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1 Introduction 
We review the first round of QCD studies at the c+ e- collider LEP, which started 
operating towards the end of last year. These studies at the peak of the 2’ res- 
onance have proven to be extremely rewarding, not only because of the large 
statistics available due to the high resonance cross section, but also because of 
the higher centre of mass energy, which allows a much cleaner study of events 
with multiple jets. For example, 20% of the events show a clean S-jet structure 
in which the least energetic jet has an average energy of 20 GeV. Such events 
originate from quark-antiquark-gluon (gqg) states, in which the least energetic 
jet is usually the gluon jet. Therefore, at LEP energies the gluon jets are con- 
siderably ‘healthier’ than at the PEP and PETRA colliders, where the energies 
were typically three times lower. The higher jet energy gives a better collimation 
of the jets and therefore a better jet axis determination and separation between 
the jets. This improves many QCD studies, especially the study of gluon jets 
and the angular correlations in I-jet events, from which one can hope to isolate 
the triple gluon vertex contribution. This gluon self interaction is the hallmark 
of the non-abelian character of QCD and is thought to be responsible for the 
confinement of quarks inside the nuclei. 

The topics to be discussed here are: 

l Intermittency 

a Charged multiplicity and rapidity distributions 

s Comparison with fragmentation models 

s Soft gluon coherence 

l Jetmultiplicity studies and the determination of Q, I 

l Determination of Q, from the asymmetry in energy-energy correlations 

l Search for the triple gluon vertex 
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2 Iritermittency 
Intermittency studies search for charged multiplicity spikes or more formal, cor- 
related density fluctuations, in phase space bins, e.g., rapidity bins (6~) or 2- 
dimensionally rapidity and azimuth bins. Instead of studying the average mul- 
tiplicity per bin, one usually studies the factorial moments of rank g, denoted 
by F,, which are proportional to n. (n - 1). * * (n - g + 1). They measure the 
probability to have more than g - 1 particles in the bin, e.g., Fs=O if there are 
no bins with more than 2 particles. Of course, this depends on the bin size, so 
one studies Fp as function of bin size. The advantage of the factorial moments, 
introduced by Bialas and Peschanski[l], are that they are very sensitive to possi- 
ble new effects and that in simple models clear predictions exist for the slopes of 
F, as function of bin size. For example, for uncorrelated hadron production the 
slopes are zero, while for self-similar cascading models they follow a power law 
behaviour. Large intermittency effects are usually meant to be equivalent with 
large slopes, especially for small bins. 

The interest in intermittency studies has been the observation of large in- 
termittency effects in pp collisions, cosmic ray events, nucleus-nucleus collisions, 
hadron-hadron collisions, and e+e- annihilation, which could not be explained by 
Monte Carlo predictions. This has led to speculations about possible evidence for 
hadronic phase transitions[2], hadronic Cherenkov radiation[3], hadronic hydro- 
dynamics[4] (the name intermittency originates from turbulence theory in fluid 
dynamics), or fractal structures in hadronization[l,5]. For details we refer to 
recent reviews(6] and references therein. 

Here we will concentrate on the study of intermittency in e+e- annihila- 
tion, in which the intermittency effects are found to be largest. The DELPHI 
Collaboration[‘l] has searched for intermittency effects in 2’ decays. They found 
that the observed power law behaviour of Fp could be well described by the cur- 
rent hadronization models (see Fig. 1) in contrast to earlier results by the TASS0 
CollaboraGon[8] at a centre of mass energy of 35 GeV, who only observed quali- 
tative agreement with their Monte Carlo models. 

Recently there has been a nice analysis by the CELLO Collaboration[S] about 
intermittency in three dimensions and they find at 35 GeV a strong intermittency 
signal, which is in agreement with Monte Carlo too, so both at 91 and 35 GeV 
there seems to be no contribution to the intermittency outside the well known 
correlations from resonances, decays, and energy-momentum conservation. The 
intermittency in three dimensions is stronger, since the saturatioti effects through 
projection on a single axis are less severe in two or three dimensions. Also the 
HRS Collaboration has analysed their data at fi = 29 GeV and observe a 
strong intermittency signal, but they do not make a comparison with Monte 
Carlo models[lO]. 

Bose-Einstein correlations appear to play a minor role in the intermittency, 
as shown already in the Physics at LEP study[ll]. In this study it was shown 
too, that Monte Carlo models based on the exact second order QCD matrix el- 
ement and the ones based on the Leading Log parton showers gave completely 
different predictions for the factorial moments at LEP energies. It was shown 
by DELPHl[‘I], that the large difference disappears or even becomes of opposite 
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Figure 1: Dependence of factorial moments of rank 2 (a), S(b) 4 (c) 
and 5 (d) on the number M  of subdivisions in the rapidity interval 
for data at Ql GeV (DELPHI). Th e curves are the expectation from 
the Lund Parton Shower model (solid line), and the matrix element 
Monte Carlo before (dotted line) and aRer retuning (dashed line) of 
the rapidity distribution. 
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Figure 2: The averaged charged particle multiplicity in c+c- annihilation 
as function of the centre of mass energy with the prediction of the Lund 
Parton Shower model (a) and the same at 91 GeV with the prediction 
of the HERWIG Monte Carlo (b). 

sign by a slight retuning of the fragmentation parameters in order to describe the 
rapidity and aplanarity distributions at 91 GeV (see Fig. 1). The main effect 
of this retuning is to lower the particle density in a jet somewhat by increasing 
the transverse momenta from 350 to 500 MeV and decreasing the averaged mo- 
mentum in order to increase the charged multiplicity from 18 to the observed 
multiplicity of 21. Such minor changes reduce F, by more than 50% and change 
the slopes too! This indicates the sensitivity of the factorial moments to the 
tuning of Monte Carlo parameters. Before one claims new physics not described 
by Monte Carlo, one should make sure one cannot make the discrepancy between 
data and Monte Carlo go away by a slight retuning of the Monte Carlo param- 
eters. Since the intermittency is well described by Monte Carlo, the CELLO 
Collaboration has searched for the effect in the Monte Carlo and find that the 
rising slopes m  4, even for small bin sizes, can be mainly attributed to the 
Dalitz decays rro 4 e+e-7. If these decays are switched off in the Monte Carlo, 
F, becomes constant for small bin sises. 

3 Charged Particle Multiplicities 

At any new accelerator the measurement of the charged multiplicity distribution 
has always been of interest in order to compare it with lower energies and with 
other reactions. It is of special interest to see if the negative binomials, expected 
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Figure 3: The KNO distribution of charged particle multiplicities di- 
vided by the averaged multiplicity z = Nch/N.,, in e+c- annihilation for 
various centre of mass energies. 

in QCD[12], can still describe the data or to ree if KNO scding[lt] still holds. If 
KNO scaling holds, the multiplicity distribution normalized to the averaged mul- 
tiplicity should be independent of energy. Fig. 2 shows the charged ,multiplicity 
as function of centre of mass energy compared with the Monte Carlo prediction 
of the parton shower model from the LUND group[;lO] (taken front Ref. [14]). Ta- 
ble 1 summarizes the averaged multiplicities of the various experiments(l5]-[19]. 
The average of 20.7f0.4 is in good agreement with the expectations of 21.2 from 
the JETSET[ZO] - and 20.8 from the HERWIG[Zl] Monte Carlo. The DELPHI 
Collaboration has studied the multiplicity and rapidity distributions in detail[l8). 
They find: 

s KNO scaling holds reasonably well (see Fig. 3). It is interesfing to note that 
the KNO scaling function is close to the lognormal distribption, expected 

MARK - II 20.1 l 1.0 f 0.9 ALEPH 20.36f0.06f 0.79 
DELPHI 20.71 f 0.04 f 0.77 OPAL 21.28 f 0.04 f 0.84 

< Nch > 20.7f0.4 
JETSET PS 21.2 EERWIG 20.8 

Table 1: Charged particle multiplicities at the 2’ resonance. 

