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QCD STUDIES AT LEP

THOMAS HEBBEKER
Phys. Inst. IIl A, RWTH Aachen, D-5100 Aachen, Germany®

ABSTRACT

Hadronic decays of the Z° produced in e*e™ annihilation are ideal for precise tests of Quantum Chromo-
dynamics. The experiments ALEPH, DELPHI, L3 and OPAL at LEP have observed in total more than a
million hadronic events and have performed a large number of measurements. The most important results
are: (a) The strong coupling constant is a,(Mz) = 0.120 = 0.007. The energy dependence of the 3-jet
fraction measured in et e annihilation between 20 and 90 GeV shows that «, is running as predicted by
QCD. (b) Second order QCD matrix element calculations reproduce all measured distributions for jets in
3-jet and 4-jet events. There is direct experimental evidence for the gluon self interaction. (c) ALl measured
distributions for hadrons can be reproduced by QCD Monte Carlo programs or analytical calculations.

1. Qutline

A large number of measurements of hadronic
Z° decays and of tests of QCD have been per-
formed. In this review only parts of the material
can be presented. For each of the main topics
I will show, as an example, the measurements
of one. LEP experiment and then compare and
summarize the results of all experiments.

Here I consider only QCD tests based on the
process ete™ — hadrons. The experimental re-
sults on the production and decay of heavy fla-
vors (charm, bottom) are described in ref. [1].
Theoretical aspects of QCD are discussed in ref.

2.

After a brief introduction (section 2) and a
description of QCD models (section 3) I review
in section 4 the different measurements of the
strong coupling constant «,. Also studies of the
flavor independence and of the running of «, are
presented. Detailed QCD tests based on 3-jet
and 4-jet events, and in particular the measure-
ment of the three-gluon coupling are described
in section 5. ‘Soft’ phenomena such as particle
spectra and string effect are the topic of section 6.
Finally the prospects for future QCD studies at
the Z° resonance are outlined in section 7.

*supported by the German Bundesministerium fur
Forschung und Technologie

2. Introduction

Quantum chromodynamics (QCD) is the the-
ory of strong interactions. It is a nonabelian
gauge theory with a SU(3) group structure de-
scribing the interaction of colored quarks with
colored gluons. The basic Feynman graphs are
shown in figure 1.
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Figure 1: Basic Feynman diagrams in QCD

The only free parameter is the strong coupling
constant a,. It has a characteristic energy depen-
dence as shown schematically in figure 2, which
is often referred to as the ‘running’ of a,. With
increasing energy the coupling strength decreases
(‘asymptotic freedom’). This is a consequence of
the gluon self interaction. For high energies the
coupling constant is therefore sufficiently small



such that perturbative calculations can be per-
formed. For low energies the coupling constant
becomes large, which is believed to be the origin
of confinement.
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Figure 2: Running of a,

The process ete~ — hadrons at high center of
mass energies is well suited for QCD tests: The
initial state is well defined. The high momentum
quarks and gluons (figure 3) form jets, tight bun-
dles of hadrons, which preserve the energy and
the direction of the primary partons to a good
approximation.
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Figure 3: ete™ — ¢dg
Important features at /s = 91.2 GeV in com-
parison with /s a2 30 GeV (PEP, PETRA) are:

e higher center of mass energy /s,

o relatively small fragmentation effects,

e large cross section (=~ 30 nb) and negligible
background (typically < 1%),

e hard initial state photon radiation sup-
pressed,

o different flavor composition (up/down = 1
instead of ~ 4).

Therefore one finds at the Z° pole a large number
of events with 2, 3 and 4 well collimated jets
with an energy exceeding 10 GeV. These ‘clean’
topologies allow for a precise determination of a,
and for many tests of QCD.

The LEP experiments ALEPH [3], DELPHI
(4], L3 [5] and OPAL [6] each have observed
about 250,000 events ete™ — Z° — hadrons in
the period up to July 1991.
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Figure 4: ‘LEGO-plot’ of a 3-jet event (L3)

All detectors allow for the measurement of
charged tracks and are equipped with fine
grained calorimeters measuring the energy flow
of charged and neutral particles. The detectors
are almost hermetic and are thus well suited for
precise measurements of hadronic events.

Figure 4 shows a ‘Lego plot’ of a hadronic
event obtained at 91 GeV center of mass energy.
It shows nicely that the jets are narrow and well
separated from each other.



8. QCD models for ete” — hadrons

One can distinguish four separate phases in the
process ete~ — hadrons. They correspond to
different time scales and are sketched in figure 5

(7).

(i) Production of a ¢g pair (and photons) [elec-
troweak]

‘Hard’ gluon radiation [perturbative QCD]

(i)
(i)

Fragmentation of quarks and gluons into
hadrons [non-perturbative QCD]

Decays of unstable particles [electroweak

and QCD)]

(iv)

These subprocesses are implemented in Monte
Carlo event generators [7], which play an impor-
tant role in the analysis of hadronic events.
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Figure 5: The process ete~ — hadrons

(iii)

Phase (ii) is of primary interest here. It can be
calculated perturbatively within QCD and allows
for quantitative tests. There are two approaches:

e ‘Matrix elements’ (exact 2"? order calcula-
tion),

e ‘Parton showers’ (leading log approxima-
tion).

Matrix element based event generators pro-
duce up to 4 partons with a minimum invariant
mass m of two partons of about 10 GeV at the Z°
resonance. Some of the corresponding Feynman

diagrams are shown in figure 6 [7]. In addition
there is a large number of graphs with virtual
corrections.
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Figure 6: Feynman diagrams for ete™ — quarks
and gluon(s) to O(a?)

In a parton shower on average 9 partons are
generated at the Z° pole with virtual gluon
masses m as low as = 1 GeV, see figure 7 (7, 8].

Figure 7: ete~ — quarks and gluons, parton
shower approach

While in general parton shower generators re-
produce measured distributions better, the ma-
trix elements are needed for a determination of
as, because only in the exact order by order
calculation the strong coupling constant is well



defined. Also for studies of jet distributions in
multi-jet events they are needed, because of the
correct hard parton kinematics in matrix element
calculations.

The fragmentation of quarks and gluons, phase
(iil), can be modeled quite successfully by string
and cluster fragmentation schemes [7]. In an
event on average 17 hadrons are created which
decay into a total of about 45 particles with a
lifetime exceeding 107 °s.

To be able to interpret measurements one has
to use models to describe the hadronization pro-
cess and also the subsequent decays. Therefore
tuning and testing of fragmentation models is the
first step in any analysis.

The most popular ‘models’ (i.e. Monte Carlo
generators of hadronic events) are:

e JETSET [8]. Both parton shower and O(a?)
matrix element options are available [9, 10].
Most often the string fragmentation model
is used.

e HERWIG [11]. This parton shower genera-
tor simulates spin and interference effects in
detail. Hadronization is simulated by clus-
ter fragmentation.

Other programs being used are ARIADNE
[12], NLLJET [13], and the matrix element gen-
erator ERT-Eq [9, 14].

" To fit the parameters of the various models the
following analysis steps have to be made:

1) Out of many free parameters in the model the
relevant ones have to be identified.

2) Choice of distributions. Global event shape
variables like thrust and oblateness or inclusive
distributions as particle momenta are suitable
(15]).

3) Global fit to several distributions. The data,
corrected for detector effects, are directly com-
pared to the Monte Carlo predictions, and the
relevant parameters are determined.

After the models are tuned they can be tested
by comparing the predictions for event shape
variables, in particular for those not used in the
parameter fit, to the measurements. Figure 8

shows as an example the ALEPH thrust distri-
bution in comparison with the predictions of the
JETSET (both parton shower and matrix ele-
ment) and HERWIG event generators [16].
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Figure 8: Distribution of Thrust T as measured
by ALEPH in comparison with QCD models

Also DELPHI [17], L3 [18], OPAL [19] and
MARK II [20] have compared measured event
shape variables to model predictions and to mea-
surements at lower center of mass energies.

