ are usedbelow to denoteminimum andhigher twist processes,respectively.

3.1. Subroutinesandfunctions

Below follows first the mostimportantuser-calledroutines;to initialize, generateeventsandprint cross
sections.Otherroutinesthen follow in alphabeticorder.

SUBROUTINE LUCINI(FRAME,TARGET,WIN,QTMIN)

Purpose: to initialize the generationprocedure.
Arguments:
FRAME: a charactervariableusedto specifythe coordinateframeof the experiment.

= ‘FIXT’: fixed target,with photonbeammomentumin + z direction.
= ‘CMS’: colliding beamsin CM frame,with photonbeammomentumin + z direction
= ‘USER’: full freedomto specifyframeby giving photonbeammomentumin P(1,1),P(1,2)and

P(1,3) andtargetmomentumin P(2,1),P(2,2) and P(2,3)in commonLUJETS.
TARGET: charactervariables to specify targer particle; ‘P’ = proton, ‘PBAR’ = antiproton.

‘N’ = neutron,‘NBAR’ = antineutron, ‘P1 + ‘ = positivepion, ‘P1 — ‘= negativepion
WIN: definestheenergy of the system,exactmeaningdependson FRAME;

for FRAME = ‘FIXT’, WIN = momentumof beamphoton,
for FRAME = ‘CMS’, WIN = total CM energyof system(a),
for FRAME =‘USER’, WIN is a dummyvariable.

QTMIN: minimumtransversemomentumin the hardphoton-partonscattering.It shouldnot
be lower than 1—2 GeV (dependingon the energyscale)to avoid the divergencesof
the hard matrix elements.Becauseof the Fermi motion of the colliding partons,the
actualdistributionin transversemomentumof jetswill not cut off sharplyat QTMIN.
If only heavy flavour production via photon—gluonfusion is simulated, the matrix
elementis finite for QTMIN —+ 0 provided that the heavyquark massis taken into
account (see IPY(21)). Nevertheless,the first order QCD calculation may not be
reliablefor too small valuesof QTMIN evenin this caseduesignificanthigherorder
corrections.
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SUBROUTINELUCIFR

Purpose: to generateone high-p1 eventusing the values specified in the LUCINI call. Also
updatescrosssectionestimates.

SUBROUTINE LUCROS

Purpose: to print out crosssectionsand eventstatistics,canbe calledby the userat the endof
eventgeneration.

SUBROUTINE LUCVDM(KF2,PE1,PE2)

Purpose: to generatea low-p1 eventby treatingthe photonas a vectormeson.
Arguments:
KF2: flavour (in Lund code)of targetparticle.
PE1,PE2: energyof beamphotonand targetparticleresp. (PE2 smaller than the targetparticle

massmeansthat is takento be at rest, i.e. fixed target).
Remarks: This routine is an adaptationof the Lund low-p1 model, LULOPT in JETSET[22],

where the photon is taken as a p° meson with respect to the quark content.
Furthermorea transversemomentum of the soft interaction is introduced as a
Gaussianp1 distribution having a width given by PYPAR(11); technical this is
achievedby a rotation of the eventaxis in the cms frame.

BLOCK DATA LUCDAT

Purpose: to assignphysically sensibledefaultvaluesto all flags andparameters.

SUBROUTINELUCGLU

Purpose: to defineglueball statesin Lund codeas well as their decays,seesection 5.1 in ref.
[14].

FUNCTION PYALPH(Q2)

Purpose: to calculatethe runningcoupleconstantin QCD.

SUBROUTINE PYCHID(KPART,KFL,CHI)

Purpose: to give energy fractionsto thefragmentswhenahadronremnantis split, seeref. [13].

SUBROUTINEPYCONF

Purpose: to determinethe colour field configuration, i.e. stretchthe string betweenthe colour
chargedpartons.

FUNCTION PYDSIG(I,J,M,SHAT,THAT,UHAT)

Purpose: to calculatethe partonlevel crosssections,(1/’rr) do/dt for all includedprocesses.
Arguments:
I: flavour of incoming, reactingpaTtonof the targetparticle. (0 = g, 1 = u, 2 = d, 3 = s,

4 = c, 5 = b andnegativenumbersfor the correspondingantiquarks).
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for HT, flavour of the (produced)quark forming the prompt mesontogetherwith
reactingparton I. Note that II, J I cannotexceed3 in the HT case.J= 0 for MT
processes.

M: specifiesthe type of prompt mesonproducedin higher twist processes,codeas for
MESON in common PYPROC.M = 0 for MT processes.

SHAT, THAT, UHAT: Mandelstamvariables(~,I, i~)for thesubprocess.
Remark: Quark massesare neglectedin case of the Compton andhigher twist processes,but

explicitly includedfor the fusion process,seeIPY(21).

