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Abstract. We present high statistics measurements of 
the energy-energy correlation (EEC) and its related 
asymmetry (AEEC) in e+e - annihilation at a c.m. 
energy of 34.6 GeV. We find that the energy depen- 
dence as well as the large angle behaviour of the 
latter are well described by perturbative QCD calcu- 
lations to O(e2). Non-perturbative effects are esti- 
mated with the help of fragmentation models in 
which different jet topologies are separated using 
(e, 6) cuts, and found to be small. The extracted val- 
ues of A M lie between 100 and 300 MeV. 

Energy-energy correlations (EEC) have been pro- 
posed in the literature as a means of testing QCD in 
e + e-  annihilation in the continuum. The EEC is de- 
fined [1] as follows 

Z ao dx f l x f l cos  Z xlxs dxi dxs (1) 

where the sum runs over all possible pairs of par- 
ticles in a given final state, Z is the angle between 
them and x i=Ei/Ec~ is the fractional energy carried 
away by the ith particle. 

It is useful to define the forward-backward asym- 
metry (AEEC) 

dX~/dcos Z = f ( n -  Z) - f ()~) (2) 

which for [cos(z)1<0.8 is known [1, 3] to be free 
from the fragmentation effects induced by two-jet 
events. 

Recently detailed calculations for the EEC and its 
related asymmetry including QCD corrections to 
O(cd) have been reported [2, 3]. These results can be 
summarized by stating that 

1. the AEEC is better behaved in perturbation 
theory than any other quantity investigated so far, the 
second order corrections being only of the order of a 
few percent. 

2. the AEEC, in contrast to the EEC itself, is in- 
frared stable, i.e. insensitive to soft radiation and 
hence to the cut-offs introduced to separate two 
from three and four-jet events. 

We have published data on the EEC and its re- 
lated asymmetry at c.m. energies between 7.7 and 
31.6 GeV [-4]. Although poor in statistics our data 
showed that 

1. the large angle behaviour of the AEEC can be 
well described by the results of the perturbative cal- 
culations and 

2. the large angle AEEC, in contrast to the EEC, 
varies smoothly with c.m. energy. 

These observations can be interpreted as a con- 
sequence of the different properties exhibited by the 
EEC and its related asymmetry in perturbation 
theory as discussed above. Therefore it is important 
to pursue this type of analysis at higher energies and 
with higher statistics. This is the aim of the present 
paper. 

The data used in this analysis were obained with 
the PLUTO detector working at PETRA, the e+e - 
storage ring at DESY, Hamburg, at the c.m. energy 
l f s =  34.6 GeV. PLUTO is a magnetic detector with 
a tracking device consisting of 11 layers of cylindri- 
cal proportional wire chambers and two layers of 
drift chambers, providing charged particle recog- 
nition over 87 ~o of 4n. A magnetic field of 1.65 Tes- 
la is provided by a l m  long superconducting coil. 
Mounted inside the coil are the barrel (8.6 radiation 
lengths) and endcap (10.5 radiation lengths) lead 
scintillator shower counters, covering 96~o of 4n. 
These are used for detection of neutral particles. The 
data selection criteria require that 

1. the visible energy is greater than 4 0 ~  of the 
nominal c.m. energy 

2. at least four charged tracks must belong to a 
common vertex, the charge imbalance being smaller 
than two units 

3. the reconstructed interaction vertex lies within 
_+4 cm of the center of the bunch-bunch collision 

4. the angle of the jet axis with respect to the 
beam, O j, must satisfy the condition Icos Oj1-<_0.75 

5. the momentum imbalance in the beam direc- 
tion as well as in the direction perpendicular to it 
should be smaller than 40 ~o of the nominal c.m. en- 
ergy 

6. two jet events where one jet consists of one 
charged track, and the other jet consists of three 
charged tracks with an invariant mass smaller than 
2 GeV, were removed to avoid contamination from 
pair production. 

The accepted sample of 6,964 events contains a 
negligible number of background events (<  2 ~o). 

