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Abstract

The couplings of the Z° to charged leptons are studied using measurements of the lepton pair cross
sections and forward-backward asymmetries at centre of mass energies near to the mass of the Z°.
The data are consistent with lepton universality. Using a parametrisation of the lepton pair differ-
ential cross section which assumes that the Z° has only vector and axial vector couplings to leptons,
the charged leptonic partial decay width of the Z° is determined to be Tj4;- =83.1+1.9 MeV and
the square of the product of the effective axial vector and vector coupling comnstants of the Z? to
charged leptons to be 4767 = 0.0039 & 0.0083, in agreement with the Standard Model. A parametri-
sation in the form of the improved Born approximation gives effective leptonic axial vector and vector
coupling constants 4f = 0.998 £ 0.024 and 47 = 0.0044 + 0.0083. In the framework of the Standard
Model, the values of the parameters pz and sin?fw are found to be 0.998 + 0.024 and 0.23372:045
respectivell)&. Using the relationship in the minimal Standard Model between pz and sin?fw, the re-

sult sin"’@-gv = 0.23313:00% -+ 0.002 is obtained, where the first error is experimental and the second is

theoretical. Qur previously published measurement of the ratio of the hadronic to the leptonic partial
width of the Z® is updated: Ry = 21.721‘3:;;.

{submitted to Physics Letters B)
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1 Introduction

The successful start of operations at LEP makes possible precision tests of the unified gauge theory of
the electroweak interaction directly at the energy scale of the unification. In a recent publication [1]
we used the entire data sample collected in 1989 with the OPAL detector to measure the mass of
the Z°® boson, its total decay width and peak cross section, and its partial decay widths into hadrons,
charged leptons and invisible final states.

In this paper, an extended analysis of the charged leptonic final states is presented, based on
606 ete~ — ete, 890 ete™ — ptu~ and 871 ete™ — 777~ events, corresponding to an integrated
luminosity of approximately 1 pb~!. The cross sections and the forward-backward charge asymumetries
were measured at several centre of mass energies around the Z° mass. For p*tu~ and 77~ events
the geometrical acceptance has been extended, and for 777~ events the selection efficiency has been
increased, compared to the earlier analysis. Fits were performed to these data to determine the
couplings of the Z° to charged leptons.

2 The OPAL detector

The data presented here were recorded with the OPAL detector [2] at the CERN ete~ collider LEP
during its 1989 operation. The tracking of charged particles was performed with a jet chamber, a large
volume drift chamber divided into 24 azimuthal sectors with 159 layers of wires, together with a vertex
detector and a z-chamber. These are positioned inside a solenoidal coil, which is surrounded by a time-
of-flight counter array, a lead glass electromagnetic calorimeter with a presampler, an instrumented
magnet return yoke serving as a hadron calorimeter and four layers of outer muon chambers. Forward
detectors serve as a luminosity monitor. The momentum resolution is Ap/p = 10%, for p ~ 45 GeV/c,
and the electromagnetic energy resolution is AE/E = 3%, for E ~ 45 GeV.

Details of many of these detector components have been given in previous publications [3,4]. In
addition, in this analysis, the endcap muon detection system is used. This consists of four layers of
limited streamer tubes, grouped into two pairs separated by 70 cm. Each pair consists of one layer
of horizontal and one layer of vertical tubes. Each layer of tubes has two sets of analog cathode
readout strips, one parallel to the tubes and one perpendicular, allowing measurement of both x and ¥
coordinates. The geometrical acceptance of the chambers is greater than 80% in the angular range
0.7 < | cos 8] < 0.86, with the loss of acceptance being due to the cable paths for the central detectors.

A detailed description of the luminosity measurements is given in reference [1]. The systematic
normalisation error was 2.2% and the point-to-point systematic error was 1.0%. The centre of mass
energy, /3, is calculated from the beam energies measured by the SL Division (formerly LEP Division}.
The overall fractional scale uncertainty is 3 x 10~* {about 30 MeV) and the fractional point-to-point
error is 1 x 1074

For Monte Carlo studies the OPAL detector was simulated using a program [5] that includes the
detector geometry and material as well as effects of detector resolutions and efficiencies.
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3 The Leptonic Decays

The cross sections and the forward-backward charge asymmetries are obtained for each charged lep-
tonic final state. The criteria used to select ete™ — ete™ and ete™ — utpu~ events were similar to
the ones described in detail in references [1,4]. In the present analysis, however, new selection cuts
have been used for the ete™ —+ 71~ channel, giving a higher efficiency, and the angular region has
been extended to | cos@| < 0.85 for 777~ and | cos#| < 0.82 for utu~. For each channel, the cross sec-
tion is determined from a subset of the total data sample for which a reliable luminosity measurement
could be made.

