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Keywords: radiativecorrections,deep inelastic,Monte Carlo lepton beam.The electron(positron)—protonscatteringpro-
simulation,bremsstrahlung,quantumelectrodynamics(QED), cessis describedaccordingto the parton model assumptions
spin polarization,electroweaktheory, structurefunctions by hardlepton—quarksubscatteringwhich is mediatedby the

standard electroweakinteraction i.e. photon and Z° boson
Natureof physicalproblem exchange.The photon emissionfrom leptonsis describedin
In deep inelasticelectron—protonscatteringthe QED radia- the framework of QED. Somerealistic cutsare includedat
tive corrections,in particulartheeffectsdueto bremsstrahlung the level of the event generationand other ones may be
from the lepton line, arewell known, in some regionsof the imitatedby rejectingsomeof the generatedevents.
phasespace,to be rather big, even of the order of 100%.
These effects have to be calculatedif we want to extract Restrictionson thecomplexityof theproblem
physically signtficant information from the experimentaldata, The incominge ± may have nonzerospin polarization.Single
e.g. for the measurementof the proton structurefunctions. bremsstrahlungphotonis emittedonly from the lepton (initial
The QED radiativeeffects,as it is generallyknown, depend and final states),not from the quark. QCD radiativeeffects
substantiallyon the propertiesof the experimentalset-up are not included in the simulation, although the proton
(resolutions,acceptance)andon theeventselectioncriteria in structurefunctionshave a QCD-stylescalingviolation prop-
the data analysis (triggers, cut-off’s). A Monte Carlo event erty. The structureof the MC algorithm allows to include
generatoris a very helpful tool andthe only onewhich is able QCD effectsin thefuture.
to bring theseimportant relationsundercontrol.

Typical running time
Method of solution Efficiency is about 1200 events per IBM 3090 300S CPU
The Monte Carlo simulation of the processe±p —~e±X is secondfor parton distribution functions in Duke and Owens
applied to analyse the effects of bremsstrahlungfrom the parametrization.

LONG WRITE-UP

1. Introduction

QED radiative correctionswill significantly distort distributions of observedquantitiesin the deep
inelastic scattering at the HERA experiments.This phenomenonwas seen in older deep inelastic
experiments[1] andthecorrespondingQED correctionfor HERA wasestimatedfirst in ref. [2] usingthe
calculationof ref. [31.The complete~9(a) electromagneticandweakcorrectionshavebeencalculatedby
Bardinet al. [4] andBöhm andSpiesberger[5],seealsoref. [6]. The mostpronounceddistortionsaredue
to an emission of a bremsstrahlungphoton from the electron beam. Such an emission causesthe
momentumtransfer squaredQ~and the Bjorken variable Xe obtainedfrom the momentumof the
scatteredelectronto be different from the actualmomentumtransferQ2 exchangedin the elementary
hard electron—quarkscatteringprocessand the real x being the fraction of the proton momentum
carriedby the quarkbeforethe scattering[7,8]. This kinematicaleffectis the reasonof largechangesin
the distributionsof some physically interestingquantities,as for examplethe proton structurefunctions.
Actual calculationsshow that a differential crosssectiond2~/dXedYe, whereYe = Q~/5’oXe and s

0 is the
totalcenterof massenergysquared,may considerablyexceedan original crosssectiond

2o/dx d y in the
regionof the high Yeandlow Xe• In principle it is possibleto estimateaninfluenceof thisbremsstrahlung
effect on the obtaineddistributions by a simultaneousmeasurementof the momentaof the scattered
electronand quark (jet). Unfortunately,such a measurementis not possible in the whole region of
(x, Q2) due to detectorresolution limitations [7,9]. In the very interestingregionfor x <0.01 it is only
possibleto measurethe electronmomenta,but not the quarkones.The most flexible tool to studythese
effectsand to studymethodsof eliminating them from the experimentaldatawith regardto a realistic
detectoracceptance,selectioncriteria etc. is a Monte Carlo eventgeneratorof the type presentedin this
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article. Oneof such methods,for the measurementof the proton structurefunctions at HERA, was
recently proposedin ref. [10]. Let us not that another Monte Carlo program for deep inelastic ep
scattering,namedHERACLES, is availablefrom Kwiatkowski, Möhring andSpiesberger[11].

The aim of this write-up is to presentthe Monte Carlo eventgeneratorfor the simulationof the deep
inelastic scatteringprocesse±p..÷ e±(.y)Xat HERA energiesfor the standardelectroweak neutral
current(‘y + Z°exchange).In the calculationwe include the realandvirtual single-photonemissionfrom
the initial and final lepton statesin the ~(a) QED. The presentMC programis an upgradeof the
previousversionwith collinearbremsstrahlungfrom the initial lepton stateLESKO-C [8]. The program
presentedhere is sufficient to describethe differential crosssectionswith a typical accuracy* of order
of a few %. Owing to its flexibility, it may be a very convenientstartingpoint for further refinements,
suchas the inclusionof higher-orderradiativecorrectionsof the electroweaktheory.

