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1 INTRODUCTION

During the year1999aninformal workshopon Monte Carlo (MC) generatorandprogramsook place
at CERN, concentratingon processei ete~ interactionsat LEP2 centre-of-masgnegies (161 GeV
to 210GeV). Oneof the goalswasto summarizeandreview critically the progressnadein theoretical
calculationsand their implementationin computerprogramssincethe 1995 workshopon Physicsat
LEP2 Oneof thereasondor this reportwasthe needof having an official statemenbn variousphysics
processeandtheaccurag of their predictions peforedecidingon LEP2 actiities in theyear2000.

This partof theworkshopreportsummarizeshefindingsin the areaof Four-Fermionfinal states.
At thebeginning of theworkshopthe following goalswereidentifiedfor the Four-Fermionsub-group:

a) Describethe new calculationsandimprovementsin the theoreticalunderstandingindin the up-
gradedVIC implementations.

b) Indicatewherenew contritutions have changedprevious predictionsin the MC adoptedby the
collaborationsandspecifywhy, how andby how much.

¢) Inthosecasesvhereasubstantiatliscrepang hasbeenregisteredandthephysicalorigin hasbeen
understoodrecommendationshouldbe madeon whatto use.

d) Inthosecasesvherewe have foundincompletenessf the existing MC, but no completeémprove-
mentis available,we shouldbe ableto indicatea soundestimateof thetheoreticauncertaintyand
possiblyway andtime scalefor the solution.

Ourstratgy is determinedy the physicsissuesrisingin theexperimentabnalyseperformedat LEP2.
Therefore the four LEP Collaborationshave beenasled to provide alist of relevant processesogether
with thelevel of theoreticalaccurag needed.

Clearly the LEP experimentsinvestigatemary different processes.For theoreticalpredictions
we thus have to managewith lots of differentsetsof cuts. At the beginning of our actvities the four
experimentshave presentedis with lists thatreflectratherdiversestylesanddifferentapproachesThe
compl«ity of the obserablesvaried greatly rangingfrom thosedefinedby simple phase-spaceuts
on four-fermion (+ photon)level to completeevent-selectiorproceduresequiring partonshaver and
hadronizatiorof quarksystems.

An effort wasmadeto settleasmuchaspossibleon asetof quasi-realistidut simplecutsfor each
processWe have collectedprocesseand/orphasespaceegionswhereimprovedtheoreticapredictions
aredesirable A weighthasbeenassignedo eachprocessaccordingo its relevanceandurgeng.

Thefocusof activity hasbeenonimproving the theoreticalpredictionsfor the relevantprocesses
and/orphasespaceaegions. Also, all contritutorshave beenasledto give anestimatefor theremaining
theoreticaluncertainty As a consequencethe output of the whole operationshould not be a mere
collection of comparisorntablesbut a coherentattemptin assessinghe theoreticaluncertaintyto be
associatedb ary specificprocess.

Therealmof theoreticaluncertaintyis ill definedandin orderto reacha generalconsensusne
cannotbe satisfiedwith just somestatemenon the overall agreemenamongdifferentprograms When-
ever differencesarefound, onehasto make surethatthey aredueto physics,andnotto somedifferent
input. Soour projecthadto foreseea preliminaryphasewith moreof a technicalbenchmarkOncetriv-
ial discrepancieareunderstoodndsortedout, onecanstartdigginginto inevitable differencesarising
from differentimplementation®f commontheoreticalisdom.

In avastmajority of caseghe maintheoreticaproblemis representedly theinclusionof QED ra-
diation. Therefore pneof the mainquestionsvas: canwe improve uponour treatmenof QED radiation
and/orgive somesafeestimateof thetheoreticaluncertaintyassociateavith it?



Below we will presentbour referenceable of four-fermion processesilt is anidealisedcommon
groundwhere,in principle,all theoreticapredictionsshouldbe comparedMore advancedsetupsvould
beaccessibl@nly to amorelimited numberof generatorshuilt for thatspecificpurpose.

It is usefulto recallthatthe ultimate, perfectprogramdoesnot exist and, mostlikely, will never
exist. Roughly speaking,programsbelongto two quite distinct classes.On one sidethereare event
generatorssuallyinterfacedwith partonshaver andhadronizatiorpackagesThey maymisssomefine
points of the theoreticalknowledge but representin essentiaingredientin the experimentalanalyses
concerninghe evaluationof signalefficienciesandbackgroundsThusthey createthe necessarypridge
betweenthe raw datarecordedby the detectorsaandthe background-subtcaed efficiengy-correctedre-
sultspublished.At the otherendof this cosmoswve have semi-analyticaprogramshatarenot meantto
generatevents.Ratherthey shaw their powerin dealingwith the signal,furnishingtheimplementation
of (almost)everythingavailablein the literatureconcerningthe calculationof specificprocesseslin ei-
ther case,we wantto knowv aboutthe theoreticaluncertainty processy processfo make clearwhich
programis ableto achiere thatlevel of accurag underwhich configuration. For W -pair production,
however, the scenariais slightly changed:We have now MC event generatorghat, at the sametime,
represena state-of-the-artalculation.Neverthelessywe do not have yet the ultimateMC: the onewith
radiatve correctionsyirtual/soft/hardphotons DPA, completephase-spacecludingsingledV, single-
7, Z~* andableto produceweight-1eventsin finite time.

Theresultspresentedhn this reportarebasedon several differentapproacheandon comparisons
of their numericalpredictions. They are calculatedwith the following computercodes: BBC, Comp-
HEP, GENTLE, grc4f, KORALW/YFSWW/YFSZZ, NEXTCALIBUR, PHEGAS/HELAC, RacoonWW, SWAP/WRAP,
WPHACT andwT0/ZZTO.

This article is organisedasfollows. In Section2 we presentthe four-fermion processesooked
atin detail. Thenwe review the mostrecenttheoreticaldevelopmentsn four-fermion physicsin ete™
interactions.In Section4 we discussthe CC03 0, cross-sectiomnd predictionsbasedon the DPA.
HeredifferentapproachearecomparedIn Section5 we discusghe radiative processwith 4f + -~ final
statesln Section6 thesingled¥V productionis critically discussedFinally the NC02 cross-sectiong
is analysedn Section7 Conclusionsandoutlookarepresentedn Section8

2 FOUR-FERMION PROCESSES

Here we presentour basicreferencetable and specify the calculationalsetup. One shouldreadit as
summarizingour original manifest. After readingthe following sectionsjt will beinstructive to come
back herewith a critical eye: not all the items and questiondisted belov have found a satishctory
answer Thiswas,somehwy, foreseeablelf onethinkscarefullyonewill easilydiscorer someimportant
messagealsofor thoseissueghatremainunsohed: they cannotbe solved in ary reasonabléime scale
andtheassociate@ffect is arealsourceof uncertainty

2.1 List of processes

Thefollowing list providesthe obserablestogethemwith precisiontagsin %, asrequestedy the exper
imental Collaborations.The accurag of MC simulationsshouldbe betterthanthe requestegrecision
tag,i.e. thephysicauncertaintyshouldbe smallerandatworstthe oneindicated.How muchbetteris left
to the contritutors. For benchmarkingt is certainlyadvisableto usethe maximumavailableprecision.

In generalradiative correctionsandradiative photonsn thefinal stateshouldbeconsideredor all
processedncludingthe discussiorof photonenegy andpolaranglespectra.Typical minimal require-
mentson real photonsare: enegy £, > 1GeV, polarangle| cos 6,| < 0.985,0.997,0.9995 depending
on channelandminimal anglebetweerphotonandary chagedfinal-statefermion& > 5°.
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. ete™ — gquv(y) andete™ — ggrv(v) (incl. taupolarizationin taudecayCC10),

. €

.ete™ — qql*i™(v), g-flavour blind, heary g-flavors,

WW andZ Z typesignal:

.ete™ — WW — all (CCO03). The full phasespaceis neededand the inclusive cross-section

accurag is 0.2%, whichis 1/3 of experimentalccurag combiningall LEP2enegies,
Thespectrunfor the photonenegy andthepolarangleis needed| cos .| < 0.985 (0.997)).

.etem — ZZ — all (NC02). The full phasespaceis neededand the inclusive cross-section

accurag is 1%. The spectrumfor the photonenegy andthe polar angleis needed(| cos | <
0.985 (0.997)).

.ete” — lvlv(y) whereall {e/u/7} ® {e/u/7} combinationsarerequestedvith the following

conditions: (| cos 0y, ,| < 0.985, Fy, s, > 5GeV, M(1*1~) > 10 (45) GeV (full andhigh-mass
region). Theinclusie cross-sectioaccuray is 4% for individual combinationtheinclusive cross-
sectionaccurayg is 1% for the summedone;photonenegy andpolaranglespectrum(| cos 6, | <
0.985 (0.997)).

. ete™ — gqev(v) (CC20),q-flavourblind, | cos 0| < 0.985, E. > 5GeV, M (qq) > 10 (45) GeV

(full and high-massregion); inclusive cross-sectioraccurag is 1% (5% for low-massregion);
photonenegy andpolaranglespectruny] cos 6| < 0.985 (0.997)).

cosf, | <
w/T
0.985, E,,/, > 5GeV, M(qg) > 10 (45) GeV (full andhigh-massgegion),inclusie cross-section
accuray 1%. Photonenegy andpolarangle(| cos 6| < 0.985 (0.997)) spectrum.

*te™ — qqqq(v), flavour blind, bbgg, bbbb. At leasttwo pairswith M (g;,q;) > 10 (45) GeV
(full andhigh-masgegion), inclusive cross-sectiomccurag 1%. photonenegy andpolarangle
(| cos 0] < 0.985 (0.997)) spectrum.

.ete” — qgl™l™(v), g-flavour blind, heary g-flavors,l = e/u/7, | cos 0;,] < 0.985, no cut on

2ndlepton(only oneleptontagged),M (¢g) > 10 (45) GeV (full andhigh-massegion),inclusie
cross-sectiomccurag 2%. Photonenegy andpolarangle(| cos 6,| < 0.985 (0.997)) spectrum.

cos 0y, |, | cos 0,] < 0.985 (both leptons
tagged) full andhigh-massegions: M (IT17) > 10 (45) GeV, M (qq) > 10 (45) GeV, inclusive
cross-sectiomccurag 2%. Photonenegy andpolarangle(| cos 6| < 0.985 (0.997)) spectrum.

. ete™ — qggeTe (), g-flavourblind, heary g-flavors,with oneelectronin thebeampipe,| cos 6| >

0.997, andoneelectrontagged,| cos 6| < 0.985, M (qg) > 10 (45) GeV (full andhigh-masge-
gion) . Photonenegy andpolarangle(| cos 6| < 0.985 (0.997)) spectrum.

ete™ — qquo(y), g-flavour blind, heary g-flavors, M(qg) > 10 (45) GeV, inclusive cross-
sectionaccurag 4% (10% for low-massregion). Photonenegy and polar angle (| cos0,| <
0.985 (0.997)) spectrum.

ete” = ITI"LTL™(y) andete™ — [TI7ITI~(v) (all possiblechagedleptonflavour combina-
tions): 3 or 4 leptonswithin acceptancecos 0| < 0.985, M (11~ )andM (Lt L™) > 10 (45) GeV
(full andhigh-massgegion). Photonenegy andpolarangle(| cos 6| < 0.985 (0.997)) spectrum.

SingledV typesignal:

.ete” — qgev(v), |cosb.| > 0.997, either M (qq) > 45GeV or E,,, E,, > 15GeV, inclusive

cross-sectiomccurag 3%, photonenegy andpolarangle(| cos 0., < 0.997 (0.9995)) spectrum.



2. ete  — evev(y),|cosb| > 0.997, E. > 15GeV, | cos 0| < 0.7 (0.95), inclusive cross-section
accurayg 5%, photonenegy andpolarangle(| cos 6, | < 0.997 (0.9995)) spectrum.

3. ete” — evuv(y) andete™ — evru(y), [cosbe| > 0.997, E, ), > 15GeV, |cosf,,/.| < 0.95,
inclusive cross-sectiomccurayg 5%, photonenegy andpolarangle(| cos 6, < 0.997 (0.9995))

spectrum.

Thislist deseresalreadyfew wordsof comment.

For hadronicsystemgCC or NC), thereis usuallyarequiremenbf atleast45 GeV invariantmass
(W and Z signal)or at least10 GeV (backgroundor otherprocesses)Even lower invariantmasses,
saydown to 1 GeV, shouldbe handledby the dedicatedyy subgroup.For leptons,thereshouldbe no
problemto go down to lower invariantmasse®r enegiesthanlistedabove.

We considerasradiatve eventsthoseeventswith real photonswhereat leastone photonpasses
the photonrequirementdisted above, andasnon-radiatie eventsthosewith no photonor only photons
belowv the minimal photonrequirementsin caseof non-radiatie andradiative events,the crosssection
andits accurag is needed.In caseof non-radiatie events,this amountsto addingup virtual and soft
radiative corrections.In caseof radiative events,somedistributionsareneededn addition,in particular
photonenegy andpolarangle,andphotonanglewith respecto the nearesthagedfinal-statefermion.

2.2 Questionsto theory
We now elaboraten moredetailon specificquestionsassociatedo specificprocesses.

e O(a) electraveakcorrectiongo ete™ — WW — 4f.

Until 1999,the LEP experimentsvereusinga 2% theoreticauncertaintyon the calculationof the

CCO3W -pair crosssection,not changedsincethe 1995LEP2 workshop.Although no complete
one-loopO(a) EW calculatiorexist yetfor off-shelle™e™ — WW — 4f productionwe wishthe

theoreticaluncertaintyto bebelov 1% (0.5% if possible)with justification. Also theuncertainties
in CCO3vs. 4f correctionsvhenmeasuringhe W W crosssectionshouldbe understood.

e Photonradiation(ISR) with p; in WW andZ Z-dominatedchannels.

The principle effectswill be on the selectionefficiengy andon the differential distributionsused
for W massandtriple gaugebosoncoupling (TGC) studies. The interestin photonsis twofold:
photonsexplicitly identifiedassuch- usuallyat larger polar angles- and photonswhich simply
createnoticeableactvity in the detector The latteris, for example,alsoimportantin singleiV’
typeanalysisthereforethe photonangularangeis extendedo very low polarangles.

e SingleW channels.

For the single3V processhereare several issuesto be addressedIn the region of high invari-

antmasse®f the W boson(abore 45 GeV) this processs importantfor both searchesand TGC

measurementgOnetopic of investigationshouldbe ISR: this processs dominatedoy ¢-channel
diagramswhereaghe currentMC programimplementiSR assumings-channeteactions A sec-
ondissueis the treatmenbf the aqrp scale,notonly for singled?” but alsofor single=Z andfor

Z~*. Isit betterto re-weighton a eventby eventbasisor on a diagrambasis?

One of the outcomesof the workshopshouldbe a recommendation the masscut which dis-
tinguisheghe high massregion (morereliable)from the low massregion, i.e. the lower valueto
whichthe5% (or better)precisiontagapplies.

Theimportanceof ISR in this channels threefold:(a) changen total cross-sectionlueto normal
radiative corrections(b) changen eventdistributionsusedto make cutswhich changeshe frac-
tion of thetotal thatfall insideour cuts,(c) fraction of eventswith identifiedphotons- this forms
abackgroundo someof the chagino searchesvherea detectedyammais required.
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SincethesingledV topologyis definedastheonewhereahigh massobjectis foundin thedetector
and the electronis not obsered, we would like to know how the presenceof p; ISR changes
the fraction of eventswherethe electrongetskicked out of the beam-pipe how the differential
distributionsaredistortedfor TGC studiesandwhatthe explicit hardphotonrateis.

Thelow massregion (belav 45 GeV) is mostlyimportantfor searchesindstudiedwithin the -~
sub-groupOnewould like to trustthe MC predictionsdonvnto 5 — 10 GeV invariantmassfor the
hadronicsystem.Therequiredprecisionshouldalsobearound5 to 10%.

2.3 Input parameter set

A setof parametersnustbe specifiedfor the calculationof O(«) predictionCC03andto someextent
alsoNCO02). Onceradiative correctionsareincluded,the questionof RenormalizatiorSchemgRS)and
of Input ParameteSet(IPS)becomeselevant. For calculation thefollowing input parameterareused:

M, = 91.1867GeV, 1/a(0)= 137.0359895,

zZ

Gr = 1.16637 x 107° GeV ™2 (1)
As farasmassesireconcernedneshoulduse:
Leptons: PDGvaluesi.e.

me = 0.51099907 MeV, m, = 105.658389 MeV,
m, = 1.77705GeV. 2

Quarks: for light quarksoneshouldmalke a distinction;for phasespace:
my, = HMeV, mg = 10 MeV, only relevantfor singledV, 3
while, in principle,thesemasseshouldnot beusedin derving aqep (s) from aqep (0).

Herethe recommendatiofllows the agreemenin our communityon usingthe following stratey for
theevaluationof aqgp atthemassof the Z. Define:

a(0)

M p—
(M) 1= Aa®) (M) = Awop(M,) = A

; 4)

aog
top

(M)

whereonehasAa® (M) = Aajept + Aaf{?d.
Theinput parameteshouldbe Aa}({?w asit is the contritution with the largestuncertaintywhile
the calculationof the top contritutionsto A« is left for the code. This shouldbecomecommonto

all codes. Codesshouldinclude, for Aayeps, the recentlycomputedO(a?) termsof [1] and useas

default Aal”), = 0.0280398, takenfrom [2]. Usingthe default oneobtainsl /a(®) (M) = 128.877, to
which onemustaddthe ¢¢ contritution andthe O(a«) correctioninducedby the ¢t loop with gluon
exchange[3]. Thereforelight quarkmasseshouldnotappeain the evaluationof aqep (£, ) andone
shouldendup with:

1/a(M,) = 128.887,
for M, = 91.1867GeV, my = 175GeV,
M, =150GeV, ag(M,) = 0.119. (5)

Furthermorepneshoulduse:

ag(M,) =0.119, M, =150GeV, M, = 80.350 GeV. (6)
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The quantitiesI',, I',,, shouldbe understoodas computedn the minimal standardnodel,e.g. I', =
2.49471 GeV andl',, = 2.08699 GeV for ourIPS.

Now we cometo themostimportantpoint, whatto dowith IPSin thepresencef radiatve correc-
tions. In principle,all RSandall IPS areequallygoodandacceptedanddifferencesaretrue estimates
of somecomponenbf the theoreticaluncertainty However, we wantto make surethatdifferencesare
not dueto technicalprecision.The IPSthatwe wantto specifyis over-complete et usrepeat,

Gr = 116637 x 107°GeV™2,  1/a(M,) = 128.887,
M, = 91.1867GeV, M, =80.350GeV,

zZ

ag(M,) = 0119, M, =150GeV. 7)

Clearly onceradiative correctionareon, sy = sf,fXX*SCheme andwe don't carearnymore since
enoughradiatve correctionsshouldbe includedto male all schemesquvalentto O(«). Thus, for
O(a) numberssy dropsout. Perhapsve shouldgive the highestmarksto schemesvhere), isin the
IPS; afterall, experimentsmeasurel/,, atLEP2andary schemewhereM,,, is nota primary quantity
in theIPSis asbadasaschemdor LEP 1 whereM , is aderived quantity

Neverthelesswe canusetheover-completenessf thepresentPSto setsomeinternalconsisteng:
it is agoodideato have anovercompletesetof IPS,neverthelessonsistentsothateverybodycanmalke
his favourite choiceof the RS. Sincewe includevaluesfor o (M, ) andfor G we can,aswell, fine-tune
the numberssothatthe internalrelationshold, to the bestof our knowledge. The recommendationn
this casejs asfollows:

¢ write down your favorite equation

f(Mz7Mw7mt7MH7as(Mz)7a(0)7GF):07 (8)

e keepeverythingfixed but m,; which, in turn, is derived asa solutionof the consisteng equation
(for OMS thisinvolvestypically Ar).

Eventhis solutionis RS-dependertiut variationshouldbe minimal, sortof irrelevant. For instancepne
couldusethefollowing result(derived from TOPAZO [4]):

my = 174.17GeV  Defaultfor CC03 O(a). 9)

With M, = 80.350 GeV andM,, = 150 GeV we arein alucky situation,m; doesnt changetoo much.
For moresolutions,we referto Table1.

Table 1: m, asafunctionof M, .

M, [GeV] | my[GeV]
100 170.03
150 174.17
180 176.14
250 179.90

2.4 Comparisonsfor 4 f results

Thereis an old tradition in LEP physics,new theoreticalideasand improvementsshould always be
cross-cheakd beforebeingadoptedn the analysisof the experimentaldata. In this Reportwe present
accurateanddetailedcomparisondetweerdifferentgeneratorsin mostcasegheauthorshave agreedo
coordinatetheir actionin understandinghe featuresof the generatorstheir intrinsic differencesandthe



goodnes®f their agreemenor disagreemerfor the predictions.In sodoing,andfor the attunedcom-
parisonsthey canexcludethat eventualdisagreementnay originatefrom trivial sourceslike different
inputparameters.

Beforeenteringinto a detailedstudyof the numericalresultsit is importantto underlinehow an
estimateof thetheoreticalincertaintyemegesfrom themary setsof numbersbtainedvith theavailable
generatorsFirstof all onemaydistinguishbetweerintrinsic andparametricuncertaintiesThelatterare
normally associatedvith a variationof the input parametersaccordingto the precisionwith which they
areknown. Theseuncertaintiesvill eventuallyshrinkwhenmoreaccuratemeasurementwill become
available.

In this Reportwe aremainly devotedto a discussiorof theintrinsic uncertaintiegssociateavith
the choiceof one schemeversusanother With one generatomloneone cannotsimulatethe shift of a
givenquantitydueto a changen therenormalizatiorscheme . Thusthe correspondingheoreticaband
in that quantity shouldbe obtainedfrom the differencesn the predictionof the generators.On top of
that we shouldalso take into accountthe possibility of having differentimplementationsf radiatve
correctionswithin one code. Many implementationf radiatve correctionsand of DPA are equally
plausibleanddiffer by non-leadinghigherordercontritutions, which however may becomerelevantin
view of the achiered or projectedexperimentalprecision. This sort of intrinsic theoreticaluncertainty
canvery well be estimatedy stayingwithin eachsinglegeneratarHowever, sincethereareno reasons
to expectthatthesewill bethesamein differentgeneratorsonly thefull collectionof differentsources
will, in the end, give a reliableinformationon how accuratean obserable may be consideredrom a
theoreticapoint of view.

3 PHENOMENOLOGY OF UNSTABLE PARTICLES

In orderto extractthe WV signalfrom thefull setof eTe~ — 4f processeshe CC03cross-section
wasintroducedanddiscussedn Ref.[5]. In lowestorder this cross-sectiolis simply basednthethree
WW signaldiagramswith the full four-particle kinematicswith off-shell W bosons.Comparedo the
full setof diagramsthe CC0O3subsetdependsnly trivially on thefinal stateandallows to combineall
channelseasily However, sincethe CC03cross-sectioris basedon a subsetof diagramsijt is gauge-
dependenandusuallydefinedin the’t Hooft—-Fe/nmangauge.While the CC03cross-sectiolis notan
obsenrable, it is neverthelessa usefulquantityat LEP2 enegieswhereit canbe classifiedasa pseudo-
obserable. It containsthe interestingphysics,suchasthe non-abeliarcouplingsandthe sensitvity of
thetotal crosssectionto M,,, nearthe W -pairthreshold.Thegoalof thiscommondefinitionis to beable
to combinethedifferentfinal statemeasurementsom differentexperimentssothatthe new theoretical
calculationscan be checled with dataat a level betterthan1%. Note, however, thatthe CC03cross-
sectionwill becomevery problematicatlinearcollider enegies,wherethe backgroundliagramsandthe
gaugedependencearemuchlarger

It is worthsummarizinghe statusof the W W cross-sectioprior to the2000Winter Conferences.
Nominally, ary calculationfor ete™ — WW — 4f wasatreelevel calculationandonecouldtry the
standardorocedureof including, in areasonablavay, as muchaspossibleof the universalcorrections
by constructingan improved Born approximation(hereafteiBA). This is the way the datahave been
analyzedsofar, mostlywith the help of GENTLE. Differentprogramshave beencomparedor CC03,see
Ref.[5]: whenoneputsthe sameinput parametersienormalizatiorschemeegtc, a technicalagreement
at the 0.1% level is found. The universal correctionsare not enough,sincewe wish the theoretical
uncertaintyto bebelav 1% (0.5% seemsossible)with justification.

Indeed, we have clear indicationsthat non-unversal electraveak correctionsfor W (CC03)
cross-sectiorare not smalland even larger thanthe experimentalLEP accurayg. GENTLE will produce
a CCO03cross-sectiontypically in the G m-schemewith universallSR QED andnon-unversallSR/FSR
QED correctionsjmplementedwith the so-calledcurrent-splittingtechnique.The correspondingurve



hasbeenusedfor the definition of the StandardModel predictionwith a +-2% systematierrorassigned
to it. This errorestimatd42,133]is basedon the knowledgeof bothleadingandfull O(«a) corrections
to on-shellW-pair production. Note that, in GENTLE, the non-unversal ISR correctionwith current-
splitting techniquereadsas+0.4% effectatLEP2enegies.

Recentlyanew electraveakO(a) CC03cross-sectiomasbecomeavailable,in the framework of
DPA, shaving aresultthatis 2.5 + 3% smallerthanthe CC03cross-sectiofrom GENTLE. Thisis a big
effect sincethe combinedexperimentalaccurag of LEP experimentds evensmaller It is, therefore of
theupmostimportanceto understandhe structureof a DPA-correctedCC03cross-section.

The double-poleapproximation(DPA) of the lowest-ordercross-sectiommepgesfrom the CC03
diagramsupon projectingthe W-bosonmomentain the matrix elementto their on-shellvalues. This
meanghatthe DPA is basedn theresidueof thedoubleresonanceyhichis a gauge-imariantquantity
becausét is directly relatedto the sub-processesf on-shelllW-pair productionandon-shelllW decay
In contrasto the CCO3cross-sectiorthe DPA is theoreticallywell-defined. The priceto be paidfor this
is theexclusionof thethresholdregion, wheretheDPA is notvalid. Ontheotherhand,theDPA provides
acorvenientframenork for theinclusionof radiative corrections.

3.1 Dealingwith unstableparticles

Mostof our technical problemsoriginatefrom the complicationshaturallypertainingto the gaugestruc-
ture of thetheoryandto the presencef unstableparticles.As aninterlude we wouldlike to summarize
the nominalessencef thetheoreticalbasisof all generatorsin this respecioneshouldremembethat
several, new, theoreticalideaswerefully developedalsoasa consequencef the previous workshopon
W W -physics(Physicsat LEP2, Yellow report CERN/96-01,February1996)and,in turn, mary gen-
eratorshave profitedfrom the mostrecenttheoreticaldevelopment.Furthermorethis sectionwill bea
naturalplacewhereto addsomeconsideratioraboutthefine pointsin the DPA-procedure.

Four-fermion productionprocesseswith or without radiative correctionsall involve fermionsin
theinitial andfinal stateandunstablegaugebosonsasintermediatgarticles.Sometimes photonis also
presentn thefinal state.If completesetsof graphscontrituting to agivenprocessaretakeninto account,
theassociateanatrix elementsarein principlegauge-inariant,i.e. they areindependendf gaugefixing
andrespecWardidentities. This is, however, notguaranteedor incompletesetsof graphdike theones
correspondingo the off-shell W -pair productionproces{CC03).Indeedthis proceshasbeenfoundto
violatethe SU (2) Wardidentities[6].

In addition,the unstablegaugebosonghatappearasintermediatgarticlescangive riseto poles
1/(p*—M?) in physicalobserablesif they aretreatedasstableparticles.In view of thehigh precisionof
theLEP2experimentsthepropertreatmenbdf theseunstablearticleshasbecomeademandingxercise,
sinceon-shellapproximationsare simply not good enougharymore. A propertreatmentof unstable
particlesrequiresthe re-summatiorof the correspondingself-enegies to all orders. In this way the
singularitiesoriginatingfrom thepolesin theon-shellpropagatorareregularizedby theimaginaryparts
containedn the self-enegies,which arecloselyrelatedto thedecaywidths (I") of the unstableparticles.
Theperturbatre re-summatioritself involvesa simplegeometricseriesandis thereforesasyto perform.
However, thissimpleprocedurénarbourgheseriousisk of breakinggaugenvariance. Gaugeanvariance
is guaranteearderby orderin perturbationtheory Unfortunatelyonetakesinto accountonly part of
the higherordertermsby re-summinghe self-enegies. This resultsin a mixing of differentordersof
perturbationtheory and therebyjeopardizeggaugeinvariance,evenif the self-enegiesthemselesare
extractedin agauge-inariantway. Apartfrom beingtheoreticallyunacceptablegauge-breakingffects
canalsoleadto largeerrorsin theMC predictions At LEP2enepiesthis problemoccursfor instancan
thereactionsete™ — e~ T ud, et v.ud for forward-scatteretbeamparticles{7].

Basedon this obsenration, it is clearthata gauge-imariantschemas requiredfor the treatmenof
unstableparticles.lt shouldbe stressedhowever, thatary suchschemas arbitraryto a greateror lesser
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extent: sincethe Dysonsummationmustnecessarilybe taken to all ordersof perturbationtheory and
we arenot ableto computethe completesetof all Feynmandiagramdo all ordersthevariousschemes
differ evenif they leadto formally gauge-imariantresults.Bearingthisin mind, we needbesideggauge
invariancesomephysicalmotivation for choosinga particularscheme.In this contet two optionscan
bementionedEitheronecantry to subtiact gauge-violatingermsor onecantry to addgauge-restoring
termsto the calculation.

The first option is the so-calledpole scheme[8]. In this schemeone decomposethe complete
amplitudeby expandingaroundthe poles.As the physicallyobserableresiduesf the polesaregauge-
invariant, gaugeinvarianceis not brokenif the finite width is taken into accountin the pole termsx
1/(p* — M?). In reactionswith multiple unstable-particleesonances is ratheravkwardto performthe
completepole-schemexpansionwith all its subtletiesin the treatmentf the mappingof the off-shell
phasespaceon theon-shellphasespace.

Thereforeone usually approximateshe expansionby retainingonly the termswith the highest
degreeof resonanceThis approximations calledthe leading-poleapproximatiorandis closelyrelated
to on-shellproductionanddecayof theunstableparticles.Theaccurag of theapproximations typically
OI'/M, makingit a suitabletool for calculatingradiative corrections sincein thatcasethe errorsare
furthersuppressely powersof thecouplingconstant Sincediagramswith alower degreeof resonance
do not featurein the leading-poleapproximationjt is not an adequatepproachor describinglowest-
orderreactions.So,for lowest-ordereactionsoneneedsanalternatve approach.

The secondoptionis basedon the fundamentallydifferentphilosophyof trying to determineand
include the minimal setof Feynmandiagramsthat is necessaryor compensatinghe gaugeviolation
causeddy the self-enegy graphs. This is obviously a theoreticallyvery satisfyingsolution, but it may
causean increasein the complity of the matrix elementsand consequentha slowing dowvn of the
numericalcalculations.Two methodshave beendevelopedalongthesdines.

First of all, for the gaugebosonswe are guided by the obseration that the lowest-oder de-
cay widths are exclusively given by the imaginary parts of the fermion loopsin the one-loopself-
enegies. It is thereforenaturalto performa Dysonsummatiorof thesefermionicone-loopself-enegies
andto includethe otherpossibleone-particle-irredtible fermionic one-loopcorrectiongfermion-loop
schem@ [7,11-13]. For thelowest-oder LEP2process:™ e~ — 4f thisamountgo addingthefermionic
correctiongo thetriple gauge-bosownertex. The completesetof fermionic contritutionsforms a man-
ifestly gauge-imariantsubsetsinceit involvesthe closedsubsebf all O[ch a/7|™ contritutions (with
N denotingthe colour degenerag of fermion f). Moreover, it obeys all Ward identitiesexactly, even
with re-summedpropagatorsas shavn in Ref. [12] for two- and four-fermion production. For ary
particlereactionthis canbe deducedrom thefactthatthe Wardidentitiesof theunderlyinggaugesym-
metry which areobeyed by the fermionloops, survive sucha consistenDysonsummationjn contrast
to the Slavnov—Taylor identitiesof the BRS symmetry asshowvn in Ref. [14] in the framework of the
background-fieldormalism[15]. The limitation of the fermion-loopschemeis dueto the factthat it
doesnot apply to particleswith bosonicdecaymodesandthat on resonancene perturbatie orderis
lost. Thisin turndisqualifiest asa candidatdor handlingradiative corrections Moreover, theinclusion
of afull-fledgedsetof one-loopcorrectionsn alowest-ordeamplitudetendsto over-complicatethings
for reactiondike ete™ — 4fr.

Recentlya novel non-diagrammatitechniquéhasbeenproposedor arbitrarytree-level reactions,
involving all possibleunstableparticlesandan unspecifiecamountof stableexternalparticles[16]. By
usinggauge-inariantnon-localeffective Lagrangiansit is possibleto generatéhe self-enegy effectsin
the propagatoraswell astherequiredgauge-restorintermsin the multi-particle(3-point,4-point,etc.)
interactions.In this way thefull setof Wardidentitiescanbe solved, while keepingthe gauge-restoring
termsto a minimum.

A simplified versionof this non-diagrammatitechniques the comple&-massscheme which was
introducedin Ref.[18] for thereactionsete™ — 4f andete™ — 4f~. In this schemethe modifica-
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tions of the verticesthat are necessaryo compensatéhe width effectsof the propagatorareobtained
by analyticallycontinuingthe correspondingnassparameterf all Feynmanrulesconsistentlyleading
to compl couplings. The comple-massschemepreseresall Ward identitiesandwaorks for arbitrary
lowest-ordemredictions. As a small dravback we note, that for space-lile gauge-bosomomentathe
propagator@recomple in the comple-massscheme whereagerturbationtheoryin fact predictsthe
absencef ary imaginarycontritution to thepropagatarThisleadsto complex couplingsthroughgauge
restoratiorandit will changepotentially the CP structureof thetheoreticapredictionswheneerimag-
inary partsareredistributedbetweenvertex functions.

We mustadmitthatthe effect on the CP structurehasnot beeninvestigatedn any schemeHow-
ever, for theFermion-Loopschemenedoesnotseeary problemwith CPandfor thenon-localapproach
themodificationsof theverticeshave thefeaturethatnoimaginarypartsaregeneratedor space-lile par
ticles. Onecanalsousethe non-localapproachstartingfrom properimaginarypartsfor time-like and
unproperonesfor space-lile propagatorsand thenlook for a solution. One finds the complex mass
scheme. As suchit is confirmedby the non-localmethod,but only when one startswith an ad-hoc
ansatz.

3.2 The leading-poleapproximation

As mentionedabore, the pole schemeconsistsin decomposinghe completeamplitudeby expanding
aroundthe polesof the unstableparticles. Theresiduesn this expansionarephysicallyobserableand
thereforegauge-inariant. The pole-schemexpansioncanbe viewed asa gauge-inariantprescription
for performinganexpansiorin powersof I' /M . It shouldbenotedthatthereis no uniquedefinitionof the
residuesTheir calculationinvolvesa mappingof off-shell matrix elementswith off-shell kinematicson
on-resonanceatrix elementswith restricteckinematics.This mapping however, is notunambiguously
fixed. After all, it involves morethanjust the invariant masse®f the unstableparticlesand onethus
hasto specify the variablesthat have to be kept fixed in the mapping. The resultingimplementation
dependencenanifeststself in differencesf sub-leadingnature,e.g. OT'/M suppressedeviationsin
the leadingpole-schemeaesidue. In specialregions of phasespace wherethe matrix elementsvary
rapidly, theimplementatiordependenceantake noticeablgoroportions.This happensn particularnear
phase-spackoundarieslik e thresholds.

In orderto malke thesestatements bit moretransparentywe sketchthe pole-schemenethodfor a
singleunstableparticle.n this casethe Dysonre-summedowest-ordematrix elements givenby

oo __ W(psz) > _i(p2) ! _ W(psz)
M= = Y Z<p2M2> PR M2+ 3(p?)

(10)

W(M?w) 1 W (p?,w)  W(Mw) 1

P2 — M2 +§](p2) p2—M?2 Z(M?)|’
wheref)(pQ) is the unrenormalizedself-enegy of the unstableparticlewith momentuny andunrenof
malizedmassM . Therenormalizecquantity M2 is the polein the complex p? plane,whereasZ (M?)
denoteghewave-functionfactor:

M? - M?+S(M?*) =0, Z(M?) =1+ (M?). (11)

Thefirsttermin thelastexpressiorof Eq.(10) representthesingle-poleresiduewhichis closelyrelated
to on-shellproductionanddecayof the unstableparticle. The secondermbetweerthe squarebraclets
hasno pole and can be expandedin powversof p? — M?. The agumentw denotesthe dependence
on the othervariables,i.e. the implementationdependence After all, the unstableparticleis always
accompanietby otherparticlesin the productionanddecaystages.
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For instanceconsiderthe LEP1reactionete™ — ff. In themappingp? — M? onecaneither
keept = (p.- — ps)* = —p%(1 — cosB)/2 fixedor cos 0. In theformer mappingcos pole is Obtained
from the on-shellrelation cos fpole = 1 + 2t/M?, whereasn the latter mapping tpole = —M?*(1 —
cos0)/2. It may bethata particularmappingleadsto an unphysicalpointin the on-shellphasespace.
In the presenexampletpqe Will alwaysbe physicalwhencos 6 is keptfixedin the mapping.However,
since| cos fpole| > 1 fort < —ReM?, it is clearthatmappingswith fixed Mandelstanvariablesharbour
the potentialrisk of producingsuchunphysicaphase-spacgoints?

This can have repercussionsn the convergenceof the pole-schemeaxpansion. Thereforeit is
recommendetb useimplementationshatarefree of unphysicabn-shellphase-spacgoints.

Theissueof takinganglesnsteadof Mandelstanvariablesvasraisedin Ref.[133] (seetext after
Eq. (58) there)andin the secondreferenceof [8] (seeparagraphafter Eq. (2)). For the DPA presented
in Ref. [9], in discussingthe treatmentof the mappingof the off-shell phasespaceon the on-shell
phasespaceanglesandcompletelydecoupledoff-shell invariantmassedor the W bosonswere used.
Finally, in Ref.[10] the numericaleffectscomingfrom differentphase-spacegeatmentsvasconsidered
alsonumerically Specifically the non-factorizablecorrectionswere consideredor differentchoicesof
Mandelstanvariablesusedin the DPA.

The at presenbnly workableapproacHor evaluatingthe radiative correctiongo resonance-pair
productionprocessedike W -pair production,involvesthe so-calledeading-poleapproximationLPA).
This approximatiorrestrictsthe completepole-schemexpansionto the termwith the highestdegreeof
resonanceln the caseof W -pair productiononly the double-poleresiduesarehenceconsidered.This
is usuallyreferredto asthe DPA. Theintrinsic error associateavith this procedures oIy, /(7 M, ) %
In(...) S 0.5%, exceptfar off resonancewherethe pole-schemexpansioncannotbe viewed asan
effective expansionin powersof I'/M, and closeto phase-spacboundarieswherethe DPA cannot
be trustedto producethe dominantcontritutions. In the above error estimate the In(...) represents
leadinglogarithmsor otherpossibleenhancemerfactorsin the corrections.In thelatter situationsalso
the implementatiordependencef the double-poleresiduescanleadto enhancecerrors. Closeto the
nominal(on-shell)IW-pair threshold for instancethe intrinsic erroris effectively enhancedy afactor
M, /(\/s—2M,) = M, /AE. Inview of thisit is wiseto applythe DPA only if theenepy is several
I'y above thethreshold.

In the DPA one canidentify two typesof contritutions. Onetype comprisesall diagramsthat
arestrictly reducibleat both unstablell -bosonlines (seeFig. 1). Thesecorrectionsarethereforecalled
factorizableandcanbe attributedunambiguouslyitherto the productionof the W-bosonpair or to one
of thesubsequerdecays.Thesecondypeconsistof all diagramsn which the productionand/ordecay
sub-processearenot independenandwhich thereforedo not seemto have two overall W propagators
asfactors(seeFig. 2). We referto theseeffectsasnon-factorizablecorrections:

In the DPA the non-factorizablecorrectionsariseexclusively from the exchangeor emissionof
photonswith E, < Ty, [19]. Hard photonsaswell asmassie-particleexchangesio notleadto double-
resonantontritutions. The physicalpicturebehindall of thisis thatin the DPA the 1/ -pair processan
be viewed asconsistingof several sub-processeghe productionof the W-bosonpair, the propagation
of the W bosonsandthe subsequentlecayof the unstablel’ bosons.The productionand decayare
hardsub-processesyhich occuron arelatively shorttime interval, O1/M,,,. They arein generaldistin-
guishableasthey arewell separatetby arelatively big propagatiorintenval, O1/T',,. Consequentlythe
correspondingmplitudeshave certainfactorizationproperties.The sameholdsfor theradiatve correc-
tionsto the sub-processed he only way the variousstagescanbe interconnecteds via the radiationof
soft photonswith enegy of OI',,.

In theresonanceegion, |p% — M?| < |M?|, theunphysicabn-shellphase-spageointsoccurneartheedgeof theoff-shell
phasespacesincet < —ReM? requirescos§ ~ —1.

2|t shouldbe notedthatthe exactsplit-up betweerfactorizableandnon-factorizableradiative correctionsequiresa precise
(gauge-imariant)definition. We will comebackto this point.
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production decays

Fig. 1: Thegenericstructureof the virtual factorizablel¥ -pair contritutions. The shadeccirclesindicatethe
Breit-Wignerresonancesyhereaghe opencirclesdenotethe Greenfunctionsfor the productionanddecaysub-
processespto O« precision.

Fig. 2: Exampledor virtual (top) andreal (bottom)non-factorizablecorrectiongo 1 -pair production.Theblack
circlesdenotethe lowest-ordeiGreenfunctionsfor the productionof thevirtual W -bosonpair.

As is clearfrom theabove-given discussiorof the DPA, a specificprescriptionhasto be givenfor
the calculationof the DPA residues.Or, in otherwords,we have to fix theimplementatiorof the map-
ping of thefull off-shell phasespaceon the kinematicallyrestricted(on-resonancejne. Two stratgies
have beenadoptedn theliterature[9, 20]. Onecanoptto alwaysextractpuredouble-poleresidueq9].
This meansn particularthatafter the integrationover decaykinematicsandinvariantmasse$iasbeen
performedthe on-shellcross-sectioshouldbe recovered. Alternatively, onecandecideto excludethe
off-shell phasespacefrom the mappingandapply the residueonly to the matrix element420,37]. We
will comebackto theconceptuahndnumericaldifferencedetweerthesetwo implementatiorstrategies
in the detaileddiscussiorof the DPA programs.At this point we merelynotethatthe numericaldiffer-
encescansene asan estimateof the theoreticaluncertaintyof the DPA procedure Ref. [37] alsoused
theapproachn which thefull off-shell phasespaces maintainedandthe residueis only appliedto the
matrix elements.

