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1 INTRODUCTION

At LEP2 the two-fermion productionhasthe highestcrosssectionof all hard processes At LEP1 it
senesasthe uniquereactionto studythe propertiesof the Z bosonandit hada very distincttwo-body
characterasthe photoninitial stateemission(ISR) was highly suppressedAt LEP2, far above the Z
pole,the ISR is strongandfrequent,the radiative tail of the Z developsto suchan extentthatthe ISR
QED radiative correctionsareseveraltimesaslarge asthe Born crosssections.Anotherimportantfact
is that one needsto accountfor the productionof secondaryreal fermion-anti-fermionpairs (usually
light andsoft) dueto theradiationof off-shell photonsandZ bosongrom theinitial- or final-state.This
makes the task of the ‘signal definition’, that is what we really meanby the two-fermionfinal state,
rathernontrvial, in otherwordsthereis the questionof the separatiorbetweerthe radiative corrections
to two-fermion productionand the genuinefour-fermion production. This aspectof the two-fermion
processwvashighlightedin the discussiorof the LEP Electraveak Groupandalsoin the presentations
in the beginning of the currentworkshop. One aim of the workshopthereforewasto comeup with a
2-fermionsignaldefinition, which is applicableto all 2-fermionfinal statesandsuitedequallywell for
theoreticapredictionsandexperimentaimeasurements.

Theothertopicswhich emegedasimportanttheoreticaissuedor thework in two-fermiongroup
werethe questionof thereliability of the existing QED calculations gspeciallyof the so calledinitial-
final stateinterferenceandthe questionof the reliability of the pureelectraveak corrections.The out-
standingperformancef the machinegave LEP experimentssizablesamplef eventswith oneandtwo
explicitly (tagged)photonswhich arevery usefulfor searche®f the phenomendeyond the Standard
Model (SM). The evaluationof theratesof theseeventsfrom QED washigh onthe agendaof our work
from the beginning.

The layout of our chapterreflectsto a large extentthe evolution of the work of our two-fermion
group. In generalwe pursuedwo waysof collecting,evaluatingandimproving theoreticalcalculations
for two-fermionprecessOnonehand,we collectedall availabletheoreticatalculationsasimplemented
in Monte Carlo (MC) andsemi-analyticaprogramgcodes)andwe appliedthemto get predictionsfor
all crosssectionsasymmetriesetc. measuredn LEP2experimentswhich wereidentifiedin first place,
with thehelpof our experimentakoordinatorspnefor eachLEP collaboration All codesbeartheirown
theoreticalerror specificationandapplicability range. This whatwe call the ‘wide-rangecomparisons’
of mary codesfor mary obserableshasgiven us confidenceinto individual error specificationsor
hasled to somequestiongo be solved eitherwithin this workshopor beyond. On the otherhand,the
alternatve pathwasfollowed of the socalled‘tuned-comparisongr ‘theme-comparisonsihich either
concentratednthemoredetailedcomparisonsf 2-3codespsuallyconcentratingustononetheoretical
problemandtrying to reducgustonesourceof thetheoreticakrrors,for examplefrom QED effects. The
prominentpartof the ‘theme-comparisonsvasthe studyon the effectsof the secondaryair production
process.

Having this in mind the outline of the reportis not surprising. In the first sectionwe amasghe
rich list of processesind measurablguantitiesfor all 2-fermionchannelsthatis the Bhabhaprocess,
thequark-,u-, 7-pair channelswithout andwith taggedphotonswhich areonepillar of the ‘wide-range
comparisons’ Anotherpillar is thethird sectionin which all theoreticakalculations/codearecollected
— eachof themincludesits individual total theoreticalerror andrangeof applicability In the second
sectionwe presenthe hanestof thewide-rangecomparisonssummarizingn a quantitatve way results
of them,channeperchannel.

The ‘theme-comparisonsare locatedin the fourth sectionandtheir subsetrelatedto secondary
pair productionwasimportantenoughto be awardedthe statusof the separatdifth section.

In the last sectionwe summarizeall importantresultsandlist the problemsin two-fermionpro-
ductionwhich arestill left outfor furtherwork.
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2 EXPERIMENT AL OBSERVABLES AND THEORETICAL
PRECISION REQUIREMENTS

This sectioncollectsspecification®f the quantitiesmeasuredn thetwo-fermionprocessat LEP2which
wecallfor short'obsenables’,andwealsotry for eachlistedobserableto definethenecessarprecision
level of thetheoreticalprediction keepingin mind thetotal experimentakrrorwhichwill beachievedat
theendof LEP2operationfor datacombinedfor all four LEP experiments.

The greatdiversity of theseobsenrablesis a distinctfeatureof the two-fermionprocessascom-
paredto the W channelor QCD studies,seeothersections.lt is partly dueto the fact that various
final statedike muon-pairstau-pairs,quark-pairs,neutrino-pairwith gammaandthe Bhabhaprocess
have very different experimentalcharacteristicsdifferent methodsof measuremenand eachof them
comesn two versionsacceptingZ radiatve returnor rejectingit. Furthermorethetwo-fermionprocess
cannotbe experimentallycompletelydisentangledrom the four-fermion processmultiplying againthe
possibleoption for defining the two-fermionobservables On top of that thereare still (andwill be)
differencedetweerthewaysthefour experimentdlefineandmeasureheir cross-sectiongsymmetries
anddistributions.

In this sectionwe make a sortof ‘frontal attack’ on the problemof definingwhatis measureésa
two-fermionprocessat LEP2, by doingthemostcompletdist of two-fermionobserablesusedin LEP2
dataanalysis.The primaryaim of thisis to helptheoristso understanavhatis really measuredn LEP2
andwhatarethe ultimate precisiontargetsin the LEP2 data. However, suchanexhaustve list canalso
be usefulfor experimentalcollaborationsvhencombiningdatafrom four LEP collaborations.

We never hada hopeto have a completetheoreticalpredictionandfull discussiorof theoretical
errorsfor all this impressie list of two-fermionobserables. It is not even necessarpassomeof them
are quite similar, and someof them are ratherdifficult to implementfor the averagetheorist. In the
procesof scrutinizingvarioustheoreticalcalculationswve useonly partof theseobsenables,mostly of
the ‘simplified type’. The simplified obserablesare alsonecessarypecausesemi-analyticaprograms
canprovide predictionsonly for themandnot for therealisticones.(MC eventgeneratorfiave no such
limitations.) Anotherrole of simplified obserablesis thatthey are prototypesof the obserablesused
for combiningdatafrom thefour LEP collaborations.

For thesocalled‘tunedcomparisonsivhichweremadefor instanceamonglCKMC andZFITTER
or betweerBHWIDE andLABSMC the authorsof thesecodeshave usedtheir own, even moresimple
kinematiccuts,tailoredspecificallyto thesetests.They arenot discussedn this section.

The obserableswhichincludethe Z resonancén the phasespacethatis Z-inclusive andwhich
excludethe Z resonancethatis Z-exclusive we usuallydenotethemusingthe short-hancdhotation‘in-
clusive obserables’and‘exclusive obsenables’insteadof the full ‘Z-inclusive’ and‘Z-exclusive’. We
hopethatthiswill notleadto confusionandwhereser necessarye shallexpandto thefull terminology

For the purposeof our main aim, that is of establishingtheoreticalerrorsfor the typical two-
fermionobservableshis sectioncontaingoo muchinformation. We think, however, thatit is a valuable

assebdf thisreportandwe decidedio keepit to thefull extent,acceptinghatonly someof themwill be
really usedin theactualtheoetical studies.

2.1 Precisionrequirementsfor theoretical predictions

One of the mostimportantingredientof the obsenrable definition is its precisiontag. Obviously the
higherprecisionthe morecomplicatedhe studyof its theoreticaluncertaintiesvill be. Also moreof the
detailsof experimentakutswill be neededo estimatehetheoreticakystematicerrors.
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Thefollowing rule of thumbwith respecto theerrorsobtainedor thedatatakenat /s = 189 GeV
wassuggestedor estimatingthe requiredprecisionin casesvherethereis no betterinformationavail-
able.

1. The experimentalstatisticalerror is decreasedby factorof /12 ~ 3.5 with respectto present
(summer1999)onefor the single collaboration. We still expectstatisticsto grow by factorof 3
andcombinationof all 4 experimentamakesthetotal statisticsafactorof 12 bigger

2. The experimentalsystematicerror canbe expectedto go down by a factorof 2 (maybe 3) dueto
improvementsandpartialnon-correlationamongexperiments.

3. Theabore estimate®f theexperimentabtatisticalandsystematierrorshouldbeaddedn quadra-
ture.

4. Therequiredprecisionshouldbe 1/3 of thatto assurethattheoreticaleffectswill not deteriorate
experimentakesults(will notincreaseanerror) by morethan10%.

Thedemandf amaximumof 10%increaseof thefinal experimentalbverall errordueto theoret-
ical uncertaintiess notanover-demandlt is equivalentto a decreasén runningtime of experimentsby
20%in caseswvhenthe statisticalerrordominates.A similar 10% deteriorationof an overall detection
performancevould occuronly aftera 30%decreas@ datatakingfor measurementsherethestatistical
andsystematicerrorsaresimilar in size. Having this in mind andalsoan enormouseffort of somary
peopleover so mary years,not mentioningthe costs,may evenleadto the conclusionthatour rule for
precisionrequirement$rom theoryis not strict enough.

In generalasinclusive (incl.) we understandhe crosssectionfor /s’ /s > 0.1 andasexclusive
(excl.) for \/s’/s > 0.85. For Bhabhaexcl; denoteg cos 0| < 0.9 andexcl, denoteg cos 6| < 0.7. For
asymmetrieshe (absolute)errortag canbe obtainedfrom the oneof thecrosssectionmultiplying it by
0.01:+/2 anddroppingthe % symbol.

Thefollowing precisiontagscanbe assumedf explicit numbersdo not overrulethemin thetext:

crosssectiondor ¢q final statesincl. 0.11%,excl. 0.23%

crosssectiondor e~ e? final statesexcl; 0.13%,excly 0.21%
crosssectionsandasymmetriegor 1~ p ™ final statesincl. 0.41%,excl. 0.53%
crosssectionsandasymmetriegor 7~ 7 final statesincl. 0.44%,excl. 0.61%

searchebackgroundrosssectionsrom quarksandtaggedchardphotons0.3%

o o A W d

searchebackgroundrosssectionsrom leptonsandtaggedhardphotons:
singlephotonsl.5%, multiple photons5%

7. searchebvackgroundrosssectiondrom neutrinosandtaggedhardphotons
singlephotons0.5%, multiple photons2%

Thesenumberssene asa startingpoint for the definition of precisiontagsrequiredfrom completethe-
oretical calculations. For separaténgredientssuchas interferenceair correctionsetc, the physical
precisiontag mustbe even more strict, to assurethat their combinationwill not overcomethe required
tag. Finally thetagfor technicaltestsmustbe setanotherfactorof few smaller
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2.2 Generalcommentson obsewable definition

In thefollowing chapterghe obserableswill bedefined.For moredetailsseerespectrely: ALEPH [1],
DELPHI [2] for all obserables,for (ff(v)) processe&3 [3-6], OPAL [7-9]; for (¢¢ + ~) [10,11]; and
for (v + ~) [12-14].

The main groupsof obserablesareformedby physicsprocesseshey arelaterdivided into re-
alistic andidealizedonescorrespondingo different stagesof experimentalanalysis. Finally specific
solutionsadoptedby experimentsareplacedin the subsectionsSomepointswhich could be extracted
from the obserablesdefinition like a glossaryor the approachto the extra pair are discussedat the
beginning of the chapterto avoid unnecessargepetition.

The purposeof the list of obserablesis to review all necessaryconditionsfor calculationof
theoreticapredictions.More explanatoryexamplesaregivenlaterin the section.

2.3 Notation

In definitionof obserableswe will usesomeshort-hanchotationgo make it easier Let usillustratejust
afew of them.

e [.,. centreof massenengy.

¢ 0,: Thepolarangleof particley with respecto the electronbeam.

e |cos Hf/f| < 0.9: Thepolarangleof bothparticlesf and f mustsatisfythecut.
e F,: Theenegy of particler.

e z, =2F,/F.,: Theenepy fractionof particley.

e Ny.i.: Numberof chagedtracksin theevent.

e acol(ete): Thecollinearityanglebetweerparticlese™ ande .

o App: forward-backvard asymmetryconstructean the basisof final statechagedpatrticles.

o Myrop—(f f): invariantmassof the s-channepropagatqrwith ISR/FSRinterferencesubtracted.

o Myopt(ff): invariantmassof the s-channelpropagatarwith ISR/FSRinterferencenot sub-
tracted. In this case the propagatomassis ambiguousfor the interferencecontrikution, so this
partis actuallyevaluatedusingthe f f invariantmassexcluding radiative photons.

o M, (ff): invariantmassof f and f - all otherparticlessuchascollinearphotonsareexcluded.
For realisticobserables thisis determinedrom thereconstructed-momentaf thetwo particles.

e Muny(ff): invariantmassdeterminedrom the measuregpolar anglesof particlesf and f with
respecto the electronbeam.Thesearetakenfrom jet anglesin caseof hadrons.This calculation
is basedn four-momentunconserationassuminghatonly oneradiative photonis presentlf no
photonis seenin the detectoy this radiatve photonis assumedo go alongthe beamaxis. If an
enepgetic,isolatedphotonis seenin the detectorthenits reconstructegolarangleis used.

o Myine(f f): invariantmassdeterminedrom akinematicfit. This usesA-momentunconseration
to improve the massestimatebasedn the reconstructed-momentaof the f and f.

o s, for ptp~ or 777~ from obsered ISR photon (£ morethan10 GeV, |cosf,| < 0.985,
separatiorto nearestermion more than 10 degrees),or from fermion anglesassumingphoton
escapeslongthe beampipe
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e s’ , for ¢g: to reconstructheeffective centre-of-massnegy two differentmethodsareused.For
thefirst one,all eventsarereclusterednto two jetsusingthe JADE algorithm.A singlelSR photon
is assumedo be emittedalongthe beamaxis andto resultin a missingmomentumvector From
thepolaranglesof thejets, 0, andd,, thephotonenegy canbeestimatedThesecondnethoduses
theclusteredets (y..+ = 0.01) obtainedusingthe JADE algorithm. A kinematicfit is performed
onthejetsandthe missingfourr-momentunvectorusingdifferenthypothesesor the emittedISR
photons.The missingenengy is attributedto zero,oneor two ISR photons.Fromthe differences
givenby thetwo methodssystematierrorson the effective centre-of-massnegy reconstruction
are calculated. When an isolatedenegetic photon(enegy larger than10 GeV) is detectedthe
enegy andmomentunof this photonareaddedto the undetectedSR photons.

e sopar, for qq: from a seriesof kinematicfits using obsered ISR photons( | cos 6, < 0.985,
isolatedwith lessthanl GeVenegy flow in aconeof half angle0.2radaroundthem)plushadronic
jets. Thefits allow zero,oneor two additionalphotonsemittedcloseto the beamdirection. s’ is
taken from thefit with the lowestnumberof extra photonsgiving anacceptable?.

2.4 Additional pair treatment
ALEPH

Apart from the cutslisted for realisticobserables,no additionalrequiremenis addedto rejectevents
with real or virtual pair emission their contrikution is taken in accountfor efficiency calculation. The

main rejectionto 4-fermionsprocesss dueto invariantmasscutsassociatedo the topologicalcut on

the event shape. For a two-fermionfinal statethey are consideredas backgroundsand their residual
contritution estimatedrom Monte-Carldfour-fermioneventsfor which bothfermionpairinvariantmass
ff or f’f areabove 65 GeV. This excludesfrom the signaldefinitionthe 4-fermionsarisingfrom virtual

Z or W contrikution, but not the contritution from virtual photon. The above requirementrevalid for

hadronic,muonpairsandtau pairs. Note thatfor ALEPH the pair contritution is keptbothin realistic
andidealizedobsenrables.

DELPHI

In the caseof idealizedobsenrablesit is assumedhattheoreticalpredictionsshouldnot include either
real or virtual pair corrections. Theseare subtractedrom the datawith the help of the Monte Carlo.
The appropriatesystematicrroris to be discussedvith the help of Monte Carlo programor programs.
Monte Carlo predictionsfor idealizedobserableswith pair correctionsexcludedare requiredaswell
asfor realisticobserableswith pair correctionsincluded. In the caseof realisticobserablesimplicit
cuts on additionalfermion pairs are given, where appropriate with the sufficient detail for DELPHI
obserables. Exceptionsare vy obserables,whereeventsare requiredto have no jets/leptondch)
within the DELPHI acceptancehatis of enegy E.;, > 0.5 GeVand| cos 0.,| < 0.97.

L3
Let usdefinefirst the cut onthe secondaryairsfor idealizedobserables:

¢ Weassumeéhatall the phasespacdor thesecondaryairsis includedandintegratedover, hovever
contrikution form resonantdiagramsfrom 4-fermionprocessegtc. mustbe subtractedrom the
datafirst by meansof Monte Carlo.

For the secondaryair cut to be usedfor realisticL3 obserablesour aim wasto describét in aform as
brief aspossible.In particularwe acceptambiguitieswhich mayleadto differencesnuchsmallerthan
precisiontag. The cut off on the secondaryairis performedn thefollowing way:

e Theinvariantmassof the primary pair mustbe at least60 GeV for qq, 75 GeV for pu/77. The
invariantmassis determinedrom collinearity of primary pair andothertracksunderassumption
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that missingis only singlephoton(collinearto the beam). The primary pair meandeptonsame-
flavor anti-leptonor two jets, of highestenepies.

e cutoninvariantmassof the secondarypair to be smallerthaninvariantmassof the primary pair
is notexplicitly required,but it is in practicethroughthe selectiontargetson the 2 highestenegy
jetsto form the primary pair, seenin the detector

e TheW andZ-pairproductionbackgrounds reducedy applyingthefollowing cuts. Semi-leptonic
W-pairdecaysarerejectedby requiringthetranserseenegy imbalanceo besmallerthan0.3 F .
The backgroundrom hadronicW(2Z)-pair decayss reducedoy rejectingeventswith atleastfour
jetseachwith enegy largerthan15 GeV. Thejetsareobtainedusingthe JADE algorithmwith a
fixedjet resolutionparametey.,; = 0.01. Theremainingpartof the 4-fermionprocessesdueto
W andZ contrilutionsremainandmustbe subtractedater with the help of Monte Carlo of well
establishedheoreticaluncertainty

e For Bhabhathereis no explicit cut on primary mass put implicit cuton secondanpair is present
throughthecollinearitycut. Theprimaryelectronsareselectedisthetwo highestn enegy clusters
which are matchedto chagedtracks. Note thatin this way we allow the presencef photon(s)
whichis harderthanoneor bothof thefinal statee*e™.

o M;,,(eTe™) (L3) andelectronclustersdefinitions: In L3 electronsare considereddressedab-
sorbingphotons(or extra pairs)in a half-cone2.5 dey, all thesecanbe seenasdetectorcoverage
is largerthanusedphasespace.

e ourdefinitionis not practicalfor primary pair beingneutrinos.Then,insteadwe request/eto cut,
no visible chagedenegy depositsabore 1 GeV andcosy, < 0.97.

OPAL

To defineour stratgy for additionalpair treatmentiet us recall the main pointsfrom the Ref. [7]. No
additionalcuts, apartthoselisted for the respecire obserables,are appliedto rejecteventswith pair
emission.In generalwe compareour measurementsith analyticalpredictionsncludingpair emission.
This meanghatpair emissiorvia virtual photonsrom boththeinitial andfinal statemustbeincludedin
efficiengy calculationsandbe excludedfrom backgroundestimatesin orderto performthe separation,
we ignoreinterferencebetweens- and¢-channeldiagramscontrituting to the samefour-fermion final
state,andgenerateseparatéMonte Carlo sampledor the differentdiagramsfor eachfinal state. For a
two-fermionfinal stateff we theninclude as signal thosefour-fermion eventsarising from s-channel
processeor which mg > mgm, mem < 70 GeV andmyp, (ff) /y/s > 0.1 (min, (ff)//s > 0.85 in
thenon-radiatre case).This kinematicclassificatiorcloselymodelsthedesiredclassificatiorof £{f'f in
termsof intermediatebosonsjn thatpairsarisingfrom virtual photonsaregenerallyincludedassignal
whereaghosearisingfrom virtual Z bosonsarenot. All eventsarisingfrom s-channelprocessegailing
the abore cuts, togethemwith thosearisingfrom the ¢-channelprocesgZee)andtwo-photonprocesses
are regardedas background. Four-fermion processesvolving WW or single W productionare also
backgroundn all casesTheoverall efficiency, ¢, is calculatedas

Offf Ottre
€= (1 - E) G T, T 1)
wheree;, €44 aretheefficienciesderved from the two-fermionandfour-fermionsignalMonte Carlo
eventsrespectiely, o is the generatedour-fermion cross-sectiomandoy is thetotal cross-section
from the analyticalprediction(e.g. ZFITTER) including pair emission. Using this definition of effi-
cieng, effectsof cutson soft pair emissionin the four-fermion generatorare correctly summedwith
vertex correctionsnvolving virtual pairs. Theinclusionof the four-fermion part of the signalproduces
negligible changedo the efficienciesfor hadroniceventsandfor leptonpairswith /sy, 4, /s > 0.85.
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Theefficienciesfor leptonpairswith /s, p 4, /s > 0.10 aredecreasethy about0.5%. The discussion
in the abore paragraplappliesto hadronic,muon pair andtau pair final states.In the caseof electron
pairs, the situationis slightly different. In principle the ¢t-channelprocesswith a secondfermion pair
arisingfrom the corversionof a virtual photonemittedfrom aninitial- or final-stateelectronshouldbe
includedassignal. As this processs not includedin ary programwe usefor comparisorwe simply
ignoresuchevents:they arenotincludedasbackgroundasthis would underestimatéhe cross-section.

2.5 Realisticete™ — ¢g(v) obsewvables
ALEPH

1. Inclusive Selection: Alephl Event clusteredinto jets with JADE algorithm until (Mjei—jei/
E.,)? > 0.008. Low massjets with high electromagnetienegy fraction are assumedo be
radiative photons.Non-photonjets thenclustertogetheruntil only two left, correspondingo the
qq system.Then

(a) Alephla M;,,(qq) > 50 GeV (excludingphotonjets),
(b) Alephlb M4(qq) > 0.1E,.

2. Exclusive Selection: Aleph2 Sameasinclusive selectionthenfollowing extra cuts,

(a) Aleph2a M;,,,,(qq) > 0.7E,,, (excludingphotonjets),
(b) Aleph2b M,,,4(qq) > 0.9E.,,

(c) Aleph2c|cos /4| < 0.95,

(d) Aleph2d Eventthrust> 0.85.

DELPHI
Eventswereretainedif they containedat least7 chagedtracksandif the chaged enegy wasgreater

than 15 % of the collision enegy. In addition,the quantity E,,; = \/E% + E%, whereEp and E
standfor thetotal enegy seenin the ForwardandBackward electromagneticalorimetersyasrequired
to belessthan90% of the beameneqy.

3. Inclusive Selection:Delphil M,z (qq) > 75 GeV

4. Exclusive Selection:Delphi2 M, (¢q)/+/s > 0.85

L3

Eventsareselectedby restrictingthe visible enegy, F.;s, t0 0.4 < FEyis/+/s < 2.0. Thelongitudinal
enegy imbalancemustsatisfy | Fione|/ Evis < 0.7. Thesecutsaccountfor alarge reductionof the two-
photonbackground.In orderto rejectbackgroundoriginating from lepton pair events, more than 18
calorimetricclusterswith anenegy largerthan300MeV arerequested.

5. Inclusive Selectionl: LT1 /s /s > 0.10
6. Inclusive Selection2: LT2 /51, > 60 GeV

7. Exclusive Selection:LT3 /s] ;/s > 0.85

OPAL

Eventsarerequiredto have at least7 electromagneticlustersand at least5 tracks. The total enegy
depositedn the electromagneticalorimeterhasto be at least14% of the centre-of-masgnegy. The
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enepgy balanceR;,; alongthe beamdirectionhasto satisfy Ry, =| X(Eeys - cos0) | /X Equs < 0.75,
wherethe sumrunsover all clustersin the electromagneticalorimeter § is the polarangle,and E ;s
is the enegy of eachcluster Eventsselectedas W-pair candidatesiccordingto the criteria of [15] are
rejected.

8. Inclusive Selection:OPALL /sy, p 4 /s > 0.10
9. Exclusive Selection:OPAL2 \/s(,p 4, /s > 0.85

2.6 Idealizedete™ — gq(~) obsenables
ALEPH

10. Inclusive Selection:lAlephl Mp,op+(¢q)/ Eem > 0.1.

11. Exclusive Selection:|Aleph2 M,p+(¢q)/Ecm > 0.9 and| cos 6,| < 0.95.
DELPHI

12. Inclusive Selection:IDelphil M, qp+(qq)/Eem > 0.1 and| cos 6, < 1.0.

13. Exclusive Selection:IDelphi2 M,,op+(qq)/Eem > 0.85 and| cos §,| < 1.0.
L3

14. Inclusive Selectionl: ILT1 M,,0p—(qq)/ Ecm > 0.10 and| cos §,| < 1.0.
15. Inclusive Selection2: ILT2 M,,.,—(qq) > 60 GeVand| cos §,| < 1.0.

16. Exclusive Selection:IL T3 M., (9q)/Eem > 0.85 and| cos 6,| < 1.0.
OPAL

17. Inclusive Selection:10pall M,,qp—(qqG)/FEen > 0.10 and| cos 64| < 1.0.

18. Exclusive Selection:I0pal2 M, op—(9G)/Een > 0.85 and| cos 6, < 1.0.

2.7 Realisticete™ — eTe™ () obsenvables
ALEPH

19. Exclusive Selectionl: Aleph3 2 < Ny < 8. Two of tracksmustbeidentifiedaselectronshave
| cos 6] < 0.95 andoppositechage. Thescalarsumof theirmomentashouldexceed).3E,.,,. The
sumof their enegiesincluding photonswithin 20° of eachtracksshouldexceed0.4F.,,. Then
M;n(ete™) > 80 GeV (reconstructedrom track momenta),M,,,,(ete™) > 0.9E,,, (where
radiatve photonsreconstructedsfor ¢g selection)and—0.9 < cos 07_ < 0.9.

20. Exclusive Selection2: Aleph4 Sameasexclusie selectionl, but —0.9 < cos 07_ < 0.7.
DELPHI
21. Exclusive Selection: Delphi3 The electronand positronwererequiredto bein the polarangle

range44° < # < 136° andthenon-radiatie eventswereselectedy askingthe collinearityto be
smallerthan20°.
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L3

The electronand positron are requiredto be in the polar anglerange44°® < 6 < 136° or 20° <
f < 160° andnon-radiatie eventsare selectedby askingthe collinearity to be smallerthan20° OR
M;nw(eTe )/ Eyy > 0.85.

22. Exclusive Selection1: LT4 M, (e*e™)/Eepn > 0.85 and| cos 0+ /.- | < 0.71934.
23. Exclusive Selection2: LT5 acol(ete™) < 25° and| cos 0.+ /.- | < 0.71934.

24. Exclusive Selection3: LT6 acol(ete™) < 25° and| cos 0+ /.- | < 0.94.

25. Inclusive Selection1: LT7 acol(ete™) < 120° and|cos 0+ jo-| < 0.71934.

26. Inclusive Selection2: LT8 My, (e*e™)/Eey > 0.10 and| cos 0+ /.- | < 0.94.

OPAL

Eventsselectedaselectronpairsarerequiredto have atleasttwo andnot morethaneightclustersin the
electromagneticalorimeter and not morethaneighttracksin the centraltrackingchambers.At least
two clustersmusthave anenegy exceeding20% of the beamenepy, andthetotal enegy depositedn

the electromagneticalorimetermustbe at least50% of the centre-of-masgnegy. For the inclusive
selectionandthe exclusie selectionl, at leasttwo of the threehighestenegy clustersmusteachhave
anassociatedentraldetectortrack. If all threeclustershave anassociatedrack,thetwo highestenegy

clustersare chosento be the electronand positron. For the large acceptancexclusie selection2, no
requiremenis placedon the associatiorof tracksto clusters,but the requiremenbn the total electro-
magneticenepy is increasedo 70% of the centre-of-massneqgy.

27. Inclusive Selection:Opal3 acol(ee™) < 170° and| cos b+ /.- | < 0.9.
28. Exclusive Selectionl: Opal4 acol(ee™) < 10° and| cos 0, | < 0.7.
29. Exclusive Selection2: Opal5 acol(e*e™) < 10° and| cos 0.+ .- | < 0.96.

2.8 Idealizede™e™ — ete () obsenvables
ALEPH

30. Exclusive Selectionl: 1Aleph3 M;,,(e*e™)/Eey > 0.9 and—0.9 < cos 0x_ <0.9.

31. Exclusive Selection2: IAleph4 M;,,(ete™)/Eey > 0.9 and—0.9 < cos 0% < 0.7.
DELPHI

32. Exclusive Selection:IDelphi4 M;,,(e*e™)/Eer > 0.85 and| cos 0+ /.| < 0.7.
L3

33. Exclusive Selectionl: ILT4 M;,,(e"e™)/Eem > 0.85 and| cos f,+ /.- | < 0.71934.

34. Exclusive Selection2: ILT5 acol(ete™) < 25° and| cos 0+ /.- | < 0.71934.

35. Exclusive Selection3: ILT6 acol(ete™) < 25° and| cos 0.+ /.- | < 0.94.

36. Inclusive Selectionl: ILT7 acol(ete™) < 120° and| cos O+ ;.- | < 0.71934.

37. Inclusive Selection2: ILT8 M;y,,(e*e™)/Eem > 0.10 and| cos b+ /.- | < 0.94.
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OPAL

38. Inclusive Selection:IOpal3 acol(e*e™) < 170° and| cos 0+ /.- | < 0.9.
39. Exclusive Selectionl: 10pal4 acol(ete™) < 10° and|cos 6,-| < 0.7.

40. Exclusive Selection2: IOpal5 acol(e*e ) < 10° and| cos 0+ /.- | < 0.96.

2.9 Realisticete™ — putu () obsewables
ALEPH

41. Inclusive Selection: Aleph5 2 < N < 8. Two tracksmustbe identified as muons,have
p > 6 GeV, | cos 8| < 0.95 andoppositechage. The scalarsumof their momentashouldexceed
60 GeV. Photonsareidentifiedfrom jetsclusteredwvith JADE algorithmuntil (Mjet_jet/Ecm)2 >
0.008. Then Mypy(1* ™)/ Eem > 0.10 (whereradiative photonsreconstructeasfor ¢g selec-
tion).

42. Exclusive Selection:Aleph6 Sameasinclusive selectionthenfollowing extracuts, M, (1 1 7)
/Eem > 0.9E,,,, (Whereradiative photonsreconstructedsfor ¢g selection)and M, (u ™) >
0.74 (excluding photons).

DELPHI

An eventwasrequiredto have two identifiedmuonsin the polaranglerange20° < ¢, < 160° andthe
highestmuonmomentunof atleast30 GeV/c. M, (u* ™) wascalculatedrom akinematicfit, where
four differenttopologieswereinvestigatedor eachevent: i) no photonradiatedji) onephotonradiated
alongthe beamline, iii) oneseenandoneunseerphotonin ary direction,iv) a singleunseerphotonin

ary direction. The seenphotonfit wasperformedif a neutralenegy depositgreaterthan5 GGeV was
measuredn theelectromagneticalorimeters.

43. Inclusive Selection:Delphi4 M;,,(utp~) > 75 GeV
44. Exclusive Selection: Delphi5 M;,,,(u*17)/Eep > 0.85

L3

An eventmusthave two identifiedmuonsin thepolaranglerange20° < 6,, < 160° andthehighestmuon
momentumshouldexceed35 GeV. The effective centre-of-masgnegy for eacheventis determined
assuminghe emissionof a singleISR photon. In casethe photonis foundin the detector(| cos 6| <
0.985) it is requiredto have aneneny, F,,, largerthan15 GeVin theelectromagneticalorimeterandan
angularseparatiorio the nearestuonof morethan10 degrees.Otherwisethe photonis assumedo be
emittedalongthe beamaxisandits enegy is calculatedrom the polaranglesof the outgoingmuons.

45. Inclusive Selection:LT9 M, (up~) > 75 GeV
46. Exclusive Selection:LT10 Mapng(putp™)/Eem > 0.85

OPAL

N, > 2. A pair of tracksis takenasmuonpair candidatejf bothtracksareidentifiedasmuons,have
p > 6 GeV, | cos 0| < 0.95 andareseparatedy 320 mradin azimuthalangle¢. If morethanonepair
of trackssatisfiesthe above conditions,the pair with the largestscalarmomentumsumis chosen.The
eventis rejectedf morethanoneothertrack hasatransersemomentungreaterthan0.7 GeV. Finally,
E,;s, definedasthe scalarsumof thetwo muonmomentgplusthe enegy of the highestenegy cluster
in the electromagneticalorimeter(| cos §| < 0.985), hasto be largerthan0.35./s + 0.5M?2//s. For
photonto beusedin definitionof M,,, it hasto beseparateatleastby 200 mradfrom chagedmuons.
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47. Inclusive Selection:Opal6 Moy (1t 1)/ Een, > 0.10
andM;,,(ut ) > 70 GeV, if 0.35\/5 < Eyis — 0.5M2/\/s < 0.75/5s.

48. Exclusive Selection:Opal7 Moy, (1t 1)/ Eem > 0.85
and My, (utp™) > y/ M2 +0.1s.

2.10 Idealizedete™ — putu~(v) obsewvables
ALEPH

49. Inclusive Selection:lAleph5 M;,,, (1" 1)/ Eep > 0.1 and| cos 0,1 <0.95.

50. Exclusive Selection:lAleph6 M;,,, (1" 1)/ Eem > 0.9 and| cos 6,,-| < 0.95.
DELPHI

51. Inclusive Selection:IDelphi5 My, (u*p~) > 75 GeVand| cos - | < 0.95.

52. Exclusive Selection:IDelphi6 M;,,(u"1~)/Eey > 0.85 and| cos 0, < 0.95.
L3

53. Inclusive Selection:ILT9 M, (n" 1) > 75 GeVand| cos 0, | < 0.90.
54. Exclusive Selectionl: ILT10 My, (ut ™)/ Eep, > 0.85 and| cos 0, | < 0.90.

55. Exclusive Selection2: ILT11 M;,,,(ut ™)/ Eemn > 0.85 and| cos 6, | < 1.0.

|
OPAL
56. Inclusive Selection:IOpal6 M,,., (1t p~)//s > 0.10 and| cos 6, | < 0.95.
57. Inclusive Selection:I0pal7 M,,..,— (u*p~)/y/s > 0.10 and| cos 0,,- | < 1.00.
58. Exclusive Selection:10pal8 M,,..,,— (u"p~)//s > 0.85 and| cos 0, | < 0.95.

59. Exclusive Selection:IOpal9 M,,q, (1t p~)/y/s > 0.85 and| cos 6, | < 1.00.

2.11 Realistice™e™ — 7777 () obsewvables
ALEPH

60. Inclusive Selection: Aleph7 Two identified = candidateswith M;,,(7"7) > 25 GeV and
acol(tT77) < 250 mradin planeperpendiculato beamaxis. Then Mu,g(7777) > 0.1Ecp,
(whereradiatve photonsarereconstructeasfor ¢g selection).

61. Exclusive Selection:Aleph8 Samaeasinclusive selectionthenfollowing extracut M, (71 77) >
0.9E.,, (whereradiatve photonsreconstructeasfor ¢g selectionjand| cos 0,.-| < 0.95.

DELPHI

Theleadingtrackin eachhemispheravasrequiredto lie in thepolaranglerange| cos 6| < 0.94, andthe
obsenedchagedparticlemultiplicity wasrequestedo beunity in onehemispher@andno morethanfive
in theother At leastoneof theleadingtrackswasrequiredto have momentungreaterthan0.025 x /s.
Full descriptionof the cutscanbe foundin Ref.[2]. The M,,,(7"7~) wascalculatedfrom fermion
directionsestimatedy leadingtracks.
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62. Inclusive Selection:Delphi6 Mg,,(t777) > 75 GeV

63. Exclusive Selection:Delphi7 M,,,(7777)/Ec;, > 0.85

L3

Tauleptonsareidentifiedasnarrav, low multiplicity jets, containingfrom oneto five chagedparticles.
Taujetsareformedby matchingthe enegy depositionsn the electromagnetiandhadroncalorimeters
with tracksin thecentraltracker andthe muonspectrometefTwo taujetsof atleast3.5GeV arerequired
to lie within thepolarangulamange| cos 6| < 0.92. To rejectbackgroundrom two photonprocessethe
mostenegeticjet musthave anenegy largerthan20 GeV. Thereconstructiorof the effective centre-of-
masseneqgy follows the proceduredescribedn the muonsubsectionusingthe polaranglesof the two
taujets. Full descriptionof the cutscanbefoundin Ref. [4].

