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Abstract:
Hadronicdecaysof theZ

0 producedin e+e annihilationareideal for precisetestsof QuantumChromodynamics.A large
numberof measurementshasbeenperformed,basedon the largedatasetsof more than400000hadroniceventsobserved
by the eachof the experimentsALEPH, DELPHI, L3 andOPAL at LEP. The most important resultsare: (a) the strong
coupling constantis as (mz) = 0.119±0.007.The energydependenceof the 3-jet fraction measuredin e~e annihilation
between14 and91 GeY showsthata

8 is runningaspredictedby QCD. Thestrong interaction is flavor-independent.(b)
SecondorderQCDmatrix elementcalculationsreproduceall measureddistributionsfor jets in 3-jet and4-jet events.There
is direct experimentalevidencefor thegluon self interaction. (c) All measureddistributionsfor hadronscanbe reproduced
by QCD Monte Carlo programsor analyticalcalculations.
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1. Foreword

QuantumChromodynamics(QCD) [1—3]is the theory of the strong force. It canexplain — at
leastqualitatively— all measurementsof stronginteractionphenomena,rangingfromboundstatesof
quarks,baryonsandmesons,to asymptoticfreedomat short distances[4]. However, theprecision
of QCD testsis limited to typically 10% for the following reasons:perturbativecalculationsare
difficult dueto thelargenumberof diagramsinvolved, andthe convergenceof the seriesexpansion
in c~is poor dueto the largevalue of the strongcouplingconstant.In addition, non perturbative
effects (hadronization,structurefunctions)haveto be takeninto account,which today must be
modeled.It is importantto pushthe accuracyof QCD testsas far as possible,and to extendthe
teststo many processes.

Major contributions to the establishmentof QCD havecomefrom the studyof deep inelastic
lepton—nucleonscattering,hadron—hadroncollisions,quarkoniumdecays,andhadron production
in e+e annihilationat centerof massenergiesbetween12 and 64 GeV.

In e~e collisions the initial state is simpleandcompletelyknown,thereforeallowing for clean
tests of QuantumChromodynamics.The additional advantagesof high energyand largeevent
samplesmaketheZ°resonancean ideal laboratoryfor QCD studies.

A large numberof measurementsof hadronic Z°decayshave been performedat the e+e
collidersLEP andSLC in the years1989—1991.A wealthof experimentalresultson QCD testshas
beenpublishedin about fifty papers.In this review only resultspublishedor available in form of
preprintsby thebeginningof 1992 are considered.I concentrateon thosemeasurementsfor which
calculationsin the framework of QuantumChromodynamicsare available, in order to extractthe
strongcouplingconstanta5,andto test the theoryof stronginteractions.Foreachof the main topics
I will describe,as an example, the analysisof one experimentand thencompareandsummarize
the resultsof all availablemeasurements.

Here I considermainly QCD testsbasedon the processe+e ~ hadrons.As far as possible I
will compareexperimentalresults obtainedfor centerof massenergiesfrom above 10 GeY (bb
threshold)to 91 GeV (Z°mass)andwill alsoextrapolateup to 160 GeV (W~W threshold).At
theendof this report I will discusspossibilitiesfor future QCD testsat LEP and SLC.

In the introduction(section2) I briefly introduce QCD, describethe processe+e —+ hadrons,
and give an overview of the experimentsat LEP and SLC. In section 3 comparisonsbetween
measurementsandMonteCarlo simulationsfor hadronproductionin e+ e collisionsarepresented.
Section 4 is devotedto measurementsof the strong coupling constanta~,and to related tests
of QuantumChromodynamics.This includes a comparisonof a5 values obtainedin different
reactions(universality),for differentquark species(flavor independence),andat differentenergies
(‘running’). DetailedQCD testsbasedon 3-jet and4-jet events,andin particularthe measurement
of the three-gluoncoupling, aredescribedin section5. “Soft” phenomenasuchas particlespectra
andstring effect are the topic of section6. Finally the prospectsfor future QCD studiesat the Z°
resonanceareoutlined in section7.

Throughoutthis reporta systemof units is usedwith h = 1 andc = 1. For Dirac’s y matrices
I usethe conventionsgiven in ref. [51.If numericalvaluesfor c~are quotedwithout the energy
scalebeingmentionedexplicitly, theyalwaysreferto a8(mz). All errorsandresolutionscorrespond
to aconfidencelevel of 68% unlessstatedotherwise.
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72 T. Hebbeker,Hadronicdecaysof Z°bosons

For brief generalintroductionsto QCD andrelatedtestsseefor examplerefs. [4,6]. References
to recentbooks on this subjectare given in ref. [7]. Theoreticalreviews on QCD tests in e+e
collisions can be found in refs. [8—121.Measurementsin e+e annihilation at centerof mass
energiesbelowthe Z0 massare summarizedin refs. [13, 14].

2. Introduction

2.1. QuantumChromodynamics

QuantumChromodynamics(QCD) [1—3]is anonabeliangauge theory with an SU(3) group
structuredescribingthe interactionof coloredspin-1/2 quarkswith coloredspin-i gluons.

Stronginteractionshavebeendiscoveredand investigatedin detail at the level of nuclei. QCD
explainsstronginteractionsat the level of quarks,which aregluedtogethervia gluons:baryonsare
madeout of three quarks, andmesonsare quark—antiquarkbound states.Todaywe understand
the inter-nucleonforcesas a kind of “van der Waals” residualinteraction betweencolor neutral
3-quarkboundstates.Unfortunatelyit is not yetpossibleto usethis knowledgeto makequantitative
predictionsfor nucleoninteractionsandpropertiesof nuclei. This will hopefully becomepossible
with further progressof QCD lattice gaugecalculations [15]. Due to the current limitations of
calculationswithin perturbativeQCD quantitativetestsof the theorycanbe doneonly attheparton
level.

2.1.1.History
The theory of QuantumChromodynamicsis about20 yearsold. HereI reviewthe experimental

milestonesand new theoretical conceptsthat led to the developmentof this theory of strong
interactionsand to its consolidation.

Quarkswere formally introducedas constituentsof mesonsandbaryonsin the Gell-Mann—Zweig
model [16]. It was realizedthat quarks are naturally associatedwith the pointlike constituents
(namedpartons[171) discoveredin deepinelasticlepton—nucleonscattering[18].

The conceptof color [19] was introducedin orderto avoid spin statisticsproblemsappearingfor
baryonsmadeout of threequarkswith the sameflavor, for examplethe i~ + resonance.Assigning
to the quarksa new quantumnumbercolor, correspondingto a new symmetrySU (Ne), solves
this problem. The numberN~of color degreesof freedomwas measuredfrom the partial decay
width of neutralpionsinto photons(‘~N~)[20] *), from the total hadroniccrosssectionin e+ e
collisions (‘~Nc) [22—24]andfrom otherprocesses.

Gluonswereinventedto explainhadronsas dynamicallyboundquark states[1]. They play the
role of thegluethatholdsthequarkstogether.The “invisible” particlesin electronnucleoncollisions
[18] could be identified with the electricallyneutralgluons.

Important for the developmentof QCD as a nonabeliangaugetheory with a couplingconstant
decreasingwith energywere the conceptsof confinement[25] andasymptoticfreedom [21: free
quarksdo not exist,one canobserveonly color neutralhadrons;at highmomentumtransferquarks
behaveas almostfree particles.

Significantcontributions to the establishmentof QCD from e+ e experimentsat high energies
arelisted in section2.2.

*) For earlier references,in particularfor their° lifetime, seealso ref. [21].
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2.1.2. QCD Lagrangianandfundamentalvertices
The QCD Lagrangianhasthe form [61:

£ = ~ [iy~ (ôabOp + igstabgp) — mjôabôa,J]q~”— jFrFr~1w (2.1)

Overrepeatedindices is to be summed:

= 1,2,3,4, Dirac index,
= 1,2,3,4, spacetimeindex,

a,b,... = l,...,N~= 3, quarkcolor index,
r, s,... = 1,. . . , N~— 1 = 8, gluon color index,

j,k,... = l,...,NF, flavor index.

The spin-1/2 quark fields are q~~Jand their massesare m~.The fields F are relatedto the vector
gluon fields g~by

F,~= — O~g— g5f
T5g~g,. (2.2)

The SU (3) generatorst’~satisfytherelation

trts — tst~~= jfrsttt (2.3)

with structureconstantsf~t.The quantity gs is relatedto the QCD couplingconstant

= g
5

2/4ir, (2.4)

the analogueto the fine structureconstanta r~~ in QuantumElectrodynamics(QED). The
Lagrangianalsocontainsgaugefixing andghostterms,which arenot shownhere.

The Lagrangian(2.1) is invariantunderlocal gaugetransformations

qa(x) —~ U~~q1’(x), g~(x) —~ Ug,~U’+ i/g
5U8,~U’, (2.5)

with

U U(x) = exp[jg5~~(~)~r], (2.6)

The first term in eq. (2.1) containsthe quark—gluoninteraction

qgq g~c~t~g~q, (2.7)

while the secondterm describesthe three-gluonvertex

ggg g~frsgg~~LglV (2.8)

andthe four-gluon selfinteraction:

gggg~ g
2frsefruvgsgtgu~Pgv~v (2.9)

Note that the coupling strengthsof all three vertices are describedby the sameconstant.The
correspondingbasicFeynmangraphsare shownin fig. 2.1.
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Fig. 2.1. BasicFeynmandiagramsin QCD.

In QCD theso calledcolor factorsCA, CF and TF aregiven by the relations[6]

fTSIfTSU = ötUCA, CA = N~= 3, (2.10)

tabtbc = ôacC~, CF = (N~ l)/2Nc = 4/3, (2.11)

tabtba = örsTF, TF = 1/2. (2.12)

They are a measureof the coupling strengthsof the triple gluon vertex, of the gluon radiation
off quarksandof the gluon splitting into quarkandantiquark, respectively.For applicationssee
section5.2.2. While in an SU(Nc) gaugetheory andin particular in QCD the quantitiesN~and
CA areequal,theydescribedifferentpropertiesof thestronginteractions.N~is the numberof color
degreesof freedomsof quarks,and CA describesthe selfcouplingstrengthof gluons.

2.1.3. Runningcouplingconstant
In QuantumChromodynamics,as in otherfield theories,ultravioletdivergencesmustberemoved

by the renormalizationof fieldsandcouplings[3]. Different schemesexist. For technicalreasonsin
QCD mostoftendimensionalregularizationis applied,andin particularthe MSscheme[26], which
I will use throughoutthis review. In this modified minimal subtractionschemecalculationsare
performedwith n ~ 4 spacetime dimensionsanddivergencesareexpressedas polesin e = 14— n
Thesepoles,togetherwith aconstantterm, aresubtractedto obtainfinite quantities.

The renormalizationformalism leads to the running of coupling constants,describedby the
renormalizationgroup equation

= —(/Joa~+ flia~+ fl~a~+”~). (2.13)

Here the renormalizationscale~uappears,which canbe interpretedas an energyscale.as(ku) is
then the coupling constantdescribing strong interactionsat an energyscale ~ or distance 1 /ji.
Observablesare independentof ~u,seesection4.1.

The first threecoefficientshavebeencalculated [2,27,28]:

= (11— ~NF)/41r= 0.610, fl~= (102— ~Nr)/(4ir)2= 0.245,

P2 = (~2— ~3NF + ~NF2)/(41r)~ = 0.091 (2.14)

The numericalvalueshave beencomputedusing NF = 5 for the numberof active flavors. The
lowestordercoefficientsof thebetafunction, in particularfib, arepositive,whichleadsto adecrease
of the couplingwith increasingenergya. This is differentfrom QED, wherethe betafunctionhas
the othersign, causinga to increasewith ji.
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>~+c...
q ‘screening’

— ~ ‘antiscreening’

Fig. 2.2. Feynmandiagramscontributingto the effective couplingstrengthin QCD.

The sign of fl~in QCD is dueto the gluon selfcoupling.Figure2.2 showsthe lowestorderdiagram
andgraphswith quarkandgluon loopscontributingto the coupling“seen”by aquarkscatteringoff
a gluon with momentumtransferIq2 I = /12. The internal quark loops leadto a “screening”of the
barecoupling,that is areductionof a~for largedistances(small ‘u); the gluonloopshoweverarethe
causeof “antiscreening”.The strengthof the screeningeffect is proportionalto the numberNF of
quark flavors contributing,which arethosewith massbelowthe renormalizationscalej~.The gluon
loops contributea positive constantterm 11/4ir to fib, which exceedsthe negativecontribution
—NF/61r dueto the quark loops if the numberNF of flavors doesnot exceed16.

The solutionto the evolutionequationin lowestorder,

/i2Oa~/~/L2ml3a~/8ln/L2= —float, (2.15)

canbe written as

= as(/2o)/[1 +floa
5Cuo)lnCu

2/
4u~)], (2.16)

where/1o is a referencescale.Defining

A = /loexp[—1/2floa5(/lo)] (2.17)

leadsto the equivalentexpression

= floln(/1
2/A2) (2.18)

Thereis onefree parameter,which can eitherbe chosenas a~(/1o), for agiven scale/10, or asA.
The parameterA indicatesthe boundarybetweennonperturbativeandperturbativeenergyranges.
It dependsthrough Pa on the numberof flavors NF. The parametera~is more directly relatedto
measurementsand is afunction of the scale~u.

When comparinga
5 or A valuesfrom different publicationsagreatdeal of caution is required

[6,29]: In practiceavariety ofexpressionsareusedfor therelationbetweenAanda~corresponding
to different
— renormalization schemes (MOM, MS, MS),
— numbersof “active flavors” NF in the coefficientsfi’ (3, 4, 5),
— ordersin perturbativeexpansion,(leading,next-to-leading,secondsubleading;correspondingto
atruncationof the fi functionafter the first, secondor third term),
— choicesof constantof integrationfor the solutionof the evolutionequation,
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Table2.1
Relationbetweenas(mz)andA(NF)/GeV accordingto formula (2.19).

as 4(5) 4(4) 4(3) a
5 4(5) 4(4) 4(3) a, 4(5) 4(4) 4(3)

0.091 0.031 0.054 0.078 0.111 0.149 0.225 0.283 0.131 0.436 0.589 0.668
0.092 0.034 0.059 0.084 0.112 0.159 0.238 0.298 0.132 0.456 0.613 0.692
0.093 0.038 0.065 0.092 0.113 0.169 0.252 0.313 0.133 0.476 0.637 0.715
0.094 0.041 0.070 0.098 0.114 0.179 0.265 0.328 0.134 0.498 0.664 0.741

0.095 0.045 0.076 0.106 0.115 0.190 0.280 0.344 0.135 0.519 0.688 0.765
0.096 0.049 0.082 0.114 0.116 0.202 0.296 0.362 0.136 0.542 0.715 0.791
0.097 0.054 0.090 0.123 0.117 0.214 0.312 0.379 0.137 0.565 0.742 0.817
0.098 0.058 0.096 0.131 0.118 0.226 0.327 0.396 0.138 0.588 0.769 0.843
0.099 0.063 0.103 0.140 0.119 0.239 0.344 0.414 0.139 0.613 0.798 0.870

0.100 0.068 0.111 0.149 0.120 0.253 0.362 0.434 0.140 0.637 0.826 0.896
0.101 0.074 0.120 0.160 0.121 0.267 0.380 0.453 0.141 0.663 0.856 0.923
0.102 0.080 0.128 0.170 0.122 0.281 0.398 0.472 0.142 0.689 0.885 0.951
0.103 0.086 0.137 0.181 0.123 0.296 0.417 0.492 0.143 0.716 0.916 0.979
0.104 0.092 0.146 0.191 0.124 0.312 0.437 0.513 0.144 0.743 0.947 1.006
0.105 0.099 0.156 0.203 0.125 0.328 0.457 0.533 0.145 0.771 0.978 1.034
0.106 0.107 0.167 0.216 0.126 0.344 0.477 0.554 0.146 0.799 1.009 1.062
0.107 0.114 0.177 0.228 0.127 0.361 0.498 0.576 0.147 0.829 1.043 1.091
0.108 0.122 0.188 0.240 0.128 0.379 0.520 0.598 0.148 0.859 1.076 1.120
0.109 0.131 0.200 0.255 0.129 0.397 0.542 0.620 0.149 0.889 1.109 1.148
0.110 0.140 0.213 0.269 0.130 0.416 0.565 0.644 0.150 0.920 1.143 1.176

— approximations in the solution of the evolution equation (exact, expansion in inverse powers of
ln(ji

2/A2), ...

Foragiven valueof A the numerical differences can be bigger than10% in a
8 and are therefore

in general not negligible. The a dependence of a~also depends on the choice of the a8 formula,
however the differences are small for the commonly used relations and can often be neglected [29].

In this report I use the next-to-leading order formula [201

— 1 (~flulnlnCu2/A2)’\ 219
asCa)— floln(/1

2/A2) \~, — fl,,~ ln(,u2/A2) ) (

which has been used by all LEP and SLC collaborations. The corresponding formula to second
subleading order [30] agrees with expression (2.19) to about 1% for the same values of A and ~u.
Table 2.1 shows relation (2.19) in tabular form for ~u= mz.

For historical reasons most often A has been used as the fundamental parameter in QCDdue to
a lack of a “natural” scale /1o >> A. Today we have a convenient reference scale Mo = mz and I will
express the QCDcoupling strength in terms of a

8 a~(mz) from now on.
The measured value for A~of about 0.15 GeV [4] corresponds to as ~ 0.11.
Figure 2.3 shows the characteristicenergy dependenceof a8, which is often referred to as

the “running” of a8. With increasing energy the coupling strength becomes smaller (“asymptotic
freedom”). For high energies (say above 1 GeV) the coupling constant is sufficiently small such
that perturbative calculationscan be performed.For low energies,in the non perturbativeregion,
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4-.

1 confinement

asymptoticfreedom

(perturbative)

‘°WGeV1°

Fig. 2.3. Energydependenceof thestrongcoupling constant.

the coupling constant becomes large, which is believed to be the origin of confinement.

2.2. The process e+ e —* hadrons

The process e~e —~ hadrons at high center of mass energies is well suited for QCDtests: (a)
the initial state is well defined, (b) the high momentumquarks andgluons (fig. 2.4) form jets,
tight bundlesof hadrons,which preservethe energyand the directionof the primarypartonsto a
good approximation.

Figure2.5 showsa “LEGO plot” of ahadroniceventobtainedat 91 GeV centerof massenergy.
Here the energy flow is plotted as function of the polar angle 0 with respect to the e + e beamline
andthe azimuthalangleq5. The figure showsnicelythat the jetsarenarrow andwell separatedfrom
eachother.

The analysis of hadronic events in e+ e collisions at high energies has made major contributions
to the establishment of QCD[13, 14]:
— The numberof colors N~has beendeterminedfrom the ratio of hadronicandmuonic cross
sections[22—24].
— Quarkjets [31] andgluon jets [32] havebeendiscovered.
— The quarkspin of 1/2 [18] hasbeenconfirmed [31, 131 andthe spin ofgluonshasbeenmeasured
[33].

— The strong coupling constant has been determined using different methods [13].

Fig. 2.4. Jetproduction:e~e—‘ q~g.
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30 q

1 (~) (~) (~) (iv)

Fig. 2.5. “LEGO-plot” of a 3-jet eventat 91 GeV (L3). Fig. 2.6. The four phasesof the processe~e —* hadrons.

— Indications for gluon interferenceeffects have beenfound through studiesof the string effect
[34, 14] and of particle spectra [35].

One can distinguish four separatephasesin the processe+e —+ hadrons, corresponding to
different time and length scales [11]:

(i) iO~~cm: production of a q~pair (and photons) [electroweak],
(ii) i0’~ cm: radiation of gluons and quarks [perturbativeQCD],
(iii) iO’~ cm: fragmentation of quarks and gluons into hadrons [non perturbative QCD],
(iv) > iO’~ cm: decays of unstable particles [electroweakand QCD].
These subprocessesare implementedin several Monte Carlo event generators[11] and are

sketchedin fig. 2.6. In the following sectionsthe four phasesare describedin moredetail.

2.2.1. Theprocesse+e— ~ if
To lowestorderthe total crosssectionfor fermionpair productione~e —~ f~’ at a center of mass

energy~/i is given by [20]

~(e~e —~fF) = 47r(a2/s)[Q~Q?+ (V2 +A~)U’~2+A~)IxI2+2QeQIVeVfRe(X)] (2.20)

for particlemassesmf << ~ Here

1 s
X = . (2.21)4sin2Owcos20ws—n4 + imzl’z

describesthe Breit—Wignerform of theZ°resonance.mz = 91.2 GeV andI’z = 2.5 GeV denote
the massandthe total decaywidth of theZ°boson [36]. a = 0.00730is the fine structureconstant
and sin2Ow = 0.23 the weak mixing angle [36]. Values for the coupling constantsQ~(electric
charge),Vf = — 2Q~sin2 Ow (vector coupling to Z°)andAf = I~(axial vector coupling) are
given in table2.2. The third componentof the weak isospin j3 is — 1/2 for fermionswith negative
chargeand+ 1/2 for all others.The first line in eq. (2.20) describesthe photons-channeldiagram
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Table 2.2
Fermioncouplings to y andZ0 for sin2 9w = 0.23.

Fermion Q V A Q V A

ii 0 1/2 1/2 0.00 0.50 0.50
e, ~z,~ —l —1/2 + 2sin2Ow —1/2 —1.00 —0.04 —0.50
u, c, t 2/3 1/2— (4/3) sin~Ow 1/2 0.67 0.19 0.50
d, s, b —1/3 —1/2 + (2/3)sin2 9w —1/2 0.33 0.35 —0.50

as shownin fig. 2.7a,and the secondline containsthe contributionfrom Z°exchange,seefig. 2.7b.
The last term describesthe y—Z°interference.The contributionof the Higgs exchangediagramcan
be neglected[37].

Forq~final statesan additional QCD color factorN~= 3 hasto be inserted.In caseof electron
production (f = e, Bhabhascattering) additional terms have to be addedto eq. (2.20), which
describethe contributionsfrom t-channeldiagramsand interference.

For unpolarizedbeamsthe only non trivial kinematicalvariable is the polar angle 0 between
incoming electron e and outgoing fermion f. As long as one does not distinguish between particles
andantiparticlesthe cos0 distribution has the simple form

da/dcosO~ 1 +cos2O. (2.22)

For QCD correctionsto this formulaand for the orientationof 3-jet eventsseesection5.1.
Higher order electroweak and strong corrections modify the lowest order formula (2.20). Both

virtual correctionsand the radiation of photonsin the initial stateandof gluons andphotonsin
the final state play a role [37,38]. Figure 2.8 shows the total hadronic cross section in the center
of massenergyrange 10—160GeV, oncein lowestorderandonceincludingelectroweakcorrections
to 0(a), second order exponentiated initial state photon radiation, and QEDand QCDfinal state
corrections[39].

For these ~ values only the five flavors u, d, s, c and b contribute; the top quark mass is
known to exceed91 GeV [40]. At theZ°pole the biggesteffect is dueto QED corrections,which
lead to a reduction of the peakcrosssection by 30%. The QCD correction ~ a

5/ir is relatively
small and increasesa by about4%; for detailssee section4.3 andappendixA. In fig. 2.8 and in
the following graphsin this sectionthe resonancestructurein the hadroniccrosssectionnearthe
bottomthresholdof about 10 GeV is not takeninto account.

