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1 INTR ODUCTION

At LEP2 the two-fermionproductionhasthe highestcrosssectionof all hardprocesses.At LEP1 it
servesastheuniquereactionto studythepropertiesof theZ bosonandit hada very distinct two-body
character, asthe photoninitial stateemission(ISR) washighly suppressed.At LEP2, far above the Z
pole, the ISR is strongandfrequent,the radiative tail of theZ developsto suchan extent that the ISR
QED radiative correctionsareseveral timesaslargeastheBorn crosssections.Anotherimportantfact
is that oneneedsto accountfor the productionof secondaryreal fermion-anti-fermionpairs (usually
light andsoft) dueto theradiationof off-shell photonsandZ bosonsfrom theinitial- or final-state.This
makes the taskof the ‘signal definition’, that is what we really meanby the two-fermionfinal state,
rathernontrivial, in otherwordsthereis thequestionof theseparationbetweentheradiative corrections
to two-fermion productionand the genuinefour-fermion production. This aspectof the two-fermion
processwashighlightedin thediscussionof theLEP ElectroweakGroupandalsoin thepresentations
in the beginning of the currentworkshop. Oneaim of the workshopthereforewasto comeup with a
2-fermionsignaldefinition,which is applicableto all 2-fermionfinal states,andsuitedequallywell for
theoreticalpredictionsandexperimentalmeasurements.

Theothertopicswhichemergedasimportanttheoreticalissuesfor thework in two-fermiongroup
werethequestionof the reliability of theexisting QED calculations,especiallyof thesocalledinitial-
final stateinterference,andthequestionof thereliability of thepureelectroweakcorrections.Theout-
standingperformanceof themachinegaveLEPexperimentssizablesamplesof eventswith oneandtwo
explicitly (tagged)photonswhich arevery useful for searchesof the phenomenabeyond the Standard
Model (SM). Theevaluationof theratesof theseeventsfrom QED washigh on theagendaof our work
from thebeginning.

The layoutof our chapterreflectsto a large extent theevolution of thework of our two-fermion
group. In generalwe pursuedtwo waysof collecting,evaluatingandimproving theoreticalcalculations
for two-fermionprecess.Ononehand,wecollectedall availabletheoreticalcalculations,asimplemented
in MonteCarlo (MC) andsemi-analyticalprograms(codes)andwe appliedthemto getpredictionsfor
all crosssections,asymmetries,etc.measuredin LEP2experiments,whichwereidentifiedin first place,
with thehelpof ourexperimentalcoordinators,onefor eachLEPcollaboration.All codesbeartheirown
theoreticalerrorspecificationandapplicability range.This whatwe call the ‘wide-rangecomparisons’
of many codesfor many observableshasgiven us confidenceinto individual error specifications,or
hasled to somequestionsto be solved eitherwithin this workshopor beyond. On the otherhand,the
alternative pathwasfollowedof thesocalled‘tuned-comparisons’or ‘theme-comparisons’whicheither
concentratedonthemoredetailedcomparisonsof 2-3codes,usuallyconcentratingjustononetheoretical
problemandtrying to reducejustonesourceof thetheoreticalerrors,for examplefrom QEDeffects.The
prominentpartof the‘theme-comparisons’wasthestudyontheeffectsof thesecondarypairproduction
process.

Having this in mind theoutline of the reportis not surprising. In the first sectionwe amassthe
rich list of processesandmeasurablequantitiesfor all 2-fermionchannels,that is theBhabhaprocess,
thequark-,t -,   -pairchannels,withoutandwith taggedphotonswhichareonepillar of the‘wide-range
comparisons’.Anotherpillar is thethird sectionin whichall theoreticalcalculations/codesarecollected
– eachof themincludesits individual total theoreticalerror andrangeof applicability. In the second
sectionwepresenttheharvestof thewide-rangecomparisons,summarizingin aquantitative wayresults
of them,channelperchannel.

The ‘theme-comparisons’arelocatedin the fourth sectionandtheir subsetrelatedto secondary
pairproductionwasimportantenoughto beawardedthestatusof theseparatefifth section.

In the last sectionwe summarizeall importantresultsandlist theproblemsin two-fermionpro-
ductionwhicharestill left out for furtherwork.
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2 EXPERIMENT AL OBSERVABLES AND THEORETICAL
PRECISION REQUIREMENTS

Thissectioncollectsspecificationsof thequantitiesmeasuredin thetwo-fermionprocessatLEP2which
wecall for short‘observables’,andwealsotry for eachlistedobservabletodefinethenecessaryprecision
level of thetheoreticalprediction,keepingin mindthetotalexperimentalerrorwhichwill beachievedat
theendof LEP2operation,for datacombinedfor all four LEPexperiments.

Thegreatdiversityof theseobservablesis a distinct featureof the two-fermionprocess,ascom-
paredto the u¡u channelor QCD studies,seeothersections.It is partly dueto the fact that various
final stateslike muon-pairs,tau-pairs,quark-pairs,neutrino-pairwith gammaandthe Bhabhaprocess
have very differentexperimentalcharacteristics,differentmethodsof measurementandeachof them
comesin two versions,acceptingZ radiative returnor rejectingit. Furthermore,thetwo-fermionprocess
cannotbeexperimentallycompletelydisentangledfrom thefour-fermionprocess,multiplying againthe
possibleoption for defining the two-fermionobservables. On top of that therearestill (andwill be)
differencesbetweenthewaysthefour experimentsdefineandmeasuretheircross-sections,asymmetries
anddistributions.

In thissectionwemakeasortof ‘frontal attack’on theproblemof definingwhatis measuredasa
two-fermionprocessatLEP2,by doingthemostcompletelist of two-fermionobservablesusedin LEP2
dataanalysis.Theprimaryaimof this is to helptheoriststo understandwhatis reallymeasuredin LEP2
andwhataretheultimateprecisiontargetsin theLEP2data.However, suchanexhaustive list canalso
beusefulfor experimentalcollaborationswhencombiningdatafrom four LEPcollaborations.

We never hada hopeto have a completetheoreticalpredictionandfull discussionof theoretical
errorsfor all this impressive list of two-fermionobservables. It is not even necessaryassomeof them
arequite similar, andsomeof them are ratherdifficult to implementfor the averagetheorist. In the
processof scrutinizingvarioustheoreticalcalculationswe useonly partof theseobservables,mostlyof
the ‘simplified type’. The simplified observablesarealsonecessarybecausesemi-analyticalprograms
canprovide predictionsonly for themandnot for therealisticones.(MC eventgeneratorshave no such
limitations.) Anotherrole of simplifiedobservablesis that they areprototypesof theobservablesused
for combiningdatafrom thefour LEPcollaborations.

For thesocalled‘tunedcomparisons’whichweremadefor instanceamong¢�¢ MC andZFITTER
or betweenBHWIDE andLABSMC theauthorsof thesecodeshave usedtheir own, evenmoresimple
kinematiccuts,tailoredspecificallyto thesetests.They arenotdiscussedin this section.

Theobservableswhich includetheZ resonancein thephasespace,that is Z-inclusive, andwhich
excludetheZ resonance,that is Z-exclusive, we usuallydenotethemusingtheshort-handnotation‘in-
clusive observables’and‘exclusive observables’insteadof thefull ‘Z-inclusive’ and‘Z-exclusive’. We
hopethatthiswill not leadto confusion,andwherevernecessaryweshallexpandto thefull terminology.

For the purposeof our main aim, that is of establishingtheoreticalerrorsfor the typical two-
fermionobservablesthis sectioncontainstoomuchinformation.We think, however, thatit is a valuable
assetof this reportandwe decidedto keepit to thefull extent,acceptingthatonly someof themwill be
really usedin theactualtheoretical studies.

2.1 Precisionrequirementsfor theoretical predictions

Oneof the most importantingredientof the observable definition is its precisiontag. Obviously the
higherprecisionthemorecomplicatedthestudyof its theoreticaluncertaintieswill be.Also moreof the
detailsof experimentalcutswill beneededto estimatethetheoreticalsystematicerrors.
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Thefollowing ruleof thumbwith respectto theerrorsobtainedfor thedatatakenat ù ú Ë ÿ ���
GeV

wassuggestedfor estimatingtherequiredprecisionin caseswherethereis no betterinformationavail-
able.

1. The experimentalstatisticalerror is decreasedby factor of ù ÿ �¤£ Í@÷7) with respectto present
(summer1999)onefor thesinglecollaboration.We still expectstatisticsto grow by factorof 3
andcombinationof all 4 experimentsmakesthetotal statisticsa factorof 12 bigger.

2. Theexperimentalsystematicerrorcanbeexpectedto go down by a factorof 2 (maybe3) dueto
improvementsandpartialnon-correlationsamongexperiments.

3. Theaboveestimatesof theexperimentalstatisticalandsystematicerrorshouldbeaddedin quadra-
ture.

4. Therequiredprecisionshouldbe
ÿ �@Í of that to assurethat theoreticaleffectswill not deteriorate

experimentalresults(will not increaseanerror)by morethan10%.

Thedemandof amaximumof 10%increaseof thefinal experimentaloverall errordueto theoret-
ical uncertaintiesis notanover-demand.It is equivalentto adecreasein runningtimeof experimentsby
20%in caseswhenthestatisticalerror dominates.A similar 10%deteriorationof an overall detection
performancewouldoccuronly aftera30%decreasein datatakingfor measurementswherethestatistical
andsystematicerrorsaresimilar in size. Having this in mind andalsoan enormouseffort of so many
peopleover somany years,not mentioningthecosts,mayeven leadto theconclusionthatour rule for
precisionrequirementsfrom theoryis not strict enough.

In generalasinclusive (incl.) we understandthecrosssectionfor ú;¥ �@ú � Ì@÷ ÿ andasexclusive
(excl.) for ú;¥ �@ú � Ì@÷ � ) . For Bhabhaexcl | denotes�Hð����A�T��� Ì@÷ � andexclÄ denotes�Hð����$�T��� Ì@÷7¦ . For
asymmetriesthe(absolute)error tagcanbeobtainedfrom theoneof thecrosssectionmultiplying it by
0.01§ ù � anddroppingthe% symbol.

Thefollowing precisiontagscanbeassumedif explicit numbersdo notoverrulethemin thetext:

1. crosssectionsfor x Öx final states:incl. 0.11%,excl. 0.23%

2. crosssectionsfor c / c d final states:excl | 0.13%,exclÄ 0.21%

3. crosssectionsandasymmetriesfor t"/gt d final states:incl. 0.41%,excl. 0.53%

4. crosssectionsandasymmetriesfor   /   d final states:incl. 0.44%,excl. 0.61%

5. searchesbackgroundcrosssectionsfrom quarksandtaggedhardphotons0.3%

6. searchesbackgroundcrosssectionsfrom leptonsandtaggedhardphotons:
singlephotons1.5%,multiplephotons5%

7. searchesbackgroundcrosssectionsfrom neutrinosandtaggedhardphotons
singlephotons0.5%,multiplephotons2%

Thesenumbersserve asa startingpoint for thedefinitionof precisiontagsrequiredfrom completethe-
oretical calculations. For separateingredientssuchas interferencespair correctionsetc, the physical
precisiontagmustbeevenmorestrict, to assurethat their combinationwill not overcometherequired
tag.Finally thetagfor technicaltestsmustbesetanotherfactorof few smaller.
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2.2 Generalcommentson observable definition

In thefollowing chapterstheobservableswill bedefined.For moredetailsseerespectively: ALEPH [1],
DELPHI [2] for all observables,for ( ¨ ¨ (í )) processesL3 [3–6], OPAL [7–9]; for (f fj© í ) [10,11]; and
for ( ª ª © í ) [12–14].

Themain groupsof observablesareformedby physicsprocesses,they arelaterdivided into re-
alistic and idealizedonescorrespondingto different stagesof experimentalanalysis. Finally specific
solutionsadoptedby experimentsareplacedin thesubsections.Somepointswhich couldbeextracted
from the observablesdefinition like a glossaryor the approachto the extra pair are discussedat the
beginningof thechapterto avoid unnecessaryrepetition.

The purposeof the list of observablesis to review all necessaryconditionsfor calculationof
theoreticalpredictions.More explanatoryexamplesaregivenlaterin thesection.

2.3 Notation

In definitionof observableswewill usesomeshort-handnotationsto make it easier. Let usillustratejust
a few of them.


 + ûýü : centreof massenergy.


 � Â : Thepolarangleof particleí with respectto theelectronbeam.


 �Hð����$��« �¬«.��� Ì@÷ � : Thepolarangleof bothparticles® and Ö® mustsatisfythecut.


 + Â : Theenergy of particleí .


 Ô Â
Ë ��+ Â ��+ ûýü : Theenergy fractionof particleí .


 � Ø7�°¯ : Numberof chargedtracksin theevent.


 k�±³²�´ ��c d c / � : Thecollinearityanglebetweenparticlesc d and c / .


¶µ¸·¹ : forward-backwardasymmetryconstructedon thebasisof final statechargedparticles.


 8 � �°º � /5��® Ö® � : invariantmassof the ú -channelpropagator, with ISR/FSRinterferencesubtracted.


 8 � �°º � d ��® Ö® � : invariant massof the ú -channelpropagator, with ISR/FSRinterferencenot sub-
tracted. In this case,the propagatormassis ambiguousfor the interferencecontribution, so this
partis actuallyevaluatedusingthe ®¤Ö® invariantmassexcludingradiative photons.


 8»PRQV�'��® Ö® � : invariantmassof ® and Ö® - all otherparticlessuchascollinearphotonsareexcluded.
For realisticobservables,thisis determinedfrom thereconstructed4-momentaof thetwo particles.


 8»9;Q�Sh��®¤Ö® � : invariantmassdeterminedfrom themeasuredpolaranglesof particles® and Ö® with
respectto theelectronbeam.Thesearetakenfrom jet anglesin caseof hadrons.This calculation
is basedonfour-momentumconservationassumingthatonly oneradiativephotonis present.If no
photonis seenin the detector, this radiative photonis assumedto go alongthebeamaxis. If an
energetic,isolatedphotonis seenin thedetector, thenits reconstructedpolarangleis used.


 8 ¯³PRQ M ��® Ö® � : invariantmassdeterminedfrom akinematicfit. This uses4-momentumconservation
to improve themassestimatebasedon thereconstructed4-momentaof the ® and Ö® .


 ú ¥ ¼ � for t d t / or   d   / from observed ISR photon( + more than 10 GeV, �Hð����½� Â �j� Ì@÷ ��� ) ,
separationto nearestfermion more than10 degrees),or from fermion anglesassumingphoton
escapesalongthebeampipe
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 ú ¥ ¼ � for x Öx : to reconstructtheeffective centre-of-massenergy two differentmethodsareused.For
thefirst one,all eventsarereclusteredinto two jetsusingtheJADE algorithm.A singleISRphoton
is assumedto beemittedalongthebeamaxisandto resultin a missingmomentumvector. From
thepolaranglesof thejets, ��| and � Ä , thephotonenergy canbeestimated.Thesecondmethoduses
theclusteredjets(¾ ÆÀ¿ � Ë Ì@÷øÌ ÿ ) obtainedusingtheJADE algorithm.A kinematicfit is performed
on thejetsandthemissingfour-momentumvectorusingdifferenthypothesesfor theemittedISR
photons.Themissingenergy is attributedto zero,oneor two ISR photons.Fromthedifferences
givenby thetwo methods,systematicerrorson theeffective centre-of-massenergy reconstruction
arecalculated.Whenan isolatedenergetic photon(energy larger than10 GeV) is detected,the
energy andmomentumof thisphotonareaddedto theundetectedISRphotons.


 ú ¥ Á&ÂIÃLÄ for Å Å : from a seriesof kinematicfits usingobserved ISR photons( �Hð����A� Â �$� Ì@÷ ��� ) ,
isolatedwith lessthan1GeVenergy flow in aconeof half angle0.2radaroundthem)plushadronic
jets. Thefits allow zero,oneor two additionalphotonsemittedcloseto thebeamdirection. ú ¥ is
takenfrom thefit with thelowestnumberof extraphotonsgiving anacceptableÆ Ä .

2.4 Additional pair tr eatment

ALEPH

Apart from the cutslisted for realisticobservables,no additionalrequirementis addedto rejectevents
with realor virtual pair emission,their contribution is taken in accountfor efficiency calculation.The
main rejectionto 4-fermionsprocessis dueto invariantmasscutsassociatedto the topologicalcut on
the event shape. For a two-fermionfinal statethey areconsideredasbackgroundsand their residual
contributionestimatedfrom Monte-Carlofour-fermioneventsfor whichbothfermionpair invariantmass
¨ ¨ or ¨ ¥ ¨Ç¥ areabove 65 GeV. This excludesfrom thesignaldefinitionthe4-fermionsarisingfrom virtual
Z or W contribution, but not thecontribution from virtual photon.Theabove requirementarevalid for
hadronic,muonpairsandtaupairs. Note that for ALEPH thepair contribution is keptboth in realistic
andidealizedobservables.

DELPHI

In thecaseof idealizedobservablesit is assumedthat theoreticalpredictionsshouldnot includeeither
real or virtual pair corrections.Thesearesubtractedfrom the datawith the help of the Monte Carlo.
Theappropriatesystematicerror is to bediscussedwith thehelpof MonteCarloprogramor programs.
Monte Carlo predictionsfor idealizedobservableswith pair correctionsexcludedarerequiredaswell
asfor realisticobservableswith pair correctionsincluded. In the caseof realisticobservablesimplicit
cuts on additionalfermion pairs are given, whereappropriate,with the sufficient detail for DELPHI
observables. Exceptionsare ª ÖªBí observables,whereeventsare requiredto have no jets/leptons( ±³È )
within theDELPHI acceptance,thatis of energy + ûÀ� � Ì@÷7) GeVand �Hð����A� ûÀ� ��� Ì@÷ � ¦ .
L3

Let usdefinefirst thecut on thesecondarypairsfor idealizedobservables:


 Weassumethatall thephasespacefor thesecondarypairsis includedandintegratedover, however
contribution form resonantdiagramsfrom 4-fermionprocessesetc. mustbesubtractedfrom the
datafirst by meansof MonteCarlo.

For thesecondarypair cut to beusedfor realisticL3 observablesour aimwasto describeit in a form as
brief aspossible.In particularwe acceptambiguitieswhich mayleadto differencesmuchsmallerthan
precisiontag.Thecut off on thesecondarypair is performedin thefollowing way:


 The invariantmassof theprimarypair mustbeat least60 GeV for x�x , 75 GeV for tt �� X  . The
invariantmassis determinedfrom collinearityof primarypair andothertracksunderassumption

275



thatmissingis only singlephoton(collinearto thebeam).Theprimarypair meansleptonsame-
flavor anti-leptonor two jets,of highestenergies.


 cut on invariantmassof thesecondarypair to besmallerthaninvariantmassof theprimarypair
is not explicitly required,but it is in practicethroughtheselectiontargetson the2 highestenergy
jetsto form theprimarypair, seenin thedetector.


 TheW andZ-pairproductionbackgroundis reducedby applyingthefollowing cuts.Semi-leptonic
W-pairdecaysarerejectedby requiringthetransverseenergy imbalancetobesmallerthan0.3 +¸�F��� .
Thebackgroundfrom hadronicW(Z)-pair decaysis reducedby rejectingeventswith at leastfour
jetseachwith energy larger than15 GeV. ThejetsareobtainedusingtheJADE algorithmwith a
fixedjet resolutionparameter¾ ÆÉ¿ � Ë Ì@÷øÌ ÿ . Theremainingpartof the4-fermionprocessesdueto
W andZ contributionsremainandmustbesubtractedlaterwith thehelpof MonteCarloof well
establishedtheoreticaluncertainty.


 For Bhabhathereis no explicit cut on primarymass,but implicit cut on secondarypair is present
throughthecollinearitycut. Theprimaryelectronsareselectedasthetwohighestin energy clusters
which arematchedto chargedtracks. Note that in this way we allow the presenceof photon(s)
which is harderthanoneor bothof thefinal statec d c / .


 8 PRQV� ��c d c / � ( Ê Í ) andelectronclustersdefinitions: In L3 electronsareconsidereddressed,ab-
sorbingphotons(or extra pairs)in a half-cone2.5deg, all thesecanbeseenasdetectorcoverage
is largerthanusedphasespace.


 our definitionis not practicalfor primarypair beingneutrinos.Then,insteadwe requestvetocut,
no visiblechargedenergy depositsabove 1 GeV and ð����=Ë=ÌÍ� Ì@÷ � ¦ .

OPAL

To defineour strategy for additionalpair treatmentlet us recall themain pointsfrom theRef. [7]. No
additionalcuts,apartthoselisted for the respective observables,areappliedto rejecteventswith pair
emission.In general,wecompareourmeasurementswith analyticalpredictionsincludingpairemission.
Thismeansthatpairemissionvia virtual photonsfrom boththeinitial andfinal statemustbeincludedin
efficiency calculations,andbeexcludedfrom backgroundestimates.In orderto performtheseparation,
we ignoreinterferencebetweenú - and Î -channeldiagramscontributing to the samefour-fermion final
state,andgenerateseparateMonte Carlo samplesfor thedifferentdiagramsfor eachfinal state.For a
two-fermionfinal state ¨ ¨ we thenincludeassignal thosefour-fermion eventsarising from ú -channel
processesfor which ÏÑÐ Ð � Ï Ð�Ò ÐÇÒ , Ï Ð�Ò ÐÇÒ � 70 GeV and Ï�PRQV����¨ ¨ � �@ù ú � Ì@÷ ÿ (Ï�PRQV�h��¨ ¨ � �@ù ú � Ì@÷ � ) in
thenon-radiative case).Thiskinematicclassificationcloselymodelsthedesiredclassificationof ¨ ¨°¨ ¥ ¨ ¥ in
termsof intermediatebosons,in thatpairsarisingfrom virtual photonsaregenerallyincludedassignal
whereasthosearisingfrom virtual Z bosonsarenot. All eventsarisingfrom ú -channelprocessesfailing
theabove cuts,togetherwith thosearisingfrom the Î -channelprocess(Zee)andtwo-photonprocesses
are regardedasbackground.Four-fermion processesinvolving WW or singleW productionarealso
backgroundin all cases.Theoverall efficiency, Ó , is calculatedas

Ó Ë ÿ �ÕÔ Ð ÐÖÐ�Ò ÐÇÒ
Ô ��×A�

ÓÉÐ Ð © Ô Ð ÐÖÐ�Ò Ð�Ò
Ô �Ö×A�

Ó Ð ÐØÐÇÒ ÐÇÒ (1)

where ÓÉÐ Ð , Ó Ð ÐØÐ�Ò Ð�Ò aretheefficienciesderivedfrom thetwo-fermionandfour-fermionsignalMonteCarlo
eventsrespectively, Ô Ð ÐØÐ�Ò Ð�Ò is thegeneratedfour-fermioncross-section,and Ô �Ö×A� is thetotal cross-section
from the analyticalprediction(e.g. ZFITTER ) including pair emission.Using this definition of effi-
ciency, effectsof cutson soft pair emissionin the four-fermion generatorarecorrectlysummedwith
vertex correctionsinvolving virtual pairs. Theinclusionof thefour-fermionpartof thesignalproduces
negligible changesto theefficienciesfor hadroniceventsandfor leptonpairswith ú ¥ ÙÛÚÜT¼ �@ú � Ì@÷ � ) .
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Theefficienciesfor leptonpairswith ú ¥ ÙÛÚÜT¼ �@ú � Ì@÷ ÿ Ì aredecreasedby about0.5%. Thediscussion
in theabove paragraphappliesto hadronic,muonpair andtaupair final states.In thecaseof electron
pairs, the situationis slightly different. In principle the Î -channelprocesswith a secondfermion pair
arisingfrom theconversionof a virtual photonemittedfrom aninitial- or final-stateelectronshouldbe
includedassignal. As this processis not includedin any programwe usefor comparisonwe simply
ignoresuchevents:they arenot includedasbackgroundasthiswouldunderestimatethecross-section.

2.5 Realistic c d c / îwx ÖxV�Éí � observables

ALEPH

1. Inclusive Selection: Aleph1 Event clusteredinto jets with JADE algorithm until ��8»Ý M ØÀ/2Ý M Ø /
+ ûýü � Ä � Ì@÷øÌ@Ì � . Low massjets with high electromagneticenergy fraction are assumedto be
radiative photons.Non-photonjets thenclustertogetheruntil only two left, correspondingto the
x Öx system.Then

(a) Aleph1a 8ÞPRQ��h��x Öx � � )@Ì GeV (excludingphotonjets),

(b) Aleph1b 8Þ9=QVSh��x Öx � � Ì@÷ ÿ + ûýü .

2. Exclusive Selection:Aleph2 Sameasinclusive selection,thenfollowing extracuts,

(a) Aleph2a 8ÞPRQ��h��x Öx � � Ì@÷7¦�+¸ûýü (excludingphotonjets),

(b) Aleph2b 8Þ9=QVSh��x Öx � � Ì@÷ � + ûýü ,

(c) Aleph2c �Hð����½��ß � ¬ßX��� Ì@÷ � ) ,
(d) Aleph2d Eventthrust � Ì@÷ � ) .

DELPHI

Eventswereretainedif they containedat least7 charged tracksandif the chargedenergy wasgreater

than15 % of the collision energy. In addition,the quantity + �°9=O Ë + Ä· © + Ä¹ , where + · and + ¹
standfor thetotal energy seenin theForwardandBackwardelectromagneticcalorimeters,wasrequired
to belessthan90%of thebeamenergy.

3. Inclusive Selection:Delphi1 8�à�á³â'��x Öx � � ¦�) GeV

4. Exclusive Selection:Delphi2 8 à�á³â ��x Öx � �@ù ú � Ì@÷ � )
L3

Eventsareselectedby restrictingthe visible energy, + �F��� , to Ì@÷ � �ã+ �F��� � ù úä�7�@÷øÌ . The longitudinal
energy imbalancemustsatisfy � +�å × á³â � ��+g�I���j�±Ì@÷7¦ . Thesecutsaccountfor a largereductionof thetwo-
photonbackground.In order to rejectbackgroundoriginating from leptonpair events,more than18
calorimetricclusterswith anenergy largerthan300MeV arerequested.

5. Inclusive Selection1: LT1 ú ¥Ä � �@ú � Ì@÷ ÿ Ì
6. Inclusive Selection2: LT2 ú ¥Ä � � Ð@Ì GeV

7. Exclusive Selection:LT3 ú ¥Ä � �@ú � Ì@÷ � )
OPAL

Eventsarerequiredto have at least7 electromagneticclustersandat least5 tracks. The total energy
depositedin the electromagneticcalorimeterhasto be at least14% of the centre-of-massenergy. The
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energy balanceæ � 9 K alongthebeamdirectionhasto satisfy æ � 9 KÛç ��è0��+ û K �4þ § ð����5� � �B��è0+ û K �´þ � Ì@÷7¦�) ,
wherethesumrunsover all clustersin theelectromagneticcalorimeter, � is thepolarangle,and + û K �´þ
is theenergy of eachcluster. EventsselectedasW-pair candidatesaccordingto thecriteriaof [15] are
rejected.

8. Inclusive Selection:OPAL1 ú ¥ ÙÛÚÜL¼ �@ú � Ì@÷ ÿ Ì
9. Exclusive Selection:OPAL2 ú ¥ ÙÛÚÜL¼ �@ú � Ì@÷ � )

2.6 Idealized c d c / îwx Öx��Éí � observables

ALEPH

10. Inclusive Selection:IAleph1 8 � ��º � d ��x Öx � ��+¸ûýü � Ì@÷ ÿ .
11. Exclusive Selection:IAleph2 8 � ��º � d ��x Öx � ��+¸ûýü � Ì@÷ � and �Hð����½� ß ��� Ì@÷ � ) .

DELPHI

12. Inclusive Selection:IDelphi1 8 � ��º � d ��x Öx � ��+¸ûýü � Ì@÷ ÿ and �Hð����½� ß ��� ÿ ÷øÌ .
13. Exclusive Selection:IDelphi2 8 � �°º � d ��x Öx � ��+¸ûýü � Ì@÷ � ) and �Hð����A� ß ��� ÿ ÷øÌ .

L3

14. Inclusive Selection1: ILT1 8 � �°º � /5��x Öx � ��+ ûýü � Ì@÷ ÿ Ì and �Hð����A� ß ��� ÿ ÷øÌ .
15. Inclusive Selection2: ILT2 8 � �°º � /5��x Öx � � Ð@Ì GeV and �Hð����A� ß ��� ÿ ÷øÌ .
16. Exclusive Selection:ILT3 8 � �°º � /.��x Öx � ��+¸ûýü � Ì@÷ � ) and �Hð����½� ß ��� ÿ ÷øÌ .

OPAL

17. Inclusive Selection:IOpal1 8 � ��º � /5��x Öx � ��+¸ûýü � Ì@÷ ÿ Ì and �Hð����½� ß ��� ÿ ÷øÌ .
18. Exclusive Selection:IOpal2 8 � ��º � /5��x Öx � ��+¸ûýü � Ì@÷ � ) and �Hð����½� ß ��� ÿ ÷øÌ .

2.7 Realistic c d c / îwc d c / �Éí � observables

ALEPH

19. ExclusiveSelection1: Aleph3 ��( � Ø7�°¯ ( �
. Two of tracksmustbeidentifiedaselectrons,have

�Hð����$�T�V� Ì@÷ � ) andoppositecharge.Thescalarsumof theirmomentashouldexceedÌ@÷øÍ�+ ûýü . The
sumof their energies including photonswithin �@Ì J of eachtracksshouldexceed Ì@÷ � +¸ûýü . Then
8»PRQV�'��c d c / � � � Ì GeV (reconstructedfrom track momenta),8Þ9=QVS���c d c / � � Ì@÷ � +¸û¾ü (where
radiative photonsreconstructedasfor x Öx selection),and � Ì@÷ � � ð����A� �M^é � Ì@÷ � .

20. Exclusive Selection2: Aleph4 Sameasexclusive selection1, but � Ì@÷ � � ð����A� �M é � Ì@÷7¦ .
DELPHI

21. Exclusive Selection:Delphi3 The electronandpositronwererequiredto be in the polar angle
range��� Jj�ê�ë� ÿ Í@ÐhJ andthenon-radiative eventswereselectedby askingthecollinearityto be
smallerthan �@ÌhJ .
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L3

The electronand positronare requiredto be in the polar angle range ��� J¤�ì�í� ÿ Í@ÐhJ or �@ÌhJî�
�ï� ÿ Ð@ÌhJ andnon-radiative eventsareselectedby askingthe collinearity to be smallerthan �@ÌhJ OR
8»PðQ��h��c d c / � ��+¸ûýü � Ì@÷ � ) .

22. Exclusive Selection1: LT4 8 PRQ�� ��c d c / � ��+ ûýüí� Ì@÷ � ) and �Hð����$� M�ñ � M^é ��� Ì@÷7¦ ÿ � Í � .

23. Exclusive Selection2: LT5 k�±�²�´ ��c d c / � � ��) J and �Hð����A� M�ñ � M^é ��� Ì@÷7¦ ÿ � Í � .

24. Exclusive Selection3: LT6 k�±�²�´ ��c d c / � � ��)hJ and �Hð����A� M�ñ � M^é ��� Ì@÷ � � .

25. Inclusive Selection1: LT7 k�±³²�´ ��c d c / � � ÿ �@Ì J and �Hð����$� M=ñ � M^é ��� Ì@÷7¦ ÿ � Í � .

26. Inclusive Selection2: LT8 8»PRQV�'��c d c / � ��+ ûýü � Ì@÷ ÿ Ì and �Hð����A� M�ñ � M	é ��� Ì@÷ � � .

OPAL

Eventsselectedaselectronpairsarerequiredto have at leasttwo andnotmorethaneightclustersin the
electromagneticcalorimeter, andnot morethaneight tracksin the centraltrackingchambers.At least
two clustersmusthave anenergy exceeding20%of thebeamenergy, andthetotal energy depositedin
the electromagneticcalorimetermustbe at least50% of the centre-of-massenergy. For the inclusive
selectionandtheexclusive selection1, at leasttwo of thethreehighestenergy clustersmusteachhave
anassociatedcentraldetectortrack. If all threeclustershave anassociatedtrack,thetwo highestenergy
clustersarechosento be the electronandpositron. For the large acceptanceexclusive selection2, no
requirementis placedon the associationof tracksto clusters,but the requirementon the total electro-
magneticenergy is increasedto 70%of thecentre-of-massenergy.

27. Inclusive Selection:Opal3 k ð��gò���c d c / � � ÿ ¦@ÌhJ and �Hð����A� M�ñ � M^é ��� Ì@÷ � .
28. Exclusive Selection1: Opal4 k ð��gò���c d c / � � ÿ ÌhJ and �Hð����½� M é ��� Ì@÷7¦ .
29. Exclusive Selection2: Opal5 k ð��gò���c d c / � � ÿ ÌhJ and �Hð����½� M�ñ � M	é ��� Ì@÷ � Ð .

2.8 Idealized c d c / îwc d c / �Éí � observables

ALEPH

30. Exclusive Selection1: IAleph3 8»PRQV�'��c d c / � ��+ ûýü � Ì@÷ � and � Ì@÷ � � ð����½� �M	é � Ì@÷ � .
31. Exclusive Selection2: IAleph4 8 PRQV� ��c d c / � ��+ ûýüó� Ì@÷ � and � Ì@÷ � � ð����½� �M	é � Ì@÷7¦ .

DELPHI

32. Exclusive Selection:IDelphi4 8 PðQ�� ��c d c / � ��+ ûýüó� Ì@÷ � ) and �Hð����½� M=ñ � M^é ��� Ì@÷7¦ .
L3

33. Exclusive Selection1: ILT4 8ÞPRQ��h��c d c / � ��+ ûýü � Ì@÷ � ) and �Hð����A� M�ñ � M^é ��� Ì@÷7¦ ÿ � Í � .

34. Exclusive Selection2: ILT5 k�±�²�´ ��c d c / � � ��) J and �Hð����$� M=ñ � M^é ��� Ì@÷7¦ ÿ � Í � .

35. Exclusive Selection3: ILT6 k�±�²�´ ��c d c / � � ��)hJ and �Hð����$� M=ñ � M^é ��� Ì@÷ � � .

36. Inclusive Selection1: ILT7 k�±�²�´ ��c d c / � � ÿ �@Ì J and �Hð����½� M=ñ � M^é ��� Ì@÷7¦ ÿ � Í � .

37. Inclusive Selection2: ILT8 8ÞPRQ��h��c d c / � ��+ ûýü � Ì@÷ ÿ Ì and �Hð����$� M ñ � M é ��� Ì@÷ � � .

279



OPAL

38. Inclusive Selection:IOpal3 k ð��gòØ��c d c / � � ÿ ¦@ÌhJ and �Hð����$� M=ñ � M^é ��� Ì@÷ � .
39. Exclusive Selection1: IOpal4 k ð��gòÖ��c d c / � � ÿ Ì J and �Hð����$� M^é ��� Ì@÷7¦ .
40. Exclusive Selection2: IOpal5 k ð��gòÖ��c d c / � � ÿ Ì J and �Hð����$� M ñ � M é ��� Ì@÷ � Ð .

2.9 Realistic c d c / î t d t"/ �Éí � observables

ALEPH

41. Inclusive Selection: Aleph5 �ô( � Ø7�°¯ ( �
. Two tracksmust be identified as muons,have

× � Ð GeV, �Hð����½�T�õ� Ì@÷ � ) andoppositecharge. Thescalarsumof their momentashouldexceed
60GeV. Photonsareidentifiedfrom jetsclusteredwith JADE algorithmuntil ��8»Ý M ØÀ/2Ý M Ød��+¸ûýü � Ä �
Ì@÷øÌ@Ì � . Then 8 9;Q�S � t d t"/ � ��+ ûýüö� Ì@÷ ÿ Ì (whereradiative photonsreconstructedasfor x Öx selec-
tion).

42. ExclusiveSelection:Aleph6 Sameasinclusiveselection,thenfollowing extracuts,8Þ9=QVS�� t d t / �
��+ ûýü � Ì@÷ � +¸ûýü (whereradiative photonsreconstructedasfor x Öx selection)and 8»PRQV�h� t d t"/ � �
Ì@÷7¦ � (excludingphotons).

DELPHI

An eventwasrequiredto have two identifiedmuonsin thepolaranglerange�@Ì J (Õ��÷Ñ( ÿ Ð@Ì J andthe
highestmuonmomentumof at leastÍ@ÌùøcVú �'û . 8»PRQV�h� t d t"/ � wascalculatedfrom akinematicfit, where
four differenttopologieswereinvestigatedfor eachevent: i) no photonradiated,ii) onephotonradiated
alongthebeamline, iii) oneseenandoneunseenphotonin any direction,iv) a singleunseenphotonin
any direction. The seenphotonfit wasperformedif a neutralenergy depositgreaterthan )üøcIú was
measuredin theelectromagneticcalorimeters.

43. Inclusive Selection:Delphi4 8»PRQV�'� t d t"/ � � ¦�) GeV

44. Exclusive Selection:Delphi5 8»PRQV�'� t d t"/ ��ý + ûýü � Ì@÷ � )
L3

An eventmusthavetwo identifiedmuonsin thepolaranglerangeþ@ÌhJ�(í�=÷ÿ( ÿ Ð@ÌhJ andthehighestmuon
momentumshouldexceed35 GeV. The effective centre-of-massenergy for eachevent is determined
assumingtheemissionof a singleISR photon. In casethephotonis found in thedetector( �Hð����½� Â �L�Ì@÷ ��� ) ) it is requiredto haveanenergy, + Â , largerthan15GeVin theelectromagneticcalorimeterandan
angularseparationto thenearestmuonof morethan10 degrees.Otherwisethephotonis assumedto be
emittedalongthebeamaxisandits energy is calculatedfrom thepolaranglesof theoutgoingmuons.

45. Inclusive Selection:LT9 8Þ9=QVS'� t d t / � � ¦�) GeV

46. Exclusive Selection:LT10 8 9;Q�S � t d t"/ ��ý + ûýüó� Ì@÷ � )
OPAL� Ø7��¯�� þ . A pair of tracksis takenasmuonpair candidate,if bothtracksareidentifiedasmuons,have� ��� GeV, �Hð����A�T�&���@÷ � ) andareseparatedby 320mradin azimuthalangle � . If morethanonepair
of trackssatisfiestheabove conditions,thepair with the largestscalarmomentumsumis chosen.The
event is rejectedif morethanoneothertrackhasa transversemomentumgreaterthan0.7GeV. Finally,
+4�;P�� , definedasthescalarsumof thetwo muonmomentaplustheenergy of thehighestenergy cluster
in theelectromagneticcalorimeter( �
	
��������������� ), hasto be larger than ������ �������� "!# ý � � . For
photonto beusedin definitionof  %$'&)( it hasto beseparatedat leastby þ�� mradfrom chargedmuons.
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47. Inclusive Selection:Opal6  *$+&,(.-0/21�/2354 ý687:9<; ���=�
and  %>?&,@.-0/ 1 / 3 4 ;BA � GeV, if ������ �C� 6 @'>��EDF���� !# ý � �C�B�� A �� � .

48. Exclusive Selection:Opal7  *$+&,(-0/21�/2354 ý687:9<; �����
and  %>?&,@.-0/ 1 / 3 4 ;  !G �F���=� .

2.10 Idealized H 1 H 3%I / 1 / 3 -0J54 observables

ALEPH

49. Inclusive Selection:IAleph5  *>?&)@.-0/ 1 / 3 4 ý687K9L; ���= and �
	
��M�+NPOQ�)�B����� .
50. Exclusive Selection:IAleph6  *>?&)@.-0/21�/2354 ý687K9L; ���� and �
	
����RN O �S�T����� .

