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Abstract. The jet character of the hadronic final states
produced in e*e” annihilations is studied in terms of
jet measures such as thrust, sphericity, jet opening
angle and jet masses, in the energy range 7.7 to
31.6 GeV. All distributions and averages have been
corrected for detector effects and initial state radiation.
The energy dependence of the averages of these jet
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quantities is used to estimate the contributions due to
perturbative QCD and fragmentation effects.
Correlations between the jet measures and the multi-
plicity of charged hadrons are also presented.

1. Introduction

A great deal of attention has been paid to the study of
jet formation in hadron-hadron, lepton-hadron and
lepton-lepton interactions as a possible signature of
hard parton reactions. In the case of hadronic final
states produced in e*e” annihilation, evidence for two
jet production was found at SPEAR and DORIS [1].
With the advent of the high energies available at
PETRA, evidence for a departure from the two jet
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topology was found [2]. Our current understanding of
two and three jet production in e*e” annihilation at
high energies [3, 4] is based on QCD the dynamical
theory of quarks and vector gluons. In this theory the
originally produced quark-antiquark pair may radiate
gluons which in turn may develop into independent
jets. Thus the manifest three jet structures observed at
PETRA are interpreted as due to hard gluon
bremsstrahlung. Since the “bremsstrahlung” process
favours low gluon energies, the number of clearly
observable 3-jet events is small compared to the bulk
of events in which the 3-jet structure is less obvious, or
even completely masked by fragmentation effects.

In an earlier paper [4] we have isolated a sizeable
fraction of all hadronic events (~ 15 %) as due to gluon
bremsstrahlung and exploited them for determining
the quark-gluon coupling constant o

In contrast, the present investigation makes no
attempt to separate different topologies, but extracts
from the total sample of hadronic events several jet
measures such as thrust, sphericity, jet opening angle
and jet masses. By studying the energy dependence of
the average jet measures one can then separate the
effects of the fragmentation which are expected [5] to
fall like s~ */? from those of gluon radiation which vary
only logarithmically with the energy. This simple
parametrization allows a consistent description of the
energy dependence of all these jet measures, with
values of o, which are close to the ones obtained via
more involved Monte Carlo simulations of the frag-
mentation process [ 3, 4].

A special effort has been made to unfold all the
distributions and averages presented from experimen-
tal biases and resolution effects, as well as from the
influence of initial state photon radiation (which is also
detector dependent). This allows a direct comparison
with the corresponding theoretical predictions (on the
hadron level, of course), as well as with corrected data
from other experiments [3d].

The paper is organized as follows. In Sect. 11 we
describe the experimental procedure. We present
thrust distributions in Sect. I, and sphericity distri-
butions in Sect. IV. In Sect. V we study the energy
dependence of the jet opening angle while Sect. VI is
devoted to a study of jet masses. The energy de-
pendence of (n_ >, the mean charged multiplicity, on
cm. energy and on each of the previously mentioned
jet measures is described in Sect. VIL. Finally Sect. VIII
contains a summary and conclusions.

II. Experimental Setup

The data presented in this paper have been obtained
with the PLUTO detector operating at DORIS and

PETRA, the e*e™ storage rings at DESY, Hamburg.
Details on the detector have been published elsewhere
[6]. Here it suffices to say that PLUTO is a magnetic
detector with a tracking device consisting of thirteen
layers of cylindrical proportional wire chambers pro-
viding charged particle recognition over 87 % of 4.
Barrel (8.6 radiation lengths) and endcap (10.5 ra-
diation lengths) lead scintillator shower counters
cover 96% of the full solid angle and are used for
detection of necutral particles. The data used in the
present study were taken at center of mass energies of
7.7%,9.4,12, 13,17, 22, 27.6 GeV and in an energy scan
between 30.0 and 31.6GeV [7]. The data selection
criteria arc similar to those already described in [4].
They amount basically to demanding that

a) the visible energy is greater than half of the
nominal c.m. energy,

b) at least four charged tracks must belong to a
common vertex,

¢) the reconstructed interaction vertex lies within
+4cm of the center of the bunch-bunch collision, and

d) the angle of the jet axis with respect to the beam,
0, satisfies the condition |cos6|<0.75.

Events satisfying these criteria were visually
scanned in order to reject contamination from higher
order QED processes and cosmic showers. The ac-
cepted sample thus contains a negligible amount of
background events. For the purpose of reconstruct-
ing the hadronic energy the pion mass was assigned
to charged particles and the photon mass to neutral
ones. Details on the reconstruction of neutral particles
from the shower counter information are given in [8].

