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Abstrat

This note presents a determination of the QCD strong oupling onstant �

S

using e

+

e

�

annihilation data olleted by the JADE experiment at entre-of-mass energies

p

s =14 to

44 GeV. The measurements are based on O(�

2

S

)+NLLA QCD preditions for the event shape

observables 1 � T , M

H

, B

T

, B

W

, C and y

23

. It turns out that resummed alulations are

reliable at the lowest energies of the e

+

e

�

ontinuum although non-perturbative ontributions

beome very important. The results,

�

S

(14:0 GeV) = 0:170

+0:021

�0:017

, �

S

(22:0 GeV) = 0:151

+0:014

�0:012

,

�

S

(34:8 GeV) = 0:143

+0:012

�0:010

, �

S

(38:3 GeV) = 0:140

+0:011

�0:009

and �

S

(43:8 GeV) = 0:131

+0:010

�0:008

,

are in good agreement with the QCD expetation for the running of the strong oupling

onstant. This is the �rst determination of �

S

at

p

s = 14 and 22 GeV using the best theory

alulations available so far. Data have also been used to assess the performane of various

Monte Carlo generators tuned to LEP data.

This note desribes preliminary JADE results.

1 Introdution

Tests of Quantum Chromodynamis (QCD) substantially bene�t from e

+

e

�

annihilation exper-

iments at low entre-of-mass energies

p

s. Several re-analyses of data olleted by the JADE

experiment at PETRA [1{6℄ demonstrate that these data represent an important ounterpart

to LEP w.r.t. the Z

0

peak. The JADE data used in the quoted studies were restrited to

p

s =

35 GeV and 44 GeV sine orresponding Monte Carlo detetor simulation data were retrieved

only for these energy points.

Reently, the main parts of the original JADE software were suessfully resurreted, namely the

traking simulation MCJADE [7, 8℄, the JADE supervisor SUPERV [9℄ whih omprises a smearing

�

The ontent of this note is the basis for a talk ontributed to

"

XXXVIIth Renontres de Moriond, QCD and

High Energy Hadroni Interations\, Les Ars, Savoie, Frane, Marh 16-23, 2002.
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simulation and some standard event reonstrution algorithms, the interative JADE graphis

program JADEZ [10℄ and the ZE4V formatting pakage [11℄ partiulary useful for studies of mul-

tihadroni �nal states. The software is essential to understand the impat of detetor e�ets on

the measurement of experimental observables for QCD studies down to

p

s = 14 GeV.

This analysis fouses on determinations of the strong oupling onstant �

S

from event shape

observables at

p

s = 14 to 44 GeV using resummed O(�

2

S

)+NLLA preditions [12{14℄ in order

to stringently test the energy evolution of QCD on the basis of e

+

e

�

data. We omplement

our previous studies [1, 3℄ at 35 and 44 GeV by onsidering urrent Monte Carlo hadronisation

models like Pythia [15, 16℄ and Herwig [17℄ and test the appliability of the perturbative

theory at

p

s = 14 and 22 GeV where hadronisation e�ets beome very important. The data

have also been used to assess the performane of various Monte Carlo generators tuned to LEP

data at suh low .m.s. energies.

The seletion of the JADE data and the Monte Carlo event samples used in this analysis are

desribed in Set. 2. The measurement of event shape observables and the orretion proedure

as well as a omparison of the data with QCD event generators are outlined in Set. 3. Set. 4

presents a determination of the strong oupling onstant based on event shape observables. In

Set. 5, we draw some onlusions.

2 Data samples and detetor simulation

The studies presented here are based on data samples reorded with the JADE detetor [18,19℄

at h

p

si=14.0, 22.0, 34.6 (traking '82), 35.0 (traking '86), 38.3 and 43.8 GeV. Multihadroni

events were seleted by the JADE standard seletion uts [19{21℄ whih have been summarised

in detail in a previous publiation [1℄. The �nal number of events whih were retained and the

orresponding periods of data taking are listed in Table 1. We use the data version 9/87

1

for

our standard analysis.

CorrespondingMonte Carlo detetor simulation data were generated using the QCD event gener-

ators Pythia 5.7/Jetset 7.4 [15,16℄, Ariadne 4.08 [24℄ and Herwig 5.9 [17℄. The parameter

sets used were found by tuning the orresponding model preditions to e

+

e

�

data olleted with

the OPAL experiment [25℄ at

p

s = M

Z

0
. The tuning proedures are detailed in [26{28℄. A

survey of the parameter tunes of these event generators an be found e.g. in [29℄. Further-

more, we also onsidered the predeessor version Jetset 6.3 tuned to JADE data (labelled in

the following as

"

Jetset(J)\) sine it was shown to desribe e

+

e

�

hadroni �nal states (see

e.g. [30, 31℄). Table 2 gives a summary of the Monte Carlo samples at detetor level.

Comparisons of the measured and simulated distributions of multihadroni seletion ut variables

and other quantities generally gave a reasonable desription of the measured data. As an ex-

ample, Fig. 1 shows the visible energy E

vis

=

P

i

E

i

, the momentum balane p

bal

= j

P

p

z

i

=E

vis

j

(~p

i

and E

i

are the 3-momentum and the energy of the reonstruted traks and lusters), the

harged partile multipliity distribution n

h

and the os �

T

distribution of the polar angle �

T

of

the thrust axis at

p

s = 14 and 35 GeV for the di�erent Monte Carlo models. In addition, Fig. 2

shows the normalised harged partile momentum spetrum x

(h)

p

= 2j~pj=

p

s, the transverse

momentum distribution w.r.t. to the spheriity axis within (p

in

t

) and perpendiular to the event

1

This label refers to the

"

TP\ event reonstrution version roughly desribed e.g. in [22, 23℄.
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p

s-range period of run L h

p

si multihadrons

[GeV℄ data taking periods [pb

�1

℄ [GeV℄ 9/87 5/88

14.0 Jul.-Aug. 1981 7968-8629 1.46 14.0 1734 1792

22.0 Jun.-Jul. 1981 7592-7962 2.41 22.0 1390 1408

33.8 - 36.0 Feb. 1981 - Aug. 1982 6193-12518 61.7 34.6 14372 14347

35.0 Feb.-Nov. 1986 24214-30397 92.3 35.0 20688 20925

38.3 Ot.-Nov. 1985 23352-24187 8.28 38.3 1587 1605

43.4-46.6 Jun. 1984 - Ot. 1985 16803-23351 28.8 43.8 3940 4397

Table 1: Data samples used in this analysis for di�erent periods of data taking. The numbers of seleted

events (multihadrons) quoted refer to the respetive standard seletion as desribed in [1, 19{21℄. The

integrated luminosities L where taken from reords found at DESY [32℄. h

p

si denotes the luminosity

weighted mean of entre-of-mass energies

p

s within a given run period.

plane (p

out

t

) and the partile ow w.r.t the thrust axis. In most ases, the agreement is good,

partiulary if using Pythia for the event generation. It must be pointed out that some of the

quantitites are sensitive to the details of the detetor simulation and the event reonstrution

2

.

It is expeted that these details are less important for the event shape observables introdued

in Set. 3. As shown in Figs. 3 and 4 for

p

s = 14, 22 and 35 GeV, the agreement of real

and simulated event shape data is good, in general, if using Pythia or Jetset(J) for event

generation. So the simulated data an be used to orret for detetor e�ets in the measured

data.

p

s detetor generated multihadrons

[GeV℄ on�guration Pythia 5.7 Jetset 6.3(J) Ariadne 4.08 Herwig 5.9

14.0 1981 26997 27830 26964 24680

22.0 1981 29071 30563 29431 27492

34.6 1982 171584 181626 172114 156416

35.0 1986 237311 247943 238114 225197

38.3 1985 28632 30388 28763 27342

43.8 1985 68209 71643 68556 64422

Table 2: Monte Carlo samples at detetor level (inluding ISR) used in the orretions for experimental

e�ets. The numbers orrepond to the standard multihadroni seletion uts.