-- 



in self similar models(221. 

l The negative binomial distribution needs a modification in order to give a 
good description (see Fig. 4). 

l The predictions of the model of Ellis et al.[23] give the right averaged mul 
tiplicity, but the distribution is somewhat wider (see Fig. 4). 

s the slopes of the coefficient in the negative binomial distribution (l/k) are 
different for pp and e+e- (see Fig. 5). 

4 Comparison with Monte Carlos 
The Monte Carlo simulation of hadronic final states in e+e- annihilation consists 
of four phases: 

Primary quark production. 
The annihilation of the e+e- into a photon or Z”, followed by the produc- 
tion of a q?j pair of a given flavour. These diagrams are well understood 
and the Standard Model gives precise predictions. 

Perturbative radiation of photons and gluons. 
After the production of qq pairs, the accelerated quarks can radiate photons 
and gluons. The final state photon radiation by quarks can be very well 
studied on top of the Z”-resonance, since initial state radiation is small in 
this case and first results have been obtained by OPAL[24]. The results 
are in agreement with perturbative calculations. Gluon radiation can also 
be calculated perturbatively[25], as long as the strong coupling constant is 
still rather small, i.e., for hard gluons with a large Q’. For small Q’ the 
coupling increases towards infinity, which causes the confinement of quarks 
inside hadrons. The perturbative radiation of gluons is either calculated 
according to the exact second order QCD matrix element (ME) or using 
the Leading Log Approximation (LLA). The LLA allows the calculation of 
any number of collinear or soft gluons (developing into a parton shower), 
but the approximation is not valid for hard gluons. Therefore, hard gluons 
have to be treated specially. For example, in the parton shower model of 
the LUND group (version JETSET 7.2) the radiation of the first gluon 
is treated according to the first order QCD matrix element[20]. In the 
HERWIG Monte Carlo the parton shower is only based on the LLA, followed 
by cluster fragmentation[21]. The JETSET 7.2 program from the LUND 
group has the exact second order matrix elements available as options (both 
the GKS-[26] and the more accurate ERT matrix element[27] are available). 

3: Hadronization, 
In this non perturbative regime one has to resort to phenomenological mo- 
dels, like string -, or cluster fragmentation. A rather complete overview has 
been given in the Yellow Book on Physics at LEP[ll], while the underlying 
physics concepts have been well explained in a review by T. Sj&trand[28]. 

Figure 4: The charged particle multiplicity distribution compared with 
the negative binomial distributions in e+e- annihilation at 91 GeV. 

bW= 0 

Figure 5: The slopes of the coefficients in the negative binomial distri- 
bution for pp scattering and e+e- annihilation. 
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Figure 6: Comparison of the thrust and minor value at 29 and 91 GeV. 
Data from MARK-II and ALEPH. 

Figure 7: Comparison of the aplanarity- (OPAL) and rapidity (DEL- 
PHI) distribution at 91 GeV with various Monte Carlo models. The 
‘ERT retuned’ curve for the rapidity uses retuned parameters for the 
matrix element at 91 GeV and is close to the curves for the parton 
shower models. 
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Figure 8: The particle density for various z = p/Eh., bins as function 
of centre of mass energy. 

4: Decays of unstable hadrons and specific detector simulation. 

The parton shower models with the fragmentation parameters determined at 
PEP and PETRA energies appeared to describe reasonably well the data at the 
Zs-resonance[l5,16,17,18,19], as shown in Figs. 6 and 7. Note that the thrust and 
minor values are narrower at the higher energies, indicating that the jets become 
narrower and more planar. The models based on the exact second order matrix 
element could not describe the data at the higher energies with the parameters 
from the lower energy data. Especially the aplanarity and rapidity could not be 
described, as shown in Fig. 7. The curves labeled ‘ERT’ or ‘GKS’ correspond to 
the matrix element models, the other curves are from the parton,shower models. 
After a retuning of the fragmentation parameters, the agreement became much 
better (see Fig. 7b). The need for the retuning in the matrix element model could 
be traced back to the fact that the Q’ evolution of the fragmentation process, 
as predicted by the Altarelli-Parisi equations(291, has been implemented in the 
parton shower models, but not in the ME programs. This is a large effect, if one 
goes from PETRA to LEP energies, as shown by the first data from MARK-II[15] 
(see Fig. 8): the number of particles with small z = p/Eh., increases more than 
SO%, while the high momentum particles decrease by about 56%. The physical 
picture is clear: more (mainly soft) gluons are emitted at higherlenergies, where 
more phase space is available. The soft gluons fragment into soft hadrons, while 
simultaneously the fractional energy left over for the primary quarks becomes 
less, thus requiring a softer fragmentation function. 

By retuning the fragmentation functions in the ME models in order to take 
into account the Q* evolution, the agreement between the PS and ME models 
became much better[39], provided the definition of the strong coupling constant 
is similar in both cases, i.e., Q, should be evaluated at a scale of a few GeV, which 
is typically the QZ of the gluon emission. In the newest version JETSET 7.2 of 
the ME Monte Carlo from the LUND group it has become possible to choose the 



E,=91 GeV -- 
a’ 1 

08 
- - ME opt. 

0.6 

0.4 

0.2 

0 0.04 0.06 0.12 0.16 0.2 0.24 0.26 

Em,=91 GeV 

- - ME opt. 7.2 

0.002 0.004 0.006 0.006 0.01 0.012 0.014 
Y, 

Figure 9: The jetmultiplicities at 91 GeV as function ofthe jet resolution 
ymin = M,$fr forth e parton shower model and the exact matrix element 
with retuned parameters (both JETSET 7.2). 

-436- 

DEFAULT(MKI1 PR D37(1988)1) Of 
b ALLI =p 

0.9 0.400 0!35 
TASS0 (ZP C41(1988)375) 0.18 0.34 0.260 0!39 
OPAL (CERN - EP/90 - 48) 0.18 0.34 0.290 0.37 

Table 2: Longitudinal- (a and b) and transverse (u,) fragmentation pa- 
rameters and QCD scale (ALLY) used in the Lund parton shower model. 

scale as a fraction of the centre of mass energy; before a, was always evaluated 
at Qs = s. A small scale is needed to describe the higher jet multiplicitier[Jl], 
as will be discussed in more detail in Sect. 7. Note that the necessity for a small 
scale is not a feature of the ME Monte Carlos, also in the PS models one has to 
choose the scale to be of the order of the p: of the gluon in order to describe the 
data. 