At centerof mass energiesbelow 50 GeV the contributionof the Z°exchangeand interference
diagramsto the total crosssectionis small, and the crosssectionfor flavor f is proportionalto
the chargesquared,Q~.Thus therelativecontributionof muons,up quarksanddown quarksis to
lowestorder1: 4/3: 1/3. Near 91 GeV, theZ°exchangediagramin fig. 2.7 is dominant.The cross
sectionsare determinedby the electroweakcoupling constantsand are proportionalto j,.2 + A~,

:~r< >---~

Fig. 2.7. The processe+e —+ fF to lowestorder.
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Born approx
20 40 60 80 100 120 i4o i60

“Is/GeV

Fig. 2.8. Total hadroniccrosssectionin e+e.

leadingto /2 : u: d = 1: 3.3: 3.7. Consequentlythe ratio of the total hadronicandmuonic cross
sections,

R = ahad/a,~, (2.23)

is increasedfrom about4 at low energiesto 20 at theZ°resonance,as is shownin fig. 2.9a. Also
therelativecontributionof the quarksu, cand d, s, b to thetotal hadroniccrosssectionis changing
significantly, as is illustratedin part (b) of that figure, wherethe ratio

Ff = aff/ahad (2.24)

is plotted for the differentquark species.In fig. 2.9 higherordercorrectionsareincluded [39].

24 0.5

R a) Ff b)

_ .......~/°f = d,s,b

o 20 40 60 80 100 120 140 160 02d4~6d8b i~ói~OH6O
‘~1s/GeV ~s/GeV

Fig. 2.9. (a) Ratioof hadronjcandmuonic crosssectionR, and(b) ratio Ff of cross sectionsfor productionof hadronic
eventswith primary flavor f andtotal hadroniccrosssection.
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i0~ 85 160 __

~‘Js/GeV E~/GeV

Fig. 2.10. (a) Average photon energy fraction as function of center of massenergy,and(b) photon energyspectrumat 91
GeV.

Also the effect of initial state radiation in the processe~e— —* hadronshasa strongcenterof
mass energydependence.Due to the radiation of photonswith energyE~from the electronsthe
hadronicsystemis boostedandthe energyin its restframereduced:

s’/s = 1 — 2E~/v’~. (2.25)

The photonsare emitted preferentiallyin the direction of the incoming electron or positronand
escapeoften undetected.The probability for photonradiation increaseswith the ratio a(s’)/a(s).
Thereforeinitial state radiation is very small on the Z°pole but large in particular at centerof
massenergiesabove 100 GeV. This is illustrated in fig. 2.1Oa, wherethe averagephoton energy
normalizedto thecenterof massenergyis shownbetween10 and 160GeV*)~At 91 GeV the mean
valueis (Er) = 1.3 GeV. The steeplyfalling photonenergyspectrumat theZ°pole is shownin fig.
2.1Ob.

The probability for final state photon radiation from quarks is small for all centerof mass
energies.At ~ = 91 GeV aphotonwith energyabove10 GeV is emittedin 1 eventout of 200
[41]. Theseeventsare of specialinterestfor QCD studies:they allow acomparisonbetweenq~j’
andq~geventsandcan probe the parton showerevolution, see section 3.6. Interferencebetween
initial andfinal stateradiationis small in the vicinity of the Z0 [38].

2.2.2. Gluon radiation
Phase(ii) of fig. 2.6 is of primary interestin this article. It describesthe radiation of gluons

off the primary quarks and the subsequentparton cascadedue to gluon splittings into quarks or
gluons, andgluon radiationof secondaryquarks.It canbe calculatedapproximatelywithin QCD
and allows for quantitativetests.Thereare two approaches:
— “matrix elements”(ME) [exactorderby ordercalculation],
— “partonshowers” (PS) [(next-to) leadinglog approximation].
The classesof correspondingFeynmandiagramsare shown in fig. 2.11 (from ref. [11]). The
two methodsare complementaryandboth widely used.The first oneprovidesa more accurate

*) The curvesshown in fig. 2.10arecalculatedwith the programJETSET [411, wherephoton radiation is generated
according to the first order formula.
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a) b)

Fig. 2.11. Feynmandiagramsdescribinge~e —i quarks+ gluons. (a) Matrix elementcalculationto O(a~).Virtual
correctionsarenot shown. (b) Partonshowerapproach,onepossibleconfiguration.

descriptionof hadroniceventson thejet level, while the PSgeneratorsarebettersuitedto describe
the structureof jets. The ME approachis neededto determinea8 andto testQCD in 3-jet and4-jet
events,while the parton showerprogramsareusedto analyzegluon coherenceand fragmentation
effects, to studydetectorresponses,etc.

Full Matrix Elementcalculations [42] exist only to secondorder in a8 [43—46].Therefore the
final stateconsistsof at mostfour partons.Only in ME computationsa~hasawell definedmeaning,
and the hard parton kinematicsis calculatedexactly. The first orderME for masslessquarks has
the simpleform [47]

,1 2 2_____ Xq+Xq 226
dxqdx4 ~a5 (1 —x~)(1—x4)~

Here Xq, x~and xg = 2 — Xq — xq denotethe parton momenta(divided by the beamenergy) of
the quark, antiquarkand gluon, respectively.The cross sectionhas infrared (e.g. xg —+ 0) and
collinear (e.g. xq —~ 1, correspondingto the casewhere the 4 andg are collinear) divergences.
Thesesingularitiesare canceledby correspondingpoles in the first order vertex andpropagator
corrections,so that the total crosssectionis finite.

To first orderalso partonmasscorrectionshavebeencalculated[481, while this is not the case
for the secondorder matrix element.The angularorientationof events with respectto the beam
line hasbeencomputedto 0 (at) [49], but not yet includedin anymatrix elementgenerator.Also
termsrelatedto the axial vectorcouplingof theZ°[50] arenot yetevaluated.All threeeffectsare
presumablysmall attheZ°pole*)~Tree-levelcalculationsfor n-partonfinal stateswith n > 4 exist
[521, but haveso far not beencomparedwith experimentalresults.

There are different methodsof calculating observablessuch as eventshapedistributions.The
necessaryintegrationscan be performedin oneof the threefollowing ways:

(i) with Monte Carlo techniquesinsidean eventgenerator,
(ii) analytically,
(iii) numerically (otherthan (i)).
In (secondorder)ME MonteCarlo programs(i) configurationswith two, threeandfour partons

aregenerated.In order to separatethesetopologiesapartonresolutioncriterion hasto be used,for
examplethe smallestinvariantmassm~of anytwo partons.Formasslessthree-partonconfigurations
m3 is relatedto the energyof thethird partonk by Yij mt/s = 1 — Xk. The quarksandgluonsare
thentransformedinto hadronsusinga fragmentationmodel.Thenthe eventshapedistributionscan
be calculated.The disadvantageof this approachis that the probabilitiesfor producingan n-parton

*) For the influence on the orientation seeref. [51].
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final statemustbe positive. This implies that the invariant massof two partonsmustexceed~ 10
GeV (correspondingto Ymin = 0.01) at the Z0 resonance[11]. Eventhenin someregionsof phase
spacethe three-or two-jet crosssectioncanbecomenegative,dependingon thevalue of a

8 andthe
renormaljzatjonscale [53]. All softer (perturbativelycalculated)contributionsare cut out by the
hardYmin = 0.01 cut andmustbe effectivelyput backin the “hadronization”step!

The problemof negativecrosssectionsis avoidedin analytical or numericalcalculationsof an
eventshapedistribution [8, and referencestherein],since the sum of the n-jet contributionsis
alwayspositive. They correspondto the limit Ymin —~ 0. The numericalapproach (iii) has the
advantagethat the calculationscanbe repeatedrelatively easily for amodified or new observable.
In the analytical formulas (ii) explicit dependenceson QCD color factorsand the numberof quark
flavors are retained.The problem with the perturbativelycalculateddistributions using methods
(ii) or (iii) lies in the hadronizationcorrection. Thoseare alwayscalculatedusing Monte Carlo
methodsanddependon the initial parton configurations,which are different for the MC ME
approachandthe analyticalcalculations,andalsofor PS generators.Thereforea certainambiguity
exists on how to definethe hadronizationcorrection. Often the solution suggestedin ref.’ [8] is
adopted:the parton showerMonte Carlo generatorsshould be used with a low invariant mass
cutoff of m~~ 1 GeV to determinehadronizationcorrections.The showerprogramsproduceon
averagesignificantly more thanfour partons (about nine in JETSET).However, this difference
in the parton configurationbetweenPS generatorsandsecondordercalculationsis dueto higher
ordercorrectionsandhasto be distinguishedfrom nonperturbativefragmentationeffects.

Parton showergenerators[54, and referencestherein] arebasedon calculationsin the framework
of the (next-to) leading logarithmic approximation [55] *)~As in the caseof the ME approach
many observa1~lescan be calculatedanalytically in the LL framework. Exampleswill be discussed
in section6. HereI describebriefly the basicsof PSgenerators.

In LL calculationsonly leadingtermsof the perturbativeexpansionare retainedand resummed
to all orders (correspondingto multiple parton splittings). PS programsare basedon a proba-
bilistic picture of successiveparton branchings(fig. 2.1lb). Startingfrom the first order matrix
element(2.26) the differential crosssectioncanbe written approximatelyas

do 1 l+z
2

2 -~a
5—--~ , (2.27)dmdz m 1—z

wherez = xq/(xq + xg), and m is the massof the qg system.Equation (2.27) is exactonly in the
limit of collinearkinematics.Integrating (2.27)over m

2 (for fixed z) or (1 — z) (for fixed m2 and
assumingz~ 1) gives

do 2 l+z2 do 1—-.-ln(m ) , —-~1n(l—z)—. (2.28)
dz 1—z dm2 m2

This explainsthe name“leadinglog approximation”.
The probability for the branchingprocessq —~ qg assketchedin fig. 2.12 is thengiven by

d 1+z2
l—z (2.29)

Similar expressionsexist for the parton splitting processesg —+ q4 andg —~ gg. They are known

as Altarelli—Parisi splitting functions[56].
*) In the following I will usethe acronym“LL” as a genericname for leading, next-to-leading,modified leading,

logarithmicapproximations.
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Fig. 2.12.Branchingprocessq —s qg.

The probability i~P for abranchingto take place during a small changeEst of the “evolution
variable” t is given by the Altarelli—Parisi equations[56],

~P(t)~Jas(t)~dzi~t. (2.30)

The evolution parametercan be written in the form t = ln(Q2/A2). In leadingorder different
choicesfor Q are possible,one of thembeingthe massm of the branchingparton.

Equations(2.29) and (2.30) areusedin MonteCarlo programsto generatea sequenceof parton
branchings,a “parton shower”. When Q approachesA perturbativeQCD is no longer applicable
and thereforea cutoff parameterQo = 0(1 GeV), which correspondsto an effective gluon mass,
is introducedto terminatethe showering.

In generalthe variouspartonshowerprogramsusedifferentkinematicalapproximations,evolution
variables,a

8 formulasandenergyscales.For detailssee ref. [11].
Calculationsbeyondleadinglog predict coherenceeffects [57,9], influencingsoft gluons inside

a jet and the particle flow in betweenjets. An important prediction is, that the intrajet interfer-
ence leadsto an effective decreaseof emissionanglesin subsequentparton branchings(“angular
ordering”).This allowsthe simulationof coherencephenomenaalso in (probabilistic)PS programs.

The consequencesof coherenceeffects as predictedby analytical QCD calculationsand PS
programsare discussedandcomparedwith experimentalresultsin section6.

2.2.3. Hadronization
The fragmentationof quarksandgluons, phase(iii), canbe modeledquite successfullyby string

and cluster fragmentationschemes,which will be explainedbriefly. A very detailed review of
theseand other hadronizationmodelsand eventgeneratorscan be found in ref. [11], which I
follow closely. HereI usetheexpressions“fragmentation”and“hadronization”as synonyms.Before
describingthe two modelsit is importantto definewhat hadronizationstandsfor.

Hadronizationdescribesthe conversionof coloredquarksandgluons into hadrons.How big this
stepis, dependson the initial parton configuration.In caseof 0(a~)ME generatorsat most four
partonsat an energyscale(invariant massof two partons)exceeding10 GeV are createdat the
Z°resonance.This implies thathadronizationmodelshaveto bridgeabig gapfrom the partonto
the hadronlevel which is governedby multiplicities of 15—20 (beforedecays)andmassscalesof 1
GeV or less.

The situationis betterfor PS MonteCarlo generators,whereonecango down to apartonenergy
scaleQo (virtuality of gluons) of about 1 GeV. The averagepartonmultiplicity of 9 at theZ°pole
(JETSETPS) is much closer to thenumberof hadronsproducedthanin the matrix elementcase.
This meansthat the task fragmentationmodelshaveto accomplishis relatively smallerfor the PS
generators.Consequentlythe hadronizationmodelthpendenceis muchreducedin comparisonwith
the ME programs.
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Fig. 2.13. (a) String fragmentation (first step), (b) cluster fragmentation.

It has to be stressedthat the notion of hadronizationusedhere,in particular for the ME case,
refers both to non perturbative effects and to missing higher order terms in the perturbative
calculationof the parton configuration.

The String fragmentationmodel [58] as usedin the JETSETMonteCarlo program[41] is based
on the QCD inspired idea,thata“color flux tube” (= “string”) is stretchedbetweenthe quarkand
antiquarkproducedfor examplein e+e annihilation. A gluon is a kink on the string as depicted
in fig. 2.13a.When the partonsmove apartthe potential energyof the string increases,the string
breaksup andaq4 pair is created.The remainingstring piecesmaybreakup, too. The quarksand
antiquarksfrom adjacentbreakingscan then form mesons.Also baryonformation is possible,for
examplevia diquarkproduction.

The details of the fragmentationprocesscan be adjustedby a rather large numberof free
parameters.Two importantonesinfluencethe longitudinal componentof the hadron momenta,
anda third onedeterminesthe transversecomponent.The productionyields of different hadron
speciescan be steeredby parametersdefining the strangequark content,the spin probabilities
(pseudoscalarandvectormesons),the numberof diquarkscreatedetc.

The clusterfragmentation [59] as implementedin the HERWIG program [60] should be used
only for “developed”parton configurationsas obtainedin PS generators.First all gluons are split
into q4 pairs,see fig. 2.13b (from ref. [11]). Adjacentquarksandantiquarksform colorlessclusters,
which decayfurther into hadrons,accordingto flavor contentandphasespace.

Thereis basically only one free parameter,the maximumcluster mass.Clusters with a higher
massfirst decayinto smaller clusters,whichsubsequentiallydecayinto hadrons.

Independentfragmentationmodels [61] havebeenusedextensivelyat PEPandPETRA [62,63]
someten years ago, but were graduallyphasedout after the discoveryof the string effect [34],
which theyfail to reproduce(seesection6.5).

To illustrate the numberand kinds of hadronsproduced,I use the JETSET PS Monte Carlo
programwith stringfragmentation,which reproducesmeasuredparticlefractionsquite well [64] *)~

JETSETpredicts,that at theZ°resonanceon average17 hadronsare createdwhich decayinto a
total of about45 particleswith an averagelifetime exceeding3 x l0~°s.

The ten most frequentlyproduced“primary” hadrons(stringdecayproducts)are listedin table
2.3 for eventswith light (u, d, s) primaryquarks.Their productionrates(numberof hadronsper
event)as predictedby the JETSETpartonshowerprogram,andtheir lifetimes anddominantdecay

*) Severalparametersin JETSETaretunedto optimize the agreementwith measuredparticleyields at lower centerof
massenergies.
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Table 2.3
Primaryhadronsproducedin u, d ands eventsat the Z°resonance.

Hadron Mass r No./event Principal decaymodes

(MeV) (s)

140 3 x 10_8 3.0 JL~l1

p~ 768 1024 2.8
135 8 x l0’~ 1.5

p° 768 10_24 1.4
w 782 1022 1.4 ir~ir

0(89%)

K~ 892 l023 1.1 K~r°(67%),K0ir~(33%)
K*O 896 l023 1.1 K~ir(67%),K0ir0(33%)

549 6 x iO’~ 0.8
494 10~ 0.8 p±ji(64%),~±y~O(21%)

K° 498 9 x l0~’,5x 108 0.8 —* ir~ir(69%),ir0ir0(3l%)

modesare shown [20]. For the productionanddecayof hadronscontainingcharm andbottom
quarkssee ref. [65]. Due to their high massthey containalmost exclusively aprimarycharmor
bottom quark. Thereforeone finds exactly two charmedhadronsper cë eventand two bottom
hadronsper bb event.

2.2.4. Particle decays
Forthewell establishedlight hadronstheir masses,decaymodes,lifetimes andbranchingfractions

as measuredare built into the Monte Carlo generators[20]. For heavierparticles, in particular
charmandbottom hadrons,not all exclusivebranchingfractionshavebeenmeasured.Therefore
statisticalmodelshaveto be invoked. Forweakdecaysof heavyquarksthe known matrix elements
aretaken.Particlepolarizationis in generalnot takeninto account.

The principal decaymodesof the most frequently producedlight hadronsare shownin table
2.3 in the previoussection.Table 2.4 shows the averagenumberof all “stable” particles (those
with an averagelifetime biggerthan3 x 10b0 s, correspondingto flight pathsof 10 cm andmore)
observedin hadronicZ°decays.Thesenumbersare calculatedwith the JETSETPS programplus
string fragmentationusing defaultparameters.The differencebetweenthe numbersfor

1u~ande±

Table2.4
“Stable” particlesproducedin hadronicevents

at the Z
0 resonance.

Neutral Charged

particle no./event particle no./event

y 21.5 17.1

n,ñ 1.1 2.2
1.1, p,~ 1.2
0.3 e~ 0.4

0.1
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Fig. 2.14. Jetsizefor symmetrical3-jet eventsasfunction of thejet energy.

is dueto Dalitz decaysir0 —+ ye+e. In section6.3, measuredyields for somehadronsaregiven.

2.2.5. Energydependenceofhadronevent topology
The electroweakpropertiesof fermion pair productiondependstrongly on the centerof mass

energy, in particular in the neighborhoodof the Z° resonance.The propertiesof the events
determinedby the strong interactionsvary only slowly with ~ typically as -.~ 1 / ln ~ (strong
couplingconstant)or 1/~/~(hadronizationeffects).Figure2.14 showsas anexamplethe variation
of thejet size with jet energy.Herethe effectsof parton showering,hadronizationanddecaysare
included. The jet size is definedas the half opening angleof a cone arounda jet axis including
a certain fraction (e.g. 68%) of the total jet energy.Figure 2.14 is obtainedfrom symmetrical
3-jet eventswherethe threejets all have the sameenergywithin 15% *), The decreaseof the jet
size with increasingcenterof massenergyis mainly due to hadronizationeffects: fragmentation
is characterizedby a transversemomentumscale of about 300 MeV, which is independentof
~ Thereforethe size of a jet is to first approximationproportionalto 1 /Ejet. When taking into
accountalso the effects of parton showering,increaseof particle multiplicities and decays,the
jetsizevariationwith .s/~is reduced,as is shownin fig. 2.14.

2.2.6. Backgroundprocesses
Apart from beamrelatedbackgroundandcosmicsthe main backgroundto hadronicfinal states

in e+e reactionscomesfrom i’s andtwo-photoninteractions:

e+e— r~r_—~ hadrons, (2.31)

e+e e+eThadrons. (2.32)

The correspondingcrosssectionsat theZ0 peakare about0.01 nb for the r backgroundand~ 0.1
nb for the two-photonprocess,to becomparedwith thecrosssectionof 30 nb for e+e —~ hadrons.
Thesevalues are calculatedassumingthat all r~r events for which both leptonsdecayinto at

*) 3-jet events are pre-selectedapplying theLUCLUS jet algorithm [661 in the JETSET programwith a jet resolution
parameterof ~ = 4.5 GeV.
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least threechargedhadronscontribute. The two-photonbackgroundhasbeenextrapolatedfrom
measurementsin e~ecollisionsat ~ = 29GeV [67,68]. The acceptancewas calculated[69,41]
assumingan ideal detectorandby selectingall eventswith a totalhadronicenergyE~~5above0.5~/~
anda hadronicenergy imbalancebelow ~ The exact magnitudeof the backgrounddepends
of courseon the detectorfeaturesand on the selectioncriteria. For most QCD studiesat the Z°
polethe smallbackgroundcanbe neglected.

Anotherpotentialbackgroundis Bhabhascattering,

e+ee+e, (2.33)

at small angles. As long as hadron jets and single electromagneticshowerscan be separated
efficiently, as is the casefor moste+e detectors,this backgroundis negligible.

In summary,onecan say that the Z°resonanceis an ideal laboratoryfor QCD studies.One
finds at the Z

0 pole alargenumberof eventswith 2, 3 and4 well collimated jets with an energy
exceeding10 GeV. These“clean” topologiesallow for a precisedeterminationof a~andfor many
testsof QCD.

Importantadvantagesin comparisonwith e~e collisionsat ~ ~ 30 GeV (PEP,PETRA) are:
(i) largecrosssectionandnegligible background,
(ii) relatively small fragmentationeffects,
(iii) suppressedinitial statephotonradiation.
Increasingthe center of massenergybeyond 91 GeV leads to a small further reduction of

hadronizationeffects, however the advantageof a large cross section is lost and initial state
radiationbecomesimportant.

2.3. Acceleratorsand detectors

Six detectorsinstalled at the two e~e acceleratorsLEP and SLC have takendataat centerof

massenergiescloseto the Z0 mass.

2.3.1. LEP andSLC
The “Large Electron Positron” collider LEP [70] is locatedat CERN, Geneva.It is a (nearly)

circularmachine,into which electronsandpositronsareinjectedin 4 + 4 bunchesatabeamenergy
of 20 GeV. Currentlytheycanbe acceleratedto energiesup to 50 GeY. The integratedluminosity
deliveredin the years 1989—1991 to each of the four detectorsALEPH [71], DELPHI [72], L3
[73] andOPAL [74] amountsto about25pb1. In total approximatelytwo million Z°decayshave
beenrecorded.

In the nextyearsthe numberof eventsis expectedto rise to severalmillion per detector.From
1994 onwardscenterof mass energiesclose to 180 GeV will be achieved.The possibilities of
transversaland longitudinalbeampolarizationareunderstudy.

The “SLAC Linear Collider” SLC [75], the first e~e linear collider, hasonly one interaction
region. In 1989 and 1990 the MARK II detector[76] recordeda few hundredZ°events.In 1991
some400 eventsweremeasuredby the SLD detector[77]. Startingin 1992 SLC will operatewith
longitudinallypolarizedbeams.

2.3.2. Thedetectors
The generalstructureof the six detectorsis quite similar. Startingat the interaction point they

arecomposedof
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Table 2.5
Featuresof the LEP detectorsrelevantfor theanalysisof hadronicevents.

ALEPH DELPHI L3 OPAL

Tracking coverageIcosOl 0.96 0.96 0.98 0.98
doubletrackresolution (deg) 0.6 1 (0.1) (0.1)
pj resolutionat 3 GeV (%) 0.4 0.5 8 2

Calorimetry IcosOl electrom. 0.98 0.98 0.98 0.98
granularityelectrom. (deg2) 0.8 x 0.8 0.1 x 1 2 x 2 2 x 2
E resolution 3 GeV ir0,y (%) 10 20 1 4

IcosOl hadron. 0.99 0.98 0.996 0.99

granularityhadron. (deg2) 3.7 x 3.7 3.8 x 3 2.5 x 2.5 7.5 x 5

E resolution 30 GeVjet (%) 17 25

Muons IcosOI muon det. 0.98 0.96 0.8 0.98
p resolution at 10 GeV (%) 1 2 3 2

Hadronidentification method dE/dx dE/dx, RICH — dE/dx

— vertex and trackingchambers,
— an electromagneticdetector,
— ahadroncalorimeter,
— a muondetector.
In addition,luminosity countersareinstalled closeto the beampipe. The inner trackingchambers
(in caseof L3 the whole detector) are placedin amagneticfield in order to be able to measure
particlemomenta.The angularcoverageof mostof the detectorcomponentsis close to 4ir.

Table 2.5 summarizessomefeaturesof the four LEP detectorsALEPH [71], DELPHI [72], L3
[73] andOPAL [74] whicharerelevantfor analysesof hadronicZ°decays.The two SLC detectors
arenot included,sincetheycan sofar not contributevery muchto QCD studiesdueto their small
eventsamples.

