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Abstract:
The contributionsof thePLUTOexperimentto e~ephysics at collision energiesin therangeof 3—320eVare reviewed.The review briefly

sketchesthestorageringsDORISandPETRAat DESY,anddescribesthemostimportantfeaturesof thePLUTOdetector,of dataprocessing,and
of theanalysismethods.It coversthephysicsresultsin thefields of electroweakinteractions,of theheavy lepton r andthesearchfor still heavier
leptons,of hadron productionwith evidencefor quark and gluon jets, as well as for single and multiple gluon emission,of Y decaysandtheir
relationto OCD,andpresentsresultsin high-energyphoton—photoninteractions,including thefirst measurementof thephotonstructurefunction.

1. Introduction

With thediscoveryof the J/çLi particlein 1974 e~estoragerings becamethefocalpoint of interestin
particlephysics.Within a few yearsa seriesof exciting resultsconcerningtheconstituentsof matterand
the forcesbetweenthem was produced.

A beautiful confirmation of theweak isodoubletnatureof quarkswasprovidedby thestudyof open
charm statedecays,suggestinga closeparallelismbetweenquarksandleptons.The discoveryof the r
leptonandthe determinationof its sequentialcharacterwas the first evidencefor a third generationof
leptonisodoubletsandgaverise to speculationson athird quark isodoublet.Detailedmeasurementsof
the Y resonancesunambiguouslyconfirmedtheir natureasquark—antiquarkboundstatesof anewquark
flavour, with charge— 1/3, fitting as the “bottom” partnerinto the expectedthird quark doublet.

Y decaysalso confirmed fundamentalpropertiesof gluons as expected for QCD quanta. The
spectroscopyof quarkonia,i.e. of thec~andb~boundstates,disclosedbeautifulpositroniumlike level
schemesand yielded data for precise testsof predictionsbasedon the QCD picture of the forces
betweenquarks.Theobservationof clear2-jet eventsin thecontinuumwas animpressivemanifestationof
theproductionof confinedquarksastheunderlyingprocessof hadronproduction.Theobservationof clear
3-jeteventsatPE1’RAenergies,confirmedexpectationsfor hardbremsstrahlungof colour field quantaand
furnishedthemoststrikingconfirmationof a basicQCD process.In additionthereis agrowing amountof
dataonhadronproductionandjetpropertieswhichprovideachallengefor athoroughunderstandingof the
fragmentationprocessin termsof QCD.

The energydependenceof crosssectionsfor leptonpair production andhadronproduction, in the
energyrangeof 10 < s< 1000GeV2 hasverified the pointlike natureof the electricchargeof partons
and leptons down to the samelimits, indicating their equally fundamentalrole as constituentsof
matter.Testsof validity of QED havebeenextendedsignificantly up to four-momentumtransfersof
over 1000GeV2, andfirst testsof weak interactionsat large q2, in lepton-pairandhadronproduction
arebecomingfeasible.Finally, anewtypeof reaction,hadronproductionin photon—photoncollisions is
openingavery promisingfield of physics.

The PLUTO detector started its first test run in late 1974, just in time to confirm the newly
discoveredi/i/i andt~r’resonances.It continueddatataking in the years1976 and1978/79,at the storage
rings DORIS and PETRA. With these data the PLUTO collaborationt could achievesignificant

t The PLUTO collaborationstartedwith 15 members(seesection7.8), and grewup to about65 membersin 1980. Until 1980 the following
physicistshavebeenworking in thePLUTOcollaboration:

Ch. Berger,H. Genzel,R. Grigull, W. LackasandF. Raupach,I. Phys.Institut derRW~HAachen’,Germany;
A. Klovning, E. Lillestöl andE. Lillethun2, Universityof Bergen3,Norway;
H. Ackermann,G. Alexander4,G. Bela4,J. BUrger,J.Burmester2,L. Criegee,H.C. Dehne,R. Devenish5,A. Eskreys6,G. Flugge7,J.D.Fox2,

G. Franke,W. Gabriel2,(1. Gerke,E.Hackmack2,P. Harms2,G.Horlitz2,Th. KahI8, G. Knies,W. Krechlock2,E. Lehmann2,H.Mehrgard2,H.D.
Mertiens2,U. Michelsen, K.H. Pape,H.D. Reich,M. Scarr9,R.Schmitz2,T.N. RangaSwamy2,B. Stella’°,R.L. Thompson2,U. Timin, W. Wagner,
H. Wahl12, S. Wolff2, P. Waloachek,G.G.WinterandW. Zimmermann,DeutschesElektronenSynchrotronDESY, Hamburg,Germany;

Footnotecontinuedon p. 154.
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contributionsto the e~ephysics over the CMS energy rangefrom 3 to 32 GeV. The history of the
PLUTO experimentas reportedin this paperthusappearssuitableto illustrate,in a coherentfashion,
the exciting progressin this fruitful field of particle physics. At the same time with the PLUTO
experiment,otherexperimentsat DORIS. SPEARandPETRAhaveproducedimportantresultsin the
samefield of physics,in a sometimeshard but alsofruitful competition.Whereverappropriatewe give
referenceto relatedresults,without trying to be comprehensive.

This reportwill first briefly introducethe storageringsDORIS I, DORIS II, andPETRA(section2),
anddescribethe PLUTOdetectorincluding datataking andanalysisprocedures(section3). It will then
expandon the physicsresultsobtainedin the fields of QED (section4), of heavylepton 7~(section5), of
hadronproductionin the continuum(section6) andof c~and bb resonances(section7), andconclude
with interestingfirst resultson photon—photoninteractions(section8).

2. The storagerings DORIS andPETRA

The e~estoragering DORIS(double~bit intersectingstoragering) was designedduring the years
1966—1967with the emphasison exploringQED andhadronicphysicsin the 2—30eV c.m. energyrange
[2011.Since at theseenergiesthe luminosity is limited by the maximumbunchcharge,the storagering
was built such as to storeandcollidea largenumberof electron(andpositron)bunches.Fig. 2.1 shows
the layout of the injection systemand the storagering. Electronsare first acceleratedin the linear
acceleratorto 450MeV, thenin the synchrotronto the desiredenergy,andfinally injectedinto oneof
the DORIS rings. The positronsare producedby electronsstriking a converterin the middle of the
linear accelerator,then focussedand acceleratedin the second half and in the synchrotron as
indicated, and arethen storedin the secondring which is placedpartly aboveand partly below the
electronring. Table 2.1 lists someimportantparameters.

Both ringshavevertical bendssuch as to intersectin two interactionregionsat a crossingangleof
24 mrad (beam—beam).The bunchcrosssectionat the intersectionsis small. Typical values are 1 mm

Footnotecontinuedfrom p. 153.
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Fig. 2.1. Layout of theDORISstoragerings (2 ring operation),andof the injection system(DESY andLINAC II).

(rms)horizontally, 0.1mm vertically and 1 cm along the beam.The time structureof the beam—beam
interactionsis quasi-continuous,namely oneshort (<0.2nsec)flash every 2nsec.It is imposedby the
500MHz accelerationwhichis neededto compensatefor the powerlost by synchrotronradiation.Peak
luminositiesof typically 0.5 x iO~°cm2sec at30eVand4 X io~°cm2sec1at 5 0eVc.m. energyhave
beenachieved.

Table 2.1
Storagering parameters

DORIS I DORISII PETRA

circumference 288 288 2304 m
max.beamenergy 4.2 5.1 19 GeV
typical beamcurrent 200 20 15 mA
typical peak luminosity 2 x io~° lx i0~° 1.5 x I0~ cm2sec’
width of cm. energy (Enc/3.40eV)2 (E~,,,,/3.50eV)2 (E~/6.6GeV)2 MeV
numberof bunches 480 (120) 1 2 per charge
typical bunchheight(u) 0.1 0.1 0.05 mm

width (ci) 0.8 0.8 0.5 mm
length (a-) 10 10 10 mm

typical beamlifetime 6 3 6 h
length of interactionregion 5 5 9 in

* At 17+ 17GeV,with mini-$ optics.
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The storedcurrentsand thereforethe luminosity are limited by interactionsbetween successive
bunches,andat high energiesalsoby the availabler.f. power.Herethe luminosity can be increasedby
concentratingthe samecurrentontofewer bunches.At 5 0eV DORISwas thereforeoperatedwith 120
insteadof 480 circulatingbunches.

In orderto reachthe Y region,DORIS hadto be convertedinto a single-ringmachine[2021.For this
purposetheuppertwo half rings (fig. 2.1) were ‘connected’by dipole magnetsproducinga verticalbend
on both sidesof the interactionregions.All availabler.f. andmagnetpowerwas concentratedinto this
new singlering. The timescheduleandthesuccessof thischangeoverwere impressive:In summer1977,
shortly after the discoveryof the V at FNAL [203],a proposalwasforwardedby the PLUTO and the
machinegroup. Already in Novemberthe new systemproducedluminosity at 7.7 0eV. In early 1978,
morer.f. cavities— borrowedfrom PETRA,which was nearingcompletion— were installed.Themagnet
control wasextendedsuch as to accountfor differentsaturationpropertiesof variousmagnetelements.
In early April the machinedeliveredthe first luminosity at energiesabove9.20eV for the searchfor
the V resonances(seesection7). In 1982the DORIS storagering will be upgradedoncemore, in order
to allow routineoperationup to 10.60eV [2041.

The storagering PETRA (positron-electron-tandem-~ing-~ccelerator)was built during the years
1976—1978,with the aimof coveringthe energyregion up to about40 0eV [2051.The layoutis shownin
fig. 2.2. (See also table 2.1.) The injection energy is usually 7GeV, except for operationsbelow

Hall SW~
HF-Hall Hall NW

(XP JAOt

__( ~—

~Synchro1ron

~ ~B~1 ~POsItrOns(ei RadiatIon)

~45a~U15S5~O ~ ~‘Lab5 HF HaU N

~ wtih~nthOfr0n Mah~ I RSA

HASYLAB:Laboratory for ‘~‘~ ~ Exp.CtiLOSynchrotron-Radiation.Hamburg bra. PLUtO PIA
HASYLAB

Fig. 2.2. Layout of thePETRA storagering, andof the injection system.
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14GeVc.m. energies.Electronsaredirectly injectedfrom the synchrotron,while positrons,becauseof
their weakercurrent, haveto be accumulatedbefore.During the first yearof operationthe positrons
were storedin DORIS at 20eV, then reinjectedinto the synchrotronand acceleratedup to the
PETRA injection energy.Since this applicationmore or less paralysedDORIS’ operationin the V
range,a small (450MeV) intermediatestoragering PIA (positron-jntensity-~ccumulator)was built and
completedin 1979 [206].It accumulates 1010 positronsat a timeandcompressesthem into oneshort
bunch, which is then acceleratedin the synchrotronand addedonto one of the circulating PETRA
bunches.

Luminosity runs for the experiments(PLUTO, MARK J and TASSO first, then JADE, and later
CELLO) started in November 1978. The maximum c.m. energywas first 17GeV, and raised to
31.60eV in July 1979,andto 36.6GeV in 1980.In 1980 the luminosity was substantiallyimprovedwith
the so-calledmini-/3 optics,which providedastrongerfocussingof the beamsfor the interactionregions
(therebyreducing their length from 15 to 9 m). The energycan still be raisedby increasingthe r.f.
powerandnumberof cavities.Although quiteexpensive,sucha programis well justified by the chance
of finding and investigatingthe toponiumfamily [207],and alsoby largerelectroweakeffects (section
4). As the nextstep,an increaseto 41 GeV is scheduledfor summer1982.

3. The PLUTOdetector

PLUTO was designedas a magnetic detectorin which chargedparticlescould be analysedover a
largefraction of the full solid angle.Fig. 3.1 showsa sketchof the 1976setup.

The magnetproducesaroughly uniform field of 20 kGauss(seesection3.1), orientedparallelto the
beams.The field volume is filled with cylindrical track chambers(seesection3.2). The iron returnyoke
servesasanabsorbertodistinguishmuonsfrom hadrons.Fig.3.2givesasideview of theextendeddetector

iron yoke -~
superconductingcoil ~ f-s

mjon chambers

lead converters

al —

Fig. 3.1. PLUTO (1976) viewedalongthebeam.
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PLUTO at PETRA
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_ :2 _ _

____________________________________________________________ II —!~ _____________________

I Superco~1uc~rng(0! 7 Myon Chambers PARTICIPANTS
2 Compensat yr sic U Hadron Absorber RWTH Aachen
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U Cylindrical Shower Co.jvters tO Smal Angie Spectrometer TESt, Hamburg
SEnd-cap Shower Counters it Vacuum Pipe Univ. Hamburg
6 Iron Joke Univ. MarylandIUSAI

SHE Siegen,Wuppertal

Fig. 3.2. PLUTO (1979), sideview.

asusedin the PETRAexperiments.The trackdetectorhasnow beencompletelysurroundedby shower
counters.The forwardandbackwardsmall-angleregions.1°—15°,havebeencoveredby spectrometersfor
detectingelectronsdegradedin y’y scattering.Theiron yokehasbeenbackedup by an additionalabsorber
to allow muon—hadronseparationat highermomenta.

3.1. Themagnet

A superconductingcoil of copper-stabilizedNb-Ti wires, operatedat 4.5°K,producesthe magnetic
field. Fig. 3.3 showsa pictureof the magnet,with the cryostatcontainingthe coil. The usablemagnetic
volume is given by the diameterof the cryostat,1.4m, andby the distanceof thepole faces,1.05m. The
field strengthwas 20 kGaussduring the 1976 run period,and 16.5kGaussafter the polefaceshadbeen
carved out to accommodatethe endcap shower counters. The non-uniformity of the axial field
componentis less than 10% over most of the volume, as shown in fig. 3.4. It is small enoughto be
neglectedin the first stepof the trackanalysis,thussavingconsiderableamountsof computertime,and
is then only appliedto the refinedanalysisof selectedevents(section3.8). The influenceof the axial
field on the storagering, an undesiredcoupling of horizontal and vertical beam oscillations, is
compensatedby a pair of superconductingcoils with opposite field. All coils together require a
cryogenicpowerof 150W, anda totalpowerof about250kW, to be comparedto 2 MW for a normally
conductingversion.

3.2. Track chambers

The tracking systemwas designedto give a good topological resolution of multitrack events,both
perpendicular(x, y) and parallel (z) to the beam,anda good momentumresolution for kinematical
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___ ~1___

Fig. 3.3. Magnetwith cryostat of superconductivecoil andseparatediron yokes.

10!.200 7/7/ -.

100 0

I’~/ /
I! Ill I I

100 200 300 400 500
z

(mm]

Fig.3.4. Linesof constantmagneticfield B~,labelledby relativedeviationfrom centerfield.
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:: single tracks

p [0eV/c]

Fig. 3.5. Relativemomentumresolutionasafunctionof momentum.Uppercurves:singleparticlesat60°and90°(tobeamaxis), plusmeasurements
from ~ (triangles,averagedover angles.The 1.5 GeV/c pointshavebeenscaledfrom 20 to 16.5 kGauss).Lower curvesand points:samefor
two-particlefit. Dashedlines would result from coordinateerrorsonly, with no multiple scattering.

analysis.It hadalsoto allow for a complextrigger, to meetthe anticipatedbackground.Proportional
chamberswith wiresparallel to the beamoffered, at the time, the easiestsolution. The cathodesare
built of fibreglass,coatedwith 35 p~mof copper.The coatingis segmentedinto stripeswhich aretilted
±45°to the wires (a few layersalsoat 900, see[301]).For everydischargea wire signal plus two pulses
influencedon the stripesarereadout,thusgiving a 1-constrainedpoint in space.Thelayout producesa
high density of spacecoordinatesalong a track, at the price of multiple scatteringaffecting the
resolutionfor low momentumparticles.The momentumresolution for pionswhich areconstrainedto
the beam line (o-R = 2 mm) is shown in fig. 3.5. At high momentathe resolution is given by

= 3% . p (0eV). The resolution is aboutconstantover 60% of the solid angle, but deteriorates
rapidly towardsthe forwardandbackwarddirection.Thelower line gives the momentumresolution for
elastictwo-prongslike ~s~ -.

3.3. Showercounters

In the first versionof the PLUTO detectorphotondetectionwas accomplishedby two leadrings of
0.4 and 2.0 radiationlengths,insertedin betweenthe track chambers(fig. 3.1). They were useful for
enhancingthetrigger efficiency for low-multiplicity events,for the detectionanddirection measurement
of photons,and for ir—e-separation.As an examplethe separationof r-decaysfrom ~sy eventsis
shown in fig. 3.6: r candidateshaving one identified ~sandoneconvertedphotonare plottedvs. the
squareof the missing mass.The entry is shadedif the photondirection is consistentwith the missing
momentum.Theseidentified ~qsyeventsthuscheckthe efficiencyof the missing masscut usedfor the
separation.Electronsare recognizedfor jcos01 <0.55 from the showerpatternsthey producebehind
the leadplates.The detectionprobability dependson the level of the ir—e misidentificationtolerated.
For a clean methodwith a (1.2±0.2)% probability of taking a hadron as an electron,the detection
efficiencywas determinedas 30% for electronmomentaof 440MeVIc and65% above1 0eV/c.

As the importanceof measuringtheneutralenergybecamemoreandmoreapparent,PLUTO was
modified in 1977 such that almost the completesolid angle (96%) was coveredwith lead-scintillator
showercounters.The two outmostcylindrical wire chamberswere replacedby the barrel counter,
sketchedin fig. 3.7. It consistsof 60 modulesof lead-scintillatorsandwichesarrangedin two layerswith
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Fig. 3.6. Separationof if from u~Zyeventsthroughphotondetection(seetext).

a total thicknessof 8.6 radiation lengths. This thicknessis marginal for sampling the showers of
� 10GeVphotonsandelectrons,but doesgive afair measureof the neutralenergyof hadronicevents
which is predominantlyemittedvia low energy(E <50eV) photons.Therelative energyresolutionis
roughly constant,o~E/E 25% for E<7GeV, but deterioratesabovedueto leakageeffects.

Spatialresolutionwithin the barrelcountersis achievedby a doublelayerof helix-tubes[302].They
provide an angularresolutionof o~= 1.30ando~= 1.40for isolatedshowers.Thetime resolutionof the
barrel, r~ 0.7ns, is sufficient to separate~ pairs from cosmicmuons(section4B.3, fig. 4.12).

..

tubes

39X.

Light guIdes
Fig. 3.7. Crosssectionthroughbarrelshowercounterwith lead-scintillatorsandwichesandhelix tubes.
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Theendfacesof the tracking volumearecoveredeachby alead-scintillatorsandwichof 10.3radiation
lengths,segmentedinto 30 azimuthalsectors.The energyresolution of this endcap showercounteris
o-E/E 23%/VE.Onelayerof multiwire proportionalchambersis insertedin thesandwich,providinga
measurementof the polar anglewith a resolution~ = 1~[3031.

3.4. Muon detection

e4e annihilationis a very efficient reactionfor the pair productionof hadronsandleptonswith new
quantumnumbers.Conservationof thesequantumnumbers(seesection6.2) leadsto stableparticles
which can only decaythroughweak interactions.Sincepart of the weakdecaysleadsto leptons,muon
andelectron detectionare particularly powerful tools for detectingthe productionof new quantum
numbers.

The separationof muonsfrom hadronsrequiresa thick hadronabsorberand a short flight path
before,in order to suppressthe decay-in-flightof pionsandkaons.Theaverageflight path in PLUTOis
about60cm. Thecoil andflux returnyoke providean absorberwith an averagethicknessequivalentto
70 cm of iron. Themomentumcutoff variesbetween0.9 and1.4GeV/c.Outsideof the absorber49% of
the solid angleis coveredwith proportionaltubechambers.Particlesareidentifiedas muonsif they hit
the expectedposition within ±15cm. The probability that hadronsof 1—1.50eV/c were identified as
muons (punch through)was determinedfrom multihadroneventscollected at the J/o/i resonanceas
(2.8±0.7)%.

For thehigher momentummuonsexpectedat PETRAthe iron yoke wascomplementedby an extra
hadron absorber such as to obtain a uniform, position-independentthickness of 100cm iron
(equivalent),correspondingto a muon energyof 1.40eV. The outsideis coveredwith two layersof
drift chambers,allowing a two-coordinatemeasurementover 80% of the full solid angle. The
punch-throughprobabilityfor hadronshasbeencalculatedfrom publisheddata[304]as2.4i~4%perevent
at 30GeV[3051.

3.5. Luminositymonitor

The luminosity L measuresthe productof e~flux ande~‘target’ densityandgives the reactionrate
from a crosssectiono as

dN/dt=L~r.

Since no methods are available to measurethe beam density profile directly, the luminosity is
determinedfrom Bhabhascatteringas a gaugereaction.The crosssectionis knownto agreewith the
QED prediction up to momentumtransfersof iO~0eV2andc.m. energiesup to 30GeV [3061,if the
lowestorderdiagramanda calculable[307—309]2—10% radiativecorrectionaretakeninto account.

Bhabhascatteringat small angles gives high rates suitable for instantaneousmonitoring. It was
measuredat DORIS with a system of four telescopes,which will be describedin this section,andat
PETRAwith the forwardspectrometers(section3.6) of PLUTO. After the barrelandend cap shower
counters(section3.4) hadbeeninstalled,Bhabhascatteringwas alsomeasuredin the centraldetector.
Although the latter rate was too small for instantaneousmonitoring, it still exceededthoseof the
hadroniceventsby morethana factor of 20,thusproviding astatisticallysignificant normalization.

The small anglemonitoring system usedat DORIS is sketchedin fig. 3.8. The four telescopesare
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Fig. 3.8. LuminositymonitorasusedatDORIS,wioh small (K), medium(M) andlarge(0) scintillationcounters,andshowercounters(S)(topview).

positionedhorizontally at 130mrad with respectto the beam, and vertically at the crossing angle
(12 mradin 1976,00 later). Eachconsistsof threescintillation countersof increasingsize,backedby a
lead-scintillatorshowercounter.A Bhabhacount is definedas a coincidencebetweenonemediumand
the opposite large scintillator, together with the correspondingshower counters. Becauseof the
04-dependenceof the crosssectionthe individual ratesof thefour telescopesareextremelysensitiveto
small displacementsof the interaction point. However, the sum of the rates (which contains the
medium—mediumcoincidencestwice) varieslessthan 1% if the interactionpoint movesby 5 cm along
or 2cm perpendicularto the beamdirection.The systematicerror of the luminosity measurements,
arisingmainly from the knowledgeof the geometryandthe rejectionof electronshowersscatteredinto
the acceptance,is estimatedto be lessthan5%. This estimatewas verified by a comparisonwith the
wide-angleBhabhascatteringmeasuredat.7.7and 9.4GeV.

3.6. Theforward spectrometers

Whereasthe crosssectionfor e~eannihilationfalls with the 2nd powerof the energy,the hadron
productionvia two photons

e~e—+e~e+ X

is expectedto rise logarithmically.At PETRAenergiesthe two-photoncrosssectionis sufficiently large
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Fig. 3.9. Cross section of forward spectrometerwith small angle (SAT) and large angle tagger (LAT). The acceptancefor the luminosity
measurementsis definedby the4 x 4 ‘Center’ blocksof the SAT (hatched),in coincidencewith any oneof theoppositeones.(Dimensionsin mm.)

to be studiedboth in its own right andas a non-negligible‘background’ to be separatedfrom the
annihilation.

The yy reactionscan be ‘tagged’ by measuringone or two of the final stateelectrons.For this
purposethe PLUTO detectorwas equippedwith two spectrometerseachin the forwardandbackward
direction.The so-calledsmall-angletagger(SAT) coversan angularrangefrom 23 to 70 mrad, while the
large-angletagger(LAT) extendsfrom 70 to 260mradand smoothlyjoins the rangesubtendedby the
endcap showercounter[310].

The setupis shownin fig. 3.9. Eachof the SAT’s consistsof 96 blocks of leadglass, 12.5 radiation
length thick. The energyresolutionhasbeendeterminedin a testbeam,as well with Bhabhaeventsat
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Fig. 3.10. PLUTO detectorwith magneticforward spectrometersandmini-$ beamoptics.
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PETRA.Both give consistently

crE/E = 8.5%/VE(GeV).

Chargedparticlesaretrackedby 4 planesof proportionalwire chambersin front of eachSAT.
The LAT consists of 18 lead-scintillator sandwiches,14.5 radiation length thick. The energy

resolution is 11%/VE, alsocheckedwith Bhabhaevents.Chargedparticleand showerlocalizationis
achievedby 4 layersof proportionaltubechambers,2 in front and2 inside the showercounter.

TheLAT andin particularthe SAT arealsousedfor monitoringtheluminosity.The total luminosity
integratedover the 12—320eV runs hasbeencross-checkedagainst the oneobtainedfrom Bhabha
eventsobservedin the endcap showercounters.Theratio of the two, 1.026±0.012, indicatesthat the
systematicerror of the luminosity measurementsis smallerthan 3% [311].For the datataking of 1981
the forward spectrometerswere upgradedas to allow a momentum measurementand particle
identification(fig. 3.10),andthereforea betteracceptancefor the hadronsproducedin yy interactions.

3.7. Thetrigger

The rateof e~eannihilationwhich is obtainedfrom the availableluminositiesandthe small cross
sectionsis low, of the orderof a few eventsper hour. The trigger shouldthereforebe soft enoughto
accepta large fraction of theseevents,andalso to respondto known (andunknown)channelswith a
weak signature,like e~e—‘ r~r~—~ire via’. At the sametime it hasto preventexcessivebackground
ratesfrom beam-gasinteractions,lost beamparticles, cosmic rays and synchrotron radiation.The
trigger conditionsshouldbe easilychangeableandadaptableto varying backgroundconditions,which
sometimesdependcritically on the energyandoperatingconditionsof the storagering.

To meettheseconditions,a patternlogic was built in 1973 [312,301] (seesection 3.7.1)which was
capableof recognizingandcountingchargedtracksin theproportionalwire chambers,andto triggeron a
presetnumberof tracks.With theinstallationof theshowercountersthetrigger couldrespondto neutral
energy,too(section3.7.2).Morecomplexdecisionsinvolvingtheneutralenergywereenforcedthroughthe
anticipatedhighbackgroundatPETRA(partly duetotheopensmall-angleregionswhichhadbeenheavily
shieldedbefore).

In order to keepthis complex trigger flexible enough,a programmablemasterlogic was developed
which could be changedfrom a computerterminalwithout anyotherhardwarebeingtouched(‘RAM’
logic, section3.7.3).

3.Z 1. Thewire logic
The proportionalwire logic consistsof two stages,(i) apretriggerwhichhasto makea first decision

within 300nsec,and(ii) the so-calledsequentiallogic which performsamoresophisticated,but slower
searchfor trackpatternswithin 40 p.s.

The pretrigger (i) uses10 cylindrical chambersgrouped into 5 pairs, called ‘rings’. The minimal
patternrecognizedis one wire signal in eachchamberof the samering, spacedby less than 9°in
azimuth.The typical pretrigger,usedmostof thetime, requirestwo suchminimalpatterns,eitherin one
innerandoneouterring, or in two non-adjacentoctantsof thesamering. Theconditionis equivalentto
one longer or two shortertracks with momentaabove180MeV/c. At the higher PETRAenergiesthe
pretriggerrequirementhadto be raisedto two inner rings showingtwo minimalpatternseach,spaced
as above.
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Thesequentiallogic (ii) wasdesignedto detectmorecomplicatedwire patterns.For thispurpose,the
wire signalsof 10 chambersare mappedonto 10 ‘circular’ 120-bit shift registers.A pattern unit is
attachedto oneazimuthalsector,andthe wholeevent is rotatedonefull turn in 120 steps.During the
rotation,the patternunit recognizestracks in severaldifferent combinationsof chambers,and counts
them. In addition,the numberof coplanartrackpairs is counted.Thestandardtrigger usedat DORIS
demandedtwo trackswith Icos 01 <0.87,andp sin 0 � 240 MeV/c. The acceptancefor hadronicevents
was enhancedby also triggering on �3 trackelementsobservedbehindthe leadplates.Typical values
determinedby a Monte-Carlosimulation were 87% (92%,99%)for 7rl7r~21r0(2ir~2ir,2iT~2ir7r°)
eventsat 5 0eV.

The tracktrigger at PETRArespondedto �2 trackswith Icos 01 <0.67which werespacedby more
than 94°in azimuth. The condition was relieved dependingon the detectedneutral energy.The
sequentiallogic usuallyproducedlessthan5% deadtime.

3.7.2. Neutral energytrigger
With the installationof the active showercountersa numberof very useful trigger conditionswas

added,as well for electromagneticas hadronicprocesses.The ‘low’ signal of barrelor endcap which
respondedto minimumionizing particlesservedas a pretriggerandwas usedto gateall ADC’s. Analog
sumsof the barrel(resp.endcap)countersprovideda ‘medium’ (800MeV) and‘high’ (1.5, resp.3GeV)
signal, plus specialQED (eke, yy) triggersrequiring 2x 0.6GeV (resp.2 x 1.2) depositedin opposite
sides.The experimentwas triggeredon the ‘high’ andQED signals.The RAM masterlogic (3.7.3) also
allowed triggers requiring mediumor low showersignalswith low multiplicity track signatures.With
increasingbeamenergy of PETRA, the ‘medium’ and QED thresholdswere raised to 3, 6 and
2 x 2.50eV respectively.The forwardspectrometerprovided‘low’ and‘high’ signalsfor eachof thetwo
SAT andLAT showercounters,correspondingto 1.5 and4GeV of neutralenergy[303].

3.7.3. TheRAMmasterlogic
The needfor a flexible andwell documentedmastertrigger demandedcomputer-controlledswitching

of the conditions.The mostgeneralsolution is a computermemory,which associateswith everypossible
combinationof input signalsone 1-bit cell, loadedwith ‘1’ for acceptingor ‘0’ for rejectingthe event.
Fast memory chips which makesuch a schemeapplicablefor a fast trigger havebecomeavailablein
recentyears.For reasonsof economythe trigger hasbeencascadedas shownin fig. 3.11 [313].The
basic unit is a random access memory (‘RAM’) of 1024 four-bit cells, each one addressedby one
particularcombinationof ten inputsignals,andrespondingin lessthan50 nsec.Threeof the output bits
are interpretedas a ‘level’ describingthe significance of the input (0 = nothing, 7 = maximum). The
fourthbit isusedfor apermanentparity check.RAMO, RAM 1, andRAM2 actasencoders,thatisassigna
level of significanceto the signal of the respectivesubdetector.RAM3 assignsa level to the combined
information.For level zeroa resetis issuedin timeto makethedetectorreadyfor the nextbunchcrossing.
Otherwise,thesequentiallogic isstarted,itsoutputassessedthroughRAM4, andthecompleteinformation
usedfor the final yes—nodecisionof RAMS.

TheRAM contentsthat control thetrigger, about 14000significant bits, arepreparedat aterminalof
the DESY central computerin a symbolic language,and decodedand loadedby the experimental
computer(PDP11). Both the symbolic coding and the actual loading (reread)are storedfor on- and
off-line checksand documentation.In addition, the input and output statusof all RAMs is recorded
togetherwith every event,so that every trigger decision can be reproducedafterwards.Apart from
somerarecasesof faulty RAM loading procedureswhich were immediatelyrecognizedby an on-line
check,no failuresof the operationwereobserved.
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Fig. 3.11. Block diagramof RAM mastertriggerasexplainedin text. Theundesiredlyhigh rateof Bhabhaeventsis divided by a factorof typically
8. If howevera Bhabhasignal is accompaniedby a signal of thecentraldetector,theevent is keptasa yy candidate.