Although the global features of the LEP data were quite well described by 
the default parameters of the Lund parton shower model JETSET 7.2, it needed 
still some retuning, especially the J-jet rate came out too high, indicating a 
too large value of the QCD scale. The OPAL Collaboration[lS] has published 
their optimized values of the parameters and they find the QCD scale to be 290 
MeV instead of the default value of 400 MeV. This value is close to the value 
published by the TASS0 Collaboration[32] from data at 35 GeV, but differs from 
the one by the MARK-II Collaboration[33] obtained at 29 GeV. The latter one 
has been taken as default in JETSET 7.2. The differences have been summarised 
in Table 2. Note that the value of the QCD scale in the PS model is not A%, but 
something I have denoted with ALLY, since this program is based on a combination 
of the Leading Log Approximation and the first order 

P 
CD matrix element. For 

example, a value of A~~,=260 MeV corresponds to A$=100 Me,V in the ME 
Monte Carlo[30]. After retuning its parameters, the ME model agreer reasonably 
well with the PS option, at least in the regions where hard gluonr dorninate[tO]. 
Especially the jet rates are in good agreement, even up to g-jet find states, as 
shown in Fig. 9. 

The jet multiplicities of 5 or higher start to be present only for yti below 0.01, 
i.e., in the fragmentation region, where the jet masses start th be important. In 
the ME option at most 4 jets are generated at the parton level, but fragmentation 
generates the higher jet multiplicities just as well as the PS option. Note that the 
fraction of 4-jets is small, as expected from the fact that 0,s is a small number. 
This is the main reason why the ME models can describe the eyent shapes in the 
regions where hard gluons dominate. 

5 Coherence of Soft Gluons 
The OPAL collaboration[34] has made a comparison of the hadron momentum 
spectra with the predictions based on leading log calculations including the inter- 
ference between soft gluons, as calculated by the Leningrad groups[35]. They find 
that the expected peak in the ln p spectrum is well reproduced by the data over 



Figure 10: The charged particle momentum spectra for various centre of 
mass energies (a) and the behaviour of the peak as function of centre 
of mass energy (b). 

the whole energy range between 14 and 91 GeV, as shown in Fig. 10. Note that 
these predictions have only one single parameter - apart from the overal normal- 
ization - and therefore the comparison is non-trivial. Without interference the 
spectra would not decrease so strongly for low momenta. 

However, the suppression of the low momentum particles is in the region where 
the hadron masses play a role and the theoretical formulae are only valid in the 
region where the momenta are much larger than the hadron masses. Decays of 
massive particles cause a decrease of the low momentum particles and indeed 
Monte Carlos without interferences show a large suppression of these low mo- 
mentum particles too. Therefore, a more sensitive test is the study of the peak 
shift as function of J;. 

The energy dependence of the peak of the In p spectrum can only be described 
by Monte Carlo models including the interference effects, either by the angular 
ordering of the gluon emission in parton showers or by the string effect or by both 
(see Fig. lob). As an alternative model without interference one could try to use 
independent fragmentation models. However, they exist only in matrix element 
versions without Q2 evolution, so they do not describe the energy dependence. 
Therefore, OPAL has tried to replace the string fragmentation in the parton 
shower models by independent fragmentation, since in this case the Q* evolution 
is taken into account. They fmd that such a model without interferences does 
not reproduce the energy dependence (see Fig. lob), but is much closer to the 
slope of 1 expected if the spectrum of soft particles is dominated by phase space 
effects. 

Although it is difficult to call the behaviour of the momentum spectra as 
function of energy evidence for the colour coherence in QCD, because of the 
finite energies where mass effects are still important, this is again a case where 
QCD cannot be proven, but it does a wonderful job in describing the data. 

6 String Effect and Gluon Ehgmentati n 
One of the interesting aspects of QCD studies at 91 GeV is the fLt that the 
gluon jets are ‘healthier’ than at PEP- and PETRA energies, as mentioned in the 
introduction. For example, typical gluon jet energies are 20 GeV for reasonably 
efficient jet selections (20% 3-jet events!), as shown in Fig. 11. Here the jet 
energy has been determined from the angles between the jets: 

with (j,k,l) = (1,2,3) and permutations. At PEP - and PETRA energies the 
maximum possible gluon energy was around 10 GeV (in the so-called MER- 
CEDES events n which all three partons have the same energy); the higher jet 
energies at LEP yield a better collimation of jets and therefore a better separa- 
tion between the jets. These facts make it interesting to repeat the well known 
studies at lower energies concerning the particle flow in 3-jet events[36] and the 
difference between quark and gluon jets[37], especially since the results on the 
last topic have not been very conclusive. 

6.1 String effect 

The DELPHI Collaboration has started these studies[38] at LEP. To define jets 
they have used the LUCLUS algorithm, which is part of the LUND Monte 
Carlo[ZO]. This cluster algorithm starts to cluster around the most energetic 
particles and joins other particles according to a measure closely related to the 
pt of the particles ’ in contrast to the popular ‘JADE’ cluster algorithm, which 
starts the clustering of particles with the lowest invariant masses and therefore 
starts usually with the soft particles first and clusters the more energetic particles 
around these soft particles. Furthermore, in this algorithm the particles cannot 
be reassigned to another cluster, which causes particles in opposite directions of 
the jet axis to stay within that jet, thus generating artificially broad jets (39). 

The particle flow in 3-jet events exhibits the so-called string effect: in the event 
plane determined by the two vectors corresponding to the two largest values of 
the sphericity tensor, the particle flow around the most energetic jet shows an 
asymmetry. This effect, first observed by the JADE collaboration at PETRA 
energies and later on confirmed by others[36], is shown for the DELPHI data 
in Fig. 12. together with Monte Carlo curves from string fragmentation (SF) 
and independent fragmentation (IF) models. In this figure the most energetic jet 
is aligned at 0” and the angles of the particles in the event planb are measured 
with respect to this jet axis with the positive direction given by the second most 
energetic jet, which peaks at 120°. The valley between the two most energetic jets 
at 80” has clearly less particles than the valley at 270’. The string fragmentation 
model describes this asymmetry well in contrast to independent fragmentation, 
hence the name “string” effect. 

There are several contributions to the “string” effect: 

‘They used the default option in LUCLUS with the DJOIN parameter set to 5 GeV. which 
yields a 3-jet rate of about 20% of the total number of events. 
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Figure 11: The energies of the three jets in 3-jet events selected with 
the Lund jet finder LUCLUS with djkn = 5 GeV. Data from DELPHI. 
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Figure 12: The particle flow in J-jet events. Data from DELPHI. 

1) The “drag” effect , i.e., particles arc dragged towards the si of the gluon 
radiation by the boost of the string. 

2) Interference effects at the parton level. This has been forward i d as a “QCD” 
explanation why the string picture works so wc11[40]-[43]. ’ 

3) The “showering effect”, i.e., a hard gluon radiated on one side can be split 
into several other partons, thus spilling particles on one side of the hardest 
jet, but hardly on the other side. 

In the ME option the whole string effect has to be attributed to the ‘drag’ effect, 
since at the parton level this effect is practically absent. 

A Monte Carlo study reveals that in the parton shower model most of the 
string effect is already present at the parton level, at least if a small cutoff for the 
stopping point of the shower is used. Therefore the ‘drag’effect hardly contributes 
in this case; at the parton level both the showering effect and interferences can 
contribute. 

The interference effects, as implemented in the Monte Carlos by angular or- 
dering of the gluon emission, turn out to have little influence on the string effect’ 
[42,38]. Naively, one would conclude that the showering effect would then domi- 
nate. However, according to the cxperts[41] the angular ordering is only related 
to the interferences within a jet, while the string effect is only related to the inter- 
ferences bettuecn the jets. These are called the intra-jet and inter-jet interferences, 
respectively. In how far the ‘inter-jet’ interferences have been implemented in the 
shower Monte Carlos is not clear. Therefore, it is not clear how much of the 
string effect at the parton level is due to the ‘showering’ effect and how much is 
due to the inter-jet interference. 

