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Tests of Q C D at LEP
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Abstract. The four experiments, ALEPH, DELPHI, L3 and OPAL at LEP, have performed a large number of precise measurements to test Quantum Chromodynamics. The
strong coupling constant has been measured with high precision : a,(Mz) = 0.1234-0.004.
The coupling constant has been found to be independent of quark flavour. The running
of a, has been demonstrated by the data. Second order QCD matrix element calculations
have been tested from several measured distributions in 3-jet mad 4-jet events. These
distributions give evidence of the vector nature of the gluon and provide measurements of
the QCD colour factors. The ha~lronic distributions are well reproduced by QCD Monte
Carlo programs as well as by analytical calculations with soft gluon coherence effects.

1. I n t r o d u c t i o n
LEP has provided a number of measurements leading to tests of QCD [1-3], the
theory of strong interactions. Most of these measurements result from hadronic
decays of Z~ LEP, operating at cm energies near the Z~ mass, gives rise to large
hadronic cross section.This, together with the high luminosity of LEP, leads to
large number of events and hence a small statistical error. The four experiments
ALEPH [4], DELPHI [5], L3 [6] and OPAL [7], running at LEP, measure events
over a large acceptance and with low systematic errors. The high cm energy of
LEP leads to better jet resolution and small hadronization correction. The effect
of initial state radiation is also small at Z~ The corrections, being small, give rise
to small systematic uncertainties.
The measurments done at LEP to carry out QCD tests can be broadly classified
into three categories : (1) the measurement of the strong coupling constant as; (2)
the testing of the QCD matrix elements; (3) the study of soft gluon coherence
effect. In the present review, a short description of QCD and hadronization models
is given in section 2. The three types of tests are described in sections 3-5. The
results are summarized in section 6.
More complete and detailed reviews can be found in [8,9].
2. Q C D a n d h a d r o n i z a t i o n m o d e l s
QCD [1-3] is a nonabelian gauge theory of strong interaction between quarks and
gluons. This theory is characterized by one parameter, the coupling constant a,.
The coupling constant decreases with energy due to gluon self interaction. For high
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energies, the coupling constant is sufficientlysmall (asymtotic freedom [2]),so that
perturbative calculationsare possible. At low energies (or at short distances),the
coupling constant is large leading to colour confinement [10].
The energy dependence of the strong coupling constant is given by the renorrealizationgroup equation
2
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where p is the energy scale,and the coefficients/3i'shave been calculated [2,11]in
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In the next to leading order approximation, the renormalization group equation
leads to
a,(#)

=

1
[
/31 In ln(/J 2/A2) ]
/301n(p2/A2)_l-/302 ~ j ,

where A is a cutoff parameter indicating the boundary between perturbative and
non-perturbative energy ranges. At LEP, one uses the above expression with 5
active flavours and the cross sections are calculated in the MS (modified minimum
subtraction) renormalization scheme [12]. These lead to the measurement of A~-~)
s.
In LEP experiments, one observes multihadronic final states in e+e - collisions.
The hadrons are manifested in the form of jets which preserve the energy and direction of the primary partons. Theoretically, hadron production in e+e - collisions
is visualised as a multistep process [13] : (i) at energy scale ,-~ 100 GeV, e+e - gives
rise to a quark-antiquark pair mainly through Z~ exchange; (ii) the quark-antiquark
pair cascades successively through hard gluon emission which can be described by
perturbative QCD (upto energy scale of 1-10 GeV); (iii) the partons hadronize to
form the stable as well as the unstable hadrons (need nonperturbative calculations);
(iv) the unstable particles decay.
The step (ii) is of primary interest here. The perturbative calculation is done
either complete to second order (matrix element approach [14]) or to leading log
approximation (parton shower approach [15]). The matrix element approach is
applicable upto energy scale of 10 GeV and it gives a maximum of 4 partons in the
final state. The parton shower approach is carried out to energy scale of ~ 1 GeV
and has on average of 9 partons in the final state. In generM, the parton shower
approach describes the data better. On the other hand, a, is well defined only in
the matrix element approach.
In absence of non-perturbative calculations, the hadronization process needs
specific models. There are three different approaches for hadronization : (i) independent fragmentation [16]; (ii) string fragmentation [17]; (iii) cluster fragmentation [18]. There are several Monte Carlo programs available in the market. These
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Figure 1. Thrust distribution as measured by L3 in comparison with QCD models.
programs make use of specific choice of perturbative QCD approach and fragmentation models. The particle decays are parametrized from the experimental data
available on the unstable particles. Each of these programs JETSET [19], HERWIG [20], ARIADNE [21], NLLJET [22], COJETS [23] comes with a large set of
parameters.
The model parameters are tuned so that the models can provide a good description of the experimental data. This is done by choosing (1) only a few critical
parameters of the models; (2) distributions of a few global variables which are senistive to these parameters. After tuning, one finds that all the models can describe
the data reasonbly well (see Figure 1). The patton shower generators give a better description of the data. Also these models tuned at LEP energies [24-27] can
describe low energy e+e - data (from PEP, PETRA, TRISTAN) reasonably well.
In all the analyses described in the subsequent sections, the Monte Carlo programs are used to correct the observed distributions from detector effects (resolution and acceptance). The effect of hadronization is applied to the analytical QCD
calculations at the time of comparing them to the corrected experimental data.
3. D e t e r m i n a t i o n o f the strong coupling constant

