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Abstract

~ I'rom an analysis of multi-hadron events from Z¢ decays, values of the strong coupling con-
stant. o, (MZ,)= 0.131 £ 0.006 (cxp.) £+ 0.007 (theor.) and o, (M20)= 0.L17*558 (exp.) 5.6503

—0.002
(theor.) are derived {rom the energy-cnergy correlation distribution and ils asymmelry, re-
spectively, assnming the QCD renormalization scale g = AMzo. The theorctical error ac-

counts for diflerences between O(o2) caleulations. A two paramcler fitb of Az and the
renormalization scale pi leads to Ags = 216 & 85 MeV and (;:2/s) = 0.027 £ 0.013 or to
ay(M2,) = 011720008 (exp.) for the energy-encrgy correlation distribution.  ‘The encrgy-
energy correlalion asymmetry distribution is insensitive to a scale change: thus the e, value
guoled above lor this variable includes the theorelical uncertainly associated with the renor-
malization scale.

(Submitted to Physics Letters B)
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1 Introduction

Inergy-energy correlations (EIXC) of hadronic events were first introduced by Basham ef
al. [1] as an experimental observable seusitive to the value of the conpling constant «, of
Quantum Chromodynamics (QCD). They are defined, in praclice, as the histogram of the
angle between all combinations of pairs of particles in hadronic events, weighted by their
normalized energies, and averaged over all events:

EEC(x) = ——2—— 5 i > LY )dy' (1)
o X a AX ’ N Q ruents 13 un XU X |

where xi; is Lhe angle belween particles @ and j and Ay is the width of the histogram hin.
Two-jel evenis yield a distribulion sharply peaked near v = 67 and y = 180°, whereas events
with hard gluon radialion [ill the cenlral region in a non-symmeirie fashion. ‘The shape of
the distribution is therefore correlated with the value of «v,. The energy-energy correlation
asymmeltry (ATEC) ' |
AREC(x) = FEC(r — x) - EEC(x) (2)

removes the lwo-jet component and so is parlicularly sensitive Lo a,. ABEC has a simaller
2ud order QCD correclion than EEC and is subject to sialler theoretical and experimental
crrors because of Lhe cancelalions implicit in (2).

Analytic formulae for BEC and AEEC Lo O(e?) perturbation theory have been presented
by scveral groups, to be referred Lo here as AB [2], RSE (3], 'K [1] and KN [5]. Monte Carlo
caleulations also provide prediclions for the energy corrclation distributions. The O(a?)
matrix element formulac of ERT [6] and GKS [7] are incorporaled into the Jelsel Monte
Carlo [8] and provide a convenient means for this.

In this letler we presenl measurements of energy correlations in hadronic Z° decays, by
the OPAT: Collaboration. From the energy weighted cross sections, values of «, are extracled
for both analylic and Monte Carlo ealeulations. The coupling constand. e, (11?) can be-writlen
as a function of In(p? /A22), where g is the QCD renormalizalion scale. Tn a first step, we
adjust Agrg through comparison with the measured EEC and AEEC disiribulions, assuming

pt = M2, In a sccond siep, Azz and g are adjusied together, in a 2 parameter fit. This
qludy (‘()mplt‘monl,s our previous evaluation of Aiis and j al Iho 70 peak, using ihe jel
raics [9). Unbike the jel rales, cnergy correlations do nol rely on a jel resolution parameter
or an eventb-by-cvent analysis. Values of o, ext racted from BEBEC and ABEC disiributions al
lower c.m. energies in ete™ annihilations have been reported in [10)-[21). 1t is expected thal
sccond-order perturbative caleulations yicld more reliable results al Z° energies than al lower
energies, because the value of the conpling constant is smaller, furthermore, hadronization
corrections are smaller for the higher energy, reducing the uncertainiy in the comparison of
calculations with data. |



2 Data Selection

‘The data were recorded with the OPATL deteclor [22] al the CERN c*e™ collider LEP. The
tracking of charged particles is performed with the contral tracking detector, composed of
a vertex chamber, a jel chamber and a chamber for measurements in the r-g direction, all
enclosed by a solenoidal magnel coil (r is the coordinate normal to the beam axis; 0 is
the polar angle). The principal tracking detector is the jet chamber, which provides np o
159 space-points and close 1o 100% irack finding efliciency for charged Lracks in (he region
lcos@] < 0.92. For the present analysis, Lhe average angular resolution is particularly relevant.:
for charged tracks this is about 20 mrad in the -8 direction and beiter than 1 mrad in the
direction perpendicular Lo the heam axis. Electromagnetic energy deposits (“clusters”) are
measured wilh the electromagnetic calorimeler, a detector ol lead-glass blocks located in hoth
the barrel and endeap regions, cach block of 10x10 inrad? cross seclion, for a total detector
solid angle coverage of 98% of I x.