64. Inclusive Selection:LT11 M,,,,(7777) > 75 GeV

65. Exclusive Selection:LT12 My (7777)/Eem > 0.85

OPAL
Tau-paircandidatesreeventswith exactly two chaged,low multiplicity coneswith 35° half-angle.

e Theeventis rejectedf it wasselectedasa i pair.

e N, < 7,whereN,,, isthenumberof tracksin the centraldetector

o Nyt + Nous < 16, whereN,,. is thenumberof ECAL clusters.

e |cosf.+,.-| < 0.90, where| cos 6, | is the cosineof therespectie coneaxis.

e 0.02 < R < 0.7, where Ry, is the summedECAL enegy scaledby the centre-of-mass
eneqgy.

e R < 0.8, whereR;, is thescalarsumof trackmomentascaledby the centre-of-maseneny.
o Ropw > 0.20r Ry > 0.2,

® Rgpyw + Ry < 1.05(1.10), for | cos @] > 0.7 (< 0.7),where| cos 0] is the averageof thetwo tau
cones.

e [cosO,moar | < 0.99, wherecos 0, roar is the cosineof the direction of missingmomentum

mzsszng mzsszng

calculatedusingthe ECAL.
o pPCAL > 0.015,/s wherep”CAL is the sumof thetrans\erseECAL enepy.
e Eventsarerejectedf 0.9 < E/p < 1.1 in bothcones.

e Usingthe valuesof 6., the expectedenepgy of eachleptonis calculatedassuminghatthe final
stateconsistsonly of two leptonsplus a single unobsered photonalongthe beamdirection. We

thenrequirethat0.02 < /(X%, + X%,) < 0.8, and/ (X%, + X2,) < 0.8, whereXp; go are
the total electromagneticalorimeterenegiesin eachtau conenormalizedto the expectedvalue

calculatedabore, and X py po arethe scalarsumsof track momentain the two tau cones,also
normalizedto the expectedvalues.

® Oacollinearity < 180° — 2tan~! (QMZ‘[) + 10°. Thiscutis placedl10° degreesabove theexpected
radiatve returnpeak.
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L aacoplanarity < 30°.

66. Inclusive Selection:Opal8 M,,,,(7+77)/y/s > 0.10.

67. Exclusive Selection:Opal9 Mg, (77 77)/y/s > 0.85.

2.12 Idealizedete™ — 7777 () obsewnables
ALEPH

68. Inclusive Selection:IAleph7 M;,,(t777)/Eey > 0.1 and| cos 0| < 0.95.

69. Exclusive Selection:IAleph8 M;,,(t777)/Eepn > 0.9 and| cos .- | < 0.95.
DELPHI

70. Inclusive Selection:IDelphi7 M;,,,(r"77) > 75 GeVand| cos 0, | < 0.95.

71. Exclusive Selection:IDelphi8 M;,,(t777)/Eem > 0.85 and|cos 0, | < 0.95.
L3

72. Inclusive Selection:ILT12 M;,,,,(t777) > 75 GeVand| cos 0,- | < 0.92.
73. Exclusive Selection1: ILT13 M;,,,(7777) / Een > 0.85 and| cos 0, | < 0.92.

74. Exclusive Selection2: ILT14 M;,,,(7777)/Eem > 0.85 and| cos 6| < 1.0.
OPAL

75. Inclusive Selectionl: 10pall0 M, ,,—(7177)/y/s > 0.10 and| cos 6~ | < 0.90.
76. Inclusive Selection2: 10palll M,,,,—(7t77)/y/s > 0.10 and| cos - | < 1.00.
77. Exclusive Selection:10pall2 M,,,,— (7777)/y/s > 0.85 and| cos 6,—| < 0.90.

78. Exclusive Selection:10pall3 M,,q,— (7777)/+/s > 0.85 and| cos .- | < 1.00.

2.13 qqy obsewables

This sectioncontaingprecisionrequirementgor regionsof phasespaceselectedn searchefor anoma-
lous neutralgaugecouplings(ZZ-~,Zvy~), especiallyfor the visible vy + Z — v + qq final state. The
prominentStandardModel procesgopulatingthis region is the radiatve returnto the Z. Numericalre-
sultsarenot provided,we expectuncertaintiegor initial statebremsstrahlungontritutionsto besimilar
to theonein caseof leptons however theadditional ,oftendominantuncertaintieslueto interplayof the
final stateQCD interactionandphotonemissionarenot discussedn our section.

L3

79. Total Cross-SectiorT13 Hadroniceventsareselectedy askingfor morethan6 chagedtracks
andmorethan11 calorimetricclusters.Thetranserseandlongitudinalenegy imbalanceshould
be belov 15 and 20% respectiely. A photonwith 14° < 6, < 166° andenegy 80 GeV <
/s —2E,4/s < 110 GeVis required.Theprecisiontagis 0.3-0.4%.
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OPAL

80. Total Cross-SectiorDOpall0 Eventsareselectedwvith two jetsandonevisible photon fulfilling a
3C kinematicfit, allowing anadditionalphotonof at most5% of the beamenegy to be radiated
alongthebeampipe. Therelevantphasespaces definedby

(a) E, >50GeV
(b) 15° < 6, < 165°
(c) anglebetweerphotonandclosesiet, o, je; > 30°.

The requiredprecisiontag for the radiative return cross-sectiorin this phasespacefor a LEP-
combinedanalysisis 0.3%. It assumesincorrelatedexperimentalsystematicandis dominated
by the experimentalstatistics. For fully correlatedexperimentalsystematicghe precisiontag is
0.4%. Currently the predictionsof the XCMC andPYTHIA generatorsn this phasespacediffer
by 15%.

81. Differential Cross-SectionOpalll SelectedEventsin the abore phasespacearesubjectedo a
maximumlikelihoodfit in thedifferentialdistributionsof £.,, cos 6, andcos 67, whichis theangle
of thefinal statequark-jetsin the Z restframe. Precisiontag: Theratio betweertherateof events
within | cos 6| < 0.7 andthe boundaryof the acceptancéasto be known within about1%. The
discrepang betweentCMC andPYTHIA in the region | cos 6,| < 0.7 is currently at level of
30% (stat.significance2o).

2.14 ((~ obsewables

This final stateis primarily usedto searchfor single (one photon)or pair (two photons)production
of excited leptons. In principle, the radiatve return peakin M, can be rejectedin thesesearches,
which is not possiblein the anomalouseutralcoupling analyseqseeabaove). In practice,however,
experimentakesolutionandfurther (final state)radiationreducethe power of suchananticut. Therefore
bothtopologies(includingandomitting the anticut)needto be studied.

ALEPH

Photonsarerequiredto have at least15 GeV and| cos §,| <0.95. Leptonsare alsorequiredto have
| cos ;] <0.95,they areidentifiedfrom oppositelychagedjet clusteredrom chagedtracks(at most3)
with atleastonejet above 5 GeV. The anglebetweenthe 2 jets beingat least30 degreeandthe photon
candidateat least10 degreefrom thechagedjet.

e (¢ plus onephoton
Two leptonsof sametypearerequiredaccompaniedf atleastonephoton.Thetwo mostenegetic
leptonsandthe mostenepgetic photonareconsidered.

82. eey ALEPH-11 Two tracksareidentifiedaselectronandthesumof chagedenegy greater
than0.6*E.,,. Expectedprecisiontag1.4%

83. ppy ALEPH-12 Two muonshaveto beidentifiedandchagedenegy greatethan(0.6x E..,,, .
Precisiontag 1.5%

84. Tty ALEPH-13 At leasta 3-prongtau jet candidaten the eventis required.Precisiontag
1.7%

e (¢ plus two photons
Two electrongor muonsor taus)have to beidentifiedand2-photonjet identifiedIsolationcut on
the 4 anglesbetweenphotonand leptonrequiredto be at least20 degree. The 2 reconstructed
lepton—gammanasse$ave to agreewithin 5 GeV/c**2
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85. eeyy ALEPH-14 Precisiontag3%.
86. puuyy ALEPH-15 Precisiorntag5%.

87.

DELPHI

Eventswith a visible enegy aborve 0.2,/s in theregion | cos 8| < 0.9397 andnot morethan6 chaged
tracksareselectedPhotonsarerequiredto have anenegy above 5 GeVand| cos 0| < 0.9848. Thetotal

chaged(neutral)enegy in a15° conearoundthephotonis requiredto bebelov 1 GeV (2 GeV).Chaged
particlesareclusterednto jets. Jetsarerequiredto have | cos 0| < 0.9063 andthemostenegeticto have

anenegy abore 5 GeV. In three-or four-body topologiesthe enegiesarerescaledy imposingenegy

momentumconseration and usingthe measuredangles. An improved enepgy resolutionis obtained.
Compatibility betweerthe measure@ndrescalecenegiesis required.

L3

7177 ALEPH-16 Precisiontag8%.

e /(¢ plus one photon The enegy of the photonis requiredto be abose 10 GeV. Eventswith one
photonandoneor two jetsin thefinal stateareconsideredThis accountdor situationsin which
oneof theleptonswaslostin the beampipe or hasvery low momentum(closeto the kinematic
limit). The expectedbackgroundsand thus the further selectionsand the efficienciesare very
dependenobntheleptonflavour.

88.

89.

90.

eey DELPHI8

At leastonejet identified as an electronand the other not identified as a muon, the most
enegeticjet with £ > 10 GeV. Onephotonwith | cos 8| < 0.7660. If only onejet is found
the anglebetweerthe jet andthe photonmustbe in the betweenl00° and179°. Precision
tag: 1.4%

ppy DELPHI9

At leastonejet identifiedasa muonandno jetsidentifiedaselectronsthe mostenepeticjet
with £ > 10 GeV. Precisiontag: 1.6%

77y DELPHI10
Themostenepgetic jet with £ > 10 GeV. Onephotonwith |cos 0| < 0.94. Taueventsare
selectedby requiringa differencebetweernthe measure@ndthe rescalecenegy of thejets,

expecteddueto the presencef neutrinos.If only onejet is foundthe anglebetweerthe jet
andthe photonmustbe betweenl 00° and179°. Precisiontag: 1.8%

e (¢ plus two photons

Two jets and two photonsin the event. Compatibility betweentwo reconstructed~y massess
required. Therelevantquantityis the minimum of the electron-photonnvariantmassdifferences
(Amy,). Thestatisticalerrorof the selectionclearlydominates.

91.

92.

93.

eeyy DELPHI11
Am,, < 15GeV/C. Precisiontag: 5%
ppyy DELPHI1Z2
Am,,, < 10GeV/C Precisiontag: 6%
71y~ DELPHI13
Am,, < 10GeV/E Precisiontag: 6%

Hadroniceventsarerejectedby requiringlessthan8 chagedtracks.Photonsarerequiredto have atleast
15GeVand| cos 0| <0.97. Leptonsarerequiredto have the sameflavor and | cos §;| <0.94. They are
identifiedfrom oppositelychagedtracks/lav multiplicity jets(fortau).
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e (0 plus onephoton
At leastoneleptonaccompaniedby at mostonehard photon. The secondeptonmay bein the
beampipe. The photonis requiredto have at least20 GeV and | cos 6| <0.75. Onemass(|)
shouldbegreaterthan70 GeV.

94. eey LT14 Expectedprecisiontag1.2%
95. puy LT15 Precisiontag1.5%
96. 77y LT16 Precisiontag1.8%

e (¢ plus two photons
onephon(or muonor tau)and2 photonsseen.The photonsarerequiredto have atleastl5 GeV
andone shouldbe in | cos6,| <0.75, the secondin |cos .| <0.94. The differenceof the 2
reconstructedepton-gammanasseshouldbebelov 10 GeV andtheir sumabore 100GeV.

97. eeyy LT17 Precisiontag4%.
98. puyy LT18 Precisiontag6%.
99. 7Ty LT19 Precisiontag6%.

OPAL

Photoncandidatesare requiredto have an enegy exceeding5% of the beamenegy, and have to lie
within | cos6,| < 0.95. Leptonsarealsoidentifiedwithin |cos 6,] < 0.95 andarerequiredto have
p: > 1 GeV. Photonselectronsand muonsarerequiredto beisolatedby at least20 degreefrom the
nearesthagedtrackof momentumargerthanl GeV.

e (¢ plus onephoton

Theremustbeatleasttwo identifiedleptonsof thesameaypeandatleastonephoton.Thetwo most
enegeticleptonsandthemostenegetic photonareusedn theanalysis.Theirenegy sumis called
E,;s in thefollowing. The precisiontag assumesincorrelatedexperimentalsystematics.Both,
uncorrelatedystematicsandexpectedstatisticalprecisionof the LEP combinedresultcontritute
to aboutequalpartsto the precisiontag. For correlatedexperimentalsystematicghe required
theoreticalprecisionis loosenedy about0.9%.
100. eey w/o rad return rejection Opall2

- Evis > 1-6£?beaun

— |cosf,| <0.70

— |cos .| < 0.70 for atleastoneelectron.

Precisiontag: 1.3%

101. eey with rad return rejection Opall3

- Evis > 1-6Ebeam

— |cos B, <0.70

— |cos 0| < 0.70 for atleastoneelectron.

— rejecteventswith 85 GeV < M, < 95GeV

Precisiontag: 1.4%

102. ppy w/orad return rejection Opall4

- Evis > 1-6E‘beam

Precisiontag: 1.5%
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103.

104.

105.

ey with rad return rejection Opall5
— Eyis > 1.6 Epeam
— rejecteventswith 85GeV < M, < 95GeV
Precisiontag: 1.7%
77 w/o rad return rejection Opall6
— 0.8Fbeam < Fuis > 1.9Fpeam
Precisiontag: 1.4%
717 with rad return rejection Opall7

- O-SEbeam < Evis < 1-9Ebeam
— rejecteventswith 85GeV < M, < 95GeV

Precisiontag: 1.5%

¢ plus two photons

Theremustbe at leasttwo identifiedleptonsof the sametype andat leasttwo photons.The two
mostenegetic leptonsandthe two mostenegetic photonsareusedin the analysis.Their enegy
sumis called E,;, in the following. The precisiontagis dominatedby the statisticalerror of the

selection.

106.

107.

108.

109.

110.

111.

eeyy w/orad return rejection Opall8
- Evis > 1-6E‘beam

— minimumopeningangleamongall electron-photorrombinationg cos «

Precisiontag: 3%
eeyy with rad return rejection Opall9
- Evis > 1-6E‘beam

— minimumopeningangleamongall electron-photortombinations cos o’

— rejecteventswith 85 GeV < M, < 95GeV
Precisiontag: 3%
wpyy wlo rad return rejection Opal20
— Eyis > 1.6 Epeam
Precisiontag: 5%
puyy with rad return rejection Opal21

- Evis > 1-GL?beaun
— rejecteventswith 85GeV < M, < 95GeV

Precisiontag: 6%

7177 W/0 rad return rejection Opal22
— 0.8Fpeam < Fuis > 1.9Fpcam

Precisiontag: 5%

777y With rad return rejection Opal23

- 0-8Ebeam < Evis < 1-9E1beam
— rejecteventswith 85GeV < M., < 95GeV

Precisiontag: 6%
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2.15 vvry obsewables

The obserableslisted belov do notincludeary cutto eliminatethe regionsof phasespacedominated
by the radiative returnto the 7. Sucheventsareusuallyselectecby a cut on the massof the invisible
system.For suchan extendedobserablethe requiredprecisiontag shouldsimply be scaledaccording
to the somevhatdecreasedgtatistics.In general fully exclusivepredictionswith help of the full multi-
dimensionatistributionsof photon(senegiesanddirectionsareneededvith aprecisioncomparableéo
thatof thetotal crosssection.

ALEPH

112. Nul Single photonand missingenegy: Exactly one photonwith |cos6,| < 0.95 and P, >
0.0375 * E,p,. No otherphotonwith | cos 6,,| < 0.9997 and £, > 1 GeV.

113. Nu2 Two or morephotonsandmissingenegy: Two or morephotons eachwith £, > 1 GeV
and|cosf,| < 0.95. Thetransersemomentumof the multi-photonsystemmustbe suchthat
YP, > 0.0375 % (E., — XE). No otherphotonwith |cos6,| between0.95 and 0.9997,and
E, >1GeV.

DELPHI

114. Singlephotonandmissingenegy: Requireexactly oneobsered photonwith enegy requirement
varyingwith polarangle

(@) NullVeryforward (or backward):3.8° < 6 < 6.5°, z, > 0.3 0rz, > (9.2 —60)/9
(b) Nul2Forward(or backward): 12° < 0 < 32°, z, > 0.2
(c) Nul3Barrel:45° <0 < 90°, 2y > 0.06

No additionalphotonswith £, > 0.8 GeV andf > 38 mradunlessthey arewithin 3°, 15° and
20° from the primary photonfor the very forward,forward andbarrelregions,respecirely.

115. Two or morephotonsandmissingenegy Nul4: Two or morephotonswith £, > 0.05 * Epeqn,
and|cos6,| < 0.985, atleastone of which has|cos 6,| < 0.906. No additionalphotonwith
E, > 0.02 * E,, and| cos 6, | betweerD.985and0.9994.

L3
116. Singlephotonandmissingenegy: Exactly onephotonwith | cos 6| < 0.97 and:

(&) Nu3enegyandP; > 5 GeV if 14° < 0 lendcaps/
(b) Nu4dgenegyandP; > 5 GeV if 43° < @ /barrel/

No otherphotonwith | cos 6| < 0.9997 andE,, > 10 GeV.

117. Two or morephotonsandmissingenegy: eachphotonwith | cos 6, | < 0.97 and:

(&) Nu5enegyandP; > 5 GeV if 14° < 0 (endcaps)
(b) Nu6enegyandP; > 1 GeV if 43° < 0 (barrel)

Thetransersemomentunof themulti-photonsystenmustbegreatethan5 GeVandthecollinear
ity greaterthan2.5° No otherphotonwith | cos 6,,| < 0.9997 andE, > 10 GeV.
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118. Single photonand missingenegyNu7 : The maximumenegy photonmusthave | cosf,| <
0.9660 and P; > 0.05 * Epeqnm,- TheremaybeatmostONE additionalphotonwith £, > 0.3 GeV
and| cos 6| < 0.9848.

119. Two or morephotonsandmissingenegy: Two or morephotonseachwith
(@) Nu8 £, > 0.05 * Epeqm and| cos 6| < 0.9660,

(b) Nu9 E, > 1.75 GeV, | cos 0, | < 0.8 andthesumof their P, > 0.05 * Epean,
(c) NulOE, > 1.75 GeV, | cos 64| < 0.966 andthesumof their P, > 0.05 * Epeqm,

3 DISCUSSION OF NUMERICAL RESULTS FOR IDEALIZED AND
REALISTIC OBSERVABLES

In this sectionwe comparenumericalresultsfrom all MC andsemi-analyticaprogramsavailablein in
ourworking group.

Theaim of this exerciseis two-fold:

e to checkif thesecodesgive meaningfulpredictions.Usuallythey do butit canbeanontriial test,
we alsocheckin this way the applicabilityrangeof the codes.

e to probetheerrorspecificationgleclaredoy the authorsof the codesin the Sectiond

In orderto make the comparisommeaningfulwe defineda commoninput. In generalwe took physical
parametergrom the latestpublication of world averagesin the PDG. For the Higggs masswe took
My = 120 GeV.

For the QCD couplingthe averagea s (M) wasusedasaninput. The value of Aa;(i)d(Mz) =
0.027782 £ 0.000254 is not presenin PDG,andthis valuewastakenfrom Ref.[16]. It containsupdates
of theanalysisof Ref.[17]. For additionaldiscussioron this subjectseeSection3.1.

3.1 Hadronic low energy vacuum polarisation

Vacuumpolarizationmakesabout6% correctionto the valueof agrp ats = m%. Theleptonicpartof
this contritution is known with excellentprecision[18]. The quarkpart,however, is moredifficult since
the quarkmassesrenot unambiguouslylefinedandthereis no generalagreementhatthe pertubartre
QCD canbeusefor reliablecalculations Several reevaluationsof the hadroniccontritution to the QED
vacuumpolarizationhave beenperformedo determinethe effective QED couplinga(M2) [17,19-30].
They arecomparedn Fig. 1. Theresultsmarkedwith * areobtainedusingadispersiorintegral of R4

+

o(eTe™ — hadrons)

R =
T g (etes — ptpn)

measuredxperimentally Theuncertaintiesredominatedy theprecisionof measurementf o(ete™ —
hadrons) attheete centre-of-massnegiesbelon 5 GeV. Thevaluesnot markedwith * areobtained
by usingperturbatie QCD in this region.
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Fig. 1: Resultsof calculationsof the hadroniccontribution to the QED vacuumpolarization. Theresultsmarked

with * areobtainedusinga dispersiorintegral of Ry,q measure@xperimentally

Table 1: o~ 1(s) usingresultsof calculationof Ref.[20].

Vs (GeV) a_'(s)
80.364 | 129.08+ 0.09
91.1871 | 128.89+ 0.09
161 128.07£ 0.09
172 127.98+ 0.09
183 127.89+ 0.09
186 127.86+ 0.09
192 127.82+ 0.09
196 127.79+£ 0.09
200 127.76+ 0.09
205 127.72+ 0.09

Thevaluesof hadroniccontritutionspresentedn Fig. 1 arein goodagreementThe precisionof
calculationsusinga dispersionintegral of Ry, measuredxperimentallyis suficient for the precision
requiredat LEP2. Thevaluesof the effective QED couplinga(s) atdifferentcentreof massaregivenin

Tablel.

3.2 Discussionof numerical resultsfor ¢g(y) obsewables

Thereis good(0.1%or better)agreemenbetweenCXMC andZFITTER with pair correctionswitched
off, in all available entriesin Table2. For the obserableswherepredictionsfrom KXMC are miss-
ing it is dueto experimentaltreatmentof the interferencecorrection,which requiresmorerunsof the
Monte Carlo for every entry The level of agreements consistenwith the predictionsof the system-
atic theoreticaluncertaintiefrom the programauthors. We canthus concludethat the systematicer-

ror from the QED/electraveak sectorfor theseprocessess indeedsmallerthan 0.2%. If pair effects
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andtheir uncetraintyis takeninto accountasdiscussedn Section5.5.11thetotal uncertaintyfrom the
QED/electraveaksectoris 0.26%.

Table 2: Numericalpredictionsfrom theoreticakalculationsof the following idealizedobsenablesin ¢g(y) final
states;cross-sectionsThe lastfield of the table shows relative deviation (multiplied by 100) with respecto the
first calculation.

obs. program ene value and error estimate 0 ratio
TAlephl| | ZFITTER v6.30 | 189.0 | 9.8387-10' +5.22-10 * —4.80-10 2
7¥6.30 no pair | 189.0 | 9.6865-10' +5.22-107* —5.11-107% | -1.55
ZFITTER v6.30 | 206.0 | 7.9133-10' +6.58-107 —4.25.1072
7F6.30 no pair | 206.0 | 7.7853-10! +6.56-107* —2.83-107% | -1.62
TAleph2| | ZFITTER v6.30 | 189.0 | 1.9370-10' +1.02:10~2 —1.66-10~3
ZF6.30 no pair | 189.0 | 1.9400-10" +8.28-107 —1.66-107% | 0.16
ZFITTER v6.30 | 206.0 | 1.5456-10" +8.52-10~% —8.30-10~*
ZF6.30 no pair | 206.0 | 1.5481-10' +6.98-10~ —8.31-10~* | 0.16
IDelphil | | ZFITTER v6.30 | 189.0 | 9.6865-10' +5.22-107% —5.11-10~°
7¥6.30 no pair | 189.0 | 9.6865-10' +5.22:10~% —5.11-103 | 0.00
ZFITTER v6.30 | 206.0 | 7.7853-10' +6.56:10~% —2.83.10~3
7¥6.30 no pair | 206.0 | 7.7853-10' +6.56-10 * —2.83.10 * | 0.00
IDelphi2 | | ZFITTER v6.30 | 189.0 | 2.2001-10" +1.43-1073 —1.88-1073
7F6.30 no pair | 189.0 | 2.2001-10' +1.43-10~* —1.88-10~% | 0.00
ZFITTER v6.30 | 206.0 | 1.7540-10' +1.39-107 —9.43.10~*
ZF6.30 no pair | 206.0 | 1.7540-10" +1.39-107 —9.43-10~* | 0.00
ILT1 ZFITTER v6.30 | 189.0 | 9.8429:10! +5.20-1073 —4.80-1072
ZF6.30 no pair | 189.0 | 9.6906-10" +5.20-10~% —5.11.10~% | -1.55
KKMC 4.13 189.0 | 9.6911-10" +2.54-10 2 -1.54
ZFITTER v6.30 | 206.0 | 7.9167-10' +6.58-107 —4.25-1072

ZF6.30 no pair | 206.0 | 7.7886:10' +6.56:10~* —2.83-103 | -1.
KKMC 4.13 206.0 | 7.7907-10" £1.99-1072 -1.5
ILT2 ZFITTER v6.30 | 189.0 | 9.6751-10' +6.74-107% —4.39-1072
7F6.30 no pair | 189.0 | 9.5273-10! +6.74-10 * —5.11-10 3 | -1.53
KKMC 4.13 189.0 | 9.5259-101 +2.54-10 2 -1.54

ZFITTER v6.30 | 206.0 | 7.7847-10' +8.01-107% —3.92.1072
7¥6.30 no pair | 206.0 | 7.6602:10' +7.98-10~* —2.83.10~% | -1.60
KKMC 4.13 206.0 | 7.6609-10" +1.98-10~2 -1.59
ILT3 ZFITTER v6.30 | 189.0 | 2.2080-10" +3.34-107% —1.88-1073
ZF6.30 no pair | 189.0 | 2.2100-10" +1.43-107% —1.88-10% | 0.09
KKMC 4.13 189.0 | 2.2096-10' +1.82-102 0.08
ZFITTER v6.30 | 206.0 | 1.7603-10" +2.95-10~% —9.43-10~*
7¥6.30 no pair | 206.0 | 1.7620-10' +1.39:10~% —9.44.10~* | 0.10
KKMC 4.13 206.0 | 1.7616-10" +1.43-10 2 0.07
1Opall ZFITTER v6.30 | 189.0 | 9.8429-10' +5.20-107% —4.80-1072
ZF6.30 no pair | 189.0 | 9.6906-10* +5.20-10% —5.11-10~% | -1.55
KKMC 4.13 189.0 | 9.6911-10" +2.54-10~2 -1.54
ZFITTER v6.30 | 206.0 | 7.9167-10' +6.58-10~% —4.25.1072
ZF6.30 no pair | 206.0 | 7.7886-10' +6.56-107% —2.83-1073 | -1.62
KKMC 4.13 206.0 | 7.7907-10" =£1.99-10~2 -1.59
10pal2 ZFITTER v6.30 | 189.0 | 2.2080-10' +3.34-10% —1.88-1073
ZF6.30 no pair | 189.0 | 2.2100-10' +1.43-10~% —1.88-10~% | 0.09
KKMC 4.13 189.0 | 2.2096-10' +1.82-102 0.08
ZFITTER v6.30 | 206.0 | 1.7603-10" +2.95-107% —9.43-10~*
ZF6.30 no pair | 206.0 | 1.7620-10" +1.39-107 —9.44-10~* | 0.10
KKMC 4.13 206.0 | 1.7616-10" +1.43-1072 0.07

Someimprovementsin XXMC and ZFITTER with respectre to publishedversionsto obtain
thatlevel of agreementsvere needed.Especiallythe questionof choiceof input parameterdadto be
revisited. Seethe Section4.5 and 4.13 describingthe programsand sectionon comparisonss.4 for
details. We canconcludethatin all caseghe overall QED uncertaintyin quarkchannelsarebelow the
experimentalprecisiontag. The effect dueto pairscannot be neglectedbut even if it is includedin
a ratherapproximateway, this would be enough. We do not expectthe appropriateuncertaintyto be
sizableenoughto affect the experimentaktudiesin ary case.

Finally let uspointthatwe werenotaddressingry questiongelatedto uncertaintie®f final state
QCD interactionsseereportof the QCD waorking groupin this report[31]. The QCD FSRcorrections
areimplementedn XXMC andZFITTER asanoverall K-factortakinginto accountall availablehigher
orders,however, they do not take into accountary kinematiccutson real gluons. Thatis why their
predictionsfor realisticobsenablesareof the partialuseonly.
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3.3 Discussionof numerical resultsfor obsewnablesin ete () final states
TunedBHWIDE LABSMC comparisons

Certaintunedcomparison®f the BHWIDE andLABSMC programswere performedfor theete™ ()
obserables.First,attheBornlevel anagreemenivasfoundbetweerthepredictionsof thetwo programs
(after adjustingthe EW parametersat the level of 0.1% (stat. errors). Then,cross-checksf the pure
QED contrilution to the Bhabhaprocessvereperformed,.e. of only the y-exchangecontrilution with
the pure QED corrections( photoniccorrectionsonly — no pairs). Here, the two programsdiffer up to
0.4% (thepredictionsof BHWIDE arein mostcasedowerthantheonesof LABSMC). Thesdlifferences
canbe explainedby the differenttreatmentf higherorderQED correctionsn the two programs:the
YFS exponentiationin BHWIDE versusthe structurefunction formalismin LABSMC. The biggest
differencesarefor the obserableswith a directcuton the ‘bare’ invariantmassM;,,,,(e*e™). For such
obserablesFSRplaysanimportantrole andthe differencesn the higherorderFSRimplementationin
the two programsmay be the reasorfor thesediscrepanciesThe agreementor otherobserablesis at
thelevel of 0.1%.
Furthercomparisons

All idealizedobserablesare computedwith LABSMC and BHWIDE, for realisticobserables
only LABSMC resultsareavailablefor OPAL. It would bevery desirableo comparehe MC codeswith
semi-analytipprogramdike TOPAZO that,unfortunatelydid not contritute to the presentWorkshop.

At 189 GeVtheagreemenbetweerBHWIDE 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-enegy eventsandobserable whereZ-returnis included. This
doesnot contradictsthe BHWIDE estimatethat the precisionin the barrelregion is equalto or better
than1.5%,andcanbeaftertestsreducedo 0.5%. For the endcapshe precisionis betteror equal0.5%,
whichis dueto thedominantphotonexchangen thet-channelwhentheforwardregionis included.The
remainingdifferencedetweerBHWIDE andLABSMC, asseenin Tables3, 4, for thefull Bhabhapro-
cesscomefrom non-QEDcontritutions/corecions andareunderinvestigation.At presenbur estimate
of systematierrormustremainat 2% for the barrelregion and0.5%for endcap.

The differencesin caseof obserableswith explicitly taggedphotons, (Il final states)are, as
expectedbigger but still atthe 3% level.

For DELPHI8 andLT14 oneof the electronscanbe lost in the beampipe. BHWIDE doesnt
describesuchconfigurationgbothe™, e~ arerequiredto be detected) thatis why BHWIDE doesnot
provide ary resultsfor theseobserables. OPAL’s realisticobserables: Opal3, Opal4, Opal5, arenot
implementedvith BHWIDE also.
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Table 3: Numericalpredictionsfrom theoreticalcalculationsof the following realisticobsenablesin e e~ ()
final statescross-sectionsThelastfield of the tableshaws relative deviation (multiplied by 100) with respecto
thefirst calculation.

obs. program ene value and error estimate | § ratio

Aleph3| | LABSMC no pair | 189.0 | 9.9101-10! +1.65-102
BHWIDE 189.0 | 9.9232:10' +2.71.10~2 | 0.13
LABSMC no pair | 200.0 | 8.8608-10' +1.47-10~2
BHWIDE 200.0 | 8.8753-10' +2.28.1072 | 0.16
LABSMC no pair | 206.0 | 8.3566-10! +1.39-102
BHWIDE 206.0 | 8.3709:10" +2.10-1072 | 0.17
Aleph4| | LABSMC no pair | 189.0 | 2.0475:10" +7.51.1073
BHWIDE 189.0 | 2.0410-10* +1.03-10~2 | -0.32
LABSMC no pair | 200.0 | 1.8230:10" +6.69.10~2
BHWIDE 200.0 | 1.8204:10" £8.60-10% | -0.14
LABSMC no pair | 206.0 | 1.7159:10" +6.29.10 3
BHWIDE 206.0 | 1.7143-10" £8.00-10% | -0.09
Delphi3 | | LABSMC no pair | 189.0 | 2.3192-10' +7.99-1073
BHWIDE 189.0 | 2.2869-10' +1.09:10~2 | -1.39
LABSMC no pair | 200.0 | 2.0635:10" +7.11.10~3
BHWIDE 200.0 | 2.0373-10' +9.20:10 3 |-1.27
LABSMC no pair | 206.0 | 1.9421-10" +6.70-10~°
BHWIDE 206.0 | 1.9179-10* £8.40-10~% |-1.25
LT4 LABSMC no pair | 189.0 | 2.2142.10" +7.81.1073
BHWIDE 189.0 | 2.1862:10' #1.07:10~2 | -1.27
LABSMC no pair | 200.0 | 1.9700:10" +6.95.10 3
BHWIDE 200.0 | 1.9474:10" £9.00-10 ® |-1.15
LABSMC no pair | 206.0 | 1.8543-10' +6.54.103
BHWIDE 206.0 | 1.8332:10" £8.30-10% | -1.14
LT5 LABSMC no pair | 189.0 | 2.3452:10' +8.03-10~°
BHWIDE 189.0 | 2.3110-10" +1.10-1072 | -1.46
LABSMC no pair | 200.0 | 2.0873.10' +7.16.10~°
BHWIDE 200.0 | 2.0590-10" £9.20-10 ® |-1.35
LABSMC no pair | 206.0 | 1.9647-10" =+6.74.10 3
BHWIDE 206.0 | 1.9385-10! +8.50-10~% | -1.33
LT6 LABSMC no pair | 189.0 | 1.9768.102 +2.33.102
BHWIDE 189.0 | 1.9738.10%> 43.83:10~2 |-0.15
LABSMC no pair | 200.0 | 1.7673-10> +2.08.10~2
BHWIDE 200.0 | 1.7650-10> £3.22.107% | -0.13
LABSMC no pair | 206.0 | 1.6664:10%> +1.96.10 2
BHWIDE 206.0 | 1.6644:10> +£2.97.107% | -0.12
LT7 LABSMC no pair | 189.0 | 2.4981-10' +8.29-10~°
BHWIDE 189.0 | 2.4550-10' +1.19-1072 | -1.73
LABSMC no pair | 200.0 | 2.2145.10' +7.37.1073
BHWIDE 200.0 | 2.1767-10* +9.90-10~® | -1.71
LABSMC no pair | 206.0 | 2.0795-10! +6.93.1073
BHWIDE 206.0 | 2.0450-10" £9.00-10~® | -1.66
LT8 LABSMC no pair | 189.0 | 2.0661.10%> +2.38.10~2
BHWIDE 189.0 | 2.0692:10% +4.01.10~2 | 0.15
LABSMC no pair | 200.0 | 1.8460-10> +2.13.10~2
BHWIDE 200.0 | 1.8484-10> +3.37-10~2 | 0.13
LABSMC no pair | 206.0 | 1.7406-10> +2.01-102
BHWIDE 206.0 | 1.7423-102 +3.10-10~2 | 0.10
Opal3| | LABSMC no pair | 189.0 | 1.0978:10> =+1.74.10~2
LABSMC no pair | 200.0 | 9.7930:10" =+1.55-10 2
LABSMC no pair | 206.0 | 9.2231.10" =+1.46.10~2
Opal4| | LABSMC no pair | 189.0 | 2.0337-10! +7.48.1073
LABSMC no pair | 200.0 | 1.8088:10" +6.66.10~3
LABSMC no pair | 206.0 | 1.7036-10' +6.27-1073
Opal5| | LABSMC no pair | 189.0 | 3.0546:10> =+2.90-10~2
LABSMC no pair | 200.0 | 2.7299:10> +2.59.10~2
LABSMC no pair | 206.0 | 2.5744.102 +2.44.102
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Table 4: Numericalpredictionsfrom theoreticalcalculationsof the following idealizedobsenablesin e e~ (v)
final statescross-sectionsThe lastfield of the tableshows relative deviation (multiplied by 100) with respecto
thefirst calculation.

obs. program ene value and error estimate | ¢ ratio
IAleph3| | LABSMC no pair | 189.0 | 8.7693-10" +1.55.10~2
BHWIDE 189.0 | 8.7187-10' +2.60-1072 | -0.58
LABSMC no pair | 200.0 | 7.8259-10' +1.39-10~2
BHWIDE 200.0 | 7.7826-10" +2.19-10~2 | -0.55
LABSMC no pair | 206.0 | 7.3692-10' +1.30-10~2
BHWIDE 206.0 | 7.3329-10" +2.01-10~2 | -0.49
TAleph4 | | LABSMC no pair | 189.0 | 1.8080-10* 47.05-1073
BHWIDE 189.0 | 1.7739-10' +9.70-10~% | -1.89
LABSMC no pair | 200.0 | 1.6065-10' +6.28.10~3
BHWIDE 200.0 | 1.5786-10' +8.10-10~% | -1.73
LABSMC no pair | 206.0 | 1.5126:10' +5.91.1073
BHWIDE 206.0 | 1.4850-10" £7.50-107 | -1.82
IDelphi4 | | LABSMC no pair | 189.0 | 1.8582-10" 47.15-1073
BHWIDE 189.0 | 1.8266-10' +9.80-10—% | -1.70
LABSMC no pair | 200.0 | 1.6517-10' +6.37-1073
BHWIDE 200.0 | 1.6257-10% +8.20-10~3 | -1.57
LABSMC no pair | 206.0 | 1.5549-10' +5.99-1073
BHWIDE 206.0 | 1.5294-10" £7.50-107% | -1.64
ILT4 LABSMC no pair | 189.0 | 2.0744-10" +7.56:10~3
BHWIDE 189.0 | 2.0408-10' +1.05-10~2 | -1.62
LABSMC no pair | 200.0 | 1.8447-10* 46.73-1073
BHWIDE 200.0 | 1.8167-10* +8.80-10~% | -1.52
LABSMC no pair | 206.0 | 1.7361-10' +6.33-10~3
BHWIDE 206.0 | 1.7096-10" £8.10-10~% | -1.53
ILT5 LABSMC no pair | 189.0 | 2.3509-10' +8.04.103
BHWIDE 189.0 | 2.3175-10" +1.10-102 | -1.42
LABSMC no pair | 200.0 | 2.0919-10* +7.16-103
BHWIDE 200.0 | 2.0645-10% +9.20-10~3 | -1.31
LABSMC no pair | 206.0 | 1.9688-10' +6.74-10~3
BHWIDE 206.0 | 1.9435-10" £8.50-10~ | -1.28
ILT6 LABSMC no pair | 189.0 | 1.9814-10> +2.34:10~2
BHWIDE 189.0 | 1.9788-10 +3.84-10~2 | -0.13
LABSMC no pair | 200.0 | 1.7710-10®> 42.08-10~2
BHWIDE 200.0 | 1.7691-102 +3.23-10~2 | -0.11
LABSMC no pair | 206.0 | 1.6697-10> +1.96-10~2
BHWIDE 206.0 | 1.6682-102 £2.98-1072 | -0.09
ILT7 LABSMC no pair | 189.0 | 2.5083-10' +8.31.103
BHWIDE 189.0 | 2.4692-10' +1.20-10~2 | -1.56
LABSMC no pair | 200.0 | 2.2227-10* +7.38-1073
BHWIDE 200.0 | 2.1885-10" +9.90-10~3 | -1.54
LABSMC no pair | 206.0 | 2.0868-10' +6.94-1073
BHWIDE 206.0 | 2.0557-10" £9.10-10~ | -1.49
ILTS LABSMC no pair | 189.0 | 2.0748-10> 42.39-10~2
BHWIDE 189.0 | 2.0684-10 +4.01-10~2 | -0.31
LABSMC no pair | 200.0 | 1.8529-10> +2.13.102
BHWIDE 200.0 | 1.8477-10> +3.36-10°2 | -0.28
LABSMC no pair | 206.0 | 1.7468-10> +2.01.10~2
BHWIDE 206.0 | 1.7416-102 £3.10-10~2 | -0.30
I0pal3| | LABSMC no pair | 189.0 | 1.1047-10% +1.74.102
BHWIDE 189.0 | 1.1000-10> +2.91-102 | -0.43
LABSMC no pair | 200.0 | 9.8585-10' +1.56-102
BHWIDE 200.0 | 9.8137-10" +2.44-1072 | -0.45
LABSMC no pair | 206.0 | 9.2852-10' +1.46-1072
BHWIDE 206.0 | 9.2463-10" £2.24.1072 | -0.42
IOpal4| | LABSMC no pair | 189.0 | 1.9662-10" +7.36:103
BHWIDE 189.0 | 2.0109-10* +1.02:10°2 | 2.27
LABSMC no pair | 200.0 | 1.7485-10' +6.55-10~3
BHWIDE 200.0 | 1.7913-10" £8.50-107% | 2.45
LABSMC no pair | 206.0 | 1.7080-10' +6.28.103
BHWIDE 206.0 | 1.6861-10" £7.90-10~ | -1.28
I0pal5| | LABSMC no pair | 189.0 | 3.0671-10> +2.91-102
BHWIDE 189.0 | 3.0692-10% +4.77-10~% | 0.07
LABSMC no pair | 200.0 | 2.7412-10%> +2.59-10~2
BHWIDE 200.0 | 2.7441-10> +4.01-1072 | 0.11
LABSMC no pair | 206.0 | 2.5851-10> +2.44.10~2
BHWIDE 206.0 | 2.5876-102 +3.70-10~2 | 0.10
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3.3.1 Somecomment®nresultsfor ete ()

The issueof extrapolationds especiallyimportantin casesvhentheoreticaluncertaintiesarenot fully
undercontrol.

