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ABSTRACT

We present the energy-energy correlation (EEC) distribution and its asymmetry
(AEEC) in hadronic decays of Z9 bosons measured by the SLD at SLAC. The data
are four;d to be in good agreement with the predictions of perturbative QCD and frag-
mentation Monte Carlo models of hadron production. After correction for hadroniza-
tion effects the data are compared with O(a?) perturbative QCD calculations from
various authors. Fits to the central region of the EEC yield substantially different
values of the QCD scale Agrz for each of the QCD calculations. Thereis also a sizeable
dependence of the fitted Agrz value on the QCD renormalization scale factor, f. Our

preliminary resulis are o,(Mz) = 0.121 £ 0.002(stat.) = 0.004(ezp.sys.)} 3025 (theor.)

for EEC and a,(Mz) = 0.1082:0.003(stat.)20.005(ezp.sys.)*o-o0s (theor.) for AEEC.

jI‘he largest contribution to the error arises from the theoretical uncertainty in choos-
ing the QCD renormalization scale. )
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1. Introduction

The SLAC Linear Collider (SLC) produces electron-positron annihilation events at
the Z° resonance which are recorded by the SLC Large Detector (SLD) {i]. The
SLC/SLD project enjoyed a successful engineering run in 1991; in addition to com-
missioning the SLD, studies were made of the properties of hadronic decays of Z°
bosons, resulting in preliminary measurements of the strong coupling a, {2]. The
first physics run began in February 1992, during which the SLC performence has
continued to improve, routinely achieving Z° production rates of 10-20 per hour.
Up to the end of July 2 sample of 8,000 Z% bad been accumulated by the SLD;
approximately 6,000 of these events were used for the analysis presented here.

A major achievemnent of the 1992 run has been the delivery of an intense beamn

of longitudinally polarized electrons®’ and the observation of decays of the resulting

Z%. Details of the polarization production and measurement system are contributed
to this conference [3], as well as preliminary measurements [4] of the left-right cross-
section asymmetry [5).

The energy-energy correlations (EEC) distribution for hadronic events in e¥e™
annihilation, and its asymmetry (AEEC), were introduced by Basham et al. [6]
as good experimental observables for 2 precise test of QCD. Since then, most e¥e™
experimental groups (7,8,9,10,11,12] have used them to determine the strong coupling.
es.

In this paper, we present measurements of the EEC and AEEC distributions
from badronic Z° decay events collected by SLD and determine a, by fitting the
O(a?) QCD formulae to the parton-level corrected EEC and AEEC distributions.
Further details of comparison of the event shape observables from hadronic decays

of Z%'s produced by polarized and unpolarized electron beams are given in separate
contributions to this conference [13).

2. The SLD

The detector is shown schematically in Fig. 1 and a detailed outline of its construction
and performance is described in [1}. The micro-vertex detector (VXD) and Cherenkov
Ring Imaging Detectors (CRID) were not used in this analysis, but are described in
separate contributions to this conference [14].

Charged particles are tracked in the Central Drift Chamber (CDC) which consists
of 10 superlayers, each containing 8 layers of axial or stereo sense wires. Tracking
is extended to forward angles (10° from the beam axis) by endcap drift chambers.
Momentum measurement is provided by a uniform axial magnetic field of 0.6T.

Particle energies are measured in the Liquid Argon Calorimeter (LAC) [15), which
contains both electromagnetic and badronic sections, and in the Warm Iron Calorime-
ter [16], which forms the outer layer of the hadronic calorimetry and also provides
tracking for muons. The LAC is segmented into approximately 40,000 projective

#1 An eleciron beamn polarization of ~ 22% has been achieved to date.



towers and has a resolution of about 15% for the measured Z° mass. Luminosity
is measured from the rate of small-angle Bhabha events detected in forward silicon-
tungsten calorimeters [17] mounted close to the beampipe.

3. Triggering and Data Selection

Two independent triggers were used for hadronic events: an energy trigger requiring
a total LAC energv in excess of 8 GeV, and a charged track trigger requiring at
least two well-separated tracks in the CDC. The trigger for Bhabha events required
typically 10 GeV ir both forward and backward luminosity monitors.