2

It annot be exluded that some of the raw data event reonstrution steps (whih are not suÆiently well

doumented) di�er from the orresponding proedures applied in the urrent version of the JADE simulation and

event reonstrution software (e.g. trak re-�tting using a vertex onstraint); this may for some quantities ause

disrepanies between real and simulated data.
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3 Measurement of event shapes

From the data passing the multihadroni seletion riteria, the distributions of the following

event shape observables were determined using the 4-momenta (~p

i

; E

i

) of the reonstruted

traks and lusters:

� Thrust 1� T [33, 34℄

� Heavy jet mass M

H

[35℄

� Total and wide jet broadening B

T

and B

W

[14℄

� C parameter [36, 37℄

� Di�erential 2-jet rate y

23

using the Durham jet resolution riterion [38℄.

The de�nitions of these observables are summarised in [1, 3℄.

3.1 Comparison with the JADE simulation

Figs. 3 and 4 show the measured and normalised di�erential distributions 1=� � d�=dF of the

observables F at detetor level at

p

s = 14, 22 and 35 GeV. Also shown is the orresponding

JADE simulation using the QCD event generators mentioned in Set. 2. In general the pre-

ditions based on Pythia, Ariadne and Jetset(J) agree well for all energy points and run

periods. Herwig underestimates the peak region of some distributions and exhibits an exess

in the 3-jet region at high values of F .

3.2 Corretion proedure

The event shape data were orreted for the limited aeptane and resolution of the detetor

and for initial state photon radiation e�ets by applying a bin-by-bin orretion proedure. Sine

mass e�ets due to the eletroweak deay of heavy b-hadrons faking gluon ativity in the 3-jet

region are ruial at

p

s = 14 and 22 GeV, we take the ontribution e

+

e

�

! b

�

b as an additional

bakground. Thus we take into aount that the QCD alulations used for the determination

of �

S

are based on massless quarks.

For the orretion proedure desribed in the following|referred to as the standard orretion|

the Pythia based JADE simulation with the multihadron seletion uts desribed in Set. 2 is

used to estimate the b

�

b ontribution to the event shape distribution whih is indiated by the

shaded areas in Figs. 3 and 4. In a �rst step, we performed a binwise b

�

b-bakground subtration

at detetor level in order to take into aount the impat of detetor e�ets on the shape of b

�

b

events. In a seond step, orretion fators were de�ned by the ratio of the distribution alulated

from events generated with Pythia 5.7 without detetor and ISR simulation (hadron level) over

the same distribution at detetor level inluding ISR e�ets. The hadron level predition is based

on light avoured events (u, d, s and ) and omprises all partiles with lifetime � > 3 � 10

�10

s.

For this purpose we use the Pythia generator sine the orresponding preditions are in good

agreement with the data for all energy points mentioned here not only for the event shapes

4



used in the �

S

analysis but also for many other quantities. Moreover, the model inludes a

next-to-leading-order desription of QED ISR e�ets [16℄.

The appliability of a bin-by-bin unfolding method was very�ed by testing the orretion pro-

edure to Herwig samples at detetor level used as pseudo data whih indeed reprodues the

initial Herwig distribution at hadron level. Furthermore we also performed a simpli�ed matrix

orretion of pure detetor e�ets ombined with a bin-by-bin orretion of ISR e�ets and ob-

served that the resulting orreted distributions are ompatible with those obtained using the

bin-by-bin method. These tests indiate that the hoosen bin widths of the distributions are

not too small and that bin migration e�ets are properly taken into aount.

3.3 Experimental systemati unertainties

Systemati unertainties to the orreted data distributions were investigated by modifying

the event seletion and the orretion proedure. In general, we follow the proedure of our

previous publiation [1℄. Some multihadron seletion uts were tightened ompared with [1℄

in order to better rejet bakground and badly reonstruted events

3

. Di�erently from [1℄, we

estimated the unertainties due to the merging of lusters and assoiated traks performed by

the reonstrution software by realulating the observables using all traks and lusters but

taking luster energies unorreted for assoiated traks, instead of repeating the analysis using

traks und luster seperately. Furthermore, we also onsidered the preproessed JADE data

version 5/88 in order to take into aount unertainties due to event reonstrution details. A

further error stems from the tune unertainty of the parameter �

b

of the Peterson fragmentation

funtion whih ontrols the fragmentation of b quarks in the simulation and therefore is relevant

for the b

�

b bakground subtration. We varied �

b

by the one standard deviation limits published

by the OPAL ollaboration [27℄.

Any deviation from the result obtained applying the standard orretion proedure (see Set. 3.2)

was onsidered as systemati error. In general, the maximum deviation from the standard result

for eah kind of variation was regarded as symmetri systemati unertainty. The total error

was obtained by adding the individual systemati errors and the statistial error in quadrature.

3.4 Comparison with QCD Monte Carlo models

The resulting data distributions, thus orreted to hadron level, are represented by Figs. 5-10

for all observables at

p

s = 14, 22, 35 and 43.8 GeV. For omparison, the respetive distributions

predited by Pythia 5.7, Jetset 6.3(J), Ariadne 4.08, Herwig 5.9 and Cojets 6.23 [39℄

at hadron level based on u, d, s, and  events are also shown. In ase of Pythia, there is good

agreement between the data and the model over the whole kinemati range of the observables.

Taking the experimental unertainties into aount, the performane of Ariadne and Herwig

is still moderate at

p

s = 14 GeV and improves at inreasing entre-of-mass energies. In ontrast

to that, the Jetset(J) predition �ts the 14 GeV data but inreasingly deviates from the data

at higher .m.s. energies. The predition of Cojets is learly disfavoured by the lower energy

data and remains worse also at higher energies.

3

The ut on the missing momentum was tightened to p

miss

< 0:2 �

p

s, the momentum balane requirement

was restrited to p

bal

< 0:2, and the ut for the visible energy E

vis

was varied by �0:1 �

p

s.
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The observed performane of the QCD Monte Carlo models is also reeted by other shape

quantities not shown here. The LEP tuned Pythia generator works surprisingly well also for

PETRA energies, whereas the other generators obviously need a re-tune at lower energies.

4 Determination of �

S

at

p

s =14 to 44 GeV

4.1 QCD preditions

The determination of the strong oupling onstant �

S

is based on a ombination of an exat

QCD matrix element alulation in O(�

2

S

) and a next-to-leading-logarithmi approximation

(NLLA) for the event shape observables presented in Set. 3. The oeÆents of the O(�

2

S

)

preditions are obtained by a Monte Carlo integration of the QCD matrix elements [40℄ in the

MS renormalisation sheme using the program EVENT2 [41℄. The O(�

2

S

) alulation is expeted

to be valid in the 3-jet region of phase spae where the radiation of a single hard gluon dominates.

The NLLA predition for 1� T and M

H

were alulated in [12℄, for the jet broadening B

T

and

B

W

in [14,42℄, for the C parameter in [13℄ and for the di�erential 2-jet rate in [43℄. The NLLA is

valid in the 2-jet region of phase spae where multiple radiation of soft and ollinear gluons from

a system of two hard bak-to-bak partons dominate. There are several mathing shemes to

ombine the O(�

2

S

) and the NLLA alulations, see [12℄ for details. We use the so-alled ln(R)-

mathing for the determination of the main result of �

S

sine it is preferred theoretially [12℄

as well as experimentally [44℄.

4.2 Measurement method

The strong oupling onstant �

S

was determined by �

2

�ts of the theoretial preditions to

the event shape distributions orreted to hadron level, using only the statistial errors for the

alulation of �

2

. During the �ts, the perturbative QCD alulations introdued in Set. 4.1

were simultaneously orreted for hadronisation e�ets. For the main results, we use the ln(R)-

mathing for the perturbative predition with the renormalisation sale fator x

�

� �=

p

s set to

1 and Pythia 5.7 for the estimation of non-perturbative ontributions.

The handling of hadronisation e�ets in this analysis is di�erent from the proedure desribed

in our previous studies [1, 3℄ where the di�erential data distributions were orreted bin-by-bin

for hadronisation e�ets and then diretly ompared with the perturbative preditions. We

observed that this method does not onserve the normalisation of the data distributions in

partiular at

p

s = 14 and 22 GeV where the hadronisation orretion fators beome large. In

the present analysis, we orret the umulative theoretial distributions R(F) �

R

F

0

dF

0

1

�

d�

dF

0

for eah bin i by orresponding orretion fators K

i

= R

had

i

=R

par

i

derived from the ratio of the

orresponding umulative distributions R

had

at hadron level over the same distribution R

par

at

parton level, whih were alulated from Pythia after and before hadronisation, respetively.

