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Due to an inconsistency between our O(a?) QCD fitting program and the calculations of Kunszt
and Nason [1], the o, values quoted in CERN-PPE/90-143 [2] are systematically too small by about
2.5 to 3 %. The correct treatment of these calculations thus alters the final result from a,(Mze) =
0.115  0.008, as quoted in [2], to

as(Mzo) = 0.118 % 0.008,

which corresponds to ACL = 2257120MeV | where the error includes all experimental and theoretical
uncertainties as described in [2].

The actual fit results of Agrz, the renormalisation scale factor f, of a,(Mzo) and its systematic
uncertainties are updated in Tables 6 and 8 below, which should replace the corresponding tables in
[2). These values should also replace the respective numbers presented in the text and in Fig. 3. The
theoretical curves shown in Fig. 3, as well as the data in general, remain unchanged.

Apart from an overall change of all e, values by +0.003, the data analysis and overall conclusions
presented in [2] remain unchanged. We are grateful to G. Turnock for pointing out the inconsistency
in our program.

Fit EQ-scheme E-scheme pO-scheme | p-scheme
Azrs (f=1) 330151 718197 267122 24733
Azrs 147+18 143+ 15 191+23 200+52

f 0.005213:9024 1 0.00006 + 0.00001 | 0.090733%5 | 0.197435

Table 6. Fit results of Ay for fixed renormalisation scale factor f = p?/E2. =1 and for the simultaneous

determination of Az and f in the differential Ds distributions.

2

Scheme || a;(Mzo) | Aas (exp.) | A, (had.) | Aa, (Qo) | A, (scale) || A, (tot.)
EO 0.118 +0.003 +0.003 +0.003 +0.007 +0.009
E 0.126 10.003 +0.003 +0.003 +0.013 +0.014
p0 0.118 +0.003 +0.003 +0.005 +0.004 +0.008
p 0.118 +0.003 +0.003 +0.006 +0.003 +0.008

[1] Z.Kunszt and P.Nason [conv.], in “Z Physics at LEP 1” (eds. G.Altarelli, R.Kleiss and
C.Verzegnassi ), CERN 89-08 (1989).

Table 8. Final results of a,(Mze) for different recombination schemes.

[2] OPAL collab., M.Z. Akrawy et al., CERN-PPE/90-143.
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Abstract

Jet production rates in hadronic Z° decays are studied using four different recombination schemes to
define resolvable jets. The strong coupling constant a,(Mzo) is determined in fits of the corresponding
O(e?) QCD calculations to the differential 2-jet distributions Dy(y). Hadronisation corrections and
renormalisation scale uncertainties are found to be different for each recombination scheme. Within
their overall systematic uncertainties, the four schemes yield consistent values of as(Mpo), leading to
a final result of

og(Mzo) =0.115 % 0.008.

The error includes the experimental uncertainties (£0.003), uncertainties of hadronisation corrections
and of the degree of parton virtualities to which the data are corrected, as well as the uncertainty of
choosing the renormalisation scale. '
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1 Introduction

Studies of jet production in hadronic final states of e+ e= annihilations have proven to be a significant
testing ground for Quantum Chromodynamics (QCD), the nonabelian gauge theory of the strong in-
teraction. At large enough energies, collimated Jets of hadrons reflect the underlying kinematics of the
primary quarks and gluons (partons) and can be described by QCD perturbation theory. Measure-
ments of the relative production rates of multijet events in the e+e- continuum (1,2.3,4.5] and around
the peak of the Z° resonance [6,7,8,9] result in good agreement with theoretical expectations and pro-
vide determinations of the coupling constant a,. The observed energy dependence of jet pro.-iction
rates demonstrates that o, decreases with increasing energy, as predicted by the concept of asymptotic
freedom (for reviews of the measurements, see (11,12,13]). Recent studies of angular correlations in
d-Jet events [14,15,16] further enlarge the evidence for the nonabelian nature of QCD and thus for the
existence of the gluon self coupling. .

In this analysis, multijet production rates are analysed using a large sample of hadronic Z° decays
to provide a precise determination of the strong coupling constant a;(Mzo). The data were recorded
with the OPAL detector [17] at the CERN e*e™ collider LEP. Special emphasis is placed on the eval-
uation of systematic uncertainties, both on the experimental and on the theoretical side. Hadronic
Jets are defined by using four different Jet recombination schemes for which the corresponding O{a?
QCD calculations exist. Within each of these recombination schemes, the effects of the hadronisation
process and of changing the renormalisation scale p? are studied. A comparison of the relative size
of the resulting systematic uncertainties allows a Judgement of which scheme is experimentally and
theoretically preferred. The QCD parameter Azrs is determined in fits of the analytic O(a?) QCD
expressions to the corrected, differential 2-jet distributions of the data, for each of the four recombi-
nation schemes separately. This study updates our previous analysis [6], using higher data statistics
and extending the discussion and evaluation of theoretical and experimental systematic uncertainties.