It is interesting to note, that the so-called ‘Modified Independent Fragmen- 
tation’ models can describe the string effect too[44]. In these models the pf of 
the particles is made dependent on the longitudinal momentum in such a way, 
that it happens to reproduce the coherence effccts[45]. Howevcr,,it still remains 
to be seen, if these models can describe other aspects of t$c event shapes in 
e+e- annihilation too. 

6.2 Gluon fragmentation 

The letit energetic jet in 3-jet events is most likely the one closest to the original 
gluon direction. A Monte Carlo study reveals that this happens in 53% of the 
casts, while the probability for the first and second jet to be the gluon is 18% 
and 25%, respectively. So one can compare the properties of the third jet with 
respect to the first two jets to search for differences bctweeh quark and gluon 
jets. 

Fig. 13 shows the opening angles of particles inside the jets. All jets have the 
same distribution above 20”, but below 20’ the third jet has a factor three less 
particles than the first two ones. Such a depletion is expected for gluon jets, since 
gluons most likely split into other gluons before fragmenting, thus naively yielding 
broader jets and a lower “core” density. To see if this depletion is really due to a 
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Figure 13: The distribution of opening angles of the particles in the 
three jets of S-jet events. Data from DELPHI. 

difference between gluon and quark fragmentation, one has made a Monte Carlo 
comparison between the gluon jet at ,/i N 91 GeV with quark jets in P-jet events 
at A=40 GeV and quark jets in 3-j& events at ,&SO GcV. In all cases the jet 
energies are approximately 20 GeV (in the 3-jet case at 60 GeV the second jet 
was taken). 

The 20 GeV quark jet in a 3-jet environment agrees reasonably well with a 
20 GeV gluon jet, but II 20 GeV quark jet in a 2-jet event shows a considerably 
different angular distribution. The differences between the two quark jets of 
20 GeV in Fig. 14 can be explained as follows: At large angles it is probably 
connected with the larger angular range available in 2-jet events, since in 3-jet 
events particles at angles above 70” are likely to be sssociated to other jets. In 
the range from 20”-50” the strings in the 3-jet events “drag” more particles into 
this region, thus causing a quark jet in a 3-jet event to look more like a gluon jet. 

This study clearly shows that it is difficult to talk about “the” quark fragmen- 
tation: in general the fragmentation depends on the environment in which the 
quark is imbedded, as expected since isolated quarks do not c&t if confinement 
holds. All one can say is that the current string fragmentation models describe 
the fragmentation of both quarks and gluons very well in all environments. 

7 Jetmultiplicities 
The motivation for studying jet multiplicities has been twofold: 

d 

Figure 14: A comparison of the opening angles in a ‘gluon’ jet at 91 
GeV, a ‘quark’ jet in 3-jet events at 61 GeV, and a ‘quark’ jet in Z-jet 
events at 40 GeV, as obtained from the ME JETSET 7.2 Monte Carlo. 
In all cases the jet energies are around 20 GeV. 

s The relative jet rates are determined by a,, thus providing the possibility 
to determine this fundamental constant. 

c The running of Q, can be proven by studying the 3-jet rate (Rs) as function 
of centrc of mass energy. 

Rs is shown as function of J; in Fig. 15 for energies betivccn 14 and 91 GeV 
using data from PEP, PETRA, KEK, and LEP, as compiled by S. Bethke[46]. 
Amazingly, all experiments have been able to use the same de$nition of &, i.e, 
the same jet finder, namely the one introduced by the JADE Collaboration[47]. 
The firstSdata at 91 GeV, as obtained by OPAL[49], clearly established the de- 
crease of Jr, in agreement with the running of a, by upected in’ QCD. Lateron, 
the jet rates at 91 GcV were confirmed by the DELPHI[SO] and L3[51] collab- 
orations. In first order a,(r) a l/In(p). Therefore one expects a straight line, 
if the 3-jet rate is plotted as function of l/ln(Eou). Indeed, the data is well 
described by such a straight line, as shown in Fig. 15b (from [48]). The line is 
compatible with going through the origin, i.e., a vanishing Q, for infinite energies, 
as expected from the concept of asymptotic freedom. 

The determination of P, turned out to be more tricky. The Am values 
quoted by DELPHI[BO], L3[51], MARK-11[52], and OPAL[49,53], can czsumma- 
rized as: 

80 <1$<350 MeV. 
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Figure 15: The fraction of 3-jet events as function of centre of mass 
energy (ECM) (a) and as function of 1/1x1(&~) (b). 

The spread in As originates from three sources: I 
I 

s The fitting procedure. I 

a The renormalization scale dependence, i.e.,choice of scale in 1 he definition 
of Q.. 

l The recombination scheme dependence, i.e., which cluster algorithm is used 
to define the jets. 

All three points are interrelated, since e.g.,different recombination schemes show 
a different dependence on the renormalization scale. Some people call this the re- 
combination scheme dependence, others claim there is no recombination scheme 
dependence, only renormalization scale dependence. bet me discuss these prob- 
lems first separately. 

7.1 Renormalization scale dependence 

The definition of the strong coupling constant involves two scales: one is an 
unphysical renormalization scale p used to regularize the infmities in the loop 
corrections and then the physical Q’ scale. One can trade the renormalization 
scale p for a p independent QCD scale A[54], in which case one’finds up to order 
Ola.‘k 

\  -I 

o.(Q')=&['-$y] 

with 
L = In(Q’/Ab) 
po = 11 -in, 
p, = 2(51 - +t,) . 

We will use the usual m  renormalization scheme[55]. Since a, depends only on 
the ratio of Q’ and A& , a different choice of renormalization scheme or scale, 

i.e., of A%, can be compensated by a different choice of Qz. Therefore, studying 
the renormalization scale dependence can be done by defining Q’ = f * s, where 
f is a renormalization scale factor. 

The number of flavours n,=5 at Q2 = Mi, but for a choice of Q’ below the 
b-mass one has n,=4. The unphysical jump in Q,, if one crosses a new quark 
threshold, can be compensated by a corresponding change in A$&54], hence the 
upper index in A% indicates the number of flavours used., Although in the 
Monte Carlo’s the scale factor f is typically so small, that nl=4 should be used, 
we will follow the usual practice and quote the final results fpr Q2 = Mg and 
nf=S. The simplerelation between A$$ and A& is given in Ref. [54]. 

Physical observables are independent off, if they are calculated to all orders. 
In finite order perturbation theory there exists some dependence on f and several 
choices of f have been proposed(56,57,58] in order to minimize the sensitivity to 
higher orders. Instead of choosing such a particular scale, one better studies 
the scale dependence for a reasonably large range, which can be easily done as 
follows. Suppose an observable has been calculated up to second order: 

0 = C,a. + C2Qa2. (3) 
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If one chooses a different scale QR = f-Q’, one obtains from the renormalization 
group equation (or from its solution, Eq. 2) a change do, in the coupling constant: 

da, = -&a.’ In f + O(a,‘) . (4) 

To keep the observable the same, one has to absorb the change in o, in different 
coefficients C; and C;, i.e., 

do = a. - dC1 + Cl . da. + 0.’ - 1322 + O(a,‘) .= 0. (5) 

Since each power of P, has to be zero, this yields: C; = Cr and C; = Cs + &, . 
Ct -In f. As expected, the first order coefficient is independent of the scale, since 
the loop corrections only enter in second order. 