3.1 ete” channel

The first stage in the selection of ete™ events required at least two lead glass clusters in the angular
region | cos#| < 0.80, each with at least 50% of the beam energy. The total reconstructed electro-
magnetic energy had to be greater than 85% of the centre of mass energy. To eliminate remaining
background from multihadronic decays of the Z°, the number of lead glass clusters was required to
be less than 9 and the summed number of charged tracks and lead glass clusters less than 21. The
background from ete~™ — y7v events was eliminated by requiring that each of the two highest energy
clusters was associated with a charged track.

As described in Section 5.1, a program based on an analytic formula for the differential cross section
of ete™ — ete™ () was used to treat the photonic radiative corrections for the ete~ — ete~ data.
This formula requires that, for et e™ events, kinematic cuts be specified on the photon energy (k) and
the opening angle (§) between the hard photon and a final-state lepton. For events with a detected
hard photon these cuts can be applied directly to the data. We required k& < 0.083 Epenn, or § < 5°,
where Epeam is the beam energy. To reject events with an undetected hard photon emitted along the
beam direction (| cos@| > 0.98), the acollinearity angle between the two highest energy clusters was
required to be less than 5°. This cut does not precisely correspond to the kinematic region defined
by the cuts on k and §. A correction has therefore to be applied in order to allow the measured cross
section and asymmetry to be compared with the theory. The correction was obtained by using the
BABAMC Monte Carlo [6]. The size of the correction to the cross section was -0.3% around the 79
peak and -5% at 95 GeV.

In order to minimise the contributions to the eTe™ cross section coming from t-channel exchange
diagrams, a cut of cos 6, < 0.40 was applied, where 4, is the angle between the final state ¢~ and
the initial state e~. The final ete™ — ete™ analysis was restricted to the limited angular region
—0.70 < cos 8, < 0.40.

A Monte Carlo calculation using the BABAMC generator has been made to determine the efficiency
of these cuts. Within the angular acceptance given above, the efficiency is 99.1 + 0.7%. The trigger
efficiency was checked by comparing a number of redundant triggers and found to be > 99.9%. The
background contamination has also been determined by a Monte Carlo calculation. The contribution
from 7+77 pair production is calculated to be 0.1 + 0.1%, using the KORALZ generator [7]. This
program generates ete” — ptu” and ete”™ — 771~ according to the Standard Model, including
the effects from initial and final state radiation. The backgrounds from multihadronic events and the
process ete~ — eTe ete™ are estimated to be less than 0.1%.

The effects on the cross section and asymmetry of the finite angular resolution and possible system-
atic errors in the angular measurement were studied using the Monte Carlo simulation. The effect on
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the cross section is negligible and the systematic error on the asymmetry is estimated to be less than
0.003. The signs of the charges of the tracks were determined from their curvature in the magnetic
field. Events in which both tracks were assigned the same sign were not used for the asymmetry mea-
surement. The probability for double assignment of the wrong charge in an event, which would affect
the forward-backward asymmetry, is less than 0.2% and independent of cos# based on the observed
number of events in which both tracks had been assigned the same charge.

3.2 u*p~ channel

Candidate ut ™ events were selected from a sample of events flagged by an online filter [4], and which
in addition contained less than 13 lead glass clusters with energy above 250 MeV and less than 11
charged tracks with pt > 100 MeV, where prp is the momentum of the track in the plane perpendicuiar
to the electron-positron beam direction.

Events were classified as ut 4~ candidates if they contained at least two charged tracks identified
as mmons. Both tracks had to satisfy the requirements: p > 6 GeV, |cosf| < 0.82, and dg < 1 cm,
where dy is the distance of closest approach of the track to the beam axis. The acollinearity angle
between the two tracks (f,..:) had to be less than 15°. A track was classified as a muon if it satisfied
any one of the following four criteria: i) there were at least two hits in the barrel muon chambers
associated with the track within A¢ = 70 mrad; ii) within A¢ = 70 rorad there was a track segment in
the endcap muon chambers; iii) within A¢ = 70 mrad there was a track segment in the barrel hadron
calorimeter; with hits in at least five of the nine layers; iv) the momentum, p, was larger than 15 GeV
and the sum of the energies in the barrel lead glass of all clusters within A¢ = 200 mrad was less
than 3 GeV. The cuts on 6, and p reduced the background from ete™ —» ete~u™pu™, the cut on p
suppressed the background from ete™ — 7777, and the cut on dy suppressed the background from
cosmic rays. Information from the TOF counters was used to remove the remaining background from
cosmic rays by rejecting events that were not in time with the beam crossing and by distinguishing
between a single particle traversing the detector and a pair of particles produced at the interaction
point. Events were required to contain at least one TOF counter that measured a time within 10 ns
of that expected for a particle coming from the interaction point. In addition, we considered the
difference, At, between the times measured by pairs of TOF counters separated in azimuth by more
than 165°; events in which At > 10 ns for all such pairs were rejected as cosmic rays.