3.8.. Data analysisprocedures

3.8.1. Data flow
Oncean eventhasbeenacceptedby the trigger, all information is transferredvia an on-line ‘PDP’

(11/45),afast link, andan intermediatedisk storageof the ‘IBM’ (370/168)to magnetictape.While the
PDPmainly organizesthe datacollectionandtransfer,the IBM online programdoesextensivechecking
andbookkeeping.Sometimesthe PDPwasalsousedto rejectcosmicraysandobviousbeam-gasevents.
The real dataanalysisandreductionstartsfrom thetapesand proceedsthrougha prefilter, the track
finding, and a main eventfilter, leadingto a condensedgeneraleventtape.From herethe procedure
branchesinto apreselectionof QED, of ‘yy, andof hadronicannihilationevents,eachyielding a special
eventtape. Theseeventtapescontain,in addition to trackandshowerparameters,all the original data
like wire signals,ADC andTDC contents.It is thuspossibleto applyimprovedcalibrationsandanalysis
proceduresjust to thecondensedeventtapes,without havingto startfrom the muchlargeroriginal tape
volumes.

3.8.2. Track analysis
The prefilter first eliminatespart of cosmic and beam-gaseventsby simple criteria, thus saving

computertime. The main track routine searchesfor patternsof wire coordinatescompatiblewith a
circle in the r—4 plane,anddeterminesthetrackparametersandtheir covariancematrices.In ordernot
to loose tracks from decayingkaonsandconvertedphotons,the interactionpoint is not used in the
searchandthe fits. The ‘z’-routine thensearchesfor cathodesignalswhicharecompatiblewith a helix,
and determinesthe completetrack parameters.Eventswhich haveat least onetrack (�2 tracks for
Ecm < 5.2GeV) from the vicinity of the nominal interactionpoint arecopiedto a generaleventtape.

3.8.3. Eventselection
The e~einteractionpoint is determined,asa function of time, from Bhabhaevents.This thenallows

a narrowerselectionof tracksoriginating from the interactionpoint. In order to beselectedas ahadron
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candidate,an eventmusthaveat leasttwo suchtracks.QED eventsare suppressedby demandingfor
2-prongs as azimuthal difference I~~12l< 150°,and for 3-prongs at least two of the differences
I z~~I< 150°.tThe hadroncandidatesare copied to the ‘hadron’ tape. A refined version is produced
later which is basedon an improved track fit accountingfor field non-uniformities,energyloss and
coordinatecorrelationsfrom multiple scattering.

Specialeventselectionsaremadefor thestudy of QED(section4), heavyleptons(section5), and‘yy
processes(section8).

3.8.4. Thetotal hadroniccrosssection
Starting from the hadrontapes(section 3.8.3), the final cutsfor the annihilationcrosssection are

optimized and applied. They are aimedat a furthersuppressionof beam-gasand QED background.
Their detailsdependon the version of the detectorandthe storagering. Beam-gasbackgroundwas
reducedat DORIS by omitting �4 prongswith net positivecharge,andcountingthe chargeconjugate
eventstwice. After the shower countershadbeen installed, and PLUTO worked as a calorimeter,
beam-gasbackgroundwas almost completelyeliminated by a cut in the total energy (typically
0.5 Ecm)tt. After thesecuts, the eventsamplestill containscontaminationsfrom higher orderQED
processes,in particularfrom e~e—~e~e~y.In the first version of~°PLUTO,such eventswerevisually
recognizedby the showers they produce behind the lead plates, and accountedfor by a global
subtractionof 1 ±0.1nb. After the installationof the showercountersthe QED backgroundcould be
eliminatedeventby event.

Theremainingbeam-gasandcosmicbackground,amountingto 29% in datawithoutshowercounters
andto �3%in datawith showercounters(andtheonebunchmachineoperation),was determinedfrom
thevertexdistributionalongthe beam(fig. 3.12), andwas statisticallysubtracted.

600 , ‘ I I

I ::~ ~

z0 (mm]

Fig. 3.12. Vertexdistributionof candidatesfor hadroniceventsalongthebeam.(E0,.= 9.4GeV;seealsofigs. 8.2, 8.3.)

t For �5GeV. For partof thehigh energydatathe Cutswererelaxedto <165°.
ft The influenceof theenergyandothercutshasbeensystematicallyinvestigatedin [6151.
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3.9. Acceptancecalculations

The acceptanceof the detectordependsin acomplicatedway on angularand energycutsandother
inefficienciesintroducedby the trigger, variousdetectorpartsandby the analysis.A reliablecalculation
of the acceptancethereforerequiresa completeMonteCarlo simulationof the process,including event
generation,detector response,and analysis. Unfortunately, the first step is a priori unknown, in
particularthe total productionof hadrons.The simulationhasto startfrom modelsof the production,
and proceedby adjustingthe parametersof the models such that the resultsagreewith all relevant
featuresof the data. The model dependenceleavesan uncertaintyof order5% in the total hadronic
crosssection.Radiative corrections[314,307—309] were partly accountedfor by including radiative
processesin the simulation,andpartly applieddirectly to ‘uncorrected’crosssections.

3.9.1. Phasespaceeventsimulation
Thephasespacemodelwasmainlyappliedto thedatabelow50eV,andas atestmodelfor deciding

howfar the decayfeaturesof the Y could beexplainedwithout assumingspecific dynamicalstructures.
Pionsandkaonsaregeneratedin a5: 1 ratio, consistentwith the measurementsof theK~production

(seesection6.2.1).The influenceof this ratio on the acceptanceis very small (<1%). The chargedand
neutralmultiplicity aregeneratedaccordingto a Poissondistribution,eachwith ameanof 4 at 4.5 GeV,
as a first approximation.For a fine adjustmentthe generatedevents are processedthrough the full
detectionsimulationandanalysischain(seebelow), resultingin aspectrumof degradedclassesfor each
initial chargedmultiplicity ((++——)—*(++——), (++—), (+——), (++), (+—), (——)). The initial dis-
tribution is thenadjustedsuchas to give the bestfit of the degradedclassesto the data.The fractionof
charged/totalenergyis adjustedsimilarly such as to agreewith the observedfraction.

3.9.2. Jets
Two-jet productionat low energies,<5 0eV, is simulatedby introducing limited (pj) via different

weighting of phase-spaceevents.
At higher energies,a genuinetwo-jet structureis producedaccordingto the quark fragmentation

modelof Field andFeynman[315]:The original quarkcreatesa q4 pair out of the vacuum,andthen
combineswith the 4 to a meson.The remainingquarkretainsthe fraction ~ of theoriginal energyand
parallelmomentum(E + Pii)~with adistributionf(~q)= 1— a + a~2(a = 0.77). It createsa newpair, and
soforth, until all of the original (E + p~)is usedup. The vector/pseudoscalarratio 1/1, the strange/non-
strangeratio 1/4, and the meantransversemomentumof the generatedquarks (0q = 247MeV/c) are
takenas suggestedby the authorst.

Instableparticlesdecayaccordingto their knownproperties.For the applicationat PETRAenergies,
heavyquarksareaddedto the original light ones,with apartitionfunctionf(i) = 1, andalsothedecays
of heavyquarksaccordingto ref. [316].

Eventswith hardgluon emissionare createdaccordingto refs. [317,318]. The gluon is treatedas a
pair of quarkswhich thenfragmentinto onejet.

A specialgeneratorfor three-gluoneventswas constructedfor evaluatingthe decayof the Y. The
matrix elementof the positroniumdecayinto threephotonsis usedto generatethe initial gluon state.
Eachgluon is assumedto fragmentlike a quark. The total fragmentationis describedby a function

t Recent investigationsof jet topologies [661,69091 and of inclusive K~’spectra [6908]have led to slightly different values,namely o.~=
290±20 MeV/c and astrange/nonstrangeratioof 1/9.
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which includesconstant(Pi), constantdensityin rapidity anda logarithmically rising multiplicity. The
parametersare adjustedsuch that the eventsapproachall two-jet featuresin the limit of one gluon
approachingzeroenergy.

3.9.3. Two-photoninteractions
The generatorfor hadronproduction in photon—photoninteractionswas built, in close analogyto

hadron—hadroninteractions(VDM), as amultipion phasespacewith limited p1.tThe meanmultiplicity
was takenfrom e~eannihilationdata,parameterizedas(n~h)= max (3.0, 2.0+ 0.7 ln W

2), thechargedto
neutralratio as2: 1.Thep±generatorwasadjustedto thedata.Theobservedp~.distribution(fig. 3.13)was
well reproducedbygenerating75% of theeventsaccordingto exp—5.0p~,and25% acc. toexp—p~[319].
Thedistributionof thephoton—photoninvariantmasseswasgeneratedaccordingtothephotonflux factors
describedin section8.1.

3.9.4. QEDreactions
MonteCarlo simulationsof the reactionse~e-+ e~e(+y), ~ - (+ y) andy~’(+y) wereperformed

firstly to determinethe small fraction of events in which the detectorresponseproduceda wrong
signature,and secondlyto check the contributionof radiative events (‘+y’ acc. to [307—309])which

I dN
N dp~

PLUTO
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0.001 - -
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Fig.3.13. Distributionof transverseparticlemomenta(w.r.t. the ee beamline)asobservedandsimulated(full curve) in photon—photoninteractions.

tin the yy cm.system.
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were acceptedwithin the given (acoplanarity)cuts. The latter contributionswere always found to be
consistentwith the onescalculatedfrom the matrix elementsfor an ideal detection.

The reactionse~e—~e~ee4e,e~e7i~~which producethe majority of the two prongsin yy
reactionwere simulatedwith a programwritten by J. Vermaeseren[320,321].

3.9.5. Heavyleptons
The reaction e~e—s ~ was generatedassumingzero neutrinomassand a (V — A) decaymatrix

element,with the knownbranchingratios[322]andan estimatefor r —~v 4ir. Spin correlationsbetween
ther~and r wereignored.

In addition,hypotheticalheavier leptonswere simulated[323]with the sameuniversalweakcurrent
producinganequalnumberof e,3,~i, ri, Ud and~spairs,with thequarksfragmentinginto standardhadron
jets [315].

3.9.6. Detectorresponseand analysischain
Thegeneratedparticlesareall tracedthroughthe detectors.Multiple Coulomb-scatteringandenergy

loss are includedin the simulation,alsoparticledecays,andthe evolutionof electron—photonshowers.
For everychargedparticlepassinga trackchamber,thenumberof wire andcathodesignalsis generated
such as to agree with the observeddistributions and efficiencies. The complete track chamber
information, including the trigger response,andthe showerinformation is passedthroughall stagesof
the analysisprogramthatprocessesthe real data. In this way the analysisprocedureand theeffect of
various selection criteria can be studiedin greatdetail. The Monte Carlo simulation also allows a
detailedcheckof kinematicalfit procedures.

3.9.7. Radiativecorrections
Photonemissionin theinitial statecausesthe e~eannihilationto be measuredata lower than the

nominal c.m. energy.It amountsto a folding of the true crosssectionand will lead to an increaseor
decreaseof the observedrate,dependingon whetherthecrosssectionat the degradedenergiesis lower
thanat the nominalenergy(for instanceon top of a resonance)or higher (aboveresonancesandin the
continuum).

The basicformulaeexpressingthis folding, togetherwith small vertex correctionswere takenfrom
refs. [314,324]for the J/

4,, ~//,and thecontinuum,andfrom ref. [325]for fitting the Y resonanceand
the nearbycontinuumcrosssection.The true non-resonantcrosssection,andthe integraloverthe true
resonantcrosssectionareobtainedas fit parameters.

The initial stateradiation generally leads to an observedcrosssection with smoothedstructures.
Unfolding this effect will enhancethe observedstructuresand exaggeratestatistical fluctuations. For
unfoldingthe ‘wiggly’ crosssectionbetween4 and4.5GeV, an iterative correctionprocedurewasused
which tends to avoid such exaggerations[301].In fact, the additionalfine structureproducedby the
correctionis lessthan±5%.For the analysisof the datatakenat PETRAthe effectsof theinitial state
radiationwerealreadyincludedin the MonteCarloacceptancecalculationandautomaticallycorrected
for.

Radiativecorrectionsto the small-anglemonitorarecalculatedaccordingto ref. [307].They depend
only weakly on the energy, andamount to typically 5% (2%) for the monitors used at DORIS
(PETRA).
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4. QED Tests.Limits on cut-off parametersandelectroweákeffects

4.1. Introduction

Quantumelectrodynamics(QED)is knownto describeavastamountof electromagneticphenomena
to a high precision.It hasevolvedfrom an understandingof macroscopicelectromagneticphenomena,
in terms of chargesand electromagneticfields, leading to Maxwell’s equations.Field quantization
togetherwith the Dirac equationfor fermions then yielded QED which allows for predictionsof the
interactionof photonswith particleshavingpoint-like charges,also at microscopicdistances— or large
momentumtransfers— including the creationof particle—antiparticlepairs.Since theearly daysof QED
it has thereforebeenof greatinterest [401]to find out whetherbelow somevery short distances—or
beyondsomevery large momentumtransfers— natureis different from the pictureQED is basedon.
The high energiesof PETRA allowedfor a furtherstep in testingthe validity of QED, namelyup to
momentumtransfersof —1000GeV2, or downto distancesof <iO’~cm.

Deviationsfrom pureQED areexpected
(i) from the hadronicvacuumpolarization[402],

(ii) from weakneutralcurrentinteractions[403],
(iii) as a generalbreakdownat largespace-like(q2< 0) or time-like (q2 = s > 0) momentumtransfers,or

short distances,e.g. as a consequenceof a non point-like natureof the chargesinvolved or from
excitedheavy statesof the leptons[404].

In e~estoragering experimentssuch deviations from QED can be looked for in the following
reactions:

e~e—+e~e (4.1)

(4.2)

T~T (43)

77 (4.4)

andin final statescontainingadditional photonsor leptonpairs. The hadronicvacuumpolarizationhas
beenmostclearlyobserved,and measuredquantitativelyas a sizeableeffect in reactions(4.1) and(4.2)
at the energiesof the p, w, ~,J/~’and Y resonances[405],andwill not be pursuedfurtherhere.As a
‘trivial’ modificationof QED it is includedin the radiativecorrections(seebelow). No otherdeviations
from pureQEDhavebeenobservedso far in thesereactionst[401].But sincerelativedeviationsdueto
(ii) and (iii) are expectedto grow like s or even faster, experimentsat PETRAare 10 times more
sensitivethanthe bestprevioustests[4081.In processeswith time-like photonpropagators,interference
with the weak neutralcurrent growsproportionalto s andproducesdeviationsfrom pure QED cross
sectionsof up to a few percentat s 10000eV2. These effects show up in the reactions(4.1—4.3).
Effectsfrom othermodifications(iii), parameterizedby so calledQEDcut-off parametersA, can alsobe
studiedin reactions(4.1—4.3), and in addition in reaction (4.4). This latter reactionhasno first order
weak interactioncontribution.

In the following subsectionwe describethe nomenclatureof writing QED crosssections,and of

t Electroweakinterferenceeffectshavebeenmeasuredwith high precisionin polarizedelectronnucleonscatteringat SLAC at low momentum
transfers[406],and alsoin optical rotationof linearly polarizedlaserlight at Novosibirsk [407].
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incorporating modifications. Then we present the correspondingexperimental results. Their im-
plicationsfor the QED cutoff parameters,and for electroweakeffectsarediscussedin sections4.4 and
4.5, respectively.In appendix4A we give a compilationof formulae usedto describethesedeviations.
Finally, in appendix4B weincludean accountof the dataanalysisof the four QED reactions.

4.2. Radiativecorrectionsand QED modifications

Fora comparisonof QED predictionswith the dataof reactions(4.1-4.4),thetheoreticalpredictions
are usuallygiven in termsof first order QED crosssections,o~ (seediagramsin figs. 4.1 and4.2)
and,to accountfor effectsfrom higher orderQED diagramsand from hadronicvacuumpolarization
(figs. 4.3 and4.4), by the so called radiativecorrectionsô~~:

Fig. 4.1. First orderQED diagramsfor e~e-+ tt. Fig. 4.2. First orderQED diagramsfor e~e—~yy.

: ~ :x:

• 3 permutationstv1 .3 permutations (‘y)

:~:::x

~ ~ • 3 crossed y, ,y~I terms:~:~ ~ : x:xX X+4 crossed ) terms

Fig. 4.3. Diagramscontributing to radiativecorrectionsof order a3, Fig. 4.4. Diagramscontributingto radiativecorrectionsof ordera3,
for e~e—~tt. for e~e—~yy.
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QED — QED(i i a

0~ O~ ~ITU~D

On the r.h.s. ~ is a purely theoreticalquantity whereasthe radiative correctionsdependon the
detector resolution and on acceptancecuts for events in reactions(4.1—4.4). Thereforeone usually
corrects(using QED) the experimentalcrosssection op”, which is alreadycorrectedfor acceptance,
with ~ suchthat it can be compareddirectly to o-~°~(if ~AD ‘~ 1):

CORR EXPo —o (1—ôj~AD). (4.6)

The radiative andthe hadronicvacuumpolarizationcorrections5i~r~havebeencalculatedup to order
a3 by refs. [409,410] (seediagramsin figs. 4.3 and4.4). Since the deviationswe are lookingfor areof
similar size as the calculatedradiative correctionsit is important to check the radiative corrections
independently.This is possiblein radiativeBhabhascatterswith hardphotons(i.e. e~e—s e~ey)which
arepartly acceptedby the criteria for the Bhabhasample.Becauseof the— unobservedor unresolved—
photonthe final statee~ande particlesare in generalno longercoplanarwith thebeams.In fig. 4.5 we
show the predictedacoplanarityangledistribution.It hasa largeangletail from hardphotonradiation,
mainly in the initial state,andagreesvery well with the observedacoplanaritydistribution.The width of
the peakat small anglesreflectsthe angularresolution.

The QED predictionsalsodependon beampolarization.All crosssectionpredictionsgiven hereare

e~e
Ecms:: 9.4 6eV

1000 -
0

I-
0.’

100 -

10- 1

1 I I I I I I I I I I

0 S 10 15

ocoplonority angle a
Fig. 4.5. Distributionof theacoplanarityanglea from theBhabhaeventsample,at W= 9.4 GeV.
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assumingno beampolarization.A transversebeampolarizationwhichis expectedfor e~estoragerings
[424]doesnot affect the analysisdescribedheresincewe havea uniform acceptancein the azimuthal
angle.No longitudinal polarization is expectedsincethere are no horizontal fields strong enoughto
rotatea possibletransversepolarization.

The first orderpredictionsof modified versionsof QED can be written in terms of first orderpure
QED predictionsas

MOD_ QEDo~, =o~ (1+&,~+o~) (4.7)

with &~for generallargeq2 QED breakdowneffectsand&~for electroweakinterferenceeffects.
If we assumethat radiative correctionsfor ~°‘~ aresimilar to thosefor

00ED we can determine on
and&~from the datathrough

gCORR = uQEDç[ + &~+ &~). (4.8)

Since later we find o~°~= ~Y?EDwithin the accuracyof the data, we determinelimits on possible
modifications,by setting& = 0 for limits on O~,andvice versa.

Explicit expressionsfor &~and8,., can be given in specificmodels,andlimits on .5.,~andO,~,canthen
be translatedinto limits on parametersof thesemodels.In appendix4A we summarizeexpressionsfor
theseQED modifications.

The electroweakdeviations8~arecalculatedby addingZ°exchangediagramsto the one photon
exchangediagramsin fig. 4.1. Theelectroweakeffectsthendependon 3 freeparameters:v

2, a2 andM~,
which arerelatedto the electroweak(‘Salam—Weinberg’)mixing angle0,., in theGSW theory [403].The
total crosssection modificationsdependmainly on the vector current coupling v2, while the js pair
chargeasymmetry[411] dependsmainly on the axial current coupling a2. The massM~affects the
energydependenceof electroweakeffects.

The deviations O~from breakdownsof QED at large momentum transfersare expressedas
modificationsof lepton—photonvertexfunctionsor propagators[404].In the first orderamplitudesfor
ee—s ee,j~ andrrt the two lepton—photon—leptonverticesandthephotonpropagatoraremultiplied by
momentumtransferdependentfactorsV(q2) (for thevertex)andD(q2) (for thepropagator).Theycanbe
combinedinto oneoverall form factorF for thescatteringamplitude:

V~.(s). DT(s) = FT(s) for the time-like amplitude (4.9a)

V~(q2)Ds(q2)= F~(q2) for the space-likeamplitude. (4.9b)

Themodificationscan be differentat space-likeandat time-likemomentumtransfers,andalsodifferent
for the e, /.L and r leptons.Since no deviationsfrom QED are observedin any of the four reactions
(4.1—4.4) we assume(i) electromagneticlepton universality, i.e. the samevertex function for different
leptons, and (ii) the same form factor parameterizationsfor time-like and space-like momentum
transfers,and(iii) we consideronly the lowest possibleordersin q2 for the form factors.

For the leptonpair channels(reactions(4.1-4.3))we usethe form factorparameterization

F(q2)= 1 ±q2/A~. (4.10)

tFor brevity the lepton—antileptonnotationis omitted in mostplaces.
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which can be consideredthe first order approximationin q2/A2 for the form factorF = A ~,/(A ~, ~ q~)
proposedin the literature[404].Two cut-off parameters,A+ andA, areintroducedto allow for F � 1
and F s 1. A = cc restorespure QED. A + can be relatedin the static limit to the chargeradiusof
leptons.If e and ‘y are pointlike particles,but ~ or r leptonswere independentlyextendedwe would
measuretheir chargeradiusin reactions(4.2) and (4.3) as [401]

~ 2 ~,k2 2 CORR
2 on c .,n c io-(r)= A2 = QED —1 . ~4.11)+ S

Finite values of A- can arisefrom a heavy neutralparticle interfering with the photon in reactions
(4.1—4.3).

In the y pairchannel(reaction(4.4))theOEDviolationsasdiscussedfor theleptonpairchannelscannot
produce deviationsproportional to q2 becauseof the cancellationsdue to current conservation
[404e,404g,412]. In this case,the socalled “seagull” graph [404g,ii gives rise to a q4/A4 term in the
form factor:

F(q2)= l±q4/A~. (4.12)

e’ e—.~e’e e’ e—i.Lif
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Fig.4.6. Differential crosssectiond ohi.Is/do?EDfor (a) e~e-+ e~eand (b) e~e ~ ~ ~ dur°°/do~5°for QED modificationsby form factors
(c,d) andby electroweakinterference(e, f).
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A slightly different crosssectionmodification for ee—s yy arisesfrom the exchangeof a virtual excited
(heavy)electron[404h].

To illustrate the effect of the modifications, we show in figs. 4.6 c—f how the modified QED
predictionsfor reactions(4.1—4.3)dependon different valuesof the cut-off parametersA±,andof the
Salam—Weinbergangle 0,.,. In Bhabhascatteringthe crosssectionsat small angles(mainly space-like
contributions,small q2~)arealmostunaffected.Only thelargeanglepart is sensitive.Both modifications
havemuchstrongereffects (by afactor —3) in leptonpair production,thanin Bhabhascattering,since
there all contributions come from the time-like diagram with a high value of q2 = s.t The for-
ward/backward(or: charge)asymmetryA in the leptonpair productionreactions(4.2) and(4.3):

(413)
cr(1�cosO>0)+o-(0>cosO�—1)

is still rathersmallat s 1000GeV2 (— — 7%) if M~~ 90GeV, andrequiresa high statisticsmeasure-
ment.

In photonpair production (4.4) the high q2 QED modifications affect the size and the shapeof
differential crosssections.Since deviationshereare proportionalto q4/A4 the expectedcrosssections
modificationsaremuchsmallerthanin leptonpair production,at comparablevaluesof A.

4.3. Thedata

Reactions(4.1—4.4) havebeenmeasuredwith PLUTO [413]and also in otherPETRA experiments
[414]. In table 4.1 we summarizethe eventnumbersobservedin the PLUTO experiment,and the
acceptancecutsin the four channels.Furtherdetailson the data analysisaregiven in appendix4B.

The luminosities neededfor calculatingcrosssectionsare determinedfrom Bhabhascatteringat
small forward angles(0.7<cos0 <0.8) where 1q21 is much smaller than s (~q2~0.ls). Thereforethe
effect of any QED modification on luminosity determinationis negligible as comparedto its effect on
the leptonpair productioncrosssectionat q2 = s, ascan be seenin figs. 4.6 c—f.

The total crosssectionsfor ~s,T andy pair productionareshownin figs. 4.7a,b andc, as a function
of s. They show the expected1/s dependenceandagreewith the QED crosssection.In figs. 4.6 (a and
b) we showthe ratio doco~/do~~)versuscos0 for ee and ~ averagedover data of 27.5< W<

Table4.1
Acceptancecutsandeventnumbersin theQEDreactions

Reaction Productionangle Acollinearity angle
e~e-+ # of events cos81< a <

5700 0.8 15°
228 0.75 10°

r~f 139 j) —

1020 0.75 20°

~Ln2 prongsIcos8<0.6for eachtrack,and in 4 prongscos 81<0.75
for eachtrack.

t The betterstatisticalaccuracyin thee~echannelleadshoweverto a similarsensitivityfor QED violationsin reaction(4.1).
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31.60eV. At all datapointsthis ratio is consistentwith 1. The ratio is trivially equalto 1 for forward
Bhabhascattering(0.7< cos0 <0.8) which hasbeenused to determinethe luminosityt. The ~spair
asymmetry,derivedfrom fig. 4.6b (for si = 9110eV2) andcorrectedfor acceptancewith (4A.7) is

A = 8% ±10% (stat.)±2%(syst.) (4.14)

comparedto —6.9% expectedin the standardelectroweakmodel [403]for sin2 O~= 0.23. Finally the
differentialcrosssectionfor ee—s yy is shownin fig. 4.8. In the latter figure the datais not correctedfor
~ andresolution.Theseeffectsareincludedherein the theoreticalcurves.

There is no evidence in any of the distributions for a deviation from pure QED. This null
result— togetherwith the errors— will be expressedin the two following sectionsin termsof limits on
parametersdescribingpossibledeviations.

4.4. QEDcut-offparameters

Fromthe datashownin the previoussectionwe can infer limits on the cutoff parametersA in the
form factors(eqs.(4.10) and(4.12)).Thelimits given in table4.2havebeendeterminedseparatelyfrom
eachof the reactions(4.1—4.4)with the assumptionsdiscussedin section4.2.

More detailedcut-off parametersA can be introducedin the leptonpair channelsby droppingthe
assumptionof electromagneticleptonuniversalityandby allowingfor independentspace-likeandtime-like
cut-off parameters,A~andAT, in eq. (4.10).Resultsalongtheselinesaregiven in ref. [413a].

Thelimits on A (table4.2) from the yy channelareweakersincetheform factorheredependson (1/A )4

rather than (1/A )2 In column yy(a) A is the QED cut-off parameterof the form factor (4.12)
which multiplies the first order amplitudesfor reactions(4.4). In column yy(b) the parameterA + is
related to the mass of an exchanged(hypothetic)excited electron. Here the limit for A+ can be
interpretedas alower masslimit for the excitedelectron, if it hasa magneticcoupling to the electron
with a ‘natural’ strength[404h].Thereis no physicsmotivationfor a correspondingA- parameter.

4.5. Electroweakeffects

Assumingthat thereareno othermodificationsof QED (O~= 0) we can usethe combineddatain

figs. 4.6a,b from reactions(4.1-4.2) to place limits on the electroweakparameterstt.First weevaluate
Table 4.2

Lower limits (95% cl.) on QED cutoff
parametersA, in 0eV, as determinedin the
reactions(4.1—4.4).Casesyy (a)andyy (b) are

explained in thetext

cc p.~s 3W yy (a) yy (b)

A+ 234 107 79 46 46
A 80 101 63 36 —

t Actually weusedtheelectroweakcrosssection~ for Bhabhascatteringwith sin28., = 0.23 (seeappendix4A) insteadof (

7OED to determine
the luminosity.The differenceis <1% at theseangles.

tt Reaction(4.3)— which in pnnciplecarriesalsothe information providedby reaction(4.2)— is not usedin this analysissince(i) thedetection
efficiency is only —20%, and(ii) the productionangleof r pairs is notmeasured.
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for a single neutralbosonmodel thelimits on the vector andtheaxial currentcouplings,v2 anda2, and
on M~asindependentquantities.Thenwe link theseparametersthroughthe Salam—Weinbergangle9~.
and determinean upper limit on sin2 0,.,. Finally we infer limits on bosonmassesfor models with 2
neutralgaugebosons.For definitionsandformulaewe refer to appendix4A.

4.5.1. Limits on v2, a2 andM~

As afirst stepwe setM~= cc which gives the weakestconstraintson v2 anda2 in a fit to our data:

v2 = —0.09±0.60 (stat.)±0.29(syst.) (4.15a)

a2 = —0.77±0.96 (stat.)±0.09 (syst.). (4.15b)

Thesenumbersareconsistentwith v2 = a2 = 0, i.e. with the absenceof any weak interactioneffects,but
alsowith the standardelectroweakmodel [403]:

a2= 1, v2=0.0064 for sin2 0~=0.23.

The resultson v2 anda2 (4.15) arecorrelated(seeappendix4A, eqs.(4A.5) and(4A.6)). Fig. 4.9 shows
the 95% c.l. contourfrom the eeandp~datain the a2, V2 plane,both for M~= cc, andfor M~= 80, 60,
40GeV. In combinationwith the 2 (ambiguous)resultsfor a2 and v2 from elastic z’e scatteringdata

950/s c.I. contours
2 I II III I 1111 I’’’’

-~ ~
-2 I I I I I I I I I I I I I I I I I I I

-3.0 -1,5 0.0 1.5 3.0

2 I I I 1111 I I I I II I I I I

V2OQ I
—2 I I I I I I I I I I I I I I I I I I I

-3.0 —1.5 0.0 1.5 3.0

Fig. 4.9. 95%ci. contourplotsfrom fits of v2 anda2 to thedataof figs. 4.7a,b, (a)assumingZ°massesof 40 and60 GeV,(b) assumingZ°massesof
80 and~ 0eV. Also shown arethetwo solutionsfor v2 anda2 asderivedfrom elasticneutrinoelectronscattering[4151.
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[415] we can excludeZ°masses<400eV. Furthermore,our data slightly favourthe ye solutionwith
small v2 anddominatinga2.

The lower limits for A- (table 4.2) cannotbe trivially convertedinto a limit on M~.Although the
electroweakandthe cut-off parameterizationhave(first order) poles at s = M2~and s = A ~, respec-
tively, their functionaldependenceson s/M~and s/A~., respectively,aredifferent.

4.5.2. Limits on theSalam—Weinbergangle0.,
In the standardelectroweakmodel [403]sin2 0,., is the only parameter,andwe havethe relations

a2 = 1, V2 = (1 — 4sin2 0~)2 (4.16a,b)
M~= ( ~ 0eV )2 (4.16c)

sin 0,., cos0~

With theseconstraintsa fit to our datayields

sin2 0,,= 0.22±0.22 (4.17a)

or

sin20~<0.52 at95% c.l. (4.1Th)

The result is consistentwith the world averageof sin2 0,.,= 0.228±0.010 [416],obtainedfrom y—Z
0

interferenceat muchlower momentumtransfers.

4.5.3. Modelswith 2 neutralgaugebosons
Thereareextensionsof the standardmodelby a furthersymmetrygroup0 to SUL(2)x U(1) x 0 in

such a way that thepredictionsof the SUL(2)x U(1) model arereproducedfor neutrinocrosssections
[415] andfor polarizedelectron—nucleonscattering[406]at low momentumtransfers.In suchextensions
[417,418]two neutralbosonsoccurwith massesM1 < M~� M2, andthe parameterv

2 is changedto

= (1—4sin2 0~)2+16C, C�0 (4.18a)

whereC is relatedto the gaugebosonmassesandcouplingsby

C°~7 (M~—Mz)(M2zM~)/(M
1M2)

2 (4.18b)

‘~‘ hasthe valuecos40,.,., in 0= U(1) (de GrootandSchildknecht[417])andsin4 0,.,, in 0= SU(2)(Barger
etal. [418]).