For a given observable and scale one can solve Eq. 3 for a, and calculate the 
corresponding At‘) Rs ; the result is shown in Fig. 16 for z = Jf between 0.04 and 
1 for the jetmultiplicities and the asymmetry in the energy-energy correlations, 
both to be discussed below. One observes a stronger scale dependence for the jet 
rates due to the larger second order corrections, which have been indicated in the 
figure too and were obtained from Refs. [59,60]. 

This dependence is calculated at the parton level. A different choice of scale 
leads to different higher order corrections, as can be easily seen from the expres- 
sion for C; given above. At the hadron level part of the higher order corrections 
are absorbed in the fragmentation part and the renormalization scale depen- 
dence at the hadron level can be considerably smaller, if one requires that for 
different choices of scale the fragmentation parameters are retuned to get the 
right momentum spectra. This can be easily done, if one fits with the full Monte 
Carlo, as will be discussed below. 

I 

7.2 Fitting Procedures 

In order to compare QCD with data, one has either to correct the data to the 
parton level or “dress” the theory with fragmentation effects. 

In the first case the question is : Which parton level? It has been suggested by 
Kunszt and Nason[SS] that one should use the parton shower parton level, since 
the averaged number of partons with invariant masses above 1 GeV between all 
pairs is about 11 at LEP energies, which is significantly higher than the maximum 
number ,of 4 partons in second order QCD. However, comparing this LLA parton 
level with an exact second order QCD calculation with at most two gluons is 
inconsistent and does not lead to a determination of A!$ in second order, but 
rather to a scale which is a mixture of the LLA and exact second order QCD. 
For convenience I call this scale Ar,~r. 

As mentioned before, most of the additional gluons in the LLA are soft and 
the jet rates can be well described in second order too. Therefore, one can use 
the second order ME for extracting Q, from the jet rates, especially since these 
are rather insensitive to the fragmentation parameters and the exact tuning of 
the distributions within a jet. 

The results of the two methods can be rather different, as is demonstrated 
in Fig. 17, which compares the jet rates for the parton shower- and matrix 
element models. If one inserts A LL~ into the second order Monte Carlo, one finds 
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Figure 16: The renormalization scale dependence of A$$ for the AEEC 
and the 3-jet rate &. Rp and e are the S-jet rates for the EO and E 
recombination schemes. The upper index of the AEEC indicates the 
energy cut in the Sterman-Weinberg recombination scheme. 
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Figure 17: A comparison of the jet rates at the parton- and hadron level 
for the matrix element (ME) and parton shower (PS) models for the 
scale A~~~=164 MeV (a) and A@) - w350 MeV (b). In case (a) one fits 
the parton levels to each other, in case (b) the badron levels. Clearly, 
these two fltting procedures do not yield the same A for this variable. 

indeed that the parton levels agrees, I as expected, since this was how ALLY has 
been determined, but at the hadron level the 3-jet rate is clearly 

i 
oolow for the 

second order ME’. The scale A% has to be increased to 350 MeV in order to get 

agreement at the hadron level (see Fig. 17b), which clearly showk that A& is 
different from ALLY in this case. Therefore, fitting a second order expression for 
the 3-jet rate to the data, corrected to the parton level of the parton shower 
model, does not necessarily lead to a consistent determination of A% in the 
sense that putting ALLY into a second order Monte Carlo does not reproduce the 
jet rates. 

Fortunately, there is no need to use such inconsistent methods, since the 
number of events with more than two hard gluons (m a.3) is negligible, even at 
LEP energies and the ME models can describe the data well in the regions where 
hard gluon radiation is important. 

‘Good’ variables to determine (1, are those who show a large sensitivity to 
A$& and a small sensitivity to the fragmentation parameters. If o, is determined 
by asking which A!$ in the Monte Carlo gives the best description of the data, 
one does not worry so much about the close correspondence between partons and 
hadrons, as long as the difference between them is well described by the Monte 
Carlo and rather insensitive to the tuning of the fragmentation parameters. For 
example, for the AEEC the fragmentation effects are non-neglibible, but well 
described by the Monte Carlo and insensitive to the tuning of the fragmentation 
parameters (see Sect. 8). 

7.3 Recombination Scheme Dependence 

A definition of the jet multiplicity requires the definition of a jet resolution and 
a ‘jet finder’ algorithm. The most popular jet finders have been the ones based 
on invariant masses: the four vectors of the two particles or ‘pseudo-particles’ 
are added to form a new pseudo-particle. This process is repeated until the 
scaled invariant mass y = h4,:/a between all pairs of pseudo-particles are above 
a certain minimum value ymin. The number of pseudo-particles is by definition 
the jet multiplicity. 

There are several ways to add the particles to peudo-particles[59,53]. The 
most common ones have been summarized in Table 3. In all! cases the direction 
of a pseudo-particle is determined by the vectorial sum of the 3-momenta of the 
two primary particles. The schemes differ in the calculation of the energy and 
the invariant masses. In the so-called P-schemes the pseudo;particles are kept 
massless by setting the energy equal to the momentum, thus resembling massless 
partons, which is convenient for Monte Carlo applications. How+zver, this does not 
conserve energy; in the PO-scheme ycUl is resealed to the continuously decreasing 
energy. The E-scheme is Lorentz invariant, so it can be applied in any reference 
frame; the others have to be applied in the laboratory frame. In most schemes 

‘Here I used A ~1=154 MeV for an ‘optimum’ renormalization scale factor f=0.113, as de- 
termined by OPAL[53]. 

‘The comparison was only made for the ERT ME with the P-recombination scheme, since this 
is the one which is available as default in the IETSET 7.2 Monte Carlo. 
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Schemes Mi’j Pij Remarks 
E (Pi + Pj)2 Pij = Pi + Pj Lorents invariant 

JADE 2&Ej( 1 - cos Bij) Pij = Pi + Pj masses neglected in Mj 
EO (Pi + Pj)2 Tij = &@i + Fj) p not conserved 

Eij = E; + Ej 
P (Pi + Pj)’ hj = iri + pj E not conserved 

Eij = (pij( 

PO SSP MP as P, but yN, resealed to new 
EC after each recombination 

Table 3: Jet Recombination Schemes. The index ;j indicates compo- 
nents of the pseudo-particle built from the particles i and j. 

v=O.O8 1 JADE scheme 1 P scheme I PO scheme I E scheme 

Table 4: The transition probabilities of parton multiplicities (n-p) to 
hadron jet multiplicities ( n-j ) at 91 GeV in the various recombination 
schemes for a jet resolution y of 0.02, 0.05, and 0.08, respectively. 
Here I have used the standard ERT matrix element as implemented 
in JETSET 7.2 and applied the same cluster algorithm to the parton 
and hadron level. The probabilities have been normalized to the total 
number of events, so the sum is one and the sum within each column 
yields the n-jet rate at the hadron level, while the sum within each 
row yields the n-jet rate at the parton level. Note that for the ‘JADE’ 
scheme the 2-p to 3-j transition is approximately equal to the 3-p to 
2-j transition, which results in approximately equal jet rates at the 
hadron- and parton level, although the migration between the 2- and 
t-jet classes is as large as 30% . 

