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ABSTRACT

A selection of results from ete™ annihilations at c.m. energies around the Z°
resonance, testing the predictions of perturbative Quantum Chromodynamics, is
presented. Measurements of the strong coupling strength, g, are updated and
reviewed, and a world compilation of ¢y determinations is given. Determinations
of the QCD gauge group constants from 4- as well as from 2- and 3-jet events are
summarised. Model independent studies of the properties of identified quark and
gluon jets and results of sub-jet multiplicities of 2- and 3-jet events are presented.
The first comparison of the structure of jets from €*e™ annihilation and from pp
collisions is discussed.

1. Introduction

The large electron-positron colliders LEP and SLC, which operate at the highest

available energies in e*e~ annihilation, have provided a wealth of precise studies of
hadronic final states and, more specifically, of Quantum Chromodynamics (QCD),
the theory of the strong interactions. The unprecedented precision of these studies
is basically due to the large cross section at the Z° resonance, and thus to the large
data statistics which was accumulated in the past, especially at LEP where each
experiment has collected about 2 million hadronic Z° decays. In addition, the high
centre of mass energy provides a closer relationship between hadron jets and the
underlying partons (i.e. quarks and gluons) than at previous ete™ colliders.
‘ About sixty QCD-related publications are available from the four LEP experi-
"~ ments ALEPH, DELPHI, L3 and OPAL; a smaller number of QCD publications is
also available from the experiments at the SLC linear collider, MARK-II and SLD.
The following topics have been extensively covered:

e studies of the general properties of hadronic final states, like event shape
distributions, fragmentation functions and multiplicities of various types of
particles, intermittency and Bose-Einstein correlations;

o determinations of the coupling strength, as, from a large variety of observables;

e studies of 3-jet events, which provide evidence for asymptotic freedom and
lead to tests of the QCD 3-jet matrix element, to observations of quark-gluon
jet differences and of the string hadronisation effect;
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e studies of 4-jet events in order to proof the nonabelian gauge structure and
to verify the colour factors of the theory; :

e studies of soft gluon coherence effects.

This review will concentrate on a summary of measurements of o5 at LEP/SLC and
a world compilation of oy results (Section 2), on tests of the gauge group structure of
QCD (Section 3), on a study of differences between quark and gluon jets (Section 4),
on studies of sub-jet multiplicities of 2- and 3-jet events and a comparison of jets
observed in ete~ annihilation and in pp collisions (Section 5). Future aspects will
be discussed in Section 6. A general introduction to the field and a more complete
selection of topics can be obtained from previous reviews -6,

2. Measurements of o, at LEP and SLC

2.1. ag(Mzo) from Hadronic Event Shapes, Energy Correlations and Jet Rates

Hadronic event shape variables are tools to study both the amount of gluon
radiation and details of the hadronisation process. The definitions of observables
which are applied to hadronic final states of ete™ annihilations, like Thrust, Thrust
major and minor, Oblateness, Sphericity, Aplanarity, jet masses, the jet broadening
measures, energy correlations and jet production rates, are summarised elsewhere 6.
Many of the observables are, to some degree, correlated with each other. In lead-
ing order (O(as)) QCD, some are even identical; however the higher order QCD
corrections are different, in general.

2.1.1. as(Mzo) Using QCD Calculations to Complete O(ca?)

Typically, all the observables studied in determinations of o are calculated to
complete O(a?) perturbation theory 7, for massless quarks and gluons. To this
order, the differential distribution of an observable y is given in the form

ldo as(u)

oq dy 2m

Aly) + (f’ﬁ%(?rﬁ)) [A(y)27 B0 In(z2) + B(y)], (1)

where op is the lowest (0*") order cross-section for e*e~ annihilation into hadrons,
Bo = 11—2N;/3, z, = pu/ Eom is the renormalisation scale factor, and A(y), B(y) are
functions depending on the specific variable. The next- to—leadmg and higher order
coefficients of o depend on the choice of the renormalisation scale x which is not
unambiguously defined by the theory, and also on the choice of the renormalisation
scheme'. This imposes theoretical uncertainties which only vanish in ezact, i.e.
infinite order expressions. The scale dependence of results in truncated order of
perturbation theory is thus a measure of the unknown higher order contributions.