DELPHI

51. Inclusive Selection:IDelphi5  *>?&)@.-0/21�/2354 ;BA � GeV and �
	
��M�+N O �)�B����� .
52. Exclusive Selection:IDelphi6  %>�&)@-0/ 1 / 3 4 ý687K9U; ����� and �
	
��5�RN O �)�<����� .

L3

53. Inclusive Selection:ILT9  %>�&)@.-0/ 1 / 3 4 ;BA � GeVand �
	
��M�+NPOQ�)�B����� .
54. Exclusive Selection1: ILT10  *>?&)@.-0/21�/23V4 ý627K9U; ����� and �
	
��M�+N O �)�B����� .
55. Exclusive Selection2: ILT11  *>?&)@.-0/21�/23V4 ý627K9U; ����� and �
	
��M� NPO �)�B=��� .

OPAL

56. Inclusive Selection:IOpal6  *W'X
YZW 3 -0/ 1 / 3 4 ý � � ; ���=� and �
	
��M� NPO �S�B����� .
57. Inclusive Selection:IOpal7  W'X
YZW 3 -0/ 1 / 3 4 ý � � ; ���=� and �
	
��M� N O��S�B=���� .
58. Exclusive Selection:IOpal8  W'X
YZW 3 -0/21�/2354 ý � � ; ����� and �
	
��M�+NPO��S�B����� .
59. Exclusive Selection:IOpal9  *W'X
YZW 3 -0/ 1 / 3 4 ý � � ; ����� and �
	
��M� NPO �S�B=���� .

2.11 Realistic H 1 H 3[I]\^1�\^3 -0J54 observables

ALEPH

60. Inclusive Selection: Aleph7 Two identified \ candidateswith  *>?&)@.- \^1�\^3 4 ; þ� GeV and_`baSc - \^1�\^3 4d� þ�� mrad in planeperpendicularto beamaxis. Then  $+&,( - \^1�\^3 4 ; ���= 6 7K9
(whereradiative photonsarereconstructedasfor egfe selection).

61. ExclusiveSelection:Aleph8 Sameasinclusiveselection,thenfollowing extracut  $'&)( - \^1�\^3 4 ;
���� 627K9 (whereradiative photonsreconstructedasfor egfe selection)and �
	
��5�Rh O �)�B����� .

DELPHI

Theleadingtrackin eachhemispherewasrequiredto lie in thepolaranglerange �
	
��M���)�B����Ri , andthe
observedchargedparticlemultiplicity wasrequestedto beunity in onehemisphereandnomorethanfive
in theother. At leastoneof theleadingtrackswasrequiredto havemomentumgreaterthan �����þ�kjl� � .
Full descriptionof the cutscanbe found in Ref. [2]. The  %$'&)(.- \ 1 \ 354 wascalculatedfrom fermion
directionsestimatedby leadingtracks.
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62. Inclusive Selection:Delphi6  %$'&)(- \ 1 \ 354 ;BA � GeV

63. Exclusive Selection:Delphi7  %$'&)(.- \^1�\^3 4 ý687K9L; �����
L3

Tauleptonsareidentifiedasnarrow, low multiplicity jets,containingfrom oneto five chargedparticles.
Taujetsareformedby matchingtheenergy depositionsin theelectromagneticandhadroncalorimeters
with tracksin thecentraltrackerandthemuonspectrometer. Two taujetsof at least3.5GeVarerequired
to lie within thepolarangularrange�
	
��5���)�B�����þ . To rejectbackgroundfrom two photonprocessesthe
mostenergeticjet musthaveanenergy largerthan20GeV. Thereconstructionof theeffectivecentre-of-
massenergy follows theproceduredescribedin themuonsubsection,usingthepolaranglesof thetwo
taujets.Full descriptionof thecutscanbefoundin Ref. [4].

64. Inclusive Selection:LT11  %$'&)(- \^1�\^3 4 ;<A � GeV

65. Exclusive Selection:LT12  $'&)( - \^1�\^3 4 ý6 7K9 ; �����
OPAL

Tau-paircandidatesareeventswith exactly two charged,low multiplicity coneswith ��.m half-angle.

n Theeventis rejectedif it wasselectedasa / pair.

nFoCp XZq � A , where o�p XZq is thenumberof tracksin thecentraldetector.

nFoCp XZq � o 7Krts � �<= � , where o 7:rus � is thenumberof ECAL clusters.

n �
	
����Rh)vh O ��B����� , where �
	
��M� h � is thecosineof therespective coneaxis.

n �����þ��xw �
y{z �x�� A , where w �|y{z is the summedECAL energy scaledby the centre-of-mass
energy.

n w p XZq �T���� , where w p XZq is thescalarsumof trackmomentascaledby thecentre-of-massenergy.

n w �
y{z ; ��7þ or w p XZq ; ��7þ .
n w �
y{z �Fw p XZq �}=����-~=��=�4 , for �
	
��M��� ; �� A -~�}�� A 4 ,where �
	
��M��� is theaverageof thetwo tau

cones.

n �
	
���� W�����������������u�R� �5������� , where 	
��5� W����.������������u�R� is the cosineof the directionof missingmomentum

calculatedusingtheECAL.

n[���������p ; ����=� � � where���������p is thesumof thetransverseECAL energy.

n Eventsarerejectedif ������ 6rý � �B=��= in bothcones.

n Using the valuesof � h , the expectedenergy of eachleptonis calculatedassumingthat the final
stateconsistsonly of two leptonsplusa singleunobserved photonalongthebeamdirection. We

thenrequirethat �����þd� -0� !�8� ��� !� ! 4������� , and -0� !� � �[� !� ! 4������� , where� �8� � � ! are
the total electromagneticcalorimeterenergiesin eachtauconenormalizedto theexpectedvalue
calculatedabove, and � � � � � ! are the scalarsumsof track momentain the two tau cones,also
normalizedto theexpectedvalues.

n �+¡~¢K£~¤¥¤¥¦¥§b¨K¡~©0¦¥ª�«¬�<=��.m�D¶þR _R® 3 � ¯ °�±.² ³³ 3 °µ´± �F=�.m . Thiscut is placed=�.m degreesabovetheexpected

radiative returnpeak.
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n �+¡~¢K£~¶b¤¥¡~§b¡~©�¦¥ª�«µ�B�� m .
66. Inclusive Selection:Opal8  *$+&,(.- \^1�\^3 4~· � � ; ���=� .
67. Exclusive Selection:Opal9  *$+&,(- \ 1 \ 354~·� � ; ����� .

2.12 Idealized H 1 H 3%I]\^1�\^3 -0J54 observables

ALEPH

68. Inclusive Selection:IAleph7  >?&)@ - \^1�\^3 4~· 6 7K9 ; ���= and �
	
��5� h.O �)�B����� .
69. Exclusive Selection:IAleph8  *>?&)@.- \^1�\^3 4~· 687K9L; ���� and �
	
��5� h OQ�S�B����� .

DELPHI

70. Inclusive Selection:IDelphi7  *>?&)@.- \^1�\^3 4 ;BA � GeVand �
	
���� h OQ�)�B����� .
71. Exclusive Selection:IDelphi8  >?&)@ - \^1�\^3 4~· 6 7K9 ; ����� and �
	
��M� h O��)�<����� .

L3

72. Inclusive Selection:ILT12  >�&)@ - \^1�\^3 4 ;BA � GeVand �
	
��5� h OQ�S�B����¸ .
73. Exclusive Selection1: ILT13  *>?&)@.- \ 1 \ 354~· 687K9L; ����� and �
	
����Rh O �)�B����¸ .
74. Exclusive Selection2: ILT14  >?&)@ - \^1�\^3 4~· 6 7K9 ; ����� and �
	
���� h OQ�)�B=��� .

OPAL

75. Inclusive Selection1: IOpal10  %W XZYZW 3 - \^1�\^3 4~·� � ; ���=� and �
	
��M� h O��)�B����� .
76. Inclusive Selection2: IOpal11  W XZYZW 3 - \ 1 \ 3^4~·� � ; ���=� and �
	
��M� h O��)�B=���� .
77. Exclusive Selection:IOpal12  W'X
YZW 3 - \^1�\^3 4~· � � ; ����� and �
	
��5�Rh O �)�B����� .
78. Exclusive Selection:IOpal13  W'X
YZW 3 - \ 1 \ 354~·� � ; ����� and �
	
��5� h OQ�)�B=���� .

2.13 ¹ ¹{J observables

This sectioncontainsprecisionrequirementsfor regionsof phasespaceselectedin searchesfor anoma-
lous neutralgaugecouplings(ZZJ ,ZJ�J ), especiallyfor the visible J��Bº I J%�<¹ ¹ final state. The
prominentStandardModel processpopulatingthis region is theradiative returnto theZ. Numericalre-
sultsarenotprovided,weexpectuncertaintiesfor initial statebremsstrahlungcontributionsto besimilar
to theonein caseof leptons,however theadditional,oftendominantuncertaintiesdueto interplayof the
final stateQCDinteractionandphotonemission,arenotdiscussedin oursection.

L3

79. Total Cross-SectionLT13 Hadroniceventsareselectedby askingfor morethan6 chargedtracks
andmorethan11calorimetricclusters.Thetransverseandlongitudinalenergy imbalancesshould
be below 15 and20% respectively. A photonwith =Ri�m%�»�+¼��½= �� m andenergy ��¿¾ÁÀÃÂÄ�
�2DF¸ 6 ¼ � �C�T==� GeVis required.Theprecisiontagis 0.3–0.4%.
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OPAL

80. Total Cross-SectionOpal10 Eventsareselectedwith two jetsandonevisible photon,fulfilling a
3C kinematicfit, allowing anadditionalphotonof at most5% of thebeamenergy to be radiated
alongthebeampipe.Therelevantphasespaceis definedby

(a) 6 ¼ ; 50 GeV

(b) =� m �B�+¼Å�B= � � m
(c) anglebetweenphotonandclosestjet, Æ�¼ 3ÈÇ
É p ; �� m .

The requiredprecisiontag for the radiative returncross-sectionin this phasespacefor a LEP-
combinedanalysisis 0.3%. It assumesuncorrelatedexperimentalsystematicsandis dominated
by the experimentalstatistics.For fully correlatedexperimentalsystematicsthe precisiontag is
0.4%.Currently, thepredictionsof the ÊËÊ MC andPYTHIA generatorsin this phasespacediffer
by 15%.

81. Differential Cross-SectionOpal11 SelectedEventsin theabove phasespacearesubjectedto a
maximumlikelihoodfit in thedifferentialdistributionsof 6 ¼�ÌÃ	
����R¼ , and 	
��5�{ÍÎ , whichis theangle
of thefinal statequark-jetsin theZ restframe.Precisiontag: Theratio betweentherateof events
within �
	
��5�R¼����}�� A andtheboundaryof theacceptancehasto beknown within about1%. The
discrepancy betweenÊËÊ MC andPYTHIA in the region �
	
���� ¼ �5�Ï�� A is currentlyat level of
30%(stat.significance2Ð ).

2.14 Ñ Ñ+J observables

This final stateis primarily usedto searchfor single (one photon)or pair (two photons)production
of excited leptons. In principle, the radiative return peakin  %Ò0Ò can be rejectedin thesesearches,
which is not possiblein the anomalousneutralcoupling analyses(seeabove). In practice,however,
experimentalresolutionandfurther(final state)radiationreducethepowerof suchananticut.Therefore
bothtopologies(includingandomitting theanticut)needto bestudied.

ALEPH

Photonsarerequiredto have at least15 GeV and �
	
��M�R¼���� 0.95. Leptonsarealsorequiredto have
�
	
��5� r �.� 0.95,they areidentifiedfrom oppositelychargedjet clusteredfrom chargedtracks(at most3)
with at leastonejet above 5 GeV. Theanglebetweenthe2 jetsbeingat least30 degreeandthephoton
candidateat least10degreefrom thechargedjet.

n Ñ Ñ plus onephoton
Two leptonsof sametypearerequiredaccompaniedof at leastonephoton.Thetwo mostenergetic
leptonsandthemostenergeticphotonareconsidered.

82. eeJ ALEPH-11 Two tracksareidentifiedaselectronandthesumof chargedenergy greater
than0.6*6 7:9 . Expectedprecisiontag1.4%

83. /�/�J ALEPH-12 Twomuonshaveto beidentifiedandchargedenergy greaterthan �� �ÈÓ 687:9 .
Precisiontag1.5%

84. \P\ J ALEPH-13 At leasta 3-prongtau jet candidatein theevent is required.Precisiontag
1.7%

n Ñ Ñ plus two photons
Two electrons(or muonsor taus)have to beidentifiedand2-photonjet identifiedIsolationcut on
the 4 anglesbetweenphotonand leptonrequiredto be at least20 degree. The 2 reconstructed
lepton–gammamasseshave to agreewithin 5 GeV/c**2
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85. eeJ�J ALEPH-14 Precisiontag3%.

86. /�/�J�J ALEPH-15 Precisiontag5%.

87. \P\ J�J ALEPH-16 Precisiontag8%.

DELPHI

Eventswith a visible energy above ���¸� � in theregion �
	
��5���g�������� A andnot morethan6 charged
tracksareselected.Photonsarerequiredto haveanenergy above5 GeVand �
	
��5���)�<�����Ri�� . Thetotal
charged(neutral)energy in a =�.m conearoundthephotonis requiredto bebelow 1GeV(2 GeV).Charged
particlesareclusteredinto jets.Jetsarerequiredto have �
	
��5���)�B����� � � andthemostenergeticto have
anenergy above 5 GeV. In three-or four-body topologiestheenergiesarerescaledby imposingenergy
momentumconservation andusingthe measuredangles. An improved energy resolutionis obtained.
Compatibilitybetweenthemeasuredandrescaledenergiesis required.

n Ñ Ñ plus one photon The energy of the photonis requiredto be above 10 GeV. Eventswith one
photonandoneor two jets in thefinal stateareconsidered.This accountsfor situationsin which
oneof the leptonswaslost in thebeampipe or hasvery low momentum(closeto thekinematic
limit). The expectedbackgroundsand thus the further selectionsand the efficienciesare very
dependenton theleptonflavour.

88. eeJ DELPHI8
At leastone jet identifiedasan electronand the othernot identifiedasa muon, the most
energetic jet with 6�; =� GeV. Onephotonwith �
	
��M�������� A �� � . If only onejet is found
theanglebetweenthe jet andthephotonmustbe in thebetween=��.m and = A �.m . Precision
tag: 1.4%

89. /�/�J DELPHI9
At leastonejet identifiedasamuonandno jetsidentifiedaselectrons,themostenergetic jet
with 6L; =� GeV. Precisiontag: 1.6%

90. \P\ J DELPHI10
Themostenergetic jet with 6�; =� GeV. Onephotonwith �
	
��5�����Ô����Ri . Taueventsare
selectedby requiringa differencebetweenthemeasuredandtherescaledenergy of thejets,
expecteddueto thepresenceof neutrinos.If only onejet is foundtheanglebetweenthejet
andthephotonmustbebetween=�� m and = A � m . Precisiontag: 1.8%

n Ñ Ñ plus two photons

Two jets and two photonsin the event. Compatibility betweentwo reconstructedÑRJ massesis
required.Therelevantquantityis theminimumof theelectron-photoninvariantmassdifferences
( ÕËÖ×Ò ¼ ). Thestatisticalerrorof theselectionclearlydominates.

91. eeJ�J DELPHI11
ÕËÖ É ¼Å� 15GeV/c! . Precisiontag: 5%

92. /�/�J�J DELPHI12
ÕËÖ N ¼µ� 10 GeV/c! Precisiontag:6%

93. \P\ J�J DELPHI13
ÕËÖ h ¼µ� 10 GeV/c! Precisiontag: 6%

L3

Hadroniceventsarerejectedby requiringlessthan8 chargedtracks.Photonsarerequiredto haveat least
15 GeV and �
	
��M�+¼���� 0.97. Leptonsarerequiredto have thesameflavor and �
	
��5� r ��� 0.94. They are
identifiedfrom oppositelychargedtracks/low multiplicity jets(fortau).
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n Ñ Ñ plus onephoton
At leastoneleptonaccompaniedby at mostonehardphoton. The secondleptonmay be in the
beampipe. The photonis requiredto have at least20 GeV and �
	
��M� ¼ ��� 0.75. Onemass(l J )
shouldbegreaterthan70 GeV.

94. eeJ LT14 Expectedprecisiontag1.2%

95. /�/�J LT15 Precisiontag1.5%

96. \P\ J LT16 Precisiontag1.8%

n Ñ Ñ plus two photons
onephon(or muonor tau)and2 photonsseen.Thephotonsarerequiredto have at least15 GeV
and one shouldbe in �
	
��M�+¼V��� 0.75, the secondin �
	
��5�R¼��C� 0.94. The differenceof the 2
reconstructedlepton-gammamassesshouldbebelow 10GeV andtheir sumabove 100GeV.

97. eeJ�J LT17 Precisiontag4%.

98. /�/�J�J LT18 Precisiontag6%.

99. \P\ J�J LT19 Precisiontag6%.

OPAL

Photoncandidatesare requiredto have an energy exceeding5% of the beamenergy, andhave to lie
within �
	
��5�R¼��Q�Ø����� . Leptonsarealso identifiedwithin �
	
��M�RÒ)�8�»����� andare requiredto have� p ; = GeV. Photons,electrons,andmuonsarerequiredto be isolatedby at least20 degreefrom the
nearestchargedtrackof momentumlargerthan1 GeV.

n Ñ Ñ plus onephoton
Theremustbeatleasttwo identifiedleptonsof thesametypeandatleastonephoton.Thetwo most
energeticleptonsandthemostenergeticphotonareusedin theanalysis.Theirenergy sumis called
6 @ >?� in the following. The precisiontag assumesuncorrelatedexperimentalsystematics.Both,
uncorrelatedsystematics,andexpectedstatisticalprecisionof theLEP combinedresultcontribute
to aboutequalpartsto the precisiontag. For correlatedexperimentalsystematicsthe required
theoreticalprecisionis loosenedby about0.9%.

100. eeJ w/o rad return rejection Opal12

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
– �
	
����R¼��)�<�� A �
– �
	
���� É �S�B�� A � for at leastoneelectron.

Precisiontag: 1.3%

101. eeJ with rad return rejection Opal13

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
– �
	
����R¼��)�<�� A �
– �
	
���� É �S�B�� A � for at leastoneelectron.

– rejecteventswith 85GeV �B É
É � 95 GeV

Precisiontag: 1.4%

102. /�/�J w/o rad return rejection Opal14

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
Precisiontag: 1.5%
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103. /�/�J with rad return rejection Opal15

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
– rejecteventswith 85GeV �B N�N � 95GeV

Precisiontag: 1.7%

104. \P\ J w/o rad return rejection Opal16

– ���� 68Ù ¨K¡~Ú<� 6 @ >?� ; =��� 6QÙ ¨K¡~Ú
Precisiontag: 1.4%

105. \P\ J with rad return rejection Opal17

– ���� 68Ù ¨K¡~Ú<� 6 @ >?� �<=��� 6QÙ ¨K¡~Ú
– rejecteventswith 85GeV �B hbh � 95GeV

Precisiontag: 1.5%

n Ñ Ñ plus two photons
Theremustbeat leasttwo identifiedleptonsof thesametypeandat leasttwo photons.The two
mostenergetic leptonsandthetwo mostenergeticphotonsareusedin theanalysis.Their energy
sumis called 6 @ >?� in the following. Theprecisiontag is dominatedby thestatisticalerrorof the
selection.

106. eeJ�J w/o rad return rejection Opal18

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
– minimumopeningangleamongall electron-photoncombinations�
	
��5Æ É ¼ÚM¦¥§ �)�B����� .

Precisiontag: 3%

107. eeJ�J with rad return rejection Opal19

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
– minimumopeningangleamongall electron-photoncombinations�
	
��5Æ É ¼ÚM¦¥§ �)�B����� .
– rejecteventswith 85GeV �B É
É � 95 GeV

Precisiontag: 3%

108. /�/�J�J w/o rad return rejection Opal20

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
Precisiontag: 5%

109. /�/�J�J with rad return rejection Opal21

– 6 @ >?� ; =� � 6QÙ ¨K¡~Ú
– rejecteventswith 85GeV �B N�N � 95GeV

Precisiontag: 6%

110. \P\ J�J w/o rad return rejection Opal22

– ���� 68Ù ¨K¡~Ú<� 6 @ >?� ; =��� 6QÙ ¨K¡~Ú
Precisiontag: 5%

111. \P\ J�J with rad return rejection Opal23

– ���� 68Ù ¨K¡~Ú<� 6 @ >?� �<=��� 6QÙ ¨K¡~Ú
– rejecteventswith 85GeV �B hbh � 95GeV

Precisiontag: 6%
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2.15 Û�fÛ)J observables

Theobservableslistedbelow do not includeany cut to eliminatethe regionsof phasespacedominated
by the radiative returnto the º . Sucheventsareusuallyselectedby a cut on themassof the invisible
system.For suchanextendedobservablethe requiredprecisiontagshouldsimply bescaledaccording
to thesomewhatdecreasedstatistics.In general,fully exclusivepredictionswith helpof the full multi-
dimensionaldistributionsof photon(s)energiesanddirectionsareneededwith aprecisioncomparableto
thatof thetotal crosssection.

ALEPH

112. Nu1 Singlephotonandmissingenergy: Exactly onephotonwith �
	
��5�R¼��8�Ü����� and Ý p ;
����� A � Ó 627K9 . No otherphotonwith �
	
��5�R¼��S�B������ A and 6 ¼ ; = GeV.

113. Nu2 Two or morephotonsandmissingenergy: Two or morephotons,eachwith 6 ¼ ; = GeV
and �
	
��M� ¼ �M������� . The transversemomentumof the multi-photonsystemmustbe suchthatÞ Ý p ; ����� A � Ó - 687:9 D Þ 6 4 . No other photonwith �
	
��M�R¼�� between0.95 and 0.9997,and
6 ¼ ; = GeV.

DELPHI

114. Singlephotonandmissingenergy: Requireexactlyoneobservedphotonwith energy requirement
varyingwith polarangle

(a) Nu11 Very forward(or backward): ����.mÁ�B��� � ���.m , ß�¼ ; ���� or ß�¼ ; -~���¸àDá�.4~·�
(b) Nu12 Forward(or backward): =¸.m��B�Ë�B�¸.m , ß�¼ ; ���¸
(c) Nu13 Barrel: i�� m �B�Ë�<�� m , ß�¼ ; ���� �

No additionalphotonswith 6 ¼ ; ���� GeV and � ; �� mradunlessthey arewithin �.m , =�.m and
¸� m from theprimaryphotonfor thevery forward,forwardandbarrelregions,respectively.

115. Two or morephotonsandmissingenergy Nu14: Two or morephotonswith 6 ¼ ; ����� Ó 68â É $ 9
and �
	
��5�R¼����ã������ , at leastoneof which has �
	
��M�R¼����Ü����� � . No additionalphotonwith
6 ¼ ; ����¸ Ó 627K9 and �
	
��M�R¼�� between0.985and0.9994.

L3

116. Singlephotonandmissingenergy: Exactlyonephotonwith �
	
��M�+¼��)�B���� A and:

(a) Nu3 energy and Ý p ; �C¾ÁÀÃÂ if =Ri�m��<� /endcaps/

(b) Nu4g energy and Ý p ; �k¾ÁÀÃÂ if i��.mÁ�<� /barrel/

No otherphotonwith �
	
����+¼��)�B������ A and 6 ¼ ; =� GeV.

117. Two or morephotonsandmissingenergy: eachphotonwith �
	
��5�R¼��S�B���� A and:

(a) Nu5 energy and Ý p ; �C¾ÁÀÃÂ if =Ri m �<� (endcaps)

(b) Nu6 energy and Ý p ; =C¾ÁÀÃÂ if i��.m��<� (barrel)

Thetransversemomentumof themulti-photonsystemmustbegreaterthan5GeVandthecollinear-
ity greaterthan ¸���.m No otherphotonwith �
	
��M� ¼ �S�<������ A and 6 ¼ ; =� GeV.
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OPAL

118. Single photonand missingenergyNu7 : The maximumenergy photonmust have �
	
��5�R¼��k�
���� �� � and Ý p ; ����� Ó 68â É $ 9 . TheremaybeatmostONEadditionalphotonwith 6 ¼ ; ���� GeV
and �
	
����+¼��)�B�����Ri�� .

119. Two or morephotonsandmissingenergy: Two or morephotonseachwith

(a) Nu8 6 ¼ ; ����� Ó 62â É $ 9 and �
	
��5�R¼���T���� �� � ,
(b) Nu9 6 ¼ ; =� A � GeV, �
	
��5�R¼��S�B���� andthesumof their Ý p ; ����� Ó 68â É $ 9
(c) Nu10 6 ¼ ; =� A � GeV, �
	
��5� ¼ �)�B���� �� andthesumof their Ý p ; ����� Ó 62â É $ 9

3 DISCUSSION OF NUMERICAL RESULTS FOR IDEALIZED AND
REALISTIC OBSERVABLES

In this sectionwe comparenumericalresultsfrom all MC andsemi-analyticalprogramsavailablein in
ourworkinggroup.

Theaimof thisexerciseis two-fold:

n to checkif thesecodesgivemeaningfulpredictions.Usuallythey dobut it canbeanontrivial test,
we alsocheckin thisway theapplicabilityrangeof thecodes.

n to probetheerrorspecificationsdeclaredby theauthorsof thecodesin theSection4

In orderto make thecomparisonmeaningfulwe defineda commoninput. In generalwe took physical
parametersfrom the latestpublicationof world averagesin the PDG. For the Higggs masswe took
 %äLåB=¸� GeV.

For theQCD couplingtheaverageÆ�æ�-~ G 4 wasusedasan input. Thevalueof ÕçÆ5èêé�ëy{$+ì -~ G 4kå
����¸ AA �¸Mí�������¸�Ri is notpresentin PDG,andthisvaluewastakenfrom Ref.[16]. It containsupdates
of theanalysisof Ref. [17]. For additionaldiscussionon thissubjectseeSection3.1.

3.1 Hadronic low energy vacuum polarisation

Vacuumpolarizationmakesabout6% correctionto thevalueof Æ�î ��ï at s = m! G . The leptonicpartof
this contribution is known with excellentprecision[18]. Thequarkpart,however, is moredifficult since
thequarkmassesarenot unambiguouslydefinedandthereis no generalagreementthatthepertubartive
QCD canbeusefor reliablecalculations.Severalreevaluationsof thehadroniccontribution to theQED
vacuumpolarizationhave beenperformedto determinetheeffective QEDcoupling Æ^-~ "!G 4 [17,19–30].
They arecomparedonFig. 1. Theresultsmarkedwith * areobtainedusingadispersionintegralof w y{$+ì

w y{$'ì å Ð�-~H 1 H 3%Iñð�ò�óÃô a+õ �,4
Ð�-~H 1 H 3 I / 1 / 3 4

measuredexperimentally. Theuncertaintiesaredominatedby theprecisionof measurementof Ð�-~H,1MH,3 I
ð�ò�óÃô a+õ �)4 at the H 1 H 3 centre-of-massenergiesbelow 5 GeV. Thevaluesnotmarkedwith * areobtained
by usingperturbative QCDin this region.
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Fig. 1: Resultsof calculationsof thehadroniccontribution to theQED vacuumpolarization.Theresultsmarked
with * areobtainedusinga dispersionintegralof öM÷bø ù measuredexperimentally.

Table 1: ú�û�ü (s) usingresultsof calculationsof Ref. [20].

ý þ
(GeV) ú û�ü (s)

80.364 129.08ÿ 0.09
91.1871 128.89ÿ 0.09

161 128.07ÿ 0.09
172 127.98ÿ 0.09
183 127.89ÿ 0.09
186 127.86ÿ 0.09
192 127.82ÿ 0.09
196 127.79ÿ 0.09
200 127.76ÿ 0.09
205 127.72ÿ 0.09

Thevaluesof hadroniccontributionspresentedin Fig. 1 arein goodagreement.Theprecisionof
calculationsusinga dispersionintegral of w y{$+ì measuredexperimentallyis sufficient for theprecision
requiredatLEP2.Thevaluesof theeffective QEDcoupling Æ5-~�)4 atdifferentcentreof massaregivenin
Table1.

3.2 Discussionof numerical resultsfor e�fe)-0J54 observables

Thereis good(0.1%or better)agreementbetweenÊËÊ MC andZFITTERwith paircorrectionsswitched
off, in all availableentriesin Table2. For the observableswherepredictionsfrom ÊËÊ MC aremiss-
ing it is dueto experimentaltreatmentof the interferencecorrection,which requiresmorerunsof the
Monte Carlo for every entry. The level of agreementis consistentwith the predictionsof the system-
atic theoreticaluncertaintiesfrom the programauthors. We can thusconcludethat the systematicer-
ror from the QED/electroweaksectorfor theseprocessesis indeedsmallerthan0.2%. If pair effects
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andtheir uncetraintyis taken into accountasdiscussedin Section5.5.11the total uncertaintyfrom the
QED/electroweaksectoris 0.26%.

Table 2: Numericalpredictionsfrom theoreticalcalculationsof thefollowing idealizedobservablesin ���������� final
states;cross-sections. The last field of the tableshows relative deviation (multiplied by 100)with respectto the
first calculation.

Someimprovementsin ÊËÊ MC and ZFITTER with respective to publishedversionsto obtain
that level of agreementswereneeded.Especiallythequestionof choiceof input parametershadto be
revisited. Seethe Section4.5 and 4.13 describingthe programsand sectionon comparisons5.4 for
details.We canconcludethat in all casestheoverall QED uncertaintyin quarkchannelsarebelow the
experimentalprecisiontag. The effect due to pairscannot be neglectedbut even if it is includedin
a ratherapproximateway, this would be enough. We do not expect the appropriateuncertaintyto be
sizableenoughto affect theexperimentalstudiesin any case.

Finally let uspoint thatwewerenotaddressingany questionsrelatedto uncertaintiesof final state
QCD interactions,seereportof theQCD working groupin this report[31]. TheQCD FSRcorrections
areimplementedin ÊËÊ MC andZFITTERasanoverall 	 -factortakinginto accountall availablehigher
orders,however, they do not take into accountany kinematiccutson real gluons. That is why their
predictionsfor realisticobservablesareof thepartialuseonly.

291



3.3 Discussionof numerical resultsfor observablesin H)1^H)35-0J54 final states
TunedBHWIDE LABSMC comparisons

Certaintunedcomparisonsof theBHWIDE andLABSMC programswereperformedfor the H,15H,3M-0JM4
observables.First,at theBornlevel anagreementwasfoundbetweenthepredictionsof thetwo programs
(after adjustingthe EW parameters)at the level of 
��=�� (stat. errors). Then,cross-checksof thepure
QED contribution to theBhabhaprocesswereperformed,i.e. of only the J -exchangecontribution with
thepureQED corrections( photoniccorrectionsonly – no pairs). Here,the two programsdiffer up to

� i� (thepredictionsof BHWIDE arein mostcaseslowerthantheonesof LABSMC). Thesedifferences
canbeexplainedby thedifferenttreatmentsof higherorderQED correctionsin the two programs:the
YFS exponentiationin BHWIDE versusthe structurefunction formalism in LABSMC. The biggest
differencesarefor theobservableswith a directcut on the‘bare’ invariantmass *>?&)@.-~H 1 H 3 4 . For such
observablesFSRplaysanimportantrole andthedifferencesin thehigherorderFSRimplementationin
thetwo programsmaybethereasonfor thesediscrepancies.Theagreementfor otherobservablesis at
thelevel of 
��=�� .

Furthercomparisons

All idealizedobservablesarecomputedwith LABSMC andBHWIDE, for realisticobservables
only LABSMC resultsareavailablefor OPAL. It wouldbeverydesirableto comparetheMC codeswith
semi-analyticprogramslike TOPAZ0 that,unfortunately, did not contributeto thepresentWorkshop.

At 189GeVtheagreementbetweenBHWIDE andLABSMC is betterthanthefollowing:

Typeof observ. Barrel Endcaps
Real.obs. 1.4% 0.2%
Ideal.obs. 1.4-2.4% 0.1-0.6%

This is true for both cases:high-energy eventsandobservablewhereZ-returnis included. This
doesnot contradictsthe BHWIDE estimatethat the precisionin the barrelregion is equalto or better
than1.5%,andcanbeaftertestsreducedto 0.5%.For theendcapstheprecisionis betteror equal0.5%,
which is dueto thedominantphotonexchangein thet-channelwhentheforwardregion is included.The
remainingdifferencesbetweenBHWIDE andLABSMC, asseenin Tables3, 4, for thefull Bhabhapro-
cesscomefrom non-QEDcontributions/corrections andareunderinvestigation.At presentour estimate
of systematicerrormustremainat2%for thebarrelregionand0.5%for endcap.

The differencesin caseof observableswith explicitly taggedphotons,( c f c J final states)are, as
expectedbigger, but still at the3%level.

For DELPHI8 andLT14 oneof the electronscanbe lost in the beampipe. BHWIDE doesn’t
describesuchconfigurations(both H,1 , H,3 arerequiredto bedetected)- that is why BHWIDE doesnot
provide any resultsfor theseobservables.OPAL’s realisticobservables:Opal3, Opal4, Opal5, arenot
implementedwith BHWIDE also.
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Table 3: Numericalpredictionsfrom theoreticalcalculationsof the following realisticobservablesin �����Ãû������
final states;cross-sections. Thelastfield of thetableshows relative deviation (multiplied by 100)with respectto
thefirst calculation. ������� ����� ���"!�# $�%�$ &�!�' ()$*!�%�+�$������ �,$���-". #�!/-"$ 01�"!/-". �

2 ' $���354 6 287�9�:<; %��=��!�. � >/? @�� A @�� @�>/A)>�B >/ADCFE=> � G H�B >/ADI�J
7LKLMON�P8Q >/? @�� A @�� @�R 4 R�B >/ADCFESR)� T)>�B >/ADI�J A)� >/46 287�9�:<; %��=��!�. � R A A�� A ?�� ?�G A ?�B >/A C E=> � UDT�B >/A I�J
7LKLMON�P8Q R A A�� A ?�� ?�T H 4�B >/A C ESR)� R ?�B >/A I�J A)� >/G6 287�9�:<; %��=��!�. � R A G�� A ?�� 4�H G G�B >/ADCFE=> � 4 @�B >/ADI�J
7LKLMON�P8Q R A G�� A ?�� 4�T A @�B >/A C ESR)� >/A�B >/A I�J A)� >/T

2 ' $���3�U 6 287�9�:<; %��=��!�. � >/? @�� A R�� AVUDT H�B >/A C EST)� H)>�B >/A I�W
7LKLMON�P8Q >/? @�� A R�� AVU�>/A�B >/A C E=> � A 4�B >/A I�J X A)� 4 R6 287�9�:<; %��=��!�. � R A A�� A >�� ?�R 4 A�B >/A C ESG)� G @�B >/A I�W
7LKLMON�P8Q R A A�� A >�� ?�R A�U)B >/ADCFES?)� G A�B >/ADI�W X A)� >YU6 287�9�:<; %��=��!�. � R A G�� A >�� T�>/H @�B >/A C ESG)� R @�B >/A I�W
7LKLMON�P8Q R A G�� A >�� T�>YUD4�B >/A C ES?)� A A�B >/A I�W X A)� A @

P $�' ��3). 4 6 287�9�:<; %��=��!�. � >/? @�� A R�� 4�>/@ R�B >/ADCFEST)� @ @�B >/ADI�W
7LKLMON�P8Q >/? @�� A R�� R�? G @�B >/A C E=> � A @�B >/A I�J X > � 4 @6 287�9�:<; %��=��!�. � R A A�� A R�� A�G 4 H�B >/ADCFEST)� > >�B >/ADI�W
7LKLMON�P8Q R A A�� A R�� A�4 T 4�B >/A C ES@)� R A�B >/A I�W X > � R T6 287�9�:<; %��=��!�. � R A G�� A >�� @VUDR)>�B >/ADCFESG)� T A�B >/ADI�W
7LKLMON�P8Q R A G�� A >�� @�>/T @�B >/A C ES?)� UDA�B >/A I�W X > � R H6�ZLU 6 287�9�:<; %��=��!�. � >/? @�� A R�� R�>YUDR�B >/A C EST)� ?)>�B >/A I�W
7LKLMON�P8Q >/? @�� A R�� >Y? G R�B >/A C E=> � A T�B >/A I�J X > � R T6 287�9�:<; %��=��!�. � R A A�� A >�� @�T A A�B >/A C ESG)� @ H�B >/A I�W
7LKLMON�P8Q R A A�� A >�� @VUDT�U)B >/ADCFES@)� A A�B >/ADI�W X > � >/H6 287�9�:<; %��=��!�. � R A G�� A >�� ?�H�UD4�B >/A C ESG)� H�U)B >/A I�W
7LKLMON�P8Q R A G�� A >�� ?�4 4 R�B >/ADCFES?)� 4 A�B >/ADI�W X > � >YU6�Z,H 6 287�9�:<; %��=��!�. � >/? @�� A R�� 4VUDH R�B >/A C ES?)� A 4�B >/A I�W
7LKLMON�P8Q >/? @�� A R�� 4�> >/A�B >/A C E=> � >/A�B >/A I�J X > � UDG6 287�9�:<; %��=��!�. � R A A�� A R�� A�? T 4�B >/A C EST)� >/G�B >/A I�W
7LKLMON�P8Q R A A�� A R�� A�H @ A�B >/ADCFES@)� R A�B >/ADI�W X > � 4 H6 287�9�:<; %��=��!�. � R A G�� A >�� @�G�UDT�B >/ADCFESG)� T�U)B >/ADI�W
7LKLMON�P8Q R A G�� A >�� @�4 ? H�B >/A C ES?)� H A�B >/A I�W X > � 4 46�Z,G 6 287�9�:<; %��=��!�. � >/? @�� A >�� @�T G ?�B >/A�J[ESR)� 4 4�B >/ADI�J
7LKLMON�P8Q >/? @�� A >�� @�T 4 ?�B >/A J ES4)� ? 4�B >/A I�J X A)� >/H6 287�9�:<; %��=��!�. � R A A�� A >�� T�G T 4�B >/A J ESR)� A ?�B >/A I�J
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Table 4: Numericalpredictionsfrom theoreticalcalculationsof the following idealizedobservablesin �����Ãû������
final states;cross-sections. Thelastfield of thetableshows relative deviation (multiplied by 100)with respectto
thefirst calculation. ] ^)_a` b�c�] d�c�e�f gah)g i�eVj k)g*eVh)l�g�c�c�] cLg�_�m"n foe/m"g p*c"e/m"n ]
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3.3.1 Somecommentson resultsfor H,15H,3M-0JM4
The issueof extrapolationsis especiallyimportantin caseswhentheoreticaluncertaintiesarenot fully
undercontrol.

In the caseof L3 andOPAL selections,predictionsfor the realisticobservablesagreewith the
idealisticonesat 3%. No largeextrapolationsarethusneeded.This is dueto useof collinearitycutsin
bothcases.Theonly exceptionis thepair LT4-ILT4, wherethedifferenceis around6%. This is dueto
theuseof an invariantmasscut, whererealisticobservablessumelectronenergieswith theenergiesof
photonscloseby.