In the following we briefly describe the MC algorithm and some basic concepts used in its
development.The methodof the MC generation,in general,is similar to the onedescribedin ref. [8] * ~

The central variable, which is used in the MC algorithm is the momentum transfer squared Q2,
exchangedin the elementaryelectron—quarkscatteringprocess.Since the partonmodel is not valid for
Q2 below ~9(1)GeV2andthe differential crosssectionis proportionalto 1/Q4, we haveto excludefrom
the MC the region of the phasespaceclose to Q2 = 0. It shouldbe done at the earlystageof the event
generation,so that we avoid largecontributionsto the differential crosssection from this regionwhich
makesno sensefor the deepinelasticprocesses.The correspondingcutoff in the MC mustbechosenin
such a way that it is easyto realize it in the experiment.The cutoff which fulfils theserequirements
seemsto be a minimum of the transversemomentumPT,min of the final particleswith respectto the
beams. It guaranteesQ2 to be greaterthan some Q~~ and it naturally translatesinto the
experimentalcuts,for more details seeref. [14]. The programgeneratesonly eventswith a transverse
momentumPT of the final particles(quark/electron+ photon) greaterthan PT,mjn which is an input
parameter.

For thecompletedescriptionof the consideredprocessoneneedssix (5 essential+ 1 trivial) variables.
Besides Q2 we choosestill the Bjorken variable x, two azimuthalangles4, i/i andtwo variables z,, z

2
correspondingto the photonemissionfrom the initial andfinal leptonicstates[15] (moredetails in the
next section).The variables Q

2 and x aregeneratedin the first stepof theMC algorithm.The valuesof
z
1 and z2 are chosentogetherin the secondstepof the algorithmandthis is done almostindependently
of the choiceof Q

2 and x. The correlationsbetweenall thesevariablesand the exact differential cross
section for this processare introducedin the laststageof the MC algorithmby meansof the rejection
technique. Such a method may be efficiently used, becausethe differential cross section for the
electron-quarkt-channelexchangeprocessdo-(s, t)/dt is weakly dependenton s for fixed t = — Q2. In
the MC algorithmthe aboves-dependentis neglectedin the first stageandit is restoredlater by means
of rejectionof some events.

The outlineof this write-up is the following. In section2 we give moredetailsaboutthe Monte Carlo
algorithmfor eventgeneration.The structureof the programis describedin section3. In section 4 we
explain how to use the programandsection5 containssomenumericalresultsand final conclusions.

* To estimatetheprecisionone has to performthe calculationof ~(a2) corrections.
* * It is perhapsworth to mention that the first versionof LESKO-F with the samegenerationalgorithm and kinematicswas

written alreadyin 1987 andthe following MC multi-photongeneratorBHLUMI [12,13]for small angleBhabhascatteringwas
basedon this earlyversionof the presentprogram.
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2. The Monte Carlo algorithm

The program simulates the deep inelastic electron—protonneutral current scattering processat
HERA energieswith singlebremsstrahlungphotonemissionfrom the initial andfinal lepton states.The
kinematicsfor such a process

1(p
1) +p(P) —‘1(p2) +y(k) +X(P’), 1=e~, (1)

is depictedin fig. 1. It is assumedthat the single bremsstrahlungphotonwith the four-momentumk is
emittedfrom in/outgoingelectrons(not from quarks).The four-momentumof the quark in theprotonis
denotedby q1 = XP andthat of the final statequark (jet) by q2.

In the partonic picturethe crosssection for the process(1) with regardto kinematiclimits andcuts
maybewritten in the following compactform

S0 —1 2ird~ 1 1 2~d~i
~= I dIt~f dx( —I dzj dz2f —~(t, x, z1, z2, ~, v’),

Idmi., 0 o 2ii o o o 2’rr

g(t, x, z1, z2, 4, ~fi) = L�~(si 5i,min(t)) qq(x, t) pq(t, x, z1, z2, ~, ~4r), (2)

where

s0=(p1+P)
2, t=_Q2=(pi_p

2_k)
2,

2 2 2 2 2 2
s
1=(p2+q2) , p1=p2=m1, q2=mq,

— 2(5oP~i~min+ M
2m~)

Itlmin 2 1/2’ ( )
so_M2_m~+((so_M2_m~)_4M2m~)

It I+M2 + m2) + M2m2
5i,min(t) = — 2 q q , lw’2 = (k +p

2)
2t PT,min

and pq(t, x, z
1, z2, fr, i/i) is the differential crosssection of the lepton—quark(lq) scatteringincluding

thesingle photonemissionfrom theleptonline,whereanindexq denotesthe quarks:u, d, c, s, II, d, ë, ~.

~ ‘}x

P’ = (1 — x)P

Fig. 1, Kinematicsof thedeep inelasticneutral currentelectron-protonscatteringprocessincluding single-photonbremsstrahlung
from the lepton line.
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The variable 4, in eq.(2) is a trivial azimuthalanglearoundthe beamand 4, is the azimuthalangle
defined in the rest frame of k +p2 with respectto the planedefinedby the incoming electron and
outgoingquarkmomenta(p,, q2) with the third axis pointing in the directionof the incomingelectron.