The trigger and online event selection for hadronic events are described in [23]. Weapplied
additional criteria for this analysis to rednce the small level of background and 1o oblain well
corlaimed evenls. Charged tracks were accepled if they originated from within 5 em of the
mieraction point in the direction perpendicular to Lhe beam axis, ‘T'he minimum transverse
momentum was set al 150 MeV, the angle to the heam direction had o exceed 20 degrecs
and the track was required (o have al least 40 measured space-points.  Electromagnetic
clusters were aceepled if they had at leasl 100 or 150 MeV ol energy, depending on whether
they appeared in the barrel or endeap. Nadronic evenls were required to contain al leasi 5
charged tracks and a polar angle Tor the thrusl direction, defined using the accepted charged
tracks and electromagnetic clusters, in the range [cos(Bpen)| < 0.87. lirom the data sample
of 3.6 pb™" used for this analysis, we oblained 69,991 evenls at /s = 88.3 - 95.0 GeV afier
all cuis.

3  Energy Correlation Measurements

In ligure 1 and in table 1 are presented the measured BEC and ABEEC distributions al 9] GeV,
unfolded for deteclor acceplance and resolution and for initial-state pholon radiation. The
bin widths of 3.6° are well within the limits of the experimental angular resolution. The
unfolding procedure is based on a detailed simulation of the OPAL detector and is described
in [24]. 11 leads Lo bin-by-hin correclion constants delined, for EEC, by

Veidala o _(_“ ’;;_{:_1;_-_.*; B ATAL U .
( Iy "/(‘/hﬂdrﬂﬂ )l - ("',’i‘("'ﬂf.c- ) ’ (h I e, )l J
M TR

where “gen.” refers (o Monte Carlo events al the generalor level, without initial-state radia-

i = bin index, (3

Lion or detector simulation and including charged and neutral parlicles with lifetimes greater
than 3107, while “det.”  refers to Monte Carlo events with imilial-state radialion and
detector simulation, which have been passed through the same reconstruction and selection
algorithms as the dala. I ECI 4 d IECH: . are the measured and unfolded distribu-

tions, respectively, For Lhe measurements we nse hoth charged tracks and cleclromagnetic
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cluslers, wilh no correction for ihe overlap of energy d(‘.p(')s.ittu] by charged and neutral par-
licles. The unfolded ATEC is derived from the unflolded EEC. The correction conslants are
defined by the terms in square brackets in (3); to oblain these constants we use the Jelsel
parton shower model {8] with parameler values adjusted Lo deseribe global evenl shapes mea-
sured by OPAL [24]. This model plus detector simulation provides a good description of the
energy correlalion mcasurmnc\nts belore the correclions are apphed, making it suitable for
the calenlation of these consiants. The values of Lhe corrections, shown in the inset above
figure 1 (a), vary beiween about 0.90 and 1.20.

T'he stalistical errors of the EEC and AREC distributions have strong bin-to-bin correla-
lions. To evaluale these errors, we generaled 10 different samples of Monte Carlo events, cach
with the same statistics as the data sample. Thestatistical error was sel equal to the RMS de-
viation which was observed, for cach bin. The systematic error from the correction procedure
was measured as follows, M(mtc Carlo events including detector simulation and initial-stale
radialion were generaled using the Herwig shower model {25], 1o Torm a mock “dala” sample.
The default parameter values of Herwig, which essentially arise from measurcments by our
experimenl [24], were used. The Herwig description of the measured distributions is reasou-
ably good at this level. The EEC distribution Trom these Herwig evenls was unlolded using
the same Jetsel correction values which are applied o the data. The difference betwecn the
unfolded Ierwig “data” distribution-and the Herwig distribution consiructed at the generator
level was taken as the systematic error introduced by the correction procedure, bin-by-bin.
Additional systematic errors due Lo imperfleciions in Lhe simulation of the detector or in the
event reconstroction were estimaled by taking the difference bhetween the unfolded distribu-
tions derived Trom the tracking chambers alone Lo those derived from the calorimeler alone.

