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Introduction

The JADE detectorhasbeen operatedat the e~estoragering PETRA [3] situatedat DESY,
Hamburg(Gennany)since1979 andwill continuetaking datauntil the endof PETRA operationsfor
physics, anticipatedfor the fall of 1986. The storage ring provides four intersectionregions for
experiments,theotherdetectorsrunning in parallelwereCELLO, MARK J, PLUTO andTASSO [2].

The JADE detectorwas built and operatedby an internationalcollaboration [1] formed by the
following institutions: DESY (Hamburg, Germany), the Universities of Hamburgand Heidelberg
(Germany), the Universities of Lancasterand Manchester(England), the Rutherford Appleton
Laboratory(Chilton, England)and theUniversity of Tokyo (Japan).Thecollaborationwaslater joined
by the University of Maryland (CollegePark,USA).

In the course of the six years of running the maximum centre-of-massenergy of PETRA was
increasedfrom —~30to 46.78GeV, an energywhich will be unsurpassedin e~estoragerings until
TRISTAN in JapanorSLC in theUSA comeinto operation.JADE hastakendatain theenergyrange
12 � v’~� 46.78GeV. The centre-of-massenergyasa functionof time is shownschematicallyin fig. 1.1
and the integratedluminosity as a function of energy in fig. 1.2. The total integratedluminosity
accumulatedby the end of 19851 waslargerthan 130pb~.

The JADE detectorwasdesignedasa multi-purposedetectorcapableof measuringa largevariety of
e+ e- interactionsresultingin leptonicandhadronicfinal states.At presentit is believedthat all such
processes— andalso all otherconceivablehigh energyprocesses— can in principle be describedby the
standardmodel, minimal SU(2) x U(1) x SU(3)~010~1.Experimental results from e+e- interactions
have— amongothers— contributedsignificantly in establishingthevalidity of thestandardmodel asan
effective theory, which future theoriesmust containasa limit.

1The runningenergyin 1986 was = 35GeV;80 pb’ wereaccumulatedin total.
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Fig. 1.1. The centre-of-massenergyof PETRA from 1979 until 1985.

Many of the JADE results benefit from a number of important propertiesof the detector:The
pictorial qualitiesof the jet-chamberand its good double-trackresolutionresult in a high efficiencyfor
track reconstruction,evenin complicatedevents.The homogeneityof the lead-glassshowerdetector
combinedwith its high granularity and resolutiongive an efficient recognitionof showeringparticles,
which is almostunambiguousin simple eventsandstill satisfactoryin complicatedhadronicevents.The
low noiselevel allows detectionof showersof energiesaslow as 100 MeV. The multilayer muon filter
allows muon recognition even in a hadronic jet. The detectorcan be triggered efficiently by a
calorimetric trigger derivedfrom the signalsof the lead-glassarrays. The jet-chamberis in addition
capableof giving avery efficient track-triggerdue to the largenumberof pointsmeasuredon a track.

An importantfeatureof theJADE detectoris thelargecoverageof solid angleby themajordetector
components:the jet-chamber,the lead-glassarraysand the muonfilter eachcovermorethan 90% of
the full solid angle.

The purposeof this report is to surveythework of theJADE collaborationduring the first six years
of data taking and summarize the main results. It continuesthe series of summary reports on
experimentale~eresults from DESY, which includesreportsaboutPLUTO (datafrom DORIS and
PETRA) [23],MARK J [39]and a global review about all five PETRA experimentsincluding data
takenbefore themiddle of 1983 [2].Thereportis not exhaustive,someinvestigationsor resultswill be
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Fig. 1.2. The integratedluminosity collectedby theJADE experimentas a function of thecentre-of-massenergy.
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mentionedonly briefly or even be omitted. One field in particularhasbeen omitted, namely the
analysisof two-photonscattering,e~e—* e~e+ X [4].

The reportis arrangedasfollows: In chapter1 a summaryof thedetectorcomponentsandtheir main
characteristicsis given, togetherwith a descriptionof the trigger and the dataacquisitionsystem.
In chapter 2 results on the leptonic reactions e~e—~eke, e~e—÷ii~p and e~e—~ ‘r~’r are
surveyedand confrontedwith QED and the Glashow—Salam—Weinbergelectroweakpredictions.
Section 2.5 is devotedto testsof higherorderQED processes.
Chapter3 describesthedeterminationof the i- decaybranchingratios.
The precisemeasurementof the total hadroniccross-sectionand its comparisonwith the prediction,of
the standardmodel is describedin chapter4.
Testsof perturbativeQCD, investigationsaboutthe fragmentationprocessand testsof fragmentation
modelsarethe subjectof chapter5.
The analysisof inclusive particleproductionin multi-hadroniceventsis describedin chapter6.
Thephysicsof theheavyc- andb-quarksis discussedin chapter7. Analysis of theproductionanddecay
of chargedand neutralD* is followed by inclusive lepton studies.
Finally, in chapter8, the searchesfor new particlesand the limits that were set on their massesare
summarized.

1. The JADE detector

A perspectiveview of theJADE detectorin fig. 1.3 givesanimpressionofhowthedetectorpartsare
arrangedaround the intersectionpoint of the PETRA beams.A cross-sectionof the detectorin a
verticalplaneincluding thePETRA beam-lineis shownin fig. 1.4 and a cross-sectionperpendicularto
the beamdirection in fig. 1.10. The central part of the detector is a pictorial drift-chamber, the
“jet-chamber”,which is placedin a homogeneousaxial magneticfield of 4.8kG. The magnetcoil is a
solenoidof 3.5 m length andof 2 m diameter.Betweenjet-chamberand coil thereare42 scintillation
counterswhich are usedfor triggering andfor time-of-flight measurement.Outsidethe magnetcoil a
fine grainlead-glassdetectorgiveselectron/photonrecognition.The outermostpartof thedetectoris a
rectangularmuon filter consistingof layers of planardrift-chambersalternatingwith absorber.An
on-line luminosity measurementis provided by two electromagneticshowercountersin the extreme
forward directions,which are also usedas taggingdevicesin two-photonreactions.

Recently,two additional chamberswere installed. A vertex-chamberclose to the interactionpoint
gives sevenprecisepoints on a track. It replacedthe beam-pipescintillation counterswhich had been
usedfor monitoringof background.Outsidethejet-chambera z-chamberwasinstalledto give a precise
measurementof the longitudinal coordinatez. The datadescribedheredo not includeinformationfrom
thesetwo devices.

In this chaptera brief descriptionof thedetectorpartsandtypical parameterswill begiven, followed
by a short summaryof the triggerandthe dataacquisitionsystem.

1.1. The jet-chamber

The central track detectorof JADE, the jet-chamber[5], is a cylindrical drift-chamberof 2.4 m
length andof 1.6 m diameter.It is physicallysubdividedinto 24 segmentsin the azimuthaldirection.
Eachsegmentcontains4 drift-cells (fig. 1.5) with 16 anodewires in a cell. The drift-cells form three



72 B. Naroska, e e physicswith the JADEdetectorat PETRA

S S ~ 54////) Z • / / / ~ / ~

S S /~ ~

\S~\ S~ // ~‘/~/ S/ /~

~ /:~S//~~ /~
S ‘5’ .t~

S 5 .5

~ ~ .“

S ~ ~
s~SS

S S

S ~ 1

~\

IC) \

S ~/ .555

S S ‘

S\ / —

~

.5 \\ .5 51

\\\\ ~)

a, SSS

~i~k ~



B. Naroska, e~ephysics with the JADE detector at PETRA 73

/ / /// ~
___________ 4-________

4 3567 891 10

14 10 ‘~i~ufl~ii~i1liiiii_ 13

~ - ______ 12

____ - I 2,~ _______

_________________________ iiiiiii~iii1~iii~iiiiililII .
I ‘~ 2 ~1

~.

______________ ~

~

Fig. 1.4. The JADE detector:Vertical sectionalongthe beampipe. (Seefig. 1.3 for explanation.)

rings, rings 1 and 2 have24 cells eachand ring 3 has 48 cells. The anodewires are staggeredby
±150 p.m in order to solve left—right ambiguities.The equipotentialplanesof thedrift-field areparallel
to the planeof the anodewires. Due to the magneticfield, which is orthogonalto the drift-field, the
drift-trajectoriesare tilted by —18.5°,theso-calledLorentzangle.The gasusedis amixture of argon,
methaneand isobutane(0.887:0.085:0.028).The detectoris run at a pressureof -—4atmto minimize
the influenceof diffusion on the spatialresolution.The drift-velocity is roughly 5 cm/ p.s.

For particlescoming from the interactionpoint of the electronand positron beams(the “vertex
region”) which havedirectionsbetween34°and 146°with respectto thebeam-line,a maximumof 48
pointscanbe measured.For 97%of 41Tat least8 pointsareon a track. The measuredpointsarespace
points,consistingof a precisemeasurementin theplaneperpendicularto thebeam,ther~-plane,which
is given by the drift-time and the radial wire position, and the longitudinal z-coordinate,which is
determinedby chargedivision.

1.1.1. Calibration andpattern recognition
The calibration of the jet-chamberis performedwith data,from Bhabhaevents,two-muonevents

and from multitrack events.The most important constantswhich haveto be determinedare: the
drift-velocity, which was allowed to have different values on the two sides of the drift-cells (192
constants);1536time-off sets,one for eachwire; 384positionconstants,fournumbersperdrift-cell, and
3 Lorentz angles,one for eachring. Gravitationalforces acting on thewires are takeninto account.
Specialcorrectionsaredeterminedfor coordinatesin the regionvery closeto thedrift wires,wherethe
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Fig. 1.5. Cross-sectionthrough two of the 24 sectorsof the jet-chamber.

electric field is cylindrical andvariesstrongly.Trackstraversingthe cell at ananglewith respectto the
wire planealso necessitateda specialcorrection.

The constantsweredeterminedfor eachgasfilling1 or whenevera changein runningconditionswas
made. The point-resolutionobtained in the np-plane is —180 p.m and the momentumresolution
Ap/p2—2% (see fig. 1.6) in the high momentumlimit. This can be compared to a momentum
resolutionof i~p1p2 — 1.5% expectedfor the quotedpoint resolution.

The z-coordinatewas obtainedby chargedivision, i.e. by the difference of the pulse amplitudes
measuredon eitherside of the wire relative to their sum. The calibrationwasperformedusing data,
four constantswere determinedfor eachwire. Systematicdistortions of the amplitudes,for example
due to cross-talkbetweenwires, due to superpositionof pulsesclosein time, etc. were correctedfor.
The resolutionobtainedin z is -—-16 mm.

The patternrecognitionof tracks [6] is performedin the r~’-planebecausetherethe resolutionis a
factor100 betterthan in the rz-plane.First, tripletsof pointson adjacentwireswhich lie on a straight
line are searchedfor; thesetriplets are then connectedto form track-elements,still within a cell.
Track-elementsin differentcellsarecombinedstartingin theoutermostring andgoing inwards.A fit is
madeto the measuredpointsby a parabolaor, below 500 MeV, by a circle. Finally, all points in the
vicinity of this fitted trajectoryare re-examinedand addedto the track if they agreewith it. For the
points selectedin this way a straight line fit is attemptedin the rz-plane which is repeatedafter
eliminatingbadly fitting measurements.For specialpurposesthis fitting procedurecanbe refined,e.g.
by addingvertex constraintsor by performingathree-dimensionalhelix fit.

Dueto thejet-chamberbeing operatedat 4 atm — which necessitatesa pressurevessel— theamount
of material to be traversedbefore the first sensewire is —16% of a radiationlength.

1.1.2. dE/dxmeasurementand resolution
The specific ionisationlossof a particlein thegasof the jet-chamberis measuredby the sum of the

pulseheightsrecordedon both endsof the signalwires. Ideally 48 hits areavailableon a track, but in
practice the numberis reducedby demandinggood separationfrom other hits. The raw amplitudes

‘The gasin the jet-chamberwasrenewedin shut-downtimesof PETRA, typically threetimesper year.During datatakingperiodsthegaswas

only circulated.
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Gaussiansyielding resolutionsof ~pIp~ = 1.8% and1.6%.

haveto be correctedfor individual gasamplification andelectronicgain, different path-lengthsof the
tracksin the drift-space,for electronattachmentandsaturationeffects. Someof thesecorrectionsare
time-dependent,becausethey dependon the ageof the gasfilling.

To diminish fluctuationsdueto theLandautail ofthepulseheightdistributiononly the lowest70%of
all pulseheightmeasurementswere usedand averaged(methodof “truncatedmean”). In additionthe
lowest 5% were rejected.The truncatedmean (dE/dx) for the tracks in a sampleof multihadronic
eventsis shownin fig. 1.7. Bandscan be recognisedfor pions, kaonsand protons.

The resolutionachievedfor Bhabhaelectronsis a- = 6.5% for an averageof 42 hits per track (fig.
1.8). This resolution is close to the theoreticalexpectationof 5%.

In multihadroniceventsthenumberof useful samplingsis in generalsmaller.Demandingat least33
hits (38 hits on average)a resolutionof a--—-8% is obtainedfor minimum ionising pions (fig. 1.8).

For eachparticlea probability is calculatedfor it being anelectron,a pion, a K or a proton. This is
doneby comparingthemeasuredmomentumand (dE/dx)with thepredictedcurvesand computinga

I I

0.1 1.0 10.0

PlO (GeV/c)
Fig. 1.7. (dE/dx) (truncatedmean)asa function of momentum.The bandscorrespondto electrons(e), pions (IT), kaons(K) and protons(p).
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Fig. 1.8. (dE/dx) distributionfor tracksfrom multihadroniceventsof momenta0.4w p � 0.6 GeV — mainlypions,the tail is dueto electronsand
kaons— and for electronsfrom Bhabhascattering.

x2 taking into accountthe measurementerrors.Cuts in the probability are applied accordingto the

analysisrequirements.

1.2. Scintillation counters

The jet-chamberis surroundedby 42 scintillation counters,3.2m long, which arereadout at each
endby photomultipliers.The two signalsareusedin coincidenceto suppressphotomultipliernoise.The
counters were used for triggering and for time-of-flight measurement(they are named “TOF”
counters).The thresholdswere kept aslow aspermittedby the trigger ratein orderto be sensitiveto
fractionally chargedparticles;it correspondedroughly to 0.1—0.5 of a minimum ionising particle. The
time resolutionobtainedwas—-300—400ps. In fig. 1.9 the time differencefor coplanarpairsof minimum
ionising particles is shown; a clear separationof beam—beamevents from cosmicray muonswhich
traversethe detectorin 6 ns/sin0 (0 is thepolar angle) is visible.

In the forward directionbetweenthe end capsof the lead-glassand the muon filter therearetwo
rectangularscintillator hodoscopesof 8 counterseach;theuseableregioncoversroughly 0.8~ cos0 ~
0.94. Theywere installedspecially to detectmuonpairs at theselow angles.

1.3. Thelead-glassdetector

The lead-glassdetectoris arrangedin 3 parts:the largestpart is a cylindrical arraysurroundingthe
magnetcoil; it consistsof 2520 blocks arrangedin 30 rings of 84 blockseach.The blocks (SchottSF5)
are wedgeshaped,the inner surfaceis 85 x 102 mm2, the thicknessis 300mmcorrespondingto 12.5
radiation lengths.They are readout by photomultipliers(HamamatsuR594-02),connectedwith the
lead-glassblocksby short light-guides.

In 1983, for running at the highestPETRA energies,the middle part of the cylinder (20%) was
replacedby blocksof SF6, which have15.7 radiation lengthsbut areidentical in shape.

Theothertwo parts of thedetectoraresupportedby flat iron endcapswhich closethecylinderand
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Fig. 1.9. Differenceof arrival time at theTOF countersfor coplanartrackpairs.

arepartof themagnetreturn iron. The lead-glassblocksareinsidethe iron, the light is transportedto
the photomultipliers outside by light-guides embeddedin the iron. The block-size is 140 x 140 x
230mm3 correspondingto a depthof 9.6 radiationlengths.The total acceptanceof all threehodoscopes
is 90% of 4Th

The initial individual calibrationof thecounterswasdone with electronsof 6 GeV. Duringoperation
in PETRA Bhabhaeventswereusedfor calibration.Thegain of thephotomultiplierswasmonitoredby
Xe-sparklamps,connectedto thecountersby quartzoptical fibers. The variation in gainwastypically
1—2% in half a year.

The energyresolutionis a functionof thepolar angle;for averageangles(—40°with respectto the
beam-line),Bhabhaeventsbetween7 and 17 GeV havea resolutionof tYEIE 4%t\/E + 1.5%,where
E is measuredin GeV. The angularresolutionis o~= 0.6°and 0~q’= 0.7°.

The detectionof showeringparticles,electronsandphotons,wasbasedon “energyclusters”in the
lead-glassarrays.Thesewere definedby adjacentcounterswhich had registeredpulsesabovea fixed
threshold(—45MeV). The energysum of all countersbelonging to one cluster was definedas the
clusterenergy.If a trackwaspointing towardstheclusterits momentumwascomparedwith thecluster
energy,and if the clusterenergywas more than 60—70% of the momentum,the trackwascalled an
electron. This simple definition was useful in low multiplicity events,e.g. for all leptonic reactions
describedin chapter 2. In hadroniceventsproblemsdue to overlappingtracks necessitatedtighter
selectioncriteria, which will be describedin chapter6.

1.4. The muonfilter

The outermostdetectorpart is the muon filter, which is a segmentedsystemwith five layersof
absorberand drift-chamberscovering92% of thesolid angle[7].The main absorbercomponentsare
the lead-glassshowercounters,the iron return yoke and threelayersof iron loadedconcretewith a
densityof —5.2g/cm3. The concretesurroundstheotherwisecylindrical detectorlike a rectangularbox.
The minimum thicknessperpendicularto thebeamis 6.4absorptionlengths; theminimummomentum
necessaryfor a muonto traversethe muon filter is roughly 1.4 GeV.

Betweentheabsorbersegmentsandon the outsidethereare 618 singlewire drift-chambers(seefig.
1.10).Particlesemanatingfrom the interactionregionin thecentralpart (cos0 ~ 0.6) traverse5 layers
of chambers,the innermostof which is a completelyoverlapping double layer. In the endwallsthe
innermostlayerof muon chambersis missing, so that only four layersare available.
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Fig. 1.10. Cross-sectionof the JADE detectorperpendicularto the beamdirection (1 = jet-chamber,2 = TOF counters,3 = lead-glassbarrel,
4 = drift-chambersin muon filter).

The sensitivevolume of one drift-chamberhasa cross-sectionof 305 x 20 mm2 anda length of up to
5 m. Thechambersarefilled with argon—ethane(90:10).The drift-velocity is 40.7mm/p.s.The average
track detectionefficiencyper chamberis better than98%. The spaceresolutionin thedrift direction
obtained for e~e~ p.~p~eventswas 5mm in the barrel part and 10mm in the endwalls. This
precisionis of the sameorder asthe extrapolationuncertaintiesof the jet-chambertracks.

For the identification of muonsall tracks foundin the jet-chamberareextrapolatedinto the muon
chambers,taking into accountmultiple scatteringand bendingin the field andreturnyokes.Hits in the
muonchambersareassociatedif they lie within a certainminimum distancefrom theextrapolatedtrack
in the drift direction [7].

1.5. Trigger and data taking

The beamcrossingrate at PETRA is ---250kHz. The triggersystemwas designedto give a trigger
rate manageableby the on-line dataacquisitionsystem(a few eventsper second)and to reducethe
amountof datato be handledoff-line. Apart from the rate considerationsthe designof the trigger
systemof the JADE experimentaimed at high efficiency in particular for e~e annihilation events.

High efficiency was achieved by a few standardtrigger conditions for the main known types of
annihilation events. In addition several triggers were run in parallel to provide redundancyand
flexibility in adjusting to backgroundconditions. They were also intended to detect unexpected
processesof various topologiesandeventsfrom two-photoncollisions.

Trigger actions
The triggerwas basedon signalsfrom scintillation and lead-glasscountersandon output signalsfrom
hard-wiredtrack finding logics for the jet-chamberand for the muon filter. The trigger decisionwas
carried out in three stepswhich were determinedby the times when the signals from the different
detectorcomponentswere availablefor patternchecks.At a time Ti, —400nsafter thebeam-crossing
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time TO, thesignalsfrom photomultiplierread-out(scintillation and lead-glasscounters)wereavailable.
At this stagean eventcould berejected,accepted,or thedecisioncouldbe postponed.If an eventwas
rejectedat Ti the systemwasresetwithout dead-time.

At time T2 2 p.s afterTO the signals from the jet-chamberwereavailable and could be usedfor
furthertriggerdecisions.In the first yearsof operationthe rejectionof an eventatT2 causedthelossof
thenext bunch-crossingbecauseof thenecessaryreset-timeof theanalogread-outof the jet-chamber
electronics.From 1982onwardsthis reset-timingwaschangedsuchthat also a T2-rejectcausedno extra
dead-time.

The triggerdecisioncould be postponedevenfurtheruntil T3 --—5 p.s afterTO whenthe signalsfrom
themuon chamberswere available.A T3-reject always causedthe lossof an extrabunch-crossing.

The digitisationof mostdetectorsignalswasstartedat TO, butwasabortedat a reject condition.If
an event was acceptedat any of the stagesT1—T3 an interrupt signal was sent to the NORD-iO
computerand the digitiseddetectorsignalswere readout via CAMAC.

Energytriggers
From the signalsof the lead-glasssystemcalorimetrictriggerswere obtainedby analogsummingof the
signalsfrom thewhole lead-glasssystemor partsof it. The standardenergy-triggersusedthe following
signalsums:

E10~,the total sum of all signals;
EBAR, the sum of the barrelpart (Icos0 ~0.82);
~ and ~ thesumsof the end-capsat +z and —z.

The following tableshowsthestandardenergy-triggerswhich led to anacceptcondition.The equivalent
analoguethresholdsandtheBooleanlogicsconditionsfor thediscriminatorsignalsaregiven; the logical
AND (OR) being indicatedby the (+) sign, respectively.

Signals Thresholds’ Main use

E,0, 4—6 GeV Hadrons,Bhabhaevents
EBAR 2—5 GeV Hadrons, large angleBhabhaevents,T pairs

~ 1 GeV Hadrons,Bhabhaevents,2-photonevents
(E~~+ E~~)-EBAR 0.5, 0.5, 1.5 0eV 2-photonevents
E~~-~ E,_, 0.3, 0.3, 2.5 GeV 2-photonevents,hadrons

‘The thresholdswere adjustedto the beamenergyandaccordingto backgroundconditions.

Track triggers
Bunch-crossingswhich did not generatean “accept”-patternin the energy triggers could still be
acceptedby tracktriggers, if the signalsof the lead-glassand thescintillation countersmet one of the
ratherlooseTi-postponeconditions.

The lead-glasssignalsusedin thesepre-triggershad muchlower thresholdsthanthe signalsfor the
energytriggersdiscussedin the previoussection.The most importantof thesewere the barrel-group
(abbr. BG) signals.Theywereformedby theanalogsumof thesignalsfrom all lead-glassblocksbehind
a TOF counterand its two neighboursandusedin coincidences“TBG” with these.

The track-triggerlogics of the jet-chamberonly usedtheone-bitinformationwhetherat leastonehit
had occurredon a wire within the maximumdrift-time, but had no accessto drift-times or signal
amplitudes,i.e. z values.A trackconditionwassetup in thefollowing way: In onecell or two adjacent
cellsof eachring of thejet-chambera minimum numberofwiresmusthaveregistereda hit. The cells in
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the threerings were combined in appropriatepatterns.For backgroundsuppressionthe track logics
required also a coincident signal from one of the 3—4 TOF countersbehind the hit jet-chamber
segments.

Therewere two sets of track signals:Ordinary tracks with full efficiency above100 MeV; and fast
tracks with full efficiency above i GeV. With additional logics two found tracks were classified as
coplanarwithin a given angle, i.e. the tracks were emerging in nearly oppositedirections in the
np-plane.The tracktriggers togetherwith their adjoinedTi-postponetriggersare shown in the next
table:

Postponecondition Tracks Main use

2 TOF E
0, (>1.5GeV) 2 ordin. Hadrons,r pairs

2 TOF~(E~~+ E~~)(>1GeV) 2 ordin. 2-photonevents,hadrons
2 TBG � 6 TOF 2 ordin. 2-photonevents,T pairs
2 TOF0~+30.� 4 TOF 2 fast coplanar±34° p., T pairs, 2-photonevents
2 TOF~0~~+,3.� 6 TOF 2 fast coplanar±20° p., r pairs, 2-photonevents
2 TBGoopi+si~ 2 fast coplanar±34° p., T pairs, 2-photonevents
1 TBG EBAR (>1.5 0eV) 1 fast Hadrons,r pairs,2-photon

For someTi-postponetriggersan upperlimit for thenumberof TOF signalswasset (indicatedby the
~ symbol in the table) to reject backgroundtriggers.

A specialtrigger for low-0 p.-paireventsusedcoincidencesof oppositeforward scintillationcounters
asTi-postponeconditionsandaskedfor a tracksignal from theendwallsof themuonfilter. For events
causedby two-photoncollisionsa numberof special triggerswas installed.Since the physicswill not be
coveredby this report they arenot listed, however.

Data taking
The stepsof the dataflow for the JADE experimentare shownin fig. 1. ii. The computerfor data
taking and on-line monitoring was a NORD-10!S coupled with a NORD-50 by Norsk Data. The
read-outuseda GEC Elliot systemcrate with a NORD-10 interfacedevelopedat CERN. 40 Camac

EXPE RIME NT

[c~C CRATES k-f-Microprocessors
________________U __________ ___________________

[ç~ECELLIOT SYSTEM CRATçJ —~ MIPROC 161
U _________

_____ ~- ~~50
U ________________

EI~1 -~- IDUMPTA~E~1
U _________________

[~FORMATTING —~. (REFORM TA~I~
U __________________

IREDUCTIONII ~ REDUC1TAPESI
U _________________

I REDUCTION II >- [!~pUC2 TAPES

IINDIVIDUAL ANALYSIS CHAINS]

Fig. 1.11. Schematicdataflow in the JADE experiment.
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crateswere usedandreadout by a direct memoryaccess(DMA) datatransfer.A (short)eventof 3000
wordsneededapproximately25 ms read-outtime.

Parallelto the read-outthe jet-chamberdatawere analysedin a fast microprocessor,theMiproc 16
by Plessey.It imposedtighter cuts on track triggersthanthehardwired logicsandrejectedeventswith
anorigin clearlyoutsidethe interactionpoint of thebeams.

The dataacquisitionsystemis describedin more detail in [81.The datafrom Camacwerewritten
into a NORD-iO buffer which could also be readby the NORD-50,which performedeventchecking,
accumulatedhistogramsand performedon-line filtering [9]. Resultsof the NORD-50 analysiswere
appendedto thedatawhich were thentransferredby a direct link to the computingcentreof DESY.
After reformatting,thedatawerepassedthroughfiltering programsbeforethey wereusedfor analysis
and final calibrations.

2. Testsof QED and electroweak theories in leptonic interactions

Purelyleptonicprocesses,suchase+ e- —* e+ e-, ~ p.~,7 + 7 and -y-y havebeenextensivelystudiedat
e+ e- collidersof lower energies,for exampleDORIS and SPEAR.Theseprocessescanbe described
by QED andquantitativecomparisonsshowedthe theoryto be valid within theexperimentalaccuracy
[23]. At higher energiessuch as became available at PETRA, deviations from pure QED were
predictedby electroweaktheories which give a unified description of electromagneticand weak
interactions.The standardmodel by Glashow, Salam and Weinberg [101,minimal SU(2) x U(i),
predictedthat the interferenceof thephotonwith theneutralweak intermediatebosonwould leadto a
chargeasymmetryof theorderof iO% for fermionpairsat s i000 GeV2. Establishingtheasymmetry
first for e+e- — p.~p.~,then also for e+ e- —~ -r+ ‘r - and for the heavy quarksc and b wasone of the
majorresultsachievedin theJADEexperimentaswell asin theotherexperimentsatPETRAandlater
on at PEP.

This chapterwill be concernedwith leptonicprocesses.After a summaryof thecross-sectionsfrom
QED and the Glashow—Salam—Weinberg(GSW) model the discussionof the datawill start with
Bhabhascatteringande+ e- —~ -y-y. Electroweakeffectsaresmall for them, thusthey serveastestsfor
QED. Afterwardswe turn to the discussionof e+ e- — p.~p. and e+ e- —~ -r~‘r and the extractionof
electroweakparameters.The chapterwill be concludedby testsof higherorderQED.

2.1. Cross-sections

In QED theprocessese~e—~ eke,p.~p, -r~i~and-y-y aredescribedby thediagramsin fig. 2.1 and
the differential cross-sectionsarein lowest ordergiven by:

+ — + — da- 2 f3+x2\2
e e —~ee : ~~~i—x) (2.1)

e~ I~e~ e~e~ ~

Fig. 2.1. Diagramscontributingto e~e—’�l’ (l’=e, p. or r) and e’e—*~y-yto ordera2
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>-;-~~
Fig. 2.2. a

3 contributionsto e*e p.~p.and,~r.The vertexcorrection,two-photonexchangeandvacuumpolarizationcontributeto a3only by
interferencewith thediagram of lowestorder.

2
+- +— +_ do’ a 2

e e —+p. p., T ‘r : ~-ñ~--(l+x ) (2.2)

+ - do’ a2(i+x2\e e —~yy: ~ ~ (2.3)

where a is the fine structureconstantandx = cos0; 0 is the scatteringangle.Theseexpressionsare
valid for the limit ofvanishingmasses.For thecorrectdescriptionof thedatait is in generalnecessary
to include contributionsof higher order, in generalthe next to leading order ~is sufficient. As. an
examplethediagramscontributingto muonpair productionup to ordera3 areshownin fig. 2.2. They
includeemissionof photons in the initial and final stateand interferenceof the box diagram,vertex
correctionandvacuumpolarizationdiagramswith thediagramsof lowestorder.The correctionshave
beencalculatedand theydependon thedetectoracceptance.Thereforethedataarecorrectedfor these
radiativeeffectsandcanthenbe comparedmoreeasilywith databy otherexperimentsand they canbe
comparedwith the theoreticalpredictionsof lowest order.

Interferenceof thephotonpropagatorwith theneutralweakcurrent(fig. 2.3) leadsto modifications
of the cross-sections.A quantitativepredictionhasbeenmadeby the standardmodel of Glashow,
Salam andWeinberg,in which theweakneutral currentis mediatedby one intermediatebosonZ°.In
lowestorder the cross-sectionfor e~e—*p.~p.ande~e—~-r~’ris given by [111:

= ~— (C~(1+cos~0)+ C
2 cos0) (2.4)

where 0 is thepolar angleof the lepton,

~
2C2 = +

4aeaeX+ 8veUeaeaeX

e~ 1~

�~~r �~<r
Fig. 2.3. c~e—~t~((f=p. or i) in lowest orderin the standardmodel.
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Table 2.1
Weakcoupling constants

Particlef af a, u,(sin
2 O.~=0.22)

e, p., ‘r —1 —1 + 4 sin2 tL~ —0.12
u,c,t +1 +1—(8/3)sin2O~ 0.41
d, s, b —1 —1+(4/3)sin2O~ —0.71

v~anda~denotethevectorandaxial—vectorweakcouplingsof the leptons� (é= e, p. or ‘r), theirvalues
are given in table2.1. x is given by:

pG~M~ s
X 8ira\/~s—Mr (2.5)

Here GF is theFermi coupling constantand M~the massof theZ°.GF anda havebeendetermined
accurately[12]and their errorswill be neglected.The mass M~of the Z°was determinedby the
experimentsat the p~collider to be M~= 93 ±2 GeV [13].p is definedas

p = M~!(M~cos20~) (2.6)

where Ow is theweak mixing angle.In thestandardmodel attheBorn level p is identicalto 1, andwe
shall usethis value,which agreeswith currentmeasurements[i3, 14].

The cross-section(2.4) leadsto a deviationof theangulardistributionfrom thedistributionpredicted
by QED. It hasbecomecustomaryto expressthis deviationby theangularasymmetrywhich is defined
as:

A=(NF—NB)/(NF+NB)

whereNF is thedifferential cross-sectionintegratedover theforwardandNB over thebackwardregion;
forwardandbackwardreferto 0 beingsmallerand largerthan 90°,respectively.The asymmetryof the
differential QED cross-sectionis zero in lowest order (eq. 2.2); an asymmetryis introduced by ~
effects,which is howeversmall for thecuts used.In the standardmodel theasymmetryis:

A= ~C
2/Ci=i.5~aeae~X. (2.7)

The approximation is valid at energieswhere the weak amplitude is small comparedwith the
electromagneticone; it is still good to a onepercentaccuracyevenat thehighestPETRA energy.The
asymmetryis thus mainly sensitive to the axial-vectorweak coupling. A is shown in fig. 2.14 as a
functionof s; arounds 2000GeV

2it is --- — 16%.Approximately a third of theasymmetryis due to the
finite Z-massin the propagator.

Sinceseveralparametersentertheexpressionfor theasymmetrythecomparisonwith thedatacanbe
usedto extract different parametersdependingon the assumptionsone is willing to make. If x is
parameterizedby GF, a andp asin eq. (2.5),a very precisepredictionis obtainedfor theasymmetry,
sincetheerrorsof GF anda arenegligible, p = 1 is assumedandtheexpressiondependsonly weaklyon
M~.This parameterizationwill be usedfor thedeterminationof thecouplingparametersye and a~for

= p. or ‘r (and later also for the c- andb-quarks,sections7.1 and7.2.4 respectively).
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A secondmethod to comparethedatawith thepredictionswas first usedin [48].GF which is related
to the strengthof the chargedweak currentis eliminated in x by using relation (2.6) and M~=

iraI(\/~GFsin2 Ow cos2Ow). Then onehas:

i 5
X = 16 sin2 ~ cos2 Ow s — M~ (2.8)

This parameterizationgivesa muchstrongerdependenceon sin2 Ow andM~thantheone by eq. (2.5).
Assumingthe standardvaluesfor thev~anda�one candetermineeitherM~or sin2 Ow. The predicted
asymmetryhasa slightly differentvaluewith the two parameterizationsfor thecurrentvaluesof sin2 Ow
and M~.This differenceis resolvedif completeelectroweakone-loop correctionsare applied to the
asymmetrywhich have beencalculatedin both parameterizationsand turn out to be slightly different
[49,50].

For fermionsf of chargeQf the asymmetry(eq. 2.7) is modified into:

~ ,y. (2.9)

For fractionally chargedquarksone thereforeexpectsa largerasymmetrythanfor muonsand taus,for
b quarksfor examplean asymmetryof approximately—0.28 is expectedat V~= 34.6GeV.

The total cross-sectionis obtainedby integratingeq. (2.4) and is given by:

R= tTeeltTo= C
1 with a-0 = 4i~a

2I3s. (2.iO)

o~is the lowest order total cross-sectionfor lepton pairs produced by e+ e- annihilation in the
s-channel.