ITI. Thrust Distributions
Thrust [9] is calculated as

ZIP||,-|
T=max — (1)

Z |pil ,

where p is the longitudinal momentum of the if
particle with respect to the jet axis and the sum runs
over all particles, charged and neutrals. Physically, the
values of T are restricted to the range 0.5<T<1.
The thrust distributions have been corrected for a)
initial state radiation, b) detector acceptance and
resolution and c¢) track analysis and event selection
criteria. We have done this by comparing the thrust
distribution, the mean thrust value and the thrust axis
angular distribution for Monte Carlo simulated events
a la Hoyer et al. [10] before and after passing them

h

*  For the 7.7GeV data only charged particle information has

been used in the present analysis
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Fig. 1. Normalized thrust distributions from 7.7 up to 31.6 GeV. The
solid line represents the expectations from Field and Feynman [12]
and from Hoyer et al. [10] models for energies below and above
20 GeV respectively. The 30-31.6 GeV data is also compared to
Monte Carlo calculations a) without gluon radiation, [12] (dashed
line} and b) multiple gluon emission, [14a] (LLA) dashed-dotted
line. The 27.6 GeV data is also compared to ¢) pure QCD predictions
in first order, (2) (dashed) and d) leading (dashed-dotted) order, (15)

through a complete simulation of our detector effects,
selection cuts and initial state radiation. We have
found that the thrust distributions for Monte Carlo
events before and after detector simulation have a
similar shape with mean values which are <5% higher
in the sample before detector. Furthermore the mean
value for the angle between the reconstructed thrust
axis after including detector simulation and the gener-
ated axis is 6° at 30GeV. All of these results are
furthermore insensitive to the exclusion of neutrals.
The fully corrected data are obtained by applying to
our observed thrust distribution a bin by bin cor-
rection factor which is deduced from the comparison
between Monte Carlo samples before and after the
detector simulation previously described. This cor-
rection is found to be typically of the order of or
smaller than 10%.

PLUTO

QCD +Fragmentation _(

a-mn

0.00 I o — L
10. 20, 30. 40,

¥s (GeV)

Fig. 2. Mean thrust values as a function of c.m. energy. The solid line
represents the results of fitting the linear sum of a QCD perturbative
term (dashed line) and a fragmentation term. The break in the
curves is due to the increase in the number of flavours, (4), when
crossing the bb threshold

In order to check the correction procedure and to
estimate our systematic errors we repeated the calcu-
lations of thrust not with respect to a single axis but
partitioning a given event into two disjoint classes such
that the sum of the longitudinal momenta along these
two axes is maximized. After corrections for initial
state radiation the two methods should yield the same
numerical value for thrust. For this purpose the algo-
rithm developed in [117 has been used. The corrected
results obtained are found to be in agreement within
statistical errors with those previously described. We
do not know of any systematic source of error which
could contribute more than 5% to the mean value of
(1-T7).

The fully corrected thrust distribution from 7.7 to
31.6 GeV is presented in Fig. 1. The general features of
the data are

i) the thrust distribution is broad at low energies,
but narrows with increasing energy,

ii) as the energy increases the position of the peak
shifts towards high thrust values indicating a narrow-
ing of the jets.

These features are well described by the Field and
Feynman Monte Carlo model [12] at low energies and
by Monte Carlo models which include QCD effects at
first, second or leading — log order [10, 13, 14] at the
higher energies. This is demonstrated in Fig. 1 by the
full line which is calculated from [12] below 20 GeV
and from [10] above. The dashed line a at the highest
energy, 30.0—31.6GeV, calculated from [12], in-
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dicates the necessity to include gluon emission in the
Monte Carlo, the dot-dashed line b from [14a] shows
however similar good agreement with the data as does
the first order QCD Monte Carlo from [10].

The mean value of (1— T) as presented in Fig. 2
displays a strong decrease with increasing energy,
corresponding to the shift of the peak in the thrust
distributions. The thrust, T, being linear in particle
momenta, is considered to be infra-red stable, and its
distribution has been calculated in QCD perturbation
theory. The first order calculation yields [5]

a [6T*—6T+4 2T—1

=1 "a-1)

1 do

6T-4)2-T)
a;oﬁ 37r |

(1-T1)

2

where o, is the total hadronic cross-section. It can be
integrated to give*

as
(1-T)=105-*, 3)

where o, is the strong coupling constant, and its
dependence on energy is given to first order by

o )

N
(113N

N, being the number of flavours, s the square of the
cm. energy and 4 the QCD scale parameter.