Triggers for uTu~ events were provided by the central detector, the TOF counters, and the muon
chambers. The resulting high degree of redundancy enabled the efficiencies of the individual compo-
nents to be measured using the u™u~ events themselves. In this way the efficiency of the combined
trigger was found to be 99.2 + 0.56%. The efficiency of the online filter was found in a similar study
to be 99.5 £ 0.5%.

The acceptance of the requirement that two tracks be within |cosf| < 0.82 was evaluated using
wtu~ events generated with the KORALZ Monte Carlo program {7] and then passed through the
detector simulation. It is 75.0 + 1.0% at /s = Mgz and varies by 1% over the range of the energy
scan. Using the same program, a background of 3.7 £ 0.9% from e*e™ — 717~ was calculated. From
a Monte Carlo simulation [8] of eTe™ — ete~utu~ a background of 0.1 = 0.1% was found.

Systematic checks of the analysis revealed a number of imperfections in the sirnulation of the
detector by the Monte Carlo program. An additional efficiency factor of 99 £ 1% was included to
account for this fact. Combining the efficiency, acceptance and background gives an overall correction
factor of 1.31 4: 0.03 for the number of u*u~ events. Events in which both muons were assigned the
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same charge were not used for the asymmetry measurement. From the number of these events, the
probability for double assignment of the wrong charge was found to be less than 0.2%.

3.3 7111~ channel

The 7+7~ events were selected by the following criteria. The number of charged tracks had to he
between 2 and 6, and the number of lead glass clusters less than 11, where the cluster threshold
energy was chosen to be 100 and 200 MeV for the barrel and endcap parts respectively. This cut was
effective in eliminating the background from multihadronic events. In order to reject background from
ete” and u*tp~ events and from two-photon processes, the total observed calorimeter energy in the
lead glass calorimeter was required to be between 3% and 80% of the centre of mass energy, and the
total visible energy to be between 18% and 120%, where the total visible energy was defined as the
scalar sum of the electromagnetic energy and the momenta of charged tracks. These differ from the
cuts used in our previous publications [1,4] and lead to a higher r* 7~ selection efficiency. The Tt
events identified by the criteria described in subsection 3.2 were removed. In order to reject cosmic
rays, the vertex position along the heam direction was required to be less than 30 em from the heam
crossing point, and at least one track had to have a distance of closest approach to the beam axis
of less than 0.5 cm. A cut was made on the direction of the sum of the energy vectors measured in
the lead glass with respect to the beam axis of | cos§| < 0.95. This cut removed backgrounds from
two-photon processes and beam gas interactions.

The identification of T candidates was performed by combining the observed particles, both charged
tracks and lead glass clusters, in the following way. First the highest energy particle in the event was
selected and a cone with a half opening angle of 35 degrees was defined around it. The particle with
the next highest energy inside the cone was combined with the first particle. The momenta of the
combined particles were added and the direction of the sum was used to define a new cone, inside
which the next highest energy particle was again looked for. This procedure was repeated until no more
particles were found inside the cone. The resulting cone of particles was regarded as a 7 candidate.
Similarly, starting with the highest energy particle among the rest of the particles, a new cone of
particles was searched for, until all the particles were finally assigned to a cone. Each 7 candidate was
then classified as a 7 if it included at least one charged particle and its total energy exceeded 1% of
the beam energy.

Events which had two cones of particles classified as a T were selected as tau-pair events. The
direction of each T was approximated by that of the total momentum vector of its cone of particles and
its charge was determined by the total charge in the cone. The acollinearity angle between the two
momentum vectors was required to be less than 15 degrees, and the polar angle of each momentum
vector was required to satisfy | cosé| < 0.85.

These criteria provided a uniform selection efficiency within the angular region of | cos 8| < 0.85. A
high degree of redundancy in the triggers enabled us to evaluate the trigger efficiency to be 99.8 £0.1%.
The total efficiency, including geometrical acceptance, was 67.8 £ 2.6% at /s = Mz and varied by 1%
over the range of the energy scan.