For Bhabhascatteringthedeviationfrom QED predictedby thestandardmodel with thenumerical
valuesasindicatedis smalldue to the t-channelcontributions.Evenatthehighestenergythedeviations
arebelowtheexperimentalprecision(seefig. 2.8).The differentialcross-sectionin lowestorderis given
by:

= ~- [4B
1+ (B3 + B2)(1 + x

2) + 2(B
3 — B2)x] (2.11)

where

B1 = ~- (1 +(v~- a~)~’)
2

B
2 = (i + ~ — a~),y)

2B3 = (i + + (~e+ ae)2(~~ + ~))
2+ (i + + (~e — ae)2(~~‘ +

Themomentumtransfert is in the high-energylimit givenby t = —O.5s(i — cos0) andx’ is definedin
analogyto x simply replacings by t in eq. (2.5).
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2.2. Study ofe~e—~e~eand e~e—~-y-y

The study of Bhabhascatteringand of e+ e- —~ -yy is of fundamentalimportancefor any e+ e- -

experiment since these reactions provide sensitive tests of QED and furthermore are used as
normalisationprocessesfor other reactions.The experimentalsignatureof the two processesis very
similar, namely two energeticclustersback to back in the lead-glassdetectors;a common event
selectionwasthereforeused.

Two clustersof energydepositedin the lead-glassarrayswere required,eachcorrespondingto an
energyE > Ebeam/

3~where Ebeam is the beamenergy[16,17]. Furthermorethey hadto be collinear
within 10°assumingthat the origin of the particleswas the interactionregion of the eke-beams.
Acollinearity wasdefinedas:

a = — arccos(u
1 u2) (2.12)

where u1 wasthe unit vector pointing to the ith cluster.

2.2.1. Luminosity determination
For the determinationof the luminosity no attempt was made to separatee~e—~e~eand

e~e—~ -y-y; the latterprocesscontributes—12% in thebarrelpart of the detectorbut only —1.7%in
the end-caps.Small correctionswere appliedfor background(from e+ e- —* hadrons,-r ~i - ande+ e -y)
and for detectoreffects(e.g. deadcountersandgaps).

The acceptancewas calculatedusing programsby Berendsand Kleiss, which includedall diagrams
up to order a

3 [18,20].
The luminosity was determinedseparatelyfor the barrel part (cos0 � 0.76) where an estimated

systematicerror of 1.5% was achieved(2.5% for the high-energyrunning at V~� 40 GeV), and the
end-capregion(O.9i < cos0 <0.95),wherethesystematicerror was estimatedto be 2.8%.The main
contributionsto the systematicerrorscame from uncertaintiesin the countergcometry and missing
correctionsfor radiativeeffectsof orders ~andhigher.The two luminosity valuesagreewell within the
errors(see fig. 2.4).

2.2.2. Total cross-sectionandangulardistributions
For the comparisonof the Bhabhaand -y-y data to theory the small backgroundwhich was still

containedin the selecteddata samplewas reducedby visually scanningambiguousevents.By this
procedurethebackgroundfrom e+ e- —~ hadronscouldbereducedto a negligible fraction andthat from
e~e—~-r~-rand e~e-yeventswasreducedto —0.1% at v’3=3OGeV.

Thejet-chamberinformationwasusedto separatee+ e- from -y-y final states.For -y-y events,atleast
oneenergycluster in the lead-glasshadto haveno high-energytrackpointingtowardsit. Corrections
were thenappliedfor a backgroundfrom doubly converted-y-y eventsin e+e- —~ e+e- and for the loss
of themin e+ e- —* -y°y.The conversionprobability in the material of thedetectorwasdeterminedby
determiningthefraction of e+ e- —~ -yy eventswhereonephotonhadconverted.It is —i5% at90°to the
beamdirection.Radiativecorrectionswere appliedto correctfor effectsof order ~using programsby
Berends et al. mentionedabove. The total cross sectionsfor e+ e- —~ e+ e- and e+ e- —~ -y-y for
cos0 <0.76normalizedto theend-capluminosity areshownin fig. 2.5 asa function of V~.Theyare
comparedwith lowestorder QED andthe agreementis excellent.

The angulardistributionsfor e+ e- —~ e + e- ande+ e- —~ -y-y at fourcentre-of-massenergiesareshown
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Fig. 2.4. Comparisonof the integratedluminosity determinedin thebarreland end-capparts of the detector.The errorsarestatistical.

in figs. 2.6 and 2.7. To determinethe angular distributions for Bhabhascattering,the eventswere
separatedinto “forward”, i.e. thepositive electronis scatteredat an angle0< 90°with respectto the
positronbeamdirection, and “backward”, i.e. 0 > 90°.The jet-chamberinformationwasusedfor the
chargeseparation.8% of the eventsat V~= 30 GeV had the samemeasuredcharge,partially due to
chargeconfusion after showeringin the material of the detector and partially due to the finite
momentumresolution.The samesign eventswere correctedfor statistically in eachangularbin. The
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Fig. 2.5. Total cross-sectionfor cos <0.76asa function of the centre-of-massenergyvi for ee —~e~e and e°e —~-y-y.
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Fig. 2.6. Differential cross-sectionfor e~e—~e~eat four values of Fig.2.7. Differential cross-sectionfor e~e—~-y-y at four valuesof the
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angulardistributionsfor both processesarewell describedby the predictionsof QED which arealso
indicatedin figs. 2.6 and2.7.

Deviationsfrom QED are expectedfor Bhabhascatteringdue to electroweakinterferenceeffects,
which are small and canbe calculatedin thestandardmodel. Theywill be discussedin moredetail in
section2.4. Note that the weakneutral currentdoesnot contributeto e+ e —~ -y-y in lowestorder.

Limits can be derivedfor a possiblebreak-downof QED at high momentumtransfers,which could
occur,for example,if the fermionswerenot point-like. Sucha hypotheticalbreak-downof QEDcanbe
takeninto accountby introducingform-factorsF( q2) in thecross-sections.Theycanbe parameterized
by introducing a cut-off parameterA [23,21, 22], for A —~ the validity of QED is restored,

F(q2)i~ q2(A?ED)2 (2.13)

Theform-factorsleadto a modificationof theangulardistributionaswell asthe total rate for Bhabha
scattering. The lower limits at 95% confidence level for thecut-off parametersassumingthat A is the
samein the s- and t-channelare given in table2.2 and displayed in fig. 2.9. Theyareof theorderof
200 GeV, i.e. QED remainsvalid at distancesof theorder of 10 16 cm.

For e+ e- —~ ‘y-y a deviationfrom QED could for examplebe causedby the exchangeof a heavy
electron;thedeviationsareproportionalto Q4. The modified cross-sectionis given by:

do’ a2i+x21 52 2

~71_x2L~2A~i~ .

Thelower limits on A aregivenin table2.2. The limits on the massof a newheavylepton which canbe
derivedfrom A~will be discussedin chapter8.



88 B. Naroska,e°e physicswith the JADE detectorat PETRA

?e- ~ee- JADE
1.5 I I I I I II I I I I I I I I I I I 1.5 I I I I I I I I I I I I I II I

,f~34.6GeV I~43.7GeV
a

~ ~ STANDARD

- MODEL

I I I I I I I I I I I I I I I I Q5 I I I I I I I I I I I I I I

-08 -04 00 OA 0.8 02 -0.4 00 Q4 02
cos e 39247

Fig. 2.8. Ratio of themeasuredangulardistributionfor e*e- —~e e- to the QED expectationfor two centre-of-massenergies.

Table 2.2
Lower limits at 95%C.L. for theQED cut-off parameters.For
e~e- —* e* e- ande e- —*hadronselectroweakeffectsweretaken

into account

Final state e~e p.~p. TT ~yy Hadrons

174 230 345 66.3 277
313 245 220 75.3 266

Comparisonsof Bhabhascatteringto QED and electroweaktheorieswere also done by CELLO
[24],MARK J [39],PLUTO [25]andTASSO [26]at PETRA. They cameto similar conclusionsas
describedhere.HRSand MAC [15]atPEPclaim a deviation from QEDby two standarddeviationsin
agreementwith thestandardmodel.

2.3. Productionofmuonand tau pairs

The chargeasymmetrypredictedby electroweaktheorieswas first establishedin e+ e- —~ p.~p. atan

energyof s 1000GeV2 [27,28]. Sincetheseearly resultsthestatisticalerrorhasbeenreducedand the
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Fig. 2.9. Ratio of the measuredtotal cross-sectionfor e~e e~eto the QED expectationfor Icos 01<0.76.
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range of energy has been extendedup to s 2000GeV2. The asymmetry has in addition been
establishedfor r pairs. All datawere found to be in agreementwith the standardmodel within the
experimentalerrors [29,30, 31].

2.3.1. Eventselection:e~e~
The selectionof muonpair candidatesstartedby selectingpairsof tracksof momentump > Ebeaml3

in a fiducial region of cos0 <0.80,where 0 was the anglebetweenthe trackand thepositronbeam
direction. For thedataaround34 GeV muonpairswere also analysedin the forwarddirectionaround
cos0 —0.89. The following cutswere applied:

1. The tracks must be backto backwith an acollinearitya <0.2radiansandmustcomefrom the
interactionregion within 3 mm in the np-planeandwithin 80 mm in thebeamdirection.

2. The energydepositedin the lead-glasscountershadto be compatiblewith that of a minimum
ionising particle.The particle had to be identifiedaspenetratingin the muonfilter.

3. A time-of-flight cut wasappliedto removecosmicrays.
Remainingbackgroundwas removed by a visual scan of the events. After this procedurethe

backgroundfrom Bhabhaeventsand cosmicrayswasnegligible exceptin thedataat thehighestbeam
energies,wherea backgroundof 3% from cosmicraysremaineddue to largebackgroundin theTOF
counters.It wassubtractedstatistically.

The contribution of muon pairs from two-photonscatteringwas calculatedto be 0.7% using the
programsby Vermaserenet al. [32].Tau pairs,whereboth tausdecayedleptonicallyinto a muonwere
calculatedto constitute2% of the final sample(for thedescriptionof thei~Monte Carloeventsseenext
paragraph).The total detectionefficiency was —65%.

2.3.2. Eventselection:e~e—~-r~-r
Tausdecayinto leptonsor hadronsandareaccompaniedby oneor two neutrinoswhich carry away a

fraction of energyandmomentum.The eventtopology is thus morecomplicatedthanfor muon pairs
and numerouscutswere necessaryto selecta cleantausample.The aim of the tauselectionwashigh
efficiency, i.e. all decayswereselectedexceptthosewhereboth tausdecayedinto electronsorbothinto
muonsandneutrinos(for the detailedcuts see[30]).Theeventselectionstartedfrom eventswhich had
between2 and 10 tracks of at least 100 MeV coming from the interaction region. The eventswere
requiredto form two “jets” by the following cuts: the jet-axes,which were given by thevectorsum of
themomentaof thechargedparticlesin a jet, were requiredto beseparatedby at least100°,that is the
jetsemanatedfrom thebeamroughly backto back. All particlesof a jet were requiredto be in a cone
of openingangle45°aroundthe jet-axis.If therewereonly two chargedparticlesin theeventtheywere
requiredto havemomentaabove1 GeV.

The lead-glasscounterswere usedto removeBhabhaande~eeventsfrom two-photonscattering,
andthemuonfilter wasusedto removep.~p.~ events.Multihadroniceventswere rejectedby requiring
both jets to have an invariantmassbelow 3 GeV andone of thembelow 2 GeV.

The detectionefficiency and backgroundcontributionswere calculatedusing Monte Carlo tech-
niques. Tau pairs were generatedaccordingto the QED or electroweakcross-sectionand decayed
according to the known branchingratios [12].A full detectorsimulation was applied to the decay
productsand the sameanalysisprogramsasfor thedatawere applied to theeventsgeneratedin this
way. The efficiencyof theeventselectionwasfoundto be (41.3±0.6)%which correspondedto 72%in
the analysedangularregion of Icos 0 <0.76.

In the final sample,which was obtainedafter a visual scanto eliminatebackgroundevents,the



90 B. Naroska,e ~e physicswith the JADE detectorat PETRA

remainingbackgroundwas (5.7±0.8)%.The largestbackgroundcontributionscamefrom theproces-
ses e+ e- —~ e+ e- ‘r +-r - and e + e- —~ hadrons.The backgroundfrom other two-photonreactionswas
small. The Bhabha background was estimated to be (0.6 ±0.6)%.

2.3.3. Results for muon and tau cross-sections
The datafor p. and -r pairswerecorrectedfor effectsof order a3 (diagramsin fig. 2.2) usingMonte

Carlo programsby Berends,Kleiss andJadach[33](for 7’s a comparisonwasalso madeto [34]).QED
correctionsin the Z°amplitudeswere not taken into account.Radiativeeffects increasethe total
measuredcross-sectionfor -r pairsby a factor—1.3. For muonpairs the correctionfactorwascloseto 1
becauseof the collinearity cut. The radiative effects produced an angular asymmetry,which was
determinedto be +2.0% for p. pairsand +1.5% for T pairs.The total cross-sectionsareshownin figs.
2.10and 2.11 asa functionof s; within errorsthey agreewell with theQED predictionof lowestorder
which is also shown. Possibledeviationswere parameterizedby form-factors. In contrastto Bhabha
scattering,where the form-factorsmodify the shapeof the angulardistribution, only the total rate is
affectedfor p. and T pairs:

a-= F(s)2.

F hasbeendefined in eq. (2.13). The lower limits for the cut-off parametersA obtainedfrom the
measuredcross-sectionsaregiven in table2.2. They exceed200 GeV, implying thatQED describesthe
total cross-sectionswell up to s values of 2000 GeV2 and muons and taus still behaveas point-like
particles.

The radiatively-correctedangular distributions are shown in figs. 2.12 and 2.13. 0 is the angle
betweenthepositive muonand thepositronbeamdirectionfor p. pairs.For muonpairs thenumberof
samesign trackswas negligible if a vertexconstrainedfit was used.

For -r pairs the original flight directioncould only be approximatelyreconstructed.The simulations
showedthat thebestapproximationwas given by thevectordifferenceof the two jet-axes.In order to

KIII~

0 600 800 1200 1600 2~ 2600
slOeV2)

Fig. 2.10. Total cross-sectionfor e*e_ p.~p.as a function of 5.
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Fig. 2.12. Differential cross-sectionfor e~e —~p.~p. at five valuesof 5; the full curvesrepresentthe asymmetricfits while the dashedcurves
representthesymmetricbehaviourexpectedfrom QED.



92 B. Naroska. e~e physicswith the JADE detectorat PETRA

e~e ~.i4r JADE
i.I~ I I I I I I I I I I I 12 I I I I I I I I I I I

0 I I I I I I I I I I I I I I I I L__ 0 I I I I I I I I I I I I I I I I

— -1 -0.5 0 0.5 1 -i -Q5 0 0.5 1
cos B cos0

1.. I I I I I I I I I I I I I I I

I I I I II I I I I I II ii I I
-i -05 0 0.5 1

cos e

Fig. 2.13. Differential cross-sectionfor e+e- —~TI - at two values of 5; the curvesareexplainedin fig. 2.12.

determineuniquelywhethera taupairhad beenproducedin the forward or backwarddirectionone jet
wasrestrictedto have only one chargedtrack according to which the event was classified as being
forward or backward.

The curves in figs. 2.12 and 2.13 show fits of the angulardistribution given in eq. (2.4) to the data
where C

1 and C2 were treatedas free parameters.Allowing for a non-zeroasymmetry(C2� 0) one
obtainsthe full lines which at high energiesdescribethedatabetterthan the symmetricdashedlines,
which representpure QED.

The resultingfitted asymmetriesaregiven in table2.3. The first error quotedis statistical,while the
secondone is theestimatedsystematicerror. The systematicerrorshavedifferent origins for muonsand
taus.For muonsthemain contributioncomesfrom possibleerrorsin thechargedeterminationandan
unrecognisedBhabhabackground.For 7’S, the main uncertaintieswere Bhabhaevents,two-photon
backgroundand uncertaintiesin the determinationof the flight direction of the tau.

The asymmetryvalues obtained from the JADE dataare shown togetherwith measurementsby
otherexperimentsat PETRA [26,28, 35—42] and PEP[43—47]asafunction ofs in fig. 2.14. Thereis
good agreementof the JADE datawith others at the sameenergy.The predictionof the standard

Table 2.3
Asymmetriesfor e*e p.~p.andT~T. Wheretwo errorsaregiven,the secondoneis dueto systematics

e~e—*p.~p. ee—*T~r

s (GeV
2) J L dt (pb’) Events A(%) A~

1M (%) s (GeV
2) 5L dt (pb’) Events A(%) As,M (%)

192.0 1.6 458 +2.7±4.9 —1.2 1195.0 62.4 1998 —6.0±2.5 ±1.0 —8.8
484.0 2.4 264 —10.6±6.4 —3.2 1444.0 11.8 336 +7.5±6.3 ±1.0 —11.1

1181.7 71.2 3400 —11.1 ±1.8 ±1.0 —8.7 1909.7 43.1 913 —17.0 ±3.6 ±1.0 —15.6
1444.0 11.9 422 —9.7 ±5.0 ±1.0 —11.1
1909.7 43.1 1258 —19.1 ±2.8±1.0 —15.6
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Fig. 2.14. Asymmetry asa function of s for e~e—~p.~p.ande~e—*r~’r.

model in fig. 2.14 wascalculatedusing eqs.(2.7) and (2.8) with M~= 93 GeV and sin2 Ow = 0.22. The
data are in agreementwith the standardmodel within two to threestandarddeviations.A detailed
comparisonwill follow in the next section.

2.4. Comparisonwith electroweaktheories

As explainedin the previoussectionsthe dataare alreadycorrectedfor ~radiativeeffectswhich
affect the diagramswith a photonpropagator(fig. 2.2). Correctionsfor the Z°exchange amplitudes
were also applied to the asymmetry.They consistof QED corrections— for exampleradiationof a
photon— and purely weak corrections, the most important one is the self-energyof the Z°.The
correctionshavebeencalculatedin both parameterizationsof x [49,50] andareslightly different. The
corrections are negligible for the parameterization of x by sin2~ and M~,but changethe expected
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asymmetry by roughly +0.01 if GF and sin2 0.~ are used. We shall always apply the correction to the
theoretical prediction, which is then independent of theparameterization.The electroweakcorrections
have been calculated within the standard model, i.e. assuming the existence of one Higgs doublet. They
depend very weakly on the mass spectrum of all leptons and quarks and also the Z, Wand Higgs
masses. Recently they have been extended to a model with two Higgs doublets [51]. In such a model
the predicted asymmetry is either unaffected or slightly lower in magnitude than the standard
asymmetry.

2.4.1. Determination of weak coupling constants
The simplestway to determinethe axial—vectorcouplingconstantsfor muonsand tausis to calculate

them by comparingeq. (2.7) with the measured asymmetries.The valuesobtainedatthreevaluesof s
andaveragedover all s valuesareshownin table2.4. The errorsin table2.4 includethestatisticaland
experimentalsystematicerrors. The error due to the uncertainty in the Z mass is negligible in
comparisonwith the experimentalerrors.The valuesof aea~agreeapproximatelywithin one standard
deviationwith the expectationand thosefor aea~within 1.5—2 standarddeviations.Within statistical
andsystematicerrorsuniversalityof muonsand tausis confirmed.

The constraintson the weakvector couplingscomemainly from the total cross-section.Assuming
againM~= 93 GeV andsetting aea�= 1 one obtains, averaging over all energies:

VeV.~= 0.07 ±0.37, I/eDT 0.20 ±0.34.

The quotederrors are statistical, a normalisationerror of typically 4% leadsto a systematicerror
approximatelythreetimes the size of the statisticalone.The resultsdependonly weaklyon the exact
value of aeae.Both measurementsare in agreementwith thepredictionof thestandardmodel,which is

= 0.017 with sin2 Ow 0.217. Thelargeerrorsof thevectorcouplingconstantsarecharacteristicfor
leptonic e+ e - reactions since the predicteddeviation of the total cross-sectionfrom QED due to
electroweakeffects is small; it is approximately0.8% at s = 2000 GeV2, well below the measurement
errors,seefig. 2.15.

ForBhabhascatteringthe predictionof the standardmodelwith ae = —1and Ve = —0.13 is shownin
fig. 2.8. The electroweakcontributionsonly leadto a smalldeviation in the angulardistributionwith
respectto QED. The expecteddifferenceat cos0 — —0.2 is approximately2% at s = 1195GeV2 and
4.4%at s = 1909.7GeV2. The experimentalerrorsaresimilarat the lower s value andtwice as largefor
the highervalue of s. Undertheassumptionthat theweakneutral currentis describedby thestandard
model theweakcouplingconstantsfor electronswerededucedfrom a fit of the high energydata to eq.
(2.11). They are shown in line 1 of table2.5 and areclose to the expectation.

The experimentalresultsfor the axial—vectorandvector couplingconstantsof electrons,muonsand
tausare consistentwith universality. So one canassumeuniversalityandperformtwo-dimensionalfits
with v,~.and a

1 as free parameters. Their small correlationwill thenalso be takeninto account.The fit

Table 2.4
Measuredaxial—vectorcoupling constants

s 1182GeV
2 1443GeV2 1909GeV2 Average

a a 1.27 ±0.24 0.88 ±0.47 1.22 ±0.20 1.21 ±0.14
aa 0.68±0.30 —0.68±0.57 1.09±0.25 0.76±0.18
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resultsassuminge—p. or e—-r universalityare shownin lines 2 and 3 of table2.5. Finally acommon fit
wasmadeof all data,assuminge—p. —‘r universality; the resultsare shownin the last line of table 2.5.
The predictionof thestandardmodelfor the axial—vector couplingconstantis confirmedwith an error
of 8%.

The weakcoupling constantshavealsobeendeterminedin neutrinoscatteringoff electrons,which is
also a purely leptonicprocess[53].There,two setsof solutionsexist, oneof which is excludedby the
e~emeasurements.The remainingsolution is [52]:

ae = 2g~= —0.990±0.052, ~e = 2g~= —0.076±0.094

in good agreement with the e+ e - valuesassuminglepton universality.

2.4.2. Determinationof sin2 Ow andM~
We havecomparedthe predictionsof the standardmodel for the chargeasymmetryA and the

normalisedcross-sectionR (eqs.(2.7) and(2.10))with themeasuredmuonand tauasymmetriesandR
valuesusing the parameterizationof x as in eq. (2.8) with M~and sin2~ as free parameters.The
contoursof 68%and95%CL. areshownfor p. pairs in fig. 2.16. The limit at95%C.L. is also shown
for a combinedfit to p.- and\-r-pairdata. The contourextendsalong the predictionof the standard
model, its “width” is relatedto theerrorsof the measuredangularasymmetryandthe “length” (and

Table 2.5
Couplingconstantsfrom 2-parameterfits andresultsfor sin2 Ow
Input la�I mel sin2 Ow
e~e 0.96~~ 0.30±0.33 0.26±0.10

1.11±0.11 0.36±0.50 0.16i~
* 0.88~~ 0.50±0.31 —

+ — + ..- + — +0.14 *0.03e e , p. p. , s r 1.02±0.08 0.3502, O.200.02
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also the splitting into two regions)dependsstronglyon thenormalisationerror[56].Dueto theshapeof
this contoura simultaneousprecisedeterminationof sin

2 Ow andM~arenotpossible.Fixing oneofthe
two parametersleadsto the following results for a combinedanalysisof muonsand taus:

sin2 Ow 0.20~~±0.01 with M~= 93 GeV fixed.

The seconderrorof sin2 Ow is due to anuncertaintyof ±2 GeV in M~.The resultchangesonly slightly
when theBhabhadataare also included,while p. pairs alonegive a lower value (table2.5).

Using sin2 Ow = 0.217 the massof theZ is determinedto be:

M~=(91±4)GeV forp.p.,rr.

Muon dataalonegive 89 ±5 GeV.
In fig. 2.17our valueof sin2 Ow is comparedwith otherrecentvaluesof sin2 ~ determinedin other

e+ e- experiments[25,38, 41] and a combinedresult from all results from PETRA andPEP[54].In
additionresults from neutrino—electronscattering[53],recentresultsfrom thep~collider [195]and the
newpreciseresultsfrom neutrino—nucleonscattering[55]areshown. Agreementwithin theexperimen-
tal errorsis observed,althoughall valuesfrom e+ e- annihilationareless than0.20, while theothersare
systematicallyabove.

2.5. Testsof QED in processesof order a3 and ~

The testsof QEDwhich havebeendescribedso far weremainly testsof thecross-sectionsto lowest
order in a and involved contributionsfrom higherordersonly ascorrections.In this sectionresultson
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reactionswill be discussedwhich are describedby diagramsof order ~and a“. The resultsserveas
testsfor QED and for the calculationof thehardradiativecorrections.

The processesof order ~ and ~ studied by JADE are summarizedin table 2.6. The QED
calculationsup to order ~weredoneusing Monte Carloprogramsprovidedby Berendseta!. [18,19,
20]. The calculationsfor the ~processeswith two photonswere doneaccordingto a prescriptionby
Berendsetal. [60].Thecalculationsof thefour-leptonfinal statesusedtheprogramby Vermaseren[32]
and for comparisonthat by Berends,Daverfeldt andKleiss [61].

Many experimentaldistributionswere comparedwith the predictionsof QED; agreementbetween
dataand theory within statisticswasfoundnearlyeverywhere.Herewe will show a few characteristic
distributionswhich will be accompaniedby a brief descriptionof theanalysisprocedure.Theselection
cuts aresummarizedin tables2.7 and2.8. More details can be foundin [17,57, 58, 59].

2.5.1. e~e—~e~e~y,yy-y, eI-e’yy and ~

The final statese~e~y,-y-y-y, e~e~y-yand ~y-y-yywereselectedby mainly using the lead-glassshower
counters.The cuts are listed in table2.7. Final stateswith photonsonly were distinguishedfrom those
with electronsandphotonsby appropriatecutson thenumberof “neutral” clusters,i.e. clusterswhich
were not connected with a charged track. The selected events were scanned visually to verify that they
correspondedto the desiredtopology. The numberof resultingeventsaregiven in table2.6. Sample
distributionsof photonenergyandpolarangleand theinvariantmassofelectronandphotonareshown
in figs. 2.18—2.22. The agreement in rate anddistributionsbetweendataand theorder ~anda4 QED
calculationswhich are also shownis in generalgood.
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Table 2.6
Data for leptonicprocessesof ordera

3 and a4

Final state (v~1)(GeV) JL dt (pb’) Events Prediction

e~e~y 34.4 115.7 3227* 3320±9
(e)e-y 34.4 115.7 3230* 3127.3 ±4.8
y~y~y 34.4 115.7 246* 235±4

e~ey-y 34.4 115.7 176 170±5
-y~y-y-y 34.4 115.7 10 9.0 ±0.3

35.1 99.5 340 332.4±4.2

35.0 80.6 16 11.7
36.6 89.0 112* 100±4

T*T~y~Y 36.6 89.0 94* 9.7 ±1.2
e*e_~p._ 36.4 94.0 8 8.5 ±0.5
e~ee’e 36.4 94.0 13 11.8 ±0.6
e~ee~p. 36.4 94.0 0 2 ±0.5

* Corrected for background and efficiency.

In a few distributions deviationsbetweendataand QED are foundwhich cannotbe explainedby
detectoreffects. For example,the sum of the three clusterenergiesin e~e—~ e~e~yhas a wider
distributionthanexpected,seefig. 2.23. This is due to a4 effects,in particularemissionof two photons
one of which is not detected.Using this deviationonecanestimatean upperlimit on the error of the
luminosity measurementdue to missing ~corrections,it is <1%.

e~e—* (e)ey: Twovisible clusters
A specialeventselectionwas madefor e~e—~ (e)e~ywhere one electronwasnot registeredsince it
escapedinto the beampipe. The cross-sectionfor such a topology is large due to the t-channel
contributionwhich resultsin a largeforwardpeak.TheQED predictionfor theseeventsin theextreme
forward direction could not be calculatedwith the standardQED programs.Insteadan approximate
procedurewas used:radiationof photonsor the incomingelectronsfollowed by Comptonscatteringoff

Table 2.7
Cuts for theprocessese~e—*e~ey,(e)e-y, -y-y-y, ee-ry and -y-y-ry

Selectionby lead-glassclustersof energiesE
1> E

anglebetweenclustersi and j.
remaininglead-glassenergyoutside selectedclusters.

Final state Lead-glasscuts Angle cuts Neutralclusters

e~e-y 3 clusters(barrel) O~> 10°; i, j = 1,2,3 �1 for e*e_.y

y.y~ E1,E2>V116;E3>V1/20 012+023+031>350°
E, + E,+ E3>0.75V1

(e)ey 2 clusters(barrel) a >100 1

E1+ E2>0.50V1
E,0,, <1 GeV

e~e~ry 4 clusters (2 in barrel) O,~>100; i, j = 1 4 2 for e*e~ry
E1,E2>V1/8 �3for-y-y-y-y
E3, E4>V~I40
E1+ E2+E3+E4>0.75V1
E,001<1GeV
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Table 2.8

Cuts for the processese~e—p.~p.~y,I.L p.Ty, TT~y ands~’r~-~-~
p.p..y and p.~p.~y~y

Exactly two tracks (p>0.06 GeV)arerequiredwhichdeposit<2.5GeV in the lead-glassandone(two) photon(s),of
energiesE

1 > E2.
= remainingneutralenergyapart from selectedphotons.

Final state Lead-glasscuts Angle cuts Othercuts

E1 >1GeV O.~>20° E01~> (
2/3)v’l

E
0,~1<1GeV E (openingangles)>3550 mv. mass(p.p.)>l.2GeV

1/3 � E~,~~/EI,*
1<3

p.p.’ry E
1 >1GeV, >150 E~1~>0.25V~

E2>0.5GeV ~ (openingangles)> 355° momentum balance

all otherphotonshave
energy<0.5GeV

~ and ~

Start from s-pair sampleanddemandone (two) photon(s)of energies:E1> E2.
~ remainingenergyoutsideselectedphotons.

Final state Lead-glasscuts Angle cuts Othercuts

E1>0.5GeV O~,>30° Sum of momentaof r decay
E,0~,<1GeV E (openingangles)>350° products>!0eV

E1, E2 >0.5 0eV O~,>30° Sum of momentaof r decay
~ <0.5GeV 9~.~>10° products>!GeV

E (openingangles)>350° mv. mass(~y-y)>0.5GeV

thepositrons(or vice versa). The photon spectrum was calculated in the equivalent photon approxima-
tion [62].Anothercontributioncomesfrom the ~reactione+ e- —~ °y-y~-ywhereonephotonescapesinto
the beampipe and a secondoneconvertsin thematerial of the detector.It wascalculatedusing the
programsby Berendset al. The sum of the two contributionsgiven in table 2.6 is in reasonable
agreementwith the observationtaking into accountstatisticaland thenormalisationerrors.Distribu-
tions of dataand predictionsareshownin fig. 2.20 andgood agreementis observed.

~ Nev ~‘e~’’
1’~’

rO.8II-aI4OOO4O~

Ey/Eb COS&~,

Fig. 2.18. e~e—~-y~y-y:a) ET/Ebe*m (3 entries/event);b) polarangleof thephoton(3 entries/event).Thehistogramsshow thepredictionsof QED
to order a3.
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+— + — + —2.5.2. e e -3p. p. y and p. p. -y°y
The selection cuts for p.~p.-y and p.~p. -y°y are given in table 2.8. Two tracks and one or two

well-separatedphotonsarerequired.Cutson the sum of theopeninganglesensuredthree-or four-body
kinematics.A visual scanverified that the eventscorrespondedto thedesiredpattern. In the scanthe
trackswereobservedto be compatiblewith beingmuonsalthough no identificationwasrequired.The
numberof eventsare given in table2.6.

The remainingbackground(mainly ‘rT events)wasestimatedto be <2%. The a3simulationsfor
this processreproducethe photonenergyand theangulardistributionsshownin fig. 2.24aandb well.

The angulardistribution2.24b showsa strongnegativeasymmetrywhich is due to the interferenceof
amplitudeswith initial and final stateradiation.The measuredasymmetryis A = —(39 ±8)% and from
QED one expects—(34±0.6) %- Taking into accountalso electroweakinterferenceeffectsoneexpects
—(40±0.6)%. The experimentagreesalso with this predictionwithin errors.The contributions from
the amplitudesfor initial and final stateradiationcan be varied by cuts on the photon energy.The
asymmetry as a function of photon energy is shownin fig. 2.24c. It is also well reproducedby a3 QED
with and without including electroweakinterference.

— 80 JADE

___ 10 ~~~___

cose~cos0~-

c)

-0.2 -

ceo
-03 k~

-0.4 ~ -

OED
,weOk

-0.5

-0.6

00 02 0.4 0.6 0.8 1.0

E.,
111E b
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RecentlyCELLO hasobservedan excessof eventsat high p.’y masses[63].We haveappliedtheir
cuts to our p.~p.-y datasample,but we do not observesuchan excess:for M(p.~p.)� 0.1V~andthe
lower masssolutionof M(p.-y) � 0.1v~weobserve265 eventsandexpect269.8. At a massgreaterthan
0.8v’~thereare20 eventsand 21 areexpected.Agreementwith QED is alsoobservedby theMARK J
Collaboration [64].

For the ii~p.-y-y events(selectioncuts in table 2.8) one trackwasdemandedto be a muonand they
werevisually scannedto removeremainingbackground.After a kinematicalfit with fourconstraintsthe
estimatedbackgroundwasnegligible. The distributions of muon andphotonenergyshownin fig. 2.25
agreewell with the calculateda4 distributions.

2.5.3. e~e—*’r~’r-yand ~~°y’y
In ‘r decays there is a high probability of observingphotonswhich comefrom ~r°decaysand tendto

be close to the chargeddecay products.In selecting‘r~’r-yeventsan isolatedphotonwell-separated
from the ‘r decayproductswasthereforerequired.The selectionstartedfrom the tau sampledescribed
in section 2.3.2. The additionalcuts appliedto the ‘r datasamplein order to select‘r~‘r - -y events are
listed in table 2.8. The eventswere scanned and remaining background estimated by Monte Carlo
methods. The number of eventsafterbackgroundsubtractionis given in table 2.6. The background
from non-radiative events among them was estimated to be 0.5%. Experimental distributions of the
photon energyand angleand the ‘r polar angle are compared with the predicted distributions in fig.
2.26. Good agreementis observed.

The angulardistributionof ‘r’s (fig. 2.26c) showsa similar asymmetryastheone from p~p.-y events.
The measured asymmetry is A = —(28 ±9)%, QED predicts —31% and the standardmodel —36%.
Again thedataagreewith both predictionsandcannotdistinguishbetweenthem.

The distributionsof -r~’r’y-yevents(eventnumbersin table2.6) areshownin fig. 2.27. Agreement
with the a4 predictionsis observed.

2.5.4. e~e—*e~ee~eand e~e~e4ep.~p.
Eventswith four chargedparticlesweresought,two of which wereassociatedwith clustersof energy

E> Ebeaml3 in the fiducial region of the lead-glassarrays. The acollinearity between these so-called
“tagged electrons”hadto be largerthan 100 to avoid Bhabhaeventsand less than 170°to ensurea
spatial separation.The correspondingmomentumtransferis Q2 > 9.2 GeV2.