In therestof this sectionwe will explainthoseaspect®f the DPA procedurghatarecommonto
bothimplementatiormethods.To this endwe focuson the lowest-orderreaction

e (q)e (q2) = WH(p) W (p2) — filk1) f1(K)) fa(k2) fa(KS), (12)
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involving only thosediagramghatcontainasfactorsthe Breit—\Wgnerpropagator$or the W+ andW —

bosonsHere f; and f; arethedecayproductsof the W+ boson,and f, and f} thoseof the W~ boson.

It shouldbe notedthata large partof theradiative correctionsn DPA to thisreactioncanbetreatedn a

way similarto thelowest-ordeicase whichis thereforea goodstartingpoint. Theamplitudefor process

(12) takestheform

A On) A ()
Dy Dy 7

M= Z Iy, 5, (M1, M2)
A1,A2

(13)

whereary dependencen thehelicitiesof theinitial- andfinal-statefermionshasbeensuppressednd

(2

Dj =M} — M2 +iM, Uy, M7= (ki +k})> (14)

The quantitiesAE\T) (My) andAE\;)(Mg) arethe off-shell W-decayamplitudedor specificspin-polari-
zation states); (for the W) and Xy (for the W), with \; = (=1,0,+1). The off-shell W-pair
productionamplitudelly, x, (M1, M>) dependn theinvariantfermion-pairmasses\/; andon the po-
larizations); of thevirtual W bosons.In thelimit M; — M,, theamplitudesT andA(*) go overinto
the on-shellproductionanddecayamplitudes.

In thecross-sectiomnhe above factorizationeadsto

Dy, (M1) Dy, (Ma)
S MP = > Py (M, M) |l)11|2 |D22|2 : (15)

fermionhelicities A1,A2,00,A%

In EqQ. (15) theproductionpartis givenby a9 x 9 densitymatrix

Piaaa) vy (M, M) = Z Iy 5, (M1, Ma) 1T, (M, My). (16)

e* helicities

Similarly thedecaypartis governedby 3 x 3 densitymatrices

Dy (M;) = > AN v (M), 17)
fermionhelicities
wherethe summationis performedover the helicitiesof thefinal-statefermions.

It is clearthatEq. (16) is closelyrelatedto the absolutesquareof the matrix elementfor stable
unpolarizedW -pair production. In that casethe cross-sectiortontainsthe trace of the above density
matrix

Tr P(MW7MW) = Z 7)[/\1>\2][)\1)\2] (]WW’]WW) = Z ‘H)q)\z (]\4W7MW)|2‘ (18)

A1,A2 all polarizations

Thedecayof anunpolarizedon-shelllW bosonis determinedy

Tr D(MW> = ZD/\i/\i(MW) = Z |A/\i(]\/[W)‘2' (19)
Ai

all polarizations

Note, however, thatalsothe off-diagonalelementof P(M,, , M., ) andD(M,,, ) arerequiredfor deter
mining Eq. (15) in thelimit M; — M, .

As anext stepit is usefulto describethe kinematicsof procesg12) in afactorizedway, i.e. using
theinvariantmasses\/; and M of thefermion pairs. The differentialcross-sectiomakestheform

dM?  dM3
2 2

1 1 _
do = o > IMPdlys = oP S IMPdlpr - dUfeg- dl g (20)
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wheredI'; indicatesghe completefour-fermionphase-spadactorands = (q; +¢2)? thecentre-of-mass
enegy squared.The phase-spactactorsfor the productionand decaysub-processesil’yr and dl“cTec,
read

1 dpy  dps
dlpy = J —p1—p2) — ——
> (2m)? @ +a=p-p) 2p10 2p20’
1 dky dE,
dlf,, = S(pr — k1 — k) —— —+
dec (2mr)2 (b1 =k =k) 50 2k,
B dky dF}
Algee = 5062 —ko —Kb) —— —2%. 21
dec (27_[_)2 (p2 2 2) 2/‘6‘20 Qkéo ( )
Whenthefactorizedform for Y | M|? is insertedoneobtains
1 -
do = o > Papangg (M, M) dTpe x Dy, x (M) dT e, x Dy, (Ma) dl gy X
AL, A2, 2]\
1 dM? 1 dM3 (22)

“ 9 D12 2r [Dof?

whichis thecommonstartingpoint for ary of the DPA implementations.

3.3 Radiative correctionsin double-poleapproximation

A full calculationof thecompleteelectraveakO(«) correctiongo et e~ — 4 f(+~) for all four-fermion
final statess beyondpresenpossibilities.While therealbremsstrahlungorrectionsnducedbyete= —
4 f~ areknown exactly [18,30,31], thereareseveretechnicalandconceptuaproblemswith the virtual
correctionsto four-fermion production. Fortunately the full accountof the O(«) correctionsis not
needecht thelevel of accurag demandedby LEP2. For 1V -pairmediatedprocesses;te™ — WW —
4f, therequiredaccurag of predictionsis of the orderof 0.5% for integratedquantities.At this level,
the correctionsto W -pair productioncanbe treatedin the DPA. In regionsof phasespacewheretwo
resonani’” bosonsdo not dominatethe cross-sectionssuchasin the W -thresholdregion or in the
single¥¥ domain,the DPA is, of course hotvalid andoneshouldresortto otherapproximationsasthe
Weizscler-Williams for singled? [91].

Sinceonly diagramswith two nearlyresonanti’’ bosonsarerelevant for the DPA, the number
of graphsis reducedconsiderablyand a generictreatmentof all four-fermion final statesis possible.
Obviously all diagramshatappearfor the pair productionandthe decayof on-shelliV bosonsarealso
relevantfor thepoleexpansionn theDPA. Sincesuchcontritutionsinvolve aproductof two independent
Breit—Wgner factorsfor the W resonancesthey are called factorizablecorrections. However, there
exist alsodoubly-resonantorrectionsan which the productionanddecaysub-processeso not proceed
independently Powver countingrevealsthat such correctionsare only doubly-resonantf the particle
thatis exchangedoy the sub-processeis a low-enegetic photon. Owing to the complicatedoff-shell
behaiour of thesecorrectionsthey arecallednon-factorizable

While the definition of the DPA is straightforvard for the virtual corrections,it is problematic
for the real corrections.The problemis dueto the momentumcarriedaway by photonradiation. The
invariantmasse®f the W bosonsin contritutionsin which the photonis emittedin the W -pair pro-
ductionsubprocessliffer from thosewherethe photonis emittedin the W-decaysub-processesThe
correspondin@reit-\WMgner resonancesverlapif the enegy of the emittedphotonis of the order of
I'w. It is notobvioushow to definethe DPA for suchphotons.ThereforetheresultsbasednaDPA for
therealcorrectionshave to betreatedwith somecaution.

Accordingto the above classificationtherearefour cateyoriesof contributionsto O(«) correc-
tionsin DPA: factorizableandnon-factorizableonesbothfor virtual andrealcorrectionsin thefollowing
the salientfeaturesof thosefour partsaredescribed.
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3.3.1 \Virtual corrections

As a first stepwe discusshow to separatehe virtual correctionsinto a sum of factorizableand non-
factorizablevirtual corrections. The diagrammaticsplit-up accordingto reducibleandirreducible W -
bosonlinesis anillustrative way of understandinghe differentnatureof the two classe®f corrections,
but sincethe double-resonardiagramsarenot gauge-inariantby themselesthe precisesplit-upneeds
to bedefinedproperly

We canmale useof thefactthatthereareeffectively two scalesn theproblem: M, andl'y,. Let
usnow considewirtual correctionscomingfrom photonswith differentenegies:

e softphotons i/, < I'y,
e semi-softphotons ., = OI'y,,

e hardphotons['y, < E, = OM,,.

Only soft and semi-softphotonscontritute to both factorizableand non-factorizablecorrections. The
latterbeingdefinedto describanteractiondbetweerdifferentstageof the off-shell processThereason
for this is that only thesephotonscaninducerelatvely long-rangeinteractionsand therebyallow the
varioussub-processesyhich areseparatedby a propagatiorintenal of O1/I'y,, to communicatevith

eachother Virtual correctionsnvolving theexchangeof hardphotonsor of massve particlescontritute
exclusively to thefactorizablecorrectionsln view of theshortrangeof theinteractiongnducedby these
particlestheir contritution to the non-factorizablecorrectionsaresuppressebly atleastOI'y, /M, .

As hardphotonscontrituteto thefactorizablecorrectionsonly, we merelyneedto defineasplit-up
for softandsemi-softphotons. It is impossibleto do thisin aconsistengauge-imariantway onthebasis
of diagramsIn Refs.[9,10] it wasshavn thatonly partof particulardiagramsshouldbeattributedto the
non-factorizablecorrectionsthe restbeingof factorizablenature.The completesetof non-factorizable
correctionsvasobtainedby collectingall termsthatcontaintheratios D; /[ D; + 2kp;], wherek denotes
the momentunof the (semi-)softphoton. The so-definechon-factorizablecorrectiongead[9]

i . d*k
Mxlfrt - ZM(?PA / m |:(\70M + jg)j+,u + (j[ﬁu + jg)j—,u + jﬁj—,u] ) (23)
which containsthegauge-inariantcurrents
Iz Iz
no_ Y4 Py
Jo =e kp1+io+—kp2+io '
" ar ) @ @
=— — L= — 24
Je ¢ kqi +io kg +io|’ Jo = e —kq1 +i0 —kgy +io (24)
for photonemissionfrom the productionstageof the processand
e LH kL D
" Py 1 — 0. 1 1
T € k:p1+z'0+Qf1kk1+io @, kk} +io | Dy + 2kpy’
I k# k/# D
ho— el P2 2 Q2 2 25
J= e[kpz Yo | @ —kks + i0 @ —kkb +io | Dy — 2kps (25)

for photonemissiorfrom thedecaystageof theprocessHere M{™ is thelowest-ordematrix element
in DPA and Q¢ standsfor the chage of fermion f in units of e. SinceEq. (23) contains(at least)
all contritutions from diagramswith irreducibleW-bosonlines, it canbe viewed asa gauge-imariant
extensionof the setof W-irreduciblediagrams. In generalone hasto calculateall of the integrals
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appearingn theabove expressionsThecompletesetof integralshasbeengivenin Ref.[24] andexplicit
expressiongor thefull setof virtual factorizablecorrectionscanbefoundin Ref.[22]. However, if one
is interestedn the sumof virtual correctionsandreal-photorradiation,thensomesimplificationsoccur
dependingn thetreatmenof the photors.

If the radiated(real) photonis treatedinclusively, then mary of the termsin Eq. (23) cancel
[19]. In this contet the differencein the signsof the io partsappearingn the currents7- and Jx
arecrucial. Thesesignsactually determinewhich interferenceermsgive rise to a non-vanishingnon-
factorizablecontritution after virtual andreal-photorncorrectionshave beenadded.As aresultof such
considerationsnly avery limited subsebf ‘final-state’interferencesurvivesfor inclusive photons:the
virtual correctionscorrespondingo Figs.2 and3 aswell astheassociatedeal-photorcorrections.

Fig. 3: TheCoulombgraph,contrituting to bothfactorizableandnon-factorizablecorrections.

Thesumof virtual andrealnon-factorizablecorrectionshasbeencalculatedRefs.[10,21,23,24]*.
It hasbeenshavn in Ref.[19] thatthis sumvanishesf theinvariantmasse®f both W bosonsareinte-
gratedover, i.e. in particularthatthe full non-factorizablecorrectionto the total cross-sectiofis zeroin
DPA.

In Refs.[10,21,24] the full non-factorizablecorrectionshave also beendiscussechumerically
They vanishon top of the doubleresonancendare of the orderof 1% in its vicinity. The shift in the
W invariant-masdgistributionsis only of the orderof a few MeV. Theseresultscanbe reproducedy
a simple approximation[25] basedon the so-calledscreenedCoulombansatz. However, it is impor
tantto notethatall thesenumericalresultson non-factorizablecorrectionsare basedon the DPA for
real correctionsand have beenaobtainedin idealizedtreatmentof phasespace hamelythe assumption
thatthe W -bosonmomentacanbe reconstructedrom the fermion momentaalone,i.e. without photon
recombinationlt is notclearhow theseresultschangen physicalsituationswith photonrecombination.

The virtual factorizablecorrectionsconsistof all hardcontributions andthe left-over part of the
semi-softones.The so-definedactorizablecorrectionshave the nice featurethatthey canbe expressed
in termsof correctiongo on-shellsub-processesgg. the productionof two on-shellW bosonsandtheir
subsequenbn-shelldecays. The correspondingnatrix elementcan be expressedn the sameway as
describechtlowest-order:

AP (1) A (M)

M}/“!lrét = Z EPYPYS (M, Mo) D, Dy

A1,A2

. (26)

3Note thatEq. (23) is UV-finite andcontains4- and5-pointintegrals. In factit wasobsered that certaincombinationsof
thesed- and5-pointintegralsareequalto a simple(Coulomb-like) 3-pointintegral plusa constant.This simple3-pointintegral
hasanartificial UV divergencewhich cancelsagainstheconstantindcanberegulatedby eitheracut-off (BBC) or by keeping
the DPA-subleading:? contritutionsin thedenominatorRACOONWW). Thefinal answerof coursedoesnotdependnthis.

“Theoriginalresultof theoldercalculation[23] doesnot agreewith thetwo morerecentresults[10,24], whicharein mutual
agreementAs known from the authorsof Ref.[23], their correctedresultsalsoagreewith theonesof Refs.[10,24].
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Heretwo of the amplitudesaretaken at lowestorder whereaghe remainingone containsall possible
one-loopcontrikutions, including the W wave-functionfactorsthat appearin Eq. (10). In this way
thewell-known on-shellradiative correctiongo the productionanddecayof pairsof W bosong26,27]
appeamsbasicbuilding blocksof thefactorizablecorrections. In thesemi-softimit thephotonicvirtual
factorizablecorrectiongo the productionstage,containedn II, cancelagainstthe correspondingeal-
photoncorrections Non-vanishingcontriutionsfrom 11 occurassoonasthe k? termsin thepropagators
cannotbe negglectedarymore. An exampleof thisis thefactorizablecorrectionfrom the Coulombgraph
Fig. 3. For theon-shell(factorizablepartof the Coulombeffect photonswith momentaky = OAFE and
|E| = 0/M,AFE areimportant[28], i.e. k? cannotbe neglectedin the propagatorof the unstable
particles.Sincewe staywell away from the W -pairthreshold AE = /s — 2M,,, > T'y,), thissituation
occursoutsidetherealmof the semi-softphotons.Thisfits nicely into the pictureof the productionstage
beinga hardsubprocesgjovernedby relatively shorttime scalesascomparedvith themuchlongertime
scalegequiredfor the non-factorizablecorrectionswhich interconnecthe differentsub-processes.

3.3.2 Real-photorradiation

In this subsectiorwe discusghe aspect®of real-photorradiationin the DPA asusedin Ref.[9]. To this
endwe considettheprocess

et (q1) e (q2) = WH(p1) W (p2) [v(k)] — f(kr)f1(kY) fa(ka) f3(k5) v (K), (27)

wherein the intermediatestatetheremay or may not be a photon. We will shav how to extractthe
gauge-imariantdouble-poleaesiduesn differentsituations.Theexactcross-sectioffior procesg27) can
bewrittenin thefollowing form

1 1
do = — 2d0 yp = —
o 28|M7‘ iy = 9

2Re (MoMi +MoM* +M+M*> + Mo+ My P+ M_|? | dl g,

(28)
wheredI'y., indicatesthe completefive-particlephase-spactactor andthe matrix elementsM,, and
M correspondo the diagramswherethe photonis attachedo the productionor decaystageof the
threeWW-pair diagramsyespectiely. This split-up canbe achieved with the help of the partial-fraction
decompositiorf29]

1 1 1 1
M e —— 29

Eachcontrikution to the cross-sectiortan be written in termsof polarizationdensitymatrices,which
originatefrom theamplitudes

A (M) AT (My)

Mo = 11, (M, Mz) Dr Dy (30)
AP (M) A (M
My = TI(Myy, My) 27 1) A7) (31)
Dy, Do
AD (M) AT (M)
M_ =TI(My, Ma,) D Dy, (32)
whereall polarizationindicesfor the W bosonsandthe photonhave beensuppressednd
Diy = D; + 2kk; + 2kkj, M, = M7 + 2kk; + 2kkj, M} = (k; + kj)*. (33)

®Note that the completedensitymatrix is requiredin this case,in contrastto the pureon-shellcalculationwhich involves
thediagonalelementsf the densitymatrix only.
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Thematrix elementd1, and A%i) describehe productionanddecayof the W bosonsaccompaniedby

theradiationof a photon.The matrix elementswithout subscripty have beenintroducedn Eq. (13).

In thecalculationof theBornmatrixelementandvirtual correctionnly two polescouldbeidenti-
fiedin theamplitudespriginatingfrom the Breit—-\Mgnerpropagatorsg / D;. Thepole-schemexpansion
wasperformedaroundthesetwo poles.In contrastthe bremsstrahlungnatrix elementhasfour in gen-
eraldifferentpoles,originatingfrom thefour Breit-Wgnerpropagatord / D; and1/D;,. As mentioned
above, the matrix elementcanbe rewritten asa sumof threematrix elementy Mg, M, M_), eachof
which only containtwo Breit—\gner propagatorsFor thesethreeindividual matrix elementghe pole-
schemeexpansionis fixed, as before,to an expansionaroundthe correspondingwo poles. However,
whencalculatingcross-sectiongseeEg. (28)] the mappingof thefive-particlephasespaceantroducesa
new type of ambiguity Theinterferencaermsin Eq. (28) involve two differentdouble-poleaxpansions
simultaneouslyOnemightthink thiswill poseaproblem,sincethereis no naturalchoicefor the phase-
spacemappingin thosecasesAs we will seelater however, only photonswith £, < I'yy < My give
noticeablecontrikutionsto theseinterferenceerms. This meansthat one canapply a soft-photon-lile
(semi-soft)approximationseebelow).

In Ref. [9] it wasamuedthatthe resultingambiguityin the phase-spacmappingwill not have
significantrepercussionsn the quality of the DPA calculation,in the sameway as stable-particlecal-
culationsare not significantly affectedby the photonmomentumin the soft-photonregime. We note,
however, thatthereis still somecontroversyonthisissue.

Let usreturnnow to thethreeearlierdefinedregimesfor the photonenegy:

e for hardphotong £, > I'y;] the Breit—-Wigner polesof the W-bosonresonancebeforeandafter
photonradiationarewell separatedh phasespace(seeMi%/ and M? definedabore). As aresult,
the interferencetermsin Eq. (28) canbe ngylected. This leadsto threedistinct regions of on-
shell contritutions, wherethe photoncan be assignedunambiguouslyto the W-pairproduction
subproces®r to one of the two decays. This assignmentis determinedby the pair of invariant
massegout of M7 andM?) thatis in the M, region. Therefore the double-poleresiduecanbe
expresse@sthesumof thethreeon-shellcontritutionswithoutincreasingheintrinsic errorof the
DPA. Notethatin thesameway it is alsopossibleo assigrnthe photonto oneof the sub-processes,
sincemisassignmergrrorsaresuppressed@ssumingor corveniencethatall final-statemomenta
canideally bemeasured.

e for semi-softphotons[E, = O(I'y )] the Breit-Wigner polesare relatively closetogetherin
phasespaceresultingin a substantiabverlap of the line shapes.The assignmenbf the photon
is now subjectto larger errors. Moreover, sincethe interferencetermsin Eq. (28) cannotbe
neglected,a properprescriptiorfor calculatingthe DPA residuedi.e. the phase-spaceapping)is
required[9, 10,24].

o for softphotong F, < I'y] the Breit-Wgner polesareon top of eachother resultingin a pole-
schemeexpansionthatis identicalto the onewithoutthe photon.

Let usfirst considerthe hard-photorregimein moredetail. Dueto thefactthatthe polesarewell
separatedn the hard-photorregime, it is clearthat the interferencetermsare suppressea@nd canbe
neglected:

1
do = % [Mol* + ML + IM_[? | dl . (34)

Note that eachof the threetermshastwo poles,originatingfrom two resonanpropagators However,
thesepolesaredifferentfor differentterms. The phase-spackactorcanbe rewritten in threeequvalent
ways. Thefirstis

dM?  dM2

dF4f7 - drg = dfgr . dF+ dFd_eC- ? o s

dec’

(35)
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with

1 dp dpy  dk
Wi = 2 “pmop2—k . 36
P (2m)2 (@1 +q2—p1—p2 ) 210 2pm0 (27)72k0 (36)
Thetwo othersare 2 2
_dMi, dM.
dlagy = drl = dlpr - dra_eﬂ({:' dl e 717 ) 271-2 ’ (37)
with . ) )
1 diy dk,  dk
dT g = 5 8(p1 — k1 — K} — & ! 38
dec (27r)2 (pl 1 1 ) %10 2/{:’10 (27T)32k0’ (38)

andasimilar expressiorfor dI'. . The phase-spackactorsdl'p, anddl'y, . arejustthelowest-ordeones.
Thecross-sectioanthenbewritten in thefollowing equivalentform

1
do = o || Mo|*dT'§ + | M [* dT] + |M_[*dl'L . (39)

In orderto extract gauge-imariant quantities,the DPA limit shouldbe taken. This amountsto taking
the limit piQ — MVQV, usinga particularprescriptionfor mappingthe full off-shell phasespaceon the
kinematicallyrestrictedon-resonancene. Note however thatp; » canbe differentaccordingto the ¢-
functionsin the decaypartsof the different phase-spacéactors. To be specific,the productionterm
|Mo|? haspolesatp? = M? = haspolesatp; = M7, = M2 andp3 = M5 = M_ , and
|M_|? haspolesatp? = M2 M2 andp2 Ms, = M.

We completeour suney of the dlfferentphoton endgyy regimesby consideringsemi-softand
soft photons. The split-up of factorizableand non-factorizablereal-photoncorrectionsproceedsn the
sameway asdescribedn the previous subsectiorfor virtual corrections.Theresultreadsin semi-soft
approximation

1 dk . . .
do = o M., |2dU g, = — dagmm 2Re (ISLI+7M+I(‘]‘I_7#+IiI_,M) +| T3+ T3 +172] ] -
(40)
Thegauge-inariantcurrentsZ, andZ. aregivenby
o e|B P4 @
kpr  kp2 kg kgo
H k# k/# D1
T _e| PL _
+ c [kp1 +Qngy Kk ~Qpie kK, | Dy + 2kp;’
kb kL D
" = 1 2 |2 41
- e +Qni ~ QR | Dy + 2k (41)

Thefirst threeinterferenceermsin Eq. (40) correspondo therealnon-factorizablecorrections.Thelast
threesquaredermsin Eq. (40) belongto the factorizablereal-photoncorrections. They constitutethe
semi-softlimit of Eq. (39).

3.4 A hybrid scheme-virtual correctionsin DPA and real correctionsfrom full
matrix elements

The reliability of the error estimateof (a/m) x (T'w/M,,) x In(---) < 0.5% for the accuray of the
DPA can,of course,only be controlledby a comparisorto calculationsthat are basedon the full ma-
trix elements.While for the virtual correctionssuchresultsdo not exist yet, the situationfor the real
correctionsis much better sincefull matrix-elementalculationsfor the processes*e™ — 4fv are
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available[18,30,31]. The latter resultsseemto be of particularimportance becausehe above error
estimateor real correctionsn DPA is subjectof somecontrorersy

Althoughit deseressomecare,it is possibleto combinethevirtual Oa correctionan DPA with
real correctionsfrom the full ete~ — 4f~ lowest-ordermatrix elements. The non-triial point in
this combinationlies in the relationsof IR and masssingularitiesin virtual andreal corrections. The
singularitieshave theform of a universalradiatorfunction multiplied or corvolutedwith the respectie
lowest-ordematrix elementM,, of the non-radiatre processSince M appearsn DPA for thevirtual
correction(/\/l(?PA), but asfull matrix elementfor therealones,a simplesummatiorof virtual andreal
correctionsvould leadto a mismatchin the singularitystructureandeventuallyto totally wrongresults.
A solutionof this problemis to extractthosesingularpartsfrom therealphotoncontrikution thatexactly
matchthesingularpartsof thevirtual photoncontritution, thento replacethefull |M,|? by |[MBPTA|? in
thesetermsandfinally to addthis modifiedpartto the virtual corrections.This modificationis allowed
in therangeof validity of the DPA andleadsto a propermatchingof all IR andmasssingularities.The
describedapproactfor sucha hybrid DPA schemas followedin theRacoonWW program[20,22]. More
detailsof this approacttanalsobefoundin Section4.1.

A particularadvantageof this methodis dueto thefactthattheleadingISR logarithms which are
partof the extractedsingularitiesof thereal correctionscanbe easilykeptwith thefull matrix element
M, (see[22] for details).In this way, thelogarithmicenhancemerfactorln(. . .) doesnotinvolve large
contritutionsfrom the electronmassj.e. correctiondike In(m?/s). In the hybrid schemealsothe non-
factorizablecorrectionshave to be treatedcarefully If the full matrix elementdor photonradiationis
employed, onecannotexploit ary cancellationdetweerrealandvirtual non-factorizablecorrectionsas
it is donein thecalculationsof [10,21,23,24]. Insteadponeneedshefull setof non-factorizablevirtual
correctionswhich includesalsophotonscouplingto theinitial state. Suchresultscanbe derved from
Eq. (23) andRef.[24], andareexplicitly givenin Ref.[22].

3.5 Intrinsic ambiguities and reliability of the double-poleapproximation

Thetheoreticalaccurag of theoreticapredictionss indeedat the coreof theworkshop.For thisreason
it hasalreadybeendiscussedxtensvely in a purely theoreticalcontet. Although only the numerical
comparisongantell uswherethe presentheoreticaluncertaintyreally standsit is not superfluoughat
therelevantfactsaresummarizedn oneplace.

An improved assessmentf the theoreticaluncertaintycan be obtainedby varying predictions
within theintrinsic freedomof thefollowed approactior the DPA. For instanceary kind of DPA males
useof anon-shellprojectionof the off-shell four-fermion phasespaceto the phasespacewith on-shell
W bosonsThedifferencebetweerdifferenton-shellprojectionss partof thetheoreticaluncertaintyof
the DPA approachandshouldbe consideredn predictiongseeSectiond.2for anumericaldiscussion).

It is afactof life thatquestionsof principle are sometimef scarcepracticalrelevance. CC03
containsgauge-inariance-be&king termsbut whatis their numericalimpactat LEP2 enegies? It is
quite a known factthat, whencomputedn the 't Hooft-Feynmangauge they areunimportant.At least
they arefor the WV total cross-sectior- the signal— andwe canverify this statemenby comparing
the gauge-depender@@C03 with the full gauge-imariant cross-sectior{CC11 for instance)including
backgroundliagrams.Thereis a generalgreementgatingfrom the’95 workshopthatthe differenceis
lessthan0.2% atLEP2enegies.

It is bizarrethat one canrenderthe Born CC03 diagramsgauge-irariant at the prize of large
numericalvariations;it is enoughto projectthe kinematicsin the matrix elementsonto the on-shell
phasespace while keepingthe off-shellnessn the Breit-Wigner propagators.However, this changes
the cross-sectiorby several per cent! Therefore the useof DPA at Born level (CC03)is numerically
not recommendableOncemore, for lowest-ordemreactionsone needsan alternatve approachandfor
predictionghathave a DPA Bornanda DPA O« andnothingelsethe expectedaccurag is nomorethan
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I'vw /My, =~ 2.5%. ThedifferencebetweerBorn CC03andBorn DPA shouldnotenterin the discussion
of thetheoreticaluncertainty

At theBornlevel onecanacceptanon-gauge-wariantCCO03cross-sectiofatleastin the’t Hooft—
Feynmangauge)as a reasonableuantity at LEP2 enegies. For higherenegies one shouldbe more
careful.

Thesamephenomenowill occurwhenwe includeradiatve correctionsandwe wouldlike to add
somecommentonthe DPA procedurein particularon the choiceof projectingthe kinematics.

For highenoughenegies,ary process e~ — V'V will beadominantsourceof four-fermionfi-
nal statedueto thedoubleresonanenhancemerandhenceCCO3(NCO2)will beagoodapproximation
to the total cross-sectioffior four-fermion productionin a situationwherewe exclude certainregionsof
thephasespaceg.g.,a smallscatteringangleof the outgoingelectronin singled¥” production.

Thus,for example,to calculatethe cross-sectior™ e~ — V'V oneproceedsasdescribecabore;
onecalculateghe matrix elementfor et e~ — V'V — 4f andextractsthe partresonantn theinvariant
masse®f thepairs,k? , k2 . Thegeneraimatrix elementakestheform

Mok ko, )= MGk k) A (0 kLR (42)

wherethe M; containthe spinorandLorentztensorstructureof the matrix element.e.g.they have the
externalfermionicwave-functionsattached.The A; areLorentzscalarghatdependon theinvariantsof
the problemandbecomenon-trivial anddifficult to computewhenhigherordercorrectionsareincluded.
Oneway of looking at the DPA-procedureis to saythatthe resonanpartis extractedfrom the A;, by
Laurentexpansion. The external particlewave functions,andhencethe );, shouldnot be affectedby
the processhencethe kinematicsof the problemshouldbe left unchangedecausehe final stateinte-
grationsinvolve only thefermions,stableon-shellparticles. The gaugenatureof thetheoryis intimately
connectedvith the A; notwith kinematics.

Wheneer we have processesvith external, unstable vectorbosons like in WW — WW or
Z7Z — ZZ, the Higgs resonancewill appearin the s-channeland by shifting e.g. a factor s from
the M; to the A; one getsfactorss/M? which violate unitarity at high enegies [32]. This canbe
avoidedby makingthe splitting betweerthe A; and M; with somecare.Here,for ete™ — WW, Z 7,
the correspondindgactorsdo not directly violate unitarity Neverthelesspne could expectthat Ward
identitiesareviolatedby the splitting by termsof theorderk? /M? — 1, i.e. nondouble-resonarterms
negligible in the DPA approach.If, on the otherhand,oneincludesthe M; in the DPA, ascommonly
done,onehason-shellmatrix elementsandthe WI arefulfilled, atthe price of expandingkinematics.

We do not necessarilyexpectan improvementof the accurag whentaking the M; exactly, but
comparingresultswith DPA appliedto M; or not could give an additionalestimateon the theoretical
uncertainty of the orderof a/7 (CC03Born/CC03DPA — 1). We expectthat, well abore threshold,
thiswill notexceedthe quoted).5% DPA precisionwhich involveslogarithmicenhancemerfactors.

Anotherquestionablgoint in DPA is connectedo the fact that a particularmappingmay lead
to an unphysicalpoint in the on-shellphase-spacéc.f. Section3.2). Evenif we do not expandthe
kinematicsin the M; thereareLandausingularitiesin the A; at the edgeof the off-shell phasespace If
oneperformsa DPA projectionin the A;, theseLandausingularitiesmove into theon-shellphasespace,
althoughonly atadistance(k? — M?)/M? from theboundary{10]. This mighthapperwhenthe A; are
parametrizedn termsof invariants.If ontheotherhand,oneparametrizethe A4; in termsof anglesand
enepgies,this canbemoreeasilyavoided.

Notethattheformulationof a DPA wheretheon-shellprojectionis notappliedto the M; hasbeen
implementedheformulationof the LPA of Ref.[37] (egs.(1)and(2)).
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3.6 Remarkson DPA correctionsto distrib utions inclusive w.r.t. photons

The DPA correctionsto distributions that are inclusive w.r.t. photonsdependin a very sensitve way
on how the four-particle phasespaceis parametrizedor, in otherwords, on the way the distributions
are definedafter the photonhasbeenintegratedout. This statemensoundsobvious, but nevertheless
deseressomespecialattention.

In particularthe invariant-masdglistributions (W line shapeshareaffected. In reactionswith two
resonancethe invariantmasse$ave to be definedfrom the decayproducts.Dependingon the precise
definition of the invariant massedglifferentsourcesof large Breit—Wgner distortionscan be identified
[20,33,35], in contrastto the situationat LEP1 whereonly initial-stateradiation(ISR) cancausesuch
distortions.

In Ref. [33] it hasbeenshavn thatalsofinal-stateradiation(FSR)caninducedistortions.This is
ageneralpropertyof resonance-paneactionsjrrespectie of the adoptedschemdor implementingthe
finite-width effects. The only decisie factorfor the distortionto take placeis whetherthe virtuality of
theunstableparticleis definedwith (s{,) or without (sy-) theradiatedphoton(seeFig. 4).

Fig. 4: Photonradiationfrom anunstableparticleV. Virtualities: sy = p* andsi, = (p + k).

Uponintegrationoverthephotonmomentumtheformerdefinition(cf va definedn Section3.3.2)
is free of large FSReffectsfrom the V' -decaysystem It canonly receve large correctiondrom the other
(productionor decay stagesf the process Thelatterdefinition (cf M7 definedin Section3.3.2),how-
ever, doesgive riseto large FSR effectsfrom the V-decaysystem In contrastto the LEP1 case where
the ISR-correctedine shapereceves contritutions from effectively lower Z-bosonvirtualities, the sy
line shaperecevescontritutionsfrom effectively highervirtualities sy, of the unstableparticle. As was
arguedabove, only suficiently hardphotons( £, >> I'y/) canbe properlyassignedo oneof the on-shell
productionor decaystagesof the processn the DPA. For semi-softphotong[ E, = O(T'v)], however,
theassignmenis not soclearcut andwill be determinedy the experimentakevent-selectiorprocedure.

Eventselectiorprocedureshatinvolve aninvariant-masslefinitionin termsof thedecayproducts
without the photongive riseto large FSR-inducedlistortioneffects[33]. Thesearecausedy semi-soft
photons,sincehard FSR photonsmove the virtuality s{, of the unstableparticle far off resonancéor
nearresonance,  values,resultingin a suppressedontritution to the sy, line shape.This picturefits
in nicely with the nggligible overlap of the threeon-shelldouble-polecontritutions for hard photons,
discusseabore. Thereasorwhy the FSRdistortionscanbe ratherlarge lies in the fact thatthe final-
statecollinearsingularitiegoc ¢ Q% In(m7 /M) In(I'y /My )] donotvanish evennotfor fully inclusive
photons.After all, afixed valueof s;y makesit impossibleto sumover all degeneratdinal statesby a
mereintegration over the photonmomentum.Sothe KLN theoremdoesnot applyin this case.These
FSRdistortioneffectsresultin shiftsin the measuremenif the W -bosonmassof the orderof 40MeV,
ashasbeenqualitatively confirmedin Ref. [35].

This situationchangedor event-selectiorproceduresn which not all photonscanbe separated
from the chagedfermions. If photonrecombinatiorhasto betakeninto account;.e. if photonswithin
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a finite conearoundthe chaged fermionshave to be combinedwith the correspondingermioninto a
single particle,the mentionedmasssingularitiesconnectedo final-statefermionsdisappear The KLN
theoremappliesandthelarge fermion-massogarithmsareeffectively replacedoy logarithmsdepending
on the conesize[33]. In Ref.[35] this expectationhasbeenconfirmednumerically shaving thatthe
large negative shiftsin the peakpositionof the W invariant-masglistribution obtainedwithout photon
recombinatiorarereduced.In Ref.[20] it hasbeenshavn thatthe effect of photonrecombinatiorcan
evenovercompensatdemomentunmiossfrom FSRif therecombinations veryinclusive. Thisis dueto
therecombinatiorof photonsthatareradiatedoff theinitial stateor off particlesbelongingto the other
decayinglV boson.Theresultingpositive peakshiftscanamountto seseral 10 MeV . Explicit numerical
resultson W invariant-masslistributionscanalsobefoundin Section4.1.

Finally we mentiona specialproperty of the non-factorizablecorrections. When considering
pureangulardistributionswith aninclusive treatmenbf the photonsoneshouldintegrateover the pho-
ton phasespaceand the invariant massesM?. After integrating out both invariant masseghe non-
factorizablecorrectionswill vanish,which is a typical featureof the non-factorizableinterferenceef-
fects[19].

3.7 Double-poleapproximationsin practice

For LEP2 enegies threedifferentgroup§ have formulatedversionsof a DPA for efe” — WW —

4f(+v). While Beenakler, Berendsand Chapasky [9], called BBC in the following, formulateda

semi-analytidPA, theothertwo groupsimplemented/ariantsof the DPA in theeventgenerator§ FSWw

[37,38] andRacoonWW [20,22]. The basicfeaturesof thesedifferentimplementationsresummarized
in thefollowing.

3.7.1 TheYFSwW appoac

YFSWW: Oa correctiontoe™e~ — WTW ™ in LPA, usingtheresultsof Ref.[52], leading-logcorrections
to leptoniclV decaysvia PHOTOS (up to two radiative photonswith finite p; accordingo theexactO(«)
soft limit), W decaysnormalizedto branchingratios, quark hadronizatiorwith JETSET andr decays
with TAUOLA (including radiative corrections),YFS exponentiationfor ISR and photonemissionfrom
W -bosons pff-shell Coulombsingularity no full non-factorizablecorrections- only anapproximation
in termsof the screenedCoulombansatzof Ref. [25], approximately’ spin correlations(incomplete
correlationbeyond Born) — they aremissingonly in anon-IRnon-LL partof EW virtual corrections.

3.7.2 TheBBC appmoadc

BBC: semi-analyticatalculationof completeO(«) correctionsn DPA (with bothfactorizableandnon-
factorizablecorrectionsand W spin correlations),no background. Sincethe DPA is only valid well
above thresholdtheon-shellpartof the Coulombsingularityis automaticallyincludedaspartof thefac-
torizablecorrectionsandthe off-shell partis containedn the non-factorizablecorrectionsasdiscussed
in Ref.[24].

3.7.3 TheRacoonWW appmoad

RacoonWW treatsthe virtual O(a) correctiongto ete™ — WW — 4f in DPA. No further approxima-
tions beyond the pole expansionof the matrix elementare made,i.e. non-factorizablecorrectionsare
included,and W -spin correlationsarerespected The Coulombsingularityis part of the virtual correc-
tions, andthe correspondingpartthat goesbeyond DPA hasbeenaddedasdiscussedn Ref.[10]. The
realO(«) correctionsaarebasednthefull 4f+~ matrixelemeniof theCC1l1class)sothatthefull kine-
maticsis supportechlsofor photonradiation. All matrix elementsarebasedon masslessermions,and

8AnotherDPA hasbeendiscussedn Ref.[36] for linearcollider enegies.
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fermionmassesreintroducedonly for collinearphotonemissiorthatis inclusive within a (small)finite

conefor eachfermion. Thus,a photoncollinearto an outgoingfermion hasto be recombinedwith the

correspondindermion,andaphotoncloseto thebeamshasto be consideredsinvisible. Initial-statera-

diationbeyond O(«) is treatedn the structure-functiorapproachincluding soft-photonexponentiation
andleading-logcontritutionsupto Oa?.

3.8 The fermion-loop and non-local approaches

As was mentionedabove, the alternatve to subtracting sub-leadinggauge-violatingtermsis to add
gauge-restoringermsto the calculation.In orderto do this, onehasto addto theamplitudethoseterms
thatareneededor satisfyingthe Ward identities. This is not easyto do in general. The following ob-
senation helps.Thevery factthatthe perturbatre amplitudesequirere-summatiorof the self-enegies
indicatesthat eitherthe perturbatre expansionparametefcoupling constant)s not the properone,or
alternatvely thatthe quantitythatis expandedi.e. the lowest-ordeilagrangiamof the StandardVodel)
is notthebestchoice.This obserationleadsoneto consideffirst theone-loopcorrectedeffective poten-
tial of the Standardviodel beforedoing Born calculationsjn orderto avoid Dysonre-summatiorof the
self-enegies.

For thediscussiorof thefermion-loopandnon-localapproachet is thereforeworthwhileto first
have a closerlook at the origin of the gauge-imarianceproblemassociatedvith the re-summatiorof
self-enegies. To this endwe considerthe simple exampleof an unbrolen non-abelianSU (V) gauge
theorywith fermionsandsubsequentlintegrateout thesefermions[16].

Firstwe fix the notationsandintroducesomecorventions. The SU (V) generatorsn the funda-
mentalrepresentatiorre denotedby T with a = 1,---, N2 —1. They arenormalizedaccordingto

Tr (TT?) = 6°° /2 andobey thecommutatiorrelation [T”’, Tb} = i fo¢ T, In theadjointrepresentation

the generator&® aregivenby (F?)’¢ = —i fab¢, The Lagrangiarof the unbrolen SU(N) gaugetheory
with fermionscanbewritten as

L) =~ 5 T [Fyu (@) PP (@)] +5(2) (0~ m) (), (43)

with

F, = TanV = —[Dy, D, D, =0, —1g TaAZ =0, —igA,. (44)

=
g
Herey is afermionic N-pletin thefundamentatepresentationf SU(N) and Aj arethe (N2 —1) non-
abelianSU (N) gaugefields, which form a multipletin the adjointrepresentationThe Lagrangian(43)
is invariantunderthe SU (') gaugetransformations

b(2) > ¥'(2) = G(a) ¥(a),
Ayla) = (@) = (@) A,(x) 671 (2) + - 6(x) 0,671 (w)]. (45)

with the SU () groupelementdefinedasG(z) = explig T*0%(z)]. The covariantderivative D, and
field strengthF’,,,, bothtransformin the adjointrepresentation

D, — G(z) D, G (z), F,.(v) — G(z) F,,(z) G !(z). (46)

Sincethe Lagrangianis quadraticin the fermionfields, onecanintegratethemout exactly in the func-
tional integral. Theresultingeffective actionis thengiven by

i Sef[J] = i/d4x {—%Tr {F#V(l‘) F(z)| + J;(z) Aa’“(x)} + Tr {ln(—lD —im)|, (47)
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with Jjj(z) denotingthe gauge-fieldsources.Thetraceon theright-handsidehasto betakenin group,
spinor andcoordinatespace As a next steponecanexpandthe effective actionin termsof the coupling
constant

Tr 1n(—4p—¢m)} = Tr {ln(—@—im)}%—Tr [hl(umgm,ga)}

- Tr{ln(@im)}+i$ﬂ[<i@g_mzﬂ>n]. (48)

n=1

Notethattheleft-handsideof Eq.(48)is gauge-inariantasaresultof thetrace-logoperation.In contrast,
the separatéermsof the expansionon theright-handsidearenot gauge-imariant. Thisis dueto thefact
that,unlike in the abeliancase the non-abeliargaugetransformation(45) mixesdifferentpowersof the
gaugefield A, in Eq. (48). Thus,if onetruncateghe serieson the right-handside of Eq. (48) onewill
in generalbreakgaugeinvariance.From Eq. (48) it is alsoclearthatthe fermionic part of the effective
actioninduceshigherorderinteractionsbetweerthe gaugebosons.