This not only ensures normalisation onservation but also takes more properly into aount bin

migration e�ets whih our at F lose to 0.

We tested the �t proedure using hadron level preditions at

p

s = 14 to 91 GeV from various

QCDMonte Carlo generators. From a omparison of the extrated energy dependene of �

S

with

the two-loop expetation for the running oupling it turns out that orreting the umulative

6



distributions reprodues the energy evolution of �

S

expliitly implemented in the Monte Carlo

models.

The hoie of �t ranges for eah observable were determined by hoosing the largest range

1. for whih the hadronisation orretion is at,

2. for whih the hadronisation unertainties desribed in Set. 4.3 deviate from the standard

orretion by less than a fator of 0.5 to 2.0,

3. for whih the �

2

of a bin does not signi�antly ontribute to the total �

2

of the �t,

4. and for whih the �tted �

S

results are independent of the �t range.

For the sake of onvergene of the �t and in order to keep the �t errors under ontrol, it is not

always possible to ful�ll the demand 2, partiularly at

p

s = 14 and 22 GeV. The �t ranges are

tabulated in Tables 4-9.

4.3 Fit errors and systemati unertainties

In priniple we follow the proedure in [1℄ but di�er in several details. Sine our standard

estimation of hadronisation e�ets is based on an OPAL tuned PythiaMonte Carlo, we fous on

the impat of the respetive tune unertainties on the �t results instead of the tune unertainties

mentioned in [1℄. Moreover, additional unertainties due to the usage of alternative hadronisation

models for the �

S

�ts have to be taken into aount. We onsidered the following �t and

systemati unertainties for the �

S

determination:

Fit error: This is the error returned by the �t when using statistial errors only.

Fit range: The remaining hanges in �

S

when enlarging or reduing the �t range by one bin

on either side were taken as systemati unertainties, if they exeed the �t error.

Experimental systemati errors: Unertainties due to the details of the multihadron sele-

tion riteria, the merging of lusters and assoiated traks and the hoie of the alternative

preproessed data set (version 5/88) were onsidered aording to the proedure explained

in Set. 3.3. The maximum deviation from the main result for eah kind of variation was

taken as symmetri error, exept the deviation resulting from using the alternative data

set whih was regarded as asymmetri error.

Sine the �t errors turned out to be very large for

p

s = 14 and 22 GeV, the experimental

systemati errors at these energies were treated di�erently from those at other energies:

We negleted any systemati unertainties if they do not exeed the �t error, while we

quadratially subtrated the �t error as estimate of the statistial omponent for the other

systemati errors

4

.

Tuning of hadronisation model parameters: The impat of the hadronisation model im-

plemented in the Pythia 5.7 generator was studied by varying the values of several

signi�ant model parameters by about one standard deviation around their tuned values

4

A more sophistiated handling of the statistial omponent of the experimental systemati errors is urrently

in progress.
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from Ref. [27℄, namely the parameters b of the Lund symmetri fragmentation funtion,

the width �

q

of the transverse momentum distribution, the parameters �



and �

b

of the

Peterson fragmentation funtion for the heavy quarks and the parton shower ut-o� value

Q

0

, see [15, 16℄ for details. It should be noted that the parameter �

b

is only relevant for

the subtration of the b

�

b bakground desribed in Set. 3.2 and a�ets only the hadron

level orreted data distributions rather than the details of the hadronisation seen by the

�

S

�ts, whilst the variation of �



diretly a�ets the unertainties of the fragmentation

of  hadrons. The latter may also reet the unertainties of the measurements due to

remaining mass e�ets whih are not implemented in the perturbative QCD preditions.

Deviations w.r.t. the standard result are onsidered as asymmetri error and added in

quadrature in order to obtain the total error.

We also performed �

S

measurements using the old Jetset 6.3 parton shower version

[45, 46℄ optimised for the desription of JADE data [30, 31℄ sine it satisfatorily deribes

the event shape data at

p

s = 14 and 22 GeV and is also not learly disfavoured at higher

PETRA energies. In this ase, Jetset 6.3(J) samples at detetor and hadron level were

used for the orretion of detetor e�ets and the subtration of the b

�

b bakground. The

PETRA optimisation of Jetset 6.3 yields a ompletely di�erent predition of hadroni-

sation e�ets, even though the hadron level distributions are in good agreement with the

Pythia expetation. The main reason for the tuning di�erenes are aused by a di�erent

handling of meson multiplets with orbital momentum L=1 and by di�erent suppression

fators for diquarks in the fragmentation.

From a onservative point-of-view there is no lear evidene that the respetive parameters

optimised to LEP data are also valid at PETRA energies. Hene, the deviation of the �

S

result obtained when using the PETRA optimisation of Jetset 6.3 from our standard

result was onsidered a systemati error ontribution. We quoted half of the observed

disrepany as symmetri error.

Sine Pythia 5.7 and Jetset 6.3 rely on the same parton shower and string fragmenta-

tion model, we de�ned the larger of the two errors obtained from Pythia 5.7 and from

Jetset 6.3(J) as total tuning unertainty.

Choie of hadronisation model: A further systemati unertainty omes from the hoie of

the hadronisation model. The analysis was repeated usingAriadne 4.08 and Herwig 5.9

for the orretion of hadronisation e�ets. The Cojets 6.23 generator whih uses the

independent fragmentation model is not onsidered sine it fails to desribe the data in

ertain kinemati regions. For these heks, the respetive preditions at detetor and

hadron level where also used to estimate detetor e�ets and to perform the subtration of

the b

�

b ontribution to the event shape distributions. Half of the largest deviation between

the �t results when using Pythia, Herwig or Ariadne was regarded as symmetri error.

Unknown higher orders: The impat of unknown higher orders of the perturbation theory

on the determination of �

S

were assessed by varying the renormalisation sale fator

x

�

� �=

p

s from 0:5 to 2:0. The hanges in the �t results w.r.t. the standard analysis are

onsidered as asymmetri systemati unertainties. As a further hek, we also tried the

modi�ed ln(R)-, the naive R- and the modi�ed R- mathing shemes (see [12℄ for details)

to ombine the O(�

2

S

) with the resummed NLLA alulations. A possible mathing sheme

unertainty is de�ned by half of the largest range spanned by the results obtained from all

four mathing shemes mentioned in this analysis.

8



We took the larger of both, the renormalisation sale and the mathing sheme unertainty

as error ontribution.

4.4 Fit results

The �tted theoretial preditions for the ln(R)-mathing and the orresponding data distribu-

tions are shown in Figs. 11-16 for all observables

5

at

p

s =14, 22, 35 (traking '86) and 43.8 GeV.

We generally observe a good agreement of the resummed preditions with the data at all .m.s.

energies, indiated by the values of �

2

=d:o:f: of the �ts ranging from about 0.2 and 2.0, see Ta-

bles 4-9. It is notable that for most observables, the agreement is also good in the extrapolated

part of the theory urves far into the 2-jet region outside the �t ranges. For B

W

, we observe

a signi�ant exess of the theory in the 3-jet region of the data, thus foring a hard restrition

of the �t range for this observable in order to get reasonable �

2

=d:o:f: in partiular at

p

s =

35 GeV, sine a single bin would dominate the total �

2

=d:o:f:. Taking into aount the �t errors,

we observed that most �ts are stable under variation of the �t ranges, as demonstrated by the

plots on the righthand side of Figs. 11-16.

The numerial values for �

S

for the standard proedure and for the systemati heks are sum-

marised for eah observable in Tables 4-9. For

p

s > 22 GeV, the dominant error ontribution

omes from renormalisation sale unertainties indiating missing higher order terms in the per-

turbative predition. The mathing sheme unertainties are well overed by the renormalisation

sale unertainties. It should be noted that the orresponding errors are muh larger for the pure

O(�

2

S

) alulations. At

p

s = 14 and 22 GeV, the tuning and hadronisation model unertainties

are in general slightly larger than the higher order errors.

