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Abstra
t

Data from e

+

e

�

annihilation into hadrons 
olle
ted by the JADE experiment at


entre-of-mass energies between 14 GeV and 44 GeV were used to study the four-jet

rate as a fun
tion of the Durham algorithm's resolution parameter y


ut

. The four-jet

rate was 
ompared to a QCD NLO order 
al
ulations in
luding NLLA resummation

of large logarithms. The strong 
oupling 
onstant measured from the four-jet rate

is

�

S

(M

Z

0
) = 0:1169 � 0:0004(stat:) � 0:0012(exp:) � 0:0021(had:) � 0:0007(theo:),

�

S

(M

Z

0) = 0:1169 � 0:0026 (total error)

in agreement with the world average.

This note des
ribes preliminary JADE results
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1 Introdu
tion

The annihilation of an ele
tron and a positron into hadrons allows pre
ise tests of Quan-

tum Chromodynami
s (QCD). Multijet rates are predi
ted in perturbation theory as

fun
tions of the jet-resolution parameter with one free parameter, the strong 
oupling


onstant �

S

. Events with four quarks or two quarks and two gluons in the partoni
 �nal

state are expe
ted to lead predominantly to events with four jets in the observed hadroni


�nal state. Thus, a determination of the four-jet produ
tion rate in hadroni
 events and

�tting the theoreti
al predi
tion to the data provides a means to measure the strong


oupling 
onstant.

Cal
ulations beyond leading order are made possible by theoreti
al developments

a
hieved in the last few years. For multi-jet rates as well as numerous event shape dis-

tributions with perturbative expansions starting at O(�

S

), mat
hed next-to-leading or-

der 
al
ulations (NLO) and next-to-leading logarithmi
 approximations (NLLA) promise

pre
ise des
ription of the data over a wide range of the available kinemati
 region and


entre-of-mass energy [2{5℄.

In this analysis we used data 
olle
ted by the JADE experiment in the years 1979 to

1986 at the PETRA e

+

e

�


ollider at DESY at six 
entre-of-mass energies 
overing the

range of 14{44 GeV. Eviden
e for four-jet stru
ture has been reported earlier by JADE [6℄.

In a previous OPAL publi
ation a simultaneous measurement of �

S

and the QCD 
olour

fa
tors with data taken at

p

s = 91 GeV is des
ribed [7℄. The same theoreti
al predi
tions

were used for this analysis, with the 
olour fa
tors C

A

and C

F

set to the values expe
ted

from the QCD SU(3) symmetry group. A similar analysis was performed by ALEPH

using LEP 1 data at

p

s = 91 GeV [8℄.

The outline of the note is as follows. In se
tion 2, we de�ne the observable used in the

analysis and des
ribe its best available perturbative predi
tions. In se
tion 3 the analysis

pro
edure is explained in detail. Se
tion 4 
ontains the dis
ussion of the systemati



he
ks whi
h were performed and the resulting systemati
 errors. We 
olle
t our results

in se
tion 5 and summarize them in se
tion 6.

2 Observable

Jet algorithms are applied to 
luster the large number of parti
les of an hadroni
 event

into a small number of jets, re
e
ting the parton stru
ture of the event. For this analysis

we used the Durham s
heme [2℄. De�ning ea
h parti
le initially to be a jet, a resolution

variable y

ij

is 
al
ulated for ea
h pair of jets i and j:

y

ij

=

2min(E

2

i

; E

2

j

)

E

2

vis

(1� 
os �

ij

); (1)

where E

i

and E

j

are the energies, 
os �

ij

is the angle between the two jets and E

vis

is the

sum of the energies of all visible parti
les in the event (or the partons in a theoreti
al


al
ulation). If the smallest value of y

ij

is less than a prede�ned value y


ut

, the pair is

repla
ed by a jet with four momentum p

�

ij

= p

�

i

+ p

�

j

, and the 
lustering starts again with

p

�

ij

instead of the momenta p

�

i

and p

�

j

. Clustering ends when the smallest value of y

ij

is

larger than y


ut

. The remaining jets are then 
ounted.
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In QCD the fra
tion of four-jet events R

