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Abstract. We present data on energy-energy correla- 
tions (EEC) and their related asymmetry (AEEC) in 
e + e-  annihilation in the centre of mass energy range 
12<W<46 .8  GeV. The energy and angular depen- 
dence of the EEC in the central region is well de- 
scribed by O (e~) QCD plus a fragmentation term pro- 

portional to 1/]fs. Bare O(e 2) QCD reproduces our 
data for the large angle region of the AEEC. Non- 
perturbative effects for the latter are estimated with 
the help of fragmentation models. From various anal- 
yses using different approximations, we find that 
values for A ~  in the range 0.1-0.3 GeV give a good 
description of the data. We also compare analytical 
calculations in QCD for the EEC in the back-to-back 
region to our data. The theoretical predictions de- 
scribe well both the angular and energy dependence 
of the data in the back-to-back region. 

I Introduction 

The energy-energy correlation (EEC) is a measure- 
ment of the energy flow into two calorimeter cells 
subtending solid angles dO and dr2'. Of particular in- 
terest is the average EEC [ l ]  obtained by integrating 
over their orientations but keeping the angle Z be- 
tween them fixed i.e. 

1 dZ ~ 1 a V f  (1) a d c o s z  az"J dx idx jdcosz  x ix jdx idx j  

where the sum runs over all possible pairs of particles 

in a given final state and xi = Ei/]/ss is the fractional 
energy carried away by the ith particle. Because of 
the weighting procedure in (1), the energy-energy cor- 
relation is infra-red finite outside the region Z--0, n. 
Measurement of dZ/dz does not involve any ad hoc 
jet definition or isolation of specific event topologies 
which are difficult to incorporate into the theoretical 
description. 

QCD predicts that at sufficiently high energies the 
correlation around 90 ~ is dominated by single hard 
gluon bremsstrahlung and is therefore proportional 
to the quark-gluon coupling constant G [-1]. The ef- 
fects of gluon emission are enhanced, and those of 
fragmentation are minimized in the forward-back- 
ward asymmetry (AEEC) 

dX A dXC(n-X) dXC(Z) 

d cosz d cosz d cosz" 
(2) 

In the lowest non-trivial order, the perturbative 

calculation yields [1] 

1 dXr - a ~ F ( z ) ,  (3a) 
% dcosz  n 

1 dZ A _GA(z )=a~[F(n_z )_F( z ) ] .  (3b) 
a o dcosz  n n 

F(Z) being a function containing the angular de- 
pendence, while the energy dependence is implicit in 
the variation of the strong coupling constant. 

Second order corrections have been calculated by 
two groups independently [2, 3]. Their results can be 
summarized as follows 

1 dZ c _ ~  F(Z)[ I+  C~R . . . .  (Z)] (4a) 
a dcosg n 

_ e s  A ( Z ) [ I +  Racy00 �9 (4b) 
a dcosz  n 

The values for R .... and Rasy measure the impor- 
tance of second order corrections. Note that R .... (X) 

10, R~sy~3 [-2, 3] so that the perturbative expan- 
sion converges for the asymmetry faster than for any 
other jet measure investigated by us so far. 

In order to investigate the sensitivity of the EEC 
to soft radiation, rather than integrating between 0 
<xi< 1/2 in Eq. (1), one restricts the available phase 
space to e<xi< 1/2 [-4]. This results in a change of 
F(Z) as a function of the energy resolution parameter 
e given by [-5] 

2 1 l 1  2 6  3--24 
F ( Z , e ) = F ( z ) - ~  ~(1-- ~) ~(1-~) ;  

=2l (1 - cosz) .  (5) 

The term proportional to c is symmetric under 
the exchange Z ~ n - Z  (Or equivalently ~ --* 1 - 4). 
Therefore the corresponding function for the asym- 
metry has the following dependence on e, 

A (Z, ~:) = A (Z) -[- 0 (~2). (6) 

Power corrections of a perturbative nature affect- 
ing the AEEC are quadratic and not linear in the 
energy resolution parameter e. These results are only 
slightly changed if O(cd) effects are included [5]. Be- 
cause of the infra-red stability exhibited by the AEEC, 
we expect it in addition to be weekly sensitive to frag- 
mentation effects. 

The above properties of the EEC and AEEC in 
the central angle region (30~ ~ make them 
better suited to test low order perturbative QCD than 
any other known jet measure. Several experimental 
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studies have been published [8, 10, 11] making both 
qualitative and quantitative tests of QCD by using 
the EEC and its asymmetry. In recent years, PETRA 
has provided luminosity in an energy range larger 
than that used in previous published analyses. An 
experimental study of the behaviour of the EEC and 
AEEC in the total energy range now available and 
a study of fragmentation effects in the highest energy 
reached so far in e + e-  annihilations, seem to us of 
great interest as a further test of the validity of QCD. 