10 10 I

~
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1~

Ey/Ebeam E~j/Ebeam

Fig. 2.25. e’e — p7 ~yy: a) E

3/Ebam (2 entries/event); b) E0/E4~,,,(2 entries/event).Thehistogramsshowthepredictionsof QED to ordera
4.
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Fig. 2.26. e+e_~_*T*r~y:a) E,, b) polarangleof thephoton;c) polar angleof the s~with respectto the e~andof the r with respectto thee
direction (2entries/event).

The requirementson the� - candidateswere: momentaabove50 MeV and for one trackat least
1 GeV, both had to havepolaranglesabove 15°.All tracks should be separatedfrom all othersby at
least10°.After thesecuts a few eventswhich containedhadronswere removed;thenthe eventswere
classifiedase+ e - e+ e - if they containedone identifiedelectronin additionto the taggedelectronsand
ase+e - p.~p.~ if they contained one identifiedmuon. No eventwasfoundwhich containedan electron
and a muon.

A kinematical fit with four constraintswas performedand eventswith a bad x
2 were eliminated.

They were probably due to missing neutrinos or radiative photons. 8 e + e- ~.Cp. and 13 e + e - e + e -

eventswere left, of which 0 and 1 respectivelyhad an additionalphoton of energyabove 1 GeV.

NEV I I la)I U I I ~~‘e—t~’~ U ‘1 NEV .~ UI I I I e~e—~.t~tyy I

00 10.12 I 0.6 o.a ~i ~i

E’qiE~ cos~’y

Fig. 2.27. e e- —*T ~-r’~y-y: a) EyEb_
0_(2 entries/event); b) polar angle of the photons (2 entries/event).The histogramsshowthe predictionsof

QED to ordera
4.
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Fig. 2.28. Diagramscontributing to e~e-4e~ee~e:a) multipenpheral, b) bremsstrahlung, c) annihilation andd) conversiondiagrams.
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Fig. 2.29. e~e-*e~ep7~ande~ee~e.a, b) E,/EbOm; c) cos°~d) cos 0,; e) minimum mass oftwo electronsfor e*ee+e; 1) minimumof
thetwo-electronand thetwo-muonmassesfor e e p7~‘. The histogramsshowthe predictionsof QED to order a
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The Monte Carlo calculationswereperformedaccordingto Vermaserenet a!. [32]including only the
multiperipheraland bremsstrahlungdiagrams(fig. 2.28aand b). The programby Berendset al. [61]
includedalso contributionsfrom conversionandannihilation diagrams(fig. 2.28candd). Theselatter,
diagrams were foundto contribute—13% to thee”e’p.”~[ final stateand2% to the four-electronfinal
stateif all generatedparticleswere requiredto havepolaranglesabove 10°.Within statisticsthe two
programsgave compatibleresults. In table 2.6 and fig. 2.29 dataare comparedwith the Vermaseren
calculations,the agreementis reasonablein view of the limited statistics.

CELLO [65]hasfounda small deviationin the final statee+ e- p.” p.: The numberof eventsat high
invariantmuonmasseswas largerthantheexpectation.In our eventsamplewe do notobservesuchan
excess, see fig. 2.29f.

3. ‘r decaybranchingratios

Productionanddecayof the T lepton have been extensively studied at all e + e - storagerings andall
measurementsso far agreewith the predictionsof the standardmodel [66,67], in which the T is a
sequentiallepton belonging to the third family. The testsof the neutral currentsector which were
performedwith theJADE detectorwere describedin chapter2. Herewe shall discussT decays,which
probe the chargedcurrentsector.

The i is the only known lepton which can decayinto hadrons,and thus providesmeasurementsof
couplingsbetweena lepton and quarks.Branchingratiosfor manydecaychannelsof the ‘r havebeen
measured[164].For thedecaysinto only onechargedparticlethereis a small differencecorresponding
to 3 standarddeviationsbetweenthe sum ofthemeasuredexclusiveone-prongbranchingratiosand the
topological branchingratios [68,69, 70].1 Therefore the measurementof the inclusive and exclusive
branchingratioswith increasedprecisionis of interest.The high energyavailableat PETRA facilitates
such a measurementsince it allows a cleanerseparationof T events from hadronic events than was
possible at SPEARand DORIS I energies.

JADE has presentedprecisemeasurementsof the inclusive branchingratios for one and three
charged particles [30]and also of the exclusive ones for i~—~evTve,p.v~v,~and ITvT [71]. A data sample of
clean T events obtained with the cuts described in section 2.3.2 was used corresponding to a luminosity
of 62.4 pb1 at an average centre-of-mass energy of 34.6 GeV.

3.1. Topologicalbranching ratios

The observed multiplicity distribution of charged tracks in ‘r decays is shown in the first line of table
3.1, after a correction for background the numbers in the second line were obtained. e + e - pairs from
photonconversionshavebeensubtracted.Besidethe expectedeventswith one, threeand five tracks
therearenon-negligiblenumbersof decaysinto anapparentlyevennumberof tracks.Theyresult from
severalsources:a track from a genuinethree-trackeventcanbe lost becauseof the finite doubletrack
resolutionof the innerdetectoror becauseit does not satisfy the trackselectioncriteriaor becauseit
interactsin thematerial in front of the jet-chamber.On theotherhandan additional trackcan come
from an unrecognizedphotonconversionor from ir°Dalitz decay.

These effects were included in the Monte Carlo program,which was then usedin an unfolding
procedureto fit thedecaybranchingratiosinto one, threeand five chargedtracks.After correctingfor

A summaryof thesituation with respectto the theoreticalcalculationsis givenin [70].
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Table 3.1
Observedand simulatedmultiplicities

Observedmultiplicity

1 2 3 4 5

Data raw 3374 327 624 23 8
Data corr. 3213.4 287.7 574.2 17.4 5.8

M-C sum 3232.9 256.2 587.9 15.5 6.4

M-C 1 3197.3 150.9 56.5 4.2 0
M-C 3 35.3 104.4 528.0 6.1 1.0
M-C 5 0.3 0.9 3.4 5.2 5.4

theefficiencies,which dependslightly on the multiplicity, the following valueswere found:

BR1 = (86.1±0.5 ±0.9)%,

BR3 (13.6 ±0.5 ±0.8)%,

BR5= (0.3 ±0.1 ±0.2)%.

The main contribution to the systematicerrors, which is the second error quoted, is due to
uncertaintiesin modellingthedetectorwhereasuncertaintiesin backgroundandefficienciesonly leadto
small systematic errors. The systematic error in BR5, however, is dominated by the uncertainty of the
backgroundsubtraction.

The multiplicity distributions, generated with thesebranchingratios are shownin table 3.1 in the
lines labelled “M-C” for each generated multiplicity and for the sum. The sum coincides with the
correcteddata.

The measured values for the topologicalbranchingratiosaredifferent from thoseobservedat lower
energies [12]but compare well with the values obtained recently by other experiments at PETRAand
PEP [35,40, 67, 68, 72].

3.2. Measurement of the branching ratios for i—* evevT, i~—~p.v,~v~and ~ i~v~

For the determination of the leptonic and the pionic branching ratios i events with one isolated track
were used, which was separated from all other track(s)by at least 100°.A lower momentumcut of
1 GeV was applied on the isolated track, and its polar angle was restricted to Icos 01 <0.76 to avoid
inefficienciesat the edgesof the lead-glassshowercounters.It wasfurther requiredthat therebe no
photon of more than 300 MeVwithin 30°of the isolated track.

Electrons were identifiedusing the lead-glassarrays.The ‘r decayinto a chargedand a neutral i~,

which overlap in space, is the main background for electrons. It was reducedby requiring good
matchingbetweenthe extrapolatedtrack impact point on the lead-glasscounterswith the centre-of-
gravity of the energycluster.The cuts were:

el. I~I<1.5°and lL~0l<5°,where I~QIis the azimuthal difference of the extrapolated track and
the energy cluster and I~°Ithe differencein polar angle.

e2. EShIP> 0.80, whereESh is the measured shower energy and p the track momentum.
The distribution of EShIp is shownin fig. 3.1 for dataandsimulatedelectronsfrom ‘r decayandalso for
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Fig. 3.1. Ratio of lead-glassenergyEto trackmomentump for theidentificationof electronsin -r decays.The histogramshowsthesimulateddata,
theshadedhistogram showsthebackground.

thebackground.A total of 523 electronswas found. The electrondetectionefficiency wasestimatedto
be 90.1%.The probability of misidentificationwas7.6%,which was mainly due to semileptonicdecays
with singleormultiple ~ wheretheclusterof thechargedhadronoverlapswith that ofaphotonfrom
a ‘rr°decay.

For the selection of pions andmuonsa non-showeringtrackof momentump> 1.8 GeV wasrequired
which was then classified with the help of the muon filter. The track was required to hit a part of the
muonfilter where at leasttwo chambersalongits path wereactive. To becalleda muoncandidatethe
following requirements had to be met by a track:

ml. The energy deposited in the lead-glassarrayswas not greaterthan 1 GeV.
m2. At leasttwo muonchambersalongtheextrapolatedtrackpathoutsidethe magnetyoke had to

haveregistereda hit.
The numberof observedmuonswas 544, which includes a small background from other ‘r decays
(mainly into singlechargedpions) of 1.7%. The probability of muon identification was77.7%.

Pions were required to fulfill:
p1. Not more than one muon chamberalong the extrapolatedtrack path was allowed to have

registered a hit.
p2. I~~I<2°and I’~°I<5°.
p3. EShIP<0.70.

After thesecuts 372 candidatesfor the decayr—~‘rrvT were found. The probability of IT identification
was determinedto be 61.7%and the misidentificationprobability to be 14.4%,mainly from thedecay

—~ pv, andwith a small contributionfrom muons.
The branchingratioswere calculatedaccordingto:

BR1 = BR1, (3.14)

whereN~andN~arethecorrectednumberof i decaysinto a particleof type i (i = e, p., IT) andinto one
chargedparticle,s~ande~arethecorrespondingefficienciesof identifying thedecaymodeincluding the
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efficiency of the selectionof ‘r-pair eventsand BR1 is the branchingratio for the ‘r decay into one
charged particle. The use of the aboveexpression,ratherthan the integratedluminosity andthe total
cross-sectionfor normalisation,hastheadvantagethat thesystematicerror is reduced.The uncertainty
in the luminosity measurementdoesnot enterthebranchingratio determinationsandtheeffect of the
errors in the efficiency and backgroundcalculation are smaller since only the relative errors are of
significance.The effect of themajor backgroundcontribution,e+e - —~ e + e - +‘r, is also reducedsince
the efficiency dependsonly slightly on the productionmodeafter theselectioncuts.

The number of corrected decays N~(line 2 of table 3.2) was obtained from the number of observed
events by subtracting the backgrounddue to misidentification of other i~decay modes and the
backgroundfrom other reactions (e.g. two-photon processes,Bhabha scattering, e+ e - p.~
determined using simulated events. A correction for event losses which were not includedin theMonte
Carlo calculationof theefficiency the largestof which were eventlossesdue to nuclearinteractionsin
front of the jet-chamber.Forelectronsa lossdue to a Bhabharejectionalgorithmin aneventfilter used
for part of the data was corrected for. The corrections and the final numbers of events are listed in table
3.2, where also the number of one-prong decays before and after similar correctionsare listed. The
efficiencies for the various decay channelswere calculatedusing Monte Carlo techniques.The
efficiencieswith which a trackwas identifiedasa leptonor pion includingthe efficiency for theselection
of ‘r-pair events are also given in table 3.2.

The results for the branching ratios are, using the world averagefor the one-prong decay of
BR1 (86.7±0.3)% which agreeswell with our measurementbut hasa smallererror [35,67]:

BRe (17.0±0.7±0.9)%

BR~= (18.8±0.8±0.7)%

BR~= (11.8±0.6± l.1)%

wherethe first erroris statisticaland thesecondonesystematic.Theresultfor BR,, wascorrectedfor a
backgroundfrom the i~decayinto KvT, using B(T —÷KvT) = (0.59±0.18)% [73].The systematicerror
results mainly from uncertaintiesin the efficiency calculationand the Monte Carlo simulation of the
detector, and was estimated by varying the appropriatecuts. Other sources of error were the
determinationof backgroundandevent-lossesand thescanof thedata.The measuredbranchingratios
agree,within the errors, with the values calculatedusing the total cross-sectionand integrated
luminosity for normalization, which are (16.1±0.7±1.0)%, (17.8±0.8±0.8)% and (11.2±0.6 ±

l.2)% respectively.The resultsare also in agreementwith previousmeasurementsperformedby other
experiments[12,74].

Table 3.2
Determinationof exclusiveT branchingratios

Electrons Muons Pions 1 chargedparticle

Selectedevents 523 544 372 3024
Corrected events 515 558 328 3192

Subtractedbackgroundfrom taudecays(%) 7.6 1.7 14.4 —

Subtractedbackgroundfrom otherreactions(%) 5.0±2.0 3.5 ±0.8 7.8±2.2 4.7
Eventlosses (%) lii 7.8 10.3 10.3
Efficiency (%) 28.0 28.8 25.6 34.1

Branchingratio (%) 17.0±0.7±0.9 18.8±0.8±0.7 11.8±0.6±1.1
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The ratio BR~/BReis calculatedto be 0.973 using e—p. universality [75]. The measuredvalue
1.10 ±0.07±0.06 agreeswell with this prediction.Thereforethe branchingratios BRe andBR~were
determinedusing e—p. universalityas a constraintand the following valueswere obtained:

BRe = (18.2 ±0.8)%, BR~= (17.7±0.7)%.

Using this value of BRe and the relation to the life-time:

G~m5BR(’r—* ev,ve)= TT~F(T—3eVTVe) wtth F(T—~evTve) =
192 IT

one determines 1T to be (2.90 ±0.13) X 1013 sec in good agreement with direct measurements [68,76].
The decay~—* ‘rrv, involves the coupling of theweakaxial—vectorcurrentto thepion,which hasbeen

accurately determined in pion decay measurements. Using the measured pion decay rate [12], the
theoreticalpredictionfor the ratioof thebranchingratios of tausdecayinginto pions and into electrons
is (BR,,/BRe)th = 0.607. The value of BR,,/BRe= 0.647±0.039±0.061 derivedfrom our resultsis in
good agreementwith the prediction. The measuredvalueof BR,, is also in good agreementwith the
theoretical expectation of BR,, = (10.7±0.8)%, calculated from the measured ‘r life-time [68].

As a conclusiononecansay that themeasurementsof the topological branchingratiosinto one and
threechargedparticlesand the exclusiveonesinto electron,muonandpion arein goodagreementwith
new measurementsat PEPand from MARK III at SPEAR. Theoretical relationsare well fulfilled.

4. Total hadroniccross-section

4.1. Introduction

Hadronproductionin e+ e- annihilationis, in thequarkpartonmodel,describedby pair production
of quarks(fig. 4. la) and their subsequenthadronisation.The total cross-sectionfar abovethe quark
thresholdsis given by:

o~(e’~’e—~hadrons)~ 2 . 4ITa2
Rhad = = 3 L Qq with o~= . (4.15)

q S

The sum runsover all known quarks,q = u, d, c, s and b at PETRA energy,and Qq denotes their
electric charge. The factor 3 takesinto accountcolour. In addition, contributionsfrom QCD processes
(fig. 4. lb andc) andZ°exchangeareexpected.Takinginto accounttheircontributionsthecross-section
ratio then becomes [77]:

Fig. 4.1. Lowest orderdiagramsfor e e —~hadronsincluding Z°exchangeand QCD contributions.
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Rhad=3~(i+ ~ ~505)c~~+(i+ ~ r~t)CAA (4.16)

with

= Q~q—
2QqVeL)qX + (tt~ + a~)v~~2 (4.17)

CAA = (v~+ a~)a~~2. (4.18)

x wasdefinedin chapter2, eq. (2.5). The values of weak vector andaxial—vectorcouplingconstantsye,
vq, aeandaq predictedby thestandardmodelare given in table2.1. a is the fine structure constant and
a~is theQCD coupling constant,which is in first orderrelatedto,the QCD scaleparameterA by:

l2ir
a = (4.19)

S (33—2N
1)ln(sIA,)

where Nf is the number of flavours. The QCDcorrection functions r~05and~ theso-calledSchwinger
terms,dependon

2mqh/~.They approach1 for mq/’./~—~O.In this limit the QCD correctionin eq.
(4.16) reducesto the well-known 1 + a~/iT. Since the massof u, d and s quarkswas neglected,the
c-quark mass was assumed to be 1.5 GeV and that of the b-quark 5 GeV, these QCDcorrections are
importantonly for the heavy quarks.

The QCD correctionsresult in an increaseof Rhad by —4%, which is almostindependentof s. The
electroweakcorrectionleadsto an energydependenteffect, which, for sin20~=0.22 is approximately
+5% at V~= 45 GeV, while it is small around V~= 14GeV. In view of the size of theseeffects the’
measuredtotal hadroniccross-sectionwill only providea meaningfultool for a comparisonwith theory
if its errorsare small enough.Theerror of Rhad is dominatedby systematiceffectsandan effort was
madeto minimize them. The systematicerror achievedis ±3%(3.4%) at v’~~-— 34 (—43) GeV and is
mainly a normalizationerror. A similar effort hasbeenundertakenby MAC [80].MAC tookdataonly
at one centre-of-massenergyV~= 29 GeV andhasachieveda normalisationerrorof 2.4%.

4.2. DeterminationofRhad

The experimentalevaluationof Rhad is done using the following expression:

R N-NBG1

had Le(1+8) o~,

where N is the number of multihadronic events, NBGthe estimatednumber of backgroundevents
containedin the sample,L is the integratedluminosity, e is the acceptanceand 1 + 8 correctsfor
contributionsfrom QEDdiagramsup to ordera ~. In the following thedeterminationof the factorsand
their systematicerrorswill be discussed.

Selectionof multihadronic events
The selection procedurefor multihadronic events will be describedin some detail, becausethe
multihadronicdatasets arenot only usedto determineRhad~but will also be usedfor studiesof QCD
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and fragmentation, for investigationson inclusive particle production and for the search of new
particles.

The following cuts were applied to selectmultihadronicevents:
1. In order to be acceptedan eventhad to deposita minimum showerenergyeither in the barrel

partof the lead-glassdetector(EBAR), or in eachend-cap,EEC. The cuts were:

<7 (GeV) EBAR (GeV) EEC (GeV)

<16 >1.2 >0.2

16—24 >2.0 >0.2
>24 >3.0 >0.4

2. At least3 chargedparticleswere reconstructedin the jet-chamberandcamefrom the interaction
region, a cylinder of radius30 mm anda lengthof 350mm aroundthe interactionpoint of thebeams.

3. Among the tracks at least one had to be registeredwith at least24 points (henceforthcalled
“long” track).
Events passing thesecuts were separatedinto two classes:the first class, which was immediately
accepted,contained“safe” events;they had at least7 long trackswhich did not belongto converted
photon pairs and camefrom the vertex region. The secondclass,which did not fulfill thesecriteria
(roughly 50%), wasvisually inspectedby physicists.The criteria for the visual inspectionwere:

4. At least4 chargedparticleswhich werenot part of e+ e- pairscamefrom the interactionvolume.
5. Among the tracks at least3 had to be long.
6. If therewere only 4 chargedparticlesin the event,threeof them should not be in the opposite

hemisphereof the fourth. This requirementrejectedT pairs.
The eventsof this datasamplewhich is calledthe “extendedmultihadronicdataset” containsmostly

multihadronic events from e’4’e annihilation and two-photon exchange; in addition there is a
backgroundfrom beam—gasandbeam—wall interactions.For the final selectionof annihilation events
the visible energyE~

15,whereE~~5= ~ p~,andlongitudinal momentumimbalancePbal = ~ p~’/E~1~were
calculated,where the sumsincludechargedand neutral particles.The following final cuts were then
applied:

7. E~5� vi~/2.
8. JPbStI~0.4.
9. The eventvertexin thez-directionshould be within 150mm of the interactionpoint.

The distributions of someof the variablesusedfor cuts are shown in fig. 4.2 comparedwith model
calculationswhich are seento describethe datawell.

Determinationof background
T pairs will contribute to the backgroundonly if they result in eventswith more than 4 charged
particles.If, however,theeventtopologyis distorted,for exampleby initial stateradiation,a taumight
be missedby the scanners.Theseeffectswereestimatedby Monte Carlosimulationandgavea mean
correctionto Rhadof (2.4±1.5)%, wherethe errorincludestheuncertaintiesintroducedby thevisual
scan.

Two-photonscatteringwasalso estimatedby a Monte Carlo simulation [32,81],wheretheprocesses
in fig. 4.3 were included.The VDM-like process(fig. 4.3a)leadsto a low visible energybecausethetwo
scatteredelectronsusuallystay in thebeam-pipe;thereforethis backgroundwasefficiently removedby
cut 7. The estimatedbackgroundat 35 GeV is (0.5±0.5)%,where theerrorreflectstheuncertaintyin
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Fig. 4.2. Distributions for the selection of multihadromc events.

the cross-sectionu(yy—+ hadrons). The contribution from the other diagramswas estimatedto be
(0.7±O.5)%. This number was checkedby comparing the observednumberof eventswith a high
energyelectronwith the calculation.

Beam-gasinteractions,Bhabhascatteringandcosmicray eventswere removedto a negligible level
by the cuts.

The total backgroundfrom thesecontributionswas (3.6±1.6)%.

Acceptanceand radiative corrections
The acceptancewas determinedby a Monte Carlo simulation which used the Lund model [91,92]
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Fig. 4.3. Diagramsfor hadronproductionby two-photonprocesses.

including radiativecorrections[82].The Lund model waschosenbecauseit wasfoundto give a better
descriptionof thedatathan otherfragmentationmodels(seechapter5); themost importantdistribu-
tion for the present analysisis the observedmultiplicity of chargedtracks and neutral kaons.The
simulated events were then tracked through the detector taking into account all known detector effects.
Afterwardsthe eventswere passedthrough the sameselectionchain asthe real data. The efficiency
including radiative corrections was determined to be: s(1 + 8) = 1.03 at v3 = 35 GeV and 1.01 at
v~=l4GeV.

The systematicerrorof theacceptancewasdeterminedby varying the cuts within reasonable limits.
For example,moving the cut on ~ from 1.0 to 1.6 changesR by 0.8%.A total systematicerrorof
1.5% is attributedto the acceptancecalculation;this also includestheerror on a5.

The radiativecorrectionsincluded diagramsup to order a
3: Initial stateradiation,vertexcorrection

and vacuum polarisation from electrons, muons, taus and hadronswere included. The largest
uncertaintycamefrom thehadronicvacuumpolarisation,which was calculatedasa dispersionintegral
over the total hadroniccross-section.Varying the hadroniccross-sectionby ±15%,the uncertaintyin
Rhad was estimatedto be ±0.8%.

Luminosity
The luminosity was determined from Bhabha scattering in the barrel part of the detector as described in
section2.2.1. Its uncertaintyrelevantfor thehadroniccross-sectionis estimatedto be 1.5%mainly due
to acceptanceand radiative corrections.In addition we attribute a point-to-pointerror of 1% to it,
taking into accountpossibleerrorsin thebackgroundsubtraction,energycalibration,etc.

Results
The final R values are listed in table 4.2 and shown in fig. 4.4 as a function of s. The summaryof the

Table 4.1
Systematicerrorsof R (in %)

V7(GeV)

Error ~14 22—37 39—46.8

Backgroundsubtraction 1.6 1.6 1.6
Radiativecorrections 1.1 0.8 1.2
Luminosity normalisation 1.5 1.5 1.7

Overallnormalisation 2.4 2.4 2.6

Detectionefficiency 2.5 1.5 2.0
Luminositypoint-to-point 1.0 1.0 1.0

Totalpoint-to-point 2.7 1.8 2.2

Total 3.6 3.0 3.4
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Table 4.2
R values.The errorsinclude thestatisticaland point-to-pointsystematicerror

Vi(GeV) Ev. R ~R <7(GeV) Ev. R ~R

12.00 219 3.45 0.27 35.01 4162 3.93 0.111
14.04 2649 3.94 0.14 35.45 679 3.93 0.18
22.00 1871 4.11 0.13 36.38 420 3.71 0.21
25.01 290 4.24 0.29 40.32 539 4.05 0.19
27.66 84 3.85 0.48 41.18 437 4.21 0.22
29.93 101 3.55 0.40 42.55 378 4.20 0.22
30.38 642 3.85 0.19 43.53 471 4.00 0.20
31.29 251 3.83 0.28 44.41 417 3.98 0.20
33.89 3785 4.16 0.10 45.59 459 4.40 0.22
34.50 570 3.93 0.20 46.47 330 4.04 0.24

systematic errors is given in table 4.1. The error bars in fig. 4.4 include only the part of the systematic
error which can vary from point to point.

The results are in agreementwith measurementsfrom MARK J and TASSO in the same energy
range [83, 84] and with the result from MAC [80] at V~= 29 GeV.

4.3. Comparisonwith theory

The data were fitted to the prediction by the standard model (eq. 4.16) leaving A, sin2 O~and an
overall normalisation factor f as free parameters. The point at 12 GeV was not used in the fit since it
could be affectedby the b threshold.The best fit yielded:

2 +0.03sin O,~= 0.23-0.04

a
5(34GeV) = 0.19~i~

f= 0.99±0.02

S •

JADE

~

W(GeV)

Fig. 4.4. MeasuredR values,theerrorsincludestatisticalandpointpoint-to-pointsystematicerrors,an additionalnormalisationerror of 2.4% is not
shown.The line is afit to thedataincludingeleetroweakandQCD effectsto lowestorder.Theparameterscorrespondto thosegivenfor thebestfit
in the text.
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wheref is an ove~rall normalisation factor which was allowed to vary with an error corresponding to the
systematicnormalisationerror. The errorscorrespondto one standarddeviation irrespectiveof the
valuesoftheotherparameters.The full line in fig. 4.4 wascalculatedusing theseparameters.The x2 of
the fit is 11.2 for 17 d.o.f. The dataare howeveralso compatiblewith a straight line, the averagefor
v~>13 GeV is then: R= 4.02±0.04±0.10 with a x2 = 13.9 forl8 d.o.f.

Limits on the point-like natureof the quarkscan be determinedby introducing in eq. (4.16) a
form-factor F(s) = 1 ±sI(s — A~). The limits found areA~>277GeVand A_ >266GeV at 95%C.L.

5. Testsof QCD and fragmentation

QCD testsin e+e- interactionsat thehigh energiesavailableat PETRA were doneundervarious
aspects.The initial successof finding evidencefor hard gluon radiation [85,86] was a motivation to
study in detail thepredictionsof perturbativeQCD and thepropertiesof gluon initiatedjetswith the
data obtained in the JADE detector.

While cross-sectionsfor e+ e- —~ q~(g)can be calculatedexactly to secondorder in perturbation
theory no such calculations exist for the hadronisationprocess.One is forced to resort to model
calculations. Optimizing the models and comparing them with the data was expected to shed some light
also on the understandingof the underlying physics processes.JADE was the first experimentto
establisha differencebetweenthe fragmentationof gluons andquarks.Evidencewasaccumulatedthat
thesedifferencesand many propertiesof the datawere describedbetterby a model basedon string
fragmentationthanby modelswhich treatedthe quarksand gluons asindependent.

O(a~)contributionsto the hadroniccross-sectionwere found experimentallyby establishingthe
existenceof four-jet events.A comparisonbetweenthejet multiplicities of thedataand thepredictions
of O(a~)QCD seemsto point to an excessof eventswith four or more jets comparedwith the
predictions.

The determinationof the QCD coupling constanta~was undertakenseveraltimes as knowledge
about theory and data progressed.The model dependenceof the results found stimulated a model
independentdeterminationby deriving limits for variablescalculablein secondorder QCD.

A different approachto describethe datawas pursuedin the so-calledQCD showermodelswhich
applyperturbativemethodsnot only to the formationof the initial partonstatebut also to part of the
hadronic cascade.Including interferenceeffects betweensoft gluons this class of models led to a
successfuldescriptionof many propertiesof thedata.

There are many contributions from the JADE group which are addressedto both domains of
interest, the validity of perturbativeQCD and to the comparisonof fragmentationmodelswith the
data. These two topics were found to be closely interleaved and it is impossible to understand the QCD
analyseswithout understandingsome of the propertiesof the fragmentationmodels. Thereforewe
begin this chapter by describingthe most important fragmentationstudies and by introducing the
models to compare them with. Afterwards the determination of a~will be described.Finally a
comparison of jet multiplicities with the predictions of O(a~)QCD and of a leadinglog calculationwill
be made.

5.1. Jet topologies,evidencefor three-jetevents

Hadroniceventsat high energies,v~—30GeV, are dominated by two-jet events, which in the quark
partonmodel are due to e+e- —~ q~with subsequenthadronisationof the quarks.Due to the large
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a b
Fig. 5.1. Examplesof a two-jet and a three-jetevent in theJADE detector.

energyof the primary partons the hadronsare strongly boostedinto the parton direction and the
two-jetstructurecanbe recognisedeasilyby visual inspection(fig. 5.la).The transversemomentumof
theparticleswith respectto the jet-axis is limited with an average(~~) 300 MeV, the samevalueas
measuredat lowerenergies.A fractionof eventsshowsa differentstructure,theeventsaremoreplanar
and somehavea clear three-jetstructure(fig. 5. ib). Thesefeaturescan be quantifiedfor exampleby
the thrustvalue,definedas

T=max~~~ p~ (5.20)

thep~aretheparticle momenta,and the sum runs overchargedandneutralparticles.’ n is the vector
alongthe axis with respectto which the expressionis maximal. Thrust approachesthevalue of 1 for
two-jet-like eventsand is 0.5 for sphericalevents. The thrust distributions for ‘I~= 14, 22, 34 and
44 GeV are shown in fig. 5.2. The peaksat large thrust values, which get narrower towardshigher
energies,correspondto the two-jet-like events.A long tail towardssmall thrustvaluesexistsevenat
high centre-of-massenergies. It cannot be describedby two-jet events with limited transverse
momentumbut is well reproducedby a model which containsadditional gluon emissionaccordingto
perturbativeQCD.

Anotherwayto describetheeventshapeis a two-dimensionalDalitz plot, theQ-plot. Foreachevent
the normalisedmomentumtensorTap is calculated:

Tap ~ Pta~t~/~ p~ (a, /3=x, y,z).

C
‘In theJADE experimentthe inclusionof neutralparticles is possibledueto thesmall grain lead-glassarrayswith almostcompleteangular

coverage.Including neutral particles has the advantagethat the particle multiplicity is approximately doubled comparedto usingonly charged
particles.This in turn facilitatesthejet definition.
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Fig. 5.2. Thrustdistributions at four centre-of-massenergiescomparedwith two models: The dottedline was calculatedfor two-jet eventsand
= 265MeV, the full line is from a model (Lund) which containsgluon emission.

The normalisedeigenvaluesQ, of themomentumtensorareobtainedby diagonalisation,their sum
is normalizedto 1 and they are orderedQ1 < Q2 < Q3. They correspondto the lengthsof the three
principal axesn1, n2 and n3 of themomentumellipsoid.The planedefinedby the two largestaxes,n3
andn2, is calledtheeventplane.n3 is the axiswith respectto which the sum of thesquaredtransverse
momentais minimal, it is calledthesphericityaxis. Sphericity,anotherfrequentlyusedshapevariable,
is definedas S= ~(Q~+ Q2).

The distributionof hadroniceventsin the “Q-plot”, a triangle plot of Q, versus(Q3 — Q2)I’/~,is
shownin fig. 5.3 for thedataaround34 GeV. Most eventsareclusteredin thecornerof largeQ3 —

andsmall Q,, they aretwo-jet-like events.The eventswith small Q1 outsidethe two-jet cornerhavea
planarstructure,they aredominatedby three-jetevents.Sphericaleventsarefoundat largevaluesof

Evidence for planar events was observedalso in other distributions and the predictions of
perturbativeQCD fitted thedatain botheventrateandeventshape[85].Theseobservationswerealso
madeby otherexperimentsat PETRA [86].Thus gluon emissionwasadoptedasa working hypothesis
andhasbeenconfirmedin all subsequentanalyses.

5.2. Fragmentationmodels

Before the descriptionof the data analysisis continued,a brief summaryof the currently used
fragmentationmodelswill be given. Theybelongto eitherof two classes:the first classis basedon the
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Fig. 5.3. Q-plotfor multihadroniceventsat V3—34GeV.

exactmatrix elementin first- orsecond-orderperturbativeQCD anda phenomenologicalfragmentation
model (the modelsby Hoyer et al., Ali et al. andby the Lund group).This classof modelshasbeen
usedby the PETRA experimentssince the first datawere takenand consequentlyare ratherwell
understood.The secondclassof modelsusesperturbativeQCD calculationsin a leading logarithmic
approximation(LLA) to calculatea showerof quarksandgluons(the GottschalkandWebbermodels).

5.2.1. Models usinga QCD matrix element+phenomenology
In this classof modelstheprocesse+e- —p hadronsis visualisedasa two-stepprocedure:
1. e+ e- annihilationinto a few simple final statesof quarksand gluons: e+ e —p q~,q~g,q~gg.
2. The transformationof thesepartonsinto hadrons:“hadronisation”or “fragmentation”.

Step 1, theproductionof two, threeor four partonsat high centre-of-massenergycanbe calculated
exactly in the framework of QCD using perturbativemethods.The relative probability of gluon
emissionis given by a~,thestrongcoupling constant.Thesecalculationswere initially availableto order
a~and includedthereforeonly two- and three-partonevents.Subsequentlymatrix elementsto second
order were calculated including also four-parton configurations and the virtual corrections. All
calculationswere howevercarriedout for masslesspartons.

Thetransformationofthesepartonsinto observablehadronsis performedin a secondstepbasedon
ideasdevelopedby Field andFeynman[87]for configurationsof two partons.Theq~pairsgeneratedin
thee~ecollisions areturnedinto hadronsthroughaniterativeprocedurein which pairsof quarksq’q’,
q”q”,. . . etc.,arecreatedin thecolourfield betweentheprimaryquarkpair. Thesecondaryquarkpairs
are combined to form mesonsor meson resonances,for instanceq’q”. In a last step the unstable
resonancesdecay.

The momentumspectrumof the secondaryquark pairs is describedby ad hoc functions; the
transversemomentaof thesecondaryhadronsareassumedtohaveaGaussiandistributionexp(—p~I(2a~))
with width aroundthe partondirection and the longitudinal momentumdistribution is given by a
fragmentationfunctionf(z) of the form:

f(z) = 1 — aF +
3aF(l — z)2 with .z= (E + Pii)mesoni’(E + PI~)quark (5.21)

with an adjustableparametera~to be determinedfrom the data.



120 B. Naroska, e ~e physicswith theJADE detectorat PETRA

At PETRA energiestheproductionof gluonshasto be takeninto accountandthe fragmentationhas
to be extendedto gluons, of which little wasknown initially. Two methodswere followed to achieve
this: the models by Hoyer et a!. and Ali et al. pursuedan approachwhere the partons fragment
independentlyfrom eachother.TheLund model is in contrastbasedon a string mode!,which assumes
that colour strings connectthe partonsand give rise to the hadronisationprocess(comparefig. 5.4).