4

is predi
ted in NLO as a fun
tion of the

strong 
oupling 
onstant �

S

. The predi
tion used here was given by [5℄:

R

4

(y


ut

) =

�

4-jet

(y


ut

)

�

tot

= �

2

B

4

(y


ut

) + �

3

[C

4

(y


ut

) +

3

2

(�

0

logx

�

� 1) B

4

(y


ut

)℄ (2)

with �

tot

the total hadroni
 
ross-se
tion, � = �

S

C

F

=(2�), x

�

= �=

p

s with � the renor-

malization s
ale and

p

s the 
entre-of-mass energy, �

0

= (11� 2n

f

=3) with n

f

the number

of a
tive 
avours. The 
oeÆ
ients B

4

and C

4

were obtained by integrating the matrix

elements for e

+

e

�

annihilation into four massless parton �nal states, 
al
ulated by the

program DEBRECEN 2.0 [5℄

2

. Eq. 2 is used to predi
t the four-jet rate as a fun
tion of

y


ut

. The �xed-order perturbative predi
tion is not reliable for small values of y


ut

, due to

terms � �

n

S

ln

m

(y


ut

) that enhan
e the higher order 
orre
tions. An all-order resumma-

tion, given in [2℄, is possible for the Durham 
lustering algorithm. The NLLA 
al
ulation

is 
ombined with the NLO-predi
tion using the \modi�ed R-mat
hing" s
heme des
ribed

in [5℄. In the modi�ed R-mat
hing s
heme the terms proportional in �

2

and �

3

are removed

from the R

NLLA

predi
tion and the remainder is then added to the R

NLO


al
ulation:

R

R�mat
h

= R

NLLA

+ [�

2

(B

4

� B

NLLA

) + �

3

(C

4

� C

NLLA

� 3=2(B

4

� B

NLLA

))℄; (3)

where B

NLLA

and C

NLLA

are the 
oeÆ
ients of the expansion of R

NLLA

as in Eq. 2.

3 Analysis Pro
edure

3.1 The JADE Dete
tor

A detailed des
ription of the JADE dete
tor 
an be found in [1℄. This analysis relies mainly

on the re
onstru
tion of 
harged parti
le traje
tories and on the measurement of energy

deposited in the ele
tromagneti
 
alorimeter. Tra
king of 
harged parti
les was performed

with the 
entral dete
tor, whi
h was positioned in a solenoidal magnet providing an axial

magneti
 �eld of 0.48 T. The 
entral dete
tor 
ontained a large volume jet 
hamber. Later

a vertex 
hamber 
lose to the intera
tion point and surrounding z-
hambers to measure

the z-
oordinate

3

were added. Most of the tra
king information was obtained from the

jet 
hamber, whi
h provided up to 48 measured spa
e points per tra
k, and good tra
king

eÆ
ien
y in the region j 
os �j < 0:97. Ele
tromagneti
 energy was measured by the lead

glass 
alorimeter surrounding the magnet 
oil, separated into a barrel (j 
os �j < 0:839) and

two end-
ap (0:86 < j 
os �j < 0:97) se
tions. The ele
tromagneti
 
alorimeter 
onsisted

of 2520 lead glass blo
ks with a depth of 12.5 radiation lengths in the barrel (sin
e 1983

in
reased to 15.7 in the middle 20% of the barrel) and 192 lead glass blo
ks with 9.6

radiation lengths in the end-
aps.

2

The Durham y


ut

values were 
hosen to vary in the range between 0:00001 and 0:3162, similar to the

study in [5℄.