In the caseof L3 and OPAL selectionspredictionsfor the realisticobserablesagreewith the
idealisticonesat 3%. No large extrapolationsarethusneeded.This is dueto useof collinearity cutsin
both casesTheonly exceptionis the pair LT4-IL T4, wherethe differencels around6%. Thisis dueto
the useof aninvariantmasscut, whererealisticobserablessumelectronenegieswith the enegies of
photonscloseby.

In the casesf ALEPH and DELPHI the differencedbetweenidealisticandrealisticobsenables
arelarger (morethan20%). Here one of the, idealizedobsenable— realisticobsenrable, pair usesthe
invariant masscut and the other an collinearity cut (or massfrom the angles). This leadsto larger
extrapolationsTheresultspresentedherefavor the useof collinearity cutsin all casegfor bothtypesof
obserables).

The precisiontags set by experimentalconsiderationsare: 0.21% barrel, 0.13% endcap. The
precisiontag for the barrelis not met by the theoreticalcalculation. A sizablefactor of ten is still
missing. Thiswill reducethe sensitvity of searche$or nev phenomendike:

e contactinteractiond32],
o low scalegravity effects[33],
e sneutrinos,

e non-zercsizeof theelectrond32].

The precisiontagin the endcapss closerto beingmet. Eventhe precisionof or belowv 0.5%, if
confirmedwill largelyimprove resultdikethemeasuremerdf therunningof thefine-structureonstant,
which arelimited by thetheoreticaluncertainty{6].

As an exampleof the effects of theoreticaluncertaintiesn the Bhabhachannellet us useasan
examplethe contactinteractions. The expectedprecisionfor the measuremenin the barrel detector
(44-136) for four LEP experimentalcombined and600pb—! at ~ 200 GeV (average)enegy is about
0.45% (statistical)for the cross-section.The systematicerror shouldbe lower. The 0.0026statistical
erroris expectedfor Ay, heresystematierrorcanbeabit higher

Thenumericalresultsfor thelimits on contactinteractionsaresummarizedn the Table5:

Table 5: Limits for Contactinteractionmodelsat 95% CL expectedfrom combineddataof large-angleBhabha
scatteringbarrel)at LEP2/roughestimate/

Theoreticalerror: | 2% 1% 0.5%
Contactinteraction| Sensitvity | Sensitvity | Sensitvity
Model [TeV] [TeV] [TeV]

LL 7.6 9.3 10.6

RR 7.5 9.2 104

LR 9.3 10.7 11.8

A% 16.1 19.5 22.0

AA 12.1 12.1 12.2
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Running of agrp

In the following L3 paper[6], the crosssectionfor Bhabhascatteringrom 20to 36° at 189 GeV
wasmeasuredo beo = 145.6 &+ 0.9(stat.) £ 0.8(sys.) £ 2.2(theory) pb. This canbe corvertedto a
measurementdf the runningof thefine-structureconstanbetweerthe Q? of theluminosity monitorand
theendcapcalorimeter:

1 1

—(—12.25 GeV?) — —(—3434 GeV?) = 3.80 £ 0.61(exp.) = 1.14(theory)

(6% (6%
or total erroron % of 1.29 dominatedby the theory uncertaintyof BHWIDE taken to be 1.5%. The
runningis establishe@t 3 sigmalevel. A LEP combinedmneasuremertanreducethe statisticalerrorby
factormorethan3 andthe systematierrorby factorof abouttwo.

Clearly the theory uncertaintyis the key for improvement. As a resultof the MC workshopthe
theoryuncertaintyseemdo bereducedo 0.5%, but not yet matchingthe experimentalprecision. This
givesa promiseto measurehe runningof « in this rangewith a precisionon é of 0.3 (4 timesmore
precisethannow).

3.4 Discussionof numerical resultsfor obsewablesin u* = (v) and 77~ () final states

Thiscomparisoris essentiafor theworkshopbecausét teststheoreticalincertaintien differentstrate-
giesof moving from raw data realisticobserablesto hardphysicsparametersiith theintermediatestep
of idealizedobserables.Thatis the stratgy actuallyin useby all experiments.Thesizeof effectssuch
as QED interferencesn contet of truly complicatedanalysedncluding sophisticatectuts shouldbe
documentedTheresultscansene asa benchmarkor old simulationsalso.

The group of realisticobserablesin Table6 includescomparison®f the old KORALZ Monte
Carlowith XCMC. As onecanseethe differencesverein all casesdueto the interferencecorrection
andnew methodof exponentiatiof, other effects suchas differentway of implementingelectraveak
correctionswverenot important. Differencedbetweerresultsfrom XCXMC option EEX2 andKORALZ
were always belonv 0.25%,which is no surpriseas exponentiationin KORALZ is quite similar to the
option EEX2 for KXMC. The CEEX2 optionof XXMC includesbetterschemeof exponentiationand
in particulareffectsdueto interference.

The comparisondor = and . leptonsidealizedobsenrables(Tables7,8 include calculationsper
formedwith the help of XXMC andZFITTER programs.Almost everywherethe differencesetween
KKXMC andZFITTER predictionsarebelov 0.4%,which is the precisiontag of experimentySeealso
Section5.4 and5.3.8). The exceptionarethe caseswith theintermediatecut on M;,,,,. Herethe differ-
encesareslightly larger, up to 0.6%, but alsoacceptable The effect dueto pairscannot be neglected
but evenif includedin aratherapproximatevay would be enough.The interferencesffect andthe ef-
fect of CEEX exponentiationcombinedwith respecto EEX aresizablealsoandshouldbe taken into
account.Thethreeclasse®f effectsascanbe seenfrom the tablesarerespectiely up to 1.3and1.6%
thusrespectrely 3 to 4 timesthe experimentabprecisiontag.

We canconcludethatin all caseghe overalltheoreticaluncertaintyin ;. andr channelsare0.4%,
justbelaw (or very closeto) theexperimentabrecisiontag. Thereforewe do notexpecttheoverall QED
uncertaintyin thesechannelgo be sizableenoughto affect the experimentalstudiesin ary casenow.
This comfortablesituationfor the experimentalanalysess theresultof betterunderstandingeachedn
comparisonsvhich have beenperformedrecently in particular in theframework of this workshop.

INotethatin the caseof theobsenableswith thetaggedphotongseeTable9) thepatternof differencess morecomplicated
andKXMC CEEX2resultsdo not coincidewith KORALZ.

296



Table 6: Numericalpredictionsfrom theoreticalcalculationsof the following realistic obsenablesin p* = ()

final statescross-sectionandsymmetriesThe lastfield of thetableshaws relative deviation (multiplied by 100)

with respecto thefirst calculation.
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Table 7: Numericalpredictionsfrom theoreticalcalculationsof the following idealizedobserablesin p* ™ ()

final statesgross-sectionandasymmetriesThelastfield of thetableshavs relative deviation (multiplied by 100)

with respecto thefirst calculation.
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Table 8: Numericalpredictionsfrom theoreticalcalculationsof the following idealizedobsenablesin 777 ()

final statesgross-sectionandasymmetriesThelastfield of thetableshavs relative deviation (multiplied by 100)

with respecto thefirst calculation.
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Oneshouldnotethat,for example,for thedimuonchanneWwhereexpectedultimateexperimental
erroronthecrosssectionmeasuremeritom four LEP experimentss aboutl.2%thedecreasef theory
uncertaintyfrom 1%to thepresen0.4-0.5%s roughlyequialentto theadditionalyearof LEP running.

In someof the analyseperformedwith the two-fermionLEP data(like thefits for searchesxtra
dimensiongravity) the sensitvity dependon the differential distribution over the fermion production
angle. The questionof theoreticaluncertaintiesn suchdifferential distributions was, at leastapproxi-
mately addressetby comparingforward-backvard asymmetryalueswith differentangularcuts. The
agreemenbetweerdifferentcalculationgn thesequantitiessatisfieshe experimentarequirementsilso.

Realistic  obsewables

Numericalresultsfor r-leptonrealisticobserablesarenot collected.Thisis not only dueto complexity,

but alsodueto relative similarity to the easienu-leptoncase.Theremaining ratherhistoricalissueis the
spinimplementationin KORALZ. It canbe of someconcernfor thoseanalysiswhichrely on simulation
with that program. The eventualcrosscheckof this aspectis rathereasy;it shouldfollow exactly the
sameprocedureaspresentedn Table6.

3.5 Discussionof numerical resultsfor [/~ ~ obsewvables

Onecansee(Table9) thatin all casesKORALZ and KXMC (options CEEX2 IFloff, EEX2 EEX3)

give resultswhich are similar within requestegrecisiontags. Differentchoicesof the exponentiation
etc.,leadto effectsatthelevel of 1 to 2%. As the caseof the LXMC andthe matrix elementCEEX2is

expectedo bethebest,andthetypicalnumericakizeof thepaireffectsdoesnotexceedtheprecisiontag,
we canconcludethatall effects,exceptthoseof theinterferencecorrection(differencebetweenCMC

results,option CEEX2 and CEEX2 IFloff), arewell undersuficient control sincea ratherlong time

for this group of obserables. The size of the interferencecorrectionis however sizable,as expected,
dependingon selectionit canvary from 0 to nearly 20% and definitely must be taken into account
in comparisonof datawith theoreticalpredictions. Comparisonswvith other possiblecalculationsof

interferencecorrections|ike in singlephotonmodeof KORALZ, or asin Ref.[34] for two hardphotons,
werenot performedfor the obserablesasin Table9.

The predictionsof KORALZ dueto the older exponentiationused(which is similar to EEX2)
shouldcoincidewith XX MC EEX2 results.Onecanseethatit is notalwaysthe case.This mayindicate
e.g. deficienciesof the way how electraveak correctionsareimplementedn KORALZ. The method
designedor LEP1worksstill quitegood,butin configurationsith massie bremsstrahlungsuchasra-
diativereturnto Z, limits becomevisible. Thesedifferencesreimportantto evaluateotherplacesvhere
similar systematicerror may play a role, thatis vy and 77~ (v) final statesin caseof obserables
includingradiatve returnto 7.

For the obserablesfrom eTe~~ the differencesbetweenthe two available codeswere at 3%
maximum. For the momentthis canbe usedasthe estimateof theoreticaluncertainty It is consistent
with the 2% estimationfrom LABSMC.

3.6 Discussionof numerical resultsfor vy obsewvables

Eventswhereone or more photonsareaccompaniedby missingenegy arethe characteristisignature
of mary new physicsprocesseskor example,in the framework of boththe MSSM and GMSB models
of supersymmetryneutralinopair productioncangive rise to eventswhereoneor two photonsareac-
companiedy missingenegy. This final statemay alsobe producedn theorieswherequantumgravity

is propagatingn extra spatialdimensions.In suchtheories,gravitons may be producedcopiouslyin

associatiorwith a photon. The graviton subsequentlyescapesletectiongiving rise to the photonand
missingenegy signature.Sucheventscanalsobe usedto studythetrilinear WW-~ vertex andthereby
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Table 10: Numericalpredictionsfrom theoreticalcalculationsof the following realisticobsenablesin v+ final

states.Thelastfield of thetableshawvs relative deviation (multiplied by 100) with respecto thefirst calculation.
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to searchfor anomalouscouplings. The StandardModel backgroundfor suchsearchesomesfrom
two processesradiatie returnsto the Z resonancewith the Z decayingto neutrinos,and¢-channelWw
exchangewith the photon(syadiatedfrom the beamelectronsor the W.

Thelarge integratedluminosity provide by LEP at high enegiesallows suchsearcheso be per
formedwith high precision. At the endof the LEP2 runningperiodeachexperimentwill have around
1800 single photonand missingenegy eventsand closeto 90 eventswith two photonsand missing
enegy. Whenthe datafrom the four experimentsare combinedthe single photoncrosssectionwill
be measuredvith a statisticalprecisionof around1.2%. The combinedsystematiauncertaintiefrom
the photonselectionefficiengy andluminosity measuremeris expectedto be around0.5%. Clearly, to
have angyligible contritution to the overall crosssectionmeasuremengndhenceto the searchfor new
physics,the theoreticaluncertaintyon the SM backgroundpredictionmustalso be at the 0.5% level.
Much lessprecisionis requiredfor the two photonand missingenegy channel,wherethe combined
statisticaluncertaintyattheendof LEP2will bearound5%. Theprecisionrequiredof thetheoreticales-
timateof theSM backgroundn this casds only 2%. For thisfinal statethe othersourceof experimental
systematiaincertaintyarenegligible.

Thelevel of precisionwhichis now beingachieved by LEP is impressie. Theinitial estimateof
thetotalintegrateduminosityof LEP2wasonly half whatwasfinally achiered. Furthermoretechniques
for combiningthe datafrom the photonandmissingenegy searchesf all four experimentshave been
developedin the framework of the LEP SUSY Working Group. Thatis why, the requiredprecisionis so
muchhigherthanthe 2% level which wasthoughto be sufficient until now.

TherewerethreeindependeniMonte Carlo programsavailable for comparisorof numericalre-
sults. The main sourcesof differencesdetweenthe resultsof thesecalculationsvere expectedto arise
from thefollowing effects:

1. Althoughthe cutsare (supposedo be)the samefor all programsthe input parametersverenot
setto the samevalues,we arenot performing‘tuned comparisons’this meansn particularthat
we have to expectdiscrepanciesf about2% dueto the differentrenormalizatiorschemesmple-
mented aswasfor instanceshavn by the Japanesgroupin Ref.[35].

2. The QED correctionsarising from missing non-log termsare expectedto leadto a theoretical
uncertaintyof about1-2%.

Taken thesetwo effectsinto account,the size of the obsered discrepanciésis essentiallywhat was
expected.

The comparisorof obserable betweenthe differentMonte Carlo programsmay be summarized
asfollows:
e In theworstcasethe differencebetweerthe programss atthelevel of 4-5%,
e Moreover, whenthe event selectionsare particularly clear/simple:and thereare no sharpcuts (no
selectiorof narrav bandsin angulardependencessin Nul3 or cutson soft photonsNu13) thelevel of
agreemenis better This could ariseasa resultof systematidifferencedetweerthe codessimply via
differentimplementation®f very complicateccuts. More likely, this couldbe explainedby the different
way how hardmatrix elementsand/orsoft photonsaretreatedn somecornersof the phasespace.
e This explanationseemsgo be supportedoy the following two plots 2, representinghe missingmass
spectrumfor oneandtwo photoneventscomparedetweerK ORALZ andNUNUGPV with cutsasfor
obserablesNul andNu2. The KORALZ predictiongendto be higherthanNUNUGPV for the partof
the spectrumof missingmasssmalleror comparableo Z andlower for eventsof large missingmass
(which have relatively soft photons).

The obsenrable Nu4g was an exception, until the cut on the enegy of the trigger photonwas increasedrom previous
1 GeVto presenb GeV. This maybegoodstartingpointfor furtherinvestigation.

303



Nul Nu?2

(a)

o
o
T

o
@
T

0.06 -

o (pb)/(3 GeV/c?)

o(pbY)/(3 GeV/d)

o
N
T

0.04 -

(b)

1.1 4’7 J(
1ol ﬁ ﬁg — 0.02 -

1 ot
+++++++‘H,+ JFJ:FH_HJr H ++++H+ 4

Cross section ratio

0.9

L Co e e e ) 4 Y N SR I R S N AN A A
0 50 100 150 200 0 20 40 60 80 100 120 140 160 180

Missing Mass (GeV/c?) Missing Mass (GeV/?()

Fig. 2: Leftside: Missing massdistribution from the NUNUGPYV Monte Carlo: part(a); andratio of KORALZ
to NUNUGPV predictions:part(b). Plotwasmadefor centre-of-masgnegy of 206 GeV andselectioncutsas
definedfor obsernableNul.

Rightside: Missing massdistribution from the nunugpvMonte Carlo (histogram)andKORALZ (error bars)for
centre-of-massenegy of 189GeV andselectioncutsasdefinedfor obsenableNu2.

¢ On the otherhandthe implementatiorof 1 contritution of e e~ — 1.7,y channelin KORALZ is
affectedby approximation.

3.6.1 Conclusiondor vvy

In the caseof relatively simpleobsenables(no selectionof narrav bandsin angulardependenceer
cutson soft photons)agreementvasfound at the level 2—3%for both the single-and double-photon
obserablesotherwisedifferencesf around3-5%areobsered. Single-anddouble-taggeghotonob-
senablesproviderathersimilar patternof agreementanddifferenceslt is possiblethatthe contritutions
of electraveakbox diagramsandpair correctionswhich have not yet beenfully studied,mayintroduce
theoreticaluncertaintyof around2—3%. This shouldnot affect our estimateof the final theoreticalun-
certaintyof around4% for simpleobserablesand5% otherwise.

As an exampleof whatthis level of theoreticaluncertaintymay meanin practicelet us usethe
searchfor TeV scalequantumgravity propagatingn two extra dimensions.The combinedLEP limit
on the massscaleassociateavith this new physicsat the endof LEP2would be (assumingno hint of a
signal)

1.23TeV for 0.4%theoreticakyst

1.21TeV for 1.2%theoreticakyst

1.12TeV for 5.0%theoreticakyst
For this topology the crosssectionfor the new physicsvariesas (1/M)*. The current(preliminary)
limit from the ALEPH datatakenuptill now is 1.10TeV. Fromthe point of view of this analysis,until
furthertheoreticaldevelopmentswill becomeavailablewith the systematicerror reducedoelon 4-5%,

thereis little pointin analyzingthefinal yearsdatanor, indeedin combiningthe resultsof thefour LEP
experiments.
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4 MONTE CARLO AND SEMI-ANALYTICAL CODESAND THEIR OWN
ERROR SPECIFICATIONS

In this sectiorwe presenthe Monte Carloandthesemi-analyticatodesusedin thework of ourworking
group.Thelastsubsectionn thedescriptionof eachcoderepresentthetheoreticakrrorspecificatiorof
eachcalculation,asseenby the authorsof the codes.They arethe startingpoint for the comparisonsn
our working group. Throughoutthe comparison®f the codesanddiscussiormamongthe authorsof the
codeswe couldverify thesestatementamprove the understandingf the problemsandaddmorevalue
to them.Butfirst of all we needto defineour startingpoint. And thisis to bedoneherein this section.

4.1 Presentationof the program BHWIDE

1) Authors: S.Jadach,W. Ptaczekand B.F.L. Ward
2) Program: BHWIDE v.1.10,December1998
3) Canbeobtainedfrom http://enigma.phys.utk.edu/pub/BHWIDE/

4) Referencdo maindescription [36]
5) Referencdo example [37]

6) adwertisement

In this subsectionwe briefly describeour Monte Carlo (MC) event generatorfor large angle
Bhabha(LABH) scatteringcalledBHWIDE anddiscusssomeimportantcross-checksf the program.

BHWIDE is basedon the YFS exclusive exponentiationprocedurg38], whereall the IR singular
ities aresummed-ugo infinite orderandcanceledout properlyin the so-calledYFS form factor The
remainingnon-IR residuals,B,,(f), correspondingdo the emissionof n-real photons,are calculatedper
turbatively up to a given orderl, wherel > n, and(l — n) is anumberof loopsin the B,(f) calculation.
In BHWIDE anarbitrarynumbern of real photonswith non-zeropy aregenerategccordingto the YFS
MC methodof Ref. [39]. Thenon-IRresiduals3 arecalculatecupto O(a), i.e. B(gl) andBf) corre-

spondingio zero-realone-loop)andone-realzero-loop)photonsrespectrely, areincluded.In Bél) we
implementedwo librariesof the O(«) virtual EW corrections:(1) theolderoneof Refs.[40,41], which
is not up to datebut canbe usefulfor sometests/cross-checkand(2) the morerecentoneof Ref.[42].
Whenthe genuineweakcorrectionsareswitchedoff (or numericallynegligible) they areequivalent. In
Bél) we implementedwo independeninatrix elementdor single-hard-photo radiation: (1) our calcu-
lation [36] in termsof helicity amplitudesand(2) theformulaof CALKUL [43] for the squarednatrix
elementWe have checledthatthe above two representationagreenumericallyup to atleast6 digits on
anevent-by-eentbasis.

The MC algorithmof BHWIDE is basedon the algorithmof the programBHLUMI for smallangle
Bhabhascattering[39], however with someimportantextensions:(1) QED interferencedbetweenthe
electronand positronlines (‘up-down’ interferenceshadto be reintroducedasthey areimportantin
LABH; (2) the full YFS form factorfor the2 — 2 processjncluding all s-, t- and u-channelswas
implemented36]; (3) the exact O(a)) matrix elementfor the full Bhabhaprocessvasincluded. The
multi-photonradiationis generatedat the low-level MC stageasfor the t-channelprocesswhile the
s-channelswell asall interferencesrereintroducedhroughappropriateMC weights. This meanghat
the programis more efficient whenthe ¢-channelcontrilution is dominant,ase.g. at LEP2 enegies;
however, it provedto work well alsonearthe Z resonance.

The programis written in FORTRAN77 andis particularly suitedfor useunderthe Unix operat-
ing system for which a specialdirectory structurehasbeencreatedwith usefulMakefile’s for easy

SHowever, it canbe used,in principle,on ary operatingsystemwith a FORTRAN77 compiler
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compilingandlinking. The programrunsin threestagesi(1) initialization — whereall input parameters
arereadandtransmittedo the programaswell asall necessannitializationsareperformed,(2) event
generation- herea single eventis generatedand (3) finalization— final booklkeepingfor a generated
eventstatisticis doneandsomeusefulinformationis provided (printed-out).Therearetwo mainmodes
of eventgenerationonecangenerateithervariableweightevents(usefulfor varioustests)or constant
(=1) weightevents(usefulfor apparatus/C simulations).Variousinput parametepptions,to be setby
the user allow to choosebetweendifferentcontrilutions/corretions to the crosssection,suchasweak
corrections(two libraries), vacuumpolarization(three parametrizations)etc. Otherinput parameters
allow to specifythenecessaringredientdor thecrosssectioncalculationandthe eventgenerationsuch
asthe CMS enenpy, physicalparametergmassesyidths,etc.),phasespacecuts,etc. For eachgenerated
event, four-momentaof the final stateelectron,positronandall radiatve photonsare provided. In the
variable-weight-eentmodethey aresupplementedvith the main (best)eventweightaswell avectorof
weightscorrespondindo variousmodels/approximationsn thefinalizationstagethetotal crosssection
correspondingo the generatedventsamples calculatedandprovided (printed-out)togethemwith some
otherusefulinformation.

4.2 Error specificationsof BHWIDE

Sofar, severaltests/cross-checks the programhave beenperformed,seee.g. Ref. [44]. First com-
parisonswith otherMC programgor LABH weredoneduringthe LEP2Workshopin 1995[37]. They
shaved a generalagreemenof BHWIDE with mostof thoseprogramswithin 2% at LEP2 enepies. At
thattime sucha level of precisionwasexpectedto be sufiicient for LEP2. Discrepanciedetweervari-
ouscalculationscanbe explainedby the factthatmostof the programswveredesignedor LEP1where
the Z s-channelcontritution wasdominant,while atthe LEP2 enegy rangethe t-channely exchange
dominates. Thus, the physicalfeaturesof the Bhabhaprocessat LEP1 and LEP2 are very different.
Recently a moredetailedstudyof the theoreticalprecisionof BHWIDE hasbeencarriedout [45]. Com-
parisonshave beenmadewith the MC programs:0LDBIS [39] (a modernizedversionof the program
OLDBAB [46]) and BHLUMI [47], and the semi-analyticcode ALIBABA [42]. Testsweredoneat O(«)
andwith higherordercorrectiondor variouscuts— by startingfrom the pure¢-channeh-exchangeand
switchingon graduallyother contrilutions/corretions. This studyshawvs thatat O(«) BHWIDE agrees
with OLDBIS within 0.1% for thepureQED processwhile ALIBABA differsby upto 0.3%. Whenhigher
ordercorrectionsareincluded,BHWIDE is generallywithin 1% of BHLUMI (0.5% in the forward region:
cos B, > 0.7) for the puret-channelh-exchangeprocessandwithin 1.2% of ALIBABA for all kinds of
contrilutions/corecions. Fromthesetestwe have estimatedhe overall theoreticalprecisionof BAWIDE
at1.5% for the LEP2enegy range.We expectthatby makingsomeimprovementsof the program(e.qg.
modifying the ‘reduction proceduresfor the matrix elementcalculationsjncluding O(a?) LL correc-
tions)andperformingsomenew cross-checkée.g. with the programLABSMC [48]) we canreducethis
precisionto ~ 0.5%. Furtherimprovementsof the theoreticalprecisioncanbe made,in our opinion,
with the helpof theKK MC program[49] afterimplementingn it thee*e™ channel.

4.3 Presentationof the program KORALZ

1) Author: S.Jadach,B.F.L. Ward andZ. Wa s
2) Program: KORALZ v.4.04,
3) Canbeobtainedrom Library of ComputerPhysicsCommunication,

or from theauthor(z.was@cern. ch) uponrequest

4) Referencdo maindescription  [50] andreferencesherein.

5) Referencdo example,use: [51,52]
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Initially the KORALZ event generatomwvas written [53] to simulater-pair productionand decay
for LEP1 physicsat the first order of QED bremsstrahlungvithout ary exponentiation. Only longi-
tudinal = spin effectswere included. Later [54,55], longitudinal beampolarizationwasincludedand
higherorderQED effectswereincorporatedisingpowerful exponentiationtechnique$56,57] of initial
statebremsstrahlundrst, but later of final statebremsstrahlungswell. Theinterferenceof initial and
final statebremsstrahlungvas always neglected,except as a parallelmode of operationat the single
bremsstrahlundevel. This assumptiorwas goodat the peakof the Z resonancegueto suppression
of the correctiondueto Z life-time, andthe estimationof the error basedon the singlebremsstrahlung
calculationswassuficient[52,58]. At thattime a quite completesystemof testsandcross-checksvas
developedfor theeffectsdueto correctionf initial statebremsstrahlungsingdedicatednethodsased
on comparisorof semi-analyticatesultsandthe Monte Carlo[59] usingimportancesampling. Testsat
thetechnicalprecisionof 10~* andbettercould be obtained.In generalhe total precisionof 0.2%was
achievablefor quitearangespectrunof obserablesfor 1~ or 77~ final states Theviy final states
were alsointroduced[60] using the assumptiorthat the ¢-channellV-exchangeforms a contritution
whichis rathersmallsothat,in particulartheW — W — ~ interactioncanbe completelyngglected.

Theuseof KORALZ at LEP2enegiesimpedessubstantialmprovementof precision.For ptp~
or 77~ it is mainly dueto the lack of interferenceeffectsin exponentiation.For vy final statest is
dueto the approximatdreatmentof t-channell/ -exchange.Eventhoughthe W — W — ~ interaction
wasincluded the methodexplainedin Ref.[51] is notenoughfor the singlephotonobserablesandary
precisionmeantto be betterthan1-2%. For doublephotonobserablesprecisiondecreasesvenfurther
asthe matrix elementfor thetwo photonconfigurationis approximateo the pragmaticordera? only.

Electraveak correctionsare implementedin KORALZ using the reducedBorn method. This
meansthat the effects of electraveak correctionsbeyond the crudeBorn level areimplementedat the
leading-loglevel only. Recently the final versionof KORALZ was publishedand documented50].
ThatversionusesDIZET version6.05,however, for the sale of testsversionswith theupto dateDIZET
library maybe maintained.

Useof the programis expectedto be graduallyreplacedoy XX MCMonte Carlowhich alreadyat
presentis superiorin all applicationgfor thetime beingexceptr vy final statespndatall enegy ranges
asfar as precisionis concerned.Sometools for studyinganomalouseffectsin 77+ final states[61],
vy [62], andleptoquarkg63] areavailableat presenfor KORALZ only. A numberof flags,to be set
by the user allow the userto switch betweendifferentoptionsand perform specificcomparisongand
investigationse.g.for calculationof the programphysicalprecision.

The programusesthe following libraries: YFS 3.4 [57] for multiple photon bremsstrahlung,
TAUOLA [64] for 7-leptondecayandPHOTOS[65] for radiative correctiondn 7-leptondecays.

4.4 Error specificationsof KORALZ

The main purposeof the programwasto sene the Monte Carlo simulationfor LEP1 obserables. The
programwas adaptedto becomeuseful at LEP2 enepies, but it was known that the backboneof its
constructionis not bestsuitedfor that purpose. Also, asthe nev program/CXMCwas developedin
parallel. The effort to pushthe limits of the KORALZ programprecisionwerenot exploited.

Let usrecallthemainpointsandpresentcrudeestimate®f therelatedsystematicerrors.

¢ Theelectraveaksectionof the programis functionally equivalentto theoneusedin £XMCand
basechow onthe DIZET partof ZFITTER. Therelatedcontrikution to the systematierrorcanbethus
takenas0.15%.

e Thereis no pair correctionincluded,asthe sizeof pair effectsis typically of orderof 1.5%;the
appropriatecontritution hasto be calculatedndependentlyvith the help of a semianalyticaprogramor
othermeanslin caseof non-idealizedbsenrables this leadsto anuncertaintywhich we canestimateas
0.4%(0.2%for idealizedones).
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e The similar situationholdsfor the QED initial-final stateinterferencewhich is notincludedin
the programalso and affects obserablesfor all final statesincluding chaged fermions. At LEP2 the
interferenceeffectsareat 1-2%level for photonnon-taggingobsenrables. For non-neutrindinal states
andobsenableswhereoneor morephotonsaretaggedthe uncertaintyis bigger(5 to 20%)and CXMC
shouldbeused.

e Thematrix elements limited to pragmaticsecond-ordefTherelateduncertaintyis about0.1%
for obserableswherephotonsarenot taggedabout0.2%for singlephotontaggedobsenables,but can
bemorefor obserableswheremorethanonephotonaretagged.

e In KORALZ exponentiationis basedon the relatively old algorithm[57] (with somelaterim-
provementsbut of incompletetestsonly) and 1 (0.2)% uncertaintyfor obsenablesincluding (not in-
cluding) radiatve returnto Z shouldbe addeddueto that point. This is especiallyimportantfor vo-~y
obserables.

e For vvy final statessomerathersimpleapproximationsareusedin implementatiorof the con-
tribution of ¢t-channellW-exchangeandthe W — W — ~ coupling. It wasshavn in Ref. [51] thatthe
correspondingincertaintyis not exceedingl or 2% for obsenrablesincluding single taggedphotons.
For doubletaggedphotonswe expectthe relatedcontritution to uncertaintyto be of orderof 3-10%
dependingnthe averagerequesteg, of the seconchardesphoton.

The final numbersfor uncertaintiedor obserablescanbe obtainedasthe sumin quadratureof
the abore uncertaintiesIt will be calculatedat the endof the workshopasthe individual contrikutions
canstill changethanksto the comparisonsin particularwith XXMC.

4.5 Presentationof the program XMC

1) Author: S.Jadach,B.F.L. Ward and Z. Was
2) Program: KKMC v.4.13and v.4.14
3) Canbeobtainedrom Library of ComputerPhysicsCommunication,

or from http://home.cern.ch/jadac
4) Referencdéo maindescription  [49]

5) Referencdo example,use: [66]

KIXMC is the Monte Carlo event generatomproviding weightedand constantweight eventsfor
ete™ — f+ f+ny, f = p,7,d,u, s, c,bwithin the completephasespace Technicaldescriptionand
usersguide of the version4.13 canbe foundin Ref. [49] while physicscontentand numericalresults
arecontainedin Ref. [66]. The currentversionwith minor improvementswhich was usedduring this
workshopis 4.14. It will be publicly available at the time of publishingthis report. In the following
we describethe main featuresof the programandwe discussn a detail the critical issueof the overall
technicalandphysicalprecisionof the program,stressinghat, althoughit canbe viewed from outside
asamonolithicsinglecode,in reality almostevery vital aspect/componeinf its total precisionis relies
onthe comparisorwith anotherindependentode,quite oftenwith several otherones.Sincethis aspect
washighlightedin thediscussiorduringtheworkshop,we elaborateon this at somelength.

4.5.1 QEDin KKXMC

The QED partthe programdoesnot rely for the photonemission,on the structurefunctions(SF) or the
partonshaver (PS) model but ratheron the nev CoherentExclusive Exponentiation CEEX) [66,67]
which is an extensionof the Yennie-Frautschi-Suur@/FS) exponentiation38]. This older Exclusive
Exponentiation EEX) [56], morecloselyrelatedto the original YFS formulation, the sameasin KO-
RALZ, is keptasanoptionin XXMC, for testsof precisionandfor the purposeof the backward compat-
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ibility. The CEEX matrix elementin XMC is entirely basedon spin amplitudeswhich helpsto treat
exactly spin effectsandto include the QED initial-final stateinterference.CEEX is basedentirely on
Feynmandiagramcalculationsandthe presentersionincludesthe complete®(a?) for ISR andalmost
completeO(a?) for FSR. It is importantto realizethatthe ISR calculationin ICICMC is thefirst O(a?)
independentalculationsincethe work by Burghers,BerendsandVVanNeenen (BBVN) [68] °. Onthe
contrary semi-analyticaprogramdike ZFITTER, TOPAZO [69] or LK semrely onthe SF’s (calledalso
radiatorfunctions)which arederived from BBVN, asfarasthe O(a?) sub-leadingermsareconcerned.
For therealphotonemissionsCEEX emplays the Weyl-spinor methodsof KleissandStirling [70]. The
2-loopvirtual correctionsarederived from Ref. [71] andone-loopcorrectiongo singlephotonemission
arefrom Refs.[68,72] andwerealsocrosschecled independentiyoy our collaboratorg73].

