
�

S

EVOLUTION FROM 35 GEV TO 202 GEV AND FLAVOUR

INDEPENDENCE

O. BIEBEL

Max-Plan
k-Institut f�ur Physik, F�ohringer Ring 6,

80805 M�un
hen, Germany

Determinations of the strong 
oupling 
onstant �

S

at 
entre-of-mass energies of 192 through

202 GeV at LEP are presented. The energy evolution of �

S

is in agreement with the predi
tion

of QCD. The 
ombined investigation of OPAL and JADE data in the energy range of 35

through 189 GeV yields �

S

(m

Z

) = 0:1187

+0:0034

�0:0019

. The strenght of the strong 
oupling is


avour independent if quark mass e�e
ts are taken into a

ount.

1 Motivation

Three fundamental properties follow from QCD: (i) the s
ale dependen
e of the renormalised


oupling strength, (ii) the 
avour independen
e of the 
oupling apart from e�e
ts due to �nite

quark masses, and (iii) the s
ale dependen
e of the renormalised quark masses. It 
onstitutes a

signi�
ant experimental test of QCD if the strong intera
tion obeys these properties.

The large range of energy 
overed by e

+

e

�


olliders makes an investigation of the energy

evolution of �

S

possible. Although the expe
ted running of the 
oupling is more pronoun
ed

towards lower 
entre-of-mass energies, the uniform analyses at LEP provide signi�
ant QCD

tests up to the highest energies a

essible.

2 �

S

(200 GeV)

The ex
ellent performan
e of the LEP 
ollider in 1999 provided data at

p

s = 192, 196, 200, and

202 GeV 
omprising together about 220 pb

�1

per experiment. The results at ea
h of the four

p

s will be 
ombined to derive the 
oupling strength at

p

s = 198 GeV whi
h is the luminosity

weighted average energy.
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Figure 1: Left: �

S

results at the highest LEP energies. The experimental 
ontribution to the total errors is

indi
ated. Right: �

S

between

p

s = 22 and 202 GeV, �tted with the 4-loop predi
tion of the s
ale dependen
e.

Even though the sele
tion of hadroni
 �nal states is trivial, ba
kground 
ontributions from

essentially W pair produ
tion and large initial state radiation have to be reje
ted. W pair events

are ex
luded using the wide separation of the four jets and requiring di-jet masses di�erent from

the W mass. The demand that the e�e
tive 
entre-of-mass energy of the hadroni
 �nal state

is within 10-20% of the nominal value is applied against initial state radiation events. These


riteria sele
t more than 75% of the real hadroni
 �nal states and redu
e the 
ontribution from

other pro
esses to less than 20%.

From the sele
ted events the observables thrust (T ), heavy jet mass (M

H

), total and wide

jet broadening (B

T

, B

W

), C parameter (C), and the value of the jet resolution parameter at

the transition from 3 to 2 jets using the Durham jet algorithm (y

3

) are measured. The strong


oupling 
onstant is found from �tting the QCD predi
tion, 
onvolved with the hadronisation


orre
tion, to the distribution of an observable. The QCD predi
tion is the mat
hed resummed

next-to-leading logarithmi
 approximation (NLLA) with the full se
ond order matrix element

(O(�

2

S

)). The hadronisation 
orre
tion is taken from various Monte Carlo event generators whi
h

although they were tuned to des
ribe the data measured at 91 GeV yield a good representation

of the data at energies of around 200 GeV.

The left part of Fig. 1 shows the �t results of the LEP experiments

1

for �

S

at

p

s = 192-196

and 200-202 GeV. Combining the values yields �

S

(198 GeV) = 0:109� 0:001

(expt)

� 0:005

(theo)

.

3 Energy evolution

The LEP experiments 
ontributed a large number of �

S

determinations for

p

s � m

Z

(see

1

and referen
es therein). Exploiting initial and hard �nal state photon radiation,

p

s as low as

30 GeV are a

essible and have been investigated by L3 and DELPHI

2

. These determinations

of �

S

below the Z mass are 
omplemented by results of experiments at lower 
entre-of-mass

energies

3;4

whi
h, even though already 
ompleted sin
e long, re-analysed their data to employ

the mat
hed resummed NLLA and O(�

2

S

) predi
tions for an �

S

determination.