The strong coupling constant as is determined from the hadronic (and also lepton
pair) decays of Z~ The detectors provide energy resolution of ~ 8-10% at ~r =
91 GeV for hadronic final states. The charged leptons are measured with momentum resolution of 1-2% at Elep = 46 GeV and jet angular resolution is better than
2.5 ~ Events are selected and categorised on the basis of global variables like multiplicity, total visible energy, energy imbalance. One achieves a high efficiency (e.g.
" 99% for hadrons) in event selection with very low background (_< 0.2%).
3.1. aa f r o m total cross section
The measurement of the hadronic and leptonic cross sections as a function of cm
Pramana- J. Phys., Supplement Issue, 1993
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Figure 2. Values of Rz as measured in the four LEP experiments.

energy leads to the estimation of the partial widths of Z~ decaying to hadrons and
lepton pair. The ratio of the two widths or the peak cross sections (Born term)
had~

L+L -

Rz - rh~d/rl,p --~ ~0 /~0

will have small experimental uncertainties (the experimental systematic effectscancel in the ratio). In the Standard Model of electroweak and strong interactions, it
is given by
Rz -- RPz" (I + ~QCD),
where RPz contains the electroweak coupling constants of quarks and leptons and
5qCD is the Q C D correction (~-,4%). I~ depends weakly on the top and the Highs
mass vMues. Using the measured value of M z from L E P [28] (Mz - 91.187 + 0.007
GeV) and a wide variation of the top and Higgs masses (mtop -- 150 i 50 G e V and
SHiggB = unn+z00
~,vv_240 GeV), one gets
P~z =

19.95:t:0.02.

The QCD correction can be expressed as [29]
+0.9. (a")2-

6QCD -- 1.05o

~Tr/

13 9

where the third order correction and effect of quark masses have been taken into
account.
The LEP data till 1991 (1699K hadronic and 183K leptonic decays of Z~ have
been analysed [28] using the ZFITTER package [30]. The results of this analysis is
summarized in Figure 2.
From the average value

Rz
58

=

20.86 -l- 0.07,
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one gets
as(Mz)

=

0.130-t- 0.011.

The uncertainty in the value of a, is dominated by the experimental uncertainty.
The theoretical uncertainty (~, 3%) is negligible.
In this determination of a,, some of the as sensitive quatities (like the width
of Z~ rz) are not used. This can be taken care of by performing a simultaneous
fit to all the cross sections and asymmetry data with a Standard Model program
(also provided by ZFITTER) with four parameters Mz, mtop, MHiggs and as. The
resulting fit yields
as(Mz)
mtop