Using sin2 0,.,., = 0.23 the limit on v2 is then essentiallyalimit on C. The PLUTO datayield

C<0.06 (95% c.l.). (4.19)

This imposes correlatedboundson M
1 and M2 as shown in fig. 4.10. We find that for the stronger

couplingmodel(y = cos
40,,, [417])the massof oneof the two vectorbosonscan deviatefrom the Zo

massby at most 16%.
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Fig. 4.10. 95% ci. limits on themassesin thetwo neutralvectorbosonmodelsof refs. [4171(de GrootandSchildknecht)and[418](Bergeret al).
Thedottedarea is excludedby themodels(M, <M

5 < Ma).

4.6. Summaryand conclusion

In summarythe PLUTO experimenthasfound
(i) that QED is confirmed up to s = 1000 GeV

2 and q2 = —850GeV2. The cut-off parameterscor-
respondto distancesof 1/iL. 2x 1016cmdown to which thevalidity of QEDhasbeenprobed.This is
an improvementby afactor 3 ascomparedto pre-PETRAexperiments;

(ii) no significant weak interactioneffectsat energiesof W — 30GeV,with an integratedluminosity
of 2900nb’;

(iii) non-trivial limits on the strengthof weak interactionsin purely leptonicreactions.
Similar conclusionshavebeendrawnfrom the JADE,MARK J, andTASSOexperiments[414a,b,cJ.

A recentcompilationof all PETRAexperiments(asof August1981) [414.e]howeveryieldedfor thefirst
timea significant asymmetryof

A = —(7.7±2.4)% (4.14a)

in disagreementwith QED (A = 0, after radiative corrections),and in agreementwith electroweak
interference(A = —7.8%) [403]at (s)= 1100 0eV2.

Appendix4A. Formulaefor QED modifications

4A.1. Cut-offparameterization
The modified Bhabhacrosssection,with q2 = —ssin2(0/2), andq’2 = —s cos2(0/2),reads

do~°’3= a2 s2 Fs(q2)~2+ Re(F
5F4~)+ g~‘1 IFT(s)12} (4A.la)

d QED
= ~ (1 + S~(s,0)) (4A.ib)
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with

ôn±(s,0)=.~~C0S2~+O(s2/A4).

For A = 1000eV, V5 = 31 0eV: on — 10% at 90°and zero at 0°.The ~p. and r~
4r crosssections

which havecontributionsfrom time-like photonsonly, readfor Vs ~ rn,., m
11~:

= ~— (1+ cos
20)IFT(s)12 (4A.2a)

d QED
= ~ (1+ 0,, (s)) (4A.2b)

with

OA±(5) = ±2s/A~. + O(s2/A4).

In this case8,, is independentof 0; for A = 1000eV, V~ = 31 0eV: t5,, — 20%.
For ee-s yy two differentmodificationshavebeenconsideredin the literature.

(a) Propagatorand vertexmodifications:
Hereit can be shown [404e,404g,415] that all contributionsof the order (q2/A2) cancelandthat the
amplitudemodificationcan be parameterizedby form factors:

F(q4) = 1 ±q4/A~,. (4A.3)

Hence:

do~°’~= ~ F(q~2+ ~ IF(q14)I2} (4A.4a)

d QED
= ~ (1 + 8,, (s,0)) (4A.4b)

with

Snj(s,0) = ±~ 1 ~+ O(s4/A8)~

(b) Heavyelectron (E*) exchange:
Herethe interferenceof the normal (e) andheavy electron(E*) is considered:

new
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Currentconservationallowsonly for a magneticmomentcouplingbetweene, E* andy. A quantitative
calculation[404h]yields:

8,, = ~)j4 sin20+ O(s4/A8). (4.A.4c)

The parameterA is relatedto the massME andto the couplingconstantA of the excitedelectronby
A2 = M~E/A2.

In both cases(a) and (b) the modificationsaremaximum at 0 = 90°.They are numericallysmaller
than in the caseof Bhabhascatteringor lepton pair production (e.g. A = 1000eV, V~= 31 0eV:
S — 0.4%at 0 = 90°)whichis reflectedin correspondinglylower experimentallimits on A.

A moredetailedpresentationcan be found in refs. [404h,419].

4A.2. Electroweakcrosssections
From the standard1st order Hamiltonian of the electroweakneutralcurrent one can derive [4201

the following differentialcrosssections(neglectingtermsof the orderm
(a) e~e—~e~e:

~J5~={3+x~}2 (~2{(3+ x)Q—x(1—x)R}v2

— ~j—~——{(7 + 4x + x2)Q+ (1 + 3x2)R}a2+ ~ 1(1 ~ Q2+ (1— X)2R2}(V2 — a2)2

+ ~(1 + x)2f ~ ~ — R} (v4+ 6v2a2+ a4) (4A.5)

with x = cos0, 0 beingthe polar anglewith respectto the beamaxis

Q=gM~
2q —sgq

2gs1(lx) (M~>)’~q2~)
q

2 ____ 2R=gM~ ~
12—s—gs (Mz~’s)

5 — 41’l Z

g = GF = 4~49~ iO-~(GeV
2)

8V~1Ta

a = 1/137,fine structureconstant,GF= Fermi couplingconstant

M~= massof the Z°boson

q2=—~s(1—cos0)=—~s(1—x).

The coupling strengthsof the vector and the axial weak current are expressedby v and a. Their
normalizationis suchthat
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a2=1, v2=(1—4sin2O,,)2

in thestandardelectroweakmodel[4031.

(b) e~e~js:

= (1 + x2){1 + 2v2R+ (v2+ a2)2R2}+4x{a2R+ 2v2a2R2} (4A.6a)

= 4ira {1 + 2v2R+ (v2+ a2)2R2}. (4A.6b)

In equations(4A.5) and(4A.6) the terms independentof Q and R correspondto the pure QED
contributions,the termslinear in Q, R describethe electroweakinterferenceandthe termsin Q2, R2
arepureweakcontributions.

The interferenceterm in ee-.* ~s~aproducesa forward—backwardasymmetryA, whichis sensitiveto
a2. If j.~pairsaremeasuredat productionangles cos01 < x

1 eq. (4A.6) yields

A’ — 6x1 a
2R(1+2v2R) — 4x

1 A 4A7(x1)— 3 + x~1 + 2v
2R+ (v2 + a2)2R2— 3 +x~

Appendix4B. Data analysisin QEDreactions

In this appendixwe give details on the event selection— at the trigger level and in the off-line
analysis— for the four QED reactions(4.1-4.4), andalso on how the main backgroundsourceswere
removed.A few QED eventpicturesareshownin fig. 4.11.

4B.1. e~ee~e
At runsbelow 22 GeV, Bhabhaevents[413a,421] were triggeredby a coincidenceof two opposite

showercountersif more than 1.20eV was observedin each,or by a trigger sensitiveto more than
3 GeV in the full showercounter.For runs at 27—310eV thesethresholdvalueswere doubled.The
efficiencyof thesetriggersfor Bhabhaeventswasas high as 99.9±0.1%.This couldbe measuredby an
independenttrack triggerfor Bhabhaevents.

After showerreconstructioneventswith (at least)2 showerswith energiesESH > EB/3 eachwere
acceptedfor the furtheranalysis.The trackswere reconstructedandmatchedwith the showerposition.
Eventswith no trackspointing to the showersor with morethan4 tracks from a commonvertexwere
rejected.Allowing for morethan2 tracksis necessarybecausesomeeventsstartshoweringin the track
detector.The samplenow consistedof 2-prongsif both showerswereassociatedwith tracks, andof a
few (—4%) 1-prongs.Within the acceptance(table 4.1) the efficiency for recognizingane~e-.se~e
event was determinedto be 99.3±0.4%. The resolutionof the scatteringangle is o-(cos0) = 0.01,
independentof cos9.

Themain backgroundsourcewasthe reactione’e -~yy, whereoneor both 1)~’sstartedshoweringin
the track detector.The 1-prongsamplewas clearedfrom this backgroundin a visual scan.From the
analysisof the reactionee-~ yy, andthe numberof e~e-~y1y with ly converted,the contaminationof
the 2-prongBhabhasamplefrom this sourcewas calculatedto be 0.3±0.03%.All otherbackgrounds
(beamgas,cosmic rays, ee-.* rr, ee—pee + ee,ee+ qs) were lessthan 1% together.
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Fig. 4.11. Eventpicturesin PLUTO; (a)for e~e-~e~ewith pair productionin thebeampipeby oneoutgoingtrack,(b) for e~e—~yy with one
photonconversionin thebeampipe,and(c) for e~e-~s-~r~in a 4-prongfinal state.Thepicturesshowa view alongthebeam(circulargraph),and
two orthogonalprojectionsperpendicularto the beam.

The reliability of charge identification could be checked in the 2-prong Bhabha sample which
containeda small fraction (—5%) of eventswith two samechargetracks.From this numberwe have
determinedthe numberof eventswith two wrongcurvaturetracksat eachenergyandcos0 intervalfor
corrections.The samecharge2-prongeventsweredivided accordingto the ratio of forward/backward
scatters.Correctionsof the few 1-prongBhabhascould beneglected.In addition all backwardscatters
were checkedin a visual scan.The separationof forward—backwardBhabhascatteringdoesnot affect
the determinationof the cut-off parametersA (eq. (4A.lb)), but is usefulfor theanalysisof electroweak
effects. Also it allowed a measurementof the modification of the photon propagatorby hadronic
vacuumpolarizationat the Y resonance(seesection7).

4B.2. e~e—477

Triggerandeventpreselectionweresimilaras for Bhabhaevents(section4B.1)with slightly different
acceptanceandacollinearitycuts(seetable4.1) andby requiringEth� ~EB [413b,4211. In this sample
yy final stateswereseparatedfrom ee,eey andhadronicfinal statesmainly by rejectingeventswhere

(a) both clusterswereassociatedwith tracks
(b) morethan5 trackswereobservedin thetrackdetector
(c) the anglebetweenany two reconstructedtracksexceeded50°.

The yy candidateswere thenscannedvisually. Among the eventswith no tracksin the trackdetector
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(-—-60% of the total sample)practically no backgroundwas found, in agreementwith a Monte Carlo
study. The remaining eventscould be separatedinto (i) yy final stateswith oneconvertedphoton
(—30% of the total yy rate), and (ii) Bhabhascatterswith one showerin the track detectorwithout
reconstructedtracks, eey final statesand a small numberof hadronicfinal states.The eventsfrom (ii)
wererejected.

A total of 1034 eventswas accepted,with an estimatedbackgroundof (1 ±1)%. Lossescamefrom
the selectioncuts (5.5±1.1%) andincorrectly analysedshowerpatterns(1.3%), leading to an overall
efficiencyof 93±2%.

4B.3. ~
The eventswere triggeredby a track trigger sensitiveto two coplanartracks. In selectingthis final

state[413d,422] the main problem is the rejectionof cosmicray background.All otherbackgrounds
from ee-.* hadrons,ee—~ee, ee-+ ee+ ~a arenegligible,or small (2% from ee—~ rr) in 2 prong events
which passedthe following cuts:

(i) two trackswith Icos 01<0.75,
(ii) collinearwithin 10°,
(iii) track momentap >0.5 (0.67) EB for EB> 10 (<10)GeV (for collinear tracks we find a

momentumresolutionof o-,, SO.01p2,seefig. 3.5),
(iv) distanceof tracks to the interactionpoint small: t~sr(x, y) < 1.5mm, ~z <40mm,
(v) total energyin showercountersESH< 1 0eV,
(vi) time differenceof <20 (60) nsecbetweeneventtime from barrel (endcap)and beamcrossing.
After thesecuts the cosmicray backgroundin the endcap region was40% of the ~zpair signal and

was subtracted,using a side band in eventtime. In the barrel region (~cos0~<0.6) a time of flight
separationwas possible.Fig. 4.12 showsthe time differenceof the 2 back-to-backtracksnormalizedto
incidenceperpendicularto the beam.Cosmic raysand~ -pairs areclearlyseparatedby a cut at 2nsec,
leavingacosmicray backgroundof lessthan 1.4%.After backgroundsubtractionsweobtain228 j.~-pair
events.The trigger efficiency is 98%, and the eventselectioncuts areassociatedwith lossesof 1.5%.

At the present level of statistics, errors in the asymmetry from uncertaintiesin charge sign
identificationarecompletelynegligible.For W= 30GeV,the sagittain acollinear2-track fit is different
from zeroby -—7 standarddeviations.

40 I I I I I

cosmics

9~ ~ 8

~t~sin e Ins]

Fig. 4.12. TOFdifferencefor ~spairsandcosmics.
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4B.4. e~er~r
This reactionis new in the contextof testingQED. In principle it providesthe sameinformation as

ee—~p~t,but in practicethereareseveraldrawbacksfrom the fact that r’s arenot observedbefore they
decay: crosssectionshaveto be determinedfrom decaychannelsusing branchingratioswhich are
known with a limited accuracy,andthe productionangleof r’s cannotexactly be reconstructedfrom
the decayproducts.

On the otherhand, at energiesW ~- 2~mT the signatureof ‘r pair eventsbecomesmuchclearerthan
at the low energies (EB -— 2GeV), where the r lepton was discovered(see section 5). The most
distinctivefeaturesof r pair eventsat PETRAenergiesarealow multiplicity (2-, 4- anda few 6-prongs,
as comparedto (ncH) — 10 for hadronic annihilation, see fig. 6.24), and two almost collinear setsof
decayproductscontainedin very small solid angles(seefigs. 4.llc and4.13).Wehaveusedfinal states
in which at least one r lepton decaysinto only onechargedparticle(e,~s,ir) plus neutrals[413d,423].
This way we accept—90% of all decaymodes[416].The acceptedeventsthen consist of 2 prongs
(—50% of all) and4 prongs(-—-40%) which requiredifferent additionalcutsfor backgroundrejection.

Themainbackgroundproblemin the 2-prongeventsis dueto ee—~ ee,~sjs, and to cosmicrays, and
yy reactions.2-prongr eventswereselectedby applyingthe following selectioncriteria:

(1) 2 oppositelychargedtracks,originating from the interactionpoint,
(2) onemomentump > 0.80eV/c, the otherp > 0.50eV/c (mainly againstbeamgas),

60 ,,,.,

N I
+- +-ee ~i-r
2 prongs

3.0 -

— W9.40eV

0.0 I

0.0 22.5 450 67.5 90.0 p 1 0)

40
N

- W~12GeV-

00 22.5 450 675 900 pC 0)

50 ________________________
N =30GeV

00 ....1’ii~1[ll,,,.,.,..

0.0 22.5 65.0 675 90.0 ~pC 0)

Fig. 4.13. Acolinearityangledistributionin e~e—, r~r 2 prongevents,at W= 9.4, 12, and30GeV.



190 L. Criegeeand G. Knies,e~ephysicswith thePLUTO detector

(3) productionangleof eachtrack cos01 <0.6(to havetime of flight rejectionof cosmicrays),
(4) no collinear fit possible(against~-pairs andremainingcosmics),
(5) missing mass >0.5Eb0~,.,,,(againstp.~y,eey),
(6) an acoplanarity angle a > 18°,if both tracks are associatedwith showers of energiesE>

0.25Ebean.(against radiative Bhabhas,seealsofig. 4.5 for a distributionof Bhabhaevents),
(7) 2-prongeffectivemassM >2 (3) 0eV at Ecm� 13 (�17)0eV, andnet momentumtransverseto

the beam>0.50eV/c (againstyy events).
According to a simulation of reaction(4.4) 17% of all 2-prongeventspassedthesecriteria [423J.

4-prongeventsareof the following type

ee—~ r r

1-prong 3-prong
+ neutrals + neutrals

with the 1- and3-prongpartsalmost backto back. The main backgroundin this topology is from yy
reactionsandfrom degradedBhabhaevents.To select r eventswe required

(1) �6 observedchargedtracks (to allow for one y—~e~econversion)with no chargeexcess,
(2) all trackswith cos9 <0.75,
(3) at least 1 track with p >0.4(0.5) 0eV at Ecm � 13 (�17)0eV, andwith no othertracks within

= ±90°(‘1-prong’),
(4) the 3-prongmassconsistentwith T decay,
(5) cut (7) of 2-prongswith appropriatemodificationsto reject 77 events(in particular yy—~i~ to

clearexamplesof such eventshavebeenobserved).
20% of all 4-prongspassedthesecriteria.

After thesecuts we find 73 2-prongeventsand 78 4-prongevents.The remainingbackground(3
2-prongand 9 4-prongevents),dueto yy processesandmultihadronevents,was estimatedby Monte
Carlo simulationsof theseprocesses.

The efficiencyof triggering andeventselection,as well as the radiative correctionsweredetermined
from a MonteCarlo simulationwhich includesradiation in the initial stateandr productionanddecay
into the various channelsin the detector.We havechecked[423]that the relative ratios of various
subchannelswith identified particleslike e, ~, ir, p, andthe 2- and4-prongratio are consistentwith the
r decaybranchingratios [4161.

5. The heavyleptonr

5.1. Introduction

It hasbeena long standingpuzzle ‘why’ the muon existedas a secondchargedleptonwithout any
apparentdifferenceto the electronexceptfor the massand the leptonquantumnumber.The discovery
of the r particle by Perland his collaboratorsin the SLAC-LBL collaboration[501,502a] established
the existenceof a furtherchargedlepton. The most interestingquestionconcerningthe natureof this
new particle, andof theleptonsin generalwas: is the T relatedto the leptonse and~sin the sameway
as thesetwo are related amongeach other, i.e. are their weak and electromagneticinteractions
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identical,andis the r separatedonly by anew,third leptonquantumnumber(e-~s-r universality)?Such
asequentialheavy leptonwould also haveits own neutrino, v1., to makeup for a weak isodoublet.
Furthermore,the r gaverise to speculationson the existenceof a thirdgenerationof quarksbeyondthe
known (d,u) and(s,c) doublets,sincetherearegood reasonsto believethat thereareequalnumbersof
quarksandleptons[503].The experimentalverificationof this speculationis describedin section7.

As an implication of the sequentialnature of the r lepton its decay fractions are essentially
determinedby the universalweakcurrent,dependingmainlyon its massandopenchannels,andwere
largely predicted[504]as shown in table5.1. The mostcharacteristicfinal statefrom the decayof a r
pair eventwas dueto its leptonicdecaymodesr —~vev, v~sv,tleadingto final statescontainingamuon
and anelectronas the only observableparticles:

e~e—9 r’ + T~

‘If ‘If
e~v0i,,+/Li1~V~

or v,~i,.+ e10v1.. (5.1)

In fact, first evidencefor the ‘r particlewas alreadyobtainedin 1975 [502a]by the observationof so
called ‘~ e events’,andwas supportedby the ‘anomalousmuons’ observedby theMPP collaboration
[502b1.Oneyearlater improvedstatisticsandthe detailedkinematicpropertiesof the ~e eventswere
sufficient to claim the discoveryof anew heavylepton[501].

To put the contributionof the PLUTO experiment to the confirmationof this discovery,andto the
further verification of the r particle as a sequentiallepton, into perspectiveswe briefly review the
experimentalevidencefor the r as of the endof 1976.

Theheavyleptoninterpretationof the /L e eventswasmainlybasedon thefollowing two facts:(i) the
momentumdistributionof the ,a ande tracks agreedwith a 3-bodyweakdecayof the parentparticle
[504],which was producedin pairs (with apoint-like QED crosssection),anddisagreedwith a 2-body
decay; and (ii) no otherparticleswere observedeventhough (at least)4 particlesweremissing per
event.Thispointedtowardsneutrinosasthe 4 missingparticles.Statement(ii) wasimportantto exclude
the hypothesisof charm productionwhereonly 2 neutrinoswereexpectedper event.But it was not
absolutely strict becauseof backgroundproblems. They came from a rather high hadron—lepton
misidentificationprobability (Ph..~.andPh...eup to 20%)andfrom a gapof 36% of 4ir in the solid angle

Table 5.1
Predictionsfor r decays,with tan

29~= 0.05 andM~= 1.784GeV

I’/I(evv) B[%] Input

~ev 1 16.1
vsv 0.98 15.8
vir 0.58 9.4 F(ir-#p~~)

vK 0A125 0.4 FØr-. v~)+Cabbiboangle9~
L54 24.8 CVC
OdO 1.6 CVC+Cabbiboanglee~

vAi(1100) 0.58 9.4 Weinbergsumrules
v continuum —1.4 23 u(e~e-~hadrons)
(M>1.IGeV)

t For brevity theIepton—antileptonnotationsandtheneutrinoflavour indicesare omitted in mostplaces.
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coveragefor chargedparticleandphotondetection.As aresultup to39% of the~ eeventsin thesubtracted
samplecouldstill containadditionalundetectedphotonsor chargedparticles,ataconfidencelevelof 90%.
Suchkind of eventswould ratherhint towardscharm productionas the sourceof the~e events.

It was thereforevery urgentto confirmthis importantdiscoveryandto removepossibledoubtsby an
independentexperiment. Data taken by the PLUTO collaboration at DORIS were qualitatively
complementaryin their naturebecauseof different featuresof the PLUTO detector,like
(1) the hadronabsorbingiron was thicker (68cm) leadingto

Ph..,. = 2.8±0.7%

for p(j4� 1.00eV/c,

(2) the electronidentificationmethodwas different, leadingto

Ph..~=3.5±0.7%

for p(e)� 0.30eV/c,

(3) the solid anglenot coveredfor chargedparticleandphoton detectionwas 13% of 4ir, only. The
photondetectionefficiencywas 80% for Icos °I<0.55, anddroppedto =50% at cos9 = 0.87.

Thereforebackgroundproblemswereconsiderablysmaller.This madeit possibleto arrive at conclusive
results even with a much smaller— but cleaner— sample of events [505,507]. Thus the PLUTO
experimentatDORIS could makeimportantcontributionsto theconfirmationof the ‘r discoveryandto
themeasurementof its properties.Here in particularmeasurementsof the leptonicdecaymodes,andof
the semihadronicdecaysinducedby the axial weak current,i.e. the decaysr —~vir and r -~ vpir were
significant stepsin verifying the sequentialcharacterof the r lepton. The point-like naturewas then
establishedby the PETRA experiments.The variousresultsconcerningthe ‘r leptonare presentedin
sections5.2—5.4. In section5.5 we report the searchfor leptonsheavierthan the r, at the PETRA
storagering.

5.2. Evidenceforheavyleptonproduction

5.2.1. Searchfor heavyleptonevents
In data taken in 1976 at CMS energiesof 3.6� W � 5.0 0eV the PLUTO collaborationstarted

searchingfor heavyleptonproductionby looking for eventswith a muon.For this purpose,all events
with a muon candidatetrack (p> 1.0GeV/c, Icos 8 � 0.752) andat least one further track with
p> 0.20eV/c, Icos °I<0.87wereexamined.First theeventswererequiredto passkinematiccutswhich
removedcontributionsfrom severalbackgroundsourcesfor muons:

eventtype cut backgroundsource

2-prongs I ~ > 10° cosmics,ee-+

I missingmassM2>0.11s cc—* ~,uy (seefig. 3.6)
multiprongs M(j.~+ 1 track)� M(J/t~) cc—+ J/i/i + X

L~
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Muon
chambers

Table 5.2
Lead converters

Events found in the a-search,and the expectedbackgroundcon-
tributions

Channel Events Background
Iron

(5.1) ~ + e~+ ~nothing’ 22 1.9
(5.2) ~s+ 1 prong+ any neutrals 273 52
(5.3) ~ + �2prong+ any neutrals 317 207 Su~erconductPn~

coi

PLUTO: e —ii event Proportional
chambers

Fig. 5.1. seeventin the PLUTOdetector.

Muon eventswere observedin the channelslisted in table 5.2. Channel(5.2) includesthe eventsof
(5.1). Fig. 5.1 showsa p~eeventin thePLUTO detector.The backgroundcomesfrom (i) hadron—lepton
misidentification, in all threereactions,(ii) from cc—* ~j.tyy in reaction (5.2), (iii) from cc -+ ee~s~.tin
reactions (5.1) and (5.3). The ‘hadron’ background(i) has been determinedexperimentallyfrom
correspondinghadroniceventsusingthehadron—leptonmisidentificationprobabilities[507].The higher

1UOO.C ‘Al’’’’
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a~30.0-

5) I~ ttft flf ~100O 44 -
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P (GeV/c) P (0eV/c)Ii

Fig.5.2. Momentumdistributionof muons(dots),hadrons(triangles)andthehadronpunchthrough(squares)at W= 5 GeV; (a) from 2-prongand(b)
from multiprongevents.
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orderQED background(ii andiii) hasbeencalculated[508].The QEDbackgroundis smaller,typically
less thanhalf the ‘hadron’ background.

In fig. 5.2 we showthe observedinclusive js momentumdistribution at W= 5 GeV, for the 2-prong
and the multiprong events, together with the expected background from hadron—muon
misidentification. This figure showsthat the (expected)backgroundis substantiallysmaller than the
observednumbers,typically 15%. Out of the 22 ~ e eventsin reaction(5.1) only 1.9±0.5 areexpected
to be backgrounddueto hadronlepton misidentification.

Fig. 5.3 showsthe differential crosssectiondo~/dp,.after all backgroundsubtractionsandacceptance
corrections.The curveswill bediscussedin section5.2.3.In fig. 5.4theelectronmomentumdistribution
of the~e eventsfrom all CMS energiesis shown.The correctedtotalcrosssection,at p,. > 1.0GeV/c, is
shownin fig. 5.5 for reactions(5.1—5.3).All 3 channelsshowa thresholdbehaviorconsistentwith the
pair productionof a heavyspin 1/2 particle.

5.2.2. j~eeventsfrom charm?
Can the ~e eventsbe explained‘conventionally’ by charmedmesOnproduction and decay?Real

‘gte + nothing’ eventsmaycomefrom D~D’—* ~~e~)v + e’(~’)i~.This decaymodecan safely be ruled
out from the numbersin table5.2. As in the leptonicdecaysof ir~andK~,the D—* cv decayis severely
suppressedrelative to the D-s~vdecay, leading to B(ev)= 2X i0~. B~j2v). Thereforewe would
expectmanymore‘~ + nothing’eventswhichwouldcontributeto channel(5.2).The273eventsobserved
in channel(5.2) imply a conservativeupperlimit of 0.01 real ‘j.se + nothing’ eventsfrom charm.

Apparent ‘/te + nothing’ eventscan comeas contaminationfrom charm eventswherethe electron

a) e~e—..~j+_itrack
I I

100) - I 4 ~ W< 4.3 0eV

,1 \\
500 \~ M~rO b): p+ >2 tracks

a / da(pb\ I

-~ o ~ (0e”/cJ ~!~5.0GeV

/ \ 43<W�48GeV 300.0 I ~

I. Q%/.ds.:015N20+25

/ N W~5G~ ,~ CG.Vk)
500-/~

/ / I Fig. 5.3. Differentialcrosssectiondo-/dpfor muons (a) from 2-prong1/ . ~ and (b) from multiprongevents,correctedfor acceptance,with QED

0 b’ contributionssubtracted.Curvesshow the expectationfor the stan-
1.0 2.0 dard model with V—A (full line) and V+A (broken line) decay

p,~.COeV/c C interaction(seefit describedin thetext).
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neutrals 1’

10:

________________________ ~
- I ~~~._÷/J±.,.~±+nothing J

e+e*e~l~+noother 4.0<W<5.O 0eV else
~ 6 . detected particles — - . visible

50-
—V-A 3 BODY

_____ 0
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Pet 0eV/c) Cross section olpb)for p,~>1GeVIc

Fig. 5.4. Momentumdistributionof electronsfrom ~seevents.Curves Fig. 5.5. Crosssection for productionof muonswith momentap>
showthe expectationfor a V— A 3-body decay (full line) andfor a 1 GeV/c,at variousCMSenergies,in (a)2-prongevents,(b) multiprong
2-body decay(brokenline) of a 1.9 GeV particle,including detection eventsand(c)~aeevents.Crosssectionsarecorrectedfor acceptanceand
efficiency. particle identification efficiencies.QED expectationsare subtracted.

Curvesarefrom thefit describedin text.

and the muont originatefrom semileptonicdecays.Theseeventshaveadditional photonsor charged
tracks.2±3 ~e eventsof this typewere found. They can be used to determinean upperlimit on the
amountof charm~e eventswherethe additionalphotonsor chargedparticlesescapeddetection.The
resultdependson thenumberof additionalparticlesinvolved. The most conservativelimit is achieved
for the charm channel with the smallest number of additional observableparticles. Assuming the
‘elastic’ productionreactione~e—~D~Dwith the decayD-t.e(js)K°vweexpectto observelessthan2
‘~se+ nothing’ eventsas partnersof the observed‘~ e+ something’events,at 95% c.l.

Thereforecharmproduction was clearly ruled out to explain the 20.1~ e events.This was the
cleanestevidenceat that time that a newphenomenondifferent from charmproductionwasobservedin
the ~se events.Later,the observationof r productionbelow charmthreshold[510,512] confirmedthis
resultin aparticularlyobviousway.

5.2.3. Resultson heavyleptonparameters
The dataobtainedin the analysisof reactions(5.1—5.3)can consistentlybe describedin termsof the

productionand decayof a pair of sequentialheavy leptons. For determiningbranchingratios the ‘r

tThe leptonicwidth ~(D —~~av)is muchsmallerthanthesemileptonicwidth, by almost2 ordersin magnitude,for D-massesof = 1.8 GeV [5091.
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productioncrosssectionand acceptancecorrectionswere calculatedwith the following assumptions:r
pairs are producedlike point-like spin 1/2 particles, and they decayleptonically (r —~ v,.~i~)by the
standardV — A (or V + A) weak interaction,with a masslessr neutrino i’~. Thefollowing resultswere
found [505,506,507] by a fit (seecurvesin figs. 5.2—5.5):

V-A V+A

MT = 1.93±0.05 1.82±0.08GeV (5.4a)

B(’r—t’l prong)=70±10% (5.5a)

B(r—~multiprong)= 30 ±10% (5.5b)

B,.(r-~ivv)15±3% 19±4% (5.6)

Be(r+evv) 15 ±5% 12±5% (5.7)

= 7.5/8 11.7/8.

All branchingratios.agreewell with the predictionsfor a sequentialheavylepton of this massrange
[504]as listedin table5.1. In particularthevaluesof B(,jivv) andB(evv)werea furtherconfirmationof
the sequentialleptonhypothesiswhich predictsboth to be equal, in contrastto the paraleptonpicture
[511],wherethe r’~hasthe lepton quantumnumberof ei~j~)andrequiresno r neutrino.Herethe
decayr~—~ vve”(~~)is largerby a factor of 2 relativeto the other modes.Also the possibilityof a T

neutrinowith neutronmass(‘baryonic’ ‘i-) is inconsistentwith the data. A V — A weak interaction is
favoured,but aV + A typeis not excluded.