A loose selection of hadronic events was then made by two independent methocs:
one based on the topology of energy depositions in the LAC, the other on the number
and topology of charged tracks measured in the CDC. After statistical subtraction
of backgrounds, comparison of the number of hadronic events with the number of
luminosity Bhabha events indicated a combined triggering and selection efficiency
for hadronic events of better than 90% for the LAC method. 99% of the events
identified by the CDC method were also identified by the LAC method. The residual
contamination in this overlap sample was estimated to be mainly from 7-pair events,
calculated to be at the level of 0.3%.

The analysis presented here used charged tracks measured in the CDC. A set of
cuts was applied to the data to select well-measured tracks and events well-contained
within the detector acceptance. Tracks were required to have:

o 2 fit quality of \ /2x};, — /2 Ngr =1 < 15, where Ny is the number of degrees
of freedom for the track fit

e a closest approach to the beam axis within 10 cm and within 20 cm along the
beam axis of the nominal interaction point

e a polar angle, §, with respect to the beam axis with |cosf| < 0.80

¢ 2 minimum momentum transverse to this axis of p; > 150 MeV/c.

Events were required to have:

e a2 minimum of five such tracks

e no track with a momentum larger than 100 GeV
o a thrust axis direction, 61, within |cosf7| < 0.71
o

a minimum charged visible energy greater than 0.2Mz, where 2l] tracks were
assigned the charged pion mass.

After applying these cuts, distributions of track multiplicity, polar angle, mo-.
menta and event f7 and E,;, were reproduced by Monte Carlo simulations. 3837
events survived these cuts, of which 3163 were produced by left- or right-polarized
electron beams and the remainder by unpolarized beams. We combined both event
samples in this analysis. The total residual contamination from background sources
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was estimated to be negligiblef#z

4. Measurement of {he Energy-Energy Correlations

Experimentally, the EEC is defined as the normalized, energy-weighted sum over all
pairs of particles whose opening angles, xij, lie between x — Ax/2 and x + Ax/2:

-}
x+5F

EEC(X) - R 1 chlnl -i— / Nperticle %J(X’ _ x"j)dx' (4.1)
NC.’-"GTI! 1 2Ax ax I..j=1 Esi,
X5

where x is an opening angle to be studied for the correlations, Ay is 2 bin width, E;
and E; are the energies of particles i and j and Ey;, is the sum of the energies of all
particles in the event. Note that E,;, is used to normalize the particle energies instead
of /s so that the EEC is less sensitive to undetected particles and [ EEC(x)dx =1
is ensured. "

The asvmmetry of the EEC is defined as

AEEC(x)= EEC(r-x)—~ EEC(x) (4.2)

The perturbative contributions of hard gluon emissions to the EEC are asymmetric,
so that the AEEC is expected to be more sensitive to a, [6).

Perturbative QCD calculations of the EEC have been performed to O(a?) by
Richards, Stirling and Ellis (RSE) [18], Ali and Barreiro (AB) [19], Falck and Kramer
(FK) [20] and Kunzst and Nason (KN) [21]. The EEC can be written in the form:

2
EECK) = 2L a + (%2 [AGoebolals?/s)+ BUX)) (49

where a,(p) is related to the QCD scale Az by [22):

)= Ry || T T E =ty (e )

The first order coefficients A(x) can be calculated analytically and the second order
coefficients B(x) are calculated numerically...ux is the renormalization scale, b =
(33 — 2ny)/12x, where ny is the number of active flavors, and s = EZ,,. The main
difference between the theoretical calculations mentioned above is in the method used

127 )[1 6(153-19“l)h[h(P2/A§2?)]} (4.4)

#2 Beam-related backgrounds are discussed in [4].
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to trezt the singularities found in calculating the second order coeficiezt. Another
difference is the choice of renormalization scale g. RSE, AB and FK set p to /s in
estimating the second order term. On the other hand, KN keep the In(p?/s) term in
the second order coefficient in equation (4.3) so that the renormalization scale p can
be treated as a free parameter in their calculation. We keep an explicit p dependence
jor the RSE, AB and FK cases in equation (4.3). It is important to notice that
O(a?) perturbative QCD calculations do not specify the g value to be used in any
physical observable [21], although this scale ambiguity will presumably vanish if the
calculation is done to all orders of the perturbation series. Equation (4.3) is best
suited to study the renormalization scale dependence of Az in the EEC analysis.
We note that several theoretical approaches have been proposed to fix or optimize
the renormalization scale in the framework of O(c?) perturbative QCD [23,24,25,26).
Here we treat p as a free parameter.

