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Abstract

We have studied hadronic events produced at LEP at a centre-of-mass energy
of 161 GeV. We present distributions of event shape variables, jet rates, charged
particle momentum spectra and multiplicities. We determine the strong coupling
strength to be a,(161 GeV) = 0.101 £ 0.005(stat.) £ 0.007(syst.), the mean charged
particle multiplicity to be (nc)(161 GeV) = 24.46 + 0.45(stat.) £ 0.44(syst.) and
the position of the peak in the £, = In(1/z,) distribution to be £{,(161 GeV) =
4.00 + 0.03(stat.) £ 0.02(syst.). These results are compared to data taken at lower
centre-of-mass energies and to analytic QCD or Monte Carlo predictions. Qur mea-
sured value of ;{161 GeV) is consistent with other measurements of c,. Within the
current statistical and systematic uncertainties, the PYTHIA, HERWIG and ARI-
ADNE QCD Monte Carlo models and analytic calculations are in overall agreement
with our measurements. The COJETS QCD Monte Carlo is in general agreement
with the data for momentum weighted distributions like Thrust, but predicts a
significantly larger charged particle multiplicity than is observed experimentally.
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1 Introduction

The upgrade of LEP to a centre-of-mass (c.m.) energy /s ~ 161 GeV provides an
opportunity to study QCD at energies in ete™ collisions higher than previously published.
The general features of hadronic events may be described by event shape distributions
and charged particle momentum spectra which are sensitive to the energy and momentum
flow of the particles in the events. The particles may also be clustered into jets. The
distributions of the event shapes and the jet production rates are characteristic features of
the multihadron production process. Predictions for these distributions may be obtained
from QCD based Monte Carlo models which include perturbative and non-perturbative
effects. In some cases, predictions from analytic QCD calculations are also available.
Studies using ete” annihilation data at c.m. energies up to \/s = 130 — 136 GeV have
previously shown that these QCD based models and calculations give a good overall
description of the observed data [1-6]. It is an important test of the overall consistency
of QCD that data at yet higher c.m. energies should also be well described.

The majority of hadronic events produced at c.m. energies above the Z° resonance
are “radiative” events in which initial state photon radiation (ISR) reduces the energy of
the hadronic system to about Mgzo. The study of hadronic events at the highest possible
energies requires an experimental separation between radiative and non-radiative events.
At energies above about 161 GeV, W¥W~ production becomes kinematically possible,
and the hadronic decays of the W bosons will contribute background to the non-radiative
(Z°/~)* events.

We present a study of hadronic events recorded by the OPAL detector during the
LEP run of July to August 1996 at a c.m. energy of 161 GeV. The same techniques are
used as in our previous analysis of e"e™ annihilation data at energies of 130-136 GeV [1].
Section 2 gives a brief description of the OPAL detector, section 3 explains the samples
of data and simulated events used in this paper and section 4 deals with our analysis
procedures. Section 5 contains the results of the analyses and section 6 gives a summary
and conclusion.

2 The OPAL detector

The OPAL detector operates at the LEP ete™ collider at CERN. A detailed description
can be found in reference [7]. The analysis presented here relies mainly on the reconstruc-
tion of charged particles in the tracking chambers and of energy deposits (“clusters”) in
the electromagnetic calorimeters.

All tracking systems are located inside a solenoidal magnet which provides a uniform
axial magnetic field of 0.435 T along the beam axis'. The magnet is surrounded by a lead
glass electromagnetic calorimeter and a hadron calorimeter of the sampling type. Outside
the hadron calorimeter, the detector is surrounded by a system of muon chambers. There
are similar layers of detectors in the endcap regions.

'In the OPAL coordinate system the z axis points towards the centre of the LEP ring, the y axis
points upwards and the z axis points in the direction of the electron beam. The polar angle § and the
azimuthal angle ¢ are defined with respect to the 2- and xz-axes, respectively, while » is the distance from
the z-axis.



The main tracking detector is the central jet chamber. This device is approximately
4 m long and has an outer radius of about 1.85 m. It has 24 sectors with radial planes
of 159 sense wires spaced by 1 cm. The momenta, py,, of tracks in the z-y plane are

measured with a precision parametrised by 6,/p.y = \/(0.02)2 +(0.0015 - p,, [GeV/c])2.

The electromagnetic calorimeters in the barrel and the endcap sections of the detector
consist of a total of 11704 lead glass blocks, with a depth of 24.6 radiation lengths in the
barrel and more than 22 radiation lengths in the endcap regions. Each lead glass block
subtends approximately 40 x 40 mrad? at the origin.

3 Data and Monte Carlo samples

The data sample used in this analysis corresponds to an integrated luminosity of 10.0 pb~1,
collected at a c.m. energy of 161.33 £ 0.05 GeV [8]. Hadronic events are identified using
the criteria described in reference [9]. The efficiency for selecting non-radiative hadronic
decays is essentially unchanged when compared to lower c.m. energies and is close to
100% [10]. We define as particles both tracks recorded in the tracking chambers, with
transverse momentum p,, > 150 MeV/c, and clusters recorded in the electromagnetic
calorimeter, with a minimum energy of 100 MeV in the barrel and 250 MeV in the
endcap sections [1]. We require events to have at least seven accepted tracks and we
further require 67, the polar angle of the thrust axis found using all accepted tracks and
clusters, to lie in the region |cosfr| < 0.9. After these cuts, a total of 1336 hadronic
events are observed.

All Monte Carlo event samples were generated at a c.m. energy of 161.0 GeV. Events
with full simulation of the OPAL detector [11] were generated for the process ete~ —
(Z°/~)" — qq and will be referred to as “(Z°/v)* events”. We use a sample of 200000
(~ 1.4 fb™") (Z°/7)" events generated using the PYTHIA 5.722 [12] parton shower Monte
Carlo with initial and final state photon radiation and fragmentation of the parton final
state handled by the routines of JETSET 7.408 [12]. The Monte Carlo parameters have
been tuned to OPAL data taken at the Z° peak [13] and give a good description of
experimental data for e"e™ annihilations with c.m. energies from 10 GeV to 136 GeV [1-6].
As an alternative sample, we use 100000 events generated with the HERWIG 5.8d [14]
parton shower Monte Carlo, also tuned to OPAL data [13].

In addition we generated, with full simulation of the OPAL detector, events of the type
e~ — 4 fermions (diagrams without intermediate gluons). These 4-fermion events, in
particular those with four quarks in the final state, constitute a background for this anal-
ysis. Simulated 4-fermion events with quarks and charged leptonic final states, produced
via s-channel or t-channel (where possible) diagrams and including WHW~ events, were
generated using the grcdf 1.2 Monte Carlo model [15]2. This generator is interfaced to
JETSET 7.4 using the same parameter set for the parton shower, fragmentation and de-
cays as mentioned above for (Z°/v)* events. We employ in total 49000 (~ 15.5 fb™')

et

*The production cross section for WHW~ events is estimated to be 3.44 pb at a c.m. energy of
161.0 GeV and 3.77 pb at 161.33 GeV (assuming a W mass of 80.33 GeV/c? [16]), using the GEN-
TLE [17] Monte Carlo program. We use this information to correct Monte Carlo estimates of the WHW-—
production rate for the difference in c.m. energy between the data and Monte Carlo.
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4-fermion events. Final states of the type (Z°/y)*ete™ with one or more electrons pro-
duced close to the beam direction, which are not included in the grc4f sample, are added
using PYTHIA.

For detailed studies of 4-fermion events arising from Wt W~ production, we use 99 000
(~ 28.8 fb') events from PYTHIA. An alternative sample of 4-fermion events (excluding
forward (Z°/v)* ete™ events) is provided by the EXCALIBUR [18] Monte Carlo program,
interfaced to JETSET 7.4 in the same way as grc4f.

In addition to the Monte Carlo event generators discussed above, we use the QCD
based event generators ARIADNE 4.08 [19] and COJETS 6.23 [20] in our study. ARI-
ADNE is used to provide a systematic check on the hadronization corrections for our «,
measurement (section 5.3), while both COJETS and ARIADNE are used in addition to
PYTHIA and HERWIG to compare to our corrected data distributions. The parameter
sets used for ARTADNE and COJETS are documented in [19] and [21]; both models pro-

vide a good description of global ete™ event properties at \/s = Mzo, as do PYTHIA and
HERWIG.