Whatarethesehigherorderinteractions?.et us considerthe quadratiogauge-fielccontritution

_ %Tr [(Za g_ - A) 2] = —% /d4x d*y Tr {O(x,y)O(y,w)], (49)

where
O(z,y) = ¢S (x — y) Aly) (50)

ands Séo) (x —y) =<0|T(W(x)Y(y)) | 0 >fee is thefreefermion propagatar The traceon theright-

handsideof Eq. (49) hasto betakenin groupandspinorspace A quick glanceat this quadraticgauge-
field contritution revealsthatit is justtheone-loopself-enegy of the gaugebosoninducedby afermion

loop. In thesameway, thehigherorderterms~ g™ A™ in Eq.(48) arejustthefermion-loopcontritutions
to then-pointgauge-bosonertices.

Onecantruncateheexpansionn Eq.(48)atn = 2, thustakinginto accounbnly thegauge-boson
self-enegy termandngglectingthefermion-loopcontrikutionsto the higherpoint gauge-bosomertices.
Thisis evidentlythesimplestprocedurdor performingthe Dysonre-summatiorof thefermion-loopself-
enegies. However, aswaspointedout above, truncationof Eq. (48) at ary finite orderin g in general
breaksgaugeinvariance.This leadsto theimportantobsenration that, althoughthe re-summedermion-
loop self-enegies are gauge-independdnby themselvesthe re-summations neverthelesgesponsible
for gauge-breakingeffectsin the higherpoint gauge-bosorinteractionsthroughits inherentmixed-oder
nature. Anotherway of understandinghis is provided by the gauge-bosonVard identities. Sincethe
once-contractea-point gauge-bosowertex canbe expressedn termsof (n — 1)-point vertices,it is
clearthat gaugeinvarianceis violatedif the self-enegies arere-summedvithout addingthe necessary
compensatingermsto the higherpoint vertices.

An alternatve is to keepall the termsin Eqg. (48). Thenthe matrix elementsderived from the
effective actionwill be gauge-imariant. Keepingall the termsmeansthat we will have to take into
accountnot only the fermion-loopself-enegy in the propagatqrbut alsoall the possiblefermion-loop
contritutionsto the higherpoint gauge-bosonertices. This is exactly the prescriptionof the fermion-
loop schemgFLS) [7,11-13]. Althoughthe FLS guaranteegaugeinvarianceof the matrix elements,
it hasdisadantagesaswell. Its generalapplicabilityis limited to thosesituationswherenon-fermionic
particlescaneffectively be discardedn the self-enegies, asis for instancethe casefor I'y;, andT", at
lowestorder Anotherdisadwantageis thatin the FLS oneis forcedto do the loop calculations,even
whencalculatinglowest-ordemuantities. For example,the calculationof the tree-level matrix element
for the processe*e~ — 4fy involvesa four-point gauge-bosoimteraction,which hasto be corrected
by fermionloopsin the FLS. This over-complicatesan otherwiselowest-ordercalculation.
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It is clearthatthe FLS provides more than we actually need. It doesnot only provide gauge
invariancefor the Dysonre-summedanatrix elementstagivenorderin thecouplingconstantput it also
takesinto accountall fermion-loopcorrectionsat that given order In the vicinity of unstableparticle
resonancethe imaginarypartsof the fermion-loopself-enegies are effectively enhancedy O(1/4?)
with respecto the otherfermion-loopcorrections.Therefore whatis really neededs only a minimal
subsebf thenon-enhancedontritutionssuchthatgaugenvarianceis restoredln asenseneis looking
for a minimal solutionof a systemof Wardidentities. The FLS providesa solution, but this solutionis
farfrom minimal andis only practicalfor particlesthatdecayexclusively into fermions.Sincethe decay
of unstableparticlesis a physicalphenomenonit seemdlikely that there exists a simpler and more
naturalmethodfor constructinga solutionto a systemof Wardidentities,withoutanexplicit referenceo
fermions.Thisis preciselythe philosophybehindthe non-localapproach16]. Thisapproactconsistsn
usinggauge-inariantnon-localeffective Lagrangiandor generatingooth the self-enegy effectsin the
propagator@&ndtherequiredgauge-restoringermsin the higherpoint interactions.In this way thefull
setof Wardidentitiescanbe solved, while keepingthe gauge-restoringermsto a minimum.

3.8.1 Thefermion-loopscheme

The Fermion-Loopschemedevelopedin Ref. [7] andrefinedin Ref.[12] makesthe approximationof
neglecting all massedor the incoming and outgoingfermionsin the processeg™e~ — nfermions.
It is possible however, to go beyond this approximation[39, 112] and give the constructionof an ex-
act Fermion-Loopscheme(EFL) [39], i.e., a schemefor incorporatingthe finite-width effectsin the
theoreticapredictiondor tree-lerel, LEP2andbeyond, processes.

One canwork in the 't Hooft-Feynmangaugeand createall relevant building blocks, namely
the vectorvector [97], vectorscalarand scalarscalar[39] transitionsof the theory all of them one-
loop re-summed.The loops, enteringthe scheme containfermionsand, as donebeforein Ref. [12],
one allows for a non-zerotop quark massinside loops. Thereis a very simple relation betweenre-
summedransitionsandrunningparameterssinceDysonre-summatioris mosteasilyexpressedn terms
of runningcouplingsandrunningmixing angles.

In the EFL generalizationit is particularlycorvenientto introduceadditionalrunningquantities.
They aretherunningmassesf thevectorbosons M2 (p?) = M?(p?)/c?(p?), formally connectedo the
locationof the W and Z complex poles. After introducingtheserunningmassesit is straightforvard
to prove that all S-matrix elementsof the theory assumea very simple structure. Coupling constants,
mixing anglesand massesare promotedto running quantitiesand the S-matrix elementsretain their
Born-like structurewith runningparametergsteadof bareones,andvectorscalaror scalarscalartran-
sitionsdisappeaif we employ unitary-gauge—li& vectorbosonpropagatorsvherethe massesippearing
in thedenominatonf propagatorgaretherunningones.If theW — W and¢ — ¢ transitionsaredenoted
by Si” andby S, with,

2

S’ = 1ng SV, DW= T 0 4 Sy pfps
Sy = i2¢ (51)
1672 %

then,the W-bosonrunningmasss definedby thefollowing equation(notethe metric):

I Wl 52)
M2(p2) M2 p2 _ S¢ ’
The whole amplitudecanbe written in termsof a W-bosonexchangediagram,if we male useof the
following effective propagator:

1 ptp”
AP — | §M .
of ~ 50 10 T IRGD)

(53)
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For the verticeswe needthatall vectorbosonlinesbe off mass-shelandnon-consered and,morewer,
aWardidentity hasto be computedandnot only the correspondingmplitude.Therefore the numberof
termsincreasegonsiderablywith respecto the standardormulationof the FL-schemeandwe referto
Ref.[39] for all details.

Therenormalizatiorof ultraviolet divegencesanbeeasilyextendedo the EFL-schemday shaw-
ing thatall ultraviolet divergentpartsof theone-loopvertices,yW W, W ¢, v¢W and~yeo¢ for instance,
areproportionalto the lowestorderpart. Therefore the only combinationghatappearare of the form
1/g% + VVV vertex or M? /g* + V'V ¢ vertex etc. All of themare,by constructionpltraviolet finite.

Equippedwith this generalizatiorof the Fermion-Loopschemepne canprove the fully-massve
U (1) Wardidentity which is requiredfor a correcttreatmenbf thesingledV processesAs a by-product
of themethodthecross-sectioffor singledV productionautomaticallyevaluatesall channelsattheright
scale,without having to usead hocre-scalingsandavoiding the approximatiorof a uniquescalefor all
termscontrikuting to the cross-section.

The generalizatiorof the Fermion-Loopschemegoesbeyond its, most obvious, applicationto
singledV processesand allows for a gaugeinvariant treatmentof all ete~ — nfermion processes
with a correctevaluationof the relevant scales. Therefore the EFL-schemecanbe appliedto several
otherprocessetike ete™ — Z~* and,in generalto ete~ — 6 fermion processesyith the inclusion
of a stable,external, top quark, but it doesnot apply to reactionsinvolving the physicalHiggs boson.
Furthermoretheschemenisseghosecorrectiongo thetotaldecaywidth in thepropagatodenominators
thatareinducedby two-loop contrikutions.

3.8.2 Thenon-localappmoadc

Themainideaof the non-localapproactis to rearrangehe serieson the right-handside of Eg. (48) in
sucha way that eachterm becomegyauge-inariantby itself. Subsequentruncationof the seriesat a
giventermis thenallowed. It is possibleto approximateEq. (48) by meansof aneffective Lagrangiann
suchaway thattheresultingeffective actionhasthefollowing properties:

e it generateshe Dysonre-summedransersegauge-bosorself-enegy in the propagatar This
meanghatit contritutesto the gauge-bosotwo-pointfunction. Hence,the effective lagrangian
shoulddependatleaston two gauge-bosofields.

e the Dysonre-summedself-enegy is in generalnot a constant,but rathera function dependent
on theinteractionbetweerthe gauge-bosonandthe fermions. This meanghatthe effective La-
grangiarshouldin generabenon-local(bi-local) in thegaugsdfields. Thusthe gaugefieldsshould
betakenattwo differentspace—timgoints.

e it is gauge-imariant. As suchthe effective Lagrangiarshouldhave theform of aninfinite tower of
gaugefields.

For the gaugingprocedureof the non-localLagrangiansve will needa specialingredient,the path-
ordered exponential which is definedas

Yy
U(z,y) :UT(y,x) = Pexp [ig/A“(w) dw“] (54)

T
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Heredw* is the elementof integrationalongsomepath()(z, y) thatconnectghe pointsz andy.” The
so-definegath-ordere@xponentiatransformsas

U(z,y) — G(z) U(z,y) G (y) (55)

underthe SU (N) gaugetransformationslt hencecarriesthe gaugetransformatiorfrom onespace-time
pointto the other

For a SU(N) Yang-Millstheorythe non-localactionwith the above-describegropertiestakes
theform

1
Sw=—3 / d*z d'y S (@ — ) T Uy, @) Fu(2) Uz, y) F*(y)| = / d'zd'y Lu(z,y),
(56)
with Ly (z,y) the non-localeffective Lagrangian. As required,the action containsbilinear gauge-
bosoninteractions.Theinducedinfinite tower of higherpoint gauge-bosointeractionswhich arealso
of progressiely higherorderin the couplingconstanty, is neededor restoringgaugeinvariance.

It is importantto stressat this point thatthis termin the effective actionshouldnot be understood
as a new fundamentalinteraction. It is generatedby radiatve corrections. From the point of view
of generalpropertiesof non-localLagrangiansthe non-localcoeficient Xy (xz — y) is arbitrary In
practice however, it is fixedby theexplicit interactionbetweerthegauge-bosonandthefermionsin the
underlyingfundamentatheory In our simpleexamplethis connectioris givenby Eq. (48).

Let us now derive the two-point function as an example of the Feynman rules generatedoy
Eq. (56):

ai, U1 a2, 2 i 52(S S
ANNANNGNANANAN DRI (g o) = Zal (S + aI;IL) , (57)
q — -« G2 0 Au: (w1) 0 A} (2) _

wherethelocal actionS, follows from the gauge-bosotermin Eq. (43). The Fouriertransformof this
two-pointfunction canbe calculatedn a straightforvard way, sincethe path-orderedxponentialsare
effectively unity. Theresultreads

i M2 () gy) = G 5102 (q’l”qT — qu“”) [1 + ENL(Q%)} 27) 6™ (g1 + q2). (58)

Notethatthis two-pointinteractionis trans\erse,asit shouldbe for anunbrolentheory The non-local
coeficient actsasa (dimensionlessgorrectionto the trans\ersefree gauge-bosompropagatgrexactly
what is neededfor the Dyson re-summatiorof the gauge-bosorself-enegies. The infinite tower of
gauge-restoringigherpoint gauge-bosointeractionsareprovided by the gauge-bosofieldspresenin
both F',,, andthe path-ordere@xponentialoccurringin Eg. (56). For explicit Feynmanruleswe referto
Ref.[16].

Althoughthe abore-describedhon-localprocedurgrovidesa gauge-inariantframewvork for per
formingtheDysonre-summatiorf thegauge-bosogelf-enegies,we wantto stresghatit is notunique.
We have seenabore thatthe FLS providesa differentsolutionof the systemof gauge-bosoiVardiden-
tities. In the context of non-localeffective Lagrangianst is alwayspossibleto addadditionaltowersof
gauge-bosomteractionghatstartwith three-poininteractionsandthereforedo notinfluencethe Dyson
re-summatiorof the gauge-bosoself-enegies.

’In principlewe arefreeto choosethis particularpath. This freedomis just oneout of themary freedomshatcharacterize
the treatmentof unstableparticles(asmentionedearlier). It just reflectsthe factthatin a perturbatve expansiononeis free
to pick up additionalhigherordercontributions, sincethe answerat ary given (truncated)orderwill not be changedy such
additionalterms.
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In thelight of thediscussiompresentetdh Section3.8,werearrangéheserieontheright-handside
of Eqg. (48) accordingto gauge-imarianttowers of gauge-bosointeractionslabelledby the minimum
numberof gaugebosonsthat areinvolved in the non-localinteraction. Effectively this constitutesan
expansionin powers of the coupling constantg, sincea higher minimum numberof particlesin the
interactions equivalentto ahigherminimumorderin g. In orderto achieze minimality we havetruncated
this seriesat thelowesteffective order This shouldnotbeviewedassomead hocrecipe,but ratherasa
systematiexpansionof the effective potential.

Up to now we have seerhow the non-localeffective Lagrangiammethodworksfor unstablegauge
bosondn asimple SU(N) gaugetheorywith fermions.In the StandardModel therearedifferenttypes
of unstableparticles: the top-quark,the massve gauge-bosonghe Higgs boson. In Ref. [16] it was
shavn how to extendthe above-describednethodin suchaway thatit allows the descriptionof all the
unstableparticlesin termsof bi-local effective Lagrangians.

4 THE CC03CROSS-SECTION,oww

As mentionedbefore,anew electraveak O(a) CCO3cross-sections available,shaving a resultthatis
betweer2.5% and3% smallerthanthe old 1995CC03cross-sectiopredictedwith GENTLE. Thisis a
big effect sincethe combinedexperimentalaccurag of LEP experimentss evensmaller

In the '95 workshop[5] predictionsfor CC0O3 were producedwith variationsin the IPS which
agreedat the level of 1%, andthena 2% theoreticalerror was quoted,to be conserative. How does
this estimatecomparewith the presenshift of 2.5 <+ 3% downwards? Thisis a 1.25 to 1.5 sigmadif-
ferencetotally acceptablevithin the areaof statistics.Certainly thisis moreof a systematicheoretical
uncertaintywhich is hardto quantify but still: it is compatibleandin agreementHowever, acomment
is needechere.In '95 severalgroupsproducedunedcomparisongor CC03agreeingatthelevel of one
partin 10*. Thenthey movedto the Best-You-Canapproachdefinedoy switchingon all flagsto getthe
bestphysicsdescriptioraccordingo theflag descriptiorof individual codes.TheprogramGENTLE, in its
BYC-mode,wasselectedo representhe StandardModel. However, if we take othercodes noticeably
WPHACT andWTO0, we easilydiscaver CC03,Born-like, predictionshathave a maximal+1.6% shift with
respecto RacoonWW (+1.3% with respecto YFSWW) at the highestenegy. Therefore the old estimate
of 2% in theoreticalccurag wasnot underestimated.

It is importantto discussthe numericalpredictionsfor the DPA-correctedCCO03 cross-section.
Therefore,in this Section,we presentumericalresultsand also an accuratedescriptionof the com-
parisonshetweendifferentapproachesyFSww, BBC andRacoonWW. In principle,onewould like to un-
derstandheeffect of DPA and,thereforejs interestedn theratio (with DPA)/(without DPA), bothwith
ISR, (nave) QCD etc. for eachof theprogramsFor this Report,however, thiswasnotdoneandwe have
to take the old results(e.g.GENTLE) for a comparisomew — old. By comparingdifferentcalculations
onecannumericallycheckthe quality of the DPA for CCO03.

4.1 Description of the programsand their results
CCO03with RacoonWW
Authors

A.Denner S.Dittmaier M.Roth andD.Wacleroth

Geneal description

The programRacoonWW [22] evaluatescross-sectionsind differential distributions for the reactions
ete” — 4f andete™ — 4f + v for all four-fermion final states. For the W-pair mediatedchannels
ete™ — WW — 4f(+) thefull virtual O(«) correctionsaretakeninto accountn DPA, while for the
correspondingeal correctionghefull 4f 4+ v matrix elementsareused.
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Featuesof the program

o Lowestorder: thefull matrix elementdor all 4f final statesareincluded,andthe contritution of
the CCO3matrix elementsor of othersubsetf diagramss provided asan option. All external
fermionsareassumedo be massless.

e Virtual O(«a) corrections: thefull one-loopcorrectionsareincludedin DPA, i.e. all factorizable
correctiong26] and non-factorizablecorrectiong10]. In this way, full W -spin correlationsare
takeninto account.

e Real corrections— 4f 4+ - production: the cross-sectionarebasedon the full matrix-element
calculation[18] for all 4f + ~ final stateswith massles$ermions.|If theprocess:te™ — 4f + v
is investigatedvith a separablghoton,i.e. if the photonis neithersoft nor collinearto a chaged
fermion,all 4f +  final statesarepossible andsubset®f diagramsanbe choserasoptions(e.g.
boson-paiproductiondiagrams QCD backgroundliagrams).If therealcorrectiongo ete™ —
WW — 4f arecalculated,the full 4f + v matrix elementsfor the CC11clas$ aretaken, i.e.
photonradiationfrom backgrounddiagramss partially included.

Dependingon the choice of the user the cancellationof collinear and infrared singularitiesis
performedwithin the phase-spacglicing methodor within the subtractiorformalismof Ref.[41].
In both casescareis takenin avoiding mismatchbetweenrthe singularitiesof the virtual andthe
realcorrectionswhichis non-trivial owing to theapplicationof the DPA to thevirtual corrections
only. Thetreatmenbf fermion-massingularitiesis describedelon in moredetail.

e ISR: higherorderISR is implementedvia structurefunctionsfor theincominge® ande~. The
structurefunctionsusedarethoseof Ref.[40] with the'BETA’ choice,i.e. thecollinearsoft lead-
ing logarithmsare exponentiatedf the O(a) correctionsto ee~ — WW — 4f areincluded,
theO(a) contritutionsalreadycontainedn thestructurefunctionsaresubtractedin orderto avoid
doublecounting,andthe full CC11Born matrix elementsareusedin the convolution.

e Treatmentof collinear photons: the programis only applicableto obserablesthatinvolve no
mass-singulacontrikutions from the final state. Thesemasssingularitiescancelif all photons
collinearto a chaged final-statefermion are combinedwith this fermior®. The recombination
procedures controlledby recombinatiorcuts, i.e. photonemissionanglesand photonenepies,
or invariantmasse®f photon—fermiorpairs. Specifically first the chagedfermionthatis clos-
estto the photonaccordingto thesecriteria (emissionangleor invariant mass)is selectedand
secondlythe photonis recombinedwith this fermionif it is within the recombinatiorcutsfor a
final-statefermion anddiscardedor aninitial-statefermion. The masssingularitiesthatremain
from collinearphotonemissionoff initial-stateelectronor positron[i.e. the (o In m,)™ terms]are
includedin thestructurefunctions.

e Coulomb singularity: within DPA it is fully includedin the O(«) corrections.Thefull off-shell
behaiour of the singularityasdescribedn Ref.[10] canbe switchedon asanoption.

e Finite gauge-bosornwidths: in the tree-level processeste™ — 4f, 4f + ~ several optionsare
included suchasfixed-width,running-width,andcomple-massschemd18]. If O(«) corrections
aretakeninto accounthefixedwidth is automaticallyused.

8The CC11 classis the smallestgauge-inariant subsetof diagramsfor ete~™ — 4f that containsall graphswith two
resonant¥ bosonsin this classonly thosebackgroundliagramsaremissingthatarepeculiarto e*, ve, 7., or ff pairsin the
final state.

®Note thatwithout photonrecombinationpnly the total crosssection(without any cuts)fulfills this requirementwhereas
distributionsor cutsthatmake useof fermionmomentan generainvolve mass-singulacorrections.
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e Cuts: sinceeacheventis completelyspecified,in principle any concevable phase-spaceut can
beimplemented However, sinceall fermionsaretakento be masslesssingularitiescanoccurin
photon-&changechannelsyenderingcutsunavoidable. In particular if a chaged fermion—anti-
fermion pair is produceda lower cut on its invariantmasshasto be specified,or if afinal-state
electronor positronis present,cuts on its minimal angleto the beamand its minimal enegy
arerequired. For calculationsbasedon restrictedsetsof diagramsnot all cutsare necessaryin
particular no cutatall is neededor the CCO3diagrams.

e QCD contributions: gluon-exchangecontrikutionscanbe switchedonin thetree-lesel processes
eTe™ — 4f, 4f + ~. Gluon-emissiorprocesseste™ — 4f + g canbe calculatedfor the CC11
classof 4f final states.

For the QCD correctiongo e e~ — WW — 4 f, onecanchoosebetweerthe naive QCD factors
of (1+ ay/m) perhadronicallydecayingV bosonandthefull O(«) correctiondn DPA. Thefull
calculationis performedn the sameway asthe photonicpartsof the O(«) corrections.

e IBA: the programincludes,as an option, an improved Born approximation(IBA) [42], which
involvesthe leadinglSR logarithms,the runningof the electromagneticoupling,correctionsas-
sociatedwith the p parameterandthe Coulombsingularity

¢ Subsetsof diagrams: For lowest-ordepredictionsof ete™ — 4f, 4f+~ thereis the possibilityto
selectsubset®f diagramssuchasthoseincludingthepair productionof W, Z, Z /~*, or W /Z / v*
bosonsFurthermoreall diagramscorrespondingo the CC11procesglasscanbeselected.

¢ Intrinsic ambiguities: the accurag of the DPA canbe studiedby changingthe DPA within its
intrinsic ambiguities.This is describedn Section4.2.

Program layout

RacoonWW consistof two nearlyindependenMonte Carlo programs:oneusesphase-spacslicing and
the otherthe subtractionrmethodof Ref.[41]. Only the main control program,the routinesfor photon
recombinationand phase-spaceuts, and the calculationof the matrix elementsare commonlyused.
Thenumericalintegrationis performedwith the multi-channeMonte Carlotechniqug43] andadaptve
weightoptimization[44]. Thegeneratoproducesveightedevents.

Input parametes/shiemes
RacoonWW needghefollowing input parameters:

O‘(O)aa(]\/[z)vGF:aS: MWaMzaMH7FWaFZ:
myg, f = e,M,T,u,C,t, d: va' (59)

Theweakmixing angleis fixedby ¢}, = 1—s;, = M?2 /M7, andthequark-mixingmatrix s setto unity.
The masse®f externalfermionsare consistentlysetto zerowherepossible. While the masse®f the
final-statefermionsappearnonly asregulators,the masssingularlogarithmsof ISR dependon m,.. The
usercanchoosebetweerthe externally fixed W width I'vy andaninternally calculatedvalueincluding
electraveakand/orQCD one-loopradiative corrections.

The parameterset (59) is over-complete. The programsupportsthreedifferentinput schemes,
fixing theindependenparametersWe recommendo usethe G schemeavherethetreelevel is fixed by
Gr, My, and My andtherelatve O(«) correctionsarecalculatedwvith «(0).

Thecodeis availablefrom the authorsuponrequest.
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Numericalresults

In Table 2 we list the predictionsof RacoonWW for the total CC03 cross-sectiorincluding radiatve

correctiongbest-with-CC03-Borrasdefinedbelown). We give the resultsfor oneleptonicchannel for

onesemi-leptonicchannel for onehadronicchannel,andfor the sumof all channelsseparately Note

thatfor CCO3andnegligible fermion masseghe resultsareindependenof the final statewithin these
channelsNo cutsareapplied. While in all otherRacoonwW resultsin this reportLL O(a?) corrections
accordingto Ref.[40] areincluded,in this tableonly the LL O(a?) termsaretaken into account.The

LL O(a?) contritutions reducethe cross-sectiondy only about0.02% The given errorsare purely
statistical. The error for the total crosssectionwere obtainedby addingthe (statistically correlated)
errorsof thevariouschanneldinearly.

Table 2: Cross-sectionfor ete™ — WTW ™~ — 4f from RacoonWW.

V/5[GeV] lept. [fb] semi-lept.[fb] hadr [fb] total [pb]
172.086 | 142.088(71) 442.50(36) | 1376.14(67) | 12.0934(76)
176.000 | 160.076(78) 498.03(25) | 1550.04(75) | 13.6171(67)
182.655 | 180.697(89) 562.22(28) | 1749.48(86) | 15.3708(76)
188.628 | 190.882(96) 594.31(55) | 1848.07(92) | 16.2420(111)
191.583 | 194.271(118)] 604.12(31) | 1880.19(94) | 16.5187(85)
195.519 | 197.320(123)] 614.11(31) | 1911.45(97) | 16.7910(88)
199.516 | 199.497(103)] 620.53(33) | 1931.28(99) | 16.9670(89)
201.624 | 200.200(104)| 622.65(33) | 1937.94(100) 17.0254(89)
210.000 | 200.910(107)] 624.95(33) | 1945.00(103) 17.0876(91)

In the following we shaw the predictionsfrom RacoonWwW for the M (W ™) invariantmassdistri-
butionsin four differentconfigurations:

4f-Born: full ete~ — 4f Bornwithout radiative corrections;
best-with-4f-Born: full ete~ — 4f Bornplusradiative corrections
includinglSR beyond O(«),
soft photonexponentiation,
LL O(a?), andnaive QCD;
CCO03-Born: CCO03Bornwithout radiative corrections;

best-with-CC03-Born: CC03Born plusradiatve corrections
includingISR beyond O(«),
soft photonexponentiation,
LL O(a?), andnaive QCD,

for thethreefinal statesy* v, 777, udu~7, andudsc at/s = 200 GeV.

As explainedin thetext, DPA sitsonly in thevirtual correctionin theRacoonWW approachEvery-
thing elseis (or canbe) calculatedrom full 4 () matrix elements.This meanghatbest-with-4f-Born
andbest-with-CC03-Bormrrontainthe sameDPA part(thevirtual correction).

All distributionshave beenobtainedwith thefollowing cutandphotonrecombinatiorprocedure:

— All photonswithin a coneof 5° aroundthe beamsaretreatedasinvisible, i.e. their momentaare
disregardedwhencalculatingangles enegies,andinvariantmasses.

— Next, the invariant massesf the photonwith eachof the chaged final-statefermionsare cal-
culated. If the smallestoneis smallerthan M, or if the photonenegy is smallerthan1 GeV,
the photonis combinedwith the correspondindgermion, i.e. the momentaof the photonandthe
fermionareaddedandassociateavith themomentunmof thefermion,andthe photonis discarded.

— Finally, all eventsarediscardedn which oneof thefinal-statechagedfermionsis within acone
of 10° aroundthe beamsNo othercutsareapplied.
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We considetthecase®f atight recombinatiorcut M... = 5 GeV (bare) andof alooserecombinatiorcut
M. = 25 GeV (calo). Born predictionsareindependenof the recombinatiorcut. The W~ invariant-
massis alwaysdefinedvia the four-momenta(after eventualrecombinatiorwith the photon)of the W~
decayfermions.

In Fig. 5 (left) we shav the CC03-Bornpredictionsfor the M (W ) distributions for all three
final states.Ther.h.s.of Fig. 5 shavs best-with-CC03-Bormwith the bare recombinatiorcut, i.e. the
correctionsareincludedin DPA. In Fig. 6 we shav the effect of the radiatve correctionsby computing
the ratio of the invariant-masglistributions including radiative correctionsand the Born distributions
bothfor bare andcalo recombinationln the peakregion,i.e. |[M(W ™) — M, | < I'y /2, theeffectsof
radiative correctiondower the line-shapeby approximately3% (5%) (udsc), 7% (7%) (udp~v,,), and
11% (12%) (utv, 7 v,) for bare(calo)distritutions. The differencesbetweerthefinal statesoriginate
mainly from the (nave) QCD corrections.

do [ _fb ] do [ fb ]
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Fig. 5: The W~ invariant-masdlistributionsfor CC03-Born(left) and best-with-CC03-Borr{right) with bare
recombinatiorcutsfrom RacoonWw.
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Fig. 6: Therelative correctiong(best-with-CC03-Born/CC03-Born1) for the bare(right) andcalo (left) W~
invariant-masslistributionsfrom RacoonWw.
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The shapeof therelative correctiongo theinvariant-masglistributions canbe understoodasfol-
lows. For small recombinatiorcuts (bare),in mostof the eventsthe W~ bosonsare definedfrom the
decayfermionsonly. If a photonis emittedfrom the decayfermionsandnot recombinedtheinvariant
massof thefermionsis smallerthanthe oneof thedecayingW — boson.This leadsto anenhancemeruf
thedistribution for invariantmasse$elon the W resonanceT his effectbecomesmallerwith increasing
recombinatiorcut M.... Ontheotherhand,if therecombinatiorcutgetslarge,the probabilityincreases
that the recombinedermion momentareceve contritutions from photonsthat are radiatedduring the
W-pair productionsubprocessr from the decayfermionsof the W+ boson.This leadsto positive cor
rectionsabove the consideredW — resonanceThe effect is larger for the hadronicinvariantmasssince
in this case two decayfermions(the two quarks)canbe combinedwith the photon. The effect of the
squarecthagesof thefinal-statefermionsis mamginal in this casebecauséhecontrikution of initial-state
fermionsdominates.

In Fig. 7 (left) we shav the 4f-Born predictionsfor the M (W ™) distributions, without radiative
correctionsij.e. theinvariantmasddistributionsareconstructedrom all diagramswithout therestriction
to the CC03diagrams. The ratio 4f-Born/CC03-Bornshavn in Fig. 7 (right) for the udsc final state,
confirmsthegoodnessf the CCO3approximatiorfor final statesnvolving no electronsn describinghe
WW cross-sectiomt LEP2 enegies, especiallyin the peakregion. The ratio best-with-4F-Born/best-
with-CC03-Bornis nearlythe sameasthe oneshavn on ther.h.s. of Fig. 7, sincethe correctionscon-
tainedin the numeratorand the denominatorare the same. In Fig. 8 we shav the ratio best-with-4f-
Born/CC03-Borrfor boththe bare(right) andthe calo(left) W~ invariant-masslistributions,exhibiting
the combinedeffect of includingradiative correctionsandbackgroundliagrams.
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Fig. 7: W~ invariant-massglistributionsfor the 4f-Born (left) from RacoonWW. Theratio (4f-Born/CCO03-Born

1) (right) is alsoshovn
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for theprocess: e~ — udse.
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do—
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Fig. 8: Therelative correctiongbest-with-4f-Borr/ CC03-Born-1) for bare(right) andcalo (left) W — invariant-
masgdistributionsfrom RacoonWW for all threefinal states.

Furthernumericalresultsfrom RacoonWW canbe foundin Ref. [20] and,for the sameset-upas
here,in Section4.1.

CCO3with KORALW/YFSWW
Authors
S.JadachW. PlaczekM. Skrzypek,B. WardandZ. Was

Geneal Description

TheprogramKORALW1 .42 hasbeenfully documenteéndpublishedn Ref.[49,50]. Hereonecanfind
thedifferencedetweeryFSWWw3 andKORALW in termsof radiatve corrections.

Thus, herewe describeYFSWW3 first. This latter programevaluatesthe the doubleresonanipro-
cessete” — WTW™ — 4f in the presenceof multiple photonradiationusing Monte Carlo event
generatotechniquesThetheoreticaformulationis basedjn theleadingpole approximation(LPA), on
theexactO(a),,,q YFS exponentiationwith O(«) correctiongbothweakandQED) to the production
procesgaken from Ref. [52], combinedwith O(a?) LL ISR correctionsin the YFS schemeandwith
FSRimplementedn the O(a?) LL approximationusing PHOTOS [53]. AnomalousiWW WV couplings
aresupportedThe Monte Carloalgorithmusedto realizethe YFS exponentiatioris basecdonthe YFS3
algorithmpresentedn Ref. [54] andin Ref.[55]. This algorithmis now describedn detailin Ref.[56].
In thisway, oneachievesanevent-by-&entrealizationof our calculationin which arbitrarydetectorcuts
arepossibleandin which infraredsingularitiesare cancelledo all ordersin a. A detaileddescription
of this work canbe found in Refs.[45,57-59]. The programKoralW 1.42 evaluatesall four-fermion
processefn eTe~ annihilationby meansof the Monte Carlotechniques.t generatesll four-fermion
final stateswith multi-branchdedicatedvionte Carlo pre-samplerandcomplete massie, Born matrix
elements.The pre-samplergover the entire phasespace.Multi-photon bremsstrahlungs implemented
in the ISR approximationwithin the YFS formulationwith the O(a?) leading-logmatrix element.The
anomalous?V WV couplingsare implementedn CCO03 approximation. The standarddecaylibraries
(JETSET, PHOTOS, TAUOLA) areinterfaced.Thesemi-analyticalCCO3-typecodeKorWan for differen-
tial andtotal cross-sections included. It operate$othin weighted(integrator)andunweightedevent
generatormodes. The detaileddescriptionof this work canbe foundin Refs.[46-48,50,51] andthe
long write-up of the programin Ref.[49] .
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Featuesof the Program

As theprogramKORALW1 .42 is alreadypublishedn Ref.[49,50], we againstartwith thefeatureof the
YFSWW3 program. The latter codeis a completeMonte Carlo eventgeneratorandgivesfor eachevent
the final particle four-momentafor the entire4 f + n~ final stateover the entire phasespacefor each
final stateparticle. The eventsmay be weightedor unweightedasit is moreor lesscorvenientfor the
useraccordingly The codefeatureswo realizationsof the LPA, which aredescribedn Refs.[57-59]

whereinwe alsodiscusgheir respectie relative merits.

Theoperationof the codeis entirelyanalogoudo thatof theMC’'s YFS3 and YFS2 in Refs.[54,
67]. A crudedistribution basedon the primitive Born level distribution andthe mostdominantpart of
the YFS form factorsthat can be treatedanalytically is usedto generatea backgroundpopulationof
events.Theweightfor theseeventsis thencomputedy standardejectiontechniguesnvolving theratio
of the completedistribution andthe crudedistribution. As the userwishes theseweightsmay be either
useddirectly with the events,which have the fourmomentaof all final stateparticlesavailable,or they
may be accepted/rejectedgainsta maximalweight WTMAX to produceunweightedeventsvia again
standardMC methods.Standardinal statisticsof therun areprovided, suchasstatisticalerroranalysis,
total cross-sectiongtc. Thetotal phasespacdor the processs alwaysactive in the code.

Theprogramprintscertaincontroloutputs.Themostimportantoutputof theprogramis the series
of Monte Carlo events. The total cross-sectiomn pb is availablefor arbitrarycutsin the samestandard
way asit is for YFS3 andYFS2, i.e. the usermay imposearbitrary detectorcutsby the usualrejection
methodsTheprogramis availablefrom theauthorsvia e-mail. Theprogramis currentlypostecon WWW
at http://enigma.phys.utk.adaswell ason anonymoustp at enigma.phys.utk.eda the form of atar.gz
file in the/pub/YFSWWMirectorytogethemwith all relevantpapersanddocumentatiornn postscript.

As far asthe W -pair physicsis concernedhe KoralW is optimizedto operatetogetherwith the
YFSWW program:KoralW providesthe completebackgroundbeyond CC03)simulationby includingall
theBornlevel Feynmandiagramsof agivenprocessywhereaghe signalprocesgCCO03)is simulatedby
YFSWW includingfirst ordercorrectiongo W production.Thefinal predictionis thenobtainedby adding
andsubtractingappropriateesults.

In orderto facilitatethis add and subtiact procedureboth programshave beenre-oiganizedn the
following way: (1) TheCCO03anomalousornmatrixelement&andcorrespondingphase-spacgenerataqr
coveringthe entirephase-spacearethe samen bothcodes.(2) ThelSR, basedon YFS principle,with
O(a?) leading-logmatrix elementandfinite transersephotonmomentas alsothe samein both codes
(in the caseof YFSWW it requiresswitchingoff the bremsstrahlungff 1/ -pair). (3) The FSRis realized
in bothcodesin the sameway with the help of PHOTOS library. (4) Theinput datacardsarein the same
formatfor bothcodesandcanbestoredin onedatafile with commondatabaseof parameteralongwith
keys specificfor both programs.

The featureq1) — (3) guaranteehatthe commonfor both programsBorn+ISR+FSRCCO03 part
can be definedand conveniently subtracted. This is a non-trivial feature,asfor instancetherearea
numberof differentimplementation®f photoniccascadesavailableamongsfour-fermion Monte Carlo
codes.Thefeature(4) is amatterof corvenienceasit allows for coherentandsafehandlingof theinput
parametersFor CC03,we notefor clarity that YFSWW3 andKoralW 1.42differ in thatYFSWW3 hasthe
YFS exponentiatedxactNL O(«) correctionto the productionprocessvhereaXoralw 1.42doesnot.

Numericalresults

We startwith predictiondor thetotal cross-sectiomsshavn in Tables3—5,wherethe Bornapproximation
and the bestresultsare shovn. Theseresultsin Tables3-5 alreadyshav the size of the NL O(«)
correction,~ 1.5 — 2.0%, whencomparedo the analogousesultsfrom programssuchasGENTLE, see
for exampleRef. [34]. In the sub-sectiorbelon on the comparisorbetweenRacoonWW and YFSWW3,
resultssuchasthosein Tables3-5 areusedto arrive at the currentprecisionon the total WW signal
cross-sectioat LEP2 enegies.
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Table 3: Cross-sectionffb] for e

e

— WTW~ from YFSWW at /s = 183 GeV.

Channel Born Best
ud sC 1.96325(37) | 1.59365(86)
uddu 1.96369(41) | 1.59572(71)
udp "7, 0.65441(14) | 0.53901(22)
ude™ 7, 0.65458(12) | 0.53899(23)
WUt 0.21809(4) 0.18193(7)
all WW channels| 17.66681(351) 15.49161(618)

Table 4: Cross-sectionfb] for ete™ — WT W~ from YFSWW at/s = 189 GeV.

Channel Born Best
ud s¢ 2.03231(39) | 1.68293(93)
udda 2.03285(40) | 1.68565(76)
udp =7, 0.67756(14) | 0.56931(24)
ude” T, 0.67756(14) | 0.56931(24)
WUt Y, 0.22573(4) 0.19220(8)
all WW channels| 18.29266(354) 16.36329(694)

Table 5: Cross-sectionfb] for e e~ — WHW ™ from YFSWW at /s = 200 GeV.

Channel Born Best
ud s¢ 2.06691(40) 1.75725(96)
uddu 2.06737(41) 1.76065(82)
uE/fvu 0.68899(16) | 0.59440(26)
ude T, 0.68913(13) | 0.59444(27)
7 a7 0.22957(5) 0.20065(9)
all WW channels| 18.59649(383)| 17.09010(771)

Turningnow to KORALW, we notethatit hasmultiple-optionsn thepresencenulti-photonicevents.
It candefinedistributionsfor

1. visible~ (radiatwve/hardest);

2. all photonsj.e. nocuts,in which caseonecantake only a) themostenegetic photonto determine
enegy andangleg(all/hardes}, b) thesum(all/sum.

A sampleof resultsis shavn in Figs. 9, 11 wherewe presentariousdifferentialdistributionsfor
ete~ — audly; includingall backgroundyraphsandemissionof multiple photonswith finite transwerse
momentarom initial andfinal statesgeneratedy KoralW. Thefollowing generakutshave beenused
for all plots: M,,; > 10 GeV, E; > 5 GeVand| cos 0;| < 0.985.
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In thefirst plot of Fig. 9 the photonenegy distributionsareshavn for: the hardesof all photons,
thehardesbf visible (radiative) photonsandthesumof all photons A visible photonis definedashaving
enegy of atleastl GeV, separatetby atleast5° from all chagedfermionsandhaving | cos 6,,| < 0.985.
Apartfrom thenaturalbig differencebetweervisible andinvisible photonsonecanalsoseea substantial
effectdueto emissionof morethanonephoton(hardestvs. sun). A similar patternfor theelectronfinal
stateis shavn in Fig. 10. In thesecondolot of Fig. 9 theangulardistributionsof the hardesandhardest
visible photonareshawn.

In Fig. 11 theinvariantmasdlistributionsareshavn. mass denotegheud-systeminvariantmass
andmass the p/, mass. Calo massincludesall photonsthat have eitherenegy smallerthan1 GeV
or their angleto ary final statechagedparticlelessthan10° for leptonsor 25° for quarks.In the case
of leptonsone canseethe familiar patternof reductionof the cross-sectioioelov the peak(andweak
changeabore) dueto FSRwhengoing from the Bare to Calo massdefinition (cf. eg. Ref.[35]). In the
caseof hadronghe FSRis notgenerated.

CCO3with GENTLE
Authors
D. Bardin,A. Olchesski andT. Riemann

We describeshortly the GENTLE developmentafterv.2.00(1996). GENTLE v.2.10 (March
2000)[5, 68], with authorsD. Bardin, J. Biebel,D. Lehner A. Leike, A. Olchesski andT. Riemanncan
beobtainedrom: http://www.ifh.de/~riemann/doc/Gentle/gentle.html
/afs/cern.ch/user/b/bardindy/public/Gentle2 10

ProgramdevelopmentssinceGENTLE v.2.00(usedin the 1996 LEP2workshop):
GENTLE v.2.01 (14 March1998)comparedo v.2.00:
Angulardistribution (with anomalougouplings)extendedirom CC03classto CC11class[69,70].
GENTLE v.2.02 (11 Sept1998)comparedo v.2.01:
For CC cross-sectionslsoa constani?” width maybe chosenminor bugseliminated.
ZAC v.0.9.4(12.02.1999)71]: new packageincludesanomalougouplingsandcalculatesheangular
distribution for polarizedZ pair productionin the NC08class.
GENTLE v.2.10 (March2000)differsfrom v.2.02by thefollowing features:
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—for the CC cross-sectiongbore thresholdthe Coulombcorrectionwasmodified.
—the NC cross-sectiong packagetfan includenow besideshe NC32 classalsothe NCO2 process;
alsosomenew optionsintroduced seeflag descriptiondelow.

