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We present a study of energy-energy correlations based on 83 000 hadronic Z ° decays. From this data we determine the strong 
coupling constant oq to second order QCD: 

c~(91.2 GeV) =0.121 _+ 0.004(exp.) _+ 0.002 (hadr.)_+o°:o°o°9 (scale) _+ 0.006(theor.) 

from the energy-energy correlation and 

~s(91.2 GeV) =0.1 +o0ov +oooz +ooo3 15 _+ 0.004 (exp.) _o:oo4 (hadr.) _o:ooo(scale) _o:oo~ (theor.) 

from its asymmetry using a renormalization scale ~2 = 0.1 s. The first error (exp.) is the systematic experimental uncertainty, the 
statistical error is negligible. The other errors are due to hadronization (hadr.), renormalization scale (scale) uncertainties, and 
differences between the calculated second order corrections (theor.). 

1. Introduction 

The  e n e r g y - e n e r g y  co r r e l a t i on  ( E E C )  and  its 

a s y m m e t r y  ( A E E C )  were  i n t r o d u c e d  by B a s h a m  et 

al. [ 1 ] as obse rvab l e s  well su i ted  for  a d e t e r m i n a t i o n  

o f  the  s t rong  coup l ing  c o n s t a n t  as. The  EEC can be 

Supported by the German Bundesministerium f'tir Forschung 
und Technologie. 

d e f i n e d  as a h i s t og ram o f  all angles  b e t w een  any par-  

t icles i, j in h a d r o n i c  even t s  we igh ted  wi th  the  p rod -  

uct  o f  the i r  energies ,  and  ave raged  over  N events :  

EEC (,~'~bin) 

E~G 
-- 1 ~ ~ ~v2is ~bi. ()~bin--ZU) (1) Abin ,~r events 

6bin(Zbi.--Z(~) iS 1 for  angles Z~j ins ide  the  b in  a r o u n d  
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)/b~, and 0 otherwise. Abi n denotes  the bin width.  
Eves= ~',Ei is the total energy of  the event. For  2-jet 
events most  angles are close to 0 ° or  180 °, while 
events with hard gluon radia t ion  contr ibute  to the 
central region. Hence the integral of  the EEC distri-  
but ion in a range of  ~ 30 ° to ~ 150 ° is a measure  o f  
the strong coupling constant .  Events with hard gluon 
radia t ion contr ibute  asymmetr ica l ly  to the EEC dis- 
t r ibut ion  such that  the asymmet ry  in the energy-en-  
ergy correlat ion 

AEEC (Z) = EEC ( 180 ° - Z )  - EEC (Z) 

is posi t ive for X> 10 °. Also the integral of  the AEEC 
dis t r ibut ion  in the range of  ~ 30 ° to 90 ° is a measure  
of  C~s. 

We report  here on measurements  of  the energy-en-  
ergy correlat ion and its asymmet ry  at the Z ° reso- 
nance using the L3 detector  at LEP. Compar ing  our 
data  to the predic t ions  of  per turba t ive  Q C D  in sec- 
ond order  we der ive values for "MSa¢5~ and c~ at x /~=  
Mz.  These results are compared  to the c% value which 
we measured from the fraction of  3-jet events [ 2 ]. In 
order  to study the energy dependence  of  the strong 
coupling constant we compare c~ measurements  from 
AEEC obta ined  by several exper iments  at different  
center of  mass energies to the QCD calculations.  

2. The L3 detector 

The L3 detector  covers 99% of  41r [ 3 ]. The detec- 
tor  consists of  a central t racking chamber ,  a high res- 
olut ion electromagnet ic  ca lor imeter  composed  of  
b ismuth  germanium oxide crystals, a ring of  scintil- 
lation counters,  a u ran ium and brass hadron  calor im- 
eter with propor t iona l  wire chamber  readout ,  and an 
accurate muon chamber  system. These detectors  are 
instal led in a 12 m d iameter  magnet  which provides  
a uniform field of  0.5 T along the beam direct ion.  