Here 0 denotesthe polar anglewith respectto the beamaxis. The symbolsE, p andpj. stand
for energy,momentumandtransversemomentumwith respectto the beamline, respectively.

The momentaof the chargedtracksandneutralpionsof 3 GeVcorrespondto theaveragehadron
energyat the Z°resonance.Thejet energyof 30 GeV is a representativenumberfor 3-jet events.
Muonsof 10 GeV are typical for semileptonicB mesondecays.

The doubletrackresolutionsquotedfor L3 andOPAL are only valid for the projectionsontoa
planeperpendicularto thebeamaxis.The calorimetricjet energyresolutionis not given for ALEPH
andDELPHI, sincefor thesedetectorstracking information is alwaysincludedwhen reconstructing
jets. The L3 detectoris not designedto identify chargedhadronsof different kinds.

Table2.5 showsthe complementarityof theLEP detectors:L3 hasaverypreciseelectromagnetic
calorimeter,while ALEPH, DELPHI and OPAL measurechargedtracks with high accuracy.A
specialfeatureof the DELPHI detectoris the Ring ImageCherenkovdetector(RICH) for particle
identification.
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3. QCD modelsfor e+e ~ hadrons

To be able to interpretmeasurementsonehasto usemodelsto describethe hadronizationprocess
andalso the subsequentdecays.Thereforetuning and testing of fragmentationmodelsis the first
step in any analysis.However, the study of the non perturbativehadronizationprocessdoesnot
allow for a quantitativeQCD test. Thereforehadronizationmodelsandexperimentalconstraints
arenot discussedin detail here.In this context the word “model” refersto MonteCarlo programs
which simulate hadronicevents. Thesegeneratorsalways include all four phasesin the process
e4e —÷ hadrons(q4 production,gluon radiation,hadronizationandparticledecays)as described
in section2.2.

3.1. MonteCarlo generators

The mostpopularMonte Carlo programsare:
— JETSET7.3 [41]. Bothparton showerandO(a~)matrix elementoptionsare available [43,45].
Most often the string fragmentationmodel is used (seesection2.2.3), however,also independent
jet fragmentationmodels [61] canbe selected.The parton showeris basedon leadinglogarithmic
calculationsand incorporatesangularordering and azimuthalcorrelations(seesection6.1). The
first gluon branchingis modified using the first order matrix elementto improve the predicted
rateswith hard acollineargluon radiation.In caseof the 0(at) matrix elementoption mostoften
the calculationsfrom ref. [43] areused.
— HERWIG 5.3 [60]. This parton showergeneratorincorporatesa detailedsimulationof QCD
interferencephenomenaand spin effects. Hadronizationis simulatedby cluster fragmentation
(section2.2.3).

Otherprogramsbeingusedare
— ARIADNE 3.3 [78]. In this parton showergeneratorgluon radiation is modeledas coherent
emissionfrom color dipoles formed by a parton system.Coherenceeffects including azimuthal
correlationsare automaticallyincorporated.
— NLLJET 2.0 [79]. The first threeletters stand for next-to-leadinglogarithmic approximation
[80]. This partonshowergeneratorincludesalsothree-body—partonsplittingssuchasq —~ qgg and
g —i ggg.
— ERT-E

0 matrix elementgenerator[43, 81]. This 0 (at) matrix elementprogramis basedon the
“E0” recombinationscheme,see section4.4.1.The renormalizationscaleis a free parameter.
— COJETS6.12 [82]. Also COJETSis basedon leading log calculations,howeverthe branchings
in the parton shower are incoherent. The hadronizationstep is basedon an independentjet
fragmentationmodel.

In theprogramsARIADNE, NLLJET andERT-E0theJETSETroutinesareusedfor hadronization
and decays.In somecasesolder versionsthan thoseindicated abovehavebeenusedby the LEP
andSLC experiments.Sincethe differencesare small theyshall not be discussedhere.

3.2. Parameterfitting

To fit the parametersof the variousmodelsthe following analysisstepshaveto be made:
— Out of many free parametersin the model the relevant ones have to be identified. For the
perturbativepart thereis first of all the (effective) coupling strengtha~.This parameteris not
exactlyequalto the valueof as in the MSscheme,dueto the approximationsmadein theprograms.
For showerprogramsthere is a cutoff parameterwhich determinesthe terminationof the parton
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cascade.In JETSETthis is theminimumpartonvirtuality andin HERWIGthe effectivegluon mass.
In the matrix elementcasethe minimal scaledinvariantmassy~1~of two partonsis usually set to
the smallestvaluecompatiblewith apositive2-jet rate.At theZ

0 a goodvalueis 0.01 [11]. Another
free parameteris the renormalizationscale~u.The parametersto be fitted in the hadronizationstep
obviouslydependon the model used.Typically oneto threeparametersare includedin the fit. In
JETSETtwo variablesareused.Onedescribesthelongitudinalhadronmomentaandthe otherone
determinesthe transversemomentumdistributionof hadronswith respectto the primary parton.
In HERWIG the only free parameteris the maximumclustermass.
— The distributionsto be usedin the fit haveto be chosen.Event shapevariableslike thrust and
oblatenessor inclusivedistributionssuchas particlemomentaare suitable[8]. Suchmeasurements
havebeenperformedby ALEPH [83,84], DELPHI [85—87],L3 [88,89], OPAL [90,53] and
MARK II [91].
— A global fit to the event shapedistributions is performed. The data, correctedfor detector
effects, are directly comparedwith the Monte Carlo predictions,and the relevantparametersare
determined.Such fits have been done by ALEPH [84], DELPHI [86] *), L3 [89] and OPAL
[90,53].

In someprograms,in particularJETSET,avariety of optionsare implementedandmany free
parametersexist.Someof them, for examplethe ratio of the numbersof spin-1 andspin-0mesons
or the strangequarkcontent,havebeendeterminedin e+e experimentsat lower energies[64, and
referencestherein] andneednot to be readjusted.L3 [93] andALEPH [94] usethefragmentation
function as given in ref. [95] for the hadronizationof the heavy quarkscharmandbottom inside
the JETSETprogram.

The fitted parametersare in generalcorrelated.A comparisonbetweenthe resultsof the LEP
experimentsis difficult sincethe parametersetsusedin the fits andthe valuesof fixed parameters
aredifferent.However,the agreementbetweenmodelpredictions(afterparametertuning) is found
to be quite similar by the four LEP collaborations.

The parametersin the programsNLLJET andCOJETSso far havenot been fitted by the LEP
andSLC experiments~~.

3.3. MeasurementsandMonte Carlo predictions

After the modelsare tuned they can be testedby comparingthe predictionsfor event shape
variables, in particular for those not used in the parameterfit, to the measurements.Here the
resultsof suchcomparisonsfor global eventpropertiesaresummarized.Specialdistributionssuch
as the particleflow in 3-jet eventsor intermittencywill be discussedin section6.

Figure3.1a showsasan exampletheALEPH thrustdistributionin comparisonwith thepredictions
of the JETSET (both parton showerand matrix element)andHERWIG eventgenerators[84].
The observablethrust T [96] is definedas

T = max ~ (3.1)

wherethe p
1 is the momentumvector of hadron i in oneevent.The thrust axis n~’ is varied as

to maximizethe aboveexpression.The thrust valuescan vary between0.5 (sphericalevent) to 1
(two back-to-backpartons).All modelsinvestigatedcanreproducethe measurements,howeverthe

*) Seealso ref. [92].
~) The authorsof COJETShavedeterminedthe free parametersin their programby afit to OPAL data.
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• DATA 2jets
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Fig. 3.1. (a) Distributionof thrustT as measured by ALEPH [84] in comparison with QCDmodels, (b) rapiditydistribution
measuredby DELPHI [86] togetherwith model predictions.

HERWIG program somewhatunderestimatesthe productionof low thrust events.In caseof the
matrix elementavalueof the scale/2 ~ 3 GeV is used,as obtainedin a fit to the data.

In fig. 3.lb the inclusive rapidity distributionas measuredby DELPHI [86] is comparedwith
the predictionsof JETSET (different options) andARIADNE. The rapidity valueis calculatedfor
all chargedparticles:

y=0.Sln[(E+p11)/(E—p11)], (3.2)

whereE is the particleenergyand~ its longitudinal momentumwith respectto the thrustaxis.
All modelsdescribethe rapidity distribution.

The different studies [84, 86,92, 89,90, 53] arrive at similar results, which can be summarized
this way:
— All partonshowermodelsusingstringor clusterfragmentationas listedabovecanbetunedto give
a fair overall descriptionof hadronicZ°decays.JETSETperformsbest.HERWIG underestimates
the numberof eventswith hard gluon radiation. Versionswith independentjet fragmentation(as
for exampleCOJETS)have not yet beencomparedwith the full set of measuredevent shape
distributions.
— Matrix elementbasedprogramswith string fragmentationcandescribethe dataonly for a rather
small value for the renormalizationscaleof the orderof a few GeV. This increasesthe fraction
of 4-jet eventswhich is apparentlyunderestimatedin the secondordercalculation whenusing a
value of /2 = ~ Even with a small scale/1 the matrix elementgeneratorsdescribethe datanot
as well as parton showerprogramsdo. The independentjet fragmentationoptioncannotreproduce
the measuredenergyandparticle flows in 3-jet events.

3.4. Energydependenceofeventshapevariables

As anexampleI showthe dependenceof the meanthrustvalue(T) on thecenterof massenergyin
e+e collisions in fig. 3.2. The databelowthe Z°resonancearetakenfrom ref. [97]. In somecases
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Fig. 3.2. Evolutionof meanthrust valuewith centerof massenergy.

only statisticalerrorsare published.The weightedaverageof the measurementsby ALEPH [841,
DELPHI [85] andOPAL [90] is (T) = 0.933±0.002at 91 GeV*). The predictionsof JETSET
arecalculatedfor the parametersgiven in ref. [86] for thecaseof string fragmentation.Figure 3.2
showsthat the JETSETpartonshowerprogramcanreproducethe .,/~ dependencebetween12 and
91 GeV, while the matrix elementgeneratorwith y~111= 0.01 doesnot describethe measurements.
The latter result is expected,since for a fixed value of y~ (similar parton configuration) the
hadronizationcorrectionmustvarywith centerof massenergy.

The increaseof thrust with energyis due to two effects: The decreaseof the strongcoupling
constant,which for masslesspartonsin first orderperturbationtheory is proportionalto 1 — T, and
the narrowingof the jet structure,seefig. 2.14 in the previoussection.

The studiesof the centerof mass energydependenceof event shapevariablesarrive at the
following conclusions:
- The parton showermodelsJETSET, HERWIG andARIADNE candescribethe ~ dependence
in the interval 12—91 GeV.
— Matrix elementbasedprogramsneedto be retunedat different centerof massenergies.

3.5. Fragmentationpropertiesofheavyquarks

So far I haveconsideredevent propertiesobtainedby analyzingthe full hadron datasample
with contributionsfrom all flavors. For the heavierquarkscharmandbottom,which canbetagged
via their semileptonicdecays,measurementsof their fragmentationpropertieshavebeenmadeat
the Z°resonance[94,98,93,99]. Charmand bottom quarksare producedalmost exclusively as
primary partonsandnot in thefragmentationprocessbecauseof their high masses.

The theoreticalfoundationsto heavy quark physicsat theZ°resonanceare summarizedin ref.
[65], and the experimentalresultsare reviewedin ref. [100]. The main resultsare:

— The energiesof hadronscontainingcharmor bottom quarksare large, as expecteddueto their

*) TheMARK II result [91], for whichonly the statistical error is published, is compatiblewith the LEP average.
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Fig. 3.3. XE spectrumfor bottom hadronsmeasuredby L3 [93].

high masses:

(x~~°)= 0.51±0.02 (for D* mesons), (XPtbom) = 0.71±0.01, (3.3)

where xE denotesthe energyof the hadronsdivided by the beamenergy.This is in qualitative
agreementwith QCD calculations,which predictasuppressionof gluonradiationfrom heavyquarks
[101].

— The shapeof the energyspectrumfor bottomhadronscanbe describedby afunctionof theform
[95]

f(xE)~~-L(l_~i~_~ (3.4)

as is shownin fig. 3.3 for the L3 data [93] andavalue of � = 0.05. The form of the measured
spectrumcanbe reproducedby QCD calculations[102, 103].
— The decreaseof the meanenergies(XE) lfl the centerof massenergyrangebetween10 and 91
GeV can be attributedto the growth of the energyfraction radiatedoff in form of gluons before
the heavyquarkshadronize.

3.6. Final statephotonradiationfrom quarks

Quarksproducedin e+e collisions can radiatenot only gluons but also photons [1041. The
relativeprobabilitiesare given by

p(q—~’qy)/p(q--tqg) = O(aQq/asCF) = O(ffl). (3.5)

The first measurementsof the crosssectionfor q4y final stateshavebeen done basedon a few
hundredeventsper LEP detector[105, 106]. Theseresultshavebeencomparedwith predictions
from parton showerprogramsandanalyticalQCD calculations.While the partonshowerprograms
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JETSETandARIADNE can describethe global featuresof hadronicevents,the numberof highly
energeticandisolatedphotonspredictedby ARIADNE is about30% higher thanthe corresponding
JETSETcrosssection.The measuredrateslie in betweenthe predictionsof the showerprograms
and agreewith an 0(a~a) matrix elementcalculation [107]. The differencesbetweenARIADNE,
JETSETandtwo new programs,HERWIG 5.4 [108] andSPLASH 1.2 [109], seemto be related
to different choicesof the evolutionparameter,of the energyscaleusedin the a8 formula, andof
kinematicalapproximations[110, 111, 108, 109]. Thereforefinal statephotonradiationprovidesa
powerful tool to probe the parton showerdevelopment.Furtherprogressrequiresmore statistics
anddetailedcomparisonsbetweenmeasuredandgeneratedq4y events.

4. Strongcouplingconstant

Therearemanycompellingreasonsfor measuringthe strongcouplingconstant:(1) a~is the only
free parameterin perturbativeQCD, (2) manytestsof QCD requirea8 to beknown, (3) for a large
numberof electroweaktestsstrongcorrectionsmustbe calculatedprecisely, (4) grand unification
theoriescan be testedby extrapolatingthe differentcoupling constantsto very high energies[112,
andreferencestherein].

Apart from measuringthe fundamentalparametera8 severaltestsof QCD canbe madeby com-
paringa8 valuesobtainedfrom differentvariables(consistency),in differentreactions(universality),
for differentquarkspecies(flavor independence),andat different energies(running).

In sections4.1 to 4.5 themeasurementsof thestrongcouplingconstantin e+e —f Z°—p hadrons
aredescribedandan averagefor a8 is computedtaking into accountall availableresults.The QCD
testsas listedaboveare discussedin sections4.5 to 4.8.

4.1. How to measurethe strong couplingconstant

An observableV sensitiveto the strongcoupling constantcanbe expressedsymbolically in the
form [113]

V(a8) = vPe~(as)®vnoh1Pe~. (4.1)

The perturbativelycalculablepart v “~ may dependalso on electroweakparameters,which are
assumedhereto be known exactly. The perturbativepart has to be “convoluted” with non per-
turbative correctionsv’~°’~”~.In principle alsothis part dependson the strongcoupling strength,
but often a8 doesnot appearexplicitly, for examplein fragmentationmodels,or the dependenceis
negligible, in particularif the non perturbativecorrectionsare small.

It hasto be stressedthat the classificationinto “perturbative” and “non perturbative” parts is
ambiguous,as was illustrated in section2.2.3.Often Vn00P~ is simply definedto containall those
contributionswhich arenot (yet) includedin v~

t.This implies that the full theoreticaluncertainty
is hiddeninside ~°°°~~°. Using thosedefinitions, improved perturbativecalculations(by including
higherordercorrections)reducethe role of the “non perturbative” corrections.

In this article I define V00flP~ to contain only effects not accessiblewith perturbationtheory,
i.e. the soft gluon region with Q < Qo ~ 1 GeV [8]. This implies adistinction betweenthe term
“hadronizationcorrection” as usedin connectionwith matrix elementgeneratorsand Vno~~~ (see
section2.2.3).Correspondingto eq. (4.1) two theoreticalerrorshavethento be takeninto account
whenextractinga

5 from ameasurementof V, an uncertaintydueto missinghigherordercorrections
in VP~r~,andthe uncertaintyrelatedto the nonperturbativepart.
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The perturbativecalculationcanbe done in a leadinglogarithmicapproximationor as an order
by ordermatrix elementcomputation.To measurea

8 the latterapproachis thepreferredone,since
herethe strongcoupling constantis well defined, andsincethe kinematics,in particular for hard
processes,calculatedexactly (in the limit of vanishing masses).Then v~ of eq. (4.1) can be
expandedin powersof a8 in the form

v~ = a~+ a?a5 + a2
0a~+ a

3
0a~~ (4.2)

wherethe coefficientsa? havebeencalculatedin a given renormalizationschemeat an energyscale

qI assumingacertainnumberof quark flavors NF.
For arenormalizationscale/1 differentfrom IqI the strongcouplinga~hasto be evaluatedat the

scale i insteadof I~I~andalsothe abovecoefficientsa, are p dependent.The completeseries(4.2)
remainsunchanged,as it must, sincep is not aphysicalparameter.

If the expansionis truncatedafter the ith term, a renormalizationscaledependenceof 0 (ar’)
remains.This causesan uncertaintyfor the determinationof a

8, sincethe renormalizationscale
is not predictedby QCD. The problemsof scaledependenceandunknown higher order terms
arethereforeclosely related.To estimatethe latteroneoften exploresthe former, as describedin
section4.4, wherealsootherestimatesof uncalculatedhigherordereffectsare discussed.In second
orderperturbationtheory a changeof the renormalizationscheme(for examplefrom MS to MS)
is equivalentto a changein the renormalizationscale p [114], and is thereforenot discussedhere.

The new coefficientsa (f), wheref ~t
2/q2,canbe written in the form

a, = ~cj’(lnf)~, (4.3)

where the numbersc/ can be calculatedfrom the setsof numbersa? and /?~usinga recursive
relation [1151.Here the /3~are the coefficients of the QCD p function, as introducedin section
2.1.3.For the termsup to a~(so far no full QCD calculationbeyondthatorderexists)oneobtains:

VP~~= ~ + a?a
5 + (a~+ a~18o1nf)a~

+ [a~+ (a?fli + 2a~/J0)lnf+ a?fl~(lnf)
2]a~. (4.4)

Figures4.la and4.lb illustrate the renormalizationscaledependence.In part (a) the scaledepen-
denceis shownwhen truncatingthe seriesexpansion(4.2) after the first, secondandthird order
terms.In thisexamplethe coefficientsa? aretakenfrom the QCD correctionto the totalhadronicZ
width (section4.3.1).One cansee nicelyhow the dependenceon the scaleparameterf is reduced
when higherordertermsareincludedin the calculation.

Figure4. lb showsthe scaledependencefor secondordercalculationsas a functionof therelative
size of the secondorder coefficient.The values 3 and 1 chosenfor the ratio a

2°/a?aretypical for
eventtopologyvariables(in particularjet fractionsandasymmetryof energy—energycorrelations,
seesection4.4). Forsmallvaluesoff the coefficientsa2,a3,...canbecomevery large.This regime
hasto be avoidedsince the convergenceof the seriesexpansion (4.2) cannotbe expectedto be
fast in that case.It seemsthat observableswith asmallsecondordercorrection (andconsequently
amodestscaledependence)result in small theoreticaluncertaintiesand are thus suited bestfor
adeterminationof a~.However, a small coefficient a2

0 doesnot necessarilyimply that also the
third ordercoefficient is small! Thereforeoneshould determinethe scaleuncertaintyfrom several
observablesV andcomputethe average.This gives an estimateof the theoreticalerror for anyof
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Fig. 4.1. Scaledependencefor (a) 5QCD and(b) typical eventshapevariables.

thosequantitiesV. It is not justified to declareonevariable to be betterthan anotheroneon the
basisof the numericalvalue of a

2
0.

Different recipeshavebeensuggestedfor achoiceof ~2 in e+e:
— Physicalscale [116]: ~2 ~ m~,where m is the invariant mass of the quark—gluon system,
assumingthat the gluon g was radiatedfrom aprimary quarkq.
— PMS (principal of minimal sensitivity) [117]. Here the scale /2PMS is determinedfrom the
requirementdV/df 0, which is automaticallyfulfilled if V is calculatedto all orders. The
resultingvalue for the scaledependsonly on the ratio of the secondand first order coefficients.
For a

2
0/a? = 1 the bestscaleparameteris of the orderof f = 0.1, which correspondsto /LPMS ~ 30

GeV for Iq I = 91 GeV. This valuebecomessmaller than 10 GeV for a
2

0/a? = 3, as canbe seen
from fig. 4.lb.
— FAC (fastestapparentconvergence)[118]. The scale~UFACis determinedfrom the requirement
a

2 0.
— BLM (Brodsky—Lepage—Mackenziescheme)[119]. Here the scaleis shifted suchthat a flavor
dependentpart in a2

0 is absorbedin the runningcouplingconstant.
None of thoseprescriptionsis apriori better thanthe others.However, the range of a

8 values
obtainedby applyingthe different proceduresis probably a good estimateof the theoreticalerror.
All suggestedrecipes suggestp

2/s to be smaller than 1 for most event shapevariables (with a
positivesecondorder correction).

Some collaborationshave tried to determineboth a~and the scalep from a fit to jet data
[120—122].This is possibleonly whenthe regimeof low jet-jet invariant massesis includedin the
fit. However, in this domain secondorderperturbationtheory is known to fail [123]. Therefore
the meaningof the resultingscalevalues,which turn out to be quite small (of the order of a few
GeV), is not clear.

4.2. Measuringa
8 in e+ e —~ —~ hadrons

Therearetwo differentmethodsto determinea8:



98 T. Hebbeker, Hadronic decays of z°bosons

Table 4.1
Relativeuncertainties(in percent) for a5.

Theoreticalerror Experim. Total
Method higherorder fragmentation error uncertainty

(1) hadronicZ
0 width 2 — 10—15 10—15

(2) eventtopology 5—10 3 3 5—10

(1) Measurementof the hadronicpartial Z°width ~had or, equivalently,of the hadroniccross
sectionat the Z0 pole. This determinationof a

8 implies countingof hadron events,independent
of their structure.The QCD correctionto the hadronicwidth has beencalculatedto third order
in a8 [124], and the uncertaintydue to missing terms of 0(at) is presumablysmall. There
are no hadronizationuncertainties,sincethe fragmentationprocesscan only changethe shapeof
an event,but cannotmakeit disappear[113, and referencestherein].Since the QCD correction
(~a5/~r~ 4%) is small,averyhigh experimentalprecisionis required:in orderto reachi~a8= 0.01
an accuracyof ~‘~‘had/~had= 0.3%is needed.

(2) Analysisof theeventtopology,in particularastudyof eventswith hardgluonbremsstrahlung.
Thefractionof thoseeventsis to lowestorderproportionalto a8.A largenumberof variablesexist to
measurethe hard gluon contentin hadronicevents [8]. HereI will describejet fractions,the heavy
jet massdistribution andthe asymmetryof energy—energycorrelations.From theseobservablesthe
strongcoupling constantcan be obtainedwith relatively small hadronizationuncertainties.Since
the matrix elementcalculationsfor the 3-jet fraction andother eventshapevariableshavebeen
performedonly to 0 (at), the uncertaintydueto unknownhigher ordercorrectionsis thedominant
contributionto i~a8in this method.

Thesetwo methodsare largely independentand thereforecomplementary.The theoreticaland
experimentaluncertaintiesarequite different in bothcases,as is shown in table4.1. The theoretical
error has two contributions:missing higher order terms in the perturbativeexpansionandnon
perturbativeeffects (fragmentation).The experimentaluncertaintycorrespondsto the combined
LEP measurements,basedon the 1990 datasamples.