4 Data analysis

4.1 Selection of non-radiative events

As in our analysis of 130-136 GeV data, we apply cuts to reject events with energetic
initial state radiation and events that are not hadronic decays of a (Z°/v)*. For Monte
Carlo we define non-radiative events using the true effective c.m. energy of the hadronic
system, /s{,,., determined from Monte Carlo information, by v/s — \/sime < 1 GeV.

To reject radiative events, we determine the effective c.m. energy of the observed
hadronic system, v/s', by either finding isolated neutral clusters in the electromagnetic
calorimeter or by performing a kinematic fit to the hadronic system allowing for one
unobserved photon close to the beam direction. Events with /s — /s’ < 10 GeV are
selected. This is referred to as the “ISR fit” selection. For systematic studies we use an
alternative selection based on measurements of energy and momentum which we denote as
the “energy balance” selection. Both of these selections are described in references [1,22].
In Figure 1 we show the V/s' distribution for the data and for PYTHIA and grcdf events
with full detector simulation. The Monte Carlo events are classified into radiative (Z°/)*
events and 4-fermion events.

Based on Monte Carlo studies we find that 7% of the events selected by the ISR fit are
4-fermion events, and 6% are strongly radiative events, with /s — /s . > 10 GeV. The
efficiency of the ISR fit selection to identify non-radiative (Z°/v)* events is 93% which
gives an overall efficiency for the selection of 82%. The energy balance selection results in
an efficiency of 95% and a 4-fermion background of 7%, but a larger (17%) contamination
from strongly radiative events. Over 95% of the non-radiative events selected by the ISR
fit method are also selected by the energy balance method. Similar estimates of efficiencies
and backgrounds are obtained if HERWIG is used instead of PYTHIA.

We select 307 non-radiative events using the ISR fit selection. The background from
e~ — 711~ and two-photon events of the type vy — qq is estimated from Monte
Carlo samples to be less than 0.3% and is consequently neglected. We expect to select 21

et
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4-fermion events (i.e. 7%) with the ISR fit selection, according to Monte Carlo studies.
The Monte Carlo predicts that about 16 of these 4-fermion events originate from W+W-
production.

4.2  Correction procedures and treatment of 4-fermion back-
ground

Bin-by-bin corrections are applied to the experimental distributions in a two stage process.
In the first stage we correct for the presence of background from 4-fermion events. In
the second stage, we use a bin-by-bin multiplication procedure to correct the observed
distributions for the effects of detector resolution and acceptance as well as for the presence
of radiative (Z°/v)* events. For the multiplicity measurement presented in section 5.5,
we use a matrix correction procedure to account for detector effects and radiative events
rather than a bin-by-bin procedure.

Two methods are used to correct for the background from 4-fermion events. The first
method, adopted as standard, subtracts the Monte Carlo expectation for the 4-fermion
background from the observed distributions. The second method, used as a systematic
check, applies a cut designed to reduce the fraction of 4-fermion events coming from
W*W~ production, followed by a subtraction of the remaining background expectation.
This remaining background subtraction is smaller than for the standard method, but the
procedure introduces a small additional bias in the selected (Z°/y)* event sample.

To remove 4-fermion events for the systematic check mentioned in the previous para-
graph, we require four jets to be reconstructed in an event, using the Durham jet finder [23].
The invariant mass between pairs of jets, MW , 1s found by means of a kinematic fit con-
strained to result in the same mass for both pairs of jets [24]. We reject events with
M{' > 72 GeV/c?. Applying the ISR fit selection and this cut, we reduce the 4-fermion
event background to 3% whereas non-radiative (Z°/v)* events are retained with an overall
efficiency of about 68%, according to PYTHIA. The effect of this cut on our data sample
is consistent with the MC expectation including W*W~ production (for details see [24]).

For the bin-by-bin correction procedure, each bin of each observable is corrected from
the “detector-level” to the “hadron-level” using two samples of Monte Carlo (Z°/v)* events
generated at /s=161.0 GeV. The hadron-level does not include initial state radiation or
detector effects and allows all particles with lifetimes shorter than 3 x1071° s to decay. The
detector-level includes full simulation of the OPAL detector and initial state radiation and
contains only those events which pass the same cuts as are applied to the data. The bin-
by-bin correction factors are derived from the ratio of the distributions at the hadron-level
to those at the detector-level.

4.3 Systematic uncertainties

The experimental systematic uncertainty is estimated by repeating the analysis with in-
formation from tracks only or from electromagnetic clusters only. For each measurement,
e.g. in a bin of a distribution, the largest of the three differences between the standard
result, the one obtained using only tracks and the one obtained using only clusters is used
to define this uncertainty.



The homogeneity of the response of the detector in the endcap region was checked
by restricting the analysis to the barrel region of the detector, requiring the thrust axis
of accepted events to lie within the range |cosfr| < 0.7. The difference relative to the
standard analysis is taken to be this uncertainty.

For observables measured using information from charged particles only, we evaluate
an additional uncertainty on the track modelling. The largest effect was found by varying
the maximum allowed distance of the point of closest approach of a track to the collision
point in the r-¢ plane, dy. The variation of the observables when dy was changed from 2
to 5 cm is taken to be this uncertainty.

Uncertainties arising from the selection of non-radiative events are estimated by re-
peating the analysis using the energy balance selection. The difference relative to the
standard result is taken as the systematic error.

Systematic uncertainties associated with the Monte Carlo description of 4-fermion
events are estimated by comparing the results obtained using the ISR fit selection (stan-
dard) with those obtained using the ISR fit selection and the additional cut on M. Asa
check of the simulation of non-W* W~ four fermion events, our standard 4-fermion Monte
Carlo generator, grc4f, is replaced by EXCALIBUR. In both cases the difference relative
to the standard analysis defines the uncertainty. Effects due to the uncertainties of the
W*W~ production cross section are found to be negligible [24].

The difference in the results when we use simulated (Z°/4)* events generated using
HERWIG instead of PYTHIA is taken as the uncertainty in the modelling of the (Z°/~)*
events.

Due to the relatively small number of selected non-radiative events in this analysis,
part of the observed differences when the systematic conditions are varied may be due to
statistical fluctuations, especially for those systematic checks in which the composition
of the event sample or the set of tracks and/or clusters changes. In order to estimate
the statistical components of the systematic terms, we apply the following procedure.
A set of 30 independent samples of simulated events, containing on average the same
number of events as the data, is passed through the same standard and systematically
changed analysis procedures as the data. For each systematic change of the analysis, the
variances o of the differences between the results for this change and the standard results
are determined. These variances are compared to the actual differences § observed in the
data when the analysis is changed. We define the systematic error to be O(syst.) = V2 — o2
(6 > ) or o(syst) = 0 (6 < o), which reduces the possible overestimation of systematic
errors. In order to reduce bin-to-bin fluctuations in the magnitudes of the systematic
uncertainties, we average the relative uncertainty over three neighbouring bins.

5 Results

5.1 Event shape observables

We study the event shape observables Thrust (T'), Thrust Major and Minor (Timsjor and
Trinor), Oblateness (Q), Sphericity (S), Aplanarity (A), C-parameter (C'), Heavy Jet Mass
(Mp) and Total and Wide Jet Broadening (Br and Bw) which are defined in reference [1]

and references therein.



The data distributions for T', Trajory Trinor, O, S and A are shown in Figure 2 and for C,
Mg, Br and Bw are shown in Figure 3. The predictions of the PYTHIA, HERWIG 5.9°
[14], ARIADNE and COJETS Monte Carlo models are also shown. Numerical values for
the data are given in Tables 1- 5. Within the uncertainties, the Monte Carlo predictions
of PYTHIA, HERWIG and ARIADNE are seen to be in overall agreement with the data.
COJETS predicts a Trinor distribution which lies somewhat above the data points for
central Trnine: values, and an O distribution which lies somewhat below the data points
for central O values, but is otherwise in general agreement with the data.

We also study the event shape observables by computing their mean, width o, and
skewness 7 = m3/a°, where ms = {(z — (z))*) for a generic distribution z. The results are
given in Table 6 for data and for PYTHIA, HERWIG, ARIADNE and COJETS. In Fig-
ure 4 the differences for mean, width and skewness between the Monte Carlo predictions
and the data are shown. We find reasonable agreement of the Monte Carlo predictions
with the data at the level of one to two standard deviations of the total uncertainties,
except for the COJETS prediction for the mean of T,,,,,. The differences between data
and Monte Carlo are correlated between the various event shape observables. In general,
the Monte Carlo distributions describe the data well but have a slightly larger mean, are
somewhat wider and are more skewed than the data.