The different studies arrive at similar results,
which can be summarized this way:

e All models listed above can be tuned to de-
scribe hadronic Z° decays. Parton shower
generators perform best.

e Parton shower models tuned at /s = 91
GeV can also describe 30 GeV ete™ data.

Here we have considered global event proper-
ties obtained by analyzing the full hadron data
sample with contributions from all flavors. For
the heavier quarks charm and bottom, which can
be tagged for example via their semileptonic de-
cays, interesting measurements of their fragmen-
tation properties have been made. They are re-
viewed in ref. [1].



4. Strong coupling constant a,

There are many compelling reasons for mea-
suring the strong coupling constant:

(1) ag is the only free parameter in QCD,
(2) many tests of QCD require a, to be known,

(3) for many electroweak tests strong correc-
tions must be calculated precisely,

(4) grand unification theories can be tested
by extrapolating the different coupling con-
stants to very high energies [21, and refer-
ences therein].

Apart from measuring the fundamental pa-
rameter a4 several tests of QCD can be made by
comparing a4 values obtained from different vari-
ables (consistency), for different quark species
(flavor independence), at different energies (run-
ning), and in different reactions (universality).

The strong coupling strength can be expressed
either in terms of ay(i) at an energy scale p, or
by using the QCD parameter A. The two equiv-
alent quantities are related in next to leading or-
der by [22]

1 by Inln(u?/A?)
(A p) = —— L AR
B = LAY T B (n (wiA%)?
where

bo = (33—2ny)/(12w) by = (153—19n;)/(247?)

with ny = 5 and A = A(Mi;.. In the past often A
was used as the fundamental parameter in QCD
due to a lack of a ‘natural’ energy scale uo >
A for which a,(po) is small. Today we have a
convenient reference scale puo = mgz and I will
express the QCD coupling strength in terms of
a; = a,(Mz) (and not A) from now on.

In subsections 4.1 to 4.4 the measurements of
the strong coupling constant in ete™ — Z° —
hadrons are described. The results of the QCD
tests as listed above are summarized in subsec-
tions 4.5 to 4.7.

{.1. Measuring a, in ete~ — Z° — hadrons

There are two different methods to deter-
mine ay:

1) Measurement of the hadronic partial Z°
width T'hagq or, equivalently, of the hadronic
cross section at the Z° pole. This implies
counting of events. The QCD correction to
the hadronic width has been calculated to
third order in a, [23], and the uncertainty
due to missing terms of O(al) is presum-
ably small. There are no hadronization un-
certainties, since the fragmentation process
can only change the shape of an event, but
can not make it disappear. (For a possible
effect of final state interference see ref. [24].)
Since the QCD correction (= as/7 ~ 4%) is
small, a very high experimental precision is
required: In order to reach Aay = 0.01 an
accuracy of Al'wad/Thad = 0.3% is needed.

2) Analysis of the event topology, in particular
a study of events with hard gluon brems-
strahlung. The fraction of those events is
to lowest order proportional to a,. A large
number of variables exist to measure the
hard gluon content in hadronic events [15].
Here I will concentrate on jet fractions, from
which the strong coupling constant can be
obtained with relatively small hadronization
uncertainties. Since the matrix element cal-
culations for the 3-jet fraction and other
event shape variables have been performed
only to O(a?), the uncertainty due to un-
known higher order corrections is the domi-
nant contribution to Aa, in this method.

total
uncert.

experim.
error

theoret. error
high.O | fragm.

meth.

1) 2% - 10-15% 10-15%

2) || 510% | 3% 3% 5-10%

Table 1: Relative uncertainties for a,.

These two methods are largely independent
and therefore complementary. The theoretical
and experimental uncertainties are quite differ-
ent in both cases, as is shown in table 1. The
theoretical error has two contributions: Miss-
ing higher order terms in the perturbative ex-



pansion and non-perturbative effects (‘fragmen-
tation’). The experimental uncertainties are the
combined errors for all LEP experiments.

4.2. Determination of ag from T'had/Tiep

The QCD correction to the hadronic width can
be measured best from the ratio of the hadronic
and leptonic partial widths of the Z° boson. It
is given in the Standard Model by

Ry = I‘h,d/I‘lcp =19.97-(1+ 6QCD) .

The factor I'),;/Tip = 19.97 £ 0.03 [25] de-
pends only little on the top and higgs masses,
since most m; and my dependent corrections
are common to I'Y,; and T'j.p. Here I')_, stands
for the hadronic width without QCD corrections
(as = 0). The error of £0.03 corresponds to a
variation of m; between 90 and 200 GeV and my
in the range 50-1000 GeV. Instead of Ry also the
ratio of the peak cross sections

= 0';::3)[/ peak _ 18.77 - (1 -+ 6QCD)

can be used to denve as [25]. The quantity R
can be measured directly, without need for off-
peak data, knowledge of luminosity or line shape
fitting.

The QCD correction can be cast in the form
[26)

Sqop = 1.05- 22 +0.9-(

.\, a3
- ) -13-(—)
where the recently calculated third order correc-
tion [23] and charm and bottom mass effects and
the top mass dependence [27] are taken into ac-
count.

Figure 9 summarizes recent LEP measure-
ments of Rz [28, 29, 30, 31].

From the average value

Rz =20.92+£0.11

one gets

a,(Mz) = 0.141+ 0.017

-

where the error is completely dominated by ex-
perimental (statistical) uncertainties!. The ef-

'In ref. [24] the possible effect of coherence of uii and
dd final states on the Z° hadronic decay width has been
estimated to be of the order of 5 £ 5 MeV. Taking this
correction into account would change the value of a, from
0.141 £ 0.017 to 0.133 1 0.018.

fect of the third order correction is small: leaving
it out changes a4 to 0.137.

ALFPH ~m—  21.00+0.20
DELPHI ~ —&—+  20.70+0.29
L3 I 2093 +0.22
OPAL 20.95 +0.22
LEP T 2092 +0.11

19 20 21 22 F;Z 23

Figure 9: Measured values for Rz = I'had/Tiep.

Also the total width of the Z° is in principle
a measure of the QCD correction éqcp. How-
ever, I'o¢ depends strongly on the top quark
mass. From a combined fit of all LEP cross
section and asymmetry data one can determine
m, and a, simultaneously, leading to a value of
the strong coupling constant consistent with the
number given here, but with slightly reduced er-
rors [32].

4.3. Measurements of o, from event topology

Many variables can be analyzed to determine
o, from the topology of hadronic events. As an
example of a QCD analysis at LEP the measure-
ment of a, from jet rates by L3 [33] will be de-
scribed briefly.

Jets can be defined by using an invariant mass
jet algorithm. Most frequently the JADE jet
finder [34] is used: For each pair of particles i
and j the scaled invariant mass squared

Yij = 2 E2 21— cos 6;;)

vis

is evaluated. FE; and E; are the particle en-
ergies and 6;; is the angle between particles 7
and j. Eys = Y ; Ei denotes the total energy
of the event. The pair for which y;; is small-
est is replaced by a pseudoparticle k with four-
momentum

Pk = pi +pj -



This procedure is repeated until all y;; exceed
the jet resolution parameter yc,. The remain-
ing (pseudo)particles are called jets. Increasing
Yeut lowers the fraction of multijet events but in-
creases the separation of the jets. In this recom-
bination scheme there is a close agreement be-
tween jet rates on parton and detector level.

Other invariant mass jet algorithms (E, Eo,
p...) can be defined using slightly different ex-
pressions for ; and pi [15, 35]. The JADE
scheme is equivalent to the Eg scheme for 4 mass-
less partons with respect to jet counting.

