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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 dependence as well as the large
angle behaviour of the latter are well described by perturbative QCD caleu-
lations to O(a,?). Non-perturbative effects are estimated with the help of
tragmentation models in which different jet topologies are separated using
{£.8) cuts, and found to be small. The exiracted values of Ags lie between
100 and 300 MeV.



Energy-energy correlations (EEC) have been proposed in the literature as
a means of testing QCD in e*e” annihilation in the continuum. The EEC is

defined 111 as follows

az 1 da
tx)= -~ =-- % | -——————- xxydxdx (L
deosy op dxydx;deosy

where the sum runs over all possible pairs of particles in a given final
state , y is the angle between them and x;=E;/ Ecy is the fractional energy
carried away by the ith particle.

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

dZr/deosy = f{m - x) - f(x) . ()

which for Icos(x)I< 0.8 is known 11,31 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 0(a,®) have been reported 12,3l. These results
can be summarized by stating that

. 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.

&, the AEEC, in contrast to the EEC itself, is infrared stable, i.e. insensi-
tive 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 related asymmetry at c.m.
energies belween 7.7 and 31.6 GeV 14l. Although poor in statistics our date
showed that

1. the large angle behaviour of the AEEC can be well described by the
results of the perturbative calculations and :

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

These observations can be interpreted as a consequence 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 stalistics. This is the aim of
the present paper.

The data used in this analysis were obtained with the PLUTO detector work-
ing at PETRA, the e*e” storage ring at DESY, Hamburg, at the ¢.m. energy
Vs=34.6 GeV. PLUTO is a magnetic detector with a tracking device consist-
ing of 11 layers of cylindrical proportional wire chambers and two layers of
drift chambers, providing charged particle recognition over B7%Z of 4m A
magnetic field of 1.65 Tesla is provided by a 1m long superconducting eoil.’
Mounted inside the coil are the barrel (8.8 radiation lengths) and endecap
(10.5 radiation lengths) lead scintillator shower counters, covering 96% of
4nm. These are used for detection of neutral particles. The data selection
criteria require that

1. the visible energy is greater than 40% 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 c¢m of the center of
the bunch-bunch collision

4. the angle of the jet axis with respect to the beam, 8;, must satisfy the
condition Icos 8,is 0.75

5. the momentum imbalance in the beam direction as well as in the
direction perpendicular te it should be smaller than 40% of the nomi-
nal e.m. energy

6. iwo 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 T pair
production

The accepted sample of 6964 events contains a negligible number of back-
ground events (<2%).

Using jet simulation programs 15,6/ we correct for acceptance, detector
resolulion, track analysis and selecticn 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 error, which ignores inter-
’ correlations between different angular bins, has been checked by con-
ducting a series of Monte Carlo experiments. Each Monte Carle sample
consisted of the same number of events as contained in the exper-
imental data sample. For each bin in cosy or x the variance from sta-
tistical fluetuations in the Monte Carlo runs was compared to the
variance calculated in the analysis of measured events. For sufficient-
ly small bin widths, as used for the ditferential distributions, they
were found to agree within 15%.

2. We repeated the analysis including in the input data only charged par-
ticles, for reasons of better angular resolution. The corrected distrib-
ution did not show any significant deviation from that obtained using
all particles. The statistical errors were, however, approximalely twice
as large. . '

3. The correction factor for the EEC was found to depend only slightly on
whether the independent 151 or the string 16/ fragmentation model were
used. The string corrected asymmetry, integrated in the angular
region cosx<0.8, turned out to be 8% lower than that ohbtained using
the independent fragmentation model for the correction.

4. In an attempt to reduce the number of radiative 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 I7] belonged to the multi-jet (>2)
topology with one jet consisting of a single energetic neutral cluster
were removed from the sample. Again the corrected distributions did
not show any significant deviation from those previously obtained.

In fig. 1 and tables I and Il we present our results for the corrected EEC,
and in fig. 2 those for the AEEC. The “perturbative” tail for the latter,
defined as lcosy|<0.75, can be well fitted by the 0{a,?) predictions I2,3l. The
best estimate for the QCD scale parameter Ays, the only free parameter
involved, is 112 * 23 (stat.) + 25 {syst.) MeV. Moreover this value is found
not to depend on changes in the value of cosy below which the fit is per-
formed, provided leosyl< 0.75. The systematic error reflects the systematic
uncertainty in the absolute normalization of the AEEC introduced by the
correction procedure. ’

In tig. 3 we show the asymmetry integrated over the renge 30°<x<90° as a
function of c.m. energy. The data at lower energies were obtained by PLUTO

operating at DORIS and in a lower statistics run at PETRA at 30.8 GeV 141 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 MARK II collaboration in an analysis
of their data at Vs=29 GeV 18,

A one parameter fit to the energy dependence of the integrated
asymmetry yields for Afs the value 91 + 47 (stat.} +50 (syst.) MeV. These
results can be interpreted as a consequence of the infrared stability exhib-
ited by the AEEC in perturbation theory and as an indication that frag-
mentation effects are not very important in the large angle region of the
AEEC.