The mean value of the Thrust distribution is shown in Figure 5 together with data
from lower energy measurements [1-4,25] and the predictions for the energy evolution
from PYTHIA, HERWIG, ARIADNE and COJETS. The predictions of all four Monte

Carlo models are consistent with our new measurement.

5.2 Jet production rates

We measure the jet production rates using two recombination jet finding algorithms,
the JADE (E0) [26] and Durham (D) [23] schemes, and two variations of a cone jet
algorithm [27], all of which are implemented as described in our previous publication and
references therein [1].

As in previous analyses [1,10] we define the differential 2-jet rate D; = dR,/dycu,
where R, is the 2-jet rate and y.; the jet resolution parameter. For the cone jet algorithm
we replace the minimum cone energy, €, by ¢’ = ¢ - E,;5/+/s, where E,; is the sum of the
energies of all particles used in the jet finding. In our studies the jet rates are computed
at fixed e = 7 GeV as R is varied or at fixed R = 0.7 radians as ¢ is varied.

Figure 6 shows the jet rates for the E0, D and cone schemes, versus their resolution
parameters. Numerical values for these data are given in Tables 7 to 10. There are
strong bin to bin correlations. The data are compared with the predictions of PYTHIA,
HERWIG, COJETS and ARIADNE. The Monte Carlo predictions show in general good
agreement with the data. For the E0 and the D scheme the 3-jet rate according to
COJETS tends to be somewhat smaller than the other predictions at small values of the
resolution parameter, but still is consistent with the data. For the two variants of the
cone algorithm, the Monte Carlo predictions are in good agreement with the data. The

8For comparison at the hadron-level we use version 5.9 of HERWIG with one parameter changed
relative to our standard tuning [13], in order to improve the model’s description of the mean charged
particle multiplicity at the Z°: Maximum cluster mass CLMAX = 3.75.
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differential 2-jet rate I, for the D scheme is shown in Figure 3 and tabulated in Table 11.
The mean, width and skewness values for this distribution are given in Table 6 and are
shown in comparison to the Monte Carlo predictions in figure 4. The D, distribution is
well described by the Monte Carlo models (see Figure 3).

The 3-jet rate measured with the EQ scheme at y.,, = 0.08, published by many ex-
periments, shows the running of the strong coupling strength in a particularly direct
manner [28]. In Figure 7 we show this rate at a c.m. energy of 161 GeV together with
measurements at lower e*e™ c.m. energies [1,3,30]. The curve is a fit of the O(a?) QCD
prediction [31] for the evolution of R; with c.m. energy to the data from 22 GeV to
133 GeV [1,32] and to our measurement at 161 GeV. The fit, mostly sensitive to lower
energy data, has a central value of a,(Mgz) = 0.121, with x%/d.o.f. = 1.0, where the
statistical error from the fit is negligible.

5.3 Determination of o,

Our measurement of the strong coupling strength o,(161 GeV) is based on fits of the QCD
predictions to the corrected distributions for 1 — T, My, By, Bw and D,, with the D,
distribution defined using the Durham jet scheme. The theoretical descriptions of these
five observables are the most complete, allowing the use of combined O(a?)+NLLA QCD
calculations [33-35]. We note that for the D, distribution, O(a?)+NLLA calculations are
currently available only using the Durham scheme. We follow the procedures described
in reference [1,10] as closely as possible in order to obtain results which we can compare
directly to our previous analysis. In particular, we choose the so-called In(R)-matching
scheme, and fix the renormalisation scale parameter, ¢, = p/+/s, to z, = 1, where p is
the energy scale at which the theory is renormalised.

Analytic QCD predictions describe distributions at the level of quarks and gluons
(parton level). The predictions are convolved with hadronisation effects by multiplying
by the ratio of hadron- to parton-level cumulative distributions determined using a Monte
Carlo model. We use PYTHIA to generate events at /s = 161.0 GeV for this purpose.
The resulting cumulative distributions are used to obtain differential distributions with
the same binning as the data.

The fit ranges are determined by the following considerations. For each observable, the
ratio between Monte Carlo distributions computed for partons and hadrons is required to
be unity to within about 10%, the fit ranges are required to be similar to the fit ranges
used in our studies at \/s = Mz and 133 GeV [1,10], and the distribution of partons
from Monte Carlo models is required to be well described by the analytic predictions.

We find satisfactory fits for all five observables with x?/d.o.f. of the fits generally
not much larger than unity. The results are given in Table 12 and in Figure 8. The
statistical uncertainties are estimated from the variance of a, values derived from fits to
100 independent sets of simulated events, each with about the same number of events as
the data.

The experimental uncertainty is defined by the quadratic sum of: the largest difference
between the central result and the results from tracks or clusters only; the difference found
when using the alternative selection; and the difference from using the additional cut on
M{Vit to reject 4-fermion events. The same procedure as described in section 4.3 is used
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to estimate and subtract statistical fluctuations in the systematic terms defined for the
analysis. The experimental uncertainties are shown in Table 12 and are about the same
size as the statistical uncertainties.

The hadronisation uncertainty is defined by adding in quadrature: the larger of the
changes in @, observed when varying the hadronisation parameters b and og by + 1
standard deviation about their tuned values [13] in PYTHIA; the change observed when
the parton virtuality cutoff parameter is altered from Qo = 1.9 GeV to Qo = 4 GeV
in PYTHIA, corresponding to a change of the mean parton multiplicity from 7.0 to 4.8;
the change observed when on the parton level only the light quarks u, d, s and ¢ are
considered in order to estimate potential quark mass effects; and both differences with re-
spect to the standard result when HERWIG 5.9 or ARIADNE are used to account for the
hadronization effects, rather than PYTHIA. For all observables the hadronisation uncer-
tainties, given in Table 12, are relatively small compared to the statistical or experimental
systematic errors.

In estimating the hadronization uncertainty on a,, we do not consider COJETS. This
is because the parton shower in this model contains only 3.9 partons on average. It thus
does not match well with the NLLA calculations which are valid for multipartonic final
states. In particular the large fraction of events which contain only two partons is in clear
disagreement with these predictions. A similar strategy was adopted in references [36,37].

The importance of uncomputed higher order terms in the theory may be estimated
by studying the effects of varying the renormalisation scale parameter z,. We estimate
the dependence of our fit results on the renormalisation scale z, as in references [1,10],
by repeating the fits using z, = 0.5 and =, = 2. We find variations which are generally
smaller than the statistical uncertainties and which are highly correlated between all
observables. We treat the variation of the scale z, as an asymmetric uncertainty on a,.

The total uncertainty for each individual observable is computed by adding in quadra-
ture the statistical, the experimental, the hadronisation and the scale uncertainties. The
total uncertainty on c,(161 GeV) is typically around 10%. The D, distribution has partic-
ularly small experimental and renormalisation scale uncertainties and yields the smallest
total uncertainty for a, of any of the distributions.

We also derive a combined result for the strong coupling strength at 161 GeV using
the weighted average procedure as described in reference [10]. The statistical uncertainty
of the combined result is estimated using 100 independent samples of Monte Carlo events
in the same manner as for the individual measurements. Our final result is

a,(161 GeV) = 0.101 = 0.005(stat.) = 0.007(syst.). (1)

The systematic uncertainty has contributions from experimental effects (+0.006), hadro-
nisation effects (+0.002) and from variations of the renormalisation scale (4:0.003), de-
fined as explained above for the individual distributions. This result leads to a,(Myz) =
0.109 + 0.010 when evolved to the scale of Mgzo. For comparison, our measurements
at the Mgzo energy with a slightly larger set of observables based on O(a?)+NLLA
QCD calculations yielded a,(Mz) = 0.120 £ 0.006 [10]. In order to compare average
o, values using exactly the same theoretical predictions and observables, we compute
the weighted average from our present fits to 1 — 7', My, Br and Bw which yields
a,(161 GeV) = 0.101 £ 0.009 (o,(Mz) = 0.109 & 0.010). Our previous analysis at
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V'8 = Mzo gave a,(Mzo) = 0.116 +0.006 from fits of the same predictions to the same ob-
servables. Our present determination of o, is therefore consistent with our measurement
at \/g = Mzo.