4.3. Determinationof a8 from I’had/I?ep

4.3.1. StandardModelprediction
The QCD correctionto the hadronicwidth canbe measuredbestfrom the ratio of the hadronic

and leptonic partial widths of the Z
0 boson. In the StandardModel of electroweakand strong

interactionsit is given by

R~ ‘~iad/’~ep = F~(l + ÔQCD). (4.5)

The factor F~containsthe electroweakcoupling constantsof leptonsandquarks.Including elec-
troweakradiative correctionsone obtainsfor mt = 124w GeV [36] *) and mH = 300 GeV
[39]

F~ ‘“had/’~ep= 19.97±0.02. (4.6)

*) Herethe value for mt is usedwhich is obtained from a fit to LEP, p~collider andneutrinodatawith a, beingafree
parameter.
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Fig. 4.2. Measuredvaluesfor Rz = rhSd/f~CP.

Most mt and mH dependentcorrectionsare commonto ‘had and‘~epThe remainingdependence
stemsmainly from the vertex correctionsto bb production.Here ‘~d standsfor the hadronicwidth
without QCD corrections (a8 = 0). The error of EsF = ±0.02correspondsto avariation of mt
within the errorsgiven aboveand mH in the range50—1000 GeV. The result (4.6) is reproduced
by othercalculations[125, 126,38,37] within ~ 0.01. Insteadof R~alsothe ratio of the peakcross
sections

R opeak/apeak= F(l + ~QCD)

can be used to derive a8 [39]. The factorF = 19.77 is slightly smaller thanF~becauseof the
photonexchangediagram,which contributesto the crosssectionsbut not to the partial Z°widths.
The quantity R canbe measureddirectly, without needfor off-peakdata, knowledgeof luminosity
or line shapefitting.

The QCD correctioncanbe castin the form [127]

öQCD = l.05a8/7r + 0.9(a8/~r)
2— l3(a

8/r)
3, (4.7)

wherethe recentlycalculatedthird order correction [124] *) andcharmandbottom masseffects
andthe top massdependence[129—131]aretakeninto account.The relativetheoreticaluncertainty
for 5QCD is estimatedto be 2%. This correspondsto an uncertaintyof the strongcouplingconstant
of 1~a

5~ 2%. For moredetailsseeappendixA.
The uncertaintyin the electroweakpart of the calculation of ARz = ±0.02 translatesinto

= 3% and is thereforecurrentlythe biggesttheoreticaluncertaintyin thedeterminationof the
strongcouplingconstantfrom the hadronicZ width. However,this errorwill shrink to about2% as
soonas the top massis knownto some10 GeV, andto about 1% if alsothe Higgs massis known.

4.3.2. Experimentalresults
Figure 4.2 summarizesrecentLEP measurementsof Rz,basedon 1989 and 1990 datasamples

[132—135].The statistical and systematicerrors are not shown separately,since they are not
publishedindividually by all LEP collaborations.Typically the statisticalerror is abouttwice asbig
as thesystematicone [133]. Sinceboth theZ

0 branchingratio into hadronsandtheacceptancefor
hadronicfinal statesarelarger thanfor Z°decaysinto electrons,muonsandtaus, theexperimental
uncertaintyin R~is dominatedby the leptonicchannels.

*) Thefirst calculationof thethird ordercoefficient aspublishedin ref. [128] wasfoundto beincorrect.
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From the averagevalue [36]

R~= 20.89±0.13 (4.8)

onegets

ÔQCD= 0.0461 ±0.0065 (4.9)

and

as(mz)= 0.136±0.019, (4.10)

wherethe error is dominatedby experimentaluncertainties.Without including the third order term
in eq. (4.7) the a~valuewould be 0.133.

Apart from the hadronicpartial width the total width of theZ°canbe usedto measurethe strong
couplingconstant.However, j’10t dependsnot only on c~,but also strongly on the top quarkmass.
From acombinedfit of all LEP crosssectionandasymmetrydata,including the mw measurements
in p~collisions [136, 137], andthe electroweakmixing angledeterminedby neutrinoexperiments
[138, 139], onecandeterminemt andas simultaneously,leadingto avalueof the strongcoupling
constantof 0.138±0.015 [36], consistentwith the result (4.10).The errorsare somewhatsmaller,
but the result is moremodel dependentthanthe a

5 valuederivedabove.

4.4. Measurementsofa5 from eventtopology

Many variablessensitiveto the radiation of hard gluons from quarks havebeendefined [8].
In the contextof this article all observablesdescribingthe topology of hadroniceventsare called
event shapevariables. Examples are jets, thrust, or energy—energycorrelations.I considerhere
only quantitiesfor which QCD predictionsexist, so that the strongcoupling constanta~can be
determinedfrom ameasurementof thoseeventshapevariables.We mustuse“infrared andcollinear
safe”variables[140]. Thismeansthatavariableshouldchangeonly little whenaddingasoftparton
or splitting oneparton into two collinearones (suchthat energyandmomentumareconserved).
Apart from thesetheoreticalarguments“infrared andcollinear safe” variablesare also preferred
for experimentalreasons,sincetheyallow a “calorimetric” measurement:addinga soft particleor
splitting aparticleinto two with half the energychangesthe measurementin acontinuousway.

Why are so many different eventshapevariablesneeded,sincethey all measurethe samehard
gluon bremsstrahlung?Would it not be enoughto analyzehadronicevents in termsof jets? The
conceptof jets hasthe advantageof relatingthe measurableevent structuredirectly to the hard
primary partonsand gluons. Furthermorehadronizationcorrectionsare of modestsize andknown
with small uncertainties.The reasonwhy also other eventshapequantitiesareusedto extract a~

is that they have a different sensitivity to higher order correctionsand to hadronizationeffects.
Thereforean importantestimateof theoreticaluncertaintiescanbe madeby comparinga~values
derivedfrom differentobservables.

QCD calculationsof the variouseventshapeparametersas a function of the strong coupling
constantcanbedonein severalways,as explainedin section2.2.2.HereI consideronly calculations
basedon the secondordermatrix element(ME).

The QCD predictionsin fixed orderperturbationtheory cannottake into accountthe effect of
multiple gluon emission.In secondorderas at mosttwo gluons canbe emitted.For variableslike
thrust,jet fractions,etc. this leadsto a singularbehaviorof the distributionsin kinematic regions
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wheremulti-gluon emissionbecomesdominant.This is adirect consequenceof the collinear and
infrareddivergenceof the gluon emissioncrosssection.

Recently leadingand next-to-leadingcontributionsdue to soft andcollinear gluons have been
exponentiated,i.e. resummedto all orders,andcombinedwith the secondorderME calculations
[141]. Onethusobtainsameaningfulresult for all regionsof phasespace,anddoesno longer need
to introducevery smallvaluesof therenormalizationscalefor describingthe region of high thrustT
andsmall jet—jet invariantmasses[121, 122]. Thesecalculationsare doneanalytically, so far only
for the e+ e— eventshapevariablesthrustandheavyjet mass.Also the averagejet multiplicity has
beencomputed,howeversometermshave not yet beenincludedin the resummation.Up to now
the LEP collaborationshavenot yet madeuseof theseimportantimprovements;this will certainly
be donein the nearfuture.

Resummationtechniqueshavebeenappliedalsoin refs. [142, 143], howeverwithout combining
theseresultswith asecondorderME calculation.

The differenteventshapevariablescanbe classifiedformally accordingto the kind of numbers
associatedto eachevent:

(a) Oneintegernumber.Example:numberof jets.
(b) One real number,as for thrust (“global eventshapevariables”).
(c) A one-dimensionaldistribution,e.g. energy—energycorrelationsEEC [144].
(d) Multi-dimensionaldistributions,as for exampletriple energycorrelationsTEC [145].
Thisclassificationis not very rigid, sinceonecanalsostudye.g.differentialjet distributions(class

(b)) or integrateover distributions.An example for the latter caseare Fox—Wolfram moments
[146] (class (b)) which are definedas integralsover energycorrelations.

In the following sectionsthree examplesof measurementsof a8 at LEP will be described,
correspondingto the cases(a)— (c): thejet rate analysisby L3 [147], the measurementof the heavy
jet massdistributionby ALEPH [148], and thedeterminationof a8 from theasymmetryof energy
correlationsby OPAL [53]. For thosethreeeventshapedistributionshadronizationuncertainties
arecomparativelysmall.

In section4.4.4 avaluefor thestrongcouplingconstantwill be determinedcombiningall available
measurementsof eventtopologies.

4.4.1. Jets
Jets [149] canbe definedin variousways. Most often invariantmassjet algorithmsor variants

are used,which dependonly on onejet resolution parameter,ycut. Oneof thesejet finders is the
JADE jet algorithm [150] which works in the following way: for eachpair of particles i andj the
scaledinvariantmasssquared,

yjj = 2(E,E~/s)(l—cosO~~), (4.11)

is evaluated.E andE~are the particleenergiesandO,~is the angle betweenparticles i and j.
= >, E, denotesthe total energyof the event.The pair for which yjj is smallestis replacedby

a pseudoparticlek with four-momentum

1
3k Pi+Pj. (4.12)

This procedureis repeateduntil all y,j exceedthe jet resolution parameterYcut. The remaining
(pseudo)particlesare calledjets. IncreasingYcut lowersthe fractionof multi-jet eventsbut increases
the separationof thejets.
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Table 4.2
Definitions ofjet algorithms.

Scheme “Distance”y,j Particlerecombination

“JADE” 2E,E~(l— cos9~~)/s Pk = Pi + Pj

E
0 (P,+pj)

2/5 Ek=Ej-l-Ej

Pk = (Ek/LpI-j-pjI)~pj+pj)

E (p
1 + pj)

2/s Pk = Pi + Pj

p (Pi+Pj)2/5 PkPI+PJ
Ek = lPkI

k
1 2min(E~,E~)(1— cosO11)/s Pk = P1 + Pj

Otherjet algorithmsbasedon an invariantmasscriterium canbe definedusingslightly different
expressionsfor Yij and Pk [8]. The recombinationschemeandthe distancemeasureare logically
independentand can be combined in different ways. In the recently proposed/c~algorithm
[151, 152] y,3 measuresthe transversemomentumof the softerparticlewith respectto the other
one.Table 4.2 showsthe definitions for “distance” (yjj) and recombinationfor the mostpopular
algorithms.

For up to four masslesspartonstheJADE schemeis equivalentto the E0 schemewith respectto
jet counting.The schemesdiffer from eachotherin their sensitivity to hadronizationcorrections.
This is illustrated in fig. 4.3, where the ratio of the numberof 3-jet events after andbefore
hadronization(and decay)correctionsis shownas a functionof ~ for the algorithmsJADE, E, p
andk~.

The correctionof the E0 scheme(not shown) is very closeto thatof JADE. The numberof 3-jet
eventsis calculatedfor y~,,0 valuesof 0.08 (JADE), 0.10 (E), 0.06 (p) and0.03 (k1). Thesevalues
arechosensuchthat the 3-jet fraction is about20% at 91 GeV for the four jet clusteringschemes.
The hadronizationcorrectionfactorsare determinedusingthe parton shower (PS) option in the

2 k I I I

L~ ~(DE

0.5 ‘

20 60 100 140

I~/GeV

Fig. 4.3. Hadronizationcorrectionfactor, definedasfraction of 3-jet eventsafter andbeforehadronization.
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Fig. 4.4. A 3-jet event,as“seen” by (a) theJADE algorithmand (b) thek~clustering scheme.

JETSETgenerator.For high centerof massenergiesthe correctionis smallboth for the JADEand
the k1 scheme,but substantiallylarger for the E andp algorithms.The probability that a 3-jet
eventat the parton level remainsa 3-jet eventat the hadronlevel is about85% at 91 GeV for all
the algorithmsstudiedhereat theYcut valueslistedabove.At energiesbelow25 GeV the effect of
fragmentationanddecaysbecomeslargefor all algorithms.ConsequentlyQCD testsin thatenergy
domain cannotbe very precise.

The disadvantageof the JADE algorithm lies in the fact that two soft (pseudo)particleswith a
small invariant mass can be clusteredtogether,even if their angulardistanceis very large. This
is illustratedin fig. 4.4a, showing which particlesare clusteredtogetherinto jets. One of the jets
(dashedlines) containsparticlesin oppositehemispheres.This featureof theJADE schemeprevents
the resummationof the contributionof soft andcollineargluons [152].

This problemis avoidedin the newk1 algorithm,as is illustrated in fig. 4.4b. Herethe same3-jet
eventis shownas in part (a) of that figure, but nowthe threek1-jetsconsistonly of particleswhich
are“close” to eachother. Sincefor this newjet clusteringschemethe resummationtechniquescan
be applied [141], it will probablybecomethe standardjet algorithmfor QCD tests.

So far all experimentstaking dataat theZ°haveusedtheJADEjet algorithm [148, 122, 147, 121,
153], sincethe hadronizationuncertaintiesare smallest.L3 and in particular OPAL havestudied
jet ratesalsousing otherschemessuchas the E algorithm.

The L3 analysis is basedon 37000 hadronic Z°decaysat a centerof mass energyof 91.2
GeV. Chargedand neutralparticlesare measuredin the electromagneticdetectorandthe hadron
calorimeter,which coversthe polar angularrange cos01 <0.996.Thejet ratesobtainedwith the
JADE algorithm are correctedfor detectoreffects, resolutionandacceptance,and also for initial
statephoton radiation.All thesecorrections(individually and combined)are smaller than 10%.
The measuredjet fractionsare comparedwith the analyticalsecondorderQCD calculationfor the
E0 scheme[8,43]. A small hadronizationcorrectionis included.

The measured3-jet fraction ataparticularvalueof ycut, Y~ut = 0.08 is

f~= (l8.4±0.9)%. (4.13)

The value of 0.08 was chosenso that the 4-jet fraction is negligible (~0.1%) while the 3-jet rate
is still large. The correspondingQCD predictionis

f~= c3~1.08[a8(1u) + (3.20 + /loln(p
2/s)ct

5(y)
2)], (4.14)

where the hadronizationcorrection factor c
3 is given in fig. 4.3. For the central value of the

renormalizationscale4u
2/s= y~= 0.08 [116], the strongcouplingconstantis determinedto be:

a~(mz)= 0.115 ±0.005(exp.)~~(theor.). (4.15)
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Fig. 4.5. Jetfractionsmeasuredby L3 [147].

The theoreticalerror is dominatedby unknown higher order corrections,which havebeenesti-
matedfrom a variationof the renormalizationscalep in the range3—91 GeV [117]. Figure 4.5
comparesthemeasuredjet fractionsas a function of Ycut with the QCD predictionsfor a

8 = 0.115
(correspondingto A = 190 MeV) and ~2 = 0.08s [147]. The deviationin the jet ratesat low
valuesof Ycut is dueto higherordercorrectionswhich arenot yet calculated.

Similar resultson jet fractionsand a8 havebeenobtainedby ALEPH [148], DELPHI [122],
OPAL [121] andMARK II [153].

4.4.2. Heavyjet mass
The heavyjet mass [154,8] is calculatedin the following way: the eventis divided into two

hemisphereswhich are definedby the planeorthogonalto the thrust axis flT. The two invariant
massesM1, M2 arecalculatedfrom the particlesin the two hemispheres.The largeroneis theheavy
jet mass

Mh = max[Ml(nT),M2(nT)]. (4.16)

For threemasslesspartonsthereis a simplerelationbetweenthrust T andthe heavyjet mass:

Mi/s = 1— T. (4.17)

The observableMh has the advantagethat the secondordercorrectionis smaller than for thrust
[8], resultingin a relatively smallestimatedrenormalizationscaledependence.Also hadronization
correctionsaresmallerthan for thrust [8].

The ALEPH analysis [148] usesthe chargedtrack information from the time projectionand
inner tacking chambersin 53000 hadronicevents.The measurementsare correctedfor detector
effects, unseenneutralparticlesandinitial statephotonradiation. The resultingMi, distribution is
comparedwith the theoreticalpredictionsin ref. [8], convolutedwith a hadronizationcorrection
functionp (M1~

110”,M~adron),wherep is the probability to observeaheavyjet massvalue M~adron
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at hadronlevel, if theparton level valueis M1~’
8t100.The probability function is studiedin different

fragmentationmodels,basedon ME and PS parton configurations.Also the renormalizationscale
dependenceis analyzed.The final result is given for a scalep = ~ = 45 GeV:

as(mz)= 0.136 ±0.004(exp.)±0.0l2(hadr.)~~?~(scale). (4.18)

The scaleuncertaintycorrespondsto a variation of p between mbottom and mz. Note that the
hadronizationuncertaintyis rather large. Thereforethe ALEPH collaborationusesfor their final
result for a

8 only the valueobtainedfrom jet fractions,dueto its smallerfragmentationerror.
Also DELPHI hasmeasuredthe strongcoupling constantfrom the heavyjet massdistribution

andarrivesata resultwhich is consistentwith the ALEPH a5 value.

4.4.3. Energy—energycorrelations
The energy—energycorrelation [144] is the distribution of all anglesbetweenparticles i, j in

hadroniceventsweightedwith the productof their energies.Using an angularbin width Abjfl one
canwrite

EEC(xbjfl) = AN ~‘ ~ô( Xij). (4.19)
events z,j

~ (xbin — Xii) is 1 for anglesxii inside the bin aroundxbin and0 otherwise. y~= >~E,is the
total energyof the event.For2-jet eventsmostanglesarecloseto 00 or closeto 180°,while events
with hardgluon radiationcontributeto the centralregion.The integralof the EECdistributionin a
rangeof 30°to 150°is a measureof the strongcouplingconstant.Eventswith hardgluon radiation
contributeasymmetricallyto the EEC distributionsuch that the asymmetryin the energy—energy
correlation

AEEC(~)=EEC(180°—~)—EEC(~) (4.20)

is positive for x > 30°.While the secondordercorrectionto EECis of aboutthe samesize as for
jet fractions, it is quite small for AEEC.

Figure 4.6 shows the AEEC distributions measuredby OPAL [53] in comparisonwith the
predictionsof the Monte Carlo generatorsHERWIG 5.0 and COJETS6.12. The data, basedon
130000 events,are correctedfor resolution,acceptanceand photon radiation.The JETSET PS
curve is not shown, since it is nearly indistinguishablefrom the data points. COJETScan not
describethe low x region andHERWIG underestimatesAEEC for largevaluesof x.

To extracta8 two methodshavebeenused:oncethe JETSETPS programis usedto calculatethe
hadronizationcorrectionwhich is appliedto the data.Thenthe integralof the AEEC distributionin
the range30°� x <90°is computed,and theresult is comparedwith an analyticalcalculation[8].
In the secondmethodthe hadronizationcorrectionis determinedwith fragmentationparameters
tunedfor the JETSETME generatorusing a valueof ~ = 0.01 to define resolvablepartonjets.
The experimentalresult, correctedfor hadronization,is comparedwith the predictionsof the ME
generatoras a function of as. For a value of p = mz, OPAL obtainsthe result

a5(mz) = 0.ll8±0.003(exp.)~~~(theor.). (4.21)

The theoreticalerror includesestimatesof hadronizationuncertaintiesand the effect of unknown
higherordercorrections.The secondcontribution,whichis largest,hasbeenestimatedby comparing
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Fig. 4.6. Asymmetry of energy—energy correlations mea- Fig. 4.7.

0s from event topology.
sured by OPAL [53].

the resultsof the two methods(PS andME) and by avariationof the scalep between18 and 91
GeV.

The secondordertermsfor EECand AEEC havebeencalculatedby severalauthorswho arrive
at differentresults [155—157, 8]. This introducesan uncertaintyfor the strongcoupling constantof
4a

8 = ~ which is not includedin the aboveresult. Hopefully thesediscrepancieswill soonbe
understoodandeliminated.

Also DELPHI [158,87] and L3 [89] havemeasureda8 from the AEEC distributionandarrive
at similar results.

4.4.4. Global as valuefrom eventstructure
Valuesfor as havealsobeenderivedfrom thestudyof energy—energycorrelations(EEC) andfrom

distributionsof global eventshapevariableslike thrust,C parameter,etc. [8, andreferencestherein].
All thoseresultsobtainedby the five experimentsALPEH [148,159], DELPHI [122,158,87], L3
[147,89], OPAL [121, 160,53, 161—163] and MARK II [153] are summarizedin fig. 4.7. The
combinationof all theseresultsinto oneglobal as value is difficult for two reasons:(1) the errors
are dominatedby theoreticaluncertainties,which can only be estimated,(2) the values of as
derivedfrom the variousquantitiesarecorrelated.

In order to derivea combinedvalue, first the experimentalandtheoreticaluncertaintiesneedto
be estimated,as I will describein the following paragraphs.

As an examplefor the agreementbetweendifferent measurementsfig. 4.8a comparesthe 3-jet
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a) ~. b)

ALEPH -*- 0.180±0.006 DELPHI —— 0.0187±0.0006

DELPHI -‘-— 0.188±0.007

L3 I 0.184±0.009 L3 0 0.0196±0.0009

OPAL ~‘ 0.183±0.004 OPAL —— 0.0205 ±0.0006

LEP * 0.183±0.003 LEP 4 0.0196 ±0.0004

0.12 0.16 0.2 0.24 0.016 0.02 0.024

Fig. 4.8. (a) 3-jet fraction with Ycut = 0.08and (b) AEEC, integral between36°and90°.

fractionsfor ajet resolution parameterof ~cut = 0.08 as measuredby the four LEP experiments
[148,122, 147,121]. All errorsare dominatedby systematicuncertainties.The relativestatistical
errors are of the orderof 1%, since the measurementsarebasedon sampleswith 10000 or more
3-jet events.The weightedaveragehasa relativeerrorof about1.5%.

A similarcomparisonof experimentalresultsis shownin fig. 4.8b for theintegralof the asymmetry
of energy—energycorrelationsbetween36°and 90°[158, 89,53]. Also in this casethe different
measurementsagree.The precisionof the weightedaverageis 2% in this case.

Also for theothereventshapevariablessensitiveto the strongcouplingconstantthe differentLEP
measurementsareconsistentwith eachother. Theexperimentalaccuracyis variable-dependent.The
relativeexperimentalprecisionof the combinedLEP resultsfor a

8 canbe conservativelyestimated
to be ~ 3%.

The theoreticaluncertaintiesfor a8 from eventtopology aredueto (a) missinghigherorder(>2)
corrections in the perturbativeexpansion,and (b) our limited knowledgeaboutnon perturbative
effects (hadronization).Theoreticaluncertaintiesof type (a) turn out to be the dominantones.
They can be estimatedin severalways [164]:
— variationof the strongcouplingconstantwith renormalizationscale,seeabove,
— analysisof spreadof a8 values for differentvariables,
— studyof effectsof higherordersin parton showerMonte Carlo generators.
The threemethodslead to similar numericalestimatesof 5—10% for the theoreticaluncertainties
dueto uncalculatedhigher ordercorrections.

In this context it is interestingto study if the series expansionin a8 exhibits convergence:the
OPAL data [90] havebeenusedto derive a5 in first andsecondorder from five different event
shapevariables[163]. While the lowestorderresultsscatterbetween0.007and0.205,the agreement
becomesmuchbetterwhen next to leadingcorrectionsare included (0.098—0.142).This indicates
the convergenceof the seriesexpansion.

Hadronizationerrors (b) canbe estimatedby
— the variationof fragmentationparametersof a given hadronizationmodel,
— usingdifferent fragmentationmodels (see section3).
For “good” variables (like the 3-jet-fraction) the hadronizationuncertaintyis foundto be of the
orderof 3%.

To computea global value for a8 from eventtopology analysestwo alternativerecipescanbe
applied:
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Fig. 4.9. as valuesdeterminedby DELPHI [87]. Fig. 4.10. a, values from event topology.

(i) First averagea8 valuesderivedfrom jet-fractions,energycorrelationsetc. overexperiments,
thencombineresultsfrom the different variables.