For  the present  analysis, we used the da ta  collected 
in the following ranges o f  polar  angles: 
- for the e lectromagnet ic  calor imeter ,  4 2 . 4 ° < 0  
< 137.6 °, 
- for the hadron calorimeter ,  5 ° < 0 <  175 °. 
The energy-energy correlat ion measurements  are 
based on calor imetr ic  clusters. These are constructed 
by grouping together neighbouring ca lor imeter  hits, 
which are likely to be produced  by the same particle.  

Only clusters with a total  energy above 100 MeV are 
used. The algori thm normal ly  reconstructs  one clus- 
ter for each part icle produced near  the interact ion 
point.  For  a cluster energy of  2 GeV the angular  res- 
olut ion is approximate ly  0.4 ° for isolated electrons 
and photons  and bet ter  than 3 ° for hadrons.  

3. Selection of hadronie events 

Events collected at a center of  mass energy of  
x / s = 9 1 . 2  GeV from the 1990 LEP running per iod 
are used for this analysis. 

The pr imary  trigger for hadronic  events requires a 
total energy of  about 15 GeV in the calorimeters. This 
trigger is in local OR with a trigger using the barrel  
scint i l lat ion counters and with a charged track trig- 
ger. The combined  trigger efficiency for selected had- 
ronic events exceeds 99.95%. 

The selection o fe  + e -  ~ h a d r o n s  events is based on 
the energy measured in the electromagnetic  detector  
and in the hadron calorimeter .  Events are accepted if  

Evis 
0 .6<  ~ < 1.4, 

I Ekl I < 0.40 E± 
Evis ' ~ < 0 " 4 0 '  

Ncl~s~er > 12,  

where Evis is the total energy observed in the detec- 
tor, E~ is the energy imbalance along the beam direc- 
tion, and EL is the transverse energy imbalance.  The 
cut on the number  of  clusters rejects low mul t ip l ic i ty  
events, for example ~+~- final states. 

In total 83 000 events were selected. Applying the 
same cuts to s imulated events, we find that  97% of  
the hadronic  decays from the Z ° are accepted. The 
contamina t ion  from final states e+e - ,  z + z -  and 
e+e - + hadrons in the event sample is below 0.2% and 
can be neglected. 

Monte  Carlo events were generated by the par ton 
shower program JETSET 7.2 [4 ] and passed through 
the L3 detector  s imulat ion [ 5 ] which includes the ef- 
fects of  energy loss, mult iple  scattering, interact ions 
and decays in the detector  mater ia ls  and beam pipe. 
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4. Measurements of energy-energy correlations and 

unfolding 

Fig. 1 shows the measured EEC and AEEC distri- 
butions with a bin width of 1.8 ° together with the 
predictions of the JETSET parton shower MC. The 
small disagreement between data and Monte Carlo in 
both distributions can only be removed if ALL in the 
parton shower is chosen larger for the EEC distribu- 
tion than for the AEEC distribution. 

For the comparison of the measured distributions 
to the predictions of perturbative QCD we select the 
angular ranges 

57.6°~<Z~< 138.6 ° (EEC) , 

G) • DATA 
- -  MONTE CARLO Uq 

iX S 
10 

a) 

0 ° 200 400 600 80 ° 100 ° 120 o 1400 160 ° 180 ° 
z 

1 
(.-) "~_ • DATA 

< 
-1 

I0 

10 

b) 