The ‘r mass (5.4a) was determinedfrom the thresholdbehaviourof the r pair production cross
section (fig. 5.5). Unfortunately the acceptancefor r events drops to zero for the muon channels
(5.1—5.3) at W 4 GeV, i.e. above the threshold energy,becauseof the momentum cut of p �

1.0GeV/cfor muon identification.By usingidentifiedelectrons[512,513] as a handleto select r events
alsothe dataat W = 3.6GeVcould be usedto searchfor r events.In a later analysis[512]6 rf events
were found at W = 3.60eV. Fig. 5.6 shows the crosssection for 2-prongeventswithout photons.A

PLUTO
200 I 1111111111

~~mn9trac~,

ECM (GeV)

Fig. 5.6. Cross sectionfor 2-prongeventswith oneelectronandno photons,at variousenergies,correctedfor acceptanceandefficiency.The curve
shows~ . B(evv). B(1 prong(not electron), no photons)= 0.039 (seetext), for Mr = 1.782 GeV.
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determinationof the r massfrom thisdatayields

MT = 1.75±0.050eV (5.4b)

in good agreementwith the presentworld averageof M~= 1.784±0.0040eV [514].From data taken
after installationof the showercountersthe branchingratio for a subchannelof eq. (5.5a)could be
determined(using B(r—9vev)= 17.5%):

B(r —* 1 prong(notelectron)+ no photons)= 22.3±4.3% (5.8)

which agreeswith the predictions[504] for the combinedbranchingratiosof the r —~ PIT and T —~ v/.Lv
decaymodes,as given in table5.1. Thelatter decayfractionwasalsodeterminedfrom the PETRAdata
[528,5291 to

B(r—a’~vv)=17.8±2.0 (stat.)±1.8(syst.). (5.6b)

5.3. Thehadronicdecaymodesofthe r

The sequentialleptonhypothesisimplies several(semi-)hadronicdecaymodesfor the r particle.The
decay r~-~ v~is an inversion of the decay 1r —~ - v,., and can be predicted without further
assumptions.Using the CVC hypothesisthe decayr~—~ vp can be calculated,andwith Weinbergsum
rules the decaymoder —~ vA~was evaluated.The predictedbranchingratios as evaluatedfor a i-

massof m = 1.7840eV [514] are listed in table 5.1. Also the widths relative to F(evv)are included
sincetheseratiosarenot affectedby changesin otherdecaychannels.

The Cabbiboallowedsemi-hadronicdecaymodesaresizeableandhave,apartfrom the “continuum
mode”, clear final state signatures.The first specific hadronic decay mode identified at all was the
T —~vpir decayas reportedby the PLUTO collaboration[515]in 1977.The ‘crucial’ decay r —~ vir was
foundin 1978 [516,517].

5.3.1. Thedecayr-~vir
The width of this decaymode is uniquelygiven by the width of the iT --9 j.u’ decay[504]:

F(r—* vIr)= 1(ir—*~v)~2MM2 (1_~)2. (M2) 2 (5.9)

The first preliminary resulton a searchfor this decaywascommunicatedby the DASP collaborationin
summer 1977 [518] and indicateda substantialsuppressionof this decay mode. It was not before
summer1978 that thisdecaycould be establishedandquantitativelymeasured.The measurementwas
first publishedby the PLUTO collaboration[516],andbriefly later by the DELCO [517]collaboration.

5.3.1.1. Eventselection.The ‘r —~ PIT decaywaslookedfor in eventsof the type

v + IT

e~e—a’rr (510)
L.....

9 v+(ve,v~,IT).
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For this purposewe selected2-prongeventswith no convertedphotons,a largemissingmass,and one
trackbeinga hadroncandidate.A trackwas a hadroncandidateif it was in the acceptancefor electron
and muon identification. It was acceptedas hadronif neither the electronnor the muon criteria (see
section3) were met. The inefficiency for electronidentification was (15±5)%, andfor ~zidentification
2%.

To suppressbackgroundfrom cc, eey, ~./.Ly,IT~IT IT°, Ir~iTy final states,candidateeventswere
requiredto havea missingmassof MM2 > 0.11 . s, an azimuthalangledifferencebetweenthetwo tracks
of 10°< ~4 <170°(acoplanarevents),andan openingangleof cos012> —0.70 (acolinearevents).

The hadroncandidatesamplewassplit into 3 subsamples:

(a) e~e—~ hadron+ chargedtrack+ no photon

(b) -~ electron+ chargedtrack+ no photon (5.11)

(c) -~ muon+ chargedtrack+ no photon.

Sample(a) containsthe eventsof the reactionin question (5.10). Samples(b) and (c) were used to
measurethe backgroundin sample(a) from e, ~.i identificationinefficiency. Also eventsof the type

(d) e~e’-~ hadron+ chargedtrack+ photons (5.11)

were selectedto measurethe contributionfrom eventswith unobservedphotonsin channel(a). Since
sample (d) had sizeablecontributionsat cos012 > 0.3, this interval was also removed in all samples.
Channels(b, c, d) contaminatesample (a) with 6.6±0.7 events.In addition we expect2.3±0.7 events
from r —~ pp decayswithout observedphotons.Othercontributionsto sample(a) from 4—prongevents,
or from r—~v(irp) 1-prongdecaysor from r—* vK arenegligible.

5.3.1.2. Evidencefor ‘r--9 pir. In total 32 eventswere found in sample (a) after all cuts, and 8.9±1.0
eventswere expectedas background.The 32 events representan excessof more than 5 s.d. The
kinematicpropertiesof the hadronsin sample (a) are consistentwith reaction (5.10). The hadron
momentumdistributionagreeswith the expectationfor this process,as shownin fig. 5.7 for the 5 0eV

PLUTO ~?~50eV

.~ ?e —~ hadron~onetrack
- ~no photons

0 a)
1()

- e~e-~muon+one track -

no photons

1 ~1.52.O

MOMENTUM(GeV/c)

Fig. 5.7. Momentumdistributionof hadrons(a) from eventsof sample(5.lla), thecandidatesfor r + irv decayandof muons (b) in thecontrol
sample(5.llc). The curvesshowthespectraexpectedfor V—A coupling.
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data. Also, the momentum cut for hadron selection does not accept r pair events producedat
W = 3.60eV, andno candidateeventswere foundatthisenergy.The 7—9 ~ir decaymodehasthusbeen
established.

5.3.1.3. Branching ratio. The detectionefficiency of our eventselection for reaction (5.10) hasbeen
determinedunderthe assumptionof V — A weakdecayinteractionand mT = 1.8 0eV and m~,= 0. We
find an averageof the productbranchingratio

B(’r—* PIT)- B(p+ 1 prong)= 0.043±0.012. (5.12)

The 1-prong class contains PIT, P/A., ye eventsanda fraction of vp (ir IT°) where the 17° induced
no showers.This fraction was determinedfrom simulated events to amount to B(vev)/3 giving
B(v+ 1 prong)=2.33B(PeP)+B(vIT).Withthis valueeq. (5.12) leadsto

B(pir)= (9.0±2.9±2.5)% (5.13)

in agreementwith the value of 9.4% derived from eq. (5.9). The second error is for systematic
uncertainties.

5.3.2. Thedecay~-* vp°Ir

As a further manifestationof the axial weak currentthe decay r ~ pA5 was predicted[504].The
PLUTOexperimentindeedobserved7—9 P~ITdecayswith the~iT systemhavingthespin parityquantum
numbersandotherpropertiesof theA1 meson.

5.3.2.1. Eventselection.This decaymodewas identified in 4-prongeventswith a lepton andwithout
convertedphotons[515,519]:

~ Pep,P/.LP
e~e—~Tr (5.14)

ii + 3 chargedpions.

U

Lfl ~U.U I I I I I I I I I I

15.0 ‘ -

10.0 .

5.0- .

0.0 ‘ 0~5 1.0 15 ‘ 2.0
M ~. (0eV/c

2)

Fig. 5.8. Distributionof the1r~irmasses(2 combinationsperevent)from theeventsof reaction(5.14). The shadedregiongivesthedistributionof
thehighermasscombination.Thecirclesrepresenttheexpectedbackgroundfrom hadron—leptonmisidentification.
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54 eventswere found in which the 3 pion four-momentumwas consistentwith reaction(5.14), of which
24.5 eventswere estimatedto be background:18 from hadron—leptonmisidentificationand 6.5 from
eventswith additional but unconvertedphotons.The hadron—electronmisidentificationprobability in
this analysis[512,513] was as low as 1.1%,for momentaof p >0.4GeV andthe electronidentification
efficiencywas near50%.

The IT~1T mass distribution shows a clear p signal. Fig. 5.8 showsthe distribution of both mass
combinationspossible in eachevent(open histogram),as well as the distribution of the higher mass
combination.Thecirclesindicatethe expectedbackgroundin the openhistogram,dueto hadronlepton
misidentification. Out of 54 events,40 eventshadat least one ir’~’ir masscombinationin the p mass
range(0.68< M(ITIT)< 0.86GeV). Only 13 wereexpectedasbackground.Theremainingsampleof ‘no p’
eventsdid not havemoreeventsthanexpectedas backgroundfrom hadron—leptonmisidentification.In
summarywe found27 e~~s)+pit eventsafter backgroundsubtractionof 13 events.

The hypothesisthat the pit events are due to i- pair production has several further kinematic
implications,which we havechecked:

(1) The electronmomentumdistribution (fig. 5.9) is hardandcompareswell with the expectationfor
a V — A decayinteraction.

(2) The 3ir system has a laboratory energy distribution which is consistent with the expected
uniformity betweenthe limits (fig. 5.10) for reaction(5.14).

(3) The invariant 3it mass(fig. 5.11) is not correlatedwith themomentumof the lepton,which comes
from the decayof the otherr [515].

5.3.2.2. Thebranching ratio 7—9 P~1T.The observedeventnumberswith masscombinationsinside and
outsidethe p massband are consistentwith 100% 7 —9 PpIT decaymode. Using the QED production
crosssection for 7 pairswith a ‘r massof 1.800eV we find the following productbranchingratio [519]

B(r~~~ pp) . B(r —~ pit p°)= 0.0093±0.0023. (5.15)

There is an additionalrelative systematicerror of 16%. With an averagedleptonicbranchingratio of
B(r -* �vv)= 0.173±0.013, andassumingB(T —9 pirp) = B(r - vir°p ) we find

B(r—~’pitp) (0.108±0.026±0.021). (5.16)

PLUTO PLUTO
10.0 ‘‘‘I’’’I’’’’I’’’ 8.0 ~,,IIIIIIIIIIII

e’e—”e’ ~ ee—Lt .1t1~t

~f) 8.0 - aexp. DATA ‘ — Monte Carto
8 background 6.0 0 Exp. -

~

ELECTRON MOMENTUM (GeV/c) NORMALIZED 3Tt ENERGY
Fig. 5.9. Momentumdistributionof electronsfrom eventsof reaction Fig. 5.10. Distribution of the normalized energy, E

3 = (E3,, —

(5.14). The curveshowstheexpectationfor a sequentiallepton, added Emm)/(Ema,— Emin) for events of reaction (5.14). The curve shows
to theexpectedbackground(circles), theexpectationfor a sequentiallepton, including resolutioneffects.
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Fig. 5.11. Invariant3sr massdistributionfrom eventsof reaction(5.14), afterp-cut. Curvesin (a) showtheexpectationfor different partial wavesof
thepir system,asindicated.Curvesin (b) showtheeffect of an A1 Breit—Wignerresonance.All curvesareaddedto theexpectedbackgroundand
normalizedto thedata.

The seconderror accountsfor the systematicuncertainties.
The theoreticalprediction [504]for the pA1 decayof a sequentialheavy lepton, of B(r —~ vAi)=

0.094, is in good agreementwith the observedppir decayfraction.
We can determinean upperlimit for a decayinto 3 uncorrelatedpions

7 —9 PITITIT

from the fraction of eventswith no p combination.We find at 95% c.l.

p + (3it uncorrelated)) <0 20 (5 17)
1(r —~ ii + itp) +F(r —÷ ~‘ + (3ir uncorrelated)) .

This result rules out thehypothesisthat the decayr —~ v3it may bedominatedby a contactterm type
diagramin the ‘r decayleadingto 3 direct pions[520].

5.3.2.3. Spinparity of thepit system.If the pit systememergesfrom a weakdecayit can carrythe spin
parity quantumnumbersJ” = 1~(axial current)or 0 (divergenceof the axial current).The quantum
numbers2 and2~’do not agreewith the sequentialnatureof the 7, sincetheycannotemergefrom a
V — A decay.Thestate1 in (pir)~violatesBosestatisticsin an isospinI = 1 stateandis thereforequite
generally forbidden [521]. All thesequantumnumberscan be checkedsince the expecteddensity
distribution in the 3ir Dalitz plot (fig. 5.12) is different for various J”i assignments(1 = orbital
angularmomentumof the pit system,P = (—1)’). We havedeterminedtheprobabilitiesto expectthe
observedDalitz plot distribution,for severalJ”l states,by a likelihoodanalysis.The likelihoodanalysis
of theDalitz plot took into considerationthe formationof ap°resonance,andeliminatedall influences
from the largespreadof the M(3’n-) distribution(seefig. 5.11). This way only the symmetryproperties
of the different f”i densities[522]were exploited.The backgrounddistributionwas determinedfrom
appropriatebackgroundsourcesamplesandsubtractedfrom the Dalitz plot. For eachJ”l assignment
we haveevaluatedthe probability that theexpectedlikelihood can be smallerthanthe measuredvalue
[513,519]. The expectedlikelihood distributions were determinedfrom event samplessimulatedfor
eachj”i assignment.The resultsaregiven in table 5.3.



202 L. Criegeeand G. Knies,e~ephysicswith thePLUTO detector

.6
0~ .. 0
0,~ 0

0~
0

0

400 0~~0 0

0

0 0
o~

tot 0 0

0

.2 0
0 0

S

0 ‘ 0.1 ‘ 0.2 ‘ ‘ 0.3

IT
2- T3I/T10~

Fig. 5.12. Triangle Dalitz plot T1/T,,,, vs. IT2—T31/(V3- T111~)for eventsof reaction (5.14) after p-Cut (circles), and for simulatedeventswith
J”l = 1~1(points). T, arethe kineticenergiesof thepions, in the31r rest frame. T10, is thetotal kinetic energy.

In fig. 5.13weshowtheprojectionof the Dalitz plot distributionon the(normalized)distancefrom the
center(T5 = T2 = T3), the so called A distribution [523],with A = 0 at the centerand A = 1 at the
boundary,for any M(3ir). It is comparedto the expectationfor the variousJ”i assignments,with the
backgroundexpectationadded.Table 5.3 gives the probabilities for agreement[512].Only the axial
current signature,J”i = 1~0,andthe 2 1 stateareconsistentwith the Dalitz plot.

A further handleon the 1 quantumnumberof the pit systemis providedby the pit massspectrum.
The expectedmassspectrafor S, P andD waves[522]areshown as curvesin fig. 5.1la. The P andD
wavesshowsignificant deviations.For a P-wavepit system(J”l = 01,or 11) in the r decaywe find an
upperlimit (95%c.l.) of

B(r—t~vp°ir, 1 = 1)< 1.6%. (5.18)

Only the S-waveresemblesthe experimentaldistribution.
In conclusiononly the J

1’i = 1~0assignmentfor the pit systemis consistentwith the data.

Table 5.3
Probability to observethemeasureddistributionsfor severalJ”I assignments

Probability (%) 1”! = 01 1~0 1~2 11 21 2~2

3-dim Dalitz plot <0.3 8.9 <0.7 0.6 3.7 <0.3
A-distribution 1.6 16.2 <0.6 1.0 18.0 <0.6
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Fig. 5.13. Distributionof therelativedistancefrom theDalitz plot center

A = l—(PtxP
2)~/{i(iMi,,—m~)}

with 0 � A � 1. Experimentalevents(histograms),expectedbackground(dashedline), andthedistributionof variousspin-paritystates(solid lines)
addedto thebackground.

5.3.2.4. Isthereevidenceforr—. vA1?The pit massspectrum(fig. 5.11)is only marginallydescribedby ar
decayinto anon-resonatingpit s-wavestate(x

2 probability= 1%). In particularthepeakwhichisshownby
thedataatM(pit) 1.10eV is notreproduced.If howeveraBreit—Wignerresonanceisassumedthepeak
can bewell reproducedfor parameterslike 0.9~ M ~ 1.20eV and0.4~ F~ 0.5GeV,consistentwith the
somewhatuncertainA

1 resonanceparameters[514].In fig. 5.llb weshowthecurveforM = 1.0 0eVand
F= 0.475GeV, which hasa x

2 probability of 44%.Thepit systemthereforeprovidestwo independent
piecesof evidencefor an A

1 resonance:the massspectrumandthe spin parity state.

5.4. Somelimits on r parameters

5.4.1. Limit on the lifetime
Sincein ‘r pair productionby colliding beamsthe laboratorymomentaof the ‘r’s areknown, in each

eventafinite lifetime T can be convertedinto a decaylengthd

d=T~(PT/MT)-c. (5.19)

A finite decaylengthcan be directly observedas a deviationof the intersectionpoint of the 3 pionsin
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T —9 p3it, from the e~ebeamcollision point, or indirectly as a broadeningof the origin of single js

tracksfrom T —9 /2PP decays,in the r—t~plane.
If the r is a sequentialleptonits lifetime T~is relatedto the ~ lifetime T,.. by [504]

T~= B(r—*4~pp)~(M,JMT)5 . T,. (5.20a)

whichyields T~= 2.6x 10 sec.
In the PLUTO experimentwe have(Er) = 2.250eV andexpectanaveragedecaylengthof 0.07mm.

This is clearlybelow the resolution.The averageminimal distanceof singledirect tracksfrom the beam
line is cr(rmjn) = 2.8mm in the r—4 plane, becauseof beamwidth, multiple scatteringand tracking
resolution.Fromour 2-prongand4-prongr pair eventswehavedetermined[524]an upperlimit of the
r lifetime of

1’,, <9 x 10~sec = 35 . T~ [95%c.l.] - (5.20b)

The resultexcludesmodelswherethe T neutrinois heavierthanthe r andthe T decaysthroughmixing
of p~with ~tsande neutrinos,sincefrom experimentallimits on violation of js-e universality, limits on
the mixing parameterscan beinferredleadingto a predictedlifetime of TT > 50 T~[525].Very recently
thefirstnon-trivialmeasurementof theT lifetime hasbeenreportedby theMARK-2 collaboration[533]as
T~= (4.6±1.9) x 1013 sec = (1.7±0.7)T~.

5.4.2. Limit on the ‘l neutrinomass
The bestvaluethat can be inferredfrom the PLUTO datacamefrom the decaymoder —~ z.’ + 3ir:

= (ET — E
3,~)

2— (P~+ P~)+ 2P~P
3,.cos~ - (5.21)

The only unknown quantity hereis the decayangle 0T,3~-.Choosingthe maximum value cos0 = 1 in
eacheventwe find [526]

M~<360MeV (5.22)

at 95% c.l.

5.4.3. Limit on the r charge radius
The energydependenceof the r crosssectionmeasuredfrom thresholdto s = 10000eV

2 (seefigs.
5.6 and4.6)excludesspin values of j = 0, 1, and~ [504a],and agreesvery well with j = ~. Using QED
productioncrosssectionfor spin ~pairs (seesection4), andallowing for extendedr leptonsin the QED
formulae,we find from the total r pair crosssection at W 31 0eV an upper limit on the T charge
radiusof

(r2)1”2<6X 10’6cm [95%c.l.]. (5.23)

This limit is of the samemagnitudeas the presentlimits for js ande leptons(seesection4.4).
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5.5. Searchfor leptonsheavierthanthe r

Since the QED crosssection for the pair productionof point-like spin ~ heavyleptonsL in e~e

annihilationis well known to be
~R(LL)_~j1E2(1~2) (5.24)

we canperforma clearcut investigationon the existenceof a heavyleptonwith amassML heavierthan
the ‘r mass,up to somemasslimit very closeto themaximumbeamenergy.

There are no firm predictions on the existenceof a fourth lepton doublet, or on a fourth
quark—leptongeneration,but therearesomespeculationson its massvalue[527],in the rangeof 10 to
22GeV. With the datafrom PETRA someof thesespeculationscan beruled out.

Herewe describeour search[528,529] for such a new heavy leptonin the massrangeM,. <ML <

15 GeV, assumingdecaysmediatedby the standardweak current. For a massof ML 14 GeV we
expect[504]branchingratiosof 10% for eache1, j~iand ri, andof 35% for üd, and for ~scurrent
transitions.tAppropriateeventselectioncriteria, andtheir respectiveefficienciesin the 2 stepsof the
searchdescribedbelow have been determinedfrom simulatedheavy lepton events,with massesof
ML = 4, 6, 10, 12, 14 and 14.5 0eV, at W = 30 0eV. The fragmentationof the quarkswas treated
accordingto theprescriptionof FeynmanandField [530],with an appropriateinclusionof c-quarks.The
searchwas doneseparatelyfor the ‘low’ massrange(MT <ML < 10 0eV)andfor the ‘high’ massrange
(100eV< ML < EB) making useof different topological properties.For the searchwe used the data
takenin the energyrangeof 30 � W � 31.60eV.

5.5.1. Searchfor ‘low’ massleptons: MT <ML < 10 GeV
The r eventselectionchain (seesection4B.4) has anacceptancefor heavyleptonsin this massrange

throughthe multiprongcategorywhich is similar in size as,for the ‘r itself. Fig. 5.14 showsasa function
of ML the ratio of expectedheavy leptonmultiprongs relative to the observedt multiprongs.ff The
numberof observedr multiprongs,(20±4.8), agreeswith the expectedQED rateof 21 events.For a
heavylepton with mL� 10 0eV we would expectan excessof eventsbeyondthe observedr yield by
morethan2s.d. This excludesthe productionof anew heavyleptonpair with a massmL< 10 0eV at
the95% confidencelevel, or better.

5.5.2. Searchfor ‘high’ massleptons: 10 GeV<ML < EB

At thesehigh massesheavyleptonpairswill beacceptedby the criteria for multihadroneventsfrom
e~eannihilationinto quark pairs, if at leastoneof the two leptonshasa hadronicdecaymode(—90%
of all events).Their topology,however,will be different from q4 multihadroneventsin the following
respects:

(i) becauseof the high massML the velocity of the new leptonis small, andthe thrust T of these
eventswill be lower;

(ii) becauseof missing neutrinosthereis a largermomentumimbalance.To accountfor track’s lost
nearthe beamdirection,weconsiderthe missingmomentumperpendicularto the beam,normalizedto
the sum of all measuredmomenta:x~= I~p~I/~p1;

t For simplification we includedthesmall contributionsfrom currentswhich mix quark generations,into the lid and~sbranchingratio.
tt For ML> M, thisratioevenrisesbeyond100%,duetotheincreasingbranchingratiointo 3-prongs.For high ML it decreasesduetothecompeting

highermultiplicities which arerejectedby theselectioncriteria.
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(iii) in asubsetof —20% of LL eventswe expecta final stateof the type

(~vv)+ (p + hadrons) (5.25)

with an isolatedhigh momentummuon;
(iv) in subset(iii) the multiplicity will belower.
We havesearchedfor LL eventsby requiring(i) T <0.95,(ii) x1 > 0.3, (iii) a muon with momentum

p> 1.40eV/c andno othertracknearerthan20°,and (iv) the numberof chargedtracksin the range
2 � ncH � 12.

Thediscriminatingeffect of cuts(i) and(ii) is shown in fig. 5.15, wherewe plot x1 vs. T for simulated
heavy lepton and real (multihadron)events.We found no real event passingthe criteria (i—iv). The
numberof heavyleptoneventsexpectedto passthesecriteria is shownin fig. 5.14b,as afunctionof ML.

At ML = 14.5 0eV we expect 4±0.5 such events.Thereforewe can exclude the existenceof heavy
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heavy Lepton P4C. multihadron data

mHL-12.SGeV 30-31.6GeV~L ___________ L ~Ti~~

thrust thrust

Fig. 5.15. Sumof the normalizedtransversemomentavs. the thrust for chargedparticlesfrom multiparticlefinal states.(a) Heavy lepton Monte
Carlo (ML = 12.5 0eV); (b) dataat E,,,,= 30—31.60eV.pj. is measuredrelative to thebeam axis.The eventswere selectedwith theexcessof
positivechargedtracks <3 andthe total energy>3GeV.

sequentialleptonswith masses

ML�14.50eV (5.26)

at a confidencelevel of 95%.
A similar analysiswas performedwith a largersampleof eventswhich was selectedwithout asking

for a muon,but by strongercuts on thrust (T <0.90) and missing transversemomentum(x1 >0.4),
excludingall ML < 13.5 0eV.Therefore,our conclusionschangelittle if theratio of leptonic to hadronic
decayfractions of the heavy lepton L changes.Similar limits havebeenfound in the other PETRA
experiments [531].

5.6. Summaryon heavyleptonst

(1) The PLUTO experimenthasconfirmed the evidencefor the new heavy lepton r through the
observationof avery cleansampleof ~ -e events,for which an explanationby charmproductionwas
definitely ruled out.

(2) Significant evidencefor the sequentialnatureof the r lepton wasprovidedby
(i) measuringboth of the leptonicbranchingratios, in agreementwith the predictionandconfirm-

ing their equality,
(ii) the first observationandmeasurementof aspecific hadronicdecaymode,r —* i’p°it, the rateand

kinematicpropertiesof which agreewith the predicteddecayr -~ vA1,
andfinally by

(iii) the measurementof the decaymodeIt --9 Pit, with a coupling strengthin agreementwith the
inversedecay it —* vp~.

Noneof the manydetailsof the observeddecaymodesdeviatesfrom the sequentialleptonpicture.
(3) The point-like nature of the electric chargeof the It lepton was probed to be valid down to

<6x 10-16 cm, comparableto the respectivelimits of ~ and e leptons.
(4) There is no furthersequentialheavyleptonin the massrangeM~<ML � 14.50eV.

t For acompletesummaryon thepresentknowledgeon ther wereferto recentreviewpapers[5321,to thecompilationsof theparticledatagroup
[514],andto [5331.
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6. Hadron production in the continuum

Hadron production in e~e annihilation is a direct and beautifully simple meansof looking for
partons,that is for point-like constituentsof the hadrons.The existenceof suchpartonsreduceshadron
productionto the creationof parton—antipartonpairs,andtheir subsequentfragmentationinto hadrons
[601,602]. The partonpair creationis, to lowest order in the fine structureconstanta, proportionalto
the asymptoticmuon pair crosssection,

= 41ra2h2c2/3E2cM, (6.1)

multipliedwith thesquareof thepartoncharge,e~,andaspinfactorwhichathighenergiesapproaches1 for
spin ~partons,or ~ if theyhavespin zero.

In the limit of theseasymptoticspin factorsthe ratio R betweenthe total hadronicand the muon
crosssectionis thereforesimply given by the numberandchargesof the partonsas:

R — u(e~e—9hadrons)~ 2~l~ 2 62
— (e~e~~~)—~eq

4~~eq’,

wherethe sum extendsover all possiblekinds q (flavour, colour)of spin ~partons(or q’ in caseof spin
zero)that contributeto the hadronicfinal state.

An energyindependentratio R will thusverify that the partonsbehaveindeedpoint-like.The value
of R providesatest of their multiplet structure.

The following sectionswill describethe measurementandinterpretationof the total hadroniccross
section,someeffects of a new partonthreshold(‘charm’), anddeal extensivelywith hadronjets as a
particularlyimpressivemanifestationof the underlyingpartondynamics.

6.1. Thetotal hadroniccrosssection

According to the quark-partonmodel the hadronconstituentsarefractionally chargedspin~ quarks
occurringin flF flavours and3 (suggestedby QCD) colours.The correspondingprediction for R is given
in table 6.1. QCD addsa small (5—10%)correctionto the quark-partonmodel prediction. In the MS
renormalizationschemethe correctionfactoris [603—607]

1 + as/it + (1.98—0.ll5nF)(aJlr)
2. (6.3)

Table 6.1
R aspredictedby thequark-partonmodel for different numbers

flF of quark flavours

flF 3 4 5 6
quarks u, d, s u, d, s, c u, d, s, c, b u, d, s, c, b,
R 2 3i 3~ 5
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Table6.2
RH~after radiative corrections, with statistical errors

E~ R AR E R AR E~ R AR
(0eV) (0eV) (0eV)

3.60 2.29 0.03 4.28 3.21 0.29 7.70 392 0.26
3.63 2.07 0.08 4.30 3.15 0.28 9.30 3.45 0.62
3.66 2.13 0.09 4.31 3.34 0.15 9.35 3.82 0.75
4.00 3.38 0.08 4.33 3.66 016 9.37 4.68 082
4.02 4.52 0.05 4.35 3.35 0.13 9.38 5.04 0.89
4.03 4.54 0.09 4.38 4.19 0.21 9.39 388 0.47
4.05 3.88 0.11 4.39 4.43 0.14 9.40 3.16 0.63
4.07 3.42 0.11 4.41 4.10 0.06 9.41 3.58 0.70
4.09 3.83 0.11 4.44 3.97 0.17 9.42 393 0.64
4.11 3.50 0.13 4.46 3.54 0.16 9.43 405 0.64
4.13 4.40 0.15 4.50 3.72 0.07 9.44 2.92 0.82
4.15 4.19 0.17 4.54 3.90 0.15 12.0 4.29 0.29
4.18 3.57 0.20 4.57 3.66 0.13 13.0 4.10 0.45
4.19 3.22 0.23 4.62 3.55 0.11 17.0 360 0.37
4.22 3.12 0.16 4.66 3.91 0.14 22.0 3.47 0.60
4.24 2.92 0.18 4.71 3.73 0.16 27.6 4.07 0.29
4.25 2.32 0.17 4.98 3.85 0.04 30.0—31.6 4.10 0.13

The‘running’ strongcouplingconstanta~is givenby

2_ 4ir 64a~(Q~— ~o ln(Q2/A2) + (/3~/~~)in ln(Q2/A2)~ ( . )

evaluatedat Q2 = E~mwith 313o = 33— 2flF, 3f3~= 306— 38flF, andthe QCD scaleconstantA.t
Table 6.2 gives R as measuredby PLUTOtt between3.6 and31.60eV [608—615].The contribution

of the heavylepton It (seesection5) is excluded.Fig. 6.1 displaysthe datain the low andfig. 6.2 in the
highenergyrange.

We observea step in R around4GeV, and,after someoscillations,an almost constantlevel up to
the highestenergies.The level extendsover a rangewherethe referencecrosssectiono~ falls by a
factor of 50, and thus beautifully demonstratesthe point-like nature of the constituents.The quan-
titative predictionof thequark-partonmodelis given by the dashedandthe QCD correctedone by the
solid curves.The agreementis excellent,andarguesagainstdifferent constituentslike colourlessquarks
or integer-chargedpartons.

For energiesabove 10 0eV the averageR values of PLUTO and the other PETRA experiments
[615—618]all lie abovethe value3~predictedby the quark-partonmodel,and arein factcloser to the
QCD prediction(solid curvein fig. 6.2).While the estimatedsystematicerrorsof typically 10—15% have
so far preventedquantitative conclusions, a recent detailed investigation of all uncertaintiesin
acceptance,~yybackground,monitoring, and radiative correcions,has reducedthe systematicun-

t A is chosensuchasto yield a~(9000eV2) 0.15 (6.16), which in first order ($i = 0)gives~‘200MeV.
tt Theanalysisprocedureis describedin section3.8.4. Radiative corrections includethe r andquark loops.
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Fig. 6.1. R (eke — hadrons)vs. cm.energyacc. to refs. [608,609].Full line: asymptotic prediction of quark model including QCD correction.
Dashedline: 3 quarksonly.

certainty of PLUTO cross sections below 6%, and thus establisheda 2.So~deviation from the
quark-partonmodel in the direction predictedby QCD [615].

