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Abstract

During the LEP running periods in 1990 and 1991 DELPHI has accumulatedap-
proximately 450000 Z°decaysinto hadronsand chargedleptons.The increasedevent
statisticscoupledwith improvedanalysistechniquesand improved knowledgeof the
LEPbeamenergiespermit significantlybettermeasurementsof the massandwidth of
the Z°resonance.Model independentfits to the crosssectionsand leptonic forward—
backwardasymmetriesyield the following Z°parameters:the mass and total width
Mz = 91.187±0.009GeV,1} = 2.486±0.012GeV,the hadronicand leptonic par-
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tial widths Fhad = 1.725 ±0.012GeV,1~= 83.01 ±0.52MeV, the invisible width
17,~,..= 512±10MeV, theratio of hadronicto leptonicpartial widthsR~= 20.78±0.15,
and the Born level hadronicpeakcrosssection a0 = 40.90±0.28nb. Using thesere-
suits and the valueof c, determinedfrom DELPHI data,the numberof light neutrino
speciesis determinedto be 3.08±0.05. The individual leptonicwidths are foundto be:

= 82.93±0.70MeV,1~= 83.20±1.11MeVand Fr = 82.89±1.31MeY. Using the
measuredleptonicforward—backwardasymmetriesandassumingleptonuniversality,the
squaredvectorandaxial-vectorcouplingsof the Z°to chargedleptonsare found to be
~ = (1.47±0.51)x i0

3 andg~
1= 0.2483±0.0016.A full StandardModel fit to the

datayieldsa valueof thetop massm, = 115~(expt. ) ~ (Higgs) GeV, corresponding
to a valueof the weak mixing angle sin

2 0~‘ = 0.2339±0.0o15(expt.y~g~(Higgs).
Values are obtainedfor the variablesS and T, or e~and e~which parameterizeelec-
troweakloop effects.

1. Introduction

Thestudyof theline shapeof theZ°resonanceandthe analysisof its hadronic
and leptonic decaysis of primary importancein the determinationof thepa-
rametersof the electroweaktheory.The massof the Z°is a fundamentalpa-
rameterof the theory.Thehadronicandleptonicdecaywidths, andthe leptonic
forward—backwardasymmetries,are sensitiveto the asyet unknownmassesof
the top quarkand Higgs boson.Within thecontextof the StandardModel, the
decaywidth of the Z0 into invisible channelsallows an accuratedetermination
of the numberof light neutrinospecies.Although previousmeasurementshave
ruledout two or four conventionalneutrinospecies,it is neverthelessimportant
to measurethe numberof neutrinospeciesas accuratelyas possiblein orderto
limit non-standardmodels,or conversely,to showevidencefor physicsbeyond
the StandardModel.

In ref. [1], measurementsof theZ°parameterswerereportedbasedon an in-
tegratedluminosityof approximately6.5 pb’ accumulatedby DELPHI during
1989 and 1990. The presentpapergives detailsof the data collectedin 1991,
correspondingto approximately10 pb’, takenat7 differentcentre-of-massen-
ergiesin ascanaroundtheZ°peak.Comparedto the previouslypublishedre-
sults,the 1991 databenefitedfrom smallerstatisticalandsystematicuncertain-
ties. Theabsoluteluminositywas determined,as previously,from theSmallAn-
gle Tagger(SAT). Howeverthe relativeluminositiesat the differentscanener-
giesweremeasuredby theVerySmall AngleTagger(VSAT), therebyeffectively
eliminating the statisticalerrorsof the SAT measurementandgiving asubstan-
tial gain in the overallsensitivityof the measurements.In the light of improved
understandingof the SAT monitor, the crosssectionsof ref. [11 havebeenre-
evaluatedwith reducedsystematicerrors.A crucialelementof the 1991 scanwas
theimprovementin the understandingof theLEP machineenergiesas a result
of themeasurementsby the processof resonantdepolarization[2].
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Thispaperis organisedas follows. In section2 somedetailsof theLEP energy
determinationsaregiven. Section3 containsabriefdescriptionof the DELPHI
detectorandtriggersystem. In section4 accountsaregiven of the absolutelu-
minositymeasurementusingthe SAT, andof the relativeluminositymeasure-
mentsusingthe YSAT. The selectionof hadronicdecaysandthe measurement
of the hadroniccrosssectionare describedin section5. Section6 containsan
accountof theselectionof leptonicZ°decays,thedeterminationofthecrosssec-
tionsandthe measurementof forward—backwardasymmetries.In section7 the
resultsof fits to thedataarereportedandin section8 interpretationswithin the
contextof the StandardModel aregiven. Fits in termsof parameterswhich are
sensitiveto physicsbeyondthe StandardModel arepresentedin section9, and
section10 giveslimits on thepossiblecontributionofnewparticleproductionto
themeasuredwidth andinvisible width of theZ°.Section 11 givesasummary
of the results.

2. Theenergyof theLEP beams

Resonantdepolarizationoftheelectronbeamat 46.5 GeV was observedon
five separateoccasionsduring the 1991 data-takingperiod.Theseresultshave
beenpublished [2]. The temperaturesof the LEPmagnetswerecarefully mon-
itoredduring the depolarizationmeasurementsandthroughoutthe scans.For
eachof the LEP fills an energyis givenwhich takesaccountof temperatureand
agingeffectsandthe non-linearresponseof the LEPmagnets.Theprincipalun-
certaintiesareas follows.
— The absoluteenergyscaleis determinedwith aprecisionof ±5.3MeV at 93
GeVcentre-of-massenergy(~/~)by resonantdepolarizationoftheelectronbeam.
— For the othercollision energiesa local energyscalecorrectionis appliedto
accountfor the non-linearresponseof the dipole magnets.The uncertaintyin
thiscorrectionis fully correlatedenergy-to-energy,andis up to ±7.5MeV at88
GeV.
— An uncertaintyis includedfor non-reproducibility.This includestheobserved
spreadof the polarizationmeasurementsanduncertaintiesdueto temperature
effectsandthestatusoftheradiofrequencyacceleratingcavities.Thisuncertainty
is uncorrelatedenergy-to-energyand fill-to-fill. It is estimatedto be±1 ~
anddecreasesinverselyasthe squarerootofthenumberof fills atagivenenergy.
— Point-to-pointerrorsareincludedto allow for higherordertermsin the non-
linearity correction.Theseare randomenergy-to-energy,andamountto ±3x
l05~/i
— The energiesfor the 1990 runshavebeenre-evaluatedusingthe mostrecent
information.Theabsoluteenergyscaleof the 1990dataisassignedanuncertainty
of ±26MeV. It will not providenew informationon Mz.

On August 14th 1991,justbeforethe startof the systematicscan,the energy
of the LEPbeamsshoweda stepof —15 MeV [3]. Datatakenbeforethis time
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(“pre-scan”points) havethereforealarger energyuncertaintyandaretreated
separatelyin the fits.

At eachenergysettingofthe LEPmachinethe collisionenergieshaveaspread
which canbe approximatedby a gaussianof width 51 ±5 MeV.

In arecentpublication [31 the preciseLEP energymeasurementscombined
with the dataof the LEP collaborations,including someof the data reportedin
this paper,havebeenusedto determinean accuratevaluefor the Z mass.The
result,91.187±0.007GeV, includesanuncertaintyof ±6MeV comingfrom the
LEP energymeasurements.

3. The apparatusandtrigger system

A detaileddescriptionof the DELPHI apparatuscanbefound in ref. [4]. For
the presentanalysisthe following partsof the detectorarerelevant:
— for the measurementof chargedparticlestheMicrovertexDetector(YD), the
Inner Detector(ID), the Time ProjectionChamber(TPC), the Outer Detec-
tor(OD) andthe ForwardChambersA andB (FCA andFCB);
— for the measurementof electromagneticenergythe High-densityProjection
Chamber(HPC) andthe ForwardElectromagneticCalorimeter(FEMC); these
detectorswerealsousedfor identifying minimumionizing particles;
— for the measurementof the hadronicenergyandmuon identification the
HadronCalorimeter(HCAL), whichcoveredboththebarrelandendcapregions;
— for muon identificationthe barrel (MUB) andendcap(MUF) muoncham-
bers;
— for the trigger, besidesthe detectorsmentionedabove, the barrel Time of
Flight counters(TOF), the endcapscintillators(HOF) andascintillator layer
embeddedin the HPC;
— forthemeasurementof luminosity (section4) theSmallAngleTagger(SAT)
andthe Very SmallAngleTagger(VSAT).

A majorimprovementwith respectto the1990 runningwasthe replacementof
the two-layerMicrovertexDetectorin 1991 by onehavingthreelayersof silicon
strip detectorssurroundingabeampipeof reduceddiameter.This detectornow
hasahigherchanceof havingtwo or morehitsassociatedto aparticletrajectory
andthisleadsto areductionin the momentumandvertexreconstructionerrors
in the barrelregion [51.

The eventtriggerfor the 1991 datais largely as describedin refs. [1,41.How-
ever, in addition atrigger basedon the barrelmuon chamberswas used.The
triggerefficienciesforthe hadronicandleptoniceventsweremeasuredin events
takenwith redundanttrigger combinations.Forhadroniceventsthe trigger ef-
ficiency was greaterthan99.9%over the wholeangularrange.For e+e events
the efficiencywas greaterthan99.9%in the polaranglerangebetween440 and
136°,for ~i~tc events(99.9±0.1)% between20°and160°,andfor t~r. events
(99.9±0.l)%between25°and155°.
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A right-handedcoordinatesystemis usedin this paper.The z-axis points
alongthe electronbeamdirection,andthey-axisis vertical.The polarangle0 is
measuredwith respectto the z-axis, andthe azimuthalangle~ is measuredwith
respectto thehorizontalplane.

4. The luminositymeasurement

This sectionsummarizesthe progressin the luminosity measurementmade
by DELPHI sincethe publishedresultsof the 1990 data [1]. Themajorstepsof
improvementarethe following:
— thepublished1990SmallAngleTaggerluminositydatawerere-analysed,lead-
ing to a smallersystematicuncertaintyon the overallnormalization;
— the absoluteluminosity in 1991 was measuredwith the SAT with still better
accuracythanin 1990;
— the 1991 relativepoint-to-pointluminositywas alsoderivedfrom the Bhabha
ratemeasuredwith theVery Small Angle Tagger [61, for which thevisible cross
sectionis morethan15 timeslargerthanfor the SAT. Thispermitsa reduction
of about20% in the statisticaluncertaintieson the massandthe total width of
the Z0.

4.1. TheSATmeasurement

The SAT luminositymeasurementis basedon the observationof smallangle
Bhabhascatteringin calorimetersconsistingof leadsheetsandplasticscintillating
fibres,coveringthe polar anglerangefrom 43 to 135 mrad.The fiducial region
is accuratelydefinedby a preciselymachinedleadmask in front of oneof the
calorimeters.An additional“q~mask” covers±15°aroundthe verticaljunction
betweenthe two calorimeterhalf-barrels.Improvementsto the detectorandthe
analysissincethe publishedresultsof the 1990 data [1] arepointedout below.

4.1.1. SATtriggers
Thetriggersfor luminosityeventswerebasedon pulse-heightsumsof 24 chan-

nelsin 24 overlappingsectorsof 30°per endcap.The primary Bhabhatrigger
requiredacoplanarcoincidenceof energydepositions,eachabove12 GeV (10
GeV in 1990).A secondaryBhabhatrigger introducedfor the 1991 datataking
requiredacoincidenceof energydepositionsabove30 GeV without the copla-
narity requirement.In order to measurethe Bhabhatrigger efficiency, events
with a singleenergydepositionabove30 GeV were triggeredand,to keepthe
rateto atolerablelevel, afractionwasselectedfor readout.Of the 9867 selected
Bhabhaeventsfor which the singlearm trigger was active, nonewere missing
the coincidencerequirement.In addition,the fractionof Bhabhaeventswithout
the primaryBhabhatrigger but with thesecondaryonewas lessthan 1 O~.The
primary triggerwasthusessentially100%efficient with a statisticalaccuracyof
about0.02%.
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A “delayedBhabha”trigger (coincidenceone calorimeterwith the otherarm
from adifferentbeamcrossing)with the same30 GeV thresholdsandlack of
coplanarityrequirementasthesecondaryBhabhatrigger,wasusedto monitorthe
off-momentumelectronbackgroundduring 1991. A similar triggerwith 10 GeV
thresholdswas active in 1990but therelativelylargeratemadean extrapolation
to thesampleof selectedBhabhaeventsunusable.

4.1.2. Eventselection
Theeventselectionwas basedon the reconstructedenergiesandpositionsof

theshowerswith the maximumnumberof readoutelementsin eachcalorimeter.
A study of radiativeBhabhaeventswith threereconstructedshowersshowed
that thefractionof acceptedBhabhaeventsin whichtheshowerswithmaximum
energydid not alsohavethemaximumnumberofreadoutelementswaslessthan
1Ø-~t~The acceptancewas definedby the following selectionson showers:
(1) Radiusin the maskedcalorimeterinsidethe outerring of readoutelements;
(2) Radiusin the unmaskedcalorimetermorethan 2.5 cmfrom theinneredge;
(3) Lessthanhalf of the showerenergyin the maskedcalorimeterin the inner
ring of readoutelements;
(4) Energyin eachcalorimetergreaterthan0.65 X Ebeam;

(5) ~‘ anglein the maskedcalorimetermorethan8°from the vertical(y) axis.
Selections1 and2 wereperformedwith the showercentroidsbut theprecision

of theseselectionswasimprovedin the 1991 databy calibratingthe calorimeter
geometryto thatof the silicon tracker(seesubsection4.1.3). Selection3 and,to
alesserextent,selection4 werebasedon the effect of theacceptancemaskson
the energydepositionin the calorimeter.Selection5 was usedto rejectthe back-
groundcausedby thetail of the showerspenetratingthe~-maskandthegapbe-
tweenthe calorimeterhalvesandproducingspuriousenergydepositionsin the
photodiodereadoutsystem.By scanningrejectedeventsthe systematicuncer-
tainty was estimatedto be aboutthe sameas the fraction of the dataremoved
by selection5, namely0.15%.