The background contamination from multihadronic events was calculated to be 0.9 + 0.7% using
the JETSET Monte Carlo [9). The remaining background from u* #” events was estimated to be
0.7 £ 0.4% and that from cosmic rays and beam gas events to be 0.4 £ 0.3%. The backgrounds from
ete” — ete” and two-photon processes such as ete™ — ete—ete~ were obtained by Monte Carlo
simulations (8] and were 1.1:£0.8% and 0.4+ 0.4% respectively. In total, the background in the sample
amounted to 3.5+ 1.3%.



For the measurement of the forward-backward asymmetry, events in which the sign of the charge
of each 7 was the same were not used and at least one 7 was required to have a charge of +1 or -1.
Because of this, 2.1% of the sample was rejected, distributed uniformly in polar angle. From this
number and a comparison with the Monte Carlo simulation, the forward-backward misassignment
probability was found to be negligibly small (< 0.1%). The effect of the background electron pair
events on the asymmetry was evaluated from their angular distribution to be typically 0.005 and
corrected accordingly. Effects from other backgrounds were negligible.

4 Results

Tables 1, 2 and 3 list the numbers of lepton pair events observed as functions of centre of mass energy,
together with the corresponding luminosities. For the ete™ events, the cross section is given after
correction for the effects of efficiency and the kinematic cuts, as described in Section 3.1. For the
ut ™ and 77~ events the total cross sections, after all corrections for acceptance and efficiency, are
given. These values were used in the fits.

The measured forward-backward charge asymmetries at different centre of mass energies are listed
in Tables 4, 5 and 6. These have been evaluated by counting the numbers of events in the forward and
hackward polar angular regions, Ny and Ng, and using the definition Apg = (Nrp—Ng)/(Np+ Ng). In
each case the asymmetry is measured only within an experimentally limited polar angular acceptance
region for each final state. For the u™u~ and 7+~ events, the forward and backward regions are
defined in the normal way by cos ;- > 0 and cos 6;- < 0. Because of the asymmetric acceptance cut
used for the et e~ events we define the “forward” region as —0.15 < cosé, . < 0.40 and the “backward”
region as —0.70 < cos .. < —0.15. These definitions, and the residual ¢-channel contributions, mean
that the relationship between the et e~ asymmetry and the effective axial vector and vector couplings
is more complicated than it is for the u*tu~ and 77~ asymmetries. However, these effects are
properly taken into account by the fitting procedure. Corrections are applied to the ete™ asymmetry
to account for the effects of the kinematic cuts, and to the 777~ asymmetry to account for the ete~
background.

These values of App were used in the fits. The theoretical predictions for Apg, with these definitions
and angular ranges, were calculated using the programs described in Section 5.

5 Analysis

5.1 Treatment of QED radiative corrections

Radiative corrections significantly modify the eTe~ — [T]~ cross sections and forward-backward asym-
metries with respect to the tree level (Born) calculation. Photonic corrections, defined as the set of all
diagrams incorporating an additional real or virtual photon with respect to the Born diagrams, form a
gauge-invariant subset and can therefore be considered independently of other virtual corrections [10].
Photonic corrections are accounted for in such a way as not to affect the couplings to the Z°.

For the parametrisation of the total and differential cross section of the u* = and 7+ 7~ channels
the routines MUCUT and MUCUTCOS provided in the program package ZBIZON [11] were used.
In these programs photonic corrections are included as a complete O(a) calculation of initial and
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final state radiation and their interference. Leading O(a?) corrections and the exponentiation of
soft photons are also included. The total cross section agrees with that obtained from the program
ZSHAPE [12] to better than 0.2%. The effect of cuts on the differential cross section reproduces the
results obtained with KORALZ (7] to better than 0.5% over the range of the energy scan.

The treatment of the ete™ — et e differential cross section is technically complicated by the pres-
ence of t-channel exchange diagrams. These diagrams are not included in the ZBIZON program [11]
and we therefore used a parametrisation of the differential cross section for ete™ — e*e™(7) based
on the formulae given in references {13,14,15]. This includes contributions from lowest order and all
one-loop and box diagrams associated with the s- and t-channel exchange of a vy or Z° and all possible
interference terms between them. Photonic corrections are treated to first order with the approxima-
tion that hard photons are considered only if they are emitted within an angle & of a final-state lepton.
The calculation also includes the exponentiation of soft photons.

The formalism developed in reference [13] and described in reference [14] is the basis of the e*e~
line shape program BHABHA [16]. The total cross section calculated from only the s-channel terms
in BHABHA was compared with that predicted by the KORALZ Monte Carlo program 7], using
equivalent input parameters. KORALZ includes photonic corrections up to O{a?) with exponentiation
of soft photons. The BHABHA program calculates a higher total cross section than the KORALZ
program, with a 7% discrepancy at the Z° peak. Because of this we have modified the BHABHA
program by implementing a new photonic correction formula based on reference [15]. This accounts
for some leading second order terms which were neglected in references [13,14] and uses a different
factorisation scheme. This improved analytic formula was used in the fits to the ete™ — ete™ data
described in this paper.