Model by Hoyeret al. In the modelproposedby Hoyeretal. [88],which was originally formulated
in first-orderperturbationtheory, thepartonsfragmentindependently.The quarksfragmentasin the
Field—Feynmanapproachwith slightly modified fragmentationfunctions.The gluon turns into a qij pair
but only onepartnerof thepair carriesthe total momentum.At the endof the fragmentationprocess
energy-momentumconservationis enforcedby first enforcinglocal conservationof transversemomen-
tum in eachjet so that theoriginal partondirection is conserved.The longitudinal momentaarescaled
by a factorwhich is chosensuch that the ratio of the jet-momentumto the momentumof the original
partonis thesamefor all partonsand so that also energyis conserved.

Model by Ali et al. In the model by Ali et al. [89]importantdiagramsof second-orderQCD have
beenincluded.Thegluon alsodecaysinto aq~pair but in contrastto theHoyer model,theenergiesare
distributedbetweenthe q and the ~jaccordingto the Altarelli—Parisi distribution function [90].In
addition the quarksare assumedto acquire a transversemomentumwith respectto the gluon, its
distributionis assumedto be Gaussianwith the same as for quarks.Energy-momentumconservation
is implementedby first boostingall momentaalong the direction of the missingmomentumandthen
rescaling energiesby a common factor. In this schemethe relative energiesof the partons are
approximatelyconservedwhile the directionsare changed.

Lund model. This model is basedon the relativistic masslessstring model describedin [91]. The
fragmentationoccursalongthe colour flux lines which are stretchedfrom quarkto antiquarkvia the
gluon(s),which is situatedat the kink of a colour string (fig. 5.4). The colour strings are expanding
while thepartonsmoveaway from theorigin; thestring energygrowsproportionalto its length until it
breaksandsecondaryquark—antiquarkpairsaregeneratedat thebreak-uppoints.The secondaryquark

q q

~

Fig. 5.4. a) Independentfragmentationand b) string fragmentationof three-jetevents.
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pairs aregeneratedin thecentre-of-masssystemof thestring and afterbeingcombinedinto hadrons
they areboostedbackinto the centre-of-masssystemof the event.Thus the final hadronmomentum
vectorslie on hyperbolaebetweenthe quarksand thegluon. Energyand momentumis conservedin
every stepanddoesnot haveto be imposedartificially. For furtherdetails see [92, 93].

The way energy-momentumconservationis imposedin the modelswith independentfragmentation
is importantandimplies a systematicdistortion in theeventshapereconstructedfrom the final hadrons
comparedwith the primary partons.These distortions havea significant effect on determiningthe
three-jetrate and thusmaybias the determinationof a~as will be seenlater [115,108, 109].

The original versionsof thesemodels were provided by the authors.SubsequentlyT. Sjästrand
provided a programcodewhich included all threepossibilities for fragmentation.This led to more
flexibility sinceit was for examplepossibleto combinethe differentwaysof gluon fragmentationwith
thevariousschemesof momentumconservation.Two versionsof thisprogramwereused:Lund version
4.3 and 5.2. Apart from many improvementsin details of the fragmentationprocess,which were
implementedin version5.2, the main changewas the inclusion of the full matrix elementto second
order.

Productionof baryonswas included in thesemodels; it is realised as the formation of pairs of
diquarks,which are combinedwith quarksto form baryons.

5.2.2. Showermodelsusingleading log approximationin QCD
In the secondclass of models QCD calculationsin leading log approximation(LLA) are usedto

calculatealso part of the hadronisationprocessin an attemptto minimize the part to be describedby
empirical models. In this approacha pair of quarksis generated,which initiates a parton showerby
radiatinggluons (fig. 5.5). Thesegluonscanagainsplit into gluonpairsand,with a smallerprobability,
into quarkpairs.The high virtual massof the initial partonsis loweredin eachbranchinguntil a cut-off
which is close to the real particle masses,is reached.The multitude of colouredquarks andgluons
generatedin this way is transformedinto colourlesshadronsby a phenomenologicalprocedure.

QCD showermodelswere introducedby Fox andWolfram [94]andsubsequentlyfurtherdeveloped.
Two modelsbasedon this approachwerecomparedwith thedata,themodelby Gottschalk[95]andthe
model by WebberandMarchesini[96].Theydiffer in manydetailsin the cascadeprocessandalso in
the final hadronisationprocedure.The main new ingredient in the Webber model came from
calculationswhich showedthat interferenceeffects in the processof multiple gluon emissionare
important [97].They canbe approximatelytakeninto accountby orderingthe gluon emissionangles:
any subsequentangle in the cascadeis smaller than thepreviousone.

5.2.3. Theparametersof the models
The models basedon a QCD matrix elementand phenomenologicalhadronisationcontain many.

parameterswhich haveto be determinedfrom the data.Typical setsof parametersareshownin table
5.1. The principal parametersrelevantfor theshapeof theeventsaretheQCD couplingconstanta5or
the QCD scale parameterA, the parametersof the fragmentationfunction and The energy
dependenceof a~is describedby introducingthe scaleparameterA; the relationbetweena5 andA is
given to first- andsecond-orderby eqs. (4.19)and(5.26). In addition thereareparametersdescribing
details in the hadronisationprocess,such as y~the relative probability to creates~pairs in the
fragmentation,r = PS/(PS+ V), the fraction of pseudoscalarmesonsgenerated.Their determination
will be discussedin the following chapter6 on inclusive paiticle production.Other parameters,for
examplethosefor the formation of baryons,were left as insertedby the authors.
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Fig. 5.5. Developmentof apartonshowerin the webbermodel.

The functional form of the fragmentationfunctionhasbeenadaptedto the improving dataseveral

times. The original fragmentationfunction in the LUND model (version4.3) was:

f(z) = (1 + f3)(1 — z)~ (5.22)

f3 is flavour dependent.For heavyquarks a valuesubstantiallysmallerthan for u and d quarkswas
chosen,typically ~ = 0.3/3~and 13b = 0.1/3d. Subsequentlydifferentfunctionswere proposedfor heavy
quarksto conformwith the measurementson c- and b-quarks.The function

f(z) = (1 — z)A ! exp(_B~-~) (5.23)

Table5.1
Typicalsetsof parametersfor the Lund model (FF= fragmentationfunction) andfor QCD shower models

Lund model QCD showermodels

Parameter Vers. 4.3 Vers. 5.2 Model Parameters

A (GeV) 0.3 0.5 Gottschalk A = 0.20eV, t
0 = 1.5GeV

2,W~,,,= 1.25GeV
O~,(MeV) 250 265 webber A = 0.3 GeV, Q~= 0.70eV, Max. dust. mass 3.5 GeV

0.3 0.3
r 0.5 0.5, 0.25
FFu,d,s ~—0.5 A = 1.0, B=0.6
FFc,b ~ small ~~= 0.05, e,, = 0.018
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wasproposedby the Lund group[92].It hasonly two parametersfor all quarkflavours, the flavour
dependenceis introducedthroughthe transversequarkmassesm = \~i m~.It was optimized by
fitting theenergyweightedangularcorrelations(section5.4.3)andgavegood fits of thedatafor A = 1.0
andB =0.6—0.8.

Anotherwidely usedfunction for heavyquarkswasproposedby Petersonet a!. [100]:

f(z)= Z(1~1IZ~Eq/(1~Z))2~ (5.24)

The parameterEq hasto be determinedseparatelyfor c- and b-quarks.~ and Eb in the table were
obtainedfrom an analysisof all availabledataon D * [98]and leptonicb-decays[99].

The LLA showermodelsboth havethreeimportantparameters,currentvaluesare given in table
5.1. The first oneis the QCD scaleparameterA, which determinestheprobability of gluon emission
but which neednot bethesameasin thematrix elementsin the first model class.The secondparameter
determinestheendof theshoweringprocess(t

0 andQg in table5.1) andthe third one is necessaryfor
the final decaysinto observablehadrons(Wmjn in theGottschalkmodel anda “maximum clustermass”
in theWebbermodel).

5.3. Propertiesof three-jetevents

5.3.1. Experimentalevidencefor a differencebetweenquark- andgluon-jets
A consequenceof the non-Abeliannatureof QCD is theself-couplingof thegluon, which leadsto

the processg—~gg. Dueto this possibility thehadron-jetoriginating from aprimarygluon is expected
to be different from a quark initiated jet; one might expect a higher multiplicity and a softer
fragmentationfunction for gluon initiated jets.

In order to study the propertiesof gluon-jetsand to comparethem with quark-jets,planarevents
were selectedfrom the sampleof multihadroniceventsby applying the cuts in the Q-plot, which are
indicated in fig. 5.3: Q,<0.06, Q2 — Q, > 0.07. In the selectedeventsthree jets are defined by
maximizing tnplicity [101],an extensionof thrust to threejets:

~

T3 = max 13

~,Ipi~
all

wherei,, i2 and i3 run overthreenon-overlappingsetsofparticles(chargedandneutral).Thejet-axisk1
wasdeterminedasthe vectorsum of all particlesbelongingto a jet. The jet energywascalculatedin
two ways, onceE~was calculatedby summingthe energiesof all particlesand alternativelyE~was
obtainedfrom the anglesbetweenthe jet-axes:

= Ecm sin ~2 ~ j, k, I cyclic.

Both ways to calculatethejet energyare influencedby detectoreffectsin differentways,for instanceby
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missing particles, neglectedmass effects, etc. The results discussedin this chapterdid not show a
significant sensitivity to which jet energywas used,E~or E~’.

Eventswhich containedjets with less than 4 particlesor with E <2 GeV were rejected.The jets
were then orderedaccordingto decreasingjet energy:E~’>E~’>E~.

Model events were generated(Lund version 4.3) and the particles were “tracked” through the
detector, simulating the detector signals with all resolutions and efficiencies. Then the analysis
describedabovewasalso carriedout for themodel events.The partonwhich wasclosestin angleto the
reconstructedjet-axis was defined to be the sourceof the jet. The gluon contentof the threejets is
shownin table5.2for two centre-of-massenergiesalongwith the backgroundof q~eventsincorrectly
classifiedas three-jetevents.As expected,the jet of lowestenergy,jet #3, hasthe highestprobability
of beingproducedby thegluon. For simplicity we shall sometimescall jet #3 the “gluon”-jet andjets1
and 2 the quark-jets.

The distribution of transversemomentumrelative to the jet-axis is shown in fig. 5.6 for the
“gluon”-jet (jet #3)anda quark-jet (jet #2).A distinct differencecanbe seenin theslopeof the two
distributions the “gluon”-jet falling off moreslowly thanthe quark-jet.

This differencecan alsobeseenby comparingthe averagetransversemomentaof the threejets. The
averagesareshown as a function of jet energyE in fig. 5.7. The “gluon”-jet hashigher ~pj values
thanthe quark-jets#1 and2 for awide rangeof jet-energies.This differenceindeedsuggestsa broader

~ distributionfor gluons.This broadeningis alsoseeninp~,the componentof p1 perpendicularto the
eventplane(fig. 5.8). Experimentallythe eventplaneis well definedandp~ is thusexpectedto beless
affectedby fluctuationsthan~ It is also lesssensitiveto fragmentationeffects.

The particlemultiplicity dNIdOand the energydensitydEIdO, where0 is the anglewith respectto
the jet-axis, of the gluon-jet were also examined.Figure5.9 showsthe multiplicity distribution as an
example.dNIdOis foundto be largerfor the “g!uon”-jet at largevaluesof 0 thanfor jets 1 and2. This
can be explainedby a softer fragmentationfunctionof the gluon aswill be seenpresently.

The data for ~ (pOU

t~ dN/dO and dEIdO (not shown) were comparedwith the available
fragmentationmodels(figs. 5.7 and5.8 giveexamples).The Hoyermodel in which thegluonfragments
like a quarkcannotexplainthep~behaviour.A wider p~distribution would haveto be introducedfor
the gluon-jet in order to reproducethe results. An increaseof 0~qfrom —330 (for quark-jets)to
—500 MeV for the gluon-jet gavea fairly good descriptionof the data. This larger0~qis howevernot
sufficient to also describethe dN/dO behaviour(fig. 5.9). Only if in addition a softer fragmentation
function is introducedfor the gluon (ag = 4 in the Hoyer fragmentationfunction insteadof aq = 0.5 for
quarks)does the model describethe data. The Lund model 4.3 showedthe observedeffectsin p~and
dNIdOwithout further tuningandthe agreementof the Lund modelwith the datais not affectedby the
inclusionof second-orderQCD (version5.2).

The Gottschalkand the Webbermodel give as good a descriptionof the ~ ~ distributionsas the
Lund model.The Ali model hasa tendencyinto the right directionbut cannotdescribethemagnitude

Table5.2
Gluon contentandq~backgroundin three-jetevents(calculatedwith Lund

4.3)

Gluon content(%)
v7 (GeV) Jet #1 Jet #2 Jet #3 q~background (%)

22 9 20 34 37
33 12 22 51 15
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of theeffect. For the (p~”
t)distributionsand theangulardistributionof theparticleflux only theLund

and theWebbermodel show the right behaviour,although the magnitudeof thedifferencein (p~t)
seenin thedatais not reachedin the models.

5.3.2. The “string” effect
In theLund modelthegluon is different from thequarksby construction.The fragmentationof qqg

eventsoccursin the centre-of-masssystemof the two colour stringsstretchedfrom quarkto antiquark
via thegluon.The fragmentationproductsareafterwardsboostedinto theeventcentre-of-masssystem.
A consequenceof this procedure(shown by A. Petersen[104])is a depletionof particlesin theangular
regionbetweenthetwo quark-jets(seefig. 5 .4b).This effectcanbeobservedin thedataby plotting the
energyand particle flow dE!dO and dNIdO in the eventplane for the whole event(fig. 5.10). 0 is
counted from jet #1 over jet #2 and 3, back towards jet #1. The data show three maxima
correspondingto theaveragepositionsof the threejets. Thevalley betweenjets 1 and2 which havethe
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Fig. 5.9. Ratio of particle fluxes dN/dOfor jet #3 overjet #2 as a function of the anile with the jet.axis.

highestprobability to originate from the quarksis deeperthan the two valleys betweenjet 3 — the
“gluon-jet” — and jets 1 and2. The generalshapeof thedistribution is describedwell by theHoyerand
by the Lund model, but theHoyer model fails to reproducethe differencein thedepthof thevalleys
which is correctlydescribedby the Lund model.

Since this “string” effect is producedby the Lorentz boost from the centre-of-masssystemof the
string into that of theevent,it canbeenhancedby selectingthoseparticleswhich aremoreaffectedby
theboost. Therelevantquantity for theboost is the transversemass,\1m2 + (p~°)2.The distribution
for particlesofp~”t> 0.3GeVin fig. 5.10.Ic indeedshowsa deepervalley betweenjets 1 and 2 thanthe
distributionfor all particles.Again the agreementof the dataand theLund model is good.

The dataarecomparedwith the model by Ali et a!. and with theLund model 5.2, which includes
O(a~) QCDeffects,in fig. 5.10.11. The agreementbetweendataand theLundmodel is not alteredby
including second-orderQCD. TheAli model fails to describethedepletionof the regionbetweenjets 1
and 2. The QCD shower models are examinedin fig. 5.10.111. The Gottschalkmodel does not
reproducethestring effectbut theWebbermodel does.Subsequentlytheequivalenceof the soft gluon
interferenceeffects,which areapproximatelyincludedin theWebbermodel, with thestring effect was
demonstrated[102].

The sensitivityofthestringeffecttop~’°tandtheparticlemasscanbe seenin fig. 5.11 wheretheratio
of thenumberof particlesin the regionbetweenthe “gluon” — anda quark-jet(1 and3) to thenumber
betweenthe two quark-jets1 and 2 is shownfor all particles,for thosewith rout> 0.3GeV andfor a
kaon enricheddatasample.The ratio is largerthan 1 and is reproducedwell by theLund and by the
Webbermodel, while no othermodel showsthis effect.

The string effect,describedsofar, concernsmainly particlesof low energybetweenthejets. But also
energeticparticlesin thecentreofthe jet areindirectlyaffectedby thestringeffectascanbeseenin fig.
5.12. The averagetransversemomentaof theparticlesin theeventplane(pr) areshownasa function 4
of theirlongitudinal momentap

11 parallelto the jet-axis.To (pr) is attributedasign which is definedin
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Fig. 5.11. Numberof particlesin theangularregionbetweenjets #1 and3 comparedto theregionbetweenjets #1 and2 for all particles,particles
with p~’

t>0.3GeV andfor a K enrichedsample.

the insertof fig. 5.12. At small p
11, thedataagreewith themodelsreasonablywell. But for p11 ~ 5 GeV

(p~”)in jet #1 is positive andin jet #2 negative,that meansthat the momentumvectorsof the two
quark-jetspoint awayfrom the “gluon”-jet. This is also a consequenceof thestring effect: in theboost
afterthe fragmentationparticleswith small momentaaremoreaffectedthanhigh momentumparticles.
The directionof theboostis in generalquite closeto the gluondirection. Thereforethe reconstructed
jet-axes of the quark-jets,which are calculatedusing all particles, are shifted towardsthe gluon.
Energeticfragmentationproductsarethereforepreferentiallyfoundoppositeto the side of thegluon.
This effect is againreproducedonly by the Lund and by theWebbermodels,while the independent
partonmodelsand theGottschalkmodel do not showthis behaviour.

The ability of the modelsto reproducethe differencesin the (ps) and (pOU

5) distributions, the
angulardistribution of theparticle flow in a jet and thestring effect, is summarizedin table 5.3. The
modelswhich best describethesefeaturesof the dataare theLund and the Webbermodel while the
Hoyermodel is ruledout and theAli andGottschalkmodelstakean intermediateposition:they givea
fair descriptionof thep~behaviour,but they do not showthe string effect.

More details about the analysescan be found in [103]andin [104].The TPC collaborationhas
carried out similar investigationsand confirmedthe string effect at V~= 29 GeV and alsofound that
models with independentfragmentationare in many ways not able to describethe data[105].The
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TASSO collaborationalso confirmedthe latterpoint for soft particlesbetweenjets [106];theyhowever
founddeviationsfrom theLund model for particlesof largermomenta.The discrepancybetweendata
andLund model wasparticularly largefor eventswith low planarity Q2 — Q1 <0.07,which havebeen
removedby theeventselectionin theJADE andTPCexperiment.Theseeventsmight bedueto events
from heavyquarksratherthanfrom three-jetevents.

A differencein particlecompositionwhich hasalso beenpredictedfor gluon-jetshasnot yet been
found (seechapter6).

5.4. Determinationof a5

5.4.1. Introduction
A determinationof the coupling constantof QCD and the scaleparameterA hasbeenone of the

Table5.3
Qualitativeagreementof modelswith gluon propertiesand the string effect,
“yes” meansgood agreement,“appr” trend in the right direction and “no”

doesnot reproducethedata

Distribution Hoyer Ali Lund Gottschalk Webber

(p1) no appr yes yes yes
(p1°

t) no no appr no appr
dN/dO no no yes no yes
String no no yes no yes
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majoraims pursuedby all PETRA experiments[107,108—112].Thesemeasurementsturnedout to be
quite involved mainly due to two facts: hadronisationeffectswere very important [108,115] and a~
correctionswere not negligible (seee.g. table 5.4).

The calculationsof the exactmatrix elementto secondorderwascarried out by threegroupswith
conflicting results: the resultsof Fabricius,Gutbrod,Kramer, SchierholzandSchmitt (FKSS) [116]or
GKS [117]predictedthe O(a~)correctionsto the three-jetcross-sectionto be small. The Ellis, Ross
andTerrano(ERT) [118]and Vermaseren,GaemersandOldham (VGO) groups[119]predictedlarge
corrections and were in agreementwith each other. The disagreementbetweenFKSSIGKS and
ERT/VGO arosefrom the three-jetcross-section,while the four-jet cross-sectionwasunambiguous.
The two groupsuseddifferent techniquesto dealwith the singularitieswhich occur in theamplitudesof
the three-jetcross-sectionfor thecasethat two partonsarevery closetogether(collinearsingularities)
or that one parton is very soft (infrared singularities).In the FKSS/ GKS calculation a resolution
criterion was introducedandwhentwo partonswerefoundirresolvablethey were combinedinto one.
The resolution criterion in the FKSS calculationusedthe Sterman—Weinbergdefinition of a jet: two
partonswhich hadenergiesabover./g!2 werecalledresolvableif the anglebetweenthemwaslarger
than6. In the GKS calculationtwo partonswerecalledirresolvableif theirinvariantmasswasbelow a
limit ~ s, 6 andy~1 are parameterswhich haveto be adjusted.

The ERT andVGOmatrix elementsin contrastwereobtainedfor “bare” partons.The FKSSIGKS
matrix elementswere found to agreewith ERT/VGOfor the limit of infinitely good resolution[117,
120].

Matrix elementsfrom bothgroupsFKSSIGKS andERT wereusedfor the determinationof a5 and
the resultswere found to dependon the matrix elementand— for the samematrix element— on the
fragmentationmodel used.

Part of the differencein the resultsmay be explainedby the observationof GottschalkandShatz
[121],who pointedout that approximationsmadein theFKSS andGKS calculationswould leadto an
overestimationof a5 by approximately10%.

In this chapterwe will describein somedetailtheanalysisof the energy—energycorrelationsbetween
particles and a fragmentation-modelindependentdeterminationof a0 using the s-dependenceof
variableswhich arecalculablein QCD. Finally the a5 valuesfrom all e+ e- experimentsobtainedwith
similar methodswill be compared.

5.4.2. Early determinationsof a5
The first determinationof a~using JADE datawasattemptedwhen—1000 hadroniceventshadbeen

collected.Fitting the datato the sphericity and Q1 distributions which were calculatedin the Hoyer
model using 0(a5)cross-sectionsresultedin fTq = 0.34±0.03anda5= 0.18±0.03±0.03. Othermodels
gave resultscompatiblewithin the error [122].

The importanceof including the termsof O(a~) was shown in the next analysis[123]which was
carried out for three-jeteventsby comparingthe samedatawith first- and second-orderQCD. The
O(a~)three-jetcross-sectionswere takenfrom FKSS/GKS.The three-jeteventswereselectedby two
different clustermethodsand the datawerecorrectednot only for detectorand radiationeffectsbut
also for fragmentationeffects using model calculations.The result did not dependstrongly on the
clustermethodused,but the valueof a5 wasfoundto decreaseby roughly 20%if a~correctionswere
takeninto account(see table 5.4). The dependenceon the fragmentationmodel wascoveredby a
systematicerrorof 0.03 at a Ymin = = 0.04.
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5.4.3. Energy—energycorrelations
The energy—energycorrelation“EEC” (sometimesalso calledtheenergyweightedangularcorrela-

tion) betweenfinal stateparticleshavebeenshownto be calculablein perturbativeQCD up to second
order [125,126]. The energy—energycorrelationswereproposedearlyon to beusedfor a5determina-
tions [124]especiallysincefragmentationeffectswere expectedto be small in its asymmetry[127].

The EEC is calculatedas the energy weightedsum over pairsof particles i and j with an angle 0
betweenthem:

O+Ls8/2

~ f 6(0~1—0’)d6’
O—~O/2

where thex1 arethenormalisedenergies,x~= E~[v’1. The innersum extendsover all particlepairs in an
eventand theoutersum over all events.The EEC is calculatedfor a bin around0 of width L~0.

For 2-jet eventsd.~/d0is expectedto besymmetricaround90°evenincludingfragmentationeffects.
Hard gluon emissionon the otherhand results in a non-vanishingasymmetrydefinedas:

AEEC(0) = dI(ir — 0)/dO — d2~(0)ide.

The multihadronicdataat c.m. energiesof 14 GeV, 22 GeVand 34 GeV wereanalysed.In additionto
the standardselection cuts the events were required to be well-contained in the detector and
well-balancedin momentum.The reductionof eventswith hard bremsstrahlungby removingevents
containingan isolatedphotonof morethan3 GeV wasfoundto be important,becausetheseradiative
eventsalso contribute to the asymmetryAEEC~At v~= 34GeV ——12700 eventswere used for the
analysis.

The experimentalenergycorrelationfunctionwascalculatedin bins of z~0= 3.6°andwascorrected
for detectionefficiencies, resolution effects and for bremsstrahlungof the initial stateleptons. The
correctionswere applied bin by bin in 0 and were obtainedfrom the Lund Monte Carlo. Using the
Hoyeror Ali Monte Carlo gaveonly small changesin thecorrectionfactors.The asymmetryAEEC was
calculatedfrom the uncorrectedexperimentaldistributionsand correctedafterwards.This procedure
had the advantageof partially cancellingcorrections.The correctionfactors for the asymmetrywere
closeto 1 everywhereexceptat very small and very largevaluesof 0.

Thecorrecteddataareshownin figs. 5.13 and5.14. Theywereanalysedonceneglectingtheeffectof
fragmentationandalso in thecontextof fragmentationmodels.In fig. 5.14 the0(a~) result for AEEC

calculatedby Ali and Barreiro [126]is also shown. A direct comparisonof the datawith the QCD
resultsdisregardingany fragmentationeffectsresultsin a5 = 0.14±0.01, 0.13±0.01 and0.115±0.005
at the three energies14, 22 and 34GeV, where the errors are only statistical. The weak energy
dependenceof thesevaluesconfirms the predictionthat fragmentationeffectsareindeedsmall in the
asymmetryof the energy—energycorrelation.

The datawere also analysedin the framework of fragmentationmodelsin order to checkon their
ability to describethe EECand also to determinea5. In the model calculationsdetectoreffects were
simulatedand they were subjectedto thesametreatmentasthedata.The modelsusedwere all based
on the 0(a~) GKS matrix elementsbut differed in details of gluon fragmentationandmomentum
conservation.
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Comparisonwith the Lundmodel
The correcteddatafor the energy—energycorrelationand theasymmetryarecomparedwith theLund
model (version 5.2) in fig. 5.15. The asymmetryis well describedby the model for 0 >36°with a
ytheor= 0.02. In order to describealso the regionof small angleswell, which is sensitiveto fragmenta-
tion effects,smallervaluesof ~ arenecessary.y~0T = 0.0125gives a good fit anddoesnot alterthe
agreementat higheranglessubstantially.For suchsmall valuesof y~0r nearly all eventsaregenerated
as three- or four-partonevents. The value of a

5 = 0.165±0.01 ±0.01 was determinedwith y~1 =

0.0125,
0•q = 0.220GeV, theparametersof theLund fragmentationfunction(eq. 5.23)wereA = 1.0 and

B=0.70.

Comparisonwith modelshavingindependentfragmentationofpartons
The independentfragmentationmodelswereusedin severalversions,which differed in the treatment
of gluonsand in theway energy-momentumconservationwasimposed.In generalthey led to smaller
valuesof a

5 thanthe Lundmodel, the valuesrangedbetween0.11 and0.14. At valuesof 0>36°they
showedlittle dependenceon fragmentationparameters(fig. 5.16). The region below 36°,where
fragmentation effects are most important, could not be describedwell by any combination of
parameters.The agreementbetweendataandmodel was equallybadfor theEEC function itself.

The results for a~determinedby analysingthe asymmetryof the energy—energycorrelation are
summarizedin table5.4 togetherwith theearly results.A discussionof the resultswill follow afterthe
presentationof the model-independentanalysisin the next section.

String f rag. E cm 34GeV0.06 I I I I I I I I I I I I I I I

— Ym,1, :0.0125
Ymin :0.02

i ::21~..:Z5I~

0° 450 90° 135° 0 180°

Fig. 5.15. Comparisonof theasymmetryA(O) of theEECandtheEECfunction d27d8at 34GeV with QCD resultsusingthestring fragmentation
model for different Ym,. values. Note that A and d.17d0have beenmultiplied by sin 0.
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Fig. 5.16. The asymmetryA(0) of the EEC and theEEC functiond.~/d0comparedwith QCD calculationsusing independentfragmentationof
partonsfor severalvaluesof a~.Note thatA and dZ/dOhavebeen multiplied by sin 0.

5.4.4. Limits on a
5 from variablescalculablein QCD

In view of the model dependenceof a5 determinationswithin fragmentationmodels, a different
approachwastried[128]to determinea5, which wascalledto attentionby Field[1291.It hadbeenused
previouslyby thePLUTO Collaborationup to v3 = 30 GeV [130].The method is basedon jet shape
variableswhich can be calculatedin QCD to order a~.The variablesstudiedwere:

Table 5.4
Determinationof a, by the JADE Collaboration

VI (GeV) Events QCD Method Fragm.model a, Year

30 1000 O(a,) S, Q1 Hoyer,Lund 0.18 ±0.03 ±0.03 1980

34 4800 O(a,) du/dx for Lund, Mi 0.20±0.015±0.03 1982
O(a~)FKSS/GKS three-jetevents Lund, Ali 0.16±0.015±0.03

34 12700 O(a~)GKS AEEC ~Lund 0.16±0.01±0.01 1984
Mi 0.14±0.01

I. Hoyer 0.11±0.01
Ali—Barreiro AEEC neglected 0.12±0.01

44 6636 Energydependence 1986
35 12700 O(a~)ERT of J~AEEcd0, — 0.10<a,<O.15
22 1666 (1—T), (M~> at 95% C.L.
14 2090 —1/VI 0.12±0.01±0.01
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— (1 — T), where T is the eventthrust,
— 5~AEEC dO, the integratedasymmetryof the energy—energycorrelation,the integration limits

correspondto the region wherethe influence of fragmentationis small,
— (M~~, theaverageheavyjet masssuggestedby Clavelli [132].MH is definedin the following way:

eachevent is divided into two hemispheresand the invariant massis calculatedfor eachhemisphere,
MH and ML. The hemispheresare chosensuchthat M~+ M~is minimal.
The distributions of thedatain 1 — T andM~,normalisedto the visible energyE~15,areshownin fig.
5.17 for threecentre-of-massenergies.Theyshow a peakwhich getsnarrowerandshifts towardslower
values of 1 — T and M~/E~~5with increasingcentre-of-massenergy, where fragmentationeffects
becomeless important.

The resultsoftheQCD calculationfor themeanvalues(1 — T) and(M~)and for the integralover
the asymmetryof the energy—energycorrelationcan be written as:

0 = C1a5(1+ C2a5) + F (5.25)

where0 denotesthevariableand thecoefficientsC12werecalculatedin [131,132] using theexactERT
matrix element to second order. They are given in table 5.5. F in eq. (5.25) symbolizes non-
perturbativeeffects. It can only be derivedfrom models,thus its magnitudeis model-dependent.Its
sign is howeverunique; this wasverified with theavailablemodels.The sign of F is also given in table
5.5. Neglecting fragmentationeffects one will therefore get upper or lower limits on a5 from a
measurementof 0.

The meanvalues(1 — T) and (M
2H) /E~

15and J~AEEC dO wereexperimentallydeterminedat five
valuesof centre-of-massenergy. The datahavebeen correctedfor initial stateradiationas well as
detectoracceptanceandresolution. Insertingthesevaluesinto eq. (5.25)and solvingfor a5with F= 0
led to the datapoints in fig. 5.18. Note the weak energydependenceof j~AEECdo. Since F was
determinedto be positive for (1 — T) and (M~)an upper limit was derivedfrom the lowest point
usingthe 0(a~) expressionfor a5

a5 b0 ln(Q
21A2)+ (b

1/b0) ln ln(Q
2/A2) (5.26)

whereA = A~,b
0 = (33 — 2Nf)/6 and b1 = (153 — 19N1)/6.The numberof flavoursNf wassetto 5. A

lower limit for a5wasderivedfrom J~AEEC dO for which F is negative.The limits arealso shownin fig.
5.18. They correspondto:

I I I I I I I I I IIII~tI IIIIIIIItIII III!

JADE JADE

:3 _________________ I
0 0.1 0.2 Q3 0 01 0.2 03 04 0.5

M~/E~ l-T

Fig. 5.17. Experimentaldistributionsof (M~)IE,~1,and 1— T for VI = 14, 34.6 and 44GeV.
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Table5.5
Coefficientsto beused in eq. (5.25) 1131, 132]

0 C, C2 SignofF

(1— T) 0.334 2.88 +
J~AEEC dO 0.098 0.923 —

(Mt) 0.334 2.09 +

25<A<400MeV at 95% C.L.

0.10<a5<0.15 atV~34.6GeV.

The fragmentationeffectsareexpectedto decreasewith increasingcentre-of-massenergieswhile a5
is almost independentof energy.Thereforebetter constraintson a5 can be obtainedby taking into
accounttheenergydependenceof thecalculatedvariables.Fwasassumedproportionalto 1 Iv’~which
describesthe s-dependenceof the datawell, seefig. 5.19. Therefore F = k~IV.~wasinsertedin eq.
(5.25) and a simultaneousfit was made to the threeobservablesfor v~>15GeV with A and k~,
i = 1,2, 3, asfree parameters.The result is:

A = 70 ±30i~ correspondingto

a50.12±0.01±0.01at V~=34.6GeV.

Thefirst erroris in both casesstatistical,thesecondsystematic.The systematicerrorofA wasestimated
by varying the functional form of F= F(v~)and by estimatingbackgroundeffects and errorsin the
correctionprocedure.The x

2 of the fit is 14.4for 8 degrees-of-freedom.Thecurverepresentingthebest
fit is shownin fig. 5.19. Also shownis the contributionfrom pure QCD determinedwith A=70MeV.

5.4.5. Comparisonof a
5 measurementsfrom e+ e- annihilations

In view of what hasbeensaid in thebeginningof this sectionone hasto becareful in comparinga5
valuesfrom different groupsandonehasto takeinto accountthemethodemployed.It hasbeenshown
that a~correctionsarenot negligible thereforewe shall only considerdeterminationswhich haveused

0..~ I I I I I I I I I I I I I I I I I I I4 4<1-1>

aS A’400MeV 4 <M~)/E
2s

0.2 ~ excluded ~ JAEEcdB -

A..25MeV excluded

I I I I I I I I I I I I~

10 20 30 40 50
~(GeV)

Fig. 5.18. Limits on a, asa functionof VI computedfrom (1— T), (M~)/E,~,,and J~AEEcd0.
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Fig. 5.19.J~AEEC dO and(M~)IE~,asfunctionsof 1IV3. The full line representsthebestfit to eq. (5.25)with F= k.IVI andA= 70 MeV, the
dashedlines correspondto fits with A = 40 and 100 MeV. The dash-dottedline representspureQCD with A = 70 MeV.

0(a~)QCD. Thentherearethe two differentmatrix elementsand in view of theapproximationsmade
in the FKSS/ GKS calculations[121]the resultsshould be comparedwith caution. Finally thereexist
different methodsto determinea

5 with a varying degreeof model dependence.The experimental
distribution least sensitive to fragmentationeffects— besidethe total hadroniccross-section(chapter
4) — was found to be the asymmetry of the energy—energycorrelation. An analysis of the EEC
asymmetryhasbeenperformedby all experimentsworking at PETRA andby theMAC Collaboration
at PEP.The results from theseanalysesare listed in table5.6.

Four groupsof resultscanbe distinguishedwhich areshownin fig. 5.20: The smallestvaluesof a5are
those which were derivedneglectingfragmentationeffects,which is approximatelyjustified for the
asymmetryof theEEC in view of its weakdependenceon fragmentationeffects.The resultsfrom this
first groupof data are in agreementwith the model-independentresults describedin the previous
chapterand also with the value obtainedby assuminga 1/v~behaviourof fragmentationeffects.