We dl'%() tested the sensilivity of the correclion Taclors to the z resolution of the jel chamber,
by varying the simulated resolution for the z hit position between 6 and 20 em, and found
the error due lo this source Lo be negligible. T'he dillerent systematic errors were added in
quadralure lo define the tolal systemaltic error. Also shown in fignre 1 are the generator level
predictions of Jetsel and Herwig. Jelsel provides a good decription of the unfolded measure-
menls, while the prediction of Herwig s low in the central angular region. ln .u](]mun the
qhap(‘ of /\I 150 from Herw g deviates somewhat from the dada,

Al /3=M 0, corrections due Lo conlinement, {fragmentation) are in general small, permit-
ting the experimental measurements Lo be unfolded 1o the parton level. That QCD parton
shower models with dilferent mechanisims lor fragmentalion describe the detailed featlures of
hadronic event structure from /s = 30 to 91 GeV using energy independent parameters [24],
implies that the size of these corrections may be estimated reliably. ‘In fignre 2 (a) and (b)
are shown the measured EFC and ABEC disiribulions unfolded to ihe parton level using
Jetset and Nerwig with the |)dmm(‘(or values discnssed above. ‘T'he unfolding is performed
according Lo
(L E(ﬂ\f C. )

“parton/t ’.: ]‘ (1datrz

(’;’:'ﬁI J;f;:?r)n)' 'H (], I‘C{J}\Jt( -)i ( mems. ) 1 d = [)i"l indc‘x. (4)

in analo y wnh (3), where EECH isihe ex )mnnvnldl distribution al the parlnn lovel The
g I

‘parilon
unfolded ABRC is. obtamod from the unfolded EEC, as before. Both the Jelset and ]lrrwng
correclions are derived using the default valnes for the scale Qg al which shower (Iovclopmont

n



is halted: Qo = 1 GeV for Jeisel and (20 0.65 GeV for Herwig (the qu:nk INasses are
left: al their default values). Also shown in figure 2 as the solid lines are the hadron level
measured distributions, repeated from figure L In the angnlar intervals used to determine a,,
13.2-136.8° for IUEC and 28.8-90.0 for ALLC, the overall corrections, from the level ine luding
detector effects to the parton level, have an apprn*mrmloh conslant value of aboul 0.85 for
ELC, leading to an eflective correction between about 0.8 and 1.2 for ABEC. The effective
correction for ABEC is defined as the ratio between the detector and parton level distributions
for that quantity. We do not, rescale the EEC distribution so that its integral from 0° Lo 180°
is unity, aller the corrections to the parton level have been applied, because this procedure
relies, in part, on the unfolded distribution al ¥ 2 0° and y =~ 180° where the corrections
are large (see figure 2). We find that the integral of BEEC over its enlire range deviates from
unily by 2%, aller the corrections. This effecl is inclnded as a systematic uncertainty in the
overall normalization as discussed below. In figure 2 the errors are slatistical only and are
derived for cach bin in the same way as for the hadron level distributions of figare 1.

4 Determination of o, (M2,)

Our analysis for «, is performed by comparing the parton level corrected measurements
to O(er]) theoretical caleulations. The corrections are derived from parton shower models.
Therelore the goodness ol the description of the unfolded measurcments by the theory is a
lest ol its adequacy al the Z° peak and of the importance of missing higher order terms. Ac-
cording to the suggestions of Kunszt and Nason, this strategy provides a clean test of O(o?)
QCD because of the clear separalion of the perturbative and Ir agmentation componen(s [5]
In contras(, it has been common al lower energies Lo extract o, from energy correlalion
measurcments through parameter adjustment of an O(e?) Monte Carlo wilh ragmentation
model Lo describe hadron level distribulions. In this case the pertorbalive and fragmentation
components are nol well separated and (he latler can hide deficiencies of the former. This
problem becomes more acutle for Lhe higher energy of LEP because of Lhe largeness of the
minitmum invariant mass value between parlon pairs (the vatue V0.01 - s, which is the mini-
mum mass value between parton pairs for O(e?) Monte Carlo generators, as discussed below,
is about 9 GeV for /s =91 GeV), Thus we do not employ this method.