The right part of Fig. 1 shows the �

S

values versus the 
entre-of-mass energy. The values

with their experimental errors are �tted with the 4-loop formula for the s
ale dependen
e

5

of

�

S

. To estimate the theory un
ertainty the s
ale un
ertainties of the single measurements are


onsidered to be fully 
orrelated. The �t yields �

S

(m

Z

) = 0:1208 � 0:0006

(expt)

� 0:0048

(theo)

whi
h is not dominated by the single measurement at 91.2 GeV and whi
h agrees with the world

average of 0:1184 � 0:0031

6

.
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Figure 2: 2-, 3-, 4-, and 5-jet fra
tions for the Durham jet algorithm at

p

s = 35, 91, and 189 GeV.

Re
ently jet observables for the Durham and Cambridge jet algorithms have been investi-

gated using data of the OPAL and the JADE experiments

7

. The analysis treated the data of both

experiments and estimated the errors of �

S

in a similar way. Fig. 2 shows the 2-, 3-, 4-, and 5-jet

fra
tions for the Durham jet algorithm at three di�erent

p

s. Predi
tions of several models are

overlaid. The 
oupling strength has been obtained from �ts of the mat
hed resummed NLLA plus

se
ond order matrix element to the di�erential 2-jet rate (D

2

) and the jet multipli
ity (N) of both

jet �nders. Fig. 3 shows the results with the world average overlaid. Combining all eight determi-

nations and taking 
orrelations into a

ount yields �

S

(m

Z

) = 0:1187 � 0:0010

(expt)

+0:0032

�0:0016 (theo)

whi
h is in ex
ellent agreement with the world average

6

and has a very small total error.

4 Flavour independen
e

Finite quark masses a�e
t the result of �

S

determinations. In parti
ular bottom quark events

at the Z mass yield a 7% lower value of �

S

if the quark mass e�e
t is negle
ted

8

. To a

ount for

the mass e�e
t for an in
lusive determination whi
h negle
ted this e�e
t, the value of �

S

has to

be in
reased by about 1%, whi
h is 
overed by the typi
al total error.

Being pre
isely 
on�rmed for the heavy 
harm and bottom quarks, the 
avour independen
e

has been s
ar
ely tested for the light quarks at high energies. At

p

s � 0 eviden
e for the


avour independen
e 
omes from e.g. isospin invarian
e and approximate SU(3)


av

symmetry.

The 
hallenge for an investigation of the 
avour independen
e at

p

s = m

Z

is to separate u,

d, and s quark events. Using the leading parti
le e�e
t

9

for K

�

, K

0

S

, and all kinds of 
harged

parti
les OPAL

10

sele
ted events whi
h are enri
hed di�erently in u, d, and s quarks and

thus allows for a statisti
al de
omposition of the 
ontribution of ea
h of the three light quark


avours. �

S

is determined from the 
harged multipli
ities, hNi, obtained for ea
h quark 
avour

from the de
omposition, using hNi � �

B

S

� exp(C=

p

�

S

) where B and C are known from QCD


al
ulations

11

. This yielded the preliminary ratios: �

u

S

=�

d

S

= 0:88� 0:08, �

s

S

=�

d

S

= 0:96� 0:06,

and �

s

S

=�

u

S

= 1:09 � 0:06 whi
h are 
onsistent with 
avour independen
e at a level of better

than 10% and 
onstitute an improvement over the previous OPAL result

12

.
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Figure 3: �

S

obtained from the di�erential 2-jet rate (D

2

) and the jet multipli
ities (N) for the Durham (

D

) and

Cambridge (

C

) jet algorithms.

5 Summary

QCD is in a very good shape! The fundamental properties of the theory, i.e. the running

of �

S

, its 
avour independen
e and also the running of the renormalised quark masses are

observed and 
on�rmed in experimental investigations. At the highest energies of LEP the

value of the 
oupling is determined to be �

S

(198 GeV) = 0:109 � 0:005 (prelim.) whi
h agrees

with the expe
ted running. The value of the strong 
oupling 
onstant is now very pre
isely

determined from a 
ombined analysis of OPAL and JADE data 
overing 
entre-of-mass energies

from

p

s = 22 through 189 GeV to be �

S

(m

Z

) = 0:1187

+0:0034

�0:0019

. The 
avour independen
e of the


oupling at high energies is now 
on�rmed for the light quarks at the level of better than 10%.
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