In Figure 9 [28,29] we show our measurement (1) together with other measurements
of the strong coupling strength, as a function of the energy scale Q. The curve shows the
O(a?) prediction for a,(Q) using a,(Mz) = 0.118 +-0.006 as given in reference [28]. Our
measurement of a,(161 GeV) is consistent with the running of @, required by QCD.

5.4 Charged particle momentum spectra

We measure the charged particle fragmentation function, 1/¢ - dog,/dz,, and the ¢, dis-
tribution, 1/¢ - dow/d¢,, where z, = 2p/+/s, {, = In(1/z,) and p is the measured track
momentum, using the same methods as in our previous publication [1]. We also study
the distribution of rapidity, y, relative to the Thrust axis and the distributions of the
track momentum components parallel, p7, and perpendicular, p5*, to the event plane.
This plane is defined by the eigenvectors of the momentum tensor associated with the two
largest eigenvalues, as in reference [1].

The p'?, p7* and y distributions are shown in Figures 10 and 11 (a). The data are
tabulated in Tables 13 and 14. We observe good agreement between PYTHIA, HERWIG
and ARIADNE and the data for the two p, distributions. However, the slope of the
p'? distribution of the COJETS prediction is somewhat steeper for large p'® than the
data whereas the p3** distribution is described relatively well by this model. In the y
distribution, there is reasonable agreement of the PYTHIA, HERWIG and ARIADNE
Monte Carlo models with the data once the different charged particle multiplicities in
data and Monte Carlo are taken into account (see section 5.5). The COJETS Monte
Carlo model overestimates the production of charged particles with low values of y.

The fragmentation function and the £, distribution are shown in Figures 11 (b)
and 12 (a) together with the Monte Carlo predictions. Numerical values of these data
are given in Tables 15 and 16. The spectrum of charged particles with large momentum
fraction z, is well described by all Monte Carlo models. The shape of the £, distribution
is well described by PYTHIA, HERWIG and ARIADNE, although their normalisation is
somewhat higher. The COJETS Monte Carlo predicts too many particles in the region
of the peak and at large values of {,, where low momentum particles contribute. In the
LLA approach, this is the region where soft gluon production is reduced as a consequence
of destructive interference.

Using the assumption of local parton hadron duality (LPHD), the leading-log ap-
proximation of QCD calculations (LLA) predicts the shape of the ¢, distribution to be
Gaussian. The peak of the distribution is predicted to have an almost logarithmic varia-
tion with energy. The NLLA QCD calculations [38] predict the shape to be a Gaussian
with higher moments (skewed Gaussian), and the same energy dependence of the peak as
the LLA. We fit a skewed Gaussian to the region close to the peak of the §, distribution
and determine the position of the peak, &g, to be

£0(161 GeV) = 4.00 + 0.03(stat.) =+ 0.02(syst.), (2)

The systematic error is detailed in Table 17. Unlike reference [1], we do not include an
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uncertainty on o from fitting a simple Gaussian to the ¢, distribution, since a simple
Gaussian represents the LLA of QCD only. In Figure 12 (b) we show our measurement
of £y together with measurements taken at lower c.m. energies [1,2,4,39] and a fit of the
NLLA prediction to the lower energy data up to and including /s = 133 GeV. The value
of the NLLA prediction extrapolated to /s = 161 GeV, 3.93 & 0.01, is lower than our
measurement at 161 GeV by about two standard deviations. As noted in our previous
publication [1], the fit is dominated by contributions from the data points with small
errors at 29 and 35 GeV.

In the modified leading-log approximation (MLLA) [40], the most complete calculation
available, the {, distribution is predicted in terms of two parameters, a QCD scale A and a
normalisation factor K(/s) associated with the LPHD hypothesis which has a weak c.m.
energy dependence due to the approximate nature of the LPHD. The values of K(+/s)
obtained in reference [41] are consistent with a linear c.m. energy variation. A fit of
the MLLA prediction for the {, distribution to OPAL data recorded at a c.m. energy
of 91 GeV [41] determined A and K(Mgz). Figure 12 (a) shows the prediction of the
MLLA at \/s = 161 GeV as a shaded band, using the result for A from reference [41].
The upper edge of the band corresponds to K(161 GeV) = K(Mgyo) whereas the lower
edge corresponds to K(161 GeV) = 1.16 (extrapolated from the values in reference [41]
using the linear c.m. variation mentioned above). The description of the data around the
peak is relatively good for the extrapolated value of K (161 GeV), considering that there
are no free parameters. The MLLA prediction is not very different from the predictions
of PYTHIA and HERWIG, except at large ¢, where kinematic effects become important
and where the perturbative QCD calculations are not valid. The curve for the ARIADNE
prediction is almost indistinguishable from the PYTHIA prediction and is omitted.

5.5 Charged particle multiplicity

Finally, we measure the charged particle multiplicity distribution and derive several re-
lated quantities from it. In particular, we evaluate the mean charged multiplicity (na,),
the dispersion D = ((n,) — (ne)?)7, the ratio (n)/D, the normalised second moment
C2 = (n%)/(na)? and the second binomial moment R, = (nen(nen — 1))/ (na)?.

To correct the charged particle multiplicity distribution, we subtract the expected
background from 4-fermion events as described in section 4.2. The resulting distribution
is corrected for experimental effects such as acceptance, resolution and secondary interac-
tions in the detector with an unfolding matrix, as previously done in reference [1]. This
matrix is determined from the PYTHIA sample of fully simulated (Z°/v)* events. Biases
introduced by the event selection and by residual ISR are corrected using a bin-by-bin
multiplication method. The bin-by-bin corrections are typically smaller than 10-15%.

The corrected charged particle multiplicity distribution is shown in Figure 13 (a).
Numerical values for the data are given in Table 18. The COJETS model predicts too
many high multiplicity events and clearly disagrees with the data. Since COJETS provides
a good description of the charged particle multiplicity distribution at /s ~ Myo, this
suggests that the energy scaling behaviour of COJETS is inaccurate. The PYTHIA,
HERWIG and ARIADNE models describe the data reasonably well.

We determine the mean value, the dispersion and the higher multiplicity moments to
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be:

(nen)(161 GeV) = 24.46 £ 0.45(stat.) + 0.44(syst.), (3)
D(161 GeV) = 7.68 £ 0.37(stat.) + 0.30(syst.),
(new)/D(161 GeV) = 3.19 + 0.14(stat.) = 0.11(syst.),
C2(161 GeV) = 1.099 £ 0.009(stat.) + 0.007(syst.) and
Ro(161 GeV) = 1.058 £ 0.009(stat.) = 0.007(syst.).

The systematic uncertainties are estimated in the same manner as described in section 4.3
and are listed in Table 17. The analysis was repeated with data recorded at the Z°
peak in 1996 to check for possible deviations of the detector response with respect to
previous years. We found (n.,)(Mzo) = 20.83 £ 0.08(stat.), which is consistent with the
value of (ne,)(Mzo) we obtained by integrating the longitudinal fragmentation function,
(nch)(Mzo) = 21.05 £ 0.01(stat.) £ 0.20(syst.) [42].

Alternatively, the mean charged multiplicity is computed by integrating the corrected
rapidity distribution, or the fragmentation function (see Table 17). Both the rapidity
distribution and the fragmentation function give a result consistent with the one from the
direct measurement presented in this section. For example, the result found by integrating
the fragmentation function is (na,)(161 GeV) = 24.24 £ 0.43(stat.) 4+ 0.55(syst.).

We compare our results with data recorded at lower c.m. energies and with analytic
QCD or Monte Carlo predictions. The dispersion and higher moments are consistent with
measurements made at lower c.m. energies [1,43], in agreement with the QCD Monte Carlo
and analytic (where available) predictions. The predicted values of (ng)(161 GeV) from
PYTHIA and ARIADNE are 25.9, while that from HERWIG 5.9 is 25.5, all of which are
about two standard deviations of the total uncertainty above our measurement. COJETS
predicts a value of 28.3, which differs by 6 standard deviations from our measurement.
Figure 13 (b) shows our measurement of (n) as well as those obtained at energies from
12 to 136 GeV [1-3,5,42,44]. The dash-dotted curve shows the NLLA QCD prediction [45]
for the energy evolution of the charged particle multiplicity, with parameters fitted to all
data points between 12 and 136 GeV. The NLLA calculation predicts a mean charged
multiplicity at 161 GeV of 26.0 4 0.2, about 2.4 standard deviations above our measure-
ment. Variations in the quark flavour composition at the different c.m. energies do not
significantly influence the results of the fit.