100o 10 o 200 300 400 50 ° 60 ° 70 ° 80 ° 900 

z 
Fig. 1. M e a s u r e d  EEC (a )  a n d  A E E C  ( b )  d i s t r i b u t i o n s  wi th  the i r  

s ta t is t ica l  e r ro r s  c o m p a r e d  to  the  M o n t e  Car lo  s imu la t ion .  T h e  

first  b in  in the  EEC d i s t r i b u t i o n  c o r r e s p o n d s  to the case t ha t  clus- 

ters  i a n d j  are  ident ica l  in eq. ( 1 ), i.e. i=j a n d  X,;=0.  The  con-  

l en t  o f  the  s econd  b in  is small  s ince the  smal les t  r eso lvab le  angle  

be tween  two  clus ters  exceeds  the  bin  size o f  1.8 ° . The  first  b in  

( n e g a t i v e )  a n d  the  last  b in  (ve ry  smal l )  o f  the  AEEC d is t r ibu-  

t ion  a re  not  shown.  

36.0 ° ~y~90 .0  ° (AEEC).  (2) 

For these angles the ratio of the second order QCD 
calculation [6] and the predictions of the parton 
shower MC including hadronization is constant 
within about 5%. Outside the chosen angular ranges 
the second order calculations and parton shower pre- 
dictions disagree, which is probably due to higher or- 
der contributions and/or fragmentation effects. The 
Z interval is asymmetric for the EEC with respect to 

Z=90 °. 
To be able to study the dependence of our results 

on the angular interval we present the distributions 
for an enlarged angular range (46.8°-149.4 ° and 
25.2°-90.0°). 

To compare EEC and AEEC to the QCD calcula- 
tions we correct our measured EEC distribution for 
(a) detector effects, acceptance and resolution, (b) 
hadronization and decays and (c) initial and final 
state photon radiation. We apply bin-by-bin correc- 
tion factors: 

i # i z i E EC .... = c a,~ c,~a~ c ~d E EC . . . . .  

where i denotes the bin number. The unfolded AEEC 
distribution is then calculated from the corrected 
EEC. We choose a bind width of 5.4 ° (3XI .8  °) 
which exceeds the experimental resolution by a fac- 

tor or two. 
Fig. 2a shows the correction factor Cdct for detector 

effects in the angular range 25.2 °-  154.8 o. It has been 
calculated from 

c~ct = EEC~d~/EEC~ct, 

where EEChct stands for the JETSET Monte Carlo 
calculations with detector simulation and EEC~adr 
denotes the MC predictions at the hadron level. The 
uncertainty in c~c, was studied by comparing EEC and 
AEEC distributions for data and MC in different de- 
tector regions and by changing the energy response in 
different detector components in the Monte Carlo 
simulation by up to 10%. Larger variations are in- 
compatible with the measured energy distributions in 
the calorimeters. We find a systematic uncertainty in 
c~¢t of 4%. The measured EEC values, corrected for 
detector effects, are shown in table 1 in the angular 
interval 25.2 ° - 154.8 °. 

To study the effects of hadronization and decays 
we use the JETSET parton shower MC program with 
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f Hadronization Correction Factor 

c) 

C o r r e c t i o n  F a c t o r  for  P h o t o n  R a d i a t i o n  

4 0  ° 600 8 0  ° J 0 0  ° 120  ° 140  ° g 

Fig. 2. Correction factors c~e, for detector effects (a), C~adr for 
hadronization (b), and c'~d for photon radiation (c). Systematic 
uncertainties are not shown. 

str ing f r agmen ta t ion .  F o r  b and  c quarks  we use the  

Pe te rson  f r a g m e n t a t i o n  func t ion  [7] wi th  the pa- 

r amete r s  ~c=0 .07  and eb=0 .015  [8] .  The  va lue  o f  

( i )  the  pa r ton  shower  scale ALL, ( i i )  the f r agmen ta -  

t ion  p a r a m e t e r  %, which  cont ro ls  the  t ransverse  mo-  

m e n t u m  of  the  hadrons ,  and ( i i i )  the  p a r a m e t e r  b 

in f luenc ing  the  longi tud ina l  m o m e n t u m  spec t rum,  

were d e t e r m i n e d  f r o m  a fit to our  data.  All o the r  

J E T S E T  pa rame te r s  were  kept  at the i r  defaul t  values.  