2 Jet Cross Sections and Recombination Schemes

The measurement of jet production rates requires the specification of jet resolution parameters which
define, both theoretically and experimentally, resolvable jets of hadrons. In addition, jet resolution
parameters ensure that jet rates are infrared safe quantities which can be calculated by QCD pertur-
bation theory. The most commonly used Jet definition requires the scaled pair mass

vi; = MA/E? (D

of each pair of resolvable jets i and j to exceed a certain threshold value yeus; Eom is the centre of mass
energy of the event. Jet pairs with y;; < ycus are combined into a single jet. While this jet resolution
parameter provides a means to compare experimental Jet rates to the theoretical predictions, it also
introduces ambiguities which are commonly called “recombination scheme uncertainties”: the results
of the calculations depend on the detailed prescription for combining two unresolvable jets into a single
Jet. This ambiguity arises because the O(a?) QCD calculations are performed for massless partons,
whereas a jet formed by adding the four-momenta of two previously unresolved partons is not massless.
An algorithm rmust be chosen to deal with this mass; the freedom in selecting this algorithm is what
introduces the recombination scheme uncertainty. ‘

A number of recombination schemes has been introduced to combine two partons, with different
treatments of the invariant mass of the resulting parton jet. The four most common schemes, called
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‘E0”, “E”, “p0” and “p”, are defined as foliows (see also [18]):

E-scheme: The scaled.invariant mass squared of a pair of partons i and j is calculated from the
corresponding four-vectors, pj and pj, according to

b = (pi + pj)? @)
o= ——
’ EZ,
If yi; < Yewr, partons ¢ and j are replaced by a parton jet & with four-momentum
Pk = Pi + Pj- (3)

This scheme is Lorentz invariant and energy and momentum are strictly conserved. However
the parton jet ¥ has a non-zero mass value which cannot consistently be accounted for in the
QCD calculations.

E0-scheme: The invariant pair mass is defined as in Eq. 2, while the four-momentum of the recom-
bined parton jet k is calculated according to

E = E, +E,
Pe= gy (B ). (4)

The space-component p). is rescaled so that the vector & has zero invariant mass. This scheme
1s not Lorentz invariant. It can be applied only in the laboratory frame and does not conserve
the total momentum sum of an event.

p-scheme: The four-vector py is constructed such that it is has zero invariant mass, according to

Pr= pi+P;
Ep = {pkl- (5)

While this scheme conserves the total momentum in an event, the total en:ergy sum gradually
decreases with each recombination of parton pairs and it is not Lorentz invariant.

pO-scheme: Jet recombination is treated as in the p-scheme; however with the following medification:
the effective scaled invariant jet pair mass is calculated according to

Mf‘;- ()
Yii = 2
Euia ,
where E.,, is the actual, total energy sum of the event recalculated after each recombination.
This, in contrast to the p-scheme, keeps the effective cut-off mass below which two jets are to
be recombined constant, despite the decrease in total energy after each recombination.

Once a recombination scheme is chosen, the relative production rates R, of 2-, 3- and 4-jet events
can be calculated in O(a?) QCD perturbation theory. They are functions of the coupling constant

oy (p):

Ry, = ;zt =14+ Co1(Yeur) - as(p) + Ca2(yeut, f) - af(u)
R3 = :;3t = CS,I(ycut) . 053(}1) + C3,2(y6uh f) ' 33(#) (7)
Ry = 74 = Cy,2(Yeut) '0‘3(#)‘
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~unre Oy 1s the total hadronic cross section, ¢, are the cross sections for n-parton event production.
18 the renormalisation scale at which ay is evaluated and f= u?/Efm is the renormalisation scale factor.
The £** order QCD coefficients for n-jet production, Cy, , depend on the Jet resolution parameter y,,,:
in addition, the next-to-leading order coefficients (2 and Cay are recombination scheme dependeﬁt
and exhibit an explicit dependence on the renormalisation scale factor f. The coupling constant a,(u)
can be written as a function of ln(,uz/Ai—Ig-), where Axyz is the QCD scale parameter which must be

determined by experiment. Here we use the functional form of a, given in [19] to relate a, and Ayys.

ws(i) = 127 g 18819 N, InUn(xE2)) .
A= (33 - Q-Nf)-ln(i—_;—?)z (33— 2. Ny)2 m(}\;f_s)z ; (8)

with the number of active quark flavours Ny equal to 3.

Recent calculations of the coefficients Cy, & in complete second order perturbation theory are avail-
able from Kramer and Lampe [20] and from Kunszt and Nason [18]; the latter are based on the original
calculations of Ellis, Ross and Terrano [21] and are carried out for the E-, E0- and p-schemes. A corre-
sponding calculation for the pO-scheme has recently become available [22]. Therefore, in the following,
we employ the calculations of Kunszt and Nason, because we wish to examine the dependence of the
o determination on the recombination scheme.