6 Summary and conclusions

In this paper we have presented measurements of the properties of hadronic events pro-
duced at LEP at a centre-of-mass energy of 161 GeV. We have determined the corrected
distributions for event shape observables, for jet rates using different jet finding algo-
rithms, for the charged particle multiplicity and for charged particle momentum spectra.
The predictions of the PYTHIA, HERWIG and ARIADNE Monte Carlo models are found
to be in general agreement with the measured distributions, although their prediction for
the mean charged particle multiplicity is above our measurement by about two standard
deviations of the total uncertainty. The COJETS Monte Carlo model describes the event
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shape distributions well, but overestimates the production of soft charged particles in the
rapidity, ¢, = In(1/z,) and ng, distributions.

From a fit of O(a?)+NLLA QCD predictions to four event shape distributions and
the differential two jet rate distribution, defined using the Durham jet finder, we have
determined the strong coupling strength to be «,(161 GeV) = 0.101 + 0.005(stat.) +
0.007(syst.). If this measurement is evolved to the Z° peak it results in a,(Mz) =
0.109£0.010 which may be directly compared to our previous measurement of a,( Myo) =
0.116 + 0.006 using the same set of observables and O(a?)+NLLA QCD predictions.

The ¢, distribution has been found to be reasonably well described by QCD NLLA
and MLLA calculations, and the position of the peak was measured to be (161 GeV) =
4.00 £ 0.03(stat.) & 0.02(syst.). This is in fair agreement with the expectation for the
energy evolution given by QCD NLLA calculations.

The mean charged particle multiplicity has been determined to be (n)(161 GeV) =
24.46+0.45(stat.) +0.44(syst.), about two standard deviations below the NLLA QCD pre-
dictions and the PYTHIA, HERWIG and ARIADNE Monte Carlo predictions. We have
also determined the dispersion and second multiplicity moments, which are found to be
consistent with values determined at lower c.m. energies, in agreement with expectations.

Our studies show that most of the features of hadronic events produced in e*e™ col-
lisions at energies above the Z° mass are well described by QCD either in the form of
analytic or Monte Carlo predictions. Further tests of QCD at yet higher ete™ energies
with increased precision will soon be possible with the continuation of the LEP 2 pro-
gramme.
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Tables

| T

1/o -do/dT

0.70 - 0.78
0.78 - 0.85
0.85 — 0.88
0.88 - 0.91
0.91 -0.93
0.93 - 0.95
0.95 - 0.96
0.96 - 0.97
0.97 - 0.98
0.98 - 0.99
0.99 - 1.00

0.14 + 0.12 4+ 0.47
0.93 + 0.24 4 0.47
1.02 £ 0.39 + 0.61
3.10 £+ 0.64 £ 0.59
3.56 + 0.82 £+ 0.81
3.92 + 0.84 £+ 1.29
6.5+ 1.5 £14
10,1 £ 19 £1.6
181 £25 £26
221 £29 +26
86 £ 1.7 +£26

Tma jor

|| l/a'-dcr/dTIm,dor l

0.000 - 0.040
0.040 - 0.080
0.080 - 0.120
0.120 - 0.160
0.160 - 0.220
0.220 - 0.300
0.300 - 0.400
0.400 - 0.500

0.55 + 0.25 £ 0.43
6.80 £ 0.81 £ 0.43
5.89 £ 0.69 £ 0.41
3.07 £ 0.51 £ 0.27
1.95 + 0.34 + 0.10
1.36 + 0.26 &+ 0.12
0.92 + 0.20 £ 0.13
0.33 £ 0.13 £ 0.13

Table 1: Measured values for the Thrust 7' and Thrust Major Tmajor distributions. The
first error is statistical, the second systematic.

L Tminor || 1/0- * da/dTrrﬁnor |
0.020 - 0.040 9.2+ 13 +0.8 1 0 H 1/o - do/d0 |
ggég : gggg lgg i ig i ;g 0.000 ~ 0.050 || 9.77 + 0.83 + 0.28
0.080 — 0.100 6.1+1.0 +18 0.050 - 0.100 || 4.58 + 0.57 £+ 0.28
) ) ) : ) 0.100 - 0.150 || 2.22 + 0.42 4 0.27
0.100 - 0.120 || 3.11 + 0.74 + 1.51 0.150 — 0.200 || 1.24 + 0.32 + 0.95
0.120 - 0.140 || 1.40 + 0.53 £ 0.66 0'200 B 0'250 1'14 n 0'31 . 0'32
0.140 - 0.160 || 1.61 + 0.58 £+ 0.58 0'250 B 0'300 0'67 n 0'24 n 0'29
0.160 — 0.200 || 0.87 + 0.31 £ 0.35 0'300 B 0'400 0'23 n 0'12 n 0'29
0.200 - 0.240 || 0.23 + 0.19 + 0.21 : . . . :
0.240 - 0.300 || 0.14 + 0.13 £+ 0.21

Table 2: Measured values for the Thrust Minor T\ and Oblateness O distributions.
The first error is statistical, the second systematic.
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| S | 1/o-do/dS ] | 4 | 1/o-do/dA ]
0.000 - 0.020 || 28.1 + 2.1 £2.5 0.000 - 0.005 || 129.7 +£ 9.3 + 5.0
0.020 - 0.040 | 5.3+ 1.0 £25 0.005 - 0.010 || 33.7 £ 54 £+ 5.0
0.040 - 0.060 || 3.19 + 0.80 + 1.66 0.010 - 0.015 81+29 +41
0.060 — 0.120 || 1.98 + 0.38 + 1.06 0.015 - 0.025 8.1+ 2.0 +£3.0
0.120 - 0.200 || 1.06 + 0.25 4 0.25 0.025 - 0.040 26 +1.0 +1.1
0.200 - 0.300 || 0.43 £ 0.16 £ 0.21 0.040 - 0.070 || 0.54 £+ 0.36 + 0.46
0.300 - 0.500 || 0.12 + 0.07 £+ 0.21 0.070 - 0.100 || 0.11 £ 0.23 + 0.46

Table 3: Measured values for the Sphericity S and Aplanarity A distributions. The first

error is statistical, the second systematic.

[ C

I

1/ -de/dC

0.000 - 0.050
0.050 - 0.080
0.080 - 0.110
0.110 - 0.140
0.140 - 0.180
0.180 - 0.220
0.220 - 0.300
0.300 - 0.400
0.400 - 0.500
0.500 - 0.600
0.600 — 0.750
0.750 - 1.000

1.92 £+ 0.37 £ 0.22
5.04 £ 0.81 £+ 0.22
4.59 £ 0.74 £+ 0.12
3.37 £+ 0.61 £ 0.17
2.40 = 0.45 £ 0.21
1.63 £ 0.37 + 0.19
1.17 £ 0.23 + 0.11
0.77 £ 0.17 £ 0.08
0.91 + 0.19 4+ 0.14
0.58 + 0.16 £ 0.14
0.20 = 0.09 + 0.07
0.01 £+ 0.04 £+ 0.07

|

Mg

|

1/o-do/dMp |

0.060 - 0.075
0.075 - 0.090
0.090 - 0.110
0.110 - 0.140
0.140 - 0.170
0.170 - 0.200
0.200 - 0.250
0.250 - 0.300
0.300 - 0.350
0.350 - 0.450
0.450 - 0.600

1.79 + 0.43 + 1.24
2.28 £0.62 £1.24
78 +12 +1.2
6.49 £+ 0.94 £+ 0.86
4.80 &+ 0.77 + 0.91
3.54 + 0.67 + 0.85
2.09 + 0.41 £+ 0.89
2.45 + 0.45 + 0.84
0.97 £ 0.31 £+ 0.61
0.59 + 0.18 + 0.26
0.02 £ 0.04 + 0.26

Table 4: Measured values for the C-parameter C' and Heavy Jet Mass My distributions.