3

In the JADE right-handed 
oordinate system the +x axis pointed towards the 
entre of the PETRA

ring, the y axis pointed upwards and the z axis pointed in the dire
tion of the ele
tron beam. The polar

angle � and the azimuthal angle � were de�ned with respe
t to z and x, respe
tively, while r was the

distan
e from the z-axis.
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3.2 Data Samples

The data used in this analysis were 
olle
ted by JADE between 1979 and 1986 and 
orre-

spond to a total integrated luminosity of 195 pb

�1

. The breakdown of the data samples,

mean 
entre-of-mass energy, energy range, data taking period, 
olle
ted integrated lumi-

nosities and the size of the data samples after sele
tion of hadroni
 events are given in

table 1. The data samples were 
hosen following previous analyses, e.g. [1, 9{12℄. The

data are available from two versions of the re
onstru
tion software from 9/87 and from

5/88. We used both sets and 
onsidered di�eren
es between the results as an experimental

systemati
 un
ertainty.

average energy year luminosity sele
ted sele
ted

energy in GeV range in GeV (pb

�1

) events events

9/87 5/88

14.0 13.0{15.0 1981 1.46 1722 1783

22.0 21.0{23.0 1981 2.41 1383 1403

34.6 33.8{36.0 1981{1982 61.7 14213 14313

35.0 34.0{36.0 1986 92.3 20647 20876

38.3 37.3{39.3 1985 8.28 1584 1585

43.8 43.4{46.4 1984{1985 28.8 3896 4376

Table 1: The average 
enter-of-mass energy, energy range, year of data taking and inte-

grated luminosity for ea
h data sample, together with the numbers of sele
ted data events

using the data sample version of 9/87 or 5/88.

3.3 Monte Carlo Samples

Samples of Monte Carlo simulated events were used to 
orre
t the data for experimen-

tal a

eptan
e and ba
kgrounds. The pro
ess e

+

e

�

! hadrons was simulated using

PYTHIA 5.7 [13℄. Corresponding samples using HERWIG 5.9 [14, 15℄ were used for sys-

temati
 
he
ks. The Monte Carlo samples generated at ea
h energy point were pro
essed

through a full simulation of the JADE dete
tor [21{23℄, summarized in [12℄, and re
on-

stru
ted in essentially the same way as the data.

In addition, for 
omparisons with the 
orre
ted data, and when 
orre
ting for the

e�e
ts of fragmentation, large samples of Monte Carlo events without dete
tor simula-

tion were employed, using the parton shower models PYTHIA 6.158, HERWIG 6.2 and

ARIADNE 4.11 [19℄. All models were adjusted to LEP 1 data by the OPAL 
ollaboration.

The ARIADNE Monte Carlo generator is based on a 
olor dipole me
hanism for the

parton shower. The PYTHIA and HERWIG Monte Carlo programs use the leading

logarithmi
 approximation (LLA) approa
h to model the emission of gluons in the parton

shower. For the emission of the �rst hard gluon, the di�eren
es between the LLA approa
h

and a leading order matrix element 
al
ulation are a

ounted for. However, the emission

of gluons later on in the parton shower is based only on a LLA 
as
ade and is expe
ted to

di�er from a 
omplete matrix element 
al
ulation. For this reason we do expe
t deviations
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in the des
ription of the data by the Monte Carlo models. Re
ently new Monte Carlo

generators have been developed, whi
h implement a more 
omplete simulation of the hard

parton emission [20℄. However, the models are not yet tuned to data taken at LEP and

were therefore not 
onsidered in this analysis.

3.4 Sele
tion of Events

The sele
tion of events for this analysis aims to identify hadroni
 event 
andidates and

to reje
t events with a large amount of energy emitted by initial state radiation (ISR).

The sele
tion of hadroni
 events was based on 
uts on event multipli
ity (to remove

leptoni
 �nal states) and on visible energy and longitudinal momentum balan
e (to remove

radiative and two-photon events, e

+

e

�

! e

+

e

�

hadrons). The 
uts used are do
umented

in [16{18℄ and summarized in a previous publi
ation [9℄.

Standard 
riteria were used to sele
t good tra
ks and 
lusters of energy deposits in

the 
alorimeter for subsequent analysis. Charged parti
le tra
ks were required to have at

least 20 hits in r-� and at least 12 in r-z in the jet 
hamber. The total momentum was

required to be at least 50 MeV. Furthermore, the point of 
losest approa
h of the tra
k

to the 
ollision axis was required to be less than 5 
m from the nominal 
ollision point in

the x� y plane and less than 35 
m in the z�dire
tion.