SUBROUTINEPYFRAM(IFRAME)

Purpose: to transformthe eventbetweendifferent frames,if so desired.
Argument:
IFRAME: specificationof the frame to which the eventis to be boosted.

= 1: framespecifiedby userin the LUCINI call.
= 2: CM frameof the incomingparticles.
= 3: CM frameof the incomingphotonandthe reactingparton.

SUBROUTINE PYIMES(M,QBAR2)

Purpose: to calculatethe function IM(Q) (eq.(14) in ref. [5]) accountingfor the mesonbound
statein the calculationof the differential highertwist crosssection.

Arguments:
M: specifiesthe type of the prompt meson,codeas for MESON in commonPYPROC.
QBAR2: relevantmomentumtransfersquared.

SUBROUTINE PYJETS

Purpose: to assignenergyandmomentato the partonsin the reaction.

SUBROUTINE PYKCUT(X,SHAT,THAT,QT,Q2,ICUT)

Purpose: to makekinematicalcuts on the partonlevel beforetheeventis generated.
Arguments:
X: momentumfraction of the reactingpartonfrom the targetparticle.
SHAT: invariantmasssquare,.~,of photonandreactingparton.
THAT: Mandeistammomentumtransfer, I, at partonlevel.
QT: transversemomentumof scatteredpartons(or prompt particle)w.r.t. beamdirection

(primordial p1 not included).
Q2: momentumtransfersquaredusedin structurefunctionsand a~seeIPY(11).
ICUT: decisionflag,

= 0: passedcuts,generatecompleteevent.
= 1: failed cuts,choosenew kinematicalvariables.

Remarks: this routine is called before structure functions and QCD matrix elements are
evaluated,so that cuts already at this stagewill speedup the programme.Note,
however, that in its presentform it is a dummy routine which makesno cuts and
should thereforebe replacedby a userwho wants to perform such cuts. The cross
sectionestimatesgiven will apply for the kinematicregion allowed by the cuts, i.e.
theyare directly applicablefor the generatedevents.
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SUBROUTINE PYPRKT(PTX,PTY)

Purpose: to give primordial p1 (with x, y-componentsPTX, PTY) to partonswithin the target
hadron.

Procedure: If IPY(17)= 0 no primordial p1 (PTX andPTY set to zero); if IPY(17)= 1 (defaut),
primordial p1 is chosenaccordingto a Gaussiandistributionhavingwidth PYPAR(5),
cut off at amaximum p1 of PYPAR(6).

SUBROUTINE PYPRNT

Purpose: to print the valuesof statusflags andparametersin commonPYPARA.

SUBROUTINE PYRAND

Purpose: to generateall quantitiesneededto specifythe hardscatteringon the partonlevel.
Procedure: The momentumfraction,X, for the partonin the targetparticleandthe Mandelstam

momentumtransfervariable (THAT) are chosenaccordingto the differential cross
sectionformula. Also, the flavour of the reactingparton, IN, as well as the specific
subprocess(ICONF) arechosen.

SUBROUTINE PYROBO(PINX,PINY,PINZ,EIN,POUTX,POUTY,POUTZ,EOUT)

Purpose: to transformmomentafrom the cms of the photon—partonsystemto the correspond-
ing momentain thecms of the incomingparticles,andrecordthe rotation andboosts
used.

Arguments: PINX, PINY, PINZ, EIN momentumandenergyin parton cms, POUTX, POUTY,
POUTZ, EOUT momentumandenergyin particlecms.

Procedure: The rotationsand boostswhich take momentafrom partoncms to particle cms are
storedas THE(2), PHI(2), BETA(2,1), BETA(2,2), BETA(2,3) in commonPYLORE.

SUBROUTINE PYSIGM(NPAR,DERIV,DIFSIG,XF,IFLAG)

Purpose: to calculatethe differentialcrosssectionfor the routinesthat find its maximumvalue
in the initialization.

Procedure: seesection2 (andref. [13] for moredetails).

SUBROUTINE PYSPLI(KPART,KFLIN,KFLCH,KFLSP)

Purpose: to analysethe targethadronremnant,andif necessarysplit it into two fragments.
Method: In the simplest case,when a valence quark from a nucleon target interacted,the

remnantis a diquark.Whena gluon interacted,thecolouroctet remnant,consistingof
the valencequarks,is split into a triplet andan antitriplet (e.g.a quarkanda diquark
for a targetnucleon).Whena seaquark interacted,the remnantantitriplet, consisting
of apartnerantiquarkandthevalencequarks,is split into an antitriplet andahadron
(e.g. a diquarkand a mesonfor a targetnucleon).When a seaantiquarkinteracted,
the remnanttriplet, consistingof a partnerquarkand the valencequarks,is split into
a triplet and a hadron(e.g. a quarkand a baryonfor a targetnucleon).Forsomesea
(anti)quark interactionsthe left overpartner from the quark—antiquarkpair is thus
assumedto go into the formed ‘spectator’hadronor, if flavours match,annihilatea
valencequarkleavinga simpler remnantconsistingof a partonwithout anyaddition-
ally producedhadron.Seeref. [13] for details.
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SUBROUTINE PYSTFU(KF,X,Q2,XPQ)

Purpose: to return the values of the parton structurefunctions (This routine is from refs.
[13,25].)