Using jet simulation programs [5, 6] we correct 
for acceptance, detector resolution, track analysis 
and selection criteria as well as for radiation in the 
initial state. The correction factor for the EEC is 
very close to unity in the central plateau and that 
for the AEEC is angle independent and close to 0.8. 
We have performed a number of detailed checks: 

1. The method of determining the statistical er- 
ror, which ignores intercorrelations between different 
angular bins, has been checked by conducting a se- 
ries of Monte Carlo experiments. Each Monte Carlo 
sample consisted of the same number of events as 
contained in the experimental data sample. For  each 
bin in cos )~ or Z the variance from statistical fluc- 
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Table 1. Energy-energy correlation, corrected 

cosx value and error 

-1 .00 to -0 .95 
-0 .95 to  -0 .90 
-0 .90 to -0 .85  
-0 .85  to -0 .80 
-0.80 to -0.75 
-0 .75  to -0 .70  
-0.70 to -0 .65 
-0 65 to -0 .60  
-0 .60 to -0 .55  
-0 .55 to -0.50 

-0.50 to -0 .45  
-0 .45 to -0 .40  
-0.40 to -0 .35  
-0 .35  to -0 .30  
-0 .30  to -0 .25  
-0 .25  to -0 .20  
-0 .20  to  -0 .15  
-0 .15  to -0.I0 
-0.I0 to -0 .05  
-0 .05  to 0.00 

0.00 to 0.05 
0.05 to 0.i0 

0.10 to 0.15 
0.15 to 0.20 
0.20 to 0.25 
0.25 to 0,30 
0.30 to 0.35 
0.35 to 0.40 
0.40 to 0.45 
0.45 to 0.50 

0.50 to 0.55 
0,55 to 0,60 
0.60 to 0.65 
0.65 to  0.70 
0.70 to 0.75 

0.75 to 0.80 
0.80 to 0.85 
0.85 to 0.90 
0.90 to 0,95 
0.95 to 1.00 

4.3453• 
1.362020.0161 
0.7998• 
0.5530• 
0.4124i0.0065 
0.3313• 
0.2798• 
0.2440• 
0.2097• 
0.1904• 
0.1718• 
0.158510.0020 
0.1465• 
0.1368• 
0.1285• 
0.122020.00t9 
0.1198• 
0.1149• 
0.1142• 
0.1141• 
0.1106• 
0,1133• 
0.1155• 
0.113720.0017 
0.1174!0.0018 
0.1249• 
0,1311• 
0,1340• 
0.1369• 
0.152420.0016 
0.1605• 
0.1816• 
0.1977• 
0.2280• 
0.2618• 
0.3333• 
0.4242• 
0.6163• 
1.0739• 
5,218420.0412 

.ata 

tuations in the Monte Carlo runs was compared to 
the variance calculated in the analysis of measured 
events. For  sufficiently small bin widths, as used for 
the differential distributions, they were found to 
agree within 15 %. 

2. We repeated the analysis including in the in- 
put data only charged particles, for reasons of better 
angular resolution. The corrected distribution did 
not show any significant deviation from that ob- 
tained using all particles. The statistical errors were, 
however, approximately twice as large. 

3. The correction factor for the EEC was found 
to depend only slightly on whether the independent 
[5] or the string [6] fragmentation model were used. 
The string corrected asymmetry, integrated in the 
angular region cos Z <0.8, turned out to be 8 % low- 
er than that obtained using the independent frag- 
mentation model for the correction. 

Table 2. Energy-energy correlation, corrected data 

X (degrees) 

0.0 to 6.0 
6.0 to 12.0 

12.0 to 18.0 
18.0 to 24.0 
24.0 to 30.0 
30.0 to 36.0 
36.0 to 42.0 
42.0 to 48.0 

48.0 to 54.0 

54.0 to 60.0 
60.0 to 66.0 
66.0 to 72.0 
72.0 to 78.0 
78.0 to 84.0 
84.0 to 90.0 
90.0 to 96.0 