In order to mitigate the e�e
ts of double 
ounting of energy from tra
ks and 
alorime-

ter 
lusters a standard algorithm was adopted whi
h asso
iated 
harged parti
les with


alorimeter 
lusters, and subtra
ted the estimated 
ontribution of the 
harged parti
les

from the 
luster energy. Charged parti
le tra
ks were assumed to be pions while the

photon hypothesis was assigned to ele
tromagneti
 energy 
lusters. Clusters in the ele
-

tromagneti
 
alorimeter were required to have an energy ex
eeding 0.15 GeV after the sub-

tra
tion of the expe
ted energy deposit of any asso
iated tra
ks. From all a

epted tra
ks

and 
lusters i the visible energy E

vis

=

P

i

E

i

, momentum balan
e p

bal

= j

P

i

p

z;i

j=E

vis

and missing momentum p

miss

= j

P

i

~p

i

j were 
al
ulated. To 
harged parti
le tra
ks the

pion mass was assigned while the mass of 
lusters was assumed to be zero.

Hadroni
 event 
andidates were required to pass the following sele
tion 
riteria:

� The total energy deposited in the ele
tromagneti
 
alorimeter had to ex
eed 1.2 GeV

(0.2 GeV) for

p

s < 16 GeV, 2.0 GeV (0.4 GeV) for 16 <

p

s < 24 GeV and 3.0 GeV

(0.4 GeV) for

p

s > 24 GeV in the barrel (ea
h end
ap) of the dete
tor.

� The number of good 
harged parti
le tra
ks was required to be greater than three

redu
ing �

+

�

�

and two-photon ba
kgrounds to a negligible level.

� For events with exa
tly four tra
ks 
on�gurations with three tra
ks in one hemi-

sphere and one tra
k in the opposite hemisphere were reje
ted.

� At least three tra
ks had to have more than 24 hits in r�� and a momentum larger

than 500 MeV; these tra
ks are 
alled long tra
ks.

� The visible energy had to ful�ll E

vis

=

p

s > 0:5.

� The momentum balan
e had to ful�ll p

bal

< 0:4.
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� The missing momentum had to ful�ll p

miss

=

p

s < 0:3.

� The z-
oordinate of the re
onstru
ted event vertex had to lie within 15 
m of the

intera
tion point.

� The polar angle of the thrust axis was required to satisfy j 
os(�

T

)j < 0:8 in order

that the events be well 
ontained in the dete
tor a

eptan
e.

The numbers of sele
ted events for ea
h

p

s are shown in table 1 for the two versions of

the data.

3.5 Corre
tions to the data

All sele
ted tra
ks and the ele
tromagneti
 
alorimeter 
lusters remaining after 
orre
ting

for double 
ounting of energy as des
ribed above were used in the evaluation of the four-

jet rate. The four-jet rate distribution after all sele
tion 
uts had been applied is 
alled

the dete
tor level distribution.

In this analysis events from the pro
ess e

+

e

�

! b

�

b were 
onsidered as ba
kground,

sin
e espe
ially at low

p

s the large mass of the b quarks and of the subsequently produ
ed

B hadrons will in
uen
e the four-jet rate distribution. The QCD predi
tions are 
al
ulated

for massless quarks and thus we 
hoose to 
orre
t our data for the presen
e of b

�

b events.

The expe
ted number of b

�

b ba
kground events �

i

was subtra
ted from the observed

number of data events N

i

at ea
h y


ut

point i. The e�e
ts of dete
tor a

eptan
e and

resolution and of residual ISR were then a

ounted for by a multipli
ative 
orre
tion

pro
edure.