The contributionof a 6th quark of (top, t) charge~,as indicatedby the upperlines in fig. 6.2, can
safely beexcluded.Also the rate of inclusivemuonsobserved[619],andin particularthe investigations
of the final statetopology (seesections6.3.2, 6.3.3) argueagainsta new threshold.Between 30.0 and
31.6GeV the crosssectionwas ‘scanned’in small stepsof 20 MeV, in order to check for a narrow ti
resonance[614].Thedataareshownin fig. 6.3. If the tt groundstatelies in the scanrange,oneexpects
a resonance signal of about12 units in R with an rms width of 20 MeV asindicatedby thedashedcurve.
This expectationis basedon the energywidth of the storede~ande beams(calculatedfrom quantum

6

RHAD

4~ ~

0 lb 2b 3b 40
ECM. (0eV)

Fig. 6.2. R (eke — hadrons)vs. cm. energy5cc. to refs. [610—615].Dashedand full lines give quark model predictionswithout and with QCD
correction.
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Fig. 6.3. R (eke —~hadrons)in thescanrange30—31.60eV.The dashedline indicatestheresonancesignal expectedfor a ti groundstate.

fluctuationsin the synchrotronradiation, andverified at severalresonancesand stOragerings) and an
empirical relation (also suggestedby generalizedvector dominance[620—624])which connectsthe
leptonic branchingratiosof the vectormesonsto the squaresof their averagequark chargeslike

Fee(p):Ice(w):Fee(q5):Fce(J/i/i):Fee(Y)= ~ (6.5)

This sequence‘predicts’ for the t quark of charge~:

r~(tt) 5 keV. (6.6)

The PLUTO data, on the otherhand,result in an upper limit of

F~< 2.0 keV at 95% c.l., (6.7)

and thereforeexcludeexistenceof a t~ground statebetween30 and31.60eV.

6.2. Charm effects

Figs.6.1 and6.2 show a higherlevel of R above4GeV, as comparedto 3.6GeV (in agreementwith
the dataof otherexperiments[625—627]).This is quite naturally attributedto the productionof ‘open
charm’, that is pairs of mesonscontaining onecharmedand one light quark [628—630].Since the
charmquantumnumberis conservedin strongandelectromagneticinteractionsthe charmedstateshave
to decayvia weak interactions.According to the GIM scheme[631]thesedecayswill predominantly
leadto strangequarksand thereforeto kaons.This enhancedkaonproductionas well as the possibility
of Zweig— forbidden[632—634]charm—anticharmannihilationwill be discussedin thefollowing sections.
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Fig. 6.4. (a) TotalK~production [6381vs.cm.energy.(b) Ratio of charminducedK~to charminducedhadronproduction[638].

6.2.1. InclusiveK°production
The charmedquark c had originally been postulated in order to explain the absenceof the

strangeness-changingneutral transition s—~d - u, which originates from the product of two charged
currents,through adestructiveinterferencewith theamplitudefor s - c —~d [631].This schemeuniquely
connectsthe weak coupling of the charmedquark with the Cabbiboangle[635,636] O~,such as to
produce2cos2O~= 1.9 kaonsfor every D (D*) pair event. One quarter of thesewill appearas K~
mesonsandcan be identified in the PLUTO detector.

PLUTO’s first evidencefor charm was a suggestivebut statistically marginal signal of K~mesons
associatedwith prompt electrons[637],as expectedfrom the simultaneousnon- andsemileptonicdecay
of apair of charmedparticles.

More quantitativeevidencefor charmwas subsequentlyobtainedfrom the crosssection for inclusive
K~’production[638a1as shown in fig. 6.4a.tAbove 40eV the crosssection is clearlyhigher than the
referencevalue at 3.60eV. If the differenceis divided by the correspondingdifference of the total
hadroniccrosssection,oneobtainsthe numberof ‘new’ kaonsper ‘new’ event. It is consistentwith the
expectednumber,as shownin fig. 6.4b, anddemonstratesthat the identificationof the new quantum
numberwith the GIM-charm is correct.Similar evidencewas obtainedby [638b,c].

A kinematicalcheckthat the kaonsare indeeddue to the openingof a new thresholdis given by
their energyspectrumas shown in fig. 6.5, for 3.6 and �4.030eV. Since at thresholdthe charmed
mesonsareproducedat rest,their decayparticleswill bemostlybelowhalf thebeamenergy.Indeed,,all
the ‘new’ kaonsare foundat XE = EK/EB <0.5, while the crosssectionfor higherx~appearsto scale.A
similarbehavioris observed[609]in the inclusivemomentumspectraof all chargedparticlesin fig. 6.6:
a thresholdeffect at low andscaling at high values of x,, = P/EB.

6.2.2. InclusiveJ/çfr production
In order to explain the resonancestructureof the cross section between4 and 4.50eV, the

productionof ‘charm molecules’,consistingof two charmedandtwo light quarks,hasbeenproposed
[639—641].Within suchmolecules,rearrangementsshould leadto a sizeablebranchinginto a cë state

tThe measurementshaverecentlybeenextendedup to 320eV[6908].
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Fig. 6.7. (a)Crosssectionfor radiative* (3.7) production(triangles)togetherwith expectation(full line). (b) Crosssection for direct J/
1/, production

(full circles)andupperlimits (90% cl.), togetherwith total hadroniccrosssection (open circles(notcorrectedfor radiation)).

anda light meson.This ‘charm burning’ processwouldbe visible not only in areductionof theinclusive
K yield above,but moredistinctlyalso as a sizeablesignal of inclusive ill/I mesons.

InclusiveJ/~/,mesonswere indeedobservedin the PLUTO detector[642].Most of theseeventswere
identified as originating from the decay of the ~!i’ (3.7) resonancewhich was formed after a hard
radiation in the initial state.Theircrosssection,as shown in the left part of fig. 6.7, agreeswith the
expectation.The remaihing ‘direct’ JI~/iproduction,shown in the right part of the figure, amountsto
0.13% of the total crosssection, as expectedfrom small violations of the OZI rule [632—634].No
indication of enhancedproductiondueto charmmoleculesis observed,in particularno single eventat
the positionof the 4.03 and4.44 resonances.

6.3. Jets

As shown in section 6.1, the quark-partonmodel successfullydescribesthe total hadronic cross
section by reducinghadronproduction to the electromagneticcreation of quark pairs. These quarks
should therefore be consideredthe ‘elementary’ particles of the reaction. Although not directly
observable,theyareexpectedto manifestthemselvesthrough a jet of hadronsinto which eachof them
fragments[601,602], so that the elementaryreactioncan be investigatedby identifying andmeasuring
the hadronjets.

Section6.3.1 will describesomemethodsof thejet analysis,section6.3.2will deal with the dominant
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two-jet final state,andsection6.3.3 will presentthe evidencefor the emissionof a third jet which is
attributedto the gluon, the field quantumof thestrong interactions[603,604]. Section6.3.4dealswith
descriptionsof thejet formationassuchin termsof quark-gluoncascades,andwith testsof someresulting
predictions.

6.3.1. Jetanalysis
The eventanalysisshouldideally characterizea given systemof N particles by the numberof jets it

contains,andassociateeachparticlewith oneof the jets. If the jets arewell collimatedandseparated,
this can be achievedby a clusterfinding mechanismasdescribedbelow.

For the general casein which the jets may be wide and evenoverlap, no generalmethodexists.
Insteadone definesone or severalobservableswhich specifythe deviationsfrom a predefinedsimple
topology, like for instance from two very narrow collinear jets. In caseof the popularobservable,
sphericity S, such a needle-shapedstategives S = 0 (see below). However, S>0 specifiesno unique
topology,but maybedueto thewidth or acollinearityof two jets, to additionaljets,or to acombinationof
several effects. Additional observables are then needed for describing such characteristics
of the reaction.

‘Sphericity’ S [602]andthe corresponding‘sphericity axis’ ñ3 areobtainedfrom the momentaP~of N
particlesby maximizing the quadraticsum of the parallelmomentap~= (p1, il~),or by minimizing it for
the transversemomentap.~:

= ~min(~ ~ p~)= — max(~p~)/(~p~)}. (6.8)

Theproblemandits solutionareequivalentto finding the axesandmomentsof inertia in a mechanical
system:
Diagonalizing the tensorTLM = PL.j~Mj (L,M = x,y,z) yields threeprincipal axesilK (K = 1, 2, 3)
which give the orientationof the system,togetherwith threenormalizedeigenvaluesOK

QK = ~ (5o1 . flK)/~ p~ (K = 1, 2, 3) (6.9a)

whichdescribeits shape[643,644]. Distributionsof eventshapesarecommonlygiven as scatterplots in
two linear independentcombinationsof the QK~ If the OK areorderedas

Qj�Q2~Q3, (6.9a)

it3 becomesthe sphericityaxis, with

S=~(1—Q3). (6.9c)

If this formalism is used to describeplanarevent shapes,02 and Q~are measuresof the relative
transversemomenta“in” and“out of” theplane,and Q2— 01 or Q1/02 measuresthe ‘flatness’ of the
events.

While thesphericityS andthe eventshapeparametersOK arevery convenientmeasuresobtainedby
a straightforwardalgorithm, they suffer from a basic shortcoming.The squaredmomentaused in the
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calculationaresensitiveto the dissociationof particlesin the jet: A ~° measuredin showercounters
will contributedifferently dependingon whetherthetwo decayphotonsareseparatedor not. Likewise,
QCD predictionsfor sphericity are sensitiveto the emissionof collineargluons, and actually diverge
[647].Therefore,severalmeasureshavebeenproposedwhich dependonly on linear sumsof momenta,
and are thereforeinsensitiveto collineardissociations.The most popularone is ‘thrust’, defined as
[645—647]

T= max~ 1p1 (6.10)

with the maximizingdirectioncalled ‘thrust axis’. Thecomputationof T is lessstraightforwardthanthat
of 5, becausethe derivativeof T hasdiscontinuities.Ref. [648]discussesthe problemsof finding the
axis andpresentsa generalsolution.

A generalizationof thrust to a3-jet measureis ‘triplicity’ T3 [648].It is obtainedby subdividingthe
particlesof an eventin threenon-emptyclasses,CK, calculatingthe total momentum

(6.11)
j ~CK

for eachclass and finding that particular partition for which the sum of the threelinear momentais
maximal.This definestriplicity as

T3= max(1P11+ 1P21 + P3I)/~p~I. (6.12a)

One obtainsT3 = \/27/8 0.65 for a completelysphericalevent, and T3 = 1 for any configurationof
threevery narrow jets. The jet configurationitself is thenspecifiedby two additionalvariables:either
two of the angles °K betweenthe jet momentaPK (convention:0~is measured between P2 andF3
0~� 02 � 03) or two of the normalizedjet momenta

2sinOK
XK2IPIcI/~IpjIIu~ (6.12b)

/ j=1

with X
1 � x2 � x3. For the caseof real hadronjets with internal transversemomentaoneobtainsT3 < 1,

but canhope— andpartlyverify in MonteCarlostudies— that themeasuredXK and
0K still reproducethe

kinematicsof theoriginal partons,thusunfoldingthefragmentationprocess.The dynamicsof the parton
systemcan thenbe representedby scatterplots in the °K or XK (Dalitz plot).

Severalauthors [649—652]haveproposedmoregeneralmeasuresof the event shapewhich do not
dependon imposingan assumedstructureand axis upon the event. Fox and Wolfram [652] suggest
sphericalmomentsH, definedas

H, = >~IP’HPiI . P,(cos0,~) (6.13)

wherethe P, are Legendrepolynomials, and O~is the anglebetweenparticles i andj. Due to the
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weighting with theparticlemomentathe H, areinsensitiveto collineardissociationsof particles.While
H0 andH1 areconstantsfor acompletelymeasuredevent,H2 is sensitiveto acollineartwo-jet structure.

A related quantity which is important for studying the shape of jets is the two-particle or
energy—energycorrelation[650—6511.It is definedas

d~ N d
3trf(O) = = 2 ~ ,~ ,~ ,~ z~z~dz,dz~

ut’ UZ~uZ
1 uvjj

= (2~ zz, S(O— (6.14)

wherez = Ej/Ecm and z, arethe fractional energiesof particles i and j, andO~is the anglebetween
them.tf(O) can be consideredas the productof the energyflows seenby two spectrometerswith fixed
spacing8, averagedoverall orientations.For a collineartwo-jet structuref(9) is largeif the spacing0 is
either small, or closeto 180°.ff

Thecorrelationagainis insensitiveto collinearparticledissociations.In thecaseof two-jet topologies,
thecorrelationmaybeseparatedinto a ‘same-side’correlation,whereparticlesi andj belongto thesame
jet, and an ‘opposite-side’onewheretheyaretakenfrom different jets. In this casethe jets haveto be
artificially separatedby aplaneperpendicularto thejet axis,which complicatesthe interpretationof the
0 90°region as comparedto the full correlation(6.14).

In thejet analysismethodsdescribedso far themulti-jet statesarelargely parameterizedasdeviations
from an assumedidealgeometry,like two or threenarrowjets.Theseparameterizationsareinsensitiveto
the natureof the deviationsandnot very usefulfor an investigationof generalmulti-jet topologies.

On the otherhand, it is possibleto recognizehigh-energyjetsvisually just from the clusteringof the
particle flight directions. Starting from this experience,membersof the PLUTO group haverecently
succeededin developing,testingand applying a simple effective jet-finding algorithm [653].In a first
step,theparticlestttaregroupedinto ‘preclusters’in whicheachparticlehasatleastoneneighbourcloser
than xmax (typically 30°),or which consistsof a single particle without suchneighbour.EnergyE and
direction ñ of a preclusterareobtainedby summingenergiesandmomentaof the particles.

By the sameprocedurepreclustersare groupedto ‘clusters’, definedby a correspondingcollecting
angle f~max (typically 45°)betweenthe directionsof the preclusters.This and the following stepsare
necessaryto minimize spuriousresultsarisingfrom particlefluctuationsin the jets. The leastenergetic
clustersare removed up to a maximum fraction ~ (typically 10%) of the total observedenergy.All
remainingclusterswhoseenergyexceedsa given threshold,typically 2GeV, are thencalled jets. The
momentum vector of a jet is defined as EJET~~ (zero mass kinematics!). The algorithm was
optimized with the help of a Monte Carlo simulation of typical reactionsat 30 GeV, including
fragmentation[656,657].

Figs. 6.8 a—c give the Monte Carlo simulateddistributions of flj, the resulting numberof jets, for
different two- andthree-partonmechanisms.The probability is highestfor detectingthe samenumber

tIn order to have a normalizationwhich is independent of collinear particle dissociations, theself.correlationtermsj = i cannot be omitted in
eq. (6.14). The normalization to 2 (insteadof unity) is maintainedfor historicalreasons.

tt The variable 8 appearsmost appropriate to present the complete function of such a structure, while cos 8 would grossly contract the
interesting forward and backward peaks, and ln(tan 8/2) [6501spreads them very much.

ttt Charged as well as neutral ones.



218 L. Criegeeand G. Knies,e~ephysicswith the PLUTOdetector

30GeV
I I I I I I

0.8- - . q4g -

0.6 1 (a) - ri (b) -

0.2— —~ --ill - _________________

30 GeV q~g
0 ~ ____________________ I I .~•.

0 2 4 6 8 0 2 4 6 8 :~
fli ft 0.9 -

I I I I . . ...

0.8 - ggg PS 0.8 - ~ ~,;.4:-~•~’~-

0.6 — (cl (dl . ~ .‘

1 04~A ____ ~ ~.B 9~

Fig. 6.8. Expected number of jets as reconstructed by the cluster Fig. 6.9. Correlation between ‘jet thrust’ 7’j and parton thrust x
1.

algorithm for different production mechanisms: (a) q~=
uü + da + sI + cë+ b~.Shaded area: b~contribution. (b) q~g(gluon).
Shaded area: events selected with thrust cut (T <0.90). (c) 3-gluon. (d)
Phasespace.

of jets aspartons,anddropsconsiderablyfor smallerflj, as producedby mergingjets, andfor larger flj

as resulting from fluctuations and heavy quark decays(shadedarea in fig. 6.8a). An observed
nj-distribution can thereforeefficiently be decomposedinto the contributionsfrom different parton
reactions.MonteCarlosimulationsof theq4greactionshowin thesubsampleof reconstructed3-jet events
strongcorrelationsbetweenthe kinematicsof the jets andthe partons[653].Fig. 6.9 showsthe close
correspondencebetweenthe thrust T~= max>.~1E,ñ~I~E1 of the threejets andthe parton thrust x1
which is just the fractionalenergyof the mostenergeticparton.t

Whenappliedto phasespaceeventsthe algorithmproducesa broaddistribution(fig. 6.8d)extending
to large flj, which (althoughthe flj themselvesareartifacts) providesa sensitivehandlefor detecting
small isotropiccontributionsto the crosssection,like expectedat new particlethresholds.

6.3.2. Two-jet topologies
The first evidencefor two-jet productionin e~eannihilation was presentedby the SLAC—LBL

collaboration[654].While at their energiesthe jet structureof thehadroniceventswas not visible event
by event,but hadto be inferredfrom a comparisonof the observedandthe Monte Carlo simulated
sphericity distributions [654], it becomesmore and more striking as the energyincreases.Fig. 6.10
displays the reconstructedchargedandneutral particles (full and dashed,resp.) of a typical event

t Thecorresponding error made by settingx1 = T5 is o~(x1)/x1= 0.03 (at E~= 30 GeV,T3<0.95;detector effects included). It should be noted that
the triplicity method acc. to eq. (6.12b) leads to an even better reconstruction of the 3-parton kinematics.
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Fig. 6.10. Typical event observed at 311GeV with reconstructed charged (full lines) and neutral particles (dashed). The single particle emitted at right
angle to the jets has a momentum of only 0.6GeV/c, compatible with fluctuations in the two-jet formation.

observedat 30 GeV c.m. energy.The PLUTO detectorcould demonstratefor the first time that the
neutralenergyflow is collimatedin the samedirection as the chargedparticles [655]. Fig. 6.11 shows
that the angulardistributionsof the charged(histogram)andof the neutralenergy(full points)around
the thrust axis arequite similar. (As the chargedparticleshavebeenusedto determinethe axis, they
appearto cluster somewhatcloser.)So both the chargedand neutralenergyconsistentlyindicatethe
origin of all hadronsfrom justtwo parentparticles.Thespin of the parentparticlescan be readoff the
angulardistribution of thejet axiswith respectto the beamline: it shouldbe ‘—‘1 + a cos20 with a = +1
or —1 for spin ~or 0. Fig. 6.12clearly verifiesspin ~, as expectedfrom the quark-partonmodel.

e~eannihilationthusconstitutesa sourceof quark jets which, in contrastto inelasticleptonhadron
scattering,is free of the problemsof spectatorparticles. It can be used to studyvariousaspectsof the
quarkfragmentation,in particularanomalieswhich areexpectedat newparticlethresholdsandthrough
hard gluon bremsstrahlungas predictedby QCD. An invaluablehelp for theseinvestigationsis the
quark fragmentationmodel of Field andFeynman[656] (see section3.8.5.1)which allows a Monte
Carlo computationof all observableswith full account of detectorbiases.The q4 model hasbeen
extendedby including hardgluon emissionto first (q4g) [657] andsecondorder(q4gg+ q4qq)[658]in
QCD, as well as the productionandweak decaysof new mesons[659],andwill be usedto searchfor
theseeffectst.

Fig. 6.13showsthe energydependenceof themeansphericity[643,6925].Apart from thevaluesatthe
resonances(opensymbols,seesection7), the sphericityfalls very rapidly with increasingenergy,andis
distinctlydifferent from thelarge,slowly rising onethatwould beexpectedfrom an uncorrelatedparticle
emission(‘phasespace’).The fragmentationmodel (q~gacc. to [657]), on the otherhand,describesthe

t Quite recently the ‘Lund’ model [6901]which relates the hadron production to colour flow rather than the parton flight directions has also been
applied. Within the present measurement errors its predicted hadron distributions are consistent with those of the ‘standard’ q4g [657]and the q~gg
[6581model. In a recent higher statistics experiment the JADE collaboration has observed small deviations from the prediction of the ‘standard’ in
favour of the Lund model [6926].
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trendof thenon-resonancedataverywell. No increaseindicatingtheproductionof slow heavyparticlesis
observedathighenergies,thusexcludinga‘top’ mesonthresholdup to 31 GeV,providedthetopquarkhas
charge~. The effectof the ‘bottom’ (quarkcharge—~)thresholdaround10.5GeVis too smallto bevisible
within presentstatistics~

The decreaseof (S) correspondsto an almost constantmomentum(pj.) transverseto the jet axis
[660],as shownin fig. 6.14a.Mostof (pj) canbe accountedfor by the q4 modelwhich parameterizesthe
transversemomentaby one energy-independentconstant0q (see section 3.9.2). Using the cluster
algorithm describedabove, this constant has been determinedfrom a clean sample of q~events
(correctedfor q4g admixtures)as [661]

= (290±20)MeVIc. (6.15)
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6.3.3. Evidencefor hardgluons
QCD predictsdeviationsfrom the quark-partonmodel (q4) due to the emission of a single hard

gluon(q~g).While atPETRAenergiesthis haslittle influenceon the averagelinear momenta(p) and
(po), alargeeffect can be seenin the averagesquaredtransversemomentum(p~)(fig. 6.14b).The gluon
emissionin theq~gmodelscan describethisdeviationvery well. However, athoroughcheckis required
on whetherit explainsother, more crucial featuresof the data as well, and on how far alternative
explanationslike ageneralbroadeningof quarkjets can be excluded.

QCD predictsthat the probability for hardlarge-anglegluon emissionis small (—a5), anddecreases
with increasing gluon energy and emission angle. Three striking phenomenashould therefore be
observed[657—659,663—665]

(i) asymmetric2-jet configurationsin which onejet, originating from a quark plus a gluon, is wider
thanthe other,

(ii) ‘clear’ 3-jet events in which the gluon energy and emission angle are large enough that a
separatedthird jet can be created,and

(iii) planareventstructuresdueto the underlyingthree-bodykinematics.
Oncethe PETRAenergywas raisedabove27GeV in summer1979, suchsignaturesfor hard gluon

radiation were observedby all PETRA experiments[660,666—668]. The asymmetryof the jets (i) is
studiedas a function of the scaledparticlemomentumXp = 2 - P/Ecmin the so-called‘seagull’ plot (fig.
6.15).Every eventis divided into a ‘fat’ anda ‘slim’ jet dependingon the averagep~[660].The average
pj of the chargedparticlesare then plotted separately,with the x,, axis pointing right (left) for the
particlesof the fat (slim) jet.

Due to statisticalfluctuationsin the transversemomentaeventhe symmetricField—Feynman-model
predictssomeasymmetry.It is too small, however,to fit the data, even if the transversemomentum
parameterof the model is takenas high as Oq = 350MeV (compareto (6.15)). The inclusionof gluon
bremsstrahlung,on the otherhand,quantitativelyreproducesthe observedasymmetry.

The secondevidenceis given by the eventswith aclear three-jettopology.Oneexampleis shownin
fig. 6.16. The neutral particles, indicatedby the dotted lines, are aligned with the direction of the

PLUTO
EVENT 5944

\ RUN 22296
ECM 31.1

Fig. 6.16. Three-jet event observed at 31.1 GeV with reconstructed charged and neutral particles (full and dashed lines).
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Table 6.3
Observed and expected numbers of events obeying different selection criteria [660]

E,.,,, Selected region Events Events expected Events expected Events expected
(GeV) observed (o’q = 250 MeV) (o’~= 300 MeV) (o~q= 350MeV)

q4 q4g q~ q~g q4

13—17 T
3>0.9, T<0.8 24 11 15 15.5 17.5 20

(3-jet events)
83<150° 32 25 32 27 33 29

(pt) >0.5 GeV
2/c2 5 5 5 7 10 9

S>0.25, Q
1<0.03 7 8 8 9 9 11

(planar events)

27—32 T3>0.9, T<0.8 48 11 43 23.5 48.5 36
(3-jet events)
83<150° 52 19 51 25 50 31
(p~.,)>0.5GeV

2/c2 68 23 56 30 61 37
S >0.25, Qi <0.03 35 12 30 17 30 22
(planar events)

chargedparticlejets. Such a correlationstrongly supportsthe idea that the structureoriginatesfrom
threeandonly threeparentparticles.

A quantitativeanalysishasbeenbasedon thetriplicity methodasdescribedin section6.3.1.ThrustT
and triplicity T

3 are calculatedusing both chargedand neutral particles. Three-jet structuresare
characterizedby low T andhigh T3. RequiringT< 0.8 and T3>0.9leaves48 three-jetcandidates(out
of 462 events),very closeto the 43 expectedfrom the q4g model.

The 48 eventsobservedat 30 GeV areincompatible,on the otherhand,with the 11 expectedfrom a
standardq4 model,andalso,as shownin table6.3with modifiedq~models.At 13 and19GeVthe data
favour the q~gmodel, too, althoughthe difference to the q~prediction is smaller. The table also
presentsthe evidence that can be obtained with different selection criteria. The second method
identifiesthe triple structureby demandingthat the largestof the separationanglesbetweenthe three
axes be smaller than 150°,with no cut in thrust nor triplicity. The event numberssatisfying this
condition (6th line) againareconsistentwith the expectationsof the q4g andinconsistentwith various
q4 models.

The sameis true for two selectionsbasedon the expectedplanareventshape.Theanalysisusesthe
momentumcomponentsalongthe threeorderedorthogonaldirectionsfound by the sphericitymethod,
~ fl~,1S~,of which the last two define the eventplane. Planareventsare characterizedby a large
squaredaveragemomentumcomponentin the plane,(p~~)= ((pñ2)

2),anda smallone pt,,,)= ((p, ñ
1)

2)
out of the plane.A similarconditionin termsof the normalizedshapeparametersis 02 ~° Q

1. Thethird
line of table6.3showsthe resultsof a selectionrequiring(p~1~)� 0.5GeV

2Ic2while the lastoneis based
on S = ~(Q~+ 02)< 0.25, andQ~<0.03.For both selectionsthe dataagreewith expectationsfrom the
q4g model,andcannotbe explainedby q~alone.

The third evidencerestson a comparisonof the distributionsof (.p~~)and(p~
05t),as displayedin fig.

6.17. While between13 and 30 GeV the (.p~0~~)distribution doesnot broadenby a large amount,the
averagemomentain the plane(pt) developa long tail up to 1.5GeV

2Ic2,correspondingto distinct
planar structures.All distributionsare well describedby the q~gmodel (solid curve), both in the
averagevalues and in magnitude of the tail, and- cannot be explainedby any of the q~models
considered.
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Fig. 6.17. Distribution of the average squared momentum components perpendicular to the jet axis. Left: out of the event plane (pL,). Right: in
the event plane (pL). Dashed and solid curves give expectation from q4 and q4g model.

As an independentapproach,the PLUTOgrouphasrecentlyanalysedall hadroniceventsin termsof
separatedhadronjets as obtainedby the cluster method [653],and used the jets to reconstructthe
numberandkinematicsof the hard parent partons[661,6909]. This procedureappearsto be quite
insensitiveto details of the fragmentationprocess,in particularto the meantransversemomentumof
the jets (o•q).

The cluster method uniquely assigns a ‘number of jets’, n.y, to every event. The observed
distributionin flj, as given in fig. 6.18 for the combined27—32 GeV data,can then be decomposedinto
the (Monte Carlo determined)contributionsof severalcompetingreactions,as shown in table 6.4. The
observeddistributionis clearlydominatedby the 2-jet topology,but containstoo manymulti-jet events
as to be explainedby the q4 modelalone,even if the primordial transversemomentumo~qis raisedas
high as 350MeV (compareto (6.15)).Thedistributioncan besaturated,however,by addingthe amount
of ‘hard q~g’which correspondsto a~= 0.16. The valueof the strong coupling constantis consistent
with the resultsof other PETRA [f~66—668]andalso lepton scatteringexperiments[669—672],and in
particularagreeswith the resulto~the refineddeterminationas outlined below.

The q4g= ‘q~+ hardq4g’ predictionalsoaccountsfor mostof the eventswith n~= 4, allowing only
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Fig. 6.18. Distribution of number of jets as reconstructed by the Fig. 6.19. Distribution of parton thrust x
1 for the 3-jet event class.

cluster algorithm from the combined 27—32 GeV data. Solid curve gives expectation from 1st order QCD.

for a very few events originating from four separatedhard partons,in agreementwith recentQCD
calculationsto ordera~[673].Theabsenceof eventswith nj = 6, 7 limits an isotropiccomponentwhich
may arisefrom the thresholdproductionandisotropicdecayof new heavyparticlesto lessthan3% of
the total crosssection(99% c.L).

The 3-jet class can nowbe usedfor investigatingthe dynamicsof the q4g system.In order to reduce
the contaminationof q~events,thethreejets a-re required(i) to havetwo or moreparticleseach,(ii) to
containtogethermorethan90% of thevisible energy,(iii) to be spacedby lessthan 165°,and(iv) to be
planarwithin 45°(see[661]).Fig. 6.19 gives the distribution of the jet thrust T~(see section6.3.1),
correctedfor the estimatedcontributionof q~events.

Becauseof the close correspondencebetweenT5 and x1, the scaledenergyof the most energetic
parton (fig. 6.9), the Ti-distribution can be directly comparedto theoreticalpredictionsin x1. With
a5 = 0.16 as given below, the dataagreewell with the first orderQCD curve[662]over the full range

Table 6.4
Distributions of the observed numbers of jets per
event (nj) for data and different models, all nor-
malized to the number of observed events. For the

q~+ q4g model a, = 0.15 is assumed

nj 1 2 3 4 5 6 7

Data 2 551 249 53 3 1

q~ 3 680 152 23 1
q~g 2 229 509 113 5 1
q4+q4g 3 567 247 46 2
PS 1 30 154 306 268 86 14
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0.7~ x1 � 0.95. Secondorder QCD correctionsto the 3 jet cross sectionsare discussedby several
authors[674,675], with controversialconclusionsat present.

It is pointedout in [661]that the dataarenot consistentwith the distributionpredictedfrom scalar
gluons[662],andalsodisagreewith the predictionof the constituentinterchangemodelCIM [663].

By adjustingthe first orderQCD predictionto the datain therestrictedrangex1 <0.925oneobtains
the strong couplingconstantat 30 GeV as [6909]

a5 = 0.16±0.02(stat.)±0.02(syst.). (6.16)

Thesystematicerrorresultingfrom thefragmentationparameterO~qis particularlysmall in thismethod,
namely lessthan0.01 for 250� � 350MeV/c.

In conclusion,with the helpof the clustermethod3-partoneventscan efficiently be selected,andthe
parton kinematicsbe reconstructed.The QCD predictedenergydistribution of the partons in the
processe~e—~q4ghasbeenverified, andthe strongcouplingconstanthasbeendetermined(within the
frameworkof first orderQCD) with a smallsystematicerror.

6.4. Multiparton effects

As demonstratedin the previoussection the fragmentationmodel [656]with single gluon emission
added[657] is quitesuccessfulin describingthe observed2- and3-jet topologiesin greatdetail, andcan
be used to clearly establisheffects of hard gluons. In this description the fragmentationpart as
determinedby the empirical constant

0q dominatesmostof the global jet propertieslike (p11) and(ps)
(fig. 6.14),at leastup to 30 GeV.

Severalauthors[650,676—678] havedevelopedan alternativedescriptionin which not just a small
correction,but the dominantpart of the jet formationis predictedfrom first principlesof QCD. The
processis split in two steps,as sketchedin fig. 6.20: First theevolutionof a cascadeof partons(quarks
andgluons)out of the initial quarks,andthenthe conversionof the partonsinto hadrons.Thecascade
part is describedby perturbativeQCD. Sincethe probability for the emissionof soft gluonsis not small

< } hadron 1

} hadron 2

hodrnnn

Fig. 6.20. Quark-gluon cascade.
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at all, higher order diagramscannot be neglectedhere. They are summedup in the ‘leading log
approximation’(LLA). Theunderlyinghopeis thatthesecondstep,theconversionof thefinal partonsinto
hadrons,haslittle effect on the calculatedobservables(‘soft hadronization’),sothat at sufficiently high
energiesthesepaTtonpredictionscan bedirectlycomparedto the hadrondata.In thefollowing sections
LLA predictionson energy—energycorrelations,transversemomenta,andmultiplicity distributionswill be
confrontedwith PLUTO datatakenin the energyrangefrom 7 to 32 GeV.