For thrust values close to 1, multiple gluon emis-
sion becomes important and leads to a damping and a
cancellation of the singularity apparent in (2) for T—1.
The multiple soft gluon emission can be summed in all
orders of perturbation theory using the leading loga-
rithmic approximation (LLA) resulting in [17]

1 do 8o, In(1-T) ( dor
6odT  3m 1—T T1or P —37cln (1=1). ©)

Also in this expression, the average value of (1—T)
exhibits no other energy dependence than that implicit
in o, resulting in a weak dependence on the energy, in
contrast to the data displayed in Fig. 2. The analytical
expressions (2) and (5) derived in first or leading order
are too narrow to describe the data as shown in Fig. 1,
by the dashed line ¢ at 27.6 GeV for (2) and by the dot-
dashed line d for (5). This difference is indicative of the
presence of nonperturbative (hadronization) effects at
PETRA energies.

maox o
*  Here the average is defined as <1—T>—— j ﬁ(l—T)dT
0o T
with T, =2/3 and T, setto 1

min
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An estimate of these non-perturbative effects is
given by the expression™:

Cprowe

]/E )
where C is related to the total non-perturbative mean
multiplicity by (n)=Cln l/g—l— const and {py xp 15 the
mean transverse momentum of particles in the limit of
zero longitudinal momentum. For small values of

1— T the QCD-contribution and the non-perturbative
contributions can be added linearly [5]:

C<pT>NP ‘

Vs

Fitting o, and C{p,)np to our data yields a,=0.22
+0.02 (at 30GeV) and C{p;)p=0.6010.15GeV in
reasonable agreement with what we have obtained in a
study of energy-energy correlations [21]. Second order

A=T)xp= (6)

<1~T>=1.05%—|— (7)

2
perturbation theory adds a term Cz-(&> to (7).
n

Inserting the published value {16] C,=9.5 does not
change the partition into QCD and non-perturbative
parts, but only produced a reduction of «, to the value
0.1540.02** As shown in Fig. 2, solid line, the data is
well described by the fit to (7).

We should also point out that none of the bare QCD
predictions discussed so far can describe the energy
dependence of {1—T) for reasonable values of A
(452 GeV). It thus appears that the proposed splitting
of the energy dependence into a logarithmic term,
determined from perturbative QCD, and a non-
perturbative one decreasing like 1/ ]/E, works very well
in the range from 8 to 32 GeV. This indicates that the
non-perturbative contribution to thrust, although
dying away rapidly cannot be neglected at PETRA
energies.

IV. Sphericity Distributions
Sphericity [19] is defined as

LT,
in— ,
Z|Pi|2

where py, is the transverse momentum of the i
particle with respect to the jet axis and the sum extends

S

I

(XYM

*  {1—T)ypis derived using an independent-particle model with a
longitudinal phase space of the form d’n= f(z, p;)d°p/E where
Z=p | 1/ Ebtam

**  Ag G. Kramer pointed out to us, a different treatment of the soft
gluons is expected to lead to a smaller value of the second-order
corrections, and therefore to a smaller change in o,
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Fig. 3. Normalized sphericity distributions from 7.7 up to 31.6 GeV.
The solid line represents the expectations from Monte Carlo calcu-
lations according to Field and Feynman (for energies below 20 GeV)
and Hoyer et al. (above). The 30.0-31.6 GeV data is also compared
to Monte Carlo calculations a) without gluon radiation (dashed line)
and b) multiple gluon emission in the LLA (dashed-dotted line)

over all particles. Since sphericity is quadratic in the
momenta* it cannot be calculated in QCD per-
turbation theory, however it has remained a popular
jet measure because it can be casily determined.