The �

S

results obtained when using Jetset 6.3(J) to estimate hadronisation e�ets are in

general systematially higher than the orresponding Pythia 5.7 results. This is in aordane

with the expetation beause the size of the Jetset(J) orretion is signi�antly smaller than

the Pythia orretion. In ontrast, Herwig and Ariadne based hadronisation orretions

yield systematially lower values for �

S

. The respetive �

2

=d:o:f: listed in Tables 4-9 reveal that

the �ts at

p

s = 14 and 22 GeV do not learly prefer a ertain hadronisation model. At higher

energies, we observed that using the �t ranges optimised for the standard measurement, the

Jetset(J) and Herwig Monte Carlo are disfavoured for some event shape observables. But it

also turns out that the �t quality for these heks an be signi�antly improved in many ases

if the �t ranges are redued, yielding values for �

S

similar to the standard result.

The ratios of the perturbative predition inluding hadronisation e�ets over the same predition

without hadronisation e�ets are shown for eah generator on the righthand side of Figs. 11-16.

The respetive fators are rather large at

p

s = 14 and 22 GeV and derease signi�antly at

higher .m.s. energies. This is also true for the total hadronisation unertainties represented by

the shaded bands in Figs. 11-16.

It should be noted that the �t errors obtained at

p

s =14 and 22 GeV are very large ompared

e.g. with the �t errors obtained at 38.3 GeV, despite the fat that the data statistis are

approximately equal. A variation of �

S

used for the alulation of the QCD predition exluding

and inluding hadronisation e�ets, respetively, showed that the sensivity of �ts on �

S

are

signi�antly redued due to hadronisation e�ets.

5

For omparison, also the R-mathing predition as well as the pure O(�

2

S

) �ts with x

�

=1 and x

�

treated as

additional free parameter of the �t are overlayed.
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h

p

si [GeV℄ �

S

(

p

s) �t error experimental hadronisation higher orders total

14.0 0:1704 �0:0051

�

+0:0141

�0:0136

+0:0143

�0:0091

+0:0206

�0:0171

22.0 0:1513 �0:0043

�

�0:0101

+0:0101

�0:0065

+0:0144

�0:0121

34.6 ('82) 0:1409 �0:0012 �0:0017 �0:0071

+0:0086

�0:0057

+0:0114

�0:0093

35.0 ('86) 0:1457 �0:0011 �0:0020 �0:0076

+0:0096

�0:0064

+0:0125

�0:0101

38.3 0:1397 �0:0031 �0:0026 �0:0054

+0:0084

�0:0056

+0:0108

�0:0087

43.8 0:1306 �0:0019 �0:0032 �0:0056

+0:0068

�0:0044

+0:0096

�0:0080

Table 3: Results for �

S

derived from the individual results using the weighted average method. The

numbers for

p

s = 14 and 22 GeV marked with

�

represent a preliminary ombined error of �t and

experimental unertainties.

4.5 Combination of the results

The �

S

results derived from all event shape observables at

p

s = 14 to 43.8 GeV are also shown

in Fig. 17. The satter of �

S

values from di�erent event shapes is similar at all .m.s. energies.

The quadrati sum of experimental and �t errors are denoted by the solid inner error bars,

the total errors inluding theoretial unertainties are given by the dashed error bars. On the

basis of �t and experimental errors, the individual results are onsistent with eah other within

1-2 standard deviations. Obviously the theoretial unertainties beome signi�antly smaller at

inreasing .m.s. energies.

For eah .m.s. energy, the individual results of the six variables were ombined using the

weighted mean method desribed in [1℄ whih aounts for orrelations of the systemati uner-

tainties. The �nal results obtained with this proedure are listed in Table 3. For simpliity, the

experimental error of the mean values were symmetrised. The �t error of the mean is given by

the smallest �t error obtained by the individual �ts.

The total errors are dominated by higher order unertainties. At

p

s = 14 and 22 GeV, hadroni-

sation unertainties are very large but still at the same order of magnitude as the renormalisation

sale unertainties.

5 Summary and onlusions

This note presents a �rst determination of the QCD oupling �

S

at

p

s = 14 and 22 GeV using

resummed O(�

2

S

)+NLLA preditions for the event shape observables 1 � T , M

H

, B

T

, B

W

, C

and y

23

. The analysis is based on e

+

e

�

data olleted by the JADE experiment. Due to the

suessful resurretion of the original JADE simulation and event reonstrution software, data

at the lowest .m.s. energies of the e

+

e

�

ontinuum beame available for state-of-the-art QCD

studies. We also updated our measurements presented in previous studies [1,3℄ at around

p

s =

35 and 44 GeV and in addition onsidered data at

p

s ' 38 GeV.

The values for �

S

were derived from �ts of the ombined O(�

2

S

)+NLLA preditions orreted

for hadronisation e�ets to the di�erential distributions of the observables. To estimate hadroni-

10



sation e�ets, we used the QCD event generators Pythia 5.7, Ariadne 4.08 and Herwig 5.9

tuned to OPAL data and also onsidered Jetset 6.3 optimised to JADE data. It turned out

that the PythiaMonte Carlo is surprisingly well apable of desribing many aspets of hadroni

�nal states in e

+

e

�

annihilation down to the lowest .m.s. energies, e.g. event shapes and par-

tile spetra, whereas the agreement of the preditions of the other generators with the data is

slightly worse. In partiular the Herwig generator needs an improved tuning in order to redue

the disrepanies with the data seen at PETRA energies.

We observed that the resummed QCD theory ommonly used for �

S

determinations at LEP

�ts the data very well down to

p

s = 14 GeV. Nevertheless, the determination of �

S

is a�eted

by large hadronisation unertainties at the lowest energies whih are approximately of the same

order of magnitude as the renormalisation sale unertainties. But still a onsistent measurement

of �

S

at eah energy point was possible. Our �nal results are

h

p

si [GeV℄ �

S

(h

p

si) �

S

(M

Z

0
)

14.0 0:170

+0:021

�0:017

0:121

+0:010

�0:009

22.0 0:151

+0:014

�0:012

0:119

+0:009

�0:008

34.8 0:143

+0:012

�0:010

0:122

+0:008

�0:007

38.3 0:140

+0:011

�0:009

0:121

+0:008

�0:007

43.8 0:131

+0:010

�0:008

0:116

+0:008

�0:006

where the errors quoted are the total unertainties. The result at

p

s = 34.8 GeV is the weighted

mean from the values derived from two di�erent data sets at

p

s = 34.6 and 35.0 GeV, respe-

tively, using the reiproal total errors as weights. The �

S

values at

p

s ' 35 and 44 GeV are

ompatible with those determined in our previous studies [1,3℄. Using the three-loop formula for

the running oupling onstant [47℄, the values evolved to the Z

0

peak are in exellent agreement

with diret measurements at

p

s = M

Z

0
and with the urrent world average value �

S

(M

Z

0
)=

0:118 � 0:003 quoted in [48℄.