6.4.1. Energy—energycorrelations
The first LLA calculationspredictedthe energy—energycorrelation(6.14) for anglesclose to 180°

[650], as well as close to 0°[678].Later papersbasically confirmed the early predictions,but also
introducedcorrectionsand modifications[679—686].For anglesaround90°,the correlationwaspredic-
ted from first orderQCD [651].

Measurementsof the correlationwerepresentedby the PLUTO groupfirst for both angularregimes
separately[687],andthenwith improvedstatisticsfor the full angularrange[688].Fig. 6.21 showsthe

‘‘II’ ‘II’

PLUTO~ s.o - PLUTO

2.0 - 30.0-31.6GeV ~.. 2.0 13.0GeV

~~ ~

2.0 22.0GeV / ~. 2.0 9.4GeV

5.0 50 r-

2.0 17.0GeV j 2.0 :1 7.7Gev

** _
0.1 1800 0.1 0 6C’1~0’ :80°

0
Fig. 6.21. Energy—energy correlation vs. particle—particle angle for different c.m. energies. Full line shows fragmentation model (q4 below 10GeV,
q~gabove). Dashed lines give pure QCD predictions ace. to ref. [678](0—50°),ref. [651](50°—120°),and ref. (679] (120°—180°),all with A = 200 MeV.
Dotted lines indicate continuation of QCD predictions.
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dataover thefull range,correctedfor initial stateradiation,particlelosses,and detectorresolution.At
low energiesthe distribution is flat, correspondingto aweaklyvisible two-jet structure.(Isotropywould
leadto f(O) =- sin 0.)With increasingenergythe two-jet structurebecomesmorepronouncedin form of
two peaksat particle—particleanglescloseto zero and to 180 degrees.All thesefeaturesare very well
reproducedby theq~fragmentationmodel,with hardgluonsaddedat the higher energies(q~g).(Full
lines in fig. 6.21.)

A ‘pure QCD’ prediction (dashedlines in fig. 6.21)can be constructedby smoothlyconnectingthe
resultsof ‘KUV’ [678],‘BBEL’ [651],and ‘PP’ [679]at 50°and 120°.As a typical featureof QCD, this
predictionvaries only slowly with the energy.It completelyfails at low energies,but approachesthe
datawith increasingenergy.Goodqualitativeagreementis reachedin the backwarddirection.

In contrast,most of the forward andcentralregion is predictedabouta factor two too low. This
discrepancycould be curedby insertingalargercouplingconstanta5 into the QCD expressions,but is
more naturally attributedto the final conversionof the partonsinto hadrons.With increasingenergy
such ‘non-perturbative’effects should die away like powers of 1IE~m.As an example, the energy
dependencein the centralregion can be written as [651]

p — jp
2 \. (m)~C . -2

J ISV, ~-‘cm) — ~ g~u, sin
cm

The first term is the first order QCD result shown in fig. 6.21, andthe secondone (with C (pt)
1 GeV) accountsfor the spilloverof thefragmentationfrom the forwardandbackwardregion.Fig. 6.22
demonstratesthat the correlationintegratedover the centralregion indeedfollows the expectedenergy
dependence.At 30 GeV the QCD term (dashedcurve, with A = 200MeV) accountsfor morethanhalf
of the correlation,but still doesnot dominate.

A different methodof separatingthe QCD effect consistsin looking at the asymmetryf(ir — 0) —

f(0), therebyeliminating the fragmentationterm [651].Ref. [688]showsthat onecanindeedobservea
fragmentation-freeasymmetryat 30 GeV (not at 9.4), howeverwith too poorstatisticsto exploit it. Fig.
6.23 showsthe backwardregionof the 30 GeV data,plottedas d1/dcos0, becausef(— ir) is zerofrom

PLUTO

ECM 1GeV]

Fig. 6.22. Central (60—120°)energy-energy correlation vs. c.m. energy. Dashed line: pure QCD. Full line: fragmentation added.



L. Criegeeand 0. KnEes,e~ephysicswith thePLUTO detector 229

0

100 177 176 ri 168 -

50 • \90T PLUTO

-1.000 -0.995 - 0.990 -0.985 - 0.980 - 0.975

cose

Fig. 6.23. Energy-energy correlation in extreme backward directions as measured between 27 and 32 GeV. Fragmentation models: upper full line
q~,lower full line q4g. Pure QCD predictions are labelled: DDT [650],BBEL [651],and PP [679].

phasespace.The dataapproacha non-zero limit for cos0-+ —1, in accordancewith the q~gfrag-
mentationmodel. The LLA calculations(DDT, PP)successfullyreproducethe dataover most of the
range.tThis meansthat the back-to-backcorrelation of hadronscan qualitatively be understoodas
dominatedby partonbranchingprocess(fig. 6.20),calculablefrom perturbativeQCD alone.

It thus appearsthat energy-energycorrelationsare indeed, as proposed,a sensitivemeasurefor
QCD effects.ttFirst ordereffectscan be separatedin the centralregion,andagreewith expectations.
The descriptionof the forward andbackwardpeaks in terms of high-order parton cascades(LLA)
improveswith increasingenergy.At 30 GeV it qualitatively reproducesthe backwarddata, while the
prediction in the forward region still stays a factor of 1.5 too low. There are severalproposalsto
improve the leading-log order of the jet calculus by next-to-leadingorders [689—690],by better
accountingfor finite energykinematicsin Monte Carlo calculations[6902—6905],andby phenomenolo-
gically accountingfor effectsof the parton—hadronconversion[679,686]. It will be interesting to see
whethertheseefforts succeed,or whetherthe hopeof describingthe jet featuresat presentenergiesby
QCD aloneis altogetherpremature.

6.4.2. Multiplicity distributions
Additional insight into the mechanismof hadronproductionmay be obtainedfrom a study of the

averageand the distribution of multiplicity. Generalscaling arguments[6910]as well as specific
fragmentationmodels[656,657] leadto a logarithmicincreaseof the averagemultiplicity (n) with the
energylike

(n)=a+blns. - (6.18)

A stronger rise with s is suggestedby perturbativeQCD calculationsof a parton cascade,namely

t One should note that the limit cos 0—s 1 cannot be covered by perturbative QCD, because the expansion parameter a, diverges at
sin(0/2) = AlEC,,,. Refs. [679,686]propose to treat this region by exponentiating the gluon emission in impact space.

tt Basically, the same information is contained in the Fox—Wolfram moments which according to (6.13) are just the Legende coefficients of the
correlation function. A detailed investigation of the different angular regions, however, would have to resort to a fairly large number of such
moments.
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[6911—6914]

(n) = A + B exp(CVln(s/A2)) (6.19)

with C = 2.4 for 12F= 4 flavours. In addition, the QCD calculationsyield two interestingpredictions
aboutthe distributionof themultiplicities, namely

(i) KNO-scaling,meaningan energy-independentdistributionwhich dependsonly on the ratio n/(n)

[6915]and
(ii) a largerelativedispersion,namely

D/(n) = \/(n2)/(n)2_ 1 (6.20)

for onequark-initiatedjet.
An evenstrongerasymptoticrise like NO.25 is expectedin the thermodynamicmodel[6916].Still higher
power laws up to ~1I2 occur in statisticalmodels[602].

Theenergydependenceof thecorrectedaveragechargedmultiplicity [615]fordetectoreffects,isshown
in fig. 6.24.t For comparisonwith thedatafrpm ADONE [6918],SPEAR[625],andthe JADE[618]and
TASSO [6919]experimentsat PETRA,the pionsfrom thedecayK~ ~ ir (~=0.6unitsaround10 and

1.0unitsaround30 GeV)havebeenincludedin thefigure.Recentresultsof theLENA experiment[6907]
at DORISarealsoshown.The datapointsscatterby about10%,consistentwith theestimatedsystematic
errors from track recognition in densejets and unfolding detectoreffects. The general conclusions,
however,areindependentof thesedifferences.

Themultiplicity appearsto follpw onestfaight line (6.18)at low energies(fitted by [6918]),andthen

.PLUTO I~I~___
vIASSO _____ —

0JADE ~ _____ . — —

oLENA ____ — —

~ SPEAR - ______ ._ —

°AOONE .~‘ — —

___ -

A — — — — - - - - — — —=
——

______ — — -- — 7., —

Vr _____ — - - _____ — —

___ -

0 ““‘5’}/~~’EG~V]’i0 iiiii~0

Fig. 6.24. Average charged multiplicity for e~eannihilations, K~’—s1T~1r included, with statistical errors (omittedfor theSPEAR data). Dashed line: fit
to low energy data [6918].Full and dashed-dotted straight lines: fits to Feynman—Field and Hoyeret al. Monte Carlo. Solidcurved line: OCD (LLA) fit to
all data.

t The multiplicity values published earlier [6917]were corrected only for detector effects, but not for initial state radiation.
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Fig. 6.25. KNO plot for e~ePLUTO data [6917].The dashed-dotted curve gives the analytic QCD prediction as explained in the text.

to risemuch morerapidly above10 GeV. This rapid riseagreeswith the oneexpectedfrom the quark
fragmentationmodels[656,657], indicatedby the two steeperstraight lines.The differencebetweenthe
two showsthat the contributionof the gluon jet is still very smallat theseenergies.

Smoothcurvesdescribingthe multiplicity overa largerenergyrangearegiven by the thermodynamic
model with (n) = (2.2±0.1)s~°~25~°°~,and by the OCD cascadepredictions(6.19) with A = 200MeV,
A = 2.24±0.15, B = 0.007±0.002, and C= 2.33±0.11.t The data on (ncH) thus cannotdistinguish
betweengeneralcascadingmodels and the specialdynamicsof QCD, but only exclude modelswith
higher powersof s.

A specialpredictionof QCD, KNO scaling of the multiplicity distribution, workswell for 9.4 and
30 GeV, as shown in fig. 6.25. The observeddispersion of D/(n) 0.36±0.02, however, is much
smaller than the value 0.61 predicted in the LLA (for two quark jets, dashed-dottedline). The
discrepancyin thedispersionindicatesthatthe analyticLLA expression(6.19) shouldonly beapplied,if
at all, at muchhigher energies.

On the otherhand,theq~gfragmentationmodel [657]gives a relati’Qe dispersionD/(n) which varies
slowly from 0.38 to 0.32 between10 and30 GeV,quite consistentwith thedata.Similarly, LLA Monte

t As the data with their quoted statistical errors only are inconsistent with any smooth energy dependence, a systematic error of 5% has been
added in quadrature to every point, resulting in a good probabilityfor the fit (—70%). Similarly good fits are obtained with A = 500, and also with C
fixed to 2.4. -
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Carlo calculationswhich, after a very few hard parton branchings[6906],also resort to the Field—
Feynmanfragmentationalgorithm, or alternativelyto experimentalfragmentationdatadirectly [6902],
lead to approximateKNO scalingandto dispersionsconsistentwith the data[6906,6920].

It thus appearsthat the measuredhadron multiplicities cannotbe calculatedyet in perturbative
QCD,but aredominatedby the (at presentuncalculable)fragmentationprocesses.

6.4.3. Transversemomenta
The transversehadron momentarelative to the flight direction of the initial quark can either be

parameterizedby the fragmentationconstantUq~or perhapsbe understoodas the resultof multiple
gluon emission, leading to a quark-gluoncascade.As a variable which can be calculated from
perturbativeQCD the transversemomentumK1 hasbeenproposed[6921].It is obtainedby summing
the transversemomentumvectorswithin onehemispherelike:

K1= ~ ~ , (6.21)
one jet

whereñ1 is an arbitraryvectorperpendicularto the jet axis, and 0(x) = 0, 1 for x � 0, >0.
A QCD predictionfor the probability distributionP(K1) [6921,6922] hasbeenobtainedfrom a LLA

summationof multiple soft gluon emission.Thissummationextendsover gluon momentaK1 down to
zero,clearlyoutsidethe rangeof perturbativeQCD. Thisnon-perturbativeregion which contributesthe
majorpartof thepredictionis globally treatedby replacingthe ‘running’ couplingconstantsa5 by a fixed
value a0~0.48 [6923].The resultingformula gives an interestingscalingdistribution which depends
only on theratio KJI(KJ) [6921,6924].

The datawere evaluatedby summing(6.21) overchargedparticlesonly, andwerecorrectedfor the
detectoracceptanceandresolution,and for initial stateradiation.

Fig. 6.26 shows that the measureddistributions indeed scale,not only for the reducedsummed

Fig. 6.26. Distributions of the reduced variable K1/(K~)at the quoted cm. energies. The full line is the theoretical expectation computed at
9.40eV. Also shown (full points) are the experimental distributions of the corresponding single particle reduced variable pj/(pj.) at 9.4 and 30 0eV.
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Fig. 6.27. Distributions of the jet transverse momentum K.
1. at 9.4, 12, 17GeV compared with QCD expectation (see text).

momentaKJ(K.J, but surprisinglyalsofor the reducedsingle particlemomentaP1/(P1).Figs. 6.27and
6.28 showthedataseparatelyfor different c.m. energies.The LLA prediction(solid curves,scaledfrom
K1/(K±)to K1) fits the majorpart of the distributionsvery well. At the highestK1, however,the data
showan excesswhich strongly grows with increasingc.m. energy.It is attributedto the emissionof
single hardgluons,andvery well describedby 1st order QCD [663,664] (dashedcurves).

The LLA summationof soft gluon emission can thus reproducethe major - part of the K1
distributionsvery well, including the scalingproperty. In addition,the distributionsshowclearevidence
for hardgluonemissionin form of a pronouncedlargeK1 tail.

1~0 i 11111 11JUl11 I I I
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Fig. 6.28. Same as fig. 6.27 for 27.5,30 and31.05 0eV average c.m. energies. fI’he two lastpoints for 30 GeVdo not appear in fig. 6.26, being out ofrange.)
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6.5. Conclusions

As generalconclusionsto be derivedfrom the e~einducedhadronproductionboth the total cross
sectionandparticularlythe formationof 2-jet final statesdemonstratevery clearly the role of quarksas
the underlying‘elementary’particles.

All observedfeaturesarewell consistentwith the emissionof gluons as postulatedby QCD. These
first order QCD effects have been isolated in energy-energycorrelationsand particularly well in
three-jetstudies,andhavebeenusedto confirm the QCD predicteddynamicsof theq~gsystemandto
determinethe strong couplingconstanta~.

LLA predictionsof the jet evolution aresuccessfulin opposite-sideenergy-energycorrelations,but
less so in same-sidecorrelationsand multiplicity distributions, and appear to need some more
refinements,at leastfor applicationsat presentlyavailableenergies.

7. The Y and J/4cresonances

The productionanddecayof q~resonancesbelowq~threshold(‘quarkonia’) in e4e annihilationhas
provideda rich spectroscopyof q~boundstates.Thesestatesallow (i) for studiesof the dynamicsof the
q~boundsystem,e.g.in termsof a qc~potential,via the level spacingandtheelectromagnetic(cascade-)
decaysof excitedstates,and(ii) for an investigationof the strong(gluonic)q~annihilationin decaysof
thegroundstates.In addition,after thediscoveryof the Y [701]its verification as aquarkoniumstateof
anew heavyquark, andthe measurementof the quarkchargewasof considerableinterest.Sincethe
observationof the r as a third leptonthe identificationof thefirst memberof a third quarkdoubletwas
of greatsignificance for our presentunderstandingof the fundamentalfermions (quark.-leptonsym-
metry, seealsosection5.1).

The main work of the PLUTO experimenton quarkoniumphysicsis the measurementandanalysis
of the Y groundstateproductionanddecayproperties.Theanalysisis focussedon thedeterminationof
the constituents,and on a searchfor evidencefor a 3-gluon decaymodein the topology of events.In
sections7.1—7.7we give a full accountof the PLUTO work on the Yresonance.At theJ/çt’ and~!i’most
of the physics camefrom the studyof exclusivedecaymodes,andfrom the single photonspectroscopy
of ~/“cascadedecays.Dataon theseresonancesweretakenby PLUTO before showercounterswere
installed,without particle identification, later thanby otherexperimentsat SPEAR and DORIS, and
with a modestintegratedluminosity. For thesereasons,only a few interestingresultswereachieved.
They aredescribedin section7.8.

7.1. Y discoveryand openquestions

The Y was discoveredin summer 1977 at Fermilab[701a]as a broadbump at 9.5GeV in the mass
spectrumof ,~ - pairs producedin proton—nucleuscollisions. Briefly later [701b] the bump was
resolvedinto two peaks(fig. 7.1) whosewidths wereconsistentwith the resolutionof 200MeV/c2 (rms).
The Y statesappearedto be hadronsbecauseof their productionprocess.The fact that they were
observedin an electromagneticdecaymode indicatedthat their hadronicdecay widths were much
smallerthana few hundredMeV as expectedfor Zweig-allowedstrong decays.the Fermilabexperi-
ment left openmanyquestions,like
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(1) Is its width similar to the charmoniumgroundstate,the i/cu?
(2) Are theretwo or morenarrowresonancestatesobserved?The ~ pair massspectrumwas suggestive

for 2 or 3 states(fig. 7.1).
(3) Doesthe electronicwidth Tee (fig. 7.2c) conformwith the expectations[702]for aq~bOundstate?

DoesTee correspondto the chargeof a bottomquarkb (eb = —~)or to a top quark t (e~=
Becausethe massof the Y was high enoughfor jet formationin hadronicfinal statesit was of great
interestto learn whetherthe topological propertiesof non-electromagnetic(‘direct’) decays(fig. 7.2f)
(4) excludeadominant(onegluon-) annihilationinto a light qc~pair?A onegluon decaymechanismis

forbiddenby the colour octetnatureof gluonsor, in otherwords,by the non-Abeliancharacterof
QCD;

(5) excludea dominant2-gluon decay?This modeis forbiddenby the vectornature(or C-parity)of the
gluon quanta;

(6) confirm the expected[703,704] 3 gluon decay(fig. 7.2g) to be dominant?This is the strong decay
mechanismwith the lowestpossibleorder in a5.

Sensitivetopologicalpropertiesrelevantfor thesequestionsarethe jet characterof the direct decays,
the angulardistribution of the thrust (or sphericity)axis, andalsothe particlemultiplicity.

All of thesequestionscouldbe checkedwith measurementsat e~estoragerings, but therewasno
one that could be operatedat the Y energy.The storageringsSPEARandDORIS were not designed
for energiesof 9.5GeV, and PETRA, CESRand PEP constructionscheduleswere 2 yearsor more
away from completion.

7.2. TheYsearchat DORIS

Eventhoughthe original DORIS proposalforsawa3 GeV storagering, themagnetswere designed
to allow for a later extensionof the beamenergyto 4.5GeV. For higher beamenergiesthe iron begins
to saturate.SinceDORISwasalreadyin the processof beingconvertedto asingle ring machine,which
allowedfor higher energiesthan the doublering schemeby concentratingall magnetandRF power to
one ring, the PLUTO collaboration immediately madethe proposalto push the DORIS energies
beyondthe planned8.6GeV into the Y region. The DORIS machinephysicsgroup [705]was daring
enoughto embarkon this proposal.

On April 12, 1978, the conversionandupgradingprocesswas completed,andan energyscanfor a
narrow resonancewas started. The FNAL group had reevaluatedtheir estimatefor the mass as
9.45GeV, with an uncertaintyof ±0.10GeV [701c].The scanstartedat 9.35GeV and proceededin
stepsof 5 or 10 MeV, with integratedluminositiesof —20 nb~per 10 MeV. A fastanalysischain,based
on eventswith an energysignal of more than 2 GeV in the showercounters,returnedcrosssection
resultswithin a day. On April 29 a narrowresonancewas hit andcompletelyestablishedon May 2 by
the PLUTO [706a]and the DASP II [706b]experiment.Fig. 7.3a shows the crosssection from the
PLUTO fastanalysischain. The DORIS machinegroup[705a]deserveshigh credit for its enthusiasm
andhardwork that madethis result possible.

PLUTOcontinuedto takedataat andaroundthe Y peakuntil May 15 when it was scheduledto be
removed from DORIS for getting transferredto PETRA. During the Y experiment integrated
luminosities of 177nb

t below (“off”) the resonance(9.30<W < 9.44GeV) and 190nb1 on the
resonance(9.45< W< 9.47GeV)were accumulated.
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Fig. 7.3. Total cross section for e~e-+ hadrons at Y energies, (a) as from the fast analysis chain used during the Y search and (b) after final
evaluation. The curves are a fit of the continuum and the Ycross section, to the data. They include the radiative corrections and the machine energy
width.

7.3. Parametersofthe Y resonance

Fromthe crosssectioncurve in fig. 7.3 the valuesfor the Y massandthe upperlimit of thewidth
could be considerablyimproved, andfrom this and other datathe electric chargeof the constituents
could be determined.

7.3.1. Massand width of the Y
The Y excitationcurvesin fig. 7.3ahad threeimmediateimplications:
(i) The precisemassvalueof the Y resonanceis

M(Y)=9456±1OMeV - (7.1)

wherethe errorcomescompletelyfrom the absoluteenergycalibrationin the DORIS storage ring.

(ii) The “resonance”curve is a Gaussianwith the width

A =7.3±0.1MeV (7.2)

which is quantitativelyin agreementwith the expectationsfor the energyspreadof the DORIS beams
at this centralenergy[705b].This implies that the width of the Y is small, actually

<18MeV (95% c.l.). (7.3)

This limit is significantlysmallerthanthe usualwidths of hundredMeV andmore, foundfor resonances
with Zweig allowed strongdecaysand large 0 values.Thus the hypothesisof a q4 bound stateis
strongly supportedby this result.We will comebackto the determinationof f’~0,in section7.4.

(iii) These resultson M~and F,- confirmed the interpretationthat the broad Y bump in hadronic
~ -pair productionwasdueto atleastthreenarrowresonancestates[701]. -
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Within potentialmodelsfor q~boundstates,massesof the constituentquarkscan be defined and
relatedto theboundstatemasses.For instancethe Richardsonpotential[707],which yields an excellent
descriptionof the masslevelsof the JIç(i andY family, leadsto a constituentquark massof

mb = 4883MeV. (7.4)

7.3.2. Productioncrosssection,electronicwidth and constituentcharge
The electronicwidth of the Y, Fee, is proportionalto the squaresof the constituentquark electric

chargeseq. It can be measuredby the Y production crosssection in e~ecollisions. Thereare two
approachesfor a quantitativerelation of the electronicwidth of vector mesonsto the quark charges.
The first oneis the Matveev, ShuminskiiandTavkhelidzeformula [702]:

Tee = ~/,(o)I2e~. (7.5)

Thereare 2 unknownquantitiesin (7.5), the quark chargein question,and the q~boundstatewave
function at the origin, 1cu(0)12. The latter can be calculatedin potential models.There are, however,
uncertaintiesin extrapolatingthepotentialto the origin, andalsosubstantialQCD radiativecorrections,
as pointed out by Celmaster[708]and Barbieri et at. [709].The first order term (in a

5) modifies the
r.h.s. of (7.5) by the factor (1—16W a5/3i~) ~. To some extent, one can avoid these problemsby
comparingthe widths of the Y and of the J/i/i state, and by using a relation betweentheir wave
functionsvalid for a largeclassof potentials[710].This yields the inequality

2 51211,,\

r (y\>~..S.!..SI.1v1 ~.~‘1W)~ r (III\ee~ )— 2 TtA’

2(V\ ee~II~4).

e~m~ lvi ~i)

Another quantitativerelation between eq and Fee of vector mesons has been derived from the
conjectureof ‘new duality’ [711], accordingto which the ratio T~.je~has the samevalue for all q~
groundstates:

~Fee(Y) = ~Tee(JItIi) = 9Fee(q5) = 18Fee(~)= ~I’ee(P)

12.2keV (average[722]). (7.7)

The electronicwidth was determinedfrom the Y excitationcrosssectionas plottedin fig. 7.3b versus
the nominalmachineenergy.The crosssectionpointsarecorrectedfor lossesdueto triggerconditions
and off-line cuts which removebeam gas and QED background.These cuts are describedin detail
elsewhere[712,713]. The most importantcutsarethat at least60% of the CMS-energyis observed,and
that events with more than 2 (observed)chargedparticleshave at least 2 negativeparticles. The
efficienciese havebeendeterminedusingq~simulatedeventsfor the continuumand electromagnetic
decaysof the Y (r = 72%), and 3-gluon simulatedeventsfor the Y direct decays(e = 89%). The
difference in efficiencies, togetherwith the uncertaintiesin the ratio of the electromagneticto direct
decaysof the Y (determinedfrom o°~(e~e~j~),see section7.4.1), add 7.5% to the systematic
errorof Tee, whichotherwiseis dominatedby the 5% uncertaintyin theluminosity.
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Theexcitationcurve shownin fig. 7.3b is calculatedfrom a superpositionof the Y productioncross
section

± - 12~lTM2 Fee Fhad
oit.~s(ee —~ Y—s’hadrons)= (M2 — ~)2 + T~O

5M
2 (7.8a)

andthe continuumcrosssection

o~cont(e~e—~ hadrons)= R (7.8b)

by allowing for a beamenergyspreadaccordingto eq. (7.2) andfor radiationin the initial state[714].In
the fit of the resonanceparametersof eqs. (7.8) to the cross section we eliminated the ratio
Fhad/Ftot = 13 Beeby usingBee= 2.2% (seesection7.4). This leadsto

Fee 1.33±0.l4keV (7.9)

togetherwith R = 3.7±0.4.
Combining(7.9) and(7.7) we find

e~= 1/9.2 (7.10)

with an uncertaintyof ~25%, in perfectagreementwith the bottomchargeeb = —~ (seealso fig. 7.4a),
and in clear disagreementwith the top chargee

5 = ~. The inequality (7.6) leavesboth chargevalues
acceptable,eventhougheq= ~is marginal.Applying (7.6) to theelectronicwidthsof i/i’ [722]andY’, as
measuredby the DHHM [715a]and the DASP II [715b]collaborationsat DORIS, clearly rules out
eq= ~. Fig. 7.4b showsFee(Y) VS.Fee(Y’) togetherwith the lower boundsfrom (7.6).
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Fig. 7.4. (a) Reduced leptonic width J’~CIQ~forvector meson ground states as afunction ofmass. (b)Lower boundson re. for Yandr for quark charges
1/3 (full lines) and 2/3 (dashed). The shaded area indicates the charge 1/3 predictions of20different potential models. A comparison with the DORIS data
shows good agreement with charge 1/3 and excludes 2/3.
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In a completelymodel independentway the toponium hypothesisis finally ruled out by the total
crosssectionin thecontinuumabovethe Yresonanceregion(seesection6.1),whichexcludesthethreshold
of 1~sR= ~connectedwith opentop production.

7.4. Decay modesof the Y, and the total width

From the previousdiscussionit is clear that the Y is producedin electromagneticand in strong
interactions. Correspondinglythere will be strong (‘direct’) decaysinto hadrons(F~1,fig. 7.2f) and
electromagneticdecaysinto leptonpairs (T~(e,~s,r), fig. 7.2d)andinto hadronsas well (F.,, (hadrons),
fig. 7.2e). The eventsfrom electromagneticY decayshavethe samepropertiesas thoseproducedby
e’e annihilation outside the Y resonance (see fig. 7.2), and we have the relation
F~’(hadrons)/F~aji)= cr(e

4e -* hadrons)/u(e~e-* ~Z)ee R. The total width is then composedas
follows

= F,, (e,p., r) + F.,,(hadrons)+ F~r(hadrons)

3~Tee+RTee+Tdjr. (7.11)

Supportingevidencefor direct Y decayscomesalso from the fact that multihadronfinal statesat Y
energiesshow topological propertiesdifferent from the nearbycontinuum(see section7.5). A quan-
titative determinationof ~ (or F

505) is possibleby ameasurementof the electronic(Bee)or generally
the leptonicbranchingratioB~(we assumeBee = B~)which yields

[‘tot = Fee/Bee (7.12a)

Fdir = Fee(B~.ij— (3 R)). (7.12b)

A measurementof the leptonicbranchingratio Beeis the key to Tdir andF505.

7.4.1. Theleptonic branchingratio
In the PLUTO experimentthe branchingratio Beehasbeendeterminedfrom the decays)t ...~p. -

[716]and Y—~e~e[717].Detailsof the eventanalysisaregiven in section4 andin [716,717, 718]. In
bothreactions,the differencebetweenthe leptonpair crosssectionon the Y andthe QED expectation
was used to determinethe Y contributionfor e’e —* et. The correspondingmeasurementsin the
nearbycontinuum with the samedetector, under the samerunning conditionsand with the same
analysischain were usedto checkandensureagreementwith the QED prediction.This is important
sincethe differencebetween“on” Y andQED crosssectionsis marginal.

The p. pair samplecontainsa total of 155 events,from which 9.5eventsasdueto cosmicbackground
arestatisticallysubtracted.Theproductionangledistributionisshownin fig. 7.5.It agreeswith theexpected
1+cos

20 shape.The numberof e~epairs from e~e—~ Y—t’e~e~is very small as comparedto the
numberof Bhabhaevents(2953eventsin total, on the Y). Howeverin the backwarddirection an excess
overthe QED crosssectionis observedin the “on” Y range(fig. 7.6). The full curve is the first order
QED crosssection,modified by radiative corrections[719]andangularresolution.No such excessis
observedin Bhabhascatteringoutsidethe Y (fig. 4.7a). The excesshasbeendeterminedby fitting a
1 + cos20 term andthe Bhabhashapeto the dataof fig. 7.6.
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In anenergyintervalfrom 9.450to 9.465GeV,which correspondsto 2 A accordingto eq. (7.2), the
averageexcesscrosssectionsare

o(ee—+Y—~p. p.)= (0.25±0.22)nb (7.13a)

o~(ee—t.Y—~’ee)=(0.59±0.34)nb. (7.13b)

Dividing by the averageexcesstotal crosssection ~ = ~ +3 . ~, whereGhad is shownin fig. 7.3b,
we find the branchingratios

= (2.2±2.0)% (7.14a)

Bee (5.1±3.0)% (7.14b)

or the averageleptonicbranchingratio -

Bee(3.1±1.7)%. (7.14)

7.4.2. Thefraction ofdirecthadronicdecays
Eventhoughtheresult for Beeis only marginallydifferent from zero,it allows safeconclusionson the
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existenceof direct Y decays.The relativeshareof direct decaysin the observedhadronicdecaymodes
is

Fir 1(3+R)Bee.087÷005 (715)

Fhad l3Bee —

when usingR = 3.7.

The multihadronfinal states,the detailsof which wewill describein section7.5, arethusdominated
by direct decays.

7.4.3. Thetotal width of the Y
The total width Ff05 dependscritically on the leptonic branchingratio (7.12a), andonly if Bee 15

significantly different from zero, a finite value for F505 can be inferred. For this purposewe combine
the PLUTO result (7.14) with the two otherDORIS resultswhich arecloseto a 2 s.d. significance,from
the DASP II [720]andthe LENA [7211experimentto Bee= (3.25 ±0.90)%,and similarly the leptonic
widths to F~,=1.30±0.lOkeV.The very recentresultsfrom CESR[753](B~�=(3.5±0.8)%)lead to a
world averageof Bee= (3.4 ±0.6)%.Thesevalues yield

1/F505= 0.026 ±0.005keV’ (7.16a)

F505 = 38~,°keV (7.16b)

Fdir = 30~°keV. (7.16c)

This showsthat the Y is indeedanarrow statewith a total width comparableto the63±9keV [722]of
the J/~/i.

7.4.4. Fdir and the QCD scaleparameterA
Direct Ydecaysproceedthroughthe emissionof gluons,asindicatedfor instancein fig. 7.2, g andh.