tPhysics analyses in ete™ annihilation generally refer to the MS renormalisation scheme 8.
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~ In recent studies, the size of higher order uncertainties is verified by analysing
many different observables in a consistent study of one event sample, from one
experiment %19, Note that within the experimental errors of typically 1% to 3% in
s, the results from different observables do not agree with each other 1°. In order
for those results to be compatible it is mandatory that theoretical uncertainties

must be considered, too 19,
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Figure 1. Compilation of measurements of as(Mzo) from event shapes, jet rates and
energy correlations, in O(a?), at LEP and SLC. The errors contain the experimental and
theoretical uncertainties, added in quadrature.

An update of the results of as(Mzo) in O(a?) QCD, from all experiments at LEP
and SLC, is presented in Figure 1. Good agreement is found between the experi-
ments, but note that the errors are largely dominated by theoretical uncertainties,
which are common to all the experiments. The overall combined result is

ate(Mzo) = 0.119 + 0.006 ,

whereby the final error was taken from estimates of the overall remaining, uncorre-
lated uncertainties %1°.

2.1.2. a(Mzo) Using Resummed O(a?2) QCD Calculations

Since calculations which are based on O(a?) matrix elements usually are unsuc-
cessful in describing the back-to-back two-jet region of phase space, an alternative
approach is taken which is based on the resummation of leading logarithms arising
from soft and collinear singularities in gluon emission. In resummed calculations,
the effective expansion parameter is not as, but asL? (to leading order in L), where
- L = In(1/y) and y is some generic observable which tends to zero in the two-jet
region. At small y the value of o, L? is not small, and therefore these terms must be
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summed to all orders in ¢, in order to provide a satisfactory calculation. For cer-
tain observables it has proved possible to sum both the leading and next-to-leading
logarithms, which is referred to as the ‘Next-to-Leading Log Approximation’ or
NLLA 1.

If the maximum available information from both NLLA and O(a2) calculations
shall be utilised, they must be added such that double counting of those terms which
are common to both these calculations is avoided. This can be done involving several
(approximate), so called ‘matching schemes’. Different matching schemes can yield
different values of a; in experimental analyses, and thus may contribute as another
source of theoretical uncertainties.

Resummation is expected to provide more accurate predictions of the distribu-
tions, especially at high thrust or low jet masses. Their dependence on the renor-
malisation scale should also be reduced if compared to pure O(a?) calculations.
Both these expectations were confirmed in experimental studies %13,
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Figure 2. Summary of measurements of as{Mgzo) from LEP and SLC, using resummed
O(a2) QCD calculations.

A summary of ag(Mzo) from resummed calculations is given in Figure 2. In con-
trast to the results in O(a?) QCD (c.f. Figure 1), the central values of as(Mzo) are
always given for yu = E,,,, since small renormalisation scales are no longer preferred
in resummed calculations. In fact, best fit results are obtained for renormalisation
scales much closer to u = E,, than in the case of O(a2) QCD. Nevertheless, an
uncertainty in o due to the detailed choice of the renormalisation scale, usually
taking % < z, < 2, is still present in resummed O(a?), which is however smaller
than in O(a?) alone.

The errors presented in Figure 2 include experimental and theoretical (i.e. mainly
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scale) uncertainties, added in quadrature. Combining these results provides an av-
erage value of - ,

05 (Mzo) = 0.123 4 0.006 .
2.2. as(Mzo) From the Hadronic Width of the Z°

A reliable way to determine as(Mzo) is a precise measurement of the ratio Rz
of the hadronic and electronic partial widths of the Z°,

Ro=(gt) = (), 0+ saco). @)

Fe"‘e‘ I1e‘*’e‘

since it is not affected by hadronisation effects and because the QCD correction
Sqcp has been calculated to complete third order (O(a?)) perturbation theory 4.
Including all recently calculated electroweak and QCD corrections as well as heavy
quark mass effects, dqcp is of the form 1°