Arguments:
KF: particle flavour code(41 = proton, 42 = neutron,17 = ir~ and negativenumbersfor

their antiparticles).
X: momentumfractioncarriedby theparton.
Q2: momentumtransferQ

2 (definedby IPY(11)).
XPQ: array (—5:5) that on return contains the valuesof the parton structurefunctions.

Index: 0=g, 1=u, 2=d, 3=s, 4=c, 5=b, —1=11, —2=detc.
Procedure: different parametrizationsof p, n and rr~,‘rr~structurefunctions are included; the

choice is determinedby the value of IPY(12). Note that the output is xq(x, Q2),
xg(x, Q2) for quarks,gluons. For Q2 less than the minimum value, Q~,the valuesof
the structurefunctions are ‘frozen’ at Q~.

SUBROUTINE PYTHAT(SHAT,SQTMIN,THATL,THATU,XM2)

Purpose: to calculate the lower (THATL) and upper (THATU) limits of the Mandelstam
momentumtransfer, I, for given photon—partoninvariant masssquare(SHAT) and
squaredminimumtransversemomentumq~ (SQTMIN) of the scatteredpartons.

Remark: if only the fusionprocessesinto heavyquark-antiquarkpairs is switchedon, andif the
calculationis donewith the massivematrix element,the limits are calculatedfor the
lightestquark flavour that maybe produced(i.e. IPY(22)).

SUBROUTINE PYTIME(TIME)

Purpose: to get the elapsedtime by a call to somemachine-dependentroutine. The default is a
call to the TIMEX routinein the CERN library.

Remark: this information is not essential,so that TIME neednot be specified if a suitable
routineis not available.

The following routinesare adaptationsof routinesin the MINUIT programpackage[21]:
SUBROUTINE PYCMND correspondsto the MINUIT routineCOMAND.
SUBROUTINE PYINTO(...) correspondsto the MINUIT routine INTOEX.
SUBROUTINE PYMIDA correspondsto the MINUIT routineMIDATA.
ENTRY PYMID2 correspondsto the MINUIT entry MIDAT2.
SUBROUTINE PYMINN correspondsto the MINUIT routineMINNEW.
SUBROUTINE PYMPRI(...) correspondsto the MINUIT routineMPRINT.
FUNCTION PYPINT(...) correspondsto the MINUIT routinePINTF.
SUBROUTINE PYRAZZ(...) correspondsto the MINUIT routineRAZZIA.
SUBROUTINE PYSIMP correspondsto the MINUIT routineSIMPLEX.

3.2. Commonblocks

The commonblocks, with their switches and variables,are essentialfor the communicationwith the
programme.The most importantonesfor the userare: PYSUBSwith switchesto regulatewhichprocesses
to simulate;PYPARAwith thebasic flagsandparameters;PYPROCto give information on the generated
event at the parton level; PYCROS containingthe Monte Carlo estimatesof the cross sectionsfor all
simulatedprocesses.All variablesare given sensibledefaultvaluesin block dataPYDATA; indicatedby
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(D = ...) below.Thesevaluesmaybe changedby the userto modify the behaviourof the programme,but
it shouldbenotedthat someparametersare interrelatedand shouldbechangedin aconsistentway.

The generatedeventis storedin commonblock LUJETS,describedin ref. [22], which theusermustbe
acquaintedwith.

COMMON /PYCROS/CROSS(0:4),XHTMES(0:20)

Purpose containscrosssectionestimates.
Parameters:
CROSS(I): cross section in mb for all subprocesses,I = 0, and each individual subprocess,

I = ICONF (ICONF as in commonPYPROC).
XHTMES(M): crosssectionin mb for highertwist productionof all mesons,M = 0, andmesonM (M

as MESON in commonPYPROC).
Remarks: The entriesof CROSSand XHTMES are set to zeroby a call to LUCINI and then

updatedwith eachcall to LUCIFR; no summationor averagingneedto bemadeby
the user. WhenPYKCUT is usedfor applying cuts, thesewill automaticallybe taken
into accountin thesecrosssections.For further detailsseeref. [13].

COMMON /PYCROZ/ NREP,NGEN(0:4),NPASS(0:4), NGENM(0:20),NPASSM(0:20)
COMMON /PYCROX/ PRECRS(0:4),PRECRM(0:20)

Purpose: usedinternally for crosssectioncalculations.Shouldnot betouchedby the user.

COMMON /PYDATH/ CHR(20),KHR(60)

Purpose: usedinternally for the LUCVDM routine.