Theirwidths arethereforedirectlyproportionalto somepowerof a5given by the numberof hardgluons
involved in thebb annihilationstep.Non-perturbativeeffectswhichoriginatefrom theconfinementof the
initial bbstatearedescribedby the — unknown— bbgroundstatewavefunction,cu(0),asin (7.5).In theratio
of differentdecaywidths, however,cu~(0)cancels.If the decaysinvolve differentnumbersof gluonstheir
ratio allows for a very cleanand sensitivedeterminationof a~or A, respectively.

In lowestorderQCD the ratio (seefig. 7.2, g andh)

~i5a5(M
2) (7.17)

f,,~ 36 aeb

hasbeencalculated[704a,f, g]. This relationcannotbeusedhere,however,sinceno evidencefor the ‘ygg
transition has beenfound [712], in consistencywith the expectedsmall value of 0.03 for TvggIFsg.
Furthermore,themethodby whichTdjr hasbeenmeasureddoesnot renderanyevidencethat Tdjr can be
identified with F

35.t As we will seein section7.5 the topologicalpropertiesof the observedeventsare

t The width ~ is also part of i’d,, but is small enough to be completely ignored in this discussion.
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completelyconsistentwith the 3 gluon decaymode (fig. 7.2g), but experimentallywe cannotexclude
substantialcontributionsfrom otherdecays,e.g. through morethan 3 gluons.

This latter uncertainty is less relevant once the next to leading order calculation of the ratio
[723a,708,709]

Fdir(a~)= 10 ~ ~ a~(M2)[i + a
5(M

2) {_14.o + “/3~(1.85+ In ..M_)}] (7.18)

Fee(as) 81 lreba 2 M~ MS

with a
5 andf3~as given by (6.4) is used,whereFdj~(a)j~cludesdecaysinto 3 and into 4 gluons. The

correctionto theleadingorderpredictionasgivenin theMS schemeamountsto -—40%for M = M~and4
flavours.The coefficient,however,dependson the choiceof themassscaleM, andhappensto vanishfor
M = 0.48M~[723a].The resultson a5andA, however,dependonly weaklyon thechoiceof M, aswewill
seebelow.Assumingthat evenhigherordercorrectionsarenot largerthanpresentexperimentalerrorswe
can usethe measuredvalue

Fdir/Fee = 23~ (7.19)

as derivedfrom (7.16c)and (7.9) to determinea5 from (7.18),andA through (6.4). UsingM = M~and

M = M~/3[723b]as extremechoicesfor therelevantmassscalewe find
a5(M~)= 0.142~~ A = 125~MeV (7.20a)

a5((My/3)
2)= 0.175~:g~ A = 100~MeV. (7.20b)

Thevaluesfor a
5 foundherein the Ydecayarein remarkableagreementwith thosefoundfrom the 3-jet

crosssectionin e~eannihilation(seesection6.3.3).The valueof the QCD scaleparameterA is rather
insensitiveto thechoiceof themassscaleM alreadyin thenextto leadingorderexpression,andis in good
agreementwith an averagevaluefrom deepinelasticleptonhadronscattering(A = 160~°MeV [755]),
andis alsoconsistentwith thefirst measurementof thephotonstructurefunctionF~[852]asdescribedin
section8.7.

7.4.5. TheC-parityforbiddendecayY-s ‘yy
Fromthe analysisdescribedin section4, andthe datashownin fig. 4.6c we can infer an upperlimit

on the branchingratio of thisforbiddendecayof

B~,< 1.4% (95%c.l.). (7.21)

7.5. Topologicalpropertiesofdirect Ydecays— Searchfor 3-gluondecay

A visual inspection of Y events makesclear that 3-jet eventsare not the dominanttopological
pattern. This is not really surprising since alreadymore than 3 GeV per jet are necessaryto make
“visible” 2-jet eventsin e~eannihilation.At Y energiesthereforethe lowestenergeticjet in general
will not be energeticenoughto form a visible jet.

The distributionof the gluon energies,andof the anglesbetweenthemcan be calculatedfrom the
matrix elementfor Y—* 3g [704].The notation for the masslessgluon kinematicsis explainedin figs.
7.7a,b, and also the 3-gluon Dalitz plot. The expecteddistributionsof the 3 orderedrelative gluon
energies(x1 � x2 � x3) areshown in fig. 7.7d. On the averagewe expect(x3) = 0.39, correspondingto
k3 = 1.84GeV, which is clearly below the thresholdfor jet formation. Also, the openingangle 0~
betweenthe2 lowerenergeticgluonsisnot alwayslargeenoughto allowforaspatialseparationof two jets.
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Fig. 7.7. (a) Quantities used to describe the Y decay into 3 massless quanta in the Y rest frame. (b) Dalitz plot of the gluon energies. Momentum
conservation limits the populations to the dotted triangle. By ordering x1 � x2 � x3 they are further restricted to the shaded area. (c) Dalitz plot
density for the Y-decay into 3 vector gluons (or a photon and 2 vector gluons), before ordering of x. (d) Ordered energy distribution of the
individual gluons in Y-+ ggg.

Theaveragevalue(cos 0~)= 0.26correspondsto 75°.Forbothof thesereasons,apotential3-jetpatterncan
degradeto a‘soft’ 2-jetpattern.Thekinematicsituationwhichismostfavourablefor theformationof 3 jets,
namely that all 3 gluons emergewith aboutthe sameenergy(x1 — —~ ~, 0~— 02-- 03-~-120°at the
Dalitz plot center)is expectedfor only a very small fraction of the events(seefig. 7.7c,d).

Therefore,in searchingfor evidencefor a3-gluon decayof the Y,welook for3 and2jet structures,and
for coplanar and collinear event shape properties, respectively.To this end we compare the
measuredY direct decayswith simulated3-gluon (“3G”) decayst,with phasespace(“PS”) eventsas to
give the referencepoints for events without any topological structure, and with q~2-jet events
measuredin the nearbycontinuum(“9.4 GeV”) or simulated(“FF”).

We usethe eigenvalues0, of themomentumtensor(seesection 6.3.1) to measurecollinear (2-jet)
andcoplanar(3-jet) correlations(section7.5.2)and alsothe linear jet measuresthrustand triplicity to
searchfor 2-jet and3-jet patternin thedirect Y decays(section7.5.3). The resultsreportedherecome
from an analysiswhich includedchargedparticles,andneutralparticleswith an electromagneticshower
[712,724]. Resultsfrom a previousanalysisof chargedparticlesonly can be found in ref. [725].

7.5.1. Thedirect decaysample
To follow up this program,we haveprepareda sampleof eventsrepresentingthe Y direct decays.

Thesampleof hadronevents“on” the Yhascontributionsfrom the continuum(fig. 7.2b)andfrom the

t The gluons were fragmented like quarks in this simulation (see section 3.9.2).
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Y (fig. 7.2c), via its electromagnetic(fig. 7.2e)anddirect (fig. 7.2f) decays.The’two formercontributions
are monitoredby the p. pair production rate, “on” (figs. 7.2a and 7.2d) and “off” (fig. 7.2a) the Y
energy,through the relationN~’= bN~with the samefactor b on and off the resonance(b = R if

acceptanceis correctedfor). The numberof direct decaysN~’can thenbe obtainedfrom the number
“on” the Y(N~d)and from eventsmeasured“off” the Y(N~)by the relation

~jhad — j1,rhad ~ On ~rhad
1~dir — IN ~ P.JP.I.’ 1~off

off

In the PLUTO data N0~’/N0~.#= 1.32±0.24was measured.Since hadronic final states from the
continuumandfrom theelectromagneticY decayshaveidenticalproperties,eq. (7.22) can alsobe used
to producesubtracteddistributionsrepresentingthe direct decays.

In the following analysis,only eventswith at least 4 chargedtrackswere used.This additional cut
(see section 7.3.2) leavesN0~= 1781 events (9.450< W < 9.466GeV), and N0ff = 442 events (9.25<

W < 9.422GeV), yielding

N~r= 1198events. (7.23)

In otherwords,2 out of 3 hadroneventsof our datasampleon the Y aredueto direct Y decays.

7.5.2. Eventshapein momentumspace
Using the eigenvalues04 derivedfrom the momentumtensor(section6.3.1), we can describethe

deviation from extremecollinear jet shapes(Q~= 02=0) by sphericity S, and the deviation from
extremeplanarity (Q~= 0) by flatnessF [726] which is the excentricityof the momentumcomponents
perpendicularto the sphericityaxis:

F = 02~Q1= 1— ~1~~014t~ (7.24)

Herethe sumrunsoverall tracksof an event.Theindex ‘out’ labelsthedirection out of the (2,3)-plane,
andthe index ‘in’ labelsthe direction in that planeand perpendicularto the sphericity (i = 3) axis. We
alsoconsidertheratio of the linear sums~Ip±054I/~Ip11j(=Pout/Pin, in short), in thiscasewith respectto
the triplicity plane,and the most energetictriplicity vector. Table 7.1 summarizesthe resultsfor the

Table 7.1
Observed mean values for topological measures relating to Ydirect decays, from 9.4 GeVcontinuum data,
and from various MC models. The errorsof the data are statistical, while those of the models indicatethe

systematic uncertainties

Event Sphericity Flatness Thrust Triplicity 03
type S F Pont/Pin T 1’3 x~ (degree)

PS (MC) 0.50 0.60 0.56 0.69 0.84 0.83 146
1 1 1 1 1 1 1

30 (MC) 0.39 0.63 0.55 0.72 0.86 0.86 151
1 1 1 1 1 1 1

Y (data) 0.415 0.632 0.548 0.732 0.870 0.862 151.0
8 9 7 4 1 2 0.5

9.4GeV (data) 0.277 0.673 0.498 0.808 0.910 0.909 158.5
8 9 8 4 2 3 0.6

FF (MC) 0.28 0.65 0.52 0.80 0.90 0.90 159
1 1 1 1 1 1 1
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Table 7.2
Average observed flatness in several sphericity intervals

Sphericity Flatness

PS Y 3G

0.9-0.6 0.58±0.01 0.60±0.02 0.62±0.01
0.6—0.3 0.61 ±0.01 0.62±0.01 0.64±0.01
0.3—0.0 0.63±0.01 0.67±0.02 0.63±0.01

respectiveaveragevalues,from Y direct decaysandcontinuumdata,andfrom the 3 models.Note that
the PS and3G eventsaregeneratedwith the same(charged)multiplicity as thedirect Y decays,andFF
eventsand9.4GeV datahavea lower multiplicity (seesection7.6.1).

The sphericityof the Y decaysshowsasignificant collinearcorrelationeffect, i.e. a cleardifferenceto
the phasespacevalue. The associated2-jet characteris softer,however,than in q4 events.There is
good agreementbetweenthe sphericityvaluesfrom the 3G modeleventsandthe Y decays.

Theflatnessof the Y decayis only slightly largerthanthe PS value, indicating at mosta very small
planarcorrelation.The linear ratio of p0~5/p~is evencloserto the PS value.Whetherthisindication is
real can be checkedfurtherby looking at eventswith largesphericity since3-jet events,if they exist,
should concentrateat larger sphericity than 2-jet events.In table 7.2 we show the flatnessin three
sphericityintervals,for Y decays,3Gand PSevents.The flatnessof Y events,however,doesnot grow
significantly, relativeto the PSvalues,when going from small to largesphericities.

A larger flatnessthan in phasespaceevents,is a necessityfor a 3-jet pattern.The obviouslack of
such a correlation in Y decays,however,cannotbe consideredas evidenceagainstthe 3-gluon decay
mode.This can be seenfrom the flatnessvaluesof the simulated3G events.They agreeperfectly with
the Y decaydata.

The eventshapeanalysisof the Y direct decaysin termsof the Q~eigenvaluesthusrendersclear
evidencefor a 2-jet characterwhich is weakerthanfor off resonanceevents.No planarcorrelationsare
observedin Y decays.The topological featurescan howeverbe well understoodas the result of a 3-
gluon decaymode with subsequentfragmentation.

7.5.3. Jetformation: Thrustand triplicity analysis
A possible3-jet characterof the Y decayscan alsobe investigatedby attemptingto reconstructjets

directly. We usethrust (T) andtriplicity (T3) maximizationfor 2-jet and3-jet construction,respectively.
The valuesof T andT3 (with T � 7’3 by definition) thenallow, in principle,to separate2-jet and3-jet
andother (e.g. spherical)eventsas sketchedin fig. 7.8a. The separationis efficient at energieshigh
enoughfor 2-jet and3-jet formation,as canbe seenin fig. 7.8c whichshowsthe 7’3 vs. T scatterplot for
q~,3G and PS eventsgeneratedat W= 30 GeV. At Y energies,unfortunately, 3G events do not
populateareasdifferent from PS or q~events (fig. 7.8b). The loss of separability is not due to
imperfectionsof the detectorsincein theseplots weusedMC eventsbeforesubmissionto the detector.
It is ratherdueto the strengthof the fragmentationeffects.In fig. 7.9we comparethe T3—Tcorrelation
from Y decaysto PS and3G simulatedeventsafterdetector.To easea quantitativeevaluationwe show
(T3) vs. (T), in severalthrust intervals.The Y, PS and3G pointsfall on a commoncurve. This means
that no 3-jet structureis revealedby the triplicity methodin our datafrom the Y decay.

The only jet structurethat is observedin this analysisis a collinear2-jet structure. In fig. 7.10 we
show the (observed)thrustdistributions(a) for Y decays,3G andPS,and(b) for 9.4 data andq~MC.
The Y thrust distributionlies “between”the respectivecontinuumandphasespacedistributions,andis
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Fig. 7.10. Distributions of observed thrust for Y-direct (a) and off-resonance events (b) compared to various Monte Carlo models.

significantly different from either one as is evident from the thrust averagevalues in table 7.1. This
clearly demonstratesthat the Y direct decaymechanismdoesnot proceedthrough a q4 intermediate
state,but still imposesanon-trivialkinematiccorrelationon thefinal statetopology.In fig. 7.lOaweobserve
a perfectagreementwith the three-gluondecaymechanism.

Becauseof the good agreementbetweenY decaydataand3G modelwecan usethemodeleventsto
study the effectsof hadronizationand detectorresolutionand acceptanceon the correlationbetween
original gluon kinematicsand reconstructedjet quantities. These studiesshow [712,724], that the
measuredthrustdistribution(fig. 7.10)can be correctedfor detectoreffects,but not for hadronization,
andthat the thrustdirection is close enoughto the original most energeticgluon such that the thrust
angulardistribution can be correctedfor both, detectorandhadronizationeffects. Fig. 7.11 showsthe
correctedexperimentalthrust distribution. Thedotted line indicatesthe thrustpredictionat the parton
(3-gluon) level, where T = x1 (see fig. 7.7d). If the Y decaysentirely via the 3-gluon mode the
differencebetweenthe datapointsand the curvecomesfrom gluon hadronization.Hadronizationat Y
energiesobviouslydeformsthe original partonstructureconsiderably.The averagethrust correctedfor
detectoreffectsis

(T) = 0.73±0.01. (7.25)

Fig. 7.12 showsthe angulardistribution of the thrust axis correctedfor detectorand hadronization
effects. It is consistentwith the prediction for vectorgluons (solid line), and is inconsistentwith the
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predictionof scalargluons[727](dashedline). This resultprovidesclearevidenceagainstscalargluons.
Also, the parton quantitiesx9 and 03 (seefig. 7.7a) on the averageare clearlycorrelatedwith the

correspondingvaluesdeterminedfrom the triplicity vectors.Table 7.1 gives the averagevalues from
data and modelexpectations.In fig. 7.13 we show the 03 distribution. Again, the data and the three
gluondecaymodel agreevery well. Further distributionsof triplicity relatedvariablesaregiven in refs.
[724,728].

The3-gluonMonteCarlostudiesalsoshowthatat Yenergieshadronizationdestroystheinformationof
the 3-gluon planesuch that in generalit cannotbe recoveredfrom the triplicity vectors.Thereforethe
orientationof the triplicity planecannotbeusedto checkthe gluon spin assignment[729].

7.6. Inclusivesingleparticle properties

Here we describesomedifferencesof Y and continuum eventsin terms of propertiesof single
chargedtrackst[730]andneutralshort lived kaons.

7.6.1. Multiplicity ofchargedtracks
Accordingto predictions[704a,e,h, j] oneexpectsfrom 3-gluon hadronizationahigher chargedtrack

multiplicity thanfrom q~hadronization,because3jetsshouldgivemorehadronsthan2 jets(at sametotal
energy),andalsosincegluonshavelargercolourchargethanquarks(by factor9/4)gluonsshouldproduce
jetswith morehadrons,thanquarksdo atthesamejet energy.Usingtheformulaeof [704a1to extrapolate
the measuredcontinuummultiplicities of fig. 6.24 to the Y decaykinematicswe obtain

(flcH)~g -= 8—12. (7.26a)

The averagechargedmultiplicity for Y direct decaysmeasuredby PLUTO [712]is

(flCH)~r 8.2 ±0.1 (7.26b)

closeto the lower marginof the expectationswhich correspondsto the assumptionthat gluonsfragment
like quarks.Therisewith respectto thenearbycontinuumvalue,p(ncH)0ff ~‘= 7.5±0.1(seesection6.4.2)is

t~n= 0.7 ±0.2. (7.26c)

The LENA experiment [754] observeda rise of t~sn= 0.55±0.19. The much larger rise of 1~sn—5
correspondingto the uppermargin in (7.26a)is expectedif partonenergiesweresufficient for clear3-jet
formation.

7.6.2. Momentumdistributions
A changein multiplicity implies a changein the averageparticlemomenta.In table7.3 we compare

the averagevalues of continuumand Y events[725,726] for Pi, Pu (w.r.t. thrust), andPout (w.r.t. the
acoplanarity plane), and the slope parameterB of a fit [713] to the inclusive chargedparticle
momentumspectrumby

do1dx=A~exp{—Bx~}. (7.27)
t Neutral pions are not included since resolving of single neutral pions is difficult to achieve.
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Table 7.3
Properties of charged particle momenta (observed) with

statistical errors

B (i~i) (PJ) (POUT)
data type MeV/c MeV/c MeV/c

PS (MC) 10.7 0.58 0.47 0.177

1 1 1 6

- 30 (MC) 8.9 0.55 0.38 0.140
2 1 1 6

Y data 10.9 0.49 0.34 0.129
3 1 1 3

9.4GeV data 7.8 0.62 0.33 0.118
2 2 1 3

FF (MC) 7.8 0.72 0.32 0.115
1 1 1 2

Theaveragevaluesin table7.3arenotcorrectedfordetectorandeventselectioneffects.Also, thevaluesfor
B comefrom aneventsampleselecteddifferently thantheoneusedfor <Pt), <P.c) and(pour).Nevertheless
thesequantitiesallow aninterestingcomparisonof q~continuumeventsanddirect Y decays:

(i) (p’) with respectto the thrustaxis in Y direct decaysis not largerthanin continuumevents,and

(Pout) IS not smallerthanin thecontinuum.This reflectstheresultfrom the topologicalinvestigations(see
section7.5) that no planar Y decaysareobserved.

(ii) (p~~)in Y decays is significantly smaller than in continuum, and similarly the momentum
distribution slope parameterB in (7.27) is significantly larger. The smaller single particle momenta,
togetherwith an unchanged~ are the reasonfor the softer2-jet Y topology observedin section7.5.

For completenesswe also includethe correspondingvalues from the threemodelsin table7.3. It is
obviousthat the singlechargedparticlepropertiesof the Yarelesswell reproducedthanthe topological
eventquantitiesin table7.1, by the 3G modelusedhere.

7.6.3. InclusiveK~°production
Since the Y direct decaysproceedthrough a mechanismfor hadronizationdifferent from q~

fragmentationit is interestingto comparethe flavour contentof Y decayswith continuumeventsand
with Y hadronizationmodels.The PLUTO experimenthasmeasuredtheK~production[731].Fig. 7.14
showsthe K°momentumdistribution, correctedfor K°detectionefficiency, off the Y (a) and for Y
direct decays(b). The Y directdistributionfalls off fasterthanthe continuum.EitherK°distributionhas
a shapesimilar to therespectiveinclusivedistributionsof chargedparticles.Also for chargedparticles
the inclusivemomentumdistributionis steeperfor Y direct decaysthan in the continuum,as indicated
by the slopeparametersB in table7.3. For theK°yield we find theratios

Y direct continuum

K~per event 0.97±0.22 0.73±0.16 (7.28)
K~per chargedtrack 0.12±0.03 0.10±0.02.

The shareof K’s amongfinal stateparticlesobviously is verysimilar in direct Y decaysandin q~jetsat
Y energy,even though the parton processesare very different. The expectationfor the inclusive K°
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Fig. 7.14. (a) Inclusive K°production in the continuum at V
5 = 9.4 GeV with cr(K°)= 2o~(K~).The right scale shows the K°yield per hadronic event

(1/NhXdNK/dx). The curve indicates the Lundmodel prediction [732].(b) Yield per Y-event, (lINy)(dNKIdx)for the Y-direct decays after background
subtraction. The curve represents the Lund model prediction of a Y—e3-gluon decay model.

distributionfrom the Lund model [732]for a 3-gluon hadronizationis shownas solid curve in fig. 7.14b.
It agreesin shapeandrate with the experimentalresult.

7.7. Summaryand conclusionsfor Y (9.46)

(1) The chargeof the Y constituentquarksis IebI =
±10(2) The Y is a narrowstate,with

Ttot = 38_
6keV.

(3) 87±5%of the hadronicY decaysaredue to non-electromagnetic(‘direct’) decays.
(4) The topology of the direct decaysis significantly different from q~final states.A decaythrough

colourlessgluons bb—* g -+ qq is ruled out.
(5) The Y topology is alsosignificantly different from a structurelesstopology as simulatedby phase

space.
(6) The direct decaysshow a soft 2-jet character,but neithera distinct 3-jet pattern nor a planar

topology. This is expectedfrom a studyof simulatedY decaysas the consequenceof a 3-gluon decay
mechanismwith asubsequentquark-likehadronizationof thegluons.At the Y,energiesaretoolow for the
formationof threeseparatedjets.

(7) The angulardistribution of the thrust axis agreeswith the expectationfor a decayinto 3 vector
gluons, andclearlyrulesout the possibilityof a decayinto 3 scalargluons.

(8) The observedincreasein chargedtrack multiplicity of L~n= 0.7 ±0.2 for the Y is lower than
expectationsfrom QCD.

(9) K°’sare producedwith the samefraction relativeto chargedparticles in Y direct decaysandin
continuumevents.InclusiveK°andchargedparticle momentumdistributionsaresimilar in shapefor Y
direct decays.
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7.8. .1/9’., and ifr’ resonances

Briefly after the discoveryof the J/i/i [733]andthe 9” [734]resonancesin 1974,their excitation was
also measuredby experiments[735,736] at the DORIS storage ring which was just brought into
operation.Fig. 7.15 showsthe increaseof multiprongcountsin thePLUTO hardwaretrigger, from the
first measurementsmadeat all with the PLUTO detector,in late fall 1974. Fromlater measurementsof
the crosssectionfor e’e -+ hadrons(seefig. 7.16), the massesM andthe electronicwidths F~.have
beendetermined[737],usingeq. (7.7) andthe ratios1’had/Ftoi [722]:

M (MeV) Fee (keV)

i/i/i 3091±3 5.3±0.6 (7.29)
9’,’ 3686±4 1.9±0.2.

The error in the masses comes from the uncertainty in the DORIS absoluteenergycalibrationof 0.1%
at i/i/i and 9” energies.Mass andwidth valuesareconsistentwith resultsfrom SPEAR [738],andthe
massesagreewith the DASP measurement[739].The electronicwidth F~~(J/9’r)correspondsto an
electricchargeof eq= ~for the constituentquarks(seefig. 7.4a) in agreementwith the charmflavour
assignment.

There is an impressiveamountof resultson i/cu and9” multiprongdecaymodes[722],mainly from
the SLAC-LBL (MARK I) andthe CrystalBall collaboration.The PLUTO experimenthascontributed
onenew decaymode,the radiativedecayJ/9’c —* yf [740].In the following subsectionswe briefly review
the topological propertiesof J/9’i and 9” multiprong decays,and describethe analysisof the decay
Jul1—~ yf. Other PLUTO results on J/9’, decays can be found in [740,741].

.5-_l._4—1_t~Iltii~~t__tj’/Iiiii.Iiiftliiii~itt
TR IGGERS

MONITOR C0UN1~

~1.

I I I I I ~i I iii ~ii i i i——i—-—
3080 3085 3090 ‘3670 3615 3680 3685 MeV

ECM (MeV)

Fig. 7.15. Excitation of J/./~and ~b’resonances as of December 1974. Curves indicate the resolution of beam energies.
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Fig. 7.16. Cross section for JIi/, (a) and ~fr(b) excitation, corrected for acceptance. For resonance parameters see eq. (7.30).

7.8.1. Topologicaldecayproperties
The i/i/i decaysinto hadronsproceedmainly (83%) in a non-electromagnetic(direct)modeas can be

inferredfrom the leptonicbranchingratio Bee[722].The i/9’i hadronicmultiprongdecayshowevershow
no jet structureat all. The averagethrustandsphericityvaluesagreewith the phasespaceexpectation
(see fig. 6.13), and also with the continuum data at theseenergies.Also the averagechargedtrack
multiplicity showsno differenceon andoff J/i/i, whereasfor i/i’ it is slightly larger[737]:

(ncH) JIll, i/i’

on 3.6±0.1 4.3±0.1 (7.30)
off 3.6±0.1 3.7±0.1.

The increaseon the 9” can be understood quantitatively as an effect of the largebranchingratio for the
decaymode 9” —e ir~1r i/9” (BR = 33%). Thereforeit is clear that global topologicalquantitiesdo not
provide a handlefor testson J/9” decaymechanisms,e.g. like the 3-gluonor the radiative2-gluon decay
as expectedby QCD (seefig. 7.2). Exclusivechannels,however,can allow for somechecksof QCD
expectations,as describedin the nextsubsection.

7.8.2. ThedecayrateJ/9’i —e yf
This radiativedecaywasfoundin the PLUTOexperiment[740],andalsomeasuredby DASP [742].It

hasa surprisinglylarge branchingratio of 0.20±0.07%, similar in size to the 0.3% for the branching
ratio of the hadronicdecayi/i/i—e wf [722,741b]. Eventsof the type ir~iry weresearchedfor in a total
of 84000 hadronic i/9’s decaysby selectingchargebalanced2-prong events with photon conversion



L. Criegeeand 0. KnEes,e~ephysicswith thePLUTO detector 255

M(Tt~Tt)6eV

Fig. 7.17. J/i/i—efy decay. The M(ir~n)distribution, excluding events lying in the p~mass bands. The solid line represents the best fit to the data
and the dashed curve is the estimated background.

visible in the trackchambers,andpassinga 3 constraintsfit to the hypothesise~e—e ~ According
to MC studiesa fraction (21%) of the decaysJ/ç~s—eir~ifir° is acceptedby thesecriteria, and the
majority of the acceptedeventsis on that account.The effective ir~ir massdistribution (fig. 7.17)
showsa prominentp°peak,andaclearf(1270)peak.SinceC parity conservationdoesnot allow for p°y
andfir°final stateswe observedJ/i/i -~ p°ir°andfy decaysin theseevents,with the following branching
ratios:

Events BR (%)
(correctedfor otherdecaymodes)

(7.31)
J/tfr—eyf 35±10 0.20±0.07

yf’ <0.023(90% c.l.)
183±16 1.6±0.4.

The largebranchingratio for J/tfr —eyf fits nicely into the QCD picturefor radiativedecaysas indicated
in the diagramsin fig. 7.18. Lacking a quantitativepredictionfor the width dueto diagram(a) when 2
gluonsmediatethetransitioncë—eq~,oneexpectsherealargercontributionthanfrom diagrams(b) and
(c), whereeither (b) 3 gluons(strong decay)or (c) onephoton(electromagneticdecay)arerequired.In
fact the branchingratios for the latter two mechanisms,wherethe photon is radiatedfrom the q~
quarkscan be estimatedby vector mesondominancerelations. For the isospin conserving3-gluon

___ _ /v _ _

(a) (bl (ci

Fig. 7.18. Diagrams for the i/i/s —e yf decay, with photon emission before (a) and after the cë —e q4 transition (b, c).
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model (fig. 7.18b)we useB(J/9’r—ewf)= 0.29±0.07%[722] to get

B(J/çfr—*yf,“3g”)= 4x 10_6 (7.32a)

and for the isospin not conserving electromagnetic (fig. 7.18c) mode we use B(J/9’s—epf)<
B(J/9’v—e4ir)= 0.4 ±0.1% [743] to get

B(J/ifr—eyf, “y”)�2x io-5. (7.32b)

The observedrate is more than 100 timeslargerthan the estimatesfor thesemechanisms,confinning
qualitatively the expectationbasedon gluon counting. The observedbranchingratio is similar to those
found for the radiativedecaysJ/9’i —ey~,‘y~’[722] whichmayproceedin an analogousway.

Applying kaonmassesto the 2-prongeventswe havealsosearchedfor the decayJ/ifr —e yf’ (K~K).
No resonancesignal was found. The upperlimit on the branchingratio is includedin (7.31). The ratio
B(J/il,—* yf’)/B(J/9’i—e yf)<0.12±0.05seemsto deviatefrom a value of 0.5 expectedfor a SU

3 pure
singlet mixing of q~with cë states(diagram(a) of fig. 7.18) in an unbrokenSU3 model [7441.This
observationwasconfirmedby DASP [745]andhasbeendiscussedfurtherin [746].

7.8.3. fpolarization
The processe~e.-eJ/9’r -~ yf has3 independentf helicity amplitudesA0, A1 andA2. Their relative

sizes,sayx = A1/A0 and y = A21A0, fix the f polarization.They havebeencalculatedfor the 2-gluon
transition (fig. 7.18a)[747], allowing for a further check of this mechanism.Very similar predictions
follow, however,alsofrom otherassumptions,e.g.from a tensormesondominancemodel (TMD) [748],
which gives howeverno prediction for the rate, or from an electromagnetictransition [749] which
conflictswith the observedrate.The predictionsareshownin fig. 7.19.

The two quantitiesx, y can be measuredfrom the f productionanddecayangulardistribution [750]

W(o~,~M, t~M) 3x
2 sin2 t5~sin~28M + (1 + cos2ô~)[(3cos2ÔM — 1)2 + ~y2 sin4 ÔM]

— V~xsin226~sin28M (3 cos2t~M— 1— VIy sin2 ~M) cos4~M

+ V6y sin2~ sin2 6M (3 cos2ÔM — 1) cos24~M, (7.33)

= 4(f, e4) in e4e CMS

&f, 4~M= polar andazimuthalir~anglesin the helicity frameof the ir~ir system.

The analysisis describedin moredetailin ref. [740b,c].Fig. 7.19 showsa plot of constantx2 contours
as determinedfrom the one-dimensionalprojectionsW(coso~),W(cosÔM) and W(~M),in the x—y
plane.The minimum (x2= 26 for 25 constraints)at

A
1/A0= 0.6±0.3

(7.34)
A2/A0=

is in good agreementwith the predictionfor the 2-gluon transition.
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Fig. 7.19. Equal ~ contours drawn in the x = A i/Ao, y = A2/A0 plane obtained from the fit to the e~e—e i/i/i —e fy —e 7r~1ryprocess. The crossed
point is the minimum value. The predicted QCD and TMD points are taken from refs. [747]and [748].The expected values for pure El, M2 and E3
multipole radiation transitions are also shown.

In summary,theJ/9’i —e yggdecaymodeprovidesa plausibleexplanationfor the large i/i/i —e yf (1270)

branchingratio, andis in agreementwith thef polarization.tHowever,thebranchingratio for J/9’i —e yf’
(1515)seemsto be smallerthan expectedfrom simple SU3 argumentsin this picture.