In order to obtain corrected sphericity distri-
butions we followed the same procedure discussed in
the previous section. The fully corrected sphericity
distributions for c.m. energies from 7.7 to 31.6 GeV are
shown in Fig. 3. The trend observed in the data is very
similar to that exhibited by the thrust distributions,
namely the sphericity distributions become narrower
as the energy increases, while the position of the peak
shifts towards low values. These features are well
described at all energies by Monte Carlo models
including QCD effects [10, 13, 14] while the Field and
Feynman model [12] describes the data below 20 GeV

*  Unlike thrust the sphericity measured in an ideal detector is not

unique. Our corrected values refer to a final state in which neutral
pions have already decayed. Treating them as stable particles
produces a change of typically <5%. Furthermore since sphericity is
a quadratic quantitiy it is more sensitive to measurement errors than
thrust
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Fig. 4. Mean sphericity values as a function of c.m. energy. The solid
curve represents the expectations from the Hoyer et al. Monte Carlo
program

but fails to describe the tail in sphericity distribution at
higher energies. The mean value {S) as a function of
c.m. energy is shown in Fig. 4. Here again the trend is
similar to that previously discussed for {1 — T namely
that there is a steep decrease in {S) at low c.m. energies
that tends to flatten out above ~20GeV.

V. Opening Angle

The energy weighted jet opening angle, which has the
advantage of being calculable in QCD perturbation
theory [20] is defined as

. Esin?§

(sinny = <i9~> ®)
Vs

where E denotes the energy of a given particle and o

stands for the angle between this particle and the jet

axis. This quantity, fully corrected for detector and
radiative effects is shown in Fig. 5 as a function of c.m.

energy ]/E 1t shows the same trend as that observed
for {(S) or {1—T>. Also from Fig. 5 it can be seen that
a good description of the data can be obtained by the
sum of a QCD term and a non-perturbative contri-
bution of the form [20]

.- 2 200, mC<pronp
=08 4 TYMTT/NE 9
{sinnd - + 21/5 ©
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Fig. 5. The mean opening angle of a jet as a function of energy. The
solid curve represents the results of fitting the linear sum of a
perturbative QCD term (dashed line) and a fragmentation term.
See text for more details

where C is a parameter describing (n} as Cln ]/E The
resulting y? is 6.5 for 6 degrees of freedom and the
fitted value for a, at 30 GeV and for C{p;>yp are 0.18
+0.02 and 0.76 +0.12 in good agreement to those
obtained from similar fits to the energy-energy cor-
relation data in the central region [21] and to those
obtained in Sect. ITL

VI. Jet Mass Distributions

The jet mass M has recently been proposed as another
relevant measure having the advantage of reflecting
Lorentz invariant characteristics of jets. The QCD
predictions for this quantity have been shown to be
infrared stable and several calculations in first and
second order [22] as well as in the LLA with next to
leading corrections included [23] have recently ap-
peared in the literature.

It has also recently been suggested [15, 16] that the
series expansion for My/s converges faster than that
for thrust. Here M, and M, are the heavy and light jet
invariant masses, resulting after partitioning the final
state particles into two jets in such a way that the sum
of the squared invariant masses is a2 minimum [16]. It
has been pointed out [22] that first order QCD
processes contribute exclusively to the heavy jet, while
second order processes contribute to both M, and M,.

Of particular interest is the difference, 4°=Mg3— M3,
since here second order QCD contributions — and at
the level of hadrons also the non-perturbative effects —
partly cancel, leaving first order contributions as the
dominating effect.

In the experiment, the few original hard partons are
not observable, but the jet mass is reconstructed from
typically 30 photons and stable charged particles.
From a study of simulated gg and ggg events we found
that the prescription of minimizing M%+ M} in-
troduces biases due to the following effects: i) There
are considerable fluctuations in the fragmentation
process increasing systematically the heavy mass. ii)
Partitioning the observed particles by minimizing M
+Mj7 has the trend of making M; and Mj more
similar to each other.* This indicates the possibility of
a spill-over from the first order « contribution in M,
to M,. Since details of the fragmentation process are
unknown, we do not correct for these biases. In view of
these systematic uncertainties the fits discussed below
have to be interpreted with care.

The correction for measurement errors and accep-
tance losses of the jet invariant mass is more elaborate
than that of the previously discussed measures thrust
and sphericity. This is due to our lack of knowledge of
charged particle masses and to particle losses. Our
Monte Carlo studies show that the jet mass distri-
bution for a generated sample of events is considerably
degraded after imposing acceptance cuts and detector
effects. Therefore the correction method described in
Sect. I1I cannot be safely applied here. Instead we use a
weighting procedure similar to the one employed in the
determination of particle multiplicities [ 18] to correct
the observed M7, ;/s values. In brief we calculate the
conditional probability distribution for the generated
invariant mass given the measured one using Monte
Carlo events before and after passing them through a
complete detector simulation.