Calculations of KEC 1o () consisi, of replacing the evenl average in (1) by the s uare
A v A
of the malrix element for 2, 3- and A-parton final stales and imtegraling over Lhe allowed
phase space. For Lhe analylic calculations, the EEC distribution can be expressed as

\"f’*fff(x):g'_("gj)--f"l(x) + 91%2_22 -B(x) (5)

and analogously for AEEC. 'T'he Ist order I('rm A{x) describes g7 and qg linal slales while the
2nd order term B(x) describes qfgg and qqq 7 states as well as corrections Lo qq and ¢qg. The
cross seclion for each n-parton final stale is infrared and collincar divergent. The divergences
cancel in the sum over all evenl types [26]. Different gronps have used dilferent methods to
cancel singularities in the 2nd order term B(x). 'The results of KN agree betler wrih those of
AB Lhan with tlmw ol R515 or I'K: the disagreements are not well understood [5]. For Monle

§



Carlo calculations, 11 is necessacy Lo remove Lhe smg’lll-mltos individually for the 2-; 3- and
4-parton components. This is (lon(‘ by introducing jet resolution crileria by uhuh parton
pairs which fail the crileria are (()mlnm‘(] into a single “et.” T he GKS and BRI matrix
element Monte Carlos in Jelsel employ Yo, as the resolution parameter, where /Voin - 8 is
the minimum invariant mass value allowed belween parbon pairs. For the Monte Carlo cvent
generation, we use the value y,,;,=0.0F, which is essentially the smallest which is possible if
the n-parlon cross sections are to remain positive in all regions of phase space [27]. Analytic
calculations of 15C and AFE I'( do nol require jet resolution criteria, but they are sometimes

introduced nonetheless. The 'K analytic formula. [l] use the jelb r('snlulmn pmdm(‘lm Yrnin-
For these analytic formula, an arbilrarily small value of y,.;, may be used, permitiing the
cllect of the restriction Yo, = 0.01 Tor the Monle Carlo calculations to be sl.udmd.

The ymin cut has an important eflfect on the shape and height of the Monte Carlo predic-
tions, even for the region of hard gluon radiation. The integral of the Ist order terim A(x),
between 45-135° for BEC and 30-90° for AEEC, is changed by +10.5% and -2.8%, respec-
tively, il ¥, changes from 0.01 1o 0.0001. The corresponding change for the 2nd order term
B(x) is +30% for KEC and -18%, ‘rc;r ABEC ] A redoetion of g, from 0,01 to 0.0001 re-
duces Lhe minimum invariant mass value between partons from about 9 GeV Lo abmﬂ' } GeV
for \/‘ = 01 GeV. Thus y,,;,=0.0001 corresponds well Lo the scale of \lrludlllv QO 1 GeV
of the correcled dala, making it an appropriate choice for our dlld'\‘il‘w We therelore correct
the Monte Carlo predictions (ERT and GKS), lor the EEC and AREC measurements in’ the
intervals used to extracl o, by the ratio of the corresponding values for _\,,,,i,l-w(].(]ﬂ{).l. to thal
for Ymin=0.01, which are obtained lrom the FK formulac. This correchion is evalvaled for
cach Az value for which ERT and GKS samples are generaled, and has an overall value of

about 1.15 for BEC and 0.941 for ADEC.

In figure 3 (a) and (b) the integrated values of the parton level unfolded measurcments
arc presented, along with the theoretical predictions. ‘The range of integration is 43.2-136.8°
for EBC and 28.8-90.0° for AEEC. The data are shown for 1 conditions: (i) nnfolded with
Jelsel corrections, (i) unfolded witl Ilm\\lp,mrr(( tions, and unfolded with Jelsel corrections
but using (i) charged track information only or (iv) calovimeler information only for the
factors EC!e  and EECHC i (1). 'The statistical errors of the measurements, derived
as explained in section 3, are showu by 1||v bands on (he dala values. The theorctical
produllons are dhsplayed fur different. values of Ay, using the 2-](.)«)[) A-Tunclion as given
in {28] with 5 aclive quark Nlavors, to relate e, and Agrg. The renormalization scale g = M0
18 assumed.in all cases. 'The GKS and ERT predictions liave been corrected to. g, = 0.0001
as explained above. Figure 3 (a) puts into evidence the dilferences between the AB, KN and
RSIE calculations, as veported in [5). As well, a clear dilference appears belween GKS. and
ISR, as has heen discussed pr(*.vinusl_\' [20,21].