=
=

0.1344- 0.009 =t: 0.002,
134+30
~- 18 GeV.
--38 -'-

The central values of as, mtop correspond to a Higgs mass value of 300 GeV and
the second error corresponds to the range 60 GeV _< Mrliggs _< 1000 GeV.
3.2. as f r o m scaling violation
The normalised momentum distribution is expected to be independent of energy
scale in the Quark Parton model. Gluon radiation in QCD introduces a logarithmic
energy dependence in the momentum distribution which is termed as scaling violation. The degree of violation is directly related to the strong coupling constant as.
as has been measured from scaling violation in the space-like regime in deep inelastic scattering, in e+e - annilations, scaling violation in the fragmentation functions
D(x, Q2) can be studied in the time-like region leading to as determination.
The fragmentation functions D(x, Q~) are measured from the scaled inclusive
momentum distribution
N~
1 da. + _
D(x,Q 2) - ~ W i ( Q 2 ) O i ( x , Q 2) - - - ~ x ( e
e --* h Jr X),
i= 1

fftot

where x = ph/Eb (the hadron momentum normalised to the beam energy). D(x, Q2)
is the weighted average of the fragmentation functions Di(x, Q2) of the individual
quark flavours. The weighting functions Wi(Q 2) are determined by the electroweak
theory.
The scaling violation is described by the evolution equation [31] which in leading
order can be written as
2 a

27r

Dg(x, Q2) /"

The splitting functions Pij(z) are the probabilities of finding the parton i with
momentum fraction z from a parton j and can be obtained by integrating the exact
QCD matrix element.
An analysis of the LEP data [32] together with low energy data [32,33] from
PEP, PETRA, TRISTAN has been carried out. Figure 3 shows Q2 dependence of
the inclusive momentum distribution for various x bins. A fit to these distributions
leads to a value of cq(Mz) as
as(Mz) = 0.119 + 0.006.
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Figure 3. Q2 dependence of the inclusive momentum spectrum for various x bins.
Table 1. Jet Algorithms
Scheme

Yij

JADE [34]
2EiEj(1 - cos 0ij)/s
(pi + pj)2/s
Eo [35]
(pi+ pj)2/s
E [35]
(Pi + pj)2/s
p [35]
kT [36] 2min(E?, E~)(1 - cos 0ij )/s

Recombination
Pk = Pi + Pl~
Ek = Ei + Zj; Pk = ~ ( P ~
Pk = Pi + Pj

+ Pj)

Pk-----I~i+l~j; Ek =[pk l
Pk = P i + P j

The error is dominated by theoretical uncertainty due to uncalculated higher orders.
3.3. aB f r o m j e t m u l t i p l i c i t i e s
Jets are reconstructed out of the observed charged hadrons or calorimetric energy
clusters. Most often jet algorithms use a 'distance' variable Yij which determines the
closeness of two tracks/clusters i and j. The two tracks/clusters with the smallest
Yij are grouped together to form a supercluster k and the four momenta of the
particles ij are combined suitably to give the four momenta of k. The supercluster
k thcn replaces the particles i and j from the list. This procedure is repeated till
yij's for all combinations of cluster pair exceed a jet resolution parameter Your. The
remaining (super)clusters are called jets. The choice of the 'distance' variable and
the recombination scheme has given rise to a variety of algorithms as summarized
in Table 1.
The various algorithms differ in (1) their sensitivity to hadronization correction,
(2) the possibility of summation to all orders in leading log (or next to leading log)
approximation, (3) combining soft particles into jets. For massless partons, the
J A D E scheme is identical to the E0 scheme and the hadronization corrections in
the two schemes are very similar. Figure 4 shows the hadronization correction factor
for various schemes at comparable Ycut values (at matching 3-jet fractions). It is
clear that J A D E and kw algorithms are the most suitable ones for orb evaluation.
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Figure 4. Ratio of 3-jet events after and before hadronization.
As an example, the OPAL [37] analysis is descibed below. OPAL used the
JADE algorithm to analyse their hadron data. Jet rates are corrected for detector
effects. Second order QCD predicts the rate of 2-, 3- and 4-jet events as a function
of a , ( p ) :
fa(Ycut)

=
f4(Ycut) =

Aa(Ycut)" a,(/~) + Ba(Ycut,/~2/s) 9as2(/J),
B4(Ycut)"a.2(~),

f2(Ycut) =

I - fa(Yr

f4(Ycut),

where p is the renormalization scale. Ai's and Bi's have been calculated by Kunzst
and Nason [35] in the E0 scheme. The hadronization correction is applied to the
theory. The resulting distributionsare shown in Figure 5. A fit is performed to the
differentialdistribution D2(y), which is defined by (y - Ycut)
D2(y)

f2(Y) - f2(Y - Ay)
Ay

=

The renormalization scale is chosen using the principle of minimal sensitivity [38],
In this principle, the scale p is chosen from the requirement (OV/o~f) - 0 where V
is the observable and f = p2/Q2. OPAL measures a0 as
a.(Mz)

=

n19n+O.OO9

v.*~v_0.008.