Up to now we have discussed the EEC and AEEC 
in the central angular region as a means for testing 
low order perturbative QCD. The regions near X=0 
and Z = re, where soft multiple gluon radiation is im- 
portant, can also be used to test QCD to all orders. 

It has been shown that the EEC also offers, in 
principle, the possibility of testing higher order QCD 
effects, by looking at angles g ~ 0  where calculations 
in the leading logarithmic approximation (LLA) were 
performed [6] and Z ~ 7r, where results were obtained 
[7] based on the double logarithmic approximation. 

The experimental work done in this field by the 
PLUTO and CELLO collaborations [8] has shown 
that at energies presently available quantitative com- 
parisons between data and theory are difficult. New 
calculations by Collins and Soper, making use of re- 
normalization group techniques to obtain approxi- 
mate results at all order in perturbation theory [9], 
have renewed interest in the EEC for the back-to- 
back configuration (Z=r0. We have therefore ana- 
lyzed our data accordingly. 

II  T h e  d a t a  

The experiment was performed with the TASSO de- 
tector at PETRA. Details of the detector can be found 
elsewhere [12]. The data used for this analysis were 
taken in the period 1980-1986 at 8 c.m. energies in 

the range 12<~/s<46.8  GeV (see Table 1). The bulk 

of the data is centred at / s = 1 4 ,  22, 34.8 and 
43.5 GeV c.m. energies. Hadronic final states from 
e § e -  annihilation were selected using the information 
on charged particle momenta measured in the central 
detector. The selection criteria for charged particles 
and for multihadron events are described in [13]. Bas- 
ically, a charged track has to have a momentum com- 
ponent transverse to the beam of pxy>0.1 GeV and 
a cosine of the polar angle of I cos 0l < 0.87. The r.m.s. 
momentum resolution including multiple scattering 
is ~p/p=O.O16(l+p2) 1/2, with p in GeV. The main 
criterion for multihadron events is based on the mo- 
mentum sum of the accepted charged particles, 
~ j  p~ > 0,265 (2 Ebeam )- 

Only charged particles were used in the analysis. 

Table 1. Number  of events and energy range of the data samples 
used in this analysis 

W-range (GeV) ( W )  (GeV) No. of events 

11.6-12.4 12 186 
12.4-14.4 14 2 704 
21 23 22 1913 
24 26 25 231 
29 32 30.5 867 
32 -35.2 34.8 52118 
35.2-38.4 37.5 3035 
38.4-46.8 43.5 6434 

The EEC was determined uing the following formula: 

1 
Neve.ts ~ ~xixi6(c~176 (7) 

events i , j  

where xl = Ei/~jEj and E i has been calculated assum- 
ing the particle to be a pion. 

The data were corrected for initial state radiation, 
selection criteria, neutrals and detector effects using 
standard Monte Carlo techniques [13]. In the central 
angular region, the correction factors for the EEC 
are close to unity for the lower energy data samples, 
decreasing to around 0.9 for that at 43.5 GeV. The 
back-to-back region is more affected by initial state 
radiation and detector effects than the central region. 
The correction factor is large (around 1.8) near 
Z = 180~ falling off sharply as Z decreases (around 1.1 
at X = 155~ �9 

We have studied the influence of the correction 
procedure on the final results. In particular we have 
investigated how the corrected data is affected by: 
- cuts applied on the raw data, 
- differences in the fragmentation models used for 
calculating the correction factors, 
- differences in the values of the parameters (includ- 
ing A) used in the fragmentation models. 

We estimate the uncertainties on the measurement 
of the EEC and the AEEC to be below 10%. 

I I I  R e s u l t s  

III.a The EEC in the central region 

We show in Fig. 1 the corrected EEC distributions 
at 14, 22, 34.8 and 43.5 GeV. The numerical values 
are given in Table 2 (in intervals of cos )0 and Table 3 
(in intervals of •). The drop with energy of the central 
plateau, in contrast to the slow logarithmic behaviour 
expected in perturbation theory (3, 4), indicates a sub- 
stantial fragmentation contribution to the EEC. To 
take it into account we use the following parametrisa- 
tion [13 derived in the context of a parton model 
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Fig. la~l.  Corrected EEC at 14(a), 22(b), 34.8(e) and 43,5(d) GeV c.m. energies. The solid line represents the result of a fit to the sum 
of the O(c~) QCD prediction and a fragmentation term 

with energy independent average transverse momen- 
tum (Pr )  and an energy dependence of the average 

multiplicity of the form (n)  = B + C ln ( f i )  

d y  ] _ c < p ~ )  (8) 
d COS)~]frag. ~S sin 3 Z" 