The last two variablesusedin the aboveformula aredefinedas follows

2(kp1) 2(kp2)
Z1 ItI+2(kp2)’ Z2 ItI+2(kp2)~ (4)

The allowed rangefor the variablesz1 almostcoincideswith the unit square0 � z, � 1. More precisely,
the z-variableshaveto satisfy

~1(z2)�z1�1, ~2(z1)�z2�1, (5)

where

m~ m~ z,

= -~—j-z2(l—z2) ~2(z1) = i~i~ _~, . (6)

The essentialpropertyof thesez-variablesis that they havea rathersimple meaningfor hardcollinear
photonemission. For hardcollinearemissionfrom the initial electronstate,z2 is simply thefraction of
the incoming electron momentumcarried by a hard collinear photon (z1 0). While for hard collinear
emissionfrom the final electronstate z1 is the fraction of the momentumof the dissociatingquasireal
electroncarried by a hard collinearphoton(z2 0) [151.

In eq.(2) qq(x, t) is a distribution of the quarkq in the proton. In the presentversionof the program
we use severaldifferent quarkdistribution parametrization(for more details seesection 3). Since the
structurefunctions are formally treatedin the MC programas arbitrary functions, so an inclusion of
some otheronesis ratherstraightforward.

The 0-function in eq.(2) is derivedfrom energyconservationandtherequirementthat thefinal quark
(electron+ photon)transversemomentumis at least PT,mjn~In the programthereis also an option for.
the eventgenerationabovea certainminimumof momentumtransfer It I It min~In this casein eq.(4)
we set

~1,min = (It 1(1 t I +M
2 +m~)+M2m2)/I t I.

From now on we alwaysassumeIt I >> m~,p~=p~= m~= m2 andq~= q~= 0. It is possiblebecause,
due to pT-cut, we restrictourselvesto deepinelasticscatteringonly.

Let usnow discussthe treatmentof the infraredsingularityin the MC. In t9(a) QED we candivide
the differential crosssection pq(t, x, z

1, z2, 4,, 4,) into two parts:onefor the soft photonemissionand
anotheronefor the hard photonemission

Pq=ö(Zi) 6(z2)p~0f
t(2)+0(z

1/e1+z2/e2—1)phard (7)

wherethe boundary~, definedby

z1 z2
—+— <1, (8)
~1 ~2

separatesthe infraredsingularity(for z1 = z2 = 0) from the phasespaceregionfor hardbremsstrahlung.
The infrared singularityfrom real soft photonemission is canceledin the standardway be adding the
virtual photoniccontributionfrom the vertexcorrection(regularizedby a finite photonmass)inside the
boundary.~. It can be easily verified that the boundaryz1 + z2 = ~(e1 = = e in (8)) correspondsto an
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ellipsoid in the spaceof c.m.s.photonmomentum[15]. The boundary.~ shouldbe sufficiently small so as
to be as good aspossiblefor the soft photonapproximation.On the otherhand it cannot be too small
becausethe “soft” contribution p~0tt(~~)in (7) might becomenegative. It is no problem in numerical
calculationsbut in a Monte Carlo approach,since ~~t(

2) has a definite probabilistic interpretation,it
has to be positive ~‘. We havefound through a MC exercisethat the choice of .~ with �~= l0~ and

= lO~maybe applied.It meansthat theemittedphotonswith the energyaboveabout0.1 GeV in the
HERA laboratorysystemare not distortedby this cut and it is acceptableby the experimentalresolution
requirements[9]. Although the “soft” and “hard” partsof the crosssection separatelydependon the
choiceof the boundary~, the sum of them shouldnot dependon it. With help of the MC exercisewe
checkedthat the programsatisfiesthis condition for the range l0~~ �~� 10—2 and i0~� �~~ 1O~.

The “soft” part for such a cut-off readsas follows

psol
t(t x, 4,, 4,; .~)=Djq(S, t)z.V~(t;.~), ~r(t; .�) =2’rr~(4,)(l+6~~~t(2~)), (9)

where

a tI 3 It~ 1 e~
~soft(~)= — ln—

1- — 1 ln(e1�2)+ —ln——~-— —In
2— — ~2 —2 (10)

m~ m 2 m 2 �7

and Diq(S, t) = do(s, t)/dt is the differential crosssectionof lepton—quarkscattering(s = s()x), given
explicitly e.g. in ref. [8,141.

The “hard” part may bewritten as follows

~4(ItI+M2)2 2
phard(t x, z

1, z2, 4,, 4,) = 2 s
2ItI ~hard 0(z

1 —~1(z2)) 0(z7—~2(z1)), (11)

where I ~hard in the above formula is the matrix element of the lepton—quark neutral current
scatteringwith the singlehardphotonemissionfrom the lepton line, takenoriginally from ref. [181(see
appendix).The 0-functionsin eq. (11) reflect the kinematic limits for this process.

Having definedall the ingredientsin the masterformula (2) we cannow describein moredetailsthe
MC algorithmusedto generatethe differential distribution ~. A schematicdiagramof this algorithmis
depictedin fig. 2. The variables t, x, z1, z2, 4,, 4, and the type of the scatteredquarkq are generated
from top to bottomof the diagram.The return loop in this picture representsthe rejectionprocedurein
the MC algorithm. The rejection technique, in general, consists in replacing the distribution

x, z1, z2, 4,, 4,) to be generatedby the distribution ~1(t, x, z1, z2, 4,, 4,) which is simpler than o
and thereforeeasierto generate,but fulfilling the inequality ~ andbeing as close to g as possible.
In the first stepwe generatethe distribution ~ andfor eacheventwe calculatethe weight w1 = ~/g
This weightis thencomparedin the next stepwith a randomnumberr E (0, 1) andif r � w1 the eventis
accepted,otherwiseit is rejectedand the procedureis repeated.This way, the acceptedeventsare
distributedaccordingto the desireddistribution g.