-443- 

Figure 18: The fractional jet multiplicities as function of the jet resolu- 
tion for 4 recombination schemes at the hadron - and parton level for 
the Lund parton shower model. Data from OPAL. 

the invariant mass is calculated exactly, i.e., 

M,fi=Pi+Pj=2E;Ej(l-cos8ij))+mf+m~ . 

In the JADE scheme the masses mi and mj are put to sero.’ In practice the 
EO scheme is close to the JADE scheme[53]. The JADE jetfinder has become 
so popular, while the jet rates at the hadron level are close to the jet rates 
at the parton level in contrast to the other recombinations schemes. This is 
shown in Fig. 18 from a study by OPAL, who compare the jet multiplicities 
as function of the jet resolution at the hadron and parton level[49,53] using the 
parton shower Monte Carlo JETSET 7.2. One observes good agreement with the 
data for all recombination schemes for a single value of the QCD scale in the 
Monte Carlo. This recombination scheme independence is only possible for small 
renormalization scales, in which case all methods tend to yield similar A% values 
(see Fig. 16). 

The correspondence between a 3-jet event at the parton - and hadron level is 
not one to one, even for the JADE scheme, as suggested by Fig. 18. For example, 
if one generates only 3-parton events in the Monte Carlo, about 30 % of them 



1  

b e c o m e  P- je t  events  at the h a d r o n  level ,  as  s h o w n  in  Tab le  4. O n  the o ther  h a n d  
2- jet  par ton  events  contr ibute to the 3- jet  rate at the h a d r o n  leve l  a n d  the ave rage  
n u m b e r  of 3- jet  events  at par ton  a n d  h a d r o n  leve l  h a p p e n  to ag ree  very  wel l ,  but  
this is pure ly  accidental .  Therefore,  it is not  a  pr ior i  c lear  if the J A D E - s c h e m e  is 
a  m u c h  better s c h e m e  than the o thers  for the de terminat ion  of Q .. 

F r o m  Tab le  4  o n e  observes  too, that the la rge  ‘f ragmentat ion correct ion’ in  
the E -scheme,  i.e., the d i f ference in  jet rates be tween  had ron -  a n d  par ton  level ,  
or ig inates f rom the la rge  backg round  of 2- jet  events,  wh ich  b e c o m e  classi f ied 
as  J-jet events  because  of the la rge  je tmasses at the h a d r o n  level ,  wh i le  the 
la rge  ‘f ragmentat ion correct ion’ in  the P - s c h e m e s  is d u e  to the pur i ty of the 
3- jet  sample ,  i.e., the backg round  f rom l -par- ton states is sma l l  a n d  does  not  
compensa te  the losses of the migra t ion  of 3 -p  to 2- j  l ike in  the J A D E  scheme.  
Note  too that the pur i ty of the 4- jet  s a m p l e  is h ighest  in  the P-schemes ,  i.e., the 
backg round  f rom 3 -p  events  is smal l .  

T h e  extract ion of a, f rom the data  has  b e e n  d o n e  in  ra ther  di f ferent ways  by  
the dif ferent groups:  

T h e  O P A L  Col labora t ion  fo l lows the suggest ion  by  Kunsz t  a n d  N a s o n  a n d  
correct  their  da ta  to the par ton  leve l  in  the P S  mode l ,  us ing  al l  poss ib le  r ecom-  
b inat ion s c h e m e s  g iven  in  Tab le  3. 

DELPHI ,  L 3  a n d  MARK- I I  ana lyze  their  data,  s h o w n  in  Fig. 19,  wi th in the 
f ramework  of second  o rde r  QDC.  MARK- I I  uses  on ly  the Eb -scheme,  in  wh ich  
the f ragmentat ion correct ions a re  sma l l  (3-50/c).  They  neglect  this correct ion 
a n d  fit the par ton  leve l  express ion  direct ly to the data,  but  inc lude  this m iss ing  
correct ion in  the systemat ic  error .  D E L P H I  a n d  L 3  correct  the theoret ical  jet 
rates wi th a  correct ion matr ix  in  o rde r  to b e  ab le  to c o m p a r e  them direct ly to the 
data .  T h e  D E L P H I  Co l labora t ion  has  ob ta ined  this matr ix  f rom the exact  second  
o rde r  M E  Mon te  Car lo ,  b a s e d  o n  the K L ’ matr ix  e lement [61] .  They  no ted  that 
for the K L ’ s c h e m e  this matr ix  correct ion is very  sma l l  a n d  used  it for the o ther  
recombina t ion  s c h e m e s  too. T h e  L 3  C o 1 1  abora t ion  has  u m d  the G K S  matr ix  
e lement [26] ,  wh ich  is the defaul t  in  the J E T S E T  7.2 Mon te  Car lo .  

T h e  f inal  resul ts f rom DELPHI [50] ,  L3[51]  O P A L [49,53),  a n d  MARK-I I [52 ]  
have  b e e n  s u m m a r i z e d  in  Tab le  5. In a l l  cases  the A $  have  b e e n  de te rm ined  
f rom a  fit of the theoret ical  express ions[61,59)  of the form: 

R 2  f d ? =  
Q tol 

1  +  c,,, . a, +  c,,, . a .? 

R 3  E  =  =  C,, . a. +  c s m 2  . a a  
ffcol 

(6)  

w h e r e  ~ ~ ~  is the total hadron ic  cross sect ion a n d  Q , a re  the co r respond ing  n -  
par ton  cross sect ion. C,,s a re  the k -  th o rde r  Q C D  coeff ic ients for n  -  par ton  
events.  

S o m e  care  has  to b e  taken in  fitting the jet rates as  funct ion of the jet res-  
o lu t ion because  of corre lat ions:  a  s ing le  event  can  contr ibute to a l l  jet c lasses 
s imul taneously ,  of course  for di f ferent jet resolut ions.  To  avo id  such  corre la t ions 
the L 3  Co l labora t ion  has  taken the sens ib le  app roach  of fitting Rs  for on ly  o n e  

16-  

I‘ .' 
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O -  
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&. I  

Figure  IQ : T h e  fract ional  jet rates as  funct ion of the jet reso lu t ion f rom 
D E L P H I  a n d  L S  a n d  the y, d istr ibut ion f rom MARK- I I  at 2 9  a n d  9 1  
G e V . y S  is de f ined  as  the smal les t  invar iant  m a s s  in  the events,  recon-  
structed as  S- je t  events.  Note  that the curves  th rough the D E L P H I  
data  use  a n  ‘opt imized’ scale,  wh ich  y ie lds a  g o o d  descr ip t ion of the 
4- jet  rate. 

va lue  of the je t resolut ion -ysyc =  O - 0 8 -  a n d  cons iders  the compar i son  of the jet- 
rates for o ther  yns  va lues  as  test of QCD.  S u c h  a  se lect ion of jets inc reases  the 
statistical e r ro r  somewhat ,  but  this e r ro r  is anyway  neg l ig ib le  c o m p a r e d  to the 
systemat ic  errors.  T h e  o ther  co l labora t ions have  fitted the di f ferent ial  jet rates, 
in  wh ich  each  event  enters  on ly  once  in  the t ransi t ion f& m  jet’i+ l  to jet i. 