2 3
Sqcp = 1.06 (O‘?) +09 (-O‘—) ~15 (%) . (3)

™ ™

The expectation for (I'nag/le+e-)o, without QCD corrections, is 19.943, for masses
of the top quark and of the Higgs particle of M; = 150 GeV and My = 300 GeV,
respectively '°. The uncertainties of this parametrisation, including variations of
M, from 100 to 200 GeV and of Mg from 60 to 1000 GeV as well as higher order
QCD uncertainties, are estimated to be

Acg = £0.002 (electroweak) =+ 0.002 (QCD) 3902 (M,, My) = 000 .  (4)

The preliminary, updated average value of Rz, summarised from the measure-
ments of the four LEP experiments and partly including the new data from the 1993
run, is ¢ Rz = 20.789+0.040. This is based on a total of about 7.4 x 10® hadronic and
8 x 10° leptonic Z° decays. From this result one infers ag(Mzo) = 0.124 +0.00675- 503,
where the first error is statistical and the second is the theoretical uncertainty given
above. Adding these errors in quadrature results in

as(Mgo) = 0.12475305%

which is in perfect agreement with the measurements from hadronic event shapes,
jet rates and energy correlations.

From a combined fit of M, and as(Mz0) to all LEP data on hadronic and leptonic
Z° line shapes and measurements of lepton and quark asymmetries !7, one obtains
M, = 165%13115 GeV and ag(Mgo) = 0.125 + 0.005 + 0.002, where the first error is
experimental and the second is due to the unknown mass of the Higgs boson. The
additional renormalisation scale dependence of oy in these fits is about 40.003, for
z,=05...2 ‘



2.3. as From T Decays

The ratio R, of the hadronic and electronic branching fractions of the 7 lepton,

B(r — hadrons +v,) _ 1- B, — B, (5)

B(7T — ebv;) B,

RT_:

which can be reliably determined by measurements of the electronic and muonic
branching fractions B, and By, is theoretically expected to be given by #

RT = 3058(1001 + 6pert + 5nonpert) . (6)

Here, Opert and Oponpert are perturbative and non-perturbative QCD corrections; épert

was calculated to complete O(a?) and is of similar structure as the one for Rz 18,
The non-perturbative correction was estimated to be small 8, §yonpery = —0.007 £
0.004.

The average value, combined from the four LEP experiments 2°, is R, = 3.617 +
0.034, which leads to og(M,) = 0.360 £ 0.04, in O(a?). This result, which also
contains a renormalisation scale uncertainty of £0.03, added in quadrature, is sig-
nificantly larger than the value of a(Mzo) from event shapes and jet rates measured
in Z° decay, as expected by QCD.

A new method of analysis was proposed, in which 6ponpert can be simultane-
ously determined from the data ?!, in addition to ay(M,), instead of relying on
the estimates of Sponpert Mmentioned above. This method requires the measurement
of weighted integrals of the hadronic invariant mass spectrum of 7 decays. The
ALEPH collaboration has contributed an analysis 2> which is based on this new
method and on improved QCD predictions. The result is a5(M,) = 0.330 £ 0.046,
which is in good agreement with the result (0.360) given above and therefore indi-
cates that nonperturbative corrections to R, are indeed very small: the ALEPH fit
gives Oponpert = 0.003 £ 0.005.

When extrapolating this value of o from p = M, to p = Mz, Aj;g must change
when crossing a quark threshold 224, This results in

0s(Mzo) = 0.122 % 0.005

from 7 decays at LEP, where the relative size of the error is decreased because of
the logarithmic dependence of a5 on u. The agreement with os(Mgzo) obtained from
hadronic event shapes and from Rz is remarkable, especially if one considers the
large difference in the effective energy scale. This agreement may be one of the
most important QCD tests performed at LEP so far!