4.5.2 Electoweakcorrections

ThecompleteO(«) electraveakcorrectionswith higherorderextensionsareincludedwith help of the

DIZET library [74], thesameversionasthatusedn ZFITTER 6.30[75]. Thecompl« electraveakform-

factors(EWFFs),dependentn s andt variablesarecalculatedoy DIZET andusedin the construction
of the CEEX matrix element. In orderto speedup calculationsthey are storedin the look-up tables
(usingafinite grid in the s andt variables)andinterpolated.The basicuncertaintyof EW correctionsn

KKXMC is thereforethe sameasthat of DIZET/ZFITTER (but thisis not true of the QED corrections).
We have goodreasongo believe thatour CEEX matrix elementoffers a betterway of combiningeW

correctionswith QED correctionsthanthat usedin the semianalyticaktodeslike ZFITTER, basically
becausen KXMC it is doneat the amplitudelevel, using Feynmandiagramsnsteadof the SF's. The
QCDFSRcorrectionsaretakenalsofrom DIZET, keepingproperlytrackof their s-dependencéhrough
look-uptablesandinterpolation).

4.5.3 Spineffects

Completespin effectsareincludedfor the decayingr-pairsandfor beampolarizationdn anexactway,
valid from ther thresholdupto multi-TeV linearcolliderenegies. Dueto theuseof theimprovedKleiss-
Stirling spinortechniquetheappropriatéVignerrotationof the spinamplitudeds donein therestframe
of the outgoingfermionsandof the beamelectrong76]. For 7 channelthe programimplementsspin-
sensitve 7-decaysusing TAUOLA [64] for T-leptondecayand PHOTOS [65] for radiative corrections
in 7-leptondecays.

4.5.4 \irtual pairsin XMC

The effect of virtual initial andfinal statepairsis optionally addedto the F} electricform-factor see
Feynmandiagramof Fig. 4.15,usinganold well-knovn formula[77]
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Ly = logm—?, (4)

“For FSRthe2-y and1-y realmatrix elementreexact, while the 1-loopcorrectiongo the 1 — ~ realmatrix elemenis still
in theLL approximationThisin principleshouldbe goodenoughatthe precisionlevel of ~ 0.1%.

*BBVN calculated?(a?) ISR alsodirectly from Feynmanrules. Theresultinginclusive/integrateddistributionsthey have
cross-cheasd with therenormalizatiorgrouptechniquesgdown to the secondrdernext-to-leadinglogarithmic(NLL) term.
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with m; denotingthe massof virtual fermionin the fermionloop andm » massof the fermionflowing
throughthe vertex (typically anelectron). The two casescorrespondo correctiondueto identicaland
heary fermionin thevirtual loop.

Technically virtual pairsin theinitial andfinal stateareaddedin XXMC asalternatve weights:
WtList (213) representthecasewith Virtual PairsandIFl on,WtList (263) representthe casewith
Virtual PairsandIFI off. Massesn; aretaken0.2GeV for f = d,u,s andPDG valuesfor therest.
Changingn ¢ of light quarksby factortwo inducesonly 6o+ /o = 0.04%!

This option shouldbe usedin conjunctionwith addingthe signalcontritution of real pairsvia a
full 4-fermionMonte Carlogeneratqrlike KORALW. Concerninghe propercancellatiorof thevirtual
pairsmass-logdrom XMC andfrom KORALW, thereshouldbe no technical(precision)problems,
especiallyfor the precisionlevel 0.1% requiredfor LEP2. The main complicationwill be a proper
matchingof thesemass-logsn the presencef the QED bremsstrahlungHere,the loading-logarithmic
approximationand renormalizationgroup will be usedas a guide, as usual. For the momentwe use
effective-quarkmassesnsteadof dispersiorrelations,becausave do not seeclearindicationthatit is
really necessaryo usethe latter methodat the 0.1%level. However, if it turnsoutto be necessaryit is
possibleto introduceR},,4(s) in both CXMC andKORALW.

Summarizingthis new featurewill allow the useof XX MC togetherwith the KORALW Monte
Carlo,accordingo theschemealreadysuggesteih Ref.[78], to producepredictiondor theobserables
with thereal/virtualpair contrikution.

4.5.5 Recenimprovementsiotyetdocumente@lsevhere updates

In version4.14 the QCD FSR correctionsto the final statesof quarkswere crosschecked and some
necessarynodificationswvereintroduced.

The F; form-factor—the virtual correctionfactorcorrespondingdo initial andfinal stateemission
of non-singletandsingletpairswasintroduced seeabore.

Note alsothat LXCMC is expectedto take over all functionality of the KORALZ event generatar
Themostimportantfeatureof KORALZ whichis still missingin JCXCMC is the neutrinochannel.

4.6 Error specificationsof XMC
4.6.1 Tedhnicalprecision

The overall technicalprecisiondueto phasespaceintegrationis estimatedo be 0.02%in termsof the
typical total crosssectionwith Z-exclusive or Z-inclusive cuts. The basictestof the normalizationof
the phasespacentegrationis the following: we do not cut on photontransyersemomentabut only on

the total photonenegy throughs’ = M2, (ff) > s... anddowngradethe ISR or ISR+FSRmatrix

min

elementwithoutISRoFSRinterferenceo mostthe simple CEEX O(a") casethatis the productof the

realphotonsoft-factortimesthe YFS/Sudakv form-factorandop,m (s’), with s’ shifteddueto ISR. For

this simplified QED modelwe integrateanalyticallyover the phasespacekeepingfor ISR the termsof

O(a, La, La?, L?a?, L3a?), thatis enoughtermsto reach0.01%precisioneven for Z-inclusive cuts,
andfor FSRwe limit oursehesto O(«, La, L?o?), alsoenoughfor this precisiontag. Within such
a simplified QED modelwe comparea very high statisticsMC run (~ 10° events)with the analytical
formulaandwe getagreementseeRef. [49], betterthan0.02%. The possibleloopholein this estimate
of precisionis thatit maybreakdown whenwe cutthetransersemomentaof therealphotonspor switch

to a moresophisticated)ED model. The seconds very unlikely asthe phasespaceandthe actualSM

modelmatrix elementareseparatednto completelyseparatenodulesin the program. The questionof

the cut transersemomentaof the real photonsrequiresfurther discussion.Here, it hasto be stressed

®We seethatfor ISR andogorm (s') = const switchingoff the O(La?, L3 o*) termschangesesultsonly by 0.01%.
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thatin our MC the so-calledbig-logarithm

L=In (ig) 1 (5)
my

is theresultof the phasespaceintegration andif thisintegrationwerenot correctthenwe would witness
the breakdavn of theinfrared(IR) cancellationandthe fermion masscancellationfor FSR.We do not
seearything like that at the 0.02% precisionlevel. In additionthereis a wealth of comparisorwith
mary independentodesof the phasespacentegrationfor n, = 1,2, 3 real photons with andwithout
cutson photonpy. It shouldberememberedhatthe multi-photonphasespaceantegrationmodule/code
in ICMC is unchangedincelast 10 years. For ISR it is basedon YFS2 algorithm of Ref. [56] and
for FSRon YFS3 algorithm of Ref. [57], thesemodules/codesvere part of the KORALZ [55] multi-
photonMC from the very beginning, alreadyat the time of the LEP1 1989 workshop([79], andthey
were continuouslytestedsincethen. The phasespaceintegrationfor n, = 1 wastestedvery early by
the authorsof YFS2/YFS3againstthe older MC programsMUSTRAAL [80] and KORALB [81] and
with analyticalcalculations,at the precisionlevel < 0.1%, with andwithout cutson photonpz. The
phasespacentegrationfor n, = 2, 3 with cutson photonpr wastestedvery mary timesover theyears
by the authorsof the YFS2/YFS3/KORALZ andindependenthyby all four LEP collaborationsusing
otherintegrationprogramdike COMPHER GRACE andotherones,in the contet of the searchof the
anomaloug-y and3y events.Anotherimportantseriesof testswasdonein Ref.[60] for ISRn, = 1,2
photong(with cutssensitve to pr of photons)comparingKORALZ/YFS2with the MC of Ref.[82] for
thevvy(v) final statesTypically, thesetests,in which QED matrix elementwasprogrammedn several
independentvays, shaved agreementit the level of 10% for the crosssectionfor n, = 2 which was
of order0.1%of the Born, or 0.2-0.5%for n, = 1 which wasof order1% of the Born, sothey never
invalidatedour presentechnicalprecisionof 0.02%in termsof Born crosssection(or total crosssection
in termsof Z-inclusive cut).

We concludethereforethat the technicalprecisionof XXMC dueto phasespaceintegrationis
0.02% of the integratedcrosssection,for ary cuts on photonenegies Z-inclusive and Z-exclusie,
strongetthar’ M;,,,(ff) > 0.1y/s andary mild cutonthetrans\ersephotonenegiesdueto ary typical
realisticexperimentalcuts. For the crosssectionswith a singlephotontaggedit is about0.2-0.5%and
with two photontaggedt is ~ 10% of thecorrespondingntegratedcrosssection.Theseconclusionsare
basedonthe comparisonsvith atleastsix otherindependentodes.

4.6.2 Physicalprecisionof pure QED ISRandFSR

In the following we shalldiscussmainly the physicalprecisionof £XMC, thatis the magnitudeof the
missinghigherordersin the QED/SMmatrix elemenimplementedn XXMC. Thiswill alsoincludethe
technicalprecisionof the matrix elemenimplementatiomotrelatedto phasespacentegrationdiscussed
previously.

As we alreadymentioned,n XXMC we have alsothe older EEX-type matrix element,similar
to theoneof KORALZ/YFS2andBHLUMI. Its crucialrolein establishingohysicalprecisionis thatof
‘secondine of defensebecausé hasits own estimateof thephysicalandtechnicalprecisiongunrelated
to phasespaceantegration)which arefactor2 worsethanfor CEEX, but avery solidandindependenbne.
Thebasictestof the EEX matrix elemenis basedagainonthecomparisorwith theanalyticalintegration
over the photonphasespace this time within the O(a, La, L2a?) only, but with the additionalbonus
thattheanalyticalintegrationis exactin thesoftlimit. Furthermorethe EEX matrix elements splitinto
aboutsix pieces,so called S-functionsandeachof themis cross-cheokd separately The comparison
is donefor ISR and FSR separatelytaking opom(s’) = const in additionto the normal one with Z
resonance Sincesomeof S-functionslike 31 » areconcentratedn the region of the phasespacewith
n, = 1,2 real hardphotons their separatg¢estsprovide anindependenhon-trvial cross-checlof the

"It downgradego 0.5%for M, (uji) < 2m,,, i.e. full phasespace.
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phasespaceintegration. The above detailedtestslead for opom(s’) = const to differencesbetween
MC andanalyticalresults< 0.1%, vanishingto zerofor strongcutson total photonenegy. Thisis our
basicestimateof the technicalprecisionof the implementatiornof the EEX (unrelatedto phasespace
integration).

Thereis aneternalongoingdiscussiorhow to estimatehe physicalprecision.Ourapproachs the
conserative one,just take the differenceof the two consecutie perturbatie calculationsat hand. In
orderto benotoverconserative we usuallytake half of sucha differencewhich meanghatwe assume
thatthe cornvergenceof the perturbatie expansionis like (1/2)" atleast,whichis notabadassumption
for QEDwhere2L.«/m ~ 0.07 and1/L = 0.05.

In the caseof EEX we checkthe differencesof EEX3-EEX2and EEX2-EEX1, whereEEX1=
O(Oz, La)EEX! EEX2= O(Oz, La, LQQQ)EEX and EEX3= O(a, La, L2a2, Lgag)EEx. We find (1/2)
(EEX2-EEX1)~ 0.1% for Z-exclusive cutsand ~ 0.5% for Z-inclusive cuts, andthis we take asa
physicalprecisionof the EEX2 andEEX3 QED matrix element(no ISR FSRinterf.). The difference
(1/2) (EEX3-EEX2)is generallyngyligible < 0.1% for ary cuts.

Having fortified our positionon the physicalprecisionof EEX, hov do we proceedo determine
physicalprecisionof CEEX matrix elementVe cancomparavith EEX2 or EEX3andin thiswayweget
ahandleon the O(La) ISR whichis missingin EEX2 andO(L3a?) missingin CEEX (which is negli-
gible, however). Theotherpossibilityis to look into differencesof CEEX2=0(a, La, L?a?, La?)cggx
andCEEX1=0(«, La)cgex. We did bothandwe treatthelatter difference(1/2)(CEEX2-CEEX1)as
ourbasicsourceof thephysicalprecisionandtheformerCEEX2-EEX3asanadditionalcross-checkin
Ref.[66] we have found (1/2)(CEEX2-CEEX1)to befor bothZ-exclusive andZ-inclusive obserables
below 0.2%. The differenceCEEX2—EEXS3 is ratherlarge, up to 0.8% for Z-inclusive crosssection
which suggestshatthe properinclusionof the O(L!'a?) ISR is importantandwe needin factthe third
independentalculationwith the completeO(L'a?) ISR. This however is available sincelong, from
BBVN [68]. In Ref.[66] we compareccrosssectionandchage asymmetriesrom XXMC with semi-
analyticalcalculationbasedon ISR SF's basedon BBVN [68], with addedcompleteO(L3a?) ISR and
YFS exponentiation,essentiallywith the JISWformula of Ref. [83], upgradedwith the corresponding
FSRSF (in the caseFSRis switchedon). The abore analyticalformulais implementedn the CXsem
codewhichis partof the CXCMC packageTheresultsof thecomparisorof the KX semcodeand CXMC
fully confirmsour estimateof 0.2%in the crosssectionandin chage asymmetryfor Z-exclusive and
Z-incluswve cuts,excludingstill ISR®FSRfrom consideration.

We maysummarizeonceagainhow solidis the O(L!a?) ISR: Thetwo-loopO(La?) component
was alreadytriple-cross-checkedt the time of BBVN [68] work, the two-loop O(La?) component
comesfrom at leasttwo independensourceg68, 72] andwasrecentlyrecalculatedndependentlynce
agairf, while thetwo realphotonemissionexactmassve matrix elemenwasdoubly cross-cheakd with
two independentodes.

Ontop of thatcomeshecrosscheckwith ZFITTER presentedh this report,which from the point
of view of QED ISR andFSR (no ISR®FSR)is in the sameclassas BBVN, KXsemwhile CXMC
is ratherindependenbecaus®f theindependentull phasespaceevaluation,andtheindependenbne-
loop-one-realindtwo-real-photormatrix elements.

Summarizing,the physicalprecisionof 0.2% in total crosssectionand chage asymmetrydue
to QED ISR and FSR is estimatedin a rathersolid and conserative way, using mary independent
codes/calculationsvith thetriple cross-checlbeingrathertherule thanthe exception.

80nepossiblepitfall with theabore ruleiis thatthe differencebetweerthetwo consecutie perturbatie calculationanaybe
accidentallyzerofor a givenvalueof the cuts,oneshouldthereforevary the valuesof the cutsbeforedraving conclusions.
*We thankScottYostfor this valuablecross-check.
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4.6.3 Physicalprecisionof QED ISRRFSR

The QED ISR®FSRis characterizedh the separaté&Section5.3 of this reportso hereonly mentionthat
the effect of the QED ISR®FSRIs includedin the exponentiatedorm in our programwith help of the
new coherenexponentiatiortechniquebasecentirely on spinamplitudes.

ThelSRFSRresultof LXMC weredelugged/testedirst of all by comparingt with theresultsof
O(a') KORALZ without exponentiationseeRef. [66] wherewe have foundtypical agreemenk 0.2%
for both Z-exclusive andZ-inclusive cuts. The biggestdiscrepang in Ref.[66] wasnoticedto be 0.4%
for the chage asymmetryfor a Z-inclusive cut and for the crosssectionfor certainvalues(far from
experimentalones)for the Z-exclusive cut, seealsothe sectionon ISR®RFSRIn this report,wherewe
add more comparisonswith ZFITTER code. Summarizing,the inclusion of the ISR®FSR doesnot
worsenour total theoreticakrrorof 0.2% estimatefor the Z-exclusive cuts,while it makesit goto 0.4%
level for Z-inclusie cuts. Thenew comparisonsvith ZFITTER on ISR®FSRpresentedn section5.3.8
in thisreportareconsistentith theabove estimate.

Notealsothatthemostcompletesummary/discussioon thesubjeci SRR FSRcanbefoundin the
presentationf S.J.atJunel999meetingof LEPEWG(seetransparenciesn http://home.cern.ch/jadh.

4.6.4 Physicalprecisionof electoweakcorrections

The uncertaintydueto pure electraveak correctionss the sameas of DIZET, and canbe determined
for instanceby playing with the useroptionsof DIZET, which areavailablefor the userof XXMC. We
would like to stresshowever, that somephysical/technicalincertaintiesn ZFITTER arereally related
to theway the EW correctionsn ZFITTER arecombinedwith the QED part. In generaltheway it is
donein KXMC is simplerandtheseuncertaintiearethereforereduced.

4.6.5 Taggedphotons
Precisionis not lessthan 1% for obsenableswith a single photontaggedand 3% for obsenableswith

doublephotontagged.

4.7 Presentationof the program LABSMC

1) Author: A.B. Arbuzov
2) Program: LABSMC v.2.05,5 May 2000
3) Canbeobtainedirom theauthor(arbuzov@to. infn. it) uponrequest

4) Referencdéo maindescription  [48]
5) Referencdo example [84]

6) adwertisement

Initially the semi—incluste LABSMC event generatorwas created[48] to simulate large—angle
Bhabhascatteringat enepies of abouta few GeV’s at electronpositroncolliderslike VEPP-2Mand
DA®NE. Thecodeincludedthe Born level matrix elementthe completesetof O(«) QED RC, andthe
higherorderleadinglogarithmicRC by meansof the electronstructurefunctions. The relevant setof
formulaecanbefoundin Ref. [85]. The generatiorof eventsis performedusingan original algorithm,
which combinesadwantage®f semi—analyticaprogramsandMonte Carlogenerators.

The structureof our event generatoiwas describedn detail in paper[48]. The extensionfor
LEP2 enegiesis doneby introducingelectraveak (EW) contrikutions, suchas Z-exchange,into the
matrix elementsThethird [86] andfourth [87] orderleadinglogarithmicphotoniccorrectionsverealso
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includedin the new version. The versionof the programunderconsideratioris suitedfor large—angle
scattering.The small-angleversion,which incorporatesomeadditionalsecond—ordecorrectiond88],
will bedescribecklsavhere.

Startingfrom the O(a?) orderthe emissionof photonsis treatedsemi—inclusiely by meansof
structurefunctions. Suchphotonsaretreatedaseffective particles,which go at zeroanglesin respecto
therelevantchagedparticles.Theconseration of 4-momentas fulfilled for eachgenerateadvent. This
featureof the programdoesnot allow to generateealisticeventswith two photonsat large angles.

Thecodecontains:

o thetreelevel electraveakBorn crosssection;

e thecompletesetof O(«) QED radiative correctiongRC);

e vacuumpolarizationcorrectiondy leptonshadrongd17], andW -bosons;

e one—loopelectraveakRC accordingto Ref.[89] by meanof DIZET [74] package;

¢ higherorderleadinglog photoniccorrectiondy meansof electronstructurefunctions[86,87,90];

e matrix elementfor radiatve Bhabhascatteringwith both - and Z-exchange[40, 41], vacuum
polarizationRC, andoptionally ISR leadinglog RC (with exponentiatioraccordingo Ref.[90]);

e pair correctionsin the O(a?L?) leadinglog approximation[91, 92], including the two—photon
(multi-peripheral)mechanisnof pair production.

A numberof flags, to be setby user allows to switch betweendifferent optionsand perform
specificcomparisonsand investigations. In particularone can switch to generationof only radiative
eventswith visible photons.Thatallows to avoid technicalproblemsdueto low statisticsn this case.

Theinclusionof thethird andfourth orderLLA photoniccorrectionsallows notto useexponenti-
ation. A simpleestimatg87] shavsthatthedifferencebetweerthetwo treatmentat LEP2is nggligible,
while the exponentiatiorrequiresa specificeventgeneratiorprocedure.

LABSMC is aFORTRAN program.It worksasfollows. First, the codemalkesinitialization andreads
flagsandparametersrom a list provided by user Thenit performsanintegration (in semi—analytical
branch)andgenerategvents. The4-momentaf generategbarticlesareto be analyzedor recordedn a
usersubroutine.A certaincontrol of technicalprecisionis provided by comparisorof the resultsfrom
semi—analyticahnd Monte Carlo branches.Note, that for a caseof complicatedcuts, which cannot
be donein the semi—analyticabranch,onehasto increasehe numberof generatedventsto reachthe
orderedprecision.

Theaccuray of thecodeis definedby two mainpoints:technicalprecision(numericalprecisionin
integrations errorsdueto limited statistics possibleébugsetc) andthetheoreticaluncertainty Of course,
onehasthanchoosehe proper correspondingo his concreteproblem,setof flagsandparameters.

Thetechnicalprecisionhasto be checled andimproved, if required,by detailedtestsandcom-
parisonswith resultsof othercodes.Thetheoreticaluncertaintyis definedby: absencef completeset
of O(a?L) corrections(for photonicand pair corrections) an uncertaintyin definition of vacuumpo-
larization, approximatedescriptionof hadronicpair production. Therewas obsered a discrepang in
the treatmentof electraveak RC in ZFITTER andALIB ABA [42]. Thetheoreticaluncertaintyof the
codein descriptionof large—angleBhabhascatteringat LEP2is estimatechow to beof about0.3%. The
correspondingincertaintyfor radiatve Bhabhascatteringwvith avisible photonds about2%. But for the
latter we have an additionaltheoreticalsystematiauncertainty(about1%), comingfrom non—standard
radiative correctiong93].
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4.7.1 Noteaboutpair correctionsin LABSMC

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

Thedoubleresonan{ZZ) contritution, in whichboththeprimaryandsecondaryairareproduced
viavirtual Z-bosonsis nottakeninto account.Thiscontrikutionwill besubtractedrom theexperimental
databy meansof someMonte Carloeventgeneratar

The impactof the multi-peripheral(two—photon)mechanisnof pair productionandthe one of
the singlet pairs can be analyzedby meansof the program. But the default option is to drop these
contritutionsasin theeventgeneratoaswell asin the experimentaldata.

Thecorrectionsn permil aregivenin Table28 of Section5.5.8. The quantitiesherewerecalcu-
latedin respecto the crosssectionswhereall othertypesof RC have beenalreadyapplied. Thereis a
simpledependencef the sizeof correctionson the appliedcuts. The moststrongcutson realemission
arethere,themostlarge (andnegative) effectis comingout. Thelargestcorrectionsarefound for some
idealizedobsenrables wherealsothefinal statecorrectiongdo give alot.

As concerningthe two—photonmechanismthereare visible contritutions only for a few event
selectiongseeTable29 of Section5.5.8). In therestof ESthe multi-peripheralreactionis cut away by
the correspondingetsof conditions. The only large correctionto 10pal3 is becausef wide rangeof
allowedcollinearityandavery low enegy thresholdfor electrong1 GeV).

Theaccurag ontheabore numberdor pair correctionscanbe estimatedo be about20%, which
is mainly comingfrom theuncertaintyin the descriptionof secondanhadronicpairs.

4.8 Error specificationsof LABSMC
Thetheoreticaluncertaintyof LABSMC is estimatedy the analysisof thefollowing sourcesf errors.

e A considerablyargeamouniof about0.10%is comingfrom thehadroniccontritutioninto vacuum
polarization.

e Unknowvn O(a?L) photonicandpair correctionscangive aslarge as0.20%.Note, thatfor small—
angleBhabhaat LEP1we hadthe correspondingontritution of the order0.15%[88], andsowe
canestimatetheuncertaintytakinginto accounthatthelargelog L in thelarge—anglekinematics
is greater

e The approximatetreatmentof hadronicpair correctionstypically contritutes by not more than
0.05%,dependingon the concretesventselection.For obserableslAleph3, 1Aleph4, andIL T4
we have more:about0.1%.

¢ Photoniccorrectionsn highordersO(a?L?, o’ L5, .. .) arenotcalculatedn thecode but they are
really small(0.02%).

e Uncertaintiexomingfrom thetreatmentlectraveakconstantandloop correctionangive upto
0.2%for the casebarrelangularacceptancel-or the casewith endcapsve have lower contritution
from Z-exchangeandtheerroris lessthan0.1%.

Takinginto accounthelimited technicalprecisionwe derive theresultinguncertaintyof thecode
for descriptiorof large—angléBhabhascatteringat LEP2to beof theorder0.3%. As concerningadiatve
Bhabhawith a photontaggedat large anglesthe uncertaintyis definedby missingO(«) corrections.lt
canbeestimatedo be of about2%.
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4.9

ga A W N P

Presentationof the program grcrvy

. Authors: Y. Kurihara,J. Fujimoto, T. Ishikawa, Y. Shimizu,T. Munehisa
. Program:grcvvvy v.1.0,1999.08.20

. Canbeobtainedrom: http://wwwu-sc.kek. jp/minami/

. Referencdo maindescription:hep-ph/990842f be appearedn CPC.

. Referencdo examplediscussiorof the predictionandits systematiaincertainty:hep-ph/9908422

to beappearedn CPC.

grcvyy is an event generatowhich combinesthe exact matrix elementdor ete™ — vy (7y),
producedoy the GRACE system[94], with QEDPS [95] for ISR. The advantage®f thesepackages
are:

e Theexactmatrix elementaup to the double-photoremission,including the v, processare
used.Double-photoremissionis practicallysuficient for experimentaknalysis.

e QEDPS keepsthe completekinematicsfor the emittedphotonsandvirtual electronsbefore
collisions. It allows a more flexible treatmentof the ISR effectsin avoiding the double-
counting.

¢ Besidegheabore-mentionegureQED correctionsgrcvvy equipswith anotherclassof the
electraveakhigherordercorrections.Thereis a switchto choosdt from thefollowing three
schemes1) the runningcouplingconstanscheme:the couplingconstanof the fermion-
fermion-Z verte, gsrz, is determinedoy the evolution from zeromomentumtransferto
the masssquaredf the vz system,q%, which differs from oneeventto another It varies
accordingto the renormalizatiorgroupequation(RGE). 2) GG, schem¢g96]: It is suchthat
the weak couplingsare determinedhroughthe weak-mixingangle,sin 6y, which is given

by
ta(g?) 1
V2G, M2, 1 — Ar’
where My, beingthe W-bosonmassand(, the muondecayconstant.3) on-shellscheme:
theweakcouplingsaresimply fixedby Ay, and M, thoughtheon-shellrelation,sin? 6y, =

2
1-— JXTV; whereM ; is the massof the Z-boson.
~Z

e For the v, casethe total crosssectionsand the hard-photondistrikbutions of grcvvy are
comparedwith thoseby the O(«) calculationg97-99], KORALZ [50] and NUNUGPV [100].
Thetheoreticakrroruncertaintyfor the ISR correctionds undercontrolatthe 1%level. The
systematic®f the G;, schemecomingfrom the doubleenegy scalesi/,/s) involvedin
thereaction,is estimatedo be around1%. The enegy spectrunof the hard-photonss in a
reasonablagreementvith KORALZ andNUNUGPV up to the double-photoremission.

e Concerning, asimilar comparisorwith NUNUGPV hasbeendone,thoughin this casesome
programswerelackingcompleteO(«).

¢ In the packagehe anomalousouplingof the W-W -+ vertex is implementedThe program
includesonly thosetermswhich consere C and P invariance,derived from the following
effective Lagrangiarf101]:

Lepr = —ie[(1+ Agry) (WS, WH — W) AY + (1 + Ak )W, AW

puv

sin29W =

>‘“/ T L ANV
o WA !

whereW,,, = 0,W,, —0,W,, A, = 9, A, — 0, A,.. HereAgy,, Ax, and )\, standfor the
anomalousouplingparametersvhich vanishin the StandardModel.
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4.10 Error specificationsof grcvvy
¢ (1) lack of constanterm

Oneof theintrinsic limitation of the partonshaver methodis lack of constanterms. It is knowvn
thattheleadinglogarithmicsolutionof the DG L A P equationcanreproduceheexactperturbatie
calculationsat LL orderexceptconstanterms. For the simplee™e™ annihilationprocesseshis
effect,socalled K — factor, is known to be 0.6cannobe betterthanthis accurag. Thoughthere
is no exactestimationof the K — factor for the neutrinopair-productionwith hardphoton(s)we
canexpectthe K — factor for theseprocessess atthesameorderasthesimplee™ e~ annihilation
processesThenwe assignthe systematierrorof 0.6

¢ (2) internalconsisteng

In the grcvvy, the hard photonis treatedusing exact matrix elementsandthe soft photon(s)are
treatedusingQEDPS It is not necessarilghata definition of the hardphotonis the sameasthose
of visible photongiven by the experimentarequirementsThefinal resultmustbeindependenof

the dividing point betweenhard and soft photons.we checled the stability of the crosssections
whenthedividing pointsarevariedwithin areasonableange.If the experimentakrequirements

sotight, for example,no additionalphotonswith smallenegy in very forwardregion is required,
the final resultis sensitve for the definition of the soft photon. We assignthis dividing-point

dependencasasystematierror Thiserroris muchdependon the experimentakuts.

¢ 3) multi photonlimitation

In the grcvry, upto two visible photoncanbetreated.For the experimentakequiremengs‘two
or more photons’,we give the resultswith only two visible photons. The probability to obsere
third photonss negligible smallin general We estimatethe errorof 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: http://www.pv.infn.it/~nicrosi/programs/nunugpv/

The codeNUNUGPV [100,102] hasbeendevelopedto simulateeventsfor thesignaturesingle-andmulti-
photonfinal stategplus missingenegy in the StandardModel at LEP andbeyond.

Matrix elements
In the programthe exactmatrix elementsareimplementedor thereactions

ete” — v; Uy vy,
withi = e, u, 7andn = 1,2, 3.
The matrix elementfor single-photonproductionhasbeencomputedby meansof helicity amplitude
techniqueg103], while the amplitudesfor multi-photonfinal statesare calculatedusingthe numerical
algorithmALPHA [104] for theautomaticavaluationof tree-level scatteringamplitudes.Thecontritution
of the anomalouscouplingsAk,, and ), to the WW~ vertex is includedanalytically in the matrix
elementfor ete~ — v, v, 7. Trilinear andquadrilinearanomalougyaugecouplingsfor the processes
with morethanonephotonin thefinal statehave beenrecentlyimplemented As anoptionthe program
containsalsothe contritution of a massve neutrinowith standardcouplingsto the Z boson.
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Radiativecorrections

ThephenomenologicallyelevantLeadingLog (LL) QED radiative correctionsdueto initial stateradia-
tion (ISR), areimplementedsia the StructureFunction(SF) formalism. Dueto the presencef a visible
photonin the kernelcrosssection,the inclusionof ISR requiresparticularcare. In orderto remove the
effects of multiple countingdueto the overlap of the phasespace®f pre-emissiorphotons(described
by the SF’s) and kernel photons(describedby the matrix element),the p; /pr, effectsareincludedin
the SF’s accordingto Ref. [102]. The generatiorof the angularvariablesat the level of the ISR gives
the possibility of rejectingin the eventsamplethosepre-emissiorphotonsabove the minimumdetection
angleandthresholdenegy, thusavoiding ‘overlappingeffects’. Accordingto sucha procedurethecross
sectionwith higherorder QED correctionscanbe calculatedasfollows (for the datasampleof at least
onephoton)

o) = /dzldxgdcgl)dc(f) D(x1, ngl); s)D (2, 0(72); s)O(cuts)
x (do'7 + do™ + do® +...) | (6)

wherec, = cos, and[)(x,cv; s) is a propercombinationof the collinear SF D(z, s) with anangu-
lar factorinspiredby the leadingbehaior 1/(p - k) [102] of the pre-emissiorphotons. Accordingto
Eq. (6), an‘equivalent’ photonis generatedor eachcolliding leptonandacceptedisa higherorderISR
contritution if:

¢ the enepgy of the equivalentphotonis belov the thresholdfor the obsered photon £, ,,.;,,, for
arbitraryangles;

¢ or theangleof the equvalentphotonis outsidethe angularacceptancéor the obsered photons,
for arbitraryenepies.

Within the angularacceptancef the detectecphoton(s) the crosssectionis evaluatedby summingthe
exactmatrix elementdor theprocesses™e~ — vimy,n = 1,2,3 (do'7,do??,do*).

By meanf theabove sketchedformulation,the signatureshatcanbe handledby the programare:

e exactly one(two) visible photon(s)plusundetectedadiation;
e atleastone(two) visible photon(s)plusundetectedadiation;

e exactly threevisible photonswith QED correctionsn the collinearapproximation.

Someimprovementsfor Linear Collider enegies have beenrecentlyintroduced. Predictionsfor the
single-photorsignaturearepossiblgor polarizedelectron/positrotbeams Simulationof beamsstrahlung
canbe performedby meansof the circe library [105]. Both integrationandunweightedeventgenera-
tion modesareavailable. More detailson technicalandtheoreticalfeaturescanbe foundin Ref.[100].
ConcerningheLEP2enegy regime,the presentheoreticabccurayg of NUNUGPV is atthepercentlevel,
asdueto missingO(«) electraveakcorrections.

4.12 Error specificationsof NUNUGPV

As discussedh Sectiond.11andin therelevantliteraturetherequoted the mainingredientNUNUGPV
is baseduponare

o exactmatrix elementdor the kernelreactione*e™ — v;;n7y, withi = e, u, 7 andn = 1,2, 3,
computeckitheranalytically(n = 1) or numerically(n = 2, 3);
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e convolution of the kernelcrosssectionby meansof p;-dependenstructurefunctions,in orderto
take into accountthe hugeeffect of initial-stateradiation,while avoiding doublecountingin the
presencef taggedphotons.

Themainsourceof theoreticakrroris missingnon-logO(«) electraveakcorrectionswhich can
be estimatedo be of the orderof 1 — 2 %. Pushingthe theoreticalaccurag at the 0.1 % level would
requiresupplementinghe presenformulationby afull O(«) calculation atpresennotavailable.

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(26 July 1999)

Canbeobtainedfrom: http://www.ifh.de/~riemann/Zfitter/zf.html
/afs/cern.ch/user/b/bardindy/public/ZF6 21

Referencego maindescription:  [75]

Referenceso examples: [106-114]

Programdevelopment: The packagéds permanentlyupdateduserrequest@arewelcome;
lastupdateis v.6.30(xx March2000)

ZFITTERIs aFortranprogram basedn a semi-analyticabpproactio fermionpair productionin
ete™ annihilationat a wide rangeof centre-of-massnepgies,including LEP1andLEP2 enegies. The
mainbody of the programrelieson the analyticalresultspresentedn Refs.[115-117]for the QED part
andin Refs.[74,118-122] for the electraveak physicspart. Someof the formulaeusedmay be found
only in Ref.[75].

ZFITTER versionv.6.21wasthe lastoneintendedfor the useat LEP1 enegies. The description
of this subsections mostly limited to this version. During the 1999-200@EP2 Workshoptherewasa
developmentwhichis briefly summarizedn Sectior4.13.2.

The calculationof realisticobserableswith potentialaccountof completeO(a) QED andelec-
troweakcorrectionglussoft photonexponentiatiorplus somehigherordercontritutionsis madepossi-
ble with severalcalculationakhains:

e Borncross-sections;

e afastoption: cutons’ or combinedcutsoncollinearityé andminimalenegy E,.;,, of thefermions
for orrg;

e cutons’ (oroné, Eyy) for do/d cos 9; for o1 g additionalcut on the productionangleof anti-
fermions(cos ¥).

Thescatteringangleof fermionsremainsunrestrictedf the othercut(s)do notimposeanimplicit restric-
tion.

Numericalintegrationsare at most one-dimensionaénd performedwith the Simpsonmethod
[123,124]. This makesthe codesofastandguaranteeary practicallyneedechumericalprecision.

ZFITTER calculates:

e Ar —theStandardModel correctiondo G ,;
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e My —the W bosonmassfrom My, My, andfermionmassesandAr;
o I'zw = Zf I'; —totalandpartial Z andW bosondecaywidths;

e do/dcos ¥ —differentialcross-sections;

e o —total cross-sections;

e App —forward-backvard asymmetries;

e Ay —left-rightasymmetries;

o Ay, A%"g —final statepolarizationeffectsfor 7 leptons;

Variousinterfacesallow fits to the experimentaldatato be performedwith differentsetsof free param-
eters. Therearetwo optionsto parameterizéhe Z bosonpropagatof125] (seealso[126,127] andthe
mary referencesherein).

ZFITTER usespiecesof codefrom otherauthors( [123,124,128-132]). We find it important
to mentionexplicitly thatthe programmingof ZFITTER accumulateshe efforts of mary theoreticians,
whosework wentinto the codeeitherasdefault programmingor asoptionsto be choserby mary flags.
A hopefully completelist (derived from [75]) comprisesquite a few referencedor photonicradiatve
correctiong68,86,90,107,133-144] andradiative correctionscontrikuting to the effective Born cross
section[18,145-171]. Thisis a featureof ZFITTER which makes it very flexible for applications,
but alsofor comparisonwith othercodesand checksof technicalprecisionsin programdevelopment
phasesFor a systematiqresentatiorf the interplayof the mary radiatve correctiondreatedwe refer
alsoto [75] andto [172].