Two four-jet rate distributions were formed from Monte Carlo simulated signal events;

the �rst, at the dete
tor level, treated the Monte Carlo events identi
ally to the data,

while the se
ond, at the hadron level, was 
omputed using the true momenta of the stable

parti
les in the event

4

, and was restri
ted to events where

p

s

0

, the 
entre-of-mass energy

redu
ed due to ISR, satis�ed

p

s�

p

s

0

< 0:15 GeV. The Monte Carlo ratio of the hadron

level to the dete
tor level for ea
h y


ut

point i, C

dete
tor

i

, was used as a 
orre
tion fa
tor

for the data. This yields �nally the 
orre
ted number of four jet events at y


ut

point i

~

N

i

= C

dete
tor

i

� (N

i

� �

i

). The hadron level distribution was then normalized at ea
h y


ut

point i by 
al
ulating R

4;i

=

~

N

i

=N , where N is the expe
ted total number of events.

The dete
tor 
orre
tion fa
tors C

dete
tor

as determined using PYTHIA and HERWIG

are shown in �gure 1. We observe some disagreement between the dete
tor 
orre
tions


al
ulated using PYTHIA or HERWIG at low

p

s while at larger

p

s the 
orre
tion fa
-

tors agree well within the regions 
hosen for 
omparison with the theory predi
tions, see

below. The di�eren
e in dete
tor 
orre
tions was evaluated as an experimental systemati


un
ertainty.

A single event will usually 
ontribute to several y


ut

points in a four-jet rate distribution

and for this reason the data points are 
orrelated. The 
omplete 
ovarian
e matrix W

ij

was determined from four-jet rate distributions 
al
ulated at the hadron level in the

following way. Subsamples were built by 
hoosing 1000 events randomly out of the set of

all generated Monte Carlo events. A single event 
an show up in several subsamples, but

4

All 
harged and neutral parti
les with a lifetime larger than 3� 10

�10

s were treated as stable.
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the impa
t on the �nal 
ovarian
e matrix is expe
ted to be very small and therefore was

negle
ted. For every energy point 1000 subsamples were built. The 
ovarian
e matrix

was then used to determine the 
orrelation matrix, �

ij

= W

ij

= ~�

i

~�

j

, with ~�

i

=

p

W

ii

.

The 
ovarian
e matrix V

ij

used in the �

2

�t for the extra
tion of �

S

(see se
tion 5.2

below) was then determined using the statisti
al error �

i

of the data sample at y


ut

point

i and the 
orrelation matrix �

ij

: V

ij

= �

ij

�

i

�

j

.

4 Systemati
 Un
ertainties

Several sour
es of possible systemati
 un
ertainties were studied. All systemati
 un
er-

tainties were taken as symmetri
. Contributions to the experimental un
ertainties were

estimated by repeating the analysis with varied 
uts or pro
edures. For ea
h systemati


variation the value of �

S

was determined and then 
ompared to the result of the standard

analysis (default value). For ea
h variation the di�eren
e with respe
t to the default value

was taken as a systemati
 un
ertainty. In the 
ases of two-sided systemati
 variations the

larger deviation from the default value was taken as the systemati
 un
ertainty.

� In the standard analysis the data version from 9/87 was used. As a variation a

di�erent data set from 5/88 was used.

� In the default method the tra
ks and 
lusters were asso
iated and the estimated

energy from the tra
ks was subtra
ted. As a variation all re
onstru
ted tra
ks and

all ele
tromagneti
 
lusters were used.

� The thrust axis was required to satisfy j 
os(�

T

)j < 0:7. With this more stringent


ut events were restri
ted to the barrel region of the dete
tor, whi
h provides better

measurements of tra
ks and 
lusters 
ompared to the end
aps.

� Instead of using PYTHIA for the 
orre
tion of dete
tor e�e
ts as des
ribed in se
-

tion 3.5, events generated with HERWIG were used.

� The requirement on missing momentum was dropped or tightened to p

miss

=

p

s <

0:25.

� The requirement on the momentum balan
e was dropped or tightened to p

bal

< 0:3.

� The requirement on the number of long tra
ks was tightened to N

long

� 4.

� The requirement on the visible energy was varied to E

vis

=

p

s > 0:45 and E

vis

=

p

s >

0:55.

� The amount of subtra
ted b

�

b ba
kground was varied by �5% in order to 
over

un
ertainties in the estimation of the ba
kground fra
tion in the data.