n table 2 the aluos uI~ \MS and o, (M2s) which arc extracted from comparison to the
measurements arce prescnted, Tor cach theoretical calentation separately. TFor the analytic
formulac, AB, RSE, KN and 'K, x? fits to the differential spectra r lf(';f,':,fj",,, and AL l)(',’,’,‘ff‘,‘m,
are [)(‘rrnrm(‘d to obtain these \-l'll(“n Tlie analylic calé lations provide goml descriplions of
the AEEC measurements aller the fits, as shown in figure 4 (b), vielding x? values of 14.4,

16.0, 28.8 and 96.0 (16 degrees of Ireedom) for AB, RSE, KN and FK, respectively. For EEC;

the fits deviale somewhat (rom Lthe measurements for angles helow about 60°, as shown in

7



I‘[,urf‘ 4 (a) lcadlng to X I‘)r 2(]0 223 and 310 Tor AB, RSE, KN and I K ( 5 degrees of
fr(‘(‘dnm) The 'K <1n(l KN r(";ullq have slalislical Crrors \\lmh we do nol include for the x?
delermination hecause thcso Crror mlnvs arc nol ])lll)]l%h(‘(' ‘or the Monte Carlo calculalions,
ERT and (JKS Ahe lnh*rpululvd point of intersection with the Jelset (nn('(lvd dala value
labeled “all” in hgurc 3 is used to oblain A

The statistical errors’in table 2 are taken from figure 3. The qnoted systematic errors
include the uncertainties associated with (i) the measnrements, (i) the exirapolation 1o
the parton level, (iii) the overall normalization and (iv) the sensitivily to the interval of
inl,egra‘l.io'n [ho measureinenl error is the dilference between the value of A 75 found from the
analysis based on the tracking chambers alone Lo the one based on the calorimeter alone and
has a value of aboul 90 McV for EXC and 70 McV fTor AEEC. The error in the extrapolalion
to the parton level is the difference between Agzg derived from the Jelset corrected dala to
thai derived from the Herwig corrected data: its typical value is 30 MeV for BEC and and
10 MeV for AERC. The un((*rldmiy in the overall normalization comes from the 2% devialion
from unity, of the ]mrlnn level (nrr(‘(i(‘d EEC distribution integrated over ils cnlire range,
which was mentioned i in section 3. We conservalively assign an crror equal to 4% of the dala
values in ligure 3 Lo account for Lhis uncertainty, which leads lo an error on A4z of about 70
and 50 MeV for BI5C and ALEC respeclively. The sensilivily (o the interval of integration is
tested by repealing Lhe analysis using the angular ranges 36.0-114.0°, 13.2-136.8° and 50.1-
129.6” for BEEC and 22-90°, 29-96° and 36-90° for ABEC and leads to an uncertainty on Asis
which is negligible for EISC and abouni 25 McV for ABEC. ‘These systemaltic errors are added
in quadrature to give the values in table 2.

For EREC there is a signilicant diflerence helween the Agpz valnes obtained from the dif-
l[erent calculations: these dilferences are less important for Al,l,(l. We deline the theoretical
crrot o be the largest of the differences belween the KN and other prediclions o obtain

Azig = 38 £ 109 (exp.) 1120 (heor) MeV  (EEC) (6)
Asrs = 211 £ 92 (exp.) T2 (theor) MeV  (AEERC)

or

a,(M2a) = 0131 £ 0.006 (exp.) + 0.007 (theor) (LEC) (7)

h A » -0.00 . ) AT
ay(M2e) = 0017 25000 (exp.) 1099 (theor))  (ALEBC)

as our measured values for Aziz and o, (M2,), assuming the renormalization scale gt = Mo,
where the’ central-value and ‘experimenial error are from-the fits using the KN calculation,
while the theoretical error is explained above. "T'he value of o, from ABEC is:in good agree-
ment with that obtained from jet production rates at /s = Mz [9,31]; the larger «, valuc
[rom LEC may indicate important higher order corrections for that distribution.

5 Renormalization Scale Dependence

In most previous studics of energy corrclalions, the renormalization scale p at which the
coupling constant o,(;?) is evaluatéd was chosen to be the c.m. cnergy. The scale i is not a

8



physical parameter and theoretical results calenlated to all orders should not d(poud on it.
For finite orders, the results can exhibil a scale d(‘])(‘ntl(‘n((' however. Recent studies have
shown that a more general delinmiion, hke

ot S - (8)

with [ = 0.001 = 0.01, resull in a betler descriplion of jel production rates al cte™ collid-
ers [9,30]. We next perform an O(e?) adjustment of both jrand Azz to the energy correlation
measurements, Lo test the sensilivity of BEC and AEEC to a scale change.