This parametrisation is in agreement with Monte 
Carlo calculations for the energy and angular depen- 
dence of the two-jet contributions in the central angle 
region [5]. In Fig. 1 we see that a linear sum of the 
O(c~) QCD term given by Eq. (4a) and the simple 
fragmentation term (8) is enough to describe the ener- 
gy and angular dependence of our data, provided we 



Table 2. Corrected EEC at 14, 22, 34.8 and 43.5 GeV c.m. energies (in intervals of cosz) 

cos Z range EEC 

14 GeV 22 GeV 34.8 GeV 43.5 GeV 

1.00 to --0.95 2.741 +0.051 3.719 +0.077 4.410+0.019 4.643 +0.060 
-- 0.95 to -- 0.90 1.407 + 0.019 1.463 + 0.035 1.374 + 0.009 1.334 + 0.024 
- -  0.90 to -- 0.85 0.933 + 0.017 0.872 + 0.020 0.786 + 0.003 0.744 + 0.008 
-- 0.85 to -- 0.80 0.700 + 0.015 0.674 _+ 0.013 0.531 _+ 0.002 0.495 _+ 0.007 
- -  0.80 to -- 0.75 0.566 _+ 0.014 0.438 + 0.011 0.399 _+ 0.002 0.362 4- 0.006 
--0.75 to --0.70 0.451 _+ 0.013 0.378 + 0.011 0.314 +_0.002 0.309 +_0.006 
-- 0.70 to -- 0.65 0.376 _+ 0.011 0.346 _+ 0.011 0.267 _+_ 0.002 0.250 _+ 0.006 

0.65 to -0.60 0.341 _+ 0.011 0.289 -+ 0.010 0.228 _+ 0.002 0.219 _+ 0.006 
0.60 to --0.55 0.294+0.010 0.256_+0.010 0.200_+0.002 0.185--+0.005 

--0.55 to --0.50 0.269_+0.009 0.223_+0.009 0.179-+0.002 0.174-+0.005 
--0.50 to 0.45 0.238_+0.009 0.198_+0.008 0.162-+0.002 0.147_+0.005 
- -  0.45 to - 0.40 0.232 -+ 0.008 0.191 -+ 0.008 0.150 _+ 0.002 0.138 Jr 0.005 
-- 0.40 to -- 0.35 .0.220 -+ 0.008 0.171 -+ 0.007 0.143 -+ 0.002 0.130 _+ 0.004 

0.35 to --0.30 0.213 -+0.008 0.155 -+0.007 0.135 -+0.001 0.128 +0.005 
--0.30 to --0.25 0.195_+0.007 0.147_+0.007 0.128_+0.001 0.120_+0.004 
-- 0.25 to -- 0.20 0.191 -+ 0.008 0.147 -+ 0.007 0.123 -+ 0.001 0.116 -+ 0.004 
--0.20 to --0.15 0.201-+0.008 0.137-+0,007 0.120+0.001 0.107+0.004 
--0.15 to --0,10 0.183-+0.007 0.130-+0.006 0.115-+0.001 0.112-+0.004 
-- 0.10 to -- 0.05 0.178 -+ 0.007 0.132 _+ 0.006 0.115 _+ 0.001 0.109 _+ 0.004 
--0.05 to 0.00 0.175_+0.007 0.131 +0.006 0.114-+0.001 0.105+0.004 

0.00 to 0.05 0.172_+0.007 0.143--+0.007 0.112_+0.001 0.103_+0.004 
0.05 to 0.I0 0.186-+0.007 0.127-+0.006 0.111_+0.001 0.106-+0.004 
0.10 to 0.15 0.187-+0.007 0.121-+0.006 0.113-+0.001 0.105-+0.004 
0.15 to 0.20 0.176-+0.007 0.133_+0.006 0.115-+0.001 0.104-+0.004 
0.20 to 0.25 0.167-+0.006 0.151-+0.007 0.118-+0.001 0.108-+0.004 
0.25 to 0.30 0.180-+0.007 0.142-+0.006 0.120-+0.001 0.115-+0.004 
0.30 to 0.35 0.194-+0.007 0.154_+0.006 0.124_+0.001 0.108-+0.004 
0.35 to 0.40 0.213_+0.008 0.162-+0.006 0.127-+0.001 0.115-+0.004 
0.40 to 0.45 0.209_+0.008 0.164-+0.006 0.133-+0.001 0.116-+0.004 
0.45 to 0.50 0.216_+0.008 0.184-+0.008 0.142-+0.001 0.134-+0.004 
0.50 to 0.55 0.234_+0.008 0.171 _+0.006 0.151 _+0.001 0.139+0.004 
0.55 to 0.60 0.278-+0.009 0.197-+0.007 0.164-+0.001 0.150-+0.004 
0.60 to 0.65 0.284-+0.009 0.238_+0.008 0.186_+0.002 0.168-+0.004 
0.65 to 0.70 0.318-+0.010 0.269_+0.009 0.210-+0.002 0.189-+0.005 
0,70 to 0.75 0.377-+0.011 0.329_+0.009 0.252-+0.002 0.231 -+0.006 
0.75 to 0.80 0.437-+0.012 0.370-+0.009 0.313-+0.002 0.278-+0.006 
0.80 to 0.85 0.565-+0.014 0.516_+0.010 0.412-+0.002 0.379_+0.006 
0.85 to 0.90 0.689_+0.014 0.700_+0.010 0.597-+0.003 0.546-+0.010 
0.90 to 0.95 0.922-+0.017 1.104-+0.013 1.061 -+0.006 0.966_+0.016 
0.95 to 1.00 3.919-+0.054 4.492-+0.070 5.384_+0.020 5.838_+0.069 
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s t a y  a w a y  f r o m  t h e  r e g i o n s  n e a r  )~ = 0, To, l i m i t i n g  o u r -  