COMMON /PYINT1/ S,YMIN,SQTMIN,XQ(- 5:5),QTX,QTY,DIR

Purpose: for internaluseonly, seeref. [13].

COMMON /PYINT2/ ISP(2),ICH(2),IRE(2),KFLIN(2),KFLCH(2),NPART,NPRIM,
& CHI(2),PTIN(2,2),PTSP(2,2)

Purpose: mainly for internaluse,seeref. [13].
Parameters:
IRE(1), IRE(2): give the line numbersin the eventrecordof the two high-p1 partons;a promptparticle

(photonor highertwist meson)is alwaysgiven by IRE(1). Only valid if IPY(3) = 2 and
no LUEDIT call hasbeenmade.

COMMON /PYINT3/ VIOL,VMAX,CONV,KI(2,2),PI(2,5)

Purpose: for internaluseonly, seeref. [13].

COMMON /PYLORE/ THE(2),PHI(2),BETA(2,3)

Purpose: for internaluse,containsrotationsandboostsbetweenpartonandparticlecms frames,
for detailsseeref. [13].

COMMON /PYMINC/ NAMKIN(4),NAM(30)

Purpose: containscharacternamesfor minimization,seeref. [13].
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COMMON /PYMINU/ XKIN(4),UKIN(4),WKIN(4),AIN(4),BIN(4)
& MAXFIN,RELUP,RELERR~RELER2,FCNMAX

Purpose: startingvalues,boundariesanderror sizes for minimization routines,seeref. [13].

COMMON /PYPARA/ IPY(30),PYPAR(20),PYVAR(10)

Purpose: contains flags and parameterswhich regulatesthe performanceof the programme.
Settingotherthandefaultvaluesshouldbe madebeforecalling LUCINI.

Parameters:
IPY(1): (D = 2) determinesthe reactionto a violation of the maximumof the differential cross

sectioncalculatedin theLUCINI call by the actualvaluecalculatedin PYRAND for a
given set of kinematicalvariables.

= 0: the generationwill stopand a messageprinted.
= 1: the generationwill continue,but awarningwill be printed.
= 2: the generationwill continue, a warning will be printed and the maximum will be

increasedto the highervalue.
Note: in casethe maximumis violated andexecutioncontinues,theremight be a small
error on the crosssection(its sizedependingon the sizeof the violation and the ratio
of eventsgeneratedbeforeand afterthe violation). —

IPY(2): (D = 4) heaviestflavour that canbe producedin the fusion processy + g —* Q + Q.
IPY(3): (D = 2) regulateswhetherthe incomingparticlesand/or incomingreactingpartonsare

to be includedin the eventrecord(i.e. storedin commonLUJETS).
= 0: incomingparticlesandpartonsexcluded.
= 1: beamandtargetparticlestoredin line 1 and2, resp.
= 2: incomingparticlesstoredin lines 1 and2, photonandreactingpartonsstoredin lines3

and4.
IPY(4): (D = 1) determinesin what coordinateframe theeventwill be presented.

= 1: framespecifiedby the userin the lastcall to LUCINI.
= 2: emsof incomingparticles,photonalong positive z-axis.
= 3: emsof photon-parton,photonalongpositivez-axis.

IPY(5): (D = 0) a flag for LUCINI to indicatewhetherthemaximum of the differential cross
sectionhasto be calculatedor whetherit is suppliedby the user.

= 0: maximumnotknown, shouldbe calculated.
= 1: maximumneednot becalculatedif givenin PYVAR(1).

IPY(6): (D = 1) cuts on partonlevel systemfor hadronization.
= 0: no cuts,canbe usedfor independentfragmentationor partonlevel studies.
= 1: cuts for string fragmentation.

IPY(7): (D = 1) regulateswhether fragmentationis to be performedor not (savestime when
only partonlevel is to be studied).

= 0: skip fragmentation.Note that by a call to LUEXEC the user can let the system
fragment lateron.

= 1: perform fragmentation.
IPY(8): (D = 1) choice of fragmentationscheme.

= 1: string fragmentation.
= 2: independentfragmentation.

IPY(9): (D = 1) regulateswhethera~dependson or not.
= 0: a~fixed, valuegiven by PYPAR(2)
= 1: a~running.
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IPY(10): (D = 4) maximumnumberof ‘active’ flavoursin the expressionfor running a~.Note:
the actualnumberdependson Q

2.
IPY(11): (D = 1) choiceof Q2-scalefor thehardinteraction(usedin a~,andstructurefunctions).

=1: Q2=2.~Ii~/(.~2+I2+i~2)
=2: Q2——I
= 3: Q2 = aq~, where a is the constantPYPAR(12)and q

1 the transversemomentumof
the scatteredparton(or promptparticle).