The L3 analysis is based on 37,000 hadronic Z°

decays at a center of mass energy of 91.2 GeV.
Charged and neutral particles are measured in
the electromagnetic detector and the hadron ca-
lorimeter which covers the polar angular range
|cosB| < 0.996. The jet rates obtained with the
JADE algorithm are corrected for detector ef-
fects, resolution and acceptance, and also for ini-
tial state photon radiation. All these corrections
are smaller than 10%.
The measured jet fractions are compared to the
analytical 2™ order QCD calculation for the Eq
scheme [15, 9]. A small y.y: dependent hadroni-
zation correction of 1-5 % is applied.

From the measured 3-jet fraction at y, =
0.08,

f3=184%+09%,

and the central value of the renormalization scale
1?/s = yl, = 0.08 [36), the strong coupling con-
stant is determined to be:

as (Mz) = 0.115 + 0.005 (exp.) fg:g%g (theor.) .

The theoretical error is dominated by unknown
higher order corrections, which have been esti-
mated from a variation of the renormalization
scale 4 in the range 3 GeV - 91 GeV [37].

The relation between unknown higher order
corrections and renormalization scale uncertain-
ties shall be explained briefly: The scale depen-
dence of the 3-jet fraction in 2"d order is given
by

fo(w?) = A-oes(4*)+(A-bo In(p?/5)+ B)-af (u*) .

Here A and B denote the first and second order
coefficients as calculated in [38, 15]. While o

rises with decreasing u (for fixed QCD param-
eter A), the term proportional to In(u?/s) be-
comes smaller. The renormalization scale is not
predicted in QCD, however different recipes have
been suggested for the choice of u [39, 37, 40, 36].
They lead to values in the range 3 to 91 GeV for
V3 = Mjz. The values of Agz and a,(Mz) de-
termined from a comparison of data and QCD
depend on the renormalization scale used in the
above formula. If fs is calculated to all orders,
an exact cancellation of the renormalization scale
dependence appearing in «, and in terms con-
taining powers of In(u?/s) occurs, and the 3-jet
rate becomes independent of the scale u. There-
fore the variation of a,(M3z) with p is an estimate
of uncalculated higher order corrections.
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Figure 10: Jet fractions measured by L3

Figure 10 compares the measured jet fractions
as a function of y.,; with the QCD predictions
for ay = 0.115 (corresponding to A = 190 MeV)
and pu? = 0.08-s [33]. The deviation in the jet
rates at low values of y.u¢ is due to higher order
corrections which are not yet calculated [41].

Similar results on jet fractions and a, have
been obtained by ALEPH [42], DELPHI [43],
OPAL [35] and MARK II [44].



O= ALEPH O= DELPHI
a=L3 &= OPAL 0=MARKII
jets % 0.117 £0.010
EEC % 0.119 £0.010
AEEC 3 0.113 +0.008
thrust ‘E%’_ 0.123 +£0.015
major -+ 0.118 £0.009
oblateness  —B= T © 0.155+0.026
C parameter _’?:§+ 0.122 £0.015
heavy jet mass E."e"' 0.130 £0.011
jet mass diff. g—e— 0.131 +£0.011
PTEC «eh 0.108 £0.009
. i : : i : 1
0 0.1 as 0.2 0.3

Figure 11: a4 from event topology

Values for a; have been derived also from
the study of energy-energy correlations (EEC)
and its asymmetry (AEEC) and from distribu-
tions of global event shape variables like thrust,
C parameter, etc. [15, and references therein].
All those results obtained by the five experi-
ments ALPEH [42, 45], DELPHI [43, 46, 47], L3
[33, 18], OPAL [35, 48, 49, 50, 51] and MARK II
(44] are summarized in figure 11.

The combination of all these numbers into one
global LEP a4 value is difficult for two reasons:
(1) The errors are dominated by theoretical un-
certainties, which can only be estimated, (2) o,
numbers derived from the various quantities are

correlated.

Therefore, in order to derive a combined value,
first the experimental and theoretical uncertain-
ties need to be estimated.

As an example for the agreement between dif-
ferent measurements figure 12 compares the 3-
jet fractions for a jet resolution parameter of
Yout = 0.08 as measured by the four LEP ex-
periments [42, 43, 33, 35]. The weighted average
has a relative error of about 1.5%.

ALEPH -~ 0.180+0.006
DELPHI ~o— 0.188 +0.007
L3 —e— 0.184%0.009
OPAL o 0.183+0.004
LEP & 01830003
0.12 0.16 02 0.24

Figure 12: 3-jet fraction

A similar comparison of experimental results is
shown in figure 13 for the integral of the asym-
metry of energy energy correlations between 36°
and 90° [46, 18, 48]. Also in this case the dif-
ferent measurements agree. The accuracy of the
weighted average is 2.5% in this case.

Also for the other event shape variables sen-
sitive to the strong coupling constant the differ-
ent LEP measurements are consistent with each
other. The ezperimental precision is variable-
dependent. The relative experimental accuracy
of the combined LEP results for a4 can be con-
servatively estimated to be = 3%.

The theoretical uncertainties for a, from event
topology are due to (a) missing higher order
(> 2) corrections in the perturbative expansion,
and (b) hadronization.

Theoretical uncertainties of type (a) turn out
to be the dominant ones. They can be estimated
in several ways [52]:



e Variation of the strong coupling constant
with renormalization scale, see above.

e Analysis of spread of «, values for different
variables.

e Study of effects of higher orders in parton
shower Monte Carlo generators.

The three methods lead to similar numerical esti-
mates of 5% - 10% for the theoretical uncertain-
ties due to uncalculated higher order corrections.

DELPHI -e— 0.0187 + 0.006
L3 —e—  0.0196+0.009
OPAL +—e— 0.0205+0.011
LEP - 0.0196 + 0.005
. [ .
0.016 0.02 0.024

Figure 13: AEEC, integral between 36° and 90°

In this context it is interesting to study if the
series expansion in ay exhibits convergence: The
OPAL data [19] have been used to derive a4 in
first and second order from five event shape vari-
ables [51]. While the lowest order results scatter
between 0.007 and 0.205, the agreement becomes
much better when next to leading corrections are
included (0.098-0.142). This indicates the con-
vergence of the series expansion.

Hadronization errors (b) can be estimated by

e variation of fragmentation parameters of a
given fragmentation model,

¢ change of model (see section 3).

For ‘good’ variables (like the 3-jet-fraction) the
uncertainty is found to be of the order of 3%.

To compute a global value for ay from event
topology analyses two alternative recipes can be
applied:

(i) First average a4 values derived from jet-
fractions, energy correlations etc. over ex-
periments, then combine results from the
different variables.

(ii) First calculate combined a, value for single
experiment, then derive LEP average.

Method (ii), which will be applied here, has the
advantage that correlations can be taken into ac-
count better. In addition, due to the smallness of
the experimental errors, a comparison of the dif-
ferent LEP values of a, and corresponding error
estimates is effectively a comparison of the dif-
ferent analysis methods applied by the four LEP
collaborations. Method (i) has been used previ-
ously, for example in ref. [53, 52, 54], with results
similar to those derived here.
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Figure 14: a4 values determined by DELPHI

As an example I will describe briefly results
of the DELPHI a4 analysis [47], which is based
on eight event shape variables, among them
Jet rates, thrust and energy-energy correlations.
The measured distributions in these variables are
corrected for detector effects and hadronization
and then compared to the second order QCD cal-
culations. To determine ay, a fit is performed in



a range of the shape variables where 3-jet con-
tribution is dominant and where the corrections
are small.