ZFITTER is usedoptionally by otherpackagesamongthemare SMATASY [173-175], ZEFIT,
[176]. Its electraveaklibrary DIZET is usedin KORALZ, [50], KXMC, [49], BHAGENE,[177], and
otherprogramdike HECTOR, [178] for thestudyof ep scattering.

QED initial-final interference:

Theexponentiatior[179] of initial—final interferencgIFl) photoniccorrectionds implementedn
ZFITTER. Theexponentiatioris doneaccordingthe proceduredevelopedin Ref. [90]. Thebasefor the
constructionis the generalYennie—Frautschi—-Suutheorem[38]. Theresultingformulaeare closeto
the onesof Ref.[180], but the specialtreatmentaroundthe Z-peakis notincludedin the programnow.
In the codethe IFI optionis governedby theflag INTF. The effect of the IFI exponentiationwasfound
to beimportant,especiallyfor forward—backwrd asymmetry

The FortranpackageDIZET is partof the ZFITTER distribution. It canbe usedin a stand-alone
modeandis regularly usedby otherprograms.

Ondefault, DIZET allows thefollowing calculations:
e by call of subroutineDIZET: W massandwidth, Z andW widths;

e by call of subroutineROKANC: four weakNC form factors,runningelectromagnetiandstrong
couplingsneededor the compositionof effective NC Born crosssectionsfor the productionof
masslesfermions(however, themassof thetop quarkappearingn thevirtual stateof theone-loop
diagramdor the process:* e~ — bb is notignored);

e by call of subroutineRHOCC:the correspondindorm factorsandrunningstrongcouplingfor the
compositionof effective CC Born crosssections.

If neededtheform factorsmay be madeto containthe contritutionsfrom WW and Z Z box diagrams
thusensuring(over a larger enegy rangethanLEP 1) the correctkinematicbehaior andgaugeinvari-
ance.
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4.13.1 Pair correctionsin ZFITTER

Oneof particularcontritutions to the procesof electron—positromnnihilationis the radiationof sec-
ondarypairs. In comparisonwith the photonradiation, it is relatvely small, becauset appearsonly
startingfrom the O(a?) order Neverthelessthe total effect of pair productioncould reachdozenper
mil andshouldbe taken into accountin the dataanalysis. The secondarypair canbe producedvia a
virtual photonor Z-boson. The latter caseis supposedo be subtractedrom the experimentaldateby
meansf someMonte Carloeventgeneratar(The Z bosonmediatedsecondaryair productionwasalso
studiedwith GENTLE/4fanv.2.11,seethe descriptionof resultsin Section5.5.5.)

Lowestorder pair corrections

Thecompletesecondrdercalculationfor e e~ andu ™ 1~ initial statepairswasperformedn Ref.[68].
Thecontrilution of hadronicandleptonicpairs(excludingelectrons)yvasconsideredn paper{137].

The effect of secondanpair productionin thefinal statewascalculatedn Ref.[181]. It is worth
to mention thatthefinal statepair correctionshouldberealizedin a multiplicative way:

g = UBorn(l + 57)(1 + 5FSP)¢ (7)

whered, standdor theinitial state(IS) photoniccorrection,anddrsp give thefinal state(FS) pair one.
At LEP2enegies,whentheradiatve returnto the Z-peakis allowed, we have very large valuesof .,
andthe multiplicative treatmentprovidesa correctcountingof the simultaneougmissionof IS photons
andFSpairs.A cutontheinvariantmassof the FSsecondaryairis allowedby settingparametePCUT.

The pair contrikution to the correctedcrosssectionis presentedsthe integral of the Born cross
sectionwith the so—calledpair radiator:

. 1-A
Ao — / dz 6(2s)H(z) = o(s)(Ha + Hrsp) + / dz6(zs)He(2). (8)

Zmin Zmin

Here Ha representshe impactof virtual andsoft pairs; Hrsp standsfor the final statepairs. A is a
soft-had sepaator (A < 1), numericalresultsshouldnot dependnits value.

The singletchannelcontritution andthe interferenceof the singletandnon—singletthannelsare
takenfrom Ref. [68]. They canbe calledfrom ZFITTER optionally (accordingto the IPSC flag value).

A simpleestimateof theinterferencéetweerthe ISR andFSRpairscanbedone:we cantake the
initial—final photoninterferencemultiplied by the corversionfactor (a/(37)) In(s/m?2). Thesmallness
of the photonicinterferenceandtheadditionalfactorprovide usthe possibilityto neglecttheinitial—final
pairinterferencecompletely

Pair production in higher orders

It wasobseredthattheO(a?) approximatioris notenougho provide thedesirablgorecision.Reallythe
interplayof theinitial statephotonandpair radiationis very important. So,oneshouldconsiderhigher
orders. Thefirst exponentiatedormulafor pair productionwassuggestedn Ref. [90]. The procesof
one pair productionwas suppliedby emissionof arbitrarynumberof soft photons. This formulagives
a goodapproximationfor leadinglogarithmiccorrectionscloseto the Z-peak. But it doesnot include
the importantnext—to—leadingterms,and even the known third orderleadinglogs are not reproduced
completely

In Ref.[142] a phenomenologicdbrmulafor simultaneougxponentiationof photonicand pair
radiationwas proposed. The correspondencef the exponentiatedormula to the perturbatre results
wasshawvn therefor the caseof realhardradiation. Neverthelessthe structureof the radiatorfunction,
suggestedn Ref. [142], doesnot allow to checkthe correspondencéor soft and virtual part of the
correctionsanalytically
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An alternatve treatmentof the higherordercorrectionsdueto pair productionwas suggestedn
Ref.[144]. In orderto accountthe mostimportantpart of the sub—leadingorrectionswe considerthe
convolution of the O(a?) pair radiatorwith the ordinary O(«)) photonicradiator proportionalto the
P splitting function. In this way we receve the main part of the O(a?) leadinglogs, proportional
to P(?), andthe sub—leadingermsenhancedy In(1 — z)/(1 — 2), like L?In(1 — 2)/(1 — z) and
LIn%(1 — 2)/(1 — z). Note that the corvolution as well as exponentiationcan not give the correct
completesub—leadingormula. In factthe convolution givesa partof sub-leadingermscomingfrom
the kinematicswhereboththe pair andthe photonareemittedcollinearly while thereareothersources
for the correctionslike, for instance,emissionof a collinear pair and a large—anglephoton. But we
supposethatthe maintermswith enhancementarereproducedorrectly thatfollows from the general
experiencein leadinglog calculations. Note that the samebackgrounds underthe exponentiationof
suchterms.For the caseof purephotonicradiationthis waschecled by directperturbatre calculations.

We checled that for real hard emissionthereis a agreemenbetweenthe mostimportantterms
in the third ordercontrikution to Hg(z) andthe correspondingermsin expansionof the exponentiated
formulafrom Ref.[142]. Suchacorrespondendeetweertheexponentiatiorandconvolution procedures
is well known alsoin the caseof purephotonicradiation.

In the sameway we derivedthe expressiondothfor leptonicandhadronicpairs. In contrastwith
Ref.[142] we extendedthe hadronicpair contrikution to the third orderby meansof corvolution which
takesinto accounthedynamicalinterplaybetweerpairsandphotonswhenthey areemittedatthesame
point, ratherthanby a staticcoeficient.

Theleadinglogs, which werenot reproducedy the convolution weresuppliedfrom Ref.[144].
We estimatedalso at the fourth order contritution by meansof the leadinglogs (non-singletchannel

only):

4
- a 1 11 1
dot®) = /dza(zs) (—% (L, — 1)) [—1 2P<3> () + 576 PA(2) + 0% 08P<1>(z) : 9)

In the O(a*) we keeponly theleadinglogarithmicformula(9) for non—singletlectronpairs.

A goodnumericalagreementvasobseredin thetreatmenbof higherorderleptoniclSR pairsby
meansof the convolution [144] andexponentiation[142] (seeTable 2 in Ref. [144]). The exponenti-
atedtreatmentis implementedn ZFITTER also (called by settingISPP=4). The agreementvith the
exponentiatedepresentatiofrom Ref.[90] is notsogoodat LEP2 enepies.

Numerical illustrations

In Table 11 we presentthe resultsfor differentcontritutions. The value of correctiondueto pairsis

definedin respecto the crosssectionfor annihilationinto hadronswith purephotoniccorrectiongaken

into account. The cut—of on both pair and photoniccorrectionsis equal: z,;, = 0.01 and0.7225,

s’ > Zmin - 5. In the FSRcolumnwe shav the sumof leptonicandhadronicfinal statepair corrections
(PCUT=0.99).In thelastcolumnthesumof ISR andFSRpairsis givenwithoutthe contritution of singlet
pairs.Centre—of-massnegy is 200GeV.

As could be seenfrom the Table, the contritution of singletpair productionbecomesmportant
only for smallvaluesof z,,;,. In dataanalysisat LEP, sucheventsaresupposedo be extractedfrom the
datatogethemwith thetwo—photorprocese e~ — e*e™ + hadrons. We emphasizethatthe procedure
shouldbeaccurateandwell understoodbecausén factthe eventswith singletpairsandmultiperiferical
productionhave quite differentsignaturesn the detector At LEP2 enegiesthe contritution of singlet
pairsbecomeseallyimportant,if thereturningto the Z-peakis allowed (for zp,in < 0.25).
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Table 11: Differentcontributionsto §.

ISR pairs FSRpairs| sum
e(NS) [ e(NS+sing.)] | 7 | hadr
Zmin = 0.01
O(a?) | 6.41 42.00 199 | 0.67 | 5.49 0.06 14.62
O(a®) | 7.28 42.86 219 | 0.72 | 6.09 0.06 16.34
O(a*) | 7.24 42.82 219 | 0.72 | 6.09 0.06 16.30
Zmin = 0.7225
O(a?) | —0.38 —0.40 -0.11| -0.03| —0.28| -0.29 | —1.08
O(a®) | —0.56 —0.59 -0.17| -0.05| -0.21| -0.30 | —1.28
O(a*) | —0.53 —0.56 -0.17| -0.05| -0.21| -0.30 | —1.25

To estimatethe uncertaintyof our resultswe look at the relative size of different contrikutions
andat the comparisorwith the exponentiatedormulae. The main sourceof the uncertaintyis the ap-
proximatetreatmenif the hadronicpairs. Anotherindefinitenesss comingfrom the sub—sub—leading
termsof the third order which canbereceved neitherby corvolution nor by exponentiationandfrom
the fourth order correction. Our rough estimatefor the theoreticaluncertaintydueto pair production
in descriptionof electron—positrormnnihilationis 0.02%for without returningto the Z-peak. For the
returningto the peakat LEP2we estimatehe uncertaintyto be atthe level of 0.1%.

4.13.2 ZFITTERdevelopmentfterv.6.21

Therewasa certaindevelopmentof ZFITTER after version6.21. On 13 Decemberl999we released
ZFITTERVv.6.23with animprovedtreatmenbf the seconcrdercorrectiongo angulardistributionsand
Arp. Theimplementatiorrelieson work doneby A.B. Arbuzos andwill be describedn anextended
versionof Ref.[144].

For this workshopwe have createdZFITTER v.6.30,which shouldbe the last versionfor LEP2.
It containsseveralnew importantuseroptions.

A new optiongovernedby a new flag FUNA is implementedyvith:
FUNA=0 - old treatment,
FUNA=1- new treatment.
Thisis anew treatmenbf thesecondrderlSR QED correctionsjn the presencef angularacceptance
CUtSANGO, ANG1, basedbnanew calculationby A. Arbuzov (to appeamashep-phreport). It is compatible
with theuseof ICUT=1,2,3.

The meaningof flag INTF is extendedin orderto accommodatéhe nenv implementationof an
exponentiatiorof IFI QED correctionsalsorealizedby A. Arbuzor (alsoto appealashep-phreport):
INTF=0,1-old options,

INTF=2 — exponentiatedFI.

Further final statepair productioncorrectionsaareimplementedA. Arbuzov). Theoptionis gov-

ernedby anew flag:

FSPP=0 - without FSRpairs,

FSPP=1 - with FSRpairs,additve,

FSPP=2 —with FSRpairs,multiplicative.

For the FSPPcorrectionsthe cut on the invariantmassof the secondarypair is accessibleln orderto
accommodatéhis cut value,thevariableSIPPof the

SUBROUTINE ZUCUTS (INDF,ICUT,ACOL,EMIN,S_PR,ANGO,ANG1,SIPP)

is now used. Therefore the meaningof the variableSIPPhasbeenchanged.It hasnothingto do with
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cutting of ISPP;thereis no possibilityto cut secondaryairsfor ISPR wherethe primary pair invariant
masscut shouldbe equalto S_PR.

Finally, the new value of flag IPT0=—1 allows to calculatepure virtual pair contritutions sepa-
rately

ZFITTERV.6.30shouldbeusedtogethemwith DIZET v.6.23. Two bugsarefixedin DIZET v.6.23.
A bugin the calculationof I'yy is fixed (resultingin a 0.3% shift), andanotheronein the calculationof
runninga.,,, (of no numericalimportance).

Further anoptionto fit V;;, isimplementedo DIZET (D. Bardin,L. Kalinovskaya,A. Olshersky,
March2000).For this,amainprogram(interface)zwidthtb6_30. f hasto beusedtogethemwith a stan-
dasideDIZET version6.30;theargumentlist of thatDIZET is changedo accommodatéhis possibility

Somemoresmallchangesvereimplementediuringthis workshopin theresultof tunedcompar
isonwith LXCMC. Therangeof variationof two flagswasextended.

New valueWEAX=2 allows to switch off sometiny secondorder EWRC which do not propagate
via DIZET andthereforecant betakeninto accountby the othercodeswhich useonly DIZET. It was
provedthatthe numericalinfluenceof thesetermsat LEP2 enegiesis oneorderof magnituddessthan
thetypical precisiontag.

New valueCONV=-1 accomodatethe choicea.,(0) for the y exchangeamplitudeallowing the
calculationof the ‘pure’ Born obsenables thatwasusedfor cross-checksf ISR QED convolution.

Theinterestedeademayfind furtherdetailson recentprogramdevelopmentsat
/afs/cern.ch/user/b/bardindy/public/ZF6_30/
andat
http://www.ifh.de/~riemann/Zfitter/.

The mostimportantconclusionwhich emeged from the tunedcomparisonwith XXMC is that
at LEP2 enegiesit is not possibleanymoreto relay on a simplified treatmentof EW boxesrealizedin
ZUTHSM branchof ZFITTER. EW boxesshouldbe consideredasa partof EW form factorsanddueto
their angulardependencéhe only way is to accesghemvia ZUATSM branchof ZFITTER which was
alreadyaccessiblen v.6.21andwasnot speciallyupdatedduring this workshop. However, oneshould
emphasizehatthe way of usingof ZFITTER at LEP1fails at LEP2 enegiescompletely In particular
one shoulduse CONV=2 option allowing for running of EW form factorsunderthe ISR corvolution
integral. For moredetail seeSection5.4.

Statemenbn the precisionandthe systematirrors:
Seethe otherpartsof this report,especiallySections3, 5, and6.

Statemenbn limitations

ZFITTER shouldnotbeusedfor precisioncalculationsof Bhabhacrosssections.Thecorrespond-
ing QED correctionshave to berecalculatedThe effective Born approximatiorfor Bhabhascatterings
fixedto LEP 1 kinematics.lt is relatvely easyto improve thelatter, but this hasto bedoneyet.

ZFITTER shouldbe usedbelow ¢ threshold. Theimplementatiorof the channele™e™ — tf is
undervay.

4.14 Error specificationsof ZFITTER

Oneshoulddistinguishtwo main classe®f sourse®f theoreticakerrors.First are,so-calledparametric
uncertaintiesPU’s, which aretrivial: propagatiorof uncertaintieof INPUT parametersesultsfor an
uncertaintie®f the predictions Herewe presenta studyof PU’s donewith ZFITTER.

It seemsreasonabléo assumethat the only PU’s which are worth studying, are thosedue to
uncertaintiesn:
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therunningQED couplinga(s), dueto errorsin A« , for whichwe use

Aaj g = 0.027782 + 0.000254; (10)

the polemasse®f b andc quarksfor which we adopt

M, =470 £0.15GeV, M, = 1.50 + 0.25 GeV, (11)

thepolemasse®f thetop quark,for whichwe take, PDG’98value

M, = 173.8 5.2 GeV, (12)

¢ Higgsbosonmassgdeservingnoreexplanations.

Corventionally we usein this reportM,, = 120 GeV asa preferredvalue. For its lower limit it is
reasonablyo take M/,, ~ 100 GeV asthe presentower limit establishedrom directsearchest LEP1.
For upperlimit we scannedhe intenal M, = 125 — 200 GeV, becausehe total (hadronic)cross
sectionshavs up a non-monotonidehaior asafunctionof Higgsmasswith amaximumat somevalue
from this interval. Parametricuncertaintiesdue to ), variation are non-symmetric sincethe value
M, = 120 GeVis choserasthe preferredvalue.

For theidealizedquark obserableswe found the following largestvariations(in per mil), when
we variedfive abose mentionednput parametersvithin indicatedlimits:

Aaj, ., only +0.05

Aaj g My, M. simultaneously +0.07 with negligible contritution from M,
M; only +1

My only +0.50 + —0.85

Oneseeghatparametricuncertaintieslueto Aa?wd, My, M., My, M;, do notexceedl permil,
thereforethe measuremenof the total hadroniccrosssectionat LEP2 will not contrikute to further
improvementof top massandof the upperlimit for the Higgsbosonmass.

Similar studyfor muonicidealizedobserablesis summarizedn two following tables.
Total cross-sectioifin permil):

Aaj g My, M. simultaneously +0.4 with negligible contritution from M,
M; only +0.45
My only +0.40 +~ —0.60

Forward—backwird asymmetry(in absoluteunits 10—3):

Aaj g My, M, simultaneously +0.1 with negligible contritution from M,
M; only +0.15
My only +0.15 + —0.21

For taus,oneshouldexpectsimilar estimates.

Givenprecisiontagof LEP2 measurementsneshouldnt expectthatthey will addary improve-
mentto our knowledgeof input parameters.
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4.15 Program GENTLE: tool for the 2-fermion physics

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

2) Program: GENTLE/4fan v.2.11,June 2000

3) Canbeobtainedrom /afs/cern.ch/user/b/bardindy/public/Gentle2 11/
http://www.ifh.de/~riemann/doc/Gentle/gentle.html

In this sectionwe describea new versionof the code(GENTLE/4fan v.2.11), whereseveral
featuredo extracteffectsof pair productionin 2 f processebave beenadded.This versionis anupdate
of the original GENTLE/4fan v.2.00 publishedin Ref. [182] (seealso[183]). The resultspresented
in this sectionuseintensvely the approachof Ref. [184]. It was extendedfor a calculationof low-
invariant-masgermionic pairsof the NC24 family. We remindfirst of all Feynmandiagramsdescribing
thisfamily. TheNC24 processs a4 f process

ete” — fififafo (13)
wheref; # fy # e. Thereareeightdiagramsof conversiontype,or NCO8sub-se(Fig. 3):

IPPS=1
Fig. 3: TheNCO08sub-family of diagrams.
Next, thereareeightpairproduction-tye diagramgFig. 4):
IPPS=2
Fig. 4: Seconckightdiagramselongingto the NC24 process.
And finally eightdiagramsobtainedby interchangingf; < f2 (Fig. 5):
f2
+ IPPS=3

Fig. 5: Third eightdiagramdelongingto theNC24 process.
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Thereis one morediagramwith the Higgs bosonexchangewhich is termedthe Higgs signal or
Higgsstahlungcontrikution

Terminolagy, notation

These24 diagramsmay be consideredasa 4 f backgroundor a2 process.Their contrikution to the
2 f signal could be naturallydefinedby imposingcutson the four fermion state. Eventssurviving cuts
mimic the2f process.

To gofurtheron, we have to provide severaldefinitions
TheBorn approximatiorfor 2 f processs definedas

ISR corvolution{e*e™ — fifi}, (14)

i.e. anISR convolution of a2f processwith f; f; beingtermedasathe ‘primary pair’.

Relative contrilution of 4f backgroundprocesseskigs 3—4, may be conveniently describedn
termsof correctiondueto pair production(PP) whichis definedby theratio

ISR convolution{ete™ — f1fifofo}

0 airs — - = 15
P ISR corvolution{e+te= — f,f1} (15)

In two lastequationsISR cornvolution’ standdor aratherstandardapproach
o(s) = / dxH(x,s)a[(1 —x)s], (16)

whereH (z, s) is aflux functionands|[(1 — z)s] is akernel(4 f or 2 f) cross-section.

As faras f1 # f2 we have no questionswvhich pair shouldbe consideredo be a ‘primary’ one
andwhich one— a‘secondary’.We may distinguishthemby imposingdifferentcuts R..,; and P,,; on
‘primary pair’, f1 f1 and‘secondarypair’ fo f,1°.

Theinvariantmasscutsaredefinedas

M? .
Ruy = —I>0.01inclusive, 0.7225 exclusive, (17)
2
Pt = % <1074,1073,1072,10, 1 all values

FromEqgn.(18)oneseeghat‘primary’ pairis demandedo have largeinvariantmasswhile ‘secondary’
— small. We alsopresentutvalueswhichwereusedin this study For R.,; we usedtwo standard EP2
values:0.01 (inclusive selectionand0.7225 (excluswve selection)while for P.,; we studiedall allowed
rangerangingfrom very tight cuts,10~#, to ano cutsituation,P,,; = 1.

We studiedtwo processewith primarymuonandhadron(quark)pairs:

ete” — putp~, primarymuons (18)
ete” — hadrons primaryquarks

0somequestionariseswhatto doif fi = f2, sayu. Onemay arguethatonemay distinguishthemby requiringthatone
pair haslarge invariantmassand anotherone small. Due to differentcutsimposedthe effects of Fermi statisticsshouldbe
negligible. FurthermoreGENTLE/4fan allows symmetrictreatmenbf two pairs. Therefore atleastwhenall 24 diagramsare
includedeverything shouldbe correct(moduloabore mentionednterferenceontritutions)if onetreatstwo muonpairsas
two pairsof differentparticles.Moreover, u is only oneof eight4f-channelsn e™e™ — . A similar problemoccursin the
consideratiorof thetotal hadroniccross-sectionwherefive 4f-channelout of total 40 channelontainidenticalparticles.
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Treatmentof the secondarypairs deseres specialdiscussion. We may describethem using
fermionic languagesimilar for descriptionof both ‘primary’ and ‘secondary’pairs, i.e. sumup over
all fermionspecies:

ete , ptp, 777, hadrons= u, d, c, s, b-pairs (19)

(NB: NeutrinosecondaryairsarepresentlyNOT included;they shouldandwill be!)

This approactsufices,however, aseriousdravback.As for primarypairsis concernedermionic
languagaemay be usedwithout questionssincepairsis requestedo be hard. Evenfor inclusive selection
My 5, = 0.2Epeq, > 38 GeV. On the contrary secondarypairs are integratedfrom the production
threshold,2m, up to sometypically large cut value 0.1 — 1. Therefore,we unaoidably crossthe
region of low lying resonancewherea descriptionin termsof quarksfails completely Fortunately an
adequatdanguagé€or the descriptionof low-invariant-masiadronicpairsusinga parameterizatioffor
the experimentallymeasuredatio R = o(e*e~ — hadron$/o(e*e~ — muong is elaboratedn the
literaturevery well, seee.g.[181].

Virtual pairs

Virtual pairshave to be alsoadded.TherearelSR virtual pairs,seeFig. 6, FSRvirtual pairsandinitial—
final interferencdIFIPP)virtual pairs. Thelatterarenon-leading'seeRef.[92]) andnotincludedin this
study

et

=

v, 4

e~ f

Fig. 6: A typical exampleof virtual pair correction.

FeynmanDiagrams(FD) andtheir selectionwith IPPS,IGONLY flags

In orderto studyrelative contrikution of variousFeynmandiagramswve implementedn the codea ‘user
options’ IPPS andIGONLY which allows to selectsub-group®f diagrams:

IPPS=1o0nly ISPPis takeninto accountseeFig. 3;

IPPS=20nly FSPPwith theordinarymeaningof the ‘secondarypair’, Fig. 4 is included;
IPPS=3only FSPPof Fig. 5 is accountedor; IPPS=4all final pairs,bothFig. 4 andFig. 5 togethemwith
interferencesmongthemareincluded;

IPPS=5-1PPS=1% IPPS=2

IPPS=6—IPPS=1% IPPS=4

IPPS=7only real IFIPPis consideredsa separateontrikution;

IPPS=8all threeabore setsof 24 diagramsareincluded:;

IGONL Y=1 only v exchange®verywhere;

IGONL Y=2 theordinarysecondanpairis producedvia v exchange;

IGONL Y=3 all v andZ exchangesreallowed.
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4.16 Program GRCA4f: tool for the 2-fermion physics
1) Author: J. Fujimoto etal.

2) Program: GRC4fv 2.1.39,
http://is2.kek.jp/ftp/kek/minami/grcaf/

A morecompletereferenceso the GRC4fprogramcanbefoundin the 4-fermionchapterof this
report[183]. Herewe addressnly the featuresrelevant for the generatiorof a 4-fermionsignaland
backgroundsamplefor 2-fermionanalysesi.e. splitting the 4-fermioneventsin a samplerepresenting
pair emissioncorrectiongo 2 fermions,andatrue 4-fermionbackgroundgsample.

The GRCA4f Monte Carlo packageallows the generationof 4-fermion eventsusing Born-level
matrix element{ME), cornvolutedwith ISR photonradiation. It is possibleto selectthe desiredsetof
Feynmandiagramsfor eachfinal statef,f; fof, by the user The generationof a signal samplefor
2-fermionpair correctionscanbe donein two ways:

A) Generating‘signaldiagramsample’usingonly thosediagramswhich areconsideredssignal
in the respectie definition, andapplyingthe s’ (andmasscuts) of the signaldefinition, to obtaina ‘4f
signalsample’. In additiona secondsamplewith all non-signaldiagramge.g. MP andISS)is created,
which formsthe ‘4f backgroundample’togethemwith thoseeventsin the signaldiagramsamplewhich
fail thes’ or masscuts. In thismethodthe (generallysmall)interferencesetweersignalandbackground
diagramsarenegglectedin the backgroundsubtraction.

B) The'4f signalsample’is obtainedrom asetof Feynmandiagramswhichis largerthanthe set
of signaldiagramsFor eachMC eventaweightw is calculatedvith thehelpof theREW99library [185],
whichis givenby thesquaredatio of thematrixelement§ME) summedverall signaldiagramsgdivided
by thesumover all (signal+backgrounddiagramsn thesample.

| Z ]\4l;signal‘2

o 20
signal ‘ Z ]\/[Esignal + Z ]V[l?background‘2 0

wheres’ or masscutscanbeincludedin the signalweight, by settingit to zero,if it fails the respectie
cut. Usingthe weight wyaciground = 1 — Wsignal ONEObLtainsa 4f backgroundsamplethataccountsor
all interferenceeffectsbetweersignalandbackground.

4.17 Program KORALW: tool for the 2-fermion physics

1) Author: S.Jadach,W. Placzek,M. Skrzypek, B.F.L. Ward and Z. Was
2) Program: KORALW 1.42.3
3) Availableat: http://hpjmiadyifj.edu.plprogramsprograms.htmi
4) Main references: [186]
[187]
[188]

KORALW allows generatiorof 4-fermionevents. It is describedn moredetailin the 4-fermion
chapterof this report[183]. Here,only the featuresrelevantto 2-fermion pair correctionswill be ad-
dressed.

_Itispossibleto selectin KORALW the desiredsetof Feynmandiagramsfor eachfinal stateff;
fofs by theuser For themomentvariousapproximation®f the matrix elementhave beenintroducedn
KoralWfor the ur7 andpartly for ufiee channelonly. Theseapproximationganbeactivatedwith the
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dip-switchISWITCH in theroutineamp4f in thefile ampli4f .grc.all/amp4f . f Theavailablesettings
are:

: CC03(old optionfor WV final states),
. all graphs,

1 ISNS, 7,

:FSNS | 7 77 pairto ee — pp,

. ISNS, +FSNS, 77 pairtoee — pufi.

. ISNS, 77 pair.

[ ]
[o2] a1 R w N = o

:FSNS | 7 ppipairtoee — 77,

e negative value: matrix elementis calculatedfor all valuesof ISWITCH that are declared(setto
1) in ISW4f datastatement.The appropriatenveightsarein this caseavailableaswtset (40+i)
with i=1,...,6asabore (notethattheseweightswill be modifiedalongwith the principalweightby
Coulombcorrectionandnaive QCD, wheneer applicable).

For otherchannelghe approximation®f matrix elementcanbe introducedin a similar mannerin the
file ampli4f.grc.all/grc4f init/selgrf.f Somedemoprogramsareavailablein thedemo.pairs
directory seeREADME file for moreinformation.

Notethatthe abore describedxtensionof ISWITCH anddemo . pairs directoryarenotincluded
in the distribution version1.42.3but will be provided asa separatdile atthe samehttp locationor can
berequestedrom theauthors.

5 PHYSICSISSUESAND DEDICATED STUDIES ON THEORETICAL ERRORS

In the presentsectionwe concentrateon two relatedsubjects: the so-called‘tuned comparisons’of

the codesdoneby the authorsof the given codeswhich arecritical for the datainterpretationat LEP2

enegies. At thesametimein thesecomparisonghereis someleading'physicsprecisiontheme’,in other
wordsthey have in mindto clarify a certainaspecof thetheoreticakerrors,like for instancehequestion
of the IRS®FSR interference,or secondarypair corrections. The collectionsof thesestudiespartly

representsvhatwe really wantedto be discussedind partly representhe availability of the volunteers
who hadthetime andinterestto provide them.

In this sectionwe gatherall studiesof the above kind exceptfor materialon the secondarypair
contritutions,to which we dedicatethe next two sectionsalthoughthey representhe sameclassof the
workshopactuity.

In the sectionon tuned comparisonf KXMC and ZFITTER somenumericalresultson the
importanceof the electraveak boxesis included. We regretthat it wasnot possibleto includea more
completenumericalstudy of the electraveak boxes. In orderto compensatéor thatat leastpartly, we
startthe presentsectionwith a small sectionexplaining what theseEW boxes are and what are their
properties.

Sincemostof the studiesin the presentsectionconcentrateon QED effects, the secondsmall
subsections devotedto methodsof QED calculationsandthenwe proceedo two sectionswhich present
the tunedcomparison®f LXMC andZFITTER anda dedicatedstudyon IRS® FSRinterferencealso
preparedy the CKMC andZFITTER teams.
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5.1 Electroweak boxes

The one-loopthe non-QEDor purelyweakcorrectionamay be representedsthe sumof dressedy and
7 exchangeamplitudesplus the contritution from weakbox diagrams,.e. ZZ andWW boxes, see
Fig. 7. The ZZ boxesareseparatelygauge-inariant.

et (Z, A) ? et (Z, A) ?
e (7,A) [ e (Z2,4) TF

et w U
e~ w U

Fig. 7: Full collectionof QED andEW boxes.

If externalfermion massesre neglected,thenthe completeone-loopamplitude(OLA) canbe
describedby only four scalarfunctionsand by the running electromagneticonstanta (s). Using
notationof Refs.[75,172,172] one may representhe dressecamplitudein termsof four scalarform
factors,Fj;(s, t):

11
APV = WXZ(S){WW ® v Frr(s,t) — 4|Qels?, 7 © vuv+ For(s. t)
W W

_4|Qf|53‘/7/1,7+ ® IYMFLQ(Sv t) + 16|Q6Qf|sévf}/u & ’Y/JIFQQ(Sa t)}; (21)

wherethe y, (s) denoteshe Z bosonpropagator

1
s — M2 4isl', /M,

Xz(8) = (22)

The t-dependencés dueto the weak boxes. On top of the Agi‘; thereis the correctedy-exchange
amplitude which contains py constructionpnly the QED runningcouplinga (s):

Amater (s
AgLA _ f()»m ® Yy - (23)

The above electraveakboxesarenumericallynegligible belov the WW threshold.At very high
enegies,~ 1 TeV they areknown to be numericallyvery large, aswasdiscussedecentlyin several
paperg189-192] in the context of the (im)possibleexponentiationof the electraveak correctiong(so-
calledSudakv doublelogarithms)in thenon-Abeliantheorieswith thespontaneousymmetrybreaking.
They arethereforepart of a ratherinterestingphysicalphenomenonAt LEP2 the EW boxes arejust
rising from nothingto afew percentlevel, seelaterin this section.

EW box correctionsare well knovn and they are theoreticallyundergood control. The only
possibleissueis the technicalprecisionof their implementationn the MC and othercodes. It would
thereforebe goodto make additionaltestsof the existing codesin this direction.
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5.2 Selectedaspectsof QED calculations

Structue functionapproach

The basicprinciplesandalsodetailsof the structurefunction approachusedin the presentegrograms
aredescribedn Ref. [102] for NUNUGPV andin Refs.[85-87,90] for LABSMC. The main goal of
theseapproachess to usethe exactmatrix elementfor the given processandone(two ...) extraphotons
andappropriatgphasespacevhen&er they areavailableandcombinetheminto singlepredictionusing
theLL structurefunctionapproachor fixing normalizations.

Parton showerappmoad

The QED radiatve correctionin the leading-log(LL) approximationcan also be obtainedusing the
Monte Carlomethodnsteadf theanalyticformulaeof thestructurgunction. Thedetailsof thismethod,
QEDPS, canbefoundin Ref.[95]. Herewe recall thatthe algorithmcanmaintainthe exactkinematics
during the evolution of an electron. This specificfeatureof the QEDPS allows usto apply the QEDPS to

radiative processesgvoiding a double-countingroblem. If oneneedgo know the precisedistributions
of the hardphoton(s)associatedvith somekernelprocesssuchasneutrinopair-production,one hasto

usetheexactmatrix-elementincludinghardphoton(s)with the soft-photoncorrection.Sincethe QEDPS

canprovide completekinematicalinformationaboutthe emittedphotonsandthe virtual electronsit is

easyto separatehe soft photonsfrom the partonshaver not to go into the visible region. In addition
to this simple phase-spacseparationthe orderingof the electronvirtuality is alsorequired. During

the evolution of anelectronthe virtuality is monotonicallyincreasingwhich is realizednaturallyin the
QEDPS algorithm. A further conditionmustbe imposedon the virtuality of the electronin the matrix-

elementsafteremittingthephoton:It shouldbegreaterthanthevirtuality of theelectronin thelaststage
of QEDPS. This carefultreatmento avoid the double-countingoroblemallows us precisepredictionsof

radiatve photons.

Exponentiation

The exponentiationof QED andits realizationin the form of the Monte Carlois explainedalreadyin
detail in literature,seeSections4.5, 4.3 and 4.1 for referencesin the following let us concentrateon
relatively novel, andessentiafor establishinghe precisionrequiredby experiments subjectof initial-
final-stateinterference.

5.3 QED ISR®FSRinterferencein crosssectionand chargeasymmetry
Authors: KXMC andZFITTER teams.

We startthis sectionwith characterizingheISR®FSRinterferencglFI) andlisting/characterizig
therelevantliteratureandexisting tools/codegor calculatinglFIl. The principaltwo subsectiongontain
comparisonsf KXMC andZFITTERfor themuonchannelvith ISR+FSRwith andwithoutISR®RFSR,
for the total crosssectionand chage asymmetry Finally we discussthe uncertaintyof ISR®QFSR, as
comparedo LEP2precisiontamgets.

5.3.1 Overviav of propertiesof the ISRR FSRinterference

At LEP2the QED ISR®FSRinterferencélFl) is anorderof magnitudebiggerthanatLEP1becausét is
notsuppressedry moreby thefactorl'z /Mz. Ontheotherhandthe experimentalerrorsarebigger so
its importancehasto bemeasuredh termsof thetamgetprecisionrequirementslefinedin Sectiorn2.1. All
maincharacteristic IFI canbeunderstoodooking attheleadingtermin its thefirst orderexpression
TFT a | Elax . 1—cosf
= 4 e —_— 1 1
07 (cost) @ Qf’/T nEbeam nl+cos@
(which is alsothe 8 dependenpart of the YFS/Sudakv form-factor). The above factormultiplies the
Born differentialcrosssection.We seeimmediatelythat:

(24)

e IFI is growing for strongercutson maximumphotonenegy Epax — 0.
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o |IFIl alwayscontributesto Arp, however, notnecessarilyo thetotal crosssection,unlessghe Born
differential crosssectionis asymmetricitself. This is true at LEP2, whereall muonand quark
asymmetriesirelarge.

 IFl is proportionalto the chage of thefinal fermionQ s, andconsequentlyt is smallerfor quarks
thanfor muons. In addition,for quarksthe contritutions from differentchannelgendto cancel
eachother

e |t doesnotcontainlogsof fermionmasses.