Simialr measurements exist from ALEPH [39], DELPHI [25], L3 [40], as summarised
in Table 2. The error is dominantly due to the uncalculated higher order terms.
3.4. aa f r o m e v e n t s h a p e v a r i a b l e s
There exist several global event shape variables like thrust, heavy jet mass, oblateness, C-parameter, etc., which are senisitive to the production of hard gluon jets.
Study of these distributions lead to estimates of as. Also energy energy correlation and its asymmetry give a measure of a,. The measurements of a . from all
these variables are highly correlated. On the other hand, the effect of uncalculated
Pramana- J. Phys., Supplement Issue, 1993
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T a b l e 2. ~, measurements from jet rates
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higher order terms are different for these variables. So a careful study, taking care
of the correlations, will give a handle to estimate theoretical uncertainty. A consistent analysis combining the results of all the experiments has been performed [9]
to complete second order. The results are summarized Figure 6. The unweighted
average value from all the experiments gives
as(Mz)

=

0.120 4- 0.006.

3.5. as from r e s u m m e d Q C D calculations
The QCD predictions in fixed order perturbation theory cannot take into account
the effects of multiple gluon emission. This leads to a singular behaviour of the
distributions for certain variables in the kinematic regions where multigluon emission is dominant. This is a direct consequence of the colinear and infrared divergences of the giuon emission cross section. It is possible to isolate the single
terms in every order of perturbation theory and to sum them up in the form of
an exponential. Recently calculations have been carried out which contain, in addition to the complete O(c~s2) prediction, the resummation of terms of the form
orbn Inm y (for observable y) with m _> n. Subleading terms, of the form as n Inm y
with m < n, are not included beyond the second order (n > 2). Calculations [41]
exist for thrust (y = 1 - T), heavy jet mass (y _= m~/s), energy energy correlation
(y - (1 + cosx)/2) and average jet multiplicity (y - Your).
The resummed calculations are expected to provide more accurate predictions of
the distributions, especially in the kinematic regions where multiple gluon emission
is dominant. At the same time, they should have a much reduced dependence on the
recombination scale compared to the O(as 2) calculations. Both these expectations
have been confirmed in several recent experimental studies [37,42]. as obtained
from the four LEP experiments are summarized in Figure 7. The unweighted mean
of the four experiments gives
as(Mz)

=

0.124 -t- 0.006.
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The error is dominated by theoretical uncertainties. The resummed calculations
exist for a few observables. More studies are needed to get a better estimate of
higher order uncertainties as has been done from the scatter of c~s results from
several observables in O(as 2) calculations.
3.6. a~ f r o m r decays
The ratio of hadronic to leptonic partial width of r has been used to measured the
strong coupling constant as. The ratio
-=

rl~p
can be measured independently from the semi leptonic branching ratio of 7 and
the r life time. LEP experiments have measured this raio with a high degree of
accuracy as seen in Figure 8.
The weighted average of the four measurements is
p~EP

=

3.65•

The inclusive character of the v hadronic width renders possible an accurate calculation [43] of this ratio using analyticity and operator product expansion. One can
write
Rr

=

R ~ 9 (1 +

where IL~ contains the CKM matrix elements together with electroweak radiative
corrections and nonperturbative contributions. R ~ has been estimated to be
tt ~

=

3.028 4- 0.015.

6~c D is the perturbative QCD contribution to Rr and has been calculated to O(as 3)
to be
6~CD

64

=

(as(mr))+5.2.

(a'(mr))2+26.4

9 ( a ' ( m r ) ) a.