In thecasesof ALEPH andDELPHI thedifferencesbetweenidealisticandrealisticobservables
arelarger (morethan20%). Hereoneof the, idealizedobservable– realisticobservable,pair usesthe
invariant masscut and the other an collinearity cut (or massfrom the angles). This leadsto larger
extrapolations.Theresultspresentedherefavor theuseof collinearitycutsin all cases(for bothtypesof
observables).

The precisiontagsset by experimentalconsiderationsare: 0.21%barrel, 0.13%endcap. The
precisiontag for the barrel is not met by the theoreticalcalculation. A sizablefactor of ten is still
missing.Thiswill reducethesensitivity of searchesfor new phenomenalike:

n contactinteractions[32],

n low scalegravity effects[33],

n sneutrinos,

n non-zerosizeof theelectrons[32].

Theprecisiontag in theendcapsis closerto beingmet. Even theprecisionof or below 0.5%,if
confirmed,will largely improveresultslikethemeasurementof therunningof thefine-structureconstant,
whicharelimited by thetheoreticaluncertainty[6].

As an exampleof the effectsof theoreticaluncertaintiesin the Bhabhachannellet us useasan
examplethe contactinteractions. The expectedprecisionfor the measurementin the barrel detector
(44-136m ) for four LEP experimentalcombined,and600pb3 � at � 200GeV (average)energy is about
0.45%(statistical)for the cross-section.The systematicerror shouldbe lower. The 0.0026statistical
erroris expectedfor ��� â , heresystematicerrorcanbeabit higher.

Thenumericalresultsfor thelimits on contactinteractionsaresummarizedin theTable5:

Table 5: Limits for ContactInteractionmodelsat 95% CL expectedfrom combineddataof large-angleBhabha
scattering(barrel)at LEP2/roughestimate/

Theoreticalerror: 2% 1% 0.5%
ContactInteraction Sensitivity Sensitivity Sensitivity
Model [TeV] [TeV] [TeV]
LL 7.6 9.3 10.6
RR 7.5 9.2 10.4
LR 9.3 10.7 11.8
VV 16.1 19.5 22.0
AA 12.1 12.1 12.2
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Running of Æ�î �Vï
In thefollowing L3 paper[6], thecrosssectionfor Bhabhascatteringfrom 20 to 36m at 189GeV

wasmeasuredto be Ð�å�=Ri�����kí�
���-~��� ò �b��45í�
���-~�5���,��45í"¸��¸-�� ð H a ô ��4��=� . This canbeconvertedto a
measurementof therunningof thefine-structureconstantbetweenthe � ! of theluminositymonitorand
theendcapcalorimeter:

=
Æ -~D�=¸��¸�Ë¾�ÀÃÂ ! 4�D

=
Æ -~D �Ri��Riç¾ÁÀÃÂ ! 4�åB�����
àí 
���=-~H~ß����4^íF=��=Ri�-�� ð H a ô ��4

or total error on �¡ of 1.29 dominatedby the theoryuncertaintyof BHWIDE taken to be 1.5%. The
runningis establishedat3 sigmalevel. A LEPcombinedmeasurementcanreducethestatisticalerrorby
factormorethan3 andthesystematicerrorby factorof abouttwo.

Clearly the theoryuncertaintyis thekey for improvement. As a resultof the MC workshopthe
theoryuncertaintyseemsto bereducedto 0.5%,but not yet matchingtheexperimentalprecision.This
givesa promiseto measurethe runningof Æ in this rangewith a precisionon �¡ of 0.3 (4 timesmore
precisethannow).

3.4 Discussionof numerical resultsfor observablesin /21�/23^-0J54 and \ 1 \ 35-0JM4 final states

Thiscomparisonis essentialfor theworkshopbecauseit teststheoreticaluncertaintiesondifferentstrate-
giesof moving from raw data,realisticobservables,to hardphysicsparameterswith theintermediatestep
of idealizedobservables.Thatis thestrategy actuallyin useby all experiments.Thesizeof effectssuch
asQED interferencesin context of truly complicatedanalysesincluding sophisticatedcutsshouldbe
documented.Theresultscanserve asabenchmarkfor old simulationsalso.

The groupof realisticobservablesin Table6 includescomparisonsof the old KORALZ Monte
Carlo with ÊËÊ MC. As onecanseethedifferenceswerein all casesdueto the interferencecorrection
andnew methodof exponentiation1, othereffectssuchasdifferentway of implementingelectroweak
correctionswerenot important.Differencesbetweenresultsfrom ÊËÊ MC optionEEX2 andKORALZ
werealwaysbelow 0.25%,which is no surpriseasexponentiationin KORALZ is quite similar to the
optionEEX2 for ÊËÊ MC. TheCEEX2optionof ÊËÊ MC includesbetterschemeof exponentiationand
in particulareffectsdueto interference.

Thecomparisonsfor \ and / leptonsidealizedobservables(Tables7,8 includecalculationsper-
formedwith thehelpof ÊËÊ MC andZFITTER programs.Almost everywherethedifferencesbetween
ÊËÊ MC andZFITTER predictionsarebelow 0.4%,which is theprecisiontagof experiments(Seealso
Section5.4and5.3.8). Theexceptionarethecaseswith theintermediatecut on  %>?&,@ . Herethediffer-
encesareslightly larger, up to 0.6%,but alsoacceptable.The effect dueto pairscannot be neglected
but even if includedin a ratherapproximateway would beenough.The interferenceeffect andtheef-
fect of CEEX exponentiationcombinedwith respectto EEX aresizablealsoandshouldbe taken into
account.Thethreeclassesof effectsascanbeseenfrom thetablesarerespectively up to 1.3and1.6%
thusrespectively 3 to 4 timestheexperimentalprecisiontag.

Wecanconcludethatin all casestheoverall theoreticaluncertaintyin / and\ channelsare0.4%,
justbelow (or verycloseto) theexperimentalprecisiontag.Therefore,wedonotexpecttheoverallQED
uncertaintyin thesechannelsto be sizableenoughto affect the experimentalstudiesin any casenow.
This comfortablesituationfor theexperimentalanalysesis theresultof betterunderstandingreachedin
comparisonswhichhave beenperformedrecently, in particular, in theframework of thisworkshop.

1Notethatin thecaseof theobservableswith thetaggedphotons(seeTable9) thepatternof differencesis morecomplicated
and¢£¢ MC CEEX2resultsdonot coincidewith KORALZ.
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Table 6: Numericalpredictionsfrom theoreticalcalculationsof the following realisticobservablesin ¤�=¤5û������
final states;cross-sectionsandsymmetries. Thelastfield of thetableshows relative deviation (multiplied by 100)
with respectto thefirst calculation.
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Table 7: Numericalpredictionsfrom theoreticalcalculationsof the following idealizedobservablesin ¤�=¤5û������
final states;cross-sectionsandasymmetries. Thelastfield of thetableshowsrelativedeviation(multipliedby 100)
with respectto thefirst calculation.
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Table 8: Numericalpredictionsfrom theoreticalcalculationsof the following idealizedobservablesin o,�po�û������
final states;cross-sectionsandasymmetries. Thelastfield of thetableshowsrelativedeviation(multipliedby 100)
with respectto thefirst calculation.
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Oneshouldnotethat,for example,for thedimuonchannelwhereexpectedultimateexperimental
erroron thecrosssectionmeasurementfrom four LEPexperimentsis about1.2%thedecreaseof theory
uncertaintyfrom 1%to thepresent0.4–0.5%is roughlyequivalentto theadditionalyearof LEPrunning.

In someof theanalysesperformedwith thetwo-fermionLEP data(like thefits for searchesextra
dimensiongravity) the sensitivity dependson the differentialdistribution over the fermion production
angle. The questionof theoreticaluncertaintiesin suchdifferentialdistributionswas,at leastapproxi-
mately, addressedby comparingforward-backward asymmetryvalueswith differentangularcuts. The
agreementbetweendifferentcalculationsin thesequantitiessatisfiestheexperimentalrequirementsalso.

Realistic \ observables

Numericalresultsfor \ -leptonrealisticobservablesarenotcollected.This is notonly dueto complexity,
but alsodueto relative similarity to theeasier/ -leptoncase.Theremaining,ratherhistoricalissueis the
spinimplementationin KORALZ. It canbeof someconcernfor thoseanalysiswhich rely onsimulation
with that program. The eventualcrosscheckof this aspectis rathereasy;it shouldfollow exactly the
sameprocedureaspresentedin Table6.

3.5 Discussionof numerical resultsfor c 1 c 3�J observables

Onecansee(Table9) that in all casesKORALZ and ÊËÊ MC (optionsCEEX2 IFIoff, EEX2 EEX3)
give resultswhich aresimilar within requestedprecisiontags. Differentchoicesof the exponentiation
etc.,leadto effectsat thelevel of 1 to 2%. As thecaseof the ÊËÊ MC andthematrix elementCEEX2is
expectedto bethebest,andthetypicalnumericalsizeof thepaireffectsdoesnotexceedtheprecisiontag,
we canconcludethatall effects,exceptthoseof theinterferencecorrection(differencebetweenÊËÊ MC
results,option CEEX2 andCEEX2 IFIoff), arewell undersufficient control sincea ratherlong time
for this groupof observables. The sizeof the interferencecorrectionis however sizable,asexpected,
dependingon selectionit can vary from 0 to nearly 20% and definitely must be taken into account
in comparisonof datawith theoreticalpredictions. Comparisonswith other possiblecalculationsof
interferencecorrections,like in singlephotonmodeof KORALZ, or asin Ref.[34] for two hardphotons,
werenotperformedfor theobservablesasin Table9.

The predictionsof KORALZ due to the older exponentiationused(which is similar to EEX2)
shouldcoincidewith ÊËÊ MC EEX2results.Onecanseethatit is notalwaysthecase.Thismayindicate
e.g. deficienciesof the way how electroweak correctionsare implementedin KORALZ. The method
designedfor LEP1worksstill quitegood,but in configurationswith massivebremsstrahlung,suchasra-
diative returnto º , limits becomevisible. Thesedifferencesareimportantto evaluateotherplaceswhere
similar systematicerror may play a role, that is Û�fÛ)J and \^1g\^3 -0JM4 final statesin caseof observables
includingradiative returnto º .

For the observablesfrom H 1 H 3 J the differencesbetweenthe two available codeswere at 3%
maximum. For the momentthis canbe usedasthe estimateof theoreticaluncertainty. It is consistent
with the2%estimationfrom LABSMC.

3.6 Discussionof numerical resultsfor ÛVfÛ)J observables

Eventswhereoneor morephotonsareaccompaniedby missingenergy arethecharacteristicsignature
of many new physicsprocesses.For example,in theframework of boththeMSSM andGMSB models
of supersymmetry, neutralinopair productioncangive rise to eventswhereoneor two photonsareac-
companiedby missingenergy. This final statemayalsobeproducedin theorieswherequantumgravity
is propagatingin extra spatialdimensions.In suchtheories,gravitons may be producedcopiouslyin
associationwith a photon. The graviton subsequentlyescapesdetectiongiving rise to the photonand
missingenergy signature.Sucheventscanalsobeusedto studythe trilinear WWJ vertex andthereby
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Table 9: Numericalpredictionsfrom theoreticalcalculationsof thefollowing realisticobservablesin Ø©�ÙØ0û,� final
states;cross-sections. The last field of the tableshows relative deviation (multiplied by 100)with respectto the
first calculation.
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Table 10: Numericalpredictionsfrom theoreticalcalculationsof the following realisticobservablesin L=�L � final
states.Thelastfield of thetableshowsrelativedeviation (multiplied by 100)with respectto thefirst calculation.
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to searchfor anomalouscouplings. The StandardModel backgroundfor suchsearchescomesfrom
two processes:radiative returnsto theZ resonance,with theZ decayingto neutrinos,and � -channelW
exchangewith thephoton(s)radiatedfrom thebeamelectronsor theW.

The large integratedluminosityprovide by LEP at high energiesallows suchsearchesto beper-
formedwith high precision.At theendof theLEP2runningperiodeachexperimentwill have around
1800 singlephotonand missingenergy eventsandcloseto 90 eventswith two photonsand missing
energy. When the datafrom the four experimentsarecombinedthe single photoncrosssectionwill
be measuredwith a statisticalprecisionof around1.2%. The combinedsystematicuncertaintiesfrom
thephotonselectionefficiency andluminositymeasurementis expectedto bearound0.5%. Clearly, to
have anegligible contribution to theoverall crosssectionmeasurement,andhenceto thesearchfor new
physics,the theoreticaluncertaintyon the SM backgroundpredictionmustalsobe at the 0.5% level.
Much lessprecisionis requiredfor the two photonandmissingenergy channel,wherethe combined
statisticaluncertaintyat theendof LEP2will bearound5%. Theprecisionrequiredof thetheoreticales-
timateof theSM backgroundin thiscaseis only 2%. For thisfinal statetheothersourcesof experimental
systematicuncertaintyarenegligible.

Thelevel of precisionwhich is now beingachievedby LEP is impressive. Theinitial estimateof
thetotal integratedluminosityof LEP2wasonly half whatwasfinally achieved.Furthermore,techniques
for combiningthedatafrom thephotonandmissingenergy searchesof all four experimentshave been
developedin theframework of theLEP SUSYWorkingGroup.Thatis why, therequiredprecisionis so
muchhigherthanthe2%level whichwasthoughto besufficient until now.

TherewerethreeindependentMonte Carlo programsavailablefor comparisonof numericalre-
sults. Themainsourcesof differencesbetweenthe resultsof thesecalculationswereexpectedto arise
from thefollowing effects:

1. Although thecutsare(supposedto be) thesamefor all programs,the input parameterswerenot
setto thesamevalues,we arenot performing‘tunedcomparisons’;this meansin particularthat
we have to expectdiscrepanciesof about2% dueto thedifferentrenormalizationschemesimple-
mented,aswasfor instanceshown by theJapanesegroupin Ref. [35].

2. The QED correctionsarising from missingnon-log termsare expectedto lead to a theoretical
uncertaintyof about1-2%.

Taken thesetwo effects into account,the size of the observed discrepancies2 is essentiallywhat was
expected.

Thecomparisonof observablebetweenthedifferentMonteCarloprogramsmaybesummarized
asfollows:n In theworstcasethedifferencebetweentheprogramsis at thelevel of 4-5%,n Moreover, when the event selectionsare particularly clear/simple:and thereare no sharpcuts (no
selectionof narrow bandsin angulardependences,asin Nu13or cutsonsoft photonsNu13) thelevel of
agreementis better. This couldariseasa resultof systematicdifferencesbetweenthecodessimply via
differentimplementationsof verycomplicatedcuts.More likely, thiscouldbeexplainedby thedifferent
wayhow hardmatrixelementsand/orsoft photonsaretreatedin somecornersof thephasespace.n This explanationseemsto be supportedby the following two plots 2, representingthe missingmass
spectrumfor oneandtwo photoneventscomparedbetweenKORALZ andNUNUGPV with cutsasfor
observablesNu1 andNu2. TheKORALZ predictionstendto behigherthanNUNUGPV for thepartof
the spectrumof missingmasssmalleror comparableto º andlower for eventsof large missingmass
(whichhave relatively soft photons).

2The observable Nu4g wasan exception,until the cut on the energy of the trigger photonwas increasedfrom previous
1 GeV to present5 GeV. Thismaybegoodstartingpoint for furtherinvestigation.
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Fig. 2: Left side: Missingmassdistribution from theNUNUGPV MonteCarlo: part (a); andratio of KORALZ
to NUNUGPV predictions:part (b). Plot wasmadefor centre-of-massenergy of 206GeV andselectioncutsas
definedfor observableNu1.
Rightside: Missingmassdistribution from thenunugpvMonteCarlo (histogram)andKORALZ (errorbars)for
centre-of-massenergy of 189GeV andselectioncutsasdefinedfor observableNu2.

n On theotherhandthe implementationof ° contribution of H 1 H 3�I Û É fÛ É J channelin KORALZ is
affectedby approximation.

3.6.1 Conclusionsfor Û�fÛ)J
In the caseof relatively simpleobservables(no selectionof narrow bandsin angulardependencesor
cutson soft photons)agreementwasfound at the level 2–3%for both the single-anddouble-photon
observablesotherwisedifferencesof around3–5%areobserved. Single-anddouble-taggedphotonob-
servablesproviderathersimilarpatternof agreementsanddifferences.It is possiblethatthecontributions
of electroweakbox diagramsandpair corrections,whichhave not yet beenfully studied,mayintroduce
theoreticaluncertaintyof around2–3%. This shouldnot affect our estimateof thefinal theoreticalun-
certaintyof around4%for simpleobservablesand5%otherwise.

As an exampleof what this level of theoreticaluncertaintymay meanin practicelet us usethe
searchfor TeV scalequantumgravity propagatingin two extra dimensions.The combinedLEP limit
on themassscaleassociatedwith this new physicsat theendof LEP2would be(assumingno hint of a
signal)

1.23TeV for 0.4%theoreticalsyst

1.21TeV for 1.2%theoreticalsyst

1.12TeV for 5.0%theoreticalsyst

For this topology the crosssectionfor the new physicsvariesas -~=·Ã U4²± . The current(preliminary)
limit from theALEPH datatakenup till now is 1.10TeV. Fromthepoint of view of this analysis,until
further theoreticaldevelopmentswill becomeavailablewith thesystematicerror reducedbelow 4–5%,
thereis little point in analyzingthefinal yearsdatanor, indeedin combiningtheresultsof thefour LEP
experiments.
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4 MONTE CARLO AND SEMI-AN ALYTICAL CODES AND THEIR OWN
ERROR SPECIFICATIONS

In thissectionwepresenttheMonteCarloandthesemi-analyticalcodesusedin thework of ourworking
group.Thelastsubsectionin thedescriptionof eachcoderepresentsthetheoreticalerrorspecificationof
eachcalculation,asseenby theauthorsof thecodes.They arethestartingpoint for thecomparisonsin
our working group. Throughoutthecomparisonsof thecodesanddiscussionamongtheauthorsof the
codeswe couldverify thesestatements,improve theunderstandingof theproblemsandaddmorevalue
to them.Butfirst of all we needto defineourstartingpoint. And this is to bedoneherein thissection.

4.1 Presentationof the program BHWIDE

1) Authors: S.Jadach,W. Płaczekand B.F.L. Ward

2) Program: BHWIDE v.1.10,December1998

3) Canbeobtainedfrom ³µ´¶´¶·¹¸»ºµº¶¼¶½¿¾ÁÀµÂ¶ÃÅÄÆ·¶³µÇÉÈÉÄÆÊ¶´µËÅÄ»¼µÌµÊµº¶·µÊµÍµº¶ÎÐÏ¶ÑÉÒÔÓµÕµº

4) Referenceto maindescription [36]

5) Referenceto example [37]

6) advertisement

In this subsection,we briefly describeour Monte Carlo (MC) event generatorfor large angle
Bhabha(LABH) scatteringcalled Î¶Ï¶Ñ¿ÒÁÓµÕ anddiscusssomeimportantcross-checksof theprogram.

Î¶ÏµÑÉÒÁÓµÕ is basedon theYFS exclusive exponentiationprocedure[38], whereall the IR singular-
ities aresummed-upto infinite orderandcanceledout properlyin the so-calledYFS form factor. The
remainingnon-IR residuals, fÖ è r ë& , correspondingto the emissionof õ -real photons,arecalculatedper-
turbatively up to a givenorder c , where cØ×Tõ , and - c D õ 4 is a numberof loopsin the fÖ è r ë& calculation.
In Î¶ÏµÑÉÒÁÓµÕ anarbitrarynumberõ of realphotonswith non-zero�µÙ aregeneratedaccordingto theYFS
MC methodof Ref. [39]. Thenon-IRresiduals fÖ è r ë& arecalculatedup to Úµ-~Æ54 , i.e. fÖ è � ëÛ and fÖ è � ë� corre-

spondingto zero-real(one-loop)andone-real(zero-loop)photons,respectively, areincluded.In fÖ è � ëÛ we
implementedtwo librariesof the Úµ-~Æ^4 virtual EW corrections:(1) theolderoneof Refs.[40,41], which
is not up to datebut canbeusefulfor sometests/cross-checks, and(2) themorerecentoneof Ref. [42].
Whenthegenuineweakcorrectionsareswitchedoff (or numericallynegligible) they areequivalent. In
fÖ è � ëÛ we implementedtwo independentmatrix elementsfor single-hard-photon radiation:(1) our calcu-
lation [36] in termsof helicity amplitudes,and(2) theformulaof CALKUL [43] for thesquaredmatrix
element.Wehavecheckedthattheabove two representationsagreenumericallyup to at least6 digitson
anevent-by-eventbasis.

TheMC algorithmof ÎµÏ¶Ñ¿ÒÁÓ¶Õ is basedon thealgorithmof theprogramÎ¶ÏµÜ¶Ý¶Þ¿Ò for small angle
Bhabhascattering[39], however with someimportantextensions:(1) QED interferencesbetweenthe
electronandpositronlines (‘up-down’ interferences)had to be reintroducedas they are importantin
LABH; (2) the full YFS form factor for the ¸ I ¸ process,including all � -, � - and ß -channels,was
implemented[36]; (3) the exact Úµ-~Æ54 matrix elementfor the full Bhabhaprocesswasincluded. The
multi-photonradiationis generatedat the low-level MC stageas for the � -channelprocess,while the
� -channelaswell asall interferencesarereintroducedthroughappropriateMC weights.Thismeansthat
the programis moreefficient whenthe � -channelcontribution is dominant,ase.g. at LEP2 energies;
however, it provedto work well alsonearthe º resonance.

The programis written in à¶áµâ¶ã¶âµä¶åµæ¶æ andis particularlysuitedfor useunderthe Ý¶½¿¾Áç operat-
ing system3 for which a specialdirectorystructurehasbeencreatedwith useful ÞµÃ¶Ë¶¼µèÉ¾Ôé¶¼ ’s for easy

3However, it canbeused,in principle,onany operatingsystemwith a êÔëíìïîðìïñðòÔóôó compiler.

305



compilingandlinking. Theprogramrunsin threestages:(1) initialization – whereall input parameters
arereadandtransmittedto theprogramaswell asall necessaryinitializationsareperformed,(2) event
generation– herea singleevent is generated,and(3) finalization– final bookkeepingfor a generated
eventstatisticsis doneandsomeusefulinformationis provided(printed-out).Therearetwo mainmodes
of eventgeneration:onecangenerateeithervariableweightevents(usefulfor varioustests)or constant
(=1) weightevents(usefulfor apparatusMC simulations).Variousinput parameteroptions,to besetby
theuser, allow to choosebetweendifferentcontributions/corrections to thecrosssection,suchasweak
corrections(two libraries),vacuumpolarization(threeparametrizations),etc. Other input parameters
allow to specifythenecessaryingredientsfor thecrosssectioncalculationandtheeventgeneration,such
astheCMSenergy, physicalparameters(masses,widths,etc.),phasespacecuts,etc.For eachgenerated
event, four-momentaof the final stateelectron,positronandall radiative photonsareprovided. In the
variable-weight-eventmodethey aresupplementedwith themain(best)eventweightaswell avectorof
weightscorrespondingto variousmodels/approximations.In thefinalizationstage,thetotalcrosssection
correspondingto thegeneratedeventsampleis calculatedandprovided(printed-out)togetherwith some
otherusefulinformation.

4.2 Err or specificationsof BHWIDE

So far, several tests/cross-checksof the programhave beenperformed,seee.g. Ref. [44]. First com-
parisonswith otherMC programsfor LABH weredoneduringtheLEP2Workshopin 1995[37]. They
showed a generalagreementof ÎµÏ¶Ñ¿ÒÁÓ¶Õ with mostof thoseprogramswithin ¸�� at LEP2energies. At
that time sucha level of precisionwasexpectedto besufficient for LEP2. Discrepanciesbetweenvari-
ouscalculationscanbeexplainedby thefact thatmostof theprogramsweredesignedfor LEP1where
the ºöõ -channelcontribution wasdominant,while at theLEP2energy rangethe � -channelJ exchange
dominates.Thus, the physicalfeaturesof the Bhabhaprocessat LEP1 and LEP2 arevery different.
Recently, a moredetailedstudyof thetheoreticalprecisionof Î¶Ï¶Ñ¿ÒÁÓµÕ hasbeencarriedout [45]. Com-
parisonshave beenmadewith the MC programs: áµÜ¶ÓµÎÉÒÁ÷ [39] (a modernizedversionof the program
á¶ÜµÓ¶Îµä¶Î [46]) and ÎµÏ¶Ü¶ÝµÞÉÒ [47], and the semi-analyticcode ä¶Ü¿ÒÁÎµä¶Î¶ä [42]. Testsweredoneat Úµ-~Æ54
andwith higherordercorrectionsfor variouscuts– by startingfrom thepure � -channelJ -exchangeand
switchingon graduallyothercontributions/corrections. This studyshows that at Úµ-~Æ^4¹Î¶Ï¶Ñ¿ÒÁÓµÕ agrees
with á¶Ü¶ÓµÎÉÒÔ÷ within 
ùøûú�� for thepureQEDprocess,while ä¶ÜÉÒÔÎ¶äµÎ¶ä differsby upto 
ùøûü�� . Whenhigher
ordercorrectionsareincluded,Î¶Ï¶Ñ¿ÒÁÓµÕ is generallywithin ú�� of Î¶Ï¶ÜµÝ¶Þ¿Ò ( 
ùøûý�� in the forwardregion:
þ ÿ���� É � 
ùø�� ) for the pure � -channel� -exchangeprocessandwithin úùø�¸�� of äµÜÉÒÁÎµä¶Îµä for all kinds of
contributions/corrections. Fromthesetestwe have estimatedtheoverall theoreticalprecisionof ÎµÏ¶Ñ¿ÒÁÓ¶Õ
at úùøûý�� for theLEP2energy range.Weexpectthatby makingsomeimprovementsof theprogram(e.g.
modifying the ‘reductionprocedures’for thematrix elementcalculations,including Ú
	~Æ��� LL correc-
tions)andperformingsomenew cross-checks(e.g.with theprogramLABSMC [48]) wecanreducethis
precisionto � 
ùøûý�� . Furtherimprovementsof the theoreticalprecisioncanbe made,in our opinion,
with thehelpof the ��� MC program[49] afterimplementingin it the ������� channel.

4.3 Presentationof the program KORALZ

1) Author: S.Jadach,B.F.L. Ward and Z. Wa̧ s

2) Program: KORALZ v.4.04,

3) Canbeobtainedfrom Library of ComputerPhysicsCommunication,
or from theauthor(�ÅÄ��¶ÃÉÈ����Á¼��µ½ÅÄ��Á³ ) uponrequest

4) Referenceto maindescription [50] andreferencestherein.

5) Referenceto example,use: [51,52]
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Initially the �¶á¶âµä¶Ü�� event generatorwas written [53] to simulate -pair productionand decay
for LEP1 physicsat the first order of QED bremsstrahlungwithout any exponentiation. Only longi-
tudinal  spin effectswere included. Later [54,55], longitudinalbeampolarizationwasincludedand
higherorderQED effectswereincorporatedusingpowerful exponentiationtechniques[56,57] of initial
statebremsstrahlungfirst, but laterof final statebremsstrahlungaswell. The interferenceof initial and
final statebremsstrahlungwasalways neglected,except asa parallelmodeof operationat the single
bremsstrahlunglevel. This assumptionwasgoodat the peakof the ! resonance,due to suppression
of thecorrectiondueto ! life-time, andtheestimationof theerrorbasedon thesinglebremsstrahlung
calculationswassufficient [52,58]. At that time a quitecompletesystemof testsandcross-checkswas
developedfor theeffectsdueto correctionsof initial statebremsstrahlungusingdedicatedmethodsbased
on comparisonof semi-analyticalresultsandtheMonteCarlo[59] usingimportancesampling.Testsat
thetechnicalprecisionof ú�"#� ± andbettercouldbeobtained.In generalthetotal precisionof 0.2%was
achievablefor quitearangespectrumof observablesfor $ � $ � or  �  � final states.The %'&%�� final states
were also introduced[60] using the assumptionthat the ( -channel ° -exchangeforms a contribution
which is rathersmallsothat,in particular, the °*) °+),� interactioncanbecompletelyneglected.

Theuseof KORALZ at LEP2energiesimpedessubstantialimprovementof precision.For $ � $ �
or  -�� -� it is mainly dueto the lack of interferenceeffectsin exponentiation.For %'&%.� final statesit is
dueto theapproximatetreatmentof ( -channel° -exchange.Eventhoughthe °/) °0)1� interaction
wasincluded,themethodexplainedin Ref. [51] is notenoughfor thesinglephotonobservablesandany
precisionmeantto bebetterthan1-2%.For doublephotonobservablesprecisiondecreasesevenfurther
asthematrixelementfor thetwo photonconfigurationis approximateto thepragmaticorder 2�� only.

Electroweak correctionsare implementedin KORALZ using the reducedBorn method. This
meansthat the effectsof electroweakcorrectionsbeyond the crudeBorn level are implementedat the
leading-loglevel only. Recently, the final versionof KORALZ waspublishedanddocumented[50].
ThatversionusesDIZET version6.05,however, for thesakeof testsversionswith theup to dateDIZET
library maybemaintained.

Useof theprogramis expectedto begraduallyreplacedby 343 MCMonteCarlowhichalreadyat
presentis superiorin all applications(for thetimebeingexcept %'&%�� final states)andatall energy ranges
as far asprecisionis concerned.Sometools for studyinganomalouseffects in  5 5� final states[61],
%'&%�� [62], andleptoquarks[63] areavailableat presentfor KORALZ only. A numberof flags,to beset
by the user, allow the userto switch betweendifferentoptionsandperformspecificcomparisonsand
investigations,e.g.for calculationof theprogramphysicalprecision.

The programusesthe following libraries: YFS 3.4 [57] for multiple photonbremsstrahlung,
TAUOLA [64] for  -leptondecayandPHOTOS[65] for radiative correctionsin  -leptondecays.

4.4 Err or specificationsof KORALZ

Themainpurposeof theprogramwasto serve theMonteCarlosimulationfor LEP1observables.The
programwas adaptedto becomeuseful at LEP2 energies, but it was known that the backboneof its
constructionis not bestsuitedfor that purpose. Also, as the new program343 MCwasdevelopedin
parallel.Theeffort to pushthelimits of theKORALZ programprecisionwerenotexploited.

Let usrecallthemainpointsandpresentcrudeestimatesof therelatedsystematicerrors.6 Theelectroweaksectionof theprogramis functionallyequivalentto theoneusedin 343 MCand
basednow on theDIZET partof ZFITTER.Therelatedcontribution to thesystematicerrorcanbethus
takenas0.15%.6 Thereis no pair correctionincluded,asthesizeof pair effectsis typically of orderof 1.5%;the
appropriatecontribution hasto becalculatedindependentlywith thehelpof asemianalyticalprogramor
othermeans.In caseof non-idealizedobservables,this leadsto anuncertaintywhichwecanestimateas
0.4%(0.2%for idealizedones).
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6 Thesimilar situationholdsfor theQED initial-final stateinterferencewhich is not includedin
the programalsoandaffectsobservablesfor all final statesincluding charged fermions. At LEP2 the
interferenceeffectsareat 1-2%level for photonnon-taggingobservables.For non-neutrinofinal states
andobservableswhereoneor morephotonsaretaggedtheuncertaintyis bigger(5 to 20%)and343 MC
shouldbeused.6 Thematrix elementis limited to pragmaticsecond-order. Therelateduncertaintyis about0.1%
for observableswherephotonsarenot tagged,about0.2%for singlephotontaggedobservables,but can
bemorefor observableswheremorethanonephotonaretagged.6 In KORALZ exponentiationis basedon therelatively old algorithm[57] (with somelater im-
provementsbut of incompletetestsonly) and1 (0.2)% uncertaintyfor observablesincluding (not in-
cluding) radiative returnto Z shouldbe addeddueto that point. This is especiallyimportantfor %'&%��
observables.6 For %7&%�� final statessomerathersimpleapproximationsareusedin implementationof thecon-
tribution of ( -channel° -exchangeandthe °8) °8)9� coupling. It wasshown in Ref. [51] that the
correspondinguncertaintyis not exceeding1 or 2% for observablesincluding single taggedphotons.
For doubletaggedphotonswe expect the relatedcontribution to uncertaintyto be of orderof 3-10%
dependingon theaveragerequested:¶Ù of thesecondhardestphoton.

The final numbersfor uncertaintiesfor observablescanbe obtainedasthe sumin quadratureof
theabove uncertainties.It will becalculatedat theendof theworkshopasthe individual contributions
canstill changethanksto thecomparisons,in particularwith 343 MC.

4.5 Presentationof the program 343 MC

1) Author: S.Jadach,B.F.L. Ward and Z. Wa̧s

2) Program: 343 MC v.4.13and v.4.14

3) Canbeobtainedfrom Library of ComputerPhysicsCommunication,
or from http://home.cern.ch/jadach,

4) Referenceto maindescription [49]

5) Referenceto example,use: [66]

343 MC is the Monte Carlo event generatorproviding weightedandconstantweight eventsfor
�������1;=<?> &<?>A@B�DCE<GFH$ICJ KCEL�C ß�Cïõ�CEMNCEO within thecompletephasespace.Technicaldescriptionand
usersguideof the version4.13canbe found in Ref. [49] while physicscontentandnumericalresults
arecontainedin Ref. [66]. The currentversionwith minor improvementswhich wasusedduring this
workshopis 4.14. It will be publicly availableat the time of publishingthis report. In the following
we describethemain featuresof theprogramandwe discussin a detail thecritical issueof theoverall
technicalandphysicalprecisionof theprogram,stressingthat,althoughit canbeviewed from outside
asa monolithicsinglecode,in reality almostevery vital aspect/componentof its total precisionis relies
on thecomparisonwith anotherindependentcode,quiteoftenwith severalotherones.Sincethis aspect
washighlightedin thediscussionduringtheworkshop,we elaborateon thisat somelength.

4.5.1 QEDin 343 MC

TheQED part theprogramdoesnot rely for thephotonemission,on thestructurefunctions(SF)or the
partonshower (PS)modelbut ratheron the new CoherentExclusive Exponentiation(CEEX) [66,67]
which is an extensionof the Yennie-Frautschi-Suura(YFS) exponentiation[38]. This older Exclusive
Exponentiation(EEX) [56], morecloselyrelatedto the original YFS formulation,the sameasin KO-
RALZ, is keptasanoptionin 343 MC, for testsof precisionandfor thepurposeof thebackwardcompat-
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ibility. TheCEEX matrix elementin 343 MC is entirelybasedon spinamplitudes,which helpsto treat
exactly spin effectsandto includethe QED initial-final stateinterference.CEEX is basedentirely on
FeynmandiagramcalculationsandthepresentversionincludesthecompleteÚ
PQ2��� for ISRandalmost
completeÚ
PQ2 �  for FSR4. It is importantto realizethattheISRcalculationin 343 MC is thefirst Ú
PQ2 � 
independentcalculationsincethework by Burghers,BerendsandVanNeerven(BBVN) [68] 5. On the
contrary, semi-analyticalprogramslikeZFITTER,TOPAZ0 [69] or 343 semrely ontheSF’s(calledalso
radiatorfunctions)whicharederivedfrom BBVN, asfarasthe Ú
PQ2K�� sub-leadingtermsareconcerned.
For therealphotonemissionsCEEX employs theWeyl-spinormethodsof KleissandStirling [70]. The
2-loopvirtual correctionsarederivedfrom Ref. [71] andone-loopcorrectionsto singlephotonemission
arefrom Refs.[68,72] andwerealsocrosscheckedindependentlyby ourcollaborators[73].

4.5.2 Electroweakcorrections

ThecompleteÚ
PQ2� electroweakcorrectionswith higherorderextensionsareincludedwith helpof the
DIZET library [74], thesameversionasthatusedin ZFITTER6.30[75]. Thecomplex electroweakform-
factors(EWFFs),dependenton õ and( variables,arecalculatedby DIZET andusedin theconstruction
of the CEEX matrix element. In order to speedup calculationsthey arestoredin the look-up tables
(usingafinite grid in the õ and( variables)andinterpolated.Thebasicuncertaintyof EW correctionsin
343 MC is thereforethesameasthatof DIZET/ZFITTER (but this is not trueof theQED corrections).
We have goodreasonsto believe thatour CEEX matrix elementoffers a betterway of combiningEW
correctionswith QED correctionsthanthat usedin the semianalyticalcodeslike ZFITTER, basically
becausein 343 MC it is doneat theamplitudelevel, usingFeynmandiagramsinsteadof theSF’s. The
QCDFSRcorrectionsaretakenalsofrom DIZET, keepingproperlytrackof their õ -dependence(through
look-uptablesandinterpolation).

4.5.3 Spineffects

Completespineffectsareincludedfor thedecaying -pairsandfor beampolarizationsin anexactway,
valid from the thresholdupto multi-TeV linearcolliderenergies.Dueto theuseof theimprovedKleiss-
Stirling spinortechnique,theappropriateWignerrotationof thespinamplitudesis donein therestframe
of theoutgoingfermionsandof thebeamelectrons[76]. For  channeltheprogramimplementsspin-
sensitive  -decaysusingTAUOLA [64] for  -leptondecayandPHOTOS[65] for radiative corrections
in  -leptondecays.

4.5.4 Virtual pairs in 343 MC

The effect of virtual initial andfinal statepairs is optionally addedto the RDS electric form-factor, see
Feynmandiagramof Fig. 4.15,usinganold well-known formula[77]
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4For FSRthe2-~ and1-~ realmatrixelementareexact,while the1-loopcorrectionsto the ���U~ realmatrixelementis still
in theLL approximation.This in principleshouldbegoodenough,at theprecisionlevel of �������N� .

5BBVN calculated�I�[� pJ� ISR alsodirectly from Feynmanrules.Theresultinginclusive/integrateddistributionsthey have
cross-checkedwith therenormalizationgrouptechniques,down to thesecondordernext-to-leadinglogarithmic(NLL) term.
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with q \ denotingthemassof virtual fermionin thefermionloop and q i massof thefermionflowing
throughthevertex (typically anelectron).The two casescorrespondto correctiondueto identicaland
heavy fermionin thevirtual loop.

Technically, virtual pairsin the initial andfinal stateareaddedin 343 MC asalternative weights:�����B�����I���B���B�
representsthecasewith Virtual PairsandIFI on,

�����������I�Q�������
representsthecasewith

Virtual Pairs andIFI off. Massesq \ aretaken 0.2 GeV for <bF�L�CJ��C | andPDG valuesfor the rest.
Changingq \ of light quarksby factortwo inducesonly ����� X[ZJ�

� � F¡" x "N¢K£ !

This optionshouldbeusedin conjunctionwith addingthesignalcontribution of realpairsvia a
full 4-fermionMonteCarlogenerator, like KORALW. Concerningthepropercancellationof thevirtual
pairsmass-logsfrom 343 MC andfrom KORALW, thereshouldbe no technical(precision)problems,
especiallyfor the precisionlevel 0.1% requiredfor LEP2. The main complicationwill be a proper
matchingof thesemass-logsin thepresenceof theQED bremsstrahlung.Here,theloading-logarithmic
approximationandrenormalizationgroupwill be usedasa guide,as usual. For the momentwe use
effective-quarkmassesinsteadof dispersionrelations,becausewe do not seeclearindicationthat it is
really necessaryto usethelattermethodat the0.1%level. However, if it turnsout to benecessary, it is
possibleto introduce¤¦¥ VY§ P |  in both 343 MC andKORALW.

Summarizing,this new featurewill allow theuseof 343 MC togetherwith theKORALW Monte
Carlo,accordingto theschemealreadysuggestedin Ref.[78], to producepredictionsfor theobservables
with thereal/virtualpair contribution.