All 
ontributions listed above were added in quadrature and the result quoted as the

experimental systemati
 un
ertainty. The dominating e�e
ts were the use of the di�erent

data version followed by employing HERWIG to determine the dete
tor 
orre
tions. In

the �ts of the QCD predi
tions to the data two further systemati
 un
ertainties were

evaluated:

7



� The un
ertainties asso
iated with the hadronization 
orre
tion (see se
tion 5.2)

were assessed by using HERWIG and ARIADNE instead of PYTHIA. The larger


hange in �

S

resulting from these alternatives was taken to de�ne the hadronization

systemati
 un
ertainty.

� The theoreti
al un
ertainty, asso
iated with missing higher order terms in the theo-

reti
al predi
tion, was assessed by varying the renormalization s
ale fa
tor x

�

. The

predi
tions of an all-orders QCD 
al
ulation would be independent of x

�

, but a

�nite order 
al
ulation su
h as that used here retains some dependen
e on x

�

. The

renormalization s
ale x

�

was set to 0.5 and 2. The larger deviation from the default

value was taken as theoreti
al systemati
 un
ertainty.

5 Results

5.1 Four-Jet Rate Distributions

The four-jet rates for the six

p

s points after subtra
tion of ba
kground and 
orre
tion

for dete
tor e�e
ts are shown in �gures 2 and 3. Superimposed are the distributions

predi
ted by the PYTHIA, HERWIG and ARIADNE Monte Carlo models. In order

to make a more 
lear 
omparison between data and models, the inserts in the upper

right 
orner show the di�eren
es between data and ea
h model, divided by the 
ombined

statisti
al and experimental error at that point. The sum of squares of these di�eren
es

would, in the absen
e of point-to-point 
orrelations, represent a �

2

between data and the

model. However, sin
e 
orrelations are present, su
h �

2

values should be regarded only

as a rough indi
ation of the agreement between data and the models. The three models

are seen to des
ribe the data well.

5.2 Determination of �

S

Our measurement of the strong 
oupling 
onstant �

S

is based on �

2

�ts of QCD predi
tions

to the 
orre
ted four-jet rate distribution, i.e. the data shown in �gures 2 and 3. The

theoreti
al predi
tions of the four-jet rate using the 
ombined O(�

3

S

)+NLLA 
al
ulation

as des
ribed in se
tion 2 provide distributions at the parton level. In order to 
onfront

the theory with the hadron level data, it is ne
essary to 
orre
t for hadronization e�e
ts.

The four-jet rate was 
al
ulated at hadron and parton level using PYTHIA and, as a


ross-
he
k, with the HERWIG and ARIADNE models. The theoreti
al predi
tion is

then multiplied by the ratio C

had

of the hadron and parton level four-jet rates to 
orre
t

for hadronization.

The hadronization 
orre
tion fa
tors C

had

as obtained from the three models are shown

in �gure 4. We �nd that the hadronization 
orre
tions rea
h values of down to about 0.5

at low

p

s and there is a signi�
ant dependen
e on y


ut

. For larger

p

s the hadronization


orre
tions are 
loser to one as expe
ted. We also observe that the models do not agree

well at low

p

s. The di�eren
es between the models will be 
onsidered as a systemati


un
ertainty in the �ts.
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A �

2

-value at ea
h energy point is 
al
ulated using the following formula:

�

2

=

n

X

i;j

(R

4;i

� R(�

S

)

theo

4;i

)(V

ij

)

�1

(R

4;j

� R(�

S

)

theo

4;j

) (4)

where the indi
es i and j denote the y


ut

points in the 
hosen �t range and the R(�

S

)

theo

4;i

are

the predi
ted values of the four-jet rate. The 
ovarian
e matrix is 
al
ulated as des
ribed

in se
tion 3.5. The �

2

value is minimized with respe
t to �

S

for ea
h

p

s separately. The

s
ale parameter x

�

, as dis
ussed in se
tion 2, is set to 1.