Asis well-known, recentcomparisongor thetotal CCO3cross-sectioshavedthatGENTLE v.2.00
overestimated by about2%. Thereasorwasunderstoodh astudymadeby theRacoonWW collaboration
[72]. It wasfound thatthe Coulombcorrectionascomputedn reference$28] overestimateshe FSR
QED correctionabore the 2W threshold. Sucha behaiour wasnot excluded,of course,becauseld
calculationscontrolonly theleadingtermat thresholdO(1/yy ), wheres, = 1 — 4M? /s. Only more
completecalculationspusinge.g.the DPA, maycheckhow preciselythe 1/, approximatiorworks.

An introductionof a simplesuppressiofiactor

max (1 _ Pw 0> (60)

- 9
Bw | /5=200 Gev

switching off the Coulombcorrectionsmoothlybetween,/s = 2 M, and200 GeV improvesthe nu-
mericalagreementvith RacoonWW considerablyIn this sensetheintroductionof sucha fudge factoris
justified by amorecompletecalculationbasedon DPA.

Comparedo GENTLE v.2.00, new or extendedflag regimesin GENTLE v. 2. 10 allow for:
(a) IFUDGF=0,1: switchingthe Coulombsuppressioffiactoroff/on (for IPROC=1, ie, CC);
(b) IIQCD=0,1: without/withinclusie (nave) treatmenof QCD correctiongfor IPROC=2, ie, NC);
(c) I1IFSR=0,1,2: choice of final state QED corrections[none, at scaleszMg, or at scales;] (for
IPROC=2);
(d) ICHNNL=0,1: switchingbetweerNC02andNC32 classegfor IPROC=2);
(e) IGAMWS=0,1: switchingbetweerconstanands-dependent? width (for IPROC=1);
(f) TINPT=2: use of the G input scheme(for TPROC=2) Seesection2.13, Eq. (8) of [5]: 53 =
(1= M2 /M?), g* = 4V2G M2 .
Further by calling subroutinedUFLAG, onemay redefinethe numericalvalueof aem(Mg )=ALPHFS (for
IIFSR=1).

Remainingelectraveak corrections,genuineweak correctionsin particular are not includedin
GENTLE. Although,we have severalchoicesof input parametersWe mayrecallherethatGENTLE v.2.00
hadtwo options: a-schemend G -schemeasdefinedby Eqgs.(71).In GENTLE v.2.10this is extended
to the NC32family. A sampleof the numericalresultsis shovn in Table6. The CC tableis produced
with thefollowing GENTLE flag settings:

IPROC, IINPT,IONSHL,IBORNF,IBCKGR,ICHNNL=111100
IGAMZS,IGAMWS,IGAMW,IDCS,IANO,IBIN=001000
ICONVL,IZERO, IQEDHS, ITNONU,IZETTA=xxXx01

ICOLMB, IFUDGF,IIFSR,IIQCD=2101
IMAP,IRMAX,IRSTP,IMMIN,IMMAX=10111
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Table 6: Cross-sectiongpb] for ete™ — WTW ™ — 4f; first column: RacoonWW [20, 72], secondcol-
umn: GENTLE 2.10, third and fourth columns estimatevariations due to theoreticaluncertainties. Flags:
ICONVL,IZERO,IQEDHS=001,100,013.

/s [GeV] | RacoonWW GENTLE — | GENTLE 2.10 | GENTLE +
172.086 | 12.093476) 12.0366 12.0457 12.1289
176.000 | 13.617167) 13.5651 13.5723 13.6655
182.655 | 15.370476) 15.2628 15.2731 15.3771
188.628 | 16.2420111) | 16.1723 16.1839 16.2935
191.583 | 16.518785) 16.4749 16.4869 16.5983
195.519 | 16.791(088) 16.7674 16.7797 16.8927
199.516 | 16.967(0(89) 16.9590 16.9723 17.0864
201.624 | 17.025489) 17.0309 17.0435 17.1579
210.000 | 17.0876§91) 17.1419 17.1539 17.2687

As seenfrom the Table,thereis avery goodagreemenbetweerGENTLE v.2.10andRacoonWW. It
isimportantto emphasizethattheintroductionof asuppressiofiactor Eq.(60),is theonly modification
as comparedto v.2.00 which overestimatedhe total cross-sectiorby about2%. In this respectone
could saythat, following GENTLE's example,all programsthat do not include DPA may, nevertheless,
give an effective descriptionof CC03that emulateshe resultsof DPA, e.g.RacoonWW. Nevertheless,
only programsincluding DPA represent state-of-the-artalculation. Indeed,the Coulombcorrection
is just part of the full O(«) correctionand cannotbe split from the restunambiguouslyat enegies
well above threshold. However, animproved Born approximation(IBA) comessignificantly closerto
the O(«)-correctedresultif the Coulombsingularityis switchedoff above thresholdwith someweight
function f(3,,). Thiswasalreadydonein theIBA of Ref.[42], wheref(3,, ) reducedhe Coulombpart
from 2% to about1% at /s = 200 GeV. The moreradical f(8,,) of (60) reduceshe 2% to zeroat
V5 = 200GeV.

Concerningthe theoreticaluncertaintieggiven in Table 6, one shouldunderstandhat they are
exclusively dueto ISR asit is implementedvithin the GENTLE approach As seenthey areof theorder
of 0.75%. Again, a completeapproachike the DPA, is bettersuitedto provide a safe estimateof
theoreticauncertainties.

ComparisorbetweerRacoonWWw andBBC results

Authors
RacoonWW A. DennerS.Dittmaier M. RothandD. Waclkeroth
BBC F. BerendsW. Beenakler andA. Chapasky

In this sectionwe comparehe Monte CarlogeneratoRacoonWw [20,22] with the semi-analytical
benchmarlprogram[9] of BerendsBeenaklker andChapasky, calledBBC in thefollowing. Thenumetr
ical comparisorhasbeendonefor theleptonicchannek*e™ — v, "7~ 7, andtheinput parametersf
Ref.[9]. As explainedin moredetailbelaw, in this sectiontheRacoonWW resultsarenot calculatedwith
the preferredoptions,but ratherin a setupascloseaspossibleto the BBC approach.

The two programsinclude the completeelectraveak O(«) correctionsto efe™ — WW —
4f(+7), bothincluding the non-factorizablecorrectionsand IV -spin correlations,which at presentis
only possiblewithin the DPA formalism. Although both programsusethe DPA, neverthelesshereare
differencesbetweenthesetwo calculations. One is technical,the usualdifferencebetweena flexible
Monte Carlocalculationwhichis alsomeantfor experimentause,andamorerigid semi-analyticabne,
which wasconstructedaisa benchmarkor future calculations.The otherdifferenceis in theimplemen-
tation of the DPA. The BBC calculationadheresstrictly to DPA definitions,so alsothe phasespaceand
photonemissionaretakenin DPA. In RacoonWW the matrix elementdor virtual correctionsare calcu-
latedin the DPA, but the exact off-shell phasespaces used. For real photonradiationthe DPA is not
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used.Insteadall Borndiagramdor ete~ — 4 f~ (includingthe backgroundpretakeninto accountand
thefinite width is introducedn thefixed-widthscheme Formally this proceduras not gauge-imariant,
but it hasbeenchecled numericallywith a gauge-imariant calculation(complex-massscheme). The
matchingbetweerthevirtual andrealcorrectionswhichis necessaryn orderto cancelthe IR andmass
singularities,is donein sucha way thatthe leading-logarithmiacorrectionsarisingfrom ISR aretaken
into accountexactly, i.e. notin DPA. By comparingthe two calculationsonecannumericallycheckthe
quality of the DPA for real-photonradiation. The expecteddifferencesn the relative correctionsbe-
tweenboth approachesreformally of O(a/7 x I'w /AE), with AE = /s — 2My nearthe W-pair
productionthreshold.

Thedifferencesn the approacheblave importantconsequence$tith RacoonWW predictionscan
be obtainedfor generakutsandphysicallyrelevantsituations.Thefactthatthe masse®f thefinal-state
fermionsare ngylectedrestrictsthe applicability of the programto thoseobserablesthat are free of
masssingularitiesconnectedo the final state. This meansjn particular that collinearphotonshave to
be combinedwith the correspondindermions.This combinationdepend®n the experimentakituation,
which in turn depend®n the type of final state. The semi-analyticabpproaclhis of courselessflexible
for implementinghe experimentakuts. In thebenchmarkBBC calculationsomeof theintegrationswere
performedanalyticallyin orderto speedup the numericalevaluations.For instancethe invariant-mass
distributionsweretreateddifferently from obserableswherethe invariantmasseave beenintegrated
over. Thisis notarequiremenin generalin the DPA if oneis preparedo do moreof the integrations
numerically On the other hand, a treatmentof mass-singulaobserables,i.e. oneswithout photon
recombinationcanbeeasilyperformedn the semi-analyticahpproach.

For the total cross-sectionthe differenceshetweenthe two approacheshouldbe of the navely
expectedDPA accurag of O(I'y, /A FE) relatveto theO(«) correction.In Fig. 12weshaw theprediction
of BBC aspointswith errorbarsandthe predictionof RacoonWW asa curve togethemwith errorbarsfor
somepoints.All errorbarsarepurelystatistical.

As shavn in Fig. 12, both calculationsagreevery well above 185 GeV. Below this enegy the
differencesn the implementatiorof the DPA becomevisible, in agreementvith the expectedrelative
errorof O(T'y, /AFE). Themaineffect originatesprobablyfrom the differenttreatmenof the O(«a) ISR
andthe phasespace. While BBC treatthe completeO(a) correction(including ISR) in DPA anduse
the on-shellphasespaceconsistentlyin Racoonww'® the universalleading-logpart of the O(a) ISR
correctionis appliedto the full CC11 cross-sectionand the off-shell phasespaceis usedthroughout.
Below about170 GeV the DPA cannotbetrustedany morefor bothvirtual correctionsandreal-photon
radiation, sincethe kinetic enegy of the W bosonsbecomef the orderof the W width. The large
deviationsof up to 2% in the enegy rangebetweenl 70 and180 GeV canbe partially attributedto the
factthatBBC treatsalsotheleadinglogarithmiclSR correctionsn DPA whichis notdonein RacoonWW.
Thereforethis differencecannotbe viewed automaticallyasa theoreticaluncertaintyof the Monte Carlo
programs.

1%The exponentiatiorof ISR hasbeenswitchedoff in RacoonWW for this comparisonthe on-shellCoulombsingularityhas
beenusedand no naive QCD correctionsare included. Moreover, the lowest-ordercross-sectiorusedfor normalizationis
calculatedn DPA with on-shellphasespace This allows to comparedirectly therelative correctionsof bothapproaches.
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Forangularandenegy distributionsunaoidabledifferencesrisefrom thedefinitionof thephase-
spacevariablesin the presencef photonrecombination Whendefiningthe momentaof the W bosons
for angulardistributions,BBC chooseso assigrthephotonto oneof the production/decagub-processes.
If thedetectedphotonis hard, &, > Iy, thenthis s theoreticallypossible. Theerrorin theassignment
is suppressetty O(I'y, /ALE). If the detectedohotonis semi-soft, 2, ~ I'y, thenit is impossibleto
assignit to ary of the sub-processe$ut asthe photonmomentumis muchsmallerthanthe W-boson
momentum the error associatedvith this procedureis suppressedy the samerelatve O(T'y, /AE).
The anglesarethendeterminedrom the resulting -momentaandthe original fermion momenta.In
RacoonWW, all anglesaredefinedfrom the fermion momentaafter eventualphotonrecombination.To
this end,the invariantmasse®f the photonwith eachof the chagedinitial- or final-statefermionsare
calculatedIf thesmallestbof theseinvariantmassess smallerthan M, andthefermioncorresponding
to this invariant massis a final-stateparticle, the photonis recombinedwith this fermion. The two
differentangledefinitionsleadto a redistrilution of eventsin the angulardistributions, which arises,n
particular from hardphotonemission.

The relative correctionsto the distributionsin the cosinesof the polar productionangle,fw =
Z(et, W), andthedecayangle f,w = Z(u*, W), arecomparedor /s = 184 GeV in Fig. 13.

Theresultsof BBC areagainshaovn aspointswith errorbars. Theresultsof RacoonWW areplotted
ashistogramdor two differentphotonrecombinatiorcuts M,.. = 5 GeV or 25 GeV. Therelative cor
rectionsin the two recombinatiorschemedliffer at the level of 0.5 <+ 1%, with the largestdifferences
for large angleswherethe cross-sectiolis small. The deviationsbetweerBBC andRacoonWW aresome-
whatlargerthanthis andalsolargerthanin the caseof the total cross-sectionhut of the sameorderof
magnitude A repetitionof theanalysisat /s = 250 GeV hasshavn thatthe deviationsatlarge angles
grow with increasingcentre-of-masgenepy, sincealsothe hard-photorredistribution effectsgrown with
enegy.

Invariant-masdlistributions dependcrucially on the treatmentof the real photons. Sincethis is
fundamentallydifferentin RacoonWW andBBC, it doesnot make senseto comparethesedistributions
betweerthetwo programs.Specifically BBC definethe W invariantmassegrom the fermionmomenta
only (bare or muon-like) which make themsensitve to the collinearmasssingularities.In RacoonWw,
the photonsare alwaysrecombinedwith the fermions(calorimetric or electron-like). The actualmass
shiftscrucially dependon the experimentaketup.They areof the orderof several 10 MeV andnegative
for thebareprocedureln the calorimetrictreatmenthesemassshiftsarereducecandcanevenbecome
positive dependingon therecombinatiorprocedure.
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As wasalreadymentionecearlier themostimportantdifferencebetweerthetwo approaches the
treatmenbf real-photorradiation. Therefore|t is importantto comparedistributionsthatareexclusive
in the photonvariables.As an exampleof sucha distribution we presenin Fig. 14 a comparisorof the
photonspectrum £, do /dE.,, asafunctionof photonenegy atthe CM enegy 184 GeV.
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Fig. 14: Photonenepy spectrum,E,, do/dE.,, atthe CM enepy 184 GeV for thetwo differentsetsof angular
cuts,asdescribedn thetext.

Thespectrums shawvn for two differentsetsof angularcuts,which restricttheanglesbetweerthe
photonandthe beammomenta/ (e*, ), the photonandfinal-stateleptonmomenta/ (¢*, v), andthe
beamandfinal-statdeptonmomenta/(¢*, e*):

1. /(e*,7) > 1deg, Z({*,7) > 5deg and/((*,e*) > 10deg,
2. Z(e*,7) > 50deg, Z(¢*,7) > 50deg and £ (¢*,e*) > 10 deg.

Thefirst setof cutsis closerto experiment but thesecondsuppressethedominantcontritution of ISRIn
thereal-photonidactorizablecorrections Sincethe secondsetof cutsremovesa large partof the phase
spacestatisticsin thefirst caseis abouttentimesbiggerthanin the secondcase.However, the second
setof cutsrendersnon-factorizableandfactorizableradiationof a comparableorder thuscheckingthe
former Figurel4revealsanagreemenbetweerthetwo approachesvithin ~ 10% for bothsetsof cuts,
whichis of theorderof the naive expectatiorfor the DPA errorof O(I'y, /A E). Noteapeculiardecrease
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of the photonenegy spectrumat lower photonenegiesfor the secondsetof cuts. It wasnumerically
checled in the BBC approachthat this decreasés dueto non-factorizablecontritutions (interference
betweenvariousstagesof the process).More precisely the non-factorizablepart amountsto roughly
20%of the completecontribution andis negatie for £, < I'w; it tendsto zeroabove £, ~ I'y.

Comparisornf RacoonWW and YFSWW3 results

Authors
RacoonWW A.DennerS.Dittmaier M.RothandD.Wackeroth

YFSWW3 S.JadachW. PlaczekM. Skrzypek,B. WardandZ. Was

In this sectionwe compareresultsobtainedwith the Monte Carlo generator®acoonww [20,22]
and YFSWW3 [76]. The numericalcomparisorhasbeendonefor the LEP2 input parameterset. This
comparisoris restrictedto the CCO3contritutionsfor ete™ — WW — 4f, i.e. backgroundliagrams
have beenomitted .

First we recall thatRacoonWW containsthe completeelectraveak O(«) correctionsto ete™ —
WW — 4f(+) within the DPA, including the non-factorizablecorrectionsand W -spin correlations.
Real-photoremissionis basedon the full ete™ — 4f~ matrix element(of the CC11class),andISR
beyond O(«) is treatedin the structure-functiorapproachwith soft-photonexponentiatiorandleading-
logarithmiccontritutionsin O(a?). To bemoreprecisefor 4 f and4 f~ (with ahardnon-collineary) at
treelevel all final statesaresupportedi.e. alsoMix43, i.e. uddu. If, however, softandcollinearphotons
areallowed, the virtual correctionto ete™ — WW — 4f is required. In this case,RacoonWW takes
photonradiationfrom the CC11classinto account?. The singularCoulombcorrectionis includedwith
its full off-shell behaiour.QCD correctionsaretakeninto accountby the nave QCD factors(1 + «y/7)
for hadronicallydecayingiV’ bosons.

In YFSWW3 theexactO(«) electraveakcorrectiongo ete™ — W W™ areimplementedogether
with YFS exponentiatiorof the correspondingoft-photoneffectsfor the productionprocessasdefined
in the DPA, which is equivalentto the LPA asdefinedin Ref. [77] for this process.ISR beyond O(«)
is taken into accountup to O(a?) in leading-logarithmicapproximation. The full off-shell behaiour
of the singularCoulombcorrectionis included. The correctiongo the W decay including nave QCD
correctionsareimplementedy usingthe correctedbranchingratios. In thisway, thetotal cross-section
recevesthefull O(«) correctionsn DPA. Takingthis crosssectionasnormalizationfinal-stateradiation
with up to two photonsis generatedby PHOTOS, which is basedon a leading-logarithmiqLL) approxi-
mationin whichfinite pr effectsaretakeninto accountin suchaway thatthe softlimit of therespectre
exactO(a) pr spectrums reproduced.

For obserableswherethe decayof the W bosonsandtheir off-shellnessareintegratedout, the
expecteddifferenceshetweenthe two calculationsare of the order of the accurag of the DPA, i.e. of
the relatve order O(al'wy /A E), modulopossibleenhancemertftactors. Here AE is a typical enegy
scalefor the considerebserable,i.e. AE ~ /s — 2Myy for the total cross-sectiomearthe W-
pair productionthreshold. For obserablesthat dependon the momentaof the decayproductslarger
differencescanbe expected. This holds, in particular for obserablesinvolving a real photon. While
suchobserablesare basedon the full lowest-ordematrix elementfor ete~ — 4f~ in RacoonWW, in
YFSWW3 the multi-photonradiationin the W W production(within the YFS scheme)s combinedwith
O(a?) LL radiationin W-decaygdoneby PHOTOS), i.e. thereal photonradiationis treatedin DPA and
somefinite O(a) termsfrom FSRarenegglected but thetreatmenbf theleadinglogarithmsgoesbeyond
strict O(a).

Notethattherealcorrectionsn RacoonWW includethe backgroundliagramsof the CC11class.andthelSR s corvoluted
with this classof diagrams For LEP2enepgies,hawever, the differenceinducedby thesebackgroundliagramswith respecto

theBorn shouldbeatthe permille level.
12To dorthis, in any program for Mix43 would requirevirtual correctiongto Z-pair productionwhich arenotimplemented.
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For the total cross-sectionthe differencesbetweenthe two approacheshouldbe of the naively
expectedDPA accuray, i.e. belav 0.5%for /s > 180 GeV. In Table7 we comparethe resultsfrom
bothgeneratorsor thetotal cross-sectiowithoutary cuts. Thebestnumbersorrespondo theinclusion
of all correctionamplementedn the programs.Independentlyof the channelboth programddiffer by
0.2+ 0.3%, whichis of theorderof theintrinsicambiguityof ary DPA implementationi.e.thenumbers
areconsistentvith eachother

Table 7: Total cross-sectionfor CC03from RacoonWW andYFSWW3 at+/s = 200 GeV withoutcuts. Thenumbers
in parenthesearestatisticalerrorscorrespondingo the lastdigits.

no cuts Otot D]
final state | program Born best
YFSWW3 | 219.770(23)| 199.995(62)
vt 770, | RacoonWW | 219.836(40)| 199.551(46)
(Y-R)/Y | —0.03(2)% | 0.22(4)%
YFSWW3 659.64(07) | 622.71(19)
udp~ v, | RacoonWW | 659.51(12) | 621.06(14)
(Y-R)/Y 0.02(2)% 0.27(4)%
YFSWW3 | 1978.18(21)| 1937.40(61)
udsc RacoonWW | 1978.53(36)| 1932.20(44)
(Y-R)/Y | —0.02(2)% | 0.27(4)%

The resultsof YFSWW3 presentecherediffer from the onespresentedat the winter conferences,
wherestill a differenceof 0.7% betweenthe programswas reported. The main point is that the re-
sultsin Table7 areobtainedwith versionl.14whereaghosepresentedit the winter conferencesvere
obtainedwith versionl1.13. Versionl1.14,which hasbenefittedfrom the detailedcomparisorbetween
theRacoonWW andYFSWW3 virtual correctionsrepresentsaccordingto renormalizatiorgroupimproved
YFStheory[78], animprovedre-summatiorof thehigherordercorrectionsascomparedo version1.13.
We stressthat we (the RacoonWW and YFSWW3 groups)have alsochecled that, whenwe usethe same
couplings,our O(«) virtual plus soft correctionsin the W-pair productionbuilding block agreediffer-
entially at the sub-pemille level andagreefor the total crosssectionat < 0.01%. Thisis animportant
crosscheckon both programs.However, asa by-productof this detailedcomparisonwe have realized
thatthe G schemeof Refs.[79] hasonly the IR divergentpartof the virtual photoniccorrectionswith
couplinga(0) whereaghe renormalizationgroup equationimplies thatary photonof 4-momenturry
shouldcouplecompletelywith o(0) wheng? — 0, wherea(q?) is the runningrenormalizedQED cou-
pling. In version1.14 of YFSWW3, we have madethis improvementasimplied by the renormalization
groupequation78]. The genericsizeof theresultingshift in the YFSWW3 predictioncanbe understood
by isolatingthewell-known softplusvirtual LL ISR correctionto theprocesathand whichhasin O(«)
theexpression79]

2
Sykhrs = Bk + 2 (gL + I 2> , (61)
where3 = 22(L — 1), L = In(s/m?), and ko is a dummy soft cut-of which cancelsout of the
crosssectionas usual. In the G schemeof Refs.[79] which is usedin YFSWW3-1.13, only the part
Blnko+ (a/m)(w?/3) of §7¢7% ;. hasthecouplinge(0) andtheremainingpartof 6747 ; ; hasthecou-
pling ag, = a(0)/(1 — 0.03771). The renormalizatiorgroupimproved YFS theoryirﬁplies,hONever,
thata(0) shouldbeusedfor all thetermsin 6747 ; ;. Thisis donein YFSWw3-1.14andresultsin thenor
malizationshift ((«(0) — ag,)/7) (1.5L — 2), which at 200GeVis ~ —0.33%. This explainsmostof
thechangen thenormalizatiorof YFSWW3-1.14vsthatof YFSWW3-1.13.Moreover, it doesnotcontradict

theexpectedotal precisiontagof eitherversionof YFSWW3 attheirrespecire stage®f testing.We stress
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that,accordingo therenormalizatiorgroupequationyersionl.14is animprovementover version1.13
— it betterrepresentshetrue effect of the respectire higherordercorrections.More detailsof the actual
schemeof renormalizatiorandre-summatiorusedin YFSWW3-1.14will appeatelsavhere[59].

In RacoonWW, the couplinga(0) is usedeverywherein therelatve O(«) correctionsgevenin the
G schemejn orderto include the appropriatecoupling for the (dominant)photoniccorrections. A
switchin YFSWW3-1.14to this schemeshifts the maximal differencesbetweenthe programsto 0.34%,
somevhat larger thanthe 0.27% shawvn. This confirmsthe expectationthat the effects of unknavn
higherordercorrectionsareatthelevel of 0.1%.

It shouldbe notedthatthe resultsin Table7 lie by 2 + 3% below the LL-type predictionsgiven
by GENTLE [68] (seealso Section4.1). As statedabove, however, this consideratioronly appliesto
GENTLE in somespecialsetup. The disagreementvith all other codesactive in the ‘95 workshop|[5]
is within 1.5%. The factthattwo independenMonte Carlo calculationswith physicalprecisionat the
level of O(%]\Z—W) now agreeto 0.2 -+ 0.3% at 200 GeV for this total crosssectionis truly animportant
imprwementO\v}/erthesituationin the’95 workshop[5].

In the following we considerobserablesobtainedwith the cut and photonrecombinatiorpro-
cedureas given in the descriptionof numericalresultsof RacoonWW in Section4.1. We againcon-
siderthe casesof a tight recombinationcut M,.. = 5GeV (bare) and of a looserecombinationcut
Mo = 25GeV (calo).

Table 8 shavs the analogousross-sectionso Table7 but now with the describedbare cutsap-
plied. Thedifferenceof 0.2 + 0.3% betweerthetwo comparedgrogramsioesnotchangeby theapplied
cuts. Whenturning from bare to calo cutsthe resultsfor the cross-sectiondo not changesignificantly;
of coursethelowest-orderesultsdo not changeatall.

Table 8: Total cross-sectionfor CC03from YFSWW3 andRacoonWW at+/s = 200 GeV with bare cuts(seetext).
Thenumberdn parenthesearestatisticalerrorscorrespondingo thelastdigits.

with bare cuts Otot [fb]
final state | program Born best
YFSWW3 | 210.918(23)| 192.147(63)
vt 7 D7 | RacoonWW | 211.034(39)| 191.686(46)
(Y-R)/Y | —0.05(2)% | 0.24(4)%
YFSWW3 627.18(07) | 592.68(19)
udp~, | RacoonWW | 627.22(12) | 590.94(14)
(Y-R)/Y | —0.01(2)% | 0.29(4)%
YFSWW3 | 1863.40(21)| 1826.80(62)
udsc RacoonWW | 1864.28(35)| 1821.16(43)
(Y-R)/Y | —0.05(2)% | 0.31(4)%

In thefollowing relative correctiongo variousdistributionsfor thesemi-leptonichannekte™ —
udp~ 7, arecomparedat /s = 200 GeV. All thesedistributionshave beencalculatedusingthe above
setof separatiorandrecombinatiorcuts.

The correctionsto the cosineof the productionangle for the W+ and W~ bosonsare shavn
in Figs. 15 and 16, respeciiely, for the bare (left) andthe calo (right) recombinationschemes.The
distributionsarecompatiblewith eachotherto betterthan1%. Thelargestdifferencesareof theorderof
1% andappeain generalffor large scatteringangles.
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Fig. 15: Distributionin thecosineof the W productionanglewith respecto theet beamfor the bare (left) and
calo (right) setupat /s = 200 GeV for udu~7, final state.
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The correctionsto the invariant massdistributions for the W+ and W~ bosonsare shavn in
Figs. 17 and 18 for the bare (left) andthe calo (right) recombinationscheme. The distributions are
statisticallycompatiblewith eachothereverywhereandagreewithin 1%. It shouldbe notedthatthe
distortion of the distributions is mainly dueto radiationoff the final stateandthe W bosons. It may
seenremarkableghattheLL approactof PHOTOS properlyaccountdor thesedistortioneffects.But one
shouldremembethatPHOTOS wasfine-tunedo describetheexactO(a') FSRfor theradiative Z andr
decayslike Z — p~pt(y) andr — uv(y). PHOTOS wasalsocross-cheatd againsthe exactmatrix
elementfor theW — uwv~y process.

Figures19-21shaw thedistributionsin the photonenegy E.,, in the cosineof the polarangleof
the photon(w.r.t. the e™ axis),andin the anglebetweenthe photonandthe nearesfinal-statechaged
fermionfrom thetwo programsandin thetwo recombinatiorschemes.
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fermionfor bare (left) andcalo (right) setupat /s = 200 GeV

The differencesare of the orderof 15 + 20%. Differencef this ordermay be expected since
photonicobsenablesare no correctionsarymore, but belongto the classof ete™ — 4f~ processes,
sinceete™ — 4f doesnot contritute here.Whetheror not the obsered differencesareconsistentvith
thedifferencesn thetreatment®f therealphotonemissionin thetwo programss underinvestigation.

4.2 Internal estimateof theoretical uncertainty for CC03
Herewe give a quantitatve statemenon thetheoreticaprecisionfor DPA-approximation.

Estimatingthe theoeetical uncertaintyof the DPA with RacoonWW
Authors
A.Denner S. Dittmaier, M. RothandD.Waclkeroth

All existing calculationsof electraveakcorrectiongo et e™ — WW — 4f arebasecon DPA. A
nave estimateof theaccuray of thisapproaclyields(a/7) x In(...) x I'w /My, wherel'ywy /My is the
genericaccurag of the DPA, a//7 resultsfrom consideringone-loopcorrectionsandln(. . .) represents
leadinglogarithmsor otherpossibleenhancemerifictorsin thecorrections.This nave estimatesuggests
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thatthe DPA hasanuncertaintyof some0.1%. Note,however, thatthis estimatecanfail wheneer small
scalesbecomerelevant. In particularnearthe W-pair threshold,the estimateshouldbe replacedby
(a/m) x In(...) x T'w/(y/s — 2Mxy).

In orderto investigatethe accurag of the DPA quantitatvely, a numberof testshave beenper
formedwith RacoonWW. The implementatiorof the DPA hasbeenmodifiedwithin the formal level of
al'vw /My, andthe obtainedresultshave beencompared.Note thatin RacoonWW only the virtual cor
rectionsaretreatedn DPA, while realphotonemissionis basednthefull ete™ — 4 f+ matrixelement
with the exactfive-particlephasespace.Thus,only the2 — 4 partis effectedby the following modifi-
cations.Specifically threetypesof uncertaintiehave beenconsideredseeRef. [22] for details):

o Differenton-shellprojections:

In orderto definea DPA one hasto specify a projection of the physicalmomentato a set of
momentafor on-shellTW-pair productionanddecay?®. This canbe donein an obvious way by
fixing the directionof oneof the W bosonsandof oneof thefinal-statefermionsoriginatingfrom
either W bosonin the CM frameof theincomingete™ pair. The default in RacoonWW is to fix
the directionsof the momentaof the fermions(not of the anti-fermions)resultingfrom the W+
andW decaygqdel). A differentprojectionis obtainedby fixing thedirectionof theanti-fermion
fromthe W™ decay(proj) insteadof thefermiondirection.

e Treatmenbf soft photons:

In RacoonWW, thevirtual photoncontrikbution is treatedn DPA, while realphotonradiationis fully
takeninto account. Thesetwo contritutions have to be matchedn suchaway thatIR andmass
singularitiescancel. This requiremennly fixesthe universal, singularparts, but leaves some
freedomto treatnon-unversal, non-singularcontritutions in DPA or not. For instance,in the
branchof RacoonWW thatemplgys the subtractiormethodof Ref. [41], the endpointcontritutions
of the subtractiorfunctionsarecalculatedn DPA andaddedto the virtual photoncontritution as
default. As anoption,RacoonWW allows to treatalsothe universal(IR-sensitve) partof thevirtual
photoncontritution off-shell by extractingan U(1)-invariantfactorala YFS [80] from the virtual
photoncontribution andaddingit to the real photoncontritution, i.e. this soft+virtual part of the
photoniccorrectionis treatedoff shell (eik). The two describedreatmentonly differ by terms
of theform (a/7) x 72 x O(1) which are eithermultiplied with the DPA (def) or with the full
off-shell Born cross-sectiongeik).

e On-shellversusoff-shell Coulombsingularity:
The Coulombsingularityis (up to higherorders)fully containedn thevirtual O(«) correctionin
DPA. Performingtheon-shellprojectionto thefull virtual correctioneadsto theon-shellCoulomb
singularity However, sincethe Coulombsingularityis animportantcorrectionin theLEP2enegy
rangeandis alsoknown beyond DPA, RacoonWW includesthis extra off-shell Coulombcorrection
asdefault. Switchingtheextraoff-shell partsof the Coulombcorrectionoff (Coul), yieldsaneffect
of theorderof theaccurag of the DPA.

In the following table and figures the total cross-sectiorand various distributions have been
comparedfor the different versionsof the DPA definedabore. The resultshave beenobtainedus-
ing the LEP2 input parameterset and the set of separationand recombinationcuts as given in the
descriptionof numericalresultsof RacoonWW in Section4.1. The recombinationcut is chosento be
Myee = 25GeV. As default, we take the RacoonWW results(best-with-4f-Born)of Section4.1 for the
process:te” — udu v, (v) aty/s = 200 GeV, which arebasedon the above input. Theonly differ-
encesarethatthenaive QCD factorsandISR correctionseyond O(«) arenotincludedin theresultsof
this section.Theresultsfor thetotal cross-sectiomreshavn in Table9.

3This option only illustratesthe effect of differenton-shellprojectionsin the four-particle phasespace;if real photonic
correctionsaretreatedn DPA theimpactof differentprojectionamaybelarger.
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Table 9: RacoonWW predictionsfor thetotal cross-sectionf ete~ — udu~7,(y) aty/s = 200 GeV in various
versionsof the DPA andrelative difference® = o/oger — 1

def proj eik Coul
o/pb | 570.53(46)| 570.37(46)| 570.47(46)| 571.28(46)
§/% 0 —0.03 —0.01 0.13

Note that thesecross-sectionare calculatedwith the abore cuts. We find relative differences
atthe level of 0.1%. As expected,the predictionthatis basedon the on-shellCoulombcorrectionis
somevhat higherthanthe exact off-shell treatmentsinceoff-shell effects screenthe positive Coulomb
singularity Theresultsin Table9 have beenobtainedusingphase-spacslicing for thetreatmenbf the
IR andcollinearsingularities. If the subtractionmethodis usedinstead ,the resultingcross-sectioris
about0.01%smaller

In Figs.22 and23 we shawv the differenceof the proj, eik, and Coul modificationsto the default
versionof the DPA for somedistributions. For the distribution in the cosineof the W-productionangle
fw+ andin theW-decayanglefy; -, (seeFig. 22)therelative differencesareof theorderof 0.1--0.2%
for all angleswhichis of the expectedorderfor theintrinsic DPA uncertainty
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Fig. 22: Theoreticaluncertaintywithin the DPA for distributionsin the W-productionand W-decayanglesfor
ete™ — udp~v,(y) aty/s = 200 GeV
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Forthep-enegy distribution, shavn in thel.h.s.of Fig. 23, thedifferencesretypically of thesame
ordef aslong as E,, is in the rangefor W -pair production,whichis 20.2GeV < E,, < 79.8GeV at
Vs = 200 GeV. Outsidethisregion, thefour-fermionprocesss notdominateddy the 1V -pair diagrams,
andthe DPA is notreliableanymore,whichis alsoindicatedby large intrinsic ambiguities. Ther.h.s.of
Fig. 23 shaws the DPA uncertaintiesor the ud invariant-masslistribution. Within a window of 2I'yw
aroundthe W resonanceéhe relative differencesbetweenthe considerednodificationsare also at the
level of 0.1 + 0.2%. Thedifferenceggrow with the distancefrom the resonanceoint.

Thediscussedesultsillustratethattheintrinsic ambiguitiesof the DPA, asappliedin RacoonWw,
areatthelevel of afew permil, when&erresonant¥ -pair productiondominateghe consideredbserv-
able.

Estimatingthe theoetical uncertaintyof the DPA with YFSWW3-KoralW

Theaccurag of thecombinedresultfrom YFSWW3 1.13andour all 4-fermionprocesdMC KoralWw 1.42
[81] aspresentedn Ref.[59] is expectedto be below 0.5% for the total cross-sectiomvhenall testsare
finished. Thesetestsarecurrentlyin progress.

4.3 Summary and conclusions

In this Sectionwe have comparedifferenttheoreticalpredictionsfor the CC03cross-sectiotthathave
beenusedto analyzethe datain termsof all W -pair final states4q(gqqq) andnon-g(gqlv, lvlv). The
major achiezementin this areais representethy inclusionof radiatve correctionsn DPA for the WW
cross-section.

Dataarecollectedfrom 161 GeV upto 210 GeV. Oneshouldremembethatbelon somethreshold
(~ 170 GeV) the DPA cannotbetrustedary morefor bothvirtual correctionsandreal-photorradiation,
sincethekinetic enegy of the W bosonsbecomesf the orderof the W width. RacoonWW hasshavn
thattheintrinsic ambiguitiesof its implementatiorof the DPA areatthelevel of afew permille.

For the total CCO3cross-sectionthe differencedbetweerRacoonWW andYFSWW shouldbe of the
naiely expectedDPA accuray, i.e. belowv 0.5%for /s > 180 GeV. And, indeed,independentlyf the
channelthetwo MC differ by 0.2 + 0.3% in the resultspresentedereinandthis increasedo 0.4%if
uncertaintiesrom unknavn higherorder correctionsaretaken into account. Note that, with bare cuts
applied,thedifferenceof 0.2 + 0.3% shovn herebetweerthetwo comparedgrogramsdoesnot change.

The correctionsto the distribution in the cosineof the productionanglefor the W+ and W—
bosondhave alsobeenmanalyzedor the bare andthecalorecombinatioralgorithms.They arecompatible
with eachotherat a level belov 1%. Although compatiblewith the statisticalaccurag, the deviations
seemto becomesomevhat larger for large scatteringangles. The correctionsto the invariant mass
distributions for the W+ and W~ bosons,againwith bare and calo recombinationsare statistically
compatiblebetweerthetwo Monte Carlo programseverywhereandagreewithin 1%.

Anothercomparisonshavn in Fig. 12, indicatesthatRacoonWW andBBC calculationsagreevery
well for the total W -pair productioncross-sectiorabose 185 GeV. Below this enegy the differences
in the implementationof the DPA becomeuvisible, in agreemenwith the expectedrelative error of
O(a/m x Ty, /AFE). However, for angularandenegy distributionsunaoidabledifferencesat thelevel
of 1 + 2% arisebetweerthetwo predictionsasa consequencef the definition of the phase-spaceari-
ablesin the presencef photonrecombination Althoughthe BBC-calculationhasnot beenimplemented
in aMonteCarlot canbeusedfor obtainingarelatve O(«) correctionfactorwhereonehasanestimated
internalaccurag rangingfrom 1.5% atlower enegiesto 0.3% at210 GeV.

In conclusionfrom the directcomparison®f RacoonWW andYFSWW3, supportedoy BBC, we can
estimatean overall theoreticaluncertaintyof the currentpredictionsfor the total W W cross-sectiorat
0.4% at200 GeV. The0.4% precisiontagis animportantconclusionof this Workshop.
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For otherenegiesno completeinvestigationof the theoreticaluncertaintyhave beenperformed.
However, basedntheerrorestimateof 0.4% for 200 GeV, theintrinsic uncertaintyof the DPA of 0.2%
at 200 GeV andthe genericenegy dependencef this uncertaintygivenby I',, /(Ecms — 2Myw ) we
estimatean uncertaintyof the predictionsof RacoonWW andYFSWw3 of 0.5% for 180 GeV and0.7% for
170 GeV. Thiscouldbesomevhatfurtherreducedif thesource®f thedifferencedetweerthedifferent
programsarefound.

Resultsfor the WW cross-sectiomt O(«) arealsoavailablefrom GRACE but a comparisorwith
the othercodesis not yet at the level of thosealreadypresentedvherea considerableamountof time
wasinvestedto try to understandlifferencedowardsa safeestimateof theoreticaluncertainty

5 FOUR FERMIONS PLUSA VISIBLE PHOTON

Theclassof processethatareinvestigatecat LEP2aree™e™ — WTW~ — 4f, singledV production,
Z-boson-paimproduction,single- production. LEP2 and alsofuture linear colliderswill allow usto
studyanew classof processes;Te™ — 4f + .

The physicalinterestof the latter is twofold. They canbe usedto obtaininformationson the
quarticgauge-bosorouplingsandincludethe productionprocessesf threegauge-bosondy/ + W =+,
ZZ~ and Z~+. In this casethe photonis visible by definition andwe termthe correspondingrocess
radiative i.e. we considerasradiative eventsthoseeventswith photonswhereatleastonephotonpasses
theexperimentaphotonrequirementsfor instancels, > 1GeV, cos 0, < 0.985(0.997) andfy_., > 5°.

Note thatfor all final statesthe invariantmassneedsa more precisedefinitionin caseradiative
photonsarepresenin the event. Froma calculationalpoint of view, thereis alwaysa minimal invariant
mass(enegy and separatiorangle)belov which photonsare not resolved Thuswe needto specify
fermion-photoninvariantmassor fermion-photorenegies and separatiorangles,belov which the the
photonarecombinedwith the fermionandabove which the photonsarenotincludedin the masscalcu-
lation. A bare masswould setthesecutsrathertight, excluding photonsfrom the f f massa calo mass
would setthe separatiorcutslooser Theoristdike cutson M (y — nearestf). Experimentalistéike cuts
on enegiesandangles.In thefollowing we list both TH(eory) cutsandEXP(erimental)cuts.

TH cuts: bare M (ff + (v)) includingphotonsif M (f +v) < 5GeV,
calo M(ff + (v)) includingphotonsif M (f + v) < 25GeV.

EXP cuts: bare M(f,fo + (7)), photonslessthan1 GeV or lessthan 1° away from f; or f, are
included;

calo M(I1lo + (7)), photonslessthan 1 GeV or lessthan 10° away from chaged leptonsare
included,
M (G192 + (7)), photonslessthan1 GeV or lessthan25° away from eitherquarkqs, ¢2 are
included,whichtakesatleastthe majordifferencebetweerfermions- quarksversudeptons
- into account.

Thesedefinitionssene for benchmarkingdistributions, not so muchto mimic an actualexperi-
mentalstratgy, which is of coursefermion dependentin otherwordsthis is an approximationto the
experimentalside: if the fermionis a muon,even 0° openinganglescanbe separateaxperimentally
In addition, for identified photonsone still may or may not chooseto recombinethe photonwith the
fermion.

Furthermoree™e™ — 4f + v is animportantbuilding block for the radiatve correctiongto the
Born processte~ — 4f, hencenon-radiatie eventsarethosewith no photonor only photonsbelon
the minimal photonrequirements.In caseof non-radiatie events,this amountsto addingup virtual
andsoft radiatve corrections. The effect of O(a) QED correctionsvery often amountsto several per
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cent, mostly originating from collinear photonradiation off highly enegetic particlesand from vir-
tual photonexchange. For initial stateradiation,for instance we have threetypesof corrections,a)
O(a/m In(m./Q)) with @ > m,. beingthetypical scaleat which the processoccur b) O(a/7) from
hard photonsthat must, neverthelesspe includedfor a 1% precisiontag, c) leading©O(a?), or higher
correctionghatbecomeselevantfor aprecisiontagbelov the 1% thresholds.