96.0 to 102.0 

102.0 to 108.0 
108.0 to 114.0 
114.0 to 120.0 
120.0 to 126.0 

126.0 to 132.0 
132.0 to 138.0 
138,0 to 144.0 
I44.0 to 150.0 
150.0 to 156.0 
156.0 to 162.0 
162.0 to 168.0 
168.0 to 174,0 
174.0 to 180.0 

value and e r ro r  

1.2870i0.0149 
0.6315• 
0.5825• 
0.4249i0.0052 
0.3201• 
0.2525• 
0.211720.0027 
0.1744• 

0.1586• 

0.1416• 
0.1297• 
0.1245• 
0.1197• 
0.1130• 
0.i12410.0018 
0.1142• 
0.1168• 
0.122520.0019 
0.1350• 
0.148120.0023 

0.1653• 
0.1930• 
0.2199• 
0,2635• 
0,3267• 
0.4174• 

0.5356• 
0.6966• 
0.8232• 
0.487520.0117 

4. In an attempt to reduce the number of ra- 
diative two jet events, we imposed more stringent 
selection criteria. The momentum imbalance cut was 
reduced to 20 % of the c.m. energy and events which 
according to our standard cluster algorithm [7] be- 
longed to the multi-jet (>2)  topology with one jet 
consisting of a single energetic neutral cluster were 
removed from the sample. Again the corrected dis- 
tributions did not show any significant deviation 
from those previously obtained. 

In Fig. 1 and Tables 1 and 2 we present our re- 
sults for the corrected EEC, and in Fig. 2 those for 
the AEEC. The "perturbative" tail for the latter, de- 
fined as [cos z[ <0.75, can be well fitted by the O(e 2) 
predictions [-2, 3]. The best estimate for the QCD 
scale parameter Am, the only free parameter in- 
volved, is 112_+23 (stat.) _+ 25 (syst.) MeV. Moreover 
this value is found not to depend on changes in the 
value of cos X below which the fit is performed, pro- 
vided Icos Z1<0.75. The systematic error reflects the 
systematic uncertainty in the absolute normalization 
of the AEEC introduced by the correction pro- 
cedure. 

In Fig. 3 we show the asymmetry integrated over 
the range 30 ~ 1 7 6  as a function of c.m. energy. 
The data at lower energies were obtained by 
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Fig. l a and b. The corrected EEC measured by PLUTO at ] /~ 
=34.6 GeV. The solid line represents the Monte Carlo expec- 
tations 

PLUTO operating at DORIS and in a lower statis- 
tics run at PETRA at 30.8 GeV [4]. It is interesting 
to note that the energy dependence of the integrated 
asymmetry is slight. In fact it is compatible with the 
logarithmic behaviour expected in perturbative QCD 
without the need for strong power correction terms as 
postulated by the M A R K  II collaboration in an 
analysis of their data at l f s  = 29 GeV [8]. 

A one parameter fit to the energy dependence of 
the integrated asymmetry yields for A m the value 91 
+__47 (stat.)_50 (syst.) MeV. These result can be in- 
terpreted as a consequence of the infrared stability 
exhibited by the AEEC in perturbation theory and 
as an indication that fragmentation effects are not 
very important in the large angle region of the 
AEEC. 

0.01 

o.ool 

J i i , ~ , J , i - t  

Corrected data r = 3t,.5 GeV PLUTO 

\ 

~ \  AI~ = 112 -* 23 MeV 

0 . 0 0 0 1  I I I I I I I I I 

1.o 0.5 o.o 
cos X 

Fig. 2. The corrected AEEC measured by PLUTO at ] /~ 
=34.6 GeV. The solid line represents the results of a fit to the 
0 ( ~ )  QCD predictions 

O O E - - "  i 

o 

CO; 

i i 

- 5 5  ~ PLUTO 
A ~ = 9 0  39 MeV 

QCD 

[GeV)  

Fig. 3. Phe asymmetry integrated in the region Z>30 ~ as a func- 
tion of c.m. energy. The solid line represents the results of a fit to 
O(c~) QCD predictions 

In contrast the EEC integrated in the angular region 
between 60 ~ and 120 ~ shows a strong fall-off, see 
Fig.4,: similar to that exhibited by most other jet 
measures [9]. The energy dependence of the integ- 
rated EEC can be well fitted by the sum of two 
terms, a perturbative term obtained by properly in- 
tegrating the O(~ 2) results [2, 3], and a non-per- 
turbative term phenomenologically parametrised as 