The results for �

S

provided by this re-analysis of the JADE data are shown in Fig. 18 in

omparison with the values obtained from other experiments at

p

s = 58 to 189 GeV basing on

a similar set of event shape data and the same perturbation theory [48℄. The innermost error

bars denote the statistial and experimental unertainties, the dotted error bars are the total

errors. The solid line represents the energy evolution of �

S

as predited by QCD using the world

average value mentioned above. The measurements agree with the QCD expetation even within

the experimental and statistial unertainties. Only these errors should be taken into aount

for this test sine the theoretial errors are strongly orrelated. A �

2

�t of the O(�

3

S

) QCD

predition for �ve ative avours to the data yields �

S

(M

Z

0)= 0:1213� 0:0006 with a �

2

=d:o:f:

of 8:3=11. The hypothesis of a onstant value of �

S

is disfavoured by the measurements even if

the theoretial unertainties are taken into aount. In this ase, a �t gives �

S

= 0:1174�0:0020

and a �

2

=d:o:f: = 43:1=11 that orresponds to a �t probability of � 10

�5

. The JADE data

signi�antly improve the veri�ation of the QCD expetation on basis on e

+

e

�

data.
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Tables

T M

H

B

T

B

W

C y

23

�t range 0:12-0:32 0:30-0:50 0:16-0:30 0:10-0:20 0:34-0:72 0:010-0:200

�

s

(14:0 GeV) 0.1697 0.1758 0.1691 0.1566 0.1594 0.1912

(�

2

=d.o.f.) (3:6=6) (3:6=4) (1:6=5) (3:0=4) (10:0=5) (5:8=7)

�t + experimental �0:0106 �0:0095 �0:0092 �0:0051 �0:0131 �0:0054

hadronization

+0:0198

�0:0191

+0:0126

�0:0124

�0:0169 �0:0113

+0:0275

�0:0270

�0:0161

higher orders

+0:0175

�0:0132

+0:0156

�0:0112

+0:0194

�0:0148

+0:0116

�0:0083

+0:0139

�0:0103

+0:0124

�0:0076

total error

+0:0266

�0:0234

+0:0224

�0:0194

+0:0269

�0:0238

+0:0170

�0:0150

+0:0312

�0:0292

+0:0205

�0:0179

os �

T

�0:0017 �0:0037 �0:0060 �0:0029 �0:0052 �0:0034

p

miss

�0:0028 �0:0043 �0:0016 �0:0010 �0:0009 �0:0011

p

bal

�0:0023 �0:0034 �0:0021 �0:0023 �0:0016 �0:0020

E

vis

�0:0007 �0:0012 �0:0023 �0:0012 �0:0011 �0:0005

N

h

> 7 �0:0010 +0:0014 +0:0003 +0:0002 �0:0015 �0:0001

Traks/Clusters +0:0003 +0:0002 �0:0037 �0:0011 �0:0068 �0:0054

data version +0:0114 +0:0058 +0:0013 +0:0015 +0:0052 +0:0017

�t range �0:0029 �0:0109 �0:0102 �0:0060 �0:0189 �0:0042

MC stat. �0:0029 �0:0028 �0:0026 �0:0014 �0:0026 �0:0015

b� 1� �0:0060 �0:0029 �0:0044 �0:0015 �0:0063 �0:0016

b+ 1� +0:0049 +0:0026 +0:0036 +0:0019 +0:0050 +0:0021

�

q

� 1� +0:0058 +0:0021 +0:0047 +0:0025 +0:0060 +0:0031

�

q

+ 1� �0:0055 �0:0019 �0:0048 �0:0022 �0:0060 �0:0029

�



� 1� +0:0090 +0:0041 +0:0071 +0:0023 +0:0134 +0:0037

�



+ 1� �0:0073 �0:0023 �0:0067 �0:0012 �0:0125 �0:0027

�

b

� 1� �0:0021 +0:0007 �0:0016 �0:0001 �0:0008 < 0:0001

�

b

+ 1� +0:0019 �0:0005 +0:0014 +0:0001 +0:0004 �0:0001

Q

0

� 1� �0:0035 �0:0040 +0:0018 �0:0014 �0:0044 �0:0038

Q

0

+ 1� +0:0046 +0:0032 +0:0011 +0:0013 +0:0062 +0:0027

Jetset 6.3 (JADE) +0:0231 +0:0102 +0:0222 +0:0082 +0:0208 �0:0021

(�

2

=d.o.f.) (3:3=6) (3:3=4) (3:0=5) (11:1=4) (9:5=5) (10:2=7)

Ariadne 4.08 �0:0298 �0:0088 �0:0223 �0:0112 �0:0435 �0:0235

(�

2

=d.o.f.) (6:4=6) (5:4=4) (2:2=5) (1:6=4) (9:6=5) (1:9=7)

Herwig 5.9 �0:0249 �0:0213 �0:0249 �0:0209 �0:0204 �0:0297

(�

2

=d.o.f.) (4:8=6) (1:6=4) (5:1=5) (4:5=4) (19:8=5) (3:7=7)

mod. ln(R)-mathaing +0:0029 +0:0033 +0:0130 +0:0069 +0:0125 +0:0012

R-mathing +0:0017 +0:0028 �0:0004 +0:0024 �0:0013 �0:0135

mod. R-mathing +0:0015 +0:0015 +0:0074 +0:0021 +0:0067 +0:0017

renormalisation sale

+0:0175

�0:0132

+0:0156

�0:0112

+0:0194

�0:0148

+0:0116

�0:0083

+0:0139

�0:0103

+0:0124

�0:0025

Table 4: Values of �

S

(14.0 GeV) derived using O(�

2

S

)+NLLA QCD preditions with the ln(R)-mathing

sheme for the six event shape observables. In addition, statistial and systemati unertainties are given.

The signed values indiate the diretion in whih the results hange w.r.t. the standard analysis.
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T M

H

B

T

B

W

C y

23

�t range 0:12-0:32 0:22-0:50 0:12-0:30 0:08-0:20 0:28-0:72 0:006-0:200

�

s

(22:0 GeV) 0.1575 0.1477 0.1465 0.1421 0.1454 0.1679

(�

2

=d.o.f.) (1:6=6) (5:4=6) (2:0=7) (4:9=5) (4:1=6) (5:3=8)

�t + experimental �0:0074 �0:0065 �0:0065 �0:0045 �0:0082 �0:0046

hadronization

�0:0151

+0:0102

�0:0101

�0:0126 �0:0090 �0:0113 �0:0105

higher orders

+0:0142

�0:0108

+0:0084

�0:0055

+0:0129

�0:0101

+0:0089

�0:0064

+0:0114

�0:0088

+0:0087

�0:0062

total error

+0:0208

�0:0187

+0:0146

�0:0130

+0:0183

�0:0164

+0:0138

�0:0124

+0:0164

�0:0147

+0:0136

�0:0126

os �

T

�0:0023 �0:0031 �0:0021 �0:0025 �0:0022 �0:0003

p

miss

�0:0024 �0:0003 �0:0017 �0:0016 �0:0012 �0:0016

p

bal

�0:0006 �0:0013 �0:0007 �0:0003 �0:0018 �0:0005

E

vis

�0:0019 �0:0027 �0:0019 �0:0015 �0:0011 �0:0009

N

h

> 7 �0:0011 +0:0013 �0:0006 �0:0006 �0:0017 �0:0012

Traks/Clusters �0:0006 +0:0033 +0:0002 +0:0010 �0:0041 +0:0015

data version +0:0034 +0:0034 �0:0005 +0:0009 �0:0002 �0:0011

�t range �0:0033 �0:0061 �0:0028 �0:0058 �0:0047 �0:0025

MC stat. �0:0017 �0:0015 �0:0015 �0:0010 �0:0018 �0:0011

b� 1� �0:0023 �0:0016 �0:0023 �0:0010 �0:0032 �0:0012

b+ 1� +0:0023 +0:0017 +0:0016 +0:0005 +0:0029 +0:0005

�

q

� 1� +0:0023 +0:0009 +0:0021 +0:0010 +0:0025 +0:0013

�

q

+ 1� �0:0021 �0:0008 �0:0026 �0:0011 �0:0032 �0:0010

�



� 1� +0:0013 +0:0007 +0:0016 +0:0003 +0:0019 +0:0004

�



+ 1� �0:0009 �0:0001 �0:0016 �0:0004 �0:0024 �0:0006

�

b

� 1� +0:0019 +0:0019 +0:0011 +0:0008 +0:0009 +0:0006

�

b

+ 1� �0:0016 �0:0015 �0:0009 �0:0009 �0:0005 �0:0006

Q

0

� 1� +0:0003 �0:0014 +0:0020 �0:0013 < 0:0001 �0:0035

Q

0

+ 1� +0:0002 +0:0017 �0:0016 +0:0007 +0:0007 +0:0016

Jetset 6.3 (JADE) +0:0127 +0:0041 +0:0153 +0:0018 +0:0171 �0:0045

(�

2

=d.o.f.) (0:4=6) (7:0=6) (3:4=7) (11:6=5) (7:7=6) (4:7=8)

Ariadne 4.08 �0:0113 �0:0053 �0:0096 �0:0073 �0:0088 �0:0143

(�

2

=d.o.f.) (1:3=6) (3:3=6) (1:6=7) (2:7=5) (3:0=6) (5:4=8)

Herwig 5.9 �0:0273 �0:0191 �0:0200 �0:0176 �0:0143 �0:0204

(�

2

=d.o.f.) (1:2=6) (3:2=6) (4:6=7) (6:8=5) (11:5=6) (3:6=8)

mod. ln(R)-mathing +0:0029 +0:0035 +0:0091 +0:0037 +0:0026 +0:0004

R-mathing +0:0016 +0:0012 +0:0011 +0:0039 +0:0043 �0:0116

mod. R-mathing +0:0016 +0:0021 +0:0053 +0:0003 �0:0013 +0:0007

renormalisation sale

+0:0142

�0:0108

+0:0084

�0:0055

+0:0129

�0:0101

+0:0089

�0:0064

+0:0114

�0:0088

+0:0087

�0:0017

Table 5: Values of �

S

(22.0 GeV) derived using O(�

2

S

)+NLLA QCD preditions with the ln(R)-mathing

sheme for the six event shape observables. In addition, statistial and systemati unertainties are given.