A correctionwasappliedforanon-linearenergyresponsewhichis notincluded
in the detectorsimulation.Thecorrectionfunctionwas fitted to the peakin the
Bhabhaenergydistributionas afunctionof theLEP centre-of-massenergy.The
low energybehaviourof this parameterizationis in agreementwith testbeam
data (3—9 GeV) takenwith oneof thecalorimetermodulesin November1990,
andwith the total energyseenin fully reconstructede+e y events.The effect
of this correctiontogetherwith the energyspectrumpredictedby the Monte
CarlogeneratorprogramBHLUMI [71bringsthe distributionof the minimum
of the two primaryshowerenergiesof the datainto excellentagreementwith the
simulation.Theuncertaintydueto selection4 is reducedto 0.25%,comparedto
the 0.4%estimatedfor the original analysisof the 1990 data.This 0.25%error
arisesfromtheresidualuncertaintyin thenon-linearbehaviourandthedifficulty
of resolvingthe separatecomponentsof the low energytail dueto radiation,the
edgesof the masksandthe detailsof thecalorimeterresponse.
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DuringtheshutdownofLEPbetween1991and 1992thegeometryofthemask
systemwas measuredon a three-dimensionalmeasurementmachinethat was
preciseto 3 ~m. The masksweremeasuredbefore andafter dismountingand
mountingboth the calorimeterhalvesand thetwo halvesof the maskssystem
severaltimes.As aresultof thesemeasurementsandcross-checkswith the detec-
tor geometryin thesimulation,theluminosityhadto becorrectedby +0.84%.A
precisionsimilar to theonequotedin ref. [11(0.15%) is estimated,but with an
additionaltermof the samesizeto accountfor theobservednon-reproducibility
of themountingoperation.

4.1.3. TheSATsilicon tracker
In 1991 a two-planesilicon trackerwith radialpitch 1 mm andazimuthalseg-

mentationof 5°was introducedandoperatedforonethird ofthe beamcrossings
duringthe first 65%ofthe datataking. Distortionsin thecalorimeterpositionre-
constructionweremeasuredby the trackerin eventsin which therewereunam-
biguous2-hit trackspointing to theimpactpoint reconstructedby the calorime-
ter. In this way thetwo 0.25%uncertainties[1] on the acceptancecutsmadeby
thecalorimeterattheminimumscatteringangleoppositethemaskandthemax-
imum scatteringanglein the maskedcalorimeterarereducedto asingleuncer-
tainty of 0.1%.The residualuncertaintyis primarily dueto the conservatively
estimated400 ~m uncertaintyin the diameterof the trackerand the limited
statisticsof the datasamplewith the trackeractive.

4.1.4. Backgrounds
ThebackgroundofBhabhaeventsproducingspuriouslargeenergydepositions

belowthe acceptanceof the ring maskwas reducedby afactorof two in 1991
by inserting13 mm thick cylindrical lead masksinsidethe calorimeters.This
shieldingalsoservedto reducethe singlearmtriggerrates,leadingto animproved
measurementof the trigger efficiency.

Backgroundsfrom two-photonprocessesande+e —f y y werecalculatedand
foundto be negligible.Theaccidentalcoincidenceof highenergyoff-momentum
electronswas studiedwith varioustechniqueswith the following results:
(1)The ratesof single off-momentumelectronsin eachcalorimeterwere sep-
aratelymeasured.The probability of an accidentalcoincidencewas calculated
from theseratesto be lessthan0.01%.
(2) Extrapolatingthe tails of the acoplanaritydistribution throughthe ±20°
region ofthe signalgaveanupperlimit forthe backgroundof 0.01%.
(3)The numberof delayedBhabhatriggerswaslessthan0.1%of the numberof
acceptedBhabhaevents.In addition,only a small fractionof the singleshowers
(due to the natureof the trigger, it was not possibleto readout both of the
calorimeters)in the delayedBhabhaeventsfell within the geometricacceptance
of theluminosity measurement.
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4.1.5. Thetheoreticalcrosssection
Theluminosity is thenumberof selectedBhabhaevents,correctedfor back-

groundsandinefficiencies,divided by thetheoreticalcrosssectioninto the SAT
acceptance,thatis thevisible crosssectiono,,,,. Thecalculationof as,,,wasbased
on the detailedsimulationof Bhabhaeventsproducedby the 0(a) eventgen-
eratorBABAMC [8]. Higher ordercorrectionswere calculatedwith the event
generatorBHLUMI V2.01 [71.The uncertaintyin the theoreticalcrosssection
is estimatedto be 0.3%,which includesthe 0.25%estimateof Jadachandco-
workers [7] plus an additional contributionof 0.1%addedbecausethehigher
ordercorrectionsweremadeby reweighingthe BABAMC events.Thereweighing
wasdoneaccordingto the unsmearedminimum energyspectrumof the events
acceptedby the analysiscuts. Theelectroweakcorrectionswerecomputedwith
BABAMC andconfirmedby thecalculationin ref. [9].

The eventgenerationanddetectorsimulationwerecarriedout at acentre-of-
massenergyof 91.1 GeV. The visible crosssectionwas found to be 27.09 nb,
including higher orderandelectroweakcorrections.The extrapolationto other
energieswas performedby correctingfor the 1/s dependenceexpectedfrom
QED andthe energyvariation of the electroweakeffects [7,9]. Ten timesmore
simulatedevents,concentratedin thecritical regions,wereusedfor this analysis
thanfor thepublished1990 results [1]. The“Miscellaneous”contributionto the
systematicerroron the 1990 datawas dueto differencesbetweensimulatedand
realdistributionsotherthan theenergydistributions.The betterunderstanding
of the detectorallows to reducethis contributionin the new 1990 analysisand
to suppressit for 1991 data.

4.1.6. Results
The1990datahavebeenre-analysedwith thenewcorrectionsdescribedabove.

The neteffect is to increasethe 1990 luminositiesby between1.4%and 1.8%.
A summaryof the uncertaintiespublishedfor the 1990 dataandnew estimates
of the uncertaintiesfor both the 1990 and 1991 datais given in Table 1. The
experimentaluncertaintyfor the 1991 datais commonto the improvedresult
for 1990.

4.2. The VSATmeasurement

The Very Small Angle luminosity monitorof DELPHI (VSAT) wasusedfor
the 1991 data taking, but not in 1990. It measuresthe Bhabhascatteringrate
between5 and7 mradin polarangleandcoverseffectivelyabout180°in azimuth
dueto the focusingof thelow 8 quadrupoles.

Becauseof the angularcoverageof the YSAT, the replacementof the SAT
luminosityby the VSAT luminosity in the computationof thehadronicZ°line
shapecrosssectionsallows for amore accuratedeterminationof the massand
the totalwidth of the Z°.This improvementhastwo origins:
— the contributionof the Bhabhastatisticsto the statisticaluncertaintyin the
crosssections,which is still sizeablefor thehadronicline shapedeterminedwith
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Table 1
Contributionsto the systematicuncertaintyon the SAT luminosity measurement.The previously
published1990 resultsandthe resultsof the improveddataanalysisareshownin columns90 and
90’, respectively.

Contribution Uncertainty (%)
90 90’ 91

Maskradius 0.15 0.21 0.21
~acceptance 0.10 0.17 0.14
Unmaskedacceptanceborders 0.35 0.10 0.10
Interactionpoint position 0.13 0.13 0.13
Energycut 0.40 0.25 0.25
Fakehigh energydepositsat small radii 0.16 0.16 0.08
Databehind~-mask 0.15 0.15 0.15
Lessthanhalf of energyin inner ring 0.10 0.10 0.10
MonteCarlo statistics 0.15 0.03 0.03
Triggerefficiency 0.13 0.13 0.02
Off-momentumbackground 0.14 0.14 0.05
Deadchannelcorrection 0.16 0.16 0.10
Miscellaneous 0.30 0.20 —

Total experimental 0.8 0.6 0.5
Theory 0.5 0.3 0.3

Total systematicuncertainty 0.9 0.7 0.6

the SAT luminosity,becomesalmostnegligible;
— the contributionof the electroweakinterferenceto the visible crosssection
of theVSAT is negligible,contraryto the SAT which measuresBhabhaevents
producedatlargerpolarangles.Thus the line shapedeterminedwith the VSAT
luminosity is free of uncertaintiesrelatedto the lack of knowledgeof the energy
dependenceof the electroweakinterference.

As to the absoluteluminosity, the systematicerrors,mainly connectedto ab-
solutegeometricaluncertaintiesandto theory,are larger for the VSAT than for
the SAT. Therefore,for the purposeof relativepoint-to-point luminositydeter-
mination, the datatakenat the Z°peakareusedto normalizetheVSAT datato
the SAT absoluteluminosity.

A briefdescriptionofthedetectorisgivenbelow, followed by themainfeatures
ofthe analysis.Moredetailscanbe foundin ref. [6].

The detectorconsistsof four small electromagneticcalorimetermoduleslo-
catedsymmetricallyin the horizontalplanearoundan elliptical sectionof the
LEPbeampipeat 7.7 m on eachsideof the intersectionpoint, immediatelybe-
hindthe low /3 superconductingquadrupoles.

The detectormodulescontain 12 tungstenabsorbersof 2 radiation lengths,
each interspacedwith 11 full area silicon planes (FAD) for the energy
measurement._Theenergy resolution for transverselycontainedshowers is
35%/~E(GeV). The electromagneticshowercoordinates,in the horizontal(x)
andvertical (y) directions,are given by silicon strip planeswith 1 mm pitch
placedat 5 (x-plane), 7 (y-plane),and9 (x-plane) radiationlengths,i.e. close
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to the showermaximum.The positionresolutionis about200tim.
The Bhabhaselectionwasbasedon the following requirements:

— trigger coincidencebetweenthe moduleson oppositesidesof DELPHI, re-
quiringanenergydepositionof atleast20 GeVin thecentralnineplanesof each
module;
— energyof bothelectronslargerthan 70% of thebeamenergy;
— reconstructedx andy positions of both electronsat least 1 mm from the
detectoredges.Dueto thestripwidth of 1 mm andto the positionreconstruction
algorithm,thiscut rejectseventswith maximumsignal in the first strip.

Theanalysisof eventstriggeredby delayedback-to-backcoincidencesshowed
that thebackgrounddueto accidentalsamountedto about0.3%.

Various simulationsbasedon the BABAMC generator[8] were usedas an
overall cross-checkof the performanceof thedetectorandfor producinga ma-
trix which allowedthe extractionofbeamdependentcorrectionsto thedetector
acceptance.Theparameterswhich needto be consideredare:
— interactionpoint position (x, y andz);

— beamtilt (x’, y’);
— beamwidth (as,o~,);
— beamdivergence(ok, ar);
— quadrupolecurrent (obtainedfrom the low-fl settings).

Todeterminethebeamposition,size,divergenceandtilt, thedistributionsin x
andyofthecentroidsof theshowersproducedby theBhabhaeventsmeasuredin
the strip planeswereanalysed.Severalfeaturesof thesedistributionsarestrictly
correlatedto the beamparameters:
— the meanvalueofthe differencein x betweentheoppositemodulesof each
diagonalarm,~.x, is mainly relatedto thebeampositionin x;
— thewidth of thei.~x-distribution,~ is mainlyrelatedto the beamdivergence
in x;
— the rateasymmetry,As,betweenthetwo diagonalarmsis relatedto the tilt in
x;
— similarbeamparameterscanbeextractedin y, althoughthevaluesaresmaller
andthesensitivitymuchless.
TheVSAT positionmeasurementsof theBhabhapaircanalsobeusedto measure
the locationof theinteractionpoint in x, y andz.

To correctfor thevariationofthe acceptedcrosssectionasa functionofthe
beamparameters,the values of the observables(&, o~,Ay, o~,,A~)were
averagedoverapproximately2500Bhabhaevents,correspondingto about5nb1
of integratedluminosity.Thecorrectionwasexpressedasan analyticfunctionof
thesevariables(andof the /3 settingparameters),with coefficientsdetermined
by the simulationprogram.The majorsystematicrelativepoint-to-pointerrors
aredueto the corrections,andincludethestatisticalandsystematicerroron the
observables,the errorson the correctioncoefficients, the uncertaintyfrom the
detectoredgecut, the energycut andthe trigger stability. Table 2 summarizes
the variouscontributionsto the systematicerror.

Errorsfrom the correctionfactorsdo not scalewith statistics.However,they
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averageoutwhensummingoverall thedatatakenatagivenenergypoint,leaving
only a small residual.

The measurementerrorswhich affect the valuesof the observablesusedto
determinethe correctionsdueto variationsin the beamparametersarisefrom:
— astatisticaluncertaintyrelatedto thesizeofthedatasampleusedto determine
the valuesof the observables;
— biasesin thepositionreconstruction,dueto fluctuationsin thestripcalibration
constants,positionreconstructioninefficiencies,etc. Suchfluctuationshavebeen
monitoredin eachmachinefill andfoundto haveacompletelynegligibleeffect
on the acceptedcrosssection,exceptfor thedetectoredgecutwhich is discussed
below;
— rapidvariationsof beamparameterssuchas the positionor divergence,on a
timescaleofafew secondsor minutes,whichcauseabroadeningof themeasured
distributions.The effect of thison the acceptancewas estimatedby comparing
the integratedluminosity calculatedwith acceptancecorrectionsevaluatedas
above,to the luminosityof the samedatasamplewith thecorrectionsevaluated
for a threetimeslargersetof Bhabhaeventsaroundagiven datapoint. For a
typicalmachinefill, thecomparisonshowsadifferenceof0.03%in thecalculated
acceptancefor L.41x andof 0.08%for a~.

Uncertaintiesrelatedto the fiducial region cut aredominatedby the defini-
tion of the inner edgeof the detector,wherethe rate is highest.Sinceevents
with maximumsignalon the first striparerejected,anyfluctuationin the cali-
brationconstantsof thefirst two stripswill causefluctuationsin the numberof
acceptedevents.An uncertaintyin theluminosity of 0.04%ateachenergypoint
is attributedto this effect.

The energycalibration constantsare ratherstable andprovide an absolute
energymeasurementwithin 0.5%. However, to reducethe fluctuationsin the
acceptedevents,thedetectorwas recalibratedfor eachmachinefill to thebeam
energy.The conservativelyestimated0.5% calibrationuncertaintyresultsin a
0.02%uncertaintyfor eachenergypoint.

The remainingerrorsdueto variationsin trigger efficiency andbackground
subtractionarenegligible.Thetrigger efficiencywas foundto bevery stableand
largerthan99.9%.