Fig. 2 shows the preliminary measured EEC and AEEC distributions at the
detector level as points with error bars. The solid histograms represent the result
from the JETSET 6.3 [27] parton shower Monte Carlo program with initial state
photon radiation, followed by detector simulation, and the same event reconstruction
program and event analysis cuts as used for the data. The dashed histograms show
the corresponding result for the RERWIG 5.3 [28] parton shower program, using
the same procedures. For each program, 10,000 events were generated. We used
parameter values of the JETSET 6.3 Monte Carlo event generator determined by
the TASSO Collaboration at /s=35 GeV [29], which have been found to be in good
agreement with Z O data [30]; these are listed in Table 1. For the HERWIG 5.3 Monte
Cerio we used the default parameter values which were derived from comparisons
with LEP data [31).

After detector simulation, both JETSET 6.3 and HERWIG 5.3 reproduce the
measurec distributions as shown in Fig. 2. We therefore used these simulations to
correct our data for the effects of initial state photon radiation, detector acceptance
and resolution, interactions, decays, analysis cuts and unmeasured neutral particles.

The EEC distribution was corrected to the hadron level by applying bin-by-bin
correction factors, Cges(xi):

EEChadron(Xi) = Cder(xi) X EECmeas(xi), (

128

5)

where the correction factors were estimated by comparing Monte Carlo results before
and after detector simulation:

EEC}:5ron(Xi)

hadron

EECMC ( )’ (4'6)

detector\X

Caet(xi) =

where EEC}C . (i) represents the histogram content at bin x; of the EEC ob-
tained from the charged particles of the reconstructed Monte Carlo events. The
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corrected AEEC is then derived from the corrected EEC. The correction factors fer
the EEC deterrained using the JETSET 6.3 Monte Carlo are shown in Fig. 3.

The statistical errors on the EEC and AEEC distributions have strong bin-to-bin
correlations because each event contributes to several neighboring bins. There is no
straightforward way to evaluate these correlations. In order to estimate the statistical
errors, we generated 10 different event samples using the JETSET 6.3 Monte Cearlo,
each with the same number of events as the data sample. Then we constructed the 10
sets of EEC and AEEC distributions from these event samples and set the statistical
errors in each bin to be equal to the root-mean-square deviation in that bin.

5. Determination of Az and o;
5.1 DETERMINATION OF THE QCD SCALE Az

In order to determine the value of Agrz, we corrected the data further to the parton

level and compared them with the O(a?) theoretical formulae calculated by RSE,
AB, FK and KN.

The correction method is essentially the same as discussed in the previous section

and it is again performed by applying bin-by-bin correction factors which are derived
from JETSET 6.3:

EEdeﬂoﬂ(xi) = Cfvag(xl') X EEChudron(Xi)- (3.1)
The correction factor Cy,q0(xi) is defined by:

EEC ar!on(xi)
EEClﬁg’on(x‘)

Ctrag(xi) =

~—~
O
=~
S

where EECHMC  (x)is the hadron level EEC as defined in Section 4 and EEC mo,,(x,)
is the content of bin x; constructed at the parton level, with an invariant mass cutoff
for the parton shower of Qo=1.0GeV/c2. The corrected AEEC is again derived from
the corrected EEC.

In Fig. 4 the correction factors for fragmentation effects are shown. They are
nearly flat with a2 maximum of 10% deviation from their mean in the central angular
region 35° < x < 145°. Emission of hard gluons dominates in the central angular
region of the EEC distribution so that this region is especially sensitive to «,.

Using equations (4.3) and (4.4), we performed a one-parameter fit of each of the
four O(c?) analytical formulae to the corrected EEC distributions in the angular
region of 36 0° — 144.0° to determine Ajyz. As mentioned in Section 4, the renormal-
ization scale factor f = p?/s is not fixed in a O(a ) perturbative QCD calculation.
We thus performed the fit after setting f to various values between 0.005 and 1.0. The
same procedure was applied to the corrected AEEC distributions in the angular range
of 28.8° — 90.0°. Note that FK define a pre-cluster before calculating their formula
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by applving a partor resolution parameter [20] ymin=0.0001, 0.001 and 0.0% whereas
the RSE, AB and KN formulae are valid for ymin = 0 [12]. We take ymin=0.0001
to fit the FK formula to our data because this ymin value, which corresponds to
Qo =1.0GeV/c?, is small enough to be comparable with the other calculations.