The first error is statistical, the second systematic.
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[ B | Yo djaBr |
0.000 - 0.030 21+05 +£1.0
0.030 — 0.040 74+18 +1.0
0.040 - 0.050 || 14.1 £ 2.3 + 1.2
0.050 — 0.060 || 12.7 £ 2.1 £ 1.1
0.060 - 0.075 87+14 +£1.2
0.075 - 0.090 6.6 +1.2 +£1.3
0.090 - 0.110 || 4.09 + 0.84 + 0.86
0.110 - 0.130 || 2.20 £ 0.64 + 0.53
0.130 - 0.160 || 2.62 + 0.56 £+ 0.29
0.160 — 0.200 || 2.23 £+ 0.47 + 0.22
0.200 - 0.250 || 1.29 + 0.33 + 0.22
0.250 — 0.300 || 0.23 + 0.19 £+ 0.22

Bw | 1/ dojdBy ]
0.000 - 0.020 || 4.7+ 1.0 £ 1.6
0.020 - 0.030 || 16.6 &= 2.5 + 1.6
0.030 - 0.040 || 16.5 +£ 2.3 £+ 1.8
0.040 - 0.050 || 10.2 £ 1.8 £+ 1.2
0.050 - 0.065 82+14 £0.9
0.065 - 0.080 || 5.7+ 1.2 4 0.9
0.080 - 0.100 || 1.89 + 0.62 + 0.83
0.100 - 0.150 || 3.09 £ 0.50 & 0.68
0.150 — 0.200 || 1.22 £ 0.36 £ 0.35
0.200 - 0.250 || 0.22 £+ 0.17 + 0.15
0.250 - 0.300 || 0.02 £ 0.05 £ 0.15

Table 5: Measured values for the Total By and Wide By Jet Broadening distributions.
The first error is statistical, the second systematic.
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Data [ PYTHIA | HERWIG I COJETS | ARIADNE
Mean

T 0.948 £ 0.003 & 0.004 0.944 0.942 0.942 0.943
Trajor | 0.149 £+ 0.006 + 0.006 0.158 0.158 0.151 0.157
Tinor || 0.072 £ 0.002 £ 0.003 0.073 0.076 0.085 0.076

0 0.077 £+ 0.004 £ 0.006 0.085 0.082 0.067 0.081

S 0.052 + 0.005 £+ 0.007 0.060 0.062 0.055 0.061

A 0.007 &+ 0.001 + 0.000 0.007 0.008 0.009 0.008

C 0.212 4+ 0.010 + 0.011 0.225 0.227 0.233 0.226

My 0.182 4 0.005 £+ 0.004 0.190 0.193 0.195 0.191

Brp 0.090 £+ 0.003 £ 0.004 0.095 0.095 0.095 0.095

Bw 0.063 £+ 0.003 £ 0.003 0.068 0.067 0.066 0.066

D, 0.014 4+ 0.002 4 0.004 0.019 0.019 0.016 0.019
Width (o)

T 0.048 + 0.003 £ 0.008 0.058 0.061 0.057 0.058
Tinajor || 0.099 + 0.005 £ 0.012 0.112 0.113 0.104 0.111
Tinor || 0.042 + 0.004 £ 0.002 0.041 0.045 0.044 0.043

0] 0.073 4+ 0.004 £+ 0.014 0.088 0.086 0.076 0.086

S 0.078 £+ 0.007 £ 0.027 0.099 0.104 0.093 0.101

A 0.011 &+ 0.002 + 0.008 0.014 0.016 0.015 0.015

C 0.171 £+ 0.009 £ 0.016 0.185 0.189 0.182 0.185

My 0.086 £+ 0.004 £ 0.010 0.096 0.096 0.090 0.093

Br 0.055 + 0.003 £ 0.006 0.061 0.062 0.058 0.061

By 0.045 4 0.003 £+ 0.004 0.050 0.050 0.046 0.049

D, 0.023 £ 0.003 £+ 0.015 0.038 0.039 0.034 0.038
Skewness

T —1.32 + 0.14 4+ 0.54 —2.02 —2.08 —2.03 —2.06
Tnajor 0.92 +£ 0.10 + 0.42 1.35 1.42 1.50 1.39
T ninor 1.78 £ 0.36 =+ 0.10 2.13 2.16 1.78 2.14

0 0.98 &+ 0.10 + 1.30 1.73 1.80 2.08 1.78

S 2.69 + 0.29 + 2.50 3.07 3.07 3.39 3.07

A —6.90 + 2.04 £+ 24.8 8.68 7.00 6.33 7.23

C 1.10 £ 0.11 + 0.14 1.30 1.35 1.29 1.34

Mg 0.95 + 0.11 =+ 0.18 1.19 1.20 1.07 1.23
Br 0.95 + 0.10 =+ 0.30 1.28 1.35 1.36 1.32
Bw 1.17 &+ 0.11 =+ 0.20 1.39 1.44 1.45 1.45

D, 1.20 + 0.14 + 3.61 3.46 3.54 3.92 3.58

Table 6: The mean, width and skewness of the event shape distributions compared to the

PYTHIA, HERWIG, COJETS and ARIADNE Monte Carlo predictions.
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| Yeut ” R, Rs R, Ry l
0.005(20.1+22+06|494+29+1.5|255+25+1.3|50+1.5+1.6
0.009 || 31.1+26+06|47.0+£29+15|193+244+13|15+1.1+1.6
0.013398+2.7+08|459+29+1.2|128+21+1.2|1.54+1.0+1.0
0.020 || 50.7+2.8+1.3 |421+29+1.0| 66+1.7+1.5|0.6+0.6=+1.0
0.030 || 62.7+£2.7+2.1|344+£28+2.0| 3.0+14+15 -

0.040 || 69.6 £2.7+1.8 |29.5+£2.7+2.0| 0.8+£1.14+0.9 -
0.050 || 74.7+26+1.3|25.0+:26+19| 0.3+0.84+0.9 -
0.060 || 78.7+2.4+09|21.3+25+1.4 - -
0.070 || 81.7£234+0.9 | 187+ 24+ 1.1 - -
0.080 || 85.5+2.14+14|145£22+1.7 - -
0.095 1 89.4+19+14|106+2.0+1.9 - -
0.115 (1929+1.6+1.3 | 7T.0+1.7+2.1 - -
0.135 || 95.0+1.4+£09| 5.0+14+14 - -
0.160 |97.1+£1.14+04| 29+1.210.7 - -
0.188 || 99.0+0.8+04| 1.0£0.8+0.7 - -

Table 7: Measured values for jet production rates, in percent, using the JADE (EO0)

scheme. The first error is statistical, the second systematic.

l Yeut ” R, R R,y Ry
0.0008 192 +£23+35|37.8+28+21(2444+24+43]18.7+2.2+25
0.0013 302+26+35|40.7+28+2.1|208+23+43| 84+1.8+2.5
0.0023 456 +2.8+£34(355+2.7+1.0 |146+21+23| 42+1.4+18
0.0040 543 +28+34(335+274+06|101+19+04| 20+1.0+1.8
0.0070 63.5+28+23|289+26+08| 7.8+1.8+1.1 -

0.012 71.6 £2.6+£2.0|23.7£254+09| 51+£1.7+1.1 -
0.023 79.7+£244+14)1194+£244+1.1| 1.0£1.1£1.1 -
0.04 88.2+2.0+1.6 | 11.9+2.0+1.7 - -
0.07 953+15+16| 45+1.5+1.7 - -
0.13 99.2+08+14| 09+08+£1.7 - -
0.24 | 100.0+0.0+1.4 - - -

Table 8: Measured values for jet production rates, in percent, using the Durham (D)

scheme. The first error is statistical, the second systematic.
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[ R [rad] ” R, | Rs R, 7
0.3 5256 £29+24)293+26+1.211824+23+15
0.5 616 £28+24|278+26+1.2|106+2.0+15
0.7 703+26+1.9|248+254+1.0| 48+15+1.3
0.9 776+244+15|21.1+24+08| 1.24+09+1.3
1.1 87.9+19+08 |12.1+2.04+1.0 -

1.3 959+124+10| 3.9+14+1.2 -
1.5 996 +£0.7+1.0| 04+£0.7+1.2 -

Table 9: Measured values of jet production rates, in percent, using the cone jet finder
with fixed ¢ = 7 GeV and variable R. The first error is statistical, the second systematic.