(ii) First calculatecombineda8 valuefor a singleexperiment,thenderive global average.
Method (ii), which will beappliedhere,hastheadvantagethat correlationswithin oneexperiment

can be takeninto accountbetter. In addition,due to the smallnessof the experimentalerrors,a
comparisonof the different LEP values of a8 and correspondingerror estimatesis effectively a
comparisonof the different analysismethodsappliedby the four LEP collaborations.Method (i)
hasbeenusedpreviously,for examplein refs. [165, 164],with resultssimilar to thosederivedhere.

As an examplefor an a8 analysiscombiningseveralobservablesI will describebriefly the results
of the DELPHI method [87]. This analysisis basedon eight eventshapevariables,amongthem
jet rates,thrustand AEEC. The measureddistributionsin thesevariablesarecorrectedfor detector
effectsandhadronizationandthencomparedwith the secondorderQCD calculations.To determine
a8, a fit is performedin a rangeof the shapevariableswhere the 3-jet contribution is dominant
andwherethe correctionsare small.

Figure 4.9 showsthe valuesof as (mz) as function of the renormalizationscalep for the eight
variables[87]. Indicatedaresometypical experimentalerrors.The differencein a8 valuesobtained
from the different quantitiesas well as the p dependenceindicatethat higher ordereffects arenot
negligible. For small scalesp the spreadof the a8 values is substantiallyreduced.The averagea8

value correspondingto fig. 4.9 is found to be a8 = 0.111 ±0.002 (exp.)±0.006 (theor.).Here
correlationsbetweenthe variablesare takeninto account.The theoreticalerror is estimatedfrom
thespreadof a8 valuesas afunctionof shapevariableandrenormalizationscale.Also hadronization
uncertaintiesareincluded.

The whole analysisis performedtwice. Once the QCD prediction is calculatedusing the ERT
matrix element(ME) [43] option in JETSETand string fragmentationwith parameterstunedfor
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this case.The resultsare shownin fig. 4.9. In asecondanalysisthe hadronizationcorrectionsare
calculatedusingtheparton showeroption in JETSET.In this casethe partonlevel distributionsas
calculatednumericallyin ref. [8] are used.The secondmethodleadsto a slightly higheraverageas
value. Combiningthe resultsof the two methodsleadsto an averagevalue of the strongcoupling
constantfrom eventtopology of

ct
5(mz) = 0.113±0.007. (4.22)

Also the otherLEP experimentshavederivedan “average”or “best” valuefor a5 andan estimate
of theuncertainty.The resultsareshownin fig. 4.10.

The ALEPH value [159] is obtainedfrom acombinedanalysisof energy—energycorrelationsand
the global eventshapevariablesthrust,C parameterandoblatenessfor pre-clusteredevents[166].
L3 hasmeasuredthe strongcouplingconstantfrom jet rates[147], energy—energycorrelationsand
their asymmetry[89]. The valuegiven in fig. 4.10 is that from the AEEC analysis.This onehasa
slightly smallererrorthan the othertwo ~ values,which areconsistentwith the former one. Also
the OPAL result for the strongcoupling constantin fig. 4.10 is obtainedfrom AEEC [53], see
previoussection.This result is consistentwith an averageof a~values [167] as measuredfromjet
rates [121], planartriple energycorrelations[161] and global eventshapevariables [162]. The
valuesandalsothe error estimatesin fig. 4.10 areconsistentwith eachother. Since the errorsare
dominatedby theoreticaluncertainties,which are commonto all four a5 values,I combinethe
resultsof the figure by calculatingthe unweightedmeans,both for the centralvalueand the error.
The final result for the a5 valuemeasuredfrom the eventstructureat the Z

0 resonancebecomes

as(mz)= 0.116±0.008. (4.23)

The result from MARK II [153], which hasa large statisticalerror, is compatiblewith the LEP
average.

In ref. [168] a schemeof exponentiationof the leading terms in the perturbativeexpansion
(correspondingto infrareddivergences)for eventshapevariablesis proposed.This method does
not rely on explicit calculationsof the contributionsof soft andcollinear gluonsto certain event
shapedistributions. It assumesthat the secondorder coefficient in (4.2) can be separatedinto
two terms, of which one is commonto all eventshapevariablesandwhich canbe exponentiated.
This ansatzhasbeenappliedto LEP eventshapemeasurements.The resulton a

5 and its error are
similar to the onegiven in (4.23) [168].

4.5. Comparisonandsummaryofas results

Figure 4.11 comparesthe a~valuesobtainedfrom Rz and from the eventshape.It hasto be
stressedthat thesetwo determinationsare independentand that in onecase (Rz) the error is
dominatedby experimentaluncertainties,while in the othercase(eventshape)thetheoreticalerror
is larger.

The weightedmeanvalue of

a5 = 0.119±0.007 (4.24)

is dominatedby the result from the eventtopology.The valuegiven in (4.24) correspondsto [20]

= 240~°MeV. (4.25)
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Fig. 4.11. Summaryof a~valuesmeasuredat LEP. Fig. 4.12. as valuesat the scale~ = mz.

With arelativeprecisionof about6% the a
8 measurementatLEP is avery precisedetermination

of the strongcouplingstrength.In the nextsectionthe resultwill becomparedwith a8 measurements
in other processes.It has to be emphasizedthat this error includes all theoreticaluncertainties;
thereis no additionalmodel dependence.

4.6. Determinationsofthe strong couplingconstantfrom d~fferentprocesses

A comparisonof as values obtainedin various processessuch as deep inelastic lepton—nucleon
scattering,p~collisions ande~e— annihilationconstitutesan importanttestof the universalityof
QCD. Figure 4.12 shows such acomparison.Only thoseprocessesare taken into accountwhich
allow for relatively precisedeterminationsof a8. All measurementsof the strongcoupling strength
havebeentranslatedinto a8 (mz). The resultsare in good agreementwith eachother.

The a8 value from r decaysis obtainedfrom the ratio R1 of the r hadronicandleptonic decay
widths, which canbe measuredindependentlyfrom the semileptonicbranchingfraction and the r
lifetime. Sincethe two correspondingresultsR~anch1ng~ctto~~= 3.66±0.05andR~fetime= 3.32±0.12
[169] differ by 2.6 standarddeviations,I haveincreasedthe error of the weightedaverageby a
factorof 2, so that the resultbecomesR~= 3.61±0.09. Fromthis valueonecancalculatea8(mi)
andextrapolate[170, 30] to mz [124,171,172]: a5 = 0.120±0.009. For a discussionon the a8

determinationfrom r decayssee section7.2.1.
The a~resultsfor T decays,photon structurefunction and from e+e eventtopology at ~ 35

GeV arecalculatedfrom the A~
5~values 120±50 MeV, 115±80 MeV and215±130 MeV of ref.

[4]. The strongcoupling constantshownin fig. 4.12 for deepinelasticscatteringis an unweighted
averageof two recentanalyses[173, 174], which yield as(mz)= 0.109±0.008 and0.113±0.005.

The sixth result in the figure is derivedfrom measurementsof W + jet productionin p~collisions
by UA2 and UA1 [175]. The a

8 valuesat the W massare 0.123±0.022 (exp.) ±0.011(theor.)
(UA2) and 0.127±0.040 (exp.) ±0.016(theor.) (UA1), wherethe theoreticaluncertaintiesare
commonto bothdeterminations.The valuein fig. 4.12 hasbeencalculatedfrom the averageof the
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UA1 andUA2 results,and is extrapolatedto the Z mass.
Measurementsof R in e~e annihilationhave beencombinedand analyzedin refs. [22—24].

The valuein fig. 4.12 correspondsto datatakenat centerof massenergiesaround35 GeV and is
computedas the averagevalueof the threeresultsfor a8(34 GeV) of 0.17±0.03, 0.17±0.03 and
0.18±0.04 compiledin refs. [22—24]andextrapolatedto 91 GeV. Dataat ~ valuesbetween20
and 65 GeV areconsistentwith the 35 GeV result.

The meaningof the errors shown in fig. 4.12 is not the samefor all a8 values, since often
some uncertainties(suchas scaleand model dependences)are not included. If one ignoresthis
warning and calculatesthe weighted averageof all results, one obtains for the global average
a8 = 0.113±0.003andX

2/NDof = 5.9/8.
The e+ e values,in particular from R, are somewhathigh, but still consistentwith the other

results.Future improvementsin precisionat LEP will revealif thereis adiscrepancyor not.
Since the various measurementsinvolve different quark flavors anddifferent energyscales,a

comparisonof the a
8 valuesis also a testof the flavor independenceand therunning of a5.

4.7. Flavor independenceofstrong interactions

QuantumChromodynamicspredictsthe coupling constanta5 to be independentof the quark
flavor. Sincethe quark—gluonandthe quark—quarkcouplingsaredescribedby the sameconstantg8
in the Lagrangian(2.1),aflavor dependencecannotbe introducedeasily.The only way to allow for
a flavor dependenta8 is by having different “QCD5” for differentquark flavors andconsequently
gluonsof different“flavor” which do not interactwith eachother.

For the light quark species,up, down andstrange,the QCD predictionof flavor independence
is supportedby the observationof approximateisospin andSU(3) flavor symmetries.Also the
comparisonof a~valuesmeasuredin charmoniumandbottonium decays[176] with thoseobtained
for otherprocessesinvolving only u, d and s quarksconfirms the QCD prediction.However, since
thesecomparisonsinvolve different energyscalesanddifferent systematicerrors, the precisionof
such tests is not very high. The relativecoupling strengthsfor charm andbottom quarks can be
measureddirectly in e~e annihilation.The first resultsobtainedat centerof massenergiesaround
30 GeV [177—180]confirm the flavor independenceof a~within largeuncertainties.

More precisemeasurementscan be donewith the large data samplesavailable at LEP. The
following sectiondescribesthe measurementof the strongcouplingconstantfor bottomquarksby
L3 [181].

The flavor compositionin hadroniceventsproducedin e+e collisionsat the Z
0 pole is different

from that at lower centerof massenergies.Section4.7.2 explains how this fact can be usedto
comparethe strongcouplingconstantsfor quarkswith different electriccharge(u, c andd, s, b).

4.7.1. a
8 for bottomquarks

The L3 collaborationhasmeasuredthe strong coupling constantfor bottom quarks [181]. At
theZ°pole the fraction of bottom eventsin the hadron sampleis 22%. The b-quark contentcan
be enhancedby selecting hadronicevents with muons or electronsfrom semileptonicdecaysof
heavyB mesonsor hadrons.Cuts of 4 (3) GeV on the momentaof muons (electrons)andof 1.5
(1.0) GeV on the transversemomentaof the leptonswith respectto the nearestjet are applied.
In ahadronsampleof 110000 eventsL3 finds 1800 (1100) eventswith muons(electrons).In the
inclusiveleptonsubsample87% of the eventscontainbottomquarks.For both the inclusivelepton
andthe full hadronsamplesthe 3-jet ratesaremeasuredas describedin section4.4.1.Onegetsfor
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Table 4.3
Measurements of a, values for different quark flavors.

Flavor as determ. Tagging Experiment Ref. a, ratio

c ~Tdistr. D* decays TASSO [177] c/(udsc) = 1.00± 0.28
c AEECdistr. D* decays TASSO [179] c/(udsc) = 0.91±0.41

b AEECdistr. decay vertices TASSO [178] b/(udscb) = 1.17±0.57
b jet fraction semilept.decays JADE [180] b/u = 1.12±0.25
b jet fraction semilept.decays L3 [181] b/(udsc) = 1.00 ±0.08

theratio of 3-jet ratesatYcut = 0.05, after smallcorrectionsfor detector,hadronizationandbottom
masseffects,

ç~L,C a~’~~

chad = tot = 1.00±0.03(stat.)±0.04(syst.). (4.26)
a3jets/atot

This double ratio is sensitiveto the ratio of the coupling constantsas (b ) /a5(udsc). It hasthe
advantagethat most systematicuncertaintiescancel. The correction factor for acceptanceand
resolution is 0.97 ±0.03 for inclusive muon events and 0.93 ±0.04 for electron events. The
fragmentationandmasscorrectionsare (3 ±2)% and (2 ±1 )%. It hasbeenverified that — within
errors — the result is the samefor the inclusive electron andmuon samplesand independentof
ycut. With the known bottomcontentin the two datasetsof (22±0.5)% and (87±3)% onecan
calculatethe ratio of a8 valuesfor b quarksandthe lighter species,assumingthe first orderrelation
f~x a8. The result is:

a~’/a~’~= 1.00±0.05(stat.)±0.06(syst.). (4.27)

Here the lighter quarksu, d, s, c are assumedto havethe samecoupling strengths.The effect of
the secondordercorrectionon the relationbetweenthe 3-jet rateanda8 is negligible.This result is
consistentwith oneandshowsthe flavor independenceof thequarkcouplingsas predictedby QCD.
The precisionis significantly better than that achievedpreviously in e~e’ collisions at ~ ~ 30
GeV, as is shownin table4.3.

4.7.2. a8 for “up” and “down” typequarks
At ~ ~ 30 GeV the cross section is proportional to the squareof the charge Q~(photon

exchange).At 91 GeV it is proportionalto the sum of the squaresof the vectorandaxial vector
couplingconstantsVq

2 + A~(Z°exchange),seesection2.2.1.Thereforethe flavor compositionat
theZ°pole is different from that at lower centerof massenergies,as is shownin fig. 2.9b.

The 3-jet fractionsdeterminedwith the JADE algorithm for Ycut = 0.08 at 30 GeV and at 91
GeV canbe written as

f~’= 0.73f~’(30GeV)+ 0.27f~0~~(30GeV),

fZ = 0.34f
3

t19(91GeV) + 0.66f~’°~(91GeV). (4.28)

Here f
3” standsfor the averagejet rate of the “up” type quarksu, c with charge+2/3. Similarly

f~°~”denotesthe meanvalueof thejet fractionsfor “down” type quarksd, s andb ofcharge—1/3.
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Table4.4
3-jet fractions for ycut = 0.08 measured near 30 and 91 GeV.

.,/i (GeV) Experiment Ref. f~

29 MARKII [182] 0.229±0.005

34.6 JADE [150] 0.220±0.004

35.0 TASSO [183] 0.220±0.005

91 LEP section4.4.4 0.183±0.003

The coefficientsin eqs. (4.28), the relative fractionsof up anddown type quarks, are calculated
from table 2.2. Kinematicalthresholds,higher order correctionsand the small contributionsof
Z°-graphsat 30 GeV andof y-exchangediagramsat theZ°polecanbe neglected.

The secondorderexpressionfor the 3-jet fraction at Ycut = 0.08 is givenby eq. (4.14) in section
4.4.1.The hadronizationcorrectionc3 is practically flavor independent(< 2%) and varies little
with ~ as shownin fig. 4.3.

To comparethe measurementsat the Z°resonanceandat lower energiesone hasto assumethe
runningof a8 aspredictedby QCD andgiven in eq. (2.16) in section2.1.3:

a5(mz)
a8(vs) = 2 (4.29)

1 + flocss(mz)ln(s/mz)

Here the lowest orderQCD formula canbe applied, sincethe inclusionof the nextorderchanges
the resultsvery little. I usehere fib = 0.60 assumingNF = 5. This would not be correct if there
were two types of decoupledstrong interactions,one for up type quarks,and one for down type
quarks.In thatcaseonewould haveto useNF = 2 and 3, respectively.

The measured3-jet rates(~cut= 0.08) at~ ~ 30 and91 GeV aresummarizedin table4.4. From
a fit to thoseresults,usingf p

2/s = 0.08, oneobtainsthe ratio of the a
8 valuesfor up type and

down type quarksat 91 GeV:

a~/a~b0~= 0.94±0.08. (4.30)

The error includes the experimentalerror of 0.02, a hadronizationuncertaintyof 0.06 and a
renormalizationscale uncertainty of 0.05. The latter correspondsto a variation of f in the
range0.001 to 1. The hadronizationerror hasbeenestimatedby assumingan errorof the ratio
c3 (35 GeV) /c3(91 GeV) of 4%, and an absoluteuncertainty,common to both centerof mass
energies,of Ac3 = 3%. If NF = 2 or 3 is usedinsteadof NF = 5, the aboveratio decreasesby
about 10%.

This result confirms that the strongcoupling constantis independentof the weak isospinor the
electric chargeof quarks.

4.8. Runningofa8

The decreaseof the strongcoupling constanta8 with increasingenergyis a consequenceof the
gluon self interaction and thereforeone of the most important predictionsof QCD. While we
know from confinementandasymptoticfreedomthat this is qualitatively true, quantitativetests
are difficult for the following reasons:
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Fig. 4.13. (a) Energydependenceof the 3-jet fraction, (b) energydependenceof a, from AEEC.

— One needsdata for at least two energypoints, and both energiesshould be high enough,so
that perturbativeQCD can be trustedand non perturbativeeffects are small or at least energy
independent.
— Since the coupling decreasesonly logarithmically, the points have to be sufficiently far apart.
Choosingfor examplethe energies30 and 90 GeV, one expectsthe ratio of the correspondinga8
valuesto be 1.2.
— The measurementshaveto be done for the sameprocess,sincethe relativeenergyscaleuncer-
taintiesare largewhencomparingas valuesobtainedfrom differentreactions.
— Ideally the measurementsshouldbe performedwith the samedetectorto reducethe experimental
uncertainties.

The first threeconditionsare fulfilled whencomparinga~valuesdeterminedfrom the structure
of hadroniceventsin e+e annihilationabove20 GeV. The last point is valid to someextentfor
the resultsobtainedat PETRAwhich coveredthe centerof massenergyrange12—46 GeV, and for
the MARK II measurementsat 29 and 91 GeV [182,153].

Firstly I analyzethe 3-jet fractionsobtainedwith the JADE algorithmfor Ycut = 0.08, which have
beenmeasuredby many experimentsat PETRA, PEP, TRISTAN and LEP. It is advantageousto
comparethe measuredjet fractionsdirectly insteadof the values of the coupling constant,since
hadronizationcorrections,matrix elementcalculationsandthe renormalizationscaleusedto derive
a8 from thesemeasurementsdiffer from experimentto experiment.

Figure4.l3ashowsthe 3-jet fraction measuredin e+e— annihilationfor centerof massenergies
between 14 and 60 GeV [150,183,182,184,185] andat9l GeV [148,122, 147, 121]. Tofirst order
the 3-jet rate is proportionalto the strongcouplingconstanta~.

The energydependenceis reproducedby the QCD prediction [8], calculatedfor a value of
a5 = 0.118, correspondingto the average3-jet fraction measuredat LEP, and p

2/s = y~ut= 0.08.
The QCD predictionscontainhadronizationeffectstakenfrom fig. 4.3. The uncertaintiesindicated
in fig. 4.13 comefrom the experimentalerror of thejet ratesat 91 GeV and, in particular at low
energies,from fragmentationuncertainties.
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Fig. 4.14. 3-jet fractions,from Bethke [165].

Note that the renormalizationscale uncertainty is the same for all the measurements.The
conclusionthat a

8 runs thereforedoesnot dependon aparticularchoiceof p.
It is interestingto comparethe a8 valuesobtainedby the MARK II collaboration,becausethey

are measuredwith the samedetector,taking dataonceat 29 GeV andonceat 91 GeV [182, 153]:

jets: a8(91GeV)/a8(29GeV)= 0.83±0.06(stat.). (4.31)

Unfortunatelythe dominantuncertaintyis the statisticalerrorat 91 GeV. The QCD predictionfor
this ratio is 0.83 (for as(mz)= 0.116) and agreeswith themeasurements.

The running of a5 can also be demonstratedusing values derived from the analysisof the
asymmetryof energy—energycorrelations[89]. Severalgroupshavedeterminedthe strongcoupling
constanta8 in secondorder from AEEC [186, 158,89, 160,53]. Figure 4.13b shows only results
obtainedusingthe string fragmentationmodel for hadronizationcorrectionsanda renormalization
scalef = 1. Measurementsbasedon the FKSS [44] or GKS [45] matrix elementcalculations,
which were found to be incomplete [11], are not shown. Statistical and systematicerrors are
combinedquadratically.The energydependenceof a8 is reproducedby QCD usingthe averageLEP
value [158,89,160,53] of a8(mz) = 0.116±0.007(forf = 1).

Similar resultscanbe obtainedfor othervariablesdescribingthe eventstructure,but the uncer-
taintiesare largerandthereareless datapointsavailable.

Anotherway to demonstratethe running of a8 is shownin fig. 4.14 [165]. Here the same3-jet
data as shownin fig. 4.13 are plotted as function of 1 / ln ~ so that to first order oneexpectsa
straight line.

The set of experimentalresults shown in figs. 4.13 and 4.14 demonstratesunambiguouslythe
runningof a8 andprovidesindirect evidencefor the gluon selfcoupling. This is avery important
confirmationof QCD.

In order to quantify this statement,I will show that onecan determinethe coupling strength
with a goodprecisionfrom the energydependenceof the 3-jet ratealone.This is possiblesincea8
determinesnot only the normalizationbut also the slopeof the curvein fig. 4.13a, as shownby eq.
(2.16). For this determinationI group measurementsat similar centerof massenergiestogether
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Table 4.5
3-jet fractionsfor ycut = 0.08 measuredin e+e.

~ (GeV) Experiment Ref. (f3)

14 TASSO [183] 0.414±0.017
22 JADE,TASSO [150,183] 0.270±0.008
29 MARK II [182] 0.229±0.005
35 JADE,TASSO [150,183] 0.220±0.003
44 JADE,TASSO [150,183] 0.199±0.004

57 AMY,VENUS [184,185] 0.191±0.006

91 LEP section4.4.4 0.183±0.003

andcalculatethe weightedaverages*)~ The resultsareshownin table4.5. Thenthe QCD prediction
[8] as function of A~usingf = 0.08 and including hadronization(fig. 4.3) is fitted to those
datapoints, leavingthe absolutenormalizationfree. The point-to-pointhadronizationuncertainty
is assumedto grow from 2%at 91 GeV to 7% at 22 GeV and 15% at 14 GeV. The result is

= 0.098~~, (4.32)

wherethe error includesexperimentaland theoreticaluncertainties.The latteronescontain frag-
mentation errors andascaleuncertainty,estimatedfrom a variation of f between0.001 and 1.
The abovevalueis remarkablypreciseandconsistentwith the valueobtainedfrom the absolutejet
fractionsat 91 GeV,

normalization — A 112+0.010 4 33a5 — ~ —0.006

Herethe error is computedin asimilar way as for a~0Pe.

Using information from both the slope and from the absolutenormalizationone can fit the
numberof flavors NF. The result

NF = ~ (4.34)

is consistentwith the expectationof NF = 5. The strong coupling constantis treatedas a free
parameterin this fit. This calculation hasbeendoneusing the analytical formulas of ref. [46],
wherethe NF dependenceis explicitly given. The errorshavebeenobtainedwith the hadronization
uncertaintiesas given aboveandan absolutefragmentationuncertaintyof 3%, andby avariation
off between0.001 and 1.

5. Testof QCD matrix elements

With the only free parameterin perturbativeQCD, a5, known,the QCD matrix elementcalcula-
tions canbe testedby comparingthe measuredjet distributionsin multi-jet eventsto the theoretical
predictions.A few comparisonsare shownin the previoussection,for examplethe 3-jet fraction

*) ThepublishedVENUS data arenot correctedfor detectoracceptanceandresolutionandphoton radiation.The 3-jet
rate in ref. [185] hasbeendecreasedby 5%to taketheseeffectsinto account.
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most energetic jet

Fig. 5.1. Scaledpartonenergiesandanglesfor 3-jet events.

as afunctionof the jet resolutionparameterin fig. 4.5. Hereamore systematicstudyof 3-jet and
4-jet eventsis presented.

Eventswith three jets can be used to distinguish betweenQCD with spin-l gluons and an
alternativemodel with scalargluons. The triple gluon vertex contributesto eventsof type e+e —~

qcigg. Thus 4-jet eventscan be usedto distinguishbetweenQCD and an abelianmodel without
bosonselfcoupling.