4.5.5 Recentimprovementsnotyetdocumentedelsewhere updates

In version4.14 the QCD FSRcorrectionsto the final statesof quarkswerecrosschecked and some
necessarymodificationswereintroduced.

The R S form-factor– thevirtual correctionfactorcorrespondingto initial andfinal stateemission
of non-singletandsingletpairswasintroduced,seeabove.

Note alsothat 343 MC is expectedto take over all functionality of the ��¨�©�ª � � event generator.
Themostimportantfeatureof ��¨�©�ª � � which is still missingin 343 MC is theneutrinochannel.

4.6 Err or specificationsof 343 MC

4.6.1 Technicalprecision

Theoverall technicalprecisiondueto phasespaceintegrationis estimatedto be0.02%in termsof the
typical total crosssectionwith Z-exclusive or Z-inclusive cuts. The basictestof the normalizationof
thephasespaceintegrationis the following: we do not cut on photontransversemomenta,but only on
the total photonenergy through |¬« F®b�X[¯ � PQ< &<�

� |Y«°D±�² anddowngradethe ISR or ISR+FSRmatrix
elementwithout ISR³ FSRinterferenceto mostthesimpleCEEX ´
PQ2 l  case,thatis theproductof the
realphotonsoft-factortimestheYFS/Sudakov form-factorand �#µ5¶Q· ² P | «  , with | « shifteddueto ISR.For
this simplifiedQED modelwe integrateanalyticallyover thephasespace,keepingfor ISR thetermsof
´
PQ2�C ^ 2�C ^ 2 � C ^ � 2 � C ^ _ 2 _  , that is enoughtermsto reach0.01%precisioneven for Z-inclusive cuts,
andfor FSRwe limit ourselves to ´
PQ2�C ^ 2�C ^ ��2K�# , alsoenoughfor this precisiontag6. Within such
a simplified QED modelwe comparea very high statisticsMC run ( ¸ ú�"¹u events)with theanalytical
formulaandwe getagreement,seeRef. [49], betterthan0.02%.Thepossibleloopholein this estimate
of precisionis thatit maybreakdown whenwecut thetransversemomentaof therealphotons,or switch
to a moresophisticatedQED model. Thesecondis very unlikely asthephasespaceandtheactualSM
modelmatrix elementareseparatedinto completelyseparatemodulesin theprogram.Thequestionof
the cut transversemomentaof the real photonsrequiresfurther discussion.Here,it hasto be stressed

6We seethatfor ISR andºe»�¼¾½�¿N�ÁÀÃÂ ��Ä
ÅJÆYÇ ÀÉÈ switchingoff the �I�[Ê�� pQË Ê�ÌÉ�BÌ � termschangesresultsonly by 0.01%.
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thatin ourMC theso-calledbig-logarithm

^ F¡z Í |q Î\ )rÏ (5)

is theresultof thephasespaceintegration andif this integrationwerenotcorrectthenwewouldwitness
thebreakdown of the infrared(IR) cancellationandthe fermionmasscancellationfor FSR.We do not
seeanything like that at the 0.02%precisionlevel. In addition thereis a wealthof comparisonwith
many independentcodesof thephasespaceintegrationfor @7ÐÑFÒÏ�CEa�CEÓ realphotons,with andwithout
cutson photon:�Ô . It shouldberememberedthatthemulti-photonphasespaceintegrationmodule/code
in 343 MC is unchangedsincelast 10 years. For ISR it is basedon YFS2 algorithmof Ref. [56] and
for FSRon YFS3 algorithmof Ref. [57], thesemodules/codeswerepart of the KORALZ [55] multi-
photonMC from the very beginning, alreadyat the time of the LEP1 1989workshop[79], and they
werecontinuouslytestedsincethen. The phasespaceintegrationfor @7Ð,FÕÏ wastestedvery early by
the authorsof YFS2/YFS3againsttheolder MC programsMUSTRAAL [80] andKORALB [81] and
with analyticalcalculations,at the precisionlevel Ö×" x Ï�£ , with andwithout cutson photon :�Ô . The
phasespaceintegrationfor @7Ð
FØa�CEÓ with cutson photon:�Ô wastestedvery many timesover theyears
by the authorsof the YFS2/YFS3/KORALZ andindependentlyby all four LEP collaborations,using
otherintegrationprogramslike COMPHEP, GRACE andotherones,in thecontext of thesearchof the
anomalousaNÙ and ÓNÙ events.Anotherimportantseriesof testswasdonein Ref. [60] for ISR @7ÐÚFÛÏ�CEa
photons(with cutssensitive to :�Ô of photons),comparingKORALZ/YFS2with theMC of Ref. [82] for
the %'&%�Ù�ÜmÙDÝ final states.Typically, thesetests,in whichQED matrixelementwasprogrammedin several
independentways,showed agreementat the level of 10% for the crosssectionfor @ Ð FÞa which was
of order0.1%of theBorn, or 0.2-0.5%for @7ÐßFàÏ which wasof order1% of theBorn, so they never
invalidatedourpresenttechnicalprecisionof 0.02%in termsof Borncrosssection(or totalcrosssection
in termsof Z-inclusive cut).

We concludethereforethat the technicalprecisionof 343 MC dueto phasespaceintegration is
0.02% of the integratedcrosssection,for any cuts on photonenergies Z-inclusive and Z-exclusive,
strongerthan7  X[¯ �#ÜQ< &<�Ýjá¡" x Ï�â | andany mild cuton thetransversephotonenergiesdueto any typical
realisticexperimentalcuts. For thecrosssectionswith a singlephotontaggedit is about0.2-0.5%and
with two photontaggedit is ¸¡Ï�"�£ of thecorrespondingintegratedcrosssection.Theseconclusionsare
basedon thecomparisonswith at leastsix otherindependentcodes.

4.6.2 Physicalprecisionof pure QEDISRandFSR

In thefollowing we shalldiscussmainly thephysicalprecisionof 343 MC, that is themagnitudeof the
missinghigherordersin theQED/SMmatrixelementimplementedin 343 MC. Thiswill alsoincludethe
technicalprecisionof thematrixelementimplementationnotrelatedto phasespaceintegrationdiscussed
previously.

As we alreadymentioned,in 343 MC we have alsothe older EEX-typematrix element,similar
to theoneof KORALZ/YFS2andBHLUMI. Its crucial role in establishingphysicalprecisionis thatof
‘secondlineof defense’becauseit hasits own estimateof thephysicalandtechnicalprecisions(unrelated
to phasespaceintegration)whicharefactor2 worsethanfor CEEX,but averysolidandindependentone.
Thebasictestof theEEX matrixelementis basedagainonthecomparisonwith theanalyticalintegration
over the photonphasespace,this time within the ´
ÜQ2-C ^ 2-C ^ Î 2 Î Ý only, but with the additionalbonus
thattheanalyticalintegrationis exactin thesoft limit. Furthermore,theEEX matrixelementis split into
aboutsix pieces,so called &ã -functionsandeachof themis cross-checked separately. The comparison
is donefor ISR andFSRseparately, taking ��µ5¶Q· ² Ü |Y« ÝäFåM¹æ¬@ | ( in addition to the normalonewith Z
resonance.Sincesomeof &ã -functionslike &ã SWç Î areconcentratedin the region of thephasespacewith
@7ÐAFÕÏ�CEa real hardphotons,their separatetestsprovide an independentnon-trivial cross-checkof the

7It downgradesto 0.5%for èêéìëNí¬�[î-ïî �KðÑñóò�ô , i.e. full phasespace.
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phasespaceintegration. The above detailedtestslead for ��µ5¶Q· ² Ü | « ÝõFöM¹æ¬@ | ( to differencesbetween
MC andanalyticalresultsÖ÷" x Ï�£ , vanishingto zerofor strongcutson total photonenergy. This is our
basicestimateof the technicalprecisionof the implementationof the EEX (unrelatedto phasespace
integration).

Thereis aneternalongoingdiscussionhow to estimatethephysicalprecision.Ourapproachis the
conservative one,just take thedifferenceof the two consecutive perturbative calculationsat hand8. In
orderto benotover-conservative we usuallytake half of suchadifference,whichmeansthatweassume
thattheconvergenceof theperturbative expansionis like ÜQÏ � a�Ý ¯ at least,which is not a badassumption
for QEDwhere a ^7ø 2 � d ¸Ø" x "�ù and Ï � ^ F¡" x "�f .

In the caseof EEX we checkthe differencesof EEX3-EEX2andEEX2-EEX1,whereEEX1=
´
ÜQ2�C ^ 2jÝÉú�ú�û , EEX2= ´
ÜQ2-C ^ 2-C ^ Î 2 Î ÝÉú�ú�û and EEX3= ´
ÜQ2�C ^ 2�C ^ Î 2 Î C ^ _ 2 _ ÝÉú�ú�û . We find (1/2)
(EEX2-EEX1) ¸ü" x Ï�£ for Z-exclusive cutsand ¸ý" x f�£ for Z-inclusive cuts, and this we take as a
physicalprecisionof theEEX2 andEEX3 QED matrix element(no ISR³ FSRinterf.). Thedifference
(1/2) (EEX3-EEX2)is generallynegligible ÖØ" x Ï�£ for any cuts.

Having fortified our positionon thephysicalprecisionof EEX, how do we proceedto determine
physicalprecisionof CEEXmatrixelement?Wecancomparewith EEX2orEEX3andin thiswayweget
a handleon the ´
Ü ^ 2DÝ ISR which is missingin EEX2 and ´
Ü ^ _ 2 _ Ý missingin CEEX (which is negli-
gible,however). Theotherpossibilityis to look into differencesof CEEX2= ´
ÜQ2�C ^ 2�C ^ Î 2 Î C ^ 2 Î ÝWþ.ú�ú�û
andCEEX1= ´
ÜQ2-C ^ 2�ÝWþ�ú�ú�û . Wedid bothandwe treatthelatterdifference(1/2)(CEEX2) CEEX1)as
ourbasicsourceof thephysicalprecisionandtheformerCEEX2) EEX3asanadditionalcross-check.In
Ref. [66] we have found(1/2)(CEEX2) CEEX1)to befor bothZ-exclusive andZ-inclusive observables
below 0.2%. The differenceCEEX2) EEX3 is ratherlarge, up to 0.8% for Z-inclusive crosssection
which suggeststhat theproperinclusionof the ´
Ü ^ S 2 Î Ý ISR is importantandwe needin fact thethird
independentcalculationwith the complete ´
Ü ^ S 2 Î Ý ISR. This however is availablesincelong, from
BBVN [68]. In Ref. [66] we comparedcrosssectionandcharge asymmetriesfrom 343 MC with semi-
analyticalcalculationbasedon ISR SF’s basedon BBVN [68], with addedcompleté
Ü ^ _ 2 _ Ý ISR and
YFS exponentiation,essentiallywith the JSWformula of Ref. [83], upgradedwith the corresponding
FSRSF(in thecaseFSRis switchedon). Theabove analyticalformula is implementedin the 343 sem
codewhichis partof the 343 MC package.Theresultsof thecomparisonof the343 semcodeand343 MC
fully confirmsour estimateof 0.2%in thecrosssectionandin charge asymmetry, for Z-exclusive and
Z-inclusive cuts,excludingstill ISR³ FSRfrom consideration.

Wemaysummarizeonceagainhow solid is the ´
Ü ^ S 2 Î Ý ISR:Thetwo-loop ´
Ü ^ S 2 Î Ý component
wasalreadytriple-cross-checkedat the time of BBVN [68] work, the two-loop ´
Ü ^ S 2 Î Ý component
comesfrom at leasttwo independentsources[68,72] andwasrecentlyrecalculatedindependentlyonce
again9, while thetwo realphotonemissionexactmassivematrixelementwasdoublycross-checkedwith
two independentcodes.

Ontopof thatcomesthecrosscheckwith ZFITTERpresentedin this report,whichfrom thepoint
of view of QED ISR andFSR(no ISR³ FSR) is in the sameclassasBBVN, 343 semwhile 343 MC
is ratherindependentbecauseof the independentfull phasespaceevaluation,andthe independentone-
loop-one-realandtwo-real-photonmatrixelements.

Summarizing,the physicalprecisionof 0.2% in total crosssectionandcharge asymmetrydue
to QED ISR and FSR is estimatedin a rathersolid and conservative way, using many independent
codes/calculations, with thetriple cross-checkbeingrathertherule thantheexception.

8Onepossiblepitfall with theabove rule is thatthedifferencebetweenthetwo consecutive perturbative calculationsmaybe
accidentallyzerofor a givenvalueof thecuts,oneshouldthereforevary thevaluesof thecutsbeforedrawing conclusions.

9We thankScottYostfor this valuablecross-check.
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4.6.3 Physicalprecisionof QEDISR³ FSR

TheQED ISR³ FSRis characterizedin theseparateSection5.3of this reportsohereonly mentionthat
theeffect of theQED ISR³ FSRis includedin theexponentiatedform in our programwith helpof the
new coherentexponentiationtechniquebasedentirelyonspinamplitudes.

TheISR³ FSRresultof 343 MC weredebugged/testedfirstof all by comparingit with theresultsof
´
ÜQ2 S Ý KORALZ withoutexponentiation,seeRef. [66] wherewehave foundtypicalagreementÖØ" x a�£
for bothZ-exclusive andZ-inclusive cuts. Thebiggestdiscrepancy in Ref. [66] wasnoticedto be0.4%
for the charge asymmetryfor a Z-inclusive cut and for the crosssectionfor certainvalues(far from
experimentalones)for the Z-exclusive cut, seealsothe sectionon ISR³ FSRin this report,wherewe
add more comparisonswith ZFITTER code. Summarizing,the inclusion of the ISR³ FSR doesnot
worsenour total theoreticalerrorof " x a�£ estimatefor theZ-exclusive cuts,while it makesit go to " x ¢K£
level for Z-inclusive cuts.Thenew comparisonswith ZFITTERon ISR³ FSRpresentedin section5.3.8
in this reportareconsistentwith theabove estimate.

Notealsothatthemostcompletesummary/discussiononthesubjectISR³ FSRcanbefoundin the
presentationof S.J.atJune1999meetingof LEPEWG(seetransparenciesonhttp://home.cern.ch/jadach).

4.6.4 Physicalprecisionof electroweakcorrections

The uncertaintydueto pureelectroweakcorrectionsis the sameasof DIZET, andcanbe determined
for instanceby playingwith theuseroptionsof DIZET, which areavailablefor theuserof 343 MC. We
would like to stress,however, thatsomephysical/technicaluncertaintiesin ZFITTER arereally related
to theway theEW correctionsin ZFITTER arecombinedwith theQED part. In general,theway it is
donein 343 MC is simplerandtheseuncertaintiesarethereforereduced.

4.6.5 Taggedphotons

Precisionis not lessthan1% for observableswith a singlephotontaggedand3% for observableswith
doublephotontagged.

4.7 Presentationof the program LABSMC

1) Author: A.B. Arb uzov

2) Program: LABSMC v.2.05,5 May 2000

3) Canbeobtainedfrom theauthor(ÿ�������������� � ��� �	��
�� � ��� ) uponrequest

4) Referenceto maindescription [48]

5) Referenceto example [84]

6) advertisement

Initially the semi–inclusive
� ª��µ÷��� event generatorwas created[48] to simulatelarge–angle

Bhabhascatteringat energies of abouta few GeV’s at electronpositroncolliders like VEPP–2Mand
DA � NE. ThecodeincludedtheBorn level matrix element,thecompletesetof ´
ÜQ2�Ý QED RC,andthe
higherorderleadinglogarithmicRC by meansof the electronstructurefunctions. The relevant setof
formulaecanbefound in Ref. [85]. Thegenerationof eventsis performedusinganoriginal algorithm,
whichcombinesadvantagesof semi–analyticalprogramsandMonteCarlogenerators.

The structureof our event generatorwas describedin detail in paper[48]. The extensionfor
LEP2 energies is doneby introducingelectroweak (EW) contributions, suchas ! -exchange,into the
matrixelements.Thethird [86] andfourth [87] orderleadinglogarithmicphotoniccorrectionswerealso
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includedin the new version. The versionof the programunderconsiderationis suitedfor large–angle
scattering.Thesmall–angleversion,which incorporatessomeadditionalsecond–ordercorrections[88],
will bedescribedelsewhere.

Startingfrom the ´
ÜQ2 Î Ý orderthe emissionof photonsis treatedsemi–inclusively by meansof
structurefunctions.Suchphotonsaretreatedaseffective particles,which go at zeroanglesin respectto
therelevantchargedparticles.Theconservationof 4-momentais fulfilled for eachgeneratedevent.This
featureof theprogramdoesnotallow to generaterealisticeventswith two photonsat largeangles.

Thecodecontains:

6 thetreelevel electroweakBorncrosssection;

6 thecompletesetof ´
ÜQ2-Ý QED radiative corrections(RC);

6 vacuumpolarizationcorrectionsby leptons,hadrons[17], and � -bosons;

6 one–loopelectroweakRC accordingto Ref. [89] by meansof DIZET [74] package;

6 higherorderleadinglog photoniccorrectionsby meansof electronstructurefunctions[86,87,90];

6 matrix elementfor radiative Bhabhascatteringwith both Ù - and ! -exchange[40,41], vacuum
polarizationRC,andoptionallyISR leadinglog RC (with exponentiationaccordingto Ref. [90]);

6 pair correctionsin the ´
ÜQ2 Î ^ Î Ý leadinglog approximation[91,92], including the two–photon
(multi-peripheral)mechanismof pair production.

A numberof flags, to be set by user, allows to switch betweendifferent optionsand perform
specificcomparisonsand investigations. In particularone can switch to generationof only radiative
eventswith visiblephotons.Thatallows to avoid technicalproblemsdueto low statisticsin thiscase.

Theinclusionof thethird andfourthorderLLA photoniccorrectionsallows not to useexponenti-
ation.A simpleestimate[87] showsthatthedifferencebetweenthetwo treatmentsatLEP2is negligible,
while theexponentiationrequiresaspecificeventgenerationprocedure.� ª��¶÷��� is a ��¨�©���©�ª�� program.It worksasfollows. First, thecodemakesinitializationandreads
flagsandparametersfrom a list provided by user. Thenit performsan integration(in semi–analytical
branch)andgeneratesevents.The4-momentaof generatedparticlesareto beanalyzedor recordedin a
usersubroutine.A certaincontrolof technicalprecisionis provided by comparisonof the resultsfrom
semi–analyticalandMonte Carlo branches.Note, that for a caseof complicatedcuts,which cannot
bedonein thesemi–analyticalbranch,onehasto increasethenumberof generatedeventsto reachthe
orderedprecision.

Theaccuracy of thecodeis definedby two mainpoints:technicalprecision(numericalprecisionin
integrations,errorsdueto limited statistics,possiblebugsetc.) andthetheoreticaluncertainty. Of course,
onehasthanchoosetheproper, correspondingto hisconcreteproblem,setof flagsandparameters.

The technicalprecisionhasto be checked andimproved, if required,by detailedtestsandcom-
parisonswith resultsof othercodes.Thetheoreticaluncertaintyis definedby: absenceof completeset
of ´
ÜQ2 Î ^ Ý corrections(for photonicandpair corrections),an uncertaintyin definition of vacuumpo-
larization,approximatedescriptionof hadronicpair production. Therewasobserved a discrepancy in
the treatmentsof electroweakRC in ZFITTER andALIB ABA [42]. The theoreticaluncertaintyof the
codein descriptionof large–angleBhabhascatteringatLEP2is estimatednow to beof about0.3%.The
correspondinguncertaintyfor radiativeBhabhascatteringwith avisiblephotonsis about2%. But for the
latter, we have anadditionaltheoreticalsystematicuncertainty(about1%), comingfrom non–standard
radiative corrections[93].
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4.7.1 Noteaboutpair correctionsin LABSMC

In LABSMC thereare includedcontributions due to pair productionaccordingto Ref. [91,92]. The
secondaryhadronicpairsareestimatedwithin theleadinglog approximation.

Thedoubleresonant(ZZ) contribution, in whichboththeprimaryandsecondarypairareproduced
viavirtual ! -bosons,isnottakenintoaccount.Thiscontributionwill besubtractedfromtheexperimental
databy meansof someMonteCarloeventgenerator.

The impactof the multi-peripheral(two–photon)mechanismof pair productionand the oneof
the singlet pairs can be analyzedby meansof the program. But the default option is to drop these
contributionsasin theeventgeneratoraswell asin theexperimentaldata.

Thecorrectionsin per-mil aregivenin Table28of Section5.5.8.Thequantitiestherewerecalcu-
latedin respectto thecrosssections,whereall othertypesof RC have beenalreadyapplied.Thereis a
simpledependenceof thesizeof correctionson theappliedcuts.Themoststrongcutson realemission
arethere,themostlarge(andnegative) effect is comingout. Thelargestcorrectionsarefoundfor some
idealizedobservables,wherealsothefinal statecorrectionsdo give a lot.

As concerningthe two–photonmechanism,therearevisible contributions only for a few event
selections(seeTable29 of Section5.5.8). In therestof ESthemulti-peripheralreactionis cut away by
thecorrespondingsetsof conditions.Theonly large correctionto IOpal3 is becauseof wide rangeof
allowedcollinearityandavery low energy thresholdfor electrons(1 GeV).

Theaccuracy on theabove numbersfor pair correctionscanbeestimatedto beabout20%,which
is mainly comingfrom theuncertaintyin thedescriptionof secondaryhadronicpairs.

4.8 Err or specificationsof LABSMC

Thetheoreticaluncertaintyof
� ª��¶÷��� is estimatedby theanalysisof thefollowing sourcesof errors.

6 A considerablylargeamountof about0.10%iscomingfrom thehadroniccontribution intovacuum
polarization.

6 Unknown ´
ÜQ2 Î ^ Ý photonicandpair correctionscangive aslargeas0.20%.Note,thatfor small–
angleBhabhaat LEP1we hadthecorrespondingcontribution of theorder0.15%[88], andsowe
canestimatetheuncertainty, takinginto accountthatthelargelog

^
in thelarge–anglekinematics

is greater.

6 The approximatetreatmentof hadronicpair correctionstypically contributesby not more than
0.05%,dependingon theconcreteeventselection.For observablesIAleph3, IAleph4, andILT4
we have more:about0.1%.

6 Photoniccorrectionsin highorderś
ÜQ2 _ ^ Î CE2 t ^ t C xExEx Ý arenotcalculatedin thecode,but they are
really small(0.02%).

6 Uncertaintiescomingfrom thetreatmentelectroweakconstantsandloopcorrectionscangiveupto
0.2%for thecasebarrelangularacceptance.For thecasewith endcapswehave lowercontribution
from ! -exchange,andtheerroris lessthan0.1%.

Takinginto accountthelimited technicalprecision,wederive theresultinguncertaintyof thecode
for descriptionof large–angleBhabhascatteringatLEP2to beof theorder0.3%.As concerningradiative
Bhabhawith a photontaggedat largeangles,theuncertaintyis definedby missing ´
ÜQ2�Ý corrections.It
canbeestimatedto beof about2%.
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4.9 Presentationof the program ���B��%�%�Ù
1. Authors:Y. Kurihara,J.Fujimoto,T. Ishikawa,Y. Shimizu,T. Munehisa

2. Program:���B�#%�%.Ù v.1.0,1999.08.20

3. Canbeobtainedfrom: � ����������� ������� � ������������� ���� ��!� ÿ  B�	�
4. Referenceto maindescription:hep-ph/9908422to beappearedin CPC.

5. Referenceto examplediscussionof thepredictionandits systematicuncertainty:hep-ph/9908422
to beappearedin CPC.

���B��%�%�Ù is an event generatorwhich combinesthe exact matrix elementsfor "$#%"$& ; %'&%.ÙDÜmÙ�Ý ,
producedby the '�©�ª��( system[94], with )�(�*�+µ÷ [95] for ISR. Theadvantagesof thesepackages
are:

6 The exactmatrix elementsup to thedouble-photonemission,including the % ø process,are
used.Double-photonemissionis practicallysufficient for experimentalanalysis.6 )�(�*�+¶÷ keepsthe completekinematicsfor the emittedphotonsandvirtual electronsbefore
collisions. It allows a more flexible treatmentof the ISR effects in avoiding the double-
counting.6 Besidestheabove-mentionedpureQEDcorrections,���B��%�%�Ù equipswith anotherclassof the
electroweakhigherordercorrections.Thereis aswitchto chooseit from thefollowing three
schemes;1) therunningcouplingconstantscheme:thecouplingconstantof the <�"�,.q.-¬æ¬@ -
<�"/,.q.-¬æ¬@ - ! vertex, 0 \�\	1 , is determinedby theevolution from zeromomentumtransferto
the masssquaredof the %'&% system,2 Î1 , which differs from oneevent to another. It varies
accordingto the renormalizationgroupequation(RGE).2) 354 scheme[96]: It is suchthat
theweakcouplingsaredeterminedthroughtheweak-mixingangle,6$7 Í98;: , which is given
by

6$7 Í Î 8 : F d 2-Ü�2 Î Ýâ a<354� Î:
Ï

Ï )>=?, C
where @: beingthe � -bosonmassand 354 themuondecayconstant.3) on-shellscheme:
theweakcouplingsaresimplyfixedby @: and  1 thoughtheon-shellrelation,6$7 Í Î 8;: F
Ï )BA pCA pD , where 1 is themassof the ! -boson.6 For the %E4 casethe total crosssectionsand the hard-photondistributions of ���B��%�%�Ù are
comparedwith thoseby the ´ ( 2 ) calculations[97–99], F�¨�©�ª � � [50] and ��G���G�'�+�H [100].
Thetheoreticalerroruncertaintyfor theISRcorrectionsis undercontrolat the1%level. The
systematicsof the 3 4 scheme,comingfrom thedoubleenergy scales( 1 , â | ) involved in
thereaction,is estimatedto bearound1%. Theenergy spectrumof thehard-photonsis in a
reasonableagreementwith F�¨�©�ª � � and ��G���G�'�+�H up to thedouble-photonemission.6 Concerning% ø a similar comparisonwith ��G���G�'�+�H hasbeendone,thoughin this casesome
programswerelackingcompleté
ÜQ2-Ý .6 In thepackagetheanomalouscouplingof the � - � -Ù vertex is implemented.Theprogram
includesonly thosetermswhich conserve g and I invariance,derived from the following
effective Lagrangian[101]:^ ø \�\ F¡)J-;"�K ÜQÏ >>=?05SÉÐeÝQÜ��ML4$N � 4 )O�ML 4 �P4$NeÝ�Q N >hÜQÏU>R=TS�Ð5Ý��ML4 �PN�Q 4$N

>
U Ð
HÎ: � LV 4 � 4N Q V N!W C

where � 4!N FBX 4 � N )YX N � 4 , Q 4!N FBX 4 Q N )RX N Q 4 . Here =?0 SÉÐ , =TS Ð and
U Ð standfor the

anomalouscouplingparameterswhichvanishin theStandardModel.
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4.10 Err or specificationsof �����#%�%.Ù6 (1) lackof constantterm

Oneof theintrinsic limitation of thepartonshower methodis lack of constantterms.It is known
thattheleadinglogarithmicsolutionof the Z[3 ^ Q\I equationcanreproducetheexactperturbative
calculationsat LL orderexceptconstantterms. For thesimple "$#%"$& annihilationprocesses,this
effect,socalled ]Ò)h<�^�MÃ(Eæ_, , is known to be0.6cannotbebetterthanthisaccuracy. Thoughthere
is noexactestimationof the ]v) <�^�Mó(¹æ_, for theneutrinopair-productionwith hardphoton(s),we
canexpectthe ] ) <�^�MÃ(Eæ_, for theseprocessesis at thesameorderasthesimple "`#a"$& annihilation
processes.Thenwe assignthesystematicerrorof 0.6

6 (2) internalconsistency

In the 0<,�M¹%�%.Ù , thehardphotonis treatedusingexactmatrix elementsandthesoft photon(s)are
treatedusingQEDPS.It is notnecessarilythatadefinitionof thehardphotonis thesameasthose
of visiblephotongivenby theexperimentalrequirements.Thefinal resultmustbeindependentof
thedividing point betweenhardandsoft photons.we checked thestability of thecrosssections
whenthedividing pointsarevariedwithin a reasonablerange.If theexperimentalrequirementis
sotight, for example,no additionalphotonswith smallenergy in very forwardregion is required,
the final result is sensitive for the definition of the soft photon. We assignthis dividing-point
dependenceasasystematicerror. Thiserroris muchdependon theexperimentalcuts.

6 3) multi photonlimitation

In the 0b,5M¹%�%�Ù , up to two visible photoncanbetreated.For theexperimentalrequirementas‘two
or morephotons’,we give the resultswith only two visible photons.Theprobability to observe
third photonsis negligible smallin general.Weestimatetheerrorof this limitation is lessthan1.

4.11 Presentationof the program NUNUGPV

Authors: G. Montagna, M. Moretti, O. Nicrosini and F. Piccinini

Program: NUNUGPV v.2.0,July 1998

Canbeobtainedfrom: � ����������� ������� � ��� �	��
�� � ����� ¸ ��� ����� ���	��� ��������ÿ  B�E��� � � ��� � � �

Thecode��G���G�'�+�H [100,102] hasbeendevelopedto simulateeventsfor thesignaturessingle-andmulti-
photonfinal statesplusmissingenergy in theStandardModelatLEP andbeyond.

Matrix elements

In theprogramtheexactmatrixelementsareimplementedfor thereactions

" # " & ;ü% X &% X @BÙ,C
with -yFB"�CJ$ICJ and@ F¡Ï�CEa�CEÓ .
The matrix elementfor single-photonproductionhasbeencomputedby meansof helicity amplitude
techniques[103], while theamplitudesfor multi-photonfinal statesarecalculatedusingthenumerical
algorithm ª � +�c�ª [104] for theautomaticevaluationof tree-level scatteringamplitudes.Thecontribution
of the anomalouscouplings =ed�Ð and

U Ð to the �f�HÙ vertex is includedanalytically in the matrix
elementfor " # " & ;/% ø &% ø Ù . Trilinear andquadrilinearanomalousgaugecouplingsfor theprocesses
with morethanonephotonin thefinal statehave beenrecentlyimplemented.As anoptiontheprogram
containsalsothecontribution of amassive neutrinowith standardcouplingsto the ! boson.
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Radiativecorrections

ThephenomenologicallyrelevantLeadingLog (LL) QEDradiative corrections,dueto initial stateradia-
tion (ISR),areimplementedvia theStructureFunction(SF)formalism.Dueto thepresenceof a visible
photonin thekernelcrosssection,the inclusionof ISR requiresparticularcare. In orderto remove the
effectsof multiple countingdueto theoverlapof thephasespacesof pre-emissionphotons(described
by the SF’s) andkernelphotons(describedby the matrix element),the : �

� :�g effectsare includedin
theSF’s accordingto Ref. [102]. The generationof the angularvariablesat the level of the ISR gives
thepossibilityof rejectingin theeventsamplethosepre-emissionphotonsabove theminimumdetection
angleandthresholdenergy, thusavoiding ‘overlappingeffects’. Accordingto suchaprocedure,thecross
sectionwith higher-orderQED correctionscanbecalculatedasfollows (for thedatasampleof at least
onephoton)

� SÉÐ<h Ð<i F LEjDS¹L	j Î L�M h S�iÐ L�M h Î iÐ kZäÜljDS¹CEM h S�iÐMm | Ý kZõÜlj Î CEM h Î iÐMm | Ý�n ÜQMó��( | Ý
o L�� SÉÐ >hL�� Î Ð >bL�� _ Ð > x�x�x C (6)

where M�ÐAFqpsrt6vu'Ð and kZõÜljDCEMJÐ m | Ý is a propercombinationof thecollinearSF ZäÜlj�C | Ý with an angu-
lar factor inspiredby the leadingbehavior Ï � Üm:.wxd5Ý [102] of the pre-emissionphotons.Accordingto
Eq.(6), an‘equivalent’ photonis generatedfor eachcolliding leptonandacceptedasahigher-orderISR
contribution if:

6 the energy of the equivalentphotonis below the thresholdfor the observed photon y Ð�ç z X[¯ , for
arbitraryangles;

6 or theangleof theequivalentphotonis outsidetheangularacceptancefor theobserved photons,
for arbitraryenergies.

Within theangularacceptanceof thedetectedphoton(s),thecrosssectionis evaluatedby summingthe
exactmatrixelementsfor theprocesses" # " & ;ü%7&%�@BÙ , @1F¡Ï�CEa�CEÓ ( L�� SÉÐ CEL�� Î Ð CEL�� _ Ð ).
By meansof theabove sketchedformulation,thesignaturesthatcanbehandledby theprogramare:

6 exactlyone(two) visiblephoton(s)plusundetectedradiation;

6 at leastone(two) visiblephoton(s)plusundetectedradiation;

6 exactly threevisiblephotonswith QEDcorrectionsin thecollinearapproximation.

Someimprovementsfor Linear Collider energies have beenrecently introduced. Predictionsfor the
single-photonsignaturearepossiblefor polarizedelectron/positronbeams.Simulationof beamsstrahlung
canbeperformedby meansof the � � ���!� library [105]. Both integrationandunweightedeventgenera-
tion modesareavailable. More detailson technicalandtheoreticalfeaturescanbefoundin Ref. [100].
ConcerningtheLEP2energy regime,thepresenttheoreticalaccuracy of ��G���G�'�+�H is at thepercentlevel,
asdueto missing ´
ÜQ2�Ý electroweakcorrections.

4.12 Err or specificationsof NUNUGPV

As discussedin Section4.11andin therelevantliteraturetherequoted,themainingredientsNUNUGPV
is baseduponare

6 exactmatrix elementsfor thekernelreaction" # " & ; % X &% X @BÙ , with - F{"�CJ$ICJ and @¡FàÏ�CEa�CEÓ ,
computedeitheranalytically(@1F¡Ï ) or numerically(@1F¡a�CEÓ );
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6 convolution of thekernelcrosssectionby meansof : � -dependentstructurefunctions,in orderto
take into accountthehugeeffect of initial-stateradiation,while avoiding doublecountingin the
presenceof taggedphotons.

Themainsourceof theoreticalerror is missingnon-log | ÜQ2-Ý electroweakcorrections,whichcan
be estimatedto be of theorderof Ï4) a %. Pushingthe theoreticalaccuracy at the0.1 % level would
requiresupplementingthepresentformulationby a full | ÜQ2�Ý calculation,at presentnotavailable.

4.13 Presentationof the program ZFITTER with electroweak library DIZET

Authors: D. Bardin, P. Christova, M. Jack, L. Kalinovskaya,
A. Olchevski, S.Riemann,T. Riemann

Program: ZFITTER v.6.21(26July 1999)

Canbeobtainedfrom: � ����������� ������� �	
 ����}�� � ¸ � � �  ÿ ����� � 
B����� ��� � � 
 ��� �� �~� ÿ 
B�!� �!��� � ���!� � � � ��� � � � ��ÿ���} �!� }b� ��� �b� ~�� � � ��� � �B�
Referenceto maindescription: [75]

Referencesto examples: [106–114]

Programdevelopment: Thepackageis permanentlyupdated,userrequestsarewelcome;
lastupdateis v.6.30(xx March2000)

ZFITTERis aFortranprogram,basedonasemi-analyticalapproachto fermionpairproductionin"$#%"`& annihilationat a wide rangeof centre-of-massenergies,includingLEP1andLEP2energies. The
mainbodyof theprogramrelieson theanalyticalresultspresentedin Refs.[115–117] for theQED part
andin Refs.[74,118–122] for theelectroweakphysicspart. Someof the formulaeusedmaybefound
only in Ref. [75].

ZFITTER versionv.6.21wasthelastoneintendedfor theuseat LEP1energies. Thedescription
of this subsectionis mostly limited to this version.During the1999–2000LEP2Workshoptherewasa
developmentwhich is briefly summarizedin Section4.13.2.

Thecalculationof realisticobservableswith potentialaccountof completé
ÜQ2�Ý QED andelec-
troweakcorrectionsplussoftphotonexponentiationplussomehigherordercontributionsis madepossi-
ble with severalcalculationalchains:

6 Born cross-sections;

6 afastoption:cuton |Y« or combinedcutsoncollinearity � andminimalenergy y °D±�² of thefermions
for � T,FB;

6 cut on |¬« (or on ��CEy °D±�² ) for L�� � L�psrt6�u ; for � T,FB additionalcut on theproductionangleof anti-
fermions( psrt6vu ).

Thescatteringangleof fermionsremainsunrestrictedif theothercut(s)donot imposeanimplicit restric-
tion.

Numerical integrationsare at most one-dimensionaland performedwith the Simpsonmethod
[123,124]. Thismakesthecodesofastandguaranteesany practicallyneedednumericalprecision.

ZFITTER calculates:

6 =�, – theStandardModel correctionsto 3�4 ;
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6 �: – the � bosonmassfrom  1 CE�� , andfermionmasses,and =?, ;
6O� 1 ç :×F \ � \ – totalandpartial ! and � bosondecaywidths;

6 L�� � L�psrt6�u – differentialcross-sections;

6 ��Ô – total cross-sections;

6 Q i�� – forward-backwardasymmetries;

6 Q�g�� – left-right asymmetries;

6 Q T/��� CEQ T/���i�� – final statepolarizationeffectsfor  leptons;

Variousinterfacesallow fits to theexperimentaldatato beperformedwith differentsetsof freeparam-
eters.Therearetwo optionsto parameterizethe ! bosonpropagator[125] (seealso[126,127] andthe
many referencestherein).

ZFITTER usespiecesof codefrom otherauthors( [123,124,128–132]). We find it important
to mentionexplicitly that theprogrammingof ZFITTER accumulatestheefforts of many theoreticians,
whosework wentinto thecodeeitherasdefault programmingor asoptionsto bechosenby many flags.
A hopefully completelist (derived from [75]) comprisesquite a few referencesfor photonicradiative
corrections[68,86,90,107,133–144] andradiative correctionscontributing to theeffective Born cross
section[18,145–171]. This is a featureof ZFITTER which makes it very flexible for applications,
but alsofor comparisonswith othercodesandchecksof technicalprecisionsin programdevelopment
phases.For a systematicpresentationof theinterplayof themany radiative correctionstreatedwe refer
alsoto [75] andto [172].

ZFITTER is usedoptionallyby otherpackages,amongthemareSMATASY [173–175], ZEFIT,
[176]. Its electroweaklibrary DIZET is usedin KORALZ, [50], 343 MC, [49], BHAGENE,[177], and
otherprogramslike HECTOR,[178] for thestudyof "W: scattering.

QED initial–final interference:

Theexponentiation[179] of initial–final interference(IFI) photoniccorrectionsis implementedin
ZFITTER.Theexponentiationis doneaccordingtheproceduredevelopedin Ref. [90]. Thebasefor the
constructionis the generalYennie–Frautschi–Suuratheorem[38]. The resultingformulaearecloseto
theonesof Ref. [180], but thespecialtreatmentaroundthe ! -peakis not includedin theprogramnow.
In thecodetheIFI optionis governedby theflag �!����� . Theeffect of the IFI exponentiationwasfound
to beimportant,especiallyfor forward–backwardasymmetry.

TheFortranpackageDIZET is partof theZFITTER distribution. It canbeusedin a stand-alone
modeandis regularly usedby otherprograms.