Figure 14 shows the values of o, (Mz) as func-
tion of the renormalization scale u for the eight
variables [47]. Indicated are some typical ex-
perimental errors. The difference in a4 values
obtained from the different quantities as well as
the u dependence indicate that higher order ef-
fects are not negligible. For small scales u the
spread of the a4 values is substantially reduced,
indicating that only the region of small renormal-
ization scales should be considered. The average
a, value corresponding to figure 14 is found to
be a, = 0.109 % 0.002 (exp)t 5057 (theor). Here
correlations between the variables are taken into
account. The theoretical error is estimated from
the spread of g values as function of shape vari-
able and renormalization scale. Also hadroni-
zation uncertainties are included.

The whole analysis is performed twice. Once
the QCD prediction is calculated using the ERT
matrix element (ME) [9] option in JETSET and
string fragmentation with parameters tuned for
this case. The results are shown in figure 14.
In a second analysis the hadronization correc-
tion is calculated using the parton shower option
in JETSET. In this case the parton level dis-
tributions as calculated numerically in ref. [15]
are used. The second method leads to a slightly
higher average a, value. Combining the results
of the two methods gives finally for the strong
coupling constant from event topology

ay(Mz) = 0.111%5:558 .

Also the other LEP experiments have derived
an ‘average’ or ‘best’ value for a, and an esti-
mate of the uncertainty. The results are shown
in figure 15.

The ALEPH value [45] is obtained from a
combined analysis of energy-energy correlations
and the global event shape variables thrust,
C-parameter and oblateness for pre-clustered
events.

L3 has measured the strong coupling constant
from jet rates [33], energy-energy correlations
and its asymmetry [18]. The value given in fig-
ure 15 is that from the AEEC analysis. This one
has a slightly smaller error than the other two a,
values, which are consistent with the former one.

The OPAL number for the strong coupling
constant in figure 15 is an average of a, values
[55] as measured from jet rates [35], energy corre-
lations and asymmetry [48], planar triple energy
correlations [49] and global event shape variables
[50].

+0.008

ALEPH —@®— 0.117 0.010

+0.007

DELPHI — 0.111 0.006
L3 —@— 0.115 +£0.009
OPAL —@®— 0.118 £0.008

0.08 0.1 0.12 0.14
(04

S

Figure 15: o, values from event topology

The numbers and also the error estimates in
figure 15 are comsistent with each other. Since
the errors are dominated by theoretical uncer-
tainties, which are common to all four numbers,
I combine the results of the figure by calculat-
ing the unweighted means, both for the central
value and the error. The final result for the o,
value measured from the event structure at LEP
becomes

as(Mz) = 0.115 4 0.008 |.

4.4. Comparison and summary of as results

Figure 16 compares the a, values obtained
from Rz and from the event shape. It has to
be stressed that these two determinations are in-
dependent and that in one case (Rz) the error is
dominated by experimental uncertainties, while
in the other case (event shape) the theoretical
error is largest.

10



hadr. width | —#— 0.141 £0.017
topology - 0.115 +0.008
(jets, EEC, ...) i

0.05 0.1 0.15 ¢, 02

Figure 16: Summary of a, values measured at
LEP

The weighted mean value of

a, = 0.120 + 0.007]

is dominated by the a, determination from the
event topology. This corresponds to [22]

A = 250+113 MeV .

With a relative accuracy of about 6% the o,
measurement at LEP is one of the most precise
determinations of the strong coupling strength,
see following subsection. It has to be underlined
that this error includes all theoretical uncertain-
ties; there is no additional model dependence.

4.5. as values from different processes

A comparison of a; values obtained in various
processes such as deep inelastic lepton-nucleon
scattering, pp collisions and ete~ annihilation
constitutes an important test of the universal-
ity of QCD. Figure 17 shows such a compari-
son. Only those processes are taken into account,
which allow for relatively precise determinations
of a,. All measurements of the strong cou-
pling strength have been translated into a,(Mz).
These numbers are in good agreement with each
other.

The ay value from T decays is obtained from
semileptonic branching ratios measured by the
L3 collaboration [56]. The numbers for T decays,

photon structure function and from e*te™ event
topology at 35 GeV are taken from ref. [57]. The
strong coupling constant shown in figure 17 for
deep inelastic scattering is an unweighted aver-
age of two recent analyses [58, 59]. The sixth
number in the figure is derived from measure-
ments of W + jet production in pp collisions by
UA2 and UA1 [60]. Measurements of R in ete~
annihilation have been combined and analyzed in
ref. [61]. The value in figure 17 corresponds to
data taken at center of mass energies around 35
GeV and is computed as the average value of the
three a, values given in [61]. Data at /s values
between 20 and 65 GeV are consistent with the
35 GeV result.

1 decays —E— 0.116 £ 0.010
T decays ~8~ 0.108 £ 0.005
phot. struct. f. -B‘ 0.107 £ 0.008
deep inelastic -Q- 0.111+0.006
pp = W + jets —--t-B’-—-— 0.121 +£0.022
e'e (35 GeV) top. —a— 0.117 £ 0.009

e*e (35GeV) R { —a— 0.139+0.020

e'e (91 GeV) op. - 0.115 +0.008

e'e’ (91 GeV)R ~—g— (.141 + 0.017

1

0 o1

0.2
0, (M)
Figure 17: o, values at the scale u = M3z

The meaning of the errors shown in figure 17
is not the same for all «, values, since often some
uncertainties (such as scale dependence) are not
included. Ignoring this warning and taking the
weighted average of all numbers yields for the
global average oy = 0.113+0.003 and x?/Npor =
6.5/8.

The ete~ values, in particular from R, are
somewhat high, but still consistent with the
other results. Future improvements in accuracy
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at LEP will reveal if there is a discrepancy or
not.

Since the various measurements involve differ-
ent quark flavors and different energy scales, a
comparison of the a4 values is also a test of fla-
vor independence and running.

4.6. Flavor independence of strong interaciions

The L3 collaboration has presented a study of
the strong coupling constant for bottom quarks
(62, 63].

At the Z° pole the fraction of bottom events in
the hadron sample is 22%. The b-quark content
can be enhanced by selecting hadronic events
with muons or electrons from semileptonic de-
cays of heavy B mesons or hadrons. In a hadron
sample of 110,000 events L3 finds 1,800(1,100)
events with muons(electrons) of momenta above
4(3) GeV and p; with respect to the nearest
jet exceeding 1.5(1.0) GeV. In the inclusive lep-
ton subsample 87% of the events contain bottom
quarks.

For both samples the 3-jet rates are measured
as described in subsection 4.3. One gets for the
ratio of 3-jet rates at y.,« = 0.05, after cor-
rections for detector, hadronization and bottom
mass effects:

e

f;ad = 1.00 £ 0.03 (stat) & 0.04 (syst) .

With the known bottom content in the two data
sets of 22 4 0.5% and 87 + 3% one can calculate
the ratio of as values for b quarks and the lighter
species:

ab/ald* = 1.00+0.08 .

Here the quarks u,d,;s,c are assumed to have the
same coupling strength. This result agrees with
the QCD expectation of one. The precision is
significantly better than that achieved previously
(64, 65).

From a comparison of jet rates at the Z° res-
onance and at lower center of mass energies one
can derive [52]

al®/ad®® = 0.96 £ 0.10 ,

which confirms the independence of the strong
coupling of the electric charge.

4.7. Running of a,

Figure 18 shows the 3-jet fraction for yeu: =
0.08 measured in ete~ annihilation for center of
mass energies between 14 and 60 GeV [34, 66]
and at 91 GeV [42, 43, 33, 35]. In leading or-
der the 3-jet rate is proportional to the strong
coupling constant a,.