= 4: Q
2 = b (1 — x

1)q3, whereb is the constantPYPAR(13)and x1 = 2 q1/ i/i.
Note: the last two optionscorrespondto the optimizedscalechoicesin ref. [20].

= 5: = m~, can be used in fusion with m the constituentmassof the lightest quark
flavour produced.

IPY(12): (D = 1) choiceof proton andpion structurefunctions.
= 0: simplescalingfunctions
= 1: EHLO set 1 for nucleon[16], Owensset 1 for pion [19].
= 2: EHLQ set 2 for nucleon[16], Owensset 2 for pion [19].
= 3: Duke-Owensset 1 for nucleon[17], Owensset 1 for pion [19].
= 4: Duke-Owensset 2 for nucleon[17], Owensset 2 for pion [19].
= 5: Gliick-Hoffman-Reyafor nucleon[18], Owensset 2 for pion [19].

IPY(13): (D = 3) maximum numberof quark flavours in structurefunction parametrization;
shouldbe 2 in caseof IPY(12)= 0, at most4 otherwisedue to dimensionstatements.

IPY(14): (D = 3) maximum number of quark flavours used for production of higher twist
mesons.

IPY(15): presentlyunused.
IPY(16): internal,splitting of hadronremnantseeref. [13].
IPY(17): (D = 1) regulatesthe choice of the primordial p1 distribution usedin PYPRKT.

= 0: no primordial p1.
= 1: Gaussiandistribution having width given by PYPAR(5), cut off at a maximum

P1 = PYPAR(6).
IPY(18)
—IPY(20): presentlyunused.
IPY(21): (D = 1) regulateswhether thequarkmassesareexplicitly includedor not in the matrix

elementsfor the fusionprocess-y + g —‘ q + 4.
= 0: massesneglectedbut thresholdfactor ~Ii— 4m~/.~(1 + 2m~/~)applied.

= 1: massesincluded,seeeq. (8).
IPY(22): (D = 1) lightestquarkflavour to be producedin thefusion process;1 = u, 2 = d, 3 = s,

4 = c etc.
IPY(23): (D = 2) choiceof matrix elementsfor highesttwist prompt mesonproduction.

= 1: HT matrix elementsof BaggerandGunion [5].
= 2: HT matrix elementsof Benayounet a!. [6].

IPY(24): (D = 1) determinesthe way ‘M (Q
2) is calculatedin the BaggerandGunion schemefor

higher twist crosssectionfor productionof the highertwist mesonM.
= 0: Q2FM(Q2) treatedas a constant,its valuegiven by PYPAR(17).
= 1: = aclfM with c

1 given by PYPAR(18)througheq.(6.1) in ref. [6], fM is the meson
decayconstantFMESON(M) and a = ~ or 2~ for pseudoscalarandvector mesons
respectively.

= 2: ‘M calculatedwith FM given by a dipole fit (p-propagator),seecomment lines in
PYIMES for details.

IPY(25)
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—IPY(28): presentlyunused
IPY(29): internalflag to signalfailure.
IPY(30): gives the currentcoordinateframeof the event,codeas for IPY(4).
PYPAR(1): (D = 0.0073)aem,i.e. the fine structureconstant.
PYPAR(2): (D = 0.2) a~whenconstant(i.e. for IPY(9) = 0).
PYPAR(3): (D = 0.3) AQCD (GeY) usedin running a~.
PYPAR(4): presentlyunused.
PYPAR(5): (D = 0.44)width (GeV/c) of Gaussiandistribution for primordial p1.
PYPAR(6): (D = 2.) maximum value(GeV/c) of primordial P1 i.e. the valuewherethe Gaussian

is cut off.
PYPAR(7)
—PYPAR(10): for splitting of hadronremnant,seeref. [13].
PYPAR(11): (D = 0.5)width (GeV/c) of Gaussiandistributionfor p1 inducedin low-p1 interaction

simulatedwith LUCVDM.
PYPAR(12),
PYPAR(13): (D = 0.25,0.5) factors a, b used for IPY(11) = 3,4 to define Q

2 according to the
optimized scalechoicesin ref. [20].

PYPAR(14) -

—PYPAR(16): (D = 3 * 1.) suppressionfactor for uü, dd, s~(resp.) quark pair productionin higher
twist processes(1 meansno suppression).

PYPAR(17): (D = 0.25)valueof Q2FM(Q2) usedfor IPY(24)= 0.
PYPAR(18): (D = 0.25)Exponent$ usedfor IPY(24) = 1 whenmesonwave function is assumedto

beproportionalto (x
1x2)~.

PYPAR(19)
—PYPAR(20): presentlyunused
PYVAR(1): (D = 0) maximum of differential cross section used for weighting. If this value is

known from an earlierrun, it canbe suppliedby the user.In that casethe programme
skips the (superfluous)calculation(providedthat IPY(5) = 1).