In Fig. 5 the results of a fit, with the renormalization scale factor f=0.1, to the
parton-level corrected EEC and AEEC are shown. Fig. 6 shows the fitted Age vel-
ues 2s a function of the renormalization scale factor f for the four theoretical formulae
from the EEC and AEEC respectively. The four QCD formulae give substantially
difierent values of Aj7z. There is also a sizeable dependence of the fitted Agrz value
on the renormalization factor f. As noted in Section 4, the EEC and the AEEC
distributions have strong bin-to-bin correlations which are difficult to estimate. In
order to estimzte the statistical errors on Agrz, we again made use of the previously
generated 10 sets of JETSET 6.3 Monte Carlo events. We performed the same fitting
procedure to the EEC and the AEEC for each of these sets and took the root-mean-

square deviation of the 10 Ag7z values thus determined as the statistical error of the
fitted Am.

5.2 SYSTEMATIC ERRORS IN Agz

We took the Ayrz value obtained from the KN formula with the renormalization
scale factor f=0.1 as the central value of Agrz for both EEC and AEEC when we
estimated the systematic errors in Ag7.

The systematic uncertainties in Agrz can be divided into two categories. One
contains the experimental systematic errors which arise from the limited acceptance,
eTiciency and resolution of the detector, and from biases due to the imperfections in
detector simulation and in event reconstruction programs and due to selection cri-
teria applied to the data for this analysis. The other encompasses the theoretical
uncertainties which arise from the hadronization, and from the unknown higher order
corrections to the theoretical calculations, in addition to uncertainties in the theoret-
ical calculations themselves. Our study of experimental systematic errors is still in
progress. We describe below preliminary results for those systematic eflects which we
have so far considered.

The experimental systematic errors were estimated by repeating the whole anal-
ysis for the event sets II and III defined by the cuts in Table 2. Then we took the
full range of the Agrz values as twice the error. We found 52 MeV from the EEC and
26 MeV from the AEEC as this part of the experimental systematic error.

" We also checked the deviation when the angular region used in the fit was changed.
We varied the fitting region from 14.4° —165.6° to 46.8° —133.2° for the EEC and from
14.4° — 90.0° to 46.8° — 9(.0° for the AEEC. We estimated the error to be 16 MeV

and 26 MeV, taking the full range of the Agz values as twice the error, from the
EEC and AEEC respectively. .

These two errors were added in quadrature t

' o obtain the experimental systematic
error.

- The theoretical errors from the uncertainties in parton production and hadroniza-
tion were estimated by repeating the analysis process from the hadron level corrected



distributions. The default values of parameters, given in Table 1, for the parton shower
(Agep and Qo) and the fragmentation function (a, band o¢) in the JETSET6.3 Monte
Carlo were used to derive the new correction factors for hadronization. The fitting
procedure was applied again to the parton-level EEC and AEEC corrected by these
new correction factors. Then we took the deviation from the standard value of Agrz
2s the error and found 10 MeV and 16 MeV, from the EEC and AEEC respectively.

Another contribution to the theoretical error arises from the differences among the
four QCD calculations. Taking KN as the central value, the scatter in the Agrz values

shown in Fig. 6 is: ¥12° MeV and i87 MeV, from the EEC and AEEC respectively.

Finally, the renormalization scale ambiguities were estimated by taking the max-
imum deviation from the value of Agyz determined with f=0.1 for each of four QCD
formulae when we changed the scale factor from 0.005 to 1.0 for both the EEC and
the AEEC. For KN, this error was found to be *23% MeV and 28 MeV, from the
EEC and AEEC respectively. The variation is comparable for all four calculations.
As we mentioned in Section 4, the O(a?) perturbative QCD calculations do not de-
termine the renormalization scale. These errors may, therefore, be considered to be

the uncertainties arising from the unknown higher order terms in perturbative QCD
calculations.

5.3 RESULTS

Taking the central values of Az from KN at f=0.1, we obtained:

EEC : Agz = 273 £ 20(stat.) & 54(exp.sys.) £ 10(had.)f‘_'%29(calc.)f;’gg(scale) MeV

AEEC : Agrz = 119 = 18(stat.) = 37(ezp.sys.) = 16(had.)f§7(calc.)ﬁg(scale) MeV

When these values were converted to a,(Mz) values, we obtained:

EEC : a,(Mz) = 0.121 % 0.002(stat.) & 0.004(ezp.sys.)*0-os (theor.)