The jet invariant mass distributions Mpz/s and
M3/s, corrected as discussed above, are presented in
Figs. 6 and 7 respectively. The trend shown by both
sets of data is similar to that discussed in previous
sections for thrust and sphericity distributions, namely
as the energy increases the distributions of M%/s and
M?2/s become narrower and the position of the peak
shifts towards smaller values. This is another in-
dication of the stronger two-jet character of high
energy annihilation events. The Monte Carlo calcu-
lations according to Hoyer et al. [10] (full curve)
describe the data very well, in contrast to the per-
turbative QCD prediction in the LLA [23a]. Since this
QCD prediction depends on one parameter, A, the

*  Similar effects are observed if the thrust axis is used for
partitioning the events
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the prediction at our highest energy of a leading log calculation for
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scale in strong interactions, we show the QCD curves
for two given values of A, 0.2 and 1.8 GeV. This shows
how approximations to QCD can mimic fragmen-
tation effects if a large value of A is used. In Fig. 8 we
also show acceptance corrected data on (M3 — M7)/s.
Notice that though the (MZ—M3)/s distributions
shrink with energy they do so very slowly.

In Fig. 9a, b we show the energy dependence of the
average values (M3/s>, {M3/s). Tt reflects again the
narrowing of both the heavy and the light jet with
energy. However the difference (M5 — M3)/s), see Fig,
9c, decreases very little with energy. In analogy to what
has been discussed in previous sections we try next to
describe the energy dependence of {Mz/s) as the
linear sum of a QCD term and a fragmentation term. To
be more specific we fit the experimental data on
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Fig. 7. Normalized light jet mass distributions from 7.7 to 31.6 GeV.
The solid curves represent the expectations from Hoyer et al. Monte
Carlo. For illustrative purpose the dotted line shows the prediction
at our highest energy of a leading log calculation using two values of
A namely 0.2 GeV (dashed-dotted line} and 1.8 GeV (dashed line)

{M}/s) to

M2

<TH> ~1.05 (%) n C—V’i (10)
s

where the first term on the right hand side of (10)

represents the perturbative QCD prediction [16] and
the last term represents the fragmentation contribution

which we simply parametrize as proportional to 1/ [/s_
following our discussion in Sect. III and considering
the first order relation |—T=MZ/s. The resulting
x*/NDF =6.7/7 is good and the best estimates for Cj
and o, are 0.34+0.1GeV and 0.20+0.02 at 30GeV,
respectively. Taking into account second order cor-

2
rections, the term 6.9 (“;) has to be added to (10) [16].
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As already discussed in the case of thrust this does not
change the fit or the non-perturbative part but merely

reduces the value of o ( ]/E =30GeV) 10 0.15+0.02 (see
footnote* on p. 300).

We finally would like to point out that the energy
2 2

M:—M
dependence of <—H—S—L> is well described by a

second order perturbative QCD prediction alone [16]
namely

<—M’21—'M—i-> =105 (“-) + 2.92(%->2 (11)
N T T

as shown in Fig. 9c. The resulting x*/NDF is 10.0/7
and the best estimate for as(V=30 GeV) is 0.11
+0.01. The difference between the quoted values for

a(}/s =30 GeV) obtained from various first or second
order expressions, which is roughly 0.04, can be con-
sidered as an estimate not only of our experimental
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Fig. 9a—c. The dependence on c.m. energy of the mean squared heavy
jet mass, the mean squared light jet mass and of the mean of their
difference. The solid curve in a represents the results of a fit to the
linear sum of a perturbative term (dotted line) and a phenomenologi-
cal fragmentation term. The solid curve in ¢ shows the results of a fit
to a second order QCD prediction with no fragmentation

systematic errors but also of the uncertainties in-
troduced by our ansatz about the behaviour of the
non-perturbative contributions.

VII. Multiplicity and Event Topology

An important observable which characterizes ha-
dronic states is the particle multiplicity. Earlier
measurements [24] have shown a slow logarithmic rise

{ngy=21+085Ins (12)

at low energies, and an almost three times stronger rise
(with Ins) above 10 GeV [18, 25]. Starting at about this
energy jets also become wider than expected from the
Field-Feynman description, as visible in p% [2] and in
the jet measures described above.