The signed values indiate the diretion in whih the results hange w.r.t. the standard analysis.
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T M

H

B

T

B

W

C y

23

�t range 0:14-0:32 0:22-0:46 0:12-0:30 0:08-0:18 0:28-0:72 0:004-0:200

�

s

(34:6 GeV) 0.1424 0.1406 0.1397 0.1339 0.1400 0.1486

(�

2

=d.o.f.) (13:7=5) (10:4=5) (6:1=7) (6:3=4) (1:2=6) (12:8=9)

�t error �0:0020 �0:0018 �0:0015 �0:0012 �0:0019 �0:0012

experimental �0:0025 �0:0023 �0:0021 �0:0021 �0:0029 �0:0019

hadronization

�0:0088 �0:0051 �0:0089 �0:0066 �0:0112 �0:0078

higher orders

+0:0105

�0:0080

+0:0083

�0:0059

+0:0114

�0:0090

+0:0080

�0:0059

+0:0108

�0:0085

+0:0060

�0:0052

total error

+0:0141

�0:0122

+0:0102

�0:0083

+0:0147

�0:0129

+0:0106

�0:0091

+0:0159

�0:0143

+0:0101

�0:0097

os �

T

�0:0014 �0:0009 �0:0010 �0:0011 �0:0011 �0:0011

p

miss

�0:0007 �0:0001 �0:0007 �0:0007 �0:0007 �0:0006

p

bal

�0:0005 �0:0001 �0:0003 �0:0001 �0:0013 �0:0004

E

vis

�0:0008 �0:0010 �0:0009 �0:0009 �0:0010 �0:0008

N

h

> 7 �0:0001 �0:0002 +0:0001 < 0:0001 < 0:0001 �0:0002

Traks/Clusters �0:0006 �0:0001 �0:0005 +0:0002 +0:0003 �0:0003

data version +0:0016 +0:0013 +0:0013 +0:0011 +0:0021 +0:0010

�t range �0:0014 �0:0021 �0:0016 �0:0015 �0:0007 �0:0014

MC stat. �0:0006 �0:0005 �0:0005 �0:0004 �0:0006 �0:0004

b� 1� �0:0010 �0:0012 �0:0012 �0:0008 �0:0016 �0:0003

b+ 1� +0:0008 +0:0013 +0:0007 +0:0003 +0:0012 +0:0003

�

q

� 1� +0:0007 +0:0006 +0:0011 +0:0005 +0:0012 +0:0006

�

q

+ 1� �0:0007 �0:0006 �0:0012 �0:0008 �0:0015 �0:0003

�



� 1� < 0:0001 +0:0001 +0:0005 �0:0001 +0:0002 �0:0001

�



+ 1� �0:0001 < 0:0001 �0:0005 �0:0002 �0:0004 +0:0001

�

b

� 1� +0:0003 +0:0005 +0:0008 +0:0005 +0:0012 +0:0005

�

b

+ 1� �0:0003 �0:0006 �0:0006 �0:0004 �0:0008 �0:0003

Q

0

� 1� +0:0008 �0:0010 +0:0008 �0:0009 < 0:0001 �0:0024

Q

0

+ 1� �0:0005 +0:0009 �0:0011 +0:0004 < 0:0001 +0:0017

Jetset 6.3 (JADE) +0:0108 +0:0043 +0:0096 +0:0029 +0:0097 �0:0022

(�

2

=d.o.f.) (11:6=5) (26:2=5) (27:5=7) (23:3=4) (8:6=6) (8:4=9)

Ariadne 4.08 �0:0052 �0:0054 �0:0063 �0:0065 �0:0084 �0:0087

(�

2

=d.o.f.) (9:2=5) (7:2=5) (3:9=7) (5:5=4) (2:9=6) (8:5=9)

Herwig 5.9 �0:0139 �0:0093 �0:0150 �0:0128 �0:0201 �0:0150

(�

2

=d.o.f.) (19:0=5) (9:0=5) (10:6=7) (2:0=4) (15:1=6) (3:1=9)

mod. ln(R)-mathing +0:0033 +0:0010 +0:0061 +0:0014 �0:0011 +0:0002

R-mathing +0:0007 +0:0030 +0:0025 +0:0059 +0:0078 �0:0099

mod. R-mathing +0:0022 +0:0001 +0:0031 �0:0013 �0:0041 +0:0005

renormalisation sale

+0:0105

�0:0080

+0:0083

�0:0059

+0:0114

�0:0090

+0:0080

�0:0059

+0:0108

�0:0085

+0:0060

�0:0010

Table 6: Values of �

S

(34.6 GeV) (traking '82) derived using O(�

2

S

)+NLLA QCD preditions with

the ln(R)-mathing sheme for the six event shape observables. In addition, statistial and systemati

unertainties are given. The signed values indiate the diretion in whih the results hange w.r.t. the

standard analysis.
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T M

H

B

T

B

W

C y

23

�t range 0:14-0:32 0:22-0:42 0:12-0:30 0:08-0:16 0:28-0:72 0:004-0:200

�

s

(35:0 GeV) 0.1461 0.1462 0.1429 0.1387 0.1439 0.1527

(�

2

=d.o.f.) (6:2=5) (9:5=4) (14:2=7) (3:0=3) (10:8=6) (23:5=9)

�t error �0:0017 �0:0016 �0:0013 �0:0012 �0:0016 �0:0011

experimental �0:0038 �0:0031 �0:0030 �0:0030 �0:0029 �0:0019

hadronization

�0:0085 �0:0059 �0:0090 �0:0074 �0:0109 �0:0079

higher orders

+0:0113

�0:0086

+0:0099

�0:0072

+0:0120

�0:0095

+0:0094

�0:0071

+0:0117

�0:0092

+0:0065

�0:0055

total error

+0:0147

�0:0125

+0:0120

�0:0098

+0:0154

�0:0133

+0:0124

�0:0107

+0:0163

�0:0144

+0:0105

�0:0100

os �

T

�0:0004 �0:0002 �0:0005 �0:0006 �0:0002 �0:0005

p

miss

�0:0007 �0:0004 �0:0005 �0:0002 �0:0006 �0:0005

p

bal

�0:0023 �0:0003 �0:0016 �0:0011 �0:0011 �0:0001

E

vis

�0:0004 �0:0005 �0:0006 �0:0006 �0:0006 �0:0002

N

h

> 7 +0:0004 +0:0002 +0:0006 +0:0004 +0:0005 +0:0003

Traks/Clusters +0:0002 �0:0011 �0:0002 �0:0006 �0:0003 �0:0008

data version +0:0029 +0:0017 +0:0021 +0:0007 +0:0024 +0:0006

�t range �0:0017 �0:0027 �0:0017 �0:0028 �0:0009 �0:0017

MC stat. �0:0006 �0:0005 �0:0005 �0:0004 �0:0005 �0:0004

b� 1� �0:0008 �0:0011 �0:0013 �0:0004 �0:0016 �0:0003

b+ 1� +0:0004 +0:0012 +0:0008 +0:0008 +0:0012 +0:0006

�

q

� 1� +0:0007 +0:0005 +0:0010 +0:0008 +0:0012 +0:0004

�

q

+ 1� �0:0007 �0:0004 �0:0011 �0:0006 �0:0011 �0:0003

�



� 1� +0:0002 +0:0003 +0:0005 +0:0001 +0:0004 �0:0002

�



+ 1� < 0:0001 �0:0001 �0:0004 �0:0001 �0:0003 +0:0002

�

b

� 1� +0:0002 +0:0005 +0:0007 +0:0005 +0:0011 +0:0003

�

b

+ 1� �0:0003 �0:0005 �0:0007 �0:0005 �0:0009 �0:0004

Q

0

� 1� +0:0006 �0:0011 +0:0007 �0:0006 < 0:0001 �0:0022

Q

0

+ 1� �0:0004 +0:0007 �0:0010 +0:0002 +0:0001 +0:0016

Jetset 6.3 (JADE) +0:0092 +0:0052 +0:0091 +0:0029 +0:0088 �0:0028

(�

2

=d.o.f.) (4:6=5) (21:6=4) (56:3=7) (22:0=3) (25:1=6) (15:8=9)