On default,DIZET allows thefollowing calculations:

6 by call of subroutineDIZET: � massandwidth, ! and � widths;

6 by call of subroutineROKANC: four weakNC form factors,runningelectromagneticandstrong
couplingsneededfor the compositionof effective NC Born crosssectionsfor the productionof
masslessfermions(however, themassof thetopquarkappearingin thevirtual stateof theone-loop
diagramsfor theprocess"`#a"$&ß;üO & O is not ignored);

6 by call of subroutineRHOCC:thecorrespondingform factorsandrunningstrongcouplingfor the
compositionof effective CC Borncrosssections.

If needed,theform factorsmaybemadeto containthecontributionsfrom �f� and ! ! box diagrams
thusensuring(over a largerenergy rangethanLEP 1) thecorrectkinematicbehavior andgaugeinvari-
ance.
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4.13.1 Pair correctionsin ZFITTER

Oneof particularcontributions to the processof electron–positronannihilationis the radiationof sec-
ondarypairs. In comparisonwith the photonradiation,it is relatively small, becauseit appearsonly
startingfrom the ´
ÜQ2 Î Ý order. Nevertheless,the total effect of pair productioncould reachdozenper-
mil andshouldbe taken into accountin the dataanalysis. The secondarypair canbe producedvia a
virtual photonor ! -boson.The latter caseis supposedto besubtractedfrom theexperimentaldateby
meansof someMonteCarloeventgenerator. (The ! bosonmediatedsecondarypairproductionwasalso
studiedwith GENTLE/4fanv.2.11,seethedescriptionof resultsin Section5.5.5.)

Lowestorder pair corrections

Thecompletesecondordercalculationfor "$#%"$& and$�#�$�& initial statepairswasperformedin Ref.[68].
Thecontribution of hadronicandleptonicpairs(excludingelectrons)wasconsideredin paper[137].

Theeffect of secondarypair productionin thefinal statewascalculatedin Ref. [181]. It is worth
to mention,thatthefinal statepair correctionshouldberealizedin amultiplicative way:

� F¡�#µ5¶Q· ² ÜQÏU>h�QÐ5ÝQÜQÏU>h�������DÝQC (7)

where �QÐ standsfor theinitial state(IS) photoniccorrection,and ������� give thefinal state(FS)pair one.
At LEP2energies,whentheradiative returnto the ! -peakis allowed,we have very largevaluesof � Ð ,
andthemultiplicative treatmentprovidesa correctcountingof thesimultaneousemissionof IS photons
andFSpairs.A cuton theinvariantmassof theFSsecondarypair is allowedby settingparameter+��G�� .

Thepair contribution to thecorrectedcrosssectionis presentedasthe integral of theBorn cross
sectionwith theso–calledpair radiator:

� ���;� ± · F
S

�_�x� ¿
�x� k�BÜ � | Ý��GÜ � ÝIF¡�BÜ | ÝQÜ����r>R�������-Ý7>

S & �
���x� ¿

�x� k�BÜ � | Ý��T��Ü � Ý x (8)

Here � � representsthe impactof virtual andsoft pairs; ������� standsfor the final statepairs. = is a
soft-hard separator Ü�=¢¡üÏ�Ý , numericalresultsshouldnotdependon its value.

Thesingletchannelcontribution andthe interferenceof thesingletandnon–singletchannelsare
takenfrom Ref. [68]. They canbecalledfrom ZFITTER optionally(accordingto the �	+¶÷� flagvalue).

A simpleestimateof theinterferencebetweentheISRandFSRpairscanbedone:wecantake the
initial–final photoninterferencemultiplied by theconversionfactor ÜQ2 � ÜQÓ d ÝQÝ5z Í Ü |

� q Î ø Ý . Thesmallness
of thephotonicinterferenceandtheadditionalfactorprovideusthepossibilityto neglecttheinitial–final
pair interferencecompletely.

Pair production in higher orders

It wasobservedthatthe | ÜQ2 Î Ý approximationis notenoughto providethedesirableprecision.Reallythe
interplayof theinitial statephotonandpair radiationis very important.So,oneshouldconsiderhigher
orders.Thefirst exponentiatedformula for pair productionwassuggestedin Ref. [90]. Theprocessof
onepair productionwassuppliedby emissionof arbitrarynumberof soft photons.This formulagives
a goodapproximationfor leadinglogarithmiccorrectionscloseto the ! -peak. But it doesnot include
the importantnext–to–leadingterms,andeven the known third order leadinglogs arenot reproduced
completely.

In Ref. [142] a phenomenologicalformula for simultaneousexponentiationof photonicandpair
radiationwasproposed.The correspondenceof the exponentiatedformula to the perturbative results
wasshown therefor thecaseof realhardradiation.Nevertheless,thestructureof theradiatorfunction,
suggestedin Ref. [142], doesnot allow to checkthe correspondencefor soft and virtual part of the
correctionsanalytically.
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An alternative treatmentof thehigherordercorrectionsdueto pair productionwassuggestedin
Ref. [144]. In orderto accountthemostimportantpartof thesub–leadingcorrectionswe considerthe
convolution of the ´
ÜQ2 Î Ý pair radiatorwith the ordinary ´
ÜQ2-Ý photonicradiator, proportionalto theI h S�i splitting function. In this way we receive the main part of the ´
ÜQ2 _ Ý leadinglogs, proportional
to I h Î i , and the sub–leadingtermsenhancedby z Í-ÜQÏ
) � Ý � ÜQÏ?) � Ý , like

^ Î z Í-ÜQÏ
) � Ý � ÜQÏ?) � Ý and^ z Í Î ÜQÏ
) � Ý � ÜQÏ
) � Ý . Note that the convolution as well as exponentiationcan not give the correct
completesub–leadingformula. In fact the convolution givesa part of sub-leadingtermscomingfrom
thekinematics,whereboththepair andthephotonareemittedcollinearly, while thereareothersources
for the corrections,like, for instance,emissionof a collinearpair anda large–anglephoton. But we
suppose,thatthemaintermswith enhancementsarereproducedcorrectly, thatfollows from thegeneral
experiencein leadinglog calculations.Note that the samebackgroundis underthe exponentiationof
suchterms.For thecaseof purephotonicradiationthis wascheckedby directperturbative calculations.

We checked that for real hardemissionthereis a agreementbetweenthe most importantterms
in thethird ordercontribution to �£�-Ü � Ý andthecorrespondingtermsin expansionof theexponentiated
formulafrom Ref.[142]. Suchacorrespondencebetweentheexponentiationandconvolutionprocedures
is well known alsoin thecaseof purephotonicradiation.

In thesameway we derivedtheexpressionsbothfor leptonicandhadronicpairs.In contrastwith
Ref. [142] we extendedthehadronicpair contribution to thethird orderby meansof convolution which
takesinto accountthedynamicalinterplaybetweenpairsandphotons,whenthey areemittedat thesame
point, ratherthanby astaticcoefficient.

The leadinglogs,which werenot reproducedby theconvolution weresuppliedfrom Ref. [144].
We estimatedalsoat the fourth ordercontribution by meansof the leadinglogs (non–singletchannel
only):

� � h¥¤!iø F �x� k�BÜ � | Ý 2
a d
Ü ^-ø )hÏ�Ý

¤ Ï
Ï�a I h

_ i Ü � Ý7> Ï�Ï
a�Ï�] I h Î i Ü

� Ý'> Ï
Ï�"�c I h S�i Ü

� Ý x (9)

In the ´
ÜQ2 ¤ Ý wekeeponly theleadinglogarithmicformula(9) for non–singletelectronpairs.

A goodnumericalagreementwasobserved in thetreatmentof higherorderleptonicISR pairsby
meansof the convolution [144] andexponentiation[142] (seeTable2 in Ref. [144]). The exponenti-
atedtreatmentis implementedin ZFITTER also(calledby setting �Á÷�+�+�¦�§ ). The agreementwith the
exponentiatedrepresentationfrom Ref. [90] is not sogoodatLEP2energies.

Numerical illustrations

In Table11 we presentthe resultsfor differentcontributions. The valueof correctiondueto pairs is
definedin respectto thecrosssectionfor annihilationinto hadronswith purephotoniccorrectionstaken
into account. The cut–off on both pair andphotoniccorrectionsis equal:

� °�±�² Fü" x "�Ï and " x ù�a�a�f ,
| « á � °�±�² w | . In theFSRcolumnwe show thesumof leptonicandhadronicfinal statepair corrections
(+��G�� =0.99).In thelastcolumnthesumof ISRandFSRpairsis givenwithoutthecontributionof singlet
pairs.Centre–of–massenergy is 200GeV.

As could be seenfrom the Table,thecontribution of singletpair productionbecomesimportant
only for smallvaluesof

� °D±�² . In dataanalysisat LEP, sucheventsaresupposedto beextractedfrom the
datatogetherwith thetwo–photonprocess" # " & ;¨" # " & >£©«ª �t¬ r�Íx6 . Weemphasize,thattheprocedure
shouldbeaccurateandwell understood,becausein facttheeventswith singletpairsandmultiperiferical
productionhave quitedifferentsignaturesin thedetector. At LEP2energiesthecontribution of singlet
pairsbecomesreally important,if thereturningto the ! -peakis allowed(for

� °D±�²� " x a�f ).
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Table 11: Differentcontributionsto ® .
ISR pairs FSRpairs sum¯ (NS) ¯ (NS+sing.) ° ± hadr.²�³�´ µ?¶P·b¸ ·�¹º?»½¼�¾t¿

6.41 42.00 1.99 0.67 5.49 0.06 14.62º?»½¼�Àt¿
7.28 42.86 2.19 0.72 6.09 0.06 16.34º?»½¼�Át¿
7.24 42.82 2.19 0.72 6.09 0.06 16.30²�³�´ µ�¶Â·b¸ÄÃ�Å!Å$Æº?»½¼ ¾ ¿ Ç
0.38

Ç
0.40

Ç
0.11

Ç
0.03

Ç
0.28

Ç
0.29

Ç
1.08º?»½¼�Àt¿ Ç

0.56
Ç

0.59
Ç

0.17
Ç

0.05
Ç

0.21
Ç

0.30
Ç

1.28º?»½¼�Át¿ Ç
0.53

Ç
0.56

Ç
0.17

Ç
0.05

Ç
0.21

Ç
0.30

Ç
1.25

To estimatethe uncertaintyof our resultswe look at the relative sizeof different contributions
andat thecomparisonwith theexponentiatedformulae. The main sourceof the uncertaintyis theap-
proximatetreatmentof thehadronicpairs. Anotherindefinitenessis comingfrom thesub–sub–leading
termsof thethird order, which canbereceived neitherby convolution nor by exponentiation,andfrom
the fourth ordercorrection. Our roughestimatefor the theoreticaluncertaintydueto pair production
in descriptionof electron–positronannihilationis 0.02%for without returningto the È -peak. For the
returningto thepeakatLEP2we estimatetheuncertaintyto beat thelevel of 0.1%.

4.13.2 ZFITTERdevelopmentafter v.6.21

Therewasa certaindevelopmentof ZFITTER after version6.21. On 13 December1999we released
ZFITTERv.6.23with animprovedtreatmentof thesecondordercorrectionsto angulardistributionsandQ i�� . The implementationrelieson work doneby A.B. Arbuzov andwill bedescribedin anextended
versionof Ref. [144].

For this workshopwe have createdZFITTER v.6.30,which shouldbethe lastversionfor LEP2.
It containsseveralnew importantuseroptions.

A new optiongovernedby a new flag ��G���ª is implemented,with:��G���ª =0 – old treatment,��G���ª =1 – new treatment.
This is a new treatmentof thesecondorderISR QED corrections,in thepresenceof angularacceptance
cutsª���'�É , ª���' � , basedonanew calculationby A. Arbuzov (to appearashep-phreport).It is compatible
with theuseof �!�G���¦ ��Ê���ÊQ� .

The meaningof flag �!����� is extendedin order to accommodatethe new implementationof an
exponentiationof IFI QED corrections,alsorealizedby A. Arbuzov (alsoto appearashep-phreport):�!����� =0,1– old options,�!����� =2 – exponentiatedIFI.

Further, final statepair productioncorrectionsareimplemented(A. Arbuzov). Theoptionis gov-
ernedby anew flag:�¶÷�+�+ =0 – withoutFSRpairs,�¶÷�+�+ =1 – with FSRpairs,additive,�¶÷�+�+ =2 – with FSRpairs,multiplicative.
For theFSPPcorrections,thecut on the invariantmassof thesecondarypair is accessible.In orderto
accommodatethiscut value,thevariableSIPPof the
÷�G���©�¨�G��Ë�!��(ÍÌ�G��G��¶÷ � �!��*�� Ê �!�G�� Ê ª��¨ ��Ê (����!� Ê ÷ +�© Ê ª���'�É Ê ª���' �ËÊ ÷��	+�+ �
is now used.Therefore,themeaningof thevariableSIPPhasbeenchanged.It hasnothingto do with
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cuttingof ISPP;thereis no possibilityto cut secondarypairsfor ISPP, wheretheprimarypair invariant
masscutshouldbeequalto ÷ +�© .

Finally, the new valueof flag �	+���¨ =–1 allows to calculatepurevirtual pair contributions sepa-
rately.

ZFITTERv.6.30shouldbeusedtogetherwith DIZET v.6.23.Two bugsarefixedin DIZET v.6.23.
A bug in thecalculationof � W is fixed(resultingin a 0.3%shift), andanotheronein thecalculationof
running Î ø z (of no numericalimportance).

Further, anoptionto fit Ï �ÄÐ is implementedto DIZET (D. Bardin,L. Kalinovskaya,A. Olshevsky,
March2000).For this,amainprogram(interface)Ñ�Ò � } � � � � � � É�� 
 hasto beusedtogetherwith astan-
dasideDIZET version6.30;theargumentlist of thatDIZET is changedto accommodatethispossibility.

Somemoresmallchangeswereimplementedduringthisworkshopin theresultof tunedcompar-
isonwith Ó�Ó MC. Therangeof variationof two flagswasextended.

New value
� (�ª�F�¦ � allows to switch off sometiny secondorderEWRCwhich do not propagate

via DIZET andthereforecan’t be taken into accountby theothercodeswhich useonly DIZET. It was
provedthatthenumericalinfluenceof thesetermsat LEP2energiesis oneorderof magnitudelessthan
thetypicalprecisiontag.

New value �¨���H�¦�� � accomodatesthechoice Î ø z Ü�Ô�Ý for the Ù exchangeamplitudeallowing the
calculationof the‘pure’ Bornobservables,thatwasusedfor cross-checksof ISRQEDconvolution.

Theinterestedreadermayfind furtherdetailson recentprogramdevelopmentsat� ÿ 
B�	��Õ ��Ö � � Õ � � � � ��Ö � � � ��ÿ�Ö�} �!� }�� ��� ��� ~���ÕE� Ì�� � � É �
andat� ����������� Ò�Ò�Ò�� �	
 ����}�� � ¸�Ö � �  ÿ ����� Ì 
B����� ��Ö � .

The most importantconclusionwhich emergedfrom the tunedcomparisonwith Ó�Ó MC is that
at LEP2energiesit is not possibleanymoreto relayon a simplified treatmentof EW boxesrealizedinÌ�G���cµ÷�� branchof ZFITTER. EW boxesshouldbeconsideredasa partof EW form factorsanddueto
their angulardependencethe only way is to accessthemvia Ì�G�ª��µ÷�� branchof ZFITTER which was
alreadyaccessiblein v.6.21andwasnot speciallyupdatedduringthis workshop.However, oneshould
emphasizethat theway of usingof ZFITTER at LEP1fails at LEP2energiescompletely. In particular,
one shoulduse �¨���H�¦ � option allowing for running of EW form factorsunderthe ISR convolution
integral. For moredetailseeSection5.4.

Statementon theprecisionandthesystematicerrors:

Seetheotherpartsof this report,especiallySections3, 5, and6.

Statementon limitations:

ZFITTERshouldnotbeusedfor precisioncalculationsof Bhabhacrosssections.Thecorrespond-
ing QEDcorrectionshave to berecalculated.Theeffective Born approximationfor Bhabhascatteringis
fixedto LEP1 kinematics.It is relatively easyto improve thelatter, but thishasto bedoneyet.

ZFITTER shouldbeusedbelow ×	Ø× threshold.The implementationof thechannel"$#%"`&>ÙÚ×	Ø× is
underway.

4.14 Err or specificationsof ZFITTER

Oneshoulddistinguishtwo mainclassesof soursesof theoreticalerrors.First are,so-calledparametric
uncertainties,PU’s, which aretrivial: propagationof uncertaintiesof INPUT parametersresultsfor an
uncertaintiesof thepredictions.Herewe presentastudyof PU’sdonewith ZFITTER.

It seemsreasonableto assumethat the only PU’s which are worth studying,are thosedue to
uncertaintiesin:
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Û therunningQEDcoupling Î�Ü | Ý , dueto errorsin =eÎ t ¥	Ü § for whichwe use

=eÎ t ¥	Ü §ÞÝ Ô x Ô�a�ù�ù�c�aàß>Ô x ÔtÔtÔ�a�fN¢ m (10)

Û thepolemassesof á and â quarks,for whichwe adopt

 Ð Ý ¢ x ùtÔàßOÔ x Ï�f GeVã  Ð Ý Ï x ftÔ5ß>Ô x a�f GeVã (11)

Û thepolemassesof thetopquark,for whichwe take,PDG’98value

 � Ý Ï�ù�Ó x càßhf x a GeVã (12)

Û Higgsbosonmass,deservingmoreexplanations.

Conventionally, we usein this report åä Ý Ï�atÔ GeV asa preferredvalue. For its lower limit it is
reasonablyto take YäåæÛÏtÔtÔ GeV asthepresentlower limit establishedfrom directsearchesat LEP1.
For upper limit we scannedthe interval åä Ý Ï�a�feç÷atÔtÔ GeV, becausethe total (hadronic)cross
sectionshows upanon-monotonicbehavior asa functionof Higgsmasswith amaximumatsomevalue
from this interval. Parametricuncertaintiesdue to Yä variation arenon-symmetric,sincethe value
åä Ý Ï�atÔ GeV is chosenasthepreferredvalue.

For the idealizedquarkobservableswe found the following largestvariations(in permil), when
we variedfiveabove mentionedinput parameterswithin indicatedlimits:

=eÎ t ¥!Ü § only ß Ô x Ô�f=eÎ t ¥!Ü § ãE Ð ãE@è simultaneously ß Ô x Ô�ù with negligible contribution from @è
 � only ß Ï
@� only é Ô x ftÔ5ê>ç Ô x c�f
Oneseesthatparametricuncertaintiesdueto =eÎ t ¥!Ü § ãE Ð ãE@è	ãE��ÞãE � , do not exceed1 permil,

thereforethe measurementof the total hadroniccrosssectionat LEP2 will not contribute to further
improvementof topmassandof theupperlimit for theHiggsbosonmass.

Similar studyfor muonicidealizedobservablesis summarizedin two following tables.
Totalcross-section(in permil):

=eÎ t ¥	Ü § ãE Ð ãE�è simultaneously ßÞÔ x ¢ with negligible contribution from �è
 � only ßÞÔ x ¢Kf
�� only éÞÔ x ¢vÔ�êOç Ô xÄë Ô

Forward–backwardasymmetry(in absoluteunits ÏtÔ<&�ì ):
=eÎ t ¥	Ü § ãE Ð ãE�è simultaneously ßÞÔ x Ï with negligible contribution from �è
 � only ßÞÔ x Ï�f
 � only éÞÔ x Ï�f�êOç Ô x a�Ï

For taus,oneshouldexpectsimilar estimates.

Givenprecisiontagof LEP2measurements,oneshouldn’t expectthatthey will addany improve-
mentto ourknowledgeof inputparameters.
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4.15 Program GENTLE: tool for the 2-fermion physics

1) Author: Dmitri Bardin, JochenBiebel,Michail Bilenky, Dietrich Lehner,
Ar nd Leike,Alexander Olshevsky, Tord Riemann

2) Program: GENTLE/4fan v.2.11,June2000

3) Canbeobtainedfrom
� ÿ 
B�	��Õ ��Ö � � Õ � � � � ��Ö � � � ��ÿ�Ö�} �!� }�� ��� ��� ~���Õ	� 'b� ����~ � � ���	�� ����������� Ò�Ò�Ò�� �	
 ����}�� � ¸�Ö � �  ÿ ����� }�� ÕE� '�� ����~ � � ��� ����~ ���s� �� �~

In this sectionwe describea new versionof the code('�(���� � ( � § 
 ÿ � ��� � � ����� , whereseveral
featuresto extracteffectsof pair productionin atí processeshave beenadded.This versionis anupdate
of the original '�(���� � ( � § 
 ÿ � ��� � ��É�É publishedin Ref. [182] (seealso[183]). The resultspresented
in this sectionuseintensively the approachof Ref. [184]. It was extendedfor a calculationof low-
invariant-massfermionicpairsof theNC24family. Weremindfirst of all Feynmandiagramsdescribing
this family. TheNC24processis a ¢ví process

" # " & Ù¨í<î Øí<î_í Î Øí Î (13)

where í<î�ïÝ í Î ïÝ " . Thereareeightdiagramsof conversiontype,or NC08sub-set(Fig. 3):

" #
"

"$&
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í Î
é
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Ù%ãEÈ

Ù%ãEÈ
Øí Î

í Î

Øí<î
í<î

IPPS=1

Fig. 3: TheNC08sub-family of diagrams.

Next, thereareeightpair-production-type diagrams(Fig. 4):
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ð # Ù%ãEÈ
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ÙaãEÈ Øí Î

í Î

IPPS=2

Fig. 4: Secondeightdiagramsbelongingto theNC24process.

And finally eightdiagramsobtainedby interchangingí<î�ñòí Î (Fig. 5):
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Fig. 5: Third eightdiagramsbelongingto theNC24process.
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Thereis onemorediagramwith theHiggsbosonexchangewhich is termedtheHiggs signalor
Higgsstrahlungcontribution

Terminology, notation

These24 diagramsmaybe consideredasa óví backgroundfor a ôtí process.Their contribution to theôtí signalcouldbenaturallydefinedby imposingcutson the four fermionstate.Eventssurviving cuts
mimic the ôtí process.

To go furtheron,wehave to provide severaldefinitions.

TheBorn approximationfor ôtí processis definedas

ISRconvolution õ ð # ð & Ù¨í<î Øí<î;ö�ã (14)

i.e. anISRconvolution of a ôtí processwith í<î Øí<î beingtermedasa the‘primary pair’.

Relative contribution of óví backgroundprocesses,Figs 3–4, may be conveniently describedin
termsof correctiondueto pairproduction(PP), which is definedby theratio

÷�ø Ü_ùûú�ü Ý
ISRconvolution õ ð # ð &�Ù¨í î Øí î íþý Øíþýtö

ISRconvolution õ ð # ð & Ù¨í<î Øí<î;ö ÿ (15)

In two lastequations‘ISR convolution’ standsfor a ratherstandardapproach

� Ü���Ý Ý
� ja�GÜljaã���Ý��� K ÜQÏ5ç j�Ý�� W ã (16)

where �ßÜlj%ã���Ý is aflux functionand �� K ÜQÏ�ç j�Ý�� W is akernel(óví or ôtí ) cross-section.

As far as í<î.ïÝ í ý we have no questionswhich pair shouldbe consideredto be a ‘primary’ one
andwhich one— a ‘secondary’.We maydistinguishthemby imposingdifferentcuts �Jè	��
 and I�è	��
 on
‘primary pair’, í<î Øí<î and‘secondarypair’ í ý Øí ý 10.

Theinvariantmasscutsaredefinedas

�Jè	��
 Ý
� ý������
�

� Ô ÿ Ô�� inclusiveã Ô ÿ
� ôtô�� exclusiveã (17)

� è	��
 Ý
� ý�� ���
�

� �tÔ����<ã��tÔ�� ì ã��tÔ�� ý ã��tÔ�� î ã�� all valuesÿ
FromEqn.(18)oneseesthat‘primary’ pair is demandedto have largeinvariantmass,while ‘secondary’
— small.Wealsopresentcutvalueswhichwereusedin thisstudy. For �Jè	��
 weusedtwo standardLEP2
values: Ô ÿ Ô�� (inclusive selection)and Ô ÿ

� ôtô�� (exclusive selection),while for
� è	��
 westudiedall allowed

rangerangingfrom very tight cuts, �tÔ ��� , to ano cutsituation,
� è	��
 Ý � .

Westudiedtwo processeswith primarymuonandhadron(quark)pairs:

��� � � Ù ! � ! � ã primarymuonsã (18)� � � � Ù hadronsã primaryquarksÿ
10Somequestionariseswhat to do if " �$# " � , say % . Onemayarguethatonemaydistinguishthemby requiringthatone

pair haslarge invariantmassandanotheronesmall. Due to differentcuts imposedthe effectsof Fermi statisticsshouldbe
negligible. Furthermore,&('*)(+*,*'�-/.*0�1�2 allows symmetrictreatmentof two pairs.Therefore,at leastwhenall 24 diagramsare
includedeverythingshouldbe correct(moduloabove mentionedinterferencescontributions)if onetreatstwo muonpairsas
two pairsof differentparticles.Moreover, %�% is only oneof eight4f-channelsin 3�4�365879%�% . A similarproblemoccursin the
considerationof thetotal hadroniccross-section,wherefive4f-channelsoutof total40 channelscontainidenticalparticles.
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Treatmentof the secondarypairs deserves specialdiscussion. We may describethem using
fermionic languagesimilar for descriptionof both ‘primary’ and ‘secondary’pairs, i.e. sumup over
all fermionspecies: � � � � ã:! � ! � ã:; � ; � ã hadronsÝ < ã � ãEâþã��`ãEá -pairsÿ (19)

(NB: NeutrinosecondarypairsarepresentlyNOT included;they shouldandwill be!)

Thisapproachsuffices,however, aseriousdrawback.As for primarypairsis concernedfermionic
languagemaybeusedwithoutquestionssincepairsis requestedto behard.Evenfor inclusive selection� ��=��� � Ô ÿ ô�> Ð@? Ü/A

�CB�D
GeV. On the contrary, secondarypairs are integratedfrom the production

threshold, ô(E  , up to sometypically large cut value Ô ÿ � çF� . Therefore,we unavoidably crossthe
region of low lying resonanceswherea descriptionin termsof quarksfails completely. Fortunately, an
adequatelanguagefor thedescriptionof low-invariant-masshadronicpairsusinga parameterizationfor
theexperimentallymeasuredratio � Ý �HG � � � � Ù hadronsI�J �HG � � � � Ù muonsI is elaboratedin the
literaturevery well, seee.g.[181].

Virtual pairs

Virtual pairshave to bealsoadded.ThereareISR virtual pairs,seeFig. 6, FSRvirtual pairsandinitial–
final interference(IFIPP)virtual pairs.Thelatterarenon-leading(seeRef. [92]) andnot includedin this
study.

K ãEÈ

� �

� �

í

Øí

Fig. 6: A typical exampleof virtual pair correction.

FeynmanDiagrams(FD) andtheir selectionwith IPPS,IGONL Y flags

In orderto studyrelative contribution of variousFeynmandiagramswe implementedin thecodea ‘user
options’ L�M=M�N and L�O�P=Q�R�S whichallows to selectsub-groupsof diagrams:

IPPS=1only ISPPis takeninto account,seeFig. 3;
IPPS=2only FSPPwith theordinarymeaningof the‘secondarypair’, Fig. 4 is included;
IPPS=3only FSPPof Fig. 5 is accountedfor; IPPS=4all final pairs,bothFig. 4 andFig. 5 togetherwith
interferencesamongthemareincluded;
IPPS=5– IPPS=1T IPPS=2;
IPPS=6– IPPS=1T IPPS=4;
IPPS=7only realIFIPPis consideredasaseparatecontribution;
IPPS=8all threeabove setsof 24diagramsareincluded;
IGONL Y=1 only K exchangeseverywhere;
IGONL Y=2 theordinarysecondarypair is producedvia K exchange;
IGONL Y=3 all K and È exchangesareallowed.
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4.16 Program GRC4f: tool for the 2-fermion physics

1) Author: J. Fujimoto et al.

2) Program: GRC4f v 2.1.39,U=V�V�WYX�Z=ZH[�\�]_^a`�b�`Y^�c=W�Z�d=V�W=Z�`�b�`�Z�eH[�f�g�eH[�Z�h�iHj�k�d�Z

A morecompletereferencesto theGRC4fprogramcanbefoundin the4-fermionchapterof this
report [183]. Herewe addressonly the featuresrelevant for the generationof a 4-fermionsignaland
backgroundsamplefor 2-fermionanalyses,i.e. splitting the4-fermioneventsin a samplerepresenting
pairemissioncorrectionsto 2 fermions,anda true4-fermionbackgroundsample.

The GRC4f Monte Carlo packageallows the generationof 4-fermion eventsusing Born-level
matrix elements(ME), convolutedwith ISR photonradiation. It is possibleto selectthedesiredsetof
Feynmandiagramsfor eachfinal statef l mnl f ý m ý by the user. The generationof a signal samplefor
2-fermionpair correctionscanbedonein two ways:

A) Generatinga‘signaldiagramsample’usingonly thosediagrams,whichareconsideredassignal
in the respective definition,andapplyingthe �po (andmasscuts)of thesignaldefinition, to obtaina ‘4f
signalsample’.In additiona secondsamplewith all non-signaldiagrams(e.g. MP andISS) is created,
which formsthe‘4f backgroundsample’togetherwith thoseeventsin thesignaldiagramsamplewhich
fail the � o or masscuts.In thismethodthe(generallysmall)interferencesbetweensignalandbackground
diagramsareneglectedin thebackgroundsubtraction.

B) The‘4f signalsample’is obtainedfrom asetof Feynmandiagrams,which is largerthantheset
of signaldiagrams.ForeachMC eventaweight q is calculatedwith thehelpof theREW99library [185],
whichisgivenby thesquaredratioof thematrixelements(ME) summedoverall signaldiagrams,divided
by thesumoverall (signal+background) diagramsin thesample.

qsrutwv�x*y�z|{
} � >_r~twv�x*y�z } ý} � >Yrutwv�x(y�z�� � >_�(y����pv��~���*x*� } ý (20)

where �po or masscutscanbeincludedin thesignalweight,by settingit to zero,if it fails therespective
cut. Usingtheweight qs�*y��u�pv��~���*x*��{�����qsr~twv�x*y�z oneobtainsa 4f backgroundsamplethataccountsfor
all interferenceeffectsbetweensignalandbackground.

4.17 Program KORALW: tool for the 2-fermion physics

1) Author: S.Jadach,W. Płaczek,M. Skrzypek, B.F.L. Ward and Z. Wa̧s

2) Program: KORALW 1.42.3

3) Availableat: http://hpjmiady.ifj.edu.pl/programs/programs.html

4) Main references: [186]
[187]
[188]

KORALW allows generationof 4-fermionevents. It is describedin moredetail in the4-fermion
chapterof this report [183]. Here,only the featuresrelevant to 2-fermionpair correctionswill be ad-
dressed.

It is possibleto selectin KORALW thedesiredsetof Feynmandiagramsfor eachfinal statef l mnl
f ý m ý by theuser. For themomentvariousapproximationsof thematrixelementhave beenintroducedin
KoralWfor the !��!�;_�; andpartly for !��! � �� channelsonly. Theseapproximationscanbeactivatedwith the
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dip-switch L�N��HL����=� in theroutine
g=e�W�k=d

in thefile
g�e�W=�H[�k�d_^ah�i|jH^�g=���=Z�g�e=W�k=d_^�d

Theavailablesettings
are:

� 0: CC03(old optionfor ��� final states),

� 1: all graphs,

� 2: ISNS� ��� ,

� 3: FSNS� ��� ;_�; pair to � ���� !��! ,

� 4: ISNS� +FSNS��;_�; pair to � ���� !��! .

� 5: ISNS� ;_�; pair.

� 6: FSNS� ��� !��! pair to � ���� ;_�; ,

� negative value: matrix elementis calculatedfor all valuesof L�N��|L��=��� that aredeclared(set to
1) in L�N=� k=d datastatement.Theappropriateweightsarein this caseavailableas � V|\�b=V_ �k=¡�¢|[�£
with i=1,...,6asabove (notethattheseweightswill bemodifiedalongwith theprincipalweightby
Coulombcorrectionandnaive QCD,whenever applicable).

For otherchannelstheapproximationsof matrix elementcanbe introducedin a similar mannerin the
file

g=e�W��|[�k=d_^�h=iHj|^�g��=��Z=h�iHj�k�d [�f|[�V�Z|\�b=��h�i=d_^ad
Somedemoprogramsareavailablein the ¤ b�e=¥_^aW�gH[�iH\

directory, see¦�§�¨=©�ª=§ file for moreinformation.

Notethattheabovedescribedextensionsof L�N=�HL��=��� and ¤ b=e�¥Y^�W�g|[�i|\ directoryarenot included
in thedistribution version1.42.3but will beprovidedasaseparatefile at thesame

U=V�V�W
locationor can

berequestedfrom theauthors.

5 PHYSICS ISSUESAND DEDICATED STUDIES ON THEORETICAL ERRORS

In the presentsectionwe concentrateon two relatedsubjects: the so-called‘tuned comparisons’of
thecodesdoneby theauthorsof thegiven codeswhich arecritical for thedatainterpretationat LEP2
energies.At thesametimein thesecomparisonsthereis someleading‘physicsprecisiontheme’,in other
wordsthey have in mind to clarify acertainaspectof thetheoreticalerrors,like for instancethequestion
of the IRS« FSR interference,or secondarypair corrections. The collectionsof thesestudiespartly
representswhatwe really wantedto bediscussedandpartly representtheavailability of thevolunteers
whohadthetimeandinterestto provide them.

In this sectionwe gatherall studiesof the above kind exceptfor materialon the secondarypair
contributions,to which we dedicatethenext two sections,althoughthey representthesameclassof the
workshopactivity.

In the sectionon tunedcomparisonsof ¬¬ MC and ZFITTER somenumericalresultson the
importanceof the electroweakboxesis included. We regret that it wasnot possibleto includea more
completenumericalstudyof theelectroweakboxes. In orderto compensatefor thatat leastpartly, we
start the presentsectionwith a small sectionexplaining what theseEW boxes areandwhat are their
properties.

Sincemost of the studiesin the presentsectionconcentrateon QED effects, the secondsmall
subsectionis devotedto methodsof QEDcalculationsandthenweproceedto two sectionswhichpresent
thetunedcomparisonsof ¬¬ MC andZFITTER anda dedicatedstudyon IRS« FSRinterference,also
preparedby the ¬¬ MC andZFITTERteams.
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5.1 Electroweak boxes

Theone-loopthenon-QEDor purelyweakcorrectionsmayberepresentedasthesumof dressedK and®
exchangeamplitudesplus the contribution from weakbox diagrams,i.e.

®�®
and ��� boxes,see

Fig. 7. The
®�®

boxesareseparatelygauge-invariant.

� � G ®°¯�± I ²
� ²

� � G ®°¯�± I ²
�

� � G ®°¯�± I ²
� ²

� � G ®°¯�± I ²
� � � ³
´ ? <

� � � ³

�

� � � <
´ ? ³
� � � <

Fig. 7: Full collectionof QEDandEW boxes.

If external fermion massesareneglected,then the completeone-loopamplitude(OLA) canbe
describedby only four scalarfunctionsand by the running electromagneticconstantµ·¶¹¸ � G�º I . Using
notationof Refs.[75,172,172] onemay representthe dressedamplitudein termsof four scalarform
factors,»�¼¾½ G�º ¯:¿ I :

ÀÂÁ�Ã/ÄÅ 4=Æ {
�nÇ�È�ÉwÊ�Ë? È�ÉwÊ�ËÌÍ º Ç ÎÐÏ:Ç ÎÒÑ Å G�º I K�Ó6K � « K�Ó�K � »$ÔÕÔ G�º ¯:¿ IÖ� Í } × ?

} º Ç Î K�Ó « K�Ó6K � »$Ø�Ô G�º ¯:¿ I
� Í } × Ì } º Ç Î K Ó K � « K Ó » Ô�Ø G�º ¯:¿ IÖ�Ù��Ú } × ?

× Ì } º � Î K Ó « K Ó » Ø�Ø G�º ¯:¿ I Û (21)

wherethe Ñ Å G�º I denotesthe
®

bosonpropagator

Ñ Å G�º IY{ �º �9Ü ÇÅ �ÞÝ ºÕß Å J�Ü Åáà (22)

The
¿
-dependenceis due to the weak boxes. On top of the

À Á�ÃpÄÅ 4�Æ thereis the correctedK -exchange

amplitude,whichcontains,by construction,only theQED runningcoupling µâ¶ã¸ � G�º I :
ÀÂÁ�Ã/Ä
Æ {

Í�ä µ ¶ã¸ � G�º Iº K�Ó « K�Ó à (23)

Theabove electroweakboxesarenumericallynegligible below theWW threshold.At very high
energies, åæ� TeV they areknown to be numericallyvery large, aswasdiscussedrecentlyin several
papers[189–192] in thecontext of the (im)possibleexponentiationof theelectroweakcorrections(so-
calledSudakov doublelogarithms)in thenon-Abeliantheorieswith thespontaneoussymmetrybreaking.
They arethereforepart of a ratherinterestingphysicalphenomenon.At LEP2 the EW boxesarejust
rising from nothingto a few percentlevel, seelaterin thissection.

EW box correctionsare well known and they are theoreticallyundergood control. The only
possibleissueis the technicalprecisionof their implementationin the MC andothercodes. It would
thereforebegoodto make additionaltestsof theexistingcodesin thisdirection.
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5.2 Selectedaspectsof QED calculations

Structure functionapproach
Thebasicprinciplesandalsodetailsof thestructurefunctionapproachusedin thepresentedprograms
aredescribedin Ref. [102] for NUNUGPV andin Refs.[85–87,90] for LABSMC. The main goal of
theseapproachesis to usetheexactmatrix elementfor thegivenprocessandone(two ...) extra photons
andappropriatephasespacewhenever they areavailableandcombinetheminto singlepredictionusing
theLL structurefunctionapproachfor fixing normalizations.

Partonshowerapproach
The QED radiative correctionin the leading-log(LL) approximationcan also be obtainedusing the
MonteCarlomethodinsteadof theanalyticformulaeof thestructurefunction.Thedetailsof thismethod,ç §=©�M=N , canbe found in Ref. [95]. Herewe recall that thealgorithmcanmaintaintheexact kinematics
during theevolution of anelectron.This specificfeatureof the

ç §�©=M�N allows us to apply the
ç §�©�M=N to

radiative processes,avoiding a double-countingproblem.If oneneedsto know theprecisedistributions
of thehardphoton(s)associatedwith somekernelprocesssuchasneutrinopair-production,onehasto
usetheexactmatrix-elementsincludinghardphoton(s)with thesoft-photoncorrection.Sincethe

ç §=©�M�N
canprovide completekinematicalinformationabouttheemittedphotonsandthevirtual electrons,it is
easyto separatethe soft photonsfrom the partonshower not to go into thevisible region. In addition
to this simplephase-spaceseparation,the orderingof the electronvirtuality is also required. During
theevolution of anelectronthevirtuality is monotonicallyincreasing,which is realizednaturallyin theç §=©�M=N algorithm. A further conditionmustbe imposedon the virtuality of the electronin the matrix-
elementsafteremittingthephoton:It shouldbegreaterthanthevirtuality of theelectronin thelaststage
of
ç §=©�M�N . This carefultreatmentto avoid thedouble-countingproblemallows usprecisepredictionsof

radiative photons.

Exponentiation
The exponentiationof QED andits realizationin the form of the Monte Carlo is explainedalreadyin
detail in literature,seeSections4.5, 4.3 and4.1 for references;in the following let us concentrateon
relatively novel, andessentialfor establishingtheprecisionrequiredby experiments,subjectof initial-
final-stateinterference.