se lves  to  [ cosx[  < 0 . 7 .  T h e  v a l u e s  o f  t h e  t w o  p a r a m e -  

t e r s  o b t a i n e d  f r o m  t h e  fit a r e  AMs = 0 .325 _+ 0 .025 G e V  

a n d  C < p r > = 0 . 8 6 _ + 0 . 0 5  G e V .  N e a r  Z = 0 ,  ~ m u l t i p l e  

sof t  g l u o n  r a d i a t i o n  b e c o m e s  i m p o r t a n t  a n d  a differ-  

e n t  t r e a t m e n t  is n e c e s s a r y .  A s s u m i n g  t h e  p a r a m e t r i s a -  

t i o n  in  (8) to  b e  rea l i s t ic ,  t h e  fac t  t h a t  t h e  p e r t u r b a t i v e  

e x p a n s i o n  for  t h e  E E C  d o e s  n o t  c o n v e r g e  fas t  e n o u g h  

b e c a u s e  it  s t i l l  c o u l d  ge t  a p p r e c i a b l e  c o n t r i b u t i o n  

f r o m  h i g h e r  o r d e r s ,  w o u l d  i m p l y  t h a t  t h e  v a l u e  for  

A ~ s  o b t a i n e d  a b o v e  c a n  b e  c o n s i d e r e d  a n  u p p e r  l im i t  

fo r  t h e  t r u e  v a l u e  o f  AMs. 
T o  d i s p l a y  t h e  d r o p  o f  t h e  c e n t r a l  p l a t e a u  o f  t h e  

E E C  w i t h  t h e  ene r gy ,  we h a v e  p l o t t e d  in  Fig .  2 t h e  

E E C  d a t a  i n t e g r a t e d  o v e r  t h e  r e g i o n  6 0 ~  120 ~ 

as  a f u n c t i o n  o f  ene rgy .  T h e  so l id  l ine  r e p r e s e n t s  t h e  

p r e d i c t i o n  o f  O(c~]) Q C D  p lus  f r a g m e n t a t i o n  t e r m  (8) 

w h i c h  d e s c r i b e s  t h e  d a t a  well .  T h e  b r o k e n  l ine  i n d i -  

c a t e s  t h e  c o n t r i b u t i o n  o f  Q C D  a l o n e .  T h e  c u r v e s  a p -  

p r o a c h  e a c h  o t h e r  as  t h e  e n e r g y  i n c r e a s e s .  W e  a r e  

a w a r e  o f  t h e  fac t  t h a t  t h e  a p p r o a c h  a d o p t e d  is n a i v e  

a n d  l i m i t e d  in  scope .  I t  s e rves  h o w e v e r  t o  ge t  a n  es t i -  

m a t e  o f  t h e  f r a g m e n t a t i o n  c o n t r i b u t i o n  to  t h e  E E C .  

I t  a l so  i l l u s t r a t e s  t h a t  in  o r d e r  to  d e s c r i b e  t h e  c e n t r a l  

a n g l e  b e h a v i o u r  o f  o u r  E E C  d a t a ,  i n  a d d i t i o n  to  t h e  

p e r t u r b a t i v e  r e s u l t s  o n l y  a t w o - j e t  f r a g m e n t a t i o n  t e r m  

is n e e d e d .  