S 44 + & AMY
= Yeu = 0.08 A JADE
g 40| O MARKII
2 o TASSO
8 B % VENUS
< 36 1
9 O ALEPH
n . O DELPHI
AN O L3
[ O OPAL
28 | .
i ... — QCD, A = 190450 MeV
24 8 T
2
16 ’_. i i i N 1 N i i i i M i " " PR
20 40 60 80 100
Vs / GeV

Figure 18: Energy dependence of the 3-jet frac-
tion

The energy dependence is reproduced by
QCD. The value ay = 0.115, corresponding to
the averaged jet fractions measured at LEP, and
1%/8 = yeur = 0.08 are used for the QCD predic-
tion, which is corrected for hadronization effects.
An energy independent strong coupling constant
can be ruled out from the comparison of all mea-
sured 3-jet fractions.

The set of experimental results shown in fig-
ure 18 demonstrates unambiguously the running
of ay and provides indirect evidence for the gluon
self coupling. This is a very important confirma-
tion of QCD.

The running of a, can also be demonstrated

using values derived from the analysis of the
asymmetry of energy-energy correlations [18].
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5. Test of QCD matrix element

With the only free parameter in QCD, ay,
known, the QCD matrix element calculations can
be tested by comparing the measured jet distri-
butions in multi-jet events to the theoretical pre-
dictions. Events with 3 jets can be used to dis-
tinguish between QCD with spin-1 gluons and
an alternative model with scalar gluons. The
triple gluon vertex contributes to events of type
ete™ — ¢qdgg. Thus 4-jet events can be used to
distinguish between QCD and an abelian model
without boson self coupling.

In the case of 3-jet events the QCD calcula-
tions are available in next to leading order, while
the distributions for 4-jet final states have been
calculated only on the Born level so far.

5.1. 3-jetl events

For unpolarized beams, an event of type
ete~ — 3 jets can be described by four inde-
pendent kinematical variables (apart from the jet
masses).

They can be chosen as

Ty = energy of the second most energetic jet
normalized to the beam energy

z3 = energy of the least energetic jet nor-
malized to the beam energy

6 = polar angle of the normal to the event
plane with respect to the e~ direction

x = angle between the jet plane and a plane
spanned by the first jet and the beam

Here no distinction between quark, antiquark
and gluon jets is made. I refer to the most ener-
getic jet as the ‘first jet’, i.e.: 24 > z3 > z3 and
Ty +z2+23=2.

The distributions in those four variables are
sensitive to the gluon spin (0 or 1).

The jet energy distributions have been mea-
sured by L3 [67] and OPAL [68], the event orien-
tation has been studied by DELPHI [69] and L3
[67). As examples two of those distributions are
shown here [63].

Figure 19 shows the z3 distribution obtained
by L3 based on 20,800 3-jet events with tran-
sition values y,3, for which a 3-jet configuration
turns into a 2-jet event, in the range 0.02 < y33 <

0.05. The measurements are compared to the
predictions of second order QCD [9] and of the
scalar gluon model [70].

7000 3
a4 ! 4 ® data
§ —_;;t — vector
O i - - scalar
3500
L1
i
S |
B {
{
0 1
0 0.6
X3

Figure 19: Distributions of z3 measured by L3

The distribution of the polar angle § has the
form

do _ 2z

Toosd & 1+ &(T) cos*8

The value of the coefficient & has been measured

by DELPHI as function of the event thrust value,

as shown in figure 20. The distribution is com-

pared to the QCD. prediction of —1/3 and the
scalar model curve [71].

0.4
— | DELPHI — Qc0
ot - ~ - Scalar gluons
o A
N
-0 |- | t | H
3
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068 072 078 08 084 088 092 096

Figure 20: Distributions of & measured by DEL-
PHI
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zero with a significance of more than five stan-
dard deviations?. The abelian model can be
ruled out both from the measured ratios N¢/Cr
and Trp/Cp. QCD reproduces the data very
nicely. A distinction between SU(2), SU(3) and
SU(4) is not yet possible.

Nc/Cr Tg/Cr
g—4g99 g—4qq
LEP 20403 0.3+0.2
QCD 2.25 0.375
abelian 0 3

Table 3: Color factor ratios

LEP has provided clear evidence for the ex-
istence of the triple gluon vertex and has found
the coupling strength to be in quantitative agree-
ment with the QCD predictions. Thus one of
the fundamental properties of the gauge theory
of strong interactions has been tested.

Also in the electroweak Standard Model with
an SU(2)xU(1) gauge structure boson self cou-
pling is expected to exist. However, this theo-
retical prediction could not yet be tested directly
since the W bosons are so heavy. Only when LEP
will take data at center of mass energies above
the W pair production threshold, in a few years
from now, the self interactions of the bosons 7,
W and Z can be studied experimentally.

*In the ALEPH and DELPHI analyses higher order
corrections to the shape of the 4-jet distributions are
assumed to be small; this is motivated by the smallness
of the second order corrections to the form of the 3-jet
distributions.

8. ‘Soft’ hadron physics

In the preceding sections measurements and
QCD predictions have been compared at the jet
level, corresponding to ‘hard’ quarks and gluons.

In this section hadronic events are investigated
at the hadron level and measurements of particle
spectra, string effect, local particle density fluc-
tuations etc. are presented. For many ‘soft’ phe-
nomena QCD predictions exist, in form of par-
ton shower Monte Carlo generators and analyti-
cal (next to) leading log calculations. However,
in studies at the hadron level the importance of
fragmentation and particle decays is significantly
increased with respect to the jet-level analyses.
Consequently it is difficult to test the perturba-
tively calculated QCD predictions and the ha-
dromnization schemes separately.

First I will outline briefly the qualitative re-
sults of the QCD calculations for particle spectra,
string effect etc. Then I will describe the vari-
ous measurements done at LEP and compare the
results to the QCD predictions.

6.1. Gluon interference

Interference of gluons leads to the following
two phenomena:

e INTRA-jet effects

The (next to) leading log QCD calculations
[86, 87] take into account interference ef-
fects between soft gluons, as prescribed by
Quantum Mechanics. In this context the ex-
pression ‘soft gluon coherence’ is frequently
used. One finds that destructive interfer-
ence occurs if the emission angles in sub-
sequent parton branchings increase. This
means that effectively the subsequent angles
decrease, as shown schematically in figure 24
[87]. This phenomenon is generally referred
to as ‘angular ordering’ and used for exam-
ple in parton shower generators to take into
account interference effects.

Consequently the available phase space for
soft gluons inside a jet is decreased. This
leads to reduced parton multiplicities and a
suppression of partons with low momentum.
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Figure 24: Angular ordering

o INTER-jet effects

Analytical QCD calculations predict for 3-
jet events destructive inter-jet interference
effects in the region between the ¢ and the
q jets [88, 87]. Thus less particles are pro-
duced in between the quark and antiquark
jets in comparison to the other two inter-jet
regions. This is known as the ‘string effect’,
see below.

To be able to test the parton level predictions
a model for hadronization and decays is needed.
In case of Monte Carlo generators string or clus-
ter fragmentation is used together with empirical
decay tables. In the context of analytical calcu-
lations the hypothesis of ‘Local Parton Hadron
Duality’ (LPHD) [89, 90] is invoked. It suggests
that the calculated parton distributions can be
compared directly to the measurements for (long
lived) hadrons.

6.2. Charged particle multiplicity

All five experiments have measured the char-
ged particle multiplicity distributions and com-
pared their results to different models [91, 92,
93, 20, 19]. The parton shower Monte Carlo
programs can reproduce the data well. This is
also true for the log-normal probability function
[94] and, to a lesser extent, for the negative bi-
nomial distribution, as shown in figure 25 for
the ALEPH analysis [91]. Next to leading or-
der QCD calculations [95, 96] can reproduce the
width of the multiplicity distribution within 10%
[91).
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Figure 25: Charged particle multiplicity distribu-
tion from ALEPH

A comparison with lower energy ete~ data
supports the KNO scaling hypothesis [97], that
the distribution of n/(n) is independent of the
center of mass energy.