In contrast the EEC integrated in the angular region between 60° and 120°,
shows a strong {all-off, see fig. 4 , similar to that exhibited by most other
jet measures {9l. The energy dependence of the integrated EEC can be well
fitted by the sum of two terms, a perturbative term obtained by properly
integrating the O(a,®) results 23, and a non-perturbative term
phenomenclogically parametrised as C/\/s. The best estimates for the two
parameters involved are Ays=253 * 77 (stat.) + 85 {syst.) MeV and C= 095 &
0.16 (stat.) + 0.10 (syst.). The results of this {it are represented by the solid
line in fig. 4. ‘ T

In the analysis presented so far we have stressed the importance of pre-
senting corrected data and in particular the importance of a systematic
study of the energy dependence of the integrated EEC and ils 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 etfects. The
results obtained for Ays are compatible with those obtained from the
gluonic width of heavy quarkonia |10, from a measurement of the photon °
structure function 111} and from a study of the energy dependence of jet
measures (9l

If we wish to describe the asymmetry in the entire angular range, includ-
ing the region cosy—~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 sensitivity of the EEC and the asymmetry to different
mechanisms proposed for the gluon fragmentation. We have used two
Monte Carlo calculations, one 112l in which the gluon fragments independ-
ently of the parent quarks and another in which the fragmentation takes
place along color strings I6l. Second order corrections have been taken
into account fallowing ref i3l and cut-off parameters (z,4), in -the
Sterman-Weinberg sense [13l, have been used to separate two from three



end four-jet events. The values £¢=0.1, e=minimal energy of a parton/Vs,
and #=04 rad, 6=minimal engle between two partons, have been used. The
parameters in the fragmentation models have been tuned to describe the
gross features of the hadronic final states measured at DORIS and PETRA
énergies. From fits to the AEEC data shown in fig.5 we obtain for Ags the
values 183 4 31 MeV in the Ali implementation of the independent fragmen-
tation model, and 269 + 40 MeV in the LUND implementation of the string
fragmentation. These values are thus compatible with those given before.
Moreover the valuses of Ags obtained have been found to be independent of
the (2,6) cut-ofts within broad limits.

The values obtained for a, from our comparison of the asymmetry data to
Monte Carlo calculations including second order effects are compatible

with those obtained i similar analyses by the MARK J and TASSO Colléb~ 7

orations 114,15 They are roughly 20% lower than those obtained 115,16,20t
fmplementing second order corrections following reference 117 The ¢rigin
of this discrepancy has been recently studied in detail by Gottschalk 118l
who reports that they are due to approximations used in 117,

It is interesting to see whether Monte Carlos based on parton showers are
also able to reproduce the data. To thiz end, we also show in fig. 5 a com-

parison between the expectations from the Webber Monte _Carld 119! and the.
corrected- asymmetry, The parameters in the Webber Monte Carlo have-
been tuned to describe the gross features of the hadronic final stales

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 independent 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 responsible
for the asymmetry at large angles, are not fully accounted for in this type
of parton shower Monte Carlos. i

To summarize, we have presented a high statistics measurement of the
EEC and its related asyminetry AEEC at V's=346 GeV. The data have been
corrected for acceptance, detector resolution, selection criteria and radi-
ation in the initial state. The large angle behaviour of the AEEC at Vs=34.6
GeV can be well described by perturbative results to O{a,?), the values
found for Ays being of the order of 200 MeV. The energy dependence of the
large angle AEEC is compatible with the logarithrnic behavicur expected in
perturbative QCD. Fitted values for Ays agree with those just quoted. In
contrast the EEC shows a strong energy dependence indicative of the
importance of fragmentation etfects. The values obtained for Au; by fitting
the energy dependence of the EEC plateau to the linear sum of a
perturbative term and a fragmentation contribution parametrized as pro-
portional to 1/\/3 are higher, of order 250 MeV. This can be inlerpreted as
an indication that the effects of fragmentation on the AEEC are not com-

pletely negligible, though small. An alternative and more complete
description of the data can be dblained with Monte Carlo fragmentation
models. The values gblained for Aus in the siring fragmentation are sys-
tematically higher thafi.ihose- tbtained in independent fragméntation
models. IL is reassuring 1o nptice that the values obtained for-Agg lie with-
in the range delimitéd above, fig. 6. We stress the importance of this type
of measurement at yei higher energies as a precision test of perturbative
QCP In ete: annihiletion fn Lhe sontinuum.
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FIGURE CAPTIONS

Fig. 1 : The corrected EEC measured by PLUTO at v's=34.6 GeV. The solid
line represents the Monte Carlo expectations.