I [ [GCV] ” Rz | R3 R4 ]
2 498 +29+2.6(33.2+26+1.3|17.2+2.44+2.2
6 68.0+£2.71+26|262+26+1.3| 58+1.6+2.2
10 76.2+254+3.4(21.7+£244+22| 1.9+1.24+0.9
14 81.24+23+33|176+23+25| 1.14+1.04+0.5
18 82.6 +23+25|16.7+22+1.8| 0.7+£0.9+0.5
22 86.6+21+19|134+21+14 -
25,5 || 89.4+2.0+1.9(106+19+1.4 -

Table 10: Measured values of jet production rates, in percent, using the cone jet finder
with fixed R = 0.7 and variable €. The first error is statistical, the second systematic.

Table 11: Measured values for the D, distribution measured with the Durham jet finding

| D,

| 1/o-do/dD, |

0.0003 - 0.0008
0.0008 - 0.0013
0.0013 - 0.0023
0.0023 - 0.0040
0.0040 - 0.0070
0.0070 - 0.0120
0.0120 - 0.0225
0.0225 - 0.0400
0.0400 - 0.0700
0.0700 - 0.1300
0.1300 - 0.2350

337. £ 54. + 21.
201. + 36. + 21.
154. £ 23. + 20.
51. £ 10. + 20.
30.5 £ 6.0 £28
16.2 £ 34 + 2.6
7.6 £ 1.7 £22
49+ 1.1 £1.5
2.38 £ 0.58 £ 0.58
0.62 + 0.25 £+ 0.27
0.08 £+ 0.08 + 0.27

algorithm. The first error is statistical, the second systematic.
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|

1-T |

My

| Br |

Bw

| D, |

a,(161 GeV)

|

0.1057 |

0.1043

| 0.1021 |

0.0909

| 0.1020 |

|
|
[ fit range || 0.05 — 0.3 [ 0.17 — 0.45 [ 0.075 — 0.25 | 0.05 — 0.2 | 0.0023 —0.130 |
|
|

x%/d.of. | 6.9/5 | 4.3/4 | 7.9/5 | 13/4 | 3.6/6 |

Statistical error | +0.0068 |  +0.0068 | £0.0053 [ +0.0045 | +0.0054 |
tracks only <0.0001 <0.0001 +0.0089 +0.0087 +0.0065
cluster only || <0.0001 |  <0.0001 <0.0001 | +0.0036 <0.0001
energy balance +0.0045 +0.0022 <0.0001 +0.0027 <0.0001
M| —0.0048 | —0.0069 <0.0001 | —0.0008 —0.0010

Experimental syst. | +£0.0066 |  +0.0073 |  £0.0089 [ +0.0091 | +0.0066 |
b+1sd. || +0.0001 [ +0.0002 +0.0002 | <0.0001 —0.0001
b—1sd. || —0.0001 ] —0.0002 —0.0003 | —0.0001 +0.0001
o, +1sd. || —0.0002| <0.0001 —0.0003 | —0.0002 <0.0001
og—1sd. || +0.0003 | +0.0001 +0.0003 | +0.0001 —0.0001
Qo=4GeV | —0.0004] +0.0009 —0.0011 | +0.0004 +0.0016
udsc only || +0.0008 |  <0.0001 +0.0017 |  +0.0011 +0.0015
HERWIG 5.9 | —0.0007 | —0.0001 —0.0023 | —0.0003 —0.0010
ARIADNE 4.08 | +0.0015 |  +0.0010 +0.0004 | 40.0010 +0.0009

| Total hadronisation | 40.0020 | £0.0014 [ £0.0031 [ +0.0016 | +0.0026 |
z,=05] —0.0037 [ —0.0027 —0.0043 | —0.0022 —0.0009
z,=2| +0.0047 | +0.0038 +0.0051 | +0.0029 +0.0025

| Total error || £0.0106 | +0.0105]  +0.0118 | £0.0106 | +0.0091 |

Table 12: Values of a,(161 GeV) derived using the O(a?)+NLLA QCD calculations with
z, = 1 and the In(R)-matching scheme, fit ranges and x?/d.o.f. values for each of the
five event shape observables. In addition, the statistical and systematic uncertainties are
given. Where a signed value is quoted, this indicates the direction in which a,(161 GeV)
changed with respect to the standard analysis. The scale uncertainty is treated as an
asymmetrical uncertainty on a,.
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Table 13: Measured values of the momentum spectra in, p'?, and out, p3™, of the event
plane. The first error is statistical, the second systematic. The mean values are also

shown.

|t | 1o -doa/dp? |
00-01] 51.7 £1.4 +09 L ™ [ 1o -doa/dpT ]
0.1-02 394+12 +009 00-01] 723 +1.7 =21
02-03| 31.14+11 +1.0 01-02| 580+15 +21
0.3-04| 236+1.0 =06 02-03| 386+1.2 +1.7
0.4-05]| 152+ 08 =+ 0.5 03-04| 254+10 +1.8
0.5-06| 12.5+0.7 +0.5 04-05| 164+08 +14
0.6-0.7| 10.9+06 404 05-0.6| 11.0+07 =+1.2
0.7-0.8| 7.93+ 055 + 0.33 0.6-0.7| 595+ 048 =+ 1.02
0.8-0.9| 6.82+052 +0.11 0.7-08 || 422+ 041 =+ 0.90
0.9-1.0 || 510+ 0.45 =+ 0.10 0.8-0.9 || 2.70 + 0.33 =+ 0.74
1.0-1.2 | 4.20+0.29 +0.16 0.9-1.0| 2.06+0.28 +0.64
12-1.4 | 3.00+025 =+0.12 1.0-1.2| 0.96 +0.14 =+ 0.51
1.4-1.6| 2274021 =+0.20 12-14| 084 +0.13 +0.37
1.6-2.0 | 1.45+0.12 +0.14 14-1.6| 041+ 0.09 +0.27
2.0-25]| 093+ 0.09 +0.12 1.6-2.0 || 0.14 +0.04 =+ 0.19
23-3.0| 0.61+007 =+0.05 2.0-2.4 | 0.08+0.03 +0.12
3.0 -3.5| 0.48 + 0.06 + 0.06 24-28| 0.05=+0.02 +0.07
3.5-4.0 012+ 0.03 + 0.05 2.8-32| 0.02+0.01 +0.04
40-5.0] 0.15+ 0.02 + 0.04 3.2-3.6| 0.02+0.01 +0.03
50— 6.0 0.06 + 0.02 + 0.02 3.6-4.0| 0.02+0.01 +0.03
6.0-7.0| 0.02+0.01 =+ 0.02 (%) [70.260 = 0.004 + 0.004

(p™ || 0.567 £ 0.011 + 0.034
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I y || 1/o - dog/dy |
0.0 -0.5 6.70 £ 0.26 + 0.42
0.5 -1.0 6.71 £ 0.25 £+ 0.42
1.0-1.5 7.39 +£0.24 £+ 0.29
1.5-2.0 6.99 + 0.23 =+ 0.16
2.0-2.5 6.70 £ 0.22 4+ 0.13
2.5-3.0 5.22 + 0.19 &+ 0.17
3.0-3.5 4.41 + 0.18 + 0.16
3.56-4.0 2.41 £ 0.13 + 0.11
4.0 - 4.5 1.30 £ 0.10 =+ 0.08
4.5 -5.0 0.42 £ 0.06 =+ 0.05
5.0 - 5.5 0.09 £ 0.03 + 0.03
5.5 -6.0 0.01 &+ 0.01 -+ 0.01
6.0 - 6.5 0.01 &+ 0.01 + 0.01

(y) [ 1.836 % 0.013 £ 0.023

Table 14: Measured values for the Rapidity y distribution. The first error is statistical,
the second systematic. The mean value is also shown.

l Tp

i /o -doa/dz, ” zp l 1/0-dog/dz, ]

0.00-0.01| 712 +£17 + 10 || 0.12-0.14 25.6 + 2.3 + 0.5
0.01 -0.02 | 444 +13 £+ 10 || 0.14 - 0.16 20.5 + 2.0 + 0.5
0.02 -0.03 | 267 =10 4+ 6.2 | 0.16 — 0.18 171 £ 1.9 + 0.5
0.03-0.04 | 187 =84+ 7.9 0.18 -0.20 134 +£ 1.7 + 0.5
0.04 - 0.05 | 125 + 6.9 &+ 5.4 || 0.20 — 0.25 8.4 1+ 0.8 + 0.4
0.05-0.06 | 103 6.3 = 6.5 | 0.25 - 0.30 4.2 4+ 0.6 + 0.3
0.06 - 0.07 | 81.6 = 5.6 £ 4.4 || 0.30 — 0.40 2.6 + 0.3 + 0.2
0.07 — 0.08 | 63.9 + 5.0 + 3.9 || 0.40 - 0.50 1.1 +£0.2 + 0.1
0.08 -0.09 | 59.4 + 4.8 + 3.4 | 0.50 — 0.60 04 + 0.1 + 0.03
0.09-0.10 | 47.0 - 4.3 = 1.6 || 0.60 — 0.80 0.10 = 0.04 =+ 0.03
0.10-0.12 | 37.8 £ 2.7 £ 1.2 (zp) 0.0486 + 0.0009 4 0.0001

Table 15: Measured values for the fragmentation function z,. The first error is statistical,
the second systematic. The mean value is also shown.
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Table 16: Measured values for the ¢, distribution. The first error is statistical, the second

systematic.