We canobtain the distribution ~by makingthe following replacementin eq.(2),

S1 —‘S0X, (12)

and by simplifying somewhatthe hardbremsstrahlungelement~ The replacement(12) is possible
due to the mild dependenceof the differential cross section on s for fixed t, mentioned in the
Introduction.This replacementenlargesa little the availablephasespace(see the 0-function in eq.(2)).

* The real solutionfor theproblemwith the choiceof theboundary~ is to avoid it by theexponentiation[16,17].
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ENTRY

t, x

Zj, Z
2

inematic

Wi

q

EXIT

Fig. 2. Schemeof the MonteCarloalgorithm.Generationof theindicatedvariablesandotheroperationsaredepictedby boxesand
thereturn loop representsrejectionof events.

The new distribution may bewritten as

g1(t, X, z1, z2, 4,, 4,) = K�)(X 51,min(t)/5o) zl(t, z1, z2) ~Diq(SoX, t) qq(x. t), (13)

where

4(t, z1, z2) = ~(z1)~(z2) ~s(t; .~)+ 0(z1/�1+z2/e2— 1)~th(t,z1, z2 .~) (14)

and

al
~h(t z1, z2 .Z) =0(z1 —~1(z2)) 0(z2—~2(z1))—-----——, (15)

IT Z1Z2

where4’(t; 1) is definedin eq. (9). It is much simplerto generatethevariablest, X, z1, z2 accordingto
the distribution g ~.After generationof thesevariables,the abovesimplification is correctedby rejection
with the weight

w1 =~i(t, x, z1, z2, 4,, 4,)/~1(t,x, z1, z2, 4,, 4,). (16)

The dummyparameterK is adjustedsuchthat w1 � 1. Forthe basicprocess(1), a numericalexperiment
or an inspectionof relevantformulae showsthat for the HERA energiesone may put K = 1.13. But it
may not be true for some nonstandardprocessandin sucha casethe programautomaticallyadjustsK

usingthe first 500 generatedevents.The rejectionrate appearsto be reasonablysmall, usually less than
20%.The total crosssection(2) may be estimatedfrom the following relation

(17)
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where (w
1) is theaverageweight takenover all acceptedandrejectedevents,andthe approximatecross

section

~ =fdl t I dx dz~dz2 ~1(t, x, z~, z2, 4,, 4,)

= Kfd It If’ dx~qq(t, x) DIq(SOX, t)f
1dzif’ dz

2 ~(t, z~, z2) (18)
t I ~ 0 ()

hasto becalculated.A veryimportantadvantageof the abovesimplification is that the generationof the
variables t, x may be achievedindependentlyof z~,z2. This is possiblebecausef~~~1(t,z,, z2) 1 ~.

The variables t, x are generatedaccordingto the distribution

f(t, x) = ~qq(t, x) Diq(S0X, t) (19)

usinga two-dimensionalMC samplerVESKO2,the sameas in the programLESKO-C. It setsup, in an
initialization mode,a grid of cells which is denserin regionwheref(t, x) is higherandless densein the
restof the integrationdomain. In a procedureof generatingpairs (t, x), first a cell is randomlychosen
and then the pair (t, x) is generatedwithin the cell (by meansof rejection) preciselyaccordingto the
distribution f(t, x). The generation method is rather efficient, even for almost arbitrary parton
distribution functions qq(t, x). Apart from the generationof the variables t and x this sampleryields
also the value of the integral f dt dx f(t, x) with a good precision.It is neededto evaluatethe total
crosssectionu accordingto (17).

The variablesz,, z2 aregeneratedaccordingto thedistribution ~i(t, z,, z2) when t is alreadyknown.
This generationis rathereasyto perform and for moredetails we refer the readerto the sourcecode.
For a completesetof thephasespacevariablesnecessaryto describethe eventoneneedsin additiontwo
definedaboveazimuthalangles 4, and 4,. They are generateduniformly in the range(0, 2ir).

Having all the kinematicalvariableschosenwe are able to calculate the value of the distribution
x, z,, z2, 4,, 4,)which containssummedcontributionsfrom all the quarkflavours,andthenwe can

generatethe type of the hit quarkq accordingto the probability

pq=qq(x, t) Pq(t, x, z,, z2, 4,, 4,)/~(t,x, z,, z2, 4,, 4,). (20)

Usingthe variables t, x, z,, z2, 4,, 4, and the quark flavour index q onecan constructall the momenta
andflavoursof the particlesin the final state.

3. The structure of the program

The structureof this programis in generalsimilar the structureof the programLESKO-C, described
in ref. [8]. The programis divided into threedistinct parts(LESF, LESLIB, PDFMIN) which accomplish
different functional tasks. The main routine of the program is called LESKO. It is placed in the part
named LESF. This routine has to be called by the user in order to generate events. It administers
input/output,initializes subprogramsandprints somefinal results.It is describedin moredetails in the
next section. The basic MC algorithm, described in the previous section, is implemented in the
subroutineDZIDZA. It is called in LESKO and is located in the part LESF. This part contains also
subprogramsfor the calculationof the matrix elementand the kinematics of the process(1). Utility

* In fact, this integral depends weakly on t and we replace it by LI1 = LI/(1 + f(t)) for which f~dz~dz7 LI1 = 1, where
0< f(t)< 0.13.
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subprogramssuch as a randomnumber generator,the two-dimensionalMC samplerVESKO2 and
subprogramsfor Lorentz transformationsare concentratedin the secondpart, namedLESLIB. The
programincludesan interfaceto the packagePAKPDFof partondistributionfunctionsparametrizations
[19—25,26]describedin ref. [27]. In the programdeckwe enclosea small versionof this package,named
PDFMIN, with only two parametrization[19,23],butonemayeasily usethe original packagewithout any
changeof the program.