In the caseof 3-jet eventsthe QCD calculationsareavailablein next to leadingorder,while the
distributionsfor 4-jet final stateshavebeencalculatedonly on the Born level so far.

5.1. 3-jet events

For unpolarizedbeams,an eventof typee+e~—~ 3 jets canbe describedby four independent
kinematicalvariables (apart from the jet masses).They can be chosenas x

1 = energyof the
most energeticjet normalizedto the beamenergy, x2 = energyof the secondmost energeticjet
normalizedto the beamenergy,0 = polarangleof thefirst jet with respectto the e direction,X =

anglebetweenthejet planeandaplanespannedby thefirst jet andthe beam.Hereno distinction
betweenquark,antiquarkand gluonjets is made.I referto the mostenergeticjet asthe “first jet”,
i.e.

x1 � x2 � x3, with x1 + x2 + x3 = 2, (5.1)

assumingmasslesspartons.Figure 5.1 (from ref. [187]) illustratesthosedefinitions.

The differentialcrosssectionfor the processe~e —~ 3 jets canbe written in the generalform

da/dxi dx2dcos0dX= ~f’(cosO,x)da’/dx1dx2, (5.2)

wherethe sum extendsoverfour different Z
0/y spin statesandinterferencetermsi [187].

While thefunctionsf aredeterminedby the initial state (e~e) and the exchangedboson(Z°),
thehelicity crosssectionsda’/dxidx

2 are sensitiveto the final statestrong interactions(q~g)and
dependon the gluon spin (0 or 1). In lowest order, their form doesnot dependon the strong
couplingconstant,which appearsasan overall factor in eq. (5.2). The helicity crosssectionshave
beenevaluatedfirst for masslesspartonsand photonexchangeto 0(a5) in ref. [188] for vector
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~t1~~t

Fig. 5.2. (a) Ellis—Karliner angleA, (b) polar angleof the normalto the 3-jet plane0.

gluons (QCD) andin ref. [62] for scalargluons. The calculationshavebeenrefined by including
masseffects [189], Z°exchange[187,190], and0(a~)corrections[49] (for the spin-l case).

In the vectorgluon casethe helicity crosssectionsfor e+e~—~ —~ q~gandfor e+e —~ Z°—* q~g
are identical. For spin-0 gluons the helicity crosssectionterms proportionalto J’~2and A~are
differentfrom eachother.Here Vq and Aq denotethevectorandaxial vectorcouplingsof the quark
q to the Z°boson,respectively.Thus in thescalargluon casethe 3-jet distributionsfor Z°exchange
differ from thosefor y exchange.

The coupling constanta~for QCD and~ for the scalargluon model, which appearas overall
normalization factors in (5.2), are different. Furthermore,the matrix elementcalculationsare
performedto first order in ~ in the scalarandto secondorder in a~for vectorgluons. To avoid
the correspondingnormalizationproblemsall comparisonspresentedhere are basedonly on the
shapeof the distributions.

Integrating (5.2) over the angularvariablesandoneof the energyfractionsgivesthe crosssection
dependenceon the variablesx~.The distributionsin x

1, andin particular in X2 andx3, arequite
different for vector and scalargluons and thus allow to discriminatebetweenthesemodels. The
differenceis mainly due to the poles at x2 = 1 andx3 = 0, which exist in QCD, but not in the
scalargluon model. I will illustrate this for the infrared divergencex3 —+ 0: to first order in a~the
y, Z

0 vectorcouplingpartsof the QCD andscalargluon matrix elementsaregiven by

~ (5.3)

da~~~/dxqdx—x~/(1 xq)(l x~). (5.4)

HereXq, x~andXg = 2 Xq— x~denotethe scaledmomentaof the (massless)quark,antiquarkand
gluon, respectively.For Xg —~ 0, andconsequentlyXq —÷ 1, xq —~ 1, the vector gluon crosssection
becomeslarge (—+ oc), while it remainsfinite in the scalarcase.

Also the Ellis—Karliner angleA betweenthe third and first jet, defined in the centerof mass
systemof jets 2 and 3 (see fig. 5.2a), allows a cleardistinctionbetweenspin- 1 andspin-0gluons
[191]. Formasslesspartons:

IcosAl = (x
2—x3)/xi. (5.5)

The differentialangularcrosssectioncanbe calculatedfrom (5.2) by integratingoveracertain
kinematicrangeof the variablesx1 and x2. It can be definedfor exampleby the thrust value T.
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For threemasslesspartonsT = 1 — x
1. Then

da/dcos0d~= ~f’(cos0,x)o’(T). (5.6)

The angle0 of the normalto the 3-jet planewith respectto the beamdirection (fig. 5.2b) is related

to 0 andx via

cos0 = sin0sinX. (5.7)

With the explicit expressionsfor j oneobtainsfor the 0 distribution

da/dcosGoc1 +~(T)cos
2U. (5.8)

In first order QCD the coefficient ~ = — 1/3 is independentof the thrust value. Secondorder
correctionsarefoundto be very small [491.Forspin-0gluons~ rises with decreasingthrustvalues
andis alwaysbigger thanthe QCD prediction.

5.1.1. Jetenergydistributions
The distributionsof jet energiesandof the Ellis—Karliner anglehavebeenmeasuredby L3 [511

andOPAL [1921.The two analyses,which arebasedon about 100000hadronicevents,arequite
similar. HereI describebriefly the OPAL method.

Both trackandcalorimetricinformationareusedto measurehadroneventsin a polar anglerange
cos°thrustl<0.9. Jetsare reconstructedusing the JADE algorithm [150] as introducedin section

4.4.1 with a resolutionparameterYcut = 0.01 (Ycut ~ 1 — x
1). With this smallvalueaphase-space

region is selectedwhich is most sensitiveto the gluon spin. The x are determinedfrom the jet
directions,which canbe measuredmorepreciselythanjet energies:

x, = 2sinçt’,/(sinçv1+ sinW2 + sinçv3), (5.9)

wheret~ is the anglebetweenthe two jets different from jet i, see fig. 5.1. The formula (5.9) is
strictly valid only for masslesspartons.The measuredx2 and cosA distributionsare correctedfor
detectoreffects,photonradiationandhadronizationanddecays.

Figure 5.3 showsthe distributionsof thescaledenergyof jet 2 andof the Ellis—Karliner angleas
measuredby L3 [51] andOPAL [1921, respectively.In the L3 analysisjets arereconstructedwith
the JADE algorithm. All eventswhich havethreejets for Ycut = 0.02 areselected.The systematic
errorsare typically between5% and 10% per bin. The measurementsare comparedwith the QCD
predictions [41,43] and to the scalar gluon model distribution [1871. In fig. 5.3b the results of
both the parton showerandmatrix elementcalculationsare shown. The solid line in fig. 5.3a is
obtainedfrom the secondorderQCD matrix element.Thetheoreticalcurvesarenormalizedto the
numberof data events.In all casesgood agreementis found betweenthe QCD predictionsand
the measurements,while the scalarmodel clearly fails to describethe data. Also othereventshape
variablessuch as thrustcan distinguishbetweenthe differentmodels [81.

5.1.2. Orientation of the 3-jet plane
The orientationof 3-jet eventshasbeenstudiedat the Z°poleby DELPHI [1931andL3 [51].

Here I will presentthe DELPHI measurementof the polar angle distributionof the normal to
the threejet planeas a function of the thrust value. The analysisis basedon 76000 hadronic
eventsin apolar anglerange cosOthiustl <0.75. Only chargedtracks areused.The measuredcos0
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Fig. 5.3. (a) Distribution of energyfraction x2 measuredby L3 [51], (b) Ellis—Karliner angledistribution measuredby
OPAL [192].

distribution is correctedfor detectoracceptanceand resolution, for initial statephotonradiation
andfor fragmentationeffects. Hadroniceventswith T < 0.9 aresubdividedinto four bins according
to their thrustvalue T. Foreachof the four resultingdatasamplesa function of the form (5.8) is
fitted to the cos0 distributionand the parameter& is determined.The result is shownin fig. 5.4.
The distributionis comparedwith the QCDpredictionof —1 / 3 and thescalarmodel curve [49].

Goodagreementis found betweenthe QCD predictionsand the measurements,while the scalar
gluon model fails to describethe data. However, the discriminatingpower is substantiallysmaller
than for the jet energydistributions discussedin the previoussection.The L3 collaborationhas
obtainedsimilar resultsandarrivesat the sameconclusion.

The orientationof 3-jet eventshasbeenstudiedbeforeat ~ ~ 30 GeV usingabout2000events
[194]. QCD to first orderreproducesthe measureddistributions.

The spin-0 model has beenruled out alreadyfrom analysesof other reactions [195], andalso

I I I I I
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— 0.4 - - — - -

-0.4 I ~. i~i+Ii

0.68 0.76 0.84 0.92 1

T

Fig. 5.4. Distributionof ~ measuredby DELPHI [193].
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e~e—* q~gg eke—h q~q~

Fig. 5.5. Feynmangraphsfor 4-jet production.

from e~e dataat lower energies(from jet energy distributions only) [331.However,at LEP the
differencesbetweenthe two alternativesaremuch bigger,andthe QCD predictions(now available
to secondorder) canbe testedwith ahigher precision.

5.2. 4-jet events

QCDpredicts two classes of 4-jet events which correspond to the two processes

Z0—tq~gg, (5.10)

Z°~q~q~, (5.11)

at the parton level. The correspondinggenericFeynmandiagramsare shownin fig. 5.5.
The first graphfor q~ggeventscontainsa“three-gluonvertex”, a consequenceof the nonabelian

natureof QCD.
An alternativemodel without self couplingof the spin- 1 gluons canbe constructedwith 3 color

degreesof freedomfor the quarks [196]. Hereonly the doublebremsstrahlungdiagramscontribute
to the processe+e— ~ q~gg.

As in the 3-jet analysisall comparisonsbetweendataandtheoreticalmodelsarebasedonly on the
shapeof the distributions,in order to avoid normalizationproblemsdue to the differentcoupling
constants.

5.2.1. DistinguishingQCDfrom the abe/ian model
Different variableshavebeenproposedthataresensitiveto the differencesbetweenQCD andthe

abelianmodel [197—2031.Most of them arebasedon angularcorrelationsbetweenthefour energy
orderedjets. The mostenergeticjets 1 and2 arelikely to correspondto the “primary” quarks.The
main differencebetweenQCD and the abelianmodel in the distribution of thosevariablesstems
from the difference in the contributionof q~q~final statesto the 4-jet sample.The fraction of
four-quarkfinal statesis about5% in QCD, but 30% in the othermodel [202].

The angularvariableshavebeenstudiedby L3 [204] andOPAL [2051in order to discriminate
betweenQCD andthe alternativeabelianmodel.

The L3 analysis is based on about 4000 4-jet events selectedwith a resolution parameter
Ycut = 0.02 for the JADE clusteringscheme.

The distributionsfor the following observableshavebeenmeasuredandcorrectedfor detector
effectsandphotonradiation:
— The variableproposedby Körner,SchierholzandWillrodt [197], ~KSW, is definedfor events,for
which therearetwo jets in bothhemispheresdefinedby thethrustaxis. l’~wis the anglebetween
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~KSW ~ 1

Fig. 5.6. Definition of angularvariablessensitiveto the three-gluonvertex.

the oriented normals to the plane containing the jets in one hemisphere and to the plane defined
by the othertwo jets. Gluonalignmentin the splitting processg —~ gg favors ~i¼sw ir, so that the
two softestparticlespoint to the sameside, whereasg —+ q~prefersthe planesto be orthogonal.
— The Nachtmann—Reiterangle[198], 9~R’ is the anglebetweenthe momentumvectordifferences
of jets 1, 2 andjets 3, 4. Due to thedifferent helicity structures,øj~~~ 0 is favoredby the process
g —~ gg and8~R~ ,r/2 is favoredby g —* q~.
— BengtssonandZerwas [199] defineXBZ as the anglebetweenthe planecontainingjets 1, 2 and
the planecontainingjets 3, 4. Linear polarizationof the gluon in e~e —+ q~gresultsin different
distributionsof XBZ for g —~ gg andg —~ q~.

Thesedefinitionsareillustratedin fig. 5.6 (from ref. [202]). Sincehereonly the energyordered
jets are used to calculate the aboveangles,the differencesbetweenQCD andthe abelianmodelfor
the q~ggfinal states are considerably smaller than in the case of identified quark andgluonjets.

All three measureddistributionscanbe reproducedby the correspondingQCD predictions.The
angle cP~~turns out to be less sensitive than the other two observables for the distinction of QCD
andthe abelianmodel. The correctedandnormalizeddistribution of the Nachtmann—Reiterangle
XNR is shownin fig. 5.7a. The measurementsare comparedwith the predictionsof QCD and the
abelian model. To estimate the theoretical uncertainties (hatched bands in the figure) the predicted
angular distributions are determined once from the matrix element calculations and once using the
parton shower generator JETSET. The measurements are reproduced by QCD, while the predictions
of the abelian model are clearly incompatible with the data.

Similar conclusions can be drawn from the measured distribution of the Bengtsson—Zerwas angle
XBz, as is shownin fig. 5.7b for the OPAL data [205].

From both the L3 and OPAL analyses the abelian model can be ruled out. OPAL has set an
upper limit for the fraction of four-quarkfinal statesof 9.1% at the 95% confidencelevel. This
result is consistentwith the QCD predictionof 4.7%, but not compatiblewith the fractionof 31.4%
predicted by the abelian model. Similar studies have been performed for smaller event samples at
~ 60 GeV [206].

The 3-gluon coupling influences also event shape variables and jet production [163]. The mea-
sureddependenceof the 3-jet fraction as function of thejet resolutionparameteris not compatible
with the abelian model [165].

Also the measured jet production rate in hadron collisions can be considered as evidence for
gluon—gluonscattering[207,208].

5.2.2. Measuringcolor factors
ALEPH [209] and DELPHI [200] have studied 4-jet events in more detail and measured the

color factors appearing in the 4-jet differential cross section, which can be written in the following



T. Hebbeker,Hadronicdecaysof Z
0 bosons 123

40

30 - 2.0 •.~

- - - - - -. - - Abelian
-~ -- ..‘- 1.5

20 - QCD • Data !~LO ~

10•

0.5

OPAL

0 I....I.... 0.0 ~0 0.2 0.4 0.5 0.8 1 0 10 20 30 40 50 60 70 80 90

cosO*NR XBZ (degrees)

Fig. 5.7. (a) Nachtmann—Reiterangle measuredby L3 [204], (b) Bengtsson—Zerwasangleasmeasuredby OPAL [205].

way [43]:

04-jet CFaA + (CF — ~CA )aB + CAaC+ TFNFaD+ (CF — ~CA )aE. (5.12)

The formulas for the cross sectionsa
1 are given in ref. [43]. The first two terms in eq. (5~l2)

correspondto doublegluon bremsstrahlunggraphs,thethird term involvesall contributionsto q~gg
eventscontainingthe triple gluon vertex (including interferencetermswith doublebremsstrahlung
contributions),and the last two termsdescribe4-quark final states.The contributionof the term
(CF — ~CA) aE is very small. The numberof flavors NF is set to five in the analysesdescribedhere
and also in the previous section *)•

The color factor CF is ameasureof thequark—gluoncouplingstrength,CA is proportionalto the
g —~ gg couplingand TF definesthe strengthof the g —~ q~coupling, seesection2.1.2.In alternative
theories as for example the QED like abelianmodelthe color factorsaredifferent while the cross
sectionsa~arethe sameas in QuantumChromodynamics.The color factorsfor the two theoretical
modelsare comparedin table 5.1.

Since the absolutenormalizationof the 4-jet cross sectionsis not well known, onecan only
comparethe shapeof the measuredandpredictedcrosssectionsand determinethe ratio of color
factorsCA/CF and TF/CF.

ALEPH determinesthe color factor ratios from a maximum likelihood fit to the measured
differentialcrosssection.A 4-jet eventcanbe describedby five independentvariables(apart from
the jet masses).The ALEPH analysisusesthe scaledinvariant massessquared,YIJ, of the jets i
andj. About 4000 4-jet eventsare selectedwith aJADE jet resolutionparameterYcut = 0.03 out
of 70000hadronicZ°decays.

*) This is correct only if theq~systemhasan invariant masswell abovethe bottom mass, since the matrix element
calculationsassumemasslesspartons.In the LEP analysisthe effective numberof flavors is probablyslightly below 5, but
thecorrespondingchangeof the crosssectionis muchsmaller thanthe systematicerrors.
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Table 5.1
Color factors in QCD and

abelianmodel.

CF CA TF

QCD 4/3 3 1/2
abelian 1 0 3

The DELPHI analysisis basedon an eventsampleof similar size. Here the two-dimensional
distributionin the variablesI cosO~and a

34 is measuredand fitted, wherea34 denotesthe angle
in betweenthe two least energeticjets 3 and4.

The resultsof both the ALEPH and DELPHI analysesare shown as contours (at the 68%
confidencelevel) in the CA/CFversusTF/CF planein fig. 5.8 [209,200]. Also shownarepredictions
of the abelianmodel andof SU (N) type gaugetheories,in particularQCD with N = 3.

ALEPH andDELPHI obtain the color factor ratios

ALEPH: CA/CF = 2.20±0.40, TF/CF = 0.65±0.45, (5.13)

DELPHI: CA/CF= 1.87±0.41, TF/CF=0.20±0.18. (5.14)

Table 5.2 comparesthe combinedALEPH andDELPHI measurementsof the color factorswith
the predictionsfor the two modelsof stronginteractions.The strengthof thetriple gluon vertexis
measuredto be non-zerowith a significanceof more thanfive standarddeviations*)~The abelian
model can be ruled out from the measuredratios CA/CF and TF/CF. QCD reproducesthe data
very nicely. A distinctionbetweenSU (2), SU(3) andSU (4) is not possiblein this analysis.

*) In the ALEPH andDELPHI analyseshigherordercorrectionsto theshapeof the 4-jet distributionsareassumedto be
small; this is motivatedby the smallnessof thesecondordercorrectionsto the form of the3-jet distributions.Seealsoref.
[203].

4.C

- •Aleph
3.2 - 0 Delphi

.“~ abelian model

24- 68%CL

1.6 - SU(2) SU(N}

— SU(4) 1tIIIIIIII~ — QCD____ .~II~IIh1 uI, ____

0 08 1.6 2.4 3.2 4.0

CA/CF

Fig. 5.8. QCD color factorsas measuredby ALEPH andDELPHI.
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Table 5.2
Color factorratios.

CA/CF TF/CF
g—+gg g~q~

LEP 2.0 ±0.3 0.3 ±0.2

QCD 2.25 0.375

abelian 0 3

LEP has provided clear evidence for the existence of the triple gluon vertex and has found the
coupling strength to be in quantitative agreement with the QCDpredictions. Thus one of the
fundamental properties of the gauge theory of strong interactions has been tested.

Also in the electroweak Standard Model with an SU(2) x U(1) gauge structure boson self coupling
is expected to exist. However, this theoretical prediction can not yet be tested directly since the W
bosonsaresoheavy*)~Only when LEP will take data at centerof massenergiesabovethe W pair
productionthreshold,in a few yearsfrom now, can the selfinteractionsof the bosonsy, W andZ
be studiedexperimentally.

6. “Soft” hadronphysics

In the precedingsectionsmeasurementsand QCD predictionshave beencomparedat thejet
level, correspondingto “hard” quarksandgluons.

In this sectionhadroniceventsareinvestigatedat the hadron levelandmeasurementsof particle
spectra,string effect, local particledensityfluctuationsetc. arepresented.Formany“soft” phenom-
ena QCDpredictionsexist, in form of parton showerMonteCarlo generatorsandanalytical (next
to) leadinglog calculations.However,in studiesat the hadronlevel the importanceof fragmentation
andparticledecaysis significantly increasedwith respectto the jet-level analyses.Consequentlyit
is difficult to test the perturbativelycalculatedQCD predictionsand the hadronizationschemes
separately.

In the previoussectionstestsof the fundamentalpropertiesof QCD havebeendescribed.Here
the goal is not somuch a testof the QCD Lagrangian,but ratherto exploreto what extentQCD
calculationscansuccessfullybe applied to soft phenomena.

Firstly I will outline briefly the qualitativeresultsof the QCD calculationsfor particlespectra,
string effect etc. Then I will describethe variousmeasurementsdoneat LEP andcomparethe
resultswith the QCD predictions.

6.1. Gluon interference

Interference of gluons leads to the following two phenomena:
— Intra-jet effects.The (next to) leading log QCDcalculations [57,9] take into account interference
effects between soft gluons, as prescribed by quantum mechanics. In this context the expression “soft
gluon coherence” is frequently used. One finds that destructiveinterferenceoccursif the emission

*) First evidencefor thetheW~—y coupling comesfrom theobservationof W—h £ vy decays[210].
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Fig. 6.1. Angular ordering.

angles in subsequent parton branchings increase. This means that effectively the subsequent angles
decrease, as shown schematically in fig. 6.1 [9]. This phenomenon is generally referred to as “angular
ordering” and used for example in parton shower generators to take into account interference effects.

Consequently the available phase space for soft gluons inside a jet is decreased.This leadsto
reducedparton multiplicities andasuppressionof partonswith low momentum.
— Inter-jet effects.Analytical QCD calculationspredict for 3-jet eventsdestructiveinter-jet interfer-
enceeffects in the region betweenthe q and the ~ jets [211,9]. Thus lessparticles are produced
in between the quark and antiquark jets in comparison to the othertwo inter-jet regions.This is
known as the “string effect”, see below.

For the test of the parton level predictions a model for hadronization and decays is needed.
In case of Monte Carlo generators, string or cluster fragmentation is used together with empirical
decay tables. In the contextof analyticalcalculationsthe hypothesisof “local partonhadronduality”
(LPHD) [212,213] is invoked. It suggests that the calculated parton distributions can be compared
directly with the measurements for (long lived) hadrons.

6.2. Chargedparticle multiplicity

Five experiments have measured the charged particle multiplicity distributionat the Z°pole
and compared their results with different models [214—216,91,2171.The parton showerMonte
Carlo program JETSET can reproduce the data well. This is also true for certainphenomenological
models, for example the log—normal probability function [218] and, to a lesser extent, the negative
binomial distribution, as shown in fig. 6.2 for the ALEPHanalysis [214]. A comparison with lower
energy e~e data supports the KNO scaling hypothesis [2191, that the distributionof n/(n) is
independentof the centerof massenergy.

More detailedstudieshavebeenperformedby DELPHI andOPAL [215,220,217].Multiplicity
distributionshavebeenmeasuredseparatelyfor the whole event, for a single hemispheredefined
by the thrust axis and for events with different jet multiplicities. Also the dependenceof the
charged multiplicities on rapidity and transverse momenta has been analyzed. Figure 6.3 shows
as an examplethe comparisonbetweenmultiplicity distributionsmeasuredby DELPHI [215] for
a single hemisphere and the JETSET parton shower program for different rapidity ranges.Here
rapidity is defined with respect to the thrust axis as defined in eq. (3.2). In all cases good agreement
between data and the JETSET Monte Carlo has been found. Multiplicity distributions obtained from
the program HERWIGhave been compared with measurements only by L3 and OPAL. HERWIG
describes the data slightly less well.

Analytical QCDcalculations make predictions for the mean charged multiplicity

nCh = (n) (6.1)
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Fig. 6.2. Charged particle multiplicity distribution, from Fig. 6.3. Multiplicity distributionsfor a singlehemisphere,
ALEPH [214]. from DELPHI [215].