Firs t  we have  un fo lded  [9] the  three  m e a s u r e d  

d i s t r ibu t ions  

(a)  d i f ferent ia l  3-jet f rac t ion  d f3 /dy  [ 10,2 ], 

(b )  m i n o r  ( na r row  s ide)  [ 11 ] and  

(c)  four th  F o x - W o l f r a m  m o m e n t  [ 12 ] 

for  de tec to r  effects. T h e n  we have  f i t ted the  three  pa- 

r amete r s  ALL, aq and b for  va r ious  va lues  o f  the par-  

ton  shower  t e r m i n a t i o n  p a r a m e t e r  Qo 2 [4] .  The  fit- 

ted p a r a m e t e r  va lues  are shown in table  2 wi th  the i r  

sys temat ic  errors,  which  are due  to uncer ta in t i e s  in 

the unfolding.  Fo r  the  d e t e r m i n a t i o n  o f  C~et and  in 

fig. 1 the p a r a m e t e r  set for Qo a = 1 G e V  2 ( J E T S E T  

defau l t )  has been  used. Tab le  2 shows also the aver-  
age n u m b e r  o f  pa r tons  p r o d u c e d  as a func t ion  o f  Q2. 

Table 1 
Measured EEC distribution corrected for detector effects. The 
relative statistical errors are below or equal to 0.6% for each bin. 
The overall systematic error due to uncertainties in the detector 
correction is 4%. 

x EEC(z) 

25.2°-30.6 ° 0.196 
30.6°-36.0 ° 0.157 
36.0 °-41.4 ° 0.134 
41.4°-46.8 ° 0.1t7 
46.8°-52.2 ° 0.107 
52.2°-57.6 ° 0.098 
57.6 °-63.0 ° 0.092 
63.0°-68.4 ° 0.088 
68.4°-73.8 ° 0.085 
73.8°-79.2 ° 0.083 
79.2°-84.6 ° 0.083 
84.6°-90.0 ° 0.083 
90.0°-95.4 ° 0.083 
95.4°-100.8 ° 0.086 

100.8°-106.2 ° 0.090 
106.2°-111.6 ° 0.096 
111.6°-117.0 ° 0.102 
117.0°-122.4 ° 0.111 
122.4°-127.8 ° 0.123 
127.8°-133.2 ° 0.138 
133.2°-138.6 ° 0.159 
138.6°-144.0 ° 0.190 
144.0°-149.4 ° 0.233 
149.4°-154.8 ° 0.303 

Since  we want  to c o m p a r e  our  da ta  to the  second or- 

de r  Q C D  calcula t ions  wi th  a m a x i m u m  o f  four  par-  

tons  we calculate the hadron iza t ion  correc t ion  for the 

case Qg = 16 G e V  2, for  which  on average  four  par-  

tons  are p roduced :  

C~adr = EEC'va~,/EEC ~aar. 

EEC~ar~ is the M o n t e  Car lo  p red ic t ions  for  pa r tons  

and EECgaar deno tes  the EEC calcula ted  for had rons  

af ter  f r agmen ta t i on  and decays.  Fig. 2b shows the  re- 

sult. To  e s t ima te  the uncer ta in ty  we recalcula te  the  

h a d r o n i z a t i o n  cor rec t ion  for Qo 2 - 1 G e V  2 and Qo 2 = 
32 G e V  2. 

F ina l ly  we apply  a cor rec t ion  for ini t ial  and  final  

s tate rad ia t ion:  

C'rad = EEC ~,o r,d/EEC'raa • 

E i i E E C , o  ~aa are Here  E Crad and  the pa r ton  shower  
ca lcu la t ions  wi th  and wi thou t  ini t ial  and  f inal  state 

pho ton  rad ia t ion ,  respect ively.  The  cor rec t ion  fac tor  
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Table 2 
Fitted JETSET parameters f iLL, O'q and b for three values of the parton shower termination parameter Qo 2. The systematic errors are due 
to uncertainties in the unfolding. The average number of partons is also shown. 