Owing to the fact that a theoreticalpredictionwith a typical accurag of somefraction of a per
centmustincludeall QED correctionswe facethe compleity of it. Handlingthe singularitiesof the
squarednatrix elementepresentaformidabletask;in any bremsstrahlungrocessheintegrandblows
upfor arbitrarysmallphotonenegiesandsimilar problemsarisefrom collinearemissionoff thechaged
particles.

A generakommeniaboutthis sectionis thatsomeof the programshput notall, implement4f + ~
at the level of (exact) matrix elements.Fewv programshave only an effective treatmentof photonsvia
structurefunctions,with or without p;. Furthermorewe alsohave to distinguishbetweenmasslesys.
massve calculations.

5.1 Description of the programsand their results
4f 4+ ~ with RacoonWW
Authors

A.Denner S.Dittmaier M.RothandD.Wackeroth

Geneal description

The programRacoonWW [22] evaluatescross-sectiongnd differential distributions for the reactions
ete™ — 4f andete™ — 4f + v for all four-fermion final states. The long write-up has already
beenpresentedn Section4.1, so that we only stressthe featuresthat are peculiarto 4f + ~ produc-
tion with a separatedhard photon. The calculationis basedon full 4f + ~ matrix elementdor all final

possiblestates.Sincefermion massesreneglected lower cutson the invariantmassof ff pairsandon

e emissionangleshave to beimposed,n additionto the angularandenegy cutsfor the hardphoton.
RacoonWW supportslifferentwaysto treatfinite gauge-bosowidths(fixedandrunningwidths,comple-

massschemegandallowsto selectsubset®f graphg V'V v signaldiagramsQCD background)Detailed
numericalresultson 4f 4 v productionwith RacoonWW canbefoundin Ref.[18] andin Section5.2.

4f 4+ ~ with PHEGAS/HELAC
Author
C. G. Papadopoulos

This sectionrefersto a novel Monte Carlo programthat is capableto dealwith ary tree-order
processnvolving ary particleandinteractiondescribedy the Standardviodel, includingQCD.

Theprogramconsistf two modules:
1. HELAC whichis amatrix elementtomputation-toof60] basedn Dyson-Schwingeequationsand

2. PHEGAS anautomaticphase-spacgeneratof61] capableto simulateall peakingstructuresof the
amplitude.

Theoverall codeis usinga Monte Carlointegrationbasedon multichanneloptimization[62].

HELAC

The matrix elements evaluatedusingarecursve approachhasedon Dyson-Schwingeequations.The
computationatostexhibits anexponentialgronth (~ 3™) asa function of the numberof externalparti-
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cles(n) which for multi-particleprocessesesultsto a very importantincreasen the efficiengy ascom-
paredwith thetraditionalFeynman-grapltapproachwhosecomputationatostgrows factorially (~ n!).
In orderto optimize codes efficiengy the computationaktratgy consistsof two phases.In the first
phasea solutionto the recursve equationss establishedn termsof anintegerarraycontainingall rel-
evantinformationfor the procesaunderconsideration.This is theinitialization phaseandis performed
onceatthebegginning of the executionof the program.In the secondphase usingthe alreadygenerated
information,the actualcomputations performedresultingto the numericalevaluationof the amplitude
for eachspecificphase-spacpgoint provided.

In orderto consistentlydescribeunstableparticlesthe fixed width aswell asthe complex width
schemedhave beenincluded. ISR andrunningcouplingsarealsoan optionandwork is in progres€o
implementhigherordercorrectionswithin the approactof referencq16].

In orderto deal with numericalstability problems,besidesthe double precision a quadruple
aswell asa multi-precision[63] versionis available. This makes HELAC ableto dealwith processes
exhibiting strongcollinearsingularitiesike e"e™ — e~e™p~u™ at zeroscatteringangles.Moreover
all particlemassesndverticesof the Standardvodel, includingQCD, in boththe Feynmanandunitary
gaugesreincorporated.

PHEGAS

Although several matrix elementcomputationatools were available in the pastthat candeal with ar-
bitrary processedp the oneor to the otherextent[64], phase-spacgeneratorsverealwaysdeveloped
accordingto a specificprocessor a classof processe$65]. PHEGAS is a phasespacegeneratorthat
incorporatesn an automaticway all possiblekinematicalmappingsfor ary given process,usingthe
relevant information provided by HELAC. To this endeachFeynmangraphcontrikuting to the process
underconsideratiorgivesriseto akinematicaimapping.Theintegrationis performedvia aMonte Carlo
multichannebpproactandduringthecomputationyveightoptimizationselectautomaticallythosekine-
maticalmappingghatarerelevantfor the processinderconsideration.

As afirst highly non-trivial testPHEGAS/HELAC hasbeenusedto produceresultsfor four-fermion
plusavisible photonwithin the currentstudy Neverthelessit is worthwhileto emphasizéhatPHEGAS /
HELAC is ableto dealwith ary processnvolving ary Standardviodel particleandis by no meansre-
strictedto ete~ — 4f + ~ reactions.A detailedpresentatiorof the code,the implementedalgorithms
aswell astheincorporatecphysicseffectswill be availablein the nearfuture[61].

4f + ~ with WRAP
Authors
G. MontagnaM. Moretti, O. Nicrosini, M. OsmoandF. Piccinini

Descriptionof the Method.

Contritutions of the Pavia/ALPHA groupto the subjectof four fermions plus gammafinal statesare
summarized.

Hard-scatteringmatrix element

The exact tree-level matrix elementdor the processesvith four fermionsplus a visible photonin the
final statearecomputedby meansof the ALPHA algorithm[82]. At presentthe processesvhich canbe
mediatedby two W -bosonq CC processes)r by two Z-bosong NC processesareaccountedor. The
effect of finite fermion massess takeninto accountexactly bothin the kinematicsanddynamics.The
contritution of anomalousrilinear gaugecouplingscanbe alsosimulated afterhaving implementedn
ALPHA andcross-cheakd the parameterizatiom termsof Ak, A, 0z, Akz and)z of Refs.[83,84].
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The genuinelyanomalousguartic gaugebosoncouplings,involving at leastone photonand relevant
for this processat tree-level, arealsoincluded,accordingto the parameterizatioof Ref. [85]. Final
cross-check®n anomalougguartic couplingsarein progress. The fixed-width schemeis adoptedas
gauge-restoringpproachasmotivatedin comparisorwith othergauge-inariance-peseving schemes
in Ref.[18].

Radiativecorrections

The phenomenologicallyelevant LeadingLog (LL) QED radiative correctionsdueto initial-statera-
diation (ISR), are implementedvia the StructureFunction (SF) formalism [86], accordingto the two
following options:

— collinearSFD(z, s);

— pi-dependenSF D(z, cos 6,; s), i.e. acombinationof the collinear SF D(z, s) with anangular
factorfor photonradiationinspiredby theleadingbehaiour 1/(p - k) [87,88].

In fact, asdiscussedn detail in Refs.[31,88], dueto the presencef an obsered photonin the final
state thetreatmenbf ISR in termsof collinearSFturnsoutto beinadequatéecausaffectedby double
countingbetweenthe pre-emissiorphotons(describedoy the SF) andthe obsered one (describedby
the hard-scatteringnatrix element):* By keepingundercontrol alsothe trans\ersedegreesof freedom
of ISR, asallowed by p;-dependenSF, it is possibleto remove the double-countingeffects, following
the procedurdor the calculationof the QED correcteccross-sectionliscussedn Refs.[31,88],i.e.

aggg’ = /dxldxgdcgl)dcg) la(xl,c(vl); s)[)(xg,c(f); s)@(cuts)da4f+17, (62)
(1)

wherec(j) = cosf,’, i = 1,2. Accordingto Eq. (62), an equivalentphotonis generatedor each
colliding leptonandacceptedsa higherorderISR contrikution if:

— the enegy of the equivalent photonis belown the thresholdfor the obsered photon Elvnin, for
arbitraryangles;or

— theangleof the equivalentphotonis outsidethe angularacceptancéor the obsered photons for
arbitraryenepies.

Within the angularacceptancef the detectedohoton,the cross-sectiorns evaluatedby meansof the
exactmatrix elementfor the processes™e~ — 4f + +. Therefore Eq. (62) appliesto the signatureof
four fermionsplusexactly onephotonin thefinal state correctedy the effectsof undetectedoftand/or
collinearISR. The Q?-scaleenteringthe QED SFis fixedto be Q2 = s.

Computationatool and obtainedresults

The theoreticafeaturessketchedabove have beenimplementednto a massie MonteCarlo(MC) pro-
gram,namedwWRAP (W Radiative processwith Alpha& Pavia). The multi-channelimportancesampling
techniquds emplgredto performthe phase-spacategration,payingparticularattentionto theinfrared
andcollinearpeakingstructuresiueto photonemission.Thecodesupportgealisticeventselectionand
canbeemplo/ed eitherasa cross-sectiowalculatoror asatrue eventgeneratarResultsobtainedn the
presenstudycanbe summarizedsfollows: We have performeda critical analysisof the effect of ISR
(seeFigs. 24—-26)and a study of the impactof finite fermion massegseeTable 10), Finally, we have
tunedcomparisonsvith the predictionsof othercodesgspeciallywith RacoonWwW (seeSection5.2).

¥In thetunedcomparisorwith RacoonWW the effect of ISR SFwasswitchedoff.
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Theimpactof ISR via collinearSFon the 4f + ~ integratedcross-sectiof the CC10final state
By u d ~ is shawvn in Figs. 24 and25, asa function of the LEP2 c.m.s. enegy (Fig. 24) andof the
photonenegy thresholdat /s = 192 GeV (Fig. 25). Figure24 shavs thatISRin the collinearapproxi-
mationreduceshe Born cross-sectiobetweenl6 — 12% in thec.m.s.rangel80 — 190 GeV andatthe
10% level closeto 200 GeV, for the considereghotonseparatiorcuts. In particular at /s = 192 GeV
thereductionfactorasdueto ISRis 12 — 13%, almostindependenof the photondetectionthreshold as
shovn in Fig. 25.
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Fig. 24: Theeffect of ISR, simulatedby collinear SF, on the integratedcross-sectiorof the CC10final-state
w~ U, u d v asafunctionof theLEP2c.m.s.enegy. TheBorn cross-sectiofior the CC20final-statee ™ v, u d v
is alsoshown.
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NotethatcollinearSFcontradictgphotondetectiorcriteria,asdiscussedhefore.However, in order
to getafirst estimateof thecorrectiondueto ISR, collinearSFcanbeused sincetheerrorintroducedoy
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this treatmen{double-countingffects)is estimatedn Fig. 26, by comparingcollinearandp; structure
functions.
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Fig. 26: Comparisorbetweerthe effectsof ISR via collinearSF (dashedine) andp;-dependenSF (solid line),
respectiely, for the cross-sectiof the the CC10final-statey~ 7, u d -y, asa function of the minimumenegy
of theobsenedphoton,at 192 GeV.

Table 10: Comparisorbetweenmassve andmassles®orn crosssectionsfor the procesg: 7,,¢s + v at /s =
200 GeV, asobtainedby meansof WRAP. 6,_¢, with f = ¢, 11 is the minimum separatioranglebetweenthe
photonandfinal statechagedfermions. In the third column, the first resultrefersto the massie case,andthe
seconcneto themasslessase Relative differenceis shovn in thelastcolumn.

¥y_q (deg) | ¥,_, [deg] | cross-sectiofib] 0 (%)

5° 1.0° 90.157 + 0.036 1.92+£0.08
91.903 + 0.035

5° 0.1° 104.777+ 0.046 | 9.31 4+ 0.09
115.004 + 0.044

5° 0.0° 105.438 + 0.045

As far asfermion massesare concernedve shav in Table 10 a comparisorbetweenthe cross-
sectionfor thefinal statex,™ 7, ¢ 5 7 in the masslesspproximations comparedvith the samecross-
sectionin the presencef finite massedor thefinal statefermions. The massvaluesandcutsusedare:
m,, = 0.105 GeV, my; = 0.3 GeV, m. = 1.55 GeV, with M., > 3 GeV. In theconsiderea¢thannelwith a
muonin thefinal state the minimum separatioranglebetweerthe quarksandthe photonis maintained
fixedat5°, while the separatioranglebetweerthe muonandthe photonis variedfrom 1° down to zero.
It canbe seenthatthe masseffectson the the integratedcrosssectionare of the orderof 1% for nottoo
small separatiorangles but it may reach,not surprisingly the 10% level in more stringentconditions,
whereonly amassve 4f + « calculationcanprovide areliablepredictionin thepresencef muonsin the
final state.
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4f + ~ with CompHEP
Authors
E. Boos,M. DubininandV. llyin

Geneal description

The programCompHEP [89] calculatescross-sectionanddistributionsfor all channelsste™ — 4f and
ete™ — 4f +~. Thecalculations basenatree-level matrix elemenfor thecompletesetof diagrams.
Finite fermion massearetakeninto accountbothin the matrix elementandin the four or five particle
phasespaceparameterization.The fixed-width prescriptionis usedfor the gaugebosonpropagators.
In sofar as CompHEP usesthe squareddiagramstechnique the calculationfor the five particle states
with radiatve gammais CPU time consumingand in the following only the resultsfor the channel
ete™ — yuvw,ud (2556squaredliagrams)arepresentedqFigs. 27, 28, wherethefactora(0) /ag,. is
notaccountedor). We usedthe standardsetof cutsincluding EXP-cutsfor thedistributionsin the bare
andcalo mass.
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Fig. 27: Distributionsin the gammaenegy, gammatrans\ersemomentumgammaanglewith the beam,andin

theopeninganglebetweerthegammaandthenearesthagedfermion. Thedistributionsfor theete~ — yuw,ud

areshawvn by the solid line andthe distributionsfor thee™e™ — ~u, W with thefollowing W isotropicdecay
areshown by thedashedine.

62



% CompHEP % CompHEP
L 52 Q. -2
> 10k >0k
Q. | Q. |
§ wy,udy g pr,udy
[S) Vs = 200 GeV E Vs = 200 GeV
© °
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 90 100
E(Gev) pr(CeV)
> E > E
3 E CompHEP 3 E CompHEP
DN r DN r
el r el r
Q. L Q. L
3,52 3, -2 i
< 10 3 pv,udy < 10 3 i pv,udy
N Vs = 200 GeV N Vs = 200 GeV
) )
o o
3 -3
10 10
—4
10
-5
10 F
-6 -6
P Y N SN N R AR AR P Y N O S A AR AR
40 50 60 70 80 30 100 110 120 40 50 60 70 80 30 100 110 120
bare M,, (GeV) calo My, (GeV)

Fig. 28: Upperrow of plots- distributionsin thequarkenegy andthequarktransersemomentunfor thechannel
ete™ — yu,ud (solid) andthe approximatione* e~ — ~uiz, W+ (dashed)Lower row of plots- distributions
in the ‘bare’ and‘calo’ M,,, invariantmassfor theapproximatiore*e™ — yuw, W (solid) andtheexact2 — 5
processte~ — yuv,ud (dashed/dotted).

On-shellW bosonappioximationfor e*e™ — yuw,ud

In the2 — 4 approximatiorof theon-shelllW bosone* e~ — ~uw,, W for the2 — 5 procesgte™ —

yuvﬂuﬁ the numberof diagramss muchsmaller(31 for the 4-bodyand71 for the 5-bodyfinal state).
It is interestingio find outif asimpleron-shelllV approximatiorreproducesvith enougHhikelihoodthe
total rate anddistributions given by the exact2 — 5 treelevel amplitude. The possibility to describe
guantitatvely the 5-body distributionsof radiative eventsby sometrivial changeof the normalizationin

the4-bodyresultscould beattractve.

We calculatedhe crosssectionof theprocess™e~ — ~vur, W' multiplied by afactorgivenby
thefollowing on-shelllV isotropicdecayto ud. Vectorsof theu, d quarksmomentageneratedandomly
in the restframe of the W wereboostedto the e e~ c.m.s.,wherethe standarckinematicalcutswere
introduced:E, > 1GeV, E, > 5GeV, | cos0(ve)| < 0.985. Furthermore} cos §(pe)| < 0.985, 6(, p),
0(~y,u), andd(v,d) > 5°. Suchaschemeof calculationis basedon the well-knovn approximationof
infinitely small W width M, Tiet /[(M% — M7 )? +M? 7] = m 6(M?% — M) andhave beerwidely
usedfor the simulationof the 3- and4-bodyfinal statesn mary generatorsThe simulationby PYTHIA
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generatof90] follows slightly betterschemewhenthe W decayproductsinvariantmassis distributed
accordingo theBreit-Wignerandgammaradiationfrom quarkscanbeswitchedonin theapproximation
of final stateshaver.

Thetotal rateof thea(eTe™ — yuw, W) Br(W+ — ud) is equalto 49.4(2) fb to be compared
with theexact2 — 5 result69.1(9) fb. Missing contrikution of the omitteddiagrams especiallyfrom
the phasespaceregions nearthe collinear and infrared polesof the photonsradiatedfrom the initial
stateandthe u, d quarksleadsto substantialinderestimatef the rate. Peaksof the forward andback-
scatteredohotons(Fig. 27), radiatedfrom the initial e*, e¢~, are much strongerunderestimatedhan
the photondistribution in the centralrapidity region. Distributionsin the quarkenegy andtrans\erse
momentum(upperplotsin Fig. 28) areratherdifferentin the exactandapproximatecalculation.For the
exact calculationthe quarkenegy spectrummorerapidly decreasethanfor the approximationrwhere
the photonradiationfrom quarksis notaccountedor. In the exact5-body consideratiorthe W bosonis
createdn aratherwell definedpolarizationstate sotheapproximatiorof anisotropicon-shelll’ decay
couldbeunsatisactoryfor angularvariables.Large differenceof thedistributionsin the photon-fermion
(muonor quark)angle(lower plot in Fig. 27) is causedy a simple combinatorialreason.Calo jet-jet
mass(lower plot in Fig. 28) containsthe unresoled photonradiatedfrom the initial stateor from the
muon,soonly Mua7 > M,, ispossible.

It follows thatin the caseof four fermion eventswith radiative photonthe approximationof the
on-shelll¥ isotropic decaydoesnot, generallyspeaking satishctorily describeboth the total rateand
thefull setof final particledistributions.

4f + ~ via Structue Functionswith NEXTCALIBUR
Authors
F.A.BerendsC. G. PapadopouloandR.Pittau
In this Sectiorwe shaw illustrative resultsfor theprocesseste ™ — u~ puu(y) (ZZ signal)and

ete™ — p~vud(y) (WW signal). Analogousresultsfor the single# casecanbefoundin Section6.

NEXTCALIBUR doesnot containthe exactmatrix elementfor ete~ — 4f + v, thereforewe gen-
eratephotonsalwaysthroughp,-dependeni S R StructureFunctions.We usedthe setof cutsspecified
in the proposalat /s = 200 GeV, all diagramsandfermion massesncluded. In tables11 and 12 four
valuesof crosssection(in pb) areshawvn.

Table 11: Cross-sectionsn fb from NEXTCALIBUR for the processe™ (1)e™(2) — p~(3)u™ (4)u(5)u(6).
M (34) > 10 GeVand M (56) > 10 GeV. Separatiorcutsfor thephotons:£,, > 1 GeV, | cos | < 0.985.

Type | Cross-section
Otot 16107(9)
Onrad 15.018(9)
Osrad | 1.0697(30)
Odrad 0.0189(4)

Table 12: Cross-sectionsn fo from NEXTCALIBUR for the processe® (1)e™(2) — u~(3)7,(4)u(5)d(6).
M (56) > 10 GeV. Separatiorcutsfor thephotons:E,, > 1 GeV, | cos 6, | < 0.985.

Type | Cross-section
Ctot 617.27(59)
Onrad | 578.19(58)
Osrad 38.54(16)
Odrad 054(2)
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Thefirstvalue,labelledby tot, is thesumof radiatve andnonradiative events(within the specified
separatiortutsfor thegenerateghhotons).The seconconenrad corresponds$o non-radiatre eventsand
the third one srad to single-radiatie events,namelyeventswith only oneradiatedphotonoutsidethe
separatiorcuts. We alsoincludea fourth entry thatrepresentshe smallfraction of radiative eventswith
2 photong(drad).

To checkthesensitvity of thedistributionsto thechoserform of Structure~unction,we runagain
theabove processewith aslightly differentimplementatiorof the sub-leadingerms,without observing
ary significantdeviation with respecto the previousresults.

4f + ~ with GRACE
Authors
Y. Kurihara,M. KurodaandY. Shimizu

In this Sectionwe presentresultsfrom GRACE for the 4f 4+ ~ processesvith W-pair andsingle-
W cuts. Parametersand cuts usedare the sameas thoseof the WRAP andRacoonWW collaborations,
exceptthatwe usedag,. for all vertices.Unfortunately GRACE resultscannotbe comparediirectly with
thoseof RacoonWW andwRAP; indeed whenGRACE numbersarebe compareawvith the othersoneshould
multiply by afactora(0)/aq,.. To checkthe calculationsthe following testshave beenperformedfor
theprocesseste™ — uv,udy aty/s = 200 GeV;

— Gaugeparametemdependenceheck;theamplitudegeneratedby GRACE keepsgaugeparameters
in covariantgauge. It hasbeenchecled numericallythat the amplitudeis independenbf gauge
parametersit several phase-spacpoints.

— Ward Identity check;whenthe polarizationvectorsof the externalphotonsarereplacedoy their
four-momentumtheamplitudemustbezerodueto Ward-Identity We have checledit numerically
at severalphase-spacpoints.

— Soft photoncheck;the cross-sectionsvith soft-photonemissioncanbe easily calculatedoy non-
radiationcross-sectiomndthe soft-photonemissionfunction. We have calculatedhe soft-photon
emissioncross-sectiofvy two methods;

1. Using 4f + v matrix elementswith cuts, 107* GeV < E, < 1072 GeV, no angularcut
on the photon, | cos 0,| < 0.985, £, > 5GeV,M(ud) > 10GeV, giving o = 0.5105 +
—0.0002 pb;

2. Using 4f + v matrix elementswith soft-photonfunction with cuts, 107% GeV < E, <
1072 GeV, noangularcutonthephoton,| cos 0,,| < 0.985, E,, > 5GeV, M (ud) > 10 GeV
giving o = 0.5109 £ 0.0005 ph.

The two methodstherefore give consistentesults. We have usedexact matrix elementdor the
calculationsof 4f + ~. For W-pair processeswe simply usedfixed width for the gauge-boson
propagatofin the unitary gauge. For singled¥ processesve useda specialgauge[93] for the
t-channephoton,whichshavs very smalleffectsfrom the gaugeviolation dueto thegauge-boson
width.

Distributionsfrom GRACE areshawn in Figs.29-34.
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Fig. 29: E, andcos 6 distributionsfor the process:v, ud~ from GRACE with WW cuts.
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Fig. 30: Bareandcalo M (ud) distributionsfor the procesguv, ud~y from GRACE with WV cuts.
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Fig. 32: Bareandcalo M (ud) distributionsfor the processv.ud~y from GRACE with WW cuts.
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Fig. 34: Bareandcalo M (ud) distributionsfor the process:v.ud~ from GRACE with singledV cuts.

5.2 Comparisonsfor 4f + ~

A firstsetof comparison®etweerthepredictionof severalindependentodespamelyWRAP, CompHEP,

GRACE andRacoonWW wasperformedat the beginning of theworkshop.

This comparisorcoversintegratedcross-sectionandvariousdifferentialdistributions,essentially
for a CC10final state.Discrepanciesbseredat thatstagearemainly to be ascribedo non-tunedcom-
parisons.In fact, a detailedtunedcomparisorbetweeriWRAP, RacoonWW andPHEGAS/HELAC presently

shavs a beautifulagreementor severaldistributionsandfinal states.

Input parametergnd cuts usedto carry out this tunedcomparisorcorrespondo thoseof the 4f
proposalin theapproximatiorof masslesgermions).In particular thephotoncutsare:Egnin =1GeV,
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|cos B, < 0.985,aty/s = 200 GeV. In thePHEGAS —RacoonWW —WRAP comparisonthefollowing final
stateshave beenconsidered:

- u?uugy
- e_ﬁeuav

—pT T vy

Theobserablesstudiedin thetunedcomparisorare:

integratedcross-sections;
— E, distribution, do /dE., [fb/GeV];
— distribution in the cosineof the photonangled.,, do/d cos 6., [fb];

— distributionin theopeningangled s, betweerthephotonandthenearesthagedfinal-stateermion,
do /df.,y [fb];

— distritutions in the bare invariant massesf the W+ and W~ bosons, M, = M 3 M+, ,
do/dM, [tb/IGeV], M_ = Mg M, , M., , do/dM_ [fb/GeV].

B

All the obserablesare calculatedfor /s = 200 GeV in the fixed width scheme.The squaredmatrix
elementis calculatedn the G schemeandsubsequentlynultiplied by «(0)/aq,., to take exactly into
accounbf thescaleof therealphoton.

Theappliedcutsare:

— commonto all processes, > 1GeV, |cos(f(y,beam)| < 0.985, 6(v,f) > 5°, f = chaged
fermion.

— for udpv,y andudevey: M(ud) > 10GeV, |cos (1, beam)| < 0.985 E; > 5GeV, wherel isa
chagedlepton,

— for v pvy,y andrv.evey: | cos O(1, beam)| < 0.985, By > 5GeV, M(IT17) > 10GeV,

— for udcsy: atleasttwo pairswith M (g;q;) > 10 GeV.

Thegeneratorhiave produceda hugecollectionof resultsandonly a smallsamplewill beshavn here.

Thetotal cross-sectionarereportedn Table13 wherethedifferencedetweerthe predictionsof
WRAP, RacoonWW andPHEGAS/HELAC arearound0.1%, signallingperfecttechnicalagreement.

In thefollowing we will shawv few exampleof predictions.By comparinghethreedifferentcodes
with atunedcomparisorwe getaroughestimateof the associatedechnicaluncertaintyalsofor distri-
butions. Besidegthe distributions comparedn plots we alsobe presentatio-plots,asthe distributions
themselesaretoo closeto shav a differencebetweermprogramsn theactualscale.

First we considerthe angulardistribution, i.e. the cos 6, distribution in the range[—1, 1] for
variousfinal statesasshavn in Figs.35—-39,wherewe alsoplot the ratiosbewteenthe predictions.
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Table 13: ComparisorbetweerWRAP, RacoonWW andPHEGAS/HELAC for a sampleof total cross-sectionéb).
Process WRAP RacoonWW | PHEGAS/HELAC

ud "7,y | 75.732(22)| 75.647(44)|  75.683(66)
ude T,y | 78.249(43)| 78.224(47)|  78.186(76)
vt T U,y | 28.263(9) | 28.266(17)|  28.296(22)
vuute Uy | 29.304(19)| 29.276(17)|  29.309(25)

udsey 199.63(10)| 199.60(11)| 199.75(16)
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Similarly, the I, distributionsandratiosin therange[1, 50] GeV areshavn for variousprocesses
in Figs.40-43. Note thatvirtual correctionsare not included,therefore the photonspectrumstartsat
somelower boundaryof 1 GeV. Deviationsareof theorderof 1% for softphotonsandtendto deteriorate
for harderones.Statisticallythe deviationsarecompatiblewith zero.Notethatfor very hardphotonghe
crosssectionandthereforethe accurag of the numericalintegrationof the programsecomegpoorer
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Fig. 43: E, distributionsandratiosfor the processude v.7.

In Fig. 44 we shav the fermion-photoropeninganglef(~, f) (wheref is a chagedfermion)dis-
tribution. In the samefigurewe shav the percentageleviation betweerthe threepredictions.The most
interestingregion occursfor smallangles,.e. towardsthe collinearregion, wherea reasonablagree-
mentis registered of the orderof a percent.For the usedstatisticghe deviationsarenotyet significant.
The agreementleteriorategor a larger separatiorbetweerthe photonandthe chagedparticles. How-
ever, in this region the cross-sectiofis an orderof magnituddower. Note thatthe peculiarbehaior of
thedistribution towards0° is only dueto thefactthatthethird bin is betweer3.6° and5.4° with acutat
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Fig. 44: Distribution in the openingangleé(~, charged fermion) betweenthe photonandthe nearestchaged
final-statefermionin theprocessv .~ 7,y andthe correspondingatios.
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Finally, we comparethe distributionsin the bareinvariantmassesFirstthe W~ oneaspredicted
by WRAP andRacoonWW. Resultsfor all considerecchannelsandfor the W~ distribution areshawvn in
Fig. 45(left). Note thatthe curvesfor the two purely leptonicchannelsandthe two semi-leptonidinal
statesarealmostidentical. In Fig. 45 (right) we also presenthe percentageleviationsfor the process
udscy. In Fig. 46 we give the correspondingV * invariant-masslistribution including resultsfrom the
3 programsln Fig. 47 we show theratio betweerthe W+ andthe W ~ invariant-masslistributionsfrom
WRAP andRacoonWW respeciiely.
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Fig. 45: BareW — massdistributionsand percentageleviationsbetweenwRAP andRacoonWW for one specific
example,udscy.

[fb/GeV]

do/dM

[fb/GeV]

do/dM

70

60

50

40

30

20

[ Judcs

S
S
-

30 T T

[ Judey,.

20

/

k\\

P

757677 787980 81 82 8384 85 757677787980 81 82 83 84 85
20 ey 20 prprrererre e
[y, ev, [ QRS2
V' s - 200 GeV
10 + 4 10 + 4
0 //\v‘r 0 //\\r
757677 787980 81 82 8384 85 757677787980 81 82 83 84 85

Bare Mass [GeV]

Bare Mass [GeV]

Fig. 46: BareW+ masddistributionsfrom WRAP, RacoonWW andPHEGAS.

75



Lo i |
W, JW WW |
++++++++ Q i t
j o | *WW : 7 ; il | MW HH\ |
Tewema ] T e e | -

t HN

.. WW*H 1o \HHHW

Fig. 47: Ratioof invariantmassdistributionsW~ /W™ from WRAP andRacoonWW for the processuv,,eve.

5.3 Estimate of theoretical uncertainty

No globalstatementanbe given, atthe moment,on thisissue.Thefollowing programshave agreedo
malke individual statements:

RacoonWW
Sincethe programhasonly tree-level precisionfor e e~ — 4f + v, areliableestimatefor thetheoretical

uncertaintycannotbe givenwith the presentversion. This could be doneif leadingcorrectionssuchas
ISRwereincluded,whichis plannedn future extensionsof the program.

WRAP

WRAP hastried to estimatethe theoreticaluncertaintyin 4f 4+ v processesomingfrom variationsin the
renormalizatiorscheme. The selectedprocessis e*e™ — udu~ 1,y with the cuts usedin the tuned
comparisonsThefollowing two scheme$ave beenadopted:

2 2 .2
N 2 1_]\4W a:4\/§GFMWSW. g2:47r&
w M? dn ’ 52,
ma(2M,,) ,
IT) 2 = ———W2  ¢2=4V2G-M?, with a(2M,,)=128.07. (63)
w V26, M2 w v

The crosssectionis alwaysrescaledy thefactora(0)/« in orderto take into accountof the scalex(0)
for theemittedrealphoton.Here,« is thevaluecomputedn thecorrespondingenormalizatiorscheme.
Theresultsareshowvn in Table14.
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Table 14: Estimateof the contritution to thetheoreticaluncertaintyasdueto variationof the input parameteset,

accordingto WRAP. | andll referto thechoicesin Eq. (63) and/ is the percentagélifference.

\/s[GeV] | crosssection[fb] 1)
200(N) 75.750(29¥b
200(1N 75.887(29¥b 0.18%
189(1) 71.889(25)¥b
189(ll) 71.997(25¥b 0.15%
183(1) 67.238(22¥b
183(1l) 67.324(22¥b 0.13%

Note that the overall theoreticaluncertaintyfor 4f 4+ ~ productioncannotbe belov the level of

1 + 2%. In this respecthe numbersgivenin Table 14 areonly a partialindicationof possiblesources
of uncertainty As shavn by the previous analysis,ISR needsto be taken into accountin programs
for arealisticanalysisof 4f + ~ final states.Furthermorejn orderto avoid double-countingoetween
pre-emissiorand matrix-elementadiation, the implementationof QED correctionsin computational
toolsfor 4f 4 ~ processeshouldrely uponmethodssuchpartonshaver, YFS or p;-dependenstructure
functions,ableto keepundercontrol photonp, effects. Effectsdueto finite fermionmassesanbecome
importantat someper centlevel for smallphoton-chagedfermionseparatiorcuts.

In orderto betterunderstandhe uncertaintyassociatedo the implementationof collinear ISR
in 4f + ~ processesa comparisorbetweenthe effects of ISR via collinear SF and p;-dependenSFk
respectiely, is shavn in Fig. 26 for the crosssectionof the the CC10final statep™ v, u d v, asa
function of the minimum enegy of the obsered photon,at /s = 192 GeV. As canbe seenthe two
prescriptiondor ISR candiffer at 5% level for Eflni“ closeto 1 — 2 GeV, while the differencebecomes
smallerandsmalIerasE‘;flin increasesln generalthedifferencebetweercollinearandp;-dependengsF
is strongemearthe softandcollinearregions,asa priori expectedandit givesanestimateof the sizeof
thedouble-countingeffect atthelevel of ISR.

NEXTCALIBUR

To checkthe sensitvity of variousdistributionsto the choserform of the StructureFunctions the pro-
cesseete — p ptuu(y) andete — e T.ud(y) have beenconsideredvith a slightly different
implementatiorof the sub-leadingerms,without observingary significantdeviation, at the per mille
level, with respecto the previousresults.

5.4 Summary and conclusions

While the technicalprecisionin ete~ — 4f + ~ doesnot represent problemarymore for all those
programghatimplementan (exact) matrix elementyery little effort hasbeendevotedin analyzingthe
overalltheoreticauncertainty Someof the programsalsoincludethelargeeffect of initial stateradiation
at the leadinglogarithmiclevel. Whenthis is done,the bulk of large radiative correctionss included.
Sincehoweverin generahon-logarithmiaD(«) correctionsaarenotknown, thetheoreticalccuray is at
thelevel of 2.5% onintegratedcross-sectionandon inclusive distributions.

6 SINGLE-W

Anotherinterestingprocessat LEP2is the so-calledsingledV productione®e~ — Wer whichcanbe

seenasa partof the CC20processeg™e™ — qq(uv,, Tv,)ev., or asapartof the Mix56 process,
ete™ — et e v, v.. For amoredetailedtheoreticalreview we referto [91] andto [92]. All pro-

cessesn the CC20/Mix56familiesare usually consideredn two regimes, | cos 6(e™)| > ¢ or SA and

|cosO(e™)| < corLA. Inthelist of obserablesthesingleWW productionis definedby thoseeventsthat

satisfy| cos 8(e™)| > 0.997 andthereforeis a SA.

77



ThelLA cross-sectiohasbeencomputedoy mary authorsandreferencesanbefoundin Ref.[5].
It represents contritutionto thee™e~ — W W ™ total cross-sectionFromatheoreticapoint of view
theevaluationof aLA cross-sectiois freeof ambiguity evenin theapproximatiorof masslesermions,
aslong asa gauge-preservingchemes appliedandf(e~) is nottoo small.

For SA instead pnecannotemploy the masslesspproximatioranymore. In otherwords,in addi-
tion to double-resonanty -pair productionwith one W decayinginto ev,, therearet-channeldiagrams
that give a sizeablecontritution for small valuesof the polar scatteringangle of the ¢-channelelec-
tron. SingledV processesresensitve to the breakingof U (1) gaugeinvariancein the collinearlimit,
asdescribedn Ref. [7] (seealso[93]). The correctway of handlingthemis basedon the so-called
Fermion-Loop(FL)schemd12], the gauge-imarianttreatmentof the finite-width effectsof W and Z
bosonsin LEP2 processesHowever, till very recently the Fermion-Loopschemewas available only
for the LA-regime. For et e~ — e~ T, f1 f5, theU (1) gaugenvariancebecomesssentialn the region
of phasespacewherethe angle betweenthe incoming and outgoingelectronsis small, seethe work
of [7] andalsoanalternatve formulationsin Ref. [11]. In this limit the superficiall /Q* divergenceof
the propagatostructureis reducedo 1/Q? by U(1) gaugeinvariance.In the presencef light fermion
masseshis givesraiseto the familiar In(m? /s) large logarithms.Furthermorekeepinga finite electron
massthroughthe calculationis not enough.Oneof the mainresultsof [91] wasto shawv thatthereare
remainingsubtletiesn CC20,associateavith the zeromasdimit for theremainingfermions.

In Ref.[39] ageneralizatiorf theFermion-LoopscheméhereaftelEFL) is introducedo account
for external,non-consergd, currents.Anotherextensionhasbeengivenin Ref.[112] for theimaginary
partsof Fermion-Loopcontritutions,which representshe minimal setfor preservinggaugenvariance.

Themostrecentnumericalresultsproducedor singleiV productionarefrom thefollowing codes
[95]: CompHEP, GRCAF, NEXTCALIBUR, SWAP, WPHACT andWTO.

In view of arequestedinclusive cross-sectionaccuray of 2% we mustincluderadiatve correc-
tions to the bestof our knowledge,at leastthe bulk of ary large effect. As we know, the correctscale
of the couplingsandtheir differentiationbetweens- and¢-channelis connectedo the real part of the
correctionssothattheimaginaryFL is notenoughwe needa completeFL for singledV, or EFL. Hav-
ing all the parts,the tree-level couplingsarereplacedy runningcouplingsat the appropriatenomenta
andthe massie gauge-bosomropagatorsaare modified accordingly The vertex coeficients, entering
throughthe Yang—Mills vertex, containthe lowestorder couplingsaswell asthe one-loopfermionic
vertex corrections.

Eachcalculationaimedto provide someestimatefor singled? productionis, atleastnominally a
treelevel calculation. Among otherthingsit will requirethe choiceof somelnput ParameteiSet(IPS)
andof certainrelationsamongthe parametersThus, differentchoicesof the basicrelationsamongthe
input parameterganleadto differentresultswith deviationswhich, in somecase,canbe sizeableand
shouldbeincludedin thetheoreticaluncertainty Here,morework is needed.

For instancea possiblechoiceis to fix the couplingconstany as

dra T
2 2
=—, 8§ =—" 64
T tw V2Gp M2 69
whereG . is the FermicouplingconstantAnotherpossibilitywould beto use

9> = 426G M2, (65)

but, in both caseswe missthe correctrunningof the coupling. Ad hocsolutionsshouldbe avoided,and
therunningof the parametersnustalwaysfollow from afully consistenscheme.

Anotherimportantissuein dealingwith singled¥ productionis connectedvith the inclusionof
QED radiation.It is well known thatuniversal,s-channektructurefunctionsarenot adequatenoughto
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includetheradiationsincethey generatean excessof ISR bremsstrahlungln ¢-channeldominatedoro-
cessesheinterferencéetweenncomingfermionsbecomesery smallwhile thedestructie interference
betweennitial andfinal statedbecomestrong.

It is quite a known factthat,amongthe electraveak corrections QED radiationgivesthe largest
contrilution andthe neededrecisionrequiresa re-summatiorof thelarge logarithms.For annihilation
processes;t e~ — f f,initial stateradiationis adefinable gauge-inariantconceptaindwe have general
toolsto dealwith it; the structurefunctionapproactandalsothe parton-shwer method.However, when
we try to applythe algorithmto four-fermion processeshatinclude non-annihilationchannelsve face
a problem: it is still possibleto includethe large universallogarithmsby making useof the standard
tools but an appropriatechoiceof scaleis mandatory Suchis the casein singledV. The problemof
the correctscaleto be usedin QED correctionshasbeentackledby two groups,GRACE and SWAP and
additionalresultswill beshavn in Sections.2.1,6.2.3andin Section6.2.

6.1 Signaldefinition in singledV
Theexperimentarequirement®n singledV are:

— CC20- Mix56 calculationswith somedetectoracceptancéhatare usedfor a) triple gaugecou-
pling determinationb) standardnodelbackgroundo searches;

— the LEP EWWG cross-sectionlefinitionthatis usedto combinethe cross-sectiomeasurements
from thefour LEP experiments.

During the last WW99 Crete Workshopa proposalhasbeenmadeto reacha commonsignal
definitionfor the LEP EWWG cross-sectiof96]. Thepersonswho participatedn the WwW99 workshop
agreedon somesetupto definethe singledV productionandnow this hasbeenformalizedin oneof the
LEP EWWG meetingsthere,it wasdecidedo have acombinationof thesingledV cross-sectiomsingthe
signaldefinitionsof Table15for ete™ — e~ 7. f'f: Thesetof t-channeldiagramsall for CC20,are
shawvn in Fig. 48. Thesignaldefinitionusesl0 diagramdor CC20,9 for CC18and37 for Mix56.

Table 15: Signaldefinitionfor singledV processes.

Process| diagrams cuts

eevv | t-channebnly | E(e™) > 20 GeV, |cosf(e™)| < 0.95,] cosO(e—)| > 0.95
evuv | t-channebnly Eu™) >20GeV

evtv | t-channebnly E(tT) > 20 GeV

evud | t-channelonly M (ud) > 45GeV

eves | t-channelonly M(cs) > 45GeV

Notethatchage-conjugatstateshouldbetakeninto accouneaindthatanasymmetriccut hasbeen
introducedor eevv; thelatteris dueto thefactthatthe processtself is CP-eszenwhenno cutis applied,
but an ambiguityremainsif onestartsto discusssingled¥ with e~ in the forward direction. Thenwe
shouldmultiply this processhy a factor2 aswell. The goalof this commondefinitionis to be ableto
combinethedifferentevqq, ev v, evty, ever measurementsom differentexperimentssothatthe new
theoreticalcalculationscanbe checled with dataat a level betterthan10%.

Signal definition hasa longstandingradition in LEP physics,the most celebratecbeingthe ¢-
channelsubtractionin Bhabhaandthe mostrecentbeingthe CC03cross-sectionHerewe have a dif-
ferentsituation. First of all, nobodyhasradiative correctiondor singledV production,hencethe usual
argumentof the availability of a sophisticatedemi-analyticatalculationfor the signaldoesnot apply
We could avoid a definition of the signalin termsof diagramsandhave recourseo a definitionin terms
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of cutssince,in avery narrav conearoundthebeamaxis,thesingledV family is fully dominatedoy the
t-channephotons.

€+ Ve e+ Ve
d W, d
W v, Z
v, Z u u
e e + e e
6+ ve
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Uu
v, Z "
e e +
€+ Ve e+ Ve
w /@ d
VA w
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Fig. 48: Thet-channektomponenbf the CC20family of diagramsifusion,bremsstrahlungndmulti-peripheral.