2.4. World Summary of as Measurements
A world summary of o, measurements, updated from previous compilations 25,
is presented in Figure 3. The values of oy are given at typical energy scales () where
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actual measurements were done. The errors contain experimental and theoretical
-uncertainties, added in quadrature. The symbols indicate the type of QCD pertur-
bation theory used to determine oy, where ‘Lattice’ means lattice gauge theory, and
(N)NLO stands for (next-to—)next-to-leading order perturbation theory.
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- Figure 3. A Summary of measurements of ag, compared with QCD expectations for four
different values of Azrg which are given for the region where Ny =5 (i.e. Q > 10 GeV).

There is significant evidence for the running of «,. The data are compared
with the QCD predictions of a running coupling constant, calculated in O(a?) for
four different values of Ag;z which are given for Ny = 5 quark flavours. The energy
dependence of ag is distinct, and is in very good agreement with the QCD prediction.

In fact, significant evidence for the running of o comes from LEP alone, which
- provides precision results at the smallest and at the largest available energies, based
on the highest calculated order of QCD perturbation theory, O(a?).

Small systematic differences between different results appear to be visible, how-

ever: the lower energy results from deep inelastic scattering and from quarkonia
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decays, but not those from R., seem to prefer smaller values of Ajrz than those
from LEP and SLC. Possible explanations for this systematic difference will be dis-
cussed in more detail in a forthcoming review ?¢, which will also contain several new
(preliminary) results which became available only shortly after this conference.
Forming a weighted average of the results shown in Figure 3, now including the
new result from lattice gauge theory 27, one obtains a;(Mzo) = 0.117 as the central
value! Since the errors of most results are mainly due to theoretical uncertainties,
the final error of the overall combined value of ag(Mgzo) cannot be obtained by
using standard techniques of error calculation. We therefore take as the overall,
final error on ag(Mzo) the typical uncertainty from the most reliable individual oy
determinations, Aas(Mzo) = +0.006 . The world average is thus quoted to be

0rs(Mzo) = 0.117 % 0.006
which corresponds, in O(a?) and for Ny = 5 or 4 quark flavours, to

ASL = 195750 MeV, or ALk = 280155 MeV .

3. Tests of the Gauge Group Structure of QCD

The nonabelian nature of QCD manifests itself in the characteristic running
of oy with energy and in the process of gluon self coupling. While evidence for
asymptotic freedom is seen from the relative production rates of 3-jet events in
eTe™ annihilation ®, the kinematics of 4-jet final states provide the possibility to
directly “see” the triple gluon vertex (TGV). About 95% of all 4-jet events are
expected to be due to qggg (i.e. double gluon bremsstrahlung and TGV) final
states and only 5% are qdqq (from g — qq splitting) events . An abelian model,
in which the TGV does not exist and which can be constructed by simply replacing
the group constants of SU(3), Cf, C4 = N, and T}, with those of a suitable U(1)
29 predicts significantly different numbers, as can be seen from Table 1.

The different spin structure of the processes g — gg and g — qg gives rise to
different angular correlations within 4-jet events, which may be used to discriminate
between QCD and the abelian scapegoat model. OPAL 3C and L3 3! have studied
the distributions of two such angles defined by the axes of reconstructed 4-jet events,
which are especially sensitive to the relative contribution of qGqqg final states. The
data are well described by the predictions of QCD, while abelian vector models fail
to reproduce the shape of the data distribution.

DELPHI *? and ALEPH 3® have studied more-dimensional distributions of vari-
ous observables, which provides more direct evidence for the existence of the TGV.
In fits of the O(a?) (i.e. leading order) 4-jet matrix element to their experimen-
tal distributions, both DELPHI and ALEPH determine the group constants N,/Cf

¥With the inclusion of the newest results on oy, the world avarage value of ag(Mzo) will change by
less than 1% 26,



QCD | abelian
Cs 4/3 1
N, | 3 0
T 1/2 3
qagg | ~ 95% | ~ 68%
qdqd | ~5% | ~32%

Table 1. Group constants of QCD and of the abelian vector theory, as well as the expected
relative fractions of 4-jet events from qggg and qdqq final states.

and T¢/Cy. Note that the TGV contribution is proportional to N, the numbers of
colours, while the process of g — qq is basically proportional to Ty Ny, where Ny is
the number of quark flavours.