Fig. 2 : The corrected AEEC measured by PLUTO at Vs=34.6 GeV. The solid
line represents the results of a fit to the 0{a,?) QCD predictions.

Fig. 3 : The asymmelry integrated in the region x>30° as a function of c.m.
energy. The solid line represents the results of a fit to 0{a,?) QCD pred-
ictions.

Fig. 4 : The energy-energy correlation integrated in the angular region
60°<x<120° 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 fragmenta-
tion term falling as 1/Vs.

Fig. 5 : The corrected AEEC measured by PLUTO at Vvs=34.6 GeV. The solid
line represents the expectations from fragmentation models ,be it inde-
pendent or of the string type, with O(a,?) corrections included. The dashed
{dashed-dotted) line represents the expectations from the Webber (resp.
Field-Feynman) model.

Fig. 8 : A compilation of the di_fferen-t values for Ays obtained in this analy-
sis using different assumptions about fragmentation effects. See text for
more details. Only statistical errors are shown.



cosy value and error : ' x {degrees) value and error

-1.00 to -0.95 4.3453+0.0412 0.0 to 8.0 1.2870+0.0149
-0.95 to -0.90 1,3620x0. 01861 6.0 to 12.0 0.6315+0.0088
-0.90 to -0.85 ) 0.799810.0106 ' 12.0 to 18.0 0. 5825:0.0073
-0.85.0.-0.80 | 0.5530:0.0081 = | _ 18.0 to 24.0 0.4249:0.0052
~0.80 to -0.75 0. 4124300085 ' 24.0 to 30.0 0. 32010, 0039
-0.75 to -0.70 0.,3313:0.0057 30.0 to 36.0 0.2525+0. 0031
-0.70 to -0.65 0.2798+0.0023 36.0 to 42.0 0.2117:0.0027
-0.65 to -0.60 0.2440+0.0021 42.0 to 48.0 0.174440.0022
~0.60 to -0.55 0.2097£0.0022 48.0 to 54.0 0.1586+0.0021
~0.556 to -0.50 0.18904+0.0022 54.0 to 60.0 0.1416:0.0020
~0.50 to -0.45 0.171640.0022 _ 60.0 to 68.0 0.1297:0.0019
-0.45 to -0.40 0.1585+0. 0020 ) - 66.0 to 72.0 0.1245+0.0018
-0.40 to -0.35 0.14656+0. 0021 72.0 to 768.0 0.1197:0.00t9
-0.35 to -0.30 0.1368+0.0020 8.0 to 84.0 0.113040.0018
-0.30 to -0.25 0.12850.0018 84.0 to 90.0 0.112410.0018
-0.25 to -0.20 0.1220x0.0019 : 90.0 to 896.0 0.114240.0018
-0.20 to -0.15 0.119840.0019 : 6.0 to 102.0 0.116610.0018
~-0.15 to -0.10 0.1149+£0.0018 102.0 to 108.0 0.122510.0019
-0.10 to -0.05 0.1142:0.0018 108.0 to 114.0 0.1350+0.0021
-0.05 to 0.00 0.114140.0019 114.0 to 120.0 0.1481+0.0023
0.00 to 0.05 0.110640.0018 120.0 to 126.0 0.1653+0.0025
0.05 to 0.10 0.113310.0018 ' 126.0 to 132.0 0.1930+0, 0029
0.10 to 0.15 0.1155+0.0018 : 132.0 to 138.0 0.2190+0.0032
0.15 to 0.20 0. 1137+0,0017 ) 138.0 to 144.0 . 0.2635+0.0036
0.20 to 0.25 0.1174£0.0018 144.0 to 150.0 0.3267+0.0044
0.25 to 0.30 0.124910.0018 150.0 to 156.0 0.417420.0055
0.30 tc 0.35 0.131140.0017 156.0 to 162.0 0.5356+0.0071
0.35 to 0.40 0.1340:0.0016 ' 162.0 to 168.0 0.896610.0094
0.40 to 0.45 G.1369+0.0015 ’- 168.0 to 174.0 0.8232+0.0125
0.45 to 0.50 0.152410.0016 : 174.0 to 180.0 0.4875:0.0117
0.60 to 0.56 0.16805+0.0015

0.5 te¢ Q.60 0.181610.0025

0.60 to 0.65 0.1977:0.0034 . Table 2. Energy-energy correlation , cor-
0.65 to 0.70 0.2280+0.0037 rected data

0.70 to 0.7 0.261810.0040 )

0.75 to 0.80 0.3333:0. 0048

0.80 to 0.85 0.4242+0.0058

0.85 to 0.90 (.6163+0.0075

0.90 to 0.95 1.073940.0116

0.95 to 1.00 5.2184+10.0412

Table i. Energy-energy correlation , cor-
rected data
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