6.1.1 A studyof singledV signaldefinitionwith CompHEP
Authors
E. Boos,M. DubininandV. Ilyin

Single3V signaldefinitionin thereactionete™ — eTe v,7,

It is well-known for alongtime how the singleW signalcanbe separatedvith the help of kinematical
cuts[93]. Thetypical setof cutsusedby ALEPH, DELPHI andL3 collaborationdor the leptonicfour
fermionstates:~ v,/ "1, separatethe configurationswith very forwarde™ andaratherenegetic/™ pro-
ducedat a sufiiciently large anglewith the beam.For instancethe L3 cutsto be usedin the following
calculationsare| cos 0.-| > 0.997, E; > 15GeV and| cos 0;+| < 0.997. In thecaseof thesemi-leptonic
statese 7,.qgg anadditionalcut M(qq’) > 45 GeV have beenappliedby OPAL. In sofar asdifferent
collaborationsareusingnot exactly the samecuts(definedby the optimal detectoracceptance}he def-
inition of the W signalin termsof angularcutsis not universalandsomestandardizatioprocedurds
neededIn therecentproposaby LEP experimentd96] the OPAL collaborationconsideredhe possibil-
ity to introducethedefinitionof the W signalin termsof diagrams Angularcutson theforwardelectron
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andthe correspondin@nti-leptonare not imposed,so the single W cross-sectiomependonly on the
E; enegy cut andis definedby the gaugeinvariant subsetof the ¢-channelsingle resonantdiagrams.
Theuniversalityof suchdefinitionis satishctoryif theinterferencebetweerthegaugenvariantsubsets
of diagramsin the channelse~7.l"1; ande~7.qq arealwaysnegligible. Thenindeedthe single W
cross-sectioimn termsof diagramscould be meaningful.

We performeda detailedcalculationof the contritutionsfrom variousdiagramsetsof the Mix56
channekte™ — ete 1.7, (seeAppendixfor Figs.63 and70 referredto in the following). Usingthe
generabpproacho theamplitudedecompositiorinto gaugenvariantclasse$131], we foundtengauge
invariantsubset®f diagramgseeFigs.63-64).In Table16 181/ denoteswo gaugenvariantsubset®f
9 diagramswith singleW (seeFig.63),87 denotedwo gauganvariantsubset®f 4 diagramswith single
Z (seeFig.64),9W W — standdor thedouble-resonargubse{Fig. 65) andsoon. Main contritutionto
thefinal configurationgvith forwardelectroncomefrom thesingleW andthesingleZ productionwhile
variousy, Z — ete~ corversioncorrectiongFigs.68-70)to theete™ — ete™, 1.7, arenggligible.
For the caseof angularcutson the forward electronthe interferencebetweenthe single W andsingle
7 subsetd 8W and87 is negative andequalto several fb. However, if the angularcutsareremoved,
the destructve interferencemoduloincreasesatherconsiderablyTable 16). This is not anunexpected
fact sinceboth singled’” andsingle~Z (NC processesvith onelost electron)subsetdave a similar ¢-
channelpole structure.Otherinterferencesrealsonot negligible. Soin the caseof eTe~ v, 7, channel
thediagram-basedefinitionof singleW signalis notcompletelysatishctory

Table 16: Contributionsof the gaugeinvariantsubsetgfb) atthe enegy /s =200GeV. Firstrow - with angular
cuts,secondrow - no angularcutsfor e, e™. Theresultfor 26 -channeldiagramg18WW and87, seeFig.1,2)is
indicatedin the secondcolumn.

26t-ch. | 18W | 8Z | OW*™W~ | 4Z7Z | v, | dete” | 2u.v, | 2t-ch
0..E 49.9 36.1 | 16.4 0.91 0.02 | 8102 | 7.10° | 1.10° | 610 7
only E; | 220.5 | 106.6| 153.6 240.5 449 | 159 0.02 | 3102|810

6.2 Description of the programs, resultsand comparisons
WTO andEFL
Author

G. Passarino

TheFermion-Loopscheme(EFL)

The EFL schemefor non-consered currentsis describedin Ref. [39] and briefly discussedn Sec-
tion 3.8.1. It consistsof the re-summatiorof the fermionic one-loopcorrectionsto the vectorvector
vectorscalarandscalarscalarpropagatorsindof theinclusionof all remainingfermionicone-loopcor
rections,in particularthoseto the Yang—Millsvertices.

In the original formulation,the Fermion-Loopschemeaequiresthatvectorbosonscoupleto con-
senedcurrentsj.e., thatthe masse®f all externalfermionscanbe ngylected.Thereareseveral exam-
pleswherefermionmassesnustbekeptto obtainareliableprediction.As alreadystatedthisis thecase
for the singled¥ productionmechanismyherethe outgoingelectronis collinear within a smallcone,
with theincomingelectron. Therefore,m. cannotbe neglected. Furthermoreamongthe 20 Feynman
diagramghat contritute (for ev, ud final statesup to 56 for e*e~v,.7,) therearemulti-peripheralones
thatrequirea non-vanishingmassalsofor the otheroutgoingfermions.
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As well known in the literature, the Fixed-Wdth schemebehaes properlyin the collinearand
high-enegy regions of phasespace,to the contraryof the Running-Wdth scheme but it completely
missegherunningof the couplings,aneffectthatis expectedio be above therequestegbrecisiontag of
2%. To be specificthe nameof Fixed-Wdth schemds resenred for the following: the cross-sectiorns
computedusingthe tree-level amplitude. The massie gauge-bosopropagatoraregivenby 1/(p? —
m? +il'm). This givesanunphysicalwidth in t-channelbut retainsU (1) gaugeinvariancein the CC20
process.

The correctway of handlingthis problemis to apply the EFL-schemeand, by consideringthe
impactof the EFL-schemeon the relevant obserables,oneis ableto judge on the goodnesof naive
rescalingoroceduresr of ary incompleteFL-schemeOneof theproblemwith thelatteris thatvertices,
althoughchosento respectgauge-inariance,are not uniquely defined. Furthermore couplingsother
thanaqep usuallydo not evolve with the scaleandcomplex poles,thetruly gauge-imariantquantities,
arenever introducedor explicitly computed Finally, programghancannotsplit diagramsandapply an
overallrescalingpothin s- and¢-channelmistreatsingle3V and/orviolatesSU (2) invariance.

Numericalresultsandrecommendations.

Numericalresultsfor EFL have beenshavn in Ref.[115]. Here,we limit the presentatiorio someuseful
recommendations:

— thebulk of theeffectis in therunningof thee.m.couplingconstant;

— onecancomputethe singled¥ cross-section$or a fixed massof the top quark, suchasm, =
173.8 GeV, without finding ary significative differencewith the casewherem;, is fixed by a con-
sisteng relation. We are using complex-massrenormalizationbut we only include fermionic
corrections. Therefore,we canstartwith the Fermi coupling constantout alsowith M, asan
input parameter Equatingthe correspondingenormalizationconditionsyields a relation be-
tweenM,, Gy, Re{a(M2) '}, M,,, andm,, see[12]. This relationcanbe solved iteratively
for m;. For the following input parametesset, M, = 80.350 GeV, M, = 91.1867 GeV and
Gp = 1.16639 x 10~° GeV~2, we obtainthefollowing solution:

I
pw = 1/Re (p,,) = 80.324GeV, = CImPw) 0581 GV, my — 148,62 GeV.,

o]

) (66)

with 26 MeV differencebetween)/,, andy,,. SeeSection6.3.1for theinclusionof QCD effects.
This type of effect shouldbeincludedin ary incompleteFL-scheme;

— the main accentin the EFL-schemes on putting the correctscalein the runningof aqen. The
latteris particularlyimportantfor the t-channeldiagramsdominatedoy a scaleq? ~ 0 andnot
¢~ va. However, aconsistenimplementatiorof radiatve correctionsdoesmorethanevolving
aqep to thecorrectscale othercouplingsarealsorunning,propagatorsremodifiedandvertices
areincluded;

— theeffective FW-schemalescribegonsiderablyvell thehadronidinal statewith acutof M (ud) >
45 GeV. However, thediminutioninducedby aqep (¢?) is toolargefor theleptonicfinal state. The
latteris a clearsignthatothereffectsarerelevantanda nawve rescalingdoesnot suffice in repro-
ducing a realistic approximationin all situations,at leastnot within the 2% level of requested
theoreticalaccuray;

— Modificationsinducedby thefermionicloopsaresensitve to therelative weightof single-resonant
termsandof multi-peripherapeaks.Furthermoretheeffect of radiatve correctionsnsidethe IV -
propagatorg p-factorsof Ref. [115]) is far from being ngyligible andtendsto compensate¢he
changedueto therunningof aqgp.
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Theserecommendationare betterillustratedby few examples. At /s = 183 GeV we considerthe
angulardistribution, do/d6, for theude 7, final states Theresultsareshavn in Fig. 49.

From Fig. 49 we seethatthe EFL predictionis lower thanthe FW one,from —7.46% in the bin
0° —0.1° to —5.56% in thebin 0.3° — 0.4°. Correspondinglythefirst bin is 6.78 higherthanthesecond
one,11.60(16.37) thanthethird(fourth) one. Thisis nota surprise sincethefirst bin represent§0% of
thetotal singled¥" cross-section.

2
Alwaysin thesamefigure,we have reportedthebehaior of |a(¢?)/ag, —1| asafunctionof .

for threevaluesof y, usingthe appropriataelation: ¢*> = ¢2(0,, ), y beingthe fraction of the electron
enegy carriedby the photon. The behaior of EFL/FW-1, whenwe vary 6., is very similar to the one
givenby theratio of couplingconstantsindicatingthatthebulk of theeffectis in therunningof thee.m.
couplingconstant.

For completenesw/e have reportecdthe numericalresultsfor thethreeenegiesin Table17,where
thefirst entry is Fixed-Wdth distribution andthe secondentryis EFL one. Only the first four binsare
shawn, owing to thefactthatthey arethe mostsignificantin thedistribution. Thethird entryin Table17
givesEFL/FW-1 in percent.

Next we considere™ e~ — evpuv, with | cos 6.| > 0.997, E, > 15GeV, and| cos6,| < 0.95. In
Table18 we reportthe comparisorbetweerthe EFL distribution andthe FW onefor /s = 183 GeV. As
before,only the mostsignificantbinsareshavn (0.0° <+ 0.4°).

As for the hadroniccase the EFL predictionis considerablyower thanthe FW one,althoughthe
percentagelifferencebetweerthetwo is approximately2.2% -+ 2.4% smallerthanin the previouscase.
Usefulcomparisonsvill be presentedn theWPHACT descriptionof this Section.
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Fig. 49: wT0 predictionsfor do/d cos 0. [fb/degreesffor ete™ — ude™ 7. with M (ud) > 45GeVand /s =
183 GeV.

83



Table 17: do/df. in [pb/degrees]from WT0, for theprocess: e~ — e~ T ud, for M (ud) > 45 GeV. Firstentry
is Fixed-Width distribution, secondentryis Fermion-Looponeandthird entryis EFL/FW-1 in percent.

f.[Deg] | vs=183GeV | /s = 189GeV | /5 = 200 GeV

0.0° = 0.1° 0.48395 0.54721 0.67147
0.44784 0.50695 0.62357

-7.46 -7.36 -7.13
0.1°+0.2° 0.07026 0.07815 0.09323
0.06605 0.07357 0.08798

-5.99 -5.86 -5.63
0.2° = 0.3° 0.04095 0.04554 0.05433
0.03860 0.04298 0.05141

-5.74 -5.62 -5.37
0.3° = 0.4° 0.02897 0.03223 0.03845
0.02736 0.03045 0.03646

-5.56 -5.52 -5.18

Table 18: do/df. in [pb/degrees],from WTO, for the process e~ — e Dev,u™, for |cosb.| > 0.997, E, >
15GeV, and| cos6,| < 0.95. Furthermore,/s = 183 GeV.

0. [Deg] Fw EFL EFL/FW1 (percent)
0.0° = 0.1° | 0.14154| 0.13448 -4.99
0.1° +0.2° | 0.02113| 0.02031 -3.88
0.2° +0.3° | 0.01238| 0.01194 -3.55
0.3° = 0.4° | 0.00880| 0.00851 -3.30

A final commentwill bedevotedto QED ISR. Very oftenonecanfind thestatementhatthechoice
of the appropriatescalein the structurefunctionsis mandatory This is a jargon for ‘implementingthe
correctexponentiationfactorin multi-photonemission’. Note that the usualinfrared exponenta B is
representetly

20 1472 (1 2 §
oB — _O‘[ﬁln )~ me , for Q%> m?
T 1—1r? T 7T m?
m? r
= 67
Q@ a-npT" o7

where Q? is the Mandelstaminvariant associatedvith the emitting pair. For |t| >> m? the photon
radiationis governedby In(|t|/m?) ratherthanby In(s/m?). The differenceis againa large log and
explaintheexcesof radiationgeneratedby s-channelSE However, thewholeexpressiorfor B is known
andnotonly its asymptoticbehaior (the scale). Therefore for vanishingscatteringanglesthe correct
behaior shouldbereadfrom Eq. (67). In thisrespecbneshouldremembethat|t. | i, in Singled? can
bemuchlower thanm?, beingm?2y?/(1 — y) wherey = M?(v.f1f5)/s.

SingleW with WPHACT
Authors
E. AccomandoA. BallestrercandE. Maina

A new versionof WPHACT [127] is now available. It includesall massive matrix elementsin
additionto the previous oneswhich accountedor b-quarkmasse®nly. As before,the matrix elements
arecomputedwith the methodof Ref. [126], which hasprovedto be fastandreliablein particularfor
massve calculations. New mappingsof the phasespacehase beenadded,in orderto accountin an
efficient way for the peakingstructureof contritutions like singledV, single-Z and~~ contritutions.
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With the new versionone has, therefore,the choice of using fully massie or masslesgalculations.
The former areneededn variousprocessesvhich diverge for masslesgermions, while the latter are
fasterand give an excellentapproximationfor mostcases.We startwith the introductionof the IFL-
schemeshaving comparisonsvith alternatve solutions,designedo dealwith gauge-imarianceissues.
However, the mostimportantpart is containedin the secondSubsectionwherethe effective scaling
inducedby aqep is presented.

IFL-scheme

The ImaginaryPart Fermion-Loopschemehasbeengeneralizedo the fully massve caseof non-con-
senedweakcurrentsn Ref.[112]. Theresultsobtainedhave beencomparedvith othergaugerestoring
schemesisedin singled¥ processesomputationsThe following scheme$ave beenconsideredn the
analysis:

— Imaginary-parfL schemdIFL): Theimaginarypartof thefermion-loopcorrectionsascomputed
in Ref. [112], are used. Fermionmassesare negglectedonly in loops but not in the restof the
diagrams.

— Fixed width (FW): The W-bosonpropagatorshav an unphysicalwidth for p? < 0, but retains
U (1) gaugeinvariancein the CC20procesg7].

— Complex Mass(CM): All WeakbosonmassesquaredM; ,B = W, Z arechangedo M2 —
1 Mgl's [18] (I's is the on-shell B width), including whenthey appearin the definition of the
weak mixing angle. This scheme which againgives an unphysicalwidth in somecaseshas
however theadwantageof preservingoothU (1) and.SU (2) Wardidentities.

— Overall scheme(®): Thediagramsfor e~e™ — e~ 7, ud canbe split into two setsthataresepa-
ratelygaugeinvariantunderU(1). In theactualimplementatiorof the OA-scheme{ channelia-
gramsarecomputedvithoutary width andarethenmultiplied by (¢* — M?)/(¢*> — M? +iMT)
whereq, M andI' arethe momentumthe massandthewidth of the possibly-resonantv-boson.
This schemaetainsU (1) gaugeinvarianceat the expense®f a mistreatmenof the non-resonant
terms.

In orderto assesherelevanceof currentnon-conseration, theimaginarypartof thefermion-loop
correctionshave alsobeenimplementedvith theassumptionthatall currentghatcoupleto thefermion-
loop areconsered. In this casethe expression®f Ref.[112] reduceto thosecomputedn Ref.[7]. Note
thatthe masse®f externalfermionsarenonethelestakeninto accountin the calculationof the matrix
elements.This schemeviolatesU (1) gauge-imarianceby termswhich are proportionalto the fermion
massesquaredasalreadynotedin Ref.[94]. Howeverthey areenhancedthigh enegy by largefactors
andcanbe numericallyquiterelevant. This schemewill bereferredto astheimaginary-parfL scheme
with consered currents(hereaftedlFLCC). All schemeslescribedabore have beenimplementedn the
new versionof WPHACT [127] with thefully massie option.

Table 19: Cross-sectioni pb for theprocesses™e~ — e~ ud for variousgaugerestoringschemesNo ISR
is includedandwe applythefollowing cuts: M (ud) > 5 GeV , E, > 3GeV, Eg > 3 GeV, cos(f.) > 0.997

190GeV | 800GeV | 1500GeV
IFL | 0.11815(13) | 1.6978(15) | 3.0414(35)
FW | 0.11798(11) | 1.6948(12) | 3.0453(41)
CM | 0.11791(12) | 1.6953(16) | 3.0529(60)
OA | 0.11760(10) | 1.6953(13) | 3.0401(23)
IFLCC | 0.11813(12) | 1.7987(16) | 5.0706(44)
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In Table 19 the cross-sectiongor CC20 are given for the different gaugerestoringschemesat
LEP2andLC enegies.Fromit, onecanimmediatelydeducethatthelFL, FW, CM andthe OA schemes
agreewithin 2 o in almostall casesThelFLCC schemeagreewith the otheronesat LEP2 enegiesbut
alreadyat800 GeV it overestimateshetotal cross-sectioby about6%. At 1.5 TeV theerroris almost
afactorof two. Onthecontrary evenin the presenc®f non—conserd currentsj.e. of massve external
fermions,the FW CM and OA calculationsgive predictionswhich arein agreementwithin a few per
mil, with the IFL scheme . The agreementvith the resultsof a self-consistenapproactjustifies,from a
practicalpoint of view, the ongoinguseof the FW, CM andOA schemes.

Table 20: Comparisorof FW andIFL schemedor differentsingledV cross-sections pb andat 200 GeV. No
ISRis included.Cutsaredefinedin thetext.

IFL FW
e ef —e voud M,;>45GeV | 0.12043(10) | 0.12041(11)

e et —e poud M,z < 45GeV | 0.02858514) | 0.028564(14)
e et —e veuty, 0.035926(34) | 0.035886(32)
e"et — e vt 0.050209(38) | 0.05014532)

The possibledependencef this agreemenbn the particularsingledV processconsiderechas
beenexaminedandwe comparein Table 20 the cross-sectionsbtainedin the IFL and FW schemeat
Vs = 200 GeV. In this case asin thefollowing ones the standarccutshave beenapplied:the electron
angleis limited in all processedy | cos 62| > 0.997, the otherchagedIleptonby | cos 6;] < 0.95, its
enegy hasto be £; > 15 GeV. Theseresultsconfirmthat,atLEP2,thereis no dependencef thecross-
sectionson the scheme Distribution of several obserableshave alsobeenstudiedwith WPHACT in the
IFL andFW schemesln mostvariabledik e the electronangleandenegy no differencehasbeenfound.
However, the massspectrunof theud pair shavs someschemedependencesreportedn Fig. 50. The
physicalmotivation for this differencecan be tracedto the fact thatthe IFL schemeuses,correctly a
running W-width. In fact, comparinglFL massdistribution with a FW calculationin which W mass
andwidth areproperlyshifted[113], the differences reducedo a smalloverall factor asexpectedand
shouldnot beviewed asatheoreticaluncertainty

In arny case,in view of possiblediscrepanciesthe useof IFL hasto be preferredamongthe
schemesnalyzedn this section.
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Fig. 50: Massdistribution of the ud pairin e"e™ — e~ p.ud at/s = 200GeV in theIFL andFW schemesNo
ISR.| cos @, | > 0.997

Runningof o, comparisonsvith EFL

The EFL schemeamplementedn Refs.[39,115] for the massie (non-conser@d currents)casesolves
thegauge-inarianceproblemsexactly, asIFL does but in additionit computeghereal partof Fermion-
Loop radiative corrections.Theseermsareknown to determingherunningof thecouplingsinvolvedin
singledV processesOnemay argue, therefore thatconsideringhe runningof aqrp atanappropriate
physicalscalemightaccountor themostrelevantpartof EFL corrections.To testthe correctnessf this
argument,a properaqep evolution hasbeenintroducedasan optionin WPHACT. For every setof final
momentapqep is evaluatedat the scalet, the virtuality of the photonemittedby the electronline, and
usedfor two verticesin the¢-channekontritutionsonly.

The separatg@augeinvarianceof s- andt-channeldiagramamalesit possibleto usea differenta
for them: o(¢) for t-channelandag,. for s-channel.Sucha separationwhich canbeimplementedn
codescomputingFeynmandiagramsaswPHACT, shouldautomaticallyaccountfor therelatve weight of
s andt contritutionsfor ary setof cuts.

Computationgerformedwith this choicewill bereferredto asIFL,. Severalcomparison$ave
beenperformedbetweenrthe IFL andIFL,, schemesandwith the FW/EFL predictionsby WT0 [128].

Thegoodagreementf thetwo codesasfarasFW andIFL schemesreconcerneds documented
in Tables21-25for the cross-sectionghe electronangulardistribution and the quark invariant mass
distribution. However, this hasto be consideredas a technicalagreemenmore than a physicalone.
WhetherFL, cansatishctoryreproducghe EFL completecalculationsseemgo depenconthe process
considered.Note, in Table21, the agreemenbetweenlFL ., andEFL for thetotal cross-sectiomf the
processe" et — e~ p.ud. Only at200 GeV thereis a disagreementf lessthan0.5% . Moreover, the
angulardistribution studiedin Table22, for the mostrelevantbins, never shavs a higherdiscrepang
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Table 21: Total singled¥ cross-sectiorin fb for the processete™ — e w.ud, for M(ud) > 45GeV and
| cos .| > 0.997. FW andEFL arecomputedby WT0, IFL andIFL,, by WPHACT. No ISR. The numberin paren-

thesisshavsthe statisticalerror of the numericalintegrationon thelastdigit.

NG FW IFL IFL, EFL EFL/FW-1
(percent)
183 GeV | 88.17(44) | 88.50(4) | 83.26(5) | 83.28(6) -5.5(5)
189 GeV | 98.45(25) | 99.26(4) | 93.60(9) | 93.79(7) -4.7(3)
200 GeV | 119.77(67)| 120.43(10)| 113.24(8)| 113.67(8)| -5.1(5)

Table 22: do/df. in [pb/degreesfor theprocess: e~ — e T ud, for M (ud) > 45 GeV, /s=200GeV. No ISR.
FW andEFL arecomputedby WTO, IFL andIFL, by WPHACT.

6. [Deg] FW IFL IFL, EFL | EFL/FW1
(percent)
0.0° +0.1° | 0.67147| 0.67077| 0.62404| 0.62357 -7.13
0.1° +0.2° | 0.09323| 0.09321| 0.08753| 0.08798 -5.63
0.2° +0.3° | 0.05433| 0.05455| 0.05141| 0.05141 -5.37
0.3° +0.4° | 0.03845| 0.03867| 0.03624| 0.03646 -5.18

The variation of the cross-sectiomf the processat handwith the invariantmassM (ud) cut is
reportedin Fig. 51 from which one deduceghat the IFL andthe IFL, schemegractically coincide
whenthe cut reachegshe massof the 1¥-boson. In Table 23 one seesthat, even varying the cuts, the
differencebetweerfFL andIFL, is at mostof theorderof 1%.

The conclusionis, therefore thatat LEP2 andfor ee™ — e~ 7,ud thelFL, schemds reliable
at the per centlevel. The samedoesnot applyto eet — e v.utv,, ascanbe verified with the
helpof Tables24 and25. Fromtheseoneseeghatthe discrepang is of the orderof 2% or worse.This
confirmsthatvaryingthescaleof aqrp, onaneventby eventbasis,is notcompletelysatishctory These
numericakesultspointtowardsanestimateof about3% theoreticakrrorfor singledV predictionsviathe
IFL ,-schemeQOnecantry to applytherunningof aqep to only onevertex of thet-channebiagramsthe
agreemenbbtainedwith this approximation(hereafterFL ;) is muchbetterfor e~e* — e~ v.utu,.
Of course,it becomesworsefor e"et — e v.ud. At 183,189 and 200 GeV the cross-sectiongor
e"et — e p.uty, arerespectiely 25.65(1),28.80(2), 34.86(2) fb, to be comparedwith the EFL
resultsof Table24. The first bins of the angulardistribution are alsovery closeto EFL. No physical
meaninghasto be attributedto this fact: thereis no theoreticalreasorfor usingrunningaqgp just at
onevertex. Theagreemeninaybeaccidentabndit is probablydueto thefactthatwith the cutsusedfor
e et — e vuty, thecontritution of multi-peripheradiagramss suppressed.
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Fig. 51: Totalcross-sectioffor e“ e — e~ ud at/s = 200GeVwith §. < 0.1° asafunctionof thelower cut
onM - in IFL andIFLa schemesThe markersgive theresultsof FW andFL by WTO.

Table 23: Cross-sectionfor the process:te~ — e T.ud in pbfor 0.0° < 6, < 0.1° andM (ud) > My (in
GeV). /s = 183 GeV. No ISR. FW andEFL arecomputedby WT0, IFL andIFL, by WPHACT. The numberin
parenthesishawvs the statisticalerror of the numericalintegrationon thelastdigit.

Mpin (ud) FW IFL IFL, EFL EFL/FW-1
(percent)

45 0.04841(3)| 0.04845(3)| 0.04510(4)| 0.04478(3)| -7.5(1)
35 0.05104(7)| 0.05107(1)| 0.04754(1)| 0.04711(6)| -7.7(1)
25 0.0546(1) | 0.05467(2)| 0.05090(1)| 0.0504(1) | -7.7(2)
15 0.0595(1) | 0.05968(2)| 0.05555(2)| 0.0552(1) | -7.2(2)
10 0.0626(1) | 0.06283(2)| 0.05847(1)| 0.0582(1) | -7.0(2)

5 0.0659(1) | 0.06623(2)| 0.06164(2)| 0.0615(1) | -6.7(2)

1 0.0682(1) | 0.06864(1)| 0.06388(1)| 0.0637(1) | -6.6(2)

Table 24: Total single4¥ cross-sectiorn fb for the processe™e™ — e~ veputy,, for |cosfe| > 0.997, E, >
15GeV, and| cos6,| < 0.95. No ISR.FW andEFL arecomputedby WTO, IFL andIFL, by WPHACT. Thenumber

in parenthesishows the statisticalerror of the numericalintegrationon the lastdigit.

NG

FW

IFL

IFL,

EFL

EFL/FW-1
(percent)

183 GeV
189 GeV
200 GeV

26.77(14)
29.73(14)
36.45(23)

26.45(1)
29.70(2)
35.93(4)

24.90(1)
27.98(2)
33.85(4)

25.53(4)
28.78(4)
34.97(6)

4.6(5)
-3.2(5)
-4.1(6)
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Table 25: do/df. in [pb/degreesffor the process:* e~ — e vev,u™, for | cosf.| > 0.997, E, > 15GeV, and
|cosd,| < 0.95. /s = 183 GeV. No ISR. FW andEFL arecomputedoy WTO, IFL andIFL, by WPHACT.

0. [Deg] FW IFL IFL, EFL EFL/FW-1
(percent)
0.0° = 0.1° | 0.14154| 0.14170| 0.1319 | 0.13448 -4.99
0.1°+0.2° | 0.02113| 0.02117| 0.01987| 0.02031 -3.88
0.2° +0.3° | 0.01238| 0.01240| 0.01166| 0.01194 -3.55
0.3° =0.4° | 0.00880| 0.00879| 0.00830| 0.00851 -3.30

SincethelFL, andIFL ,; schemegre,in turn,in goodagreementvith completeEFL for different
processeandcuts,thedifferencebetweertheirresultswill beusedasanestimateof thetheoreticakerror
fore et — e efv.v. ande et — e efv,1,, whereEFL predictionsarenot available. The cross-
sectiondor suchprocessearepresentedn Tables26 and27. Theangulardistributionsfor thefour pro-
cesseshatwe have discussedofararereportedn binsof 0.01 degreesin Fig. 52. Notethattherelevant
partof the cross-sectiolis concentratedh thefirst threeor four bins,alsofor e“ et — e~ et v, (Mix)
ande~et — e~etv,1,(NC), aswell asfor the two CC processesFinally the comparisorbetween
WPHACT andWTO hasbeenextendedto cover the LEP2 signaldefinition for the hadronicdecaysof the
W -boson put theresultswill notbe presentedhere.

Table 26: TotalsingledV cross-sectioim fb by WPHACT for theprocesseste™ — ete vw for | cos 6, | > 0.997,
E.+ > 15GeV, and|cosf.+| < 0.95. No ISR. The numberin parenthesishaws the statisticalerror of the
numericalintegrationon thelastdigit.

NG final state IFL IFL, IFLo1
183GeV | eTe .. | 38.24(1)| 35.99(1) | 37.10(2)
etemv,m, | 12.81(1)| 12.05(1)| 12.42(1)
189GeV | ete~vew, | 42.38(1)| 39.86(1) | 41.09(2)
etemv, v, | 13.74(1)| 12.92(1)| 13.32(1)
200GeV | etev.m. | 50.20(2)| 47.25(2)| 48.70(2)
etemv,, | 15.37(1)| 14.46(1)| 14.91(1)

Table 27: do/df. in [pb/degrees]by WPHACT for the processes e~ — ete vw for | cosf, | > 0.997, B+ >
15GeV, and| cos 0.+ | < 0.95. /s = 200 GeV. No ISR.

0. [Deg] final state IFL IFL, IFL 1
0.0°=0.1° | ete .7, | 0.27958] 0.260390| 0.26990
ete v,v, | 0.09007| 0.08386 | 0.08693
0.1°+0.2° | ete 1,7, | 0.03890| 0.03643 | 0.03764
ete v,v, | 0.01158| 0.01086 | 0.01123
0.2°+0.3° | ete v, | 0.02279| 0.02146 | 0.02216
ete v,v, | 0.00680| 0.00641 | 0.00660
0.3°+0.4° | efe v, | 0.01622| 0.01535 | 0.01573
*te v,v, | 0.00482| 0.00456 | 0.00467

€
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Fig. 52: Angulardistributionsfor differentsingled¥ processeat /s = 200GeVin theIFL andIFL« scheme.

Single}V and SWAP
Authors
G. MontagnaM. Moretti, O. Nicrosini, A. Pallavicini andF. Piccinini

Descriptionof the method

Contrikutions of the Pavia/ALPHA groupto the subjectof singledV productionare summarized.The
exactmatrix elementdor singled¥ productionarecomputedy meansof the ALPHA algorithm[82] for
theautomaticevaluationof the Born scatteringamplitudes Fermionmassesreexactly accountedor in
thekinematicsanddynamics.Thecontrikution of anomalousdrilinear gaugecouplingsis alsotakeninto
account.TheanomalougiaugebosoncouplingsAk.,, Ay, 6, Ak, andX, areimplementedaccordingo
the parameterizationf Refs.[83,84]. Thefixed-widthschemds adoptedasgauge-restoringpproach,
asmotivatedin comparisorwith othergauge-inariance-preerving schemesn Ref.[112].

Radiativecorrections

Leading-log(LL) QED radiatve correctionsaareimplementedria the StructureFunction(SF)formalism
in the collinearapproximation[86]. The Q?-scaleenteringthe SF D(z, Q?) is fixed by comparingthe
O(a) expansionof the SF methodwith the analyticresultsobtainedfor the O(«) double-logphotonic
correctionsas given by soft-photonbremsstrahlungrom the externallegs, its virtual counterpartand
hard-photorradiationcollinearto thefinal-stateparticles.Notice that, sincethe goalis to determinethe
scaleenteringthe SF, only the contritution of real photonsis explicitly calculated becausehe virtual
correctionsjn orderto presere the cancellation®f infraredsingularities mustsharethe sameleading
collinearstructureof thereal partitself. More detailsaboutthe derivationin the presenapproachof the
soft/collineardimit of the O(«) correctioncanbefoundin Ref.[114].
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For example,for the processete~ — e Tud, this comparisortranslatesn the following two
Q?-scales(two initial-state(IS) SFareassumedQ? refersto the SFattachedo theincomingelectron,
while Q2 to the SFattachedo theincomingpositron)[114]
(—c? o w1 ) c)?)s
5 Q+ =29 F 3

(1 —¢,5)%6%)°
whereE is the beamenegy, c_ the cosineof the electronscatteringangle,c, andc; the cosineof the
quarkscatteringangleswith respecto theinitial positron,c,; thecosineof therelative anglebetweerthe
quarks,é the half-openingangleof the electromagnetiget (calorimetricangularresolution).lt is worth
noticingthatin thenumericalimplementationywheneer oneof thetwo scaleds lessthana smallcut-off
(A%, ¢ = 4m?2, wherem, is the electronmass) the radiationfrom the correspondingdeg is switched
off, in accordancevith the expectedpower law behaiour.!® It wascarefullytestedthatvariationsof the
cut-off do notalterthenumericalresults.

Also a naive ansatzfor the two scales,as motivatedby an analysisof the singled¥ processn
termsof the Weizsacker-Williams approximationcanbe given[114] asfollows:

2—,naive = |q3*‘ ’ Qa—,naive = M‘?V (69)
wherqu* is thesquarednomentuntransferin theeey* vertex andM,, is the massof the W boson.

The effect of vacuumpolarizationis alsotakeninto accountin the calculation,by including the
contrikution of leptons heary quarksandlight quarks thelatteraccordingio the standargparameteriza-
tion of Ref.[2].

Q% =4E? (68)

Computationatool and obtainedresults

The theoreticafeaturessketchedabove have beenimplementednto a massie MonteCarlo(MC) pro-
gram, namedSWAP (Single W processwith Alpha & Pavia). The multi-channelimportancesampling
techniques emplo/ed to performthe phase-spacetegration. The codesupportsrealisticevent selec-
tions and canbe emplo/ed eitherasa cross-sectiortalculatoror asa true event generatar The main
resultsobtainedn the presenstudycanbe summarizedsfollows: we have performeda critical analy-
sisof the enepgy scalefor QED radiation(seeFig. 53); Next, we have evaluatedthe effect of a running
of aqep (seeFig. 54); Finally we have performeda tunedcomparisonsvith othercodes.
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Fig. 53: Theeffectof LL QED correctionsto the crosssectionof the singledV processete™ — e~ vud for

differentchoicesof the (Q2-scalein the electron/positrorSF. Left: absolutecrosssectionvalues;Right: relative
differencebetweenQED correctedcross-sectionsind the Born one. The marker e representshe Born cross-
section,O representshe correctiongivenby Q2 = s scale,o representshe correctiongivenby Q2 = |q3*|

scale,a the correctiongiven by the scalesof Eq. (68), the correctiongiven by the naive scalesof Eq. (69). The
entriescorrespondo 183,189,200GeV.

5Althoughthis behaior is exactly known andcould beimplementedSwAP hasevidencefor a correspondingmalleffect.
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Fig. 54: Theeffectsof therescalingof aqep fromag,. toa(¢3. = 0) (2) anda(q3.) (¢) ontheintegratedcross
sectionof the singledV process e~ — e~ pud. oy is the cross-sectiocomputedn termsof a,.. Theentries
correspondo 183,189,200GeV.

Input parametersind cuts usedto obtainthe numericalresultsshavn in the following arethose
of the 4f proposalfor the processte™ — e~ vud (| cos 9| > 0.997, M, > 45 GeV).For Fig. 53the
valueof § parameteenteringEqg. (68) is § = 5°, but it hasbeenchecled thatthe numericalresultsare
very maginally affectedby its actualvalue.

Scales& QED radiation In Fig. 53 the numericalimpactof differentchoicesof the Q?-scale
on the cross-sectiorf the singleIV processete~ — e vud is shavn. The marker e representshe
Born cross-sectionp representshe correctiongiven by Q% = s scalefor both1S SF(s),o represents
the correctiongiven by Q% = \q?y*\ scalefor both IS SF(s), 2 the correctiongiven by the scalesof
Eq. (68), the correctiongiven by the naive scalesof Eq. (69). It canbe seenthatneitherthe s scale,as
implementedn computationatoolsusedfor theanalysisof thesingledV processnorthe \q?y*\ scaleas
recentlyproposedn Ref.[92], areableto reproduceheeffectsdueto thescalef Eq.(68) andEq. (69).
Thesetwo scalesarein goodagreemenaindboth predicta lowering of the Born cross-sectiomf about
8%, almostindependenof the c.m.s. LEP2 enegy. Notethe 4% differencebetween SR with s-scale
andthenew scale.

Runningof aqep. Becausesx, M, andM, aretheagreednput parameteré the4 f proposal,
thevalueof thee.m. couplingconstant is fixedat tree-level to a high enegy valueasspecifiedby the
Gr-schemeOntheotherhand,thesingledV procesds aqﬁ* ~ (0 dominatedprocessandthereforethe
above high-enegy evaluationof «, o, needsto be rescaledo its correctvalue at smallmomentum
transfer In orderto take into accountthe effect of the runningof aqep in a gaugeinvariantway, are-
weightingprocedurecanbe adoptedpy simply rescalingthe differentialcrosssectiondo /dt (t = q,2y*)
in thefollowing way

2 2
do  a(O)do  do  o"(t)do (70)
. of dt d o di
F F

wherea(0), a(t) is the QED runningcouplingcomputedht virtuality qg* equalto 0 andt, respecirely.

Figure 54 shaws the effects of the above re-weightingprocedure. The A representhe relative
differencebetweenthe integratedcross-sectiowomputedn termsof o, andthe cross-sectiorrom-
putedin termsof «(0), while ¢ is therelative differencebetweertheintegratedcross-sectiomomputed
in termsof ag, andthe cross-sectiomomputedn termsof «a(t). As canbe seen the rescalingfrom
ag, to at) introducesa negative correctionof about5—6%in the LEP2 enegy range. The difference
betweem and<, whichis about2—3%,is ameasuref therunningof aqgrp from q?/* =0to q?/* =t A
detailednumericalanalysisof the effect of the runningcouplingsin singled¥ productionhasbeenvery
recentlyperformedn Ref. [39], basedon the theoreticakesultsof the massve fermion-loopschemeof
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Ref. [39]. The resultsfor the runningof aqep, asshavn in Fig. 54, arein agreementith thoseof
Ref.[115], asfar astheeffect of aqgp is concernedwhichis thebulk of the EFL contritution, leaving
residualdifferencesat the level of 1-2%,dependingon the considerecchannelandeventselection see
alsothediscussiorin theWPHACT partof this Section.

NEXTCALIBUR
Authors
F.A.BerendsC. G. PapadopouloandR.Pittau

This sectiondescribeghe featuresof a nev Monte Carlo programNEXTCALIBUR [111], which
aims at keepingthe advantagesof EXCALIBUR [116], but tries to improve on its shortcomings. The
adwantageswhich shouldbe keptarethe high speedof the programandthe applicability to all possible
4-fermionfinal states. The shortcomingsof EXCALIBUR, which are partly relatedto its assetsarethe
masslessatureof its fermions,theinclusive treatmenof ISR QED correctiongno p; from a photonin
anevent)andthe ngylectof ary runningof couplingconstants.

Thestrategyy of thecode

To startwith, it shouldbe notedthatunlessstatedotherwisecomplex gaugebosonmassesnda comple
weakmixing angleare usedto ensuregaugeinvariantmatrix elementg18]. This procedurenasbeen
shawvn to work well [112]. Thevariouswantedimprovementswill now besuccessely discussed.

Inclusionof fermionmasses

Insidethe programa massve matrix elementis neededfor the calculationof which arecursve method
[117]is used.

This massve matrix elementnow exists in the whole phasespace sincethe singularitiesof the
masslesg€aseareregularized. Neverthelesseriousnumericalcancellationgake placein very specific
situations.The mostdramaticcaseis causedy the photonicmulti-peripheraldiagramswhich blow up
for forward scattering Whenat the sametime both electronandpositronmove in the forward direction,
it becomesecessaryo performthe calculationin quadrupleprecision. Whenonly oneis maving in
the forward directionthe usualdouble precisionis sufficient. A versionof the programusingdouble
precisionin all possiblesituationss currentlyunderstudy

The phasespacegenerations an extensionof the treatmentin EXCALIBUR, i.e. a self-adjusting
multi-channelpproachnow includingthe multi-peripherakituationin animprovedform.

With the abore mentionedingredientsone indeedhasan event generatoffor any massve four-
fermionfinal state.In particular for the potentiallydangerouginematicalsituationseventscannow be
generatediik e forward single W-productionor v~ processesAlso all channelswhereHiggs exchange
cantake placenow indeedcontainHiggsexchanges.

To demonstratéhe ability of the programto cover all phase-spaceegions,without loosing effi-
cieng, we shaw, in Tables28 and29, thetotal cross-sectionfor theprocesseste™ — eTe~u ™ and
ete™ — eTe~eTe™. Whereavailable,we compareour predictionswith the QED numbersgublishedn
Ref.[125].

NEXTCALIBUR containsall electraveakdiagramsandcanthereforebe usedto computethe electraveak
backgroundo theabove v v processesBy looking atthelastentry of thetables thelatteris foundto be
lessthan1% at LEP2enegies,at leastfor totally inclusive quantities.

All numbershave beenproducedat the Born level, but ISR andrunningaqgep canbeincludedasde-
scribedin the next sections.
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Table 28: o4, (in nb)for theprocess: "¢~ — ete™ ™ p~. Only QED diagramsgexceptin thelastentry.

\/5 BDK NEXTCALIBUR
20 98.9+ 0.6 | 99.20+ 0.98
35 131.4+ 2.2 | 131.03+0.88
50 154.4+ 0.9 | 152.33+0.83
100 205.9+ 1.2 | 204.17+ 1.73
200 — 263.50+ 1.31
200(all) — 265.58+ 1.44

Table 29: o4, (in nb x107) for theprocess e~ — ete~eTe™. Only QED diagramsexceptin thelastentry.

/s BDK NEXTCALIBUR
20 0.920+ .011 | 0.905+.011
35 1.070+ .015| 1.079+ .014
50 1.233+ .018 | 1.214+ .016
100 1.459+ .025| 1.485+ .020
200 — 1.776+ .019
200(all) — 1.787+ .030

Takinginto accountthe correctscale

As mentionedabove, the matrix elementalculationcaneasilybemodified. Oneoptionwould beto take
into accountFermion-Loopcorrectionswhich becomeselevant whenthereare differentscalesin the
matrix elementg.g.dueto smallt-channekcales A possiblesolutionis the Fermion-Loopapproachof
Refs.[12,115],whereall fermioncorrectionsareconsistentlyincludedby introducingrunningcouplings
g(s) ande(s), togethemwith there-summedosonicpropagators.