The �t ranges are shown in table 2. The �t ranges were determined by requiring that

the dete
tor hadronization 
orre
tions be less than 100% in the �t region, and that the

�

2

/d.o.f. values 
hanged by less than 2 units when one y


ut

point is added to or removed

from the �t range. The �t ranges 
over the de
reasing parts of the distributions at large

y


ut

, where the perturbative QCD predi
tions are able to adequately des
ribe the data


orre
ted for hadronization. The in
reasing parts of the distributions at low y


ut

are

dominated by events with more than four jets whi
h 
annot be des
ribed a

urately by

the predi
tions. In addition experimental and hadronization 
orre
tions be
ome large in

this region.

In �gures 5 and 6 the hadron level four-jet distributions for the six energy points are

shown together with the �t result. The numeri
al results of the �ts are summarized in

table 3. The statisti
al error 
orresponds to the error from the �

2

minimization. The

systemati
 errors were determined as des
ribed in se
tion 4.

It is also of interest to 
ombine the measurements of �

S

from the di�erent 
entre-of-

mass energy points in order to determine a single value. This problem has been subje
t

of extensive study by the LEP QCD working group [24℄, and we adopt their pro
edure

here.

In brief the method is as follows. The set of �

S

measurements to be 
ombined are �rst

evolved to a 
ommon s
ale, Q = M

Z

0

, assuming the validity of QCD. The measurements

are then 
ombined in a weighted mean, to minimize the �

2

between the 
ombined values

and the measurements. If the measured values evolved to Q =M

Z

0

are denoted �

S;i

, with


ovarian
e matrix V

0

, the 
ombined values, �

S

(M

Z

0

), are given by

�

S

(M

Z

0

) =

X

w

i

�

S;i

where w

i

=

P

j

(V

0 �1

)

ij

P

j;k

(V

0 �1

)

jk

; (5)

where i and j denote the six individual results. The diÆ
ulty resides in making a reliable

estimate of V

0

in the presen
e of dominant and highly 
orrelated systemati
 errors. Small

un
ertainties in the estimation of these 
orrelations 
an 
ause undesirable features su
h

as negative weights. For this reason only experimental systemati
 errors assumed to be

partially 
orrelated between measurements were taken to 
ontribute to the o�-diagonal

elements of the 
ovarian
e matrix: V

0

ij

= min(�

2

exp;i

; �

2

exp;j

). All error 
ontributions (sta-

tisti
al, experimental, hadronization and s
ale un
ertainty) were taken to 
ontribute to

the diagonal elements. The hadronization and s
ale un
ertainties were 
omputed by 
om-

bining the �

S

values obtained with the alternative hadronization models, and from the

upper and lower theoreti
al errors, using the weights derived from the 
ovarian
e matrix

V

0

.
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We �nd that the �t result from the 14 GeV data has large hadronization and experi-

mental un
ertainties be
ause the 
orresponding 
orre
tions are large and not well known

at this energy. We therefore 
hoose to not in
lude this result in the 
ombination. The

result of the 
ombination using all results with

p

s � 22 GeV is

�

S

(M

Z

0

) = 0:1169� 0:0004(stat:)� 0:0012(exp:)� 0:0021(had:)� 0:0007(theo:) ;


onsistent with the world average value of �

S

(M

Z

0

) = 0:1182� 0:0027 [25℄. The weights

were 0.18 for 22 GeV, 0.29 for 34.6 GeV, 0.25 for 35 GeV, 0.07 for 38.3 GeV and 0.21

for 44 GeV. The results at ea
h energy point are shown in �gure 7 and 
ompared with

the predi
ted running of �

S

based on the world average value. For 
larity the values

from

p

s = 34:6 and 35.0 GeV have been 
ombined at their luminosity weighted average

energy

p

s = 34:8 GeV using the 
ombination pro
edure des
ribed above. The result of

ALEPH [8℄ and preliminary data from OPAL [26℄ are shown as well.

6 Summary

In this note we present preliminary measurements of the strong 
oupling from the four-jet

rate at 
entre-of-mass energies between 14 and 44 GeV using data of the JADE experi-

ment. The predi
tions of the PYTHIA, HERWIG and ARIADNE Monte Carlo models

tuned by OPAL to LEP 1 data are found to be in agreement with the measured distribu-

tions.