Qo 2 [OeV 2] Partons ALL [GeV] G [GeV] b [GeV 21 

1 9.0 0.30_+ 0.03 0.40 _+ 0.05 0.75 _+ 0.05 
16 4.0 0.31 _+ 0.03 0.50 +_ 0.05 0.60 + 0.10 
32 3.5 0.28 _+ 0.03 0.50 + 0.05 0.40 + 0.05 

is shown in fig. 2c. It is close to one  and its uncer-  

t a in ty  is negligible.  

The  unfo lded  EEC and A E E C  d i s t r ibu t ions  with 

the i r  s tat is t ical  errors  are shown in fig. 3. 

0 .3  

o • DATA (corrected) 
- -  QCD 

~2/s = 0.1 A=270  McV 

0.1 

i , i i i i , i , i 

6 0  ° 8 0  ° i 0 0  ° 120  ° 140  ° 
Z 

o • DATA (corrected) 
- -  QCD 

b) 

10 .2 ~ ' ~ .  

, l l l l  i , . . . . . .  i , , , , i i i ~ ;  ~ 

3 0  ° 4 0  ° 5 0  ° 6 0  ° 7 0  ° 80  ° 9 0  ° 
Z 

Fig. 3. Comparison of corrected EEC (a) and AEEC (b) distri- 
butions with their statistical errors to the second order QCD pre- 
diction for f=  0.1 and the measured values A =270 MeV (a) and 
A = 190 MeV (b). The A values have been obtained from a com- 
parison, between data and QCD, of the integrals over the angles 
as defined in (2), indicated by the black points. The data points 
shown as open circles have not been used to determine A. The 
value for the last bin in the AEEC distribution which is very small 
and has a large uncertainty is not shown. 

5. Compar i son  to perturbat ive Q C D  

Q C D  (calculated to second o rde r )  predicts  the EEC 

and A E E C  d i s t r ibu t ions  as a func t ion  o f  the s t rong 

coupl ing  cons tan t  c~s, the cen ter  o f  mass energy 

squared  s ( ~ M 2 ) ,  and the r e n o r m a l i z a t i o n  scale 
f = I t 2 / s  [6] :  

E E C ( z )  = F ( z ) o q  [1 + [bo l n f + R  (Z) ]oq }, 

and s imi lar ly  for AEEC.  In these ca lcu la t ions  2-, 3- 

and 4-par ton  final  states are inc luded.  There  is no in- 

var iant  mass cut  appl ied.  The  coupl ing  cons tan t  ecs is 

g iven b y [ 1 3 ]  

1 bl In ln( /12/A 2) 

a s ( A ' ~ t 2 ) -  b o l n ( l t 2 / A 2 )  b 3 [ ln( t12/A2)  ] 2 ' 

where  

3 3 - 2 n f  1 5 3 -  19nf 
b o -  12~r ' b l -  24~r 2 , n r = 5 .  

A - A  (5) deno tes  the Q C D  scale p a r a m e t e r  for f ive = I L  MS 

ac t ive  f lavours .  

The  first o rde r  t e rm F can be wr i t ten  in analyt ica l  

fo rm [ 1 ]. The  second o rde r  co r rec t ion  R has been  

ca lcula ted  by four  d i f ferent  groups  [ 14 -16 ,6 ] ,  s o m e  

of  those  using d i f ferent  m e t h o d s  for cancel l ing sin- 

gularities. The  four  results differ  f rom each other.  For  

the integral  ove r  the angular  ranges de f ined  in (2 )  

the second o rde r  cor rec t ion  R var ies  by about  _+ 25% 

for EEC and  AEEC.  These  d i sc repanc ies  are not  

unders tood .  For  the d e t e r m i n a t i o n  o f  cq we use the 

ca lcula t ions  in ref. [6]  and take into  accoun t  the dif- 
ferences  as a theore t ica l  error.  R is about  3 for  EEC 

and 1 for AEEC.  