The aborve factsareillustratedin a morequantitatve form in Table12, wherewe shawv the valuesof the
IFI contrilutionsto the y— andg-pair channelsattwo LEP enegies. They arecalculatedwith XMC
for unrestrictectos @ anda simple cut on the fermion pair invariant mass* Mr = Vs'. As we see,
the IFI contritutionsto Arp arethe smallestfor d, twice aslarge for « with an alternatingsign, and
arethelargestfor . They increasdor strongercut on photonenegy. SinceArp ~ 0.6 for all quarks
andyu, consequentlyhe magnitudeof the IFI contrilution of o shavs the samepattern.For the typical
Z-exclusive vy,,x = 1 — s/ . = 0.2, looking morecloselyinto numberswe find for the crosssection
for muonpairsthatthelFI contritution is about2.4%of o*, thatis 6 timesbiggerthanthe precisiontag
0.4%of Section2.1. For quarksit is 0.5%o0f ¢, thatis two timesbiggerthanthe precisiontag of 0.2%
listedin Section2.1. For the Z-inclusve v,,x = 0.9 we have the IFI of 0.4% of o* versusthe 0.4%
precisiontagof Section2.1and0.03%of o" versus).2%precisiontagof Section2.1. Thereis therefore
no doubtthatIFl is importantfor LEP dataanalysis.

Table 12: The quantitatveillustrationof the mainpropertiesof IFI for ¢- andu-pairsattwo LEP enegies.

7 o ] T [T 7o ] 7
0 (Vmax) [Pb], Vmax = 0.01, 189GeV 0 (Vmax) [PD], Umax = 0.01, 206GeV
d 0.0194 + 0.0007 0.0152 £ 0.0065 d 0.0194 4 0.0009 0.0153 4 0.0084
u | —0.0452 4+ 0.0010 | —0.0242 + 0.0060 w | —0.0442 + 0.0012 | —0.0247 + 0.0074
s 0.0188 + 0.0007 0.0149 + 0.0065 s 0.0191 + 0.0009 0.0152 4+ 0.0084
c | —0.0423 + 0.0010 | —0.0239 + 0.0058 c | —0.0423 +0.0012 | —0.0251 £+ 0.0071
b 0.0193 + 0.0007 0.0151 #+ 0.0065 b 0.0203 + 0.0009 0.0149 + 0.0083
all | —0.0110 4 0.0008 | —0.0051 & 0.0062 all | —0.0114 £ 0.0010 | —0.0057 £ 0.0078
o 0.0552 + 0.0017 0.0457 + 0.0071 o 0.0564 + 0.0021 0.0482 4+ 0.0085
ISR®FSR, Vmax = 0.20, 189GeV ISR®FSR, Umax = 0.20, 206GeV
d 0.0080 + 0.0006 0.0067 + 0.0051 d 0.0079 + 0.0008 0.0071 4+ 0.0066
u | —0.0197 4+ 0.0009 | —0.0104 + 0.0047 w | —0.0193 + 0.0011 | —0.0102 + 0.0057
s 0.0090 + 0.0006 0.0070 + 0.0051 s 0.0078 + 0.0008 0.0070 4+ 0.0066
¢ | —0.0178 £+ 0.0009 | —0.0102 + 0.0046 c| —0.0181 +0.0011 | —0.0109 &£ 0.0056
b 0.0093 + 0.0006 0.0071 #+ 0.0052 b 0.0087 + 0.0008 0.0068 4+ 0.0066
all | —0.0050 4 0.0007 | —0.0024 + 0.0049 all | —0.0057 4 0.0009 | —0.0025 + 0.0061
" 0.0239 + 0.0014 0.0198 + 0.0050 m 0.0238 + 0.0017 0.0208 4+ 0.0061
ISR®FSR, vmax = 0.30, 189GeV ISR®FSR, vmax = 0.30, 206GeV
d 0.0066 £ 0.0006 0.0055 % 0.0049 d 0.0061 £ 0.0008 0.0060 %+ 0.0063
u | —0.0163 4+ 0.0008 | —0.0086 + 0.0045 w | —0.0163 + 0.0010 | —0.0085 + 0.0054
s 0.0076 + 0.0006 0.0059 + 0.0049 s 0.0067 + 0.0008 0.0060 4+ 0.0063
¢ | —0.0143 £+ 0.0008 | —0.0085 #+ 0.0044 c | —0.0148 +0.0010 | —0.0092 + 0.0054
b 0.0079 + 0.0006 0.0059 & 0.0049 b 0.0073 & 0.0008 0.0057 & 0.0063
all | —0.0040 £ 0.0007 | —0.0020 + 0.0047 all | —0.0048 = 0.0009 | —0.0021 + 0.0058
o 0.0195 + 0.0013 0.0161 + 0.0048 o 0.0194 + 0.0016 0.0172 4+ 0.0058
ISR®FSR, vmax = 0.90, 189GeV ISRRFSR, vmax = 0.90, 206GeV
d 0.0008 + 0.0002 0.0016 + 0.0012 d 0.0006 + 0.0002 0.0017 + 0.0015
u | —0.0023 4+ 0.0003 | —0.0040 + 0.0014 w | —0.0027 + 0.0004 | —0.0042 + 0.0018
s 0.0010 + 0.0002 0.0018 + 0.0012 s 0.0005 #+ 0.0002 0.0017 4+ 0.0015
¢ | —0.0021 £ 0.0003 | —0.0033 £+ 0.0014 c | —0.0025 £+ 0.0004 | —0.0041 + 0.0018
b 0.0008 + 0.0002 0.0016 + 0.0012 b 0.0009 + 0.0002 0.0015 4+ 0.0015
all | —0.0003 £ 0.0002 | —0.0005 + 0.0013 all | —0.0006 + 0.0003 | —0.0007 + 0.0016
" 0.0042 + 0.0006 0.0070 + 0.0022 m 0.0043 + 0.0008 0.0070 4+ 0.0026

For realisticcutsthe IFI contritutionswill beslightly smaller by afactor~ 0.8.
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5.3.2 Exponentiatiorof IFI

In the pureO(a!) calculation,seeEq. (24), it hasbeenwell known for a long time thatthe ISRQFSR
in theintegratedcrosssectionandin the chage asymmetrygoesto infinity for the strongcutson photon
enegy Epax — 0, clearlyanunphysicakesult. Furthermorethe angulardistribution closecos § = +1
getssingularbehaiour of the kind In((1 — cos#)/(1 + cos ). It is alsowell known for a long time
[38,193] thatsummingup properlythe soft photoncontritutions curesboth of theseproblems. This can
be schematicallydemonstrateds

1+ 6 (cos §) — e (cos) (25)

Whatkind of practicalconsequenceay we expect? For the typical experimentalZ-exclusive cut s’ >
0.80s and| cos # < 0.95] theeffect of theexponentiatiorwill berathersmall. Mostprobablyit is equally
or moreimportantto convolute properlythe ISR FSRwith the O(L2a?) ISR.

If Z radiatve returnis includedin the phasespacethenthe situationis moredelicate. Onehard
photonis necessarilyemittedand from the real-photonO(a!) matrix elementwe know only that the
ISR®FSRis suppressegdloseto andacrossthe Z-peakin s’ distribution. Exponentiationin this case
meansaddinginto the gamea secondandmorereal photonsandthe O(a?) virtual corrections. These
additionalO(«?) andhigher correctionsare not exactly knowvn/available, andin practicewe canonly
addthemin the soft photonapproximation.This is probablygoodenoughfor the LEP2 precisiontag.
Suchascenarids alreadyrealizedin the CXMC, seebelow.

5.3.3 Olderworkson IFI

In the older literaturearathercompletetreatmenof IFI canbefoundin Ref.[136], whereit is discussed
in thesoft-photorapproximatior(novery hardphotons)jn exponentiatedorm'?, includingZ-resonance
andZ-radiative return(nottoofarfrom Z). Laterworks,atthebeginningof LEP1era,seeRefs.[59,115,
116,194,195], seealsoLEP1 proceeding$79] have concentratednainly on addinghardphotonsin the
gameandremoving certainapproximationsn thevirtual corrections.

5.3.4 KORALZMonteCarlo for IFI

TheKORALZ [55] Monte Carlooffersthe mostsolid benchmarkor the O(a?) IFI without exponentia-
tion. The O(a!) part/optionof KORALZ is animproved versionof the programof Ref.[80] (exacty-Z

boxesareadded).It waswell testedto a precision< 0.1% againstanalyticalcalculationsn Ref. [59],

alsofar away from Z-resonancelt wasalsocomparedwith the calculationsof Ref. [116]. KORALZ

wasalreadyusedin thefirst experimentaktudiesof IFI atLEP1,seeRefs.[196,197].

5.3.5 IFI fromKKXMC

ThelFI is now implementedn the exponentiatedorm in thenew MC eventgeneratolCCMC [49], see
Section4.5. Fromthe IFI point of view XJCMC representshe completeO(a!) in exponentiatedorm

(Coherenkxclusve Exponentiation)howveverwith somemportantextensionsya)it convoluteslFl with

thesecondorderISR (andFSR)and(b) it doeshave for IFI the exactsecondorder2-y matrix element.
It missessecondorderexactvirtual correctiongelevantfor IFI (doubleboxes),but not completely they

areincludedin the soft photonapproximation.

The IFI numericalresultsfrom XXMC werealreadydehugged/testeih Ref.[66] by comparing
themwith the resultsof O(a!) KORALZ without exponentiation(seeabove for moredetails). It was
foundthatthe IFI correctionto the total crosssectionandchage asymmetryfrom XMC and O(a?)
KORALZ is about2% andagreego within < 0.2% for thecommonexamplesof Z-exclusive cuts,even
without a cut on cos 6. One stepfurther wasalsomadein Ref. [66]: the XMC resultswithout the

12Theauthorsof this paperpoint out the Yennie-Frautschi-Suui&8] work asa prototypefor IF| exponentiation.
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ISR®FSRwerecombinedwith theISR2FSRof KORALZ O(a!) ISR, Thiskind of ‘hybrid’ ICACMC
+ISRRFSR _,:.,-q. resultwascomparedwith the exponentiatedF| of standardCEEX over the wide
rangeof photonenegy cuts, for the total cross-sectiorand chage asymmetry Typical agreemenbf
< 0.2% wasfoundfor bothZ-exclusive andZ-inclusive cuts. The biggestdiscrepang wasnoticedto be
0.4%for thechage asymmetryfor aZ-inclusive cutandfor thecrosssectionfor certainvalues(farfrom
the experimentalones)for the Z-exclusive cut.

In Ref. [66] a preliminarycomparisorwasalsomadefor ISRR FSRbetweenC MC andZFIT-
TER 6.11. Similar patternsof agreementsind disagreementsvere found. This is not surprising,as
ZFITTER is alsocombiningthe ISRRFSR, _4; -4, Without exponentiationwith therestof the calcula-
tion. Theauthorsof Ref.[66] concludethatthereis definitelyroomfor improvementof our understand-
ing of ISR®FSR, especiallyfor the Z-inclusive acceptancequt thereis no emegeng situatiort*.

5.3.6 ExponentiatedFl fromZFITTER

Therecentversionof ZFITTER includesISR®FSRexponentiatedaccordingto Grecoetal. [193]. We

call it in shortZFexp. This optionwill be availablein the future editionof ZFITTER. Thefirst version
which we tried in this comparisonfeaturedsomenumericalproblemsbut after extensve testsit now

agreegatherwell with ILCMC. Note thatif the ISRRFSRis correctlyimplementedn both programs
thenwe expecttheagreemendf order0.1%for ary Z-exclusive cuts,in particularthedifferencebetween
themshouldnotincreasdor a strongcut.

5.3.7 Semianalyticakéstimateof softlimit

Before we cometo numericalcomparisondet us presenta simple semi-analyticalkestimateof the IFI
contrikutionsto cross-sectionandchageasymmetryn thesoftlimit, in thecaseof theexponentiatiorof
IFI. Thepurposés two-fold: (a) suchexpressionsreusefulin quick testingmorecomplicatedorograms
like LICMC andZFITTER, (b) they give non-trvial insightinto higherorders.ThelFI correctionto total
crosssectionis

Oeap — Ue:rpNOIFI 9. o 1 7r2
5IFI(Umax) = > NolFI =1—-2ApprInvmax + K7 In° Viax (5 + F) -+ const, (26)
Tp

wherex = 42Q.Qy, Arp is Bornasymmetryand vy, = 1 — s, /s ~ ERhax/Epeam limits the
maximumenegy of all soft photons. The constanipartis relatedto non-IR partsof QED boxes. The
absencef bigmass-logalongwith In v, in thisformulais notanaccidentthisis therigorousresultof
the properexponentiatiorof IFI to infinite order This givesanargumentfor thelack of big enhancemet
factordike In Fl.x/ Epeam in thelFI corrections Without suchenhancemerfactorsiFl athigherorders
will alwaysbesmall,for instanceat O(a?) it is of orders% In 2, thatis ~ 0.05%. Similarly, onemay
estimatetheIFI| correctionto App: ‘

3
SAXL (v1) = =Kk In Vnax <2 In(2) + 1 + 2AFB> + O(K? In® Uy ) + const. (27)

Theprecisionof theabove two formulasis 1%. It is enoughto testthecorrectnessf thesoftlimit. Later
on in the relevant figuresresultsof the above formula arerepresented@s an additionalcurve of black
dots.

13This methodwasdescribedn Refs.[196,197] usingKORALZ O(a') andKORALZ/YFS3,andusedto estimatehigher
ordersto IFI atZ peak.

¥Themorecompletesummary/discussioonthesetestscanbealsofoundin thepresentationf S.J.attheJunel999meeting
of LEPEWG,seetransparenciesn http://home.cern.ch/jadach
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5.3.8 Comparison®f LXMC andZFITTERIncluding IFI

The materialof the presentsection,on tunedcomparison®f XXMC andZFITTER with IFI switched
on, will becontinuedaterin Section5.4 for the casewhenlFl is switchedoff, andcanthusberegarded
asits extension.All presentesiumericakesultswill befor themuonchannelvith thecutontheeffective
massof themuonpair M7 = V's', andnorestrictionon cos 0. Thescatteringangled is defined® asan
angleof 1~ with respecto e~. We shalldiscusgesultsfor thetotal crosssectionfirst andfor thechage
asymmetnylateront®.

5.3.9 IFl in thecrosssection

As awarm-upexercisewe presentn Fig. 8 thecomparisorof KXMC andZFITTER for IFI switchedoff

andon. Making the comparisorfor IFI switchedoff malkessensebecausén Section5.4thedistribution

of M;; = V/'s' wasnot affectedby FSR,andnow it is. As we seein Fig. 8(a), in the caseof no IFI

we recover the samelevel of agreemenamong KXMC, KKsemand ZFITTER at the level of 0.2%
asbefore. Encouragedy this, we switch on IFI andfind in Fig. 8(a) that XMC andtwo versions
of ZFITTER with andwithout exponentiation.The latter ZFITTER without exponentiation)et us call

ZFstd. As we see,all curvesdepartfor X sem(which hasno IFI) by ~ 2% for Z-exclusive cutsand
~ 0.4% for Z-inclusive, andthey agreefairly well to within ~ 0.2-0.3%. In thesoftlimit (thefirst point
in thecunesis for s/, = 0.99s) ZFstddivergesby 4% from the CXMC andZFexp.

max
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Fig. 8: Comparisorof KXMC, KKXsemandZFITTER for cross-sectiomt 189GeV. ThelFI is on/off for CXMC
andZFITTER andoff for referenceCXsem.Black dotsrepresenEq. (26).

In the next Fig. 9(a) we look closerinto the IFI effect in XMC and ZFITTER, i.e. into the
differencedueto switchingon IFI in eachprogram(version). In Fig. 9(a) we view the sameresults
plottedasthedifferenceZFITTER — KXMC. As we see thedifferenceZFstd—CXMC is within 0.4%
for a wide rangeof the cuts, including typical Z-exclusve and Z-inclusive cuts, while the difference
ZFexp—KXMC is twice smaller about0.2% only, againfor awide rangeof the cuts. In the figureswe
alsoshav (blackdots)the analyticalestimateof the IFI exponentiatedlistribution. The estimateshould
bevalid to within 1% andits mainaimis to testthe soft photonlimit. Aswe seethesoftlimit is correctly
reproducedor both CXMC andZFexp, andtheir differenceat s’ .. = 0.99s is alsobelov 1%.

max

5This angledefinition maleslittle sensefor Z radiative returnat LEP2 enegieswheremuonpair is very stronglyboosted,
but we keepit for historicalreasons.
BHowever, we shouldalwayskeepin mindthatIFI contritutesprimarily to Ar 5 andsecondarilyto o, asalreadyexplained.
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5.3.10 IFI in thecharge asymmetry

In Fig. 10(a)we shav the comparisorof XMC andZFITTER for the chage asymmetryin the case
of IFI switchedoff. The agreements within 0.25%, andit shouldbe < 0.20% in view of the fact

T i T T PARRARRE T T T ]
0100 LA o KKMC, IFI f = . 189GeV K77 %%f  yef = KKMC f = p, 189GeV |
o x ZF, IF1 g x ZF, IFlon
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' —s . /s — 8/ 1
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0.95 0.50 0.75 100 0.25 050 0.75 1.00

Fig. 9: Comparisorof XXMC andZFITTER for cross-sectiorat 189 GeV. The IFI is on/off for XXMC and
ZFITTER. Black dotsrepreseniEg. (26).
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Fig. 10: Comparisorof XXMC andZFITTERfor Arp at189GeV. Black dotsrepresenkEg. (27).
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that CKsemand CKMC agreé’ for Arp to within 0.1%, seeRef. [66]. The quality of the testis also
limited by MC statistics.

In thenext plot of Fig. 10(b)we look into thelFI effectin the CACMC andin ZFITTER, thatis into
thedifferencedueto switchingon IFI in eachprogram(version).In Fig. 10(c)we view the sameresults
plotted asthe differenceZFITTER — KKXMC. As we seethe the differenceZFstd-CXMC is within
0.4%for a wide rangeof the cuts,including typical Z-exclusve and Z-inclusive cuts. The difference
ZFexp—KIKMC is smaller about0.25%. This agreemenis within the requiredprecisiontag of 0.4%—
0.5% for App in Section2.1. As for crosssectionswe have alsoincludedin theseplotsthe analytical
estimateof IFI contritution to asymmetryin the soft photonapproximation.Resultsof XX MC agree
well with the analyticalestimatan the softlimit. And whatis alsoimportantthe exponentiatedrersion
of ZFITTER is muchcloserto XMC thantheolderone.

Finally, weincludealsoin Table13in adigital form, asareferencédbenchmarkor furtherstudies,
asubsebf resultswhichwerepresentedisually in Figs.9 and10.

Table 13: Cross-sectionandasymmetrie$rom KXCMC, KXsemandZFITTER at189GeV. The QED ISRRFSR
interferences switchedon/off. No cuton cos §. We definev = 1 — ¢'/s.

Umax | (2) KKsem Refer. | (b) O(o?)dioy | (c) ZF IFIoff | (d) O(e®){iex | (e) ZF IFIon | (f) ZF IFlexp
(i), PRIMITIVE, at 189GeV
v < 0.01 1.6714 £ 0.0000 | 1.6717 £ 0.0022 | 1.6737 £ 0.0000 | 1.7706 & 0.0027 | 1.8520 4 0.0000 | 1.7819 £ 0.0000
v < 0.10 2.5200 £ 0.0000 | 2.5195 £ 0.0026 | 2.5209 = 0.0000 | 2.5987 £ 0.0031 | 2.6180 £ 0.0000 | 2.5955 £ 0.0000
v < 0.20 2.8484 £ 0.0000 | 2.8472 £ 0.0027 | 2.8478 £ 0.0000 | 2.9160 £ 0.0032 | 2.9214 £ 0.0000 | 2.9124 £+ 0.0000
v < 0.30 3.0618 £ 0.0000 | 3.0608 £ 0.0028 | 3.0602 & 0.0000 | 3.1214 £ 0.0033 | 3.1206 £ 0.0000 | 3.1190 £ 0.0000
v < 0.40 3.2284 £ 0.0000 | 3.2271 £ 0.0028 | 3.2262 £ 0.0000 | 3.2812 £ 0.0033 | 3.2773 £ 0.0000 | 3.2811 £ 0.0000
v < 0.50 3.3748 £0.0000 | 3.3743 £+ 0.0029 | 3.3722 £ 0.0000 | 3.4228 4 0.0034 | 3.4162 £ 0.0000 | 3.4241 % 0.0000
v < 0.60 3.5215 £ 0.0000 | 3.5213 4 0.0029 | 3.5188 £ 0.0000 | 3.5649 4 0.0034 | 3.5567 £ 0.0000 | 3.5682 % 0.0000
v < 0.70 3.7223 £ 0.0000 | 3.7227 £ 0.0029 | 3.7199 & 0.0000 | 3.7618 £ 0.0034 | 3.7515 £ 0.0000 | 3.7667 & 0.0000
v < 0.80 6.7047 £ 0.0000 | 6.7127 £ 0.0032 | 6.7016 & 0.0000 | 6.7410 £ 0.0037 | 6.7287 £ 0.0000 | 6.7470 £ 0.0000
v < 0.90 7.1472 £ 0.0000 | 7.1564 & 0.0032 | 7.1422 £ 0.0000 | 7.1849 & 0.0037 | 7.1701 & 0.0000 | 7.1880 £ 0.0000
v < 0.99 7.6171 £ 0.0000 | 7.6320 £ 0.0032 | 7.6172 £ 0.0000 | 7.6599 £ 0.0037 | 7.6445 £ 0.0000 | 7.6628 £ 0.0000
Ars(it o), PRIMITIVE, at 189GeV
v < 0.01 0.5656 £ 0.0000 | 0.5651 4 0.0015 | 0.5658 £ 0.0000 | 0.6113 & 0.0018 | 0.6492 £ 0.0000 | 0.6165 %= 0.0000
v < 0.10 0.5666 £ 0.0000 | 0.5658 £ 0.0012 | 0.5669 & 0.0000 | 0.5923 £ 0.0014 | 0.5991 +£ 0.0000 | 0.5912 £ 0.0000
v < 0.20 0.5678 £ 0.0000 | 0.5668 £ 0.0011 | 0.5679 & 0.0000 | 0.5874 £ 0.0013 | 0.5899 +£ 0.0000 | 0.5868 £ 0.0000
v < 0.30 0.5694 £ 0.0000 | 0.5678 £ 0.0010 | 0.5688 £ 0.0000 | 0.5851 £ 0.0012 | 0.5859 £ 0.0000 | 0.5851 £ 0.0000
v < 0.40 0.5715 £ 0.0000 | 0.5690 &= 0.0010 | 0.5699 £ 0.0000 | 0.5839 & 0.0012 | 0.5839 £ 0.0000 | 0.5844 % 0.0000
v < 0.50 0.5745 £ 0.0000 | 0.5706 & 0.0010 | 0.5712 £ 0.0000 | 0.5835 % 0.0011 | 0.5830 £ 0.0000 | 0.5844 4 0.0000
v < 0.60 0.5791 £ 0.0000 | 0.5722 £ 0.0009 | 0.5728 & 0.0000 | 0.5836 £ 0.0011 | 0.5828 £ 0.0000 | 0.5849 £ 0.0000
v < 0.70 0.5864 £ 0.0000 | 0.5724 4 0.0009 | 0.5735 £ 0.0000 | 0.5823 & 0.0011 | 0.5819 £ 0.0000 | 0.5844 £ 0.0000
v < 0.80 0.3513 £ 0.0000 | 0.3372 £ 0.0005 | 0.3383 & 0.0000 | 0.3450 £ 0.0006 | 0.3434 £ 0.0000 | 0.3457 £ 0.0000
v < 0.90 0.3103 £ 0.0000 | 0.3068 £ 0.0005 | 0.3064 & 0.0000 | 0.3139 £ 0.0005 | 0.3110 £ 0.0000 | 0.3134 £ 0.0000
v < 0.99 0.2850 £ 0.0000 | 0.2866 £ 0.0004 | 0.2839 £ 0.0000 | 0.2930 £ 0.0005 | 0.2879 £ 0.0000 | 0.2904 £ 0.0000

5.3.11 Conclusionontheuncertaintyof IFI

We have donethesameat 206 GeV andall resultsarepracticallythe same pecauséFl depend®&n CMS
enegy only very weekly (logarithmicallyat most).

Summarizingfor theu-pairtotal crosssection theuncertaintyof thelFl is ~ 0.2% well within the
precisiontargetdc” /o = 0.4% of Section2.1for bothZ-inclusive andZ-exclusie cuts. For the u-pair

We could notinclude KK semin the presentomparisorfor Arp becausg¢he agreementCksem- KAXMC wasobtained
for the @ definitionin the Z restframe[66]. UnfortunatelyZFITTER cannotusesuchanangle,andwe areforcedto the CMS
definitionof 6.
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chage asymmetrythe uncertaintyof the IFI is < 0.3%, alsowithin the precisiontarget 0 A% ; ~ 0.4—
0.5% of Section2.1for bothZ-inclusive andZ-exclusive cuts.

As seenin Table12, the IFI correctionsis a factor4-5 smallerin the hadronico” thanfor o*,
soby scalingdown the ~ 0.2% uncertaintyof the o#, we getsomethindike ~ 0.05%, well belov the
precisiontargetdo” /o™ = 0.1-0.2% of Section2.1for bothZ-inclusive andZ-exclusive cuts.

5.4 Tunedcomparisonof ZFITTER 6.30and XXMC 4.14
Authors: CXMC andZFITTER teams.

Themainaim of this sectionis to compareCXMC andZFITTER for hadronictotal crosssections.
In orderto speedup calculationsand malke it easierto tune both programswe have switchedoff the
ISR®FSRinterference We includedthe muonchanneln all tests justasareferencecalculation.

Both of the programsZFITTER [75] and CXCMC [49] usethe samélibrary of electraveakform-
factors(EWFF) DIZET [74]. The advantageis thatwe can,by comparingtheseprogramscheckvery
well the technicalprecisionof the implementatiorof EW correctionsandthe interplay of the EW and
QED corrections.However, for thesecomparisonsve candraw little knowledgeon the uncertaintieof
the pure EW correctionsin DIZET. For this, one may consultthe sectionon ZFITTER in this report.
In the processof comparingKMC and ZFITTER we have found out that the simple semianalytical
program/CCsemis very useful, becausdt agreesalwayswith XXCMC but is, of course,muchfaster
The implementatiorof EW correctionsin £ semis very similar to thatin £XMC, thatis it usesthe
samelook-up tablesof s- and¢-dependenEWFFS8. We canuse/Ksemalsobecausén this section
we restrictourselesto thesimplestpossiblecut vy, = 1 — s/ ;. /s ontheinvariantmassof thefermion
pair, or the propagatemass,no cuton cos 6.

5.4.1 Theimportanceof the EWboxesandof runningcouplings

Let usbegin with emphasizinghefactthatthecharacteof theelectraveakcorrectionsat LEP2enepgies
changesdramaticallywith the onsetof the so called ‘EW-boxes’, thatis to saybox diagramswith the
exchangeof theW and” bosonsseeFig. 7. Thesegenuinelyguantum-mechanicabntritutions,which
werenggligible onZ resonancesreabove 2%in thehadroniccrosssectionatthehighest.EP2enepies!
Thatis far biggerthanthecombined_EP2experimentakerror, almostasbig astypical QED effects. This
pointisillustratedby Fig. 11 wherewe plot thecrosssectionfrom XXsemandZFITTER with EW boxes
switchedoff andfrom XJCMC in which EW boxesareswitchedon'® (IBOXF=1in DIZET). As we see,
at 206 GeV, for thetypical Z-exclusie cut vy, ~ 0.2, the EW boxesarethe biggestfor the u-quark,
almost4%, andafter averagingover the five quarkg® they contritute slightly above 2%. For the muon
it is about1%. We have alsochecled thatat 189 GeV the contrilbution of the EW boxesis a factor2
smaller bothfor quarksandmuons.Most probablythe effect of EW boxesis slightly smallerfor cross
sectionswith thecutoncos 6.

We would lik e thereforeto stresghatthe properimplementatiorof the EW boxesis of paramount
importancefor the interpretationof the hadronictotal crosssectionandits enegy dependencat the
LEP2enepies.

Onthe otherhand,Fig. 11 representglsoa nice technicalcross-checlof the implementatiorof

convolution of the QED ISR structurefunctionswith the effective Born crosssectionin ZFITTER and
KKsemtogetherwith the useof DIZET for IBOXF=1. In both programswe usedthe SFsof Ref. [83]

BHowever, theeffective Borndistribution do /d cos 6 is programmedn KK semindependenthandslightly differently using
asubprogranfrom KORALZ andnot the Kleiss-Stirlingspinorsof XXMC.

%We couldof courseswitchon EW boxesin ZFITTER andswitchthemoff in X MC —theplot is justbyproductof oneof
our severaltests.

The discrepang for b-quarkandZ-inclusive cut vma.x ~ 0.9 is mostprobablydueto simplified implementatiorof QCD
FSRin KKsem
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with the O(L3a?) correctiondncluded. We alsochecled, by playingwith theinput flagsof ZFITTER,
thatchangingrom factorizedSFsof Ref.[83] to theadditive style of Ref.[198] andRef.[143] (keeping
O(L3a?)) hasverylittle influence(typically < 0.01%) onthecrosssection.Thesameexercisewasdone
at/s = 189 GeV and206 GeV, and (apartfrom slight discrepang for the b-quarkfor the Z-inclusive
cut, which seemgo beunderstoodjhe agreemenivasalwaysconsistentlybetterthan0.2%.
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Fig. 11: ElectroveakboxesareOFFfor ZFITTER andXXsemandON for XMC. Crosssectionfrom ZFITTER,
KKMC andKKsemat206 GeV for quarksandthe muon. The ISR®FSRis off. Resultsareplottedasa function
of the cutof the propagatomassiM; ; = Vs’ with respecto KX sem.No cuton cos §. The QED andQCD FSR
correctionsareincluded.

5.4.2 All quarkschannelby channelandmuonsJFI switcthedoff

In the next exercisewe switchon EW-boxesandexaminethe differencebetweerZ FITTER and CXMC
for quarksandmuons.We keepalsoXKsemall thetime in the game-this hasprovedto be very useful,
becausatall stagesof our comparisonsve could oftensubstitutehe comparisoramongZFITTER and
KKXMC by fastercomparisoramongZFITTER and CXsem,profiting from the factthatthe CPUtime-
consumingcomparisonbetweenCsemand KXMC werealreadydone. Theresultingcomparisorat
/s = 206 GeV is shawvn in Fig. 12 andsomeextractof it alsoin a numericalform in Table14. The
agreemenis very good< 0.2%, for ary valueof the cuton propagatomass for eachquark,all quarks
andthe muon(exceptfor the b-quark,Z-inclusive cut, seeremarksabove). The samekind of agreement
we obseredfor 200GeVand189GeV, seeFig. 13with themaximumdiscrepanciefor hadrons< 0.2%
andfor muons< 0.3% (asmallerstatisticalerroris needed).

As we have learnedduringthe procesf comparisonsthe agreemenof Fig. 12 wasnot possible
to achiere without settingup properlythe useroptions(flags)of ZFITTER. Flagswhich weregoodfor
LEP1cannotbeusedatLEP2,in particularoneshouldnot usethe optionsfor approximatdreatmenof
EW boxes (ZUTHSM interface). Oneshoulduseinsteadthe ZUATSM interfacetogethermwith CONV=2
standingfor runningelectraveakcouplings.
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Onthe KXMC /KKsemparttheseproblemdid not arise,asthey useonly onemethodof imple-
mentingEW boxes:throughs- and¢-dependenEWFFspluggedin directly into spinamplitudesbefore

squaringthem.
. . : .
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Fig. 12: Total cross-sectiofrom ZFITTER, LXMC and K semat 206 GeV for quarksandmuon.ISRRFSRis
off. Resultsplottedasa functionof the cuton the propagatomasshM,,,.., = v/s’ relatve to KKsem.(Themain
resultof this section.)
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Fig. 13: Thesameasin Fig. 12 for another,/s =189GeV and200GeV.
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Table 14: The sameresultsasin Fig. 12, for four valuesof the cut on the propagatomassmax = 1 — s,/ s.

The QED andQCD FSRcorrectionsareincludedin bothcalculations.

f (a) KKsem | (b) O(e?) B (¢) Zfitter 6.x | (b-a)/a | (c-a)/a
0 (Vmax ) [PD], Vmax = 0.10, 206GeV
d | 2.4763+£0.0000 | 2.4755£0.0024 | 2.4758 & 0.0000 | —0.0003 & 0.0010 | —0.0002 £ 0.0000
w | 4.0358 +0.0000 | 4.0307 £ 0.0032 | 4.0340 £ 0.0000 | —0.0013 £ 0.0008 | —0.0004 £ 0.0000
s | 24763 £ 0.0000 | 2.4763 +0.0024 | 2.4758 &+ 0.0000 0.0000 £ 0.0010 | —0.0002 £ 0.0000
c| 4.0355+£0.0000 | 4.0346 £ 0.0032 | 4.0340 £ 0.0000 | —0.0002 £ 0.0008 | —0.0004 £ 0.0000
b | 2.488740.0000 | 2.4862 4 0.0024 | 2.4888 4 0.0000 | —0.0010 4 0.0010 0.0000 + 0.0000
all | 15.5127 £ 0.0000 | 15.5033 £ 0.0138 | 15.5083 = 0.0000 | —0.0006 = 0.0009 | —0.0003 = 0.0000
4] 2.3363 £ 0.0000 | 2.3370 £ 0.0018 | 2.3400 £ 0.0000 0.0003 £ 0.0008 0.0016 £+ 0.0000
0 (Umax) [PD], Vmax = 0.20, 206GeV
d | 2.6991 £+ 0.0000 | 2.6984 £ 0.0025 | 2.6986 £ 0.0000 | —0.0003 & 0.0009 | —0.0002 £+ 0.0000
w | 4.3887 4 0.0000 | 4.3840 + 0.0033 | 4.3867 + 0.0000 | —0.0011 + 0.0008 | —0.0004 + 0.0000
s | 2.6991 £ 0.0000 | 2.6993 £ 0.0025 | 2.6986 % 0.0000 0.0000 £ 0.0009 | —0.0002 £ 0.0000
c| 4.3884£0.0000 | 4.3872£0.0033 | 4.3867 & 0.0000 | —0.0003 & 0.0008 | —0.0004 £ 0.0000
b | 2.712240.0000 | 2.7090 & 0.0025 | 2.7124 4 0.0000 | —0.0012 4 0.0009 0.0001 £ 0.0000

=]
=
=

16.8875 & 0.0000

16.8778 £ 0.0142

16.8831 & 0.0000

—0.0006 4 0.0008

—0.0003 £ 0.0000

1| 2.5372+0.0000 | 2.5381 £0.0019 | 2.5413 £ 0.0000 0.0004 4 0.0007 0.0016 + 0.0000
0 (Vinax) [PD], Vimax = 0.70, 206GeV
d| 3.5101 +0.0000 | 3.5087 + 0.0027 | 3.5098 4+ 0.0000 | —0.0004 + 0.0008 | —0.0001 + 0.0000
w | 5.4587 £ 0.0000 | 5.4533 £ 0.0035 | 5.4557 & 0.0000 | —0.0010 £ 0.0006 | —0.0005 £ 0.0000
s | 3.5100 4 0.0000 | 3.5098 4+ 0.0027 | 3.5098 + 0.0000 | —0.0001 4 0.0008 | —0.0001 =£ 0.0000
c| 5.4581£0.0000 | 5.4572 £ 0.0035 | 5.4556 £ 0.0000 | —0.0002 £ 0.0006 | —0.0005 £ 0.0000
b | 3.5169 4+ 0.0000 | 3.5137 £ 0.0027 | 3.5189 % 0.0000 | —0.0009 £ 0.0008 0.0006 =+ 0.0000
all | 21.4538 £ 0.0000 | 21.4427 4+ 0.0150 | 21.4499 £ 0.0000 | —0.0005 &£ 0.0007 | —0.0002 4 0.0000

3.0802 % 0.0000

3.0805 %+ 0.0020

3.0853 = 0.0000

0.0001 4 0.0006

0.0017 & 0.0000

0 (Vinax) [PD], Vmax = 0.90, 206GeV
d | 15.5108 4+ 0.0000 | 15.5333 + 0.0038 | 15.5050 4+ 0.0000 0.0014 4+ 0.0002 | —0.0004 + 0.0000
w | 15.0845 % 0.0000 | 15.0976 + 0.0042 | 15.0760 % 0.0000 0.0009 4 0.0003 | —0.0006 %+ 0.0000
s | 15.5106 4+ 0.0000 | 15.5324 4+ 0.0038 | 15.5050 + 0.0000 0.0014 4+ 0.0002 | —0.0004 + 0.0000
c | 15.0741 £ 0.0000 | 15.0886 £ 0.0042 | 15.0740 =£ 0.0000 0.0010 4 0.0003 0.0000 % 0.0000
b | 15.1851 4+ 0.0000 | 15.2043 + 0.0038 | 15.2771 4 0.0000 0.0013 4+ 0.0002 0.0061 + 0.0000
all | 76.3651 £ 0.0000 | 76.4561 £ 0.0198 | 76.4371 4 0.0000 0.0012 £ 0.0003 0.0009 £ 0.0000
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Fig. 14: lllustration of importanceof runningEWFFs. Plottedis therelative differenceof DIZET cross-section

with therunningof EWFFsswitchedoff and Xsemwith therunningof EWFFsswitchedon.
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Finally, in Fig. 14, wewould like to pointouttheimportanceof therunningof EWFFs.Theeffect
is atmost0.1%for Z-exclusie cuts,but is very sizeable~ 1-2%atthe Z radiatve return! It is atrivial
effect but it shouldnot beforgotten.Of coursethe runningof EWFFswasunimportaniat LEP1.