This coincidence suggests that both phenomena are
correlated, and that the rapid rise occurs predominant-
ly in wide jets. On the other hand, the rapid multi-
plicity rise may just be a purely kinematic effect in the
2-jet topology and may be common to both narrower
and wider jets. This alternative would also be suggest-
ed by LLA calculations of the jet evolution [ 26], which
connect the multiplicity with those of the partons at
the end of the cascade. That number would be largely
independent of whether the first emitted gluon had
induced a wide or a narrow topology [27].
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Fig. 10. Mean charge multiplicity of the heavy and light jets as a
function of c.m. energy. The solid curve describes the energy
dependence of the event mean charge multiplicity
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Fig. 11a—c. Mean charged multiplicity as a function of c.m. energy for
three different slices in thrust, sphericity and jet invariant mass

In order to distinguish between these two extreme
possibilities, we have evaluated the mean charged
multiplicity (corrected for detector effects and initial
state radiation) for several classes of different jet
widths. Figure 10 shows the energy dependence of the
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Fig. 12. Mean charge multiplicity of the heavy and light jets as a
function of their squared masses for the 27.6-31.6 GeV sample. The
solid curves show the results of fitting the LLA equation (13)

multiplicity separately for the heavy (=wide) and light
(=narrow) jets as defined in Sect. VI. The average
multiplicity of the heavy jets is larger, as trivially
expected from the constant — p; fragmentation pro-

.. 1 d .
cess. The relative rise — ~<n—>, however, is the same
{n> ds

for heavy and light jets, and excludes the hypothesis
that the hard gluon radiation observed at PETRA
energies is the dominant source of the multiplicity rise.

Figure 1la—c show the multiplicities for other
classes of different jet widths, as defined by cuts in
thrust (11a), sphericity (11b) and in the jet masses (11c),
with again a similar relative rise of the multiplicity for
all classes, and the same conclusions against the hard
gluon radiation as the dominant source. This con-
clusion agrees with the results of the current Monte
Carlo calculations which attribute only a small multi-
plicity increase (&0 at 10 GeV and ~1 unit at 30 GeV)
to the hard gluon [28].

The evaluation of the jet masses as described in
Sect. VI allows, in addition, a special test of the LLA
theory of the jet evolution [26]. It has been shown
before [18] that all multiplicity data in the range 5<s
<1000 GeV? can be reasonably well described by

{ng>=a+bexp(c)/mQ?/A%) (13)

with Q2 set to the invariant mass of the two-jet system,
Q%=s (typical fit values are a=2.3840.09, h=0.04
+0.01, with c¢=2.4 and A=500MeV fixed). It has also
been suggested to apply (13) to the multiplicity of
single jets [29]. Then the virtual mass of the parent
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parton, Q% = M7y, has to be inserted into the formula
{13). This is shown in Fig. 12, which gives the multi-
plicity of single jets as a function of the jet mass,
separately for the light and beavy one, with the solid
curves representing the fit to the formula (13). With the
fixed parameters ¢=2.4 and A =500 MeV, one obtains
fit parameters a=0.9110.19 (0.62+0.19) and b=0.019
+0.001 (0.0214+0.001) for the heavy (light) jets. It is
interesting to note that both the parameters describing
the multiplicity for the light and heavy jets agree
within errors and result in a dependence of {n>; as a
function of jet mass which is very similar to the c.m.
energy dependence of the event mean charged
multiplicity.

VIII. Summary and Conclusions

The differential distributions of thrust, sphericity, and
of jet masses have been measured over the energy
range 7.7 £<s<31.6 GeV. This data, fully corrected for
detector and radiative effects, can be well described at
all energies by existing Monte Carlo calculations,
including QCD effects [10, 13, 14]. The Field and
Feynman model [12] describes the data only at low
energies.

None of the QCD predictions available describe
the data. However {1 — T, (sin*n) and {(M3%/s> can
be well described by the sum of a QCD term and a
simple ansatz for the fragmentation contribution. This
indicates that at 30 GeV on the average 60 % of the jet
spread can be calculated in QCD and still ~40 % is due
to confinement effects. At LEP energies of about
100 GeV non-perturbative effects will be reduced to a
level of about 10 %.

The values of o, obtained from the fits to various jet
measures are consistent among each other, and rea-
sonably close to the results of more dedicated de-
terminations, thus confirming the simple ansatz of a
1/[5 decrease of the non-perturbative effects.

The mean charged multiplicity {(n,> has been
measured as a function of c.m. energy and different jet
measures. As expected {(n,,> is larger for heavier jets,
however, the increase with energy is similar for both
the light and the heavy jet thus excluding the hy-
pothesis that hard gluon radiation is the dominant
source of the steep multiplicity increase observed at
PETRA. The dependence of {(n.»;, on its mass is
consistent with LLA calculations.
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