To in terpre t  the  measu red  ene rgy -ene rgy  correla-  

t ions in the f r amework  o f  Q C D  the r e n o r m a l i z a t i o n  

s c a l e f n e e d s  to be fixed. Var ious  pr incip les  have  been  
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suggested for choosing f [ 17-19,15 ]. One of  them, 
the principle of  minimal sensitivity [ 18 ], postulates 
a scale fo for which the derivative of  an observable 
such as EEC with respect tofvanishes .  This would be 
fulfilled automatically if calculated to all orders. The 
size offo depends on the size of  R. We conservatively 
allow a variation o f  f i n  the range -~fo- 1 to estimate 
the scale uncertainty in c% This yields 

0.001 ~<f~< 1 ( E E C ) ,  0.03~<f~< 1 ( A E E C ) .  (3) 

We choose as central value in both cases f =  0.1. 
The integrals o f  the corrected EEC and AEEC dis- 

tributions are 

1 3 8 . 6  ~ 

f EEC(z)  dz=0.123_+0.0002(s ta t . )  
5 6 . 6 "  

+_0.005(exp.) +0.002 (hadr . ) ,  

9 0 . 0  c, 

J~ AEEC(z)  d z =  0.0225 + 0.0002 (stat.) 
3 6 . 0  ° 

_+ 0.0009 (exp.) +°°°16 lhaAr - - 0 . 0 0 0 9  ~, ~ t  . ] . 

The statistical errors (stat.) are negligible. The ex- 
perimental systematic errors (exp.) correspond to the 
uncertainty in the detector correction factor c~et. The 
hadronization uncertainty (hadr.)  is estimated by 
recalculating the hadronization correction for the 
different sets of  Monte Carlo parameters given in ta- 
ble 2. 

For a renormalization scaler= 0.1 we derive for the 
QCD scale parameter using the second order calcu- 
lations in ref. [ 6 ] : 

A(EEC)=270+_60(exp.) +_ 30(hadr . )  

+ 16o t ~ ~al~ ~ + 1 oo t ,he~r -70 t ~  ,~J-8o ~ , , . ) M e V  

A(AEEC)  = 190_+4S°(exp. +9o )-4o(hadr . )  

+ 3 0  1 + 3 0  -o (sca e)_5o(theor.)  MeV 

The corresponding ~x~ values at x / s =  91.2 GeV are 

c% (EEC) = 0.121 +_ 0.004 (exp.) _+ 0.002 (hadr.)  

+o:oog(scale) +- 0.006 (theor.) (4) 

oz~(AEEC) =0.115+0_ .004 (exp.) +o.oo7 ~),_o.oo4t,aur.n ) 

+o.oO2tso,l~ +o.oo3 t ,h~or - o.ooo ~ ,-,~ ~ J - 0.005 ~, ~ . ; . ( 5 ) 

The scale uncertainty (scale) is calculated by varying 
f i n  the range given in (3).  It is small for AEEC due 
to the smallness of  the second order correction. The 
theoretical error ( theory) is estimated by repeating 
the c~s calculation using the different second order 
calculations (at a scale f = 0 . 1  ) for R. For a renor- 
malization scale f =  1 we obtain for the central values 
of  the strong coupling constant at x /~=91.2 GeV 
ces(EEC) =0.130 and c~(AEEC) =0.117.  

Fig. 3 compares the EEC and AEEC distributions 
calculated in second order QCD to our measurements. 

I f  c% is derived from a fit to the distributions in fig. 
3 the result differs by less than 1% from the numbers 
obtained by comparing the integrals. A variation in 
the angular ranges (2) by up to +_ 10.8 ° (open circles 
in fig. 3) yields a change in the strong coupling con- 
stant by less than 2% for EEC and less than 1% for 
AEEC. 