3 Experimental Implementation of Jet Recombination Schemes

The most commonly used jet finding algorithm which is based on the invariant mass method was
introduced by the JADE collaboration [1]. This algorithm defines resolvable jets of hadrons by means
of a recombination scheme which is mathematically similar to the E0-scheme described above. The
difference relative to the EQ-scheme is that, for the JADE algorithm, two four-vectors are recombined
according to Eq. 3, while the pair mass between two four-vectors P; and pj is calculated according to

MY =2 Ei-E; (1-cos®;), | (9)

where E; and Ej; are the energies of the two particles i and j and ©;; is the angle between them. In
this way, the approximation of neglecting explicit mass terms is made during the calculation of the
pair mass while the actual recombination is done in the mathematically exact way. It can be verified
that the EQ- and the JADE-scheme yield identical pair masses for a given pair of four-vectors. This
implies that both schemes are equivalent in O(a?) calculations. We verified that also for the purpose
of counting jet production rates in hadronic final states, where the total number of recombinations per
event is of the order of 30 to 40, both schemes give identical results. However, small differences can
be observed in the directions of individual jets if they consist of more than 3 particles, which is due
to the fact that the JADE algorithm conserves both energy and momentum during the recombination
process while the E0-algorithm violates momentum conservation. ‘

For our analysis, we have therefore chosen to use the original JADE algorithm for the EQ scheme.
We modified the same jet finder to define jets in the E-, the p- and the pO-schemes as well. For all
recombination schemes in the experimental jet finder, the pair masses Yi; are scaled by the total energy
sum E.;; of all particles in the event, rather than by the centre of mass energy Ecn, (c.f. Eq. 1). This
reduces the size of the corrections for detector acceptance which are discussed below.

The differences between the four jet finders, both for the absolute jet production rates and for
the sensitivity to the hadronisation process, are studied using the Jetset Monte Carlo program [25]
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{(version 7.2}, We use the QCD parton shower mode with subsequent string hadronisation, The QC1)
and hadronisation parameters were optimised in a study of event shape distributions in hadronic 2"
decays as described in one of our previous publications [23]. In Fig. 1, the relative production rates
Ry of n-jet events calculated from the sample of model events are displayed for different values of y,,..
both for partons at the end of the QCD shower and for particles after hadronisation. The E-scheme
yields larger 3- 4- and 5-jet rates compared to the other schemes for both the parton and the hadron
distributions, while the smallest multijet rates are obtained from the p-scheme. More striking is the
different sensitivity of the four schemes to the process of hadronisation: while the difference hetween
the parton and the hadron distributions is small for the EQ-scheme, as reported in previous studies
(1,2,3,4,6,7,8,9,10], they are much larger for the E-scheme and of moderate but significant size for the
p- and pO-schemes. This observation is true even for y.,; values of (.15 and larger, which correspond
to jet pair masses of more than 35 GeV at Z° energies. Thus, for the comparison of data with analytic
O(a?) QCD calculations, the EQ-scheme is the experimentally preferred one. The E-scheme requires
large and therefore more model dependent hadronisation corrections of about 25% .

4 Jet Proﬁduc'tion Rates in Hadronic Z° Decays

In this study we analyse jet production rates within an event sample of 59,500 hadronic decays of Z°
bosons, measured in the centre of mass energy range of E,, = 88.3 - 95.0 GeV. The total integrated
luminosity corresponds to 3.35 pb~!. The trigger conditions and event selection criteria are described
in [24,6], respectively. Both charged and neutral particles, detected by the central tracking chambers
and the electromagnetic lead glass calorimeter, are used to reconstruct jets.

In a first step of the analysis, the measured jet production rates are corrected for the limited detec-
tor acceptance and resolution, using bin-by-bin multiplication constants. The correction factors are
obtained from two samples of Monte Carlo events, generated with the Jetset model, using the param-
eter values as discusssed above: the first sample includes initial state photon radiation. a simulation
of the OPAL detector and the same event reconstruction and event selection as applied to the real
data. The second sample consists of model events at the generator level including charged and neutral
particles with lifetimes larger than 3. 10~1% s, without initial state radiation. The correction factors
are determined by the ratio of the jet rates from the second to the first sample and are calculated
separately for each recombination scheme.

The measured jet production rates, corrected for detector acceptance and resolution, are listed
in Tables 1-4 and plotted in Fig.2 as a function of the jet resolution parameter y.,;. The errors in
Tables 1-4 are the statistical errors of the measurements and of the correction factors. These errors
are smaller than the symbol sizes in Fig. 2, The data are compared to the corresponding predictions
of two different QCD shower models, both calculated at the generator level, namely Jetset (version
7.2) [25] and Herwig (version 4.3) [26], with parameters optimised in our previous work (23]. Jetset
describes the data in detail for each of the recombination schemes, in the entire region of y.,; values
studied (0.005 < yewr < 0.200), while Herwig shows a small deficiency of multijet rates within the
E-scheme.

We have also verified that Jetset, after detector simulation and event selection as described above,
provides a good description of the uncorrected, raw data similarly as seen in Fig. 2 for the case of the
corrected data. This agreement and the good description of measured global event shape distributions
in a wide range of centre of mass energies by this model [23] gives us confidence that Jetset can
be used to correct the data for the effects of hadronisation. This is done in the second step of the

6



analysis. where the data are corrected, in a single bin-by-bin multiplication, for the effects of detector
acceptance and resolution and for the hadronisation process. The corresponding correction factors
are obtained in an analogous manner to the procedure described above, from the ratio of jet rates
calculated from two samples of Jetset generated events. The first sample consists of the final partons
at the end of the QCD shower; the second sample includes hadronisation, initial state radiation, a full
simulation of the OPAL detector and the same selection procedure as applied to the data. Again, the
correction factors are determined for each recombination scheme separately. \We have verified that a
more sophisticated correction procedure, namely a bin-by-bin correction for the detector effects plus a
matrix multiplication which accounts for the migration of events between different jet classes during
hadronisation, results in the same corrected jet rates to within the statistical errors.