In spi te of a l l  the d i f ferences in  ana lyz ing  the data,  the resul ts of the g roups  
ag ree  wi th in errors,  but  these er rors  a re  la rge  a n d  domina ted  by  the renorma l i za -  
t ion sca le  d e p e n d e n c e  of the var ious  schemes,  ss s h o w n  in  Tab le  5  a n d  upec ted  
f rom Fig. 16.  It shou ld  b e  no ted  that s o m e  exper iments  have  quo ted  the o, va lue  
symmet r i zed  be tween  the o n e  for a  renormal iza t ion  sca le  factor f =  1  a n d  f 
smal l ,  o thers  on ly  quo te  the va lue  for f =  1. F igure  2 0  shows  the a. va lues  for 
the sma l l  sca le  f =  0 .002  a n d  f =  1  separate ly ,  wh ich  c lear ly  shows  that the 
renormal iza t ion  sca le  d e p e n d e n c e  is the domina t ing  error .  

T h e  s r row o n  the va lues  for f =  1  ind icates that this f va lue  is a  ra ther  
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Figure 20: A summary of Q. values from jet multiplicities (JADE recom- 
bination scheme) and the asymmetry in energy energy correlations. 
The solid lines correspond to the values obtained for an optimized 
renormalization scale, while the dashed lines correspond to Q’ = S. 
For the AEEC the two values are close together, while for the jetmul- 
tiplicities the scale dependence is the dominating error. The vertical 
line at a.=0.107 corresponds to the averaged value of the solid lines. 

arbitratry cutoff. Theoretically there is no strong reason why one should not 
consider the errors from even larger scales, since, as mentioned before, physical 
observables are independent of the choice of scale, if the higher order contributions 
are negligible. As is obvious from Fig. 16, larger values would lead to larger values 
of a,. 

It should be noted that for the fragmentation corrections in all cases Monte 
Carlos with a small scale have been used, since only in this case the contribu- 
tions from four or more jets have been estimated correctly. Therefore, it is more 
consistent to quote the LI, values corresponding to the small scales. Averaging 
the values for the small scales (including the one for the AEEC, to be discussed 
in the next section) leads to 

Q, = 0.107 f 0.007, 

as indicated by the vertical line Since the errors are dominated by systematics, 
it is difficult to estimate the error. As a conservative estimate I have taken half 
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Table 5: a.(@) from jet rates. The theoretical error is dominated by 
the variation of the renormalization scale factor f between 0.001 and 
1. 

of the difference between the two extreme values. 
Recently, the recombination dependence has been studied by Kramer and 

Magnussen[62]. They find little difference between the E- and EO-scheme in 
contrast to the results from OPAL[53] and the numbers in Table 4. This ap- 
pears to be due to the fact that they apply the EO invariant mass criteria to the 
pseudoparticles from the E-scheme, so there E-scheme is really E*EO and it is 
not surprising that these two agree, since now the clustering as well as the jet 
resolution criteria are similar. 

8 Energy-Energy Correlations 
The asymmetry in the energy-energy correlation (AEEC) was introduced by 
Basham, Brown, Ellis and Love(63] as a ‘good’ observable to determine the strong 
coupling constant o,, since it is relatively insensitive to fragmentation effects, 
which mainly contribute symmetrically to the energy-energy correlations (EEC). 
Subsequently the second order corrections have been calculated[60,64,65,59], and 
found to be reasonably small at the parton level (15% for the AEEC at the parton 
level). Experimentally the energy-energy correlation (EEC) can be defined as a 
histogram of all angles between all pairs of particles, weighted with their energies: 

where Et is the energy of particle i, xij is the angle between particles i and j, 
x is the opening angle for which one studies the correlation, Ak is the bin width, 
N is the number of events, N,, is the number of particles in 

\ 
he event, and the 

Table 6: Q, from the asymmetry in the energy-energy correlations. 
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Figure 21: The corrected DEC and AEEC at the hadron level compared 
with the exact second order QCD matrix element Monte Carlo followed 
by string fragmentation. Data from DELPHI. 

weights are normalized to the visible energy E”i, = Cyp* Ei. The integral of the 
C-function is 1 for combinations inside the bin and sero otherwise. 

Such a histogram shows two peaks (see Fig. 21): the peak below 30” corre- 
sponds to the angles between pairs of particles inside a jet, while the peak near 
1800 corresponds to angles between particles in opposite jets. Gluon radiation 
causes an asymmetry around 90”. This can be seen easily at the parton level, 
where two large angles and one small angle in a qqg event give more entries at 
large angles than at small angles. 

The asymmetry is defined as: 

AEEC(x) = EEC(180” - x) - EEC(x), 0” < x 5 90” . 

On average, the l-jet contribution to the EEC cancels in the asymmetry. This is 
a unique feature of the asymmetry: it is rather insensitive to the tuning of the 
fragmentation parameters, which mainly change the EEC in a symmetric way. 
The weighting of the angles with the energy makes the EEC infrared stable, i.e., 
the contribution of soft gluons goes to zero as their energy goes to zero. 

Many experiments have studied the AEEC and determined o,[SS]. At LEP 
the AEEC has been studied by the DELPHI- and OPAL Collaborations[67,68]. 
The resulting Q. values have been summarized in Table 6 and plotted together 
with the o, values from the jet rates in Fig. 20. The approaches from OPAL and 
DELPHI differ like in the Q, determinations from the jet rates: OPAL corrects 
to the parton level of the parton shower program and fits various second order 
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c CFNC 

QCD 

65% 

6% 41% 10% 
-0.1% 0.5% 

Table 7: Contributions to I-jet events in second order QCD and theories 
without gluon self coupling. The last three colums give the fraction in 
each class after the DELPHI detector simulation. 

expressions to this parton level of the LLA combined with the first order matrix 
element, thus determining ALLY as defined in the previous section. Their quoted 
experimental error is dominated by the difference between the analysis based on 
charged and neutral tracks, while the theoretical error stems from the difference 
between the various second order QCD calculations. The given Q. value is for 
a renormalization scale of f=l, but they find the dependence on the scale to be 
negligible. 

DELPHI has determined o, within the framework of exact second order QCD 
by fitting the As in the JETSET 7.2 Monte Carlo using the ERT matrix 
element. Their quoted errors have similar contributions from statistical and sys- 
tematic errors. The latter have been estimated by varying the fragmentation 
parameters of the longitudinal- and transverse fragmentation function, which are 
the main ones influencing the angles of the leading particles (remember the AEEC 
is weighted with the energy of the particles). The quoted value is for a renormal- 
ization scale f=O.O02, which is the default value in the Monte Carlo and is known 
to give a correct description for the contribution of the 4-jet rate. If the scale in 
the Monte Carlo is set to 1, they find that As increases by 3d MeV, which is 
quoted as the theoretical error. As is clear from Fig. 20, the Q. values from the 
jetmultiplicities and AEEC are in excellent agreement with each other. The fact 
that these methods with completely different contributions from fragmentation 
yield the same value of Q, gives confidence in our understanding of the event 
structure originating from perturbative QCD. 
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Figure 22: Distribution of xsz in 4-jet events with y-t = 0.01 compared 
with QCD, the abelian theory and qqqij only. The difference between 
the abelian theory and QCD stems mainly from the difference in 4- 
quark Anal states, not from the absence of the triple gluon vertex in 
the abelian theory. Data from OPAL. 