Amongthe resultsincludingmodelsthevaluesof a5determinedwith theLund model are largerthan
thosewith independentfragmentationof partons.This differenceis largerwhentheFKSS/GKSmatrix
elementsareusedthanwith ERT. In fig. 5.20independentfragmentationis representedby themodel
by Au et al., which was usedby all groups.

For the sameanalysismethod theagreementbetweenresults from different groupsis remarkable.
Mostvaluesof a5 lie between0.10 and0.15 correspondingto a A 20 to 300 MeV. Thegroupof results
usingFKSS/GKS + Lund yields valuesof —0.18 which due to missingtermsin thematrix elementmay
haveto be reconsideredaswasmentionedat thebeginningof thechapter.Notehoweverthat in the a5
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Table 5.6
Comparisonof a, (34GeV) obtainedin e~e- annihilationsusing the asymmetryof the energy—energycorrelation
calculatedin second-orderQCD. The errors arestatistical. The resultsmarkedwith an * givetheresultsobtainedin
section5.4.4. “Neglected”in thecolumn “Fragmentationmodel” meansthatthedatahavebeenfitteddirectlyto the

AEEC calculatedin QCD

Data QCD O(a~) Cut Fragm. model a, Ref.

JADE GKS y’,~”= 0.0125 Lund 0.165±0.01
indep. partons

1 0.11—0.14 [109]
O(a~)QCD neglected 0.115±0.005
ERT — 0.12 ±0.02° [128
ERT —1/V1 0.12±0.01*

CELLO GKS yIh*Or = 0.03 Lund 0.19 ±0.02 T [108]
indep. partons 0.12—0.15

PLUTO ERT = 0.1, S = 0.4 rad Lund 0.145±0.006
Mi et al. 0.135±0.006 [110]

O(a~)QCD neglected 0.125±0.004

MARK J ERT Lund 0.134±0.0051[111]
Ali et al. 0.114±0.005

TASSO ERT = 0.2, 5 40° Lund 0.16 ±0.012
indep. partons 0.12—0.13 [112]

FKSS = 0.2, 5 = 40° Lund 0.19±0.01
(extended) indep. partons 0.11—0.16

PLUTO + TASSO ERT Lund 0.147±0.010
Mi et al. 0.142±0.010 [113]

O(a~)QCD neglected 0.123±0.004

MAC GKS y’~”= 0.015 Lund 0.185±0.013
indep. partons 0.105—0.140 [114]

O(a~)QCD neglected 0.12±0.006

‘“Independentpartons”meansthat theauthorshave analysedseveralpossibilitiesfor gluon fragmentationand
conservationof energymomentum.

as (34GeV)

• JADE ~ TASSO

02 - a CELLO v PLUTO

°MARK-J ~MAC T

FKSS/ ERT FKSSI ERT
GKS GKS

NEGLECT ~ 1N~s AU LUND

Fig. 5.20. a, determined from the asymmetry of the energy—energy correlationto O(a~)by e e- experiments.Belowthe datais indicatedwhich
QCD matrix elementwasusedandhow fragmentationwastreated.“Neglected”underfragmentationmeansthat datawere fitted directly to the
QCDprediction.Thepoints markedwith “none” and—1 I’ll wereobtainedby themethoddescribedin section5.4.4. Theotherdatawereobtained
by using fragmentationmodelsby Au et al. andtheLund model.
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analysesdescribed,thecontributionsfrom four-jet eventsare not accountedfor separately.This may
resultin a systematiceffect in a5due to a deficiencyin four-jet events,which wasobservedin themodel
calculationsusing the O(a~) QCD matrix element.This will be discussedin the next section.

The results for A obtained from e+ e- annihilation are in agreementwith the results from deep
inelasticleptonnucleonscattering,wherethe valuesrangebetween=‘lQO and300MeV [133].The most
recentanalysesof Y decaysgave valuesaround100 MeV [107].

5.5. Four-jet events

5.5.1. First evidence
The existenceof multijet eventsand in particularfour-jet eventsis expectedfrom QCD due to

diagramsas shown in fig. 5.21. After having collectedsome3000 well-containedhadroniceventsthe
JADE datashowedevidencefor theexistenceof four-jetevents[134].The datawereanalysedin terms
of two quantities sensitive to a four-jet structure, acoplanarityA [135] and tripodity D3 [136].
Acoplanarityis definedas:

A =4minf~ ~tI/~ P~IJ (5.27)

wherethep~were theparticlemomentaandthep,’ their componentsperpendicularto a planewhich
was orientedsuchthat the expressionin parentheseswasminimized. Neglectingfragmentationeffects,
two- and three-partoneventshaveA = 0, while four-partoneventsare in generalnon-planarandgive
non-vanishingacoplanarity.

Tnpodity is a variablethat givesnon-zerovaluesonly for a particularclassof four-jetevents,namely
thosewhereonejet was orientedoppositeto the otherthree.The readeris referredto [136]and [134]
for details about the tripodity analysis.The multihadronicdatasamplesshoweddeviationsfrom the
acoplanarityand tripodity distributions calculatedwith models containing only two- and three-jet
events. Adding 7.2% of four-parton events improved the agreementbetweendata and model
prediction. The amountof four-partoneventsnecessarywas slightly larger than expectedfrom the
calculationsby Au et al. [89].

Fig. 5.21. Diagramsfor e*e~_s4partonsto ordera~.
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5.5.2. A comparisonofjet-multiplicities with O(a~)QCD and a leading log model
Since second-orderQCD calculationsbecameavailableand havebeenincorporatedin the Lund

fragmentationprogram[92]the study of jet multiplicities could be pursuedin a more quantitative
analysis[137].Dataup to thehighestPETRA energies(v’~= 46.7 GeV) were includedand compared
with thepredictionsof theLund fragmentationprogram(version5.2) andwith theWebbermodel.The
hadronicdataweresubjectedto theusualcutsto ensuregood containmentin thedetectorand to limit
missingmomentum;in total 2090eventsat V~= 14 GeV, 1666eventsat 22GeV, 13 617 eventsat 34 GeV
and6636 eventsat 44 GeVwere used.

The jet-multiplicity was calculatedusing a clustermethod. The normalisedinvariant mass was
calculatedfor eachpair of particles i andj accordingto:

2E.E.

‘ E~‘(1—cosO~1).vis

If theminimum invariant massfalls below a resolutionlimit Ymin thecorrespondingpair of particlesis
replacedby a pseudoparticle,the four-vectorof which correspondsto the sum of the two four-vectors.
This procedureis repeateduntil all massesexceedthe thresholdy,,,~,,.The multiplicity of remaining
pseudoparticlesor particleclusterswill be calledjet-multiplicity. The jet-multiplicity determinedin this
waycanonly beexpectedto correspondto theparton-multiplicityif a reasonablechoiceofYmin is made.
If Ymin is chosentoo small, the jet-multiplicity is too high comparedwith theparton-multiplicity. A Ymin
chosentoo large washesout thepartonstructure.The proportionsof two-, three-,four- and five-jet
eventsare shown for V~= 34 GeV as a function of Ymin in fig. 5.23. The proportionsof two- and
three-jeteventsvary slowly with Ymin above—0.03. The four-jeteventsareobservedto fall steeplywith
Ymjn~The proportionsfound atYmin = 0.04 are listed in table 5.7.

The O(a~)QCD prediction, which is shown in fig. 5.23 for comparison,was calculatedwith the
Lund programwhich usesthe GKS matrix element.The model parameterswere chosencloseto the
valuesfound in the analysisof the energy—energycorrelation(section 5.4.3): yth~or = 0.015, A~-~=
500 MeV (correspondingto a5= 0.165 at 34GeV) and = 265MeV. The two-jet fraction predictedby
this model falls below the data, the three-jetrate is predictedslightly too high and the four-jet
predictionis too low. The predictionsfor two- and three-jeteventsapproachthedataonly atvery high
valuesof Ymin’ wherethe predictedfour-jet fraction falls substantiallybelow the data.

The comparisonwith the leading log calculation (LLA) was done in the Webbermodel which

Table 5.7 :1
Proportions of n-jet events in % obtainedwith the cluster algorithm at

y.,~= 0.040 (five-jet eventshavebeencombinedwith four-jet events)

VI=34GeV Data O(a~) LLA

two-jet events 56.1±0.4 53.2 ±0.3 58.5 ±0.4

three-jetevents 40.2±0.4 44.0 ±0.3 37.8 ±0.4

four-jet events 3.75±0.16 2.85±0.12 3.69 ±0.15

four-/three-jet 0.093±0.004 0.065±0.003 0.098±0.004

2 Theparameterswerechosenasin table5.1. Theseparameterswereoptimizedin acomparisonwith distributionsof particlemultiplicitiesand

momentumdistributions.
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Fig. 5.22. Energy-flowdiagram in the cos O—~plar’ for a four-jet event.

includesinterferenceof soft gluons.2The model shows discrepanciesin thetwo- and three-jetfractions,
the deficiencyin three-jeteventsin QCD shower modelsis well known. The observedfraction of
four-jet eventsis neverthelesswell reproducedand in particulartheratio of three-to four-jetfraction at
Ymin = 0.04 agreeswell with thedataas can be seenin table 5.7.

Dataandpredictionsarecomparedasa functionof s in fig. 5.24. Therelativevariationof thecluster
multiplicities with s is well reproducedby both modelsbut the three-jetrate is too high in the Lund

ECM °34GeV

001 002 003 004 005 006 007 008 500 1000 1500 2000

~min S £GeV2]
Fig. 5.23. Proportionof n-jet eventsasa functionof y,,

1, for data at Fig. 5.24. Proportionof n-jet eventsasa function of .s; curvesas in
VI = 34GeV comparedwith two models: O(a~)QCD and Lund fig. 5.23.
fragmentation(solid lines)anda leadinglog model (Webber,broken
lines).
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modeland the four-jetratetoo low at all valuesof s, while in theWebbermodelthe three-jetrateis too
low andthe four-jet ratefits the data.

The origin of the systematicdiscrepancyin the Lund model basedon second-orderQCD was
investigatedfurther. The fraction of three- and four-jet eventsis determinedby thevalue of a5. The
systematicdiscrepancybetweendataandpredictionsover the large rangeof Ymin seemsto point to a
problemin the QCD calculationssincethereis no way to adjusta5 to decreasetheamountof three-jet
eventsandat thesametime increasefour-jetevents.The phenomenologicalfragmentationpart in the
model was excluded as the origin of the discrepancyby several investigations.Different cluster
algorithms or an event classification by the Q-plot gave similar results as above. A variation of
fragmentationparametersonly ledto an increasedfour-jetrateif a very soft fragmentationfunctionwas
introducedfor heavy quarksor if was increasedto very large values. Both modifications lead to
disagreementswith otherdistributions. Thesemodifications would, alwaysincreaseboth the four- and
the three-jetrate.

In order to exclude further fragmentationeffects as the origin of the observeddifferences a
comparisonof the two modelswasmadeat thepartonlevel. For this comparisonthepartonswhich are
generatedin the Webbermodel were combined in a way analogousto the method used in the
second-ordercalculations[117],i.e. two partonswerecombinedif theirinvariantmasswasbelow ~
The fractional multiplicities of thesecombinedpartonvectorsare shownin fig. 5.25 togetherwith the
multiplicity fractionsof second-orderQCD asa functionof the resolutioncut~ Similar systematic
deviationsbetweenthe two modelsaswith the inclusion of fragmentationeffectsareobserved.

As mentionedin the beginningof this chaptertheapproximationsmadein the GKS matrix element
will lead— oncecorrected— to areductionof a5. Sucha reduction,althoughfavourablefor the three-jet
rate will reducethe four-jet fraction further andenlargetheproblemdescribedabove.

An attemptwas madeto determinethe fraction of missing four-jet eventsusing the acoplanarity
distribution. Acoplanaritywasdefinedabove;it is by definition sensitiveto multijet eventswhich havea
sphericalstructure.The acoplanaritydistributionis shownin fig. 5.26at threevaluesof centre-of-mass
energy.The lack of sphericaleventswith large acoplanaritiesin the O(a~)model can be seenfor

6CM 34GeV
100 I I I I

__~ 2~I~ .

I1~ / ~-----..
51

— 3-parI*n
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Fig. 5.25. Proportionof n-parton tventsasa function of y’,~”;curvesas in fig. 5.23.
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Fig. 5.26. Acoplanarity distributionsfor multihadroniceventsat threecm. energiescomparedwith the Lund and theWebbermodel.

v~V>34 and44GeV. The x2 of thedatawith respectto theO(a~)distribution is bad(table5.8). After
increasingartificially the proportion of four-partoneventsand decreasingthe proportionof three-
partoneventsin the eventgenerationa better fit was obtained(table 5.8). Insteadof increasingthe
four-jet fraction by a ratherlargefactor (—1.5) it was foundthat theadditionof a small proportionof
five-parton events,3of theorderof 2%, also produceda similarly goodagreementwith thedataathigh
acoplanarityvalues.

The LLA model gives a betterdescriptionof thedataat high valuesof acoplanarity.By artificially
varying the proportionsof partonmultiplicity it was foundthat thebestfit wasobtainedby increasing
the three-partonfraction, decreasingthe two-partonfraction and leavingthe fraction of four and five
partonsunchanged.Theseresultsare summarizedin table5.8.

Table 5.8
Fit resultsfor theproportionsR,(%)of n-partoneventsobtainedby optimizingwith respectto theacoplanaritydistributions

in a O(a~)QCD (Lund) and a LLA model (Webber)

V3=34GeV VI=44GeV

Model R, R
4 R, y

2/d.o.f. R
3 R4 R, ~

2/d.o.f.

O(a~)QCD original 76.7 12.3 63/22 74.3 11.5 6.2/16
O(a~)QCD bestfit, R

5 = 0 61.5 19.0 25.6/21 52.5 20.3 8.9/15
O(a~)QCD bestfit, R, fixed 69.0 12.0 2.0 19.5/21 56.5 16.4 1.4 9.6/15

LLA original 47.3 16.2 1.85 30/22 48.1 14.1 1.42 30/16
LLA best fit, R, fixed 56.0 16.6 1.85 13.2/21 54.0 14.1 1.42 11.9/15

6. Inclusive particle production

6.1. Introduction

The studyof inclusivespectraof hadronsin e+ e- —* h + X is mainly usedto investigatetheprocessof
hadronisation.The choiceof particlesh which canbe studiedis limited by theproductionratesand by

They weretaken from the Webberevent generator.
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the abilities of the detector.In additionto chargedparticleswithout further identification, JADE has

studiedthe productionof
0 0 0 *± —— *°y,ir,K,1,p,K ,A,,~,D

Upperlimits on F* productionwere also determined.Theanalysisof D*, F* will be discussedtogether
with the analysisof inclusiveelectronsandmuons in the following chapteraboutpropertiesof heavy
quarks. Except for photons, which were identified by the lead-glassdetector, all particles were
identifiedby reconstructingtheir invariantmasses.

In thequarkpartonmodelthehadronsareformedfrom the initially createdquarkpairs in a process
which is not well understoodin termsof QCD. It is describedby phenomenologicalmodelsasoutlined
in the previous chapter. A basic assumptionin these models is that a particle h createdin the
fragmentationcan be describedby a function, which dependson the parentquarkandthe particleh,
but not on thecentre-of-massenergy(Feynmanscaling). Usually the scaledenergyof theparticle h,
XE = 2EhI’.,r~is introduced,where E is the energyof h. The scaleddifferential cross-section

h1 du

13o~,~dxE

where~ is thetotal hadroniccross-sectionis in thequarkpartonmodel expectedto beindependentof
s. Scalebreakingoccursthroughthresholdeffectsand due to gluon emission.

We shall mostly usethe following expressionfor the scaledcross-section:

S dod’ = Rhad4lTa
2 ~628

~ dxE $o~tot dXE

where RhSd is the ratio of the total measuredhadronic cross-sectionto the cross-sectionfor ~i pair
production.

Integratingthe cross-sectionyields the averagemultiplicity of theparticle speciesh:

j d~
threshold

This chapterwill be orderedaccordingto the analysistechniquesused.The analysismethodwill be
discussedbriefly, the inclusive particle spectraand multiplicities will be shown and comparedwith
measurementsfrom otherdetectors.Parametersof fragmentationmodelswill be determined,namely
theprobability to creates~quarks.y

5 and the relativerateof pseudoscalarmesonsr will be determined.
Baryon numbercompensationwill be studiedin the A analysis.

6.2. Multiplicity of charged particles

The multiplicity of chargedparticlesis a fundamentalcharacteristicof multihadronicevents.It was
determinedfor threeenergies,v’~= 12,30 and 35 GeV, wherefor the latter ~—8200multihadronicevents
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wereused[138].Chargedtracks with p1 > 0.05GeV relativeto thebeamdirectionwerecountedunless
they belongedto an e+e- pair. Nuclearinteractionsin the material in front of the detectorwere
countedas one chargedtrack. Correctionswere applied for particleslost in the beam-pipe,for the
decayof long-lived particlesoutsidethe jet-chamber,for tracksof momentabelow thecut, for tracks
lost in the reconstructiondue to doubletrack resolution, for tracks lost becausethey were falsely
identifiedasbelongingto an e+ e- pairor a nuclearinteraction.A backgroundfrom unrecognisede+ e
pairs and ‘r decayswas subtractedand a correction due to initial stateradiationwas applied. The
countingcriteriaand correctionswereverified in a visual scanof theevents.The sum of all corrections
amountedto approximatelyone particle per event at 35 GeV and was less at lower energies.The
averagecharged multiplicity obtained in this way is listed in table 6.1. It is not corrected for
contributionsfrom Dalitz decaysof the -rr°,from K~andA decayswhich arecountedastwo particles
and from leptonic decaysof heavyquarks.The multiplicity correctedfor theseeffects is given in the
footnoteof table6.1 for comparison.

In figs. 6.1 the multiplicity distributions are shown at the threecentre-of-massenergies.The data
werecomparedto two model calculations,theLund model (version4.3)and theHoyermodel.In these
modelsthemultiplicity is mainly sensitiveto thefragmentationfunctionand its parametervaluesand to
the relativenumberof pseudoscalarandvectormesonsgenerated,r = PS/(V + PS).Thefragmentation
functions usedin the two modelswere given in eqs. (5.21) and (5.22). These functionscontain an
adjustableparameter,~ in thecaseof theHoyermodel and /3 in the Lund model. The fragmentation
functionsfor the heavyquarkswere harderand were kept fixed in the fits.

/3 and a~.were fitted using the meanvaluesfor the multiplicities at the threeenergiesand setting
r = 0.5. Both parameters/3 and a~.were found to show a slight energy dependence[138].Using the
optimizedvaluesthepredictedmultiplicity distributionswerecomparedto themeasurementsin fig. 6.1.
Whereasthemeanmultiplicities arefitted well at all energiesby both models,this is not thecasefor the
multiplicity distribution. The independentjet-modelshave a tendencyto give a broaderdistribution
thanobserved,while the Lund model reproducesthe shapewell.

The meanvaluesof themultiplicities areshown asa function of ~ in fig. 6.2. Theyarecompared
with datafrom otherexperimentsat PETRA and at lower energies.At low energythedatarise like
log s, athigh energiestheyrise faster.This is attributedto QCD effects.The s dependenceof themean
multiplicity canbefitted by a variety of functionalformscontaininge.g. termsproportionalto (ln s)

2, a

Table 6.1
Average multiplicity per event for severalparticle types

Particle Decay M (MeV) Meas. width (MeV) (N) at VI = 34GeV

-y 13.7±0.4±0.7
—+y~y 135±0.5 17.1 ±0.6 6.1 ±0.1 ±0.7

K° —+~~f~502±0.8 21.8±0.8 1.5±0.05±0.04
—+yy 559±9 51±11 0.64±0.15

p° —*ir~ 0.98±0.09±0.05
K’~ .~.KO1r* 0.87±0.16±0.08
A —~per 1120±1 9.4±0.7 0.25 ±0.014±0.03

—~Aif~ 1325±4 0.05±0.01±0.01
chargedparticles 13.6±0.3 ±0.6’

‘IncludesK~andA decayproductsand leptonsfrom weakquark decaysand Dalitzdecay.
If thesecontributionsare removed (N)~h.,S~d = 11.8±0.4±0.7 at 34GeV.



B. Naroska, e~ephysics with the JADE detector at PETRA 147

PlNchl ~ ~ ~ ~ Mch

JADE
35GeV

— LUND 3~0.52

0.2 . H0YEROF~0.46

:~ Nch

Fig. 6.1. Correctedmultiplicity distributionsof chargedparticlesat threecentre-of-massenergiescomparedwith predictionsfrom a string model
(Lund) andamodelwhich has independentfragmentationof partons(Hoyer).

powerof s or exponentialsof v’~.The predictionof the Lund model, which also gives a good fit, is

shown in fig. 6.2 for comparison.

6.3. Final stateswith photons

6.3.1. Singlephotons
The study of neutral particlesin the hadronicfinal statecomplementsthe investigationsof charged

particles,sincethey areproducedin a similar abundance.Thefine-grainlead-glassdetectorenabledthe
analysisof photonsin hadronicevents. The data sampleusedfor this and the following sections
correspondsto 2968, 2353 and23926hadroniceventsat V31 = 14, 22 and 34 GeV respectively.Single
photons were reconstructedusing the barrel lead-glassarray since it hasbetter resolution than the
end-caps.The fiducial rangewas restrictedto jcos °I<0.76. In order to reducebackgroundfrom
overlapping clustersdue to chargedparticles or other photons, eachcluster was comparedto the
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Fig. 6.2. Meanchargedmultiplicity as a functionof VI comparedwith othermeasurementsand the Lund model.

theoreticalshapeof a cluster causedby a single photon. If the measuredshape agreedwith the
expectationit was accepted(for details of the methodsee [139]and [140]).At ‘v~= 34 GeV the
detectionefficiency for low energyphotonsis 50%. The efficiencydropsto roughly 15% for photon
energiesup to —7—8 GeV and increasesagaintowards higher energies.This behaviourreflects the
topologyof hadronicevents;low energyphotonsarerelatively isolatedwhile mediumenergyphotons
comefrom ~ decaysand arein regionsof high particledensity.At largex7 the efficiencyrisesbecause
thecorrespondingphotonsaremostly radiatedoff the incomingelectronsandpositronsandareagain
isolated.

The inclusivephotonspectrumfor photonenergiesE7 > 0.2GeV correctedfor acceptanceis shown
in fig. 6.3 togetherwith the expectationfrom theLund model and the contributionfrom initial state
radiation[82].At low theLund model alonefits thedatawell, while at high x7 initial stateradiation
dominates.The inclusivephotonspectracorrectedfor acceptanceand initial stateradiationareshown
in fig. 6.4 for threecentre-of-massenergies.Thedatashowno significantdeviationfrom scaling.This is
also true for thedatafrom CELLO [141].A comparisonwith thechargedpion spectrummeasuredby
theTASSO collaboration[142]shows that thephotonspectrumis softer.This is becausemostphotons
stemfrom ~ decays.

The averagephotonmultiplicities deducedfrom the dataaccordingto eq. (6.1)areshown in table
6.1. Theyarecomparableto themultiplicity of chargedparticles.The averageenergyfraction carried
by photons can be calculatedby integratingthe energyweightedspectrum.The resulting value is
—25%,almostindependentof energy.The resultsfor threeenergiesareshownin fig. 6.5 togetherwith
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Fig. 6.3. Inclusive photonspectrumbeforeradiativecorrection. Fig. 6.4. Scaledcross-sectionfor inclusivephotonproductionatthree
centre-of-mass energies.

results from a previous measurementby JADE using a calorimetricmethod [143]and from other
experiments[144].

Themain sourcesofphotonswereexaminedin moredetail.The dataare,within errors,saturatedby
thedecaysof ~O and‘q. Thereis at most room for onemorephotonper event.After removing~r°and ‘r~
decayan excessof 0.55±0.11 is observed;after removingin addition photonsfrom other hadronic
decaysthis excessis reducedto 0.35±0.11.

For thedataat-v’~= 34 GeV, photonsemittedby thequarkpair in the final stateweresearchedfor at
large angleswith respectto the beam-line(to avoid initial stateradiation)and far from the jet-axes(to
avoid ~O decays)[145].In detail a photon of energy2<E~<8GeV with a p~of at least2 GeV with
respectto the jet-axiswasrequired.The photonhad to be isolated,i.e. no otherparticlein aconeof
half openingangle20°,and it hadto beat an angleof at least40.8°from thebeam-line.The spectrum
of the 279 photonspassingthesecuts is shownin fig. 6.6. Also shownaretheexpectationfrom hadron
decaysandinitial stateradiation.Comparedwith thedatathereis an excessof 56±22 photons.Final
stateradiation,obtainedfrom an adaptationto fractionally chargedquarksof the~ ~ y cross-sections
given by BerendsandKleiss [18,19], resultedin a contributionof 41 ±5 eventsafterapplyingall cuts
and is compatible with the experimentalnumber. The error does however not allow a definite
conclusion about the presenceof photon emission from quarks. An analysisof the jet angular
distributiondid not showasignificantasymmetryasmight be expectedfrom interferenceof initial and
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Fig. 6.5. Energyfraction carriedby photonsin multihadronicevents.

final state radiation. MAC has done a similar analysiswith higher statistics and they found an
asymmetrywith a significanceof threestandarddeviations[146].

6.3.2. Inclusive ir°and ‘~

Forthe reconstructionof the ‘rr°invariantmass,thecuton thephotonenergywasrelaxedto 0i GeV.
The invariant massof all two-photoncombinationsis shown in fig. 6.7. A peak nearthe ‘rr0 mass is
observed;it is centredat 135±0.5 MeV andhasa width ofo = 17.1 ±0.6MeV. The ir°yield is deduced
aftersubtractingabackgroundfitted by a polynomial. The detectionefficiency for ~ is limited by the
cut in the photon energyfor low ir°energyand by the finite size of the lead-glasscountersat high
energies.

2000 4000 6000 8000

E~(MeVI

Fig. 6.6. Spectrumof photonsselectedto enrich quark-bremsstrahlung.
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Fig. 6.7. Two-photonmassspectrumin therangeof the ~° masswith a Gaussiananda polynomialbackgroundfitted to thedata.Insert: ir°signal
after background subtraction.

The scaledcross-sectionfor ‘rr0 production is shown in fig. 6.9 at three centre-of-massenergies
togetherwith the resultsfrom CELLO [141].No scalingviolation is observedwithin errors.Thedataat
34 GeV also show reasonableagreementwith thedatafrom otherexperiments[144]shownin fig. 6.10
andwith thespectrumof chargedpions obtainedby TASSO [142]which is also indicatedin the figure.
The ir~multiplicity is shown in table 6.1, it compareswell with the averageof the ~ and ir

multiplicity from TASSO.
The ‘q signal is seenin the two-photonmass spectrum(fig. 6.8) after removingphotonsfrom ~rr~

decay, and demandingthat the sum of the two-photon energiesbe above 0.7 GeV and that both
photonslie in thesamehemisphereofthe event[147].The measuredmassandwidth aregivenin table
6.1 togetherwith the averagemultiplicity.

6.4. Inclusive K°,K*±and p°production

TheK°,p°andK* decayswerereconstructedfrom the following decays:

po—* rr+ir
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Fig. 6.8. Two-photonmassspectrumin the rangeof the 1) mass after removalof photonsfrom i~°. Insert: ~qsignal afterbackgroundsubtraction.

6.4.1. Analysis of K~anddeterminationof~
The K~wasreconstructedin two different analyseswith different cuts [138,152]. Both utilized the

fact that thedecay-lengthof theK~is 2.6cm and thusthedecayvertexis ata measurabledistancefrom
the eventvertex.Most of thedataat high energieswere reconstructedwith cuts similar to thoseused
for the A which will be describedin the next section.The pions were not identifiedbut all charged
particleswith momentagreaterthan 0.1 GeV were usedto calculate the two-particle invariant mass.
Backgroundfrom e+ e- pairs wasreducedby a cut on the openingangleof the pair and its invariant
mass.Combinatorialbackgroundwas reducedby quality cuts on thedecayvertex.The reconstructed
masspeaksare shown in fig. 6.11. The residual backgroundbelow the K°peakcomesmainly from
nuclearinteractionsandmisidentified A decaysandwasestimatedby analysingpion pairs of thesame
charge. The detection efficiency was calculatedusing the Lund model. The inclusive differential
cross-sectionswerecorrectedfor thedecaybranchingratio into pion pairsandmultiplied by a factorof
2 to takeinto accountK~production.The resultingspectraat fourcentre-of-massenergiesareshownin
figs. 6.12. The averagedmultiplicity obtainedby integratingthespectrumat 34 GeV andextrapolating
into unmeasuredregionsis 1.5 ±0.6 per event(table 6.1).

The following observationsaremade:
• The dataarecompatiblewith scaling,but in view of theerrorsa small deviationfrom scaling,as

found by theTASSO Collaboration [148],cannotbe excluded.
• In fig. 6.13 thedataatv~= 34 GeV arecomparedwith similar resultsfrom TASSO [148]andwith

results at 29 GeV from MARK II and TPC [149].Our results agreewithin errorswith those from
TASSO and MARK II, while the TPC results lie below our resultsover the whole x-range.

• The averagenumberof K°’sper event increaseswith centre-of-massenergyfrom 1.05±0.14 at
14GeV to 1.8±0.14at 44 GeV. Most of theenergeticK°’scomefrom the fragmentationcascade,while
at low centre-of-massenergiesthey are predominantlyformedby the primary s~quarks.

• The differential cross-sectionat 34 GeV agreeswell with the predictionof the Lund model if the
relativeprobability to form s~pairs ‘~‘~= 0.3 is used.-y~was determinedat v~valuesbetween12 and
34 GeV. No energydependencewasfound and the averagevalueis y, = 0.27±0.03±0.05.
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6.4.2. Analysisof K*
For the reconstructionof thevectormesonK* (M = 892MeV) a subsetof theK~sampleat 34 GeV,

correspondingto —8200 multihadronicevents,wasused.The IT + ‘TI - combinationswere acceptedas a
K~candidateif they were in the massband 0.425 < M(i~’rr)<0.575GeV. The K~four-vectorwas
obtainedby a fit to thepion four-vectorsconstrainingthemto thetheoreticalmassvalue.The third pion
candidatetrack wasrequiredto haveat least0.1 GeV and to comefrom the eventvertex.The angle
betweentheK~andthe ‘ii wasrequiredto be less than90°.The invariantmassdistributionM(K~’rr~)is
shownin fig. 6.14; it shows a prominentpeakin the massregionaround900MeV. It wasfitted to the
sum of a relativistic Breit—Wignerdistributionanda backgroundcontribution.The K* masswasfixed at
its nominal value andthe nominal width was addedto the detectorresolution in quadrature.The
backgroundwasparameterizedtaking into accounttheproductionthresholdandtheobservedfall-off at
high masses(dashedcurve in fig. 6.14). The sum is seento fit the datawell.

The detectionefficiency calculatedwith theLund model was0.083±0.007.After correctingfor the
branchingratio of K*~~.sK~,rrand for the unseenK~decaymodes,a multiplicity of 0.87±0.16±0.08
per eventis determined.The differential cross-sectionis shownin fig. 6.16.

6.4.3. Analysisof p°anddeterminationofr
The reconstructionof the p°from its decayinto ‘ii + ‘Ti - wasmoredifficult thanin thecaseof theK°

becausethedecayis prompt and thecombinatorialbackgroundwasfoundto be overwhelming.After
subtractingmost of the combinatorialbackground,which was obtainedfrom samechargepion pairs,
the distributionin fig. 6.15is observed.A p signal is visible aboveabackgroundwhich, in addition to
remainingcombinatorialbackground,containsreflectionsfrom co—~’ir~irir0and from K*O~~*K±,Tr*
wheretheK~wasassignedthepion mass.Thesebackgroundcontributionswerestudiedin eventsfrom
the Lund model and fitted by appropriatefunctions (for details see [150]).The fitted sum of the
resonantand non-resonantbackground(5 free parameters)is shown asthe dashedline in fig. 6.15.
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showntogetherwith a resonancefit. describedin thetext. Thedatawith backgroundsubtractedareshown

togetherwith a resonancefit.

Accordingto the fit the threeresonancesp°,u°and K*O eachcontributeroughly20%andtheremaining
40%of thedataarecombinatorialbackground.The p°signal is alsoshownin fig. 6.15 afterbackground
subtraction.The differential invariant cross-sectionwas calculatedin the range0.1 <XE <0.7 after
correctingfor efficiency (e = 0.31 ±0.01). The result is shown in fig. 6.16 togetherwith results from
TASSO [151].The agreementbetweenthe two experimentsis good. Within errorsthedistributionsfor
K* andp°agreewith eachother.Integratingandextrapolatinginto unmeasuredx-regionswith thehelp
of theLund model an averagemultiplicity of roughly one K* and onep°per eventat V~V= 34 GeV is
obtained(table 6.1).

In fragmentationmodelsthe relative rate of pseudoscalarand vector particlesis describedby the
parameterr = PS/(PS+ V). This parameterwasdeterminedwithin theLund model by adjustingto the
observednumberof K*, p°and also ‘ri. In the fits the fragmentationfunction was variedat the same
time in order to keepthechargedmultiplicity constant.The resultsare:

r=0.49±0.10±0.15from p°

r=0.30±0.15±O.11from K*

r=0.46±0.06±O.11from’q.
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The weightedaverageis 0.43±0.09 which is compatiblewith aTASSO resultof r = 0.42±0.08±0.15
[151].Little is known about the flavour or mass dependenceof r, the large rate of D* production
(section7.1) indicatesa massdependenceof r. In the earlymodel calculationsr = 0.5 independentof
flavour wasused(version4.3 of theLund code),while in version5.2 of the Lund programr = 0.25 is
usedfor c- and b-quarks,a valueexpectedfrom spin statistics.

6.5. InclusiveA and E- production

The following decayswereusedfor thesearchfor the baryonsA and E

A—-pIT —~Air

A—~~IT~~

For simplicity we shall in the discussionsonly refer to the particlesand their decays,although the
antiparticleswere alwaysusedin addition.
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A reconstruction
The decay-lengthof theA is —8 cm, so it can be identified by reconstructinga secondaryvertex.The
reconstruction’of A was basedon good tracks which had a p~>0.1GeV with respectto the beam
direction. No particleidentification wasused.Pairsof tracksof oppositechargewereconsideredif the
modulus of their momentumsum PA~ p~+ pj was at least 1 GeV, where Jp1,J> Ip.1J was defined.
The anglebetweenthe trackswasrequiredto be lessthan90°.The intersectionpointof the trackswas
calculatedin the r~o-planeand is definedas the decayvertex. If the decayvertexwas situatedin the
sensitivevolume of the jet-chamber,the combinatorialbackgroundcould be reducedby only allowing
pairs of tracks whereat most two hits had beenregisteredon the trackbefore the decayvertex.

Howevermost A’s decayedbefore they reachedthe sensitivevolume of thejet-chamber.Theywere
subjectedto the following cuts:

1. The distanceof thedecayvertexfrom thebeaminteractionpoint in the r~o-planewas requiredto
be greaterthan 50 mm.

2. The vectorof the A candidatePA wasrequiredto pointto thebeaminteractionpoint V within an
anglear~<3°.This cut, which usedthe fact that theA is prociucedat theeventvertex,wasrelaxedfor
the searchof the ~

3. The minimumdistanced~, of the pion track from V wasrequiredto be greaterthan3 mm. This
cut took into accountthedecaykinematicsof the A.