3

|

1/o - doa/dé,

|

& |

/o - dow/dE,

0.0-0.2
0.2-04
0.4-0.6
0.6 -0.8
0.8-1.0
1.0-1.2
1.2-14
14-1.6
1.6 - 1.8
1.8-2.0
20-22
22-24
24-2.6
2.6 -28
2.8-3.0
3.0-3.2

0.01 £ 0.01 £ 0.02
0.06 £+ 0.03 £ 0.02
0.12 £ 0.04 £ 0.02
0.37 = 0.08 £+ 0.04
0.51 £+ 0.10 £ 0.07
1.05 £+ 0.15 £+ 0.09
1.24 £+ 0.16 £+ 0.10
1.88 £ 0.20 £+ 0.10
2.60 £ 0.23 £ 0.11
3.20 £+ 0.25 £+ 0.11
3.44 + 0.26 £+ 0.09
4.37 £ 0.29 £ 0.10
4.95 £+ 0.31 £ 0.20
5.28 £ 0.32 £ 0.24
5.45 + 0.32 £ 0.34
5.54 £+ 0.32 £ 0.28

3.2-34
3.4-3.6
3.6 -3.8
3.8 -4.0
4.0 - 4.2
4.2-44
4.4-4.6
4.6 - 4.8
4.8 -5.0
5.0 - 5.2
52-54
54 -5.6
5.6 - 5.8
5.8 - 6.0
6.0 -6.2
6.2 -6.4

6.31 + 0.35 £+ 0.29
6.75 + 0.36 £+ 0.21
6.60 = 0.35 + 0.25
6.50 = 0.35 + 0.22
6.70 £+ 0.36 + 0.18
6.24 £+ 0.34 £+ 0.15
6.35 £ 0.35 + 0.20
6.43 + 0.34 £+ 0.27
5.86 + 0.33 £ 0.30
4.81 + 0.30 £+ 0.23
4.38 + 0.28 £+ 0.14
3.90 + 0.27 £ 0.07
2.67 £ 0.23 £+ 0.12
2.65 + 0.24 £+ 0.16
1.83 £ 0.22 + 0.19
0.60 &+ 0.27 £+ 0.19

fo (nch> D <nch>/D C, R
frag. | mult.
| standard result || 4.00 [ 24.25 [ 2446 [ 7.68] 3.9 1.099 | 1.058 |
statistical error 0.03 0.43 045 0.37 0.14 . 0.009 0.009
energy balance | <0.01 || —0.52 | —0.33 | <0.01 <0.01 | <0.001 | <0.001
|do| < 5 cm || <0.01 || +0.03 | +0.18 | +0.10 —0.02 | 40.001 | +0.001
| cos 07| < 0.7 || —0.01 || <0.01 | <0.01 | <0.01 | <0.01 | <0.001 | <0.001
M{Jt +0.02 || <0.01 | —0.18 | <0.01 <0.01 | <0.001 | <0.001
HERWIG 5.8d || —0.01 || —0.16 | —0.04 | —0.28 0.11 | —0.007 | —0.007
EXCALIBUR | <0.01 || —0.04 | —0.13 | —0.06 0.01 | <0.001 | —0.001
Tot. syst. error 0.02 0.55 0.44 | 0.30 0.11 0.007 | 0.007

Table 17: Results with statistical and systematic uncertainties for the position &, of
the peak of the ¢, distribution, for (n.) based upon measurements of the multiplicity
distribution (mult.) or the fragmentation function (frag.), the dispersion D, the ratio
(neh)/D and the second moments C, and R;. The signs indicate the direction of the
changes with respect to the standard analysis.
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[ Tch I P(nch) [%] ” Tch l P(nch) [%] T

81024 £0.11 +0.24 | 34 | 4.13 £+ 0.50 + 0.43
10 | 1.10 £ 0.29 + 0.24 | 36 | 3.54 + 0.50 £ 0.35
12 | 2.64 £ 0.49 £+ 0.56 || 38 | 2.29 £+ 0.36 £ 0.29
14 | 4.79 £ 0.64 £+ 0.98 || 40 | 1.45 £+ 0.27 £ 0.21
16 | 7.39 + 0.81 + 1.05 || 42 | 0.89 + 0.19 + 0.18
18 | 9.56 £ 0.91 £ 0.77 || 44 | 0.55 £+ 0.14 + 0.11
20103 £09 £05 46 | 0.35 £ 0.13 £ 0.07
221109 £09 +05 48 | 0.27 £+ 0.13 £+ 0.08
24 (105 £09 +0.6 50 | 0.16 £+ 0.09 + 0.08
26 | 9.33 £ 0.81 + 0.60 || 52 | 0.14 + 0.11 £ 0.09
28 | 7.65 &+ 0.70 + 0.60 || 54 | 0.10 + 0.09 £ 0.05
30 | 6.44 £ 0.65 + 0.56 | 56 | 0.08 £ 0.08 & 0.05
32 | 5.17 £+ 0.56 + 0.47

Table 18: Charged particle multiplicity distribution in percent. The first error is statisti-
cal, the second systematic.
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Figure 1: Distribution of reconstructed /s’ for the data (full points) with statistical
errors. The PYTHIA predictions for all (Z°/y)* events (solid line) and for the radia-
tive background (dashed line) are also shown. The hatched area indicates the 4-fermion
background predicted by the grc4f Monte Carlo.
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Figure 4: Difference of the PYTHIA, HERWIG, COJETS and ARIADNE predictions
relative to the data (shown as full points with error bars) for the mean, width and skewness
of event shape distributions. The Monte Carlo predictions for the skewness of the A
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Figure 7: The three-jet rate (Rs) at ycue = 0.08 for the JADE (E0) jet finder, for values
of /s between 22 GeV and 161 GeV. The result of a fit of the O(a2) QCD prediction to

the data is also shown.
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Figure 9: Values of a, as function of energy [28]. The labels NLO and NNLO refer to the
order of calculation used. NLO corresponds to O(a?) in e*e™ annihilations, and NNLO
to O(a?). The label Lattice refers to a, values determined from lattice QCD calculations.
The curves show the O(a?) QCD prediction for a,(Q) using a,(Mzo) = 0.118 + 0.006;
the full line shows the central value while the dotted lines indicate the variation given by
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Figure 11: Distribution of Rapidity, y, and the fragmentation function, z, = 2p/./s, for
charged particles, compared to PYTHIA, HERWIG, COJETS and ARIADNE predictions.
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Figure 12: (a) Distribution of ¢, = In(1/xz,) for charged particles. Also shown are a fit of
a NLLA QCD prediction, and predictions by MLLA QCD and PYTHIA, HERWIG and
COJETS. The curve for the ARIADNE prediction is almost indistinguishable from the
PYTHIA prediction and is omitted. (b) Evolution of the position of the peak of the &,
distribution, ¢, with c.m. energy /s, compared with a fit of a NLLA QCD prediction
up to and including the data points at 133 GeV.
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Figure 13: (a) Corrected distribution of the charged particle multiplicity n,. Predictions
from PYTHIA, HERWIG, COJETS and ARIADNE are also shown. (b) Mean charged
particle multiplicity measurements over a range of /s from 12 GeV to 161 GeV. The
measurements are compared to a fit of the NLLA QCD prediction for the evolution of
charged particle multiplicity with /s and to the predictions from PYTHIA, HERWIG,
and COJETS. The curve for the ARIADNE prediction is almost indistinguishable from
the PYTHIA prediction and is omitted.
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