9 Search for Triple Gluon Vertex 

In QCD the gluons carry colour, which implies that gluons can interact between 
themselves. This gluon self interaction is responsible for the running of the cou- 
pling constant, as discussed before and thought to be responsible for the con- 
finement of quarks inside hadrons. However, it is difficult to prove the existence 
of the gluon self interaction directly. In high energy proton-proton collisions the 
2-jet cross sections would be much smaller without gluon-gluon interactions. 

In e+e- annihilation the triple gluon vertex leads to additional 4-jet final 
states (qqgg). However, double gluon bremsstrahlung and four quark final states 
lead to 4-jet final states too and distinguishing between all three contributions 
by means of the different angular correlations due to the different helicities in the 
final state is not easy. Table 7 summarizes the contributions from the various 
classes in QCD and the Abelian analog, in which the triple gluon vertex has been 
put to zero. These contributions are only approximate, since mBss effects have 
not been included. Note furthermore, that each class has many more graphs 
contributing than indicated by the graphs in quotes, since these single graphs are 
not gauge invariant. Only the groups of classes proportional to specific group 
constants are gauge invariant. However, all the graphs within e.g., class C would 
be zero, without this ‘main’ graph, in this case the triple gluon vertex. 
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Figure 23: Distribution of 4~s~ in 4-jet events with yd = 0.02 compared 
with QCD and the abelian theory. Data from LS. 

One observes, that the Abelian theory has a considerably larger fraction of 
4-quark final states and it turns out that the angles proposed by KImer et al.[69], 
Bengtsson and Zcrwas[‘lO], and Nachtman and Reiter[‘ll] arc rather sensitive to 
this fraction[72,73,74]. Therefore, from a comparison of these angles 6th the data 
several experiments have been able to exclude the Abelian theories[75,74,76,77,78]. 
Recent results from the L3- and OPAL Collaborations are shown’in Figs. 22 and 
23176,771. 

However, these angles cannot distinguish very well between the qqgg contribu- 
tions from double Bnmddirahhmg and triple gluon vetfez, so exd$ng the Abelian 
theories by the angles mentioned above is still no direct proof for the gluon self 
interaction. One could just replace the contributions from the triple gluon vertex 
with more double Bremsstrahlung to get the same angular distributions. For 
example, such a ‘toy model’ in Table 7 yields about the same kstributions for 
the angles mentioned above. However, it turns out that the gluqns from double 
bremsstrahlung contributions have a larger averaged opening angle than the glu- 
ons from triple gluon graphs[73], as shown in Fig. 24. If one fits simultaneously 
the opening angle o+ between the two least energetic jets in 4jet events and 
the generalized Nachtman-Rciter angle 8;,[79], one can distinguish between all 
4-jet contributions: efvR forbids a too large qgqq contribution, so qggg is needed, 
but Qij restricts the contribution from double bremsstrahlung (mainly class A) 
so part of it must come from the triple gluon vertex graphs (class C). 

The DELPHI Collaboration[‘lS] has made a preliminary study of the 2-dimen- 
sional distnbution in PNR and oij. As free parameters they have taken the ratio 
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of Nc/c~ and TRICF, which are the group constants determining the weights in 
front of the various classes shown in Table 7. From theory one expects: 

CF = 413, NC = ~,TR = n1/2 for QCD 

CF = 1, Nc = O,TB = 15 for ABELIAN 

From a sample of 21000 iTo’s, they selected with the LUCLUS jetfinder[20] a 
sample of 884 4-jet events. From the fit they find: 

Nc/CF = 2.05 f 0.4[dfat.]+~::[dydt.] 

TR/CF = 0.1 f1.7 
In QCD the class of diagrams containing the triple gluon vertex graphs (class 
C) is proportional to NC/C,, so a non-zero value gives direct evidence for the 
triple gluon vertex without reference to a specific model. The observed value 
for this ratio is in good agreement with the value expected ‘n QCD (2.25), al- 
though the errors are still large: the first error is the statistic L error, the second 
one originates from the uncertainties from fragmentation models and the fitting 
procedure. 

Figure 24: Distribution of generalized Nachtmann-Fleiter angle tJhR and 
opening angles between the two least energetic jets (oij) for double -- Bremsstrahlung- (class A), triple gluon vertex- (class C), and qqqq 
graphs (class I)). Classes A and C can be distinguished from class 
D by &R, while class C can be separated from class A by oij- The 
contributions from classes B and E are small. 

10 Conclusion 
After one year of LEP running the harvest in the QCD area has been rewarding, 
not only because of the large number of events, but also because of the quality 
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l The angular correlations in 4-jet events provide a sensitive test of the spin 
and colour structure of QCD. The Abelian type theories are excluded, while 
first evidence for the triple gluon vertex starts to emerge. 

Figure 26: The a, values from various reactions. 11 Acknowledgment 

of the events: a sizable fraction (Z 20%) are 3-jet events with an average gluon 
energy of 20 GeV, while about 5% of the events are clean 4jet events, in which 
the least energetic jet still has typically a total energy of 20 GeV. These ‘healthy’ 
gluon jets combined with ‘state of the art’ Monte Carlo models provided QCD 
tests with unprecedented quality. 

Among the results: 

l All hadronic decays from the Z” are amazingly well described by par- 
ton shower models tuned at lower energies. Especially the intermittency 
studies tind excellent agreement between data and Monte Carlo, indicating 
that the origin of the strong intermittency observed in e+e- annihilation 
does not need new physics contrary to previous expectations. The charged 
multiplicities turn out to be both in agreement with KNO scaling and the 
predictions of the parton shower models. 

l The models based on the.exact second order QCD matrix element needed 
retuning at 91 GeV, mainly because the Q ’ evolution of the fragmenta- 
tion functions have not been included. After retuning the parameters these 
models could be brought into reasonable agreement with the parton shower 
model, at least in the regions where the hard gluons dominate. Especially, 
sll jet rates agree remarkably well, provided a similar definition of the cou- 
pling constant is used, i.e., the scale of a. in the ME models is chosen 
to be of the order of a few GeV, like in the PS model, where the scale is 
chosen to be of the order of the p1 of the gluon. The second order ME 

Monte Carlo model allows quantitative studies without the app ximations 
inherent in the parton shower model. 

1 
l The new determinations of the strong coupling constant are tin excellent 

agreement with the predictions from A& measurements at lower energies 
as shown in Fig. 26 (from Ref. [80]). It should be noted that this plot 
is no evidence for the running of o,, since the value from LEP might just 
as well have been plotted at the optimized scale of a few GeV, as used in 
the programs. The lines indicate the Q, dependence for constant values of 
I$&. Note that the range of As values lead to very small errors in o, at 
hrgh energies. Plotting the LEP data at lower scales increases not only the 
absolute errors, but the relative errors too! 

s  Evidence for the running of o, can be best obtained by the Q ’ dependence 
of a single observable and the new data on the 3-jet rate combined with the 
data at PEP and PETRA give enough lever arm in Qz  to provide direct 
evidence for the running of o,. 

Writing a review about so many new and interesting data cannot be done without 
the help of many experts. Here I want to thank all of those, who have been willing 
to share their experience and idear and make available preliminary data before 
publication. 

Especially, I want to thank Siggi Bethke, Thomas Hebbeker, Sacbio Ko- 
mamiya, Zoltan Kunszt, Peter Mittig, Paolo Nazon, and Torbjorn Sjiistrand 
for interesting discussions and last, but not least I wish to thank my  colleagues 
within DELPHI for many discussions, friendship, and such a joyful collaboration. 
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