4. In studies on model eventsthe ratio d~!d~was found to be centredat zero for combinatorial
background,while for A’s it wasdifferent from zero. A cut d~Id~> 0.05 wasapplied.
The invariantmassdistributionfor the trackpairs fulfilling cuts 1—4 is shownin fig. 6.17. A A peak is
seenat thecorrectmass(the valueis givenin table6.1) abovea backgroundwhich is composedof K~
decays(50%)andcombinatorialbackground.The efficiency wascalculatedfrom Lund modelevents,it
peaksat ——38% arounda A momentumof 3 GeV and levelsoff at 25%up to 10 GeV. The limit at high
momentais due to the requirementof a minimum distanceof the pion from the event vertex.The
life-time of the A wasdeterminedto be TA = (3 ±0.5) x 10_lU s in good agreementwith the nominal
value.

The inclusivedifferentialcross-sectionis shownin fig. 6.18 for threecentre-of-massenergies.Scaling
is observedwithin errors.In fig. 6.19 the dataat 34GeV are comparedwith measurementsby other
experiments[148,153]. The agreementis good. The averageA multiplicities calculatedafterintegrating
the differential distribution andextrapolatinginto x regionsnot measuredare listed in table 6.1. The
multiplicity riseswith increasingcentre-of-massenergy;around34 GeV it is 0.25 per event.

A, A correlations
An interesting question is how the baryon number is compensatedand— in the case of strange
baryons— how strangenessis compensated.

In order to study correlationstheselectioncriteria for A describedabovewere improvedby usingthe
dEl dx measurementin thegasof the jet-chamber,by which the ratioof signal to backgroundcouldbe
improvedfrom 1: 1.3 to 1:0.9. Six eventswere foundwhich containeda A, A pair abovea background
of 0.5. No eventswere foundwith two A’s or two A’s. Taking into accountthe efficienciesanddecay
branchingratio this correspondsto:

A, A pairevents= 0.2 ±0.12.
A events

I TheA andE analysisis describedin detail in [1521.
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Fig. 6.17. Invariantmassof M(pi~,~ir) aftertheA enrichmentcuts Fig. 6.18. Scaledcross-sectionfor A production at threecentre-of-

described in thetext, massenergies.

If every A were accompaniedby an A this numberwould be 0.5.
In 4 out of the 6 eventsthe A, A pair wasfound in thesamejet suggestinglocal compensation_of

baryonnumber.This could be confirmedby the study of eventshaving an ~ in addition to a A or A.2
The antiprotonwas definedby cuts on the energyloss in the gasof the jet-chamber.22 eventswere
foundwhich containeda A,

1i and 4 with a A, ~ pair. In 15 of these22 events,theA andthe p were
foundin thesamejet suggestingthat baryonnumberis preferentiallycompensatedin thesamejet. This
is in agreementwith resultsfrom the TASSO [148]and the TPC Collaborations[153].

— reconstruction
A candidateswere reconstructedas describedin the previoussectionexcept that cut 2 on was
relaxedto 10°.Theywere combinedwith an additionalchargedparticle.Since the life-time of the ~
allows the observationof a decayvertex at a distancefrom the beaminteraction point V, a similar
strategywasfollowed asin thesearchfor A decays.Cut 4 of theA selectionis howevernot applicable
to ~ -. Insteadthe fact that the extrapolationsof the A and the IT tracklie on different sides of the
vertexV for genuine~ decayswasusedin an appropriatecut.

15 ~ - candidateswere foundin the massregion1280—1360MeV andtheirmassdistributionis shown
in fig. 6.20. The sameplot for the wrong sign combinationsAIT + and Air - shows no peak. The
backgroundis estimatedto be3 events.Thedifferential cross-sectionfor ~ productionis shownin fig.
6.21 in comparisonwith datafrom otherexperiments[154].The meanmultiplicity was foundto be
—0.05 per event, a factor of 10 less thanthe A multiplicity. In the Lund model the strangebaryon
production is suppressedby a factor P(su)lP(ud)~P(d)IP(s)= 0.2. From the ~ rate a value of
0.5 ±0.2is inferred.

2 Protonswere not used becauseof a largebackgrounddueto nuclearinteractionsin thematerial in front of the detector.
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6.6. i~and A multiplicities in gluon-jets

Conjecturesexist that gluon-jets may havea different particle compositioncomparedwith quark-
jets.An enhanced‘q productionwaspredictedby [155].Experimentallyanincreasedbaryonyield was
measuredin decaysof the Y, which is dominatedby three-gluonfinal states[156].

It is thereforeinterestingto investigatetheyields of ‘r~andof A in eventsenrichedin gluonsand for
eventsdominatedby quarks.Two methodswere followed: first theyields werestudiedasa functionof
theeventsphericity.Eventsat low sphericitycomemainly from q~events,while the eventsat higher
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Fig. 6.20. a) Invariant massof M(A~-, A1 ~)after - enrichment cuts. b) wrong chargecombinationsM(An , Air ~).
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sphericitycontain moreeventswith gluonbremsstrahlung.The multiplicity of particlesincluding -r~and
A increaseswith sphericity, thereforethe ratiosf~/,To= ~/‘rr°-yieldand fA/Ko A/K°-yieldwere deter-
mined. Taking into accountthe sphericity dependenceof the detectionefficienciesthe results in fig.
6.22 wereobtained.No statisticallysignificant rise is observedeither in f,

1~oor in fA/ K
0•

A similar conclusionwasreachedwhen,in thesecondmethod,theeventswere subdividedaccording
to the Q-plot into two-jet events,planareventsandsphericalevents.

7. Propertiesof heavyquarks

e~einteractionsare well suited for studying heavyquarksbecauseall quarksare generatedin
knownproportions,and thereis no debrisfrom the initial particlesgiving rise to confusionin the final
state.On the otherhand,quarksarenot observeddirectly but only afterhadronisationandmethods
haveto be devisedto separatequarkflavours.FlavourseparationatPETRA energieswassuccessfulfor
the heavyquarksc andb.

Oneunambiguousway of flavour separationis the reconstructionof a resonantstatelike the D ~,

which tags the c-quark.Section 7.1 will be devotedto D* studies:determinationof the fragmentation
functionof thec, ratesof chargedandneutralD*~sand thedeterminationof thechargeasymmetryof
the c-quark.

In section7.2 the analysisof inclusive leptonsis described,which onehasto rely on at PETRA to
study theb-quark.Both, inclusivemuonsandelectronsin multihadroniceventshavebeenusedby the
JADE Collaboration.First a descriptionof themethoddevelopedfor distinguishingleptonicc- andin
particularb-decaysfrom other lepton sourcesis given. Then the determinationof the semi-muonic
branching ratios of hadronscontainingc- and b-quarksand a searchfor flavour changingneutral
currentsis described.The measurementof thechargeasymmetryof b-quarksfrom inclusivemuonsand
the measurementof the b life-time using inclusiveelectronsandmuonsconcludesthe chapter.

7.1. Analysisof inclusiveD* eventsandsearchfor F*

The D* ±hasbeeninvestigatedby many experimentswhile thepropertiesof the D*O areless well
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known.D*O propertieswere inferredfrom studiesof ~4’(4030)decays,where it was howevernot directly
observed[162].Experimentallythe separationof chargedand neutral D* eventsfrom backgroundis
possibledue to the decaykinematicsof the D *:1

e+e~cë~D*++...

+ IT+ +~~•

+...

+ ir°(ory)+...

The Q valueof theD * decayis very low, -~145 MeV. This constrainsthedecaykinematicsso that a D*
signal can be clearly observedas a peak in the massdifference L~M= M(D°ir)— M(D°)or L~M=

M(D°y)— M(D°) [157].

7.1.1. D*±production
The chargedD * ± was reconstructedfrom D°ir± using the following decaymodesof theD°:

0 — +D-*Kir

The invariantmassesM(K ‘rr~)andM(K - ‘rr + it - ~~)were reconstructedusing all chargedtrackswith
momentap > 1 GeV and applying both the K and ‘it mass hypothesesin a data sampleof 23 926
multihadronic eventsat an averagecentre-of-massenergyof 34.4GeV [158].The mass differences
L~M= M(D*+) — M(D°)are shownin fig. 7.1 for the two D°decaymodes.A peak is seenabovea
small backgroundat low i~Mvalues. D* eventswere selectedby applying the following criteria:

1.66<M(D°)<2.06GeV

x = 2ED,./V~>0.4

z~M<0.156GeV.

The first conditionselectstheD°massregionaccordingto the experimentalresolutionobtainedby a
Monte Carlo simulation. The peakin z~Mis only observedfor x > 0.4. 92 eventswere selectedin this
way, 40 of which werein theD°—~K~ir+ decaymode.The backgroundfrom B decayswasestimatedto
be at most 8%. The resultsare summarizedin table7.1. The measurementof the inclusive spectrum
and the total ratewill be discussedin common with the D*O.

The inclusive D * eventswere usedto study whethergluon emissionhasthe sameprobability for
heavy quarksas for the light ones.In an analysisof the shapeof the eventscontaininga D* ± the
fraction of three-jeteventswas determinedby studying their distribution in the Q-plot: most events
havea two-jet configuration,i.e. Q3 >0.9. 0.13±0.04 arein the regionof planarevents,Q3 <0.9and
Q1 <0.06.This fraction agreeswith the fraction of planareventsof (0.10±0.01)foundin asampleof
hadronic eventscontaining a chargedparticle with x > 0.4. A comparisonwith Lund Monte Carlo
eventsled to thevalueof a1givenin table7.1 which is compatiblewith thevaluesfoundby analysingall
hadronicevents,a result also found by TASSO [160].

Henceforthonly theparticledecaysarediscussed,but in the analysistheantiparticlewas included.
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7.1.2. D*O production
The decayoftheD*O wasstudiedby utilizing its decayinto D°’it°andD°-y[161].TheD°decaymode

was Kirk and the D°decayswere selectedas above. Combinatorialbackgroundwas reducedby
applying a cut on thepion direction in the rest-frameof the D°.Thepion is emittedisotropically while
the backgroundis peakedparallel and antiparallelto the directionof motion of the (K, ir)-system.A
cut of Icos O*(Ir) I � 0.8 was imposed.In additionaphotonof energyE~> 0.40eV which did not come
from a it° decayor alternativelya ‘it° of energygreaterthan0.4GeV was required.In eithercaseall
chargedand neutralparticleshadto be in the samehemisphere.The scaledenergyx =

2ED.ol~V~was
requiredto be largerthan0.5. The massdifferenceM(D*°)— M(D°)is shownfor both decaysin fig.
7.2. A clearenhancementis observedbelow 160MeV.

The signalswere fitted by aGaussianof fixed massandwidth and the backgroundfor the decayto
-yD°wasparameterized.Thefit is shownasthe dashedline in fig. 7.2a. The backgroundfor thedecay
into ir°D°wasobtainedfrom theanalysisof ahigh masssidebandof theD°;it is shownasa dashedline
below the signal in fig. 7.2b.

The branchingratio for the decayD*O —* -yD°can be calculatedfrom thecorrectednumbersof the
two observeddecaymodesassumingthat theyadd up to 100%.The result is:



164 B. Naroska, e’e physicswith the JADE detectorat PETRA

Table 7.1
Resultsof theD* analysis

Productionrate o~(D* +D1 , x >0.4) = 0.11±0.02±0.03nb
Averagemeasuredfractional energy (x) = 0.64 ±0.05
Average correctedfractionalenergy (z) = 0.71±0.05
Petersonfragmentationparameter = 0.04±0.015
Forward—backwardasymmetry A= —0.14 ±0.09
Axial coupling constant a,a = —1.0 ±0.6
Fraction of planar events 0.13 ±0.04
a, 0.13±0.08

Productionrate o~(D*°+ DC2 x >0.5)= 0.11±0.03nb
BR(D*O~~~yDO) 0.53 ±0.09±0.10

BR(D*°~~*.yD°)= 0.53±0.09±0.10.

The numberagreeswell with the previousmeasurement[162].

7.1.3. Inclusivespectraand total rates
The differential x distributions for the chargedand the neutral D* are shown in fig. 7.3. The

distributionsarevastly different from thoseobservedwhenstudyinglight mesons(seechapter6). They
peak at a value of x — 0.6 supportingthe assumptionthat the D* is formed by the primary c- and
ë-quarks.This effect is due to theheavymassof theprimaryquark, it hasalsobeenobservedby other
experimentsat PEPandPETRA [163,159, 98].

The averageD* energymeasuredand aftercorrectionsfor photon and gluonemissionaregiven in
table7.1 togetherwith theparameters

2 for thePetersonfragmentationfunctiondeducedfrom theD* ±

data.
For the determination of the absolute rates of D* production the D° branching ratios,

BR(D°—~K’rr)=0.054±0.004[1641and BR(D°—~K+3’rr)=0.085±0.021,given in [165]were used.
The efficiency wascalculatedwith theLund model. The total measuredD* cross-sectionfor x > 0.5 is
(210±64)pb comparedwith an expectedtotal c~rateof —-220pb. The contributionfrom b decaysis
expectedto be on the level of a few percent.The measuredcross-sectionthus nearly saturatesthe
expectation,but in view of theerrorsenoughroom is left for theproductionof pseudoscalarcharmed
hadrons,which are expectedto constitute1/4 of the charmdecays.

7.1.4. Chargeasymmetryof the c-quark
The D* containstheprimaryc-quark,excepta smallcontributionwhich comesfrom b decays,so the

electroweakcouplingsof thec-quarkcanbe studiedby analysingtheD* angulardistribution. In order
to increasestatisticsthe massregion for the Kit systemwasenlargedto 1.50<M(K - it ~)<2.06GeV.
The regionbetween1.50 and 1.66GeV is dominatedby reflectionsof thedecays:

0 —+ —+0

D —*K p -~Kit it

D°—”K*hrr+ K~°~
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Fig. 7.3. Scaleddifferential cross-sectionsdan dx for inclusiveD~production.Thecurveis thePetersonfragmentationfunctionfitted to thedata.

wherethe ‘it° remainsunobserved.The angulardistributionof theD* with respectto the e beamis
shownin fig. 7.4. Thefitted acceptanceindependentasymmetryis A = —0.14±0.09.

Using eq. (2.9) the axial—vectorcoupling of the c-quark is determinedto be 1.0±0.6 in good
agreementwith thestandardmodel expectation.The forward—backwardasymmetryof theD* hasalso
beenmeasuredby HRS [167]at PEPand by TASSO [159,35] at PETRA with resultscompatiblewith
our measurement.

7.1.5. Searchfor F* decays
TheF* + (D accordingto thenewnomenclatureproposedin [164])productionanddecayaresimilar

to that of D * °.The F* + was searchedin the establisheddecaychain [168]:

*+ + + + + —F —~-yF, F—~it, cI~—*KK.

The 4 candidateswerereconstructedastrackpairswith oppositechargeassumingthe K massand
selectingan invariant massbetween0.97 and 1.070eV. Theywere then combinedwith an additional
chargedparticle and acceptedas F~candidatesif they had an invariant mass between1.77<

LC II! 1(1 III) III 1(1111

JADE

COS eD*

Fig. 7.4. Angular distributionof inclusive 2 Thecurveis a fit of the standardmodel predictionto thedata.
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Fig. 7.5. Thedistributionof tiM = M(’yK~Krr~)— M(K~K1T*) afterthe cutsto enhanceradiativeF* decays.The curveis a fit to thedataof a

parameterizationusedto parametenzethebackgroundin radiativeDCO decays.

M(K~Kir~)<2.170eV. A similar cut on the flight direction of the ir~in the rest system of the
K~K’it~systemasdescribedin thesearchof the D*O wasappliedto reducecombinatorialbackground.
Finally the F~candidateswere combinedwith a photonof at least0.4 0eV, all decayproductswere
requiredto be in thesamejet and thescaled(F~-y)energywasdemandedto be at least0.5. The mass
differencefor M(-yK~Kit~)— M(K~Kit~)is shownin fig. 7.5. The datashow no significantpeakat
low ~M. Assuminga backgroundshapesimilar to theonein the D*O decay(dashedline in fig. 7.5) an
upperlimit was calculatedfor the F* production:

+ F*, x >0.5)~BR(F~I~ir~)<5.4pb(at 95% C.L.).

7.2. Inclusive leptons

The analysisof inclusiveleptonshasbeenusedto deducepropertiesof the c- and, in particular,of
the b-quark.Beforethe discussionof the individual analysisresultsthe commonmethodto distinguish
heavyquarksfrom light quarkswill be given.

7.2.1. Flavour tagging in eventswith inclusiveleptons
Inclusive leptons� (e or IA) in multihadroniceventsoriginatefrom a numberof processes,the main

contributionsare given in the following list:
Cl. Direct leptonsfrom b decays b—*cei~~
C2. Direct leptonsfrom c decays c—*
C3. “Background” leptons (u,d, s)—3hadrons—*“C” + X.

The background leptons “C“ originate— in the case of muons— from ii and K decaysor from
punchthrough.The backgroundfor electronsis dueto photonconversionsand to accidentaloverlapof
energyclusterswith (non-electron)chargedtracks. In additionthe following sourcesof leptonshaveto
be considered:

C4. Cascadedecay b—~c+ hadrons; c—+s�~v�;
CS. “Background” b decays b—+hadrons--~’“C“ + X;
C6. “Background” c decays c—* hadrons—*“C“ + X.

The last two eventclassesCS and C6 refer to a hadronicdecayof c or b wherea hadronsimulatesa
prompt muon or electron.
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The leptonicb decayscanbe distinguishedfrom theotherevent-classesdue to thehigh massof the
b-quark,which resultsnot only in a leptonof high transversemomentumin leptonicdecaysbut affects
also the shapeof the hadronicdecay products. In order to efficiently discriminate b decaysfrom
backgroundboththep~of the lepton anda hadron-jetrelatedvariableareanalysed.The variablesmost
effective for distinguishingdecaysof b-quarksfrom uds- and c-quarkswere studiedsystematicallyin
[169].In the following we shall use:

1. The transversejet massM5 = (V~IE~11)EN ~ wherethesum runsover all chargedandneutral
particlesin the eventexceptthe lepton.

2. The transversemomentumof the lepton pt’.
3. The missing transversemomentumpt’.

“Transverse”variablesare measuredrelative to thesphericityaxis. Theyare chosenbecausethey are
largely independentof the fragmentationfunction. p~”

tis thecomponentof p~perpendicularto the
event plane. The flavour dependenceis obvious for the first two variables, they depend on the
momentumcomponenttransverseto theprimaryquarkdirectiongiven to theparticlesin the b decay.
The third variablept’, definedasthe transversecomponentof the event’smissingmomentumvector,
receivescontributionsfrom many sources,e.g. from undetectedneutral and chargedparticles,from
measurementerrorsand, for the semileptonicdecaysof quarks,from theneutrino.It turnsout that in
eventswith a leptonicb decaya largecontributionoriginatesfrom theneutrino.The contributionfrom
the hadronisationprocesswasfoundto be small.

The probabilitydistributionsp(M~,p~,p~’)for theeventclassesC1—C6werederivedfor muonsfrom
simulatedMonteCarlo events.The projectionson the M

5, p~andp~axesareshownfor muonsfrom the
three main contributions Cl—C3 in fig. 7.7. Their averagevalues are given in table 7.2. The
distributionsfor b eventsaredistinctly different from thosefor the othertwo eventclasses.

7.2.2. Semimuonicbranching ratio of C- andB-hadrons
The fragmentationof b-quarksleadsto the productionof B-mesonsor baryonswhich may decay

muonically into theexperimentallyobservedmuons.The measuredbranchingratio is an averageover
all B-hadronsandgives the branchingratio of theb-quarkonly in the limit that thespectatormodel is
valid. For the analysishadroniceventscorrespondingto an integratedluminosity of 70pb’ wereused
with an averagecentre-of-massenergyof V~= 34.60eV [171].Thesedatayielded21 419multihadronic
events,from which 994 were selectedas containing a penetratingtrack according to the “tight”
selectioncriteriain table7.3.

The datawerecomparedwith thepredictionsof theLund Monte Carlomodel,wheretheproduction
ratio of the flavours is known. The fragmentationof the light quarksis describedby the symmetric
Lund fragmentationfunctioneq. (5.22),while for c- andb-quark thePetersonfunctioneq. (5.24)was
used,with theparameterslisted in table5.1.

Table7.2
Average valuesof the flavour discriminating

variables for muon inclusive events

Variable uds c b

M~(GeV) 4.20 4.69 6.53
p’ (GeV) 0.55 0.61 1.22
p~(0eV) 1.36 1.48 1.94
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Table 7.3
Definition of muons:tracksof momentagreaterthan1.8 GeV arerequired.Themuon hits haveto be within two

standarddeviationsof the projectedtrack

Mm # Abs. # of hit muon Detection Background
Cntena lengths chambers efficiency fraction

“loose” definition 4.8 2 hits outsidemagnetyoke 62% 66%
“tight” definition 5.8 all chamberstraversed 48% 54%

The flavour-dependentquantitieswhich wereusedto separatethe c- and b-quarkeventswereM~as
the jet relatedvariable and the~ of themuon. In order to determinethemuonic branchingratio the
Monte Carlo distributionsin p~andM~were fitted to thedataleavingthenumbersofbackgroundevents
(punchthroughanddecaywereconsideredseparately)and thenumbersof c decaysandb decaysasfree
parameters.The lattertwo arerelatedto themuonic branchingfractions.The dataareshownin fig. 7.6
togetherwith the fitted Monte Carlo predictionwhich yields:

BR(b—*IA+...)=(ll.4±l.8±2.5)%

BR(c—* IA + ~ = (8.9±1.8±2.5)%.

The first erroris statisticaland thesecondonesystematic.The latter is dominatedby theuncertainties
in the shapesof the ~ and M~distributionsand hassmall contributionsfrom uncertaintiesin the
detectionefficiency of muons,in the fragmentationfunctionsand in thebackgroundcontributions.The
fitted backgroundproportion is (45 ±4)%.

The measuredbranchingratiosarein agreementwith other recentmeasurements[1721.

7.2.3. Searchfor flavour-changingneutralcurrents
In thestandardmodel the b-quarkis assignedto a weak isospin doubletwith the t-quark andthe b

decaysexclusively via thechargedcurrent. The absenceof the t-quark in e+ e- collisions hasled to
speculations[173]which haveassignedthe b to a singlet.A possibleconsequenceof suchmodelsis the
decayof b-quarksvia neutralcurrentwhich, for instance,leadsto:

I I I I I ~I I I I Ir 1 125 -
150- Fit -

:A+~~:

Mt ((3eV 1
Fig. 7.6. Distributionsof inclusive muonsasfunctionsof p~andM, with the fits (full curve) to obtainthesemimuonicbranchingratioof B-hadrons.
The MonteCarlo predictionis shownas thedotted histogram.
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IAIA + s or d.

This flavour-changingneutralcurrent(FCNC) processwassearchedfor in hadronicevçntscontaining
two muons.The datasampleof inclusivemuonsdescribedin theprevioussectionwasused.In addition
to the first muonwhich was requiredto fulfill the “tight” cuts a secondmuonwasrequired,which only
had to satisfy the “loose” cuts. The eventswere classifiedaccordingto the chargeof the muonsand
whetherthey belongedto thesameor to different jets:

Chargeof p. tracks Charge of p. tracks

Data + + + — MonteCarlo + + + —

samejet 4 12 samejet 4.2±0.9 14.4±1.7
opposite jet 18 30 opposite jet 15.0±1.7 23.3±2.1

The numbersin thesecondtablewerederivedfrom thestandardLundMonte Carlo using thePeterson
fragmentationfunctionfor c andb. The decayof the B into J/ ‘P was included.

Flavour-changingneutral currentswould lead to muons of opposite sign in the same jet. A
simulation showedthat the opening angle betweenthe same-jetdimuons producedvia a FCNC
mechanismwould belargewhile ordinarybackgrounddimuonsareproducedwith small openingangles.
With the requirementthat the opening angle be between20°and 80°the number of same-jet
opposite-chargedimuonswas3 and thestandardmodel predicts6.1±1.1. This yields anupperlimit on
thebranchingratio.

BR(b—~IAX)<0.4% at 95% C.L.

This limit is incompatiblewith the theoreticalpredictionof 2.5% basedon a 5-quark model [173b].
Similar limits werealso foundby other experiments[174].

7.2.4. Electroweakasymmetryofb-quarks
The measurementof the chargeasymmetrypredictedby the standardmodelhasbeensuccessfulin

the leptonicchannels,e~e—* IA and‘r~’i~,and for thec-quarkusing D* ± decays.Herean analysis
of inclusive muon datais discussed,which allows a measurementof the b asymmetry.

Thedatasampleusedcorrespondsto an integratedluminosity of 76 pb’ with an averagecentre-of-
massenergyof v~= 34.60eV [170].Multihadronic eventswere selectedas describedin section4.2.
Eventswith more than 5 trackswere analysedif they containeda penetratingtrack of more than
1.8 0eV, which satisfiedthe “loose” muon-criteria.A few eventswere removedwherethemuonhada
high probability of coming from it or K decays.In total 1729 eventscontaininganinclusivemuonwere
selected.The sphericity axis wasusedas an approximationfor the quarkflight direction.

The chargeasymmetryis determinedby comparingthenumbersof quarksproducedin the forward
directionwith thosein thebackwarddirection.Forwardandbackwardarerecognisedby thechargeand
the direction of the decaymuon. Becauseof this experimentaltechniquethe eventcategoryC4, the
cascadedecayof theb-quark,is ofparticularimportance,sincethebranchingratio ofb—~c is largeand
sinceit resultsin a muonof the “wrong” sign. A negativemuonat 0 <90°signalsa forwardb decayor
a backwardc decay,or if it originatesfrom a cascadedecay,also a backwardb decay.

The separationof the eventclassesis achievedby using the threevariables,M1, pt” andp~described
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Fig. 7.7. Probability distributionsfor the threeflavour classes,uds,cand b,as functionsof M1,p~’andp~.All curvesarenormalisedto thesame
area.

above.Theprobability distributionsP, for thesix eventclassesC1—C6 definedin section7.2.1,derived
from the Lund model (version5.2) wereused:

Event Cl C2 C3 C4 CS C6
class b—+p. c—~p. uds—+”p.” b—*c---*p. b—*”p.” c—~”p.”

Prob.distr. p3 p2 p1 P32 p31 p21

“pS” standsfor a fake muon. The numberof forward and backwardb decayswere obtained by a
maximumlikelihood fit to the dataof the differentialdistributionsof the forwardandbackwardevents
NF and NB:

dM~dpj~)dp1(v)= N1p1 + N~p2+ N~p3+ (e1N~p21 + s2N~p32+ e3N~p31)

dM~dp~(~)dp~(v)= N1p1 + N~p2+ N~p3 + (e1N~p21+ e2N~p32+ e3N~p31).
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The parenthesescontain the backgroundcontribution and the backgroundfractionse~are obtained
from theMonte Carlo simulation.The resultsof the fits areshownwith thedatain fig. 7.8. The model
curvesareseento describethe datawell. The fitted numberof b eventsin the forwardandbackward
directions are N~= 114.6±12.5 and N~= 191.3±16.2, yielding an asymmetry of Ab = (—25.0±
6.5)%. Carryingout fits in smaller angularintervals yields the angulardistribution shownin fig. 7.9.
Assumingtheshapeofthe angulardistribution predictedby thestandardmodel, one fits an acceptance
independentasymmetryof:

Ab = (—22.8±6.0±2.5)%

where theseconderror is systematic.It is due to uncertaintiesin the fragmentationmodelsand the
semi-muonicbranchingratio of c and b quarks.A searchfor detectorbiassesyielded no significant
effects.

Themeasuredb-asymmetrycan becomparedwith thepredictionof the standardmodel given in eq.
(2.9) for zero quark-mass.Taking into accounta b massof 5 GeV theexpectedvalueis —25.2% [77].
Comparingwith the measuredvalueone thengets:

a~,= —0.90±0.24±0.10

I T~
0 2 4 6 8 10 12 GeV/c

2
-.. (M>

~100 ~ ‘ e~e.b6

0 1 2 3 0eV/c 80 i Standardmodel

0 I I I I —
1 2 3 4 5 GeVk -W -~75 -.5 —.25 0 .25 .5 .75 ID

— p~(v) cose

Fig. 7.9. Angular distribution of bb events. The full curve is the
Fig. 7.8. M,, p~’andp~distributionsfor inclusivemuonstogetherwith predictionof the standardmodel andthe dashedcurve of QED (no
theuds, c and b fractionsascomputedby Monte Carlo. asymmetry).
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in agreementwith thestandardmodel prediction.Similar measurementshavebeencarriedout by other
experiments,theerrorsof the resultsarein generallarger.A summaryis given in [35].

The agreementof the measuredb-asymmetrywith the predictedvalue limits the amountof B°—B°
mixing. If B~and B~mix with their antiparticlesbeforedecaying,themeasuredasymmetrywould be

diluted. The mixing parametercan be definedas r = F(B°—*B°—~IA )IF(B°—~IA). Then

2Kr/(r +1) = (AStM — AObS)/AObS = 0.10±0.26

whereK is the fraction of b-quarksfragmentinginto B°,assumedto be —-0.52.The upperlimit obtained
for r is 0.7 at 90%C.L. This limit agreeswith the limit obtainedby theCLEO Collaboration[175].It is
not in conflict with theUA1 findings of 100% mixing in B~[176],sincethe fraction of primaryb-quarks
fragmentinginto B~is expectedto be approximately1 /3.

7.2.5. Determinationof the B life-time
In an earlypublicationwith considerablylessstatisticsthanis nowavailable,JADE derivedanupper

limit on the B life-time of TB < 1.4x 10_12sec [177].This turned out to be very close to later
measurementsof TB by MAC [178],MARK II [179]andDELCO [180]atPEPandby TASSO [181]at
PETRA. With the increasedstatisticsavailableafter the runningin 1982 and improvedprecisionof the
jet-chamberdue to bettercalibrationsanotherdeterminationwas carriedout [182].

The life-time of B-hadronswas determinedby analysingin multihadroniceventsthedisplacementof
- the decaylepton from theaverageposition of the eventvertex.Two methodswere followed:

1. A sampleofB-enrichedevents,containingan inclusiveelectronormuonwasselected.The impact
parameterdistributionof the lepton wasanalysedandwasfoundto showa positive deviation from the
run vertexwhich could be attributedto B decays.

2. The eventsof the hadronsamplewith inclusive muonswereweightedto enhancethosecoming
from B decays.Again the impact parameterdistribution of the muon was foundto deviatefrom the
eventvertex distribution. This weighting methodwas also applied to thehadronsin theevent-sample
and a statisticallymore significantresult wasobtained.
The flight pathof B-mesonswasmeasuredin the r~-planeusing the jet-chamber(see fig. 7.10). The
averagevertex position (V), namedthe “run vertex”, was determinedfrom Bhabhaeventswith a
statisticalprecisionof 0.04mm. The horizontalhalf-width of thevertexdistributionwas—-0.4mm and
theverticalhalf-width 0.02—0.04mmincluding the time variation.Well-measuredtracksextrapolatedto
the run vertex with a resolutionof 0.36mm at the vertex.

,_-‘~ SPPI~fICItY

Fig. 7.10. Sketch of the decay of a B-hadron originating from thevertex V (symbolsareexplainedin thetext).
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Table7.4
Contributionsto the selectedeventsamples

b—+ � b—C c—~ c—p� Fake leptons Fakeleptons Events Events

Type (%) (%) (%) it, K, A decays(%) prompt (%) MC data

p. events

Before cut 1 21 S 26 1 48 533 293
All cuts 65 6 8 1 20 114 74

e events
Allcuts 80 8 10 0 <3 34

hadronevents

All cuts 4 4 15 2 76 1478

The distanceof the lepton candidatetrackfrom the run vertexin the rq~-planeis henceforthcalled

the impactparameter,3. For leptonsfrom B decaysit is relatedto the life-time TB by

8 T~f3ycsin a sin U

where j3c is thevelocity of the B, -y = ElM, 0 is thepolarangleof the B particleanda its anglein the

rq~-planewith respectto theB direction.The latter is approximatedby the sphericityaxis.
Method 1: Selectingan enrichedsampleof leptonic B decays
Data correspondingto an integratedluminosity of 63pb1 at an averageenergyof —34.60eV were
used.After the standardselectioncuts for multihadroniceventsadditionalcutswere appliedto select
inclusive muon and electronevents. Muons were selectedas tracks with momentumgreater than
1.8 GeV fulfilling the standard“loose” muon cuts (table 7.3). Electronswere definedas tracks with
momentumgreaterthan 1.5 0eV, associatedwith a lead-glassclusterof an energy correspondingto
85% of the track momentum.In addition the energyloss measuredin the jet-chamberhad to be
consistentwith that of an electron, i.e. greaterthan8.6keVlcm.

The selectioncuts for inclusive lepton (IA or e) eventshadthe aim of defining a well-containedevent
(cos0 <0.71for the lepton and <0.85for thesphericity axis) with a well-measuredleptonictrack. In
addition the following B-enrichmentcuts were applied, cuts 2 and 3 also suppresseventswith a
pronouncedthree-jetstructure:

1. p~>0.9 0eV, wherep~is the transversemomentumof the lepton candidatewith respectto the
sphericityaxis.

2. The lepton candidateis requiredto be isolatedfrom otherenergetictracks by requiring:

~p~
1<2.0GeV

wherep~,is the longitudinal momentumof the ith particlewith respectto the lepton.The sum runs
overall particlesof transversemomentlessthan0.350eVwith respectto the lepton,which lie in a cone
of 25°half openinganglearoundit.

3. A cut which limits thewidth of the eventsby limiting theamountof transversemomentumin the
eventplaneis appliedin order to eliminateeventswith a pronouncedthree-jetstructure:
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0.20<(~Ip~l/~p1) <0.60; o.io<(~p~/~ p1) - <0.45.
�—Jet opp—Jet

The sumsrun over all particlesin a jet andp~is the projectionof theparticlemomentumon the Q2
axis. The different cut valuestakeinto accountthedifferent averagevaluesofp~°in thenormaljet and
the jetswhich containsthehigh p1 lepton.
The effect of the B-enrichmentcuts is shownin table7.4, wherethe flavour compositionof theevents
before and after the B-enrichmentcuts is given, as obtainedfrom the Monte Carlo simulation.The
measuredimpactparameterdistributionsfor muonsandelectronsareshownin fig. 7.1la and b. They
show a deviation from thevertex position towardpositive values,the measureddeviationsare:

(8) =0.282±0.078mm for muons

(8) = 0.457±0.107mm for electrons.

The B life-time wasobtainedby a maximumlikelihood fit of the sum of all expectedcontributionsto
theobserved6-distribution of the inclusive leptons. The only free parameterwas the life-time TB. The
probability distributionsfor thecontributingeventclasses(seetable7.4) were obtainedfrom a Monte
Carlo simulation.The backgroundwasseparatedinto decayleptonsfrom long-lived particleslike itt,
K~,K°,A and prompt backgroundleptons.