Foreachenergydifferentfrom the peakenergy,the quadraticsumof the sys-
tematicerrorsmentionedaboveamountsto 0.09%, where0.07%is independent
from energyto energyand0.06%is commonto all energypoints. For the cross
sectioncomputationsdescribedin sections5 and6, the uncorrelated0.07%er-
rorwas convolutedquadraticallywith the statisticalerrorof the crosssectionat
eachenergy,whereasthe 0.06%correlatederrorwasaddedquadraticallyto the
SAT normalizationuncertainty,whichincludesthe statisticaluncertaintyon the
SAT measurements.
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Table2
Contributions to the systematicrelativepoint-to-pointerror of the VSAT luminosity.

Contribution Uncertainty (%)

Errorsfrom correctionfactors 0.07
Uncertaintyfrom errorson measuredparameters 0.04
Detectoredgecut 0.04
Energy cut 0.02
Trigger efficiency,Bhabhaselection 0.01

Total uncorrelatedsystematicerror 0.07
Totalcorrelatedsystematicerror 0.06

Totalsystematicerror 0.09

5. Hadroniceventselectionandcrosssections

5.1. Selectioncriteria

The eventselectionof the 1991 datawas basedon chargedparticlesonly for
which the selectioncriteria weresimilar to thoseusedin ref. [1], namely
— momentumlargerthan0.4 GeY;
— relativeerroron momentummeasurementbelow 100%;
— tracklengthlargerthan30 cm;
— projectionof impactparameterto the nominal interactionpoint in the plane
transverseto the beamdirection (r) below4 cm;
— distancefrom the nominal interactionpoint to the vertexof the eventalong
the beamdirection (z) below 10 cm;
— polarangle0 between20°and160°.

The cut on the polaranglewasintroducedbecausethetrackingefficiencywas
lowat smallpolarangleandis poorly reproducedby thesimulation* atpresent.
Small, momentumdependent,correctionswereappliedto the simulatedcharged
particlesbetween20°and30°,between150°and 160°andaround90°.They
reflect the observeddetectionandreconstructioninefficienciesin theseangular
ranges.However the azimuthaldistributionof chargedparticlesis adequately
describedby the simulationandno correctionwas needed.

Eventswereretainedashadronicif the chargedmultiplicity (N~h)was atleast
5 and if the total chargedenergy(E~h)was greaterthan 12% of the centre-of-
massenergy.The measuredandsimulateddistributionsof chargedmultiplicity
andenergyareshownin Fig. I. A satisfactoryagreementis obtainedonceall
relevantbackgroundsdescribedin subsection5.3 are subtracted.The residual
discrepancyobservedfor mediumandlargevaluesofECh is mainly attributedto
differencesin momentumresolutionandtracking efficiencybetweenreality and

* The hadronic event generatorused was JETSET 7.3 [10] with parameterstuned [11] to
DELPHI data.
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Fig. 1. The distributionsof the chargedmultiplicity N~h(a) andchargedenergyE
0h normalized

to the collision energy(b). Thepoints showtherealdatadistributions.The unshadedareaunder
the full line correspondsto thesimulatedq~sample.Theshadedareasshowthe distributionsof
thedifferentbackgrounds.The samedataandMonteCarlo samplesareusedin both plots. In (a)
the ECh cut andin (b) the Nch cut havebeenapplied.

thesimulation,withasmallerfractionofthe discrepancycomingfromthechoice
ofthe generatorsandfragmentationfunctionsusedin the MonteCarloprogram.

5.2. Selectionefficiency

With thesecriteriatheeventselectionefficiencywasestimatedto be94.66%at
thepeakcollision energy,includingadecreaseof (0.21±0.07)% dueto the cor-
rectionappliedto simulatedchargedparticlesbetween20°and30°andbetween
150°and160°aswell as around90°in polarangle.

Samplesof 106 hadroniceventsweregeneratedwith a fastdetectorsimula-
tion [12] at 7 differentcentre-of-massenergies,rangingfrom 88 to 94 GeV. A
smallvariation of the selectionefficiencyas a function of the collision energy
was observed,which is dueto the combinedeffectof theincreaseof NCh andof
the decreaseofE~h/~/~with growing collision energy.The efficiencyis highest
at the peakcollision energyandlowest at the smallestcollision energy,whereit
is about0.07%smallerthanatthe peak.

The main componentsoftheuncertaintyin theselectionefficiencyarelisted
in Table 3. In orderto evaluatethe uncertaintiesrelatedto the selectioncriteria,
the crosssectionswerecomputedfor variousvaluesof the cutson thecharged
multiplicity andenergy(Nch andE~h). By varying the cut on NCh from 5 to 7
(or 6), the crosssectionsvary by (0.12± 0.01)% (or (0.040±0.007)%).By
varying the cut on ECh from 12%to 16% (or 14%) of the collision energy,the
crosssectionsvary by (0.050±0.001)% (or (0.050±0.005)%).From thiswe
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Table 3

Contributionsto the uncertaintyon the hadroniceventselectionefficiency.

Error source Error (%)

Monte Carlostatistics 0.03
Correctionfor inefficiencies 0.07
Chargedmultiplicity 0.12
Chargedenergy 0.05
Residualdata/MonteCarlodiscrepancies 0.10
Total 0.18

concludethat the uncertaintiesassociatedwith the cutson N~handECh amount
respectivelyto 0.12%and0.05%,commonto all collision energies.

In order to studythe consequenceof the residualdiscrepancybetweendata
andsimulationin the chargedenergydistribution, the momentaof simulated
chargedparticlesweresmearedin orderto makethediscrepancyalmostvanish.
The observedchangein selectionefficiencywas 0.01%.Another studywasper-
formed, wherethecrosssectionswere computedat eachcollision energyfrom
eventshaving a reconstructedthrust axisbetween45°and 135°with respect
to thebeamaxis. For thesespecific events,uncertaintiesrelatedto reconstruc-
tion inefficienciesandreinteractionsin thedetectormaterialaresignificantlyre-
duced,as well asthecontaminationby Bhabhaandtwo-photoncollision events.
No significantdifferencewith the standardvaluesof the crosssectionwasob-
served.A 0.1% uncertaintyis attributedto the residualdiscrepanciesbetween
thereal andsimulateddistributionsof NCh andE~h.

The total systematicuncertaintyon the selectionefficiency was estimatedto
be 0.18%. This is less than the 0.4% quotedin ref. [1], mainly becauseof a
tuning of the MonteCarlo generationparameters,of abetter simulationof the
secondaryinteractionsin the detectormaterialandabetterunderstandingofthe
momentumresolution.Theseimprovementsresultin abetteragreementbetween
simulatedandmeasuredchargedenergyandmultiplicity distributions.

A totalof 243000 eventswas selectedin 1991,correspondingto an integrated
luminosity of 10.7 pb’.

5.3. Backgrounds

All backgroundswerere-evaluatedfor this analysis.The contaminationfrom
r~tpairswas foundto be (0.40±0.01)% from asimulatedsampleof about
1o~pairsbasedon the KORALZ [13] eventgenerator.This ratewas alsode-
terminedby analysingthe eventswith chargedmultiplicity 5 or 6. The thrust,
the acollinearityandthe invariantmassof thegroup of chargedparticles (as-
sumedto bepions)found in eachhemisphere(definedwith respectto the thrust
axis) of theseeventswerecomputedfor the real dataandfor simulatedq~and

+ rsamples.The measureddistributionscould only be reproducedif (0.50±
0.01)%r+rpairs wereaddedto the q~MonteCarlo sample.Thiscanbeseen
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Fig. 2. The distributionsof thethrust (a), of the acollinearity angle (b) and of the higher (W
higher) (c) andlower (W lower) (d) invariantmassper hemisphere,for selectedeventswith a
chargedmultiplicity equal to 5 or 6. The pointscorrespondto the real data, the unshadedareas
to thesimulatedq~sampleandthe shadedareasto the ~ r Monte Carlo simulation.

in Fig. 2, wherethedistributionsof thethrust,ofthe acollinearityandof the in-
variantmassper hemisphereareshownfor real andsimulateddata.Therefore,
fromthe averageof thetwo methods,theresidualbackgrounddueto ~ rpairs
was estimatedto be (0.45±0.05)%.

Becauseofphotonradiationandconversionpairsproducedin the beampipe
anddetectormaterial,a small fraction of e+ e eventspassedthehadronicse-
lectioncriteria.Themagnitudeof this backgroundwas evaluatedfrom the sim-
ulationof 30000eventswith theBABAMC [8] generator,taking into account
the centre-of-massenergydependenceof the crosssection.The backgroundwas
foundto belargestatthelowestcollision energy,whereit amountsto 0.2%,and
is smallestat the peakenergy,whereit amountsto only 0.04%.

Thebackgroundfrom4u + ~u— pairswasalsoevaluated.Fromasampleof 41 000
fully simulated1u + ~u eventsgeneratedwith the DYMU3 [14] generator,the
contaminationwasfound to belessthan0.01%atall collision energies.

The backgroundfrom two-photoncollisionswas estimatedfrom asampleof
70000fully simulatedevents,basedonageneratorincludingquark—parton,QCD
andvector-mesoncontributions [15]. The contaminationwas foundto be10±
5pb ateachscanpoint. This is lessthanthe20±10pb contaminationof the 1990
datamainlybecauseof thecut on the trackpolarangleappliedto the 1991 data.

Finally, thebackgrounddueto beam-gasandbeam-wallinteractionswasfound
to belessthananequivalentof 2 pb ateachcollision energy.

The contaminationsfrom the different sourcesmentionedabovearesumma-
rizedin Table4.
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Table4
Magnitudeof the different backgroundswith their uncertainty.

Backgroundsource Contamination Error

0.45% + 0.05%
e~e 0.04— 0.2% negligible

< i0~ negligible
Two-photoncollisions 10 pb ±5 pb
Beam-gas/wallinteractions < 2 pb negligible

5.4. Cross section computation

The hadroniccrosssectionwas computedas previouslyat eachenergyfrom
the relation:

~h(5) = Nh-Nb~ (1 +f5m), (I)

whereNh standsforthe numberof selectedhadronicevents,Nb is thenumberof
backgroundevents,L standsfor the time integratedluminosity,� is the overall
efficiencyfor hadronicevents,and.fsm is ans-dependentcorrectionfactordueto
thespreadin thecollisionenergymentionedin section2. This factoris calculated
usingan approximateline shapeandis appliedto all crosssectionsreportedin
thispaper.

The meancollision energyof eachof the 16 scanpointswas takenas the
luminosity weightedaverageof the energiesof all the selectedacceleratorfills
arounda given scanpoint. The 1990 valuesof the centre-of-massenergy [1]
werecorrectedfor the newevaluationof theenergymentionedin section2.

After subtractingthecontaminationdueto two-photoncollisionsande+e and
r
4r events,the crosssectionsshownin Table 5 wereobtained.The 1990 cross

sectionmeasurements[1] werecorrectedfor the contaminationby e+e— events
andfor the newdeterminationof the SAT luminosity describedin subsection
4.1. The absoluteluminosityusedin the computationof the 1991 crosssections
was alsoprovidedby the SAT but the relativepoint-to-pointluminositieswere
obtainedfrom the VSAT measurements.The errorsquotedare only statistical
exceptfor the 1991 datawheretheyincludethoseVSAT systematicuncertainties
(about0.07%) which are independentfrom point-to-point.

The overall 1991(1990)normalizationerroris 0.2% (0.4%) from efficiency
andbackgrounds,in addition to the 0.6% (0.7%) error in the absolutelumi-
nositymeasurement.The 1991 crosssectionswerealsocomputedwith the SAT
luminosity at eachenergypoint and foundto be in agreementwith the values
basedon the YSAT luminosities.The reductionof the statisticalerror on the
crosssectionswhenthe SAT luminositydeterminationis supplementedby that
of the VSAT rangesfrom 28% nearthe resonancepeakto 8% at88.464GeV.

Theintegratedluminositiesfor eachscanpoint aregivenin Table 5, together
with thenumberof selectedhadronicevents.Thetotal integratedluminosityfor
the combined1990 and 1991 datasamplesis 16.1 pb1 and the total number
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Table 5
DELPHI hadroniccrosssectionsmeasuredin 1990 andin 1991. The two 1991 pre-scanpoints
are markedwith a star. The uncertaintiesquoted are statistical. They do not include overall
normalizationuncertaintiescoming from efficienciesand backgrounds(0.2% in 1991, 0.4% in
1990)andfrom the absoluteluminosity (0.6%in 1991, 0.7% in 1990).

Collision energy Crosssections Integ. L Numberof
(GeV) (nb) (nbt) events

1990 1991

88.223 4.48±0.12 367.5 1602
88.464 5.15±0.09 711.1 3495

89.222 8.48±0.16 444.1 3655
89.455 9.99±0.13 632.7 6023
90.208 17.86±0.18 622.6 10589

90.217 18.00±0.28 389.0 6777
90.240* 18.83±0.61 56.8 1018
91.208 30.10±0.12 2482.5 70993

91.217 30.54±0.15 2831.7 83311
91.239* 29.96±0.09 4221.8 120190
91.953 24.78±0.21 666.1 15702

92.209 21.57±0.31 423.0 8803
92.953 14.12±0.16 634.6 8531

93.208 12.58±0.20 467.2 5685
93.702 10.07±0.13 681.2 6536

94.202 7.82±0.15 470.9 3565

of selectedhadroniceventsis 356000. Thehadroniccrosssectionsaregivenin
Table 5 andplottedin Fig. 3.

6. Leptonic eventselections,crosssectionsand forward—backwardcharge
asymmetries

The 1990crosssectionmeasurements[1] werecorrectedforthe new determi-
nationsof theluminosity describedin subsection4.1. The analysesof the 1991
dataaresimilar to thoseappliedto the 1990data [1], but with theimprovements
outlinedbelow.

In the following the forward—backwardchargeasymmetryis definedas

I I
Al CFO~FB f f’

aF + ~B

wherec4~(at) is the crosssectionfor the productionof achargedleptonf —

with cos0 > 0 (< 0), where0 is the polar angleof thef — with respectto the
incidente direction.
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Fig. 3. Hadroniccrosssectionsfrom 1990 and 1991 data. The errors shownarestatistical only.
The uncorrelatedsystematicerror betweenthe 1990 and 1991 results amountsto 0.6%. In (a)
thedataareshowntogetherwith theresultof the 5-parameterfit describedin section7. Plot (b)
showsthe ratio of the measurementsto the bestfit values.