In a recent preliminary study, ALEPH 3¢ also reported a determination of the
group structure constants from a study of 3-jet topology and 2-jet event production
rates, where the TGV contributes through loop corrections. While the results from
this new study are less accurate than those from 4-jet events, they strengthen the
previous results from 4-jet events and provide slightly smaller uncertainties in a
combined fit to all jet data.

Experiment Data N./Cy Ty/Cy

DELPHI 4-jet events 2.12+£0.35 | 0.46 £0.19
ALEPH 4-jet events 2.24+0.40 | 0.58 £0.29
ALEPH 243-jet evts. | 4.49+1.35|2.01£0.99
ALEPH 2+3+4-jet evts. | 2.43+0.31 | 0.55 £ 0.23

Table 2. Fit results of the group constant ratios N./Cy and T /Cy.

The final results are compiled in Table 2, and the ALEPH data are also shown
in Figure 4. The results are in good agreement with the expectations of QCD,
while abelian models are significantly ruled out. In particular, the non-zero result
for N./C/ is interpreted as direct evidence for the TGV.

4. Differences between Quark and Gluon Jets

In QCD, gluons are associated with a relative coupling strength o« Ng = 3
while for quark this is x Cr = 4/3. At asymptotic jet energies and in leading
order QCD, one thus expects a ratio of (N¢/Cr) = 9/4 for the multiplicity of soft
gluons produced from the two jet types. For equal quark and gluon jet energies,
‘this implies that the particle energy spectrum of the gluon jet should be softer (i.e.
_the particles from gluon jets have lower energies, on average). Also, since the mean
transverse energy of particles w.r.t. the jet axis is expected to be about the same,
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Fig. 4. Fit results and 68% and 90% confidence levels for the group constant ratios N./C
and T /Cy, from studies of 4-jet events (dashed and dashed-dotted ellipses, respectively)

and from 4- and 243-jet events combined (full and dotted ellipses, respectively). Data are
from ALEPH. The values expected for QCD (SU(3)) and other gauge theories are indicated.

the angles of particles relative to their jet axes are expected to be larger in gluon
jets, i.e. gluon jets are expected to be broader than quark jets.

The OPAL collaboration introduced a new method of tagging quark and gluon
jets in symmetric 3-jet events, such that quark- and gluon-jets of roughly equal
energy can be identified with a relatively high purity 3°. Symmetric 3-jet events
are selected using the ‘Durham’ jet finder 363738, Only events with angles between
the two lower energetic jets and the highest energy jet (called ‘jet 1°) of (150 + 10)
degrees are considered. Due to the bremsstrahlung nature of gluon radiation, jet 1
can then be identified as being a quark (or antiquark) jet, with a very high purity of
about 97%. The two lower energy jets, having about equal energy, are thus known
to be an equal mixture of quark and gluon jets; the averaged properties of these jets
are thus defined to be those of a ‘normal mixture’ jet. A subsample in which gluon
jets are enriched is obtained by further selecting events in which a secondary vertex
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is reconstructed in one of the two lower energetic jets. Such secondary vertices are
due to the relatively long life time of bottom quarks (7 ~ 107!? s). The other low
energy jet is then taken to be the ‘gluon tagged jet’. With this method 1175
gluon jets with an average jet energy (Eje:) ~ 24 GeV are selected. _

The purity of the g-tagged jet sample is estimated to be about 80%, i.e. there
is a contamination of about 20% quark jets in this sample. These numbers are
obtained from a wide range of model studies, but also from the data themselves,
using 3-jet events with two identified secondary vertex tags.