More detailed studies have been performed by
DELPHI [98]. The dependence of the multiplic-
ity distribution on rapidity, jet configuration and
transverse momenta has been measured [92, 99].
In all cases good agreement between data and
the JETSET Monte Carlo has been found.

The values for the average charged multiplicity
are shown in figure 26. All the primary produced
particles or those produced in the decay of parti-
cles -with an average lifetime smaller than 107 %5
are considered.

The weighted average of

(nen) = 20.8 + 0.2

is in agreement with the predictions made by the
JETSET and HERWIG generators.
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Figure 26: Mean charged multiplicity

Figure 27 shows the increase of (nc,) with cen-
ter of mass energy between /s = 14 and 91 GeV.
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Figure 27: Charged multiplicity as function of
center of mass energy

The energy dependence can be reproduced
by an analytical QCD calculation (plus LPHD),
which predicts a function of the form [100]

(n) = a- (as(5))? - exp(v/V/eus(s)) -

The parameters 8 and v are predicted as a func-
tion of the number of flavors ny, while the nor-
malization factor a can not be calculated. The
QCD fit shown in figure 27 [15], which describes
all measurements well, has been made consider-
ing only the data below the Z° peak. As can be

seen the QCD curve predicts correctly the aver-
age charged multiplicity at 91 GeV.

This is a first success of the analytical QCD
calculations.

6.3. Particle identification (light flavors)

Before discussing particle spectra for different
hadrons I will briefly describe how light hadrons
(those made out of u, d and s quarks) are iden-
tified in hadronic Z° events.

Figure 28 shows the v invariant mass distri-
bution as measured by L3 [93].

5000 |

L3

4000 |-

N/1.5 MeV
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PRI TSRS VT S T
0.2 0.24
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Figure 28: yv invariant mass distribution mea-
sured by L3

The peak position coincides with the neutral
pion mass of 135 MeV. It has a width of about
7 MeV and contains 31,000 #° mesons. This
analysis is based on isolated photons measured
in the electromagnetic calorimeter. The x° de-
tection efficiency varies between 2% and 6% de-
pending on the meson momentum.

Short lived neutral kaons have been identified
by OPAL [101] and DELPHI [102], using similar
analysis techniques: K9 mesons (m = 498 MeV,
¢t = 2.7 cm) are reconstructed from pairs of op-
positely charged particles (assumed to be pions)
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originating from a secondary vertex. The result-
ing invariant mass spectrum is shown in figure

29 for the OPAL analysis [101].
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Figure 29: ntx~ invariant mass distribution
measured by OPAL

This analysis is based on the information from
the central tracking chambers. The peak con-
tains 14,000 kaons and has a width of 6.5 MeV.
The reconstruction efficiency varies between 5%
and 27%, depending on the K9 momentum.

The production of charged kaons with mo-
menta between 1 and 2 GeV has been measured
by DELPHI using the barrel RICH (Ring Image
CHerenkov counter) [102]. The yield is found to
agree with that of neutral kaons.

DELPHI has also identified K** mesons (892
MeV) [102] via the decay chain

K* — K?—{-ﬂ'i — atrT 4ot

Baryons in form of A’s (m = 1116 MeV,
¢t = 7.9 cm) have been reconstructed by DEL-
PHI [103]. Hadrons are measured in the central
tracking detectors. Pairs of oppositely charged
particles originating from a secondary vertex are
selected. One of the particles is assumed to be a
proton, the other a pion. The resulting invariant

inass spectrum is shown in figure 30 [103]. The
width of the distribution is about 4 MeV.
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Figure 30: pr invariant mass distribution mea-
sured by DELPHI

The average number of mesons and baryons
per hadronic Z° decay is shown in table 4. The
numbers are the sums of particle and antiparticle
yields. In case of the neutral kaons both K2 and
K are included.

hadron (n) reference
70 9.8+0.7 [93]

KO | 2.04+0.10 | [102, 101]
K** |0.93+£0.25 [102]
A [ 025£003 | [103]

Table 4: Particle yields in hadronic Z° decays

The particle yields normalized to the average
charged multiplicity are in agreement with the
measurements at lower center of mass energies
[104].

6.4. Particle spectra

An interesting prediction of perturbative QCD
concerning the inclusive momentum spectra is
the reduction of the number of soft gluons due
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to destructive interference. This behavior can be
studied best in terms of the variable ¢, = In 1/,
where z, denotes the ratio of particle momentum
p to the beam energy /s/2. The QCD calcula-
tions predict a £, distribution with a maximum,
§,, at = 3.8 for /s = 91 GeV, which corresponds
to zp, = 0.02 and p = 1 GeV [90, 105, 106, 107].
The value of £ is predicted to move to higher
values with increasing center of mass energy. For
massive particles the spectrum is modified such
that the peak position is shifted to lower values.

The result of QCD calculations in ‘modified
leading log approximation’ (MLLA) [90, 87] can
be written in the form:

L 29 _ N(8)- £(V5 At Qo)

Ohad d £p

Here A g is an effective scale parameter, which is
independent of center of mass energy and parti-
cle type. An increase in A.g corresponds to a de-
crease in the position of the maximum, - Qois
an effective cut-off parameter in the quark-gluon
cascade and increases with particle mass. How-
ever, the exact relation between Qp and mass is
not known. For light hadrons, such as pions, one
can set Qo = A.g (‘limiting spectrum’). The
(unpredicted) normalization factor N, which de-
scribes the hadronization, is a function of the
center of mass energy /s and the particle type.

At the Z° resonance spectra have been mea-
sured [108] for neutral pions [93], A baryons [103],
neutral kaons [102, 101] and also for all long lived
charged particles {109, 93, 101]. Charged parti-
cles include, in addition to pions (80 %), heavier
hadrons, mainly kaons (10 %) and protons (5 %),
and have an ‘average mass’ of 220 MeV.

Figure 31 shows the measured §, distributions
for neutral pions [93], neutral kaons [101] and
charged particles [110]. One sees clearly the
‘humpbacked’ shape of the distribution and a
shift of the peak position to lower values with
increasing particle mass.

Also the spectra predicted by QCD (MLLA)
are shown, which describe the measured distri-
butions fairly well, in particular in the region of
the maximum. The QCD curves are obtained in
the following way [111]: For all particles a value
of Aeg = 150 MeV is used, for which all particle

spectra can be described. In case of the the neu-
tral pions the limiting spectrum (Qo = A.g) is
calculated, with an additional phase space factor
(p/E)3 [111]. For the kaons the £, distribution is
computed using Qo = 300 MeV, as determined
from a comparison to the measured spectrum.
In addition an estimate of the proton spectrum
is shown, assuming an average number of protons
per hadron event of about one [8]. Making use of
isospin symmetry the QCD spectra for charged
pions and kaons can be obtained from the calcu-
lated distributions for x° and K°. Adding up the
7%, K* and p spectra gives the QCD prediction
for the charged particles, shown by a dashed line
in figure 31.
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Figure 31: Measured ¢, distributions for #°, K°
and charged particles in comparison with QCD
predictions

Table 5 shows the measured peak positions as
function of the particle mass. The result is in
qualitative agreement with the QCD predictions.
If one uses the limiting spectrum the measure-
ments can be reproduced fairly well by setting
A.g equal to the particle mass given in table 5.