6.1. e+e—eventselection

Two independentmethods have been developedto analysethe reaction
e+e ~ e+ e in orderto increasethe overall selectionefficiencyandto obtain
abetterdeterminationof the efficiency corrections.For bothanalyses,events
were acceptedif both final statechargedparticleshada polar anglebetween
44°and136°,andtheir acollinearitywas smallerthan10°.Thesearethereafter
calledback-to-back.

6.1.1. Method1
This is essentiallythe methodusedto analysethe datacollectedduring1990.

Eventswereacceptedif theycontained:
— twoback-to-backhighenergyclustersin thebarrelelectromagneticcalorimeter
(HPC),atleastonewith energyabove30 GeV, the otherabove25 GeV;
— no morethanfour chargedparticleswith momentumabove1.5GeYandwith
impactparameterto theaverageinteractionpoint smallerthan5 cm bothin the
radial andin thebeamdirection.Eventswith 1—3, 0—3 or 0—4 topologieswere
selectedonly if the totalelectromagneticenergywasgreaterthan70 GeV;
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— hitsin theVD compatiblewith onechargedtrackperhemispherein topologies
0—0 and0—1.
To avoidpossiblesmalllossesof eventsdueto badreconstructionof oneshower
in theHPC, eventswerealso acceptedwith:
— onevery energeticelectromagneticclusterwith energyabove40 GeV;
— at leastonechargedparticlein eachhemisphere;
— no energydepositedbeyondthe first 1.5 interaction lengthsof the Hadron
Calorimeter.

Theenergycutsquotedwereusedatthepeakenergy;theywerescaledaccording
to the eventcentre-of-massenergyat the otherscanpoints. Sincethis selection
was essentiallybasedon the HPC, the regionsin polar andazimuthalangles
wherethis detectorhasgapsbetweenmoduleswere excludedfrom the analysis.

Two improvementswereintroducedwith respectto theanalysisof ref. [1].
First, the threelayers of the microvertexdetectorwereusedto count,with full
azimuthalcoverage,theparticlesoriginatingfrom the vertex.In this way, anni-
hilation eventsinto two photonswererejectedwith almost 100%efficiency,and
negligible loss of efficiency in the e+ e selection.Second,the improvementin
thedetectorsimulationallowedthe fiducial regionto beextendeddownto ±0.7°
in ~ from theHPCgaps(comparedto ±1.0°usedin the past).The cut in polar
angleat (90±2)°was maintained.

A totalof 6670 eventswas selectedwith thisanalysis.The selectionefficiency
was estimatedto be (89.71 ±0.23)%usingasampleof 21 642 simulatede~e
eventsin the 0 acceptanceregion.This valuedoesnot includethe loss dueto
the exclusionof the4°polar angleregion around90°which amountedto about
4% (dependingon energy),becausethis was computedusingtwo independent
programsALIBABA [16] andTOPAZO [17].

With asampleof 38 131 simulatedr+ r events,the percentageofr+ r — events
passingtheselectioncutswasestimatedto be (1.46±0.07)%.Backgroundsfrom
othersourceswereestimatedto benegligible.

The final resultis not completelystableagainstvariationsof thecutsusedto
selectthe events.Theseinstabilitiesareattributedto the non-perfectmodelling
of the simulatedevents,with effectsbothon the selectionefficiencyandon the
backgroundestimations.By varying the energycut valuesby ±20%,the system-
atic error from this effect is evaluatedto be 0.25%. Small additionalcontribu-
tions to the systematicerror comefrom thetrigger efficiencyand from theac-
ceptanceregion definition (±0.20%).The overall systematicerrorof the cross
sectionsobtainedwith this methodis foundto be ±0.40%,to be addedto the
uncertaintyin the luminosity.

6.1.2. Method2
In thismethod,e+ e eventswereselectedwith two independentsetsof exper-

imental cuts,chosenin sucha way as to minimize the correlationsbetweenthe
two sets.As in method1, acut in polarangleat 90±2°was applied.In oneset
(selectionA), eventswereacceptedif theyhad
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— at least two back-to-backoppositetrack segmentsseenby the microvertex
detector (VD) andno morethanfour in total;
— two high energyelectromagneticclustersobservedin the HPC, atleast one
with energyabove35 GeV andanotherabove25 GeV. If the most energetic
clusterpointed to within 2°of a gapin the HPC, thenthe energyof the second
clusterwasdefinedasthe HPCenergyplustheenergymeasuredin the first layer
of the barrelHCAL. In this casethereshouldbe no energyin layers 3 and4 of
the barrelHCAL.
In the secondset (selectionB), eventswereacceptedif theyhad:
— atleasttwo chargedparticletracks,of momentumgreaterthan 1.5 GeV and
distanceof closestapproachto the nominalvertexpositionlessthan5 cm, seen
by the DELPHI trackingsystem (exceptYD) with acollinearitylessthan 10°,
andno morethanfour tracksin total;
— the sum in quadratureof the momentaof the highestmomentumcharged
particlesin eachhemispheregreaterthan 45 GeV;
— the ionization,as measuredby the TPC,of all tracksin the eventcompatible
with the electronhypothesis;
— no energyobservedin the lastthreelayersof HCAL associatedto the impact
pointsof thetwo highestmomentumchargedparticles;
— the OuterDetectorhit patternassociatedto the impact pointsof the tracks
incompatiblewith thepatternof anon-showeringparticle;
— no hit in themuon chambersassociatedto the tracks.

As in the previousanalysis,the energycut valueswerescaledwith the centre-
of-massenergyof theevents.

In total, 7203 eventswereselectedwith thismethod.Consideringtheselections
A andB asindependent,theefficiencyofeachofthemandtheiroverallefficiency
canbeeasilycomputedby acomparisonof thenumberof eventsselectedby each
oneseparatelyor bybothsimultaneously.To geta correctresult,thecontribution
of backgroundeventspassingthe cutshad first to be subtracted.Thepresence
of backgroundin the sampleof selectedeventshastwo consequences.First, it
increasesthe numberof selectedevents,secondit biasesthe estimateof the
selectionefficiency towardssmallervalues.Using the r+ r~simulatedevents
quotedin thediscussionof method1, thepercentageoftaueventspassingthecuts
wasfoundto be0.55% forselectionA and0.73%for selectionB, with only 0.04%
ofeventspassingbothselections.Backgroundsfromothersourceswereestimated
to be negligible. After the backgroundcorrection,the overall efficiency of the
two selectionswasmeasuredto be (97.10±0.14)%. No evidenceof variationof
thisnumberwith centre-of-massenergywas observed,the measurementsbeing
completelyconsistentwith statisticalfluctuationsaboutaconstantvalue.This
measuredefficiency doesnot includethe loss dueto the exclusionof the polar
angleregion around90°.Thesimulatede+ e eventswere usedto estimateand
removethe biascausedby the correlationbetweenthe two selectionsdueto the
detectorstructureor to the kinematicsof the events.Thebias on the combined
efficiencywasfoundto be less than0.1%.The final crosssectionresultshavea
slightdependenceon thevalueof the cutsusedin the eventselection,mainly on



RAPID COMMUNICATION

DELPHI Collaboration/NuclearPhysicsB 417(1994)3—57 27

thetrackmomentumcut.By varyingthecutvaluesby ±20%,the systematicerror
from this effect was estimatedto be 0.34%. Adding other smallcontributions
from trigger efficiency andacceptancedefinition, the overall systematicerror
with method2 is 0.42%.

6.1.3. Crosssectionsandasymmetries
The crosssectionsobtainedwith the two methodsarecompatible.In the fol-

lowing analysisthe arithmeticaverageof the two resultswill be used.Taking
into accountthe correlationbetweenthe errorsof the two measurements,the
systematicerroron theaveragewas estimatedto be 0.37%. To allow a fit ofthe
resultswith the ZFITTER package[18], the contributionof the t-channelex-
changeplusits interferencewith the s-channelmustbe removedfrom the mea-
suredcrosssectionsandasymmetries.In addition,ZFITTER only allowsa limit
on the polar angleof one of the two final statefermions,the otherbeing con-
strainedby the collinearity requirement.Thesetwo correctionswerecomputed
usingthe programs,ALIBABA [16] andTOPAZO [17]. The two estimatesof
theI-channelpart to subtractfrom the measuredcrosssectionsdifferedby less
than2 pb atthepeakandabove,andby lessthan1 pb below.The correctionfor
the changeof definition of acceptancewassmall, about0.5%,but the difference
betweentheestimatesof the two programswas about0.15%.The uncertainties
on theI-channelsubtractionandacceptancecorrectionsincreasedthesystematic
errorof the s-channelcrosssectionto 0.5%at the peak.The crosssectionval-
uesbeforeandafterthe abovementionedcorrectionsareshownin Table 6. The
crosssectionsfromthe 1990 runsarealsoincluded,computedusingthe new lu-
minositymeasurementsdescribedin section4. Fig. 4a showsthe averagecross
sectionsat eachcentre-of-massenergy,after subtractionof the t-channelcontri-
butions.Thecrosssectionsin the Figurehavebeenextrapolatedto the full solid
angleacceptance.

The samplesof eventsusedin the two methodsfor the crosssectionmea-
surementwerealsousedto measuretheforward—backwardasymmetry~ The
methodusedto determinethe chargeof the eventswas similar to the oneused
for the analysisofthe 1990 data [I]. In particularthe chargewasassignedusing
thetrackinginformationfor eventsin whichthetwo mostenergeticparticleshad
oppositechargeandusingthe aplanarityanglebetweenthe showersmeasuredin
the electromagneticcalorimeterfor theotherevents.Due to theimproved track
measurement,the percentageof eventswith two chargedparticlesof the same
signwas reducedwith respectto the 1990 sample,andwas2.5% ofthe two-track
events.In addition, for almosthalfof thoseevents,it was possibleto determine
which particlewas assignedthe wrong chargeusingthe vertexdetectorassoci-
ation,the x2 probability of the fit andthe valueof the measuredmomentum.
Adding alsothe contributiondueto theacceptancedefinition, the resultingsys-
tematicerror on theasymmetrymeasurementwas reducedwith respectto that
of 1990 andwas evaluatedto be0.002.Thetotal errorinducedby the t-channel
subtraction,by the precisionon the luminosity measurement,by the eventSe-
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Fig. 4. Crosssectionsandforward—backwardchargeasymmetriesin the e+e channel. (a) Cross
sections(s-channelonly), extrapolatedto thefull solid angleandcorrectedfor theacollinearityand
momentumcuts. (b) Forward—backwardchargeasymmetries(s-channelonly) within theangular
range44°< U < 136°.Thecurvesare the resultsof the5-parameterfit describedin section7.
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Table 6
Thecrosssections,integratedluminositiesandnumberofeventsfor thereactione+ e —* e+ e—, at
differentcentre-of-massenergies.The 1991 pre-scanpoint is markedwith astar. Thethird column
(s + 1) givesthemeasuredcrosssectionwith both final statefermionsin thepolar angle range
44°— 136°andacollinearitylessthan100. Thefourthcolumn (S only) gives thecrosssectionafter
1-channelsubtractionwith only thee constrainedby 44°<0 (e) < 136°,andacollinearityless
than 100. Theerrorsarestatisticalonly. The systematicerror, excluding luminosity, is, on 1991
data,0.37%for the s + t crosssection,and0.5%for thes only crosssectionat the peak.After the
re-analysis,the systematicerror, excluding luminosity, on the s crosssection for the 1 990 datais
1.0% at thepeak.

Collision energy Crosssections Crosssections Integ. L Numberof
(GeV) (s + 1) (s only) (nb’) events

1990 1991 (nb) (nb)

88.222 0.369±0.039 0.153 ±0.040 295 95
88.465 0.331 ±0.023 0.110±0.023 709 223

89.217 0.487±0.041 0.248±0.041 339 142
89.460 0.571±0.036 0.326±0.036 488 264
90.208 0.775±0.039 0.523±0.039 532 387

90.217 0.785±0.053 0.534±0.053 343 229
91.207 1.033±0.023 0.894±0.023 2314 2253

91.212 1.040±0.023 0.904±0.023 2342 2056
91.238* 1.064±0.020 0.930±0.020 3178 3185
91.954 0.784±0.036 0.759±0.036 667 492

92.207 0.612±0.046 0.605±0.046 364 190
92.953 0.407±0.027 0.412±0.027 604 231

93.206 0.408±0.042 0.413±0.043 286 101
93.703 0.287±0.023 0.287±0.023 632 168

94.201 0.197±0.024 0.190±0.025 441 78

lection systematicsandby the accuracyof the theoreticalcomputation,is 0.001
at the peakfor the runstakenafterAugust 1991,whenthe scaleof the LEP en-
ergy is knownwith the bestprecision. For the 1991 datatakenbeforeAugust
the energyscaleerroris±18 MeV, andthe systematicerroron theasymmetryis
±0.002atthe peak.The asymmetriesat eachcentre-of-massenergyare shown
in Fig. 4b andTable 7.

6.2. a+ — eventselection

Theanalysisprocedureforthe selectionof candidatee+e —* a+ ~tC eventsin
thebarrelregionwassimilar to thatpresentedin ref. [1], howeverimprovements
in the trackefficiencyin the forwardregionsallowedthe angularacceptanceto
be extended.In the presentanalysisthe polaranglerangefor the determination
of crosssectionswas increasedto 20°< ~ < 160°(from 32.9°< 0 < 147.10
in 1990).For the determinationof the forward—backwardasymmetrythe polar
anglerangewas furtherextendedto 11°< 0 < 169°(from 15°< 0 < 165°
in 1990). This largerangularacceptancefor the asymmetrymeasurementsis
importantas the size of the error is relatedto themaximumabsolutevalueof
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Table 7
The forward—backwardasymmetriesfor the reactione+e e+e, at different centre-of-mass
energies. The 1991 pre-scan point is marked with a star. The third column (s+ t) givesthemeasured
asymmetry with both final statefermionsin thepolarangle range44°— 136° and acollinearityless
than 10°. The fourth column (S only) gives the asymmetryafter 1-channelsubtractionwith only
the e constrained by 44°< 0(e) < 136°. The errors are statistical only. The overall systematic
error is 0.002 for the s + t asymmetriesand0.003 for the s only asymmetryat the peakfor the
1991 data.After the re-analysisof the 1990 datathe overallsystematicerror is 0.003 at the peak.