Several checks have been performed to evaluate the accuracy of this improved parametrisation.
The cross sections and forward-backward asymmetries calculated from the new formula, for s-channel
exchange only, were again compared with those predicted by the KORALZ Monte Carlo program [7].
The cross sections obtained from the two programs agree to within 1.5% at the Z° peak and below.
At the highest energies of the scan (93.3 and 94.3 GeV) the discrepancy between the two calculations
of the cross section becomes more than 2%. For the forward-backward asymmetries the difference
hetween the calculations of the new formula and the KORALZ program is less than 0.01. These
discrepancies were taken as a measure of the systematic error in the calculation of the s-channel
exchange diagrams by the improved analytic formula.

Since we have no sufficiently accurate e*e~™ — e*e~ Monte Carlo program against which to check
the ¢-channel calculation of the improved formula, we chose to reduce the contribution of the ¢-channel
terms, which is especially important in the forward direction, by applying an asymmetric cut to define
the eTe™ acceptance. The analysis was restricted to the range ~0.70 < cosf,- < 0.40. For this range,
the contribution to the total eTe~ cross section from the sum of purely t-channel and s-t-channel
interference terms is calculated by the improved analytic formula to be less than 4% at and above the
Z° peak and 30% at 3 GeV below the peak. An arbitrary but conservative theoretical systematic error
of 256% has been assigned to these remaining terms. However, this has little effect on the results, for
the angular acceptance used and compared to our present statistical errors. When combined with the
systematic uncertainty in the estimate of the s-channel exchange, it results in less than 2% systematic
error in the total ete~ cross section at the Z° peak and above. Below the Z° peak the systematic
error increases as the energy decreases and reaches 9% at /s = 88.3 GeV. The systematic error on
the e*te™ asymmetry is 0.01 at /s = Mz and 0.06 at /3 = 88.3 GeV. These systematic errors were
included as correlated errors in the fits for hoth the cross section and the forward-backward asymmetry
measurements.



5.2 RResults of the Fits

The fits are based on a x? minimisation procedure, which takes into account the full correlation ma-
trix of the experimental uncertainties. In order to include our measurements of the 7% mass, Mz,
and total decay width, I'z, and to account properly for the errors in those measurements and their
correlation with the parameters extracted from the leptonic cross section and asymmetry measure-
ments, our hadronic cross section data [1] are included in the fits and Mz and I'z are treated as free
parameters. The hadronic partial width, T'heg, is also a free parameter. The treatment of the process
ete~ — hadrons is analogous to the one described in a previous publication [1]. However, the package
7ZBIZON is used to account for photonic corrections in order to ensure consistency with the treatment
of utp~ and 77 final states.

In a first approach to fitting the data, a parametrisation is used which assumes that the Z° has
only vector and axial vector couplings to leptons and which leads to a differential cross section for
s-channel exchange of the form:

;% 7 f; 5lete™ = IF17) = Cpy(1 + cos® 0) + Re {x(s)} (4201 + cos? 6) + CP cos 0]
+ |X(3)|2 [C(zlg(l + cos? 8) + Cé.z‘% cos 9] (1)
with
_ GeM] s

x= 8rayv2s — MZ + isT'z/Mz

Gp is the Fermi coupling constant and « is the fine structure constant.

In this expression the first term accounts for the pure photon exchange channel, the second term for
+70 interference and the third for pure Z° exchange. At tree level the coefficients C(le’.z) and ¢ ,(1,32)

are directly related to the vector and axial vector couplings of the Z° to leptons. This relationship

is modified by higher order virtual corrections, which are sensitive to the detailed structure of the
underlying theory. In general the higher order corrections introduce an s-dependence in the C(Zléz) and

C,(leiz) coefficients. In the specific example of the Standard Model, however, the s-dependence of these
coefficients is negligible and it is neglected in our fit.

In principle, the four coefficients C,glz‘z) and C(ZI;) can be obtained from a fit to the measured
differential cross sections and their energy dependence. In practice our present measurements of the
leptonic cross sections and forward-backward asymumetries are used to extract the values of only the

dominant coefficients, C(le)v and C(Zzz).