I n  Fig.  3 we p r e s e n t  t h e  A E E C  as  a f u n c t i o n  o f  

c o s z  fo r  4 d i f f e ren t  ene rg ie s .  I n  c o n t r a s t  to  t h e  b e h a v -  

i o u r  e x h i b i t e d  b y  t h e  E E C ,  t h e  a s y m m e t r y  v a r i e s  v e r y  
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Table 3. Corrected EEC at 14, 22, 34.8 and 43.5 GeV c.m. energies (in intervals of ~) 

Z range EEC 

14 GeV 22 GeV 34.8 GeV 43.5 GeV 

0.0to  3.6 66.27 _+1.075 61.07 _+1.201 60.19 _+0.316 62.87 _+0.824 
3.6 to 7.2 1.620_+0.099 3.025+0.153 5.752_+0.071 7.522_+0.205 
7.2 to 10.8 1.450_+0.067 2.706+0.097 4.104_+0.036 4.620_+0.086 

10.8 to 14.4 1.385_+0.054 2.201+0.068 2.856_+0.023 2.619+0.049 
14.4 to 18.0 1.183 _+0.043 1.671 +0.047 1.911 _+0.015 1.840_+0.029 
18.0 to 21.6 0.988_+0.033 1.342_+0.038 1.318_+0.010 1.204_+0.020 
21.6 to 25.2 0.899 _+ 0.027 0.976_+ 0.027 0.937 _+ 0.007 0.839 _+ 0.016 
25.2 to 28.8 0.740_+0.023 0.797_+0.021 0.691_+0.005 0.621_+0.010 
28.8 to 32.4 0.653 _+ 0.019 0.606 _+ 0.017 0.526_+ 0.004 0.481 _+ 0.008 
32.4 to 36.0 0.568_+0.017 0.532_+0.015 0.413+0.003 0.376+0.007 
36.0 to 39.6 0.483 _+0.015 0.391 _+0.012 0.334 _+0.003 0.301 +_0.006 
39.6 to 43.2 0.382_+0.012 0.356_+0.010 0.276_+0.003 0.246_+0.005 
43.2 to 46.8 0.352 +_ 0.011 0.298 _+ 0.009 0.239 + 0.002 0.213 _+ 0.005 
46.8 to 50.4 0.312+_0.010 0.257_+0.009 0.201 +0.002 0.186_+0.004 
50.4 to 54.0 0.288 _+ 0.009 0.235 _+ 0.008 0.179 _+ 0.002 0.164 _+ 0.004 
54.0 to 57.6 0.265 _+ 0.009 0.187 _+ 0.006 0. 158 _+ 0.002 0.146 _+ 0.004 
57.6 to 61.2 0.232 _+ 0.008 0. 178 _+ 0.006 0.147 _+ 0.001 0.144 _+ 0.004 
61.2 to 64.8 0.211 _+0.007 0.180_+0.007 0.137_+0.001 0.127+0.003 
64.8 to 68.4 0.212+0.007 0.159+0.006 0.129_+0.001 0.122+0.003 
68.4 to 72.0 0.201 _+0.007 0.153_+0.006 0.122_+0.001 0.117_+0.004 
72.0 to 75.6 0.179_+0.006 0.148+0.006 0.117_+0.001 0.113_+0.003 
75.6 to 79.2 0.170_+0.006 0.151+0.006 0.114_+0.001 0.112_+0.004 
79.2 to 82.8 0.179 _+ 0.006 0.132 _+ 0.006 0.112_+ 0.001 0.109 _+ 0.004 
82.8 to 86.4 0.187_+0.006 0.121_+0.005 0.110_+0.001 0.106_+0.004 
86.4 to 90.0 0.179_+0.006 0.141 -+0.006 0.111_+0.001 0.105-+0.003 
90.0 to 93.6 0.177 -+0.006 0.132_+0.005 0.111 _+0.001 0.108 _+0.003 
93.6 to 97.2 0.177 _+ 0.006 0. 130 _+ 0.005 0.113 + 0.001 0.111 _+ 0.004 
97.2 to 100.8 0.201 _+0.007 0.140_+0.005 0.116+0.001 0.116_+0.004 