Collision energy
(GeV) (s + 1) (s only)

1990 1991

88.222 0.460 ±0.096 —0.04±0.26
88.465 0.317±0.067 —0.69±0.28

89.217 0.223 ±0.084 —0.35 ±0.19
89.460 0.305 ±0.060 —0.08 ±0.11
90.208 0.165 ±0.050 —0.148 ±0.078

90.217 0.177 ±0.067 —0.12 ±0.10
91.207 0.093±0.022 —0.021 ±0.026

91.212 0.067±0.022 —0.048 ±0.026
91.238* 0.122 ±0.019 0.020 ±0.021
91.954 0.125±0.046 0.098±0.048

92.207 0.063±0.075 0.048±0.076
92.953 0.170±0.065 0.170±0.065

93.206 0.27 ±0.10 0.263 ±0.099
93.703 0.087 ±0.078 0.071 ±0.079

94.201 0.20±0.12 0.16±0.13

cos0 in the datasample.
Eventswereretainedif theysatisfiedthe following selectioncriteria:

— therewere two chargedparticles,bothhavingmomentagreaterthan 15 GeV,
andcomingfromthe interactionregion.Thesizeof thisregionwasdependenton
whichdetectorsparticipatedin the trackfit. For tracksin which themicrovertex
detectorparticipated,this region was definedby zJ lessthan4.5 cm andr less
than0.2 cm. If microvertexmeasurementswere not used,but the TPC or ID
participatedin the trackfit, the acceptedregion wasextendedto r lessthan 1.5
cm. Forothertracks (mainly in the forwardregion)the requirementwas r less
than5 cm;
— the acollinearityanglebetweenthe two chargedparticletrackswas lessthan
10°;
— therewereno additionalchargedparticleswith momentagreaterthan5 GeY,
exceptif the fastestparticlehadamomentumgreaterthan40 GeV. The latter
requirementreducedthe rejectionof muonpaireventsin whichthethirdparticle
hadarisenfrompair creationdueto radiativeeffects.

The momentumresolutionwas considerablyimproved comparedto that of
the previousanalysisby the inclusionof the 3 layermicrovertexdetectorin the
trackfit. The momentumresolutionwas about4% in the barrelregion,where



RAPID COMMUNICATION

DELPHICollaboration /NuclearPhysicsB 417(1994)3—57 31

E
~

~ l0~-

10 -

1
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

charge/momentum [GeV 1j

Fig. 5. Thedistributionoftheelectricchargemultipliedby theinversemomentumfor reconstructed
tracks in the polar angle range11°< 0 < 169°andusedin thee~e—~ y~u analysisof the
forward—backwardasymmetry.

thereis microvertexcoverage,androse to about20% at the extremevaluesof
0. Fig. 5 showsthe distributionof the electricchargemultiplied by the inverse
of the momentum.A clearseparationof the charges,whichis importantin the
measurementof the forward—backwardasymmetry,canbeseen.Thesmall tails
ofthemomentumdistributionatlowvaluesoftheinversemomentumaremainly
dueto reconstructedtracksin whichinformationfromoneor moreofthetracking
detectorswas not availablein the trackfit.

Five sub-detectorswereusedin the muon identification:
— for the MUB andMUF, identification was basedon the associationof the
positionsof the muon chamberhitswith thoseexpectedfrom the extrapolation
of thetracks [19];
— for the HCAL, it was requiredthat theenergydepositedwas consistentwith
thatexpectedfor aminimumionizingparticle,possiblyaccompaniedby aô-ray
or bremsstrahlungphoton;namelythat the total energydepositedwas lessthan
acut-off value (which was 10 GeV at 19 = 9fl° jnt’rpn~inotn ~~hr~,if 1 c ~ .~+
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Fig. 6. Thedistributionoftheimpactparameter,which is definedasthedistanceof closestapproach
to the averageinteraction point position in the transverseplane, for ~i+,r events.The shaded
distributionis for tracksin whichthe microvertex detector(VD) participatedin the trackfit.

in which oneor both particleswere identified as ahadronby the HCAL (de-
positedenergygreaterthanthe abovecut-off value) or in which bothparticles
wereassociatedwith energydepositsgreaterthan10 GeYin theHPCor FEMC,
andwhichhadanacollinearityanglegreaterthan1°,were removed.Thecosmic
ray backgroundwas substantiallyreducedby timing measurementsusingboth
the TPC andthe OD, by requiringthat the tracksobservedwereconsistentwith
beingproducedat the beamcross-overtime. The cosmic ray backgroundwas
furtherreducedwith respectto thepreviousanalysis[I] by useof themicrover-
tex detector,which enabledtighter cutsto be madeon the distanceof closest
approachin the transverseplane.This is illustratedin Fig. 6 which showsthe
effect of the inclusionof the microvertexdetector.Themicrovertexdetectoris
includedin 98.3 % of the trackswithin the geometricacceptanceof the detector
(35°<0< 145°).

The identification efficiencyof eachof the sub-detectorswasmeasuredusing
the data, by countingthe numberof muon-pairsfoundby a given sub-detector
in a sampledefinedby the othertwo setsof sub-detectors.The identification
efficiencieswere estimatedas a functionof 0. Fromthesestudiesit wasfound
thatthe overallmuon identificationefficiencywas 0.972±0.002over thepolar
anglerangebetween20°and 160°.A morerestrictivecut on the acollinearity
anglewas madefor the determinationof the muon identificationefficiency, in
orderto minimize the effectof the r-background.

Thedetectionefficienciesandthe validity of themethodof the efficiencyde-
terminationwerecross-checkedby generatingasampleof~z4ir eventsusingthe
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DYMU3 generator[14] andpassingthe simulatedrawdatafrom the DELPHI
detectorsimulationprogram[20] throughthe sameanalysischainas for thereal
data.Simulatedeventsfor the r~r final state,producedusingthe KORALZ
generator[131, werealsoanalysedfor backgroundstudies.

6.2.1. Crosssection
Thecrosssectionfor e+e— ~ ~u~~icwas determinedfor thesampleof events

in which thenegativemuonwasin the polarangleregion between20°and160°.
It was requiredthat thesub-detectorcomponentsusedin the analysiswere fully
operational.Thenumberofmuon-paireventsin thissamplewas9786.Thetotal
integratedluminosityusedforthedeterminationofthecrosssectionwas 10 pb ~.

In orderto determinethecrosssectionthenumberofeventsateachenergywas
correctedforthe efficiencyof muonidentificationandby the following factors:
— 1.037±0.003, for loss of muons,either from the deadspaceof the TPC or
in the forwardregion.Theefficienciesweredeterminedusingboththe dataand
MonteCarlo simulatedevents.Theerroron thiscorrectionincludesthatarising
from imprecisionon the cutson the vertex,on momentaandon thepolar angle.
— 1.001±0.001 for triggerefficiency; this was determinedby comparingwhich
triggersfired, on aneventby eventbasis,usingtriggersderivedfrom independent
setsof sub-detectors.
— 0.976±0.003,for the~ r background;thiswasestimatedfrom MonteCarlo
simulationsas describedabove.
— 0.998±0.001,at the peak,for the residualcosmicraybackground.

The backgroundfrom the processe+e e+e~u+ic,wherethe final state
e+ ande remainundetected,was estimatedusingtheeventgeneratordescribed
in ref. [15]. Thisbackground,togetherwith that from e+ e e+e, wasfound
to be negligible.

The crosssectionsfor e+e ~ ~ as a function of the centre-of-mass
energyaregivenin Table 8, andplottedin Fig. 7a. Thetotalsystematicerroron
the crosssectionis 0.5%,in addition to the error on the luminosity.Theresults
for the 1990 data, with luminosity modifiedas describedin section4, are also
givenin Table 8.

6.2.2. Forward—backwardasymmetry
For this analysis,eventswith adetectedmuon within the polar angleregion

between11°and169°,andwhich passedthemuon pair selectionas described
above,wereused.Sincean absolutenormalizationis not required,lessrestric-
tive criteria on the run conditionswereapplied.Further,the polaranglerange
was extendedto increasethe sensitivityof themeasuredasymmetries.A totalof
11 465 eventswas retainedfrom which~ was extractedat eachenergypoint
usinga maximumlikelihood fit to the angulardistribution of the scattered~u.
In the absenceof charge-asymmetricand forward—backwardasymmetricinef-
ficiencies,this methoddoesnot require efficiencycorrections.Sincethe likeli-
hood fit usesthe lowest order form for the angulardistribution,higher order
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Fig. 7. Crosssectionsandforward—backwardchargeasymmetriesin they+jr~channel. (a) Cross
sectionsextrapolatedto the full solid angle andcorrectedfor the acollinearity andmomentum
cuts. (b) Forward—backwardchargeasymmetriesby the likelihoodmethod,extrapolatedto thefull
angularrange.Thecurvesarethe resultsof the 5-parameterfit describedin section7.
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Table 8
The number of selected events, integrated luminosities andcrosssectionsfor e+ e —~ u~~u for
different centre-of-mass energies measured in 1990 and 1991. The 1991 pre-scan point is marked
with a star. For 1991, the results are given in column 3 for the events satisfying the selection
criteria that both muon momenta are above 15 GeV, the polar angle of the negative muon satisfies
20°< 0 < 160°andthat the acollinearity angle is lower than 10°. The uncertainties quoted are
statistical.Thetotal systematic error on thecrosssectiondatafor 1991 is 0.5%, in addition to the
erroron theluminosity. Theresultsfor 1990 correspondto 4m detectionandarecorrectedfor the
cuts on momentaandacollinearity.Theuncertaintiesquotedareagain statisticalonly. Thetotal
systematicerroron the cross sectionis 0.8%, in addition to the uncertainty in the luminosity.
Also givenin column4, for convenience,arethe 1991 resultscorrectedto 4~detection.The1991
resultsusedin thefits arethosefrom column 3, asthe extrapolationto 4ir introducesan additional
theoreticaluncertainty.

Collision energy Crosssections Crosssections(4~) Integ. L Number of
(GeY) (nb) (nb) (nb~) events

1990 1991

88.221 0.216 ±0.032 316 49
88.468 0.227 ±0.020 0.267 ±0.023 629 137

89.216 0.416±0.040 401 119
89.461 0.436 ±0.027 0.502 ±0.030 647 269
90.212 0.750 ±0.034 0.853 ±0.039 633 448

90.217 1.073 ±0.065 374 276
91.210 1.275 ±0.024 1.443 ±0.028 2274 2757

91.212 1.513 ±0.031 2330 2457
91.243* 1.293±0.019 1.463 ±0.021 3993 4911
91.956 1.120 ±0.042 1.268 ±0.046 680 725

92.207 1.159 ±0.074 307 252
92.956 0.568±0.031 0.647 ±0.036 634 344

93.209 0.590±0.048 372 155
93.704 0.415±0.030 0.477±0.035 492 195

94.200 0.406 ±0.038 413 120

photoniccorrectionsare not takeninto account.Thereforea comparisonwas
madebetweenthe first order form andthe differentialcrosssectioncomputed
usingZFITTER [181 andapplyingtheexperimentalcutsdescribedabove.The
maximaldifferenceobservedleadsto acommonsystematicerrorof 0.001 for all
energies.The valueof A~differs by 0.002usingthe angleof the scattered~
for the fit. Thiseffect doesnot dependon statisticalfluctuationsof eventswith
hardradiativephotonsbut canbetracedbackto a differentmeasurementof the
anglesin bothhemispheres.As thissystematicdifferenceis not fully understood,
the averagedvaluecos0* = cos~(0 + ~r— 0+)/cos~(0 — ir + 0+), where
0, 0+ arethe polaranglesof the negativeandpositivemuonsrespectively,was
usedin the computationof the asymmetry.Thereis a contributionof 0.001 to
the systematicerror arisingfrom theseeffects.

The ~ valueswere alsocomputedby countingthe forwardandbackward
scattered~i—, correctingfor the cos0 dependentefficiencyandextrapolatingto
thefull solid angle,asdescribedin ref. [11.Thevaluesobtainedforbothmethods
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Table 9
Measurementof the p+p — forward—backwardasymmetryfor differentcentre-of-massenergiesfor
1990 and 1991 data. The results are corrected to the full solid angle, but not for the cuts on
momentaandacollinearity.The errorsarestatisticalonly, the systematicerroron thesepoints is
0.005for the1990dataand0.003for the 1991 data.The 1991 pre-scanpoint is markedwith astar.

Collision energy Numberof A~
(GeV) events (counting) (likelihood)

1990 1991

88.221 72 —0.23±0.11 —0.14±0.11
88.464 152 —0.269 ±0.080 —0.267 ±0.073

89.216 162 —0.17 ±0.08 —0.21 ±0.08
89.456 282 —0.269 ±0.059 —0.248 ±0.054
90.211 518 —0.138 ±0.045 —0,155 ±0.042

90.217 325 —0.11 ±0.06 —0.08 ±0.05
91.210 3364 —0.004 ±0.018 —0.012 ±0.017

91.212 3437 0.024 ±0.017 0.007 ±0.017
91.239* 5674 0.022 ±0.014 0.019 ±0.013
91.954 774 0.061 ±0.037 0.065 ±0.034

92.207 387 0.04 ±0.05 0.01 ±0.05
92.952 370 0.100 ±0.053 0.105 ±0.050

93.209 217 0.15 ±0.07 0.12 ±0.07
93.701 331 0.145 ±0.056 0.156 ±0.051

94.200 163 0.25 ±0.08 0.21 ±0.08

arelisted in Table 9 andshow goodagreementwithin the expectedstatistical
difference.

The wrong determinationof chargeswas indicatedby eventswith a charge
confusion;that is, two muonsof apparentlythe samecharge.The datasample
contained24/21 eventswith negative/positivechargesmeasuredin bothhemi-
spheres.Theseeventsprovideda cos01 dependentprobabilitythatatrackwas
measuredwith thewrongcharge.This led to an estimatedrelativesystematicer-
rorof 4~/A~= 0.001andamaximalerrorof0.002,if themaximumpossible
correlationwasconsidered.The chargeacceptancewasextractedfrom the mean
valuesofthemomentumdistributionsfor bothchargesin eachhemisphere.Dif-
ferencesmayleadto eventsin the low momentumregion beingexcludedfrom
the eventsamplein a way which dependson the chargeof the muon.The cor-
respondingsystematicerrorwas estimatedto be 0.001.A backgroundof 2% of

+ v eventswasestimatedwith a MonteCarlostudyof 100000r~r — (y) events
generatedwith KORALZ [13] andpassingthefull detectorsimulationandanal-
ysischain.Theremainingeventshaveasimilarasymmetryto themuondataand
thusdo not causeany significantsystematicerror. Thecosmic ray background
contributesmainly to theoff peakmeasurements.The rateandangulardistri-
bution of cosmic ray eventswereestimatedby utilizing the region outsidethe
trackselectionvolumeandextrapolatingthe resultsinto the interactionregion.
The valuesof ~ were correctedfor this backgroundandthe systematicerror
from thissourcewasbelow0.001.Adding all of theseeffectsin quadraturegave
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atotalestimatedsystematicerroron the asymmetryof 0.003.Theresultsof the
asymmetrymeasurementsaregivenin Table 9 andplottedin Fig. 7b.