In presencef the WV~ verte, the above ingredientsare not suficient to ensuregaugeinvari-
ance becausédoop mediatedverticeshave to be consistentlyincluded.On the contrary whenno Wi~
vertex is presentthe neutralgaugebosonvertices,inducedby the Fermion-Loopcontrikutions,aresep-
aratelygaugeinvariant[12].

Insteadof explicitly includingtheloop verticeswe follow a ModifiedFermion-LoopapproachNamely

we neglectthe separatelyaugeinvariantneutralbosonvertices,andincludeonly the partof the W W~

loop function necessaryo renormalizethe bareW W+ vertex andto insurethe U (1) gaugeinvariance.
Our procedurds asfollows: besidesunningcouplings we usebosonicpropagators

P (s) = (s — M2(s)) " <g’“’ B ]5[%}21;)>

P = o M) (o 75

with runningbosonmasseslefinedas

2 N 92(5) — (s s) —
M“,(S) - 'uw92(,uw) g ( )[TW( ) TW(:uw)]
20y =, ) Gluz) g2 ()
Mz( ) Kz CZ(S) gg(luz) Cg(S) [TZ( ) TZ(IU’Z)] .

Tw.z(s) arecontritutionsdueto thetop quark,,, . thecomple polesof the propagatorgonecantake,
for instance . = M2 . — il'y, . M, ;) and

sp(s) = e co(s) =1 = sj(s).



The leadingcontrilutions arein the real part of the running couplingsthereforewe take only the real
part of them. This also meansthat one canreplace,in the above formulae, g (g, ) — gQ(MEU,Z),
3 (p=) — c3(M32) andalso Ty 2 (puw,.) — Tw,2(M3 ).

Whenthe W W+~ couplingis presentwe introduce n addition,thefollowing effective threegauge
bosonvertex

with s = p?, s"':pi, s~ =p? and

‘/;wp = g;w(p _p-i-) + gup p+ Y /1 1 + 5V) + gpu( _p)l/
_ S+
+ (p;_ _};)“ K 1> PruD4p — ( Es_i — 1) pupp]
_ 1 2 _ S+
oy = g(sN)g(s) (s~ —sh) [ (s)g ( ) [Tw(s™) = Tw(s™)]
+ [g(sT) —g(s)][s7g(s) +sTg(s7)]] - (71)

It is the easyto seethat, with the above choicefor V,,,,, the U (1) gaugeinvariance- namelycurrent
consenration- is presered,evenin presencef comple« masseandrunningcouplings alsowith massie
final statefermions.

By lookingatEq. (71),onecannoticeatleasttwo effective waysto presere U(1). Onecaneither
computeg(s) at a fixed scale(for examplealwayswith s = A2), while keepingonly the running of
e(s), or letall the couplingsrun atthe properscalet®

With the first choicethe modificationof the threegaugebosonvertex is kept minimal (but the
leadingrunningeffectsincluded).With theseconcdchoiceeverythingrunsatthe properscale but ahear-
ier modificationof the Feynmanrulesis required.At this point one shouldnot forgetthatour approach
is aneffective one,the goodnes®sf which canbejudgedonly by comparingwith the exactcalculationof
Ref.[39]. We foundthatthe secondchoicegivesa betteragreementor leptonicsingledV final states,
while thefirst oneis closerto the exactresultin the hadroniccase which is phenomenologicallynore
relevant. Therefore we adoptedthis first option asour default implementationin NEXTCALIBUR. The
resultsof the EFL-schemarethenreproducedit 2% accurag for bothleptonicandhadronicsingleiV
final states.

We wantto stressoncemorethatthe outlined solutionis flexible enoughto dealwith ary four-
fermion final state,whene&er small scalesdominate. For example,oncethe given formulaeare im-
plementedn the Monte Carlo, the correctrunning of aqgp is taken into accountalsofor s-channel
processeas/~* production.

Also nave QCD correctionscanbe easilyincluded,without breakingU (1) gaugeinvariance by
theusualrecipeof rescalinghetotal W-width andthe cross-section.

In fact,in ourapproachl’,,, canbegeneric andtheabove procedurgespectgurrentconseration,
provided the samelV -width is usedeverywheré’.

18Note, hawever, thatin the completeformulationof the EFL schemehereis no ambiguityandall scalesareautomatically
fixed.

"Note, however, thatin a completeEFL schemeherelevantobjectsarethe complex polesandQCD correctionsshouldbe
computedaccordingly seeSection6.3.1.

96



Improving the treatmenof the QED radiation

Oncethe matrix elementcalculationis fixed onecanaddexternallythe QED leadinglogarithmiceffects
in the StructureFunctionmethod/118]. Suchastrategy is implementedn mostof the programsusedfor
theanalysisof the LEP2data[119] andaccuratelyreproducesheinclusve four-fermion cross-sections,
at leastfor s-channeldominatedprocessesin principle both initial andfinal stateradiation(ISR and
FSR)canbe treatedin this way, asit hasbeenexplicitly doneoriginally for Bhabhascattering[120].
Hereonly theimplementatiorof ISRin NEXTCALIBUR is discussedTherearetwo issuego bediscussed.
Oneis the choiceof scaleg? in theleadinglogarithm L = In(¢?/m?). Anotheris the unfoldingof this
leadinglogarithmin termsof an emittedphoton. For the latter issuea particularform of p; dependent
StructureFunctions[88] is implemented.Theseare derived, at the first leadinglogarithmicorder for
smallvaluesof p;. In practice we replacethe quantity

2 1

2 2
m? Lo+ 2%

in thestrictly collinearStructurg~unctionfor the:*” incomingparticle,by explicitly generating:; andcs,
thecosineqin thelaboratoryframe)of the emittedphotonswith respecto theincomingparticles.Once
c1,2 aregeneratedtogetherwith the enegy fractionsz, 2, andthe azimuthalanglese; », the momenta
of two ISR photonsareknown. Thefour-fermion eventis thengeneratedn the c.m.s. of theincoming
particlesafter QED radiation,andthenboostedbackto thelaboratoryframe.

We alsotake into accouninonleadingtermswith the substitution121]

2 2

q 1 m 1
ln(_g)_l O —— —26 20"
mg 1—¢+27% q (1—ci+2q;)2

Theabove choiceensureshattheresidueof the soft-photonpole getsproportionalto ln(;jl—z) — 1, after
integrationover ¢;. ‘

As to the scaleg?, s shouldbetakenfor s-channeldominatedprocessesyhile, whenaprocesss
dominatedby smallt exchangesand—t is muchsmallerthans, thescaleis relatedto ¢. Thisis e.g.. the
casein smallangleBhabhascattering122] andthe properscaleis choserasthe onewhich reproduces
roughlytheexactfirst orderQED correctionwhichis known for Bhabhascattering A similar procedure
now alsoexistsfor the multi-peripheraltwo photonprocesq100], sincean exactfirst ordercalculation
is alsoavailable[124]. In theset-channeldominatedorocessed is importantto know whethera cross-
sectionwith angularcutsis wanted sincethenthet-relatedscalewill increaseandthe QED corrections
aswell. Whenno exactfirst ordercalculationsare available the scaleoccurringin the first order soft
correctionss alsousedasguidelineto guess;? [100,114].

In NEXTCALIBUR the choiceof the scaleis performedautomaticallyby the program,event by
event,accordingto the selectedinal state[seeTable30].

Table 30: Thechoiceof the QED scalein NEXTCALIBUR. ¢ arethescalesof theincominge™® while ¢ represent
the t-channelinvariantsobtainedby combininginitial andfinal statee™ momenta.Whentwo combinationsare
possible asin thelastentry of thetable,thatonewith theminimumvalueof |¢| is chosengventby event.

Final State q> q
Noe™ S s
le lt_| s
le® s [t4]
le” andle™ t_| |t ]
2e¢”and2e™ | min(jt_]) | min(|t.)
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Numericalresults

In Tables31 and 32 we shav singled¥ numbergproducedwith the Modified Fermion-Loopapproach,

asdiscussedn the previous section.Comparisongremadewith the EFL calculationof Ref. [39]. The

resultsof EFL arereproducedvithin 2% accurag for bothleptonicandhadronicsingledV final states.
It shouldalsobe notedthat, when neglecting Fermion-Loopcorrections,one candirectly com-

pareNEXTCALIBUR with othermassve Monte Carlo’s andonefinds excellentagreementor singleiV

productionin thewhole phasespace.

Table 31: do/df. [pb/degreeslandoy,; [fb] for the process: e~ — e~ T.ud. Thefirst columnis the Modified
Fermion-Loop,the secondone is the exact Fermion-Loopof Ref. [39]. /s = 183 GeV, | cosf| > 0.997,
M (ud) > 45 GeV. QED radiationnot included. The numberin parenthesiss the integrationerror on the last
digits.

do/db. MFL EFL MFL/EFL — 1 (percent)
0.0° + 0.1° | 0.45062(70)| 0.44784 +0.62
0.1° +0.2° | 0.06636(28)| 0.06605 +0.47
0.2° +0.3° | 0.03848(21)| 0.03860 -0.31
0.3° +0.4° | 0.02726(18)| 0.02736 -0.37
Otot 83.26(9) | 83.28(6) -0.02

Table 32: do/df. [pb/degreesiandoy, [fb] for theprocess:te™ — e v v, ut. Thefirst columnis theModified
Fermion-Loop,the secondone is the exact Fermion-Loopof Ref. [39]. /s = 183 GeV, |cosf.| > 0.997,
|cosf,| < 0.95andE, > 15 GeV. QEDradiationnotincluded.Thenumberin parenthesigs theintegrationerror
onthelastdigits.

do/db. MFL EFL MFL/EFL — 1 (percent)
0.0° +0.1° | 0.13218(26)| 0.13448 -1.7
0.1° +0.2° | 0.01997(10)| 0.02031 -1.7
0.2°+0.3° | 0.01171(8) | 0.01194 -1.9
0.3° =+ 0.4° | 0.00838(6) | 0.00851 -1.5
Ctot 25.01(3) 25.53 -2.0

In Figs. 55, 56 we shav the cos 0, and £, distributions for the most enegetic photonin the
process:e” — e~ vud(y). We used,/s = 200 GeV, | cos 0| > 0.997 and M (ud) > 45 GeV. Only
ISR photonsaretakeninto accountaccordingo the schemegivenin Table30.

Note, however, thatthe recipeof using StructureFunctionswith a properchoiceof scaless not
enoughto determinewithout ambiguity the patternof the radiationin ¢-channeldominatedprocesses.
Thereasoris that,when|t| = ¢*> ~ m?2, theLeadingOrderStructureFunctionapproacHails andonehas
to introducea minimumvaluefor |¢|, belav which only non-radiatie eventsfrom the correspondindeg
aregeneratedSinceStructureFunctionsbehae like 6 functionsfor vanishingg?, this is automatically
achieved by introducinga minimumvalue |¢,,;, |, suchthat, for eventswith [¢| < [t,,|, the scalein the
correspondingdstructureFunctionis always setequalto |t,,;,|'8. We obsered deviations at the order
of 0.5% by varying |t,,;,,| from 2.71828 m?2 to 100 m2. The default valueof |t,,;,| in NEXTCALIBUR is
takento bethelatter

BNote, hoNevAer, thatthis behaior is knovn andcouldbeimplementedlt is enoughto considerthe standardyFS infrared
emissiorfactor 3, seee.g.Eq. (3) of Ref.[45].
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Fig. 55: cos 6, distribution (with respecto theincominge ™), by NEXTCALIBUR, for the mostenegeticphotonin

theprocess™e™ — e~ veud(y).
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Fig. 56: E., distribution, by NEXTCALIBUR, for the mostenegeticphotonin theprocess: Te~ — e~ voud(7).
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In Table 33 we alsogive the crosssectiong(in pb) correspondingo the above distributions. tot
refersto radiative plus nonradiative events(within the specifiedseparatiorcutsfor the generategho-
tons),nrad to non-radiatie events,srad to single-radiatie eventsanddrad to doubleradiative events.

Finally, in orderto quantify the effects dueto ISR scalesand running of aqgrp, we shaw, in
Tables34 and35, the crosssectionsobtainedoby usingboth ISR scales= s andswitchingon andoff the
Modified Fermionloop corrections.

Table 33: Cross-sectionis fb from NEXTCALIBUR for theprocess ™ (1)e~ (2) — e (3)7.(4)u(5)d(6). M (56) >
45 GeV, no enegy cut. ISR asin Table 30, Modified FermionLoop included. Separatiorcutsfor the photons:

E, > 1GeV,|cosb,| < 0.997.

Type | Cross-section
Ctot 103.68(33)
Onrad 96.54(32)
Osrad 7.00(7)
Odrad 0.139(7)

Table 34: Cross-sectionim fb from NEXTCALIBUR for theprocess: ™ (1)e™(2) — e~ (3)v.(4)u(5)d(6). M (56) >
45 GeV, no enegy cut. Both ISR scales= s, Modified FermionLoop included. Separatiorcutsfor the photons:

E, > 1GeV,|cosf,| < 0.997.

Type | Cross-section
Otot 100.73(17)
Onrad 93.39(16)
Osrad 7.21(4)
Odrad 0124(5)

Table 35: Cross-sections fb from NEXTCALIBUR for theprocess: ™ (1)e™(2) — e~ (3)v.(4)u(5)d(6). M (56) >
45 GeV, no enegy cut. Both ISR scales= s, Modified FermionLoop excluded. Separatiorcutsfor the photons:

E, > 1GeV,|cosb,| < 0.997.

Type | Cross-section
Ctot 106.36(18)
Onrad 98.62(17)
Osrad 7.61(5)
Odrad 0.131(5)

SingleW with GRACE
Authors
Y. Kurihara,M. KurodaandY. Shimizu

Introduction

ThesingleW productionprocessepresenanopportunityto studytheanomalousriple-gauge-coupligs
(hereaftelTGC) at LEP2 experiments.In orderto proceedo the precisemeasurementf TGC, thein-
clusionof aninitial stateradiative correction(ISR) in ary generatoris an inevitable step. As a tool
for the ISR the structurefunction (SF) [129] andthe partonshaver [130] methodsarewidely usedfor
the ete~ annihilation processes.Sincethe main contritution for the single3v productionprocesses
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comes,however, from the non-annihilationtype diagramsthe universalfactorizationmethodusedfor
theannihilationprocessess, obviously, inappropriate Themainproblemliesin thedeterminatiorof the
enegy scaleof thefactorization.Accordingto the studyof the two photonprocesg100], SFandQED
partonshaver (QEDPS)methodsvereshavn to reproduceheexactO(«) resultspreciselyevenfor the
non-annihilatiorprocessesyhenthe appropriateenegy scaleis usedin thosealgorithms.

Here, we proposea generaimethodto determinethe enegy scaleto be usedin SFand QEDPS.
Thenumericalresultsof testingSFandQEDPSfor e “e™ — e~ v.ud ande e™ — e v u' v, aregiven.
Thesystematierrorsarealsodiscussed.

6.2.1 Enegy scaledeterminatiorin QED corrections

SingledV is notdominateddy annihilationand,therefore standardnethodsass-channektructurefunc-
tionsfail to reproducehe correctresult.

The factorizationtheoremfor the QED radiatve correctionsin the LL approximationis valid
independentlyof the structureof the matrix elementof the kernel process.Hencestructurefunctions
(hereafterSF) and QEDPSmustbe applicableto any e™ e~ scatteringorocessesHowever, the choice
of theenepgy scalein SFandQEDPSis not atrivial issue.For simpleprocessetike e™ e~ annihilation
into fermion pairsandtwo-photonprocesgwith only the multi-peripheraldiagramsconsideredsofar),
theevolution enegy scalecouldbedeterminedn termsof the exactperturbatie calculations However,
for morecomplicatedorocessedghisis not alwayspossible Henceaway to find a suitableenegy scale
without knowing the exactloop calculationsshouldbe established.

Firstwe look atthe generalkconsequencef the soft photonapproximation.

The soft photoncross-sectiolis given, in someapproximation py the Born cross-sectiomulti-
plied by thefollowing correctionfactor[99]:

2

dosore(s) doo(s) 1o} E e;e;jnin; 1+ 3
Wsoftl®) (= 1 72
0 aQ |TP | 7k z; By \1-p5/1]" (72)
m2m? '\ 2
ﬂi‘ = 11— L ) 73
! (pi - pj)? (73)

wherem; (p;) arethe mass(momentum)f j-th chagedparticle, k. is the maximumenegy of the soft
photon(the boundarybetweersoft- andhard-photons)F is the beamenegy, ande; theelectricchage
in unit of thee™ chage. Thefactorn; is —1 for theinitial particlesand+1 for thefinal particles.The
indices(i, j) run over all thechagedparticlesin theinitial andfinal states.

The partproportionalto In(E/k.) thatis shavn explicitly in Eq. (72) is exactandnot only LL-
approximated.However, the single-logarithmicpartis omitted, so that the formula is not a complete
LL-approximation,but it is enoughto guesgshe enegy scaleappearingn SFandQEDPS For the two-
photonprocesse™ (p_) + et (py) — e~ (g—)+ et (g4+) + = (k=) + (k4 ), it wasshavn in Ref.[100]
thatthe soft-photorfactorin Eq. (72) with a (p_ - ¢_)-termgivesa goodnumericalapproximatiorto the
exactO(«) correction[101].

Thisimpliesthatoneis ableto make andeducatedjuessaboutthe possibleavolution enegy scale
in SFfrom Eq. (72) withoutanexplicit loop calculation.

However, one may questionwhy the enegy scales = (p_ + p,)? doesnot appeairin the soft-
photoncorrectionevenif they areincludedin Eq.(72). WhenapplyingSFto thetwo-photonprocessve
haveignoredthosetermswhich comefrom thephotonconnectinglifferentchagedlines. Thisis because
the contritutionsfrom the box diagramswith photonexchangebetweertheet ande™ lines,is known
to besmall[102]. Fortunatelytheinfraredpartof theloop correctionis alreadyincludedin Eq.(72) and
thereis noneedto know thefull form of theloop diagram.For thetwo-photonprocessewe look atthose
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two termswhere for example(p_ - p+)-termsand(q_ - p+)-termsarepresenthere themomentunof e~
is almostthe same peforeandafterthe scatteringt— ~ ¢_). Thedifferenceonly appearsn 7;n, = +1
for a (p_p4)-termandin n;n, = —1 for a(¢_p+)-term. Thenthesetermscompensateachotherafter
summingthemup for the forward scatteringwhich is the dominantkinematicalregion of this process.
This is why the enegy scales = (p_ + p.)? doesnot appeaiin the soft-photoncorrection,despiteits
presencen Eq.(72).

Whenexperimentakutsareimposedfor examplethefinal e~ is taggedn alarge angle this can-
cellationis not perfectbut only partialandthe enegy scales mustappeain the soft-photoncorrection.
In this casethe annihilation-typediagramswill alsocontritute to the matrix elements.Thenthe usual
SF and QEDPSformulationfor the annihilationprocessesre justified and can be usedfor ISR with
the enegy scales. Onecancheckwhich enegy scaleis dominantunderthe given experimentalcuts
by numericallyintegratingthe soft-photoncross-sectiogivenby Eq. (72) over the allowed kinematical
region. Thus,in orderto determinethe enegy scaleit is sufiicient to know the infraredbehaior of the
radiative processusingthe soft-photonfactor

Next, we determineheenegy-scaleof the QED radiatve correctiongo the singled¥ production
process,

e (p-)+et(py) — e (¢-) +Pe(a) + ulky) + d(ka)- (74)

Thesoft-photoncorrectionfactorshaovn in Eq. (72)is numericallyintegratedwith the Born matrix
elemenof theprocesg74), with ¢-channeldiagramsonly andwithoutary cutonthefinal fermions.The
resultsareshavn in Table36.

Table 36: Soft-photoncorrectionfactor from differentsetsof chaged particle combinationsin the processof
ete” — e T.ud atthec.m.s.enegy of 200GeV. Thetotal factoris normalizecdto unity.

allterms| p_q_ | p+ky kg | all othercombinations
1 0.38 | 0.61 1.9 x 1073

Onecanseethatthe main contritution comesfrom an electron-line(p_ ¢_-term) anda positron-
line (pk, kq-term), while all the other contritutions are nggligibly small. As in the caseof the two-
photonprocessesthe enegy scales doesnot appearin the soft-photoncorrection. Applying SF or
QEDPSfor the electronandpositronchaged-linesindividually andwith anenegy scalegiven by their
momentum-transfesquarednight belegitimate,accordingto theabove results.

6.2.2 Structue functionmethod
The correcteccross-sectioiis givenby

Ttotal (S /da:,_/dxp_/dx1+/dxu/dde (i, —t_)Do— (xp—, —t_)

(x1+7pTud)D (Tusm )Dd(ffda ud)UO( )5 (75)

using the structurefunction (Dy) with an enegy scalet_ = (p— — ¢-)?, p2,, i.e. the transerse-
momenturmsquaredf theu-d systemandm?; = (k, + kq)*.

Theenegy-scaledeterminatiorfor thepositronline is ratherambiguousThepy,, 4 is distributing
around)M,, /3, thenthe differencebetweerthesetwo enegy scalesdoesnot give a significanteffect on
the correctionfactor After(before)the photonradiationthe initial(final) momentap+ (¢+) becomep
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(q+) definedby:

. 1

- = Ti-p—, G-=—0q—,.. (76)
Ty

Thenthec.m.s.enegy squared is scaledass = x; x,s.

6.2.3 Partonshowemmethod

Insteadof the analytic formula of the structure-functiorapproach,a Monte Carlo methodbasedon
the parton shawver algorithmin QED (QEDPS)can be usedto solve the Altarelli-Parisi equationin
the LL approximation103]. The detailedQEDPS-algorithntanbe foundin Ref.[105] for thee™e™
annihilationprocessesn Ref.[106] for theBhabhgorocessandin Ref.[100] for thetwo-photornprocess.
In QEDPSwe usethesameenegy scaleasin the SFmethod.OnedifferencebetweerSFandQEDPSIs
thatthead hocreplacemenof the perturbatie expansioncoeficient L(= ln(QQ/m?c)) by L — 1, which
wasrealizedby handfor SF, doesnot apply for QEDPS.Anothersignificantdifferencebetweenthese
two methodss thatQEDPScangive a correcttreatmenbf thetrans\ersemomentunof emittedphotons
by imposingthe exact kinematicsat thee — e~y splitting. Note thatit doesnot affect the total cross
sectiongoo muchwhenthefinal e~ areunconstrainedHowever, thefinite recoilingof thefinal e* may
resultinto alarge effectonthetaggedcross-sections.

As a consequencef the exactkinematicsatthee — e~ splitting, the e* areno more on-shell
after photonemission. On the other handthe matrix elementof the hard scatteringprocessmustbe
calculatedwith the on-shellexternalparticles. A trick to mapthe off-shell four-momentaof the initial
e* to thoseaton-shellis needed Thefollowing methodis usedin thecalculationsFirsts = (p_ +p, )?
is calculatedwherep,. arethefourmomenteof theinitial e afterthe photonemissiorby QEDPS s is
mainly positive evenfor theoff-shell e™. (Whens is negative, thateventis discarded. Subsequenthall
four-momentaaregeneratedn therest-frameof theinitial e* afterthe photonemission.Fourmomenta
of the hardscatteringn their rest-framearep.., wherep?. = m? (on-shell)ands = (p_ + p4 ).

Finally, all four-momentaarerotatedandboostedto matchthe three-momentaf p. with those
of p.. This methodrespectshe directionof the final e* ratherthanthe c.m.s. enegy of the collision.
The total enegy is not consered becausef the virtuality of theinitial e*. The violation of enegy-
conseration is of the orderof 10~ GeV or less. The probability to violate it by morethan1 MeV is
1074,

Numericalcalculations thetotal cross-sections

Total anddifferential cross-sectionsf the semi-leptonicprocesse~e™ — e~ 7.ud andof the leptonic
one,eet — e v uty,, arecalculatedwith the radiative correctionby using SF or QEDPS.For-
tran codesto calculateamplitudesof the above processesare producedusingGRACE system[107]. All
fermion-massearekeptfinite in calculations.Numericalintegrationsof the matrix elementsquaredn
thefour-body phasespacearedoneusingBASES [108]. For the studyof theradiative correctionfor the
single3V productionspnly t-channediagrams(non-annilaition diagrams)retakeninto account.

For thetotal enegy of the emittedphotons bothmethodanustgive the samespectrumwhenthe
sameenegy scaleareused. Thatis confirmedby the resultsshavn in Fig. 57 atthe c.m.s. enegy of
200 GeV for thesemi-leptonigrocess.

Total cross-sectionasa function of the c.m.s. enegiesat LEP2 with andwithout experimental
cutsareshown in Fig. 58. Theexperimentakutsappliedhereare Mz > 45 GeV andE; > 20 GeV.
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Fig. 57: Differentialcross-sectionf thetotal enegy of emittedphoton(s)btainedrom QEDPS(histogram)and

from SF(circle).
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Fig. 58: Total cross-sectionsf ev.ud andev, v, processesvithoutandwith experimentalcuts. SF (t) denotes
SFwith correctenegy scaleandSF(s) with wrongenepy scale(s).

Theeffect of the QED radiative correctionsonthetotal cross-sectionareobtainedo be 7 to 10%
on LEP2enegies. If oneusesthe wrong enegy scales in SF, the ISR effect is overestimateaf about
4% asshawn in Fig. 59 bothwith andwithout cuts. For thefully extrapolateccasethe SF-algorithmwith
a correctenegy scaleis consistentvith QEDPSwithin 0.2%. It may reflectthe differencebetweenL
and — 1, asmentionedn Section6.2.1.0n the otherhand,with the experimentalcutsthe SF-method
atthe correctenegy-scalegivesa deviation of around1% from QEDPS.
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processewithout andwith experimentalcuts. SF(t) denotesSFwith correctenegy scaleandSF (s) with wrong
enegy scale(s).

Numericalc alculations,the hard photonspectrum

Enegy and angulardistributions of the hard photonfrom QEDPSare comparedwith thosefrom the
calculationsof the exact matrix elements. The cross-sectionsf the processe"et — e T udy are
calculatedbasedon the exact amplitudesgeneratedy GRACE andintegratednumericallyin five-body
phasespaceusing BASES. To comparethe distributions, the soft-photoncorrectionfor the radiatve
processnustbe included. For this purposeQEDPSis implementednto the calculationof the process
e~ T.udy with acarefultreatmentimedto avoid adouble-countingf theradiationeffect. Thedefinition
of thehardphotonis E, > 1 GeV with anopeninganglebetweerthe photonandthe nearestinal-state
chagedparticlesthatis greaterthan5°. Thedistributionsof the hardphotonsarein goodagreemenas
shavn in Fig. 60. Thetotal cross-sectiomf the hard photonemissionis consistenat the 2% level. On
theotherhand,if the soft-photoncorrectionis notimplementedn theradiatve processye endup with
anover-estimateof 30%.

6.3 Technicalprecisionin singledV
An old comparisorfor singledV hasbeenextendecdto cover

1. ete™ — ggev(v), | cos B > 0.997, either M (qq) > 45GeV or E,,, E,, > 15GeV, inclusie
cross-sectiomccuray 2%, photonenegy andpolarangle(| cos 6.,| < 0.997 (0.9995)) spectrum

2. ete™ — evev(y),|cosb| > 0.997, E. > 15GeV, | cos 0| < 0.7 (0.95), inclusive cross-section
accurayg 5%, photonenegy andpolarangle(| cos 6, | < 0.997 (0.9995)) spectrum.

3. ete”™ — evpv(y) andete™ — evrv(y), [cosbe| > 0.997, E, /. > 15GeV, | cos b,/ | < 0.95,
inclusive cross-sectiomccurag 5%, photonenegy andpolarangle(| cos 6| < 0.997 (0.9995))

spectrum.
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Fig. 60: Differentialcross-sectionsf the hardphoton;Enengy, trans\erseenegy w.r.t. the beamaxis, cosineof
the polarangle,andopeninganglebetweerphotonandnearesthaged-fermion.A histogramshowvs the QEDPS
resultandstarsfrom the matrix elementwith soft-photoncorrection.

With this comparisorwe wantto checka) technicalprecisionat the Born level, b) the correctinclusion
of QED radiation,c) QCD correctionsgspeciallyin thelow-massregion.

Thefirst answetis thattechnicalprecisionis not a problemanymore,all codesagreeon singled?/
cross-sectionanddistributions,evenfor 6. < 0.1°, evenfor leptonicfinal statesOn op,,, thetechnical
accuray is 0.1%, the samefor do /df. for . — 0. Not only invariant-masguts,but alsoenegy-cuts
have beentestedasshavn in Tables37,38 andin Fig. 61.

Table 37: Cross-sectionfb] for ete™ — e veutv,.

Vs =183GeV | /s = 189GeV | /s = 200 GeV
NEXTCALIBUR | 26.483 + 0.041 | 29.679 £ 0.047 | 35.893 £ 0.048
SWAP 26.47+0.04 | 29.704+0.04 | 35.9340.05

Table 38: Cross-sectionfb] forete™ — e v .77,
V5 =183GeV | /s = 189GeV | /s = 200 GeV

NEXTCALIBUR | 26.422 4+ 0.035 | 29.655 4+ 0.046 | 35.954 4+ 0.052
SWAP 26.3£0.2 29.6 +£0.2 35.92£0.05
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Fig. 61: 0. distributionsfor udu 7, andsingledV cross-sectionfor udy~v,,.

6.3.1 QCD corrections
QCD correctionsare usually implementedin their naive form, a recipewherethe total W-width is

correctecby afactor
2 as(M?)
_ 1EW s
Ty =Ty <1+§ — . )

andthe cross-sectiometsmultiplied by 1 + a,(M2)/x. In all thoseapproachesvherethe Fermion-
Loop is includedor simulated,one shouldpay particularattentionto QCD, for instancein WT0 QCD
correctionsareincorporatedn the evaluationof the complex polesby usingthe O(ac,) vectorboson
self-enegies of Ref. [3] (the location of the polesis gauge-imariant). Furthermore the verticesare
effectively correctedso thatthe relevant Ward identity remainssatisfied.In a similar way WPHACT also
includesQCD effectsin the computationof the imaginarypart of both the re-summedgropagatorand
theverticesto presere gaugenvariance.

To checkthe effect of QCD correctionswe have comparedvPHACT (IFL,) with WTO (EFL) for
eve.ud final statesn LEP2 configurationwith andwithout QCD. The comparisoris shavn in Table39
wherethe first error for WTO comesfrom a variation of the scaley from p/2 to 2 i, wherewe adopt
u = M, asthescalefor light quarksandy = m, for theb — b, b — t andt — ¢ contrilutions. Therefore,
QCD effectsin singlei¥ areundercontrol in thoseprogramsthat implementthem consistentlywith
Fermion-Loop.
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Table 39: Cross-sectionfb] at+/s = 182.655 GeV for eTe™ — e T.ud (LEP2configuration)with andwithout
QCD correctionsThefirst errorin WT0 comesfrom a variationin thescaleu from /2 to 2 p.

without QCD with QCD
WPHACT 107.63+£0.10 | 109.18 + 0.08
WTO 108.96 +0.04 | 110.6379358 +0.04
WPHACT/WTO -1 [%] -1.22 -1.07

6.3.2 Assessinghetheoetical uncertaintyin singledV’

If we do notwantto usethe Fermion-Looppredictionthen,by a carefulexaminationof the mostplau-
siblere-scalingprocedurewe endup with approximatelyl %, 2% and3% theoreticaluncertaintyto be
assignedo the enegy scalein the channelsud, uv,, andev, respectiely. Therefore,a conserative
estimateof thetheoreticaluncertaintywould readasfollows:

Energy scale: +2 =+ 3% from atunedcomparisoramongNEXTCALIBUR, WPHACT andWTQ;

ISR for t-ch, p;: +4%: if oneusesthewrongenegy scales in SF, the ISR effectis, indeed,overesti-
matedby approximatelyl% asshavn in the subsequeranalysis.

giving aconserative total upperboundof +5%, seeSection6.4 for amorecompletediscussion.

One shouldstressthat most of the theoristswere interestedin gaugeinvarianceissuesdue to
unstableparticlefor CC20. The experimentalistshowever, wereaskingfrom the beginning for ISR p;
effects,comparisorwith QEDPSt,SFandYFS. Unfortunately only few groupshave beenworking on
theseissues.

In the previous sectionfew recipeshave beenintroducedto improve upon QED ISR; they are
all equivalentinsofar asthey translateinto differentchoicesfor the scalein the leading-logarithmf
the structurefunctions. However this problemhasnot yet receved its final solutionanda full O(«)
calculationwould beneeded.

Thereis, however, an additionalcomplicationin the useof QED structurefunctionsoriginating
from masseffects. ThesingledV is s & t- channelsandthet-channelpartslook asin Fig. 62.

€+ De 6+ ve
I2 T2
1 o2 1
e~ e~ + e e~

Fig. 62: The CC20family of diagramswith the explicit componentontaininga t-channebhoton.

Thecorrespondingross-sectiofis proportionalto

1. . . A 1. o
/dq)S @ L;WW;U/, Q =pP- —4q-, L;w = 5 QQ(S;W + p.4, =+ q—ubP—v (78)
A A 32
/d(I)gWIW = W (_6MV + Q;ﬁ?u) - — Q@ A2 Wo 'PM'PU
Q P+ Q)
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_ P xHu
g ¢
wherep andg denoteemissionof softandcollinearphotons.Usually p?> = p2 = 0 and¢? = ¢ =0,
andonewrites p_ = zj, p— and - = g /x.u With the kernel cross-sectiorto be weightedwith
structurefunctions. Here, however, massesnattershouldnot be ngglectedandthe electronsarein a
virtual state,i.e. off their mass-shellA possiblechoiceis to write

1

2(1——ﬂ)ﬂ;—xm)s~z—xmnﬁ

(h-)? = —-m2+

Theimportantfactsarethat,, L., = 0 owing to gaugeinvariance Insteadwe get

Quﬁﬂu = 4(147xm)wﬁq,yﬁ—4(147—£J7n3p,w

mn
Evenif we insistin puttingp_ = z;,p_ andp? = —m?2, gaugeinvarianceis violated by termsof
O(m?/s). Theeffectof constantermson the Q?-integratedphotonflux-functioncanbeaslarge as6%.
Gauge-inarianceviolation affectsthis term, resultingin someintrinsic theoreticaluncertaintyalthough
we expectthatthe effect will be strongly decreasedafter corvolution with SF peakingat i, /o, = 1.
Alternatively onemay adoptformulationswherethe electronremainson-shellafter emissionbut at the
price of having collinearphotonsof non-zerovirtuality, (p — p)? # 0.

It is worth noticing that, the rescaledncomingfour-momentaareimplementedn SWAP aspy =
(zE,0,0, ++/22E? — m2), by interpretingz astheenepgy fractionafterphotonradiation,asmotivated
in Ref.[134]. If requiredp, /p, effectscanbeimplementedn thetreatmenbf ISR, by meanf either
p, -dependenSF [88] or a QED PartonShawer algorithm[134]. Therefore,in practiceSWAP adoptsa
formulationthat presereson-shellincomingelectrons.Furthermorejn NEXTCALIBUR it is possibleto
have bothon-shellinitial stateparticlesandon shellgenerateghhotonsbut attheprice of loosingpartof
theinformationonthedirectionof theinitial statesafterradiation.

A final setof commentss neededo quantifythetheoreticalaccurag of singledV production.

GRACE

Themethodto applythe QEDradiatve correctiononthenon-annihilatioprocesseareestablishedThe
cornventionalmethod SFwith enegy scales givesabout4% overestimatiorfor the QED radiative effect
onthe LEP2enegies. If onewantsto look at the hardphotonspectrumthe soft-photoncorrectionon
theseradiative processeareneeded.

SWAP

The differenceshavn in Fig. 53 betweerthe predictionsgiven by the two setof ? scalesof Eq. (68)

andEq. (69) is atthe permille level, andthereforethe simplenaive scalesof Eq. (69) area goodansatz
for theenegy scaleof QED radiation,which couldbecorroboratedy the comparisorwith theresultsof

othergroups.QED correctionamissingin the presen@approacharebeyondthe LL approximation.The

presentstudyshaws thatthe choiceQ% = s asscalein thelS QED SF(s)canleadto over-estimatethe

effect of LL photoniccorrectionsby a factorof 1.5, implying an underestimateof the QED corrected
cross-sectiomf about4%. Also the choiceof fixing the scaleto Q1 = |¢2.| for boththe IS SF(s),as
recentlysuggested92], leadsto an underestimateof the photoncorrectionof about4%. Sincethese
effectsarenot negligible in thelight of theexpectedtheoreticalccuray, it is recommendetb adoptthe

Q*-scalesasgivenin Eq. (68) or Eq. (69), which aremotivatedby the agumentssketchedabove.

Further the effect of rescalingaqrp from the high-enegy value ag,, to oz(q?Y*) amountsto a
negative correctionof abouts + 6%, to betakeninto accountcarefully

109



WPHACT

Fromthecross-sectionsf Tables26 and27 onededuceshatthe differencebetweenFL andIFL, is of
theorderof 6%, for bothe~e™ — e~ev.v, ande~e™ — e~e*v,v,. Thediscrepang betweerlFL,,
andIFL,; predictionsis always of the orderof 3% andonehas,therefore to attribute an estimateof
3 + 4 % errorto thelFL,, calculationdor theseprocesses.

Consideringall processetogetheronecanconcludethattheimplementatiorof a properrunning
aqep reducesthe theoreticaluncertaintyby aboutone half with respectto fixed-width or imaginary
fermion-loopalone.ln somecaseghis uncertaintyis furtherreducedo lessthanonepercent,but only a
comparisorwith completeEFL calculationsasareferenceoint, mayassessvhetherthisis the case If
no comparisongreavailablefor the procesaindcutsat handour studypointstowardsa 3% uncertainty
for the calculationsusingthe runningaqep, for bothsingled?” andsingleZ processesOf course one
shouldaddthe uncertaintydueto thefactthatISR for annihilationprocessess not suitedfor ¢-channel
contritutions. Someohviousimprovementson this pointwill soonbeimplementedn WPHACT, however
amorecarefulstudybothfor the theoreticaluncertaintyof thesesolutionsandfor a bettertreatmeniof
t-channelSRis still needed.

WTO

Bosoniccorrectionsare still missingand, very often, our experiencehasshavn, especiallyat LEP 1,
that bosoniccorrectionsmay becomesizeable[132]. A large part of the bosoniccorrections,ase.g.
the leading-logarithmiccorrections,factorizeand can be treatedby a convolution. Neverthelesshe
remainingbosoniccorrectionscanstill be non-ngligible, i.e., of the orderof a few percentat LEP2
[133]. For the Born cross-sections = 2% should,therefore,be understoodas the presentlimit for
the theoreticaluncertainty This will have to beimproved, soonor later, sincebosoniccorrectionsare
evenlarger at higherenegies[6] [135] andthe singledV cross-sectionvill crossoverthe W W oneat
500GeV.

6.4 Summary and conclusions

A fairly large amountof work hasbeendonein thelastyearson the topic of singledV. In the previous
sectionsve presentedhe mostrecenttheoreticadevelopmentsn singled? andtheirimplementatiorin
the generators.Thereare commonproblematicsituationswith more or lessequvalentsolutions. One
hasto assignan error bandto the cross-sectiorior our partial knowledgeof ISR, with or without p;,
andfor the uncertaintyin the scaleof the runningcouplings. As for the enegy scalein couplingswe
have anexactcalculationbasedn the EFL-schemevhich, atthe Born-level (no QED) is known to beat
the 1% level of accurag. EFL-schemehowever, is implementednly in onegeneratowhile the other
offer awide rangeof approximationdasedon theideaof re-scalingthe cross-sectionFurthermoreno
programincludesO(«) electraveak corrections not evenin Weizsacker-Williams approximation(for
thesubprocessy — W), thecounterparbf DPA in CCO03.

A descriptionof single?V processeby meansof the EFL-scheméas mandatoryfrom, at least,
two pointsof view. EFL is the only known field-theoreticallyconsistentschemethat preseres gauge
invariancein processefcludingunstablevectorbosonscoupledto e.m. currents.Furthermoresingle-
W productionis a procesghatdepend®n severalscalesthe single-resonant-channekexchangeof -
bosonstheexchangeof W-bosongn ¢-channelthesmallscatteringanglepeakof outgoingelectrons A
correcttreatmenof the multi-scaleproblemcanonly be achiered whenwe includeradiative corrections
in the calculation,not only one-looptermsbut also the re-summatiorof leadinghigherorder terms.
Recentmonthshave shavn that this projectcanbe broughtto a very satishctory level by identifying
the correctapproximation,process-by-processin particular the W — W configuration,dominated
by double-resonanterms, can be treatedwithin DPA. As a consequencehe theoreticaluncertainty
associatedvith the determinatiorof the W' W cross-sectioiis sizablydecreasedin principle,the same
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procedureppliesto thedeterminatiorof the Z Z cross-sectionyhereonedevelopsaNCO02-DFA instead
of the CC0O3-DA one.

We have foundthatall the modificationsintroducedvia the EFL-schemarerelevant: runningof
the couplings,p-factorsandvertices,not only the changenqgp (fixed) — aqep (running). Therefore,
a nawe rescalingcannotreproducethe EFL answerdor all situations,all kinematicalcuts. The high-
enegy Input ParameteiSetusedin all calculationsthat are presentlyavailable — we quote,amongthe
variousschemesthe Fixed-Wdth schemethe Overall schemeandthe IFL one—is basedon G, M,
and M, with aqgp (fixed) = 1/131.95798. It allows for theinclusionof partof higherordereffectsin
the Born cross-sectionbut, it fails to give a correctand accuratedescriptionof the ¢> ~ 0 dominated
processesA nawe, overall, rescalingwould lower the singledV cross-sectiorof about7%. We have
found, with the EFL calculation,thatthis decreaseés processandcut dependentMoreover, the effect
is larger in the first bin for 6, — 0.0° + 0.01° — in the distribution do /df. andtendsto becomeless
pronouncedor larger scatteringanglesof the electron.However, thefirst bin representalmost50% of
thetotal singledV cross-sectionsothat,in generalthe compensationthatoccuramongseveral effects
never bring the EFL/FW ratio to one. We obtaina maximaldecreasef about7% in the resultbut, on
average theeffectis smaller We have alsofoundthatthe effect is rathersensitve to therelative weight
of multi-peripheralkontrilutions.

Finally, theeffect of the QED radiative correctionson thetotal cross-sectionarebetweerir% and
10% at LEP2 enegies. grc4af and SWAP have estimatedhatif oneusesthe wrong enegy scales in
the structurefunctions,the ISR effect is overestimateaf about4%, asshavn in Figs.53 and59, both
with andwithout cuts. For the no-cutcaseSF with a correctenegy scaleis consistenwith QEDPS
around0.2%. On the otherhandwith the experimentalcuts,SFwith correctenegy-scalegivesaround
1% deviation from QEDPS.