100.8 to 104.4 0.191 +-0.007 0.143+_0.006 0.120_+0.001 0.116_+0.004 
104.4 to 108.0 0.194 _+ 0.006 0.151 _+ 0.006 0.127 _+ 0.001 0.121 _+ 0.004 
108.0 to 111.6 0.221 _+ 0.007 0.156 _+ 0.006 0. ! 32 _+ 0.001 0.129 _+ 0.004 
111.6 to 115.2 0.226 _+ 0.007 0.177 _+ 0.007 0.145 _+ 0.001 0.137 _+ 0.004 
115.2 to 118.8 0.234_+0.008 0.208+_0.008 0.155_+0.002 0.153_+0.004 
118.8 to 122.4 0.264+0.008 0.198_+0.008 0.168+0.002 0.169_+0.005 
122.4 to 126.0 0.284_+ 0.009 0.268 _+ 0.010 0.190_+ 0.002 0.185 _+ 0.005 
126.0 to 129.6 0.335 _+ 0.011 0.277 _+ 0.009 0.217 _+ 0.002 0.212 + 0.006 
129.6 to 133.2 0.365 -+ 0.011 0.326_+ 0.01 l 0.255 _+ 0.003 0.243 _.% 0.006 
133.2 to 136.8 0.428 -+ 0.013 0.353 _+ 0.012 0.294_+ 0.003 0.278 _+ 0.007 
136.8 to 140.4 0.496_+0.014 0.413 +0.013 0.347_+0.003 0.339+0.008 
140.4 to 144.0 0.595 -+ 0.016 0.477 _+ 0.014 0.432 +_ 0.004 0.401 _+ 0.008 
144.0 to 147.6 0.696_+0.019 0.716_+0.020 0.537_+0.005 0.491 _+0.010 
147.6 to 151.2 0.884+0.024 0.755_+0.020 0.697_+0.006 0.661_+0.012 
151.2 to 154.8 0.989-+0.028 1.004_+0.028 0.890_+0.007 0.859+0.015 
154.8 to 158.4 1.292 _+ 0.036 1.294 _+ 0.033 1.227 _+ 0.009 1.149 +- 0.019 
158.4 to 162.0 1.617_+0.046 1.747_+0.047 1.694+0.012 1.657_+0.028 
162.0 to 165.6 1.923 _+ 0.059 2.291 _+ 0.064 2.443 _+ 0.018 2.439 _+ 0.040 
165.6 to 169.2 2.649_+0.096 3.230_+0.097 3.631 _+0.027 3.640_+0.062 
169.2 to 172.8 3.133 + 0.123 4.536 +- 0.155 5.566 _+ 0.047 5.734 _+ 0.113 
172.8 to 176.4 3.949 _+ 0.210 5.893 _+ 0.276 8.011 _+ 0.089 8.984 _+ 0.237 
176.4 to 180.0 5.060_+0.506 8.406_+0.712 12.173_+0.222 13.264_+0.651 

slowly with c.m. energy. In fact the solid line was 
obtained by a simultaneous fit of the O (e2) QCD pre- 
dictions (4b) to all 4 distributions in the region 
cosz<0.75.  For  the only free parameter in this fit 
we obtain A ~ = 0 . 1 2 5  +0.022 GeV. The fact that the 
QCD prediction does not describe the data at cosz 
near 1 is expected since this is the region dominated 
by multiple soft gluon bremsstrahlung effects. 

W e  h a v e  p l o t t e d  i n  F i g .  4 t h e  A E E C  d a t a  i n t e g r a -  

t e d  o v e r  t h e  r e g i o n  c o s z  < 0 .75 .  T h e  i n t e g r a t e d  a s y m -  

m e t r y  e x h i b i t s  a v a r i a t i o n  w i t h  c . m .  e n e r g y  c o n s i s t e n t  

w i t h  t h e  l o g a r i t h m i c  b e h a v i o u r  o f  O ( e ~ )  Q C D  ( s o l i d  

l ine) .  

T o  g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  d e p e n d e n c e  w i t h  

c . m .  e n e r g y  o f  t h e  A E E C ,  w e  p l o t  o u r  d a t a  i n  v a r i o u s  

r e g i o n s  o f  c o s L  s e e  F i g .  5. T h e r e  is  p r a c t i c a l l y  n o  
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Fig. 2. Integrated EEC as a function of the energy. 
The solid line represents the result of a fit to the 
sum of the O(c~ 2) QCD prediction and a 
fragmentation term. The dashed curve is the 
contribution of QCD alone 

energy dependence for cosg<0.9.  For  small asym- 
metry angles, however, we observe a strong variation 
with the c.m. energy, indicating the dominance of two- 
jet fragmentation effects. 

To estimate the importance of fragmentation ef- 
fectsin the AEEC for angles 30~ Z ~< 150 ~ we com- 
pare our data with fragmentation models. For  this 
purpose, we concentrate on the high energy data 
(38 .4GeV<W<46 .8GeV) .  A similar analysis of 
TASSO data at lower energies (33GeV_<W< 
36.6 GeV) can be found in [11]. We consider both 
the independent fragmentation scheme of All et al. 
[14] and the string model of the Lund group [15]. 
Second order corrections are included as discussed 
in [5] using (e, 5) cut-offs to separate two- from three- 
and four-jet events. In Fig. 6 both fragmentation mod- 
els are compared with the AEEC data at 43.5 GeV. 
Both fragmentation schemes reproduce well the data 
over the whole angular range. Fits to the data in 
the region eosz<0 .9  yield A~x= 0.165 _+ 0.028 GeV 
for independent fragmentation and A~x=0.305 
__ 0.045 GeV for the string model. 

In Table 4 we show the values of A n and the 

values of ~ at [/~ = 43.5 GeV obtained corresponding 
from the different approximations discussed so far. 
The systematic errors include, in addition to those 
from the correction procedure, other uncertainties 
from the choice of the (e, 6) parameters ( ~ 4 % )  and 
the angular regions used in the fits ( ~  6%). 