The measurementerror for the impact parameterwas obtained by analysingprompt hadronsin
multihadronic events. Their impact parameterdistribution is shown in fig. 7.12. It is centred at

1~ 1111111 111111111111h111h11111 150 i I I I I I I I

a)
a) muons

____ -~IL -

‘‘‘II III BC I I I I I I I I

b) electrons b)

0 IlmI

Fig. 7.12. 5-distribution for all selectedhadronsbefore (a) andafter
Fig. 7.11. Measuredimpact parameterdistribution for B enriched (b) subtractionof the estimateddecaycontributions.The subtracted
with inclusive muons (a) andelectrons(b). The full curvesarefits to contributionis alsoshownin (a)asa shadedhistogram.The Gaussian
thedata, the dashedcurvesshow distributionssymmetricaround0. curvesare fits with mean0 in therange 51<1.5mm.
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Table 7.5
Contributionsto the systematicerrorof the B life-time

Uncertaintyof S distributionof B —s lepton decays 0.15ps
Uncertaintyof fraction of B —~lepton decays 0.30ps
Uncertaintyof averageC life-time: r~= 0.6±0.2ps 0.05Ps
Uncertaintyof resolution:o~= 0.570±0.075mm 0.15ps
Uncertaintyfrom ~r,K and A decays 0.10ps

Total systematicerror 0.38 ps

(3) = 0.042±0.021 mm, a value much smaller than the signal value. After a correctionfor small
contributions from long-lived particles it is (6) = —0.006±0.024mm. The resolution of 0.57mm
obtainedfrom the hadronsis slightly larger thanthe value obtainedfrom the detectorsimulationof
0.52mm. The final result for the life-time from method1 is:

TB = 1.78~~ps from muons

TB = 1.73~~ps from electrons

= 1.76~i~ps combinedvalue.

Thefull line in fig. 7.11 shows the fit resultscorrespondingto thesenumbers,its agreementwith the
datais good.The estimatedsystematicerrorsaresummarizedin table7.5. Theyamountto 0.38ps and
the largestcontributioncomesfrom the uncertaintyof the B fraction in the eventsample•2

Method2: A weightingalgorithm for leptonic and hadronic B decays
The method describedhere is complementaryto the previousone becausethe dependenceon the
Monte Carlosimulationsentersin adifferent way. Theselectedeventswith inclusivemuonswere used
and were weightedaccordingto the relative probability of their being B events.The weights were
calculatedusing the variablesp~and the eventaplanarityQ1 .~ The weight functionsP( p~, Q1) were
generatedby Monte Carlo simulation (Lund 5.2) and parameterizedby polynomialsof order 3. The
weight functionswerecheckedby applying them to the Monte Carlo events.

For eacheventthe impactparameter8 of themuonwasweightedby theweight functionP andby
the inversesquareof the combinederrorfrom trackmeasurement,Coulombscatteringand thebeam
size.The signal andbackgrounddistributionswereconstructedby theappropriatelinear combinations
of weightedandunweightedhistograms,they areshownin fig. 7.13a andb. The signalhistogramyields
(6) = (0.242±0.148)mm while the background histogram is symmetric with (6) = (0.047±
0.084)mm.

This methodwas also applied to all hadronsin an event, although themuon wasstill requiredin
order to be ableto constructtheweights. Dueto the largemassoftheb-quark,theB-hadrontakesup a
largefraction of the jet energyand thereis little left over for the hadronisationprocess.Monte Carlo
simulationsshow that 71% of all hadronsin B eventsoriginatefrom the decayof theB-hadron.The
signal and backgrounddistributions are shown in figs. 7.14a and b. The measuredaverage(6) =

2 The analysiswascarriedoutwith theLund MonteCarlo 4.3; in thecourseof theanalysisversion5.2wasissued.A testshowedthatthenew

versionleadsto statisticallycompatibleresultfor r~.

Q1 is the smallesteigenvalueof the normalizedsphericitytensor,seesection5.1 for itsdefinition.
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0.195±0.062 hasto be correctedfor the fraction of directly producedhadronsandalso for interactions

in the beampipe. The correctedvalue is (6) (0.290±0.095)mm, leadingto a B life-time of

TB =(l.7±O.6±O.4)ps

wheretheseconderror is due to systematicerrorsin theweight functionsand theconversionfactorfor
(6) into life-time, which hasto beobtainedby Monte Carlo methods.The resultof method2 confirms
themore accuratevalueobtainedusing method 1.

The measurementcan be usedto determinethe elementUbC from the Kobayashi—Maskawamatrix.
The B life-time canbe expressedas [183]:

T~(m~
1jmb)5

T8 — 2.751UbCI
2 + 7.7JUbUI2

where T~is themuon life-time and m~andmb arethemassesof themuonandb-quark.Studiesof the
lepton spectrumfrom B decaysshow that the element Ubu is small comparedto UbC and can be
neglected[184].Onethen has:

UbC = 0.043±0.014
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wherem~,= 5 0eV was used.The error of Ube is dominatedby the uncertaintyof the massof the

b-quark,which wasestimatedaround10%.

8. Searchfor new particles

The dataobtainedwith theJADE detectorwereusedto searchfor newparticles,i.e. particleswhich
have not been observedyet. Thesecould be particles which would fit into the framework of the
standardmodel, like the top quarkor Higgs particles,but extensiveandsystematicsearcheswerealso
madefor particlespostulatedby theoriesthat go beyondthe standardmodel, e.g. supersymmetricor
compositemodels.

There are two ways of searchingfor new particles: one is to look for deviationsin a measured
cross-sectionand exclude the productionof new particles that would be observedin this particular
topology.This methodis usedin thesearchfor top, for example,whereoneexaminesthemagnitudeof
the total cross-sectionfor e+e - —~ hadronsto look for a possible contribution from the top-quark.
Anothermethodis to searchfor eventswith particularpropertieswhich thenewparticleis predictedto
haveandwhich “normal” eventsdo nothave.Hadroniceventswith missingenergy,for example,could
indicatethedecayof supersymmetricparticles. In bothmethodsthe limits are obtainedby comparing
the observednumberof eventswith the predictednumber.The predictionis in generalobtainedby
simulatingthe productionanddecayusing Monte Carlo methods.

Noneof thesearchesundertakenso far by theJADE Collaborationandby theotherexperimentsat
e+e- machineshaveyieldedconvincingevidencefor newphenomena.Henceit maybe moreimportant
for the future, which eventtopologies havebeensearchedfor neweffects,ratherthan the particular
theorywhich motivatedthesearch.Thereforewe includea table of theselectedeventsamples,with a
list of the cuts applied.

We shall give here an overview of the JADE results. More details can be found in the original
publications.A comparisonwith resultsfrom otherexperimentscanbe foundin the recentconference
reports,e.g. [185,186].

8.1. Searchfor the top-quark

Thestandardmodel assumesquarksto be in weak isospindoublets,(u,d), (c, s) and (t, b). Thehunt
for the missing top-quarkwas one of the main aims pursuedas the energyof PETRA was raised
gradually towards its highestvalue of 46.780eV [187,188, 79, 84, 189]. Different methodswere
employedto searchfor the top: A new flavour would leadto anincreasein Rhad~the total hadronic
cross-sectionnormalisedto the lowestorder muonpair cross-section.A tt bound stateis expectedto
showup asa narrowresonance,possiblyat an energybelow the thresholdfor opent production.The
increasein R aswell as the heightof the resonancearedeterminedby the chargeof the newquark.

The search for a narrow resonancewas carried out in three energy regions by increasingthe
centre-of-massenergy W= V~in steps adjustedto the machine resolution, which is o~,= 2.2x
105W20eV. The scanparametersarelisted in table 8.1. The resulting Rhad is shownin fig. 8.1. No
obviousstructureis visible. An upperlimit on theproductioncross-sectionis obtainedby fitting to the
datathe sum of a constantterm plus a resonanceof massMR andwidth F -.~o~,:

R(W)= R
0 +S exp[(W— MR)

2124].
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Table 8.1
Parametersandresultsof energyscans.The limits are at 95%CL.

Energyrange AE .f L dt per Limit on
(GeV) (MeV) energypoint (nb~) I~CBh(keV) (Rh~d)

29.90—31.46 20 24 <1.6 4.1 ±0.2
33.00—36.72 20 43 <1.4 3.95±0.08
39.79—46.78 30 60 <1.9 4.13 ±0.08

JADE

W 1GeV) - 3100~ 31.50

1)

12 -

10

~ ~
33.0 311.0 3S.0 36.0 37.0

W IGeVI

111

12 -

- 1)0.0 111.0 112.0 113.0 1111.0 115.0 1)6.0 1)7.0
W (GeVI

Fig. 8.1. The ratio Rhd = u(e~e—Chadrons)/o-(ee—C p.p.) as a function of thecentre-of-massenergyW for the threescan regions.
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Theintegratedcross-sectionof a narrowBreit—Wignerresonanceis relatedto thepartialdecaywidth of

the resonanceinto two electronsand the hadronicbranchingfraction Bh by:

= J ~R(W) dW (6ir2lM~J‘~e Bh.

Taking into accountradiativecorrections[190],oneobtainsat the95%C.L. theupperlimits on T~CBh

indicatedin table8.1. The width expectedfor a tt resonanceis —5keV [191],and Bh is expectedto be
around80%, so t~resonanceproductioncan be excluded.The productionof a b’ of charge113 can
howevernot be excludedby this methoddue to its lower cross-section.

The productionof a heavy quark would manifest itself also in an increasedcross-section.The
expectedincreasein Rhad is 4/3 (1/3) for a quark of charge2/3 (1/3). The thresholdbehaviouris
believed to resemblea step function, due to QCD effects [77],rather than the /3(1 — /32) /2 rise
expectedfor the productionof point-like spin 1/2particlesof velocity /3. Using all datain the energy
range 12~ � 46.780eV the lower limits, at the 95%C.L., of the position of such a step-like
thresholdare 46.6GeV and 43.780eV for charges2/3 and 1/3 respectively.

8.2. Searchfor free quarks

A searchfor free quarksof charge1 / 3 and2/3or otherunknownparticleswith chargesQ = 1, 4/3,
5/3 and 2 was carried out by examiningthe energyloss in the gas of the jet-chamberof observed
particles.Multihadronic eventsand eventswith only two chargedtracks were analysed,thus one is
sensitiveto stable(or sufficiently long-lived) particleswith unusualionisationlosses[192].

The data from the extendedmultihadronic data set describedin section4.2 were used, i.e.
multihadronicdatawhich still contain a largefraction of two-photoninteractionsandsomebeam-gas
contamination. In order to obtain a good measurementof dE/dx, tracks coming from the beam
interaction point were selectedwhich had at least 24 hits and which had a reducedmomentum
plQ >0.2GeV.

The specific ionisation loss dE/dx wascalculatedfor thesetracks (truncatedmean,seechapter1)
and comparedwith the expectationsfor the known particles. The expectationswere parameterized
following [193].Data and expectationsare shown in fig. 8.2 for positive particles as an example.
Particles were consideredas candidatesfor exotics if their ionisation wasgreaterthan 22keV/cm or
more thanfive standarddeviationsabovethat of knownparticles(the limits for positive particlesare
also indicatedin fig. 8.2). 6 suchhighly ionisingcandidateswere found, onewith positive and five with
negativecharge.The five negativeparticlescould be explainedby trackreconstructionerrors. The
positive candidatewasana particlewhich hadby chancepassedcloseto the interactionpoint. Particles
with an abnormally low ionisation were acceptedif their ionisation was more than six standard
deviationsbelow that of knownparticles. No candidatewasfound.

Limits on the productioncross-sectionswereobtainedby normalisingto the integratedluminosity.
The limits at the 90% C.L. for thenormalisedcross-sectionsRQ= u(e~e- —~q~X)/u

0, whereo~is the
lowestorderQED cross-sectionfor muonpairs,areshownin fig. 8.3 for particlesof charge2/3, 1/3, 1
and4/3. The limits for charges5/3 and2 arenot shown,they are similar to thoseof charge4/3. The
momentumspectrawere assumedto follow an exponentiallaw. The limits for flat momentumspectra
aresimilar. The upper limits for quarksof charges2/3 and 1/3 are ~~~102for massesbelow 17 0eV.

A similar searchwas madefor the exclusive pair-productionof particleswith fractional charge,
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Fig. 8.2. dEldx asa functionof reducedparticlemomentumPIQ, whereQ is thecharge,for positiveparticles. The straight lines indicatethecuts
usedfor thesearchof exotic particles.
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Fig. 8.4. Lower limit at 9f1% C.L. for the pairproductionof quarks andstableparticle of charges1 and 4/3.

e~e—*q~.The result is shown in fig. 8.4. The limits obtainedby other experiments[194]are also

shownin figs. 8.3 and 8.4.

8.3. Searchfor a heavysequentiallepton

The numberof quark and lepton families could be larger than the presentlyknown three.The
presentlimit — derivedfrom measurementsat thep~collider— is ~—10at 90%C.L. if theneutrinosare
light. The combined limit of e~eexperimentsis 5 [196].If a new heavy lepton existed,with a
sufficiently low mass,it would be producedat PETRA. The cross-sectionfor e+ e- —~L~L is:

~L+L~~0/3(3/3),’2 where cr0=~4ira
2/3s (8.29)

and /3 is the velocity of the lepton L. The decaywould proceedvia W ± into the known leptonsand
quarks:

L—s. VL + W and W—* (ud), (cs), (ev), (p~v),(‘rv).

x3

The decay branchingratioswere computedaccordingto [75,197], they are only independentof the
lepton massif mL> 14GeV. Dueto the colour factor3 thehadronicdecayswill dominate,about45%
of the L~L pairs are expectedto decay into two-hadronjets which are acoplanarbecauseof the
missing neutrinos.The othertopologywould be a lepton (e, ~ or ‘r) accompaniedby a jet (—15% per
lepton species),while purely leptonic decayswould be rare.

JADE hasobtainedlimits on the productionof heavyleptonsL in threeways,for small and large
massesand for a stableL [199].Large L-masses— mL ~ 14GeV— were excludedby searchingfor
acoplanarjet eventswith a visible energysmaller thanthe centre-of-massenergy.Comparisonwith a
Monte Carlosimulationof L productionanddecayled to a masslimit of ML > 22.70eVat 95%CL.
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Massesbelow —14 0eV were excludedby searchingfor acoplanar‘r-like events,one isolatedtrack
oppositeto a jet. Heavy leptonswith massesfrom the massup to 14 0eV could be excludedat the
95% C.L.

The third possibility consideredwas that the heavyleptonsbe stable.This would be thecaseif the
associatedneutrinoVL wereheavierthanthe leptonitself. Sucha stableheavyleptonwould bedetected
by its specific energyloss in the gas of the jet-chamber.The limits in fig. 8.4 for charge1 are thus
applicableand yield a limit of ML >21.10eV at 95%C.L.

Similar limits on theproductionof heavyleptonshavealso beenobtainedby MARK J [39,198] and
somewhatlower valueswere foundby PLUTO andTASSO [200].UA1 hasgiven a lower masslimit of
41 GeV [196].

8.4. Searchfor a charged Higgs

In the standardmodel in its minimal version, the Higgs mechanism,invoked for the symmetry
breaking,requiresthe existenceof one Higgs doublet. As a consequenceonly one physical Higgs
particle is expected;it is neutral and its coupling to e~eis very small. In non-minimal theories,
however,a richerHiggs structurecould leadto theexistenceof chargedHiggs particlesH ±[201]which
could be pair-producedin e+e- annihilations. The chargedHiggs would decayrapidly into heavy
fermionpairs, either(Tv) or (cs) or (cb). Experimentallythemostpromisingsignaturesareacoplanar‘r-
pairsor acoplanar-r-jet events.

It turns out that this signatureis also characteristicfor other scalars,for examplethe scalar T,

technipions,or heavy axions[202].The cross-sectionfor theproductionof a pair of scalarparticlesis
given in eq. (8.30); it is a factor4 smallerthanthat for theproductionof fermionspairs, but theangular
distribution (—sin2 0) leadsto a betteracceptancethanthe 1 + cos20 of fermions.

For the.r-pair searchtheselectedr samplewas used(section2.3.2).Additional cuts were appliedin
order to reducecontributionsfrom radiativeT events:it wasrequiredthat therebeno isolatedphoton
of morethan500MeV and that the sum of themomentaof the tracksfor eachT was largerthan2 0eV.
The acoplanaritydistributionof theseeventsis shownin fig. 8.5 for V~>400eV.

100

10 e~e~t~i

Acoplonarity ~p

Fig. 8.5. Acoplanaritydistribution for e~e- —Cr ~r-. The hatchedhistogramcorrespondsto the distributionfor a scalarparticle of 18 GeV.
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Fig. 8.6. Lower limits at 95%CL. for the productionof a chargedscalarS decayinginto i’s or hadrons.

Thesimulatedacoplanaritydistributionof the decayof scalarparticlesshows adifferent behaviour.
As an example the distribution for M(S) = 18 0eV is superimposedon the data in fig. 8.5. By
comparingtheexpectednumberof eventsaboveAq~> 30°to the observednumber(0), anupperlimit

- can becomputedfor thebranchingfractionBR(S±—~Tv) asa functionofthe massof the S. It is shown
in fig. 8.6.

At low masses(rn(S) <5 GeV) thelimit canbe improvedby using the total productioncross-section
for e~e—~’r~’r(see fig. 8.6).

Limits were also set by searchingfor eventswhich have a ‘r decayoppositeto a hadronjet. The
acoplanareventsampleof one trackoppositeto a jet wasusedfor this search(table8.2). Theresulting
limits arealso shownin fig. 8.6, wherethebranchingratios BR(S—÷Tv) and BR(S—÷hadrons+ v) were
assumedto addup to 1 as expected.

As can be seen in the figure, the productionof a scalar particle which decaysinto i + massless
particleor jet + masslessparticlecan be excludedatthe 95%C.L. in the rangefrom the ‘r massup to
—18 0eV [216].Scalarparticleshavebeensearchedfor also by otherexperimentsat PEPandPETRA
recently.A summaryof upper limits canbe foundin [185].

8.5. Searchfor a neutralHiggs: Monojets

Singlejetswith high transverseenergywere observedby theUA1 Collaborationin eventswith large
missing momentum[2081.A possibletheoreticalexplanationfor thesewas given by Glashow and
Manohar[209]who suggestedthat theycould be due to Z°decayinto two neutralHiggs particles,h?
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andh~.Oneof the two is postulatedto be long-lived andescapesthe detector,while theotherone is
observedasanenergeticjet. If themassof theheavierone (we assumeit to beh~)is within the reachof
PETRA, the processshould be observableasthe decayof a virtual Z°in fig. 8.7a. The cross-section
comesout to be —0.6 pb at vi~—45 0eV, if the massesareneglected[210].Theh~decaywould either
bedirectly into fermionpairs (fig. 8.7b)or into thelighter h? and fermionpairs (fig. 8.7c).The relative
branchingratiois unknown.For our analysis[211]we useda fixed massof 0.20eV for h?, asit canonly
be long-lived at low masses,andkept M(h~)andthe relativebranchingfraction r asfree parameters,
where r = F(h~—~ff) / { F(h~—~if) + F(h~—~h?ff)}. The decayof h~leadsto single-jeteventsif the h~
massis small, for largermassestheeventtopologywill betwo acoplanarjets (the selectioncriteriaare
in table 8.2). For massesbelow 20eV a special selection for low-multiplicity eventswas made.
Comparingthe datawith the eventsimulation led to limits which excludeh~massesbetween1 and
21 0eV almostindependentof r, fig. 8.8.

Limits were also computed in a more model-independentway leaving the partial width ~ of
Z°—~h~h~free (which is fixed in theGlashow—Manoharmodel)andalso for thesupersymmetricversion
of the model [210,212]. Theselimits involve more parametersbut leadto similar results [211].

d —o

eN :. ~ h~-----<: 0

e/~ h~- ~

Fig. 8.7. Diagramsfor pairproductionof two neutralHiggs (a) or Higgsino (d) andtheir decays(b, c and e).
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Fig. 8.8. Limits for the productionof a neutralHiggs in theGlashow—Manoharmodel: Excludedregion in the r—M(h~)plane at 95% CL.
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8.6. Searchfor supersymmetricparticles

Althoughthestandardmodel hasbeenfoundto be very successfulin describingpresentexperimen-
tal results there are certain problemsconnectedwith it. Alternativesor extensionsto the standard
model have been looked for, among them supersymmetrictheories. Supersymmetrictheoriesare
attractivebecausethey providesolutionsfor someof the fundamentalproblemsof thestandardmodel.
Furthermoregravity can be unified with the electroweakand strongforces in suchtheories.

In supersymmetrictheories[205,206] fermionsandbosonsarelinked by a commonsymmetry,every
particlehasa supersymmetricpartner,a “sparticle”. Sincethe fermionsandbosonsalreadyexisting did
not fit into this patternof “particle” and“sparticle”, newparticleshad to be postulated,partnersof the
usualparticleswhich differ from them by half a unit of spin. The couplingsof thesenewparticlesare
well definedand thereforeproductioncross-sectionscanbecalculated.Howeverthe masspredictionsof
thedifferent modelsdependon thesymmetrybreakingmechanism,which is not well defined.It is not
even clearwhich is the lightestparticle,candidatesarethe partnersof theneutral gaugebosons,e.g.
the photino(~)or the partnerof the neutrino,the sneutrino(v), possibly a gravitino or, in globally
brokentheories,a Goldstino. Due to theseuncertaintiesin the massscale,experimentalsearchesfor
thesupersymmetricpartnersof particleshaveto takeinto accountmanydecaypossibilities in orderto
acquiresomedegreeof model independence.

Particlesandsparticlesareassignedopposite“R parity”. Throughoutthesearchesconservationof R
parityis assumed,i.e. thesupersymmetricparticlesareproducedin pairsand the lightestsupersymmet-
ric particle is stableand it will alwaysbe at theendof a decaychain.It shouldalso benotedthat there
is a supersymmetricpartnerfor eachchiral stateof a particle,and thesetwo neednot havethesame
mass.

So far no experimenthas found a superpartnerof any particle, although searcheshave been
performedin many reactions at almost all accelerators.In this chapter we will describeJADE’s
contributionto the search,which consistsin ruling out theexistenceof ~‘, ~, ~i,~, ~, H, Z, W in wide
massranges.The searcheshavebeendescribedin detail in separatepublications(exceptfor thesearch
for ~)andwe shall try to emphasizethe ideabehindthesearchratherthandescribeand justify the cuts
in detail. Theseare, however,includedin tables8.2 and8.3 for completeness.For a summaryof the
world dataon searchesfor supersymmetricparticleswe refer to reportsin recentconferences,e.g. S.
Komamiya [185].

8.6.1. Scalar leptons -

Theproductionof selectronpairs,~, canproceedvia thediagramsof fig. 8.9; for ~ and~only the
first diagramcontributes.In the~exchangediagram,the~ canin generalmix with a Z. This wasnot
takeninto account,implying M(Z)~. M(~).The differentialcross-sectionfor theproductionof a pairof

:: ~
Fig. 8.9. Diagramscontributingto e~e—o~ë.
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Table 8.4
Limits at 95%CL. for theproductionof scalarleptonsandphotinos

Stablemassless~

m
1 excludedwith 95%CL

.

Production/Decay m~� me0 ~ = m10 Signature

~ e—Ce-y <21.8 <22 acoplanare’e
e~e3-y-y <15.5 <11 single photon
e*e_ (e)~ <25 single electron

e~e~~i ji-C~ <20.3 <21.0 acoplanarmuons

e*e-C~y~y -y-C~y <18.0 acoplanartaus

stablesleptons <20 Bhabha,~spair cross-
section; heavy pairs

Massive-y—+ 7G

e*e~olJ4L <19 (for m~=0) ~o~syy+miss. energy
.L—o ~iy ~ short-lived

e~e—o~ 0.08<m~<18 acoplanar photons

d = (100GeV),m~= 40 almostcoplanarphotons

<100for m~~ 15 one photon

sleptons,&‘, is given by [203]:

2 ~ 2 1 1 4K ]2] 10 for ~
d(cos0)=—~--/3sin OLl+ [1—1_2/3cos0+/32+M2ij~ K=~1 for (8.30)

where~ = 2M(~)IVJ and /3 is the velocity of the e. The cross-sectionrefersto thecase,in which only
one~, the ~L or the eR,arein the availablemassrange.For the massdegeneratecaseadditionalterms
haveto be addedtaking into accountthe productionof eReL and of ~L~R [203c].

For the experimentalsearchof scalarleptonsit is relevantwhetherthe massof the photinoM(~)is
largeror smallerthan the massof the slepton. In the first casethe scalarlepton could be the lightest
supersymmetricparticle and thus be stable. If the photino mass is lower than the slepton mass the
sleptonwill decayinto a photino,which canbeeitherstableoragaindecayinto photonandgravitinoor
Goldstino.We shall not considerweakdecaysof sleptons,which mightbe importantif the electromag-
netic decayinto leptonand photinois forbidden.A summaryof limits for sleptonsis given in table8.4.

Stablescalar leptons, ~, jil or
If any of thescalarleptonsshouldturn out to bestableor very long-lived, its signaturein thedetector
would be eitherthat of an electronor of a muon, dependingon its mass.Forvery light masses,of the
order of the electronmass,electromagneticshoweringis possibleand the processwould contributeto
Bhabhascattering.Thereforethis casecanbe excludedsincethemeasuredBhabhacross-sectionagrees
with the QED expectation.

If the é is not as light as an electronbut hasa massof the order of the muon mass,it would be
experimentally indistinguishablefrom muons and would contribute to the muon pair data. The
measureddifferential cross-sectionfor ~i pairs, whichis in agreementwith expectationsledto the limits
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M(6)> 9.40eV and M(~L)>13 0eV, thedifferencebeingdue to thedifferent cross-sections(eq. 8.30).
For still largermassesthestandardmuon-pairsampleis no longerrelevantbecauseit wasobtained

using the fact that muonstravel at the speedof light. A specialselectionallowing for slow muon-like
particleswasmadeusing TOF anddE/dxinformation. The resultinglimits areshownascurves(C) in
fig. 8. lOa andb for selectronsand in 8.13 for smuons.Both thepartnersof electronsandmuonsor taus,
havemassesabove—20 GeV at 95%C.L. if they are stable.

Unstableselectrons,stablephotino
e~e—~66. If the massof the 6 is largerthanthephotinomassit will decayinto e + ~. In this section

the photino will be assumedto be stable; limits on unstablephotinoswill be discussedlater. The
cross-sectionfor photinointeractionswith matteris negligibly small. Thus thesignatureof the eventsis
an acoplanarelectron-pairandmissingenergy.The cutsto selectsucheventsare givenin table8.3. The
main backgroundcomesfrom e~e-yand e~e-y-yfinal stateswhere thephotonsarelost in the beam
pipe.The acoplanaritydistributionof thesebackgroundprocessesis howeverpeakedat0°in contrastto
theexpectationfrom 66 decays.The limit at 95%C.L. is shownin fig. 8. lOa as thecurve labelled(A)
for the casethat only one selectron,CL or e~,is in the available mass range.The results for the
mass-degeneratecaseareshown in fig. 8.lOb.
e+e-—* -y~.Anothermethodof looking for selectronsis an indirect one, wherebythecombinationof
small selectronphotinomassescanbeexcluded.Thereactione~e—~-y~goesvia 6 exchangeasshown
in fig. 8.11. For the caseof a stablephotinotheeventsignatureis a singlephoton.Theselectioncutsfor
this processcan befoundin table8.3’. Its cross-sectionhasbeenderivedin [204].The resultinglimit at
95%C.L. is shown in fig. 8.10 ascurve B.
e+e-—~e6~—~e+ ~ For low photino-massesthe limit on the selectronmasscan be pushedbeyond
the beamenergyby searchingfor it in the processesshownin fig. 8.12, namely radiationof a single
photonby oneof the initial electronsandproductionof6~after its re-absorption.The electronwhich
hasradiatedthephotonusuallystays in thebeampipe andonly thedecayelectronof the 6 is visible.
All candidatesfor single-electronevents(detailsof the selectionin table 8.3) were found to havea
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— #‘ L~e~”~

I e’e_I..ëR~R~’ ~ - (C) ~ ~~,~4~(95/.C.L.)-1- (stable (951. CL) - “

10 (A) -

~- ~
5 ~ —ee..... 5 (Dl -
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MèR (GeV/c
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Fig. 8.10. Lowerlimits at 95%CL. for theproductionof supersymmetricpartnersof electronsassuming(a)m(~L)a~m(~

0);(b) m(ë0.)= m(~0).See
text for explanationof curves.
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Fig. 8.11. Diagramscontributingto e~e-C-yy-y. Fig. 8.12. Diagramscontributingto e~e~e+--.

PT <0.65GeV with respectto thebeamdirection and could be explainedasremnantsof e e- -y final
stateswherethe photonand one of the electronsescapesdetection.The expectedPT distributionfor
decaysof high-massselectronsextendsto highervalues.The cross-sectionwascalculatedaccordingto
[213]and the resultinglimit at95%C.L. excludesselectronmassesup to 25 0eV (curveD in fig. 8.10).

Unstablesrnuons
Stablephotinos:e+e- —* jiiji —~~i’~p + ~. Herewe shall againassumethat only one smuonlies within
theavailableenergyrange.If the ~. decaysinto ~i + ~ and thephotinois stableandnon-interactingthe
experimentalsignatureis anacoplanarmuonpair andmissingenergy.The mainbackground,asin the
searchfor acoplanarelectrons,comesfrom two-photonscatteringand ~ ~-y and ~ p-y-y final states
where thephotonsescapedetection.The ~~-y and ~~i~y-yeventswere removedby requiring the
missing momentumvectorof theeventto bewithin the fiducial rangeof thedetector;the two-photon
processe~e—*e~ei~[ was removedby requiring the missing transversemomentumto be large
(table 8.3).

The productionand decaywas simulatedusing Monte Carlo methods,taking into accountinitial
stateradiation[82].The mass rangewhich can be excludedis shown in fig. 8.13 as curve A. This
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15 20 5 10m~i(6eV/c~ 20

Fig. 8.13. Lower limits at 95%CL. for theproductionof supersym- Fig. 8.14. Lower limits at 95%CL. for theproductionof thesuper-
metric partnersof muonsassumingm(~L)~-m(~

0)and assuminga symmetric partners of muons assuming a decay into unstable
decayinto stablephotinos. photinos.



B. Naroska, e~ephysics with the JADEdetector at PETRA 191

methodfails at small ~ masses.These were excludedby a detailedinvestigationof the acoplanarity
distributionof muonpairsat low valuesof acoplanarity.The limit at 95%CL. is also shownin fig. 8.13
(curveB).
Unstable photino. An unstablemassive~ will decay:~—~-yG, where0 is a gravitino orgoldstinowhich
is assumedto havea negligible massand to benon-interacting.Pairproductionof smuonswill thenlead
to a final state:

e~e—~~ji—~ (.L~.LryGG

where only the two muonsand the two photonsareobservable.Thus theeventselectionwasbasedon
the ~ p~yyeventssimilar to thosewhich havealreadybeenusedfor QED tests.In contrastto QED
events,however, a large missingtransversemomentumwasrequiredand a visible energybelow the
centre-of-massenergy(for detailsseetable 8.3). In this way the backgroundfrom 2-photonprocesses
and ~ ~-y-yfinal statescouldbe removed.The masslimits derivedat 95%C.L. areshownin fig. 8.14,
curveA.

Dueto the requirementthat the photonshaveto be separatedfrom themuons this searchbecomes
ineffective for low ji masses.For this casemuons with overlappingphotons were searchedfor in
Bhabhaeventswith reducedshowerenergy.No sucheventswere found,leadingto the limit displayed
as curveB in fig. 8.14.

Unstablemassivephotino
In the previoussection,the analysisof ji—~p + ~ with subsequentdecay of the photino,the photino
life-time wasassumedto be so short that it will decayin thedetector,i.e. -yi sa few ns.This neednot
be the case.The life-time of a massivephotinois given by [214].

2 5r = 8lrd /m~

where d is the scaleparameterof supersymmetrybreakingandhasthe dimensionof (mass)2.
The cross-sectionfor pair productionof photinosvia theexchangeof a selectron,is given by [215]:

2 3 k2(1+x2)—s(2k—m~—s/4)x2+s2/32x4I4
= ~iTa s/3 (k2 — s2/32x214)2

wherek= M(6)2 — M(~)2+ s / 2, /3 is thevelocity of thephotinoandx = cosO~.This cross-sectionis for
the exchangeof one 6, if both selectronscancontributeit hasto be multiplied by 2.

Threeeventsignatureshavebeenstudiedto derive limits on thephotino mass:
1. Heavy photinoswill have a short life-time and will appearas acoplanarphoton pairs in the

detector.
2. Light photinoswith a life-time shortenoughthat both candecayin the detector,yr of a few ns,

will leadto nearlycoplanarphotonpairswhich have,however,lessenergythanthebeamenergyand
their energywill in generalbe unbalanced.

3. Light photinoswhich havesucha long life-time that in most casesonly onehasa chanceto decay
in the detector,i.e. yr of the orderof a few ns, will lead to eventswith one photon and missing
transversemomentum.

The mainbackgroundencounteredin the searchfor suchevents(detailsare againin table8.3)was
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Fig. 8.15. Limits at 95%CL. for theproductionof unstablemassive Fig. 8.16. Excludedregion in theM(~),M(~)planefor unstable~ for
photinosasa function of the scaleparameterd (M(ë)= 40GeV). JADE and otherexperiments(d = 100GeV2 assumed).

from e~e—* -y-y-y. The mass limits were computedassumingmass degeneracyfor CL and 6R~For
M(6) = 40 0eV the limits obtained for the photino mass as a function of the scale parameterd are
shownin fig. 8.15. Also shownis a limit from cosmologicalstudies[214].For fixed d = (100GeV)2 the
limits are shownin the m~,m~plane(fig. 8.16). Note that photinomassesnear0 cannotbe excluded
sincethe detectionefficiency dropsto 0.

8.6.2. Scalar quarks
The supersymmetricpartnersof the quark are scalarcolour triplets. As in the case of the leptons

there are two squarksfor eachquark flavour, the partners of the left-handedand the right-handed
quarks. Squarkscanbe pair-produced via a photonorZ°with a cross-sectionessentially asin (8.30).A
factor 3Q~takesinto accountcolour andelectricalcharge:

doid(1 = (3a218s)Q2f33sin2 0. (8.31)

The ~ has the following decaypossibilities, if they are kinematicallyallowed:
1. Decay by stronginteraction into ~—~q~andsubsequentdecayof ~ q’ q ‘~ (fig. 8.17b);
2. Decay by electromagneticinteraction ~—+ ~ (fig. 8.17c);
3. Decayby weakinteraction ~—s~�q’i via W, wherethe � can be eithere, ~C or T (fig. 8.17d)or

~—*vi~qvia Z (fig. 8.17e);
4. ~ is stableor very long-lived.