C/t/~. The best estimates for the two parameters 
involved are AM-s=253+_77 (star.)+55 (syst.) MeV 
and C=0.95+0.16 (stat.)_0.10 (syst.). The results of 
this fit are represented by the solid line in Fig. 4. 
In the analysis presented so far we have stressed the 
importance of presenting corrected data and in par- 
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G2E 

I,-~I x ~1-o 0.1E 

0.I0 

01)5 

, , t 

PLUTO 

" X ~ L  QCD + Fragmentation V 

r i i 

10 20 ~ GeV 30 40 

Fig. 4. The energy-energy correlation integrated in the angular 
region 60~ ~ as a function of c.m. energy. The solid line 
represents the results of a fit to the linear sum of a perturbative 
term and a fragmentation term falling as 1/]/~ 

ticular the importance of a systematic study of the 
energy dependence of the integrated EEC and its 
asymmetry, as a model independent way to estimate 
the strong coupling constant. In doing so we rely 
upon naive, but simple and general, assumptions 
about the energy dependence of perturbative and 
non-perturbative effects. The results obtained for 
A ~  are compatible with those obtained from the 
gluonic width of heavy quarkonia [10], from a 
measurement of the photon structure function [11] 
and from a study of the energy dependence of jet mea- 
sures [9]. 

If we wish to describe the asymmetry in the en- 
tire angular range, including the region cos Z ~  1 
where the contribution from two jets is dominant, 
we have to resort to Monte Carlo fragmentation 
models. In doing so we also investigate the sensi- 
tivity of the EEC and the asymmetry to different 
mechanisms proposed for the gluon fragmentation. 
We have used two Monte Carlo calculations, one 
[12] in which the gluon fragments independently of 
the parent quarks and another in which the frag- 
mentation takes place along color string [6]. Second 
order corrections have been taken into account fol- 
lowing [3] and cut-off parameters (e, 6), in the Ster- 
man-Weinberg sense [13], have been used to separate 
two from three and four-jet events. The values e 

=0.1, e=minimal  energy of a parton/1/~, and 6=0.4 
rad, 6=minimal  angle between two partons, have 
been used. The parameters in the fragmentation 
models have been tuned to describe the gross fea- 
tures of the hadronic final states measured at DO- 
RIS and PETRA energies. From fits to the AEEC 
data shown in Fig. 5 we obtained for A M the values 
182+31 MeV in the Ali implementation of the inde- 
pendent fragmentation model, and 259 +40  MeV in 

0.01 

.~ x 
IM ,n 

0.00: 

i i i I I i I I 

Corrected data ~ = 3~.6 GeV PLUTO 

- -  M~nte Carlo [ALl A~=183 *-31 MeV 
[ L U N D / ~  259"-40 MeV 

" ~ M o n t e  C a r l o  W e b b e r  A=200MeV 

~. \ ~ , ~ ,  

/ " x  

'~ - - "  - -  F ie ld -  Feyn rnan  \ 

Q000: = I I ,, I P I I 
1.0 Q5 Q0 

C O 5  X 

Fig. 5. The corrected AEEC measured by PLUTO at ]fs 
= 34.6 GeV. The solid line represents the expectations from frag- 
mentation models, be it independent or of the string type, with 
O(c~) corrections included. The dashed (dashed-dotted) line repre- 
sents the expectations from the Webber (resp. Field-Feynman) 
model 

the L U N D  implementation of the string fragmen- 
tation. These values are thus compatible with those 
given before. Moreover the values of A-~ obtained 
have been found to be independent of the (e, 6) cut- 
offs within broad limits. 

The values obtained for ~ from our comparison 
of the asymmetry data to Monte Carlo calculations 
including second order effects are compatible with 
those obtained in similar analyses by the M A R K  J 
and TASSO Collaborations [14, 15]. They are 
roughly 20 ~ lower than those obtained by [16, 20] 
implementing second order QCD following [17], and 
those obtained by [15] who apply additional small 
corrections. The origin of this discrepancy has been 
recently studied in detail by Gottschalk [18]. 