The heartof the whole programis the subroutineDZIDZA. It providesthe elementaryphasespace
variables t, x, z

1, z2, 4,, 4, according to the MC algorithm describedin section 2 and calculatesthe
four-momentaof all final stateparticles.The generationof the variablesis performedin the following
subprograms: t, x in VESKO2, q in FLAPIK and z1, z2 in BREMSS.The distributions ~, defined in
eq.(2), and ~, definedin eq. (13), are calculatedby the function ROMS: first by calling the function
BSMATE and secondby calling the function BSMATR. The differential cross section Diq for the
electron—quarkneutroncurrentscatteringis providedby the functionDISTNC. The valuesof the quark
distribution functionsin the proton qq(t, x) are calculated,for a given t and x, in the routineQUAKER
andstoredin the commonblock LEFLAV. Onemay usevariousparametrizationsof thesedistributions
by calling appropriatesubprogramsin QUAKER. After all the basicspacevariables t, x, z1, z2, 4,, i/i

havebeengenerated,the four-momentak, p2, q2, P’ of all final partons(seefig. 1) are calculatedin the
routine KINO2 called from DZIDZA. In this version of the programwe use the switchablerandom
numbergeneratorcalled VARRAN; the usermay chooseamong two good quality random number
generatorsRANMAR [28] and RANECU [29] using the switch KEYRND in the routine LESKO
(KEYRND = 1, 2 for RANMAR andRANECU,respectively).RANMAR is the defaultrandomnumber
generator. It is initialized automaticallyin the first call to the programbut it can be initialized or
restartedby the useras well (for details seethe routinesMARRAN and/or RANECU in the part
LESLIB).

4. How to usethe program

A Monte Carlo event,i.e. a completesetof final momentaandflavours, is generatedby a singlecall to
the subroutineLESKO. For examplea completesequenceof callswhich generates1000 eventsmay look
like

REAL*4 XPR(1O)

INTEGER* 4 IDPROC,INLEPT,NPR(1O)

define histograms,IDPROC,INLEPT,NPR(1O),XPR(1O)

CALL LESKO (—1, IDPROC,INLEPT,NPR,XPR)
DO 500 IEVENT=1,1000

CALL LESKO(O, I DPROC, INLEPT,NPR,XPR)

fill histc~grams

500 CONTINUE

CALL LESKO(1 ,IDPROC,INLEPT,NPR,XPR)
print histograms and other final results

At it is obvious from the above example the first integer parameterMODE in any CALL
LESKO(MODE,...) simply decideswhether LESKO is called in initialization mode (MODE = — 1),
generationmode (MODE = 0) or post generationmode (MODE = 1). The first call (obligatory) is
employedin orderto transferthe input datathroughLESKO parametersandto executeinitializationsin
subprograms(no eventgeneration),the secondone in order to generatea MC event,andthe third call
(optional) terminatesgenerationby printing some usefuloutputandcalculatingthe total integratedcross
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Table I
Steeringparametersof LESKO-F.

Parameter Meaning

IDPROC Processidentifier, IDPROC = 1 denotesthe neutralprocessep —* eX with -y +Z
11 exchangein t channel

(otherprocessesmay be addedin the future).
INLEPT Flavouridentifier of the lepton beam, INLEPT = 11, —~II denoteselectronand positron, respectively.

NPR(l)= KEYRAD Switch for QED bremsstrahlung.KEYRAD = 1,0 for bremsstrahlungswitchedon, off.
NPR(2)= KEYTRG For KEYTRG = I events are producedwith a minimum transversemomentumof outgoingparticles

(quark/electron+photon)PTr,,~.= PTMIN or for KEYTRG = 0 with a minimum momentumtransfer

PTMIN (this option makessensefor KEYRAD = 0 only).
NPR(3)= KEYVAL For KEYVAL = 1,0 the contribution from valencequarksis switchedon, off (for testsonly).
NPR(4)= KEYSEA For KEYSEA = 1,0 thecontribution from seaquarksis switched,on, off (for tests only).
NPR(5)= KEYPDF This switch decideswhich of the parametrizationsfrom the packageof parton distribution functions is

chosen.In the presentversion of the programwith the small packagePDFMIN allowed values of
KEYPDF are 0,1,5 (for the completePDF-packageof ref. [27] KEYPDF = 0—8), seealso commentsat
the beginningof the subroutineLESKO.

NPR(6)= KEYGSW For KEYGSW = 0 neither -y norZ°self energiesare included.For KEYGSW= 1 the completeset of
the vacuum polarization functions from the electroweakstandardmodel is included (this option is
recommended).

NPR(7)= KEYSET It specifiesone of the sets in the individual parametrizationof partondistribution functions.The values
allowed for KEYSET dependon the chosenparametrization(KEYPDF) and they are describedin
details in ref. [271(seealso the sourcecode).