To study theoretical uncertainties further, we have 
repeated the c~s determination using the ERT [20] 
matrix element generator implemented in the 
JETSET program with an invariant mass cutoff 
Ymin = 0.01 and a scale f =  0.1. We have used fragmen- 
tation parameters determined from a comparison of  
measured event shape distributions to those gener- 
ated with the matrix element generator and string 
fragmentation. We obtain ~, values from both the 
EEC and the AEEC which agree with the results in 
(4) and (5) within the estimated hadronization error. 

The c~s values derived from EEC and AEEC agree 
with each other and also with the strong coupling 
constant determined from the 3-jet fraction, c~s= 
0.115+_0.005 (exp. +o.o12 r )_oo~o(theo .) [2].  The values 
of  c~ s determined by the OPAL [21 ] and DELPHI  
[22] collaborations for energy-energy correlations at 
the Z ° resonance are in agreement with our numbers. 

6. Energy dependence of ~s derived from AEEC 

Several groups have used various methods to de- 
termine the strong coupling constant c~s in second or- 
der from the asymmetry o f  energy-energy-correla- 
tions in e+e - annihilation [21-23 ]. Fig. 4 shows only 
results obtained using the string fragmentation model 
for hadronization corrections and a renormalization 
scale f =  1. Measurements based on the FKSS [ 24 ] or 
GKS [25] matrix element calculations, which were 
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Fig. 4. Energy dependence of as measured from AEEC in e+e - 
annihilation at different center of mass energies in comparison 
with second order QCD. The energy dependence of o~, is repro- 
duced by the QCD predictions, which have been calculated using 
our measured value ofA = (220+~ °) MeV (for f =  1 ), rather than 
from a fit to all data points. For a better readability of this graph 
different points at the same center of mass energy were slightly 
shifted horizontally. 

f o u n d  to be  i n c o m p l e t e  [ 2 6 ] ,  are  no t  shown .  Sta t is -  

t ical  a n d  s y s t e m a t i c  e r ro r s  are  c o m b i n e d  

quadra t i ca l ly .  

T h e  energy  d e p e n d e n c e  o f  C~s is r e p r o d u c e d  b y  Q C D  

for  o u r  m e a s u r e d  v a l u e  o f  A =  ( 2 2 0 + I { ° ) M e V  ( fo r  

f - - l ) .  

7 .  S u m m a r y  

F r o m  the  e n e r g y - e n e r g y  c o r r e l a t i o n  a n d  its a sym-  

m e t r y  m e a s u r e d  for  83 000  h a d r o n i c  Z ° decays  we 

d e t e r m i n e  t he  s t rong  c o u p l i n g  c o n s t a n t  ce S to s e c o n d  

o r d e r  Q C D  at  x / s  = 91.2 GeV.  We d e r i v e  

¢xs -- 0 .121 _+ 0 .004  ( e x p . )  _+ 0 .002  ( hadr .  ) 

+0.009 -0.006 ( s ca l e )  _+ 0 .006  ( t h e o r . )  

f r o m  the  e n e r g y - e n e r g y  c o r r e l a t i o n  a n d  

o ~ s = 0 . 1 1 5 _ + 0 . 0 0 4 ( e x p .  +0007 ) - o:oo4 ( hadr .  ) 

+0.002 +0.003 -o.ooo(scale)-0.005 ( t h e o r . )  

f r o m  its a s y m m e t r y .  T h e  r u n n i n g  o f  c% as p r e d i c t e d  

by  Q C D  is c o n f i r m e d  by  a c o m p a r i s o n  o f  o~s va lues  

m e a s u r e d  f r o m  the  a s y m m e t r y  o f  the  e n e r g y - e n e r g y  

c o r r e l a t i o n s  at  d i f f e r e n t  c e n t e r  o f  mass  energies .  
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