The parameter C(le) determines the contribution to the cross section, integrated over cos#, from
the s-channel Z° exchange, which is dominant at s = M%. The forward-hackward asynumetry at the

peak is determined mainly by the ratio ngz) / C'(le) Universality is assumed between initial and final

state leptons. Then, C(le) can be rewritten as




where I'j4;- is the partial decay width of the Z° to charged leptons, and C(ZZZ) can be related to the
square of the product of the effective axial vector coupling, d;, and the effective vector coupling, %y,

of leptons to the Z°, as defined in the improved Born approximation: C(Zzz) = 84?97 (see Equation (2)

below and Reference [10]). Hence the fit to extract C(ZI‘% and ng) can be reparametrised in terms of
5202

T+ ;- and a;of.

The remaining Z° interference terms in Equation (1) vanish at s = M#, in the absence of photonic
corrections. In order to account properly in the fit for the energy dependence of the interference
terms, C,(Yléz) is reformulated in terms of I';+;—, &7 and 47, in the framework of the improved Born
approximation [10]. Constraints from the minimal Standard Model (see Equation (3) below) are used
to derive &f and ©f as functions of I';+,—. This ansatz is also applied to the pure ¢-channel Z° exchange
and the s-f-channel interference terrns which contribute to the e*e~ — ete~ differential cross section.
The effect of varying & by a factor of 1.1 and 52 by up to a factor 10 with respect to the values

assigned to them by this procedure does not significantly affect the quality of the fits and does not
bias the results obtained for I';4;~ and a7} .

Firstly, each of the e*e™, u*u~ and 717~ final states is fitted separately. In each case universality
between initial and final state leptons is assumed. The results of these fits are summarised in Table 7,
columns 1-3. The values of I';4;- and 4747 for the three lepton types are consistent with each other,
supporting the principle of lepton universality. Therefore the fit is repeated combining the data for
the three lepton modes. Figures 1 and 2 show the corrected cross sections and forward-backward
asymmetries as functions of /3, together with the corresponding fitted curves. The results of this fit
are given in Table 7, column 4. Because of the difficulties involved in the analysis of the ete™ — ete™
channel a fit has been made, for the purpose of comparison, using only the utx~ and 7+~ data. The
results are given in Table 7, column 5, and are consistent with those in column 4. Therefore, for the
subsequent fits, all our data are included and lepton universality is assumed.

These results are consistent with those from an earlier analysis of this data [1] (see Section 6) and
also with measurements made by other experiments [17-22].

In Figure 3 the confidence level contours of our result are shown in the 4?97 vs. I')4,- plane. Also
shown is the Standard Model prediction for these two parameters, allowing the masses of the top
quark, mq, and of the Higgs particle, My, to vary within the range 50 < m; < 250 GeV/c? and
20 < My < 1000 GeV/c®. The measured values are in good agreement with the Standard Model
prediction for all values of m, and My considered here.

The measured leptonic cross sections and forward-backward asymmetries can be expressed directly
in terms of effective axial vector and vector coupling constants, @} and 9. In order to extract @ and
4} the differential cross section (1) is rewritten in the form of the improved Born approximation [10]:

25 do
wa? dcos@

_r
1 - Acx

(efe” —1F17) = ( Re {x(s)} [@3(1 + cos® 0) + 2a? éos@]

2 2
) (1+CO529)+1—AQ

+ Ix(s)[? [(aF + 97)2(1 + cos® 8) + 84797 cos 0] (2)

Ao is the QED vacuum polarisation correction. This formulation assumes the tree level relationship
hetween the coefficients C(zlz’z) and C,glzlz). In order to account for the possibility of a negative forward-

backward asymmetry at s = M2, negative values of 97 are allowed. The constraints a7 > 0 and & > o7
are imposed, since this is known from earlier measurements of the axial vector coupling [23-25].
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The results from this fit are given in Table 8, column 1. The value of &? is determined mainly by
the cross section measurements and the value of 67 mainly by the asymmetry measurements. They are
consistent with previous measurements from Z° decays [21,22] and also with those from lower energy
ete~ colliders [23], neutrino-electron scattering experiments [24] and other measurements [25]. It is
not possible to determine the signs of &; and ?; using our data alone.

Alternatively the differential cross section may be reparametrised in terms of gz and an effec-
tive weak mixing angle sin?fw [26] by substituting in (2) the following expressions for the coupling
constants:

diz —+ pg and 1}12 - pz(l — 4sin2§W)2.
Note that this parametrisation cannot accommodate negative values for the forward-backward asym-
metry at s = M2. The results of this fit are given in Table 8, columnn 2. Figure 4 shows the one standard
deviation confidence level contour in the pgz vs. sin?fw plane. Because ¢, enters only quadratically

in the improved Born approximation, the confidence level contour obtained from the fit is symmetric
about the axis sin@w = 0.25. The stars indicate our best fitted values:

pz = 0.998 £ 0.024 and sin?fw = 0.283795%,
where the value of sin’fw < 0.25 has been chosen.