Pramana- J. Phys., Supplement Issue, 1993

Tests of QCD at LEP

Topology

~

o.124:1:0.006

Z hodr. width \ \ \\\\\ \ w

0.130+0.011

1, hodr, width _ . ~

0,t2t +0.005

Averoge

=

0.12310.004

I

I

I

0.1

0.125

0.15

a,(M,)
Figure 9. Summary of a,(Mz) values measued at LEP.
The LEP measurements give
as(m~)

=

0.36 4- 0.05

and extrapolating to Mz
as(Mz)

=

0.1214- 0.005.

3.7. S u m m a r y o f as results

Figure 9 compares as values obtained from Rz, R, and event shape. These three
measurements are independent. The measuremerlts from Rz, I ~ are dominated by
experimental uncertainty while that from event shape is dominated by theoretical
uncertainty. All these measurements are consistent with each other.
The weighted mean value of
as(Mz)

=

0.123 4- 0.004

corresponds to
A-~-)s -

300 4- 60 MeV.

3.8. R u n n i n g o f as
as has been measured at two energy scales (my and Mz) from the LEP experiments.
The two measurements from the ratio of hadronic to leptonic widths
as(m~)
as(Mz)

=
=

0.36 4- 0.05,
0.130 4- 0.011

clearly indicate a decrease of as with increasing energy. The decrease is a consequence of gluon self-interaction and is one of the most important predictions of
QCD.
Figure l0 shows 3-jet fractions observed with the JADE algorithm for Ycut
= 0.08, which have been measured by several experiments at PETRA [34,44],
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PEP [45], TRISTAN [46] and LEP [37,39,40,47]. It is advantageous to compare the
measured jet fractions than the coupling constant, since hadronization corrections,
matrix element calculations and the renormalization scale used in estimating aa differ from experiment to experiment. It is clear that the measurements are consistent
with QCD calculations with A(S-~) = 240 MeV correspoinding to ~s(Mz) = 0.118.
Ms

3.9. F l a v o u r d e p e n d e n c e o f c~s
QCD predicts the coupling constant a8 to be independent of the quark flavour.
This has been tested at LEP by studying 3-jet rates in various hadronic samples
with tagged primary quark flavour. The L3 collaboration [48] has measured 3-jet
rates in two hadronic data sample. The total inclusive sample has 22% bb events.
The b-quark content has been enhanced in the second sample to 87% by demanding
at least one high momentum, high PT (with respect to the nearest jet) lepton in
the event. After corrections for detector, hadronization and b-quark mass effects,
one gets the ratio of 3-jet rates for Ycut - 0.05
a
fhad

"-

e,~
~

_had
/ ~
,,Te,P / ~ h a d
Vtot
Vtot

~

1.00 ~ 0.05,

which can be translated into the ratio of c~s values for b-quarks and for u,d,s,c
quarks :
c~s b
~su,d,s,C

-

1.00+ 0.08.

At P E P / P E T R A energies (V/~ ~ 30 GeV), the cross section is proportional to the
square of the quark charge (photon exchange). At LEP energies (Z ~ exchange), it
is proportional to the sum of the squares of the vector and axial vector coupling
constants of the quark. So the flavour composition is different at LEP energy (34%
'up' quark) from that at 30 GeV (73% 'up' quark). Using the 3-jet rates with Ycut
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= 0.08 and using running of a,, one gets

OtsUP
asdown

--

0.94 + 0.08.

These results confirm that as is independent of weak isospin or charge of the quark.
4. Test o f Q C D m a t r i x elements

QCD matrix element calculations have been tested by comparing the measured jet
distributions in multijet events to the theoretical predictions. 3-jet events have
been used to test the spin-1 of gluon while 4-jet events have been used to test the
colour charge of quarks and gluons.
4.1. T h r e e j e t events
Jet energy distributions in 3-jet events has been studied by three LEP experiments [49,50]. Jets, reconstructed by the JADE algorithm, are ordered in energy
xl _ x2 _~ x3 where xi - 2Ei/x/~. In the lowest order perturbation theory, the cross
sections for spin 1 and spin 0 gluons are respectively given by
d~
dxqdx~
d~r
dxqdx~

~
...