The sensitivity of BEC and AELC to the renommalization scale can be studied using the
KN Tormula [5], Tor which the second-order term B(x) in (5) is prescnled as a lunction of
[ = (p2/s). We peeform fits Lo the parton level (hlr(‘r(‘ntl.\l measurcmenis, F ECiss  and

parton
AR ’}‘f,‘f,“t"(m, ixing f at a given value and determining the .'\ 7z value which minimizes x? for
that scale. Figure § shows the distributions of Agjz and x* which resull, as a funciion of f.
These figures demonstrate thal the Azrz value from BEC is quite sensitive to the choice of
scale, while the A7z valoe from ALEC is almost inscensitive o Lhis choice. Fquivalent results

arc oblained il the AB calculation of B(x) is used inslead of that of KN.

A Bt to the parton level diflerential measurements witls hoth :\Mq and [ as [ree pa.ra.i‘ncl,efs
yields
J=(p?/8) = 0027 £0.013 ; Agz=216 £8 McV (E1EC) (9

= (1?/s) > 0.29 () o) L Ap=201£91 MV (ABEC),

where the errors for A7z include the statistical and experimental systematic uneeriainties
cvaluated as explained in section 1, while those for f are statistical only. We do not quole an
“oplimal™ value for f from AEEC because of the small seusitivity Lo a scale chauge for this
distribution. Instead we give the value of £ ab which the x? value is grealer by unity than ils
value al f = . When evaluated at the Z% mass, the Azrz values in (9) yield

(M) = 00T 20008 (exp) (BEC) . (10)

o (M2,) = 011725008 (exp) (ARTC)
or a -12% and 0% dilference for BEC and ALRC, respectively, (UITI])(II(‘(I lo the KN values
for v, oblained al g = /s (sce table 2 and section 1), This value of e, from B C, makmgﬁ

use of Agrs determined at its preferred renormalization seale, is in good agreement with the
v, value from AT,

The qu("-.l ion of r('nunndllmllnn scale is also rnnwlvr(‘(l by RS in [, “who pl(‘(ll( t Iho val-
nes of an angle dependent seale factor f(x)=p>(x)/s. 'These values, shown in figure 3.2 ol [3],
lie belween 0,001 and 0.015 in the relevant angular regions and so have aboul. the same.magni-
tude as the scale delermined from measured jel rates [9]. A il of Agrg to the parton correcied
BEC distribution, using this angle dependent scale factor, yields Az = 3198110 MeV, while
for ATEC the result is Azjg = 3104 115 MeV. The errors include the Stil.ll_iS'.i(i«'_l' and system-
atic uncertaintics from the experiment which were considered previously. These Agzz values
yield in Curn o, (M2,)= 012520000 (exp.) for EXC and o, (M 30)= 012126605 (exp.)-for ABLC,
which dilfer by about -9% and 4-2%, respeclively, rom the RSE values plmcni('d mn L.xhlo 2.
Thus again, the «r, valie from BEEC comes into good ag,l(‘(‘mt*nl with ”Idl from AR l;(,:, wlile
ihis latier slays essenlially constant, when a small renormalization scale s introduced.
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6 Summary and Conclusions

The cnergy-energy correlation Tunction (EEC) and its asymmetry (ABEC), corrected for
initial-state photon radiation and for deleclor acceplance and resolution, have been mea-
sured al /s = 91 GeV by the OPAL experiment al LEP. After unfolding the ERC and
ALREC distributions for fragmentation, in addition 1o initial-stale radialion and deteclor of-
fects, the measurements are compared direcily Lo theoretical calculations valid to O(0?), to
extract values for the QCD coupling constanl o,. Becanse the measurements are correctod
for fragmentation belore being cormpared 1o Lheory, we obiain a clear separation belween
hadronization and higher order perturbative effects leading 1o a clean Lest of the O{a?) pre-
diclions. '

We oblain values o, (M2,) = 0.13120.006 (exp.) £0.007 (iheor.) and o, (M 2,) = 0.117 2357
(exp.} *5.003 (theor) Tor BEC and AEERC, respectively, assuming the QCD renormalization
scale pr = Myo. The theoretical error is given by Lhe difference which resulls from using
different calculations. The a, value from AREC is in good agreement with values derived

from jet multiplicity measurements at the Z9 peak [9,31].