In this fit, pz is determined mainly by the cross section measurements and sin*fw mainly by the
asymmetry measurements. These can be combined, to give a more precise value of sin®fw, by making
use of the approximate relationship between pz and sin®Gyw in the Standard Model, with minimal

Higgs structure [10]:
. g=SM 1 44
=={1-,/1~
sin“Oy 5 (1 \/ M1 Aa)) (3)

where A = (%a)/(v/2GF). The results of a fit with this constraint imposed are given in Table 8,
column 3. For the effective weak mixing angle we obtain:

sin’fy = 0.233 ¥3997 + 0,002
where the first error quoted is experimental and the second is theoretical.

Although this value of sinzgva is obtained from a fit to both the leptonic asymmetry and cross section
measurements, it is determined mainly by the latter, that is by the value of I';+;-. The theoretical error

=5
quoted was estimated as follows. The full one loop calculation was used to obtain values for smze“l;d

and I‘f’f’}“ over the range of m; and My given above. The value of sm29W was compared with that
derived from T3} using the improved Born approximation with the Standard Model constraint (3)
and the discrepancy between the two calculations was taken as the measure of the theoretical error.

In Figure 4, the dash-dotted line indicates the minimal Standard Model relationship (3} between
oz and smzﬂwM. Symbols on this line refer to values correspondlng to various choices of m,; and Mg.

Also indicated as an error bar in Figure 4 is our result for sm29W . Our results are consistent with
previous measurements of the weak mixing angle [18,23-28]. See reference [26] for a comparison of the
different definitions and measurements of sin®fw .
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6 Update of Combined Analysis of Hadronic and Leptonic Data

In a recent publication [1] we presented combined fits to cross section measurements as functions of
centre of mass energy for Z% decays into hadronic and leptonic final states. Values were extracted
for the Z° total width and its partial decay widths into hadrons and leptons. We derived values for
the ratio of the hadronic to the leptonic partial width, Ry = Tneq/Ti+- = 22.43 + 0.75; the partial
decay width of the Z° into invisible final states, T}, = 453 + 44 MeV, and the number of light neu-
trino species, N, = I‘in‘,/I‘EM =273+ 0.26(exp)fg:gi(theor), assuming the Standard Model value of
I'SM = 166.2+27 MeV for the partial decay width into a single light neutrino species.

Because our hadronic data are included in the fits presented in this paper, the new results for the

partial widths represent an update to those given in [1]. There are two improvements compared to
the previous analysis.

Firstly, the data sample for the u* 4~ and 777~ final states has been enlarged by extending the
acceptance out from |cos®| < 0.70 to |cosf] < 0.82 and |cos#| < 0.85 respectively. For the v+~
events the selection efficiency has also been increased. Secondly, an improved parametrisation of the
ete” line shape has been used, as described in Section 5.1.

Our updated results, using ete™, u*p~, 7+7~ and hadronic data, are: Ry = 21721011
Liny =474 + 43 MeV and N, = 2.85 + 0.26(exp) ¢ 05 (theor). The changes relative to the previously

published values arise mainly from the use of a different et e~ line shape parametrisation.

Excluding the e*e~ data, in order to avoid the difficulties introduced by the t-channel contribu-
tions, we obtain from our p*u~, *r~ and hadronic data Rz = 22.111’8:?3.

These results are consistent with the Standard Model with three light neutrino generations, and
with measurements made by other experiments [17-21]. The Standard Model prediction for Ry is
20.6 < R%M < 21.1, where the range results from a variation of m; between 50 and 250 GeV/c?,
My between 20 and 1000 GeV/c? and the strong coupling constant, a,, between 0.09 and 0.15. Qur

measurement is within 1.0 to 1.7 (excluding é*e™, 1.4 to 2.0) standard deviations of the Standard
Model prediction.

7  Summary

Using all the data recorded by the OPAL detector during 1989 an extended analysis of the reactions
ete” — ete™, ete™ — utp~ and ete~ — 7H7~ has been made at several centre of mass energies
around the Z® mass. The cross sections and forward-backward asymmetries have been measured and
used to determine the couplings of the Z° to charged leptons. The data are consistent with lepton
universality.

Using the parametrisation (1) of the differential cross section, the charged leptonic partial decay
width of the Z° is found to be I';+;— = 83.1 4+ 1.9 MeV and the square of the product of the effective
axial vector and vector coupling constants of the Z° to charged leptons is atof = 0.0039 £ 0.0083, in
agreement with the Standard Model expectation.