Xq
(1 - Xq)(1 - x~)'
x~
(1 - xq)(1 - x~)"

For xg ~ 0, the vector gluon cross section becomes large, while it remains small
for spin 0 gluons. Figure 11 shows the L3 measurement of x3 distribution as compared to the spin-1 and spin-0 gluon hypotheses. Experimentally, the xi's have
been determined from jet directions (strictly valid for massless partons), which are
measured more precisely than the jet energies. In fact,
xi

-

2 sin ~bi
E j sin tbj'

where ~bi is the angle between the other two jets excluding the jet i. One sees the
data are in excellent agreement with QCD.
The orientation of the three jet event plane with respect to the beam direction
has been studied by two LEP experiments [49]. From QCD, one expects the angular
distribution to be given by
1 d~
trdcosO

1
2(1 -

+

(1 +

r

9

In the lowest order QCD, ~ is expected to be -13 independent of thrust value.
Second order corrections are expected to be small. Figure 12 shows ff plotted as a
function of thrust. The data are in excellent agreement with QCD.
The spin-0 model has been ruled out earlier in the PETRA experiments [51].
At LEP, QCD predictions have been tested with a much higher precision.
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4.2. Four j e t e v e n t s
QCD predicts two classes of 4-jet events at the parton level : q~gg (due to double
gluon bremsstrahlung and the triple gluon vertex) and q~q~ (from g ---* q~ splitting).
The 4-jet differential cross section can be written as

O'4-jet "~ CF" ffA + ( C F -- C A / 2 )

+ CA 9~c
+ TF. NfO'D +

( C F --

"fib

CA/2) 9O'g

(double gluon bremsstrahlung)
(Triple gluon vertex)
(q~q~ final state),

where CA, CF, TF are colour factors with values 3, 4/3, 1/2 respectively. If one
constructs an abelian model [52] with quarks and gluons, the colour factors get
substantially modified (0, 1 and 3 respectively for CA, CF, TF)The different colour spin structures of the processes q ~ qq and g ---, q~ give rise
to different predictions of angular correlations within the 4-jet events. DELPHI [53]
has studied the double differential distribution of the Nachtmann-Reiter angle [54],
cos 0~p. (cosine of the angle between the vectors 1~1 - l~ and 1~3- 1~4), and a34, the
angle between the two lowest energy jets. 0~ql~discriminates between the q.~gg and
q~q~ final states, whereas a34 discriminates between the triple gluon vertex and
the double gluon bremsstrahlung terms. ALEPH [55] has carried out an analysis
of the five dimensional distribution of jet pair masses, which contains complete
information of the 4-jet phase space. Both these analyses determine the ratio of
colour factors in a fit to the O(a, 2) matrix element. The results are summarized in
Table 3 together with the expectations of QCD and the abelian model. The results
are in good agreement with QCD.
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Table 3. Ratio of colour factors

DELPHI
ALEPH
(QCD)
(hbelian)

CA/CF
2.07 • 0.31
2.24 • 0.40
2.25
0.0

TF/CF
0.34 • 0.14
0.58 + 0.29
0.375
3.0

5. S o f t g l u o n c o h e r e n c e e f f e c t

Analytical Q C D calculations predict gluon interference affecting particle spectra,
multiplicities and particle production in between jets.
5.1. Inclusive particle spectra
Inclusive m o m e n t u m spectra have been calculated [56]in the 'Modified Leading Log
Approximation' (MLLA) summing double and single leading-log contributions including the coherence effect. The calculated parton distribution has been directly
compared to the measured hadron distribution following 'Local Parton Hadron
Duality' [57]. Perturbative Q C D predicts a hump-back structure of the inclusive
distribution in terms of ~p = In(I/xp), where xp is the normalised particle momentum (with respect to the beam). The peak position is expected to increase with
decrease in the particle mass and increase in cm energy.
L E P has measured inclusive particle spectra [58] for several identifiedhadrons,
~r~ ~}, K ~ A and all charged particles. Figure 13a shows the measured ~p distributions for r0, K 0 and all charged particles. The Q C D calculations describe the
observed distributions rather well. The position of the peak is clearly decreasing
with increase in the particle mass as expected in the theory. Figure 13b shows the
position of the peak for r0 and 7/as a function of centre of mass energy. Again, the
Q C D calculations reproduce the data rather well.
Thus the M L L A calculations including gluon interference together with the
L P H D hypothesis describe the form, energy and particle mass dependence of the
inclusive m o m e n t u m spectra correctly.
5.2. Multiplicities in 3- a n d 2~jet e v e n t s