Ariadne 4.08 �0:0046 �0:0039 �0:0058 �0:0064 �0:0079 �0:0087

(�

2

=d.o.f.) (5:0=5) (8:0=4) (6:0=7) (1:9=3) (3:2=6) (14:5=9)

Herwig 5.9 �0:0142 �0:0105 �0:0156 �0:0144 �0:0199 �0:0154

(�

2

=d.o.f.) (17:9=5) (2:8=4) (30:8=7) (2:9=3) (20:2=6) (7:5=9)

mod. ln(R)-mathing +0:0035 +0:0005 +0:0063 +0:0003 �0:0009 +0:0001

R-mathing +0:0008 +0:0039 +0:0026 +0:0081 +0:0080 �0:0105

mod. R-mathing +0:0023 �0:0004 +0:0032 �0:0025 �0:0042 +0:0005

renormalisation sale

+0:0113

�0:0086

+0:0099

�0:0072

+0:0120

�0:0095

+0:0094

�0:0071

+0:0117

�0:0092

+0:0065

�0:0012

Table 7: Values of �

S

(35.0 GeV) (traking '86) derived using O(�

2

S

)+NLLA QCD preditions with

the ln(R)-mathing sheme for the six event shape observables. In addition, statistial and systemati

unertainties are given. The signed values indiate the diretion in whih the results hange w.r.t. the

standard analysis.
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T M

H

B

T

B

W

C y

23

�t range 0:12-0:32 0:18-0:50 0:10-0:30 0:08-0:23 0:22-0:72 0:004-0:200

�

s

(38:3 GeV) 0.1508 0.1450 0.1378 0.1297 0.1395 0.1460

(�

2

=d.o.f.) (3:3=6) (5:5=7) (5:7=8) (3:5=6) (5:6=7) (9:1=9)

�t error �0:0052 �0:0044 �0:0044 �0:0031 �0:0052 �0:0038

experimental �0:0045 �0:0052 �0:0029 �0:0030 �0:0066 �0:0026

hadronization

�0:0071 �0:0040 �0:0070 �0:0044 �0:0093 �0:0065

higher orders

+0:0124

�0:0095

+0:0089

�0:0063

+0:0109

�0:0086

+0:0067

�0:0047

+0:0109

�0:0087

+0:0061

�0:0055

total error

+0:0159

�0:0137

+0:0119

�0:0100

+0:0140

�0:0123

+0:0091

�0:0075

+0:0166

�0:0152

+0:0100

�0:0098

os �

T

�0:0018 �0:0017 �0:0014 �0:0011 �0:0034 �0:0007

p

miss

�0:0019 �0:0017 �0:0008 �0:0009 �0:0020 �0:0006

p

bal

�0:0020 �0:0017 �0:0017 �0:0011 �0:0009 �0:0016

E

vis

�0:0008 �0:0007 �0:0002 �0:0002 �0:0012 �0:0003

N

h

> 7 +0:0011 +0:0006 +0:0006 +0:0004 +0:0005 +0:0009

Traks/Clusters �0:0022 �0:0008 �0:0007 �0:0009 �0:0031 +0:0009

data version �0:0005 +0:0016 +0:0014 +0:0022 �0:0001 +0:0011

�t range �0:0055 �0:0052 �0:0028 �0:0020 �0:0063 �0:0028

MC stat. �0:0013 �0:0011 �0:0011 �0:0008 �0:0013 �0:0009

b� 1� �0:0010 �0:0006 �0:0009 �0:0002 �0:0009 �0:0004

b+ 1� +0:0006 +0:0008 +0:0008 +0:0002 +0:0008 +0:0003

�

q

� 1� +0:0007 +0:0003 +0:0010 +0:0003 +0:0010 +0:0004

�

q

+ 1� �0:0008 �0:0002 �0:0011 �0:0003 �0:0010 �0:0005

�



� 1� +0:0001 +0:0001 +0:0004 < 0:0001 +0:0001 �0:0002

�



+ 1� �0:0002 +0:0001 �0:0004 < 0:0001 �0:0002 +0:0001

�

b

� 1� +0:0004 +0:0005 +0:0009 +0:0003 +0:0012 +0:0005

�

b

+ 1� �0:0001 �0:0003 �0:0005 �0:0002 �0:0008 �0:0002

Q

0

� 1� +0:0003 �0:0005 +0:0008 �0:0007 +0:0005 �0:0023

Q

0

+ 1� �0:0004 +0:0004 �0:0010 +0:0006 �0:0004 +0:0016

Jetset 6.3 (JADE) +0:0090 +0:0028 +0:0088 +0:0010 +0:0093 �0:0033

(�

2

=d.o.f.) (3:3=6) (5:8=7) (2:9=8) (6:1=6) (3:3=7) (12:4=9)

Ariadne 4.08 �0:0033 �0:0026 �0:0042 �0:0049 �0:0055 �0:0070

(�

2

=d.o.f.) (3:0=6) (5:8=7) (6:8=8) (5:1=6) (7:8=7) (17:1=9)

Herwig 5.9 �0:0107 �0:0071 �0:0108 �0:0085 �0:0159 �0:0125

(�

2

=d.o.f.) (3:7=6) (4:0=7) (6:0=8) (4:0=6) (5:3=7) (16:4=9)

mod. ln(R)-mathing +0:0027 +0:0016 +0:0039 +0:0029 �0:0029 �0:0001

R-mathing +0:0015 +0:0028 +0:0037 +0:0041 +0:0089 �0:0110

mod. R-mathing +0:0016 +0:0006 +0:0014 +0:0001 �0:0056 < 0:0001

renormalisation sale

+0:0124

�0:0095

+0:0089

�0:0063

+0:0109

�0:0086

+0:0067

�0:0047

+0:0109

�0:0087

+0:0061

�0:0015

Table 8: Values of �

S

(38.3 GeV) derived using O(�

2

S

)+NLLA QCD preditions with the ln(R)-mathing

sheme for the six event shape observables. In addition, statistial and systemati unertainties are given.