[221,222] and the second binomial moment

R2 = (n(n — l))/(n)
2 (6.2)

[223—225]as a function of center of mass energy.
The values of those two quantities as measured at the Z°pole are summarized in fig. 6.4 [2 14—

216,91,217]. All the primary produced particles or those produced in the decay of particles with
an averagelifetime smallerthan3 x 10b0 s are considered. This means that the particles produced
in the decays K~-~ iv + iv — and A —~p iv areincluded. The weightedaveragesof

nCh = 20.9±0.2, (6.3)

a)~ b)

ALEPH 20.85 ±0.24 ALEPH - 1.044±0.003

DELPHI —I-- 20.8 ±0.8

L3 —— 20.7±0.7 DELPHI • 1.044±0.011

OPAL —- 21.40±0.43

MK II 20.1±1.3 OPAL • 1.045±0.006

16 20 ~ch 24 1.025 1.05 R
2 1.075

Fig. 6.4. (a) Meanchargedmultiplicity, (b) secondbinomial moment.
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R
2 = 1.044 ±0.003 (6.4)

are in agreementwith the predictionsmadeby theJETSETandHERWIG generators.
Figure 6.5 showsthe increaseof ~ch with centerof massenergybetween..,/~ = 12 and 91 GeV

[226—2321*)• The energydependenceof nCh hasbeen calculatedto next-to-leadingorder. QCD
(plus LPHD) predicts a function of the form [222]

~ch = a[a~(s)]bexp[c/~./ar(s)]. (6.5)

Here a~ is an effective strongcouplingconstantwhich is expectedto be close to the MS valueif
the 0 (3j~) corrections neglected in (6.5) are small. The s dependenceof a~is described by eq.
(2.19) in section2.1.3.The parameters b andc are (with NF = 5):

b = ~ + (5/547V/JO)NF= 0.492, c = v~/~/~flo= 2.27, (6.6)

where ho is defined in eq. (2.14). The normalization factor a cannot be calculated.The QCD
fit shown in fig. 6.5 is obtained by assuming that the systematic uncertainties of PETRAdata at
different~ valuesmeasuredby the samedetectorcanbe split into acommonanda point-to-point
error of the same size. The TOPAZdata, for which a systematic error is not published, are not
used in the fit. The result for the two free parametersis

a~(mz) = 0.112±0.007 (6.7)

and a = 0.07 ±0.01. Figure 6.5 shows that the resulting curve describes the measurementswell.
The dottedand dashedlines correspondto the errorson a~as given in (6.7). The x

2 value is
10.7 for ten degrees of freedom.Notethat within errors agrees with the value of as = 0.119 of
section 4, indicating thathigherorder corrections and non perturbative effects are small.

*) ThePLUTO resultshavebeenreadfrom fig. 1 in ref. [229].
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Without angularorderingthe coefficient c would be bigger by a factorv’~.Using this value in a
fit leads to a~values which areunacceptablylow (0.07).

It has to be stressed that the comparisonbetweendataand QCD calculations,which assume
masslessquarks,makesenseonly if the multiplicities for heavy quarks (in particularbottom) are
similar to those of light quarks. This is importantbecausethe flavor compositionchangeswith
center of mass energy, see section 2.2.1. At 29 GeV, where bottom events contribute about 10%,
the average multiplicity for bb events is found to be about 20%higher than for the events with light
primary quarks [231]. At LEP energies (b fraction about 20%) the JETSETprogrampredictsthat
in bottom events the number of charged particles is 10% higher than for the wholehadronsample.
Therefore the bottom effect is about2%, both at small and high center of mass energies, and does
not cause aproblemfor theanalysispresentedabove.

The measured dependence of the second binomial moment R2 on the centerof massenergyis
shown in fig. 6.6 [226—228,230]. For the ratio R2 next-to-leading order QCDcalculations make
an absolute prediction [2231:

R2=l+A+B~/ar(s)+... (6.8)

The parametersA andB are (with NF = 5):

A = = 0.375, B = (—891 + 8NF)(5/l296V’~) = —0.7562. (6.9)

A fit with a~(mz) as a free parameter does not lead to an acceptable description of the measure-
ments. Only if the QCD prediction is scaledby a factor of 0.93, the measuredmomentscanbe
reproduced,as shown in fig. 6.6. Here the valuea~(mz) in (6.7) is usedfor the QCD graphs.
In ref. [224] also the coefficient for the a~term in the expansion (6.8) has been calculated to be
C = ~ It reduces the discrepancybetweenmeasurementsand0 (~/~)calculationby aabout
40%. When resumming higher order contributions to the multiplicity distribution the calculated
secondmomentis still systematicallyabovethe experimentalresults [225]. The dispersion

D = ~/(~2) — (rj)2 (6.10)

is related to R2 via

D = (n)~JR2—1 + l/(n). (6.11)

An overestimate of the second binomial moment by 8% (= 1/0.93 — 1) is equivalent to an excess
of 40% in the dispersion D at 91 GeV. This discrepancy can be either due to uncalculated higher
order corrections to R2,which are presumably of the order 0 (a5) = 0.1 [233], or non perturbative
effects, or due to particledecays.Using the JETSETgeneratorthe magnitudeandsign of thelatter
effect can be estimated:particledecayschangethe secondbinomial momentby AR2 ~ + 0.02 and
thereforecannotexplain thediscrepancy.

One can summarize the comparisonspresentedin this sectionas follows: the measuredcenterof
mass energy dependence of the mean charged multiplicity can be reproduced well by analytical next-
to-leading order calculations. The absolute size of the second binomial moments is overestimated
by 8%. The small ..fl dependenceis describedqualitatively by the QCD formula. This is a first
partial success of the analytical QCDcalculations plus LPHDhypothesis.

*) This calculationhasnot beenconfirmedyet andis not usedin the laterpublicationgiven in ref. [223].
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Fig. 6.7. yy invariant massdistribution measuredby L3 [216].

The parton shower program JETSET (including string fragmentationand decays) reproduces
all measurements of n~handR

2. The Monte Carlo results arepractically unchangedif soft gluon
coherence effects are switched off.

6.3. Particle identification (light flavors)

Before discussing particle spectra for different hadrons I will briefly describe how light hadrons
(those made out of u, d and s quarks)areidentified in hadronicZ

0 events.
Figure 6.7 shows the yy invariant mass distribution as measuredby L3 [216]. One finds a

clear ir0 signal at 135 MeV. It has a width of about 7 MeVand contains 31 000 ir0 mesons. This
analysis is based on isolated photons measured in the electromagnetic calorimeter. The ir° detection
efficiencyvariesbetween2%and 6% depending on the meson momentum.

Short lived neutral kaons have been identified by OPAL [234] and DELPHI [235]: K
5°mesons

(m = 498 MeV, cv = 2.7 cm) are reconstructed from pairs of oppositelychargedparticles(assumed
to be pions) originating from a secondary vertex. The resulting invariant mass spectrum is shown
in fig. 6.8a for the OPALanalysis [234]. This analysis is based on the information from the central
tracking chambers. The peak contains 14000 kaons and has a width of 6.5 MeY. The reconstruction
efficiency varies between 5% and 27%, depending on the K~momentum.

The productionof chargedkaonswith momentabetweenI and 2 GeY has been measured by
DELPHI using the barrel RICH (Ring Image CHerenkov counter) [235]. The yield is found to
agree with that of neutral kaons.

DELPHI has also identified K*±mesons (892 MeV) [235] via the decay chain K*±—~ + ir~
—4 ir+7v + lr±.

Also A baryons (m = 1116 MeY, cv = 7.9 cm) have been reconstructed by DELPHI [235].
Hadrons are measuredin the central tracking detectors.Pairs of oppositelychargedparticles
originatingfrom asecondaryvertexareselected.Oneof the particlesis assumedto be a_proton,the
other a pion. ~ baryons have been identified via their decays ~ —~A,r and ~ —‘ Air~[235].
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Fig. 6.8. (a) lv+ — invariantmassdistribution measuredby OPAL [234], (b) Air invariantmassdistribution measured
by DELPHI [235].

The invariantmassspectrumfor the right Air combinations(A,r, Air~)is shown in fig. 6.8b. The
width of the E peak is about 4 MeV.

The averagenumberof mesonsandbaryonsper hadronicZ°decayis shownin table 6.1. The
numbers are the sums of particle and antiparticle yields. In case of the neutral kaons both K~and

are included.
The particle yields normalized to the average charged multiplicity are in agreement with the

measurements at lower center of mass energies [64].
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Table 6.1
Particle yields in hadronic Z

0 decays.

Hadron (n) Ref.

ir0 9.8±0.7 [216]
K°,K°, 2.12 ±0.06 [235,234]

K*± 1.33±0.26 [235]

A, A 0.36±0.07 [235]

0.020±0.005 [235]

6.4. Particle spectra

An interesting prediction of perturbative QCDconcerning the inclusive momentumspectrais the
reduction of the number of soft gluons due to destructive interference. This behavior can be studied
best in terms of the variable ~ = In (1 /x~), where x,~denotesthe ratio of particlemomentump
to the beamenergy~/i72. The QCD calculationspredict ac~distributionwith amaximum, ~, at
~ 3.8 for ~ = 91 GeY, whichcorrespondsto x~,~ 0.02 andp ~ 1 GeV [213,221,236]. The value
of ~ is predictedto move to higher values with increasing center of mass energy. For massive
particlesthe spectrumis modified suchthat the peakpositionis shiftedto lower values.

The resultof QCD calculationsin “modified leadinglog approximation” (MLLA) [213,9] can
be written in the form:

~ (6.12)

Here Aeff is an effective scale parameter, which is independent of center of mass energy and particle
type. An increase in Aeff correspondsto a decrease in the position of the maximum, ~. Qo is an
effective cut-off parameter in the quark—gluon cascade and increases with particle mass. However,
the exact relation between Qo and mass is not known. For light hadrons, such as pions, one can set
Qo = Aeff (“limiting spectrum”). The (unpredicted) normalization factor N, which describes the
hadronization, is a function of the centerof massenergy~ and the particle type.

At the Z° resonance spectra have been measured for neutral pions [216], A baryons [235],
neutral kaons [235,234] and also for all long lived charged particles [237,235,216,234]. Charged
particles include, in addition to pions (80%), heavierhadrons,mainly kaons (10%) andprotons
(5%). The “averagemass”of chargedparticlesis 220 MeV.

Figure 6.9 shows the measured ~, distributionsfor neutralpions [216], neutralkaons [234] and
chargedparticles [238]. One seesclearly the “humpbacked”shapeof the distributionandashift
of the peakposition to lower values with increasingparticlemass.Also the spectrapredictedby
QCD(MLLA) are shown, which describe the measured distributionsfairly well, in particularin the
region of the maximum, for which the calculations are valid. The QCDcurves are obtained in the
following way [239]: for all particles a value of Aeff = 150 MeV (correspondingto = 0.111)
is used, for which all particle spectra can be described. In case of the neutral pions the limiting
spectrum (Qo = Aeff) is calculated, with an additional phase space factor (p/E)~ [239]. For the
kaons the ~, distribution is computed using Qo = 300 MeV, as determinedfrom acomparison
to the measuredspectrum.In addition an estimateof the proton spectrumis shown, assumingan
averagenumberof protonsper hadroneventof aboutone [41]. Making useof isospin symmetry
the QCD spectrafor chargedpions andkaons canbe obtainedfrom the calculateddistributions
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Fig. 6.9. ~,, distributionsfor it0, K°andchargedparticles.

for it0 andK°.Adding up the irk, K~andp spectragives the QCD prediction for.~thecharged
particles,shownby adashedline in fig. 6.9.

Table 6.2 showsthe measuredpeakpositionsas afunctionof the particlemass*).The result is in
qualitativeagreementwith the QCD predictions.If oneusesthelimiting spectrumthe measurements
canbe reproducedfairly well by settingA~ffequalto the particlemassgiven in table 6.2.

Particledecayshavea largeinfluenceon the x,, and~ distributions.Oneexpectsroughly a shift
of ln 2 = 0.69 in the peakposition dueto two-bodydecays.This correspondsto adecreaseof a~
by about0.015.Thereforethe absolutesize of a~andthe good agreementwith a~from section4
shouldnot be over-interpreted.Monte Carlo studiesshowthat the peakposition is indeedshifted
substantiallywhenreplacinghadronsproduceddirectly in the fragmentationprocessby their decay
products.However, the form of the spectrumchangeslittle andcanin bothcasesbe describedby
the MLLA formula (6.12) [237].

*) Note that the ~* valuesfor K0 as measuredby OPAL (2.91±0.04) andDELPHI (2.62±0.11) arenot in good

agreement.

Table 6.2

Peakposition in 4~,,distribution.

Hadron m Ref.
(MeV)

it0 135 4.11±0.18 [216]

charged 220 3.63±0.02 [237,235,216,238]

K0 498 2.88±0.04 [235,234]
A 1116 2.82±0.25 [235]
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TheALEPH collaboration[2371hasalsoanalyzedinclusivechargedparticlespectrain arestricted
conearoundthe jet axisandmeasuredthe chargedparticleenergymultiplicity correlationdefined
in ref. [240]. While the QCD calculationsreproducethe measuredspectraqualitatively, theycan
not describetheir conesize dependence.

The OPAL collaborationhas comparedthe measuredt~, distribution with the predictionsof
parton showermodelswith andwithout coherenceeffects [238]. Both calculationsdescribethe
datawell, the differencesarefoundto besmall. It is evenpossibleto reproducethe dataat..J~= 91
GeV with an incoherentparton showerplus independentjet fragmentation[241]. This analysis
shows,that the suppressionof low energyparticlesis not only dueto soft gluon interference,but
alsoto phasespaceeffects.

In order to distinguishbetweenthe two effectsonecanstudythe evolutionof the positionof the
maximumwith .~/iFigure 6.10 showsthedependenceof ~ for neutralpionsandchargedparticles
on the centerof massenergy [242—245,228,246—248].The maximum is determinedfrom a fit
to the measuredspectrausing the MLLA calculations.The errors include statisticaluncertainties
as well as systematiceffects estimatedfrom a variation of the fit range.The lines are the QCD
predictionsusingvaluesfor Aeff determinedfrom a fit to all points in figs. 6.1Oa and 6.1Ob. For
better readability of this graph, different points at the samecenterof mass energywere slightly
shiftedhorizontally. In caseof the ir0’s dataaround 10 GeV arealso included.

Over the wide rangefrom 9 to 91 GeV good agreementbetweendata and QCD calculations
is found, while the .,./~ dependenceexpectedfor phasespace (c~,= ln~ + const.) is clearly
incompatiblewith the measurements.

Both ALEPH andOPAL havealsostudiedthe centerof massenergydependenceof t~ for parton
showermodelswith andwithout gluon interferenceeffects [237,238]. The versionof the JETSET
program with coherentparton branchingsdescribesthe data as well as the MLLA curve. In the
incoherentcasethe agreementis acceptableonly if string fragmentationis used.This indicatesthat
parton level interferenceeffects canbe effectively parametrizedby the string model.

The intrajet coherencestudiespresentedin sections6.2 to 6.4 canbe summarizedin the following
way:

Analytical (next to) leading log QCD calculationstogetherwith the simple LPHD assumption
allow aquantitativedescriptionof particlespectra,andin particularofthe centerof massevolution
of spectraandof averagechargedmultiplicities.However,theanalyticalcalculationsfail to reproduce
the width of the multiplicity distribution.The parton shower programsJETSET andHERWIG,
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Fig. 6.11. String effect. Fig. 6.12. String effect measured by OPAL [253].

which include coherenceeffects,reproduceall measureddistributions.
Theseresultsprovide strongevidencefor the gluon coherenceeffects insidejets as predictedby

QCD.

6.5. Stringeffect

After the studiesof intra-jet coherenceeffects describedin the last two sectionsnow inter-jet
phenomenaareto be analyzed.

About ten yearsago the JADE collaboration found that in eventsof type e~e —~ 3 jets at
~ 30 GeV lessparticlesare producedin betweenthe q and~ jets in comparisonto the other

two inter-jet regions [34], seefig. 6.11. This observationwas confirmedby othere+e— experiments
[249].

The name“stringeffect” was givento this phenomenon.This namedoesnot distinguishbetween
the observationanda possibleinterpretation.

This asymmetryin theparticle flow in the 3-jet planecanbe explainedin differentways:
(a) String fragmentationmodel, which predictedthe effect [250]. In 3-jet eventsa string is

stretchedfrom the quarkvia the gluon to the antiquark. Most particlesare thereforeproducedin
betweenthe quark and the gluon and in betweenthe antiquarkand the gluon, andonly a few
hadronsare createdbetweenthe quark andantiquark.

(b) Analytical QCD calculationsincludingcoherence.Onefinds destructiveinter-jet interference
effectsin the region betweenthe q and the ~ jets [251,9].

(c) Differencesin the parton showerevolution and/orfragmentationof the primaryquarksand
hardgluons.

While both models (a) and (b) describequalitatively the observedeffect, they makedifferent
predictionsfor certain observables[211, 12,252]. However, the correspondingmeasurementsare
difficult andhavenot beendone yet.

The string effect cannotbe explainedby modelsbasedon an incoherentparton showerplus
“independentjet fragmentation”[11, andreferencestherein].For this reasonthosehadronization
schemesare hardly usedanymore.
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Both DELPHI andOPAL haveestablished,usingdifferent methods,the string effect at 91 GeV
[85,253].

The DELPHI collaboration [85] hasusedamethodsimilar to the one appliedby JADE [34].
The threejets are energyordered.The least energeticjet has a probability of more than50% for
being the “gluon jet”. Both parton showermodels as well as the matrix elementgeneratorplus
string fragmentationcanreproducethemeasuredparticleflow in the eventplane,andin particular
the asymmetryin the dips betweenjets 1, 2 and 3, 1. The matrix elementgeneratortogetherwith
an “independentfragmentationmodel” cannotdescribethe data.

The OPAL collaboration [253,2541hasselected3-jet eventswith atleastonelepton. Most likely
theseare bottom or charmevents.The lepton is requiredto be closeto the secondor third most
energeticjet. The “leptonless”jet out of thetwo least energeticjets is likely to be the gluonjet. In
order to avoid kinematicbiasesonly symmetricconfigurationsare analyzed,for which the angle
betweenthe q andg jetsis nearlythe sameas thatbetweenthe q and~jjets. Foranglesof 130±100
the purity of the “gluon jet” is about70%.

Figure6.12 showsthe measuredparticle flow in theeventplane[253]. Onecurve (points) shows
the particle flow starting at the high energyquark andending at the gluon jet; the histogram is
obtainedby proceedingin the oppositesense.It can be seenclearly that thereis a depletionof
particlesin betweenthe mostenergeticquark jet and the secondquarkjet, comparedto theregion
betweenthe first quark and the gluon. This demonstrationof the string effect for heavy quark
eventsdoesnot involve any MonteCarlo comparisonsandis thereforemodel independent.

The ratio of integratedparticleflows in the quark—gluonandquark—antiquarkinter-jet regionsis
measuredto be

r = Nqg/Nq~= 1.62±0.07(stat.). (6.13)

The correspondingpredictionof the JETSETPSprogramwith string fragmentationis r = 1.54±
0.02, in agreementwith the experimentalresult. The program COJETS,which is basedon an
incoherentparton showerevolution and independentjet fragmentation,predictsr = 1.02±0.01.
The result (6.13) is not correctedfor the fact that the gluon andquarkjet puritiesare only about
70% and 85%.A correctionwould increasethe ratio to r ~ 2. The QCD predictionfor the particle
flow ratio in the middle betweenjets in symmetric 3-jet configurations (all jets havethe same
energy)is r = 22/7 [9], in qualitativeagreementwith the experimentalresults.

In summaryonecan say that the “string effect” is well established,but adistinction between
differentpossibleinterpretationsis not yet possible.

6.6. Energy-multiplicity—multiplicitycorrelations

To studyinter-jet coherenceeffectsfurther, an energy-multiplicity—multiplicitycorrelationfunc-
tion C (4’) hasbeenintroducedin ref. [255]. It is ameasureof interferenceeffectsfor two particles
at similar polar angleswith respectto the jet axis and separatedby an azimuthal angle4’. It is
constructedfrom all (charged)particlesin hadroniceventsin the following way:

~ I / I \ 2

= ‘-EMM’~~1min,’1max,cPP.--E/‘.—EMt7min,?lmaxl .

The energy-multiplicity—multiplicity correlation CEMMis calculatedfrom all setsof threeparticles
i, j, k in an event:

CEMM(flmjn, ~1max,4’) = 1 N ~ Eiöbin(4ibin —
4’j — 4’kI). (6.15)

bin events17min~P7j,k�flmax
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1

Fig. 6.13. Energy-multiplicity—multiplicity correlation:definition of angles.

ô~(4’~fl— 4’) is 1 for angles4’ inside the bin around4”~and0 otherwise.N is the total number
of eventsand Ablfl denotesthe bin width. Only thoseconfigurationsare consideredfor which the
particles j and k havepolar angles ~ 0k with respectto particle i such that the corresponding
pseudorapidities~ = — ln tan0/2 are in an interval definedby ‘7mm, lmax. An entry is madein a
histogramat theangle4’ = — I with weightE. 4’.!, q5~aretheazimuthalangleswith respectto
the directionof particle i. In configurationswith a largeweight the particle i is closeto ajet axis.
The definitionsof the anglesare illustratedin fig. 6.13.

The normalizationfactorsin eq. (6.14) are

CEM(’7min,’7max) = > E,, (6.16)
events0mm ~ ‘lj,k� 1lmax

CE=~E~Ei. (6.17)
events j

Gluoninterferenceeffectsleadto a suppressionof particlesatlarge 4’ andto avalueof the energy-
multiplicity—multiplicity correlationfunction below one [255]. The correlationfunction hasbeen
measuredby ALEPH andDELPHI [237,256] for chargedparticles.Agreementbetweendataand
MonteCarlocalculationsbasedon coherentpartonshowersand/orstringfragmentationis observed,
as is shownin fig. 6.14 for theDELPHI measurements.Herethe pseudorapidityboundaries77mm = 1
and lmax = 2 areusedwhich correspondto the polar angle range15°� 0 ~ 40°.The correlation
function obtainedfrom the generatorCOJETS [82] (incoherentparton showerplus independent
jet fragmentation)cannotreproducethe data. However, particledecayshavea largeinfluenceon
energy-multiplicity—multiplicity correlations[2571, so that the interpretationof the measurements
is difficult. Heremorestudiesare needed.

6.7. Quarkjets versusgluonjets

Gluonscarryalargercolor charge (CA = 3) thanquarks(CF = 4/3). This leadsto thequalitative
QCD predictionthat gluon jets arebroaderandcontainsofterparticlesthanquarkjets of the same
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Fig. 6.14. Energy-multiplicity—multiplicity correlationmeasuredby DELPHI [256].

energy [258]. A QCD calculationpredicts for the ratio r~of gluon and quark jet multiplicities

[259]:

rqg = (n~uofl)/(nquark)= ~[l + ~ + fia5]. (6.18)

The parametersa and/3 are (with NF = 5):

a = —(27 + NF)/27V’~= —0.273, (6.19)

/3 = —(27 + NF)(675— 86N~)/34992ir= —0.0713. (6.20)

With ~ = as = 0.119oneobtainsthe prediction

r~(9lGeV) = x (1—0.10) = 2.0. (6.21)

The calculatedcorrectionsmodify the lowest orderpredictionof 9/4 by only 10%. It has to be
stressedthat this calculationis valid only for “isolated” quarksandgluonsanddoesnot necessarily
apply to q~gconfigurations.

Severalstudiesof the differencesbetweenquark and gluon jets in e~e— collisions havebeen
carriedout at lower centerof massenergies[260]. Often the quarkandgluon jets to be compared
havedifferent energiesor belongto different eventtypes (2-jet, 3-jet), so that the interpretationof
thosemeasurementsis ambiguous.

OPAL hasappliedthe quark taggingmethodas describedin section6.5 to studythe difference
betweenquarkandgluon jets [254]. This is donein amodel independentway by comparinggluon
jetsin eventswith identifiedquarksto amixture of quarkandgluonjets in asampleof 3-jet events
containingall flavors. The observeddifferencesarerathersmallandcanbe summarizedas follows:
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Fig. 6.15. Hadronenergyspectrain quark andgluonjetsmeasuredby OPAL [254].