It is interesting to see whether Monte Carlos 
based on parton showers are also able to reproduce 
the data. To this end, we also show in Fig. 5 a 
comparison between the expectations from the Web- 
bet Monte Carlo [ t9]  and the corrected asymmetry. 
The parameters in the Webber Monte Carlo have 
been tuned to describe the gross features of the 
hadronic final states produced in e+e - annihilation 
at 35 GeV c.m. energy. The data lie a factor of two 
above Webber's predictions. The discrepancy is inde- 
pendent of the precise value of the cut-off parameter 
A used in the Monte Carlo. This should not be 
considered surprising, since hard gluon effects re- 
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i i i 

AEEC at ~-= 34.6 GeV (Fig.2) 

- - o  fAEEC, s-dependence (Fig 3) 

fEEC ~ Cts ~-(Rg/.  ) - -  ~ - -  

�9 AEECat I/E= 3/..6 GeV, Ali MC(Rg5) 

AEEC atVE=3&6GeV 
LUND Me(Fig. 51 

o ,~o 2~o 3~o ~60 

Fig. 6. A compilation of the different values for As~ s obtained in 
this analysis using different assumptions about fragmentation ef- 
fects. See text for more details. Only statistical errors are shown 

spons ib le  for the  a s y m m e t r y  at  large  angles,  are  no t  
fully accoun ted  for in this type  of p a r t o n  shower  

M o n t e  Carlos .  
To summar ize ,  we have  presen ted  a high statis-  

tics measu remen t  of the EEC and  its re la ted  asym-  

met ry  A E E C  at l / s =  34.6 GeV.  The  da t a  have  been  
cor rec ted  for acceptance ,  de tec to r  resolut ion ,  selec- 
t ion cr i ter ia  and  r a d i a t i o n  in the  ini t ial  state. The  

large  angle  b e h a v i o u r  of the  A E C  at ] / s  = 34.6 GeV 
can be well descr ibed  by  pe r tu rba t ive  results  to 
O ( ~ ) ,  the  values found  for Ags be ing  of the o rde r  of 
200 MeV. The  energy dependence  of  the  large  angle  
A E E C  is c o m p a t i b l e  wi th  the l oga r i t hmic  behav iou r  
expected  in pe r tu rba t ive  Q C D .  F i t t ed  values  for A M 
agree with those  jus t  quoted.  In  con t ras t  the EEC 
shows a s t rong  energy dependence  ind ica t ive  of the  
i m p o r t a n c e  of  f r agmen ta t ion  effects. The  values ob-  
t a ined  for AM~ s by  fit t ing the energy dependence  of 
the  E E C  p la t eau  to the l inear  sum of a pe r tu rba t ive  
t e rm and  a f r agmen ta t ion  con t r i bu t ion  p a r a m e t r i z e d  
as p r o p o r t i o n a l  to  l/V/) - are  higher ,  of o rder  250 MeV. 
This can be  in te rp re ted  as an ind ica t ion  tha t  the  ef- 
fects of f r agmen ta t ion  on  the A E E C  are  no t  com-  
plete ly  negligible,  t hough  small .  An  a l te rna t ive  and  
more  comple t e  desc r ip t ion  of the  d a t a  can  be  ob- 

t a ined  with  M o n t e  Ca r lo  f r agmen ta t ion  models .  The  
values  ob t a ined  for A v  s in the s tr ing f r agmenta t ion  
are  sys temat ica l ly  h igher  than  those  ob ta ined  in inde-  
penden t  f r agmen ta t ion  models .  It is reassur ing to 
not ice  that  the values ob t a ined  for Ags lie within the 
range  de l imi ted  above,  Fig. 6. W e  stress the  impor -  
tance  of this type  of m e a s u r e m e n t  at  yet  h igher  en- 
ergies as a prec is ion  test  of pe r tu rba t ive  Q C D  in 
e § e -  ann ih i l a t ion  in the con t inuum.  
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