From a �t of QCD NLO predi
tions 
ombined with resummed NLLA 
al
ulations to

the four-jet rate 
orre
ted for experimental and hadronization e�e
ts we have determined

the strong 
oupling �

S

. The value of �

S

(M

Z

0

) is determined to be �

S

(M

Z

0

) = 0:1169 �

0:0026 (total error).
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Tables

p

s [GeV℄ �t range

14.0 0.00875 { 0.02765

22.0 0.0049 { 0.01555

34.6 0.0037 { 0.02765

35.0 0.0037 { 0.02765

38.3 0.0021 { 0.02765

43.8 0.0021 { 0.02075

Table 2: Fit ranges for all energy points

p

s [GeV℄ �

S

(

p

s) stat. exp. HERWIG ARIADNE x

�

= 2:0 x

�

= 0:5

14.0 0.1475 �0.0014 �0.0032 +0.0093 +0.0117 +0.0030 �0.0018

22.0 0.1442 �0.0018 �0.0028 �0.0005 +0.0038 +0.0018 �0.0002

34.6 0.1358 �0.0007 �0.0018 �0.0031 +0.0010 +0.0011 +0.0007

35.0 0.1405 �0.0006 �0.0017 �0.0033 +0.0009 +0.0012 +0.0008

38.3 0.1366 �0.0021 �0.0045 �0.0038 +0.0009 +0.0004 +0.0021

43.8 0.1303 �0.0012 �0.0011 �0.0038 +0.0005 +0.0001 +0.0020

Table 3: The value of �

S

for ea
h energy point and the statisti
al, experimental, hadroniza-

tion and s
ale errors.
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Figure 1: The �gures show the dete
tor 
orre
tions for the four-jet rate at the six energy

points as 
al
ulated using PYTHIA and HERWIG.
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Figure 2: The �gures show the four-jet rate distribution at hadron level as a fun
tion of

the y


ut

resolution parameter obtained with the Durham algorithm. The four-jet rate at

�ve average 
entre-of-mass energies for the data, 
orre
ted to the hadron level, are shown

for

p

s = 14 to 35 GeV in 
omparison with predi
tions based on PYTHIA, HERWIG and

ARIADNE Monte Carlo events. The errors shown in
lude all statisti
al and experimental

un
ertainties. The panel in ea
h upper right 
orner shows the di�eren
es between data

and Monte Carlo, divided by the sum of the statisti
al and experimental error. At points

with no data events, the di�eren
e is set to zero.
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Figure 3: Same as �gure 2 for

p

s = 38:3 and 43.8 GeV.
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Figure 4: The �gures show the hadronization 
orre
tions for the four-jet rate at the six

energy points as 
al
ulated using PYTHIA, HERWIG and ARIADNE.
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Figure 5: The plots show the four-jet rate distributions at the hadron level for

p

s =

14 GeV to 35 GeV. The errors 
orrespond to the statisti
al error only and the 
urves

indi
ate the theory predi
tion after using the �t results.

17



0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

10
-5

10
-4

10
-3

10
-2

10
-1

y
cut

4
-J

et
-R

a
te

38.3 GeV

JADE

Preliminary

fit
range

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

10
-5

10
-4

10
-3

10
-2

10
-1

y
cut

4
-J

et
-R

a
te

43.8 GeV

JADE

Preliminary

fit
range

Figure 6: Same as �gure 5 for

p

s = 38:3 GeV and 43.8 GeV

18



α
S
(M

Z
)=0.1182±0.0027

JADE

OPAL (preliminary)

ALEPH

JADE

Preliminary

Durham 4-Jet Rate

√s [ GeV ]

α S

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

0.16

25 50 75 100 125 150 175 200

Figure 7: The values for �

S

at the various energy points. The errors show the statisti
al

(inner part) and the total error. The full and dash-dotted lines indi
ate the 
urrent world

average value of �

S

(M

Z

0

) [25℄. The results at

p

s = 34:6 and 35 GeV have been 
ombined

for 
larity. The results from ALEPH [8℄ and OPAL [26℄ (preliminary) are shown as well.
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