PYYAR(2): valueof a~in the currentevent.
PYVAR(3): — ln(x~~),wherex,,.~is the minimum valueof partonmomentumfraction x.
PYVAR(4): presentlyunused.
PYVAR(5): lastvalueof AQCD in structurefunctions.
PYVAR(6)
—PYVAR(10): presentlyunused.

COMMON /PYPHOT/ BH(6),ISPEED,OPTMC(9),MFL,MSS,HEL(0:1),
& JMESON(—3:3,20),DPRO(3,6),LUMES(20)

Purpose: mainlyfor internaluse.
Parameters:
BH(J): proportionalto the probabilityto createq4-pairof flavourJ in the fusionprocess.
ISPEED: (D = 0) switch betweendifferent setsof functionsusedfor the importancesamplingin

the calculationof thecrosssection.
OPTMC: arrayof constantsoccurringin the functionsfor the importancesamplingandusedto

optimize thespeedof the Monte Carlo,seecommentlines in subroutinePYRAND for
details.May be changedwithout lossof normalization,i.e. crosssectionestimates.The
parametershavebeenoptimizedfor normal usageand shouldnot needto be altered.

MFL: quarkflavour producedin fusion iff singleflavour fusion is the only occurringprocess,
0 otherwise(i.e. normally).
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MSS: Internal variable. = 1 if only fusion into q4 occurs,0 otherwise.
HEL(I): proportionalto crosssection for helicity stateI = 0,1 i.e. 0 and ±1(±2).
JMESON(I,M): flavour of (anti)quarkto go with flavour I to form a promptHT mesonM. (Codesas

for IN and MESON in common PYPROC.)JMESON(I,M)= 0 signal that flavour I
doesnot occur as valencequarkin M.

DPRO(I,J): reductionfactor for flavour diagonalstates,i.e. the HT crosssectionis divided on the
availablestatesaccordingDPRO. I = quarkflavour, J = 1 to 6 for ~°, ~ ~‘ p

0 ~
respectively.Note that this is an approximatetreatmentwhich is only usedtogether
with the HT cross sections from ref. [5] where all meson statesare not explicitly
calculatedas is the casein ref. [6], seeIPY(23).

LUMES(M): translateHT mesoncodeto Lund MC particlecode.

COMMON /PYPROC/ IN,ICONF,JFL,MESON,MHELIC,X,SHAT,THAT,Q2

Purpose: to specifythe eventon the partonlevel.
Parameters: —

IN: flavour (0=g, 1=u, 2=d, 3=s, 4=c, 5=b, —1=11, —2=d etc.) of the reacting
targetparton.

ICONF: specifiesgeneratedprocess;1 = fusion, 2 = QCD Compton,3 = highertwist, 4 = QED
Compton.

JFL: gives the flavour of the producedq4 pair in the fusion processor higher twist process.
MESON: type of promptmesonproducedin higher twist process:0 = no HT mesonproduced,

1 = ‘rr~,2 = i~, 3 = i~°, 4 = i~, 5 = i~’, 6 = K~,7 = K, 8 = K°,9 = O~,10 = °A’ ~ =

12 = p, 13 = p°,14 = t~, 15 = ~, 16 = K*+, 17 = K*, 18 = K*O, 19 =K*O, 20 =

P~’OA’2sare gluoniumstates,seesection5.1 in [14]. Note that 8 = K°containsK° and
K° since they both decay into K~and K? and are therefore not experimentally
distinguishable.

MHELIC: helicity of highertwist meson; = — 1 for particleswithout spin (or if unassigned,see
IHEL), = 0 or 1 for he!icity 0 and ±1resp.For spin 2 glueball,1 refersto ±2.
momentumfraction of the reactingtargetparton.

SHAT: invariantmasssquare,.?, of reactingpartons.
THAT: Mande!stammomentumtransfer, I, at partonlevel.
Q2: momentumtransfersquared,Q2, usedin structurefunction and in a~,seeIPY(11).

COMMON /PYSUBS/ ISELEC,ISUBPR(4),MESHT(20),IHEL

Purpose: to allow the userto run the programmewith any desiredsubsetof high-p
1 processes.

Parameters:
ISELEC: (D = 5) switch to selectbetweenpreprogrammingandfull usercontrol. (For efficiency

reasonsthe defaultvaluegives the dominatingminimum twist processesonly.)
= —1: subprocessesincludedaccordingto ISUBPR set by the user.
= 0: all high-p1 subprocessesare included.
= 1: only photon—gluonfusion included.
= 2: only QCD Comptonincluded.
= 3: only highertwist processesincluded.
= 4: only QED Comptonincluded.
= 5: only fusion andQCD Comptonincluded.
= 10: only charmproductionvia fusion with massivematrix element.
= 11: HT productionof prompt ~rr± only.
= 12: HT productionof prompt p ±only.
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ISUBPR: (D = 4 * 0) arrayto be set when ISELEC= —1, for ISUBPR(ICONF)= 1 the corre-
spondingprocessis included,for ISUBPR(ICONF)= 0 it is excluded.