5 Determinations of a,(Mz0) from differential 2-Jet Rates

We next determine the QCD scale parameter Azpg from fits of the analytic O(a?) QCD calculations
[18,22] to the experimental, differential 2-jet distributions Da(y), in a manner which is similar to that
described in our previous study [6]. The distribution D,(y) is defined by (¥ = yeut)

By(y) — Ra(y — Ay)
Ay

Dy(y) = (10)
and measures the distribution of the y.,; value of the events, for which the jet multiplicity changes from
3 to 2. The Dy distributions are preferred for determinations of Az7z and 1 since - in contrast to the
integral jet rates shown in Fig. 2 - each event contributes only once. In addition, the Ds distributions
are largely decoupled from the effects of 4-jet event production. This is desirable because the 4-jet
event rate cannot be used to fix the renormalisation scale ;i? since it is calculated in leading order
perturbation theory only.

The distributions of Dg(y) for the four recombination schemes, calculated from the integral jet rates
after the correction for detector acceptance and resolution and for hadronisation, are listed in Table 5
and displayed in I'ig. 3. The statistical errors of both the measurement and the correction factors as
well as an additional systematic error, which accounts for experimental uncertainties and which is of
similar size as the statistical error, are added in q:adrature and given as the overall experimental error
in D;. The experimental uncertainties have been estimated by comparing the jet rates obtained, after
correction, from two separate analyses, one which uses calorimeter information alone and one which
uses charged track information alone. Within each recombination scheme, the corresponding O(a?)
QCD calculations are fitted to the data for two different treatments of the renormalisation scale u?:

e The QCD parameter Azrz is determined for fixed renormalisation scale p? = E?,. The fit is
performed in regions of y where the experimental 4-jet rate is less than 1%, i.e. for y > 0.05 in
the p-scheme, y > 0.06 in the E0- and the p0-scheme and for y > 0.08 in the E-scheme. This
restriction is motivated by the fact that O(a?) calculations with p? = E2_ do not describe the
observed production rates of 4-jet events [1,2,3,4,6,10] and thus, by the overall normalisation
condition Ry + R3 + R4 = 1, must also fail to describe the 2- and 3-jet production rates in
regions where Ry # 0.

¢ Both Ay and the renormalisation scale factor f = u?/E?, are treated as free parameters and
are determined in a two parameter fit. From previous studies it is known that the experimental
discrimination between different choices of u? is possible in the region of y.., < 0.06 [5,6,10]. A
lower limit on yy is still necessary, however, since O(a?) QCD calculations predict unphysical
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(1.e. negative) jet cross sections for small values of Yeur < 0.01. depending on the actual valnes
of Ayyz and p?, and since they do not account for the production of 5-jet events. \We therefoee
restrict the simultaneous fits of Agrz and p? to regions where the observed rates of J-jet events
are below 1%, i.e. to the data points with 3., > 0.02 in the EQ-, the p0- and the p-scheme and
with yey: > 0.03 in the E-scheme.

The theoretical curves for the best fit results and the ranges of y values included in the fits are
also displayed in Fig. 3. The values of Azrs and f as well as the experimental errors from the fits are
listed in Table 6. The results can be interpreted as follows:

1. The theoretical curves all provide a good description of the data in the regions where the fits
are performed; the x? values are always below 1 per degree of freedom for these regions.

2. The calculations with p? = E2 (f = 1) do not provide a good description in the region y < 0.08
in the E-scheme and y < 0.04 in the EQ-scheme, where apparently small renormalisation scales
are needed to reproduce the data.

3. The resulting “optimised” scale factors f are significantly different for the various recombination
schemes; f is smallest in the E-scheme (f = 0.00004, corresponding to g = 0.6 GeV at the 2Y
mass) and largest for the p-scheme (f ~ 0.11 or u =~ 30 GeV). For the E0-scheme, values of
f = 0.003 or, equivalently, u = 5 GeV emerge, in agreement with results reported earlier [6].

4. As a direct consequence, the difference between the fitted values of Agrzfor f =1 and for f as
a free parameter, as well as between the corresponding theoretical curves at small values of y is
largest for the E-scheme and smallest for the p-scheme. '

The results of Agrz for f = 1 differ by up to a factor of three between the four recombination
schemes, but are much closer to each other if f is treated as a free parameter.