At the sametime SWAP estimateshatthe effectsdueto two differentscaleqEq. (68) andEq. (69)
arein goodagreemenandboth predicta lowering of the Born cross-sectiomf about’8%, almostinde-
pendenof thec.m.s.LEP2enegy. SWAP resultsshav agoodagreemenivith thoseof grc4f whenboth
arereferredto s-channelSE

Althoughwe registersubstantiaimprovementsiponthestandardreatmendf QED ISR, theprob-
lemis notyetfully solvedfor processewherethe non-annihilatiorcomponents relevant. A solutionof
it shouldrely onthe completecalculationof the O(«) correction thereforethethe basicYFS approach
or ary equivalentoneaugmentedby virtual corrections.

At the moment,a total upperboundof +5% theoreticaluncertaintyshouldstill be assignedo
the singled¥ cross-section.n particular the differencebetweenannihilation-like QED radiationand
the optimizedscalesamountgo a 4%, which is conseratively used(by the LEP EWWG) in the global
estimateof theoreticaluncertainty Alternatvely one shouldusethe differencesbetweendifferentim-
plementation®f ISR in thet-channelasa basisfor the systematiancertainty However, we arenot yet
readyto formulatea strictanddefinitive statemenalongthesdines. Furthermorethereseemdo beand
indicationof somenumericaldifferencearisingfrom different QED treatmentsn GRACE andin SWAP.
At presentno direct comparisorhasbeenattemptedo understandhe origin. We could saythat QED
radiationin singled¥ is understoodt a level betterthan4% but we arepresentlyunableto quantifythis
assertion.

In this sensethe current5% shouldbe consideredas a good estimateof the global upperlimit
for theoreticaluncertainty The origins of this upperboundare asfollows. QED effectsare bounded
by a 4%, saturatecnly by thoseprogramsthatdo not improve uponthe scale. Effectsdueto running
couplingsandverticesareboundedby a 2% -+ 3%, saturatedy thoseprogramshat do notimplement
anexactmassie FL-scheme:To lower this estimatas presentlypossibleonly in a multi-stepprocedure
whereprogramA is usedvs. B to assestheeffectof EFL/aqip, thenA is usedvs. C to assessheeffect
of QED ISR andfinally A is correctedo take into accounthe missingpiecesandassigrnanuncertainty
This procedureshouldbe performedwithin the experimentakcommunity usingtheindividual estimates
of theoreticaluncertaintiemsdeclaredoy the programsn this Section.
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We expectanimprovementuponthis estimatevhenmoreimplementatiorof the Fermion-Loop
schemewill beavailable. Presentlytheresultswith arescalingof aqgp for the t-channelphotonshav
an agreementvith EFL predictionsthat is between1% and 2%. Note thatin ever EFL is not yet
implementedand therewe usethe estimateby WPHACT of roughly 3%. All programsthatimplement
the correctrunningof aqrp shouldbe ableto reachthis level of accurag, but notall of themhave this
implementation.

All programthatstill implements-channektructurefunctionssaturatehe 5% level of theoretical
accuray. Furtherandmorecompletestudiesareneededor QED correctionsandadhoc solutions like
fudge factors shouldbe avoided.

As statedabove, the presentlevel of global theoreticaluncertainty 5%, comesfrom different
sourcesand different effects. Someof them have beenfully understoodrom a theoreticalpoint of
view but, sometimesnot yetimplementedn mostof the programs.Thereareremainingproblemsthat
have not yet receved a satishctory solution and someof the programsimplementeducatedyuesses.
In generalwe shouldsay that singledV remains,to a large extent, the land of fudge factors. As for
individual programs the following collaborationg(listed in alphabeticorder) have agreedto quantify
their performances:

NEXTCALIBUR triesto includeall leadinghigherordereffects. At presentpy comparingwith the
Exact-FermiorLoop andvarying the internalparametersf the program,we canassigna conserative
3% uncertaintycoming from our Modified fermion loop approach.On the otherhand,our solutionto
thet-channel SR problemrepresentshe bestwe have sofar atthetheoreticalevel. Thereforethefinal
precisionof 5% on singled¥V hasto be consideredasa safeestimateof the accurag reachedoy the
program atleastin absencef large anglehardphotons.

SWAP includesexacttree-lezel matrix elementawith finite fermionmassesndanomaloudrilinear
gaugecouplings,the effect of vacuumpolarization,higherorderleadingQED correctionsaccordingto
the treatmentfor the enegy scaleasgiven by the (equivalent) choicesof Eq. (68) andEq. (69). Since,
apartfrom the effect of the runningof aqrp, otherone-loopfermionicandbosoniccorrectionsarestill
missingin SWAP, its theoreticaluncertaintyis at the level of 2-3%°, dependingon the channeland/or
eventselectionconsidered.

WPHACT can be usedfor singledV in its versionIFL«. This is at presentthe bestchoice: all
otherschemedave beenemployed for studiesandcomparisondut arenot recommendedAs already
explained,thetheoreticaluncertaintydueto nonimplementatiorof the completeEFL amountso 3—4%
for CC20/Mix56. This, togetherwith the non correctQED radiationfor ¢-channel Jeadsto an estimate
of 5—6%accuray in actualwPHACT singledV predictions.

WTO canonly beusedasabenchmarKor the determinatiorof thescalesn thecouplingconstants.
In its default WTO saturateghe upperboundof 5% of accurag. Ideally, the differencebetweenary
programusingsomeapproximatiorandwT0 shouldbe consideregssystematiaincertaintyfor thescale
determination(in couplings)of that program.In practiceEFL, the right approachis only implemented
in WTO anda cross-checks neededeforebeingableto apply the previousrule. The correcttreatment
of QED radiationis still missing,it is a choiceof the authorto avoid ad hoc solutionsanda consistent
upgradings currentlyunderstudy FurthermoreFermion-Loop(asDPA) impliescertaincharacteristics
andprogramghatimplementaincomplete-FLthatdoesnotreflectatleastalargefractionof themshould
refrainfrom usingthelabel FL.

The collaborationseachtake responsibilityfor the above statementshatrangefrom conserative
to moreoptimisticones.

%o be comparedwith the estimatedupperboundof 5%.
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6.5 Outlook

A substantiabmountof work wasdonein thelasttwo yearson the topic of singled¥” production.This
hastriggeredtheoreticabdevelopmentsvhich canbeusedalsoin otherareasge.g.massie Fermion-Loop
schemeQED radiationin processeslominatedby ¢-channeldiagrams.One of the main resultsof the
theoreticalactvity hasbeento upgradeprogramsthat whereavailable prior to the workshopand did
not provide a satishctory simulationof the process.They might have givena numericallymoreor less
correctcrosssection but thiswasmostlyanaccident.

Somework hasnot yet beendone,e.g.low—invariant-massv+ hadronsfinal states(searches),
DPA-equialentsetof radiative corrections(high-luminosityLC). Finally, we still do not have a com-
plete, solutionto the ISR problem, althoughtherehasbeenconsiderablgrogressn the treatmentof
QED radiation,in particularin the determinatiorof the radiationscale.Going beyond the presentevel
of theoreticabccurag would requireacompleteO(«) calculationthereforecontributing to improve the
presentevel of theoreticalaccurag.
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Appendix: the diagrams
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Fig. 63: Two gaugeinvariantsubsetdor thesingleW productionin thechannek*e™ — eTe~ v 7. Thesetof
nine diagramsn thefirst threerows andthe setof diagramsn thelastthreerows areseparatelyaugenvariant.
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Fig. 64: Two gaugeinvariantsubsetgor the single Z productionin thechannek™e™ — ete~v,.v,. Thesetof
four diagramsn thefirst two rows andthe setof diagramsn the lasttwo rows areseparatelygaugenvariant.
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Fig. 65: The W+~ double-resonarjaugeinvariantsubsetn thechannek e~
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Fig. 66: The ZZ double-resonargaugenvariantsubsein thechannek e~
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Fig. 67: Thegaugeinvariantsubsewith v, Z — eTe™ corversioncorrectiongo theprocesste™ — v,.7,.
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Fig. 68: Thegaugeinvariantsubsewith Z — 1.7, corversioncorrectiongo theprocess™e™ — eTe™.
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Fig. 69: Thegaugeinvariantsubsewith Z — eTe™~ corversioncorrectiongo theprocess™e™ — v,U,.
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Fig. 70: Theweakmulti-peripheralgaugenvariantsubsetn thechannekte™ — ete v, v..

7 THE NCO02 CROSS-SECTION,0 7~

The cross-sectiofior e e~ — 77 is definedstartingfrom the NC02 processyery muchase™e™ —
W+W~ in termsof CC03, hencewe sumover all channelsete™ — Z(— fify) + Z(— fafs)
including four neutrinosin thefinal state. The electraveakcorrectionso ee — ZZ werecalculatedn
Ref.[66]. Actually theretheweakcorrectionshave beendiscussedeparatelybut unfortunatelyin the «
scheme.

As usual,it is left for the experimenterdo evaluatethe backgroundi.e. to defineaneutralcurrent
obserablecross-sectiomsfollows:

onc = oncoz (1+0R6") + [U4f - CTNCO2}- (79)

Thetheoreticalprediction,therefore shouldconcentrat®n oncg2, with or without O(«) radiatve cor
rectionin DPA-approximation. In particular the backgroundshouldaccountfor the Mixed processes
(Mix43). Thereis someimportantremarkto be made.Whendealingwith vuuu etc,i.e. with channels
containingidenticalparticles we have to evaluatetheunphysicasumof thetwo diagramscorresponding
toete™ — Z(— wiuy) + Z(— ugliz), tacitly assuminghattherearetwo u quarks,u of type 1 and
u of type 2. Sincethe interferencedetweenthe crossingsare not double-resonanit is customaryto
considerthemasbackgroundandto definethe 7 7 signal,i.e. onco2, from the absolutesquaresof the
double-resonandiagramsonly. This is a matterof definition, i.e., we could definethe Z 7 signalto
containall crossingsn caseof four identicalflavorsin thefinal state. Thatonechooseghefirst option
is largely basedon thedravbackthat, with thelatter,

o(ete™ — ZZ) x BR*(Z — un), (80)

isnolongero,;_..aug- It is certainlytruethatthe cross-sectiorwontainingall crossingsvould be more
physicalbut, for the time being this is the corvention. Furthermore one shouldrememberthat the
ete™ — v*~*, v*Z backgrounds quitelarge (seee.g.Ref.[18]).

Bearingthisin mind, we shouldstresghatthe terminologyo™N¢0? is, sometimesunfaithful, sim-
ply becausehisis notwhatexperimentausein theiranalysis. A commonprocedures to uSeEXCALIBUR
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andto restrictit to the completesetof double-resonardiagrams.In otherwords,experimentaneasure
datain somewindow of invariantmassandextrapolatewith somecoeficient, evaluatecby MC, to what
onefinally callsthe NCO2-totalcross-sectiotut it representdnsteadthesumof all double-resonant
diagramgqfor somechannelt insteadof 2).

However, by definition,we selectNC02to bee™e™ — ZZ, two diagramgt andu channel)with
all Z decaymodesallowedfor both Z-bosonslIf onecomputesverythingasproduction® decaythen,
aslong asonerememberso includefactorsl /2, everythingis reasonableThe conclusionis basedon
thefollowing obseration. Whenall diagramsaretakeninto accounte find

olee” —auee) = 208.9fb, o(ete” — wuss) = 204.41b,
olete” — ddss) = 182.6fb, o(ete  — wudd) = 1.980pb,
olete™ — wumu) = 101.4fb, o(ete™ — dddd) = 87.88fb, (81)

and,asaconsequence,
Ruucc/uuuu = 2.06, Rddss/dddd = 2.08. (82)

In otherwords,evenif we defineon-shellandcomputeoff-shell the sameresult,within few percents,is
obtained.

The relative significanceof the ZZ cross-sections considerablylessthanthe one attributed to
the WW cross-section.lts is smallerand with much larger experimentalerrors, even at the level of
projectedones.As a consequencthe NC0O2 processhasreceved lessattentionthatthe CCO3oneand,
sofar, we have no publishedresulton O(«) DPA calculationsfor it although,in principle, thereis no
majorobstaclgo it.

7.1 Description of programsand results
YFSZZ
Authors

S.JadachW. PtaczekandB. F. L. Ward

Geneal Description

TheprogramevaluategsheNC02doubleresonanprocess™ e~ — ZZ — 4f in thepresencef multiple
photonradiationusingMonte Carlo eventgeneratotechniquesThetheoreticaformulationis basedjn
the leadingpole approximation(LPA), on O(a?) LL YFS exponentiationfor the productionprocess,
with the possibility of anomalouggaugecouplingsif the userso desires. The Monte Carlo algorithm
usedto realizethe YFS exponentiationis basedon the YFS2 algorithm presentedn Ref. [67] andin
Ref.[139]. In this way, we achiare an event-by-&ent realizationof our calculationin which arbitrary
detectorcutsarepossibleandin whichinfraredsingularitiesarecancelledo all ordersin «.. A detailed
descriptionof ourwork canbefoundin Ref.[140].

Featuesof the program

The codeis a completeMonte Carlo event generatorand gives for eacheventthe final particle four-

momentdor theentire4 f + n-y final stateover the entirephasespacefor eachfinal stateparticle. The
eventsmaybeweightedor unweightedasit is moreor lesscorvenientfor theuseraccordingly Thecode
featuregherealizationof theLPA for theNCO02procesghatis theanalogof thatgivenin Ref.[57] for the
CCO03procesof productionanddecayof W W pairs. A technicalprecisioncheckonthe programatthe
level of 2 permille for thetotal cross-sectiohasbeendoneby comparisorwith theresultsin Ref.[141].

Theaccurag of thecombinedesultfrom YFSZZ 1.02 andKoralW 1.42,whenthecombinations taken
in analogywith thatpresentedh Ref.[142] for YFSWW3 1.14 andKoralW 1.42,isexpectedo beatthe
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level of 2% for thetotal cross-sectiondueto the missingO(«) pureweakcorrectionsn YFSZZ 1.02
(we do not expectthe othereffectsmissingfrom our calculationsuchasnon-unversalQED corrections
to enteratthis level), whenall testsarefinished. Thesetestsarecurrentlyin progress.

The operationof the codeis entirely analogoudo that of the MC YFS2 in Refs.[67]. A crude
distribution basedon the primitive Born level distribution andthe mostdominantpartof the YFS form
factorsthatcanbetreatedanalyticallyis usedto generate backgroungopulationof events. Theweight
for theseeventsis thencomputedby standardejectiontechniquesnvolving the ratio of the complete
distribution andthe crudedistribution. As the userwishes,theseweightsmay be either useddirectly
with the events,which have the four-momentaof all final stateparticlesavailable, or they may be ac-
cepted/rejectea@gainsta maximalweight WTMAX to produceunweightedeventsvia againstandard
MC methods. Standardfinal statisticsof the run are provided, suchas statisticalerror analysis,total
cross-sectiongtc. Thetotal phasespaceor the processs alwaysactive in thecode.

Descriptionof outputand availability

The programprints certaincontrol outputs. The mostimportantoutputof the programis the seriesof
Monte Carloevents.Thetotal cross-sectioim fb is availablefor arbitrarycutsin the samestandardvay
asit is for YFS2, i.e. theusermayimposearbitrarydetectorcutsby the usualrejectionmethods.

The programis availablefrom the authorsvia e-mail. The programis currentlypostedon WWW
at http://enigma.phys.utk.adaswell ason anonymoustp at enigma.phys.utk.eda the form of atar.gz
file in the/pub/YFSZZdirectorytogethemwith all relevantpapersanddocumentatiorin postscript.

Z7ZT0
Author
G. Passarino

Description.

ZZTO is a newly createdcodefor computingaN©9? which, at the moment,hasuniversalInitial State
QED, Final StateQED, Final StateQCD, is fully mass¥e with b andc quarksrunningmasseskFermion-
Loop is alsoimplemented.ZZT0 is missingnon-unversalQED ISR andpurelyweakeffects(in DPA);
however, it is underconstructiorwith thefinal goalof includingthoseeffects. Thecodesumsoverall ZZ
decaymodesgvenvvvr. However, singlechannelsareavailable,i.e. gqqq, qquv, qqll, vy, 1111, vvvw.
Therefor insideZZT0 we have the exactmatrix elemenffor ete~ — ZZ — 4f with massie fermions
andrunningmassegor the b, c-quarks.Cutsareonly implementednthe Z invariantmassestherefore
we canapplyfinal stateQCD correctionfactorsbeyond the usualnaive correction.In otherwords,the
totalhadronicdecayrateof eachZ-bosonis splitinto the sumof thevectorcurrentinducedrate,I'V, and
of the axial decayrate,I'*, which receve differentQCD correctionsevaluatedat the scaleequalto the
virtuality of the ¢gg-pair. Non-factorizableQCD correctionsare ngglected. Final stateQED corrections
arealsoincluded,againevaluatedat the virtuality of the pair, i.e. with aQED(Mgair). Initial stateQED
correctiongnclude,sofar, only the universalpartof the structurefunctionsevaluatedat the scales.

To implementhe Fermion-Loopschemewe hadto incorporateQCD correctiondn theevaluation
of the comple polep, andof the p-parameteassociatedo the Z-propagatar This we have doneby
taking into accountalsothe massve top quark,while the light quarks,includingthe b one,aretreated
asmasslessQCD is exactly implementedoy usingthe O(acy) vectorbosonself-enegies of Ref. [3]
with A, asthe scalefor light quarksandm, for theb — b,b — t andt — ¢ contrikutions. For M, =
80.350 GeV, M, = 91.1888 GeV andag (M2) = 0.120 we find a QCD effectillustratedin Table40.
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Table 40: Effectof includingQCD correctiononthecomple p,,, , p,, polesaccordingto ZZTO0.

without QCD | with QCD
tw = +/Rep,, [GeV] 80.324 80.322
—Im(p,, )/ 1w [GeV] 2.0581 2.1109
1z = +/Rep, [GeV] 91.155 91.153
—Im(p,)/p, [GeV] 2.4653 2.5315
my [GeV] 148.21 156.32

TheprogramZzZT0 is currentlypostedon WWWat http://wwwto.infn.it/giampier/zio

Distributions.

The Z Z-signalis basicallydefinedthroughinvariantmassesfor instancee e~ — qgl™ 1~ (), ¢-flavour
blind or heary ¢-flavors,! = e/u/7, |cos 6, | < 0.985, no cut on the secondepton (only onelepton
tagged).M (qq) > 10 (45) GeV.

Here, we do not discussinvariant massdistributions in termsof the full processesut only in
termsof the signalNC02. The angularcutsarethereonly becausef detectorholesat the beampipe.
Sincefor NC02thereareno polesat edgeof phasespacewe could leave thesecutsout for simplicity.
Furthermorewe analyzeonly ete~ — qgl*l~ () wherethe definition of invariantmassess free of
ambiguities.ZZT0 includesfinal stateradiationsn two differentoptions.In afirst casezZT0 implements
the exact, factorizable O(«) correctionsfor someextrapolatedsetupwereonecanonly cut on the Z-
virtuality, seeRef. [143]. In the secondone, hard and collinear photonsare included, within a cone
of angularresolution§ <« 1, accordingto the formalism of Ref. [144]. Moreover, soft photonsare
exponentiated.

Therefore,we can define invariant massdistributions accordingto the following choices: a)
M (I™1~v) or M(ggqy) where M representghe virtuality of the decayingZ-bosonandb) m(i*1™)
wherem is thel™ [~ invariantmassandhardphotonsareincludedwheneer the anglebetweerthe pho-
ton andthe nearesthagedfinal-statefermionis lessthan§ < 1. Above § photonsare not included
in the masscalculation. Gluonsarealwaysincludedin O(ay) with afully extrapolatedsetup,i.e. the
M-variablefor gq final statess alwaysunderstoods Z (M) — qq + v + g.

In Fig. 71 we shav the M -distritution for e*e~+ hadronsand for bb(cc)+ leptonsat one en-
emy, v/s = 188.6 GeV. Thereis no appreciablalifferencewith n* 1~ + hadronsdueto the factthatthe
FSRcorrectionfactoris approximately3/4 Q?c a/m sincewe cuton the Z-virtuality andnot on the f f
invariantmass.
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Fig. 71: NCO2distributionsfrom zZT0. Here M (f (v, g)) is thevirtuality of the correspondingZ-boson.

In Fig. 72 we shav e™ e~ + hadronsand compareM andm distributions for the e*e™ () pair.
Thelatterincludescollinearphotonswithin a coneof half-openingangles = 5°. In the samefigurewe
alsocomparethe m/(f f) distributionsfor e*e~+ hadronsand ™ 1~ + hadrons.Sincethe cut is on the
invariantmassof the pair onestartsappreciatinglifferencesetweerdifferentflavors.
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Fig. 72: NCO02 distributions from zzT0. Here M (f f(, g)) is the virtuality of the correspondingZ-boson
and m(ff) is the ff invariant masswith collinear photonsthat are combinedwith the nearestfermion,
6(y — nearest f) = 5°.

All distributions are computedby ZZTO0 in the Fermion-Loopmode. The largesteffectsin the
theoreticaluncertaintyare associatedo the fact that non-factorizableQED correctionsare neglected,
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althoughonecanshaw thatthey vanishin thelimit of on-shellZ-bosons| M? — M?2 |« T';M,,. They
alsovanishfor afully extrapolatedsetupj.e. afterintegratingoverthefull rangeof thetwo Z virtualities,
whichis notthe casefor distributions.

GENTLE
Authors
D. Bardin,A. Olchesski andT. Riemann

TheNC cross-sectionis packagelfan includenow besidestheNC32classalsotheNC02process
(NCO08is unchanged)alsosomenew optionsintroduced,ICHNNL=0,1: switching betweenNC02 and
NC32 classeqfor IPROC=2); Note, that the treatmentof NC08 sub-amily is not changedcomparedo
theversionv.2.10. It remainsaccessibl@nly via NCqed branchof the package.

7.2 Comparisonsfor the NC0O2 cross-section

In this Sectionwe will comparethe NC0O2 cross-sectiotetweerYFSZZ, GENTLE andthe newly created
codezzT0. First, the comparisorbetweenyFSzzZ and ZZT0. Here, /s = 188.6 GelVV andQCD is not
included. The resultis shavn in Table41. From Table 41 we seea remarkableagreementfurther
guantifiedin Table42. Furthermorefor o, with Born+ISR+QCDthe uncertaintyrelatedto the IPS
(InputParametefSet)is approximatelyl %. Thisdoesnotmeanthatthetotal,true,theoreticalincertainty
is 1%. The Z Z line-shapeaspredictedby ZZT0 andincluding QCD correctionss shavn in Table44
wheretheresultsreferto threeschemesy, G andFermion-Loop.

Finally, in Fig. 73 we presentthe NCO02 line-shapefor a wide rangeof enegy, comparingthe
a-schemewith the G --schemeandthe Fermion-loopone. Missing animplementatiorof the Fermion-
Loop scheman othercodes,our recommendatiors to usethe G r-schemesinceit allows usto include
partof higherordereffectsin the Born cross-sections.

Table 41: Comparisonfor the NCO2 cross-sectiorbetweenYFSzZ and ZZT0 at /s = 188.6 GeV. The cross-
sectionsarein fb.

channel YFSZZ ZZT0 G -scheme| ZZTO a-scheme
qqqq 294.6794(490) 298.4411(60) 294.5715(59)
qqvv | 175.4404(302) 175.5622(35) 174.9855(35)
qqll 88.1805(134) 88.7146(18) 87.9881(18)

vy | 26.2530(463)|  26.0940(5) 26.1342(5)
i 6.5983(15) 6.5929(1) 6.5706(1)
vovv | 26.1080(71) 25.8192(5) 25.9868(5)

total | 617.2596(755) 621.2241(124) | 616.2366(123)

Table 42: DifferencesFSzZZz/ZZT0 for the NC02cross-sectiofin percent.

channel| zZT0(G,)/YFSZZ - 1 | ZZTO(x)/YFSZZ - 1

qqqq +1.28 -0.04
qquv +0.07 -0.26

qqll +0.61 -0.22

1527 -0.61 -0.45

1111 -0.08 -0.42
vy -1.11 -0.46

total +0.64 -0.17
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Table 43: Schemalifferencesn percentfor NC02,accordingto ZZT0.

channel| ZZT0Gr/a — 1
q99q +1.31
qquv +0.33
qqll +0.83
15277 -0.15

1111 +0.34
14277 -0.64
total +0.81

Table 44: NC02 Z Z line-shapdrom ZZT0.

Vs [GeV] | oZ7 [pb] with QCD | 07 [pb] with QCD | o¢f [pb] with QCD | G'»/FL - 1 [percent]
180 0.12478(1) 0.12568(1) 0.12669(1) -0.80
181 0.16044(2) 0.16160(2) 0.16267(2) -0.66
182 0.21135(2) 0.21287(2) 0.21376(2) -0.42
183 0.27770(2) 0.27970(2) 0.28009(2) -0.14
184 0.35224(1) 0.35477(1) 0.35457(1) -0.03
185 0.42644(1) 0.42950(1) 0.42881(1) +0.16
186 0.49579(1) 0.49936(1) 0.49833(1) +0.21
187 0.55897(1) 0.56299(1) 0.56175(1) +0.22
188 0.61596(1) 0.62039(1) 0.61901(1) +0.22
189 0.66723(1) 0.67203(1) 0.67057(1) +0.22
190 0.71336(1) 0.71848(1) 0.71699(1) +0.21
191 0.75487(1) 0.76030(1) 0.75879(1) +0.20
192 0.79225(1) 0.79794(1) 0.79643(1) +0.19
193 0.82596(1) 0.83190(1) 0.83040(1) +0.18
194 0.85643(2) 0.86258(2) 0.86111(2) +0.17
195 0.88393(2) 0.89028(2) 0.88884(2) +0.16
196 0.90875(1) 0.91528(1) 0.91388(1) +0.15
197 0.93118(1) 0.93787(1) 0.93651(1) +0.15
198 0.95146(1) 0.95830(1) 0.95698(1) +0.14
199 0.96890(1) 0.97677(1) 0.97549(1) +0.13
200 0.98635(2) 0.99343(2) 0.99220(2) +0.12
201 1.00012(2) 1.00843(2) 1.00724(2) +0.12
202 1.01460(2) 1.02189(2) 1.02075(2) +0.11
203 1.02660(1) 1.03397(1) 1.03288(1) +0.11
204 1.03736(1) 1.04481(1) 1.04376(1) +0.10
205 1.04700(1) 1.05452(1) 1.05352(1) +0.09
206 1.05561(1) 1.06320(1) 1.06224(1) +0.09
207 1.06326(1) 1.07090(1) 1.06998(1) +0.09
208 1.07001(1) 1.07770(2) 1.07683(1) +0.08
209 1.07594(2) 1.08367(2) 1.08284(2) +0.08
210 1.08111(2) 1.08888(2) 1.08809(2) +0.07
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Fig. 73: Comparisorof differentschemesg, G . andFermion-Loopfor the ZZ line-shapdrom ZZzTO0.

In Table45 we shawv the o, cross-sectiomspredictedirom GENTLE. Table45 is producedwith
thefollowing GENTLE/4f an flag settings:
IPROC, IINPT,IONSHL, IBORNF,IBCKGR,ICHNNL=221100
IGAMZS,IGAMWS,IGAMW,IDCS,IANO,IBIN=000000
ICONVL,IZERQ, IQEDHS,ITNONU,IZETTA=xXx301
ICOLMB, IFUDGF,IIFSR,IIQCD=0010
IMAP,IRMAX,IRSTP,IMMIN,IMMAX=10111

andwith thefollowing NCqgedbranchsettings:
IPROC ,IINPT ,IONSHL,IBORNF,IBCKGR,ICHNNL=321112
IGAMZS,IGAMWS,IGAMW ,IDCS ,IANO ,IBIN=000000
ICONVL,IZERO ,IQEDHS,ITNONU,IZETTA=01xx1
ICOLMB,IFUDGF,IIFSR ,IIQCD=2110
IMAP ,IRMAX ,IRSTP ,IMMIN ,IMMAX=10111

The Tabledeseresan extendedcomment.lts upperpartis obtainedwith the aid of the standard
GENTLE approacho ISR:thebandof theoreticalincertaintiess producedy choosingstandardtructure
functions(SF) for the minimum andflux functions(FF) for the maximumwith a reasonablehoicein
betweerfor the preferredone. For themaximum,we includeLLA secondordercorrectionsandexclude
the lowestorderconstanterm (option IZER0=0). The bandhasa typical width of about3 + 4%. This
approacHindsits rootsin thetreatmenif the CC0O3cross-sectionvherewe usedthe so-calledcurrent-
splitting techniquethe precisionof which is difficult to evaluatesinceit takesinto accountonly a part
of diagrams.We emphasizeagainthat novadays after the adventof DPA calculationsthe theoretical
uncertaintiesn the CC-sectoarereduced.

For NC-processedhe ISR is well definedandno current-splittingis required. In Ref. [145] we
provided the completelowestorderISR QED correctiongoption ITNONU=1). In our completecalcula-
tionsthe constantermis full reproducedndthereareno justificationsto excludeit. Thisis why in the
lower part of the Tablewe alwaysuseIZERO =1. For the theoreticaluncertaintieswe vary thenover
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threeworking optionsIQEDHS, ITNONU=00,10,11and selectpreferred,min and max out of them. As
seenfrom the lower partof the Table,the theoreticauncertaintyderivedin suchaway is abouttwice as
narrav ascomparedo theupperpart. It is importantto emphasizehatthetwo bandsoverlap,although
thereis a systematicshift towardsslightly highercross-sections.

Table45: Cross-sectionfib] forete™ — ZZ — 4f at\/s = 188.6 GeV first columnGENTLE 2.10with preferred
flags, secondandthird columnsestimatevariationsdueto theoreticaluncertainties.The upperpartis produced
with the 4fanbranchandwith flags: ICONVL , IZER0=00,10,01. Thelower partis producedvith NCqedbranchof

GENTLE/4fan andwith flags: IQEDHS , ITNONU=00,10,11.

channel| GENTLE 2.10 | GENTLE — | GENTLE +
7999 299.642 | 298.614 | 301.448
qquv 176.076 | 175.410 | 177.137
qqll 89.187 | 88.851 | 89.720
v 26.204 | 26.103 | 26.362

il 6.637 6.612 6.677
vy 25.857 | 25.766 | 26.013
total 623.602 | 621.356 | 627.356
7999 301.448 | 300.418 | 301.522
qquv 177.137 | 176.532 | 177.180

qqll 89.725 | 89.418 | 89.746
vy 26.361 | 26.271 | 26.367

il 6.676 6.654 6.678
vy 26.022 | 25.933 | 26.029
total 627.370 | 625.226 | 627.522

This shift is dueto the constantterm. If we had chosenIZER0O=1 for the upperpart, its band
would totally containthe bandfor thelower part. We tendto consideithelower partto beamorecorrect
treatmenbf the ISR for the caseof NC-processes.

7.3 Summary and conclusions

Threedifferentprogramshave producechumbergor theNC02cross-sectioshaving remarkableagree-
mentover awide enegy range.ZZT0 hasproducedesultswith two differentrenormalizatiorschemes,
G and «a, shaving differencesof the order of a per cent. GENTLE confirmsthe finding with nearly
the sameshifts asZZT0 betweerthe two schemeslt looks plausibleto have a +-2% of theoreticalun-
certaintyassignedo the NC02 cross-sectionThereis anindications,comingfrom the Fermion-Loop
analysisof ZZT0, thatshav smallerdeviationswith respecto the G --schemeandthe Fermion-Loopis
usuallyaccurateatthe 1-2% level.

At themomentheestimatedheoreticalincertaintycomesrom thecomparisonbetweerGENTLE,
YFSZZ andZZzT0 andit is roughlyabout2%. Thesizeof theuncertaintyis confirmedby aninternalesti-
mateof GENTLE, asgivenin Table45. With thecompletdowestorderlSR QED includedGENTLE gives
a total cross-sectiorat /s = 188.6 GeV of 627.37751% fo wherezzT0 gives 621.221b, i.e. GENTLE
predictsa 0.4% uncertaintywith GENTLE andZZTO0 differing by roughly 1%. FurthermoreGENTLE pre-
dictsa +0.6% shift dueto the constantermin ISR andboth programspredicta —0.8% shift from the
G r-schemedo thea-scheme.

Giventhe experimentaluncertaintyon the cross-sectiom differencebelav 2% is reasonabl@nd,
mostlikely, do not requirethe implementationof missingeffects which are beyond the reachof the
experiments Neverthelessywork is in progresgor ZZT0 towardsa completeDPA calculationfor NCO2.
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8 CONCLUSIONS AND OUTLOOK

An extensve collectionof theoreticalpredictionsfor obserablesin e e~ interactionsat LEP2enegies
hadbeenpresentedh the 1996 CERN Reportof theWorkshopon Physicsat LEP2 However, anupdate
with improvedtheoreticaprescriptionss neededn orderto matchthe precisionachiezed by now in the
experimentalnalyses.

Theaim of thefour-fermion contritution to this workshopeffort is twofold. We have summarized
the mostrecenttheoreticaldevelopmentsconcernings™e~ annihilationinto four-fermionsat LEP2 en-
ergies. Furthermoreapplicationgo the four mostimportantclasse®f processebave beendiscussedn
detail. In decreasingrderof importancethey arethe W W -signal,the inclusionof an extra photonin
thefinal state the singled¥ productionandthe 7 Z-signal.

To gaugeheprioritiesof this Reportoneshouldremembethattheexperimentakituationis rather
differentfor WW whencomparedo the otherprocesseskor W-pairs,LEP (ADLO) is ableto testthe
theoryto belov 1%, i.e., belav the old uncertaintyof +2% establishedn 1995. Thusthe CC03-DR,
including non-leadingelectraveak corrections,constitutesa very importanttheoreticaldevelopment.
However, ADLO cannotestsingle3V or Z Z-signalto anequivalentlevel, sincetheir total cross-section
is of the orderof 1 pb or less,20 timessmallerthanthatof 17 -pair production?®.

Theauthorsof the four-fermionreportagreeon thefollowing conclusiongrom this study:

e Thereis aniceglobalagreemenbetweerthenen DPA predictionsfor CC03,whichare2% = 3%
lower thanthe old approach.

e The Monte Carlo programsRacoonWW and YFSWW3 agreewithin 0.3% at /s = 200 GeV. The
presentestimatedheoreticaluncertaintyof theseprogramsis 0.4%, 0.5%, and0.7% for /s =
200 GeV, 180 GeV, and170 GeV, respectiely.

e Thereis ageneralsatisactionwith the progressnducedby new DPA calculations.Nevertheless,
thetheoreticaluncertaintycould probablybeimproved somevhatin the future.

e Morework will beneededo reducethe uncertaintyfor 4f + ~ andof partonshaver with p;.

e In singledV productionmostof the theoristswere interestedn gauge-inarianceissuesdue to
unstableparticle. The experimentalistsvereaskingfor ISR andp; effects,comparisonsncluding
partonshawver, structurefunctionsandexponentiation.Unfortunately only few groupshave been
working on theseissues.Their work representsnimportantresultof this Report.

¢ In singled¥ productionwe have a (global) 2% -+ 3% theoreticaluncertaintyassociatedvith the
scaleof the t-channelphoton,with a projected1% uncertaintywhenthe implementatiorof the
Fermion-Loopschemd39] will receve morecross-checks.

e For simpleprocessetke et e~ annihilationandtwo-photoncollision, the evolution of the enegy
scalein the structurefunctionor in the parton-shwer algorithmscanbe determinedy the exact
perturbatve calculations.However, this is not available for more complicatedprocessesWhen
no exactfirst order calculationsare available then one resortsto the scaleoccurringin the first
ordersoft corrections.Therefore atthe momentwe mayapplyavery conserative (global) upper
boundof 4% theoreticaluncertaintyfor ISR in singled¥” production. Herewe repeatone of the
conclusionsof Section6, we understandhe implementatiorof QED radiationin the MC better
thanbefore,StructureFunctionsat the scales areobviously wrong, but we are presentlyunable
to preciselyquantify the improvementuponthe quoted- global— upperbound. Single programs

DFor 7z Z with 1997+1998+1999ata,the presentainalysesaindglobal LEP combinationmethodgive an averagemeasure-
mentwith 7% accurag. At theendof LEP, we mayreachbetterthan5%.
ZseeSectiond for a properdefinitionof the old approach.
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mayclaimto have morestringentinternalestimatesin conclusionthecurrentupperboundonthe
global estimateof the theoreticaluncertaintyis 5% for singled¥’. A detailedexplanationof this
boundis givenin Section6.4.

o Comparedo the experimentaluncertaintyon the NC02 Z Z cross-sectiora differenceof about
1% betweertheoreticapredictionss acceptableThe globalestimateof theoreticauncertaintyis
2%, againacceptableHowever, it would be niceto improve uponthe existing calculations.

Thesepointsarediscussedn moredetailin thefollowing.

Thenew DPA predictionsfor CC03are2% —+ 3% lower thanin theold approachThenew Monte
Carlo programsRacoonWW and YFSWW3 agreewithin 0.3% at /s = 200 GeV, i.e. at a level thatis
consistentwith the accurag of the DPA. The theoreticaluncertaintyof theseprogramsfor the CC03
W -pair crosssection,which we estimateto be belowv 0.4 + 0.5% for /s = 180-210 GeV, should
be comparedwith the currentexperimentalprecisionof +0.9% with all ADLO dataat 183—202 GeV
combined.t shouldbe mentionecaswell thatRacoonWW andthe semi-analyticaBBC calculationsagree
very well wherethey should,i.e. abore 185 GeV.

Turningto distributions,thedeviationsseento becomesomevhatlargerfor large W~ production
anglesalthoughcompatiblewith the statisticalaccurag. The invariantmassdistributions agreewithin
roughly 1% with a distortion of the distributions thatis mainly dueto radiationoff the final stateand
the W bosons We expectthatthe presenuncertaintyof the CCO3W -pair cross-sectiocanbereduced
somavhat whenthe sourcesof the differencesbetweenRacoonWwW and YFSWW andthe leadinghigher
ordercorrectionswill be betteranalyzed.To go below the level of a few permille of accurag would
requirethe completecalculationof one-loopradiative correctionsn four-fermion productionfor all 4f
final statesa programthatdoesnot seenfeasiblein aforeseeabléuture.

The presenceof real photonscan also changethe quantitatve agreemenbf DPA calculations.
For integratedquantitiesthe differenceshetweenalternatve approachegareexpectedto be of the order
of the accurag of the DPA while for more exclusve obserableslarger differencescan be expected.
A comparisonbetweenRacoonWW and YFSWW3 for variousdistributionsin the semi-leptonicchannel
ete™ — u&u—vﬂ andwith a specifiedsetof separatiorandrecombinatiorcutsreflects,however, for
obsenrablesinclusive in the photonthe sameglobal differenceasthetotal cross-section.

Thetechnicalprecisionfor ete~ — 4f + v hasreachechigh standardssshavn by the compar
isonsamongPHEGAS /HELAC, RacoonWW andwRAP, but atthemomentwe areunableto presenary over
all statemenbnthetheoreticauncertaintyprocesdy processThisis truein particularfor thesingledV
configuration. Furthermore no detailedcomparisorhasbeenperformedincluding partonshaver and
hadronization.

In generaimorework will be neededo establishthe uncertaintyfor 4f 4+ ~. This shouldbe done
processhy processwith the taget of achieving the requiredaccurag. At the momentwe canfix an
upperboundof 2.5% basedn missingnon-logarithmiacorrections.

In singledV productionmost of our actvity was centeredaroundgauge-inarianceissuesdue
to unstableparticle. Although, no coordinateeffort hasbeenperformed,at the moment,to studythe
theoreticaluncertaintyinducedby ISR p; effects,comparisorwith partonshaver, structurefunctions
andexponentiatiortheinterestedeadercanfind in the Reportdetailson QED correctionsasthey stand
now. Few programsnoticeablyGRACE andSWAP, have produceda preliminaryinternalestimateof the
uncertaintyassociateavith the treatmentof QED radiation;the net effect of QED is between’% and
10% in the LEP2 enegy range,with s-channelstructurefunctionsover-estimatingthe effect by ~ 4%.
Furthermorestructurefunctionswith a modifiedscaleseemgo agreewith partonshaver atthe level of
1% whenexperimentakutsareincludedor evenbetterfor afully extrapolatedsetup.
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As far asthe scaleof the electromagneticouplingis concernedve find that the resultswith a
rescalingof aqgp for the t-channelphotonthat hasbeenimplementedn NEXTCALIBUR, SWAP and
WPHACT shav anagreementvith WTO predictionsthatis roughly around2%.

For singledV, therefore we registera conserative, overall, upperboundof +5% for thetheoret-
ical uncertainty Single programsmay claim betterinternal estimatesut this doesnot transform,yet,
into aglobalone?.

Implementatiorof the EFL-schemen singledV (in additionto WTO) will give a moresolid basis
to the estimateof 1-2% for the uncertaintyassociateavith the scaleof the e.m. coupling.

The next, obvious, stepis representedy the evaluationof missingO(«) electraveak effects,
e.g.in Weizsacler-Williams approximation(for the sub-processy — W), theanalogouof DPA for
CCos.

A betterunderstandingf QED ISR and of all radiative correctionsin singled¥” productionis
certainlyneededn orderto reducethe correspondingincertaintyhopefullyaround1%. This, however,
requiresto go beyondthe presenapproximationsnot an easytaskandwith a considerablyarge exper
imentalerror SinceDPA cannotbe appliedto singledV productiononehasto follow somealternatve
path,like including radiatve correctionsn (improved) Weizsacker-Williams approximation,or WWA.
It is expectedthatalreadythe normalWWA (i.e. logarithmictermsonly), with atypical Born-accurag
of 5%, will yield resultsaccurateatthelevel of 5% x «/7. For the momentthis is not strictly needed
but oneshouldconsidetthatsingledV will be oneof themajorprocesseatLC.

For the NCO2 cross-sectionwe have a 1% variation, obtainedby changingthe Input Parameter
Setin GENTLE andin ZZT0 andby varying from the standardiENTLE approactfor ISR to thecomplete
lowestordercorrections.We estimatethe real uncertaintyto be 2%. However, giventhe experimental
uncertaintya theoreticaluncertaintyin this orderis acceptabl@nddoesnot seemto requirethe imple-
mentationof missingeffects. FurthermoreZzT0 whichis notyet a DPA calculationagreegatherwell
with YFSZZ, roughly below the typical DPA accurag of 0.5%, andthe latter featuresthe realizationof
the LPA for the NCO2 process.The implementatiorof a DPA calculation,in morethanone code,in
the NC02 Z-pair cross-sectiomvill bringthe correspondingccurag atthelevel of 0.5%, similarto the
CCO03case.
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