We bave also examined the sensitivity of the energy correlation disiributions to changes in
the renormalization scale. A simultancous adjustment of Ag;g and the scale i demonsirates
that BEC is best fit for p? /s = 0.027 and Azjz = 216 MeV while Azg SO is essentially
insensilive o a scale change. An evaluation of o,(MZ,) for BEC, using the value Agz =
216 MeV Tound at s preferred renormalization scale, yields o, (M%) = 0.11 71008 (exp.), in
agreement with the o, value from AREC and the jet rates. The Jarger value of o, from BEC

al 1 = /s is possibly indicative of important higher order corrections for that distribution.
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Bin | x (deg.) EEC{x) (rad." ") KEC(x = x) (rad."T) AEEC(x) (rad. ™)

U] 0.0-3.6 | 2.005 £ 0.013 £ 0283 [ 0.6799 & 0.0061 + 0.2331 | -1.325 + 0.014 + 0.073
2 | 3.6-7.2 | 1.250 £ 0.0055 4 0.0677 | 1.215 4 0.0070 £ 0.1908 | -0.0349 + 0.0089 + 0.1247
3| T.2-10.8 | 0.9044 & 0.0035 £ 0.0221 | 1,090 4 0.0051 k 0.0423 | 0.1855 £ 0.0065 & 0.0625
1 [ H0B-144 | 0.6440 £ 0.0026 £ 0.0611 | 0.8682 & 0.0042 4 0.0295 | 0.2242 £ 0.0049 & 0.0319
5[ 1A-18.0 | 0.4652 2 0.0019 £ 0.0551 | 0.6610 & 0.0032 : 0.0165 | 0.1959 + 0.0037 % 0.0105
6 | 18.0-21.6 | 0.3473 £ 0.0015 £ 0.0513 | 0.5168 & 0.0026 4 0.0013 | 0.1695 + 0.0030 = 0.0100
7| 216-25.2 | 0.2675 £ 0.0012 £ 0.0128 | 0.1091 & 0.0021 £ 0.0362 | 0.1419 % 0.0024 & 0.0066
8 1 25.2-28.8 | 0.2175 & 0.0010 £ 0.0327 | 0.3366 + 0.0018 £ 0.0361 | 0.1191 £ 0.0021 4 0.0043
91 28.8-32.0 | 0.1835 & 0.0009 £ 0.0237 | 0.2787 & 0.0016 % 0.0257 | 0.0952 + 0.0018 £ 0.0048
101 32.4-36.0 | 0.1572 & 0.0008 & 0.0176 | 0.2349 £ 00014 4 0.0229 | 0.0777 % 0.0016 £ 0.0053
TE | 36.0-39.6 | 0.1101 £ 0.0007 & 0.0172 { 0.2025 £ 0.0012 & 0.0163 | 0.0621 £ 0.0014 £ 0.0035
12| 39.6-13.2 [ 0.1262  0.0007 & 0.0132 | 0.1789 £ 0.0011 & 0.0138 | 0.0527 & 0.0013 % 0.0018
13| 43.246.8 | 0,150 £ 0.0007 & 0.0106 | 0.1578 = 0.0010 % 0.0106 | 0.0428 + 0.0012 % 0.0010
14| 16.8-50.4 | 0.1078 £ 0.0006 & 0.0071 | 0.1921  0.0009 & 0.0083 | 0.0346 + 0.0011 & 0.0009
15| 50.4-54.0 1 0.1000 £ 0.0006 % 0.0067 | 0.1285  0.0009 & 0.0072 | 0.0284 + 0.0010 £ 0.0007
16§ 54.0-57.6 | 0.0942 & 0.0006 £ 0.0070 | 0.1185 & 0.0008 & 0.0074 | 0.0243 % 0.0010 -+ 0.0007
17 | 57.6-61.2 | 0.0889 & 0.0006 & 0.0038 | 0.1093 & 0.0008 & 0.0074 | (.0204 £ 0.0009 £ 0.0036
18 | 61.2-64.8 | 0.086) + 0.0006 % 0.0038 | 0.1027 £ 0.0007 £ 0.0066 | 0.0166 % 0.0009 + 0.0028
19| 64.8-68.1 [ 0.0831 :£ 0.0005 £ 0.0010 | 0.0960 % 0.0007 & 0.0048 | 0.0126 + 0.0009 + 0.0010
20| 68.4-72.0 | 0.0803 £ 0.0005 & 0.0028 | 0.0908 £ 0.0006 £ 0.0017 { 0.0105 + 0.0008 £ 0.0027
21| T2.0-75.6 | 0.0790 & 0.0005 £ 0.0015 | 0.0873 4 0.0006 & 0.0011 | 0.0083 + 0.0008 & 0.0032
22 | 75.6-79.2 | 0.0778 & 0.0005 & 0.0021 | 0.0836 - 0.0006 £ 0.0027 | 0.0058 + 0.0008 < 0.0019
23 | 79.2-82.8 | 0.0774 £ 0.0005 £ 0.0029 | 0.0813 3 0.0006 = 0.0033 | 0.0039 £ 0.0008 £ 0.0009
24 | 82.8-86.1 | 0.0771 £ 0.0005 £ 0.0019 | 0.0791 : 0.0006 & 0.0001 | 1.0020 £ 0.0008 % 0.0023
25 | 86:4-90.0 | 0.0765 & 0.0005 & 0.0011 | 0.0781 :k 0.0006 4+ 0.0021 | 0.0018 & 0.0008 4 0.0016