The abovelist is orderedaccordingto the importanceof the decay: if thegluino is so light that the
strong decay1. is possible, this will be the dominantdecay. If the gluino is heavier than the ~ the
electromagneticdecay2. will dominate.Only if thegluino andphotinoareheavierthanthe~ will the
weakdecays3. play a role. Finally the ~ could be stableif all the abovedecaymodesareforbidden.
The two-bodydecays~—~q’W orq’Z canbe excludedbecauseof the masslimits on theW andZ which
will be discussedin thenext section.
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Fig. 8.17. Diagramscontributingto productionand decayof scalarquarks~.

JADE hasinvestigatedall four ~-decaypossibilities. The productionand decaywere simulatedfor
charge2/3 squarkswith Monte Carlo techniques.For the fragmentationof quarksthe Lund string
model was used.In thedecay~j—~q~the fragmentationwasassumedto takeplaceafter the decayof
thescalarparticles,althoughthe time scalesof decayand fragmentationmaybe comparable.Thelimits
obtainedwill howeverbe conservativebecause,due to this assumption,thephotinosat theendof the~
decay-chaincarryawaymoreenergy.The photinowasassumedto be stableand its masswasassumed
to be M(~)=

On theotherhand,in thedecayEj—~q~andtheweak decaysof the ~, fragmentationwasassumedto
occurbefore the decay.The fragmentationof squarkswasparameterizedin analogywith the normal
quarks:the ~jpicks up a q’ from the seaand forms an R-hadron.R-baryonformation wasneglected.
The fragmentationfunctionwasparameterizedin the form proposedby Petersonetal. [100]in analogy
to c- andb-quarks.

1In the rest frameof theR-hadronthe~ decaysintoq~andstrings betweenq and
thespectatorq’ arefragmented(fig. 8.17c).

In thecaseof stableor long-livedscalarquarksstableR-hadronsareformedwhich canbe chargedor
neutral. The relative probability of chargedand neutral R-hadronproductionis unknownand was
treatedasa free parameterq. If oneor two chargedR-hadronsareformedin the final statetheywould,
due to their high mass, show higher ionization lossesin the gas of the jet-chamberthan ordinary

I The parametera wasscaledwith the squareof themasses:a
8 = a0(M,/M8)2 C
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hadrons.If only neutral R-hadronsare producedthe event would have a large missing transverse
momentum.As a result,stablescalarquarkscan beexcludedup to —19 0eV nearlyindependentof i~.

The eventsignaturesexpectedfor the fourdecaymodesaregivenin table8.5 togetherwith thedata
from which the mass limit wasderived.The rangeof excludedsquarkmassesis given for equalleft and
right masses(cross-sectionmultiplied by 2) and also for the casethat only one ~j is within the
experimentalreach.(The detailedselectioncuts for the eventsamplesusedare summarizedin table
8.2.)

The above limits were derived for the scalar partnersof the known “low mass” quarks. The
top-quarkhasa massM(t) > 23 0eV (section8.1);neverthelesstherearemodelswhereoneof its scalar
partnerscould bethe lightestscalarquark[217].The decayt—~t~or t~is thennotpossible,the t would
decayvia processesof higherorder asin fig. 8.17f—j. Recentstudies[218]haveshownthat fig. 8.17j:
t—e.c~or c~will dominateif the W mass is not much higher than 1000eV. The probabilities for
observationwill besimilar to thosefor thedecays11—~u~oru~andmasslimits canbe obtained.These
are also given in table8.5.

8.6.3. Gauginos
The supersymmetricpartnersof thegaugebosonsandof theHiggs havespin 1/2 andtheappropriate

charge statescan in general mix. There will be a chargedsupersymmetricgaugino— the chargino
— which is the mass eigenstateof the mixture of W~and H~,and a neutral supersymmetric

state— theneutralino— which is the masseigenstateof themixtureof ~, Z andH°.In somemodelsthe
massofthegauginosis predictedto bebelow that of the W- andZ-bosons[219]which madea searchat
PETRA energiesworth while.

Table 8.5
Excludedmassregionsfor ~ with 95%CL. by JADE,assumingcharge2/3. The parameteri~
is theproductionprobabilityfor chargedstableR-hadronsin thefragmentationof a stableZ

1

m8 excludedwith 95% CL

.

Decay intL = m85 m8L ~ Conditions Signature

~ q~ <19.2 GeV 11.3—17.8 0eV m5= 3GeV

m.0=0.5GeV
<20.00eV m8 = 10GeV sphericalevents

m~= 1.7 GeV R-measurement

t—~c~ 12—17.7 GeV m5 = 3GeV

m.,=0.5GeV

~ <21.4GeV 3.2—21.0GeV m~<10GeV

3.8—20.0GeV m~=0GeV acoplanarjets
R-measurement

11.2—20GeV m5 = 10GeV

~j_*qC~C <20.8GeV 5.6—20.0GeV m5= m* in.,,, acoplanarjets
~—o.q~~v m5 = 1.0 GeV R-measurement

stable~ <19.0GeV 2.0—19.00eV s~= 0.5 eventswith heavy

stableparticles
<15.0GeV 2.0—15.0GeV 0 ~ ~ 1 eventswith large

missingp0
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Searchfor zinos
A possibleproductionprocessfor zinos is via fig. 8.18a, namelye~e—pz~with the exchangeof a
selectron.Sincethephotinomassis believedto be small the thresholdfor this processis probablylower
than that for Z-pair production. The cross-sectionwas calculated by Reya [220];we used the
assumptionthat M(6L) = M(6R), in which casethecross-sectionfor small Z and~massesis in therange
of 0.1—40pb if the selectronmass is below —1000eV. TheZ decaysinto a fermionpair plus ~ (fig.
8.18b—d)or into qãj (fig. 8.18e).The latterdecaycould be dominantif all � and~ massesturn out to
be similar. The decaymatrix elementwascalculatedby Reiteret al. [221].For the fragmentationof
quarksthe Lund stringmodel wasusedwith parameterswhich wereoptimizedfor QCD studies(section
5.2). We havestudiedthe following decaymodes:

1. Z —~e+ e- ~, fig. 8.18b: The acoplanare+e- samplewasusedto obtainlimits at high Z massesand
thesingleelectronsamplefor low masses.Themasslimits wereextractedwith M(Z), M(6) andM(~)as
free parameters.In principal thebranchingfraction into e~e~canbe calculatedbut it dependson the
massesof all decayparticles,thereforethe branchingratio wastakento be a freeparameteraswell.
The limits for threevaluesof thebranchingratioandfor two photinomassesareshownin fig. 8.19ain
the M(Z), M(6) plane. For small photino massesand branchingratios above 10% Z massesbelow
—28 0eV areruled out, if the 6 massis less than —40 GeV.

2. Z —* p ~, fig. 8.18c: The masslimits wereobtainedusingtheacoplanarmuon sample.Theyare
shown_infig. 8.19b.

3. Z—.~qã~or qdj, fig. 8.18d,e: For low Z-massesoneexpectsaneventtopologywhich hasa single
jet oppositeto missing energy,becausethe q~from the Z decaymerge into one jet. For higher Z
massesthe two jetswill separatebut dueto theunobservedphotinostheeventwill be acoplanar.The
limits wereobtainedfrom two event-samples,the single-jeteventsand the acoplanarjet-sample.The
limits are shownin fig. 8.19cfor q~and in fig. 8.19d for q~j.
Due to the complicateddecay possibilities of the Z there are severalfree parametersinvolved in
calculatingproductionlimits. Making additional assumptionsonecanbemorespecific. If, for example,
one makesassumptionsaboutthemassesof thesupersymmetricparticles,onecancalculatethe decay
branchingratiosof the Z. We calculatedlimits for two setsof assumptions:

e~ Z e~

(a) ~L,eR ~L,eR

IbI ~ (dl

Id ~ Id

Fig. 8.18. Diagramscontributingto productionand decayof Z.
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1. M(e)= M(~)= M(~);M(~)= 0 andM(~)> M(Z). The latterconditionsuppressesthedecayinto
q~j.The resulting limits areshownin fig. 8.19e.

2. M(~)= 3 0eV: in this casethe q~jchanneldominatesand the limit is shownin fig. 8.19f.
In suchwell-definedscenarios,zino massesup to —30 0eV can be excludedif ë massesarenot larger
than50GeV.

JADE (b) JADE
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Fig. 8.19. Lowerlimits at 95%CL. for theproductionof thesupersymmetricpartnerof theZ-boson,Z. (a) Limits for Zdecayinto electrons;(b)
for Z decayinto muons;(c) for Z decayinto quarkpairs and photino; (d) for Z decayinto quarkpairsand gluino. In (a), (b) and (c) two mass
hypothesesfor thephotino were made, in (d) two hypothesesfor the gluino mass.The percentagesnearthe limiting curvesgive the Zdecay
branchingratio into the channelconsidered.(e) Z limits for definite mass assumptions:M(�)= M(i) = M(~);M(~)= 0 and M(~)>M(Z); (f)
M(~)=3GeV.
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Charginos
Charginoscan be producedvia e~eannihilation into ~ pairs (fig. 8.20a)and the cross-sectionis
similar to that for muon pairs. Exchangeof a scalarneutrino,fig. 8.20b,will give a largecontribution
only for a smallv-mass.This wasnot takeninto accountand thus thecalculatedlimits will besomewhat
pessimistic. Single productionof a charginoin the processe~e—~e~i(fig. 8.20c) wasalso investi-
gated[222].The limits were howevercoveredby thosefrom pair production.

There are many possible decay modes of charginos dependingon the massesof the other
supersymmetricparticles.Thedecaymatrix elementswereobtainedby modifying thosecalculatedfor Z
and ~ decay.For the leptonic decaymodesthree-bodyphasespacewas usedas an alternative.The
limits were alwaysderivedwith the lowestvalueof thecross-section.The fragmentationof thequarks
in the final stateswasdone using the Lund string model. We haveinvestigatedthe following decays:

1. ~ —~q1~~or �i~.Thesedecaysaredescribedby fig. 8.20 (e), (f), (g), (h), andproceedvia W,
sleptonor squarkexchange.Theywill takeplaceif both the~and the ~areheavierthanthe~~. They
leadto leptonicorhadronicfinal statesandthebranchingratiosdependon themassesof the exchanged
scalarparticlesand aretreatedasunknownparameters.Due to the photino andneutrinoin the final
state,the eventsarecharacterizedby large missingenergyand momentum.

Limits were derivedusing the following event-samples:Acoplanare~e-, p~ - -pairs and
acoplanarjets (selectioncuts in tables8.2 and8.3).For thehadronicdecaymodesthemeasurementof
the total hadroniccross-sectionwasusedin addition.Thelimits on the leptonicandhadronicbranching
ratiosasa functionof thecharginomassareshownin fig. 8.21 for severalphotino-masses.The resulting
lower limit is of the order of 23—24 0eV. But low chargino massescan only be excluded for light
photinos.

2. ~—+qöj with subsequent~ These decays (fig. 8.20i) lead to hadronic statesand the
eventscan look like normalhadroniceventsor, nearproductionthreshold,they canbemorespherical.
Limits were thus derivedfrom the total cross-sectionmeasurement,which yieldsM(~)> 16.5 GeVfor
M(g) = 3 0eV and M(~)= 0.5 GeV. The spherical eventsampleexcludedcharginosbetween12 and
22.40eV. The combinedupperlimits are largely insensitiveto the gluino massandexclude chargino
massesup to 22.40eV (fig. 8.21).

3. ~ ±—* �~. For light sneutrinosthis two-bodydecaywill dominateand the final statewill contain
two acoplanarleptons. We haveagain usedthe acoplanarelectron,muon and tau event-sampleto
obtain the limits in fig. 8.22. For small i’-massesthe lower limit of the~ massis —22.5 0eV.

— .~..Ve ,~Ve

::>-~<:::i~~:::T~: :__(a) (bl C)

~ ~ ~ ~

~q2 ~ Ii) lj)

Fig. 8.20. Diagramscontributing to productionand decayof ~.
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4. Stable~. If charginosarestablethey havethesamesignatureasstablesleptons.The mass limit
of 21.1 0eV was derivedalong the samelines as describedin the searchfor stablesleptons(section
8.6.1).

8.7. Limits on compositeness

The proliferationof “fundamental”particlesencounteredin thestandardmodel, up to nowthereare
5 left-handedand 5 right-handedquarkswith 3 colours, 6 leptons,atleast3 of themin both chiralities,
4 gaugebosonsin the electroweaksector,8 gluons in the QCD sector,etc.,hasinitiated speculations
aboutpossiblesubstructurewhich would simplify this picture [223].At presentthis is purespeculation
sinceno statistically significant deviationof across-sectionfrom the predictionof the standardmodel
hasbeen measured.JADE hasobtainedlimits on possible substructure(1) by direct searchesfor
excitedstatesof leptons; (2) by looking for colour-octetleptonsand for leptoquarks;(3) by lookingfor
deviationsfrom theelectroweakprediction in measuredleptonic andhadroniccross-sections.

8.7.1. Searchfor excitedleptons
Excitedstatesof leptons�~, where� * canbe e~ p* or T*, could be producedsingly or in pairs(fig.

8.23). An e* could manifest itself also in the processe~e—s.-y-ywhere e* exchangecould lead to
deviationsfrom QED. In the lattercasethe mass limit for the e* is given by thecut-off parameterA~
for e+e- —~-y’y in table 2.2. The approximaterelation is M2/A2 = A~and the upper limit deducedis
shownin fig. 8.24. The cross-sectionfor singleproductionis given by [21,224]:

do 21Ta2A2[t2+(t—M2)2 s2+(s—M2)2]
dt — — M2s2 L + t (8.32)

where M is the massof the excited lepton and A is a coupling constantwhich describesthe y�* �
coupling;A = 1 if thecouplingis QED-like. Pair productionof excitedleptonsis usuallyparameterized
by introducinga form-factor Fe., which describesthe y�* � * coupling, in the cross-section.

The �* decaysinto � + ‘y. The life-time is expectedto be short and both decayproductscan be
observedin the detector;thus one can searchfor a masspeak. In the caseof the i, where the ‘r
momentumcannot be measureddue to the missing neutrino, the photon energy was usedas a
discriminatingproperty.The photonenergyfrom the decayof a massive~ is monochromaticin the i~

rest-frameand still shows a narrowpeakin the laboratoryframe.
The eventsamplesfor e~e-y,e~e-y-y,i~i-y, iy~y,0r1~ryand1~’r-y-y,describedin section2.5,

- :~<:__:*
:~:::::

Fig. 8.23. Diagramscontributingto productionand decayof excitedleptons.
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Fig. 8.24. Limits at 95%CL. for excitedelectronswhich decayinto electronand photon.

were usedto obtain mass limits. For e~e-yboth eventsampleswere used,that in which all three
particleswere observedand that in which one electronwas allowed to escapedown the beampipe.

The resultingmasslimits at the95%C.L. areshownin figs. 8.24, 8.25 and8.26 asa functionof the
coupling constantA for singleproductionof � If A = 1 the limits areM(e*) <700eV,M( iL1~) < 35 0eV
andM(T*) <40GeV. Forpair productionthe limits havebeenobtainedasa functionof theform-factor.
If it is 1 the limits are —22 0eV for all threeexcitedleptons.

8.7.2. Searchfor colouredleptons
Subconstituentsof leptons could have colour [226],and some models predict the existenceof

colouredleptons�8 in additionto thenormalcolourlessleptons.If a colour-octetelectrone8existedthe
reactione+e- —*2 gluonswould bepossiblevia the exchangeof suchane8 and theeventswould look

F~j~I
2 I I I

i:1~~4’~:*~“~
Limit from

-i - e~e—I.L~L4 -10 I I
4 8 12 16 20 24 28 32 0 5 10 15 20

M~’(GeV) M$.L’(GeV)

Fig. 8.25. Limits at 95%CL. for excitedmuonswhich decay into muon and photon.
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Fig. 8.26. Limits at 95%CL. for excited tauswhich decayinto tauandphoton.

like ordinarymultihadronicevents.The cross-section,in analogyto e+e- —~-yy, is given by [227]:

u = (8/ir)A4(s2IM6)

whereA is thecouplingstrength.The limit on ans-dependentexcessof eventsin the total cross-section

for multihadronsled to the limit:
Me>173A2130eV.

For A = 1, acolour-octetelectroncan thus be excludedup to twice the massof the W.

1 I I I ~8 excluded C 1111 I IJ I~

F(s) F=1 ~J
id2 .e t8\~exct ~/~LB

1I~ I I I I I I I I I II II I I I I I I
0 5 10 15 20 25

mLGeV]
Fig. 8.27. Lower limits on theproductionof colouredmuonsandneutrinos.
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Fig. 8.28. Limits on the productionof a secondgenerationleptoquarkx of charge2/3 decayinginto ~.sior

The decayof colour-octetmuonsvia pig leadsto eventscontainingtwo muonsand two hadron-jets;
thedecayof a colour-octetneutrinointo vg leadsto acoplanarjets. The productioncross-sectionsarea
factor8 largerthan thosefor ordinary~i- or v-pairs. In generala form-factorF(s) hasto be introduced
takinginto accountthecompositeness.The limits obtainedby comparingtheappropriateevent-samples
to thecross-sectionsare shownin fig. 8.27. Chargedcolouredleptonswhich areproducedin pairsalso
contributeto the total hadroniccross-section.The limit derivedis also shown in fig. 8.27.

8.7.3. Searchfor leptoquarks
The searchfor leptoquarkswasmotivatedmoreby experimentthanby theory,althoughleptoquarks

would be expectedin many composite models. The CELLO group at PETRA found an event
containingtwo energeticmuonsand two energeticjets [228];the invariantmassesof the (~i~jet) systems
were of the orderof 20 0eV. The probability that this eventcould be explainedby ordinary reactions
was very small. The probability of theeventbeingdue to “background”hasincreasedto the level of a
percentsincethe publication,as CELLO hasaccumulatedmorethana factor of four moreluminosity
at high energieswithout finding anothersuchevent.The decayof a neutralheavylepton wasnot very
probableas an explanationfor this eventin view of the measuredjet-masses.A natural explanation
would be the decayof a heavyleptoquarkinto a muonand a quark [229].

Assuming that such a leptoquarkexists and that it mixes only with one family, in our case
(c, s, p, v~) thepossibledecaysare: p~or v~.Thus threeevent-configurationscould be expectedand
JADE haslooked for all three:

~i jet jet: Two muonswith momentaabove3 0eVweresoughtin themultihadronicdataset,oneof
the muonshad to havea transversemomentumwith respectto the thrustaxis larger than 3 GeV. One
candidateeventwas observed,which is howevernot as spectacularas the CELLO event.
vp~jet jet: Onemuon with a momentumabove5 0eV was demandedin the multihadronic event-
sample.An additionalcut in the visible energyand in theacollinearityof theeventtook accountof the
escapingneutrino: ~ <v~/2and ~q,> 400(1+ 0.5~cos~~hJ).Again one event survived the cuts; it
could be due to a D ±decaywith a long-lived unobservedK~or to a partially observedQED event:
e e —*qq~.L ~L.

vv jet jet: Theeventswill consistof two acoplanarjetsandtheselectioncuts in table 8.2 were used.No
eventsurvivedthe cuts.
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Fig. 8.29. Lower limits on themassof leptoquarksof chargeQ, pair Fig. 8.30. Diagramsof e~e- —~e~e- in the standard model and
producedin e~e annihilationanddecayinginto quark andmuon or additionalcontractterm.
neutrino. BR

12 are the decaybranchingratios of the leptoquarks.

In calculatingthe mass limits theeventcandidatesfoundwere takeninto account;no background
subtractionwas attempted.The productioncross-sectionfor chargedcolouredspinlessparticleswas
given in eq. (8.31). In thesimulationof eventsthe leptoquarkswere assumedto fragmentlike heavy
quarksandto decayafterwards.Thelimits for a leptoquarkof charge2/3 thatdecaysexclusivelyinto
particlesof the secondgenerationare shown in fig. 8.28. The combined limit is M(leptoquark)>
20.8GeV or M(leptoquark)<5 0eV. The CELLO event has muon-jet invariant massesof 19.4±

1.3 0eV and 22.2±1.6 0eV, just at theborderof our limits.
In fig. 8.29 limits for a more generalcaseareshown,namelyfor leptoquarksof chargeQ decaying

into qp or qv whereq canbe any quark.

8.7.4. Limits on a mass scale for preons
As we have seenin section2.2.2, deviationsfrom QED are traditionallyparameterizedwith cut-off

parametersA which can be relatedto the size of the “fundamental” particles taking part in the
interaction.The limits for thesecut-off parametersA, which weremeasuredto bearound200—3000eV,
are mainlydetermined— apartfrom the experimentalerrors— by thes-dependenceof thehypothetical
deviationfrom QED or the standardmodel.

Eichten et al. [225]have suggesteda parameterizationof deviationsdue to substructure.They
assumethe standardmodel to be correctbut assumethat in addition to thephotonand Z°exchange
thereexist contacttermswhich are brought aboutby the preonscontainedin the particles(see fig.
8.30). Theseadditionaldiagramswould lead to an additionaltermin the interactionLagrangian:

Leff = 2A~
m~[flLLJL 3L + flRRJR ~fR+ 2flRJR JL].

The parameter~ givesthecompositenessmassscale;thesign in thesubscriptof ~ indicatesthe
overall signof theresulting additionaltermin thestandardcross-section.flC0mP is definedsuchthat the
coupling constantg2I41T = 1, which correspondsto a strongcoupling. The additionalinteractiondoes
not necessarily conserveparity, therefore the left- and right-handedcurrents IL ‘and JR appear
separately.Dependingon the type of modificationexpectedthe ~‘sassumevaluesof 0 or ±1:
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Table 8.6
Compositenessmassscale: Lower limits of A

10~at 95%CL. in TeV

LL,RR - AA VV
A~+°m~ A~CIIP A~~1IC A~’~’ A~°m’

4C

0IICP

e~e 1.1 1.4 2.4 2.3 2.5 3.1
~s7~ 4.4 2.1 7.5 2.8 5.8 4.8
i~s’ 2.2 3.2 2.7 5.7 4.1 5.7

Interaction 71LL ~RR ~LR

Left-handed(LL) 1 0 0
Right-handed(RR) 0 1 0
Vector (VV) 1 1 1
Axial—vector (AA) 1 1 —1

Limits for thecut-off parametershavebeendeterminedfor e+e- —~e+e-‘ ~ ~i and 7 +T-. Theyare
listed in table 8.6; the valuesare all larger than 1 TeV. The magnitudeis of course relatedto the
assumptionof a largecouplingconstantg2/4~= 1. In thecaseof ~ and‘r~ final statesthecontact
interactionswill only exist if electronsand muonsor taus havecommonsubconstituents.

8.7.5. Unusualhadroniceventscontaining isolatedmuons
In the course of the searches for new particlesthe “normal” eventswere examinedin detail and

“unusual”eventsweresearchedfor. The only unusualeventsfound in theJADE detectorwhich could
not be explainedsatisfactorily— asbeingdue to a standardprocessorasa newphenomenon— were low
thrusthadroniceventscontainingan isolatedmuon. Theywere foundat thehighestPETRA energies,
which might indicate that they are due to somenewphysics. This fact on the otherhand led to the
persistingdoubtsabout the events;the backgrounddue to synchrotronradiationand off-momentum
particlesat the highestrunning energieswashigh and the muon filter wasparticularly affected.

The eventswere foundin the multihadronicdataabove46.3GeV, where the MARK J grouphad
reportedan excessof eventsof low thrustwith isolatedmuons[2301.1.7 pb1 wereaccumulatedabove
46.3GeV with theJADE detector.In addition to the standardcuts for multihadroniceventsa muon
wasrequiredwhich fulfilled the loosecuts definedin table7.3. A distribution of theeventthrust (the
muontrackwas includedin thecalculation)and Icos SI, whereS is the anglebetweenmuonand thrust
axis is shownin fig. 8.31. The distribution is shownfor energiesabovev’~= 46.3 GeV andfor a lower
energyregionwhich servesasa reference.The signalregionwhich is also indicatedin the figure, was
defined in analogy to the MARK J analysis: T <0.8 and cosS~<0.7. In this region 5 eventsare
observedabove 46.3GeV while the expectation from the lower energy data is 0.56±0.18. The
expectationis in agreementwith Monte Carlo computationsbasedon five flavours. The s-dependence
of theobservedcross-sectionin thesignal regionis shownin fig. 8.32. The point at thehighestenergy
shows an excesscomparedto lower energies.This effect is in agreementwith thedatafrom MARK J
which are also shown. The probability of suchan excesswascalculatedto be 0.35%.

Severalcheckswere performedto investigatefurther the origin of the events.Sincethe five muons
do not belong to the sample of best identified muons, the probability that they are causedby
backgroundwas carefullyexamined.The studiesled to a backgroundestimateof typically oneevent.A
similar analysiswas carried out for inclusive electrons,which were searchedfor in a regionof polar
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Fig. 8.32. The observedcross-sectionfor muon-inclusivehadroniceventsin thesignal region (T <0.8 and cos81 <0.7) asa function of v~s.

angle Icos°I<0.76. No event was observedalthough the detectionefficiency is similar to that for
muons. -

Since thereare no plans to run PETRA again at thesehigh energies,it must be left to other
detectorsat future acceleratorsto decide,whethertheseeventsare merely backgroundor genuinely
indicatethe on-setof somenew physics.

Summary

The JADE detectorhasbeenoperatedsuccessfullyfor morethanfive yearsatthe e+e- storagering
PETRA and hascollecteddatain the energyrange12 � V~~ 46.78 0eV.

Tests of the Glashow—Salam—Weinbergmodel of electroweakinteractionswere carried out using
leptonicand hadronicfinal states.The chargeasymmetrydue to y—Z°interferencepredictedby this
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model wasconfiñned in the processese’~e—~ ~ ~ cë andbb. The muondatagave the most
preciseresultsbut theprecisionof the7 resultswasalmostasgood,sincereconstructionof ‘r-leptonsis
possiblewith highefficiencyin the JADE detector,resultingin a low-background(~—5%)eventsample.
The muonand tauasymmetrieswere measuredup to thehighestenergy-v~= 46.780eV. The angular
distributions and the total rateswere well describedby theGSW model with aZ massof 93 GeV and
including radiative corrections.

The charge asymmetry of e+e- —* cë was measuredby reconstructingthe D * ± resonance.A
techniquefor flavour separationin multihadronic eventswith inclusive muonswas developedwhich
alloweddeterminationof theb asymmetry.Both analyseswerecarriedout at an averagecentre-of-mass
energyof Vi~ 34GeV. The axial—vectorcoupling constantsdeterminedfrom the measuredasymmet-
ries are:

aea~= 1.21 ±0.14

aCaT 0.76±0.18

aeac= —1.0±0.6

aeab = 0.9±0.3.

The weakmixing anglesin2 Ow was determinedfrom theprocesseswith leptonic final statesandalso
in an analysisof the total hadroniccross-section.The total hadroniccross-sectionreceives,in addition
to the electroweakcorrection, a non-negligiblecontributionfrom QCD effects.The mixing anglewas
determinedin a simultaneousfit of sin2 Ow anda,. The resultsare, assumingM~= (93±2) GeV:

2 +0.03 + — + — + —sin O~= 0.20-0.02 ±0.01 from e e ,~ ~i , 7 T combined

sin2O~= 0.23~~ from Rhad.

In BhabhascatteringZ°-exchangeeffects are expectedto be small and this was confirmed by the
data,which agreedwith QED up to the highestPETRA energies.The measurementwassensitiveto
contributionsof order a ~. The normalisationerror was typically 3%, while electroweakeffectsare
expectedto be <0.5%.

Tests of QED were also carried out in e+e - —* y~y where the weak neutral current does not
contributein lowestorder. Furthermorethehigherorderprocessese~e—* �~‘-yand r-yy ‘where

= e ~i, 7 and e+e- -~ y’y~yand yy~yyand two-photonscatteringwere measuredin e+e- —* e+e- e+ e-

and e~e.t~i. The dataagreedwith the QED predictions to order a3 and a4 respectively.The
accuracyis in most caseslimited by the statistical errors (except in e+e —* -yy and e+e— —* e~e- y).

The decaybranchingratiosof the ‘r into one,threeand five chargedparticlesplus neutralsand into
electrons,muonsand pions plus neutrinoswere determined:

BR
1 = (86.1±0.5 ±0.9)% BRe = (17.0±0.7±0.9)%

BR3 = (13.6±0.5 ±0.8)% BR~= (18.8±0.8 ±0.7)%

BR5 = ( 0.3 ±0.1 ±0.2)% BR~,= (11.8±0.6 ±1.1)%.

The resultsare in agreementwith theoreticalcalculations.
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The testsof thehadronicsectorof thestandardmodel turnedout to bevery complexmainlybecause
of thelack of a quantitativetheoryof hadronisationbut also becauseofproblemsin perturbativeQCD.
Thepictureof hadronicprocessesgiven by perturbativeQCD, e+e- —pq~jplus oneormoregluons,was
confirmedby demonstratingthe existenceof three-and four-jet events.For a moredetailedcomparison
of event shapesand rates fragmentationmodels had to be used.Thus the ability of the existing
fragmentationmodelsto describethe datahad to be investigated.

In an analysisof three-jet events differenceswere found betweengluons and quarks in the
distributionof transversemomentumwith respectto the jet-axis, in theangulardistribution of particle
multiplicity and energyflow. In addition a systematicdeviationof theeventshapeof three-jetevents
from the expectationsbasedon independentbehaviourof the three partons in the fragmentation
processwasdiscovered.This lattereffect is in the literatureknownasthe “string effect” sinceit — and
also the differencesbetweenquarksandgluons— is well describedby a modelbasedon a QCD matrix
elementanda stringmodel for fragmentation.A differenttype of modelwhich wasalso foundto give a
good descriptionof thedatawasbasedon a leadinglog approximationof QCD. It washoweverfound
that this type of model reproducedthe structureof q~geventsonly if soft gluon interferenceeffects
were takeninto account,e.g. as in the Webbermodel. Models basedon QCD matrix elementsand
subsequentindependentfragmentationof partonsdid not yield satisfactoryagreementwith the data.

A comparisonof experimentaljet-multiplicities with thepredictionsof O(a~)QCD+ Lund model
seemsto indicate a fundamentalproblem; the predictedproportionof sphericaleventsis too small.
Sphericaleventsaremainly due to four-partonevents.To achieveagreementwith thedataeithera,has
to be increased,which leadsto contradictionswith the rate of three-jetevents,or a small proportion
(—~2%)of five-partoneventshasto beaddedartificially suggestingthe importanceof higherorderQCD
effects.Since fragmentationeffectswere shownto beexcludedasa sourceof thesediscrepancies,the
problemlies with the QCD matrix elements.The Webbermodel, which is basedon a leading log
summationand thus includesall orders,reproducesthe rate of sphericaleventsbetter;but this model
hasproblemsin reproducingthe rateof three-jeteventscorrectly.

Thedeterminationof thestrongcouplingconstanta, is affectedby thesetheoreticalproblems.It was
attemptedseveraltimes as theunderstandingof the theory advanced.In principle the total hadronic
cross-sectionyields a measurementof a, which is independentof detailedknowledgeaboutfragmenta-
tion— except in theacceptancecalculation.Howeverdue to thesystematicexperimentalnormalisation
error the resultingprecisionin a, is limited. In thesimultaneousfit of theweakmixing angleandof a,
mentionedabovea value of a, = 0.19I’Ig~(at v~-~34 GeV) was deduced.

A secondmethodof determininga, which is also independentof fragmentationmodelswas an
analysisof parametersdeducedfrom theeventshape,which canbe calculatedexactly in O(a~)QCD
(using the ERT matrix element).The data contain contributionsfrom fragmentationin addition to
thosefrom QCD, but the two contributionshavea different energydependence.Thus limits on a, are
obtainedby analysingthe s-dependenceof the data. A value of a, 0.12±0.02 was found by this
method,which is not fragmentationmodel dependentbut assumesthat theO(a~)QCDmatrix element
gives a correct descriptionof the data.

The third meansof determininga,is theanalysisof energy—energycorrelations.The asymmetrywas
evaluatedin termsof O(a~)QCD in two different ways. Firstly fragmentationeffects, which were
shownto be small,were neglected,yielding a, = 0.12±0.01. SecondlytheLund model wasincludedin
the analysis(togetherwith the GKS matrix element).This led to a value of a,= 0.16±0.02.

All results for a, areaffectedby missing higherordersin theQCD matrix elements.The QCD scale



208 B. Naroska, e~e physics with the JADE detector at PETRA

parametercorrespondingto thea, valuesfound lies between50 and500MeV. The uncertaintyis mainly
due to a lack of theoreticalunderstanding.

A different approachto studying hadronic final stateswas pursuedin the analysisof inclusive
productionof particular particle species. In addition to y, ii°, K°, r~,p°,K* ±, A, ~ - and D* the
productionof chargedparticleswithout further identification was studied. In the caseof unidentified
chargedparticles,photons,neutralpions, kaonsand A’s theenergydependenceof the inclusivespectra
was examined.The accuracyof the datadid not in generalsuffice to establishscalingviolations. The
multiplicity distributionsof chargedparticleswerebetterdescribedby theLund model thanby models
with independentfragmentation.Fragmentationparametersfor theproductionof strangemesonsand
baryonsandfor the relative probability of vectormesonproductionwere determined.

Analysis of the D* yielded information on the mechanismsof heavy quark production. The
fragmentationspectrumis hardandcanbe describedby thePetersonfunctionwith e~= 0.05. The rate
of gluon emission in c~eventswas found to be compatiblewith the overall probability of gluon
emission.

The propertiesof heavyquarkswere furtheranalysedby studyingtheir decaymuonsand— in the B
life-time determination— also their decay electrons.The b fragmentationfunction was found to be
harderthan that for thec. The muonic branchingratioswere determined:

BR(b—*p~+.•.)=(11.4±1.8±2.5)%

BR(c—* p. + .) = (8.9±1.8±2.5)%.

The limit on flavour-changingneutralcurrentsdeducedfrom the rateof di-muonsis:

BR(b—* p.’~’p.X)<0.4% at 95%C.L.

The life-time of B-hadrons,determinedby measuringthe impactparameter,is:

+0.5

TB =
1.8_a4 ±0.4ps.

Since all investigationswerecarriedout at energieswhich reachup to thehighestenergiesavailablein
e + e- collisions one was always awareof the possibilityof “new physics”. The searchesfor deviations
from thestandardmodel cross-sectionsgreaterthanthe experimentalerrorswere all negative.Limits
for QED cut-off parametersof the orderof 200—300GeV were determinedfor leptonsand hadrons.
Searchesfor specificparticlesled to masslimits for the top-quark,for free quarks,newmassiveleptons
and chargedand neutral (non-minimal) Higgs. Searchesfor supersymmetricpartnersof photons,
electrons,muons,taus,quarks,W andZ bosonswereundertakenin a systematicway, trying to avoid
dependenceon specificmodels. Searchesfor excited leptons,leptoquarks,colour-octetleptonswere
also negativeandgaveno indicationof compositeness.The limit on thecompositenessscaleparameter,
assuminga contactinteraction,is of theorder of a TeV.

In thecourseof thesesearchesthe following event-typeswere analysedand found to be consistent
with standardexpectations:acoplanarleptonsandphotons, single leptonsand photons,an acoplanar
configurationof a lepton and a jet, acoplanarjets, single jets, eventswith isolated leptonsand jets,
sphericalhadronicevents,eventscontainingtracksof unexpectedionisation properties.
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