(a3 ]

There are several theoretical approaches to “optimise” or to fix the renormalisation scale of observ-
ables calculated in finite, higher order perturbation theory. Within Stevenson’s principle of minimal
sensitivity (PMS)[27] it is proposed that the optimal scale for each observable 0 1s found by solving
the equation dO/du? = 0; a requirement which is strictly fulfilled only in infinite order perturbation
theory. Brodsky, Lepage and Mackenzie (BLM) [28] propose to fix the scale u? for a particular ob-
servable so that its next-to-leading order coefficient, like Cy2 or C32 in Eq. 7, is independent of Ny,
the number of active fermions. For abelian theories, like Quantum Electrodynamics (QED), this is
equivalent to the criterion that only vacuum-polarisation diagrams contribute to the effective coupling
constant. In the metheod of Grunberg [29], the scale is chosen so that the next-to-leading order co-
efficient is zero, a method which is based on the partial equivalence of scale changes and variations
of (unknown) higher order contributions; these might be chosen such that they cancel the (known)
next-to-leading order coefficient. Applied to the analytic formulae of Kunszt and Nason [18] for 3-jet
production rates, all these methods result in renormalisation scale factors f which are significantly
smaller than unity and which are much closer to the experimental fit results. This is demonstrated
in Table 7, where the theoretically expected scale factors, as “optimised” for the 3-jet rates at y.,; =
0.04, are compared to the experimental fit values. For the EQ-scheme, the three theoretical results are
close to the experimental value of f. Note that the BLM method results in scale factors of 0.002 to
0.003 independent of the recombination scheme !, while the Grunberg and the PMS methods favour
scales which vary widely for different schemes, as is also observed from the experimental fits.

To fix the scale according to the BLM method, the N;-terms of the second order coefficient Cs ;, must be given. This
is not available in [18] but has been calculated recently [30].



Thus, in the absence of a commonly accepted and unigue theoretical prescription for optimising the
renormalisation scale in O(a?) QCD calculations. we choose to define the systematic uncertainty on
the determination of as{Mz0) due to the scale ambiguity in the foliowing way: for each recombination
scherne, we take the values of Axyz which are derived for the best fit results for the scale factor [ (see
Table 6) and for f = 1. We then determine o, at the scale ut = M%o from these two extreme Avs
values and quote the arithmetic mean as the measured value of as(Mzo). The error attributed to the
scale uncertainty is taken to be the (symmetric) difference between the mean and the two extreme
limits.

Another systematic source of errors is the hadronisation uncertainty, which is usually studied by
employing different QCD- and hadronisation models to determine hadronisation corrections for the
data [18]. We adopt this procedure and repeat the entire analysis described so far, using a set of
data distributions where detector and hadronisation effects are corrected by the Herwig QCD shower
and cluster hadronisation program [26] with the parameter values of [23]. The resulting changes to
as(Mzo) turn out to be within £0.003 and are thus of similar size to the experimental uncertainties,

We also include variations due to the value of parton virtualities to which the data are corrected,
using Jetset. Qur studies show that the choice of the parton shower cut-off o, which is the parton
invariant mass at which the QCD showering cascade is stopped in the model calculations and where
the process of hadronisation sets in, has some influence on the resulting fit values of o, (M z0). This is
demonstrated in Fig. 4, where the values of as(Mzo), determined from the differential D, distributions
of the data, are plotted as a function of the Qp parameter used to determine the correction constants 2.
The results are determined separately for each recombination scheme and are presented for the analysis
with fixed renormalisation scale (Fig. 4a) and for the simultaneous fits of both Azrz and p? (Fig. 4b).
The default value of Qo, for which results were quoted so far, is Qo = 1 GeV. Larger values of Qg
in this figure imply that an increasing part of the (soft) QCD cascading process is included in the
hadronisation correction of the data, which can also be interpreted as a variation of the influence of
the higher order QCD contributions inherent to this model. The results shown in Fig.4 demonstrate
that '

e the result of o, (Mzo) determined in the E0-scheme is least sensitive to the choice of Qq, while
the other schemes show a significant dependence on Qj.

e the Qp-dependence observed for the p0-, the p- and especially the E-scheme is largely reduced in
Fig. 4b, where the renormalisation scale u? is treated as a free parameter. This indicates that
higher order QCD corrections are partly equivalent to and correlated with the scale uncertainty,
as pointed out e.g. in [18].

We consider the variation of ag(Mz0) determined for the range of Qp = 1 GeV (the standard
value in the Jetset QCD shower model) to Qp = 10 GeV (corresponding to parton virtualities of
the same size or even larger than typically used in O(a?) QCD calculations) as a further systematic
uncertainty on the determination of as(Mzo). The uncertainty is taken from Fig. 4b in order that it
be as uncorrelated as possible with the error due to the scale uncertainty. This is done separately for
each recombination scheme. ‘

The final results for a,(Mz0), the experimental error, the hadronisation, the (Jo and the renormal-
isation scale uncertainties are listed in Table 8 for each recombination scheme. The experimental and
the hadronisation errors are common to all recombination schemes. The renormalisation scale uncer-

*The Qo parameter was varied in the event sample of generated parton final states, while the sample which includes
hadronisation and detector simulation remained unchanged.



i:.:ty dominates the overall error in both the EQ- and the E-scheme and is largest in the F-schems,
while in the p0- and the p-scheme 1t is smaller and of similar size to the Qo uncertainty Adding the
errors in quadrature, the last column of Table 8 gives the overall errors of as(AMzo).