The fact that using different approximations gives 
different values for A~s deserves comment. The uncer- 
tainties in the values of A n  are due to our poor  
knowledge of fragmentation effects. At present they 

are not understood from first principles. All fragmen- 
tation models giving good overall description of the 
gross features exhibited by multiparticle final states 
predict non-perturbative contributions to the AEEC 
to be negative [17]. Therefore the value for A n ob- 
tained from fitting the AEEC data to O(cd) predic- 
tions should be considered as a lower limit for the 
true value of AMs. Those  values obtained from a com- 
parison of the AEEC data to the two models conside- 
red provide us with an educated guess of the uncer- 
tainties due to the detailed way in which quarks and 
gluons fragment. In terms of the strong coupling con- 
stant they are of order 15%, see Table 4. 

Measurements of AEEC at P ETRA  have been 
carried out by the CELLO, JADE, M A R K  J, 
P LU TO  and TASSO collaborations. The values of 
AMS obtained from the above analysis can be com- 
pared with the results of the M A R K  J and P L UTO 
collaborations [10], where a similar treatment of 
O(c~ 2) corrections was used, they are in agreement 
with the measurement of this paper and also with 
our previous work at 34 GeV c.m. energy [11]. Our 
estimations for A~s are also in agreement with those 
resulting from the analysis of the planar triple energy 
correlation (PTC) done by the M A R K  J collabora- 
tion [19]. 

III.b The EEC in the back-to-back region 

For  very small and very large angles (z~O, Z~r0,  
the EEC data can not be described by low order per- 
turbative QCD. In this angular region not only ha- 
dron formation but also multiple soft gluon emission 
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Fig. 3a-d. The AEEC at 14(a), 22(b), 34.8(e), 43.5(d) GeV c.m. energies. The solid lines represent the predictions of O(~ z) QCD for 
A~rs = 0.125 GeV 

Table 4. Values of A~rs and of cq at }/s=43.5 GeV obtained from 
the different approximations used in the study of the AEEC. The 
fist error is statistical, the second systematic 

Method A~rs (GeV) G at 44 GeV 

O(c~) QCD fitted to data 
at 14, 22, 34.8 and 
43.5 GeV 

O(cr 2) QCD +Ali  et al. 
fragmentation fitted 
to data at 43.5 GeV 

O(cd) QCD + Lund 
fragmentation fitted 
to data at 43.5 GeV 

0.125_+0.025 0.123+0.004+0.011 

0.165_+0.028 0.129+0.004_+0.011 

0.305_+0.045 0.143_+0.005+0.012 

has to be taken into account. In this section we com- 
pare our data in the back-to-back region (Z ~ re) with 
approximate QCD calculations [-9] for which all or- 
ders in ~ were used. 

The formula for the energy-energy correlation 
function we use [9] is an extension to all relevant 
logarithms of the LLA result [7]. It contains two 

terms, a QCD part and a parton model correction 
designed to account for the fragmentation effects due 
to low energy final state particles (those with energy 
E below a certain cutoff Eo). Following [-9] we call 
0 = r t -  2 the acollinearity angle between two particles 
( 0=0  being the back-to-back configuration), and Q 

= ]/~ the total centre-of-mass energy of the annihila- 
tion process. The formula reads: 

d c o s 0 =  d cosos qcD 

+ 2 ~  ~ (~T2) V \ ( p 2 ) E 2  I f{  E2 sin20) 

--f[J~(p2)E~ 4sin2 (0/2))]. (9) 

The constant A(0) is defined as the x--* 0 limit 
(x = 2 E/Q) of A (x) = ~ a X da/a (X ; Q2) where dA/a gives 
the probability that a pat ton of type a will decay 
into a hadron of type A carrying a fraction x of the 
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parton's momentum, and (p2)  is the mean squared 
hadron transverse momentum with respect to the jet 
axis. We have used [9, 18] A(0)=4, Eo =0.4 GeV and 
(P~)  =0.45 GeV 2. The function f is given by: 

3 i f (z)=z -~ y ~e-Ydy. (10) 
0 

The parton model correction is not important 
when Q is large or 0 is small and it does not affect 
our analysis of the back-to-back configuration. The 
contribution of the low energy particles for small 0 
is accounted for by the QCD part. 

The QCD term is further divided into two parts: 

la 167r S dEbe Q)+ Y(O, Q) d~#sO]ocD - Q 2  
ikTb ~ V ( b  ' 

(11) 

with kT--Q sin(0/2) [9]. The Fourier transformation 
in (11) will allow the separation of perturbative (and 
calculable) from non-perturbative QCD contributions 
at small 0. The first term on the right-hand side con- 
tains the soft bremsstrahlung physics and gives the 
dominant contribution at small 0. The function Y pro- 

vides a correction so that the usual perturbative result 
is obtained for angles in the central region. To order 
~s [9], it is the function in Eq. (3 a) plus a term which 
cancels the divergences when 0 --* 0. 