Summarizingthe mainresultof this sectionis thatof Figs.12 and13. It washighly nontriial to
getagreemenatthelevel of ~0.2%of two large codes.Thesecomparisonseststronglythe procedures
in which pureEW correctionsare combinedwith the QED in both programsandalsothe reliability of
the QED ISR. In particularresultsof thesetestdo not invalidatethe claim of KXMC authorsthattheir
programcontrolsISR at the level of 0.2%for total crosssection,both for Z-exclusive andZ-inclusie
acceptances helSR®FSRwasexcludedfrom thetestsof the presensection.They aredonein another
sectionof this reportdedicatecdentirelyto this type of QED correction.

5.5 Pair effects

Let usconcentraten the presenisectionon anotherclassof correctionswvhichis importantfor the sub-
percenprecisiontagasdemandedby experimentsthe pair corrections

Real and virtual secondaryfermion pair fof5 correctionsto primary 2-fermionf;f; final states
constitutenon-trivial problemspothexperimentallyandtheoretically Thebasisof the problemsfor real
pairsis the existenceof several classe®f Feynmandiagramsall leadingto thefinal statef f; fofs , but
not all suitableof beingconsideredisa radiative correctionto f;f; production.The definition of which
partof thesef,f; fof, processeshouldbe taken asa radiative correctionto fermion-pairproductionis
ambiguous.The mostusefulguidelinesfor sucha definition arethereforeits simplicity andgenerality
andthe achiezableaccurag of both experimentaimeasurementandtheoreticalpredictions.The preci-
sion aims, as discussedkarlierin this report,aree.g. for hadrong(f,f; =qq) of the order0.2%for the
‘exclusive’ high s’ selectionand0.1%for theinclusive selectionjn orderto be negligible with respect
to the LEP-combinedstatisticalerror of thesemeasurementsThis subsectiorwill first discussbasic
featuresof possible2f+4f signal definitions,identify the mostuseful choices,and describetheir real-
izationin experimentalmeasurements termsof efficiency determinatiorandbackgroundsubtraction
andtheir realizationin theoreticalpredictions.Finally a comparisorbetweerdifferentchoicesof signal
definitionsanddifferenttheoreticalpredictionds performed.

In orderto setup a generalframevork for the analysisof pair correctionswe largely follow the
approachof Ref. [199]. The key point of the analysisis the separatiorof pair correctionsinto two
componentssignalandbadkground We begin by dividing real secondaryair fof» contritutionsto all
primary pairsf;f; exceptelectronsgnto four groups:(1) Multi-PeripheralMP, (2) Initial StateSinglet
ISS, (3) Initial StateNon-SingletiISNS and(4) Final StateFS. We furthersubdvide groups(3) and(4)
into the subgroupdSNS,, ISNSz, FS,, FSz, wherethe subscriptdenotesvhetherthe secondarypair
fof, is producedvia a (virtual) v or Z boson. If onedropsthe condition, thatfor the FS diagramsthe
primarypairf,f; hasto bethatfrom ete~ annihilation therearein additiontwo interchangediiagrams
which we will denoteSF, andSF,, dependingagainon the bosondecayingto fofy . Thegroup(2) is
subdiidedinto ISS, andISS,, accordingto whethertheincominge™ ande™ exchangea~ oraZ. This
nomenclaturés summarizedn Figs.15to 21.

et

Fig. 15: Themulti-periphera(MP) groupof diagrams.
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f1

f2

f1

f2

fo
Fig. 18: ThesubgroupdSNS; of the NC0O8sub-family of diagrams.

Fig. 19: Thefour diagramsof subgrougFS, belongingto theNC24 process.

fi

Fig. 20: Thefour diagramsof subgroug-Sz belongingto the NC24 process.
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Fig. 21: Theeightdiagramsof subgroupSF, andSF; belongingto the NC24 process.

Of course all of thesereal pair diagramscometogetherwith their correspondingirtual pairsin
vertex corrections.For primary electronsf;f; = eesimilar setsof diagramscanbe plotted (not shavn
here). Themaindifferencerom theabove diagramss thatthelSNSandFSpairshave now to beattached
to both s- and¢-channelet e~ scattering.TheISNSandFScorrectionsor ¢-channeBhabhascattering
aretherebyidenticalto the ISS diagramsin Fig. 16 with the replacemenof f,f; by fof5 . In turn, the
singletISSdiagramdor thet-channeBhabhaprocessareidenticalto the MP diagramsn Fig. 15when
theff 1 pairis takenasef e, , ande/ formsthe primary pair with theincominge; . To have the same
nomenclaturdor electronsasfor otherprimary pairs,we keepin the following thetermsISNS, FS and
ISSfor pair correctiongo t-channeBhabhascatteringevenif the correspondingliagramsareidentical
tothelSSandMP in Figs.16and15, respecitely. Thepaircorrectiondo theBhabhaprocessarefurther
discussedn Section4.7.

Appropriatetheoreticalcalculationsor ISNSandISS pair correctiongo primary pairsotherthan
electronsare available in the literature [68, 90,137,142,144] with the precision0.1% in the LEP2
range[144], matchingthe requiredexperimentalprecision. If no cuts are appliedon final-statepairs
the real+virtual FS contritution can be largely absorbecdby evaluatingthe photonicfinal-statecorrec-
tion ¢, using aem(s) insteadof a(0), leaving a tiny residualuncertaintyof 0.002%of the 2-fermion
cross-sectioat LEP2 enegies[181].

Concerninghe definition of the4f signal,therearebasicallytwo differentapproaches

1. Choosingfew (sub)groups of Feynmandiagrams as signal definition in sucha way that cuts
on massesand enemgiesof the secondaryf,f, pairs can be avoided
Thisis avery usefulapproacHor theoreticalpredictions sinceit avoidsthe calculationof multi-
differentialcross-sectionfor theradiatedf,f, pair. It potentiallyposegproblemsfor experimental
measurementsince(sub)group®f Feynmandiagramsoften cannoteasilybe extractedfrom full
4-vector four-fermion Monte Carloslike KORALW or GRCA4f, and interferenceof signal and
backgrounds possible.

2. Choosing(nearly) all groupsof Feynmandiagrams and rejecting the unwanted part of phase
spaceby cuts on massesand/or energiesof the radiated fof, pair.
If thechosergroupsmatchwith thoseof typical 4-fermiongeneratorshis definitionis easyto im-
plementin experimentalmeasurementfut canmeanconsiderablealculationandprogramming
work for theoreticapredictions.

Thediscussionsn this workshopandin the 2f-LEP2 subgroupof the LEP electraveakworking
groupcorvergedto a proposafor a LEP-widedefinitionof a 2f+4f signal,which will be detailedbelow.
It is madein sucha way thatit cannearlyequivalently be expressedn both approacheghe definition
by diagrams(1), andthe definition by cuts(2). Differencesbetweenthe approachesre belowv 0.1%,
andthereforengyligible comparedo the experimentalaccurag This meanghatexperimentalistsould
performa measuremenwithin approach(2), andcompareit to a theory predictionwith approach(1).
Theproposals closeto a procedurdirst usedby the OPAL experiment{200], andwill bedetailedin the
following.
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5.5.1 2f+4f signaldefinitionby diagrams
Thediagram-basedhoicefor a 2f+4f signaldefinitionis

e DEFINITION 1:ISNS,+FS,
No cutsareappliedto themassof thef,f, pair. For the caseof ISNS, theprimarypairis required
to passthecut s’/s > R.,, wheretypical valuesfor R.,; at LEP2are0.7225for the ‘exclusive’
high s’ selectionand 0.01 for the ‘inclusive’ selection. The treatmentof FS, dependson the
s’ definition. If the s-channepropagatomassis takens’ = Mgmp, which is possibleonly in the
absencef initial-final stateinterferencelFl), nocutsareappliedto FS,. If onechooseso include
IFI in themeasuremengnehasto defines’ = Mff , andapply R.,; alsoto FS,.
Thereasonindor theabove choiceof diagramds thatthe bulk of the phasespaceof all otherdiagrams
looks kinematicallyvery differentfrom 2-fermion events,andis thereforerejectedin most2-fermion
selections.It would male little senseto re-introduceit via efficiengy corrections especiallysincethe
modelingof MP andISSdueto polesfor forwardelectronor positronsgs moreinaccuratéhanfor other
f1f; fofy diagrams.In addition MP, ISS (comprisingZee)andISNS; (comprisingZZ) cover different
typesof possiblenew physicscontritutions,which would hamperthe interpretatiorof 2-fermioncross-
sectionmeasurements, they wereincludedin the 2f signaf?.

Predictionsfor the above signal definition with the definition of s = M,,,,— canbe obtained
easilyfrom (even old versions)of the semianalyticaprogramsZFITTER and TOPAZO. For example,
in ZFITTER versionsup to 5.15the correspondindull 2f+4f predictionwasobtainedsettingthe flags
FOT2=3 andINTF=FINR=0. This old pairstreatments still availablein the actualZFITTER versions
usingISPP= —1. For ZFITTER 6.21onwardstheflag settingcorrespondingo the above definitionis
INTF =FINR =0, FSPP=0, ISPP>2. In TOPAZO, version4.4therecommendeflag settingis ONP=I,
for olderversionsONP=Y shouldbe used.For both programghe effect of real+virtualpair corrections
canbeobtainedrom thedifferenceto flag settingghatswitchoff pairs(ISPP=0in ZFITTER or ONP=N
in TORPAZO).

After corvolution of photonandpair radiation,the s’ cut represents cut on the combinedeffect
of thetwo. Differents’ cutsfor photonsand pairswould requirea rathercomplicateddefinition of s’.
For thedefinitions’ = M., only initial-statephotonsandpairshave to bemodeled For thedefinition
s’ = ]\/[2f the FS, processs needecexplicitly, whichis only availablefrom ZFITTER 6.30onwards,
andnotavailablein TOPAZO. Thecorrespondinglag settingin ZFITTERis INTF=2, FINR=1,FSPP=2
(or1),andISPP>4.

In thediagram-basedignaldefinitionthereareno pairingambiguitiesfor four identicalfermions,
sincethepairingis knowvn. Theonly potentialproblemremainsgfor theISNS, subprocesse — v*v* —
fff'f’ whenboth pairsfulfil the s’ cut. Suchaneventis a signalbothfor a primary pair f, f; =ff andf;f;
=f'f” , which is per senot a problem. Only if cross-sectionsf several channelsare summedup, like
for hadronicfinal statescanthis leadto doublecountinge.g.the sameuuss event could be countedas
signalfor f,f; = ut andf;f; = s5 in thetheoryprediction,while it is countedonly onceby experimental
measurements he amountof suchdoublecountingfor hadronsdepend®nthe s’ cut. Obviously there
is no doublecountingfor all R, > 0.25 dueto phasespace An estimateusingfully simulatedGRCA4f
ggggeventsshaws thatat R, = 0.01 the doublecountingis still belav 10~* of the qq cross-section,
which malesit truly negligible. Doublecountingcanbefully avoidedby imposinganadditionalcut of
Mz, > Mz, - Itis, however, notpossibleto apply suchacutin ZFITTER or TOPAZO, but only in full
4-fermiongeneratordike GRC4for KORALW.

2If anexperimentneverthelesshooseso alsoincludelSS, in its signaldefinition,the measurementanbe corvertedto the
above definition correctingfor the contritution of ISS,, which canbe obtainedfrom TOPAZO [69] by selectingOSING="SP”

or from ZFITTER versions6.21onwards,calculatingthe correctionfrom thedifferencebetweerilPSC=3andIPSC=0with flag
ISPP=2
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5.5.2 2f+4f signaldefinitionby cuts
Thecut-basedhoicefor a4f signaldefinitionis

e DEFINITION 2: ISNS+FSwithacut Mz < Miax

In this casethe meaningof ISNS andFS is ISNS=ISNS +ISNS; and FS=FS +FS;+SF, +SF;.
This definition correspondso usingall f;f; fof, diagramswith the exceptionof MP and|ISS.
Both pairs,if passingthe s’ cut, canbe taken asthe primary pair. In orderto suppres.g. the
unwantedcontrikution from ZZ final states,a masscut on the secondarypair is added. It will
be shavn below that dueto a plateauin the pair cross-sectiorbetweenthe v+ peakat low fofy
massesindthe Z peakat high fof; massesthe detailsof this masscut don't matter aslongit is
staysfar enoughfrom the Z peakandlarge enoughnotto cutappreciablyinto the ISNS, andFS,
processesSuitablechoicesfor a fixed masscut are M., = 50-80 GeV, while for a fractional
masscut M2 /s < P.y e.g.thevaluesP.,; = 0.10 and0.15areleadingto acceptableganges
of Mipax = 51 65 GeV and62-80GeV for the LEP2 centre-of-masgnepgiesbetweenl61 and
206GeV.

The advantageof summingmary diagramsis that experimentalmeasurementare able to usefull 4-
fermionMC generatorsvhich includeall thesediagramsandtheir interference?.

Making no distinctionbetweenthe variousdiagramsn 4-fermiongenerator@ndevenincluding
the interchangedSF groupleaves no choicefor the s’ definition otherthans’ = Mfiff Only events

whichfulfil boththeabove cut-basediefinitionandthe s’ cutarecountedassignal.

Concerningthe potentialdouble counting problemthe sameremarksas for the diagram-based
definition hold. In contrastto the diagram-basedefinition, however, questionsarisefor four identical
fermions,sincethe correctpairing is usuallynot known (seealsothe discussiorin the footnoteof Sec-
tion 4.15). This effect is still an openproblem,sinceespeciallythe rejectionof ZZ eventsvia the cut
on M, ;, depend®n the chosenpairing. For estimatingthe size of the effect, we have calculatecthe
amountof cut-basedeal signalpairsusingfour differentpairing algorithmsfor qgqgevents,simulated
with GRCA4f. The pairingwaschoserto maximizeor minimize certainmasse®r masssumsasdetailed
in Table15. For high s’ eventsthemaximumobsered differencebetweerary two algorithmsis ranging
from (0.06 £ 0.03) x 103 at 189 GeV to (0.08 £ 0.04) x 103 at 206 GeV, whereagor inclusive
eventsthesenumbersare (0.4 +0.1) x 1072 at 189 GeV and (0.8 + 0.2) x 10~ at 206 GeV. Taking
this differenceasan estimatefor the effect of wrong pairing, it increasesvith centre-of-masgnepgy as
expectedfrom theincreasingZZ cross-sectionbut staysbelov 1 per mil evenfor inclusive hadronsat
the highestenegies. The uncertaintydueto pairingambiguitiescanin principle be largely reducedby
correctingfor thedifferenceof agivenpairingalgorithmto thetrue pairing,which canbe obtainedusing
theweightsof the REW99library [185] for GRC4fevents.

As will be shavn in the next subsectionfor obtainingthe correct2f+4f selectionefficiency and
the correctbackgroundn experimentaimeasurements, sufiicesto separatehe 4-fermionfinal states,
i.e. thereal pairs, into two sampleswhich form signal and background respectrely. Virtual pair
correctionsaresignal,but their sizeis irrelevant for the experimentalmeasurements first order Real
pair signalsamplesvith theabove definitioncanbeobtainede.g. with GRC4for KORALW. In contrast,
for obtainingatheoreticapredictionthesumof realandvirtual pair correctionsareneededDueto mass
cutson M 5 , thisis not possiblewith ZFITTER or TOPAZO for the above cut-basedsignaldefinition.

Z2pgain one could even go for an additionalinclusionof ISS, andISSz diagramshere,which the 4-fermion generators
KORALW andGRC4foffer. This questionis of norelevancefor large R, valuesabore 0.4 or so,sincethe|SS contritutions
are nggligible there. For small R.,; valuesof the order0.01the ISS contritution is appreciablg'someper centof the 2-f
cross-section)While for ISNSandFS+SFthe cuton M 7, nearlyexclusively selectsheSNS, andFS, contritutions, this
is not obviously the casefor ISS. This might leadto non-ngligible differencesbetweenthe cut-basediefinition abore and
the correspondingliagram-basedefinitionISNS, +FS, +ISS, . Sincenoneof the LEP experimentsncludedthelSS (v*/Zee)
processn their signaldefinitionsofar, this questionhasnot beenquantitatvely addresseth this workshop.
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A new version2.11 of GENTLE/4fan is able to calculateboth real and virtual pair correctionswith
masscuts, wherethe flag setting correspondingo our above definition is IPPS=6,IGONLY=3, and
Peut = 0.10. Anotherpossibilityis to addreal pair correctionsobtainedfrom KORALW (or GRC4f)to
thevirtual pair correctionswhich have recentlybeenimplementedn the new version4.14of XXMC.

Table 15: Realhadronicpair cross-sectiongqq’q’ in pb,andrelative correctionsn permil, obtainedrom GRC4f
for theprocese™e~ — hadronsat /s = 189 GeV and206 GeV for four differentpairing algorithmsappliedto
the caseof four identicalquarksin the cut-basedlefinition (2).

qqd’q’ o Real ‘ §Real | jReal | sReal
Reut 0.7225 0.01
algorithm 189GeV

min(M; 5 ) 0.0159| 0.74 | 0.585| 6.07
max(M 5 — Mgz ) | 0.0173| 0.80 | 0.548 | 5.69
max (M g,) 0.0173| 0.80 | 0.564 | 5.85
max(M; ; + Mg ) | 0.0173| 0.80 | 0.589| 6.11
algorithm 206GeV

min(My ¢ ) 0.0117| 0.68 | 0.568| 7.30
max(M; 5 — M5 ) | 0.0130| 0.76 | 0.509 | 6.54
max(M; 5 ) 0.0130| 0.76 | 0.541| 6.95
max(M; ; + Mg ) | 0.0130| 0.76 | 0.575| 7.39

5.5.3 Badgroundsubtiactionand eficiencydetermination
Thetotal 2f+4f signalcross-sectiomastheform

o — aBorn + O_Virt + O_Real = O_Born(l +5Virt + 5Rea1)’ (28)

whereoP°™ is the (ISR corvoluted)2-fermioncross-sectiony*<a! is the (ISR corvoluted)cross-section
with realpairemissionando V™t is the (negative) correctiondueto virtual pairs. The effect of including
a partof the 4f final statesaspair emissioncorrectionis twofold. First, obviously only those4f events
which are not countedas 2f+4f signal contrikution are to be subtractedas background. (Subtracting
wrongly all 4-fermioneventsasbackgroundvhich passthe 2-fermionselectioncan,dependingn the
s’ cut, easilyleadto mismeasurementargerthanonepercent.) Secondtheinfluenceof therealsignal
pairsonthe selectiorefficiengy hasto betakeninto account.We call in thefollowing

UBorn

€ = —u= (29)

O-Born

O.Real

e = = (30)

UReal ’

wherethesubscriptvis’ denoteghe partof thecross-sectiofior therespectre processwhich passesll
selectioncuts. It is a very goodapproximationto assumehatthe vertex correctionsdont changethe
selectiorefficiengy, sincethey leadto the samefinal state sothatthe efficiency for the‘Born+Virt’ part
of thecross-sectiotis still e5¢. This leadsto atotal selectionefficiengy for the 2f+4f procesof

(1 + 5Virt)€2f + 6Real€4f

= 1+ g Virt + SReal (31)
~ (1 _ 5Rea1 + 5Rea1(6Real + 6Virt))€2f + (6Real - 6Real(5Real + 6Virt))€4f (32)
(1 — o")eqp + 67y, (33)
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wherethe expressionhasbeenexpandedup to O(6?) in the secondine andto O(6) in the third line.
Sinced ~ 0.01 it is fully sufiicient to retainthe first orderin §, which meansthat the experimental
measurementseedonly to know thefractions<! of real pair emission andarecompletelyinsensitve
to thevirtual pair correctionsVirt.

Evenmoretransparenthpnecanwrite the efficiency correctionAe = ¢ — eop = 6Rea1(e4f — €9f)
which meanghatthe efficiengy correctionis the productof thereal pairsfraction andthe differencein
efficienciesbetweereventswith andwithout pairs. Moreover, if eventswith very soft or low-masspairs
have identicalselectionefficienciesto eventswithout pairs,they neednot be explicitly modeled which
justifiescutofs for soft or low-masspairsin explicit 4-vectorMC generationSuchcutofis modify 5%¢2!
andeys in suchaway thatthe sameefficiency correctionemenpes.

To give a feeling for the size of the effect of pairs on the selectionefficiency, we have listed
in Table 16 sometypical numbersfor pair correctionsin hadronicand muonic selectionefficiencies,
obtainedfrom a real pair simulationwith the GRC4fgeneratomat /s = 189 GeV usingthe cuts-based
signaldefinition (2) andthe hadronicevent selectionof the OPAL experiment. The effect for the other
LEP experimentss of similar size.

Table 16: Efficiency correctionsAc for the selectionof hadronsandmuonpairsdueto pair emissioncorrections
for the OPAL experimentat/s = 189 GeV. Themeaningof the variabless givenin thetext.

ete” — hadrons ete” — utu”

Reut 0.7225 0.01| 0.7225 0.01
€af 87.9% | 87.4%| 89.8%| 79.1%
€af 83.2% | 79.7%| 86.4%| 54.6%
yReal 0.006 0.022 0.005 0.015
Ae —0.02% | —0.17% | —0.02% | —0.37%

For the high s’ selectionthe smallfraction §%¢* andthe small differencebetweerthe efficiencies
e4¢ andeor resultsin avery smallefficiency correctionwell belov onepermil. Bothnumbersarelarger
for the inclusive selectionsso thatthe relative efficiency changesiueto pairsfor inclusve hadronsis
about2 per mil (—0.17% absolute)and about5 per mil for muons(—0.37% absolute). Note, thatto
obtaintheseefficiengy correctiondbothISNS andFSrealpairshave to be generateaxplicitly, whichis
possiblee.g.with the GRC4for KORALW programs.

5.5.4 Pairsin semianalyticahnd MonteCarlo tools

For most of the programs,the treatmentof pair correctionshasbeendescribedin Section4 of this

report. We summarizenerethe essentiapointsin acomparisorof all programs.The Feynmandiagrams
includedin the programs,and the availability of possiblemasscuts are summarizedn Table17. It

is obvious that with the existing programsa large variety of signal definitionswould in principle be
possiblethoughmary of themwould be accessiblevith oneprogramonly.

For ourdiagram-basedndcut-basedignaldefinitionswe list herethefeaturesneededor predic-
tionsandmeasurementsf pair corrections.

e Theoreticapredictionof diagram-basedefinition1:
Virtual pairs,ISNS,, desirablywith commonphoton-pairexponentiation.For all primary pairs,
apartfrom f,f; = ee,thisis availablein ZFITTER, TOPAZO, GENTLE, andin the combination
KCKMC+KORALW. For f;f; = eeonly LABSMC hasvirtual andreal pairsfor s- andt-channel

Bhabhasyet without photon-paircorvolution.
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e Experimentameasuremerdf diagram-basedefinition 1:
Completeevent generatiorof ISNS, andFS,, separabldrom otherdiagrams. For all primary
pairsthisis possiblein KORALW or GRCA4f.

e Theoreticapredictionof cut-basedlefinition2:
Virtual pairsandpossibility of masscutson secondaryairsfor ISNS,FS,andSF desirablywith

photon-paircorvolution. For all primary pairs,apartfrom f; f; = ee,thisis possiblein GENTLE
and CXMC+KORALW. For f1f; = eeno programwith thesefeaturesexists.

e Experimentameasuremerdf cut-basedlefinition2:
Completeevent generatiornof ISNS, FS,andSF separabldrom otherdiagrams.For all primary
pairsthisis possiblein KORALW or GRCA4f.

Obviously, ISSis neededor noneof thetwo signaldefinitionsabove. Initial-final stateinterferenceIFI)
of pairsis completelynegligible for ary signaldefinition. Both areneverthelessistedfor completeness
in Tablel17.

In thefollowing sectionsve will give abroadvarietyof numericalresultson pair correctionsrom
severalprograms Theprogramswill thenbecomparedor thetwo 4-fermionsignaldefinitionsdiscussed
above.

Table 17: Summaryof pair correctionsavailablein variousprograms. For Feynmandiagramsthe possibility
of masscutson the secondarypair is indicatedby ‘mass’. The corvolution of photonsand pairsin a common
exponentiationis listed in the row ~y-pair corv. IFI standsfor interferenceof initial- andfinal-statepairs. Note
thatfor LABSMC the singletcontrikbution listed underISSis in factthe multi-peripheraMP) diagramee—eef,

andISNS,FSandSFreferto both s and¢-channeBhabhascattering Thelastfour rows indicatefor which signal
definition theoreticalpredictions(th) are possible,and for which signal definition a full 4-fermion signal and
backgroundeventsamplefor experimentaimeasurement&xp) canbe obtained.For the 2f+4f signaldefinitions
‘real’ meanghatonly realpairscanbe calculatedandhave to be combinedwith anotherprogramcalculatingthe
virtual part‘virt’.

Program

ZFITTER | TORAZO | KKMC | KORALW | GRC4f | GENTLE || LABSMC
virtual pairs yes yes yes no no yes yes
ISNS, yes yes no mass mass mass yes
ISNS; no no no mass mass mass no
FS, mass no no mass mass mass yes
FSz no no no mass mass mass no
SF, no no no mass mass mass no
SF; no no no mass mass mass no
ISS, yes yes no mass mass no yes(MP)
ISSz no no no mass mass no no(MP)
IFI no no no yes yes yes no
~-pair corv. 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 NumericalresultsandconclusionsromGENTLE

Numericalresultsobtainedwith the useof the codeGENTLE 4fanv.2.1123 arepresentedn thetables
andfiguresshavn belav. They containd,.is definedby Eq. (15) in Section4.15 for two processes:
ete™ — muonsande®™e~ — hadrongfor two cutson invariantmassof the primary pair R.,; = 0.01
and0.7225 andthreec.m.s.enegies: 189,200and206GeV. Thewide rangeof thecutoninvariantmass
of the secondaryair wasstudied,P.,;, = 10~* — 1. Resultsfor several typical selectionsf groupsof
FeynmandiagramgIPPS,IGONLY) areshawvn.

In Tables18 andFig. 22 we ShaW dpairs (Peyt ) for the process™e~ — muonsfor two R, and
threec.m.s. enegies. We notedrasticdependencen R.,.;, moderateenegy dependencandplateau-
like P, dependencin casesvhenZ exchanges notincluded.Solidlinesshaw dpairs (Pent ) Whenonly
ISPPmediatedby v exchangeis taken into account. Adding on top of it the FSPPhaspractically no
influencefor R+ = 0.01 andgivesalmostconstannegatie shift for R.,; = 0.7225. For thelattercase
dpairs (Peut ) arevery flat, practicallyno P, dependences seen.For R.y; = 0.01, dpairs (Peut) €xhibits
someP,,; dependenceAllowing Z exchangewe obsere aninterestingphenomenonvhich we called
Z opening It occurswhentwo cutsallow resonanceroductionof the Z boson.We emphasizé¢hat 7
openinghasnothingto do with Z radiatve return(ZRR). As seenfrom the lastFig. 22 it takesplacein
the casewhenthe ISR convolution is ignored. Z openingis expectedqualitatvely, andfrom thefigures
we may easilyseeits quantitatve size. Z openingrapidly grovs with enegy, reachinghalf a percentat
206 GeV. Thereforejt is relatvely importantandonehasto botheraboutcutting of suchevents.(Blind
useof P.,; = 1 maybedangerous.)

In Fig. 22 we also shav by dots ZFITTER v.6.30 results,which are shavn only at P,y = 1
sinceZFITTER doesnt allow for cutting of ISPP The agreemenbetweenGENTLE andZFITTER is
at the level half a permil for R.,; = 0.7225 and— onepermil for R.,; = 0.01. (Note muchbetter
agreementor the casewhenthe ISR is ignored.) It is not surprisingsince GENTLE and ZFITTER
exploit very differentapproachor the ISR convolution. ZFITTER usesfully expandedorderby-order
additive approach(seeSectiond4.13.1).As far aspairsis concernedhis means:

0(QED) = a(photonic) + o(pairs O(a?)) + o(O(a?)) + o(O(at)), (34)

with the two lasttermscomputedn Ref.[144] in theLLA (LeadingLogarithmicApproximation).The
termo(O(a?)) representshe lowestorderQED correctionto the Born O(?) pair production.

In the framework of the GENTLE-like ‘multiplicative’ approaclonecomputesa corvolution in-
tegral from a4 f kernel,which takesinto accountmultiple photonemission.So, the 1 permil or better
agreemenbetweenGENTLE andZFITTER is far from beingtrivial. Givencompletelydifferenttreat-
mentsof ISR cornvolution we may tradethe difference which arisesafter corvolution, for a measureof
thetheoreticaluncertaintywhichis dueto ISR convolution.

Oneshouldnotethat ISR cornvolution is very important. Evenfor R..; = 0.7225 it reached 0%
while for R.,t = 0.01 it changeghe resultby a factorof three. Here,however, the bulk of the effect
is dueto ZRR which enhanceshe denominatorof Eq. (15) reducingtherebythe factor dpairs (Peut)
drastically

The quantitieSdpairs(Peut) for theprocess™e~ — hadronsareshavn in Tables19 andFig. 23.
They arevery similar to the caseof the process e~ — muonsbehaiour andactuallythe samediscus-
sionappliesfor them. We notethatthe size of the effect is nearlytwo timesbiggerascomparedo the
muoncase. This is dueto the factthat pair emissioncontritutesstronglyto the returnto the Z, which
hasa muchlargerhadronicbranchingfractionthanthe mixture of virtual photonandZ in the s-channel
propagatorat the full centre-of-masenegy. Anotherfunny featureof dpairs(Peyt)’s for the process
ete™ — hadrongs muchbetteragreemenbetweerGENTLE andZFITTER leadingto animpossibility

Baccessiblgrom: /afs/cern.ch/user/b/bardindy/public/Gentle?
alsofrom the Gentle/Zeutheomepagehttp://www.ifh.de/~riemann/doc/Gentle/gentle.html

351



thefirst

IN

ethedifferenceseeni

in this cas

d.Therefore

is ignore

to seethedifferencein the casaf ISR

threefiguresof Fig. 23is totally dueto ISR convolution.

GENTLE/4fanv.2.11.Procesg™e™ — putpu~. IPPS - IGONLY rows. Hadroniclanguage.
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Fig. 22: dpairs(Peut) for the process: e~ — muonsfor two R.,; andthreec.m.senegies. In the fourth figure
we ShaW pairs (Peut) COMputedwvithout ISR corvolution.
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GENTLE/4fanv.2.11.Process e~ — hadrons. IPPS - IGONLY rows. Hadroniclanguage.
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The eight Tables20—21containthe partial contritutionsto dp.irs, i.€. separately20 channeldor
five primary ® four secondaryairsfor the process™e~ — hadronsd, u, s,c,b ® hadronse, i, 7,
for IPPS=5]GONLY=2 - [E.y, = 189, 206 GeV| ® [Py = 1.0, 0.7225];
for IPPS=6,/GONLY=3 - [E., = 189, 206 GeV| ® [P.yt = 0.1, 0.7225].
The differencebetweentwo setswith IPPS=5,IGONLY=2 and IPPS=6,IGONLY=3 is dueto P,
which is smallowing to the plateau-lile dependenceanddueto Z exchangewhichis alsosmallsince
7 doesnt openyetfor a P.,; at0.10.

Finally, two Tables22 containfour partial contritutionsto dpa;s for the process™e~ — muons
for thesamesetof input parametersHowever, we shav hereboth ‘ISR off” and‘ISR on’ casesandonly
IPPS=5,IGONLY=2 selection.The ‘ISR on’ is similar to the process=*e~ — hadronspropertiesand
thesamediscussiorappliesin this case.

25 25
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Fig. 23: dpairs(Peut) for theprocess:*e~ — hadrondor two R, andthreec.m.senegies.In thefourthfigure
we Shaw pairs (Peut) cOMputedwvithout ISR corvolution.
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(6,3) togethemwith P.,; = 0.10 correspondo the cut-baseds

GENTLE. 4fanv.2.11,ete~ — hadrons Partial contribut

LEP2
|. The parametergIPPS,IGONLY)

pair. 11,12 = 0 — hadrons, 1 —e, 2—pu, 3—7, 4—d, 5—u, 6 —s, 7— ¢, 8 — b. Cross-sections pb, §’s
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Table 22: LEP2: GENTLE 4fanv.2.11,eTe~ — muons Partial contributions. I1-primary pair, 12-secondary
pair. Cross-section pb, 'sin permil. UpperpartISR off, lower partISR on.

E = 189 GeV, Rew = 0.01, Pry; = 1.0, IPPS=5, IGONLY=2

11 ] 12 UBorn O.Real UI\éIIr{t U}’éﬁ% 6Rea1 6I\élfrtt 6;%% 5t0tal
2| 0| 3.36252 | 0.03595 | -0.00339 | -0.00339 | 10.6901 | -1.0086 | -1.0086 | 8.6729
21 1| 3.36252 | 0.05601 | -0.01131 | -0.01048 | 16.6584 | -3.3633 | -3.1155 | 10.1795
2| 2| 3.36252 | 0.01391 | -0.00159 | -0.00159 | 4.1376 | -0.4732 | -0.4724 | 3.1920
21 3| 3.36252 | 0.00403 | -0.00020 | -0.00020 | 1.1979 | -0.0591 | -0.0591 | 1.0796

total || 3.36252 | 0.10990 | -0.01649 | -0.01565 | 32.6840 | -4.9043 | -4.6557 | 23.1240

E = 189 GeV, Rey = 0.7225, Py = 1.0, IPPS=5, IGONLY=2
3.36252 | 0.00434 | -0.00339 | -0.00339 | 1.2893 | -1.0086 | -1.0086 | -0.7280
3.36252 | 0.01778 | -0.01131 | -0.01048 | 5.2876 | -3.3633 | -3.1155 | -1.1913
3.36252 | 0.00217 | -0.00159 | -0.00159 | 0.6442 | -0.4732 | -0.4724 | -0.3015
3.36252 | 0.00019 | -0.00020 | -0.00020 | 0.0564 | -0.0591 | -0.0591 | -0.0618
total || 3.36252 | 0.02447 | -0.01649 | -0.01565 | 7.2774 | -4.9043 | -4.6557 | -2.2826

E = 206 GeV, Rewt = 0.01, Poy; = 1.0, IPPS=5, IGONLY=2
2.78510 | 0.03069 | -0.00297 | -0.00297 | 11.0197 | -1.0651 | -1.0651 | 8.8896
2.78510 | 0.04657 | -0.00959 | -0.00890 | 16.7229 | -3.4419 | -3.1941 | 10.0869
2.78510 | 0.01175 | -0.00138 | -0.00138 | 4.2203 | -0.4949 | -0.4940 | 3.2314
2.78510 | 0.00351 | -0.00018 | -0.00018 | 1.2611 | -0.0649 | -0.0649 | 1.1314
total || 2.78510 | 0.09253 | -0.01411 | -0.01342 | 33.2241 | -5.0667 | -4.8181 | 23.3393

E = 206 GeV, Ry = 0.7225, P, = 1.0, IPPS=5, IGONLY=2
2.78510 | 0.00380 | -0.00297 | -0.00297 | 1.3646 | -1.0651 | -1.0651 | -0.7655
2.78510 | 0.01508 | -0.00959 | -0.00890 | 5.4133 | -3.4419 | -3.1941 | -1.2226
2.78510 | 0.00188 | -0.00138 | -0.00138 | 0.6755 | -0.4949 | -0.4940 | -0.3134
2.78510 | 0.00018 | -0.00018 | -0.00018 | 0.0630 | -0.0649 | -0.0649 | -0.0668
otal | 2.78510 | 0.02093 | -0.01411 | -0.01342 | 7.5165 | -5.0667 | -4.8181 | -2.3683

E = 189 GeV, Rey = 0.01, Pry; = 1.0, IPPS=5, IGONLY=2
7.72785 | 0.04296 | -0.00588 | -0.00588 | 5.5589 | -0.7608 | -0.7608 | 4.0374
7.72785 | 0.08124 | -0.02296 | -0.02104 | 10.5132 | -2.9704 | -2.7226 | 4.8201
7.72785 | 0.01732 | -0.00289 | -0.00288 | 2.2416 | -0.3739 | -0.3730 | 1.4947
7.72785 | 0.00439 | -0.00029 | -0.00029 | 0.5682 | -0.0370 | -0.0370 | 0.4943
total | 7.72785 | 0.14592 | -0.03201 | -0.03009 | 18.8819 | -4.1420 | -3.8933 | 10.8465

E = 189 GeV, Rey = 0.7225, Py = 1.0, IPPS=5, IGONLY=2
3.15567 | 0.00374 [ -0.00315 | -0.00315 | 1.1853 | -0.9987 | -0.9987 | -0.8120
3.15567 | 0.01605 | -0.01057 | -0.00979 | 5.0858 | -3.3492 | -3.1014 | -1.3648
3.15567 | 0.00189 | -0.00148 | -0.00148 | 0.5984 | -0.4694 | -0.4685 | -0.3396
3.15567 | 0.00016 | -0.00018 | -0.00018 | 0.0491 | -0.0581 | -0.0581 | -0.0671
total || 3.15567 | 0.02183 | -0.01539 | -0.01460 | 6.9186 | -4.8754 | -4.6267 | -2.5835

E = 206 GeV, Row = 0.01, Pryy = 1.0, IPPS=5, IGONLY=2
6.34605 | 0.03674 | -0.00501 | -0.00501 | 5.7896 | -0.7900 | -0.7900 | 4.2096
6.34605 | 0.06755 | -0.01912 | -0.01755 | 10.6447 | -3.0133 | -2.7655 | 4.8658
6.34605 | 0.01466 | -0.00244 | -0.00244 | 2.3101 | -0.3853 | -0.3844 | 1.5404
6.34605 | 0.00385 | -0.00025 | -0.00025 | 0.6064 | -0.0398 | -0.0398 | 0.5268
total || 6.34605 | 0.12280 | -0.02683 | -0.02526 | 19.3508 | -4.2284 | -3.9798 | 11.1426

E = 206 GeV, Ry = 0.7225, P, = 1.0, IPPS=5, IGONLY=2
2.60959 | 0.00328 | -0.00275 | -0.00275 | 1.2564 | -1.0547 | -1.0547 | -0.8531
2.60959 | 0.01359 | -0.00894 | -0.00830 | 5.2079 | -3.4275 | -3.1797 | -1.3993
2.60959 | 0.00164 | -0.00128 | -0.00128 | 0.6281 | -0.4909 | -0.4901 | -0.3528
2.60959 | 0.00014 | -0.00017 | -0.00017 | 0.0550 | -0.0638 | -0.0638 | -0.0726
total | 2.60959 | 0.01865 | -0.01314 | -0.01250 | 7.1474 | -5.0370 | -4.7883 | -2.6779
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NN NN
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5.5.6 Resulton pairs from XMC and KORALW

Thereis anintriguing possibilityto defineandrealizewith CXMC+KORALW analternatve definition
of the2f signal:‘ 2 f ExperimentalSignal= 2 f signalwithoutary pairs| realizedby:

e Eliminatingcompletelyall 4 f backgroundogethemith otherbackgroundsnddetectorefficiency
usingK ORALW.