The resultsof the measurementsof ~ for the 1990 dataare also given in
Table9; the estimatedsystematicerror on thesedatais 0.005.

6.3. ~r~v eventselection

The analysisfor selectionof Z° —+ r~r eventsdifferedin a numberof re-
spectsfrom that previouslypresented[1]. The crosssectionswere estimated
with eventsselectedin thepolar angleregion between43°and137°as before
but with an improvedefficiencyandreducedsystematicerrors.The asymmetry
measurementsweremadewith eventsselectedin the extendedpolarangleregion
from 25°to 155°.The selectiontook advantageof themissing energyandmo-
mentumcarriedby the two or moreneutrinosproducedto rejectotherleptonic
decaysof theZ°,andusedthe low multiplicity andpresenceof isolatedparticles
or very collimatedjets to rejecthadronicevents.

The eventaxiswas takenas the thrust axisand the eventdivided into two
hemispherescorrespondingto eachr. In orderthat the treatmentshouldbe the
sameindependentlyof thenumberof chargedparticletracks,the mostenergetic
chargedparticle (leadingtrack) of eachside was chosento define the corre-
sponding‘r quantities.The leadingtrackin at leastoneof the hemisphereswas
requiredto bein theacceptedpolaranglerange.To definecalorimetricenergies,
aconeof 30°(halfopeningangle)aroundthe leadingtrackwasdefinedandall
energyinside it was addedas the zenergy.

A first setofcutswasappliedto removeZ°—~hadronsandtwo-photonevents:

2 ~ N~h~ 6, ~ ~ 160°, E~~5>8GeV,

whereNCh is thenumberof chargedparticles,asreconstructedin the TPC,coming
from a fiducial region aroundthe averageinteraction point (r < 5 cm and
Izl < 10 cm); o~~c’is the minimum anglebetweenapair of chargedparticles
in oppositehemispheresand~ is the total energy,definedas the sum of the
chargedparticlemomentaandneutralelectromagneticenergy.The cut in ~
limitedthemaximumacollinearityin twochargedparticleeventsandtheopening
angleof thejet for highermultiplicity events.

Two furthercutswereusedto rejectleptonicZ
0 decays,e+ e (y) and

1a+ ~u(y):

Frad < 1.0, Erad< 1.0.

Thesetwo variablesaredefinedas

rad = an rad = ,-.

~beam ~beam

wherePi (P2) and e1 (e2) are the momentumandelectromagneticenergyas-
signedto eachr as explainedabove.
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Cosmic,beam-gasandbeam-walleventswere rejectedwith impactparameter
cuts

Izil <4.5 cm, 1z21 < 4.5 cm, r1 < 1.5 cm, r2 < 1.5cm,

where r1 and r2 are the impact parametersin the transverseplaneof the two
leadingtracks with respectto the averageinteractionpoint and z1 andz2 are
the distancesalong the beambetweenthe point of closestapproachand the
interactionpoint.

Finally, extracuts wereappliedonly for 1—1 topology events,to removere-
mainingbackgroundaffectingthistopology:

/) (\Ac’ ~T
Uacol > U..) , T > U.’ ~..sev, z1 — z2 <3cm,

where I PT I is theeventtransversemomentumrelativeto thebeamaxis,and
0acol

is the acollinearityangleof the two chargedparticles.The cut on acollinearity
reducesthe dileptonandcosmic ray backgrounds.The cut on IPvl reduces the
backgrounddueto two-photonevents.The final cut furtherreducesthe cosmic
ray background.

The selectionefficiency was determinedfrom Monte Carlo data,produced
usingKORALZ [131 with detaileddetectorresponsesimulated,andprocessed
with the standardDELPHI analysisprograms,with smallcorrectionsfor differ-
encesfoundbetweendataandsimulation.

The efficiencydependenceon centre-of-massenergywascheckedby simulat-
ing, with a simplified detectorresponse[121, 100000 ‘r + v at eachof the 7
beamenergypoints. No deviationgreaterthanexpectedstatisticalfluctuations
was observed,indicatingthat the variation in efficiencywas lessthan0.1%.

By simulationa selectionefficiency of (52.82±0.34)%was obtained,equiv-
alent to (81.76±0.53)%within the polar angleregion between43°and137°.
Thesystematicerroron theefficiencyarosefromthesensitivityto the selections,
principally for Erad, °acol and0~. A total of 6528 eventswas selected.

Backgroundswere estimatedfrom data, and cross-checkedwith simulated
events.Thecosmicraybackgroundwasestimatedto belessthan0.05%usingthe
timing information from the OuterDetector.The overall backgroundwas esti-
matedto be (1.9±0.4)%from otherZ°decaysand2.0±0.6pb from two-photon
andup to 2.1 pb, dependingon centre-of-massenergy,from Bhabhaprocesses.

The crosssectionsaregiven in Table 10 andshownin Fig. 8a.
The measurementof A~was madeusingthe maximumlikelihood method.

The selectionsusedfor the crosssectionmeasurementwereusedfor the barrel
region and a further set of selectionsintroduced for the regions25°< 0 <
43°and137°< 0 < 155°. Thesewere

Erad <0.9,

and,if bothleadingtrackslay betweentheForwardElectromagneticCalorimeter

andthe HPC (35°<0 < 43°and137°< 0 < 145°):
Prad <0.9, Oacol> 2°,
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Fig. 8. Cross sections and forward—backward charge asymmetries in the r~v channel. (a)
Crosssectionsextrapolatedto the full solid angleand correctedfor experimentalcuts. (b) For-
ward—backwardchargeasymmetriesby the likelihood method, extrapolatedto the full angular
range.Thecurvesare the resultsof the 5-parameterfit describedin section7.
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Table 10
The numberof selectedevents,integratedluminositiesandcross sectionsfor e+e —+ t + — for
different centre-of-massenergiesmeasuredin 1990 and 1991.The resultsarecorrectedto the full
solid angle.The 1991 pre-scanpoint is markedwith a star. Only statisticalerrorsareshown.The
systematicerror,excludingluminosityerror, is 0.75% for the 1991 data and 1.2% for the 1990 data.

Collision energy Crosssections Integ. L Numberof
(GeV) (nb) (nb1) events

1990 1991

88.221 0.218 ±0.039 327 33
88.464 0.223 ±0.025 707 90

89.216 0.455±0.053 363 76
89.455 0.464±0.038 621 156
90.209 0.794±0.050 600 267

90.221 0.966±0.076 375 164
91.208 1.469±0.033 2554 2024

91.213 1.459±0.036 2594 1738
91.238* 1.470±0.026 3963 3148
91.952 1.182±0.058 680 430

92.207 0.935 ±0.074 391 170
92.952 0.702 ±0.046 624 236

93.207 0.592 ±0.065 320 88
93.702 0.542 ±0.039 672 195

94.201 0.358±0.042 459 76

where0a~lwasdefinedforall eventsusingthe resultantmomentumofall parti-
cles in eachhemisphere.Thesetight cutswererequiredto removee+ e events
with ahighefficiencyin aregionwith no electromagneticcalorimetry.The aver-
ageefficiencyfor theextraeventsselectedoutsidethe barrelwas estimatedfrom
MonteCarlosimulationto be (59.2±1.0)%. Backgroundswereestimatedfrom
Monte Carlo simulationto be (6.0±1.4)%, dominatedby thee~e channel
which contributed(3.6±1.0)%.A total of 7916 candidateeventswasselected.

To calculateA~, it wasnecessaryto reconstructthe tr pair productiondirec-
tion andto identify the charges.Thethrustaxiswasusedforthedirection.Monte
Carlosimulationsshowedthatther.m.s.of thedifferencebetweenthecos0 of the
generatedpairandthemeasuredcos°thmst wasi~(cos0) = 0.018±0.004 (~~O
1°).Theuncertaintyfrom theuseof the thrustaxis to definethe eventaxiswas

= 0.001.A studyof the chargeidentificationefficiencyin eachtopol-
ogy wasmadeusingthedataandsystematicuncertaintiesdueto chargemisiden-
tification of ~FB/AFB = 0.014 in thebarreland 0.035 in the forwardregions
wereestimated.

Mostof thebackgroundsdid not significantlyaffect the asymmetry,eitherbe-
causetheyhada similar behaviour,or becausethe fraction of theseeventswas
too small.However,e+ e t-channelproductionhasahighasymmetry.Its con-
tribution was computedusingZFITTER [181, assuminganuncertaintyof 30%
of the correction(a), dueto theuncertaintyon thetotalnumberof eventsofthis
typein the selectedsample.Systematiceffectsdueto the selectioncutswerees-
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Table 11
Measurement of the r + r— forward—backward asymmetry for different centre-of-mass energies. The
results are corrected to the full solid angle. In the third and fourth columns are shown the values
obtainedwith eventsselectedin the barrelor forwardregion, respectively.The lastcolumn shows
the global result. Statistical errors only are shown. The systematic errors at the peakare0.003 for
the 1991 data and 0.005 for the 1990 data. The 1991 pre-scan point is marked with a star.

Collision energy Number of A~
(GeV) (barrel) (forward) events (total)

1990 1991 (total)

88.221 —0.30±0.18 33 —0.30±0.18
88.464 —0.13±0.12 0.11±0.14 108 —0.070±0.090

89.216 0.00±0.13 76 0.00±0.13

89.455 —0.073 ±0.085 —0.13 ±0.14 192 —0.120 ±0.072
90.209 —0.218 ±0.064 0.013 ±0.092 314 —0.152 ±0.053

90.212 —0.12 ±0.08 164 —0.12 ±0.08
9 1.208 0.000 ±0.024 0.027 ±0.037 2438 0.002 ±0.020

91.213 —0.014±0.026 1738 —0.014±0.026
91.238* 0.049 ±0.019 0.023 ±0.031 3821 0.038 ±0.016
91.953 0.067±0.052 0.178±0.070 517 0.101±0.042

92.208 0.04 ±0.08 170 0.04 ±0.08
92.953 0.071 ±0.068 —0.06 ±0.11 290 0.031 ±0.059

93.207 0.03 ±0.12 88 0.03 ±0.12
93.702 0.100 ±0.078 0.13 ±0.12 237 0.108 ±0.065

94.201 0.06 ±0.14 76 0.06 ±0.14

timatedwith 700000r+ r — eventsgeneratedatdifferentenergies,with the con-
clusionthat sucheffectsgiveanuncertaintyonA~of lessthan0.001. Therefore
theuncertaintyon Ah is obtainedby aquadraticcombinationof0.014A~and
0.3ô (0.035 A~Band0.3 ô) in the barrel (forward) regions,respectively.

The forward—backwardchargeasymmetriesbasedon the thrust axiswerecal-
culatedby the maximumlikelihood methodusingthe lowestorderform for the
angulardistribution,andaregivenin Table 11 andshownin Fig. 8b.

6.4. £ ~1 eventselection

An analysisof the channelZ°—~£+t (where £ = e, ~u,r) hasalreadybeen
performedon the datatakenduring 1990 [11. The work describedhererepeats
thatanalysison data takenduring 1991, incorporatingseveral significantim-
provements.The presenceof informationfrom the three-layermicrovertexde-
tectorledto muchimprovedrejectionofcosmicray muonsas abackground,and
thebackgroundscomingfromtwo-photonchannelswerereducedsignificantlyby
meansof acut on the transversemomentum,as well asbeingbetterunderstood.

The flavour independentanalysisdescribedherehasseveraladvantagesover
theconventionalleptonicanalyses.Thereis no needto separatethe leptonfami-
lies, andthereforetheselectioncutsmaybelooser,leadingto ahigherefficiency.
The backgroundsare,as mentionedabove,smallandwell-understood,andthe
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analysisis basedonly on the chargedparticledetectors.This ensuresthat the
eventsamplesusedin the flavourdependentandindependentanalysesarese-
lectedusingsignificantly differentcriteria,andthereforethis analysisprovides
a powerful consistencycheck.

The analysiscannever truly be flavour independent,since the e+e, ~t+
andr+ ~r fractionsof the samplehaveto be determinedin order to compute
the e+e —. e+e t-channelcontribution.The efficienciesof detectionfor the
threefamilies werecomputed,thosefor the electronsandmuonsdirectly from
datausingcalorimetersto select independentdatasamples,andthat for the r’s
from the MonteCarlo simulation.The trigger efficiencyvaluesused,which are
also in principle, leptontypedependent,were thosedeterminedin the flavour
dependentanalysesdescribedabove.Thesetrigger efficienciesare, however,all
very closeto 100%.The eventselectionwas performedas follows.
— The eventhadto havebetween2 and6 “good” chargedparticlesin the TPC,
where“good” implies that the particlehadmorethan0.2 GeV momentumand
originatedfrom within of ±4.5 cm in z and 3.0 cm in r from the average
interactionpoint.
— Theanalysiswasrestrictedto thebarrelregiononly; it wasrequiredthatthere
were2 or more“good” chargedparticleshavingapolar anglebetween43°and
137°.
— Dividing theeventinto two hemispheresbyaplaneperpendicularto thethrust
axis, it was requiredthat onehemisphereshould containonechargedparticle
only andthe otherbetween1 and5 chargedparticles.
— For thegroup of 1 to 5 chargedparticles (hereaftercalled the “jet” although
no jet-finding algorithmis used)a resultantmomentumwas calculated,andit
was requiredthatthis momentumvectorshoulddeviateby no more than20°
from the backwardsprojectionof the directionof the isolatedchargedparticle
(they shouldhavean acollinearityof lessthan20°for anytopology).
— No chargedparticlein thejet shouldbeatan angleof morethan30°from the
resultant.
— In orderto eliminatebeam-gasandtwo-photoneventsit was demandedthat
atleastonechargedparticlein theeventshouldhavea momentumgreaterthan
3.0 GeY.
— To reducethebackgroundfromtwo-photoneventsit wasrequiredthat,if there
wereonly twochargedparticlesandbothhadamomentumlessthan10 GeV,the
total missingtransversemomentumwith respectto the beamdirection should
exceed0.4 GeV.
— To reducethe backgroundfrom cosmic ray muons, it was requiredthat, if
therewereonlytwo chargedparticlesin the event,bothparticlesshouldoriginate
from a much smallerregion aroundthe averageinteractionpoint. For events
wherethemicrovertexdetectorinformationwas presentfor bothparticlesand
therewas awellreconstructedinteractionpoint, thiswas0.15 cmin r and4.5 cm
in z. If anyof this informationwasmissing(this wasthe casefor approximately
15% of the data)thevalueswere 1.5 cm and4.5 cm, respectively.