XPR(1)= ENELE Energyof the lepton beam(GeV).
XPR(2)= ENPRO Energyof the proton beam(GeV).

XPR(3)= PTMIN Minimum transversemomentumPTm~~(GeV) of the producedquark (lepton+photon)or for
KEYTRG = 0. The minimal value allowed for PTMIN is about 1.0 (GeV); for the lower values the
partonmodel may be not valid.

XPR(4)= POLAR Longitudinalspin polarizationof thelepton beam.POLAR E ( + 1.0. 1.0); POLAR 0.0 for theunpolar-
ized beam.

sectioncorrespondingto a generatedsample.Otheroutputresults,as e.g. four-momentaandflavoursof
the final state,are affordedby appropriatecommon blocks, see later in this Section.

Let us now give more details about the steeringparametersof LESKO andthe particular modes.

4.1. Initialization mode

The input dataset, transferredto LESKO in the initialization mode (MODE = — 1), is listed in the
table 1. The integer IDPROC is the variable usedto define the type of the scatteringprocessand the
integer INLEPT is a flavour identifier for the e~beam(INLEPT = 11, — 11 for electronsandpositrons,
respectively).The e± beamis assumedto be directedalong the third axis in the laboratorysystemand
the proton beamoppositeto it. The otherparametersarecollectedin arraysNPR(10) andXPR(10);for
more detailsseetable 1. Someparameters,as e.g. usefulconstantsandparticle masses,are providedby
the subroutinePARLES calledin LESKO.

4.2. ELent generationmode

In the eventgenerationmode, i.e. for MODE = 0, all otherargumentsof the subroutineLESKO are
ignoredanda Monte Carlo eventis producedaccordingto the algorithmdescribedin section 2. For each
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event LESKO-F provides momentaand flavours of final particleson the parton level only (no quark
fragmentationis performed).The momentamay be found in the REAL *8 commonblock UTIL8 or its
REAL *4 version UTIL4. The first one readsas follows:

COMMON/UTIL8/PELE(4),PQUA(4),PHOT(4),PROH(4),DEEL,DEPR

where REAL *8 PELE, PQUA are four-momentaof the outgoing lepton I = e± and of the scattered
quark q’ (i.e. p2 and q2 respectively,see fig. 1), and REAL*8 PHOT is the momentum of the
bremsstrahlung photon (i.e. k in fig. 1) while REAL * 8 PROH is the four-momentumof the proton
remnant(i.e. P’), all in units of GeV. REAL * 8 DEEL and DEPRare energies (in GeV) of the electron
andproton beams,respectively.The flavour of the struck quarkis storedin the INTEGER* 4 common
block

COMMON/ FLASC / LAVAL,IDQUA

LAVAL = 1, 0 says whether a valence (LAVAL = 1) or sea (LAVAL = 0) quark was struck off the
photonwhile IDQUA is the identifier of this quark accordingto the PDG convention [30] (see also
commentsin the sourcecodeof the subroutineLESKO).

Apart from it each event is stored in the standardizedHEPEVT event record [31]. To specify
particles,a numberingschemedevelopedby the ParticleDataGroup[30] is employed.(Note: Sincethe
proton remnantis a nonstandardobject the PDG codefor it we set to 81).

The minimumrequirementto achievea significant result is to set up the steeringparametersof the
programaccordingto table1.

4.3. Postgenerationmode

A call to LESKO in this mode(MODE = 1) may be optionally used in order to obtain the value of the
integrated cross section o~and the number of generated event.The crosssectiono~is obtainedwith a
statistical error dependingon the number of generatedevents. All this information is printed in the
output file andit is also provided to the userthroughthe parameterarraysXPR andNPR; seetable 2.

5. Somenumerical results and final conclusions

The programdeckcomprisesa demonstrationmain programDEMOLF which includes an example
for the use of the program. Sampletest output at the end of paper includes resultsfrom running the
abovedemonstrationprogram.It includes:print-out from LESKO-F before and aftereventgeneration
and a list of four-momenta for a few first events.

Table2
Someoutput results

Parameter Meaning

NPR(1) Numberof generatedevents.

XPR(l) Integratedtotal crosssectiono~in unitsof nanobarn.
XPR(2) Relativeerrorestimateof o~tin per cent.
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316GeV2<Q~< 1000GeV2

nb. G(~2J o~oo~Born
~nlt. coil. bremosir. ~

LESKO-F

10 ~ 10 2 10_I Xe 1

Fig. 3. Distributionsof differential crosssectionx~d2ff/dx~dQ~obtainedfrom LESKO-F (solid line) andfrom non-MonteCarlo
calculations:in the Born approximation(oKxo) and in thecollinearbremsstrahlungapproximation(.s.) (seesection5).