The values of a;(Mzo) from the four recombination schemes agree well with each other and com-
pletely overlap in the range of their systematic uncertainties. Frorn this we conclude that with a
consistent treatment of both data and analytic calculations and within the overal] error there is no
additional recombination scheme uncertainty in the determination of ag(Mzo) from jet production
rates. Since the theoretical uncertainties dominate the overall error values, and since these errors are
largely uncorrelated from one recombination scheme to another, we are able to select the recombination
scheme which yields the smallest overall error to obtain as our final answer

as(Mzo) = 0.115 + 0.008,

which derives from the EQ-, the p0- and the p-schemes. The somewhat larger central value of g (Mpo)
and the increased overall error of a;(Mz0) in the E-scheme are entirely due to the large renormalisation
scale uncertainty within this scheme. According to Eq. 8, the quoted value of as(Mzo) corresponds
to a scale parameter Azrg, for five active quark flavours, of

{5) _ +105
Am =.190T 7% MeV.

6 Summary and Discussion

We have studied jet production rates in hadronic final states of Z% decays. To provide a complete
evaluation of the theoretical uncertainties, we have used four different recombination schemes, which
are applied in a consistent manner for both the experimental jet analysis and the corresponding analytic
O(a?) QCD calculations. Within each of the recombination schemes, hadronisation corrections and
their systematic uncertainties are evaluated by using QCD shower Monte Carlo calculations. The
corrections as well as the uncertainties are found to be different for each scheme. Hadronisation
corrections are small (about 5%) for jets defined in the E0-scheme, but are rather large (about 25%)
for the E-scheme. The model dependence of these corrections is found to be small and of similar
size to the experimental uncertainties, corresponding to an error of less than 3% of the resulting
value of a;(Mz0). The hadronisation corrections from the E-, p0- and p-schemes show an additional
dependence on the choice of parton virtuality, Qo, which defines the transition point between the QCD
shower cascade and the hadronisation process or - equivalently - parameterises the inclusion of soft and
higher order QCD effects in the hadronisation correction. The EQ-scheme is again rather insensitive
to this question. These results imply that the EQ-scheme is preferred in experimental studies where
Jet production rates are to be compared with the corresponding analytic O(a?) QCD calculations.

For the determination of the strong coupling strength, a,(Mzo), the data are corrected, within
each recombination scheme, for detector acceptance and resolution and for the effects of hadronisation.
The QCD parameter Agzz and the renormalisation scale u? are determined in fits of the corresponding
O(a3) QCD calculations of Kunszt and Nason (18] to the experimental D, distributions. The analytic
expressions contain different second order correction terms for each of the recombination schemes and
thus differ in their detailed predictions for jet production rates, a fact which is usually referred to
as a theoretical recombination scheme ambiguity. In this analysis, the renormalisation scale is varied
between u? = EZ_ and the best fit value of p?, separately for each recombination scheme. The resuiting
difference in the fitted values of Agrz is included in the overall theoretical uncertainty of as(Mzo).

10



The fit results for the scale parameter f = p2/F2  and the corresponding scale uncertainti=s of Av—
AP
are different for the various recombination schemes; the optimised values of f range {rom j = U.113

in the p-scheme to f = 0.00004 in the E-scheme.

For each recombination scheme, as(Mzo) and its overall systematic uncertainty are determined
from the corresponding range of Az7z obtained in these studies. The measurements are consistent with
each other and completely overlap within their errors. We therefore conclude that with a consistent
treatment of data and analytic calculations no recombination scheme uncertainty remains in the
determination of a,(Mze) from jet production rates. Since the absolute Jet production rates are
different in each recombination scheme, this result constitutes a new and significant test of the validity
of perturbative QCD calculations and their compatibility with experimental data. The final result for
as(Mgo) from this analysis is

ag(Mzo) = 0.115 £ 0.008,

where the error includes experimental as well as hadronisation and renormalisation scale uncertainties. -

This result is in good agreement with our previous measurement of Axrg from jet production
rates [6], where jets analysed with the JADE (E0-scheme) jet finder were compared to the analytic
calculations of Kramer and Lampe [20]. These calculations predict jet rates similar to those of the ERT
EQ scheme, as was shown in[31], and resulted in Agz = (80 - 450) MeV or a,(Mzo) = 0.117 + 0.015.
Qur result is also in agreement with other determinations of a;(Mzo) from Jet production rates [7,8,9]
which were all based on the JADE (EQ-scheme) jet finder. In our recent measurement of Energy-
energy correlations (EEC) and their asymmetry (AEEC) [32], we obtained values of a,(Mzo) which
also agree well with the results of this analysis: the EEC resulted ® in o (Mzo) = 0.124 % 0.012 and
the AEEC gave a,(Myo) = 0.117 2 0.009, where the respective experimental and theoretical errors
are added tn quadrature. While the result from the AEEC is largely independent from changes 1n
the renormalisation scale, the increased value and error range of a,(Mzo) from the EEC are mainly
due to the scale uncertainty — similar to the case of the jet rates analysis using the E recombination
scheme which is presented above. :