The signed values indiate the diretion in whih the results hange w.r.t. the standard analysis.
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T M

H

B

T

B

W

C y

23

�t range 0:10-0:32 0:14-0:50 0:10-0:30 0:06-0:23 0:22-0:72 0:002-0:200

�

s

(43:8 GeV) 0.1349 0.1317 0.1300 0.1222 0.1322 0.1394

(�

2

=d.o.f.) (7:0=7) (6:3=8) (6:9=8) (12:4=7) (5:4=7) (11:2=10)

�t error �0:0031 �0:0022 �0:0026 �0:0019 �0:0031 �0:0020

experimental �0:0055 �0:0029 �0:0034 �0:0030 �0:0046 �0:0036

hadronization

�0:0076 �0:0050 �0:0073 �0:0043 �0:0087 �0:0065

higher orders

+0:0090

�0:0070

+0:0068

�0:0048

+0:0094

�0:0074

+0:0054

�0:0037

+0:0093

�0:0073

+0:0049

�0:0044

total error

+0:0134

�0:0118

+0:0092

�0:0078

+0:0126

�0:0113

+0:0078

�0:0068

+0:0138

�0:0125

+0:0092

�0:0088

os �

T

�0:0001 �0:0014 �0:0017 �0:0011 �0:0007 �0:0013

p

miss

�0:0044 �0:0016 �0:0017 �0:0020 �0:0032 �0:0021

p

bal

�0:0006 �0:0003 �0:0008 �0:0002 �0:0010 �0:0001

E

vis

�0:0021 �0:0018 �0:0021 �0:0013 �0:0017 �0:0015

N

h

> 7 �0:0004 �0:0005 �0:0006 �0:0007 �0:0006 �0:0005

Traks/Clusters +0:0004 �0:0001 +0:0002 +0:0004 +0:0012 +0:0010

data version +0:0024 +0:0008 +0:0001 +0:0003 +0:0021 +0:0017

�t range �0:0022 �0:0021 �0:0031 �0:0023 �0:0027 �0:0016

MC stat. �0:0007 �0:0006 �0:0007 �0:0005 �0:0008 �0:0005

b� 1� �0:0006 �0:0015 �0:0007 �0:0003 �0:0009 �0:0001

b+ 1� +0:0007 +0:0014 +0:0006 +0:0003 +0:0008 +0:0004

�

q

� 1� +0:0008 +0:0007 +0:0010 +0:0003 +0:0009 +0:0004

�

q

+ 1� �0:0007 �0:0007 �0:0008 �0:0005 �0:0008 �0:0004

�



� 1� +0:0002 +0:0002 +0:0004 �0:0001 +0:0002 +0:0001

�



+ 1� +0:0001 �0:0002 �0:0001 < 0:0001 < 0:0001 +0:0002

�

b

� 1� +0:0005 +0:0009 +0:0008 +0:0004 +0:0009 +0:0005

�

b

+ 1� < 0:0001 �0:0003 �0:0003 �0:0001 �0:0003 �0:0002

Q

0

� 1� +0:0006 �0:0007 +0:0009 �0:0008 +0:0003 �0:0021

Q

0

+ 1� �0:0002 +0:0006 �0:0008 +0:0005 �0:0002 +0:0016

Jetset 6.3 (JADE) +0:0092 +0:0057 +0:0088 +0:0022 +0:0096 �0:0017

(�

2

=d.o.f.) (9:1=7) (19:8=8) (11:3=8) (26:7=7) (3:9=7) (9:3=10)

Ariadne 4.08 �0:0028 �0:0012 �0:0028 �0:0026 �0:0037 �0:0064

(�

2

=d.o.f.) (6:9=7) (7:4=8) (7:0=8) (7:2=7) (7:4=7) (10:4=10)

Herwig 5.9 �0:0121 �0:0080 �0:0115 �0:0083 �0:0144 �0:0126

(�

2

=d.o.f.) (4:9=7) (4:6=8) (4:3=8) (3:6=7) (6:1=7) (6:7=10)

mod. ln(R)-mathing +0:0023 +0:0011 +0:0048 +0:0025 �0:0016 < 0:0001

R-mathing +0:0010 +0:0028 +0:0025 +0:0033 +0:0074 �0:0085

mod. R-mathing +0:0015 +0:0004 +0:0024 +0:0001 �0:0041 +0:0004

renormalisation sale

+0:0090

�0:0070

+0:0068

�0:0048

+0:0094

�0:0074

+0:0054

�0:0037

+0:0093

�0:0073

+0:0049

�0:0007

Table 9: Values of �

S

(43.8 GeV) derived using O(�

2

S

)+NLLA QCD preditions with the ln(R)-mathing

sheme for the six event shape observables. In addition, statistial and systemati unertainties are given.

The signed values indiate the diretion in whih the results hange w.r.t. the standard analysis.
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=d:o:f: (open symbols) on the variation of the lower or the upper �t range is also shown.
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Figure 13: Fit of various QCD alulations to the hadron level measurements of B

T

at

p

s = 14 GeV,

22 GeV, 35 GeV (traking '86) and 43.8 GeV (left). The error bars on the data represent the statistial

unertainties. The arrows indiate the �t ranges used for the di�erent preditions. On the righthand side,

the ratio K
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(pQCD+hadr:)

i

=�

(pQCD)

i

for eah bin i derived from the umulative ross setions R(F) =

R

dF1=�d�=dF of the preditions inluding (pQCD+hadr.) and exluding hadronisation e�ets (pQCD)

are given by the smooth urves for various Monte Carlo models, together with the total hadronisation

unertainties represented by the shaded bands. The dependene of the results for �

S

(solid symbols) and

the �

2

=d:o:f: (open symbols) on the variation of the lower or the upper �t range is also shown.
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Figure 14: Fit of various QCD alulations to the hadron level measurements of B

W

at

p

s = 14 GeV,

22 GeV, 35 GeV (traking '86) and 43.8 GeV (left). The error bars on the data represent the statistial

unertainties. The arrows indiate the �t ranges used for the di�erent preditions. On the righthand side,

the ratio K
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for eah bin i derived from the umulative ross setions R(F) =

R

dF1=�d�=dF of the preditions inluding (pQCD+hadr.) and exluding hadronisation e�ets (pQCD)

are given by the smooth urves for various Monte Carlo models, together with the total hadronisation

unertainties represented by the shaded bands. The dependene of the results for �

S

(solid symbols) and

the �

2

=d:o:f: (open symbols) on the variation of the lower or the upper �t range is also shown.
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Figure 15: Fit of various QCD alulations to the hadron level measurements of C at

p

s = 14 GeV,

22 GeV, 35 GeV (traking '86) and 43.8 GeV (left). The error bars on the data represent the statistial

unertainties. The arrows indiate the �t ranges used for the di�erent preditions. On the righthand side,

the ratio K

i

= �

(pQCD+hadr:)

i

=�

(pQCD)

i

for eah bin i derived from the umulative ross setions R(F) =

R

dF1=�d�=dF of the preditions inluding (pQCD+hadr.) and exluding hadronisation e�ets (pQCD)

are given by the smooth urves for various Monte Carlo models, together with the total hadronisation

unertainties represented by the shaded bands. The dependene of the results for �

S

(solid symbols) and

the �
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=d:o:f: (open symbols) on the variation of the lower or the upper �t range is also shown.
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Figure 16: Fit of various QCD alulations to the hadron level measurements of y

23

at

p

s = 14 GeV,

22 GeV, 35 GeV (traking '86) and 43.8 GeV (left). The error bars on the data represent the statistial

unertainties. The arrows indiate the �t ranges used for the di�erent preditions. On the righthand side,

the ratio K
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for eah bin i derived from the umulative ross setions R(F) =

R

dF1=�d�=dF of the preditions inluding (pQCD+hadr.) and exluding hadronisation e�ets (pQCD)

are given by the smooth urves for various Monte Carlo models, together with the total hadronisation

unertainties represented by the shaded bands. The dependene of the results for �

S

(solid symbols) and

the �

2

=d:o:f: (open symbols) on the variation of the lower or the upper �t range is also shown.
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Figure 17: Results for �

S

(

p

s) at

p

s =14.0, 22.0, 34.6 (traking '82), 35.0 (traking '86), 38.3 and

43.8 GeV derived from the omparison of O(�

2

S

)+NLLA-preditions with event shape distributions for

1 � T , M

H

, B

T

, B

W

, C and y

23

. The inner error bars denote the quadrati sum of the statistial and

experimental systemati unertainties of the �ts, the outer error bars are the total errors. The �

S

result

for a given entre-of-mass energy is alulated from the the individual results using the weighted mean

method.
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Figure 18: Values of �

S

from O(�

2

S

)+NLLA �ts, as a funtion of the entre-of-mass energy

p

s. The

solid error bars are the statistial and experimental unertainties added in quadrature, the dotted error

bars denote the total errors. The full points represent the values for �

S

extrated from JADE data whih

are ompared to the results obtained from other experiments [48℄ based on a similar set of event shape

and jet rate observables. The solid and the dashed lines represent the QCD predition for the world

average value of the strong oupling onstant, �

S

(M

Z

0

) = 0:118� 0:003 [48℄.
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