Thesecriteria resultedin the selectionof 23 169 eventsfor use in the cross
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sectionandasymmetrycalculations,with acorrespondingtotal integratedlu-
minosityof 10.7pb’. A re-analysisof the 1990 datawas alsomadeusingthe
sameselectionsas givenabove.Also the two-layermicrovertexdetectorwas in-
cludedin the track-fit, leadingto an improvedrejectionof cosmicsanda better
momentumresolution.

6.4.1. Efficiencies
Eventsfrom thee~eand~ channelsareprimarilyof the 1 — 1 topology,

hencethe majorlossforthesechannelswasthe failure to reconstructoneor both
of the two particlesand the subsequentrejectionof the eventin the selection
criteria. Track loss canbe divided into two sources:the passingof a particle
throughan insensitive region (“crack”) of the TPC, (4.24 ±0.15)%, and the
failure to detectaparticlein a “live” region.The “live-space” losseswere (0.00
±0.30)%and(1.00 ±0.39)%for muonsandelectronsrespectively,giving final
reconstructionefficienciespertrackof (95.76±0.34)%and(94.80±0.42)%for
muonsandelectrons,respectively.

It is difficult to selecta sampleof r’s from the datain a mannerindependent
of that describedin this subsection6.4, as is requiredfor adeterminationof
the detectionefficiency, so a sampleof Monte Carlo eventsgeneratedusing
KORALZ [13] was treatedwith exactlythe sameanalysisprocedureas the real
data.The efficiencywasfoundto be (55.51±0.5l)%, which correspondsto an
efficiencyof (83.30±0.77)%for v~r eventsin the barrelregion.Both these
figures includeacorrectionof (0.65±0.25)% to matchthe differencesin the
lossesin the TPC cracksbetweenMonteCarlosimulationanddata.

A correctionmustalsobe appliedfor the trigger efficiencies.The correction
factorwas theaveragevaluefor the individual lepton channels,weightedby the
estimatednumberof eventsfrom that channelin the sample.

6.4.2. Backgrounds
Thereare severalbackgroundsto the leptonic channelswhich mustbe con-

sidered.The threeprimaryonesarethosearisingfrom cosmicray muons,two-
photoneventsand Z0 eventswith hadronicfinal states.The backgroundfrom
cosmicrayswascalculatedusingthedistributionofimpactparameterswithin the
data,andextrapolatinginto theselectedregion.It wasfoundto be 98 eventswith
two chargedparticlesand 82 eventswith three. The relativebackgroundfrom
eventswith threedetectedchargedparticleswas largerbecauseof thelessstrin-
gent vertex selectioncriteria for this topology.The cosmicbackgroundevents
weredistributedovertheenergyrangeaccordingto thetotal integratedluminos-
ity recordedateachpoint, as an approximationto the timespenttaking dataat
eachenergy.The final estimateof thebackgroundon the peakwas 0.61%with
an errorof0.04%.

The two-photonbackgroundwas studiedusing the generatordescribedin
ref. [15]. The contributions from the e+ee+e, e+e/V~u,e+er+v,
e+e hadronschannelswere all evaluatedseparatelyby generatingeventsof



RAPID COMMUNICATION

44 DELPHI Collaboration/Nuclear PhysicsB 417 (1994)3—57

eachsort. It was foundthatthe initial demandson the momentumreducedthe
backgroundconsiderably,and thenthat the missingtransversemomentumcut
was extremelypowerful in rejectingthe e+ee+e ande+e~u+1ucases,whilst
theisolationanglecuts (thoseon openingangleandacollinearity)wereeffective
againstthe e+e ~ v and e+ehadronsstates.The resultswere investigated
for model dependenceandstability to the simulatedbeamenergy.The final
result is atotal two-photonbackgroundcrosssectionof 5.8±0.3 pb. The error
representsacombinationof the statisticalerroron thenumberof eventspassing
the cutsandthe estimatederrorfrom the generatorfor eachcontribution.This
backgroundis non—resonantandis to besubtractedfrom thefinal crosssections
after theyhavebeencorrectedfor efficienciesandbackgrounds,but beforethey
arescaledup to 4ir solidangle.

The hadronicbackgroundwas calculatedfrom a sampleof 152000 Monte
Carlo eventssimulating the 1991 running conditions,of which 1749 had 8 or
fewerchargedparticles.Ofthissampleonly 16 passedthe final cuts(theisolation
anglecutbeingthe mosteffective).Thisnumber,as a fractionof the numberof
initial hadrons,wasthenscaledusingthe hadroncrosssectionat eachenergyto
producea resonantbackgroundof (0.12 ±0.03)%wherethe error comesfrom
the low statisticsanduncertaintyin the accuracyof the MonteCarlosimulation
at theselow multiplicities.

6.4.3. Crosssection
The crosssectionwas calculatedfor eachof the energiesat which LEP pro-

ducedcollisions in 1991,with the point nearestto theZ°masssplit into two
for datacollectedin the earlypart of the year,andthat collectedduringthe line
scan.Thenumberof eventsselectedat eachpoint was modified by corrections
for thebackgroundsgivenabove,andcorrectedby a factorof 1.001for the trig-
ger efficiency.The numberof electronswithin the samplewasthendetermined
usingthe individual selectionefficiencies,andhencethe contributionof e+e
t-channelwas computedandsubtracted.Theremainingtotalwasthencorrected
usingthe selectionefficienciesandgeometricalcorrectionto giveacrosssection
over the full solidangle.

The valuesthus obtainedare given, reducedto one leptongeneration,as a
functionof centre-of-massenergyin the third column of Table 12. Thesecross
sectionshavenot beencorrectedfor the effects of the cuts on momentaand
acollineantyangle.Also givenarethe resultsfrom the analysisof the 1990 data.

The e+ e ~ e+ e— t-channelcontributionwas subtractedusingthe programs
ALIBABA [16], and4OTHIEVES [21]. Thiswascalculatedin asimilar way to
thatdiscussedin subsection6.1.3. Taking into accountthe fraction of electron
eventsin the selectedsample,the systematicuncertaintiesare equivalentto a
0.12%errorin thecrosssection.Theoverallsystematicerrorforthe 1991(1990)
datais 0.4% (0.6%),excluding the errorfrom the luminositymeasurements.
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Table 12
Thenumber of selectedevents,integratedluminositiesandcrosssectionsfor e+ e £ + £ — for
differentcentre-of-massenergiesmeasuredin 1990 and1991. The 1991 pre-scanpoint is marked
with a star. The results are for one generationand correctedfor e+e t-channelsubtraction.
They are correctedto the full solid angle, but not for the cuts on momentaandacollinearity.
Theuncertaintiesquotedarestatistical. The total systematicerror on thecross sectiondatafor
1991 is 0.4%, in addition to the erroron the luminosity. The uncertaintiesquoted for 1990 are
again statisticalonly. The total systematicerror on the crosssectionis 0.6%, in addition to the
uncertaintyin theluminosity.

Collision energy Crosssections(4ir) Integ.L Numberof
(GeV) (nb) (nb’) events

1990 1991

88.223 0.202±0.015 294 171
88.464 0.229 ±0.011 712 440

89.221 0.399 ±0.020 423 406
89.457 0.469 ±0.018 635 683
90.211 0.834 ±0.025 638 1099

90.223 0.922 ±0.034 384 728
91.208 1.441 ±0.018 2462 6672

91.225 1.433 ±0.017 2706 7185
91.239* 1.436 ±0.014 4236 11483
91.953 1.192±0.031 666 1440

92.219 1.049 ±0.037 424 795
92.952 0.675 ±0.024 634 763

93.223 0.555 ±0.027 432 433
93.702 0.484 ±0.020 681 589

94.218 0.345 ±0.020 470 304

6.4.4. Forward—backwardasymmetry
In computingtheforward—backwardasymmetry,only thoseeventshavinga

1 — 1 topology in which the two trackswere oppositelychargedwere retained,
leadingto afinal sampleof 18074 events.Of the 160eventshavingboth leptons
identifiedwith the samechargein thetrackingdetectors,74couldhavethecharge
ambiguity resolvedby including informationabout the positioningof energy
depositsin the HPC associatedwith thetrack,andwere usedin the asymmetry
measurement.Thefractionof eventsgiving rise tojust two chargedparticleswas
determinedfor eachfamily usingthe simulation,and the efficienciesadjusted
accordinglywhencalculatingthefraction of electronswithin the final sample.
A countingmethodwas usedto computethe asymmetryover thebarrel region
andcorrectionswereappliedfor the cosmicray andtwo-photonbackgrounds.
The asymmetrydueto the e+e e+e t-channelwas calculatedusingboth
ALIBABA [16] and 4OTHIEVES [21] as in subsection6.4.3 above,and this
was scaledby the electronfraction of the sampleandremoved.The resultswere
finally correctedto the wholesolid anglerange.

In Table 13 thevaluesof the chargeasymmetryaregiven after t-channelsub-
tractionandcorrectionto the full solid angle.The main sourceof systematic
errorcomesfrom possiblemisidentificationof the charge.This was estimated
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Table 13
Resultsof measurementsof the £ + £— forward—backwardasymmetryat different centre-of-mass
energies for 1990 and 1991 data. The 1991 pre-scan point is marked with a star. The results are for
one generation and corrected for t-channel subtraction. They are corrected to the full solid angle,
but not for the cuts on momenta and acollinearity.The errors are statistical only; the systematic
error on these points is 0.005 for the 1990 data and 0.0025 for the 1991 data.

Collision energy Numberof
(GeV) events

1990 1991

88.223 157 —0.273 ±0.093
88.464 329 —0.264 ±0.064

89.221 304 —0.303 ±0.067
89.457 520 —0.174 ±0.052
90.211 861 —0.089 ±0.040

90.223 565 —0.150 ±0.049
91.208 5237 0.015 ±0.016

91.225 5661 —0.010 ±0.016
91.239* 8939 0.025 ±0.013
91.953 1111 0.085 ±0.035

92.219 510 —0.016 ±0.052
92.952 607 0.157 ±0.048

93.223 330 0.142 ±0.064
93.702 458 0.079 ±0.055

94.218 230 0.235 ±0.076

to be 0.0020.Othersystematicswhich mustbe consideredarethe uncertainty
on the t-channelasymmetryandthecalculatedelectronfraction,whichtogether
contributed0.0016,makinga totalsystematicerrorof 0.0025. Also given in Ta-
ble 13 arethe resultsfor the 1990 data.Thetotal systematicerrorfor thesedata
is 0.005.

6.5. Comparisonwith leptonflavouridentifiedresults

As discussedabove,oneof the advantagesof thelepton flavour independent
analysisis thatit hassomewhatdifferentsystematicerrors to the flavour iden-
tified channelsandsothe resultsserveas across-check.In order to makesuch
a cross-check,all the crosssectionresultsfor 1991 datawere corrected(using
ZFITTER [18]) so that theycorrespondto a 4~rdetectorwith no cut applied.
The weightedmeanof the leptonidentifiedresultswas computedas a function
of centre-of-massenergy.Theratio of thismeanvalueto themeasuredcrosssec-
tion for e+ e —~ £ +£ — was thencomputed.In the computationof the error on
this ratio the systematicerrorson the variouschannels,as well as the statistical
error dueto the incompleteoverlapof the differentchannels,were takeninto
account.The latter arisesbecausethe differentanalyseshavesomewhatdiffer-
ent polaranglerangesandthatthe runsselectedhavedifferentrequirementson
which sub-detectorsshouldbe fully functional.Thecrosssectionsfor thelepton
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Fig. 9.Thecrosssectionsfor theleptonflavourindependentandtheweightedaverageofthelepton
identifiedcrosssectionsfor the 1991 data,all correctedto 4~’racceptance,are shownin (a) asa
function of thecentre-of-massenergy.The errorsarestatisticalonly, andthe flavour independent
points are shifted slightly in energyfor clarity. The curve is the result of the 5-parameterfit
describedin section7. In (b) areshownthe ratiosof thesecrosssections,with errorstaking into
accountboth the systematicerrorsandthe statisticalcorrelationbetweenthe samples.

flavour independentandthe weightedaverageof the flavourdependentresults,
all correctedto 4ir acceptance,areshownin Fig. 9, togetherwith the valuesof
theratiosof thesecrosssections.The averagevalueof theseratiosoverall ener-
gies,which shouldbeunity, was foundto be0.999±0.005.Giventhe different
angularrangesof theanalyseddata,andthedifferentcorrectionfactorsinvolved
in the differentanalyses,thisagreementshowsthat the cross-checksupportsthe
validity of the leptonidentifieddata.

A comparisonwasalsomadeof the resultsonthe forward—backwardasymme-
try. Again all the resultswerecorrectedfor the cuts,whereappropriate,so that
theycorrespondto a 4~rangularrangewith no cut on momentaor acollinearity.
The differencesbetweentheweightedmeanofthe leptonflavouridentifiedsam-
ples and the lepton flavour independentsampleswere thencomputed.Again,
the systematicerror, and the statisticalerror from the non-completeoverlapof
thesamplesused,were takeninto accountwhencomputingthe erroron thedif-
ference.Averagedoverall valuesof the centre-of-massenergies,the difference
in the forward—backwardasymmetrybetweenthe lepton flavouridentified and
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independentsamplesis (—0.010±0.009),againshowingthe consistencyof the
measurements.