5.3 QED ISR « FSRinterferencein crosssectionand chargeasymmetry

Authors: ¬¬ MC andZFITTERteams.

Westartthissectionwith characterizingtheISR« FSRinterference(IFI) andlisting/characterizing
therelevant literatureandexisting tools/codesfor calculatingIFI. Theprincipaltwo subsectionscontain
comparisonsof ¬¬ MC andZFITTERfor themuonchannelwith ISR+FSR,with andwithoutISR« FSR,
for the total crosssectionandcharge asymmetry. Finally we discussthe uncertaintyof ISR« FSR,as
comparedto LEP2precisiontargets.

5.3.1 Overview of propertiesof theISR« FSRinterference

At LEP2theQEDISR« FSRinterference(IFI) is anorderof magnitudebiggerthanatLEP1becauseit is
not suppressedany moreby thefactor ß � J�Ü � . On theotherhandtheexperimentalerrorsarebigger, so
its importancehasto bemeasuredin termsof thetargetprecisionrequirementsdefinedin Section2.1.All
maincharacteristicsif IFI canbeunderstoodlookingat theleadingtermin its thefirst orderexpression

èpéëê�é G�ì:í�îðï I${ Í ×
?
× Ì µäòñ ó > �ô y�õ

>_ö ?:÷ A
ñ ó �s� ì:í�î$ï
�s� ì:í�î$ï (24)

(which is alsothe ï dependentpart of theYFS/Sudakov form-factor). Theabove factormultiplies the
Born differentialcrosssection.Weseeimmediatelythat:

� IFI is growing for strongercutson maximumphotonenergy > �ô y�õ �ùø .
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� IFI alwayscontributesto
±ûúHü

, however, notnecessarilyto thetotal crosssection,unlesstheBorn
differential crosssectionis asymmetricitself. This is true at LEP2, whereall muonandquark
asymmetriesarelarge.

� IFI is proportionalto thechargeof thefinal fermion
× Ì , andconsequentlyit is smallerfor quarks

thanfor muons. In addition,for quarksthe contributions from differentchannelstendto cancel
eachother.

� It doesnot containlogsof fermionmasses.

Theabove factsareillustratedin a morequantitative form in Table12,wherewe show thevaluesof the
IFI contributionsto the !_� and ý -pair channelsat two LEP energies. They arecalculatedwith ¬¬ MC
for unrestrictedì:í�îþï anda simplecut on the fermion pair invariantmass11 Ü Ì_ÿÌ {�� º o . As we see,
the IFI contributions to

±ûúHü
arethe smallestfor ³ , twice aslarge for < with an alternatingsign, and

arethelargestfor ! . They increasefor strongercut on photonenergy. Since
±ûúHü å ø à Ú for all quarks

and ! , consequentlythemagnitudeof theIFI contribution of � shows thesamepattern.For thetypical
Z-exclusive � ô y�õ { ��� º o A ¼�� { ø à�� , looking morecloselyinto numbers,we find for thecrosssection
for muonpairsthattheIFI contribution is about2.4%of � Ó , thatis 6 timesbiggerthantheprecisiontag
0.4%of Section2.1. For quarksit is 0.5%of �	� , that is two timesbiggerthantheprecisiontagof 0.2%
listed in Section2.1. For the Z-inclusive � ô y�õ { ø à�
 we have the IFI of 0.4%of � Ó versusthe 0.4%
precisiontagof Section2.1and0.03%of � � versus0.2%precisiontagof Section2.1.Thereis therefore
no doubtthatIFI is importantfor LEPdataanalysis.

Table 12: Thequantitative illustrationof themainpropertiesof IFI for � - and� -pairsat two LEPenergies. ����������� ��������������� �"!�#%$'& (�)+*-,�� �"!�#/.1032 0345, 4%65798/:<;= 032 034%7�>�?@032 050509A 0+2 034 B5CD?E032 0505F9BG H 032 0I>JBICK?@032 05034%0 H 032 09C�>JCK?E032 0505F50L 032 034%6I6M?@032 050509A 0+2 034'>97K?E032 0505F9BN H 032 0I>JC�OM?@032 05034%0 H 032 09CIO57M?E032 0509BI6P 032 034%7IOM?@032 050509A 0+2 034 B+4�?E032 0505F9BQJR�R H 032 03454'0M?@032 0505056 H 032 0509B+4S?E032 0505F9CT 032 09B5BICK?@032 05034 A 0+2 0I>JB5AD?E032 0509A+4UWV+X�Y[Z\V3X ,3� �"!-# .1032 CI03, 4%65798/:<;= 032 05056I0M?@032 050505F 0+2 0505F9AD?E032 0509B+4G H 032 034%75AK?@032 0505057 H 032 034%0I>�?E032 050I>JAL 032 05057I0M?@032 050505F 0+2 0509AI0K?E032 0509B+4N H 032 034 A�6M?@032 0505057 H 032 034%09CK?E032 050I>9FP 032 05057IOM?@032 050505F 0+2 0509A+4�?E032 0509B5CQJR�R H 032 0509B�0M?@032 050509A H 032 0509C�>�?E032 050I>97T 032 09CIOI7M?@032 05034'> 0+2 034%756K?E032 0509BI0UWV+X�Y[Z\V3X ,3� �"!-# .1032 O503, 4%65798/:<;= 032 0505FIFM?@032 050505F 0+2 0509B5BD?E032 050I>97G H 032 034%FIOM?@032 0505056 H 032 050565FM?E032 050I>JBL 032 0509A�FM?@032 050505F 0+2 0509BI7K?E032 050I>97N H 032 034'>5OM?@032 0505056 H 032 050569BK?E032 050I>5>P 032 0509A�7M?@032 050505F 0+2 0509BI7K?E032 050I>97QJR�R H 032 050I>50M?@032 050509A H 032 0509CI0M?E032 050I>JAT 032 034%75BK?@032 05034%O 0+2 034%F34�?E032 050I>96UWV+X�Y[Z\V3X ,3� �"!-# .1032 7503, 4%65798/:<;= 032 05050I6M?@032 050509C 0+2 05034%FK?E032 05034 CG H 032 0509C�OM?@032 050505O H 032 050I>90M?E032 05034'>L 032 05034'0M?@032 050509C 0+2 05034%6K?E032 05034 CN H 032 0509CJ4S?@032 050505O H 032 0505O5OM?E032 05034'>P 032 05050I6M?@032 050509C 0+2 05034%FK?E032 05034 CQJR�R H 032 05050IOM?@032 050509C H 032 050509BK?E032 05034%OT 032 050I>9CK?@032 050505F 0+2 0509AI0K?E032 0509C5C
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11For realisticcutstheIFI contributionswill beslightly smaller, by a factor �1����� .
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5.3.2 Exponentiationof IFI

In thepure � G µ l I calculation,seeEq. (24), it hasbeenwell known for a long time that the ISR« FSR
in theintegratedcrosssectionandin thechargeasymmetrygoesto infinity for thestrongcutsonphoton
energy > �ô y�õ � ø , clearlyanunphysicalresult.Furthermore,theangulardistribution close ì:í�îþï {�� �
getssingularbehaviour of the kind ñ ó G�G � � ì:í�î$ï I�J G � � ì:í�î$ï I . It is alsowell known for a long time
[38,193] thatsummingupproperlythesoftphotoncontributionscuresbothof theseproblems.Thiscan
beschematicallydemonstratedas

�s� èpéëê�é G�ì:í�îðï I � �J�9���J� É �	��r�� Ë à (25)

Whatkind of practicalconsequencemaywe expect?For thetypical experimentalZ-exclusive cut º o��ø à
D ø º and

} ì:í�îþï@� ø à�
"�
}
theeffectof theexponentiationwill berathersmall.Mostprobablyit is equally

or moreimportantto convoluteproperlytheISR« FSRwith the � GI� Ç µ Ç I ISR.

If Z radiative returnis includedin thephasespacethenthesituationis moredelicate.Onehard
photonis necessarilyemittedandfrom the real-photon� G µ l I matrix elementwe know only that the
ISR« FSRis suppressedcloseto andacrossthe Z-peakin º o distribution. Exponentiationin this case
meansaddinginto thegamea secondandmorerealphotonsandthe � G µ Ç I virtual corrections.These
additional � G µ Ç I andhighercorrectionsarenot exactly known/available,andin practicewe canonly
addthemin thesoft photonapproximation.This is probablygoodenoughfor theLEP2precisiontag.
Suchascenariois alreadyrealizedin the ¬¬ MC, seebelow.

5.3.3 Older workson IFI

In theolderliteraturearathercompletetreatmentof IFI canbefoundin Ref.[136], whereit is discussed
in thesoft-photonapproximation(noveryhardphotons),in exponentiatedform12, includingZ-resonance
andZ-radiative return(not toofar from Z). Laterworks,at thebeginningof LEP1era,seeRefs.[59,115,
116,194,195], seealsoLEP1proceedings[79] have concentratedmainly on addinghardphotonsin the
gameandremoving certainapproximationsin thevirtual corrections.

5.3.4 KORALZMonteCarlo for IFI

TheKORALZ [55] MonteCarlooffersthemostsolidbenchmarkfor the � G µ l I IFI withoutexponentia-
tion. The � G µ l I part/optionof KORALZ is animprovedversionof theprogramof Ref. [80] (exact K -

®
boxesareadded).It waswell testedto a precision� ø à��

 
againstanalyticalcalculationsin Ref. [59],

alsofar away from Z-resonance.It wasalsocomparedwith the calculationsof Ref. [116]. KORALZ
wasalreadyusedin thefirst experimentalstudiesof IFI atLEP1,seeRefs.[196,197].

5.3.5 IFI from ¬¬ MC

TheIFI is now implementedin theexponentiatedform in thenew MC eventgenerator¬¬ MC [49], see
Section4.5. Fromthe IFI point of view ¬¬ MC representsthecomplete� G µ l I in exponentiatedform
(CoherentExclusiveExponentiation),howeverwith someimportantextensions:(a)it convolutesIFI with
thesecondorderISR (andFSR)and(b) it doeshave for IFI theexactsecondorder2-K matrix element.
It missessecondorderexactvirtual correctionsrelevant for IFI (doubleboxes),but not completely, they
areincludedin thesoft photonapproximation.

The IFI numericalresultsfrom ¬¬ MC werealreadydebugged/testedin Ref. [66] by comparing
themwith the resultsof � G µ l I KORALZ without exponentiation(seeabove for moredetails). It was
found that the IFI correctionto the total crosssectionandcharge asymmetryfrom ¬¬ MC and � G µ l I
KORALZ is about2%andagreesto within � ø à��

 
for thecommonexamplesof Z-exclusive cuts,even

without a cut on ì:í�î$ï . Onestepfurther wasalsomadein Ref. [66]: the ¬¬ MC resultswithout the
12Theauthorsof this paperpoint out theYennie-Frautschi-Suura[38] work asa prototypefor IFI exponentiation.
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ISR« FSRwerecombinedwith theISR« FSRof KORALZ � G µ l I ISR13. Thiskind of ‘hybrid’ ¬¬ MC
+ISR« FSRlI¡S¢ £'¤ ¥�¦�§�¤ resultwascomparedwith the exponentiatedIFI of standardCEEX over the wide
rangeof photonenergy cuts, for the total cross-sectionandcharge asymmetry. Typical agreementof� ø à��

 
wasfoundfor bothZ-exclusive andZ-inclusive cuts.Thebiggestdiscrepancy wasnoticedto be

0.4%for thechargeasymmetryfor aZ-inclusive cutandfor thecrosssectionfor certainvalues(far from
theexperimentalones)for theZ-exclusive cut.

In Ref. [66] a preliminarycomparisonwasalsomadefor ISR« FSRbetween¬¬ MC andZFIT-
TER 6.11. Similar patternsof agreementsanddisagreementswere found. This is not surprising,as
ZFITTER is alsocombiningthe ISR« FSRlI¡S¢%£'¤ ¥�¦�§�¤ without exponentiationwith therestof thecalcula-
tion. Theauthorsof Ref. [66] concludethatthereis definitelyroomfor improvementof ourunderstand-
ing of ISR« FSR,especiallyfor theZ-inclusive acceptance,but thereis noemergency situation14.

5.3.6 ExponentiatedIFI fromZFITTER

Therecentversionof ZFITTER includesISR« FSRexponentiatedaccordingto Grecoet al. [193]. We
call it in shortZFexp. This optionwill beavailablein thefutureeditionof ZFITTER. Thefirst version
which we tried in this comparisonfeaturedsomenumericalproblemsbut after extensive testsit now
agreesratherwell with ¬¬ MC. Note that if the ISR« FSRis correctlyimplementedin both programs
thenweexpecttheagreementof order0.1%for any Z-exclusivecuts,in particularthedifferencebetween
themshouldnot increasefor astrongcut.

5.3.7 Semianalyticalestimateof softlimit

Beforewe cometo numericalcomparisonslet us presenta simplesemi-analyticalestimateof the IFI
contributionsto cross-sectionsandchargeasymmetryin thesoft limit, in thecaseof theexponentiationof
IFI. Thepurposeis two-fold: (a)suchexpressionsareusefulin quicktestingmorecomplicatedprograms
like ¬¬ MC andZFITTER,(b) they givenon-trivial insightinto higherorders.TheIFI correctionto total
crosssectionis

èI¨ ú ¨ G � ô y�õ IY{ � ? ©�ª �«� ? ©�ª
¬ � éëê�é

� ? ©�ª
¬ � éëê�é { � � � ±°úHü® ñ ó � ô y�õ �  Ç ñ ó Ç � ô y�õ �

� �
ä Ç
Ú � ì:í ó î5¯ ¯ (26)

where
 { Í±°² ×

?
× Ì ,

±ûúHü
is Born asymmetry, and � ô y�õ { � � º oô twx J º´³ > �ô y�õ J�>°ö ? ÷ A limits the

maximumenergy of all soft photons.The constantpart is relatedto non-IR partsof QED boxes. The
absenceof big mass-logsalongwith ñ ó � ô y�õ in thisformulaisnotanaccident,thisis therigorousresultof
theproperexponentiationof IFI to infinite order. This givesanargumentfor thelack of big enhancemet
factorslike ñ ó > �ô y�õ J�>_ö ?:÷ A in theIFI corrections.WithoutsuchenhancementfactorsIFI athigherorders
will alwaysbesmall,for instanceat � G µ Ç I it is of order

 ° ² ñ ó ¢A¶µ· , that is å ø à ø �
 

. Similarly, onemay
estimatetheIFI correctionto

± úHü
:

è ± éëê�éúHü G �·lpI_{ �  ñ ó � ô y�õ � ñ ó G � IÖ�
B
Í � � ±ûúHü �¸� G  Ç ñ ó Ç � ô y�õ IH� ì:í ó î5¯ à (27)

Theprecisionof theabove two formulasis �
 

. It is enoughto testthecorrectnessof thesoft limit. Later
on in the relevant figuresresultsof the above formula arerepresentedasan additionalcurve of black
dots.

13This methodwasdescribedin Refs.[196,197] usingKORALZ ¹»º-¼¾½%¿ andKORALZ/YFS3,andusedto estimatehigher
ordersto IFI at Z peak.

14Themorecompletesummary/discussiononthesetestscanbealsofoundin thepresentationof S.J.at theJune1999meeting
of LEPEWG,seetransparencieson http://home.cern.ch/jadach
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5.3.8 Comparisonsof ¬¬ MC andZFITTERincludingIFI

Thematerialof thepresentsection,on tunedcomparisonsof ¬¬ MC andZFITTER with IFI switched
on,will becontinuedlaterin Section5.4 for thecasewhenIFI is switchedoff, andcanthusberegarded
asits extension.All presentednumericalresultswill befor themuonchannelwith thecutontheeffective
massof themuonpair Ü Ì ÿÌ { � º o , andnorestrictionon ì:í�î ï . Thescatteringangleï is defined15 asan
angleof À ¡ with respectto Á ¡ . Weshalldiscussresultsfor thetotalcrosssectionfirst andfor thecharge
asymmetrylateron16.

5.3.9 IFI in thecrosssection

As awarm-upexercisewepresentin Fig.8 thecomparisonof ¬¬ MC andZFITTERfor IFI switchedoff
andon. Making thecomparisonfor IFI switchedoff makessensebecausein Section5.4thedistribution
of Ü Ì°ÿÌ { � º o wasnot affectedby FSR,andnow it is. As we seein Fig. 8(a), in the caseof no IFI
we recover the samelevel of agreementamong ¬¬ MC, ¬¬ semandZFITTER at the level of 0.2%
asbefore. Encouragedby this, we switch on IFI andfind in Fig. 8(a) that ¬¬ MC andtwo versions
of ZFITTER with andwithout exponentiation.The latter ZFITTER without exponentiation,let uscall
ZFstd. As we see,all curvesdepartfor ¬¬ sem(which hasno IFI) by å �

 
for Z-exclusive cutsand

å ø à
Í  

for Z-inclusive,andthey agreefairly well to within å ø à�� –ø à�Â
 

. In thesoft limit (thefirst point
in thecurvesis for º oô y�õ { ø à�Ã"Ã º ) ZFstddivergesby 4%from the ¬¬ MC andZFexp.

(a)
Ä (b)

Å

Fig. 8: Comparisonof ÆÇÆ MC, ÆÈÆ semandZFITTERfor cross-sectionat189GeV. TheIFI is on/off for ÆÈÆ MC
andZFITTERandoff for referenceÆÈÆ sem.BlackdotsrepresentEq. (26).

In the next Fig. 9(a) we look closerinto the IFI effect in ¬¬ MC and ZFITTER, i.e. into the
differencedue to switchingon IFI in eachprogram(version). In Fig. 9(a) we view the sameresults
plottedasthedifferencesZFITTER � ¬¬ MC. As wesee,thedifferenceZFstd��¬¬ MC is within 0.4%
for a wide rangeof the cuts, including typical Z-exclusive andZ-inclusive cuts,while the difference
ZFexp��¬¬ MC is twice smaller, about0.2%only, againfor a wide rangeof thecuts. In thefigureswe
alsoshow (blackdots)theanalyticalestimateof theIFI exponentiateddistribution. Theestimateshould
bevalid to within 1%andits mainaimis to testthesoftphotonlimit. As weseethesoft limit is correctly
reproducedfor both ¬¬ MC andZFexp, andtheirdifferenceat º oô y�õ { ø à�Ã"Ã º is alsobelow 1%.

15This angledefinitionmakeslittle sensefor Z radiative returnat LEP2energieswheremuonpair is very stronglyboosted,
but wekeepit for historicalreasons.

16However, weshouldalwayskeepin mind thatIFI contributesprimarily to ÉÈÊ\Ë andsecondarilyto Ì , asalreadyexplained.
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5.3.10 IFI in thecharge asymmetry

In Fig. 10(a)we show thecomparisonof ¬¬ MC andZFITTER for thecharge asymmetry, in thecase
of IFI switchedoff. The agreementis within ø à��"�

 
, and it shouldbe � ø à�� ø

 
in view of the fact

(a)
Í

(b)
Ä

Fig. 9: Comparisonof ÆÈÆ MC andZFITTER for cross-sectionat 189 GeV. The IFI is on/off for ÆÈÆ MC and
ZFITTER.BlackdotsrepresentEq. (26).

(a)
Ä

(b)
Î

(c)
Ä

Fig. 10: Comparisonof ÆÈÆ MC andZFITTER for ÏÑÐDÒ at 189GeV. BlackdotsrepresentEq. (27).
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that ¬¬ semand ¬¬ MC agree17 for
±°úHü

to within ø à��
 

, seeRef. [66]. Thequality of the testis also
limited by MC statistics.

In thenext plot of Fig.10(b)welook into theIFI effect in the ¬¬ MC andin ZFITTER,thatis into
thedifferencedueto switchingon IFI in eachprogram(version).In Fig. 10(c)we view thesameresults
plottedasthe differenceZFITTER � ¬¬ MC. As we seethe the differenceZFstd��¬¬ MC is within
0.4% for a wide rangeof the cuts, including typical Z-exclusive andZ-inclusive cuts. The difference
ZFexp��¬¬ MC is smaller, about0.25%. This agreementis within therequiredprecisiontagof ø à

Í  
–ø à��

 
for

± úHü
in Section2.1. As for crosssections,we have alsoincludedin theseplots theanalytical

estimateof IFI contribution to asymmetryin the soft photonapproximation.Resultsof ¬¬ MC agree
well with theanalyticalestimatein thesoft limit. And what is alsoimportanttheexponentiatedversion
of ZFITTER is muchcloserto ¬¬ MC thantheolderone.

Finally, we includealsoin Table13 in adigital form, asareferencebenchmarkfor furtherstudies,
asubsetof resultswhichwerepresentedvisually in Figs.9 and10.

Table13: Cross-sectionsandasymmetriesfrom ÆÈÆ MC, ÆÈÆ semandZFITTERat189GeV. TheQEDISRÓ FSR
interferenceis switchedon/off. No cuton Ô9Õ�ÖD× . We defineØÚÙÜÛÑÝßÞ�àâáãÞ .ä åçæ-è é-ê5ë	ìíì±îðï<ñóòKï�ô�ï<õ<ö é�÷�ëMøùé-ú"û�ë�ü ý ü þ�ÿ������� é�� ë��
	��	������ é��ãëMøùé-ú"û�ë�ü ý ü þ��������� é�ï%ë���	��	������ é ôâë��
	��	���ï����� é�� �!��"�ë$#&%\ò��(')��*��,+.-/#�ê�0.132�465/ï7+ä98;:=< :=1 1�< >6?61A@CBD:=< :�:�:�: 1�< >6?E1�?/BD:E< :�:6F�F 1�< >6?�G6?�BD:=< :�:�:�: 1�< ?�?�:�>�B;:E< :�:6F�? 1�< 26H�F�:IBJ:=< :�:�:�: 1�< ?�2=134�B;:E< :�:�:�:ä98;:=<K13: FE< H�F�:�:IBD:=< :�:�:�: F6< HE1346H/BD:E< :�:6F�> FE< H�F�:�4IBD:=< :�:�:�: FE< H�4�26?/B;:E< :�:�G=1 FE< >=1A2�:IBJ:=< :�:�:�: FE< H�46H�H/B;:E< :�:�:�:ä98;:=< F�: FE< 2�@�2�@CBD:=< :�:�:�: F6< 2�@E?�F/BD:E< :�:6F�? FE< 2�@6?�2IBD:=< :�:�:�: FE< 4=13>�:�B;:E< :�:�G6F FE< 46F61A@CBJ:=< :�:�:�: FE< 4=1�F�@IB;:E< :�:�:�:ä98;:=< G�: G=< :�>E132IBD:=< :�:�:�: GE< :�>�:�2�BD:E< :�:6F�2 G=< :�>�:6F�BD:=< :�:�:�: G=< 1�FE1A@IB;:E< :�:�G�G G=<K1�F�:�>IBJ:=< :�:�:�: G=< 1�134�:�B;:E< :�:�:�:ä98;:=< @6: G=< F�F�2�@CBD:=< :�:�:�: GE< F�F�?E1LBD:E< :�:6F�2 G=< F�F�>6F�BD:=< :�:�:�: G=< F�2=1�F/B;:E< :�:�G�G G=< F�?�?�GIBJ:=< :�:�:�: G=< F�2=1�1LB;:E< :�:�:�:ä98;:=< H�: G=< G6?3@62IBD:=< :�:�:�: GE< G6?�@6G�BD:E< :�:6F�4 G=< G6?�F�F�BD:=< :�:�:�: G=< @EF�F�2�B;:E< :�:�G�@ G=< @�1A>6F�BJ:=< :�:�:�: G=< @EF�@�1LB;:E< :�:�:�:ä98;:=< >�: G=< H�F61�H�BD:=< :�:�:�: GE< H�FE13G�BD:E< :�:6F�4 G=< HE1A2�2IBD:=< :�:�:�: G=< H�>�@64�B;:E< :�:�G�@ G=< H�H�>6?�BJ:=< :�:�:�: G=< H�>�26F/B;:E< :�:�:�:ä98;:=< ?�: G=< ?�F�F�GIBD:=< :�:�:�: GE< ?�F�F�?/BD:E< :�:6F�4 G=< ?E1A4�4IBD:=< :�:�:�: G=< ?�>=132�B;:E< :�:�G�@ G=< ?�H61�H�BJ:=< :�:�:�: G=< ?�>�>6?/B;:E< :�:�:�:ä98;:=< 2�: >=< ?�:�@E?�BD:=< :�:�:�: >E< ?E1�F�?/BD:E< :�:�G6F >=< ?�:E13>IBD:=< :�:�:�: >=< ?�@�13:�B;:E< :�:�G6? >=< ?�F�26?�BJ:=< :�:�:�: >=< ?�@E?�:�B;:E< :�:�:�:ä98;:=< 4�: ?E<K1A@6?�F�BD:=< :�:�:�: ?6<K1�H�>�@IBD:E< :�:�G6F ?E<K1A@6F�F�BD:=< :�:�:�: ?E< 132�@64�B;:E< :�:�G6? ?E<K1�?�:=1MBJ:=< :�:�:�: ?E< 132�2�:�B;:E< :�:�:�:ä98;:=< 4�4 ?E< >=13?E1MBD:=< :�:�:�: ?6< >�G6F�:�BD:E< :�:�G6F ?E< >=13?�F�BD:=< :�:�:�: ?E< >6H�4�4�B;:E< :�:�G6? ?E< >�@�@EH�BJ:=< :�:�:�: ?E< >�>6F�2�B;:E< :�:�:�:NCO&P é�� �!��"ãë$#&%�ò��(')��*/��+.-/#�ê�0.132�465/ï7+ä98;:=< :=1 :=< H�>�H�>IBD:=< :�:�:�: :E< H�>6HE1LBD:E< :�:=1�H :=< H�>�H�2IBD:=< :�:�:�: :=< >=1�13G�B;:E< :�:=132 :=< >�@�46F�BJ:=< :�:�:�: :=< >=13>6H/B;:E< :�:�:�:ä98;:=<K13: :=< H�>�>�>IBD:=< :�:�:�: :E< H�>6H�2�BD:E< :�:=1�F :=< H�>�>�4IBD:=< :�:�:�: :=< H�46F�G�B;:E< :�:=1A@ :=< H�4�4=1MBJ:=< :�:�:�: :=< H�4=1�F/B;:E< :�:�:�:ä98;:=< F�: :=< H�>�?�2IBD:=< :�:�:�: :E< H�>�>�2�BD:E< :�:=1�1 :=< H�>�?�4IBD:=< :�:�:�: :=< H�26?�@IB;:E< :�:=13G :=< H�2�4�4IBJ:=< :�:�:�: :=< H�2�>�2�B;:E< :�:�:�:ä98;:=< G�: :=< H�>�4�@CBD:=< :�:�:�: :E< H�>6?�2�BD:E< :�:=13: :=< H�>�2�2IBD:=< :�:�:�: :=< H�26HE1LB;:E< :�:=1�F :=< H�2�H�4IBJ:=< :�:�:�: :=< H�26HE1LB;:E< :�:�:�:ä98;:=< @6: :=< H�?61�H�BD:=< :�:�:�: :E< H�>�4�:�BD:E< :�:=13: :=< H�>�4�4IBD:=< :�:�:�: :=< H�2�G�4�B;:E< :�:=1�F :=< H�2�G�4IBJ:=< :�:�:�: :=< H�2�@�@IB;:E< :�:�:�:ä98;:=< H�: :=< H�?3@EH�BD:=< :�:�:�: :E< H�?�:�>�BD:E< :�:=13: :=< H�?61�F�BD:=< :�:�:�: :=< H�2�G6H/B;:E< :�:=1�1 :=< H�2�G�:IBJ:=< :�:�:�: :=< H�2�@�@IB;:E< :�:�:�:ä98;:=< >�: :=< H�?�4=1MBD:=< :�:�:�: :E< H�?�F�F/BD:E< :�:�:�4 :=< H�?�F�2IBD:=< :�:�:�: :=< H�2�G�>�B;:E< :�:=1�1 :=< H�2�F�2IBJ:=< :�:�:�: :=< H�2�@64�B;:E< :�:�:�:ä98;:=< ?�: :=< H�2�>�@CBD:=< :�:�:�: :E< H�?�F�@IBD:E< :�:�:�4 :=< H�?�G6H�BD:=< :�:�:�: :=< H�26F�G�B;:E< :�:=1�1 :=< H�2E134IBJ:=< :�:�:�: :=< H�2�@�@IB;:E< :�:�:�:ä98;:=< 2�: :=< G6H613GIBD:=< :�:�:�: :E< G�G6?�F/BD:E< :�:�:6H :=< G�G�2�GIBD:=< :�:�:�: :=< G�@EH�:�B;:E< :�:�:�> :=< G�@�G�@CBJ:=< :�:�:�: :=< G�@EH�?/B;:E< :�:�:�:ä98;:=< 4�: :=< G=1A:�GIBD:=< :�:�:�: :E< G�:�>�2�BD:E< :�:�:6H :=< G�:�>�@CBD:=< :�:�:�: :=< G=13G�4�B;:E< :�:�:6H :=< G=1�13:IBJ:=< :�:�:�: :=< G=13G�@IB;:E< :�:�:�:ä98;:=< 4�4 :=< F�2�H�:IBD:=< :�:�:�: :E< F�2�>�>�BD:E< :�:�:�@ :=< F�2�G�4IBD:=< :�:�:�: :=< F�4�G�:�B;:E< :�:�:6H :=< F�2�?�4IBJ:=< :�:�:�: :=< F�4�:�@IB;:E< :�:�:�:

5.3.11 Conclusionon theuncertaintyof IFI

Wehavedonethesameat206GeVandall resultsarepracticallythesame,becauseIFI dependsonCMS
energy only very weekly(logarithmicallyatmost).

Summarizing,for theÀ -pairtotalcrosssection,theuncertaintyof theIFI is åRQ à��
 

well within the
precisiontarget

è � Ó�S � ÓUT Q à
Í  

of Section2.1for bothZ-inclusive andZ-exclusive cuts.For the À -pair
17We couldnot include VWV semin thepresentcomparisonfor ÉÈÊ\Ë becausetheagreementVWV sem- VXV MC wasobtained

for the Y definitionin theZ restframe[66]. UnfortunatelyZFITTER cannotusesuchanangle,andwe areforcedto theCMS
definitionof Y .
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charge asymmetrytheuncertaintyof the IFI is � Q à�Â
 

, alsowithin theprecisiontarget
è ± ÓúHü åZQ à

Í
–

Q à��
 

of Section2.1for bothZ-inclusive andZ-exclusive cuts.

As seenin Table12, the IFI correctionsis a factor4–5 smallerin the hadronic � � thanfor � Ó ,
soby scalingdown the å[Q à��

 
uncertaintyof the � Ó , we getsomethinglike å\Q à Q �

 
, well below the

precisiontarget
è � � S � � T Q à�� –Q à��

 
of Section2.1for bothZ-inclusive andZ-exclusive cuts.

5.4 Tunedcomparisonof ZFITTER 6.30and ]^] MC 4.14

Authors: ]^] MC andZFITTERteams.

Themainaimof thissectionis to compare]^] MC andZFITTERfor hadronictotalcrosssections.
In order to speedup calculationsandmake it easierto tuneboth programs,we have switchedoff the
ISR_ FSRinterference.We includedthemuonchannelin all tests,justasa referencecalculation.

Both of theprogramsZFITTER [75] and ]^] MC [49] usethesamelibrary of electroweakform-
factors(EWFF)DIZET [74]. Theadvantageis thatwe can,by comparingtheseprograms,checkvery
well the technicalprecisionof the implementationof EW correctionsandthe interplayof theEW and
QED corrections.However, for thesecomparisonswe candraw little knowledgeon theuncertaintiesof
the pureEW correctionsin DIZET. For this, onemay consultthe sectionon ZFITTER in this report.
In the processof comparing]^] MC andZFITTER we have found out that the simplesemianalytical
program]^] semis very useful,becauseit agreesalwayswith ]^] MC but is, of course,muchfaster.
The implementationof EW correctionsin ]^] semis very similar to that in ]^] MC, that is it usesthe
samelook-up tablesof ` - and a -dependentEWFFs18. We canuse ]^] semalsobecausein this section
werestrictourselvesto thesimplestpossiblecut bdcXe�f T

�Wg `6hcXiKj S ` ontheinvariantmassof thefermion
pair, or thepropagator-mass,nocut on k3ldmon .

5.4.1 Theimportanceof theEWboxesandof runningcouplings

Let usbegin with emphasizingthefactthatthecharacterof theelectroweakcorrectionsatLEP2energies
changesdramaticallywith the onsetof the so called‘EW-boxes’, that is to saybox diagramswith the
exchangeof the p and q bosons,seeFig.7. Thesegenuinelyquantum-mechanicalcontributions,which
werenegligible onZ resonances,areabove2%in thehadroniccrosssectionatthehighestLEP2energies!
Thatis farbiggerthanthecombinedLEP2experimentalerror, almostasbig astypicalQEDeffects.This
point is illustratedby Fig.11whereweplot thecrosssectionfrom ]^] semandZFITTERwith EW boxes
switchedoff andfrom ]^] MC in whichEW boxesareswitchedon19 (IBOXF=1 in DIZET). As we see,
at 206GeV, for the typical Z-exclusive cut bdcXe�fsrZQdt�u , theEW boxesarethebiggestfor the v -quark,
almost4%, andafteraveragingover thefive quarks20 they contribute slightly above 2%. For themuon
it is about1%. We have alsochecked that at 189 GeV the contribution of the EW boxesis a factor2
smaller, bothfor quarksandmuons.Most probablytheeffect of EW boxesis slightly smallerfor cross
sectionswith thecut on k3ldmXn .

Wewould like thereforeto stressthattheproperimplementationof theEW boxesis of paramount
importancefor the interpretationof the hadronictotal crosssectionand its energy dependenceat the
LEP2energies.

On theotherhand,Fig. 11 representsalsoa nice technicalcross-checkof the implementationof
convolution of theQED ISR structurefunctionswith theeffective Born crosssectionin ZFITTER and
]^] semtogetherwith theuseof DIZET for IBOXF=1. In bothprogramswe usedtheSFsof Ref. [83]

18However, theeffectiveBorndistribution w�Ìyx7w�z�{E|dY is programmedin VXV semindependentlyandslightly differently, using
a subprogramfrom KORALZ andnot theKleiss-Stirlingspinorsof VXV MC.

19We couldof courseswitchonEW boxesin ZFITTERandswitchthemoff in VXV MC – theplot is justbyproductof oneof
ourseveral tests.

20Thediscrepancy for } -quarkandZ-inclusive cut ~!�/�����U�d��� is mostprobablydueto simplified implementationof QCD
FSRin VWV sem
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with the ������������� correctionsincluded.We alsochecked,by playingwith theinput flagsof ZFITTER,
thatchangingfrom factorizedSFsof Ref.[83] to theadditivestyleof Ref.[198] andRef.[143] (keeping
����� � � � � ) hasvery little influence(typically �RQdt�Qd�d� ) onthecrosssection.Thesameexercisewasdone
at � ` T �d� Ã GeV and206GeV, and(apartfrom slight discrepancy for theb-quarkfor theZ-inclusive
cut,whichseemsto beunderstood)theagreementwasalwaysconsistentlybetterthan0.2%.

Fig. 11: ElectroweakboxesareOFFfor ZFITTERandÆÈÆ semandONfor ÆÈÆ MC. Crosssectionfrom ZFITTER,ÆÈÆ MC andÆÈÆ semat 206GeV for quarksandthemuon.TheISRÓ FSRis off. Resultsareplottedasa function
of thecut of thepropagatormass�U���� Ù�� Þ à with respectto ÆÈÆ sem.No cut on ÔJÕãÖD× . TheQED andQCD FSR
correctionsareincluded.

5.4.2 All quarkschannelbychannelandmuons,IFI switchedoff

In thenext exerciseweswitchonEW-boxesandexaminethedifferencebetweenZFITTERand]^] MC
for quarksandmuons.Wekeepalso]^] semall thetime in thegame– thishasprovedto beveryuseful,
becauseatall stagesof ourcomparisonswecouldoftensubstitutethecomparisonamongZFITTERand
]^] MC by fastercomparisonamongZFITTER and ]^] sem,profiting from thefact that theCPUtime-
consumingcomparisonsbetween]^] semand ]^] MC werealreadydone.Theresultingcomparisonat
� ` T udQd� GeV is shown in Fig. 12 andsomeextract of it alsoin a numericalform in Table14. The
agreementis very good ��Qdt�ud� , for any valueof thecut on propagatormass,for eachquark,all quarks
andthemuon(exceptfor the � -quark,Z-inclusive cut, seeremarksabove). Thesamekind of agreement
weobservedfor 200GeVand189GeV, seeFig.13with themaximumdiscrepanciesfor hadrons�RQdt�ud�
andfor muons��Qdt Â � (asmallerstatisticalerroris needed).

As we have learnedduringtheprocessof comparisons,theagreementof Fig. 12 wasnot possible
to achieve without settingup properlytheuseroptions(flags)of ZFITTER. Flagswhich weregoodfor
LEP1cannotbeusedatLEP2,in particularoneshouldnotusetheoptionsfor approximatetreatmentof
EW boxes(ZUTHSM interface).OneshoulduseinsteadtheZUATSM interfacetogetherwith �¡ £¢¡¤£¥£¦
standingfor runningelectroweakcouplings.
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On the ]^] MC /]^] sempart theseproblemdid not arise,asthey useonly onemethodof imple-
mentingEW boxes:through̀ - anda -dependentEWFFspluggedin directly into spinamplitudes,before
squaringthem.

Fig. 12: Total cross-sectionfrom ZFITTER, ÆÇÆ MC and ÆÇÆ semat 206GeVfor quarksandmuon.ISRÓ FSRis
off. Resultsplottedasa functionof thecuton thepropagatormass�U§3¨3©3§=ª Ù«� Þ à relative to ÆÈÆ sem.(Themain
resultof this section.)

Fig. 13: Thesameasin Fig. 12 for another� ÞÈÙ 189GeVand200GeV.
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Table 14: Thesameresultsasin Fig. 12, for four valuesof thecut on thepropagatormass,Ø!¬.3® Ù Û Ý Þ�à¬.¯ ° áãÞ .
TheQEDandQCDFSRcorrectionsareincludedin bothcalculations.

Fig. 14: Illustrationof importanceof runningEWFFs.Plottedis therelative differenceof DIZET cross-section
with therunningof EWFFsswitchedoff andÆÈÆ semwith therunningof EWFFsswitchedon.
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Finally, in Fig. 14,wewould like to pointout theimportanceof therunningof EWFFs.Theeffect
is at most0.1%for Z-exclusive cuts,but is very sizeabler�� –2%at theZ radiative return! It is a trivial
effectbut it shouldnotbeforgotten.Of course,therunningof EWFFswasunimportantatLEP1.

Summarizing,themainresultof this sectionis thatof Figs.12 and13. It washighly nontrivial to
getagreementat thelevel of r 0.2%of two largecodes.Thesecomparisonsteststronglytheprocedures
in which pureEW correctionsarecombinedwith theQED in bothprogramsandalsothe reliability of
theQED ISR. In particularresultsof thesetestdo not invalidatetheclaim of ]^] MC authorsthat their
programcontrolsISR at the level of 0.2%for total crosssection,both for Z-exclusive andZ-inclusive
acceptances.TheISR_ FSRwasexcludedfrom thetestsof thepresentsection.They aredonein another
sectionof this reportdedicatedentirelyto this typeof QED correction.