The OPAL collaboration has compared the
measured §, distribution also to the predictions
of parton shower models with and without co-
herence effects [110]. Both can describe the data
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well, the differences are found to be small. It is
even possible to reproduce the 91 GeV data with
an incoherent parton shower plus independent jet
fragmentation [112]. This analysis shows, that
. the suppression of low energy particles is not only
due to soft gluon interference, but phase space
effects,

hadron | m/MeV £ reference
x 135 4.11 £+ 0.18 [93]

charged 220 3.63 £0.02 | [109, 93, 110]
K° 498 2.91 + 0.04 [102, 101]
A 1116 2.6 +0.4 [103]

Table 5: Peak position in £, distribution

In order to distinguish between the two effects
one can study the evolution of the position of the
maximum with /s. Figure 32 shows the depen-
dence of ¢, for charged particles on the center
of mass energy. For the data below the Z° reso-
nance see [81] and references in [93].
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Figure 32: Position of the maximum in the &,
distributions for charged particles

Over the wide range from 9 to 91 GeV good
agreement between data and QCD calculations
is found, while the /s dependence expected for
phase space (§, = In\/s+ const) is clearly in-
compatible with the measurements. The same
conclusion can be drawn from the center of mass
energy dependence of {; for neutral pions [93].

Both ALEPH and OPAL have also studied the
center of mass energy dependence of {; for par-
ton shower models with and without gluon inter-
ference effects [109, 110]. The version of the JET-
SET program with coherent parton branchings
describes the data as well as the MLLA curve. In
the incoherent case the agreement is acceptable
only if string fragmentation is used. This indi-
cates that parton level interference effects can be
effectively parametrized by the string model.

The above studies can be summarized in the
following way:

Analytical (next to) leading log QCD calcu-
lations together with the simple LPHD assump-
tion allow a quantitative description of particle
spectra, and in particular of the center of mass
evolution of spectra and average charged multi-
plicities. '

6.5. ‘String effect’

After the studies of intra-jet coherence effects
described in the last two subsections now inter
jet phenomena are to be analyzed.

About 10 years ago the JADE collaboration
found that in events of type ete™ — 3 jets at
V8 = 30 GeV less particles are produced in be-
tween the ¢ and § jets in comparison to the other
two inter-jet regions [113], see figure 33.

g

Nal

Figure 33: ‘String effect’

The name ‘string effect’ was given to this phe-
nomenon, a rather unfortunate choice because it
does not distinguish between the observation and
a possible interpretation.

This asymmetry in the particle flow in the 3-
jet plane can be explained in different ways:

(a) String fragmentation [114]. In 3-jet events a
string is stretched from the quark via the gluon
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to the antiquark. Most particles are therefore
produced in between the quark and gluon and in
between the antiquark and the gluon, and only a
few hadrons are created between the quark and
antiquark.

(b) Analytical QCD calculations including coher-
ence, predict destructive inter-jet interference ef-
fects in the region between the ¢ and the g jets
88, 87].

(¢) Difterences in the parton shower evolution
and/or fragmentation of the primary quarks and
hard gluons.

While both models (a) and (b) describe quali-
tatively the string effect, they make different pre-
dictions for certain observables [88, 115, 1186].
However, the corresponding measurements are
difficult and have not been done yet.

The string effect can not be explained by mod-
els based on an incoherent parton shower plus ‘in-
dependent jet fragmentation’ [7, and references
therein]. For this reason those hadronization
schemes are hardly used any more.

Both DELPHI and OPAL have established, us-
ing different methods, the ‘string effect’ at 91
GeV [17, 117].

The DELPHI collaboration [17] has used a
method similar to the one applied by JADE
[113]). The 3 jets are energy ordered. The least
energetic jet has a probability of more than 50%
for being the ‘gluon-jet’. Both parton shower
models as well as the matrix element genera-
tor plus string fragmentation can reproduce the
measured particle flow in the event plane, and
in particular the asymmetry in the dips between
jets 1,2 and 3,1. The matrix element genera-
tor together with an ‘independent fragmentation
model’ can not describe the data.

The OPAL collaboration [117, 118, 119] has se-
lected 3-jet events with at least one lepton. Most
likely these are bottom or charm events. The lep-
ton is required to be close to the second or third
most energetic jet. The ‘leptonless’ jet out of the
two least energetic jets is likely to be the gluon
jet. In order to avoid kinematic biases only sym-
metric configurations are analyzed, for which the
angle between the ¢ and g jets is nearly the same
as that between the ¢ and § jets. For angles of

130° + 10° the purity of the ‘gluon jet’ is about
70%.

Figure 34 shows the measured particle flow
in the event plane [117]. One curve (points)
shows the particle flow starting at the high en-
ergy quark and ending at the gluon jet; the his-
togram is obtained by proceeding in the oppo-
site sense. It can be seen clearly that there is a
depletion of particles in between the most ener-
getic quark jet and the second quark jet, com-
pared to the region between the first quark and
the gluon. This demonstration of the ‘string ef-
fect’ for heavy quark events does not involve any
Monte Carlo comparisons and is therefore model
independent.

0¥ OPAL
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Figure 34: String effect measured by OPAL

In summary one can say that the ‘string ef-
fect’ is well established, but that a distinction
between different possible interpretations is not
yet possible.

To study inter-jet coherence effects further, an
energy-multiplicity-multiplicity correlation func-
tion has been introduced in ref. [120]. It has been
measured by ALEPH and DELPHI (109, 121].
Fair agreement between data and Monte Carlo
calculations based on coherent parton showers
and/or string fragmentation is observed. The
correlation function obtained from the generator
COJETS (incoherent parton shower plus inde-
pendent jet fragmentation) [122] can not repro-
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duce the data.

However, particle decays have a large influ-
ence on energy-multiplicity-multiplicity correla-
tions [98], so that the interpretation of the mea-
surements is difficult. Here more studies are
needed. ‘

6.6. Quark-jets versus gluon-jeis

Gluons carry a larger color charge (Ng = 3)
than quarks (Cy = 4/3). This leads to the
qualitative QCD prediction that gluon jets are
broader and contain softer particles than quark
Jjets of the same energy.

OPAL has applied the quark tagging method
as described in subsection 6.5 to study the dif-
ference between quark and gluon jets in a model
independent way [118, 119]. The observed differ-
ences are rather small and can be summarized as
follows:

o Gluon jets are broader than quark jets.

e Hadrons in the core of gluon jets (£15°
around jet axis) are softer than in quark jets.

e Charged multiplicities are quite similar in
quark and gluon jets.

The hadron spectra in quark and gluon jets
are compared in figure 35 [118].

¢ quark jet (lepton tagged)
¢ quark jet (normat mixture)
L gluon jet

o]
|

_22 F
OPAL

10 Ev o s ta g aa ds
0 0.2 0.4 0.6

Xc=E/Ejet

Figure 35: Hadron energy spectra in quark and
gluon jets measured by OPAL

PETERT SN R ST EET U I ST T

0.8 i

The charged multiplicities of quark and gluon
Jjets have also been studied by DELPHI using a
different method [99]: A sample of about 600
symmetric 3-jet events, in which all jets have

nearly the same energy, is selected. If one or-
ders the jets according to their multiplicities,
ny > ny > ng, the ratio (n1)/({n2) +(ns)) is sen-
sitive to the ratio of the average quark-jet and
gluon-jet multiplicities. The measured value of
(ngluon)/(Nquark) is consistent with unity.

The combined OPAL and DELPHI results on
charged multiplicities in gluon and quark jets are

(ngluon)/<nqunrk) = 1.06 4- 0.05 .

6.7. Intermitiency

The word ‘intermittency’ denotes local parti-
cle density fluctuations, as seen first in cosmic ray
events, hadron-hadron collisions etc. [123, 124,
and references therein]. The interest in stud-

ies of intermittency effects lies in the fact that
Monte Carlo models can not describe most of

these measurements. ~

It is therefore important to study intermit-
tency also in ete™ events and to compare the
results to the QCD models. This has been done
for data taken at /s ~ 30 GeV with contra-
dictory results: While the TASSO collaboration
finds data and Monte Carlo predictions to be
in disagreement [125], a recent CELLO study
comes to the opposite conclusion [126]. Here the
LEP results will be presented, which support the
CELLO conclusions.