In a first step, the properties of ‘g-tagged jets’ are compared with those of
‘normal mixture jets’, i.e. one compares a sample of jets which consists of 80%
gluons and 20% quarks with a set consisting of 50% quark and 50% gluon jets. No
comparison with model calculations is necessary in this analysis. Also note that
the tagged bottom quark jet is not used in this comparison, since b-quark jets have
distinct properties, due to the heavy mass of this quark, which could bias the results.

The ratio of particle multiplicities n of these two jet samples amounts to

(M)gtuon—tagoed  _ 1 481 + 0.011 .

<n>narmal —mizture

In addition, distributions of particle energies and angles w.r.t. the jet axes show that
the gluon tagged jets are generally broader, and their particles are less energetic,
on average.

Results for pure gluon and quark jet samples are obtained by unfolding the
measured distributions according to the q- and g-contents of the two samples. The
ratio of particle multiplicities in g- and in g-jets is then determined to be

{Plguon _ 1 97 4 0.04(stat.) + 0.06(syst.)
<n>quark

This is significantly larger than unity, but is also lower than the naive expectation
of 9/4 — which is however only valid in lowest order and for asymptotic jet energies.
A value lower than 9/4 is indeed expected from higher order QCD calculations;
however a direct prediction of the experimental number given above does not exist.
The distributions of particle energies in gluon and in quark jets is shown in Fig.
5, demonstrating that gluon jets have a significantly softer energy spectrum than
quark jets, as expected (without further specification) by QCD.

5. Internal Jet Structure

§.1. Sub-Jet Multiplicities

No theoretical predictions exist for the ratio of hadron multiplicities in exper-
imentally accessible quark- and in gluon-jets; however, sub-jet multiplicities of 2-
and of 3-jet events have been calculated in NLLA of QCD *°. The idea is to define
3-jet and 2-jet event samples with the Durham 363738 jet finder at a fixed value
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of the jet resolution parameter yey = %1 (Yeur in this jet scheme is the minimum
required, scaled transverse energy of one jet w.r.t. another, if both jets are to be
resolved), and then to study the ratio of the average jet multiplicities of these two
event classes, M3/M;, for decreasing jet resolution yy < 7. In the limit of yo — 0,
one expects that

_—]\@ - 2Cr + N¢ _ _1_'_7_

M, 2Cp 8

OPAL %° has provided a new study of sub-jet multiplicities. In Figure 6, the
data on M3/Mj; are compared with the predictions of analytic QCD calculations, for
different values of the QCD parameter A. At y; = yo = 0.001, the value of M3/M,
is (trivially) 3/2. Naively, this value should increase and approach the value of 17/8
for decreasing yo. The data, however, rather decrease monotonically. With A ~
0.2 GeV, theory provides a reasonable description of the data down to y, ~ 1073,
and then increases to eventually reach the value of 17/8. The region of yo < 1073
is presumably what is called the nonperturbative hadronisation regime, where the
calculations are not supposed to be reliable. The fact that Mj;/M, decreases for
Yo < Y1, however, is attributed to the effects of (destructive) interference of soft
gluons within the calculations. This may also explain the result that the ratio of
hadron multiplicity in gluon and in quark jets, as described in the previous section,
is observed to be larger than unity by only 30%.

Comparisons of data with QCD plus hadronisation models reveal, in the same
study of sub-jet multiplicities 4°, that only those models which incorporate soft
gluon interference effects plus string hadronisation can reproduce the data in the

12


http:increa.se

(2]
S
N
p
L5 |
1.4
OPAL data
—
; L J O(a,) QCD, A=0.20 GeV
;!
+ + ............. NLLA QCD, A=0.05 GeV
L3+ +
| ’ ~ ~ - NLLA QCD, A=0.20 GeV
———  NLLA QCD, A=0.35 GeV
....... NLLA QCD, A=0.50 GeV
1.2 ‘lilll4 L bkttt ] | gl L L]
10 16° 16” 10
Yo

Figure 6. Ratio of sub-jet multiplicities of 3- and 2-jet events defined with a jet resultion
y1 = 0.010, compared with analytic QCD predictions in NNLA for different values of the
QCD parameter A.

region of yg < y1.