An exampleof the numericalresults obtainedfrom LESKO-F is presentedin fig. 3. It shows the
distribution x~d2ff/dxe dQ~acquiredby the useof LESKO-F (solid line in fig. 3) in comparisonto the
resultsof non-MonteCarlo calculations:in the Born approximation(small diamonds)and in the leading
logarithmic approximationfor initial electronstatebremsstrahlung(small filled circles).As onecan see
in the figure the bremsstrahlungcrosssectionexceedsconsiderablythe Born crosssection in the region
of small Xe~This effect is of kinematicalorigin and correspondsto the hardphotonemissionfrom the
initial electronstate.Forhigher xe the bremsstrahlungcrosssectionbecomeslowerthan the Born cross
section due to the negativecontribution from the soft bremsstrahlung(for more details about these
effectsseee.g.ref. [6]). The resultsof LESKO-F are in agreementon the level of a few percentwith ones
for the leadinglogarithmic approximation.Thesedistributionswereobtainedfor a transversemomentum
of the final quarkgreaterthan PT,min = 10 GeV andfor the momentumtransfersquared316 GeV2 <Q~
� 1000 GeV2. For theseMC simulations and numerical calculationswe used the proton structure
functionsfrom Duke andOwens[191.Sincethe PT,min cutoff is the steeringparameterof the program,it
enablesto cover effectively variousregionsof the (x, Q2) space.The efficiency of the programfor the
eventgenerationdoesalmostnot dependon the value of PT,mr

Recentresultsof the comparisonbetweenLESKO-F andtheMonte CarloprogramHERACLES[11],
show a good agreementof the two generators.

Let us conclude our paperwith a few remarksabout further developmentof the LESKO-F Monte
Carlo eventgenerator:

• The programpresentedin this paper includesthe bremsstrahlungeffectsof ~(a) approximation.
The conservativeestimateof the overall precisionof our programis a few percent(numerical precision
and QED higherorders).It could be improvedby additional testssensitiveto correctionsof order a/IT
andtheinclusionof the second-orderleading-logarithmiccorrectionsof order((a/IT) ln(Q2/m~)2which
are of the samesize asnon logarithmic a/IT corrections.

• The most effective method of including higher-ordercorrections is the exponentiationof the
soft—photoncontributions.In some parts of the phasespacethis is a necessity(see ref. [4]). A Monte
Carlo algorithmfor exponentiationin the processwith t-channelexchangeis available[12,13,32]for low
angleBhabhascattering.
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• The presentversion of the programdoesnot include the hadronizationas well as QCD radiative
effects.This is, however,ratherimportantfrom the experimentalpointof view andshouldbedonein the
nearfuture ~.

• The next thing that can be done is the inclusion of a longitudinal structurefunction which is
interestingfor a gluon distribution measurements[34,35].
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Appendix. The hard bremsstrahlung matrix element

The matrix elementfor the elementaryelectron(positron)—quarkneutral current scatteringprocess
including the single hard photon emission from the lepton line

e(pt) + q(q,) —~ e(p
2) + q(q2) + ‘y(k) (21)

readsas follows [18]

.,(qhard

2~~c,hard~ ~ ~,,, (22)

where

,hard~2_a ~ ~

i,j=y,Z

xQ~(k)(tk)Pi(t) ~(t)) (23)

is the matrix elementfor masslessspinorsand
2 a .. S+U S2+U2 S2—U2 S2—U2

~ —Q~m~P
1(t)P2(t) A’~ 1 1 + 2 ~ ‘ ~ + 2

i,j=y,Z (kp,) (kp2) (kp1) (kp2)

(24)

is the correctionfrom the finite massof spinors(seeref. [18]).

* The first versionof the programincluding parton cascadesandfragmentation,namedFRANEQ, which follows the old Lund

conventionof JETSET 6.3 [33] has recentlybeendevelopedby W. Placzek.It canbe obtainedby e-mail from H1KPLA@DH-
HDESY3.
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In the aboveequations

s = (p
1 + q,)

2, t = (q~— q
2), U = (p1 — q2)

2, 75)

s
1 = (~2+ q7)

2, t
1 = (p, —p2)

2. u
1 = (~ — q, )2

The factors A~’and B~
2in eqs. (23) and (24) arecombinationsof fermion—bosoncoupling constantsfor

the neutralelectroweakcurrents

A = (A~,?— �A~)A~’, B~2= (A~ — �A~) Ax’, (26)

where e is the longitudinal spin polarizationof the initial lepton while the quark is assumedto be
unpolarized,and

= 2(i’~i~— ~ A~’= 2(i.~a~— a~i’~). (27)

The quantities

I3—2s~Q j3

= Qq’ a~= 0. i’~ = q q, a~= (28)

are the coupling constants,where Qq and I~are electric chargeandprojectionof theweak isospinof the
correspondingfermion qLR and s~,c~are sine andcosineof the weak mixing angle O~,respectively
[36].

The P,~(t) in the formulae (23) and (24) are the -y andZ0 propagatorsdefinedby

P(t)= P
7(t)= , (29)

t(1 +H~(t)) t—M~

where M~is the Z°bosonmassand fl.~(t) is the photonvacuumpolarizationfunction of the standard
electroweaktheory. The inclusionof this functioncorrespondseffectively to taking the runningcoupling
constantfor the photon, i.e.

a(t) =a(0)FA(t), (30)

and

FA(t) = 1 +TI~(t)’ (31)

where the leptonic part of H.~(t) is taken from ref. [37] and the hadronicone is calculatedusing a
dispersionrelation from ref. [381.The self energy correctionto the Z°propagatoris rathersmall in the
HERA range [5] and it is not necessaryto include it with all details. A good approximationfor this
correction is achievedby incorporating to the Z° coupling constant the corrections to p. decay (see e.g.

refs. [4—6]).In the programthis is done as follows. The mixing angle 6~is definedby the Z° and W
masses[36], where the Z° mass M~ is consideredas an input parameterand the W mass M~ is
calculatedusing the muon decayconstantincluding the radiativecorrections,as in ref. [4] *• Such a
treatmentof the correctionsto the electroweakpropagatorsyields a sufficient precisionfor the HERA
experiments.