5.5 Pair effects

Let usconcentratein thepresentsectionon anotherclassof correctionswhich is importantfor thesub-
percentprecisiontagasdemandedby experiments:thepair corrections.

Real and virtual secondaryfermion pair f ± ²�± correctionsto primary 2-fermion f ³ ²�³ final states
constitutenon-trivial problems,bothexperimentallyandtheoretically. Thebasisof theproblemsfor real
pairsis theexistenceof severalclassesof Feynmandiagrams,all leadingto thefinal statef ³ ² ³ f ± ² ± , but
not all suitableof beingconsideredasa radiative correctionto f ³ ²�³ production.Thedefinitionof which
partof thesef ³ ²�³ f ± ²$± processesshouldbe taken asa radiative correctionto fermion-pairproductionis
ambiguous.Themostusefulguidelinesfor sucha definitionarethereforeits simplicity andgenerality,
andtheachievableaccuracy of bothexperimentalmeasurementsandtheoreticalpredictions.Thepreci-
sion aims,asdiscussedearlier in this report,aree.g. for hadrons(f ³ ²�³ =qq) of the order0.2%for the
‘exclusive’ high `Eh selection,and0.1%for theinclusive selection,in orderto benegligible with respect
to the LEP-combinedstatisticalerror of thesemeasurements.This subsectionwill first discussbasic
featuresof possible2f+4f signaldefinitions,identify the mostusefulchoices,anddescribetheir real-
ization in experimentalmeasurementsin termsof efficiency determinationandbackgroundsubtraction
andtheir realizationin theoreticalpredictions.Finally a comparisonbetweendifferentchoicesof signal
definitionsanddifferenttheoreticalpredictionsis performed.

In orderto setup a generalframework for theanalysisof pair correctionswe largely follow the
approachof Ref. [199]. The key point of the analysisis the separationof pair correctionsinto two
components:signalandbackground. Webegin by dividing realsecondarypair f ± ² ± contributionsto all
primarypairsf ³ ²�³ exceptelectronsinto four groups:(1) Multi-PeripheralMP, (2) Initial StateSinglet
ISS, (3) Initial StateNon-SingletISNS and(4) Final StateFS. We furthersubdivide groups(3) and(4)
into thesubgroupsISNŚ , ISNSµ , FŚ , FSµ , wherethesubscriptdenoteswhetherthesecondarypair
f ± ²$± is producedvia a (virtual) ¶ or Z boson. If onedropsthecondition,that for the FS diagramsthe
primarypair f ³ ² ³ hasto bethatfrom e· ȩ annihilation,therearein additiontwo interchangeddiagrams
which we will denoteSF́ andSFµ , dependingagainon thebosondecayingto f ± ²$± . Thegroup(2) is
subdividedinto ISŚ andISSµ , accordingto whethertheincominge· andȩ exchangea ¶ or aZ. This
nomenclatureis summarizedin Figs.15 to 21.
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Fig. 15: Themulti-peripheral(MP) groupof diagrams.
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Fig. 16: Theeightdiagramsof thesingletgroupISS¿ andISSÀ .
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Fig. 17: ThesubgroupISNS¿ of theNC08sub-family of diagrams.
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Fig. 18: ThesubgroupISNSÀ of theNC08sub-family of diagrams.
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Fig. 19: Thefour diagramsof subgroupFS¿ belongingto theNC24process.
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Fig. 20: Thefour diagramsof subgroupFSÀ belongingto theNC24process.
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Fig. 21: Theeightdiagramsof subgroupSF¿ andSFÀ belongingto theNC24process.

Of course,all of theserealpair diagramscometogetherwith their correspondingvirtual pairsin
vertex corrections.For primary electronsf ³ ²�³ = eesimilar setsof diagramscanbe plotted(not shown
here).Themaindifferencefrom theabovediagramsis thattheISNSandFSpairshavenow to beattached
to both ` - anda -channele· ȩ scattering.TheISNSandFScorrectionsfor a -channelBhabhascattering
aretherebyidenticalto the ISSdiagramsin Fig. 16 with the replacementof f ³ ²�³ by f ± ²$± . In turn, the
singletISSdiagramsfor the a -channelBhabhaprocessareidenticalto theMP diagramsin Fig. 15 when
the f ² 1 pair is taken ase·³ ȩ± , ande·³ forms theprimarypair with the incoming ¹ ¸³ . To have thesame
nomenclaturefor electronsasfor otherprimarypairs,we keepin thefollowing thetermsISNS,FSand
ISSfor pair correctionsto a -channelBhabhascattering,evenif thecorrespondingdiagramsareidentical
to theISSandMP in Figs.16and15,respectively. Thepaircorrectionsto theBhabhaprocessarefurther
discussedin Section4.7.

Appropriatetheoreticalcalculationsfor ISNSandISSpair correctionsto primarypairsotherthan
electronsare available in the literature [68, 90,137,142,144] with the precision0.1% in the LEP2
range[144], matchingthe requiredexperimentalprecision. If no cutsareappliedon final-statepairs
the real+virtualFS contribution canbe largely absorbedby evaluatingthe photonicfinal-statecorrec-
tion Á�´ using ��ÂÃc���`�� insteadof �o��Qd� , leaving a tiny residualuncertaintyof 0.002%of the 2-fermion
cross-sectionat LEP2energies[181].

Concerningthedefinitionof the4f signal,therearebasicallytwo differentapproaches

1. Choosingfew (sub)groupsof Feynmandiagrams assignal definition in sucha way that cuts
on massesand energiesof the secondary ²�± ²$± pairs can beavoided
This is a very usefulapproachfor theoreticalpredictions,sinceit avoids thecalculationof multi-
differentialcross-sectionsfor theradiated²�± ²$± pair. It potentiallyposesproblemsfor experimental
measurementssince(sub)groupsof Feynmandiagramsoftencannoteasilybeextractedfrom full
4-vector four-fermion Monte Carlos like KORALW or GRC4f, and interferenceof signal and
backgroundis possible.

2. Choosing(nearly) all groupsof Feynmandiagramsand rejecting the unwantedpart of phase
spaceby cutson massesand/or energiesof the radiated f ± ²(± pair.
If thechosengroupsmatchwith thoseof typical4-fermiongenerators,thisdefinitionis easyto im-
plementin experimentalmeasurements,but canmeanconsiderablecalculationandprogramming
work for theoreticalpredictions.

Thediscussionsin this workshopandin the2f-LEP2subgroupof theLEP electroweakworking
groupconvergedto aproposalfor aLEP-widedefinitionof a2f+4f signal,whichwill bedetailedbelow.
It is madein sucha way that it cannearlyequivalently beexpressedin bothapproaches,thedefinition
by diagrams(1), andthe definition by cuts(2). Differencesbetweenthe approachesarebelow 0.1%,
andthereforenegligible comparedto theexperimentalaccuracy This meansthatexperimentalistscould
performa measurementwithin approach(2), andcompareit to a theorypredictionwith approach(1).
Theproposalis closeto aprocedurefirst usedby theOPAL experiment[200], andwill bedetailedin the
following.
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5.5.1 2f+4f signaldefinitionby diagrams

Thediagram-basedchoicefor a2f+4f signaldefinitionis

Ä DEFINITION 1: ISNŚ +FŚ
No cutsareappliedto themassof thef ± ²$± pair. For thecaseof ISNŚ theprimarypair is required
to passthecut ` h S `ÆÅÈÇ)É7Ê�Ë , wheretypical valuesfor Ç)É7Ê�Ë at LEP2are0.7225for the‘exclusive’
high `6h selectionand 0.01 for the ‘inclusive’ selection. The treatmentof FŚ dependson the
`Eh definition. If thes-channelpropagatormassis taken `Eh TÈÌ ±Í�Î�Ï�Í , which is possibleonly in the
absenceof initial-final stateinterference(IFI), nocutsareappliedto FŚ . If onechoosesto include
IFI in themeasurement,onehasto define `Eh T�Ì ±Ð�Ñ Ð�Ñ , andapply Ç)É7Ê�Ë alsoto FŚ .

Thereasoningfor theabove choiceof diagramsis that thebulk of thephasespaceof all otherdiagrams
looks kinematicallyvery different from 2-fermionevents,and is thereforerejectedin most2-fermion
selections.It would make little senseto re-introduceit via efficiency corrections,especiallysincethe
modelingof MP andISSdueto polesfor forwardelectronsor positronsis moreinaccuratethanfor other
f ³ ²�³ f ± ²$± diagrams.In additionMP, ISS (comprisingZee)andISNSÒ (comprisingZZ) cover different
typesof possiblenew physicscontributions,which would hampertheinterpretationof 2-fermioncross-
sectionmeasurements,if they wereincludedin the2f signal21.

Predictionsfor the above signaldefinition with the definition of ` h TÓÌ Í�Î(Ï�Í ¸ canbe obtained
easilyfrom (even old versions)of the semianalyticalprogramsZFITTER andTOPAZ0. For example,
in ZFITTER versionsup to 5.15thecorrespondingfull 2f+4f predictionwasobtainedsettingtheflags
FOT2=3 andINTF=FINR=0. This old pairstreatmentis still availablein theactualZFITTER versions
usingISPP= g � . For ZFITTER 6.21onwardstheflag settingcorrespondingto theabove definition is
INTF = FINR = 0, FSPP= 0, ISPPÔ 2. In TOPAZ0, version4.4therecommendedflagsettingis ONP=I,
for olderversionsONP=Yshouldbeused.For bothprogramstheeffect of real+virtualpair corrections
canbeobtainedfrom thedifferenceto flagsettingsthatswitchoff pairs(ISPP=0in ZFITTERor ONP=N
in TOPAZ0).

After convolution of photonandpair radiation,the ` h cut representsa cut on thecombinedeffect
of the two. Different `Eh cutsfor photonsandpairswould requirea rathercomplicateddefinition of `Eh .
For thedefinition `Eh T�Ì Í�Î(Ï�Í ¸ only initial-statephotonsandpairshaveto bemodeled.For thedefinition
` h TÕÌ ±Ð�Ñ Ð�Ñ theFŚ processis neededexplicitly, which is only availablefrom ZFITTER 6.30onwards,
andnotavailablein TOPAZ0. Thecorrespondingflagsettingin ZFITTERis INTF=2,FINR=1,FSPP=2
(or 1), andISPPÔ 4.

In thediagram-basedsignaldefinitiontherearenopairingambiguitiesfor four identicalfermions,
sincethepairingis known. Theonly potentialproblemremainsfor theISNŚ subprocess¹!¹�Ö ¶X×A¶Ø× Ö
² ²�²$h ² h whenbothpairsfulfil the `6h cut. Suchaneventis a signalbothfor aprimarypair f ³ ²�³ =f ² andf ³ ²�³
=fh ² h , which is per senot a problem. Only if cross-sectionsof several channelsaresummedup, like
for hadronicfinal states,canthis leadto doublecountinge.g.thesameuÙ sm eventcouldbecountedas
signalfor f ³ ² ³ = uÙ andf ³ ² ³ = sm in thetheoryprediction,while it is countedonly onceby experimental
measurements.Theamountof suchdoublecountingfor hadronsdependson the ` h cut. Obviously there
is no doublecountingfor all ÇÚÉÃÊ=ËÛÔRQdt�udÜ dueto phasespace.An estimateusingfully simulatedGRC4f
qqqqeventsshows thatat Ç)É7Ê�Ë T Qdt�Qd� thedoublecountingis still below 10̧£Ý of theqq cross-section,
which makesit truly negligible. Doublecountingcanbefully avoidedby imposinganadditionalcut ofÌ Ð Ñ Ð Ñ Å Ì Ð�Þ Ð3Þ . It is, however, notpossibleto applysuchacut in ZFITTERor TOPAZ0, but only in full
4-fermiongeneratorslike GRC4for KORALW.

21If anexperimentneverthelesschoosesto alsoincludeISSß in its signaldefinition,themeasurementcanbeconvertedto the
above definitioncorrectingfor thecontribution of ISSß , which canbeobtainedfrom TOPAZ0 [69] by selectingOSING=’SP”
or from ZFITTERversions6.21onwards,calculatingthecorrectionfrom thedifferencebetweenIPSC=3andIPSC=0with flag
ISPP=2
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5.5.2 2f+4f signaldefinitionby cuts

Thecut-basedchoicefor a4f signaldefinitionis

Ä DEFINITION 2: ISNS+FS, with acut
Ì Ð Þ Ð Þ � Ì cXe�f

In this casethe meaningof ISNS andFS is ISNS=ISNŚ+ISNSÒ andFS=FŚ+FSÒ +SF́ +SFÒ .
This definition correspondsto usingall f ³ ² ³ f ± ² ± diagramswith the exceptionof MP andISS.
Both pairs,if passingthe `Eh cut, canbe taken asthe primary pair. In orderto suppresse.g. the
unwantedcontribution from ZZ final states,a masscut on the secondarypair is added. It will
be shown below that dueto a plateauin the pair cross-sectionbetweenthe ¶Wà peakat low f ± ²$±
massesandtheZ peakat high f ± ²$± masses,thedetailsof this masscut don’t matter, aslong it is
staysfar enoughfrom theZ peakandlargeenoughnot to cut appreciablyinto theISNŚ andFŚ
processes.Suitablechoicesfor a fixedmasscut are

Ì cXe�f T Üdá –�dá GeV, while for a fractional
masscut

Ì ±Ð Þ Ð Þ=â `ã�åä É7Ê�Ë e.g. thevalues ä É7Ê�Ë T ádt��dá and0.15areleadingto acceptableranges
of

Ì cWe�fsæZÜd� –65GeV and62–80GeV for theLEP2centre-of-massenergiesbetween161and
206GeV.

The advantageof summingmany diagramsis that experimentalmeasurementsareable to usefull 4-
fermionMC generatorswhich includeall thesediagramsandtheir interferences22.

Making no distinctionbetweenthevariousdiagramsin 4-fermiongeneratorsandeven including
the interchangedSF group leavesno choicefor the `Eh definition other than `Eh^æ Ì ±Ð�Ñ Ð�Ñ . Only events

which fulfil boththeabove cut-baseddefinitionandthe `Eh cutarecountedassignal.

Concerningthe potentialdoublecountingproblemthe sameremarksas for the diagram-based
definition hold. In contrastto thediagram-baseddefinition,however, questionsarisefor four identical
fermions,sincethecorrectpairing is usuallynot known (seealsothediscussionin thefootnoteof Sec-
tion 4.15). This effect is still an openproblem,sinceespeciallythe rejectionof ZZ eventsvia the cut
on

Ì Ð Þ Ð Þ dependson the chosenpairing. For estimatingthe sizeof the effect, we have calculatedthe
amountof cut-basedrealsignalpairsusingfour differentpairingalgorithmsfor qqqqevents,simulated
with GRC4f.Thepairingwaschosento maximizeor minimizecertainmassesor masssumsasdetailed
in Table15. For high ` h eventsthemaximumobserveddifferencebetweenany two algorithmsis ranging
from ��ádt�ád�èçéádt�ádêd�Jëì�dá�¸ � at 189 GeV to ��ádt�ád�èçéádt�á=í��Jëì�dá�¸ � at 206 GeV, whereasfor inclusive
eventsthesenumbersare ��ádt íîçïádt��d�ðë«�dá�¸ � at 189GeV and ��ádt��^çñádt�ud�ðëò�dá�¸ � at 206GeV. Taking
this differenceasanestimatefor theeffect of wrongpairing,it increaseswith centre-of-massenergy as
expectedfrom the increasingZZ cross-section,but staysbelow 1 permil even for inclusive hadronsat
thehighestenergies. Theuncertaintydueto pairingambiguitiescanin principlebe largely reducedby
correctingfor thedifferenceof agivenpairingalgorithmto thetruepairing,whichcanbeobtainedusing
theweightsof theREW99library [185] for GRC4fevents.

As will be shown in thenext subsection,for obtainingthecorrect2f+4f selectionefficiency and
thecorrectbackgroundin experimentalmeasurements,it sufficesto separatethe4-fermionfinal states,
i.e. the real pairs, into two samples,which form signal and background,respectively. Virtual pair
correctionsaresignal,but their sizeis irrelevant for theexperimentalmeasurementsin first order. Real
pairsignalsampleswith theabovedefinitioncanbeobtainede.g.with GRC4for KORALW. In contrast,
for obtainingatheoreticalpredictionthesumof realandvirtual paircorrectionsareneeded.Dueto mass
cutson

Ì Ð$Þ Ð�Þ , this is not possiblewith ZFITTER or TOPAZ0 for theabove cut-basedsignaldefinition.
22Again onecould even go for an additionalinclusionof ISSß andISSó diagramshere,which the 4-fermiongenerators

KORALW andGRC4foffer. Thisquestionis of no relevancefor large ô)õ(öA÷ valuesabove 0.4or so,sincetheISScontributions
arenegligible there. For small ô õ(öA÷ valuesof the order 0.01 the ISS contribution is appreciable(someper centof the 2-f
cross-section).While for ISNSandFS+SFthecut on øUù ú ù ú nearlyexclusively selectstheISNSß andFSß contributions,this
is not obviously the casefor ISS. This might leadto non-negligible differencesbetweenthe cut-baseddefinition above and
thecorrespondingdiagram-baseddefinitionISNSß +FSß +ISSß . Sincenoneof theLEP experimentsincludedtheISS(û�ü /Zee)
processin their signaldefinitionsofar, this questionhasnotbeenquantitatively addressedin thisworkshop.
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A new version2.11 of GENTLE/4fan is able to calculateboth real and virtual pair correctionswith
masscuts, wherethe flag settingcorrespondingto our above definition is IPPS=6,IGONLY=3, and
ä É7Ê�Ë æRádt��dá . Anotherpossibilityis to addrealpair correctionsobtainedfrom KORALW (or GRC4f)to
thevirtual pair corrections,whichhave recentlybeenimplementedin thenew version4.14of ]^] MC.

Table15: Realhadronicpaircross-sectionsý ý ý þ�ý þ in pb,andrelativecorrectionsin permil, obtainedfrom GRC4f
for theprocesseÿ eª�� hadronsat � �������
	 GeV and206GeV for four differentpairingalgorithmsappliedto
thecaseof four identicalquarksin thecut-baseddefinition(2).

ý ý�ý þ�ý�þ ���� �� � ��� �� ���� �� � ��� ���������
0.7225 0.01

algorithm 189GeV�����! �#" ú " ú%$ 0.0159 0.74 0.585 6.07��&
'( �#"*) "�),+ �-" ú " ú
$ 0.0173 0.80 0.548 5.69��&
'( �#" ) " ) $ 0.0173 0.80 0.564 5.85��&
'( � " ) " )/.s� " ú " ú
$ 0.0173 0.80 0.589 6.11
algorithm 206GeV�����! � " ú " ú%$ 0.0117 0.68 0.568 7.30��&
'( �#"*) "�),+ �-" ú " ú
$ 0.0130 0.76 0.509 6.54��&
'( �#"*) "�) $ 0.0130 0.76 0.541 6.95��&
'( �#"*) "�)/.s�-" ú " ú
$ 0.0130 0.76 0.575 7.39

5.5.3 Backgroundsubtractionandefficiencydetermination

Thetotal2f+4f signalcross-sectionhastheform

0 æ 021 Ï�Î j ¾ 023 i Î Ë ¾ 024 Â7e�576 021 Ï�Î j ��� ¾ Á 3 i Î Ë ¾ Á 4 Â7e�5 ��º (28)

where0 1 Ï�Î j is the(ISRconvoluted)2-fermioncross-section,0 4 Â7e�5 is the(ISRconvoluted)cross-section
with realpairemission,and 0 3 i Î Ë is the(negative)correctiondueto virtual pairs.Theeffectof including
a partof the4f final statesaspair emissioncorrectionis twofold. First, obviously only those4f events
which arenot countedas2f+4f signal contribution are to be subtractedas background.(Subtracting
wrongly all 4-fermioneventsasbackgroundwhich passthe2-fermionselection,can,dependingon the
` h cut,easilyleadto mismeasurementslargerthanonepercent.)Second,theinfluenceof therealsignal
pairson theselectionefficiency hasto betakeninto account.Wecall in thefollowing

8 ± Ð æ 0 1 Ï�Î j9 i;:0 1 Ï�Î j º (29)

8 Ý Ð æ 0 4 Â7e�59 i;:0 4 Â7e�5 º (30)

wherethesubscript‘vis’ denotesthepartof thecross-sectionfor therespective processwhichpassesall
selectioncuts. It is a very goodapproximationto assumethat the vertex correctionsdon’t changethe
selectionefficiency, sincethey leadto thesamefinal state,sothattheefficiency for the‘Born+Virt’ part
of thecross-sectionis still 8 ± Ð . This leadsto a total selectionefficiency for the2f+4f processof

8 æ ��� ¾ Á 3 i Î Ë � 8 ± Ð ¾ Á 4 Â7e�5 8 Ý Ð� ¾ Á 3 i Î Ë ¾ Á 4 Â7e�5 (31)

< ��� g Á 4 Â7e�5 ¾ Á 4 Â7e�5 ��Á 4 ÂÃe�5 ¾ Á 3 i Î Ë ��� 8 ± Ð ¾ ��Á 4 Â7e�5 g Á 4 Â7e�5 ��Á 4 Â7e�5 ¾ Á 3 i Î Ë ��� 8 Ý Ð (32)< ��� g Á 4 Â7e�5 � 8 ± Ð ¾ Á 4 Â7e�5 8 Ý Ð º (33)
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wherethe expressionhasbeenexpandedup to ����Á ± � in the secondline andto ����Á�� in the third line.
Since Á«r ádt�ád� it is fully sufficient to retain the first order in Á , which meansthat the experimental
measurementsneedonly to know thefraction Á 4 Â7e�5 of realpair emission,andarecompletelyinsensitive
to thevirtual pair correctionÁ 3 i Î Ë .

Evenmoretransparentlyonecanwrite theefficiency correction= 8 æ 8 g 8 ± Ð æ Á 4 Â7e�5 � 8 Ý Ð g 8 ± Ð �
which meansthat theefficiency correctionis theproductof therealpairsfractionandthedifferencein
efficienciesbetweeneventswith andwithout pairs.Moreover, if eventswith very soft or low-masspairs
have identicalselectionefficienciesto eventswithout pairs,they neednot beexplicitly modeled,which
justifiescutoffs for soft or low-masspairsin explicit 4-vectorMC generation.Suchcutoffs modify Á 4 Â7e�5
and 8 Ý Ð in suchaway thatthesameefficiency correctionemerges.

To give a feeling for the size of the effect of pairs on the selectionefficiency, we have listed
in Table16 sometypical numbersfor pair correctionsin hadronicand muonic selectionefficiencies,
obtainedfrom a realpair simulationwith theGRC4fgeneratorat � `èæ[�d�> GeV usingthecuts-based
signaldefinition(2) andthehadroniceventselectionof theOPAL experiment.Theeffect for theother
LEPexperimentsis of similar size.

Table 16: Efficiency corrections?A@ for theselectionof hadronsandmuonpairsdueto pair emissioncorrections
for theOPAL experimentat � �B�C�D�
	 GeV. Themeaningof thevariablesis givenin thetext.

eÿ eªE� hadrons eÿ eªE�GF ÿ FWª�H���I�
0.7225 0.01 0.7225 0.01

@KJ " 87.9% 87.4% 89.8% 79.1%
@KL " 83.2% 79.7% 86.4% 54.6%� ��� �� 0.006 0.022 0.005 0.015
?A@ +NMPO M
Q2R +NMPO �
S R +NMTO M%Q�R +NMTO U S R

For thehigh `6h selectionthesmall fraction Á 4 Â7e�5 andthesmalldifferencebetweentheefficiencies8 Ý Ð and 8 ± Ð resultsin avery smallefficiency correction,well below onepermil. Bothnumbersarelarger
for the inclusive selections,so that the relative efficiency changesdueto pairsfor inclusive hadronsis
about2 per mil ( g ádt��Vd� absolute)andabout5 per mil for muons( g ádt�êVd� absolute).Note, that to
obtaintheseefficiency correctionsbothISNSandFSrealpairshave to begeneratedexplicitly, which is
possiblee.g.with theGRC4for KORALW programs.

5.5.4 Pairs in semianalyticalandMonteCarlo tools

For most of the programs,the treatmentof pair correctionshasbeendescribedin Section4 of this
report.Wesummarizeheretheessentialpointsin acomparisonof all programs.TheFeynmandiagrams
includedin the programs,and the availability of possiblemasscuts are summarizedin Table17. It
is obvious that with the existing programsa large variety of signal definitionswould in principle be
possible,thoughmany of themwouldbeaccessiblewith oneprogramonly.

For ourdiagram-basedandcut-basedsignaldefinitionswelist herethefeaturesneededfor predic-
tionsandmeasurementsof pair corrections.

Ä Theoreticalpredictionof diagram-baseddefinition1:
Virtual pairs,ISNŚ , desirablywith commonphoton-pairexponentiation.For all primary pairs,
apartfrom f ³ ² ³ = ee,this is availablein ZFITTER, TOPAZ0, GENTLE, andin thecombination
]^] MC+KORALW. For f ³ ²�³ = eeonly LABSMC hasvirtual andreal pairsfor s- andt-channel
Bhabhas,yet withoutphoton-pairconvolution.
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Ä Experimentalmeasurementof diagram-baseddefinition1:
Completeevent generationof ISNŚ andFŚ , separablefrom otherdiagrams.For all primary
pairsthis is possiblein KORALW or GRC4f.

Ä Theoreticalpredictionof cut-baseddefinition2:
Virtual pairsandpossibilityof masscutson secondarypairsfor ISNS,FS,andSF, desirablywith
photon-pairconvolution. For all primarypairs,apartfrom f ³ ²�³ = ee,this is possiblein GENTLE
and]^] MC+KORALW. For f ³ ²�³ = eenoprogramwith thesefeaturesexists.

Ä Experimentalmeasurementof cut-baseddefinition2:
Completeevent generationof ISNS,FS,andSF separablefrom otherdiagrams.For all primary
pairsthis is possiblein KORALW or GRC4f.

Obviously, ISSis neededfor noneof thetwo signaldefinitionsabove. Initial-final stateinterference(IFI)
of pairsis completelynegligible for any signaldefinition. Both areneverthelesslistedfor completeness
in Table17.

In thefollowing sectionswewill giveabroadvarietyof numericalresultsonpaircorrectionsfrom
severalprograms.Theprogramswill thenbecomparedfor thetwo 4-fermionsignaldefinitionsdiscussed
above.

Table 17: Summaryof pair correctionsavailable in variousprograms. For Feynmandiagramsthe possibility
of masscutson the secondarypair is indicatedby ‘mass’. The convolution of photonsandpairs in a common
exponentiationis listed in the row W -pair conv. IFI standsfor interferenceof initial- andfinal-statepairs. Note
that for LABSMC thesingletcontribution listedunderISSis in fact themulti-peripheral(MP) diagramee� eeff,
andISNS,FSandSFreferto both � andX -channelBhabhascattering.Thelastfour rows indicatefor whichsignal
definition theoreticalpredictions(th) are possible,and for which signal definition a full 4-fermion signal and
backgroundeventsamplefor experimentalmeasurements(exp) canbeobtained.For the2f+4f signaldefinitions
‘real’ meansthatonly realpairscanbecalculated,andhave to becombinedwith anotherprogramcalculatingthe
virtual part‘virt’.

Program
ZFITTER TOPAZ0 YZY MC KORALW GRC4f GENTLE LABSMC

virtual pairs yes yes yes no no yes yes
ISNS¿ yes yes no mass mass mass yes
ISNSÀ no no no mass mass mass no
FS¿ mass no no mass mass mass yes
FSÀ no no no mass mass mass no
SF¿ no no no mass mass mass no
SFÀ no no no mass mass mass no
ISS¿ yes yes no mass mass no yes(MP)
ISSÀ no no no mass mass no no(MP)
IFI no no no yes yes yes no
W -pair conv. yes yes no yes no yes no
definition1 (th) yes yes virt real real yes yes
definition1 (exp) no no no yes yes no no
definition2 (th) no no virt real real yes no
definition2 (exp) no no no yes yes no no
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5.5.5 NumericalresultsandconclusionsfromGENTLE

Numericalresultsobtainedwith theuseof thecodeGENTLE 4fanv.2.1123 arepresentedin thetables
andfiguresshown below. They contain Á Í e�i Î : definedby Eq. (15) in Section4.15 for two processes:¹ · ¹ ¸ Ö muonsand ¹ · ¹ ¸ Ö hadronsfor two cutson invariantmassof theprimarypair Ç)É7Ê�Ë^æÕádt�ád�
and ádt[VdududÜ andthreec.m.s.energies:189,200and206GeV. Thewiderangeof thecutoninvariantmass
of thesecondarypair wasstudied,äIÉ7Ê�Ë æ �dá ¸£Ý g � . Resultsfor several typical selectionsof groupsof
Feynmandiagrams(IPPS,IGONLY) areshown.

In Tables18 andFig. 22 we show Á Í e�i Î :=��ä�ÉÃÊ=Ë�� for theprocess¹ · ¹ ¸ Ö muonsfor two Ç)É7Ê�Ë and
threec.m.s. energies. We notedrasticdependenceon Ç)É7Ê�Ë , moderateenergy dependenceandplateau-
like äIÉ7Ê�Ë dependencein caseswhen q exchangeis not included.Solid linesshow Á Í e�i Î :=��ä�ÉÃÊ=Ë�� whenonly
ISPPmediatedby ¶ exchangeis taken into account.Adding on top of it the FSPPhaspracticallyno
influencefor Ç É7Ê�Ë æ�ádt�ád� andgivesalmostconstantnegativeshift for Ç É7Ê�Ë æ�ádt[VdududÜ . For thelattercase
Á Í e�i Î :=��ä�ÉÃÊ=Ë�� arevery flat, practicallyno ä�É7Ê�Ë dependenceis seen.For Ç)É7Ê�Ë�æéádt�ád� , Á Í e�i Î :=��ä�É7Ê�Ë�� exhibits
someä�É7Ê�Ë dependence.Allowing q exchangewe observe an interestingphenomenonwhich we called
q opening. It occurswhentwo cutsallow resonanceproductionof the q boson.We emphasizethat q
openinghasnothingto do with q radiative return(ZRR).As seenfrom thelastFig. 22 it takesplacein
thecasewhentheISR convolution is ignored. q openingis expectedqualitatively, andfrom thefigures
we mayeasilyseeits quantitative size. q openingrapidly grows with energy, reachinghalf apercentat
206GeV. Therefore,it is relatively importantandonehasto botheraboutcuttingof suchevents.(Blind
useof äIÉ7Ê�ËÛæ�� maybedangerous.)

In Fig. 22 we also show by dots ZFITTER v.6.30 results,which are shown only at äIÉ7Ê�Ë æ �
sinceZFITTER doesn’t allow for cutting of ISPP. The agreementbetweenGENTLE andZFITTER is
at the level half a permil for Ç)É7Ê�Ëèæ ádt[VdududÜ and— oneper mil for Ç)É7Ê�ËÆæ ádt�ád� . (Note muchbetter
agreementfor the casewhen the ISR is ignored.) It is not surprisingsinceGENTLE andZFITTER
exploit very differentapproachfor theISR convolution. ZFITTER usesfully expanded,order-by-order
additive approach(seeSection4.13.1).As faraspairsis concernedthismeans:

0 ��\^]`_ � æ 0 �*a!bdcEaec�f7g�h�� ¾ 0 �*a!i
gkj/`������ ± ��� ¾ 0 ������� � ��� ¾ 0 ������� Ý ����º (34)

with thetwo last termscomputedin Ref. [144] in theLLA (LeadingLogarithmicApproximation).The
term 0 ������� � ��� representsthelowestorderQED correctionto theBorn ����� ± � pairproduction.

In theframework of theGENTLE-like ‘multiplicative’ approachonecomputesa convolution in-
tegral from a í ¼ kernel,which takesinto accountmultiple photonemission.So, the1 permil or better
agreementbetweenGENTLE andZFITTER is far from beingtrivial. Givencompletelydifferenttreat-
mentsof ISR convolution we maytradethedifference,which arisesafterconvolution, for a measureof
thetheoreticaluncertaintywhich is dueto ISRconvolution.

Oneshouldnotethat ISR convolution is very important.Evenfor ÇÚÉÃÊ=Ë æÈádt[VdududÜ it reaches�dád�
while for Ç)É7Ê�ËÆæ ádt�ád� it changesthe resultby a factorof three. Here,however, thebulk of the effect
is due to ZRR which enhancesthe denominatorof Eq. (15) reducingtherebythe factor Á Í e�i Î : ��ä É7Ê�Ë �
drastically.

ThequantitiesÁ Í e�i Î :E��äIÉ7Ê�Ë=� for theprocess¹ · ¹ ¸ Ö hadronsareshown in Tables19 andFig. 23.
They areverysimilar to thecaseof theprocess¹ · ¹ ¸ Ö muonsbehaviour andactuallythesamediscus-
sionappliesfor them. We notethat thesizeof theeffect is nearlytwo timesbiggerascomparedto the
muoncase.This is dueto the fact thatpair emissioncontributesstronglyto the returnto theZ, which
hasa muchlargerhadronicbranchingfractionthanthemixtureof virtual photonandZ in the ` -channel
propagatorat the full centre-of-massenergy. Another funny featureof Á Í e�i Î :E��äIÉ7Ê�Ë=� ’s for the process¹ · ¹ ¸ Ö hadronsis muchbetteragreementbetweenGENTLEandZFITTERleadingto animpossibility

23Accessiblefrom: /afs/cern.ch/user/b/bardindy/public/Gentle211
alsofrom theGentle/Zeuthenhomepage:http://www.ifh.de/� riemann/doc/Gentle/gentle.html
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to seethedifferencein thecaseif ISR is ignored.Therefore,in this casethedifferenceseenin thefirst
threefiguresof Fig. 23 is totally dueto ISR convolution.

Table 18: GENTLE/4 fanv.2.11.Processl ÿ l ª �mF ÿ F ª . n�opopqsrtn�upvpwpxzy rows. Hadroniclanguage.
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Fig. 22: ��ø 3¯ ùûú  �ü ���I� $ for theprocessl ÿ l ª � muonsfor two
� �����

andthreec.m.senergies. In thefourth figure
we show � ø 3¯ ùûú  �ü ���I� $ computedwithout ISR convolution.
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TheeightTables20–21containthepartial contributionsto Á ÍB���KÎ : , i.e. separately20 channelsfor
fiveprimary � four secondarypairsfor theprocess¹ · ¹ ¸ Ö hadrons: � º3vWº���ºeh�º»��� hadronsº ¹ º�� º�� ,
for IPPS=5,IGONLY=2 – � ] É�� æR�d�>dºðudád� GeV����� ä ÉÃÊ=Ë æ��dt�ádº ádt[VdududÜ&� ;
for IPPS=6,IGONLY=3 – � ]9É�� æR�d�>dºðudád� GeV����� ä�ÉÃÊ=ËÛæ�ádt��dº ádt[VdududÜ&� .
The differencebetweentwo setswith IPPS=5,IGONLY=2 and IPPS=6,IGONLY=3 is due to äIÉ7Ê�Ë ,
which is smallowing to theplateau-like dependence,anddueto q exchange,which is alsosmallsince
q doesn’t openyet for a äIÉ7Ê�Ë at 0.10.

Finally, two Tables22 containfour partialcontributionsto Á ÍB���KÎ : for theprocess¹ · ¹ ¸ Ö muons
for thesamesetof inputparameters.However, weshow hereboth‘ISR off ’ and‘ISR on’ casesandonly
IPPS=5,IGONLY=2 selection.The ‘ISR on’ is similar to theprocess¹ · ¹ ¸ Ö hadronspropertiesand
thesamediscussionappliesin thiscase.
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Fig. 23: � ø 3¯ ù ú  �ü ���I� $ for theprocessl ÿ l ª � hadronsfor two
�������

andthreec.m.senergies.In thefourth figure
we show � ø 3¯ ùûú  �ü ���I� $ computedwithout ISR convolution.
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Table 20: LEP2: GENTLE 4fan v.2.11, l ÿ l ª � hadrons. Partial contributions. I1-primarypair, I2-secondary
pair. I1,I2 � MB+������������ �&� � + l � Q + F � U +�� ��� +�� ��  +¢¡ �¤£ + �&� S +¦¥ �7� +¨§ . Cross-sectionsin pb, � ’s in
permil. Theparameters(IPPS,IGONLY)=(5,2)correspondto thediagram-basedsignaldefinitionwith � þ � � J¯ °�© .
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Table 21: LEP2: GENTLE 4fan v.2.11, l ÿ l ª � hadrons. Partial contributions. I1-primarypair, I2-secondary
pair. I1,I2 � M + � � ������� �B�Z� + l � Q + F � U + � � � + � �   + ¡ � £ + �B�BS + ¥ �H� + § . Cross-sectionsin pb, � ’s
in permil. Theparameters(IPPS,IGONLY)=(6,3) togetherwith ü ����� � MTO � M correspondto thecut-basedsignal
definition.
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Table 22: LEP2: GENTLE 4fan v.2.11, l ÿ l ª � muons. Partial contributions. I1-primary pair, I2-secondary
pair. Cross-sectionsin pb, � ’s in permil. UpperpartISRoff, lowerpartISR on.
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5.5.6 Resultson pairs from ä�ä MC andKORALW

Thereis anintriguing possibilityto defineandrealizewith ä�ä MC+KORALW analternative definition
of the å ¼ signal: å ¼ ExperimentalSignal

6 å ¼ signalwithoutany pairs realizedby:

Ä Eliminatingcompletelyall í ¼ backgroundtogetherwith otherbackgroundsanddetectorefficiency
usingKORALW.

Ä Eliminatingvirtual paircontributions æèç¥é togetherwith theISR*FSRinterferenceusingä�ä MC.

Ä Switchingoff pairsin ZFITTERor TOPAZ0.

The above scenariowasusually not emphasizedin the past,becauseof the potentialtechnical
difficulties with theMC integration,andthecancellationof themasssingularities.On theotherhand,
while constructingthe KORALW program,this applicationwaskept in mind [78] andthe appropriate
coverageof phasespaceintegrationwasensured.Togetherwith therecentupgradeof ä�ä MC with the
virtual pair form-factorsthis opensthe way to the first exercisesin this direction. The cancellationof
fermion massesin KORALW+ä�ä MC is expectedto be technicallyandphysicallyasgoodas in the
semi-analyticalprogramsthatarecomparedwith them24.

Note that that the evaluationof the experimentalefficiencyand elimination of the background
requiresrunning ä�ä MC andKORALW anyway, socompleteeliminationof thesecondarypair effects
wouldcomeessentiallyasabyproductof theabove procedure,with little theoreticaluncertainty. Before
theabove scenariocouldberealizedseveraltechnicalpointsneededto bechecked:

Ä Even thougha lot of technicaltestswerealreadyperformedon KORALW in all cornersof í ¼
phasespace,alsowith untaggedelectrons,additionaltestsneedto be(re)done.As anexampleof
suchtechnicaltestsweshow in Fig.24thecomparisonof KORALW with analyticalresultof [137]
for the � ½��� ½� final stateasa functionof ê�ë¨ìÑí�æîçðïïÇñë¨ì½í for ò �îæîç¥ó¥ô GeV. The � massis set
equalto � mass.Thethreehistogramscorrespondto differentapproximationsof matrix element
in KORALW: ISNSõ ( öÑ÷�øùö½ú�û ü =5), ISNSõ�ýÉþ ( ö½÷�øùö½ú û�ü =2)andcomplete4f ( ö½÷ øÿö½ú û�ü =1). Apart
from thediscrepancy atthe � peakdueto finite binningsize,thesemianalyticalandcorresponding
MonteCarloresultsagreewithin thestatisticalerrors.Anotherpossibletestis thecomparisonwith
thesemianalyticalprogramGENTLE.Thiscomparisonis currentlyunderstudy.