The function l~(b, Q) can be calculated perturba- 
tively, but the calculation is unreliable for large values 
of the impact parameter b, (b> bma x say). In order 
to deal with these two regions of b, l~ is written as 
the product of a perturbative factor and a non-pertur- 
bative one: 

l~(b, Q) 

= l~(b, ,  Q)pert exp[-ln(Q2/Q~)fl(b)-f2(b)] (12) 

+ b /bmax) . The definition of b,  is where b ,=b/ (1  2 2 1/2 
such that b,  < bmax always, and b,  ~ b when b is small. 
Then l~(b, ,  Q)pert can be reliably calculated in pertur- 
bation theory, provided that bma x is not too large. 
The value of bm,x is otherwise arbitrary, and a change 
in bmax can be compensated by a change in the non- 
perturbative functions f l  (b) and f2 (b). From a physi- 
cal point of view, the constant Q0, which appears 
for dimensional reasons, is completely arbitrary. How- 
ever, it is recommended [9] to take Q0 = 27 GeV and 
bmax = 0.5 GeV- 1 for the purpose of calculation. 
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Fig. 5. Energy dependence of the AEEC integrated over different 
ranges of cos Z 

The non-perturbative (large b) behaviour of I~ in 
(12), is handled by the functions fl(b) and fz(b). It 
is not known how to compute these functions in 
QCD. They have to be obtained by a fit to the data, 
with the constraint that they must vanish for b ~ 0 .  

i r J ~ J J  

5 0 . 0  

Fig. 4. Integrated AEEC as a function of the energy. 
The solid line is the prediction of O(c~) Q C D  for 
A ~ = 0 . 1 2 5  GeV 

We use the following parametrisation for f l  and f2 
[183: 

L ( b ) =  A,~b+A,2bZ+ A o o ( 1 - - ~ )  

f2 (b)= A2, b+A22b2+ A3o(1-  ~b~). (13) 

Note that these two functions are energy indepen- 
dent: once they are extracted from the data at two 
different energies, they can be used to make quantita- 
tive predictions for the EEC in the back-to-back con- 
figuration at any other energy. Ideally one would like 
to divide up the data into a low and a high centre-of- 
mass energy regime, fixing f l  and f2 in the former, 
while attempting to measure the QCD scale parame- 
ter in the latter. Unfortunately the energy spanned 
by TASSO does not allow us to perform this task. 

Therefore we have fitted the non-perturbative 
functions (13) appearing in (10, 11) to our data at the 
four energies simultaneously. The data were grouped 
in 3.6 ~ 0 intervals and only the small angle region 
0 < 0 < 2 1 .6  ~ (1 - c o s 0  <0.07), was used in the fits. The 
results are shown in Fig. 7. The theoretical predictions 
describe well both the angular and energy dependence 
of the data. The fitted values of the parameters in- 
volved in f l  (b) and f2 (b) are: 

A11 =0.60_+0.17 GeV; 

Ale =0.13_+0.05 GeV2; 

A0o = -- 1.02 4- 0.29; 

A21 =0.94+0.11 GeV; 

A22 = 0.56 ___ 0.04 GeV z ; 

A3o=0.40_+0.19. 
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Fig. 7a~l.  The EEC data in the backward hemisphere at 14(a), 22(b), 34.8(c) and 43.5(d) GeV c.m. energies. Solid curves represent the 
results of a fit to calculations by Collins and Soper 
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Note that AM was kept constant in the fit at 
0.150 GeV. The effect of changing A is to alter the 
predicted cross section at higher energies. We have 
checked that varying the QCD scale parameter within 
the range discussed in the previous section, resulted 
in fits of comparable quality. 

IV Conclusions 

We have presented data on energy-energy correla- 
tions (EEC) and their asymmetry (AEEC) in e+e - 
annihilation in the centre of mass energy range 
12< W<46.8  GeV. We have seen that the AEEC is 
a good quantity to test low order perturbative QCD. 
The central angular region of the EEC is well de- 
scribed by QCD plus a fragmentation term proportio- 

nal to 1/]/~. For  the AEEC we observe a very mild 
energy dependence. The AEEC data in the large angle 
region can be described by QCD alone. We performed 
fits to the AEEC at large angles using perturbative 
predictions to O(e~ z) QCD and also using O(e 2) pre- 
dictions and fragmentation models and obtained va- 
lues for AMs between 0.1 and 0.3 GeV. These uncer- 
tainties are due to our lack of understanding of non- 
perturbative effects. Analytical calculations to all or- 
ders in QCD for the EEC for the back-to-back confi- 
guration have also been compared to our data. The 
theoretical predictions describe well both the angular 
and energy dependence of the data in the back-to- 
back region. 
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