Intermittency is measured via factorial mo-
ments [127], which can be defined for one or more
dimensions. Here the one-dimensional case is
briefly described. To measure factorial moments
one has to choose a phase space variable with a

. distribution which is approximately flat. Often

‘3 E- ey .
one uses rapidity y = ——% lnE—_*_::’L, which is cal-

culated for each particle in an event. E and pj
denote the energy and the longitudinal momen-
tum component with respect to the thrust axis.
The rapidity interval Y which is considered in
the analysis is then subdivided into M subinter-
vals of size 8y = Y/M. For each event one can
count the number of particles n,, per bin and the
total number of particles N = Y n,,. The fac-
torial moments of rank ¢ are then defined as an
average over many events in the following way:
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1 M
Fi(by) = 53 (Z Nn(nm—1)...(npm—i+1))

Note that only subintervals with at least i parti-
cles contribute to the factorial moments of rank i.
The analysis must then be repeated for decreas-
ing subinterval sizes éy (increasing resolution).
The result may belong to one of the two classes
[127]:

a) no correlation between particles: F; = const
b) self similar cascades: F; ~ (§y)~fe ~ M/e

Self similar cascades are indeed expected in
ete”™ — hadrons events, in which quark gluon
cascades appear quite naturally. Of course this
can be at most a qualitative picture. In addi-
tion, other effects like hard gluon radiation, frag-
mentation, Bose-Einstein correlations and parti-
cle decays (resonances, 7° — ete™7) can con-
tribute to the rise of factorial moments with M.

ALEPH, DELPHI and OPAL have measured
factorial moments for large data samples [128,
129, 130]. The ALEPH results for the facto-
rial moments Fy—F5 as function of the number
of subdivisions of the rapidity interval are shown
in figure 36 [128].
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Figure 36: Factorial moments measured by‘

ALEPH

At small M there is a rise with M, that im-
plies the presence of local particle density fluc-
tuations. The data can be reproduced by the
JETSET parton shower Monte Carlo generator,
therefore it can be explained by known physics.
The main contribution to the rise of the moments
in figure 36 stems from hard gluon emission.

Similar results have been obtained for different
variables and also for analyses in more than one

dimension.

The fact that for reactions other than ete-
the corresponding models do not reproduce the
measurements [123] is probably due to the fact
that those models are not yet as developed as the
sophisticated generators used to simulate ete~
collisions.

6.8. Bose-Einstein correlations

Identical bosons obey Bose-Einstein statistics
and prefer to occupy the same quantum state.
This phenomenon has been studied at LEP for
like sign charged pions by ALEPH [131], DEL-
PHI [132] and OPAL [133]. Bose-Einstein corre-
lations are described by a correlation function

p(p1,p2)

Clp.pa) = p(p1) - p(p2)

Here p(p1,p2) is the joined two-pion probability
density and p(p;) denote the single pion proba-
bilities. p; are the particle four momenta. As-
suming a pion source with a Gaussian shape in
the rest frame of the pion pair, one obtains a
correlation function of the form

C(Q) = 1+ Aexp(—Q? - 1?)

where Q? = (p1 — p2)? = m?(x7) — 4m2 and
r is the source size. The parameter A, which
assumes values between 0 and 1, is a measure of
the strength of the effect.

The principal experimental difficulty is the
choice of a reference sample not affected by
Bose-Einstein correlations in order to measure
the product p(p1) - p(p2). One such reference
sample consists of oppositely charged pions. A
second method is based on event mixing. Fi-
nally Monte Carlo calculations not incorporating
Bose-Einstein effects can be used.
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Figure 37 shows the ratio of like sign and op-
positely charged pions as a function of Q as mea-
sured by OPAL [133]. The data shown have been
divided by the corresponding Monte Carlo corre-
lation function (without Bose-Einstein effects) to
correct for resonance decays. In addition a cor-
rection for final state Coulomb interactions has
been applied.

0.6 3
3 2 2
: Q= (p —p)
0.2 3
O .lelilel‘llll‘l‘l;lllllll‘lxl;;“lx;‘ |....l..x;:
0 04 0.8 1.2 1.6 2
Q / GeV

Figure 37: Bose-Einstein correlations measured
by OPAL

The averaged results on correlation strength A
and source size r at LEP are shown in table 6
[134]. These values are not corrected for non pion
contamination, which is estimated to be about
20%.

X [0.5+£0.2
r/fm | 0.840.1

Table 6: Bose-Einstein correlation parameters

The parameters measured at LEP are not dif-
ferent from those measured in ete~ annihila-
tion at lower center of mass energies. The same
source size of about 1 fin describing the size of
the hadronization region is also found for hadron-
hadron and lepton-hadron collisions [134].

7. Future QCD studies at the Z°

Future ezperimental progress will come mainly
from an increase of statistics at the Z° resonance
(a few million events) which will lead to the fol-

lowing improvements:

e The error in the ratio Rz of the hadronic
and leptonic Z° widths will be reduced, so
that «, can be determined with an uncer-
tainty of about 5% from Rz. This fore-
cast assumes that each of the four experi-
ments achieves systematic errors better than
ARz/Rz =~ 0.5%.

e Very important will be the study of multi-
jet events using quark and flavor tagging,
which works best for bottom events. How-
ever, since only a small fraction of all ha-
dron events can be used, a large number of
Z° events is needed. One can in particular
repeat all matrix element tests as described
in section 5 with identified (anti)quark and
gluon jets.

e Interesting comparisons will become possi-
ble between the production of hard photons
and gluons in hadronic events [135].

e More detailed studies of ‘soft’ phenomena
will be performed, in particular of gluon co-
herence effects [87]. The study of particle
yields including ‘rare’ hadrons and correla-
tions will profit from a large increase in the
event samples [136]. The search for ‘anoma-
lous’ events, in particular those with excep-
tionally large factorial moments, will con-
tinue.

A further increase in the precision of a4 as
determined from 3-jet like observables requires
a major theoretical effort, namely QCD calcu-
lations of higher order corrections. For cer-
tain event shape variables (next to) leading log-
arithms have recently been calculated and re-
summed to all orders [137]. These corrections are
due to soft and collinear gluons. However, a full
third order matrix element calculation, which is
needed for a precise prediction of hard gluon dis-
tributions, will not be accomplished very soon.
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8. Summary and Conclusions

The experiments ALEPH, DELPHI, L3 and
OPAL at LEP have performed a large number
of measurements of the process ete” — Z° —
hadrons with the following results:

e The strong coupling constant is found to
be @, = 0.120 £ 0.007 at the Z° mass.
This number is an average of the values ob-
tained from (i) the ratio of the hadronic
and leptonic Z° widths and (ii) from ana-
lyzing the event topology. The strong cou-
pling strength for bottom quarks is found to
agree with that of the lighter quarks. The
running of a,, as predicted by QCD, is con-
firmed by the measured /s dependence of
the 3-jet fraction.

e Various distributions for 3-jet and 4-Jet
events have been measured precisely. They
can be reproduced by QCD. Alternative
models with scalar gluons or without gluon
self interaction can be ruled out. The triple
gluon coupling strength has been measured
and is found to agree with QCD predictions.

e String and cluster fragmentation models de-
scribe hadronic events well. All distribu-
tions at the hadron level are reproduced by
QCD Monte Carlo programs or analytical
calculations. There is no evidence for any
‘failure’ of QCD in reproducing the LEP
data.

The large number of studies of hadronic Z°
decays at LEP have increased significantly our
confidence in QCD as the theory of strong inter-
actions.
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