MESHT(M): (D = 8 * 1,2 * 0,9 * 1,0) = 0,1 to switch off, on HT productionof mesonM, with code
as for MESON in commonPYPROC.

IHEL: (D = 1) regulateschoiceof helicity state for HT vectormesons.
= 0: helicity stateleft undefined.
= 1: choosehelicity state,0 or ±1, accordingto crosssections.

COMMON /PYTWIX/ C1Q2,C1G2,C1COG2,FMESON(20),THETAS,FETA1,FETA8,
& THETAV,FOMEG1,FOMEG8,
& ETA1,ETA8,ETAP1,ETAP8,PHI1,PHI8,OMEGA1,OMEGA8,ALAM2,AMU2

Purpose: constantsfor higher twist crosssections.C1Q2,C1G2are c~for mesonsandglueballs
respectively,C1COG2is (c1 — c0~2 for glueballs,FMESON(M) is decayconstant,.IM’
for mesonM = MESON (codeas in commonPYPROC).THETAS andTHETAV are
SU(3) mixing angles (degrees)for r~—~’and t~—c~respectively. FETAl, FETA8,
FOMEG1, FOMEG8 are decayconstantsfor singlet and octet part of ~ and ta; ~

f~f~’f~.The othervariablesare obtainedfrom thesein LUCINI.

4. Examplesof how to usethe programme

LUCIFER is a set of subroutinesand functions which the user calls from his or her own main
programme.It has to be loaded togetherwith the fragmentationroutines JETSET version 6.2 [22].
Alternatively, the updatedversion 6.3 [24] can be used without changesin LUCIFER *~ Two external
functions are required.RLU to provide a uniformly distributedrandomnumberin the interval ]0, 1[; a
dummyinterfaceroutine is provided in JETSETwith someexamplesfor a few different computers.The
ordinarygammafunction, GAMMA(X), is also called; this function is often availablein FORTRAN77.
An optimalroutineis calledby PYTIME to give the computertimeused;by defaulttheTIMEX routinein
the CERN library is usedbut the usercan simply replaceit or put in a dummy statementsince this
information is not essential.On an IBM 3084,about0.02 sis neededto generateoneminimum twist event
(with morethanhalf the time spentin thefragmentationroutines)and0.03 s for a highertwist event.

Example 1: A simulation of the dominating fusion and QCD Compton processesin 150 GeV
photon—protoncollisionswith arequiredminimumpartonlevel p1 of 2 GeV/c anda final print-out of
the crosssectionscan bemadeas follows:

CALL LUCINI(’ FIXT’,’ P’,l 50.,2.); initialize
DO 10 I = 1,1000
CALL LUCIFR ; generateoneevent
IF(I.LE.5) CALL LULIST(11) ; list first few events

analysethe generatedevent
10 CONTINUE

CALL LUCROS ; print crosssections+ eventstatistics
CALL PYPRNT ; print currentparametervalues

END

* Notehowever, that somefragmentationparametersin common LUDAT1 hasbeenchangedto besuitablefor usein connection

with partoncascadeevolution in e+e annihilation.Forusewith LUCIFERit is recommendableto usetheold default values,i.e.
PAR(12)= 0.4, PAR(23) = 1.1, PAR(25) = 1.1, PAR(31) = 1.0, PAR(33)= 1.0, PAR(35) = 0.5, PAR(32)= 0.7, PAR(34)= 0.7,
PAR(36)= 0.7.
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With ISELEC= 0 in commonPYSUBSall processeswill be generated.The producedparticleswith their
momentaare stored in the K- and P-arraysin common LUJETS. A printout of the event record is
obtainedby CALL..LULIST(11), giving the completeeventincluding its history with respectto underlying
partons,their prmiary~hadronizationproductsand thedecayof unstableparticles.This eventrecord can
beeditedwith LUEDIT in the JETSETroutines.

Example2: A studyof chargedparticlesfrom highertwist IT ±processescanbe madeas follows:

COMMON/PYSUBS/ISELEC,ISUBPR(4),MESHT(20),IHEL
COMMON /LUJETS/ N,K(2000,2),P(2000,5)

ISELEC= 11 ; selectHT pion productiononly
CALL LUCINI(’ FIXT’,’ P’,150.,2.)
DO 10 I = 1,1000
CALL LUCIFR ; generateoneevent
CALL LUEDIT(3) ; keeponly charged,stableparticles

analysethe event
10 CONTINUE

END

The completeprogrammecodeas well as a morenon-trivial demonstrationjob canbe obtainedfrom
the authors(TOOING@DHHDESY3andWEIGEND@SLACVM).
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TESTRUN OUTPUT

Extract from testrun includedall possibleprocessesin 150 GeV y—proton scatteringwith a minimum
partonlevel p1 of 2.0 GeV/c.