5.2. Comparison of eTe™ and pp Initiated Jets

The OPAL collaboration has recently introduced a jet finding algorithm 4! for
ete™ interactions which closely resembles the cone-based jet finders typically used
in pp experiments. Cone-based jet finders are markedly different from jet cluster-
algorithms 3® utilised in ete~ annihilation experiments. Therefore a direct com-
parison between properties of e"e~ and pp generated jets was not possible so far.
Apart from general investigations like jet production rates and a determination of
05(Mzo) (see Figure 1), based on the cone jet finder, OPAL compares jet energy
profiles, i.e. the energy flow with respect to the jet axis, of ete™ jets with jets from
PP initiated jets, measured by CDF 42.

~In Figure 7, the differential energy flow ®(r) = Wl is shown as a function
of 7, where ¥(r) is the fraction of energy inside a cone with half-angle r and the same
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Figure 7. Differential energy profile for jets from e*e™ annihilation (OPAL) and from pp
collisions (CDF), using the same cone algorithm to define and reconstruct jets.

axis as the jet. The data are for jets defined by a cone half-angle R and jet energies
Ejee > 35 GeV (OPAL) or 40 GeV < Eft < 60 GeV (CDF), respectively, averaging
to similar values of (Eje;) ~ 45 GeV and (E¥*) ~ 45 GeV. It is found that jets in e*e~
annihilation are significantly narrower than those observed in pp interactions. The
influence of underlying events in the pp case was studied and found to explain only
a small part of the differences seen. The difference must therefore be of dynamical
origin; for example, the jets observed by OPAL are mostly induced by quarks, while
those in the CDF data are supposed to originate mainly from energetic gluons. The
differences observed in Figure 7 are thus likely to be due to the differences between
quark- and gluon-jet fragmentation, as observed in the study of quark- and gluon-
jet properties described above (c.f. Figure 5; for jets with mean jet energies of
~ 24 GeV).

6. Outlook and Future Requirements

Rather than summarising this short review of recent QCD studies performed at
LEP and SLC, some of the future aspects and requirements for hadronic physics in
ete™ annihilation, at current as well as at higher energies, shall be briefly discussed.

o QCD with heavy quarks: the large and still growing event statistics, to-

gether with excellent capabilities to tag b-quark jets by micro-vertex detectors,
will allow to perform many interesting and precise studies in this field.
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What is still needed, however, are the corresponding QCD calculations for
massive quarks Q [ete™ — QQg(g)] in higher than leading order QCD.

s determination from event shapes, jet rates etc.: More observables
should be calculated in resummed O(c?) QCD, in order to further investigate
(and possibly reduce) theoretical uncertainties. Even more important are cal-
culations of jet cross sections (and/or of event shapes and energy correlations)
in complete O(ca?). If those existed for at least one or a few observables, the
currently largest source of systematic uncertainties in NLO analyses could be

- verified, and possibly could also be reduced.

o determination from Rgz: Since the calculations of QCD corrections to Rz
are by far the most advanced and most complete (in NNLO, including higher
order mass terms, O(aas) interference terms etc.), the precision of ag(Mzo) can
only improve further by a decrease of the (still dominating) statistical error.
The total error in a4(Mzo), however, is not likely to become smaller than
Aas(Mgzo) = +0.005, without precisely knowing the masses of the top- -quark
and of the Higgs-boson.

QCD group structure: studies of 4-jet events are currently limited to the
O(ca?) QCD calculations, which is only the leading order for this process.
Complete O(c?) matrix elements for 4-jet production are urgently needed in
order to provide a reliable estimate of the theoretical uncertainties.

Gluon coherence, string effect, q/g differences: Further calculations and
predictions for experimentally feasible observables are desired.

Hadronic physics at LEP and SLC turned out to be very rich and successful:
QCD is now tested to the level of about 5%, which is a remarkable precision in the
field of strong interactions. The prospects for further improvements, as indicated in
the list of future aspects above, put rather strong and well defined demands, mainly
on further theoretical developments.
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