We conclude that a;{Mzo), in second order perturbation theory, is consistently measured to be
around 0.115, with total systematic uncertainties of less than 10%. The current size of errors is mainly
dominated by theoretical uncertainties. Therefore higher order QCD calculations, either in complete
third order or in the next-to-leading logarithm approximation to all orders of perturbation theory (e.g.
as recently reported in [33]), are indispensable in order to further improve the precision of experimental
determinations of as(Mza).
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Yeus Ra R3 iy Rs
0.005 | 13.03£0.22 | 41.88+0.35 | 31.69+0.40 | 13.09+0.32
0.010 | 26.2440.30 | 50.73+0.40 | 19.57+0.36 | 3.4620.10
0.015 | 36.274£0.34 | 49.93+0.41 | 12.66£0.31 | 1.1420.12
0.020 | 43.974£0.35 | 47.183+0.43 | 8.4240.26 | 0.43+0.08
10.030 | 55.694+0.35 | 39.81+0.42 | 4.3940.21 | 0.11%0.05
0.040 | 63.90%0.35 | 33.82+0.41 | 2.26+0.15 —
0.030 | 70.15+0.33 | 28.59+0.36 | 1.26+0.11 —
0.060 | 75.034+0.32 | 24.3440.36 | 0.63+0.08 —
0.080 | 81.550.28 | 18.27+0.33 | 0.18%0.05 —
0.100 | 86.15+0.25 | 13.79+0.30 — —
0.120 | 89.752£0.22 | 10.25%0.26 — —
0.140 | 92.51£0.20 | 7.4940.23 — —
0.170 | 95.37+0.16 | 4.63+0.18 — —
0.200 | 97.27+£0.12 | 2.73+0.14 — —

Table 1. Experimental n-jet event production rates, R,, in % of the total hadronic cross section, analysed in
the EO recombination scheme. The data are corrected for the final acceptance and resolution of the detector
and for initial state photon radiation. No corrections for hadronisation eflects are applied.

Yeut R2 R3 Rq R5
0.005 | 0.14£0.02 | 7.26+£0.14 | 33.58+0.34 | 59.01£0.58
0.010 | 1.13+£0.05 | 31.7940.30 | 43.12+0.46 | 23.96+0.52
0.015 | 4.45x0.11 | 49.08£0.37 { 36.29+0.50 | 10.18%0.37
0.020 | 9.41+0.17 | 57.91%0.40 | 27.70+0.47 | 4.9740.29
0.030 | 21.40£0.25 | 61.23+0.46 | 16.19+0.41 | 1.1840.15
0.040 | 33.20+0.30 | 57.05£0.48 | 9.3940.33 | 0.36+0.09-
0.050 | 43.324+0.33 | 50.86+0.49 | 5.684+0.26 | 0.14+0.16
0.060 | 51.59+0.33 | 45.06+£0.49 | 3.35%0.21 —
0.080 | 64.60+0.32 | 34.02£0.45 | 1.3840.17 —
0.100 | 73.72£0.30 | 25.73+£0.42 | 0.55%0.15 —
0.120 | 80.35£0.27 | 19.47+£0.38 | 0.184+0.15 —
0.140 | 85.04+0.24 | 14.96+0.34 — —
0.170 | 90.36+0.20 | 9.64+0.29 — —
0.200 | 93.86+0.16 | 6.14+0.23 — —

Table 2. Experimental n-jet event production rates, R,,, in % of the total hadronic cross section, analysed in
the E recombination scheme. The data are corrected for the final acceptance and resolution of the detector and

for initial state photon radiation. No corrections for hadronisation effects are applied.
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Yoy fy R 1y R
0.005 | 17.97+0.28 | 44.16+0.39 | 27 6240.39 10.25£0.29
0.010 | 33.44x0.35 | 47.9940.41 | 15.8740.33 2.70&£0.17
0.015 | 43.62+0.37 | 45.33+0.42 | 10.174+0.28 0.858=+0.11
0.020 | 51.17£0.37 | 41.64%0.42 | 6.79+0.24 0.40x0.09
0.030 | 62.384+0.37 | 34.07+£0.40 | 3.50+0.18 —
0.040 | 69.2620.35 | 28.88+0.39 | 1.86+0.13 —
0.050 | 74.56£0.33 | 24.3540.37 | - 1.09+0.11 —
0.060 | 78.84+0.32 | 20.69+0.35 | 0.4740.07 —
0.080 | 84.64£0.28 | 15.234+0.30 | 0.13+0.04 —
0.100 | 88.60£0.25 | 11.36+0.27 — —
0.120 | 91.33%0.21 | 8.67+0.25 — ~—
0.140 | 93.75£0.19 | 6.2540.21 — —
0.170 | 96.03+0.15 | 3.97+0.17 — -
0.200 | 97.654+0.12 | 2.35+0.13 —_ —

Table 3. Experimental n-jet event production rates, R,, in % of the total hadronic cross section, analysed in
the p0 recombination scheme. The data are corrected for the final acceptance and resclution of the detector
and for initial state photon radiation. No corrections for hadronisation eflects are applied.