7. Z°parametersandelectroweakcouplings

Fits to the hadroniccrosssectionsandtheflavour separatedleptoniccrosssec-
tions andasymmetrieshavebeenmadeusingthe programZFITTER (version
4.6). The theoreticalformalismof the ZFITTER calculationsallows an almost
modelindependentinterpretationofthe observedquantities,takinginto account
themostup-to-dateknowledgeof initial andfinal stateQED effects,electroweak
andQCD corrections.A previousversionofZFITTER (version4.5)is described
in detailin ref. [18]. With respectto the formulaeusedfor the analysisof DEL-
PHI 1990 data[l](i.e. ZFITTER version3.05),theprogramhasbeenupdated
with a better understandingof QCD correctionsand termsdependenton the
top massmt. In addition,the presentversion4.6 accountsalsofor light fermion
pairproduction[22], for correctionsof order (GF m~)2, whereGF is theFermi
couplingconstant,for arbitraryHiggs massmH [23] and for the most recent
treatmentof the QCD corrections[24] for the bb channel.

Only thelight fermionpairproductioncorrectionisnumericallyimportantfor
the model independentfits. Taking accountof this correctionchangesthe mass
of theZ°,Mz, andits width, Fz, by about1 MeV and2 MeV, respectively.The
rest of the correctionsare to a greatextentabsorbedin the definitions of the
partial widths and/orcouplingsandareessentialonly for furtherinterpretation
of themodelindependentfit resultsin theframeworkof the StandardModel (i.e.
for the determinationof mt andthe strongcouplingconstantcts). BeforeQED
radiativecorrectionsthe crosssectionfor e+e —~ hadronscanbewritten as

srz2a(s) = a
0 (s — M~)

2+ (s2/M~)I~2~ (2)

Small correctionsarisingfrom y exchangeandy—Z interferencewerecalculated
within the frameworkof the StandardModel. The hadronicpolecrosssection,
a

0, canbe expressedin termsof the hadronicandelectronicpartialwidths, “had
and1, as

1
2nieFhad

a
0 = M

2r2
zz

with similar expressionsfor the leptoniccrosssections.The parametersRf, for
lepton speciesf, aredefinedas

~ (4)

The leptonicpartial widths .t’~canbe written in termsof effectivevectorand
axial-vectorcouplings,gv~andg~

1,as
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GFM~ 2 2 1 3a\
1’f= 6,~1+~+47r)~ (5)

wherea is the fine structureconstantof QED, andthe last factoraccountsfor
final stateradiation.

In orderto fit thehadronicandleptoniccrosssectionsandleptonicforward—
backwardasymmetries,allowing independentcouplingsfor eachleptonspecies,
the parametersMz,Pz,aç~,Rf andA°FB~arechosen,where

AO f — .~ gv~g~ gv~gA1
~

2FB ~~‘( 2 2~( 2 2
-~- g~, ~gv

1+ gA1

Thissetof parameterswaschosenbecausetheyhaveminimalcorrelationsamong
themandarethereforeto bepreferredif thecombiningofdatafrom thedifferent
LEPexperimentsisenvisaged.Tolowestordertheforward—backwardasymmetry
in the reactione~e —~ f~f at ~ = M~is given by Eq. (6). Away from
thepeaktheasymmetryvariesrapidly with energyandis mainlyproportionalto
g~g~1.

Ax
2 minimizationprocedurewas adoptedfor the fitting of thetheoreticalex-

pressionsto the measuredline shapesandasymmetries,including a full covari-
ancematrix treatmentof the errors.Full accountwas takenof the LEP energy
uncertaintiesandtheir point-to-pointcorrelations.The overall energyscaleof
the 1990datawasassignedanuncertaintyof 26 MeV. The9-parameterfit yields
thefollowing results:

M~= 91.187±0.009GeV,

= 2.486±0.012GeV,

a
0 = 40.90±0.28 nb,

Re = 20.82±0.28,

R~= 20.75±0.22, (7)

R~= 20.83±0.28,

A~C = 0.007±0.015,

AOFB~L= 0.015±0.008,

A~= 0.027±0.010,

X
2/DF 100/97.

The correlation matrix for the parametersof the 9-parameterfit is given in
Table 14.

Thecontourplot of ~ versusRj for eachlepton speciesis shownin Fig.
10. It canbe seenthat thereis excellentagreementwith leptonuniversality.A
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Table 14
The correlation matrix for the parameters of the 9-parameter fit.

R~ R
9 R~ A~5~ A~ A

0~O

Mz 0.00 0.02 0.01 0.00 0.00 0.02 0.04 0.04
r~ 1.00 —0.20 0.00 0.00 0.00 0.00 —0.01 0.00

a
0 1.00 0.07 0.10 0.08 0.00 0.00 0.00

Re 1.00 0.05 0.04 0.00 0.00 0.00

R9 1.00 0.05 0.00 0.02 0.00

R~ 1.00 0.00 0.00 0.02

1.00 0.00 0.00

A~’~ 1.00 0.01

0.06

0.04 -

0.0: ~

-0.02 H
e

-004 ~

20 20.2 20.4 20.6 20.8 21 21.2 21.4

R1
Fig. 10. Allowed contours in the A°~f—Rfplane.The contours from the 9-parameter fit, without
assuming lepton universality, are indicated by e, ~zand r, while the region allowed by the 5-parameter
fit assuming lepton universality is indicated by 1 and is lightly shaded. The contours represent
68% confidence limits. The smaller shaded areas show the predictions of the Standard Model for
mt = 140±30 GeY and c~= 0.12 ±0.01 and for Higgs masses of 60 GeV (lightest shading),
300 GeV and 1000 GeV (darkest shading).
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5-parameterfit assumingflavour independence* of the couplingsyields the
following parameters:

M~= 91.187 ±0.009 GeV,

I’z = 2.486 ±0.012 GeV,

a0 = 40.90±0.28 nb, (8)

R~= 20.78±0.15,

A°~= 0.017±0.006,

x
2IDF = 102/101,

whereR~andA°~aredefinedanalogouslyto Eqs. (4) and (6), respectively,but
assumingleptonuniversality.The correlationmatrix of the parametersof the
5-parameterfit is given in Table 15.

In Fig. 11 the resultsof the 5-parameterfit are shownin terms of allowed
contoursin the ao—I’z plane.

Alternatively the resultsof the precedingfits canbeexpressedin termsofthe
following derivedparameters:

= 82.93 ±0.70 MeV,

= 83.20± 1.11 MeV,

1T’~. = 82.89± 1.31 MeV,

= 83.01 ±0.52 MeV, (9)

= (1.47± 0.51) x l0~,

~ = 0.2483±0.0016,

= 512±10MeV,

Thad = 1.725 ±0.012 GeV,

where f~, is the partial width for Z°decaysinto invisible final statesand
T~,gv~,~A

1, ‘nv and~hadaredefinedassumingleptonuniversality.If theeffective
weakmixing angleis definedby the relation

gv~/g~,= (1—4 sin2o~t), (10)

wheregv~/g~ isderivedfrom theleptonicforward—backwardasymmetries,then

theseresultsyield

~~ri
20~e~= 0.2 308 ±0.0033. (11)

* In the presentanalysisR
1 (and similarly f~)is definedfor theZ°decay into a pair of massless

charged leptons, and is treated consistently throughout. The value using other definitions, can be
obtained from the results of the 9-parameter fit.
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a
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41.2

*
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68% C.L.
40.4 95% C.L.
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Fig. 11. Allowed contours in the ao—Iz plane, from the 5-parameter fit assuming lepton universality.
The contours represent 68% and 95% confidence limits. The shaded areas show the predictions
of the Standard Model for mt = 140 ±30 GeV and a, = 0.12 ±0.01 and for Higgs masses of
60 GeV (lightest shading), 300 GeVand 1000 GeV (darkest shading).

Table 15
The correlationmatrix for the parametersof the 5-parameterfit.

a0 R~

Mz 0.00 0.02 0.01 0.06Tz 1.00 —0.20 0.00 —0.01
a

0 1.00 0.14 0.00
R~ 1.00 0.01

The resultsof the 5-parameterand9-parameterfits to the DELPHI dataarein
good agreementwith thosepublishedby the otherLEP collaborations[25—27].

8. Interpretationof the resultswithin the standardmodel

Fromthevaluesof a0 andR~andusingthe expression

I~/17e= _____ — R~— 3, (12)



RAPID COMMUNICATION

DELPHICollaboration/NuclearPhysicsB 417(1994)3—57 53

the result

1nv/1~= 6.17±0.12 (13)

is obtained.Hence,assumingthe Minimal StandardModel (MSM) valuefor
1~i/r1,

= 1.992±0.003, (14)

where I’~,is the Z°partial width into a viT pair, the number of light neutrino

speciescanbededuced:
N~=3.l0±0.06. (15)

If a StandardModel fit is carriedout, leavingthe numberof neutrinospecies
free,but usingasaconstraintthevalueofthe strongcouplingconstantasrecently
determinedby the DELPHI experiment[28],

as = 0.123±0.005, (16)

the numberof light neutrinospeciesis foundto be

N~= 3.08±0.05. (17)

If thenumberofneutrinospeciesisfixed to bethree,but as is left unconstrained,

thenthe fit yieldsthe value

a5=0.136±0.018. (18)

The consistencyof theseresultswith the MSM canbe seenin Figs. 10 and 11
wherethe predictionsfor arangeof valuesof mt, a~andmH areshown.

A StandardModel fit, assumingthreeneutrinospecies,to the crosssection
andasymmetrydatausingthe valueof a~from Eq. (16) as aconstraint,yields
the following valuefor thetop quarkmass:

mt = ll5~2
2(expt.)~~(Higgs)GeV, (19)

where(Higgs) representsthevariationdueto Higgsbosonmassesin therange60
to 1000 GeV, with centralvalue300 GeV. The lower experimentallimit is badly
determinedandis in anycaseexcludedby searchesat hadroncolliders [29].

Thisvalueof mt correspondsto

sin2 O~t= 0.2339±0.0015(expt.)~~
0

0~(Higgs). (20)

9. Fits in termsof the variablesS and T

The standardvariablesusedin the analysisof LEPdata (Pz,chad,f~,etc.) can
be expressedin termsof variablesS and T [30,31] which parameterizeloop
effects,throughthe relationships
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Tr __

m1= 200 GeV

0 ~z90~eV ~

Fig. 12. A fit of the variablesS and T to the 1990 and 1991 data.The contoursshowthe 68%
and 95% confidence limits. The black area shows the predictions of the Minimal Standard Model
for a range of top quark masses, and for Higgs masses in the range 50 GeVto 1000 GeV

p=1+ct(Mz)T, (21)

a(Mz)S
L~r=ArMsM+ ~2~2 —a(Mz)T,

4s0 c0

where
ArMSM 1 - _________

= sin
2O~(M~), (22)

= 1 —

The weakmixing angleO~is defined in the MS renormalizationscheme(see
refs. [30,31]). The values S = T = 0 are defined to correspond to mt =

140 GeV, mH= 300 GeVand as = 0.123. The results of the fit are shown in
Fig. 12. The central values are

S=—l.33±l.l9, (23)

T = —0.72 ±0.71.



RAPID COMMUNICATION

DELPHI Collaboration/NuclearPhysicsB 417(1994)3—57 55

In an alternativeapproach[32] the effectsof newphysicsin thegaugeboson
vacuumpolarizationdiagramscanbe expressedin termsof the parameterse~,
~2 and �3.The LEP datado not constrainthe parameter~2. The parametersf~
and�3 areuniquelydefinedfrom the measuredvaluesof the leptonic width f~
andforward—backwardasymmetry4B at ~ = M~.Usingthe valuesofI~and
A~given in section7, the following valuesareobtained:

= —0.0049±0.0066, (24)

�3 = —0.0044±0.0106.

Theseparametershavetheadvantagethattheirvaluesdo not dependon assumed
massesofthetop-quarkandHiggsboson,orof a

5.However,in theinterpretation
of theseparametersto investigate,for example,physicsbeyondthe MSM, these
quantitiesmustof coursebe specified.

10. Lower bounds on new particle masses

The absence of any significant departure of the observed values of
1’z and 1~,

from the MSMpredictions has been converted into lower mass bounds of new
particlesconnectedwith physicsbeyondthe MSM.

The approachdescribedin ref. [1] was repeatedin orderto determine95%
confidencelevel upper limits of the potentialextratotal and invisible widths,

1’~1ewand~fl~W associatedto thesenew particles.The valuesfoundare

J~lew<27MeV (25)

f~flCW<26 MeV.

With thesevaluesthelower massboundspublishedin ref. [1] remainessentially
unchanged.

11. Summary

During 1990 and 1991 approximately450000Z°decaysinto hadronsand
chargedleptonswere observedin the DELPHI detector.The increasedevent
statisticscoupledwith improvementsto the detectorandthe analysistechniques
haveallowedthehadronicandleptoniccrosssectionsandthe leptonicforward—
backwardasymmetriesto bemeasuredwith highprecision.The 1990 datahave
beenre-evaluatedwith improvedluminosity measurements.For the 1991 data,
the useof the highrate luminositymonitorVSAT hassignificantly reducedthe
statisticalerrors.UsingtheaccuratedeterminationsoftheLEPenergy,modelin-
dependentfits to thedatayield significantly improveddeterminationsof theZ°
resonanceparameters.A flavour independentanalysisgives leptonic crosssec-
tionsandasymmetriescompatiblewith thosemeasuredin the individual chan-
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nels. Lepton universality of the Z°partial widths is confirmed at the 2%level.
Assumingleptonuniversalitythe following parametersareobtained:

Mz = 91.187 ±0.009 GeV,

I~= 2.486 ±0.012 GeV,

a0 = 40.90±0.28nb,

R, = 20.78±0.15,

= 0.017±0.006.

From the values of a0 and R~,the numberof light neutrino species has been

determined to be

N~= 3.10± 0.06,

or, if DELPHI measurements of the strong coupling constant a~[281 are used

as a constraint,
N~= 3.08 ±0.05.

All cross sections and asymmetries measured are consistent with the Standard
Model expectations.A fit within the context of that model, using also the DEL-
PHI determinationof as [28], constrainsthe valueof the top massto be

mt = l15~~(expt.)~~(Higgs)GeV,

corresponding to a value of the weak mixing angle

sin
2

01e~t= 0.2339±0.0015(expt.)~~~(Higgs).

Fits to the data have also been performed using variables which parameterize
electroweak loop effects, and which are sensitive to physics beyond the Minimal
StandardModel.
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