— gluon jets arebroaderthanquarkjets,
— hadronsin the core of gluon jets (±15°aroundjet axis) are softerthanin quark jets,
— chargedmultiplicities are quite similar in quarkandgluon jets:

rqg = 1.02±0.04(stat.)~~(syst.). (6.22)

Here all chargedparticleswithin ±34°aroundthejet axisare considered.
The hadronspectrain quark andgluonjets arecomparedin fig. 6.15 [254].

The chargedmultiplicities of quark and gluon jets havealso beenstudiedby DELPHI using a
differentmethod [220]: a sampleof about600 symmetric3-jet events,in which all jets havenearly
the sameenergy,is selected.If oneordersthejets accordingto their multiplicities, n1 > n2 � n3, the
ratio (n1) / ((n2) + (fl3)) is sensitiveto the ratio of theaveragequarkjet andgluonjet multiplicities.
The measuredvalueof r~= 1.23 ±0.21 is consistentwith unity.

TheJETSETMonteCarlo prediction (for chargedmultiplicities as definedin theOPAL analysis)
is rqg = 1.11 ±0.01 [2541, in agreementwith the experimentalresult. However, the experimental
results areinconsistentwith the0 (a5) QCD predictionof 2.0. It is not clearwhetherthis is due
to higher ordereffects, fragmentationcorrections,phasespaceeffects andparticledecays,or, if the
calculationsarenot applicableto 3-jet eventsat ~ = 91 GeV. A possiblecauseis the fact that soft
hadronscannotbe uniquely assignedto a given jet, thus diminishingpossibledifferencesbetween
quark andgluonjets.

6.8. Intermittency

The word “intermittency” is usedto denotelocal particle densityfluctuations,as seenfirst in
cosmic ray events,hadron—hadroncollisions etc. [261,262, and referencestherein].The interest
in studiesof intermittencyeffects lies in the fact that Monte Carlo models cannotdescribemost
of thesemeasurements.It is thereforeimportantto studyintermittencyalso in e+e— eventsand to
comparethe resultswith the QCD models.This hasbeendonefor datatakenat ~ ~ 30 GeV with
contradictoryresults:while the TASSOcollaborationfinds dataand Monte Carlo predictionsto be
in disagreement[263] *), arecentCELLO studycomesto the oppositeconclusion[2641.The LEP
resultspresentedheresupportthe CELLO analysis.

*) However, the significanceof the discrepancyis not veryclear, sincethe sensitivity to theMonte Carloparametershas

not beenstudied.
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Fig. 6.16. Interniittency:examplefor rapidity distribution Fig. 6.17. Factorialmomentsmeasuredby ALEPH [266].
for oneevent.

Intermittencyis measuredvia factorial moments[265], which can be definedfor oneor more
dimensions.Herethe one-dimensionalcaseis briefly described.To measurefactorialmomentsone
hasto chooseaphasespacevariablewith adistributionwhich is approximatelyflat. Often oneuses
rapidity y,

y = ~ln[(E +p11)/(E—p11)],

which is calculatedfor eachparticle in an event.E and~ denotethe energyand the longitudinal
momentumcomponentwith respectto the thrustaxis. The rapidity interval Y which is considered
in the analysisis then subdividedinto M subintervalsof size ôy = Y/M. For eacheventone
can countthe numberof particlesnm per bin and the total numberof particlesN = ~ nm. The
factorialmomentsof rank i arethendefinedas an averageover manyeventsin the following way:

M’’ M
F~(öy)= (N)~ (~nm(nm_1)..(nmi+ 1)). (6.23)

Note that only subintervalswith at least i particles contribute to the factorial momentsof rank
i, as is illustrated in fig. 6.16 for the third moment. The analysismust thenbe repeatedfor
decreasingsubintervalsizes ôy (increasingresolution).The result may belongto one of the two
classes[265]: (a) no correlationbetweenparticles:F1 = const., (b) selfsimilar cascades:power
law F, —s (öy)

1 —~Mi’.
Self similar cascadesare indeed expectedin e+e hadronsevents, in which quark—gluon

cascadesappearquite naturally. This can be illustrated in the following way: in a given event
threejets may appearas three“peaks” in the rapidity distribution.When increasingtheresolution
(decreasingöy) a peakmight be resolvedinto threelocal maxima,sincethe primaryquark forming
thatpeakmight haveradiatedagluon which hassplit into aq~pair.This meansthat the structure
of the distribution (threepeaks)remainsthe samewhen changingresolution.Of coursethis can
be at mostaqualitativepicture. In addition,othereffectslike hardgluon radiation,fragmentation,
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Bose—Einsteincorrelationsandparticledecays(resonances,it0 —+ e+ey) cancontributeto the rise
of factorialmomentswith M.

ALEPH, DELPHI andOPAL havemeasuredfactorialmomentsfor largedatasamples[266—268].
The ALEPH results for the factorial momentsF

2—F5 as a function of the numberof subdivisions
of the rapidity intervalare shownin fig. 6.17 [266].

At smallM the measuredfactorialmomentsincreasewith M. This implies the presenceof local
particledensity fluctuations.The data can be reproducedby the JETSETparton showerMonte
Carlo generator,thereforeit canbe explainedby known physics.The main contributionto the rise
of the momentsin fig. 6.17 stemsfrom hardgluon emission.Similaragreementbetweenmeasured
andpredictedfactorialmomentshasbeenobtainedfor different variablesandalso for analysesin
more thanonedimension.

For reactionsother than e+e the correspondingmodels do not reproducethe measurements
[261]. A possible explanationis that thosemodels are not yet as developedas the sophisticated
generatorsusedto simulatee+e collisions.

6.9. Bose—Einsteincorrelations

IdenticalbosonsobeyBose—Einsteinstatisticsandprefer to occupythe samequantumstate.This
phenomenonhasbeenstudiedat LEP for like sign chargedpionsby ALEPH [269], DELPHI [270]
andOPAL [2711.Bose—Einsteincorrelationsare describedby the correlationfunction

C(p1,p2) = P(P1,p2)/p(p1)P(P2).

Herep (Pi ,P2) is the joint two-pion probability densityandp (p,) denotethe singlepion probabil-
ities. p, are the particle four-momenta.Assumingapion sourcewith a Gaussianshapein the rest
frameof the pion pair, oneobtainsa correlationfunction of the form

C(Q) = 1 +~lexp(—Q
2R2), (6.24)

whereQ2 = (p~— P2)2 = m2 (it it) — 4m~andR is the sourcesize.The parameter)~,which assumes
valuesbetween0 and 1, is ameasureof the strengthof the effect.

The principal experimentaldifficulty is the choiceof a referencesamplenot affectedby Bose—
Einstein correlationsin order to measurethe product ~(~i )p(P2). One such referencesample
consistsof oppositelychargedpions. A secondmethod is basedon eventmixing. Finally, Monte
Carlo calculationsnot incorporatingBose—Einsteineffectscanbe used.

Figure 6.18 showsthe ratio of like sign and oppositelychargedpions as a function of Q as
measuredby OPAL [271]. The datashownhavebeendivided by the correspondingMonte Carlo
correlationfunction (without Bose—Einsteineffects)to correctfor resonancedecays.In addition,a
correctionfor final stateCoulombinteractionshasbeenapplied.

The averagedresultson correlationstrength~ andsourcesize R at LEP are [2721:

= 0.5±0.2, R = 0.8 ±0.1fm. (6.25)

Thesevaluesare not correctedfor non pion contamination,which would increasethe valueof)~by
about20% [272].

The parametersmeasuredat LEP are not different from thosemeasuredin e+e annihilation
at lower center of mass energies.A sourcesize of about 1 fm which describesthe size of the
hadronizationregion is measured.Similar valuesare found in hadron—hadronand lepton—hadron
collisions [272].
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Fig. 6.18. Bose—Einsteincorrelationsmeasuredby OPAL [271].

While the sourcesize and the correlation strengthcannot (yet) be calculatedwithin QCD, the
experimentalresultR ~ 1 /A~~ 1 fm qualitativelyconfirmsour hadronizationmodels.

7. Future QCD testsat LEP/SLC

7.1. e+e —~hadrons

LEP will continueto run at the Z°peakin the years 1992 and 1993. In later yearsthe beam
energywill be increasedbeyondtheW mass.Possibly,datawill be takenwith polarizedbeams.SLC
plans Z0 runswith longitudinal polarizationalreadyfor the year 1992. With increasedstatistics,
highercenterof massenergiesor polarizationmoreQCD testswill becomepossible.The physics
potentialfor eachof thesethreecasesis analyzedbriefly in the following sections.

7.1.1. Increasedstatistics(a few million 20 events)
The statisticalandsystematicerrorsof Rz = 1~iad/’iepwill decrease.The uncertainty in Rz is

currentlyand alsoin the future dominatedby the erroron I~,.With 250000leptoneventsperLEP
detectorthestatisticalerrorwill be 0.2%.The systematicuncertaintiesin acceptancecorrectionand
backgroundsubtractioncanprobablybe reducedto lessthan0.5%per experiment[132]. Averaging
overall LEP experimentsan error of E~R~/R~~ 0.2%could be achievable.This translatesinto an
error of the strongcouplingconstantas measuredfrom Rz of &t

5 ~ 0.005.
More detailedstudiesof “soft” phenomenawill be performed.In particularthe studyof particle

yields, especiallyfor “rare” hadrons,andcorrelationswill profit from a largeincreasein the event
samples[273]. The searchfor “anomalous” events,in particular those with exceptionallylarge
factorialmoments,will continue.

Interestingcomparisonswill becomepossible betweeneventsof type q~gand q~iy,sinceboth
gluonsandphotonsarevectorbosons,andsincethe 3-”jet” matrix elementsarethe samein both
casesto lowest order.Due to the smallnessof a, q~j’final statesare rare. Only a few eventsout
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of thousandhadroniceventscontainan isolatedfinal statephotonwith an energyabove 10 0eV
[105, 106]. The first studiesof theseevents havealreadybeendone by the OPAL collaboration
[106]. Final statephotonsalso providea sharptool to studythe parton showerdevelopment,see
section3.6.

Very importantwill be the study of multi-jet eventsusing flavor tagging, which works best for
bottom events.The bottomjets can be identified via their semileptonicdecaysinto leptons,see
section4.7.1.Sinceonly a few percentof all hadroneventscanbe used,alargenumberof Z°events
is needed.Severalmethodsto distinguishquark and gluon jets havebeensuggested[274—279],
which do not rely on bottomtagging. So far theyhavenot beenusedin connectionwith hadronic
Z°events.If quark and gluon jets can be distinguished,the following studiescan be done (or
improved): (a) comparingquark and gluon jets and the particle flow in between(section6), (b)
repeatingall matrix elementtests as describedin section 5 with identified quark,antiquarkand
gluon jets. In particularpoint (b) is very important.The testsbecomemoresignificant, sincethe
differencesbetweenQCD and alternativetheoriesof the strong interactions,such as the abelian
model,are enhancedby afactor of abouttwo [280,202,203,2811.

Crucial for an increasein the accuracyof a~measurementsandQCD testsare improvementsin
the calculationsof the perturbativeseriesexpansion.Importantapplicationsare 3-jet like variables,
which can be usedto determinethe strong coupling constant,and the 4-jet crosssection,which
today is known only at the Born level.
7.1.2. Higher beamenergy(160 GeV)

Herean interestingmeasurementwould be thatof the ratio

frsa5(l60GeV)/a~(9lGeV), (7.1)

to test the runningof thestrongcouplingconstant.However,the expectedeffect is small, f = 0.92.
One of themajordifficulties, unknownat theZ°pole, is “hard” initial statephotonradiation.For
morethan half of the eventsat least one photonwill be radiatedsuch that the invariant massof
the final statehadronsis closeto theZ°mass,seefig. 2.10 in section2.2.1.Due to the smallcross
sectionof about0.16 nb [39] for the processe~e— —~ hadronsa luminosity of about500 pb~is
necessaryto measuref from the 3-jet rateswith astatisticalerrorof about2% in oneexperiment.

It has beenproposedto study angularordering using multi-jet eventsat high centerof mass
energies,howeverit will be very difficult to achievesignificant results [282, 273].

7.1.3. Polarization
Both transverseand longitudinalpolarizationmodify the orientationof 3-jet events[187], which

should thereforebe measuredif beampolarizationbecomesavailable.
In caseof transverselypolarizedbeamsthe measurementof the asymmetryin the azimuthal

distributionA~of hadroniceventsas definedby da/dq5 1 + A1sin(2q5) allows adetermination
of a~with a precisionof 10—15% [283]. While the accuracy is not as high as for the other O~

measurements,the methodis differentandprovidesanothertestof QCD.

7.2. QCD testsusingotherprocesses

While all QCDtestspresentedso far are basedon the processe+ e —~hadrons,otherinteresting
testswill becomepossiblewith increasedstatisticsandhighercenterof massenergies.
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7.2.1. -r decays
The QCD correctionto the ratio

R — f’(-r —~hadrons) — 1 — Be— B~ ~ (7 2)

F(r—~e) — B~

is relatedto the QCD correctionfor the correspondingquantity Rz for Z decaysas introduced
in section 4.3. The perturbativepart is thereforeknown to O(a~),and non perturbativeeffects
are found to be as small as 1% in R1 [124, 171, 172]. The quantity R1 can be measuredvia the
semileptonicbranchingratiosandalso from the lifetime of the ‘r lepton. The results[169],

~branchingfraction = 3.66±0.05,R~fetime= 3.32±0.12,

differ by 2.6 standarddeviations.For a few million Z°eventsthe averageof the semileptonic
branchingratios Be and B,1 and taulifetimes measuredby the four LEPexperimentswill hopefully
resolvethis discrepancy.A precisionAB/B ~ 1% can probably be reached,which translatesinto

~ 0.04 andan experimentaluncertaintyof I~a5(mz)~ 0.003.
Note that for a given relativeuncertaintyof R the precisionon as(mz) reachablefrom R~is

significantlyhigher thantheaccuracyobtainablefrom R~.This is due to the fact that iXRr measures
a5(m~):sincethis value is much larger (about0.33) thana~at the Z°mass,the QCD correction
canbe measuredwith a comparativelysmall relativeerror. Furthermore,the relativeuncertainty
in a~shrinkssignificantly whenextrapolating[170,30] it from m~= 1.8 0eV to mz= 91.2 GeV.
The uncertaintydueto the extrapolationitself is currentlybeing studied[284].

The authorsof ref. [172] estimatethe theoreticaluncertaintiesof css(mz) determinedfrom R~
to be as small as 0.2%. However, sincea~(mi) is very large, the convergenceof the perturbative
expansionis much slower thanat the Z°mass.In ref. [285] the effective expansionparameteris
shownto be 4irefl1a~,which is as large as 0.7 for a5(m~)= 0.33. TheperturbativeQCD correction
to third order in ct~is [124, 171, 172]

öQCD = ct5(m1)/7r+ 5.20[as(mr)/ir]
2 + 26.4[a

5(m1)/ir]
3, (7.3)

for ~ = m
1. If one varies the renormalizationscalebetweenthe r mass and 1 GeV, the value

for a~(mr) changesaccordingto eq. (4.4) by about—0.05. This translatesinto an uncertaintyof
—0.006 in as(mz).Thereforeuncalculatedhigher ordercorrectionsmight be larger thanassumed
in ref. [172].

Obviously, measurementsof semileptonic-r propertiesare not restrictedto LEP; in particular
i-charm factoriesmight do better.

7.2.2. Wdecays

At LEP200W bosonswill be pair-producedvia the process

e+e W+W.

In principle one can use the quantity Rw, defined in analogy to R~and R~,to determineas.

However, with the small numberof expectedevents (10000per experiment)andnon-negligible
systematicuncertainties,avery precise determinationof the strongcoupling constantwill not be
possible.

7.2.3. Two-photonphysics
The study of the processe~e —‘ e~e + hadronswill be of interestin particular at LEP200,

wherethe “background”of eventse+ e —~ Z
0 —~ hadronsis reduced[286, 12,273]. The available
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momentumtransfer Q
2 will be very large, exceeding1000 GeV2. A measurementof the Q2

dependenceof the photonstructurefunctionF~overawiderangeis an importanttestof asymptotic
freedom. An accuratemeasurementof F~at large Q2 allows a determinationof as with an
uncertaintyof 10% or better [287].

8. Summaryandconclusions

The experimentsALEPH, DELPHI, L3 and OPAL at LEP have performeda largenumberof
measurementsof the processe+ e —~ Z0 —~ hadronswith the following results:
— The strongcouplingconstantis measuredto bea~= 0.119±0.007at theZ°mass.This valueis
an averageof the resultsobtainedfrom (i) the ratio of the hadronicand leptonic Z°widths and
(ii) from analyzingthe eventtopology.The strongcouplingstrengthof bottom quarksagreeswith
that of the lighter quarks.The runningof a

5, as predictedby QCD, is confirmedby the observed
~¼/~dependenceof the 3-jet fraction.
— Various distributionsfor 3-jet and 4-jet eventshave beenmeasuredprecisely.They agreewith
the prediction of QCD calculatedto secondorder in a~.Alternative modelswith scalar gluons
or without gluon self interaction can be ruled out. The triple gluon coupling strengthhas been
measuredandagreeswith the QCD predictions.
— String andcluster fragmentationmodelsdescribehadroniceventswell. All distributions at the
hadronlevel are reproducedby QCD Monte Carlo programsor analyticalcalculations.There is no
evidencefor any“failure” of QCD in reproducingthe LEP data.

The studiesof hadronicZ°decaysat LEP haveincreasedsignificantly our confidencein QCD as
the theory of stronginteractions.

Futureexperimentalprogresswill comemainly from an increaseof statisticsat theZ°resonance,
which will leadto the following improvements:

(a) The error in the ratio R~of the hadronicandleptonic Z°widths will be reduced,so that as
canbe determinedwith an uncertaintyof about0.005from Rz.

(b) PreciseQCD testswith identified quark andgluon jets will becomepossible.
(c) More detailedstudiesof “soft” phenomenawill be performed.
A further increasein precisionof a~determinedfrom 3-jet like observableswill be possibleby

comparing the data to the improved theoreticalcalculations [141]. Hopefully, a full third order
calculationwill becomeavailablein the next few years.
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Appendix A. QCD correction to F~

In the following I will briefly resumethe calculationof the coefficientsin the expansion(4.7)
anddiscusstheoreticaluncertaintiesfor the quantity öQCD.

The calculationsof 5QCD arebasedon the optical theorem

c~
0~’~ImH, (A.l)

whereH is the inverseZ°propagator[42]. Thereforethesecomputationsarenot donein the same
way in whichjet crosssectionsarecalculated,seesection4.4.

To third order in a~the QCD correctionto the hadronicZ°width canbe written in the form

ÔQCD = ~{B~[v~a5/it + v~(a~/it)
2+ v~(a

5/ir)
3]

+B~[a~a~/it+ a~(css/ir)2+ a~(a
5/ir)

3]}, (A.2)

whereB~andB~denotethe vectorandaxial vectorcontributionsto thebranchingfractionsof Z°
into quarksof typeq,

= J~~2(~(P~2 + A~))~ B~= A~(~V2 + A~))~ (A.3)

without QCD correction,seesection2.2.1.The sum ~q extendsoverall five quark flavors u, d, s,
c, b. The relativeuncertaintiesof the numbersB?, B~are smaller than 3% (for 90 GeV < m

1 <

200 0eV and 50 0eV <m~< 1000 0eV) andcanbe neglectedin the contextof this paper.
The quarkmassdependenceof the first ordercoefficientscan be approximatedin lowest order

by [131,129]

v~= 1 + 12(mq/mz)
2, (A.4)
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a~= 1 — 24(mq/mz)21n(mq/mz). (A.5)

With m~= 1.5 0eV and mb = 4.8 0eV onegets

v~ 1.00, a~= 1.03, (A.6)

v~= 1.03, a~= 1.20. (A.7)

Taking into accountnext to leadingcorrections[1301oneobtains [1271

a~~l.03,a~’i~l.28. (A.8)

Thereforethefirst ordermasscorrectionis dominatedby theaxial vectorpartforbottomproduction.
For the secondordercoefficients[288] the dependenceof thetop massfor 4 (dueto the large

top—bottommasssplitting) hasbeencalculated,while the otherquarksareassumedto be massless
[131]

= 1.985—0.ll5NF= 1.410, a~= v~—ô~, (A.9)

whereI useNF = 5. The top massdependentcorrection $~is nonzeroonly for b quarks.Approxi-
mately [131]:

= 3.083— 0.0865(mz/m~)2— 0.0l32(mz/m~)4— 2ln(mz/m~). (A.l0)

For mt = 124~0eV [36] *) oneobtains

= 3.6±0.6. (A.ll)

This correctionto 4 is thereforevery large!

The third ordercoefficientsare [124, 129]

= —6.637— l.200NF — 0.005N~—0.41(~vq)2/~J’~= 13.16, (A.12)

= —6.637— l.200NF—0.005N~= —12.76. (A.13)

The differencebetweenvectorandaxial vectorcoefficientsis smallandcanbe neglected:

v~a~~—13. (A.14)

With the definitions

c, = ~ (A.15)

the QCD correctionto the hadronicfinal width canbe written in the form

öQCD = c
1a5/lr + c2(a5/ir)

2+ c
3(a5/ir)

3, (A.16)
*) Herethevalue for mt is usedwhich is obtainedfrom a fit to LEP, pp collider and neutrino data with n, beinga free

parameter.
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with

c1 = 1.05 ±0.01, c2 = 0.9±0.1, c3 = —13. (A.17)

The error estimatefor c1 is basedon the difference betweenfirst order and higher order mass
correctionsandabottommassuncertaintyof ±0.30eV. Theerror on c2 is dominatedby the error
on thetop mass.An uncertaintyof Amtop = ±350eV correspondsto t~c2= 0.01.

Using a5 = 0.115 the total relativeerror for ÔQCD is estimatedto be ~ 2% with the following
contributions:
— First orderbottommasscorrection: 1%.
— Secondorder top masscorrection:<0.5%.
— Missing higher order corrections:1%. In ref. [285] (seealso ref. [289]) the fourth and fifth
ordercoefficientshavebeenestimatedto be ~ —160 and~ —2600, respectively.In spite of their
size the correspondingcorrectionto

0s is only about— 1%. This result is consistentwith an estimate
of the higher order correctionsfrom the energyscaledependenceas shownin fig. 4.1a. Also an
analysisof the renormalizationschemedependenceleadsto similarconclusions[2901.
— Nonperturbativecorrectionsareexpectedto be of the order&5QcD = 0 ( (A/mz)2) = 0(1O~)
and thereforenegligible [291]. In ref. [292] the possible effect of coherenceof uU and dd final
stateson theZ°hadronicdecaywidth hasbeenestimatedto be as largeas 10 MeV, dependingon
the modelused.However,this correction,which is strongly ..,/~dependent,is predictedto be even
largerin size andnegativeat 35 0eV. This model is thereforestrongly disfavoredexperimentally
[22—24].

— The QED correctionto “had is given to first order in a by öQED = ~(a/ir)Q~.Averagedover
the five flavors (as producedat the Z°)the correctionamountsto 0.0004 and is thereforesmall.
However, the interplay of gluon and photon radiationcould increasethe (combined strongand
electromagnetic)correctionto the hadroniccrosssection.Theseeffectshavenot yetbeencalculated,
but are assumedhereto be small.

The uncertainty~Rz = ±0.02in the electroweakpart of the calculationof R~translatesinto
ISa

5 = 3% and is thereforecurrentlythe biggesttheoreticaluncertaintyin the determinationof the
strongcouplingconstantfrom the hadronicZ width. However,this error will shrink to about2% as
soonas the top massis knownto some10 0eV, and to about 1%if alsothe Higgs massis known.
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