8. Photon—photoninteractions

High energye~—estoragerings provide an effective tool for studying photon—photoninteractions
[801—810].The fast moving electronsaresurroundedby a Lorentz-contractedCoulombfield, equivalent
to aflux of photons(of energyw) which riseswith the energyE like [800]

- N(~)dw=~~ln-~-. (8.1)
w me

At PETRA energiesthe photon fluxes are sufficiently large to producea sizeablerate of hadronic
events,which in fact is comparableto the one originating from the one-photonannihilations.

Comparedto hadron—hadroninteractionsthe photon—photoncollisions show several interesting
features:

t Evidence for the i/i/i —e ygg transition has also been observed in the inclusive photon energy distribution by the 5LAC-LBL MARK II
collaboration [751],and very recently by the Crystal Ball experiment [752]in exclusive final states (glue ball candidates).
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1. The C-parityof two photonsystemis positive, so that the productionof C-evenmesons(like the
f°)can be studiedfree of backgroundfrom C-oddstates(p°,etc.).

2. The linear polarizationof bothinteractingphotonscanbe variedby fixing thee~ande scattering
planes.

3. Most important,the ‘virtuality’ Q2 of both photonscan be variedwith the electrons’kinematics,
thusallowing amorecompleteinvestigationof the yy dynamicsthanfor otherelementaryparticles.

4. Particleproductionin yy collisionscan be viewedas the dissociationof onephotoninto a pair of
chargedparticleslike leptons,pions and,most interesting,quarks,andthe investigationof the created
particleswith the help of the secondphoton. In the caseof hadronproduction, the variation of the
kinematicsallows a continuoussurvey from the low-Q2 regime,which is expectedto be dominatedby
the scatteringcrosssectionbetweenextendedvectormesons(VDM), to the highermomentumtransfers
which first probethe structureof the vectormesonsandeventuallyof quasi-freequark—antiquarkstates.
The crosssection in the latter regime is predictablefrom perturbativeQCD [811,813], and should
thereforeallow fundamentalchecksof the theory.

It should also be noted that the short-distancedomain of partonsand QCD is not only reachable
with highly virtual photons,but also with quasi-realones,provided high transversemomentaare
selected in the final state [814,815]. In contrast to high-p±hadron—hadroninteractions such yy
processesproceedin a ‘pure’ modewithout any spectatorparticlespresent,againprovidingcleantests
of QCD.

8.1. Kinematics

This sectionbriefly describesthe relationbetweenthe observedreaction,

e~e—ee~eX, (8.2a)

andthe processesof interest,namelyinelasticelectron—photonscattering

ey—* eX, (8.2b)

andphoton—photoninteractions

yy—eX. (8.2c)

The kinematicalvariablesandthe relevantdiagramtareshownin fig. 8.la.The incidente~ande (all
called ‘electrons’) are colliding head-onwith equal(high relativistic) energies.‘X’ is takento be a
hadronicstate.

Thesquaredmassq~(virtuality) of the photonsis given by

q~= (p
1 —p)

2= —4EE sin2 0,12—m2w~/EE (i = 1,2) (8.3a)

with

cu
1=E—E (i=1,2) (8.3b)

t Hadron production through one virtual photon (fig. 8.lb) is assumed to be suppressed by the kinematics, and neglected here.
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(a)

- (+ perm.)

perm .1

(b)

Fig. 8.1. (a) Photon photon diagram with notations for four vectors and laboratory variables. (b) ‘Compton’ or ‘bremsstrahlung’ diagrams.

the laboratoryphotonenergies,and m the electronmass.The notation

Q2 = —q~ (8.3c)

will be oftenused.
The invariant mass W of the hadronsystemX is given by

W2= (q~+ q
2)

2 = 4w
1w2— 4E’1E’2 sin

2(0
12/2) (8.4)

with 012beingthe anglebetweenp~and—p~.
The inclusive crosssection for reaction(8.2a)can either be expressedin termsof eight structure

functionsof the photon[808—810],or moreconventionallythrough eight total crosssectionsfor hadron
productionby two polarizedvirtual photons(8.2c),eachmultiplied with complicatedkinematicalfactors
(see [807]andappendix8A). The extractionof the yy crosssectionswith the help of approximated
kinematicalfactorshasbeenextensivelydiscussedin the literature[805—807,809, 810, 812, 816—8l9]t.

t with unpolarized electrons only six cross sections can be separated.
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It was first pointedout andexploitedby the PLUTO group[820—822]that the analysisis particularly
simple for experimentsin which oneof the scatteredelectronsis measured(‘single tag’), andthe other
one confinedto very small scatteringanglest(‘anti-tag’):

02� ø~~ 1. (8.5)

If 0~is smallenough,the anti-tagcondition forcesthe secondphoton to be very closeto real (eq.
(8.3)), transverse,andon averageunpolarized.Reaction(8.2a)canthen beconsideredinelasticelectron
scatteringoff abeamof quasi-realphotons(8.2b),with only two structurefunctionscontributing.

Similar to Hand’selectroproductionformula [8241the e—e crosssection~ can be expressedin
termsof the crosssections0t for transverseandoe for longitudinal virtual photonscolliding with real
ones:

dtlee Ft dE~di1
1 {tTt + eo~}. N(w2, g~lax)dw2. (8.6)

HereF0 ande arethe flux andpolarizationof the first photon,andN(o2,~ is the flux of the second

one [812,822]:

F ~ d~ a1E~ fE
2+E~2cos4(0

1/2)2m
2w1\dEl ~ 8t 1 1 — 2ir2 I~~lE \. E — E’

1 cos
2(0

1/2) — ~ ~d 1 ( .7)

S = 2EE’I cos
2(0

1/2)/(E
2+ E’

1
2 cos4(0

1/2)) (8.8)

max — a dw2 /E
2+ E~2 2EE~sin(Or’72) E~N(w

2,02 ) da2— — I 2 ln — — . (8.9)
1Tw2\ E mw2 E

Equations(8.6—8.9) are valid not only for small angles 01 of the first electron[819],but for all 0~,
providedthe condition

I~~I~ W
2 (8.10)

is fulfilled. Appendix 8A will give a shortderivationttandan estimateshowingthat, within plausible
dynamicalassumptions,the neglectedlongitudinal contributionsareindeedvery small.

A straightforwardintegrationof (8.6) over 01 leadsto the importantcaseof ‘double anti-tagging’ttt

dO~ee= 0t N(wi, o~~)dw
1 N(w2,0~)dw2 (8.11)

with thespectraof the two colliding quasi-realphotonbeamsgiven by (8.9).
If the final stateconsistsof a resonanceof massM, spin.1,andthe widthsF,, F~,andF respectively

for thedecayinto thedetectedfinal state,two photons,andall final states,thecrosssectionis givenby [825]

t By covering all angles >O~’with electron detectors.
if The more complicated two-term formula for differential cross sections has been derived in ref. [823].
tif For simplicity the notations ‘untagged’ and ‘no-tag’ will also be used for the double anti-tagged events.
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= 8ir (2J+ 1) (W2—M2)2+F2M2~ (8.12)

For investigationsof deepinelasticey scatteringit is more convenientto expressthe crosssection in
termsof the structurefunctionsof thephoton(seee.g.[826])

Ft(x,Q2)=
8~~ F1=F1

Q2 (8.13)
Fe(X, Q

2) 4w2au~ F
2 Fe+ 2xF~

with the scalingvariables

x = —q~I2(p1q2) = Q

21(Q2 + W2) 8 14

y = (qiq

2)I(p1q2) = 1— (E~IE)cos
2(0

1/2). (.

The ey crosssectionreads

do~(ey—*eX)= 161ra
2Eco

2{(1— y)F2(x, Q2)+ xy
2Fi(x, Q2)}. (8.15a)

For smally which dominatein the bremsstrahlungprocessonemeasuresessentiallyF
2:

do-(ey-+eX)16ira
2Ew

211 \

dx d ~ y,F2~x,‘.z

8.2. Selectionof yy events

The trigger acceptancefor y’y eventsincludesthe following classes
(1) ‘no-tags’ (no signal �40eV in LAT or SAT) togetherwith �2 ‘long opposite tracks’ in the

centraldetector(cos 0 <0.63, I~ — ~P~I >940, p~>
35ØMeV/c);

(2) ‘single tags’ (�4GeV in LAT or SAT) togetherwith � 1 long (seeabove)and � 1 ‘short’ track
(Icos 01 <0.87,p.L> 100MeV/c). In part of the experimentonly oneshorttrackwas required;

(3) ‘double tags’ (�4GeVfor oneand � 1.5 0eV for the otherscatteredelectron)togetherwith � 1
short trackor a minimumshowersignal in the barrel.

All eventswith �2 reconstructedtracksoriginating from the vicinity of the beamline (±15mm) are
consideredyy candidates.The separationof yy, annihilation,and backgroundeventsis basedon the
measurementof the vertex coordinatez along the beam (z = 0 marks the interaction point as
determinedfrom Bhabhascattering),and the total (charged+ neutral) energyE~

1~measuredin the
calorimeter-likecentraldetector.The z distributionof the candidates(fig. 8.2; 12GeVdataaftercosmic
rejection)shows a pronouncedbeam—beamsignal on top of a flat background.The net beam—beam
signal is obtainedby subtractingfrom the centralregion the backgroundas inferred from equivalent
side bins. Fig. 8.3 gives the energydistribution of all eventsfrom the centralz region, of the net
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Fig. 8.2. Vertex distribution along the beam axis, showing the regions used for background subtraction. Shaded area is the net beam—beam signal.

beam—beamsignal, andof the subsampleof taggedevents.At high energiesthe one-photonannihilation
events producea broad peak with negligible background.The low-energy peak consistspartly of
beam-gasbackground,but to a largerfraction of yy events(shadedarea).The subsampleof the tagged
events(hatched)alsopeaksat low energies,in agreementwith the interpretation.

Fig. 8.3 demonstratesthat it is possibleto analyseyy eventseven in theuntaggedmode.The main

I I I I I V V I

600 - PLUTO
6+6 GeV -

300 -

~

EVS(GeV)

Fig. 8.3. Distribution of the observed energy for all events of the ‘central region’ (fig. 8.2), and the subclasses of all beam—beam events (shaded) and
the tagged beam—beam events.
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resultsfor the two-prongclass(section8.3)haveindeedbeenobtainedfrom untagged(moreprecisely:
from doubly anti-tagged)events.Hadronproduction, as describedin sections8.4 and 8.6, hasbeen
measuredin the single tag (= ‘singletag * anti-tag’)mode.

8.3. Productionof leptonand hadronpairs

Two-particleproductionby two photonsis interestingfor severalreasons:
1. The production of p~j~t ande~epairs can be calculatedin QED. The measurementchecks

QED calculationsof ordera4.
2. The reaction yy —e /L~/L setsthe scalefor ‘point-like’ particleproductionin the investigationof

yy —eq~—e2 jets. For high transversemomentathe quarksare expectedto appearpoint-like, and the
ratio of both cross sections to approach a constant [814].

3. The production of low-energy i~ir pairs is sensitive to IT—IT phase shifts in even angular
momentumstates[803],andin particularmeasuresthe yy couplingof C-evenmesonslike the f°.

The dominanttwo-body channelsare e~eand ~ pairs. Non-resonantpion pair production is
expectedto contributelessthan 10% of the total muonyield [809].The productionof IT~IT resonances
howevershouldshow up as peaksabovethe smooth,QEDpredicteddistributionof invariant two-body
masses.

A cleansampleof anti-taggedeventswas obtainedfrom the datatakenat EB 15 GeV by selecting
eventswith exactly two tracks and no neutralenergy [828].The two tracks-were required to have
p~>400MeV, cos0 <0.56,and an acoplanarityangle>150. Thesecuts strongly suppresseventsfrom
e~eannihilation, and cosmics. The beam-gascontaminationwas less than 10% on average,and
subtractedseparatelyfor every datapoint. The distribution of the visible energy(fig. 8.4) and of the

EVENTS per 0.5GeV EVENTS per 0.05GeV

8 PLUTO00 PLUTO

600 300

200-

-I-

200
100 -

cut +

E [GevI ~o

Fig. 8.4. Visible energy E.,.~of acollinear two-prong events as observed
in the central detector. Background has been subtracted in all of figs. i~’~ (GeV]
8.4—8.10. Fig. 8.5. Missing transverse momentum oftwo-prong events.
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Fig. 8.6. Two-particle invariant mass distribution. Curve is absolute QED prediction for the production of lepton pairs (ee, ~qo).The insert shows
the difference between the data and the QED prediction. Pion masses have been inserted for the display of the observed as well as the predicted
invariant masses.

missingtransversemomentum(fig. 8.5)showasthe characteristicfeaturelargemissingenergycombined
with smallmissingtransversemomentum,in completeagreementwith the kinematicsof thetwo-photon
process.Eventswith E~15>10GeVwereexcludedas possibleradiative annihilationevents.

Fig. 8.6 gives the spectrumof the invariant masses,taking pion massesfor both particles.The full
curve is anabsoluteQEDpredictionfor eke,and~ - pairs [829,830],with pionmassessubstitutedfor
all. Radiativecorrections[827],and non-resonantirir production,all believedto be effectsof order
10%, are not included. Within theseuncertaintiesthe agreementis good, except for the interval
between1.0and1.5 GeV.Hereoneobservesan excesswhich canbevery well describedby a resonance
with positionandwidth of ther meson. The signal as obtained from fitting both the non-resonant and the
resonantpart correspondsto (128±27)f°mesons. The experimental acceptance depends on the helicity
stateA in whichther is produced.AssumingA = 2 todominateoneobtainswith thehelpof eqs.(8.11)and
(8.12):

F(f°—e yy) = (2.3±0.5(stat.)±0.35(syst.))keV. (8.16)

More recentdeterminationsby the TASSO, Mark II, and Crystal Ball collaborations[863—865]yield
similarvaluesrangingfrom 2.9to 3.6keV. Thevirtuality of bothphotonsissolow, (Jq~I)— 0.007GeV

2,that
the resultcan be consideredas the f°width for the decayinto two real photons.It can be comparedto
numeroustheoreticalpredictionsas listed in table8.1.

The experimentalwidth is close to the valuesobtainedfrom a non-relativisticquarkmodelwith an
oscillatorpotential. In judging otherpredictionsone should note, however,that someof them were
derivedusing old experimentalinput which should be updated.As an example,the predictionof ref.
[836]shouldnowread3 keV [843].

In the sameexperiment[828]the considerablysmallersampleof single-tageventswas alsoanalysed.
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Table 8.1

Predictions for the width F(f_ yy)

Reference F,,, (keV) Reference F,,, (keV)

831 0.8 837 8
832 >1 838 8
833 1.2—2.3 839 9.2
825 2.6 840 11.3
834 5.07 841 21±6
835 7 842 28
836 5.7 PLUTO 2.3±0.5(stat.)±0.35(syst.)

The invariant mass distribution (fig. 8.7) shows, on top of the QED prediction [8301only a small
enhancementat the f°mass.It can be attributedto the f°productionvia one quasi-realphoton, as
above,andonevirtual one with (I~~!)= 0.280eV2.AssumingagainA = 2 production,the analysisacc.
to eqs. (8.6) and (8.12) leadsto an upperlimit

F(r~-ey*y)<2.6kev at 95% c.l.. (8.17)

The analysisof particle pair production with W> 1.50eV hasthus demonstrated,within systematic
uncertaintiesof typically 15%,aquantitativeagreementwith the lowestorderQED prediction.A clear
resonantenhancementhasbeenobservedat the f°mass,andhasbeenusedto extractits yy width. This
constitutes,via the inversereaction,the first measurementof the very smallbranchingratio

B(f°—eyy)= (1.3±0.4)x 10~. (8.18)

EVENTS per GeV I

PLUTO
60 - I Single Tag

<E
8>x15.5GW

W [Gey]

Fig. 8.7. Invariant mass distribution of the two-prong events with a single tag in the SAT, together with QED prediction.
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8.4. The total hadronicyy crosssectionat low ~2

The low ~2 crosssectionis expectedto bedominatedby hadronicdiffraction and particle-exchange
mechanisms,in accordancewith thevector dominancemodel (VDM). The asymptoticdiffraction cross
sectionat ~2 0 is predictedby factorization:

o-~,,(oo)= u~,Io1,1, 240nb. (8.19)

An extrapolation to the low-energy region by resonance-Reggeduality, and to Q2� 0 by a simple

ansatzfor the p form factor leadsto [844,845]
o-~(W,Q2) = (240nb + 270nb . GeV/W+ B/W

2)/(1+ Q2/m~)2. (8.20)

The term B/W2 has been added here to describe possible deviations from the standardVDM
parametrization[844,845].

The low- andmedium Q2 crosssectionhasbeenmeasuredby the PLUTO group at beamenergies
around7 GeV [821]and15 0eV [822,851].tEventswere requiredto haveonephotontaggedwith the
SAT, theotheroneanti-tagged,andto showeither�3tracks,or 2tracksand� 1 nonassociatedphotonor
IT°in thecentralPLUTOdetector.Thetagandtheobservedinvariantmassof theproducedparticles,W~,
fix thekinematics(apartfromlossesW— W~

1~)andallow ameasurementof o~+ ro~accordingtoeq. (8.6).
Thedetectionefficiencywascalculatedwith theMonteCarlo simulationdescribedin section3.9.3.The

simulation reproducesthe observedchargedand neutralmultiplicities [851],as well as the transverse
momentumdistribution of the hadrons(fig. 3.13).

Fig. 8.8 gives the total crosssection O~+ S°eas it appearsat the observedhadronicenergy ~
According to the simulation, W~is typically 15—20% lower than the true photon—photonc.m. energy
W. Thephotonpolarizationparameteris closeto one,(e) = 0.95. The energydependenceof the cross
sectionis weakabove3GeV, in agreementwith the VDM prediction(eq. (8.20) with B = 0). At lower
energies,however,oneobservesastrongdependenceon W~.

o•t + C(nb) -l I I

800 - —

PLUTO -
600 - a 0.25 GeV~..

-~ <C>xO.95

400— 1+ —

III 111.1111

2 6 6 8 10

W~(GeV)

Fig. 8.8. Totalcross section o~+ eo~eas a function ofthe observedinvariantmass W,j~ofthe hadron system.Thesolid line gives the prediction ofthe VMD
model, folded with the energy response of the detector.

tPreliminary results have also been presented by the TASSO collaboration [860].
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Fig. 8.9. ~2 dependence of the total hadronic cross section o~,+ eo~for (a) small and (b) large visible energies. The solid lines are the predictions
from p meson dominance, folded with the detector resolution.

The 02-dependenceof the crosssection is given in figs. 8.9aandb separatelyfor low andhigh ~
Both showa similar falloff consistentwith the p form factor. Therefore,within the accuracyof thedata
the W- and Q2-dependenceof the crosssectioncan be separatedas formulatedin (8.20). A fit gives
B= (2250±500)nb - 0eV2, andleavesthe other‘VDM’ termspracticallyunchanged.

The crosssectionat Q2 = 0 as obtainedfrom the fit is shown in fig. 8.10 as afunction of the true W.
The full lines representthe lo error limits. The estimatedsystematicerror, resulting mainly from the
acceptancecalculation, is ±20%.The VDM expectationaccordingto (8.20)with B = 0 is shown as a
dashed line.

Theoriginof thesizeable11W2 termin thecrosssectionisnotclear.It seemsnotto bepossibletoexplain
thefull 11W2contributionin termsof Reggepolesor cuts [847].It hasalsobeensuggested[846]that a
‘quark box diagram’ may contribute:

OBox = 3 ~ e~ln(W2/m~). (8.21)
flavours

ci-ry (W

)

~~LUTO~

W(GeV)
Fig. 8.10. Total hadronic cross section u, extrapolated to = 0, versus the true photon—photon invariant mass. The hatched band shows the 1 std.
limits as obtained from the fit. The VDM prediction is given by the dashed line.
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While the W-dependenceagrees,the magnitudeas calculatedwith 3 flavours and an effectivequark
massmq= 100MeVislow by afactorof 2. Also, the Q2-dependenceis expectedweakerthanobservedin
fig. 8.9a.

Multihadron productiondefinitely deviatesfrornthe(asymptotic)VDM extrapolation(eq. (8.20)with
B = 0) at W� 3 GeV, and requiresa substantialcontributionconsistentwith a 11W2dependence.In
the rangeof 5 < W < 10 GeV the measuredcross section and the VDI’4 prediction agree.The Q2

dependencefor ~2 < 1 GeV2 is consistentwith the p form factor at all valuesof W.

8.5. High Pi jets

A direct way to observepoint-like interactionsof real photonswith quarksis the reaction:

yy—eqq—-e2jets (8.22)

wherethe jetshavelargetransversemomentawith respectto the beam.Refs.[814,815] suggestthat the
2-jet andinclusive 1-jet crosssectionsfrom this mechanismaremuchlargerthan thosefor high p±jets
producedvia the VDM in p°—p°scattering.The ratio R~

7of the quark to the muon crosssection is
given by the fourth powerof the quark chargeseq:

R _ti(yy—e1jet+X~3 ~ (823
— °(77 ~ ~ — q=~,s.ceq— 27~ )

First orderQCD correctionsaresmall for highp~(of the jets) [814,848, 849].
Fig. 8.11 showsone exampleof a two-jet eventwhich is coplanarwith the beam,but not collinear,

and labelled as a y’y reaction by a tag in the SAT. A small sample of such two-jet eventshasbeen
collectedand is being analysed.Preliminaryresultsof this analysis[850],and also new resultsof the
JADE [861]andTASSO [862]collaborationsareconsistentwith the hardscatteringmechanism(8.19).

- . -

E ~13.8l3eV- S---. I
E~ 6,5GeV . ~ S .,‘7~)
W 8 Ge~’ ‘.6 .

~:3GeV -

= 1,6 13eV ____________

a 139’ ~

Fig. 8.11. Three projections of photon—photon produced two-jet event with kinematics as obtained from the tagging counter and the central
detector. The figures in the x—y projection show the neutral energy signal as observed in the barrel and end cap shower counters.
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8.6. Deepinelastic electron—photonscattering

The most direct method to look for virtual constituentsof the photonis inelastice—y scatteringat
high momentumtransfers.This reactionhasbeenobservedin the largeangletagger(LAT) of PLUTO,
with the probingphoton in the range 1 � � 15 GeV2 [852].The virtuality of the target photonwas
kept very small ((Jq~) 0.07GeV2) by virtue of the anti-tag condition, and the kinematicswere
determinedfrom the tag andthe hadronicenergyW.,.

1~observedin the innerdetector.
The Q

2 dependenceof the crosssectiono•~+ eo-~for high W~
1.is shown in fig. 8.12. The low ~2

points (which were alreadyshown in fig. 8.9b) are very well describedby the p form factor. Above
1 GeV

2, however,the measuredcrosssection is one orderof magnitudelargerthan expectedfrom the
VDM description. The deviation demonstratesthat the target photon has a substructurewith a
dimensionmuch smallerthan that of a normal hadron.The evidenceis reminiscentof the excessof
wide-anglescatteringeventsobservedat atomictargetswhich alongtime agoled to the discoveryof the
atomicnucleus.

In the terminologyof deep inelastic electron scatteringthis substructureof the target photon is
expressed(both experimentallyandtheoretically,seebelow)in the photonstructurefunctions.13(x, Q2)

as definedin section8.1. For the PLUTO data the region of deepinelasticey scatteringis given as
1 � � 15 0eV2, and W> 1 GeV. It contains,after subtractionof six estimatedbackgroundevents,
the smallbut very cleansampleof 111genuineyy events.The contributionof bremsstrahlungdiagrams
(fig. 8.lb) wasdeterminedby aMonteCarlo simulationto be lessthan0.3 events.The photonstructure
function F

2 was evaluatedusing eq. (8.15b), and correctedfor detectoreffects, but not for the
supposedlysmall [853]radiativeeffects.

As shown in fig. 8.13, the measuredF2 is almost flat over the full x-range, with an average
(F2/a) 0.35. It is distinctlydifferent from the structurefunctionsof baryonsandalsoof the pion [854],
which peakat small x and rapidly vanish for x—+ 1. Quantitatively,the contributionof the p meson
componentto the photon structurefunction can be derivedfrom the measuredquark momentum
distributionin the pion, x q(x), as [826,854]

~ C o~ Photon Structure Function
I I ~/a i I I I I I I

(nb) PLUTO 0.7 - PLUTO — — — - QCD (L.O)+’p-

300 — + 3.5<W~’c10GeV - <02> 5GeV
2 QCD( .

0.6- W>lGeV C~ -

,~__ ~

o~ ~2 [0V21 10 0. 0.5

Fig. 8.12. Total yy cross section vs. ~ The solid line shows the Fig. 8.13. Photon structure function in units of a. Dotted curve:
VDM expectation. hadronic part ace. to VDM. Full and dot-dashed curves: QCD predic-

tion (A = 0.2 0eV; u, d, s only) in leading and next-to-leading order,
with hadronic part added. Dashed curve: contribution of c quark
(m 1.5 0eV).
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= (~~)(e~+ e~)xq(x), (8.24)

shown as a dottedline in fig. 8.13. It is clearlymuchtoo small to describethe measurement.
The differencecan be qualitatively understoodas due to virtual ‘free’ q~pairs,describedby the box

diagramof thequark-partonmodel.ForlargeQ2 thecontributionof thequarkbox toF~growslike In Q2,
anddominateseq. (8.24)completely.In leadingorderof QCD thecontributionof thelight quarksbehaves
for largeQ2 like [8261

F~QCD = 3 ~ e~h(x) ln(Q2/A2) (8.25)
flavours

TheQCD calculationsof F~,QCD [813, 815, 826, 855—858]arebasedon perturbationtheoryonly, andare
free of the bound-stateproblemswhich affect the predictionsof the structurefunctionsof hadrons.
Thereforemeasurementsof F~allow unambiguous tests of the quark dynamics.

The full and the dashed-dottedcurvesin fig. 8.13 show the QCD calculationsin leading [855] and
next-to-leadingorder [858](u,d, s; A = 200MeV), with thep part(8.24)added.Bothof themdescribethe
mediumandhigh-x measurementsverywell. The statisticsarenot goodenough,however,to distinguish
betweenthe two, nor to discriminateagainstpredictionsof the standardquark model andthe massive
quarkmodel [859](with mq 300MeV, notshown).Thecontributionof cëpairs(dashedcurve)is smallin
the acceptedkinematicalrange,but happens,if added,to improvethe agreementat small x.

The measuredphoton structurefunction is consistentwith the Gell-Mann—Tweig assignmentof
fractionalquark charges,which appearin (8.25) in the fourth power, and also with the predictedQ2
dependence,if a A valueof order0.2 GeVis inserted[852].Futurehigh statisticsexperimentsmayin fact
exploit the strongscalebreakingindicatedin (8.25) as a sensitivemeansof determiningthe QCD scale
parameterA.

8.7. Conclusions

Theresultsof thePLUTO grouphavefor the first time demonstratedthat hadronproductionin high
energyphoton—photoncollisions can be clearly detected,andanalysedin an unambiguousformalism,
providedat leastoneof thephotonsis constrainedto themassshellby an ‘anti-tag’ condition.Thedecay
width of the f° meson into two real photonshas been found to agree with expectationsof the
non-relativisticquark model. The total crosssection for the scatteringof low-Q2 virtual photonson
almostreal onesfollows the expectationsof the VDM at high energies,but showsaso far unexplained
deviation at low energies.The first measurementof the high-Q2~n crosssection and of the photon
structurefunction demonstratesthat the photonhas,in additionto its well-known vectormesonnature,
a distinctly different component,correspondingto the short-distanceq~structure expectedfrom the
quarkmodel andQCD.

While this report was being written, a new version of the PLUTO detector with substantially
improvedforwardspectrometershasbeenbuilt andinstalled in the interactionregion (fig. 3.10). It will
allow anew researchprogram,whichis differentfrom thoseof theotherstorageringdetectorsat PETRA,
with heavy emphasison high-Q2 photon—photonreactionsand photon structurefunctions as a very
promisingtool for detailedtestsof the quarkdynamics.
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Appendix8A. Electron—electronandphoton—photoncrosssections

A general relation betweenthe inelasticelectron—electronand total photon—photoncrosssections
hasfirst beengiven in ref. [807],andcan alsobe found in refs. [810,8121. Using variablesas definedin
fig. 8.1 it can be formulatedast

dUee= (F1~r~~F~+ F~.TSTF~’+ F~u~F~+ ~ + A cos2~+ B cos~)dE~d111 dE~d112.
(8A.1)

TheP can beconsideredflux factorsfor transverse(T) andlongitudinal(5) photons.They aregiven by

1-dE d.17, =
2p~~C, dE dfl,

(8A.2)
I’~dE d1~,= p~°C, dE, d11

1

wherethep~’arephotondensitymatricesin the helicity basis(A = —, o, +):

p~’°= (2p1q~_,— q1q2)

21X — 1 (8A 3)

2p~+~p~0+2_4m2/Iq~I
with

X = (qiq
2)

2— ~ (8A.4)

The phasespaceandpropagatorfactorhasbeenartificially split into C
1 - C2:

_aE~ V~
C1_~f~f~p1~p2).q2 (8A.5)

C ~
2A 2 2

‘+lT q~ PiTh

4 is the azimuthalanglebetweenthe scatteringplanes,as- seenin the photons’c.m. system.A andB
havea similar structureas the otherterms, but will disappeardue to the azimuthalsymmetryof the
detectionas discussedbelow.

Factorizationof the relation(8A.1) meansthat the factorsF~-andF~dependonly on thevariablesof
the electron ‘i’ and can thereforebe interpretedas the independentlyradiatedphoton flux. This has
beenshownto hold if both electronanglesaresmall [805,807, 819]. Factorizationalsooccurs,as shown
below, if only one of the electronsis emitted at smallangle02, andthe virtuality of theemittedphoton
is small

02 .~ i (8A.6a)

I~~I~ W2. (8A.6b)

Eq. (8A.6b) follows from (8A.6a), for all but very smallphotonenergies.
With the helpof (8.3), (8.4), andthe generalrelation

2p
3_,q, = 4w,E— q~ (i = 1,2) - (8A.7)

oneobtainsin the approximation(8A.6)

Vx q1q2 2w2(E— E~cos
2(0

112)) (8A.8)
tEq. (19) of [8071.or (5.12) of [8121.
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andthefinal expressions,whosesymmetryhaspartlybeenenforcedby neglectingtermsof orderm0~/E2,

andby substitutingto

2 ~ E— E~cos
2(0

2/2):
— , 2a , ,cos

— 4~2 E — 1~ -

~ alE(E
2+E2cos4(012)2m2w

1\ —1 2 (8A 10)T — 21T2 ~ E \, E— E cos
2(012) Iq?I ~ (i — )

— a 1 E 2EE cos2(O~/2) — ~. 2 8A 11S 22 q~IE E— E cos2(0,/2) (i — ). ( - )

These equationsshow the desiredfactorization for arbitrary scatteringangles 0,. Integration over
dO

2= d42dcos02 cancelsthe ~-dependentterms in (8A.1)t, and leads to eq. (8.6) with ~t =

=
0ST, andF~=

For small or” the contributionsof o~-~and O~sare small, becausedue to gaugeinvariancethey
vanish proportional to q ~ [812]. A quantitative estimate can be made if one assumes that the
q~-dependenceis governedby the hadron(p) form factor

F~= 1/(1+ q~I/m~) (8A.12)

like

om(1-Fp)cr.i-r (8A.13)

0TT F2~OIq~o. (8A.14)

For thecaseof PLUTOat PETRA, integrationof OTSISup to or” 0.02 leads to a contribution of only
1%relativeto ~ Evenfor largerOr” therelativecontributionwill staysmall.Thesameappliesto the
contributionof o-

55F~relativeto OSTfl’.

Therefore,as long as the ratio of longitudinal to transversecrosssectionsdoesnot rise fasterthan
1—.F,, the omissionof O~-~ando~in (8.6) andof O~STin (8.11)is fully justified.
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