Ä For thesakeof comparisonstheoptionof reducingmatrixelementof KORALW to ISNSõ , FSNSõ
etc.hasbeenintroduced,asdescribedin Section4.17of thisReport.

Ä The virtual ISNSõ andFSNSõ termshave beenincorporatedinto ä�ä MC as describedin Sec-
tion 4.5.4of this Report.

With bothprogramsupdated,asanexampleof thenumericalresults,thecorrectionto theprocess¹ ½¹�Ö
� ½� dueto emissionof onerealpair hasbeencalculatedby ����������ø with thefollowing cuts:

1. massof � ½� pairwith highestmassbiggerthan(A) á	�Õô ò � or (B) á	� í ò � (two cuts);

2. angleof muonfrom � ½� pairwith highestmasswith respectto thebeam: 
���	������
���á	�Õô	� ;
3. sumof transversemomentaof neutrinalessthan á	��ê	� ò �µï ]���� .

24This approachto pairswasalreadyrealizedin the caseof Bhabhascatteringin the BHLUMI 2.30of Ref. [201], where
multiple realpairsaregeneratedwithin thefull exclusive phasespaceandthevirtual andrealpair correctionscancelnumeri-
cally.
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Fig. 24: Total cross-sections[pb] for l�-l � F -F �.-� from KORALW MC in variousapproximationsof matrix
element: ISNS¿ ÿ À (big opencircles), ISNS¿ (small opencircles), complete4f (big dots) and semianalytical
ISNS¿ of Ref. [137] (smalldots)asafunctionof /�02143 � � + � 02143 for 5 �B�C�D�
	 GeV. Notethat 687 is setequalto6:9 .

The calculationis quite fastandnumericallystable. The cuts(A,B) correspondfor exampleto
(roughly)IAleph5, IAleph6. Theadditionalcutonneutrinois basedontheL3 realisticcutonsecondary
pair (Section2.4). Its aimis to reducethe ; -pairproductionbackgroundby requiringtransverseenergy
imbalanceto be smallerthan0.3E<>=@? . Togetherwith the virtual componentcalculatedby ä�ä MC the
resultsaresummarizedin Table23.

Table 23: Pair correctionsto A�-ACBEDF-D calculatedby KORALW (real)and GHG MC (virtual) for 5 IKJMLON+P GeV.
All quarkandleptonpairsareincluded.Cuts(A) and(B) aredefinedin thetext.

Cut Q�3SR�3OT U §WV GXG MC QZYO[]\�3 [pb] KORALW Q�\�^W_>` [pb]
A 2.67 acbed bgf  Xh d b+b�L i.b�d b+fgb h d bgb#L
B 6.70 acbed b�j>b h d b+b�L i.b�d � P�j h d bgb £

Thefollowing commentsarein orderhere:

(a) The k�l�m�npo of KORALW iswith completeqsr matrixelementfor all fermionsrutwv�x�y.x{z�x{|�x{}4x�~�x��sx{�	��z
andnot theISNSsignalof thesignaldefinitionproposaloutlinedin Sections5.5.1and5.5.2.

(b) Masses��� aretaken0.2GeV for r�t�vex�ycx{z andPDGvaluesfor therest.Changing��� of light
quarksby factortwo inducesonly �+k�<>= l íp�	k�tw�	�S��q�é !

(c) ISRwasswitchedoff in KORALW andon in ä�ä MC.

(d) Thevirtual pair correctionis ï��	�Õô¥é with little dependenceon thecuton ������ .
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(e) Theelectronchanneldominatesin realpair contributions.

Thisprojectis atthemomentunfinished.In particularwehavenotdiscussedheretheissuesrelated
to bremsstrahlung.It is instructive to note in this context that oneof the reasonsthat makespossible
numericalcancellationamongsttwo separateMonte Carlo programsis the fact that bremsstrahlungin
bothKORALW andä�ä MC is implementedin thesameway, basedontheYFSprinciple.As therearea
numberof differentwaysof simulatingphotoniccascadesin differentMonteCarlocodesthis issuemay
beanontrivial onein somecases.

Themeritsof theabove definitionof the �	r signalareto bejudgedby LEPexperimentalists.The
authorsof ä�ä MC andKORALW will provide thetools if thereis an interest.Finally let usalsostress
thatthetandemKORALW+ä�ä MC canbeusefulnotonly for implementingthescenario‘without pairs’
decribedin thebeginningof thissection,but alsofor implementingany othertwo-fermionsignalandfor
comparisonswith any othersemianalyticalor MonteCarloprograms.It is anequallyimportantrole.

5.5.7 Resultson pairs fromTOPAZ0

Herewe briefly describethe implementationof pairs in TOPAZ0 25. Sinceversion4.4 (April 1999)
TOPAZ0 [69] allows the additionalvalue ONP = ‘I’ , wherean extensionof the Kuraev–Fadin (KF)
approach[90] for virtual pairsandfor soft andexponentiatedISNSõ pairsis used;theextensionis also
applicableto hadronpairs,becauseoneusesKKKS results[137] for ���O�s��� andwrites it in termsof
moments.Thenonematchesit to KF andgeneralizesKF to soft andexponentiatedhadronspairs[202].

Next, oneusesthe generalizedKF-approachfor virtual � ISNS soft pairsandcut to the samez�� valueof IS QED radiation, zp� beingthecentre-of-massenergy of the � ý ��� systemafter initial-state
radiationof photonsandpairs.Thischoice,however, is not strictly needed.

Finally, oneincludessoft pairsonly up to somecut � that is compatiblewith � � �¡� ��� ,
where� is theenergy of theincomingelectron(positron).Above it oneusesISNSõ hardpairsaccording
to the KKKS formulationbut not addedlinearly, KKKS in convolution with IS QED radiation. The
radiatorusedhereis a LL one,with options ���ùö½÷�¢�¢¤£¦¥�÷¨§ (secondorder)and ���ÿöÑ÷�¢�¢¤£¦¥�ú¨§ (third
order).

An old comparisonwith ©ÿögª�� in the JMS [142] approachgave a nice agreementfor energies
aroundthe � peak,below �	�S�	« permil from 88GeV to 94 GeV.

ISSõ pairs[68], i.e. ISS-pairswherethe ¬ -channelexchangeis only via aphoton,canbeincluded
by selectingOSING = ‘SP’.

After sometunedcomparisonwith GENTLE/ZFITTER,versionqs� q of TOPAZ0 hasbeenslightly
upgraded26 to cureinstability problemsin virtual pairsandin real � -pair productionfor very low values
of the z � -cut.

A sampleof resultsis shown in Tables24–27where � (in per mil) is the relative effect of pair
production, k�¯®�°	± ²>���O�	k . Pair correctionsareshown in Tables24 and25 for � ý � ��³ hadronsand in
Tables26 and27 for � ý ��� ³ ~ ý ~�� for the two valuesof zp�´�	z andfor ò z�t ç¥ó¥ô GeV. Resultsare
shown for all secondarypairs both virtual and real. Whencomparedwith GENTLE’s predictionsin
hadronic languagein Table20 for hadronsandTable22 (IPPS,IGONLY)=(5,2), ISR on, for muonswe
observe a niceagreementeverywherefor virtual pairs,with a maximumdeviation of �	�Õç permil. When
weneglectFSõ pairs,not implementedin TOPAZ0 andcomparetherealpairsfor hadronswith Table20
it follows that for thetotal contribution to thehadroniccross-sectionthedifferencesrangefrom �	�Õô per
mil whentheradiative returnis allowed( z��´�	z¶µw�	�S�¥ç ) to �	�S· permil whentheradiative returnis inhibited
( z � �	z¸µ¹�	�Sº	�	�	� ). Inclusionof FSõ would increasethis differencesomewhat. A comparisonof thetotal
correctionsto the optionswithout FS pairs in GENTLE andZFITTER in Table33 shows a maximal

25Authorsof thereportthankG. Passarinofor providing numericalresults.
26(http://www.to.infn/˜giampier/topaz0v44 rs8 220600.f)
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differenceof 1.7 permil for hadrons.For muonswe have a similar ç	�S� permil maximaldifferencein
Table34. Note alsothatGENTLE – ZFITTER agreementis �	�S�¼» ç permil with ZFITTER closerto
TOPAZ0, sothatwe seea �	�Sº permil maximaldifferencebetweenTOPAZ0 andZFITTER.

Table 24: TOPAZ0 predictionsfor virtual (V), real (R) and total (T) pair-productioncorrectionsto A¾½cAÀ¿ÁB
hadronsat 5 IXJÂLONgP GeV andfor I¾ÃÅÄ+I�Æ�b�d b#L . Resultsareshown for all secondarypairs.All Ç ’s arein permil.

5 IHJÈL>NgP GeV A¾½�AÀ¿ÉB hadrons,I¾ÃÅÄ+IXJ�bed b�L
ÇOÊ.Ë Ì@Í�ÎÏ ÇOÎ*Ë Ì@ÍpÎÏ Ç Ï Ë Ì@Í�ÎÏA ½ A ¿ -2.91 +10.37 +7.46Ds½�D.¿ -0.35 +2.57 +2.22Ð ½ Ð ¿ -0.03 +0.72 +0.69

hadrons -0.71 +6.76 +6.05
all -4.00 +20.42 +16.42

Table 25: TOPAZ0 predictionsfor virtual (V), real (R) and total (T) pair-productioncorrectionsto A¾½cAÀ¿ÁB
hadronsat 5 I�JÑLON+P GeV andfor I¾Ã¯ÄgI¼ÆÒbedSjOf+fgÓ . Resultsareshown for all secondarypairs. All Ç ’s arein per
mil.

5 IHJÈL>NgP GeV A�½�AÀ¿ÉB hadrons,I¾Ã¯ÄgIXJ�bedSjOf+fgÓÇOÊ.Ë Ì@Í�ÎÏ ÇOÎ*Ë Ì@Í�ÎÏ Ç Ï Ë Ì@ÍpÎÏA¾½cAÀ¿ -3.42 +2.93 -0.49D ½ D ¿ -0.48 +0.37 -0.11Ð ½ Ð ¿ -0.06 +0.05 -0.01
hadrons -1.03 +0.66 -0.37

all -4.99 +4.01 -0.98

Table26: TOPAZ0 predictionsfor virtual (V), real(R) andtotal(T) pair-productioncorrectionsto A¾½cAÀ¿ÔB�Ds½�D.¿
at 5 IXJÈLON+P GeVandfor I¾Ã´ÄgI�Æ�bed b�L . Resultsareshown for all secondarypairs.All Ç ’s arein permil.

5 IHJÈL>NgP GeV A�½cAÀ¿ÉBÕDs½�D.¿ , I�Ã¯ÄgIHJÖb�d b#LÇOÊ.Ë Ì×Í�ÎÏ ÇOÎØË Ì@ÍpÎÏ Ç Ï Ë Ì@ÍpÎÏA�½�AÀ¿ -2.98 +8.52 +5.54Ds½ÙD.¿ -0.38 +2.04 +1.66Ð ½ Ð ¿ -0.04 +0.57 +0.53
hadrons -0.77 +5.30 +4.53

all -4.17 +16.43 +12.26
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Table27: TOPAZ0 predictionsfor virtual (V), real(R) andtotal(T) pair-productioncorrectionsto A¾½cAÀ¿ÔB�Ds½�D.¿
at 5 IXJÈLON+P GeVandfor I¾Ã´ÄgI�Æ�bedSjOf+fgÓ . Resultsareshown for all secondarypairs.All Ç ’s arein permil.

5 IHJÈL>NgP GeV A¾½cA{¿ÉBÕDs½�D.¿ , I¾ÃÅÄ+IXJ�bedSjOfgf+ÓÇOÊ.Ë Ì×Í�ÎÏ ÇOÎØË Ì×Í�ÎÏ Ç Ï Ë Ì@ÍpÎÏA�½�AÀ¿ -3.31 +2.79 -0.52Ds½ÙD.¿ -0.46 +0.34 -0.12Ð ½ Ð ¿ -0.06 +0.05 -0.01
hadrons -0.99 +0.61 -0.38

all -4.83 +3.80 -1.03

Thereareunsolvedproblemsthatwill constitutethebulk of next TOPAZ0 upgrading.They are:

1. double-countingof realpairsandpairingambiguitiesin therealisticlanguageof hadrons,i.e. not
at thepartonlevel;

2. identicalparticlesin primaryandsecondarypairs;

3. splittingof realpairsinto differentchannels,i.e.how to define� ý � �Ú³ � ý � � }�} , }4} pair-correction
to Bhabha?� ý �+� pair correctionto keÛ�ÜOÝ ? Background?

4. flavour misinterpretation;

5. extensiontoBhabhascattering,i.e.implementationof paircorrectionswith realisticcuts,collinear-
ity andenergy thresholds,insteadof simple z�� -cuts.

Cutting on secondarypairs is not a real problemoncepairing–double-counting ambiguitiesare
solved in hadroniclanguagevia ÞXÛ4ÜOÝ . The reasonwhy this cut wasnever implementedis thathadron
pairsareeasilyconstructedin thelanguageof moments[137] whichrequiresintegratingover thedefined
secondarypair. If one cuts on it the answeris at partonlevel and shouldbe folded with ÞXÛ�ÜOÝ and,
presently, thereis no routinecapableof giving ÞXÛ�ÜOÝ��Oz�� for �¸ßàz¼ßÕ�	�	� GeV without doingsomeextra
work atvery low z andaroundthethresholds[203].

5.5.8 Resultson pairs for BhabhasfromLABSMC

With the default versionof LABSMC (i.e. without the multi-peripheralcontribution) the sumof vir-
tual+realpair effectswasdeterminedfor the Bhabhaobservableslisted in Table28. The corrections
werecalculatedwith respectto thecrosssections,whereall othertypesof RChavealreadybeenapplied.
Thereis a simpledependenceof thesizeof correctionson theappliedcuts. Thestrongestcutson real
emissionarethere,thelargest(andmostnegative)effect is comingout. Thelargestcorrectionsarefound
for someidealizedobservables,wherealsothefinal-statecorrectionsdo give a lot.

Concerningthemulti-peripheraltwo-photoncorrections,therearevisiblecontributionsonly for a
few observables.Theonly largecorrectionis for IOpal3 becauseof thewiderangeof allowedcollinear-
ity andaverylow energy thresholdfor electrons(1 GeV).For all otherobservables,notlistedin Table29,
themulti-peripheralreactionis cut away.

Theaccuracy on theabove numberscanbeestimatedto beabout20%,which is mainly coming
from theuncertaintyin thedescriptionof secondaryhadronicpairs.

5.5.9 Comparisonof resultsfor hadronsandmuons

In the following we shall comparethe resultsof the differentsignaldefinitionsobtainedfrom various
programsfor primary hadronsandprimary muons. The Bhabhaprocesswill be discussedin the next
section.
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Realpairs

As explainedabove, only the amountof real secondaryISNS plus FS pair f � á´� emissionentersthe
experimentalmeasurementsof 2-fermion cross-sections.For all primary pairs apart from f â á â = ee
this contribution canbe calculatedin GENTLE, KORALW, andGRC4f. Sincethe checksof the new
KORALW codewere not completelyfinishedat the time of writing this report, we comparein the
following GRC4fandGENTLE,usingthecut-basedsignaldefinition(2), which is realizedin GENTLE
via IPPS=6,IGONLY=3, and ãåäWæ4ç�tè�	éSê	� . TheGRC4fpredictionhasbeenobtainedwith method(A)
describedin Section4.16. Using method(B) gives consistentresults. The result of the comparison
for qqf� á´� correctionsto the processeë e� ³ hadronsat ì z =189 GeV is listed in Table30 and31.
Comparisonsatothercentre-of-massenergiesresultin similarnumbers.

Table 28: LABSMC correctionsdueto pairsin permil of thecross-sectionsfor therespectiveobservables.

obs. 189 200 206[GeV]
realisticobservables

Aleph3 -2.133 -2.180 -2.130
Aleph4 -2.281 -2.286 -2.287
Delphi3 -2.197 -2.228 -2.257
LT4 -2.618 -2.660 -2.684
LT5 -1.871 -1.894 -1.924
LT6 -0.887 -0.920 -0.889
LT7 -0.482 -0.668 -0.728
LT8 0.206 0.150 0.184
Opal3 0.131 0.014 0.072
Opal4 -2.626 -2.699 -2.706
Opal5 -1.635 -1.669 -1.669

idealizedobservables
IAleph3 -5.846 -6.009 -5.994
IAleph4 -6.774 -6.925 -6.967
ILT4 -5.322 -5.427 -5.451
ILT5 -1.867 -1.890 -1.920
ILT6 -0.885 -0.918 -0.887
ILT7 -0.481 -0.666 -0.725
ILT8 0.206 0.150 0.184
IOpal3 0.131 0.014 0.072
IOpal4 -2.716 -2.691 -2.699
IOpal5 -1.628 -1.662 -1.662

Table 29: LABSMC paircorrectionsdueto multi-peripheraltwo-photonprocesses.

obs. 189 200 206[GeV]
Delphi3 0.105 0.106 0.107
IOpal3 2.336 2.359 2.370
IOpal4 0.070 0.069 0.069
IOpal5 0.423 0.426 0.428
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Table 30: Realpair cross-sectionsin pb, andrelative correctionsin permil, obtainedfrom GRC4fandGENTLE
for the processe½ e¿ÒB hadronsat í IîJ�LON+P GeV for high I�Ã events of ï�ð2ñ�ò.J�bedSjOf+fgÓ accordingto the cut-
baseddefinition(2). Thelastcolumnlists thedifferencebetweenGRC4fandGENTLE in permil of thehadronic
cross-section.Theerrorsgivenarestatisticalonly.

f ó ô4ó f õ ô�õ Q Î�ö2÷�øù Îeúeû�ü Q Î�ö2÷�øùþý	ÿ Ï�� ý Ç Î�ö2÷�øù Î�úeû�ü Ç Î�ö2÷�øùþý	ÿ Ï�� ý � Ç Î�ö2÷�ø
qqee b�d b+Pgb h b�d b+bgf 0.073 �ed f h bedSL 3.4 i.bed N
qqD�D8i Ð	Ð b�d b#L�� h b�d b+bgf 0.010 bed � h bedSL 0.4 i.bed f
qqqq b�d b#L�� h b�d b+bgf 0.018 bedSj h bedSL 0.8 acbedSL
totalqqfõ ô õ b�d@L+LOP h b�d b+b�� 0.100 Óed Ó h bed f 4.6 i.bed P

Table 31: Realpair cross-sectionsin pb, andrelative correctionsin permil, obtainedfrom GRC4fandGENTLE
for theprocesse½ e¿ÉB hadronsat í IXJÂLON+P GeV for inclusive eventsof ï ð2ñ�ò J�bed b�L . Thelastcolumnlists the
differencebetweenGRC4fandGENTLE in permil of thehadroniccross-section.Theerrorsgivenarestatistical
only.

f ó ô ó f õ ô õ Q Î�ö2÷�øù Î�ú�û�ü Q Î�ö2÷�øùþý	ÿ Ï�� ý Ç Î�ö2÷�øù Î�ú�û�ü Ç Î�ö2÷�øùþý	ÿ Ï�� ý � Ç Î�ö2÷�ø
qqee L{dSL�� h b�d b#L 0.97 LOfedSL h b�d@L 10.1 i.fed b
qqD�D8i Ð	Ð bed �gÓ h b�d b#L 0.29 �ed � h b�d@L 3.0 i.bed �
qqqq bed ÓgN h b�d b	� 0.59 �ed b h b�d � 6.1 acbedSL
totalqqfõ ô õ fed bgP h b�d b	� 1.85 f�L{dSj h b�d � 19.2 i.fed Ó

Theresultsshow thatfor secondaryleptonpairsGRC4fhasabout20%morerealpairsthanGEN-
TLE, thoughthe differenceis not statisticallysignificant for ~~ and ��� in the high zp� sample. For
hadronicpairsthereis perfectagreement,despitethefact thatGENTLE usesa purehadronicapproach
(in termsof ÞXÛ4ÜOÝ�
 to obtainqqqq,while GRC4f calculatespartoniccorrections(wherewe have used
quarkmassesof ���tÒ��'tw�	éSê�q GeV)whichhavebeenaposterioricorrectedfor theeffectof thelow-
masshadronicÞXÛ�ÜOÝ ratioandof therunning ����� via re-weightingof theGRC4fevents(notavailablein
default GRC4f).Theselattercorrectionshave only asmall impacton thecomparison,sincethey tendto
canceleachother, if �����¼�Oz	
 hasbeenusedin thegenerationof theevents,resultingin a total correction
of ���	éS�	�	ê pb and �'�	éS�	ê pb for k�� � Ü��� ������� (qqqq)for ÞXäWæ4ç = 0.7225and0.01,respectively.

ThetotalrealpairsdifferencebetweenGRC4fandGENTLEin termsof thecorrespondinghadronic
cross-sectionis 0.9permil for thehigh z�� selectionand2.5permil for theinclusive selection.A possi-
ble sourceof this differenceis themoresophisticatedtreatmentof commonphotonandpairsemission
in GENTLE while GRC4fsimply attachesa photonradiatorfunction to the4-fermionmatrix element.
Notethattheagreementfor qq pairsdependson thechoiceof quarkmassesin GRC4f.

Comparingwith Table16 it is evident thateven in theworstcase(inclusive muons)a 20%error
on � � � Ü�� meansa relative errorof �	éSê�� for thecombined2f+4f efficiency. Onecanthereforeconclude
thatGRC4fis adequateto calculatetheinfluenceof pair emissionon theefficiency to betterthan0.1%.

Comparisonbetweensignaldefinitions

Sincethevirtual pair correctionsareidenticalfor theabove diagram-based(1), andcut-based(2) signal
definitions,the total differencebetweenthedefinitionsis given by thedifferencein theamountof real
pairs. Repeatingtheabove calculationswith thediagram-basedsignaldefinition(1), usingthesamez �
definition [i.e. IPPS=5,IGONLY=2, ãsä æ�çÖt ê	éS� (no cut on secondarypairs) in GENTLE] resultsin
Table32 of differencesin realpair cross-sections.
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Table32: Differencesbetweendiagram-baseddefinition(1) andcut-baseddefinition(2) for realpairsin permil of
thehadroniccross-section,obtainedfrom GRC4fandGENTLEfor theprocesse½ e¿ÉB hadronsat í IXJ L>NgP GeV
for high I¾Ã eventswith ï ð2ñ�ò J bedSjOfgf+Ó andinclusive eventswith ï ð2ñpò J b�d b#L . For ï ð2ñpò J bedSjOf+fgÓ no significant
differencewasobservedwithin the statisticalerrorsof thecomparisonin bothprograms.For qqeethe diagram-
baseddefinitionwasnot availablefor GRC4f.

f ó ô ó f õ ô õ � Ç Î�ö2÷�øù Îeúeû�ü � Ç Î�ö2÷�øùþý	ÿ Ï�� ýï.ð2ñpò 0.7225 0.01 0.7225 0.01
qqee a a ��b�d b+bgb#L 0.04
qqD�D�i Ð	Ð ��bedSL bed bgf h b�d@L>f ��b�d b+bgb#L 0.07
qqqq ��bedSL bed ��L h b�d �	� ��b�d b+bgb#L 0.18
totalqqfõ ô�õ a a ��b�d b+bgb#L 0.29

This comparisonshows that for inclusive hadronsthedifferencebetweenthe two definitions,as
predictedby GENTLE,is of order ê	� ��� for eachclassof pairslisted,amountingto atotalof �	é! #"Éê	� ��� .
The resultsof GRC4f areconsistent,thoughtheir sensitivity is limited by the statisticalerror of someê	� ��� . For high z � hadronsno differencebetweendefinitions1 and2 is visible evenon thelevel of ê	� �%$
in GENTLE.

Comparisonof real+virtual pairs

In thefollowing wecompareasatypicalexamplethesumof virtual andrealpaircorrectionsfor primary
hadronsandprimary muonsat �Oz&
Ôt ê�'� GeV for four differentdefinitionsof the secondarypair
signal:

A Diagram-baseddefinition(1) with z � t)( �*,+.-�*
B Diagram-baseddefinition(1) with z���t)( �/1032
C Cut-baseddefinition(2) with z � t)( �/1032 and ãsä æ�çHtw�	éSê�4
D Cut-baseddefinition(2) with zp�Ùt)( �/1032 and ãsä æ�çHtw�	éSê	�

Table 33: Relative virtual + real pair correctionsin per mil of the total cross-sectionfor the processe½ e¿ B
hadronsat í ICJMLON+P GeV for differentsignaldefinitions.A a meansthat this definition is not accessiblein the
respectiveprogram.

Definition GENTLE ZFITTER TOPAZ0 GENTLE ZFITTER TOPAZ0ï ð2ñpò 0.01 0.7225
A) diagram,I�ÃÙJ65 õ798;:<7 14.72 15.76 16.42 aFLÀd@L=� acbed Pgf acbed PgN
B) diagram,I¾ÃåJ>5 õ? @�A 14.74 15.82 a aFLÀd �+Ó aFL{d fgb a
C) cuts, B ð2ñpò J�b�d@L>Ó 14.64 a a aFLÀd �+Ó a a
D) cuts, B ð2ñpò JÖbedSLOb 14.45 a a aFLÀd �+Ó a aÇDC¸a�ÇFE 0.02 0.06 a acb�d �+f acbed fgP aÇDC¸a�Ç ú 0.10 a a ��b�d b+bgb#L a aÇDC¸a�ÇFG 0.29 a a ��b�d b+bgb#L a a
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Table34: Relativevirtual + realpaircorrectionsin permil of thetotalcross-sectionfor theprocesse½ e¿ÔB�Ds½�D.¿
at í IXJÈLON+P GeVfor differentsignaldefinitions.A a meansthatthisdefinitionis notaccessiblein therespective
program.

Definition GENTLE ZFITTER TOPAZ0 GENTLE ZFITTER TOPAZ0ï.ð2ñpò 0.01 0.7225
A) diagram,I�ÃÙJ65 õ798;:<7 10.73 11.73 12.26 aFLÀd �#j aFL{d bgb acbed PgN
B) diagram,I Ã J>5 õ? @�A 10.84 11.96 a acf�d Ó+N acfed bgÓ a
C) cuts, B�ð2ñpòcJ�b�d@L>Ó 10.72 a a acf�d Ó+N a a
D) cuts, B�ð2ñpò�JÖbedSLOb 10.57 a a acf�d Ó+N a aÇ C a�Ç E 0.11 0.23 a aFLÀd f#L aFL{d bgÓ aÇDC¸a�Ç ú 0.12 a a ��b�d b+bgb#L a aÇDC¸a�ÇFG 0.27 a a ��b�d b+bgb#L a a
From thesetablesseveral conclusionscanbedrawn. ThecomparisonbetweenGENTLE, ZFIT-

TER,andTOPAZ0 for thediagram-baseddefinitionwith zp�ØtH( �*I+J-�* (A) revealsmaximumdifferences
of 1.7 (1.5) per mil for inclusive hadrons(muons)and0.2 (0.4) per mil for high zp� hadrons(muons)
betweenany two of theprograms.Differencesbetweencut-basedanddiagram-basedsignaldefinitions
arebetween1 and «K":ê	� ��� for inclusiveselectionsfor ãåäWæ4ç in therangefrom 0.10to 0.15(comparealso
Table32),andbelow ê	���%$ for thehigh z�� selection,aslong zp� is definedas ( �/1092 everywhere.Whereas
for theinclusive selectionsthedifferencebetweenz � t)( �*,+.-�* and z � tL( �/1092 is at most0.2permil, it is
about0.3(1.1)permil for high z�� hadrons(muons).Comparedto theLEP-combinedstatisticalprecision
of themeasurementsall thesedifferencesaresmall. Eventhe1.7permil differencebetweenGENTLE
andTOPAZ0 for inclusive hadronsis only abouthalf of the expectedLEP-combinedstatisticalerror,
summedoverall centre-of-massenergies,andis thusnot far from theprecisiontagof 1.1permil.

5.5.10 Resultsfor Bhabhas

Thereis only oneprogram,LABSMC, whichis ableto calculatevirtual+realpaireffectsfor z#�¼¬ channel
Bhabhascatteringfor thesignaldefinitiongivenabove. Thereforeacomparisonslike theoneperformed
above for hadronsandmuonscannotbedonefor primaryelectronpairs.We just stateherethat thepair
correctionsfor idealizedobservablesrangefrom +0.2 per mil for ILT8 to ��º	éS� per mil for IAleph4.
Largish correctionsbetween5 and7 per mil occuronly for observableswhich cut hardon ( /1032 . For
themarelative accuracy of 20–30%wouldbeneededto meettheexperimentalprecisiontags,whichare
between0.13and0.21%for thecross-sections.All othercorrectionsarebelow 3 permil sothatfor them
a 50%pair correctionaccuracy would suffice. Theauthorof LABSMC estimatesa relative accuracy of
20%for paircorrections,whichwouldmeanthatall experimentalprecisionrequirementsaremet.Yet, it
wouldbeveryvaluableif thepaircorrectionsin LABSMC couldbecross-checkedagainstanothercode.

5.5.11 Conclusionsfor pair effects

Shortlybeforeandduringthis workshopa lot of new codefor pair correctionsat LEP2wasdeveloped.
Before1999,essentiallyonly thediagram-basedpaircorrectionwith zp�Ùt)( �*I+J-�* , i.e. inclusive FSpairs,
could be calculatedby ZFITTER and TOPAZ0 for all primary pairs apart from electrons. Common
exponentiationof initial-statephotonsandISNSM pairs for energiesaway from the N -peakaswell as
optional ISSM pairs were implementedin both codesin 1999. ZFITTER hasnow beenupgradedto
includeexplicit FSM with thepossibilityof masscuts.Thenew GENTLE/4fanoffersevenmoreoptions
with masscutson all pairsandinclusionof pairsfrom virtual Z’s andswappedFSdiagrams.Finally a
new powerful combinationof OPO MC andKORALW is beingdevelopedwhichcontributedfirst numbers
to this document.Thismakesa wholevarietyof optionsfor pair treatmentavailable.
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Themainachievementsof thepair studydescribedabove are:

Q A proposalfor asignaldefinitionwhichcanbe,to betterthan0.1%accuracy, definedeitherbased
on (experimentoriented)cutsor on (theoryoriented)diagrams.

Q Thedeterminationof efficiency correctionsusingfull eventgeneratorshasbeencheckedfor GRC4f
to aprecisionof 0.1%,from acomparisonof realpair cross-sectionswith GENTLE.

Q Doublecountingof hadroniceventshasbeenstudiedwith GRC4f andfound to be smallerthan
10��� .

Q Problemsof pairing ambiguitiesfor four identicalfermionsbecomeincreasinglyimportantwith
thelargerZZ cross-sectionsathighenergies,especiallyfor inclusivemeasurementswith thesignal
definitionsadoptedhere.Fromvaryingpairingalgorithms,a worst-casedifferenceof 0.8permil
wasfoundfor inclusive hadronsat206GeV.

Q Differencesfor pair correctionsbetweenzp� definitionsvia thepropagatoror primarypair massin
thediagram-basedapproachhave beendetermined.GENTLE andZFITTER bothfind themto be
about0.3(1.1)permil for high z�� hadrons(muons).

Q Maximum differencesfor the diagram-basedpair correctionof 1.7 (1.5) per mil for inclusive
hadrons(muons)and0.2 (0.4) permil for high zp� hadrons(muons)betweenany two of thepro-
gramsGENTLE,ZFITTERandTOPAZ0 have beenfound.

Q A first completecalculationof pair correctionsfor Bhabhashasbeendoneby LABSMC.

We concludethat for theproposedsignaldefinitionsufficient comparisonshave beenperformed
to beconfidentthattheabovenumbersarelimitationsof thetheoreticaluncertainties.With theexception
of the1.7permil differencefor inclusive hadrons,which is slightly above therespective precisiontagof
1.1permil, all theoreticaluncertaintiesarewell below theexperimentalprecisiontags.For othersignal
definitions,however, uncertaintieshave not beenchecked systematically. Somemore information is
presentfrom thetablespresentedin thissection.It is in any casenotadvisableto choseasignaldefinition
for pairsthatcanbecalculatedby oneprogramonly. Especiallyfor thecaseof Bhabhascatteringit would
behighly desirableto have morethanonecodepredictingtheeffectsof secondarypairs.Improvements
arestill expectedin GENTLE,TOPAZ0 andOPO MC+KORALW.

6 SUMMAR Y

In thisreportwehaveaddressedthequestionof uncertaintiesof thepredictionsof theoreticalcalculations
for quantitiesmeasuredin LEP2experiments(LEP2observables).Wealsohave studieduncertaintiesin
relatingmeasuredquantitiesto theoreticalpredictions,via signaldefinitionsandacceptancecorrections,
especiallyfor the effect of secondarypair radiation,andto a lesserdegreewide angleBhabhascatter-
ing. Thecalculationswerecontributedby several theoreticalgroupsandareimplementedusingvarious
techniquesandapproachesembodiedin mostcasesin MonteCarlos,but alsoin semi-analyticalcodes–
mostof themarealreadyin usein all LEP2collaborations.We tried to cover all two-fermionprocesses:
productionof quark-,muon-andtau-pairs,theBhabhaprocess.Considerableeffort wasalsoinvested
in theprocesseswith (additional)taggedsingleanddoublephotons.TheneutrinochannelandBhabha
channelareof coursethemostimportantin this class.Thewholeanalysisof the theoreticalprediction
wasdonefor the rathercompletelist of LEP2observables,which we tried to have ascloseaspossible
to the onesusedby LEP experiments.Most of the collectedtheoreticalpredictionsarefor simplified
experimentalacceptances(socalledidealizedobservables),but we alsotried,not withoutsomesuccess,
to produceanddiscusstheoreticalpredictionsfor realisticLEP2observables.
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Alreadyfrom thebeginningof thework of our two-fermiongroupit wasexpectedthatfor thefull
LEP2statisticsthemostimportantissuesin theevaluationof thetheoreticaluncertaintieswouldbe:

1. productionof secondarypairs,

2. QED initial-final stateinterference,

3. precisecross-checksof QED initial-stateradiationandmulti-photoneffects,

4. numericalcross-checksof theelectroweakcorrections.

TheQED partsof thecalculationshave turnedout to beundervery goodcontrol; thebiggestand
mostimportantcontributionsfrom theinitial-stateradiation(which is up to �	�	��� ) is now undercontrol
down to 0.2–0.4%(final-stateradiationincluded)in mostcases.

Theinitial-final stateinterference,which is Rw��� , is now controlleddown to �	éS��� .

Theabove is truefor theordinarytwo-fermionLEP2observables,which do not requirethepres-
enceof oneor two visible (tagged)photons.In thecaseof taggedphotonstheachievedprecisionvaries
with thetypeof thecutandis typically 4%for the �TS��U observables,3%for Bhabhaand1%for ~�ës~��VU ,
or ��ëþ���VU . The initial-final stateinterferencehasturnedout to be ratherimportantfor theobservables
with taggedphotons.

For the Bhabhaprocessthe QED bremsstrahlungwas found to be one of the main sourcesof
uncertaintiesfor theend-capobservables.For theLEP2observablesrelying on thedatafrom thebarrel
(wide angle)detectoronly, thereis a sizeablecontribution from theelectroweakpartof thecalculation.
Wewereunableto explorethissubjectbeforetheendof theworkshop.

In thework of our groupwe did not have a chanceto scrutinizeonceagainthepureelectroweak
corrections.To someextentit wasalreadydonein theearlierLEPworkshops,soonecouldsaythatit is
not reallynecessary, on theotherhandit is alwaysnecessaryto cross-checkthecodeslikeZFITTERand
OPO MC usedby LEP2experimentsonceagain,on every possibleaspect.We clearlyrecommendthat it
shouldbedonein thenearfuture.

Asacolloraryof thetestsof ZFITTERandOPO MC wehavenoticedthatthenumericalcontribution
from theso-calledelectroweakboxes,which is negligible atLEP1,andis still rathersmallat lowerCMS
energies of LEP2 like 189 GeV, is, however, alreadyquite large R ��� at higherLEP2 energies like
206GeV. In otherwords,asfar aselectroweakphenomenaareconcerned,theLEP experimentsat the
LEP2topenergiesstartto bein thesamesituationasthefutureLinearColliders!

Theproductionof thesecondarypairswasat thetop of thelist of prioritiesof this workshop.We
have comeup with a proposalfor a 2-fermionsignaldefinitionincludingpair radiation,which is simple
and equally applicableto all final-statefermions,from electronsto hadrons,and to all z�� cuts. This
signaldefinitioncomesin factoptionallyasa diagram-basedor asa cut-baseddefinition,wheretheone
bestsuitedfor thegivenexperimentalor theoreticalsetupcanbechosen.All definitionsarenumerically
identicalwithin 0.3permil for hadronsand1.1permil for muonsfor any zp� cut.

For thissetof signaldefinitionswehaveperformedabroadvarietyof comparisonsandtests,start-
ing from effectslike pairingambiguities,doublecounting,andefficiency corrections,eventuallyleading
to acomparisonbetweendifferenttheoreticalcodesfor computingrealandvirtual pair corrections.Un-
certaintiesand biasesresultingfrom thesestudieswere found to rangefrom below 0.1 per mil to at
most1.7 permil of the2-fermioncross-sections.This correspondsto up to 20% relative uncertainties
on the pair corrections.Sometheoreticalcodeshave provided resultsalsofor otherdefinitionsof pair
signals,which arehowever often calculableby onecode,only. This situationis expectedto improve
with forthcomingupgradesof GENTLE, TOPAZ0 and OPO MC+KORALW. For the Bhabhascattering
process,only onetheoreticalcalculationof pair effectsis availablefor theproposedsignaldefinition.
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In the immediatefuture after the presentworkshopwe would mosturgently recommendcross-
checksfor thepurelyelectroweakcorrections,especiallyfor wide angleBhabha,andfor secondarypair
correctionsfor theBhabhaprocess.

Thereseemto befew unresolvedproblemsasfarasQEDis concerned,exceptfor certainobserv-
ableswith the taggedphotons��ëc�+� ³ ��S��U and(to a lesserdegree)for wide angleBhabhas,where
furtherimprovementsof thetheoreticalprecisionby a factor4–10arenecessary.

Table 35: Comparisonof thetypical theoreticaluncertaintieswith thetypical experimentalprecisiontags

classof observables theoreticaluncertainty experimentalprecisiontagA¾½cA{¿ÉBXW�YW�Z\[T] 0.26% 0.1%-0.2%A¾½cA{¿ÉBÕDs½�D.¿^Z_[�] 0.4% 0.4%-0.5%A ½ A ¿ B Ð ½ Ð ¿ Z_[�] 0.4% 0.4%-0.6%A¾½cA{¿ÉB A¾½�AÀ¿TZ\[T] (endcap) 0.5% 0.13%A¾½cA{¿ÉB A¾½�AÀ¿TZ\[T] (barrel) 2.0% 0.21%A¾½cA{¿ÉB A¾½�AÀ¿�[ 3% 1.5%A¾½cA{¿ÉBX`]½a`¯¿�[ 1% 1.5%A¾½cA{¿ÉBXbcYbd[ 4% 0.5%

We tried to summarizeall of the above informationonceagainin Table35, wherewe list the
theoreticalprecisionsattainedin ourstudyfor theLEP2observablesdefinedin Section2 in comparison
with typical ultimateexperimentalrequirementsfor combinedLEP2data.
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