Table 1: The EBC and ABEC distributions at 91 GeV, at the hadron level, unfolded for
initial-state radiation and for deteclor acceptanee and resolution. The first error is stalistical

and inclodes the statistical uncertainty for the correction [actor, the sccond is systemabic.

The systematic errors between the different bins are correlated,




1515

ALEC

AB (2]
RSE (3]
KN [5]
VK [1]
R |6]

GKS [7]

e . [3 e . )
{0.133 £ 0.0005 + 0.006

588 & 12 4 142
(0.138 % 0.0006 % 0.000)

438 + 9 4= 109
(0,131 £ 0.0005 £ 0.006)

324 £ 7+ 81

1 (0.125 £ 0.0001 £ 0.006)

335 4 7+ 83

(0.126 4 0.0004 £ 0.005)

AB0 = 10 4 117
(0.133 £ 0.0005 £ 0.006)

AB1 4+ 10£ 117

Table 2: Az in MeV (and o,(A2)) obtained from the parton-level BEC and AEEC distri-

248 + 16 + 105
(0.120 4 0.001 5897

L ERLERIE!

(01223 0,001 55)

20 £ 134 91
(0,017 £ 0.001F5:508)

191 4 12 4: 83
(0.115 £ 0.001+2%0)

215 4 14 + 96
(0.117 £ 0.001

—-0.010

220 4 15 & 99
(0.118 £ 0.00115-207)

4-0.00’7)- B

butions. The firsl error is stalistical, the second is systemadic.



Figure Captions

Figure 1: The measured (a) EEC and (b} ABEC distributions at 91 GeV, ai the hadron level,
unfolded for delector acceptance and resolution and for initial-stale photon radiation. The
errors on the data points include ihe statistica) and systemalic errors. Also shown are the
predictions of the Jelsel and Herwig shower Monte Carlos. T'he inset above (a) shows the
correction constants used for the unfolding.

Figure 2. The measured (a) EEC and (b) ABEC distributions at 91 GeV, unfolded to the
parton level using cither Jetsel or Herwig, in comparison to the measured hadron level dis-
tributions. The errors arc statistical only,

Fignre 3: Integrated valucs of the parton level measurements for (a) BEC and (b) AEEC,
unfolded using Jetset corrections; Herwig correctlions, Jelsel corrections with charged track
measurements only or with calorimeter rrw.asur(‘m(\nte only. Also shown are the theoretical
predictions for dilferent values ol Azs.

Figure 4: Results of the fits of the'analytic formulac Lo the measured (a) EEC and (h) AEEC
distributions. The data have been unfolded to the parton level using Jetset, with both charged
track and calorimeter ml"urrnnlmn for this illustration.

Figure 5: The best fil Salues of (a) Asiz (in GeV) and (b) the resulting x? per de-
grec-of-freedom, Tound in an adjusiment of As75 to the parton level BEC and AEEC dis-
tributions for different choices of the renormalizalion scale parameter J = (pn?/»).
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