AEEC: o,(Mz) = 0.108 & 0.003(stat.) & 0.005(ezp.sys.)T00%8 (2heor.)

The totel theoretical systematic errors are the square root of the quadrature sum
of the errors from hadronization, difference between the four theoretical calculations
and ambiguity in the choice of renormalization scale.

Fig. 7 suows the a,(Mz) values from our analysis and those from similar LEP
analyses [8,9,10,11,12). Our a,(Mz) values are in good agreement with the LEP values
within experimental errors and also with our values from a jet rate analysis [32]. Error
bars with solid lines indicate the total experimental errors, which include statistical

errors and experimental systematic errors; dashed lines indicate the theoretical errors.
In general the errors are dominated by the theoretical ones.



6. Summary

We have studied the EEC and AEEC distributions in hadronic Z° deceys. We
have determined Ayz and a, values by comparing four O(a?) perturbative QCD
calculations to parton-level corrected EEC and AEEC distributions from our mea-
surements. In order to estimate the theoretical uncertainties, we varied the renor-
malization scale factor f = p?/s from 0.005 to 1.0. Our preliminary results are

a,(Mz) = 0.121 % 0.002(stat.) £ 0.004(ezp.sys.) X0 0i5(theor.) from the EEC and

as(Mz) = 0.108 = 0.003(stat.) £ 0.005(e:p.sys.)'_{"g:gg§(theor.) from the AEEC. The
total errors are dominated by the theoretical errors for both the EEC and the AEEC,
although these depend upon the range chosen for variation of the renormalization
scale. Our results are in good agreement with similar analyses at LEP.
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Table 1
The main parameters of the JETSET6.3 Monte Carlo with parton shower.

Parameter Name |Default value |used value
Arra(GeV) | PARE(21) 0.4 0.26
Qo(GeV/c?) | PARX(22) 1.0 1.0
oq(GeV) | PAR:12) 0.35 0.39
a PAR(31) 0.5 0.18
b(GeV-1) | PAR(32) 0.9 0.34

Table 2
Three sets of event selection criteria used to study the experimental systematic error

in Agrs. Nyood is the number of well-measured tracks, Eyi, is the charged visible
energy and fr is the thrust axis direction.

Cut Set I |[Set IT|Set 111
standard | tight | loose
Nyood 25 27 25
Eudlvs | 502 |'5025| >015
| cos 67| <0.71 | <0.71 | <0.75
# of events| 3,837 | 3,629 | 4,254
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FIGURE CAPTIONS

Figure 1.

Vertical section in the plane including the e= beams of one quadrant of the SLD.
Figure 2.

Preliminary measured (2) EEC and (b) AEEC distributions at the detector level.
The solid histograms represent the results from the JETSET 6.3 parton shower Monte
Carlo prograrn with initial state photon radiation, followed by SLD detector simula-
tion, and the same event reconstruction program and analysis cuts as used for the
real data. The dashed histograms show the corresponding results for the HERWIG
5.3 parton shower program.

Figure 3.

Correction factors Cg.(x:) for detector effects and initial state photon radiation ef-
fects determined using JETSET 6.3.

Figure 4.

Correction factors Cy,q,(xi) for badronization efiects determined using JETSET 6.3.
Figure 5.

Preliminary results of the fits of O(e?) QCD to the measured (2) EEC and (b)
AEEC distributions. The data were corrected to the parton-level by the JETSET
6.3 Monte C: . program. Solid lines represent the O(e?) QCD predictions of KN
with (a)Agrz= "7MeV and (b)Ag;5=119MeV for f=0.1.

Figure 6.

Preliminary results of fitted Ag;z values as a fu.ction of the renormalization scale
factor f for the RSE, AB, FK and KN formulae from (2)EEC ancd (b)AEE(. The
error bar indicates the size of the statistical error.

Figure 7.

Preliminary results of a,(Mz) for (2)FEC and (b)JAEEC from our analysis com-
pared with those from similar LEP analyses. Error bars with solid lines indicate the
experimental errors which include statistical and systematic errors; dashed lines in-

dicate the theoretical errors. No a,(Mz) values are available from DELPHI for the
EEC or from ALEPH for the AEEC in their papers.
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