Yeut Ry Ra Ry R
0.005 | 18.94x0.29 | 45.37+0.39 | 26.85£0.30 | 8.84£0.27
0.010 | 34.72+0.35 | 48.443+0.41 | 14.894+0.32 | 1.65+0.15
0.015 | 45.53+0.38 | 44.844+0.42 | 8.98=+0.26 { 0.65+0.09
0.020 | 53.35x0.38 | 40.70£0.42 | 5.77+£0.22 | 0.17+0.05
0.030 | 64.24+0.37 | 32.95+£0.40 | 2.784+0.16 —
0.040 ; 71.624+0.35 } 27.02+0.38 | 1.36+0.12 —
0.050 | 77.12%0.33 | 22.3240.35 | 0.5640.07 —
0.060 | 81.26+£0.31 | 18.494+0.33 | 0.25+0.05 —
0.080 | 86.94+0.26 | 13.01+ 0.28 - —
0.100 | 90.82£0.23 | 9.19+0.24 — —
0.120 | 93.81£0.19 | 6.19£0.20 — —
0.140 | 95.66£0.16 | 4.34+£0.17 — —
0.170 | 97.69+0.12 | 2.31+0.12 — —
0.200 { 98.81£0.08 | 1.19+0.09 — —

Table 4. Experimental n-jet event production rates, R,, in % of the total hadronic cross section, analysed in
the p recombination scheme. The data are corrected for the final acceptance and resolution of the detector and

for injtial state photon radiation. No corrections for hadronisation effects are applied.
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Y Ay | Dy (EQ-scheme) | D, (E-scheme) | Dy (pl-scheme) | D {p-scheme)
0.02 | 0.01 16.80£0.41 16.16+0.16 17.78+0.43 18.60=0.14
003|001 ] 11.38%0.44 12.09£0.51 12.0940.47 11.9240.16
0.04 ] 0.01 8.37+£0.45 9.2940.53 7.84+0.46 8.25+0.46
0.05 { 0.01 6.55£0.44 7.55£0.52 5.84+0.44 6.30£0.44
0.06 | 0.01 5.19+0.42 5.77x0.50 5.02x£0.42 4.72+0.42
0.08 1 0.02 3.64+0.19 4.78+0.24 3.32+0.20 3.26£0.19
0.10 | 0.02 2.39+0.18 3.2040.22 2.12£0.17 2.17x0.16
0.12 | 0.62 1.87+0.16 2.51£0.19 . 1.53+0.15 1.6940.14
0.14 | 0.02 1.43+0.14 1.79x0.17 1.3140.14 1.09£0.12
0.17 | 0.03 0.99+£0.08 1.36x0.10 0.84%0.08 0.77+0.07
0.20 | 0.03 0.65+£0.06 (.981+0.08 0.58+0.06 0.47+0.05

Table 5. Measured 2-jet distributions Dy(y) (¢.f. Eq. 10) for 4 different jet recombination schemes, corrected
for detector acceptance, initial state photon radiation and hadronisation effects to a minimal parton virtuality

of Qo = 1 GeV.

it EQ-scheme E-scheme pO-scheme | p-scheme
Agrs (f=1) 287+ 650129 928+43 209437
Axrs 114 £ 13 111+ 11 147420 15413

f 0.0032%5000s | 0.00004 + 0.00001 | 0.053+927% | 0.113%57%)

Table 6. Fit results of Agz for fixed renormalisation scale factor f = u/E?

em = 1 and for the simuitanecus

determination of Az and f in the differential Dy distributions; for details see text.

- E0-scheme E-scheme pO-scheme | p-scheme
f (BLM) 0.0024 0.0035 0.0020 0.0019
f (PMS) 0.0060 0.00029 0.028 0.045
f (Grunberg) 0.0081 0.00036 0.034 0.056
f(exp.) | 0.0032+3000% | 0.00004 £ 0.00001 | 0.053*3832 | 0.113+0:791

Table 7: Optimised renormalisation scale factors f, calculated for the jet production rates at Yeur = 0.04

according to the BLM [28], the PMS [27] and the Grunberg [29] method and compared to the experimental fit
results of f from the D4 distributions.
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Scheme | ag(Mzo) || A, (exp.) | Aes (had.) | Aag (Qo) | Aoy (scale) : Aoy {tot)
20 0.115 £0.003 =0.003 +0.003 +0.007 +0.009
E 0.123 +0.003 £0.003 +0.003 +0.014 +0.015
p0 0.115 +0.003 £0.003 +0.004 £0.005 +0.008
p 0.115 +0.003 +0.003 £0.006 +0.004 =0.008

Table 8. Final results of a,(Mzo) for different recombination schemes.
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Fig. 1. Relative production rates of n-jet events, determined from model calculations before and after the
hadronisation process for four different Jet recombination schemes, as a function of the Jet resolution parameter
Yeur-
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Fig. 2. Relative production rates of n-jet events, observed at £, = 91 GeV as a function of Yeur, cOmpared
to two different QCD shower model calculations. The data are corrected for detector resolution and acceptance
and for initial state photon radiation.
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