LUCIFER version 2.2 (Feb. 28, 1987)

Initialization of LUCIFER routines.

Incoming particles transformed from FIXT-frame to their CM frame:

Particle Px Py Pz E M

Phot 0.000 0.000 8.374 8.374 0.000

P 0.000 0.000 -8.374 8.427 0.938

Invariant mass of incoming particles, SQRT(S) = 16.801
Required minimum Pt of scattered partons, QTMIN = 2.000
Minimum value of variable Ti, YMIR = 0.5668E-01

Range of variable THAT: -0.2823E+03 < THAT < -0.4000E+01

Choice of pre-programmed subsets of subprocesses, ISELEC 0

Subprocesses, ISUBPR = 1 1 1 1
(1->fusion, 2->QCD Compton, 3->NT, 4->QED Compton)
Flavours included in the photon-gluon fusion process: u d s c

Current quark mass in matrix element.

HTmesonsincluded;MESHT 11111111111111111111
HT cross-section formalism, IPY(23) = 2 IPY(24) = 1
Optimization parameters, ISPEED = 0

OPTMC = 2.0 4.0 0.1 8.0 3.0 1.0 8.0 3.0 1.0

Terminating entry in PYSIGM after 198 calls.

Best estimate of minimum found to be -0.1400E-04
located at I = 0.1356E+00 THAT = -0.3375E+02
Maximum of the part of the differential cross section used for weighting,

PYVAR(1) = 0.1750E-04
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EVENT LISTING

I ORI PART/JET P1 PY PZ E H

1 0 GAMM B 0.000 0.000 150.000 150.000 0.000

2 0 P + B 0.000 0.000 0.000 0.938 0.938

3 0 GAMM B 0.000 0.000 150.000 150.000 0.000
4 0 G JETB 0.187 0.292 0.555 0.655 0.000
5 0 CA JETF 0.210 1.721 34.933 35.013 1.600
6 0 U JETF 0.211 -0.488 0.979 1.160 0.325
7 0 C JETF -0.029 -1.438 108.929 108.950 1.600
8 0 DU OJETF -0.398 0.196 0.148 0.801 0.650
9 5 F B- D 0.288 0.750 13.613 13.778 1.971

1.0 6 P1 + -0.253 -0.205 0.983 1.045 0.140
11. 5 Ke 0 0 0.386 0.688 21.317 21.350 0.898
12 8 N 0 0.181 0.254 1.046 1.441 0.940

• 0.767
• 2.007

17 9 RHOO 0 -0.662 0.356 7.771 7.845 0.769
18 9 P1 B- 0.949 0.394 5.842 5.933 0.140
19 11 K + 0.011 0.151 8.013 8.030 0.494
20 11 P1 B- 0.375 0.537 13.303 13.320 0.140

0.140
• 0.135

45 43 GAMM -0.003 0.007 0.042 0.042 0.000

SUM: 1.000 -0.006 -0.010 144.988 145.923 16.490
IN, ICONF, JFL, MESON, MHELIC = 0 1 4 0 -1
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LUCIFER: Summary of statistics and cross-sections

Total number of phase space points tried = 154329
Fraction of events failing fragmentation cuts = 0.0466

subprocess events cross-section

no type on/off * in nb

0 all (ISELEC) 0 23014 100.000 8.592E+02

1 fusion 1 14670 63.744 5.328E+02

2 QCD Compton 1 6678 29.017 2.624E+02

3 higher twist 1 1615 7.017 6.221E+O1

4 QED Compton 1 51 0.222 1.846E+00

Cross-sections for higher twist meson production:

meson events cross-section

no type on/off * in nb

0 all mesons 1 1615 100.000 6.221E+01

1 pi+ 1 45 2.786 1.449E+00

2 pi- 1 36 2.229 1.345E+00

3 piO 1 9 0.557 3.907E—01

4 eta 1 4 0.248 2.106E-01

5 eta’ 1 5 0.310 1.939E-01

6 X+ 1 53 3.282 1.980E+00

7 K- 1 11 0.681 4.889E-01

8 KO 1 7 0.433 1.498E-01

9 GOS 1 12 0.743 6.123E—O1

10 GOA 1 31 1.920 1.379E+00

11 rho+ 1 280 17.337 1.158E+01
12 rho- 1 331 20.495 1.227E+01

13 rhoo 1 139 8.607 5.560E+00

14 omega 1 137 8.483 5.052E+00
15 phi 1 4 0.248 1.533E-01
16 K*+ 1 312 19.319 1.196E+01
17 Ke- 1 94 5.820 3.287E+00
18 K*0 1 37 2.291 1.234E+00
19 K*Obar 1 10 0.619 2.929E-01
20 G2S 1 58 3.591 2.616E+00