¢ Eliminatingvirtual paircontributions~ 1% togethemwith thelSR*FSRinterferenceaisinglC MC.

¢ Switchingoff pairsin ZFITTER or TOPAZO.

The aborve scenariowas usually not emphasizedn the past, becauseof the potentialtechnical
difficulties with the MC integration,andthe cancellationof the masssingularities. On the otherhand,
while constructingthe KORALW program,this applicationwaskeptin mind [78] andthe appropriate
coverageof phasespacentegrationwasensured.Togetherwith the recentupgradeof XXCMC with the
virtual pair form-factorsthis opensthe way to the first exercisesin this direction. The cancellationof
fermion massesn KORALW+/CKMC is expectedto be technicallyand physicallyasgoodasin the
semi-analyticaprogramshatarecomparedvith then??.

Note that that the evaluationof the experimentalefiiciency and elimination of the badkground
requiresrunning CXMC andKORALW aryway, so completeeliminationof the secondaryair effects
would comeessentiallyasa byproductof theabove procedurewith little theoreticauncertainty Before
theabove scenariacouldberealizedseveraltechnicalpointsneededo be checled:

e Eventhougha lot of technicaltestswere alreadyperformedon KORALW in all cornersof 4 f
phasespacealsowith untaggectlectronsadditionaltestsneedto be (re)done.As an exampleof
suchtechnicalkestswe shav in Fig. 24thecomparisorof KORALW with analyticalresultof [137]
for the upr 7 final stateasa functionof ve,r = 1 — Reyt for /s = 189 GeV. The r massis set
equalto p mass.Thethreehistogramscorrespondo differentapproximationof matrix element
in KORALW: ISNS, (ISWITCH=5),ISNS, 7 (ISWITCH=2) andcomplete4f (ISWITCH=1). Apart
from thediscrepang atthe 7 peakdueto finite binningsize,thesemianalyticaandcorresponding
Monte Carloresultsagreewithin thestatisticalerrors.Anotherpossibleestis the comparisorwith
thesemianalyticaprogramGENTLE. This comparisonis currentlyunderstudy

o Forthesale of comparisonsheoptionof reducingmatrixelemenbf KORALW to ISNS,, FSNS,
etc.hasbeenintroducedasdescribedn Section4.17 of this Report.

e Thevirtual ISNS, and FSNS, termshave beenincorporatednto XXMC asdescribedn Sec-
tion 4.5.40f this Report.

With both programsupdatedasanexampleof the numericalresults the correctionto the processe —
up dueto emissionof onerealpair hasbeencalculatedby KORALW with thefollowing cuts:

1. massof pp pairwith highestmassbiggerthan(A) 0.9./s or (B) 0.4+/s (two cuts);
2. angleof muonfrom x4 pairwith highestmasswith respecto thebeam:| cos 6,,| < 0.95;

3. sumof transersemomentaof neutrinalessthan0.3(y/s — > E,).

%This approachto pairswasalreadyrealizedin the caseof Bhabhascatteringn the BHLUMI 2.30 of Ref.[201], where
multiple real pairsaregeneratedvithin the full exclusive phasespaceandthe virtual andreal pair correctionscancelnumeri-
cally.
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Fig. 24: Total cross-sectionfpb] for ee — ppr7T from KORALW MC in variousapproximationsof matrix
element: ISNS,, 7 (big opencircles), ISNS, (small opencircles), complete4f (big dots) and semianalytical
ISNS, of Ref.[137] (smalldots)asafunctionof ve,; = 1 — Rey: for /s = 189 GeV. Notethatm, is setequalto
TTLM.

The calculationis quite fastand numericallystable. The cuts (A,B) correspondor exampleto
(roughly)lAleph5, IAleph6. Theadditionalcuton neutrinois basednthel 3 realisticcutonsecondary
pair (Section2.4). Its aimis to reducethe W -pair productionbackgroundy requiringtranserseenegy
imbalanceto be smallerthan0.3E,;s. Togetherwith the virtual componentalculatedby XXMC the
resultsaresummarizedn Table23.

Table 23: Pair correctionsto ez — puji calculatecby KORALW (real) and CAXMC (virtual) for /s = 189 GeV.
All quarkandleptonpairsareincluded.Cuts(A) and(B) aredefinedin thetext.
Cut | oyt [pb] KKMC oyirs [Pb] | KORALW 0/cq [Pb]

A 2.67 —0.025 £ .001 +0.020 £ .001
B 6.70 —0.070 £ .001 +0.497 £ .006

Thefollowing commentsarein orderhere:

(@) Theo ., of KORALW is with completel f matrixelemenfor all fermionsf = d, u, s, ¢, b, u, 7,'s
andnotthe ISNSsignalof the signaldefinitionproposalbutlinedin Sections.5.1and5.5.2.

(b) Massesn aretaken0.2GeVfor f = d, v, s andPDG valuesfor therest. Changingm ¢ of light
quarksby factortwo inducesonly §o .+ /o = 0.04%!

(c) ISRwasswitchedoff in KORALW andonin KXMC.

(d) Thevirtual pair correctionis —0.9% with little dependencenthecuton M.
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(e) Theelectronchanneldominatesn realpair contritutions.

Thisprojectis atthemomentunfinished.n particularwe have notdiscussedheretheissueselated
to bremsstrahlunglt is instructive to notein this contet that one of the reasonghat makes possible
numericalcancellationamongstwo separatévionte Carlo programsis the fact that bremsstrahlungn
bothKORALW and/CXMC is implementedn the sameway, basednthe YFS principle. As therearea
numberof differentwaysof simulatingphotoniccascades differentMonte Carlocodeshis issuemay
beanontrivial onein somecases.

Themeritsof theabaove definitionof the2 f signalareto be judgedby LEP experimentalistsThe
authorsof XCMC andKORALW will provide thetoolsif thereis aninterest.Finally let usalsostress
thatthetandemKORALW+/KKXMC canbeusefulnotonly for implementinghescenaridwithout pairs’
decribedn thebeginningof this section but alsofor implementingary othertwo-fermionsignalandfor
comparisonsvith ary othersemianalyticabr Monte Carloprogramslt is anequallyimportantrole.

5.5.7 Resulton pairs fromTOPAZO

Here we briefly describethe implementationof pairsin TOPAZO 2°. Sinceversion4.4 (April 1999)
TOPAZO [69] allows the additionalvalue ONP = ‘I' , wherean extensionof the Kurae/—Fadin (KF)
approact90] for virtual pairsandfor soft andexponentiatedSNS, pairsis used;the extensionis also
applicableto hadronpairs, becausene usesKKKS results[137] for O(a?) andwritesit in termsof
moments.Thenonematchest to KF andgeneralize«F to softandexponentiatechadrongairs[202].

Next, one usesthe generalizedKF-approachfor virtual 4+ ISNS soft pairsand cut to the same
s’ valueof IS QED radiation,s’ beingthe centre-of-masgnegy of the ete™ systemafterinitial-state
radiationof photonsandpairs. This choice,however, is notstrictly needed.

Finally, oneincludessoft pairsonly up to somecut A thatis compatiblewith £ > A > 2m,
whereF is theenegy of theincomingelectron(positron)Above it oneuses SNS, hardpairsaccording
to the KKKS formulation but not addedlinearly, KKKS in cornvolution with 1S QED radiation. The
radiatorusedhereis a LL one,with optionsORISPP = ‘S’ (secondorder)andORISPP = ‘T’ (third
order).

An old comparisonwith MIZA in the JMS [142] approachgave a nice agreementor enegies
aroundthe Z peak,belon 0.03 permil from 88 GeVto 94 GeV.

ISS, pairs[68], i.e. ISS-pairswherethe t-channelexchanges only via aphoton,canbeincluded
by selectingOSING = ‘SP’.

After sometunedcomparisorwith GENTLE/ZFITTER,version4.4 of TOPAZO hasbeenslightly
upgradeé to cureinstability problemsin virtual pairsandin real 7-pair productionfor very low values
of the s’-cut.

A sampleof resultsis shavn in Tables24—27whereé (in per mil) is the relative effect of pair
production,o (pairs)/o. Pair correctionsare shavn in Tables24 and 25 for e*e~ — hadronsandin
Tables26 and 27 for eTe~ — ptpu~ for the two valuesof s'/s andfor /s = 189 GeV. Resultsare
shawn for all secondarypairs both virtual andreal. Whencomparedwith GENTLE's predictionsin
hadonic languagen Table 20 for hadronsandTable22 (IPPS,IGONL)=(5,2), ISR on, for muonswe
obsere aniceagreemenéverywherefor virtual pairs,with a maximumdeviation of 0.1 permil. When
we neglectFS, pairs,notimplementedn TOPAZO andcomparetherealpairsfor hadronswith Table20
it follows thatfor the total contrikution to the hadroniccross-sectiotthe differencegangefrom 0.9 per
mil whentheradiatve returnis allowed(s’/s > 0.01) to 0.6 permil whentheradiatve returnis inhibited
(s’/s > 0.7225). Inclusionof FS, would increasethis differencesomavhat. A comparisorof the total
correctionsto the optionswithout FS pairsin GENTLE and ZFITTER in Table 33 shavs a maximal

Bauthorsof thereportthankG. Passarindor providing numericalresults.
B(http://wwwto.infn/ giampier/topaz&44 rs8 220600.f)
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differenceof 1.7 per mil for hadrons.For muonswe have a similar 1.5 per mil maximaldifferencein

Table34. Note alsothat GENTL

E - ZFITTER agreements 0.5 +— 1 permil with ZFITTER closerto

TOPRAZO, sothatwe seea 0.7 permil maximaldifferencebetweenTOPAZO andZFITTER.

Table 24: TOPAZO predictionsfor

virtual (V), real (R) andtotal (T) pair-productioncorrectionsto et e~ —

hadronsat /s = 189 GeV andfor s’/s > 0.01. Resultsareshown for all secondanpairs.All §’s arein permil.

Vs =189GeVeTe™ — hadronsgs’/s = 0.01

SV.ISR SR.ISR sT.ISR
T T T

ete” -2.91 | +10.37 +7.46
whu -0.35 | +2.57 +2.22
Thr -0.03 | +0.72 +0.69
hadrons| -0.71 | +6.76 +6.05
all -4.00 | +20.42 +16.42

Table 25: TOPAZO predictionsfor virtual (V), real (R) andtotal (T) pairproductioncorrectionsto ete™ —
hadronsat /s = 189 GeV andfor s’ /s > 0.7225. Resultsareshawvn for all secondarypairs. All §’'s arein per

mil.

/s =189 GeVete~ — hadronss’/s = 0.7225

SVISK [ SEISK STISK

T T T

ete -3.42 | +2.93 -0.49

putp~ | -0.48 | +0.37 -0.11

Tt~ -0.06 | +0.05 -0.01

hadrons| -1.03 | +0.66 -0.37

all -4.99 | +4.01 -0.98

Table 26: TOPAZO predictiondfor virtual (V), real(R) andtotal (T) pairproductioncorrectiongoe™e™ — ptu~
aty/s = 189 GeVandfor s’/s > 0.01. Resultsareshavn for all secondarypairs.All ¢’sarein permil.

Vs =189GeVeTe — putu—,s'/s=0.01

SVISK [ ISR ST
T T T

ete -2.98 | +8.52 +5.54
pwrp— | -0.38 | +2.04 +1.66
ttr= | -0.04 | +0.57 +0.53
hadrons| -0.77 | +5.30 +4.53
all -4.17 | +16.43 +12.26
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Table 27: TOPAZO predictiondfor virtual (V), real(R) andtotal (T) pairproductioncorrectiongoe™e™ — ptu~
aty/s = 189 GeVandfor s’/s > 0.7225. Resultsareshavn for all secondanpairs.All §’sarein permil.

Vs =189GeVete — putu—, s /s =0.7225

sVISK | SKISK STISK
T T T

ete -3.31 | +2.79 -0.52
pwrp— | -0.46 | +0.34 -0.12
Thr -0.06 | +0.05 -0.01
hadrons| -0.99 | +0.61 -0.38
all -4.83 | +3.80 -1.03

Thereareunsolhed problemsthatwill constitutethebulk of next TOPAZO upgrading.They are:

1. double-countingf real pairsandpairingambiguitiesin therealisticlanguageof hadronsj.e. not
atthepartonlevel;

2. identicalparticlesin primaryandsecondaryairs;

3. splitting of realpairsinto differentchannelsi.e. how to defineete™ — ete~bb, bb pair-correction
to Bhabha2"e™ pair correctionto oy,,q? Background?

4. flavour misinterpretation;

5. extensionto Bhabhascatteringi.e.implementatiorof paircorrectionswith realisticcuts,collinear
ity andenegy thresholdsinsteadof simples’-cuts.

Cutting on secondarypairsis not a real problemoncepairing—double-canting ambiguitiesare
solvedin hadroniclanguagevia Ry.q4. Thereasonwhy this cut wasnever implementeds that hadron
pairsareeasilyconstructedn thelanguagef momentg137] whichrequiresntegratingoverthedefined
secondarypair. If one cutson it the answeris at partonlevel and shouldbe folded with R;,q and,
presentlythereis no routinecapableof giving Ry,.q(s) for 0 < s < 200 GeV without doing someextra
work atvery low s andaroundthethresholdg203].

5.5.8 Resulton pairs for Bhabhadfrom LABSMC

With the default versionof LABSMC (i.e. without the multi-peripheralcontritution) the sum of vir-
tual+realpair effects was determinedfor the Bhabhaobsenrableslisted in Table 28. The corrections
werecalculatedvith respecto thecrosssectionswhereall othertypesof RC have alreadybeenapplied.
Thereis a simpledependencef the sizeof correctionson the appliedcuts. The strongestutson real
emissiorarethere thelargest(andmostnegative) effectis comingout. Thelargestcorrectionsarefound
for someidealizedobsenrables ,wherealsothefinal-statecorrectionslo give alot.

Concerninghe multi-peripherakwo-photoncorrectionstherearevisible contributionsonly for a
few obserables.Theonly large correctionis for IOpal3 becaus®f thewide rangeof allowed collinear
ity andaverylow enegy thresholdor electrong1 GeV).For all otherobserablesnotlistedin Table29,
the multi-peripherakeactionis cut away.

The accurag on the abore numberscanbe estimatedo be about20%, which is mainly coming
from the uncertaintyin the descriptionof secondanhadronicpairs.

5.5.9 Comparisorof resultsfor hadionsand muons

In the following we shall comparethe resultsof the differentsignal definitionsobtainedfrom various
programsfor primary hadronsand primary muons. The Bhabhaprocesawill be discussedn the next
section.
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Realpairs

As explainedabove, only the amountof real secondarylSNS plus FS pair fof,  emissionentersthe
experimentalmeasurementsf 2-fermion cross-sections.For all primary pairs apartfrom f;f; = ee
this contritution canbe calculatedin GENTLE, KORALW, and GRC4f. Sincethe checksof the new

KORALW codewere not completelyfinished at the time of writing this report, we comparein the
following GRC4fandGENTLE, usingthe cut-basedignaldefinition (2), whichis realizedin GENTLE

via IPPS=6,/GONLY=3, and P.;; = 0.10. The GRCA4fpredictionhasbeenobtainedwith method(A)

describedn Section4.16. Using method(B) gives consistentresults. The resultof the comparison
for qqf,f; correctionsto the processe™ e~ — hadronsat /s=189 GeV is listed in Table 30 and31.

Comparisongt othercentre-of-masgnegiesresultin similar numbers.

Table 28: LABSMC correctiongdueto pairsin permil of the cross-sectionfor therespectie obsenables.

obs. | 189 | 200 | 206[GeV]
realisticobsenables
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
idealizedobsenables
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 pair correctionsdueto multi-peripherakwo-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-sections pb, andrelative correctionsn per mil, obtainedfrom GRC4fandGENTLE
for the processete~ — hadronsat /s = 189 GeV for high s’ eventsof R.,; = 0.7225 accordingto the cut-
basedlefinition (2). Thelastcolumnlists thedifferencebetweenGRC4fandGENTLE in per mil of the hadronic

cross-sectionThe errorsgivenarestatisticalonly.

fif1 fof o gf?clm o geEaI{ITLE 5(%181%“ égeE&i\lITLE Agttead
qgee 0.090 + 0.002 0.073 4.2+0.1 3.4 +0.8
qouu + 77 | 0.013+0.002 | 0.010 | 0.6+ 0.1 0.4 +0.2
qqqq 0.016 £0.002 | 0.018 | 0.7+0.1 0.8 —0.1
total qgfofs | 0.119 4 0.003 0.100 | 5.540.2 4.6 +0.9

Table 31: Realpair cross-sections pb, andrelative correctiongn permil, obtainedfrom GRC4fandGENTLE
for theprocesete™ — hadronsat/s = 189 GeV for inclusive eventsof R.,; = 0.01. Thelastcolumnliststhe
differencebetweenGRC4fandGENTLE in permil of the hadroniccross-sectionThe errorsgivenarestatistical

only.

fify fofy g é{%a(lju o’ g%%TLE 58%3(11# 58‘]33&1&1TLE Agtead
ggee 1.16 £ 0.01 0.97 12.14+0.1 10.1 +2.0
qoup + 77 | 0.35£0.01 0.29 3.6 +0.1 3.0 +0.6
gqqaq 0.58 +0.03 0.59 6.0+0.3 6.1 -0.1
total qgfofa | 2.09 +0.03 1.85 21.7+0.3 19.2 +2.5

Theresultsshav thatfor secondaryeptonpairsGRC4fhasabout20% morereal pairsthanGEN-
TLE, thoughthe differenceis not statistically significantfor uu and 77 in the high s sample. For
hadronicpairsthereis perfectagreementgespitethe factthat GENTLE usesa purehadronicapproach
(in termsof Ry,q) to obtainqgqq, while GRC4f calculatespartoniccorrections(wherewe have used
guarkmassesf m, = mg = 0.14 GeV)which have beena posterioricorrectedor the effect of thelow-
masshadronicR),,q ratioandof therunningae, viare-weightingof the GRC4fevents(notavailablein
default GRCA4f). Thesdattercorrectionshave only asmallimpacton the comparisonsincethey tendto
canceleachother if a., (s) hasbeenusedin the generatiorof the events,resultingin atotal correction
of —0.001 pband—0.01 pbfor agg’%ﬁ(qqqq)for R.yt =0.7225and0.01,respectiely.

ThetotalrealpairsdifferencebetweenlGRC4fandGENTLE in termsof thecorrespondindpadronic
cross-sectioms 0.9 permil for thehigh s’ selectionand2.5 permil for theinclusive selection.A possi-
ble sourceof this differenceis the more sophisticatedreatmeniof commonphotonand pairsemission
in GENTLE while GRC4fsimply attachesa photonradiatorfunction to the 4-fermionmatrix element.
Notethattheagreementor qq pairsdepend®n the choiceof quarkmassein GRCA4H.

Comparingwith Table16 it is evidentthatevenin the worst case(inclusve muons)a 20% error

0N drea Meansarelative errorof 0.1% for the combined2f+4f efficiengy. Onecanthereforeconclude
that GRC4fis adequateo calculatethe influenceof pair emissionon the efficiency to betterthan0.1%.

Comparisorbetweersignal definitions

Sincethevirtual pair correctionsareidenticalfor the above diagram-basel), andcut-based?) signal
definitions,the total differencebetweenthe definitionsis given by the differencein the amountof real
pairs. Repeatinghe abore calculationswith the diagram-basedignaldefinition (1), usingthe sames’
definition[i.e. IPPS=5,IGONLY=2, P.,; = 1.0 (no cut on secondarypairs)in GENTLE] resultsin
Table32 of differencesn realpair cross-sections.
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Table 32: Differencedetweerdiagram-basedefinition (1) andcut-basedlefinition(2) for realpairsin permil of
thehadroniccross-sectiombtainedrom GRC4fandGENTLE for theprocesete~ — hadronsat,/s = 189 GeV
for high s’ eventswith R.,; = 0.7225 andinclusive eventswith R.,; = 0.01. For R, = 0.7225 no significant
differencewasobsenedwithin the statisticalerrorsof the comparisorin both programs.For qgeethe diagram-
basedefinitionwasnot availablefor GRCA4f.

fufs fofs AdE R ar ASSERTLE

Reut 0.7225 0.01 0.7225 | 0.01
qgee — — < 0.0001 | 0.04
qouu+7r | <0.1 | 0.02+0.12 | < 0.0001 | 0.07
aqqq <0.1 | 0.31+0.33 | <0.0001 | 0.18
total qqfafs — — < 0.0001 | 0.29

This comparisorshavs thatfor inclusve hadronsthe differencebetweenthe two definitions,as
predictedoy GENTLE, is of order10~* for eachclassof pairslisted,amountingo atotal of 2.9 x 10~%.
Theresultsof GRC4fare consistentthoughtheir sensitvity is limited by the statisticalerror of some
10—, For high s’ hadronso differencebetweerdefinitions1 and2 is visible evenon thelevel of 10~
in GENTLE.

Comparisorof real+virtual pairs

In thefollowing we compareasatypical examplethe sumof virtual andreal pair correctiongor primary
hadronsand primary muonsat \ﬂs) = 189 GeV for four differentdefinitionsof the secondarypair
signal:

A Diagram-basedefinition (1) with s’ = M2 |

B Diagram-basedefinition (1) with s’ = M?

inv

C Cut-basediefinition(2) with s’ = M2 andP,,; = 0.15

mv

D Cut-basedlefinition(2) with s’ = M2 andP.,; = 0.10

inv

Table 33: Relative virtual + real pair correctionsin per mil of the total cross-sectioror the processete™ —
hadronsat /s = 189 GeV for differentsignaldefinitions. A — meanghatthis definitionis not accessiblen the
respectie program.

Definition GENTLE | ZFITTER | TORAZO | GENTLE | ZFITTER | TORAZO
Reut 0.01 0.7225

A) diagram,s’ = M2rop 14.72 15.76 16.42 —1.13 —0.92 —0.98
B) diagram,s’ = MEW 14.74 15.82 - —1.45 —1.20 —

C) cuts, Peyy = 0.15 14.64 — — —1.45 — —

D) cuts,P.y = 0.10 14.45 — — —1.45 — —

OB — OA 0.02 0.06 - —0.32 —0.29 —

0B — Oc 0.10 — — < 0.0001 — —

OB — oD 0.29 — — < 0.0001 — —
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Table 34: Relativevirtual + realpaircorrectionsn permil of thetotal cross-sectiofor theprocese™e™ — ptu~
at/s = 189 GeV for differentsignaldefinitions.A — meanghatthis definitionis notaccessiblén therespectie
program.

Definition GENTLE | ZFITTER | TOPAZO | GENTLE | ZFITTER | TOPAZO
Reut 0.01 0.7225

A) diagram,s’ = M 10.73 11.73 12.26 —1.37 —1.00 —0.98
B) diagram,s’ = M, 10.84 11.96 - —2.58 —2.05 -
C)cuts, Pyt = 0.15 10.72 - - —2.58 - -

D) cuts, Pyt = 0.10 10.57 — — —2.58 — —

0B — 0A 0.11 0.23 - —1.21 —1.05 -

0B — Oc 0.12 — — < 0.0001 — —

OB — oD 0.27 — — < 0.0001 — —

From thesetablesseveral conclusionscanbe dravn. The comparisorbetweenGENTLE, ZFIT-
TER,andTOPAZO for the diagram-basedefinitionwith s’ = Mgrop (A) revealsmaximumdifferences
of 1.7 (1.5) per mil for inclusive hadrons(muons)and0.2 (0.4) per mil for high s’ hadrons(muons)
betweenary two of the programs.Differencesdetweercut-basedinddiagram-basedignaldefinitions
arebetweenl and3 x 10~ for inclusive selectiongor P, in therangefrom 0.10to 0.15(comparealso
Table32),andbelov 10~ for the high s’ selectionaslong s’ is definedas M2 everywhere Whereas
for theinclusive selectionghedifferencebetweens’ = M2, ands’ = M3 is atmost0.2permil, it is
about0.3(1.1) permil for high s hadrondmuons).Comparedo the LEP-combinedstatisticalprecision
of the measurementall thesedifferencesaresmall. Eventhe 1.7 permil differencebetweenGENTLE
and TOPAZO for inclusive hadronsis only abouthalf of the expectedLEP-combinedstatisticalerror,

summedbver all centre-of-massnegies,andis thusnotfar from the precisiontagof 1.1 permil.

5.5.10 Resultdor Bhabhas

Thereis only oneprogram LABSMC, whichis ableto calculatevirtual+realpair effectsfor s+t channel
Bhabhascatteringor the signaldefinitiongivenabove. Thereforeacomparisonsik e the oneperformed
aborve for hadronsandmuonscannotbe donefor primary electronpairs. We just stateherethatthe pair
correctionsfor idealizedobserablesrangefrom +0.2 per mil for ILT8 to —7.0 per mil for IAleph4.
Largish correctionsbetween5 and 7 per mil occuronly for obserableswhich cut hardon M;,,. For
themarelative accurag of 20—30%would be neededo meetthe experimentaprecisiontags,which are
betweerD.13and0.21%for thecross-sectionsAll othercorrectionsarebelov 3 permil sothatfor them
a50% pair correctionaccurag would sufiice. Theauthorof LABSMC estimates relative accurag of
20%for pair correctionswhichwould meanthatall experimentajprecisionrequirementsremet. Yet, it
would bevery valuableif the pair correctionan LABSMC couldbecross-cheakd againstanothercode.

5.5.11 Conclusiondor pair effects

Shortly beforeandduring this workshopa lot of new codefor pair correctionsat LEP2 wasdeveloped.
Before1999,essentiallyonly thediagram-basegair correctionwith s’ = Mgrop, i.e. inclusive FSpairs,
could be calculatedby ZFITTER and TOPAZO for all primary pairs apartfrom electrons. Common
exponentiationof initial-state photonsand ISNS, pairsfor enegies away from the Z-peakaswell as
optional ISS, pairs were implementedn both codesin 1999. ZFITTER hasnow beenupgradedto
includeexplicit FS, with the possibility of masscuts. The new GENTLE/4fanoffersevenmoreoptions
with masscutson all pairsandinclusionof pairsfrom virtual Z's andswappedFS diagrams.Finally a
new powerful combinatiorof X MC andKORALW is beingdevelopedwhich contritutedfirst numbers

to thisdocument.This makesawholevariety of optionsfor pair treatmentvailable.
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The mainachiezementsf the pair studydescribedabove are:

e A proposalfor asignaldefinitionwhich canbe,to betterthan0.1%accurag, definedeitherbased
on (experimentoriented)cutsor on (theoryoriented)diagrams.

e Thedeterminatiorof efficiengy correctionsusingfull eventgeneratorfasbeenchecledfor GRCA4f
to aprecisionof 0.1%,from a comparisorof real pair cross-sectionwith GENTLE.

e Doublecountingof hadroniceventshasbeenstudiedwith GRC4fandfoundto be smallerthan
1074,

e Problemsof pairing ambiguitiesfor four identicalfermionsbecomeincreasinglyimportantwith
thelargerZZ cross-sectionathighenegies,especiallyfor inclusve measurementsith thesignal
definitionsadoptedhere. Fromvarying pairing algorithms,a worst-caselifferenceof 0.8 per mil
wasfoundfor inclusive hadronsat 206 GeV.

o Differencedor pair correctionsbetweens’ definitionsvia the propagatoior primary pair massin
thediagram-basedpproacthave beendetermined GENTLE andZFITTER bothfind themto be
about0.3(1.1) permil for high s" hadrongmuons).

¢ Maximum differencesfor the diagram-basegbair correctionof 1.7 (1.5) per mil for inclusive
hadrongmuons)and0.2 (0.4) per mil for high s’ hadrons(muons)betweenary two of the pro-
gramsGENTLE, ZFITTER andTOPAZO have beenfound.

¢ A first completecalculationof pair correctiondor Bhabhasasbeendoneby LABSMC.

We concludethatfor the proposedsignaldefinition sufficient comparisonhave beenperformed
to beconfidentthattheabore numbersarelimitationsof thetheoreticaluncertaintiesWith theexception
of the 1.7 permil differencefor inclusive hadronswhich s slightly above therespectie precisiontag of
1.1permil, all theoreticaluncertaintiearewell belov the experimentalprecisiontags.For othersignal
definitions, however, uncertaintieshave not beenchecled systematically Somemore informationis
presenfrom thetablespresentedh thissection.lt is in any casenotadvisablgo choseasignaldefinition
for pairsthatcanbecalculatedy oneprogramonly. Especiallyfor thecaseof Bhabhascatteringt would
behighly desirableto have morethanonecodepredictingthe effectsof secondaryairs. Improvements
arestill expectedn GENTLE, TOPAZO andKXMC+KORALW.

6 SUMMARY

In thisreportwe have addressethequestiorof uncertaintie®f thepredictionof theoetical calculations
for quantitiesmeasuredn LEP2experimentyLEP2 obserables).We alsohave studieduncertaintiesn
relatingmeasuredjuantitiesto theoreticalbpredictionsyia signaldefinitionsandacceptanceorrections,
especiallyfor the effect of secondarypair radiation,andto a lesserdegreewide angleBhabhascatter
ing. Thecalculationswvere contritutedby severaltheoreticalgroupsandareimplementedisingvarious
techniqguesindapproachesmbodiedn mostcasesn Monte Carlos,but alsoin semi-analyticatodes-
mostof themarealreadyin usein all LEP2 collaborationsWe tried to cover all two-fermionprocesses:
productionof quark-, muon-andtau-pairs,the Bhabhaprocess.Considerableffort wasalsoinvested
in the processeswvith (additional)taggedsingleanddoublephotons.The neutrinochannelandBhabha
channelareof coursethe mostimportantin this class. The whole analysisof the theoreticalprediction
wasdonefor therathercompletelist of LEP2 obserables,which we tried to have ascloseaspossible
to the onesusedby LEP experiments. Most of the collectedtheoreticalpredictionsare for simplified
experimentalacceptancegso calledidealizedobserables),but we alsotried, not without somesuccess,
to produceanddiscusgheoreticapredictionsfor realistic LEP2 obserables.
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Alreadyfrom the beginning of thework of our two-fermiongroupit wasexpectedhatfor thefull
LEP2 statisticshe mostimportantissuesn the evaluationof the theoreticauncertaintiesvould be:

productionof secondarypairs,
QED initial-final stateinterference,

precisecross-checksf QED initial-stateradiationandmulti-photoneffects,

Ea A

numericalcross-checksf the electraveakcorrections.

The QED partsof the calculationshave turnedout to be undervery goodcontrol; the biggestand
mostimportantcontritutionsfrom theinitial-stateradiation(whichis up to 200%) is now undercontrol
down to 0.2—-0.4%(final-stateradiationincluded)in mostcases.

Theinitial-final stateinterferencewhichis ~ 2%, is now controlleddown to 0.2%.

Theabove is truefor the ordinarytwo-fermionLEP2 obserables,which do not requirethe pres-
enceof oneor two visible (tagged)photons.In the caseof taggedphotonsthe achieved precisionvaries
with thetype of the cutandis typically 4% for the vy obserables,3% for Bhabhaand1% for ptp~,
or 7t77+. Theinitial-final stateinterferencehasturnedout to be ratherimportantfor the obserables
with taggedphotons.

For the Bhabhaprocessthe QED bremsstrahlungvas found to be one of the main sourcesof
uncertaintiegor the end-capobserables. For the LEP2 obserablesrelying on the datafrom the barrel
(wide angle)detectoronly, thereis a sizeablecontrilution from the electraveak partof the calculation.
We wereunableto explorethis subjectbeforethe endof theworkshop.

In thework of our groupwe did not have a chanceto scrutinizeonceagainthe pureelectraveak
corrections.To someextentit wasalreadydonein the earlierLEP workshopssoonecouldsaythatit is
notreally necessaryontheotherhandit is alwaysnecessaryo cross-checkhecodedike ZFITTERand
KKMC usedby LEP2 experimentsonceagain,on every possibleaspect We clearly recommendhatit
shouldbedonein the nearfuture.

As acolloraryof thetestsof ZFITTERandKCXMC we have noticedthatthenumericakontritution
from theso-calledelectraveakboxes,whichis negligible at LEP1,andis still rathersmallatlower CMS
enegies of LEP2 like 189 GeV, is, however, alreadyquite large ~ 2% at higher LEP2 enepgieslike
206 GeV. In otherwords,asfar aselectraveak phenomenare concernedthe LEP experimentsat the
LEP2top enegiesstartto bein the samesituationasthefuture Linear Colliders!

The productionof the secondanpairswasat the top of thelist of priorities of this workshop.We
have comeup with a proposalffor a 2-fermionsignaldefinitionincluding pair radiation,which is simple
and equally applicableto all final-statefermions,from electronsto hadrons,andto all s’ cuts. This
signaldefinitioncomesin factoptionallyasa diagram-basedr asa cut-basedlefinition,wherethe one
bestsuitedfor the givenexperimentalor theoreticaketupcanbe chosenAll definitionsarenumerically
identicalwithin 0.3 permil for hadronsand1.1 permil for muonsfor ary s’ cut.

For this setof signaldefinitionswe have performedabroadvarietyof comparisonsindtests start-
ing from effectslik e pairingambiguitiesdoublecounting,andefficiengy correctionsgventuallyleading
to a comparisorbetweerdifferenttheoreticalcodesfor computingrealandvirtual pair correctionsUn-
certaintiesand biasesresultingfrom thesestudieswere found to rangefrom belov 0.1 per mil to at
most1.7 per mil of the 2-fermioncross-sectionsThis corresponds$o up to 20% relative uncertainties
on the pair corrections.Sometheoreticalcodeshave provided resultsalsofor otherdefinitionsof pair
signals,which are however often calculableby onecode,only. This situationis expectedto improve
with forthcomingupgradesof GENTLE, TOPAZO and XX MC+KORALW. For the Bhabhascattering
processpnly onetheoreticalcalculationof pair effectsis availablefor the proposedsignaldefinition.
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In the immediatefuture after the presentworkshopwe would mosturgently recommenccross-
checksfor the purelyelectraveak correctionsgspeciallyfor wide angleBhabhaandfor secondarypair
correctiondor theBhabhaprocess.

Thereseemto befew unresoled problemsasfarasQED is concernedexceptfor certainobserv-
ableswith the taggedphotonsete™ — vy and (to a lesserdegree)for wide angleBhabhaswhere
furtherimprovementsof the theoreticalprecisionby afactor4—10arenecessary

Table 35: Comparisorof thetypical theoreticaluncertaintiewith thetypical experimentaprecisiontags

classof obsenables theoreticaluncertainty| experimentaprecisiontag
ete™ — qq(v) 0.26% 0.1%-0.2%

ete™ — utu=(v) 0.4% 0.4%-0.5%

ete™ = 777 (v) 0.4% 0.4%-0.6%

ete™ — eTe () (endcap) 0.5% 0.13%

ete™ — eTe (v) (barrel) 2.0% 0.21%

ete” —efey 3% 1.5%

ete” =1t~ 1% 1.5%

ete™ — vy 4% 0.5%

We tried to summarizeall of the above information onceagainin Table 35, wherewe list the
theoreticalprecisionsattainedn our studyfor the LEP2 obserablesdefinedin Section2 in comparison
with typical ultimateexperimentakequirement$or combinedLEP2data.
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