* The authorsare grateful Dr. T. Riemannfor providing them with the relevantsubprograms.
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TEST RUN OUTPUT

* DEMOLE *

* 5000 NUMBEROF EVENTS TO BE GENERATED *

* LESKO-F VERSION 2.2 *

* TO BE PUBLISHED IN COMP. PHYS. COMM. *

* AUTHORS: S. JADACH & W. PLACZEK *

* INPUT PARAMETERS *

* 1 =IDPROC, PROCESS TYPE IDENT *

* 11 =INLEPT, INITIAL LEPTON BEAM IDENT *

* 30.0000000 =ENELE, LEPTON BEAM (GEV) *

* 820.0000000 =ENPRO, PROTON BEAM (GEV) *

98400.00000 =SSO, TOTAL CMS ENERGYSQ. (GEV**2) *

* 10.0000000 =PTMIN, MINIM. PT OF Q (GEV) *

* 0.0000000 =POLAR, LEPTON BEAM SPIN POLARIZATION *

* 1 =KEYRND, SWITCH FOR RAND. NUMB. GENER. *

* KEYS ARE SET AS FOLLOWS. . . *

* 1 =KEYRAD, RADIATION KEY *

* 1 =KEYTRG, PT**2 TRIGGER *

* 1 =KEYVAL, VALENCE QUARK ON/OFF *

* 1 =KEYSEA, SEA QUARK ON/OFF *

* 1 =KEYPDF, PARAM. OF STRUCTUREFUNCTIONS *

* 1 =KEYSET, SET IN THE PDF-PARAMETRIZ. *

* 1 =KEYGSW, GSW RAD. CORR. ON/OFF *

* GSW PARAMETERS. . . . *

* 91.170000000000 = MASS OF ZO BOSON (GEV) *

* 80.002998888627 = MASS OF W BOSON (GEV) *

* 0.229968265260 = SIN(THETAWEINB)**2 *

MARran INITIALIZED: IJ,KL,IJKL,NTOT,NTOT2= 1802 9373 54217137 0 0

MOMENTAFROMLESHO, EVENT NO. 1
P(1) P(2) P(3) P(4) MASS

PELE -9.25375 10.31136 24.62B02 28.25766 0.00051

PQUA 10.32732 -11.50967 -122.24783 123.22199 0.00000

PHOT -1.07357 1.19B31 2.85929 3.28086 0.00000
PROH 0.00000 0.00000 -696.23949 695.23949 0.00000

SUM 0.00000 0.00000 -790.00000 850.00000

MOMENTAFROMLESKO, EVENT NO. 2
P(1) P(2) P(3) P(4) MASS

PELE -8.73497 -5.87697 24.23202 26.42025 0.00051
PQUA 8.94727 6.01275 -3.09086 11.21428 0.00000

PHOT -0.21229 -0.13579 0.58622 0.63809 0.00000

PROH 0.00000 0.00000 -811.72738 811.72738 0.00000
SUM 0.00000 0.00000 -790.00000 850.00000
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MOMENTA FROM LESKO, EVENT NO. 3

P(1) P(2) P(3) P(4) MASS

PELE 4.40662 9.53864 20.85434 23.35182 0.00051

PQUA -4.40662 -9.53864 4.40177 11.39208 0.00000

PHOT 0.00000 0.00000 0.00000 0.00000 0.00000
PROH 0.00000 0.00000 -815.25611 815.25611 0.00000
SUM 0.00000 0.00000 -790.00000 850.00000

MOMENTAFROMLESKO, EVENT NO. 4

P(1) P(2) P(3) P(4) MASS

PELE 8.47237 -16.10409 26.93559 32.50613 0.00051

PQUA -8.47729 16.11332 -316.11552 316.63943 0.00000
PHOT 0.00493 -0.00923 0.01559 0.01878 0.00000

PROH 0.00000 0.00000 -500.83566 500.83566 0.00000

SUM 0.00000 0.00000 -790.00000 850.00000

MOMENTAFROMLESKO, EVENT NO. 5

P(1) P(2) P(3) P(4) MASS
PELE -3.50258 -16.46261 26.48575 31.38121 0.00051

PQUA 3.50258 16.46261 -65.33775 67.47078 0.00000

PHOT 0.00000 0.00000 0.00000 0.00000 0.00000
PROH 0.00000 0.00000 -751.14800 751.14800 0.00000

SUM 0.00000 0.00000 -790.00000 850.00000

* DZIDZA REPORTS: *

* 5764 NUMBEROF RAW EVENTS *

* 6000 NUMBEROF ACCEPTEDEVENTS *

* 0 NUMBEROF OVERWEIGHTEDEVENTS *

* 1.130000 MAXIMUMWEIGHT *

* O.452005765E+01 SIGMA TOTAL (NANOBARNS) *

* 0.406403 ERROR ON SIGMA TOTAL ( PERCENT) *

* O.1S0000E+32 ASSUMEDLUMINOSITY Cl4*t(—2)*SEC**(-1) *

* O.585799E+04 EVENT RATE PER DAY *