The ratio of the multiplicities of hadrons in the 3- and 2-jet event samples has been
recently calculated [59] in the framework of QCD in leading and next to leading
log approximation to all orders. The two jet events are due to the fragmentation
of two quarks whereas three jet final states are due to one additional gluon jet. So,
naively, the ratio of the multiplicities will be related to the net colour charge in
each sample, i.e., (2CF % CA)/2CF (---- 17/8). However, soft gluon interference will
decrease this ratio significantly.
The two LEP experiments [60],L3 and ALEPH, have studied cluster multiplicities in 3- and 2-jet samples with the jets reconstructed using the kT algorithm.
A fixed value of Ycut (----"Yl) has been chosen to select exclusive three- and two-jet
samples. Using the same algorithm but a smaller Ycut ( - Y0), cluster multiplicities
are determined in the two samples. The ratio of the two multiplicities are shown
in Figure 14 as a function of Y0.
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The data are in agreement with the Q C D calculations which include the soft
gluon interference terms. An 'incoherent'model, where each jet contributes according to its energy without interference, cannot describe the data.
6. S u m m a r y
LEP has performed precise measurements of the strong coupling constant. The
measurements, obtained using several observables, give a consistent value of as.
Combining the measurements from event topology, the ratios of hadronic to leptonic
widths of Z ~ and r, one obtains as(Mz) -- 0.123 -b 0.004. The coupling constant
has been tested to be independent of quark flavour. The energy dependence of a ,
has been measured and it is as expected from QCD with A
( ~ - 240 MeV
..loM
Many distributions of 3-jet and 4-jet events have been measured with a high
degree of accuracy. They can be reproduced by QCD. 3-jet events give evidence of
the vector nature of the gluon. 4-jet events provide measurements of QCD colour
factors.
String and cluster fragmentation models describe hadronic events quite well.
The inclusive momentum spectra of identified hadrons and cluster multiplicities in
jets can be described by analytical QCD calculations including soft gluon interference effects.
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Discussion
D. Sankarnarayana : How do you distinguish 4ojet events due to two independently
emitted gluons and events which could be attributed to gluon self-coupling ?
S. Banerjee : The two sources of 4-jet events give rise to different distributions
in some of the kinematic variables. In particular, the a34 distribution in the
DELPHI analysis is quite different for double gluon brensstrahlung and for
the triple gluon vertex. Global analyses of all kinematic variables give rise to
a measure of the various colour factors.
D.P. Roy : Since the energy scale involved in the nonleptonic decay is ~ 1 GeV
and it is known to be dominated by the ~r p and A1 resonences, it may be
questionable to estimate as from a QCD fit to this process and combine it
along with those obtained from Z decay to give an average value.
S, Banerjee : In the exatraction of the as from r-decays, one has to take care
of non-pertubative effects. This has been dealt with using analyticity of the
spectral functions and the short distance operator product expansion. The
method as well as the estimated uncertainty in the non-pertubative calculation is given in the work of E. Braaten et al., Nucl. Phys. B 3 7 3 (1992)
581.
R.M. Godbole : H o w does the measured value of c~s(Mz) from L E P compare with
as(Mr) measured from DIS measurements?

S. Banerjee : A recent analysis of SLAC/BCDMS gives as(Mr) = 0.113 • 0.005.
The average of all the analyses of DIS data leads as(Mr) = ".-'~-0.00s.n
111+0.004 So
these measurements are substantially smaller than the measurements done at
LEP. Also quarkonia decays measure as(Mr) with small experimental uncertainties. These measurements are also substantially smaller [as(Mr) = 0.!13
• 0.001 +~176176
- 0 . 0 0 5 J than the LEP value. Attempts have been made to understand
these differences. No concensus has emerged as yet.
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