From a parametrisation in terms of the improved Born approximation the effective axial vector
and vector coupling constants are determined to be a? = 0.998 + 0.024 and 92 = 0.0044 £ 0.0083.

12



Equivalently, in the framework of the Standard Model, the parameters pz and sin?fw are 0.998 +0.024
and 0.23319-048% respectively.

In the minimal Standard Model, in which pz and sin’fw are related, sin"’@f,ﬁ“ is found to be
0.23370-097 + 0.002, where the first error is experimental and the second is theoretical.

Our previously published value for the ratio of the hadronic to the charged leptonic partial decay
width of the Z° has been updated, giving Rz = 21.7270¢1, which is within about 1.5 standard
deviations of the Standard Model prediction.
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Figure Captions

Figure 1: Cross sections as functions of centre of mass energy for: a) ete™ — ete™, integrated over
~0.7 < cosf- < 0.4; b) efe” — utp~, corrected for acceptance; c) ete™ — r+r—, corrected for
acceptance; d) eTe” — hadrons, corrected for acceptance. The solid lines are the results of the fit to
the combined ete™, u*u~, vt7~ and hadronic data described in the text.

Figure 2: Forward-backward charge asymmetries for: a) ete” — ete™, within —0.7 < cosf,.- < 0.4;
b)ete” — utu~, within | cosf| < 0.82;¢) ete™ — rtr—, within | cos @] < 0.85. For the ete™ case, the
“forward” and “backward” cross sections are defined in the polar angular regions —0.15 < cos §,- < 0.4
and —0.7 < cosf,- < —0.15 respectively. The solid lines are the results of the fit to the combined
ete™, ptu~, 7t~ and hadronic data described in the text.

Figure 3: One and two standard deviation confidence level contours in the @02 vs. Tj4;- plane. The
star indicates our best fitted values. The region inside the solid line corresponds to the Standard
Model prediction for 50 < m, < 250 GeV/c? and 20 < My < 1000 GeV/c2,

Figure 4: One standard deviation confidence level contour in the pz vs. sin®fw plane. The stars indi-
cate our best fitted values for pg and sin?6w. There are two solutions, symmetric about sin?6w = 0.25.
The dash-dotted line shows the minimal Standard Model relationship between pz and sin?8w, with
symbols indicating various choices of m, and My in GeV/c%. The error bar shows our one standard

deviation limits on sinzgva after applying this minimal Standard Model constraint.
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Luminosity

COTYr
a ¢

<
(GeV) (nb~1) {nb)
88.28 113.9+16 16 0.143+0.039
89.28 60.3t12 15 0.2563+0.068
90.28 1074116 51 0.48410.071
91.03 1924+2.2 109 0.577+0.056
91.28 217.1+23 146 0.68510.059
91.53 195.9+2.2 123 0.6404 0.058
92.28 T48+14 32 0.435x0.077
93.28 109.24+1.7 27 0.250: 0.048
94.28 8404+15 19 0.22510.052

Table 1: The cross section for eTe™ — eTe™, from a total of 538 events. &
measured within the angular acceptance —0.7 < cosf,- < 0.4 and corrected for the effects of efficiency
and the kinematic cuts, as described in Section 3.1. The errors quoted are the results of combining
in quadrature the statistical errors with the systematic errors assigned to the analytic formula, as

described in Section 5.1.

v/8 Luminosity N, oro
(GeV) (nb~1) (nb)
88.28 113.6+1.6 24 0.283 £ 0.058
89.28 41.7+£1.0 11 0.352 % 0.106
90.28 8.7+14 53 0.889+ 0.123
91.03 157.9+2.0 148 1.238+£0.102
91.28 1605+2.0 179 1.46740.110
91.53 190.8+2.2 198 1.366+ 0.098
92.28 53.7+12 40 0.988+0.157
93.28 854%15 35 0.549 £ 0.093
94.28 79.2t14 25 0.422+0.085

Table 2: The cross section for ete™ — p*p~, from a total of 713 events. a}5¢ is the total cross section
after correction for efficiency and acceptance. The quoted errors are statistical only.
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/s Luminosity N, ol

TT

(GeV) (mb™1) (nb)

88.28 1109+ 16 20 0.2624 0.059
80.29 56.1+ 1.2 14 0.360 £ 0.096
90.28 929%1.5 56 0.864 1 0.116
91.03 1746421 180 1.471£0.111
91,29 157.7+2.0 151 1.367+0.112
91.53 178.4+ 21 181 1.448+0.109
92.29 56.3x£ 1.2 34 0.864 4 0.149
93.29 99.21 16 41  0.593 £ 0.093
94.28 781+ 1.4 18 0.3314+0.078

Table 3: The cross section for eTe™ — 77, from a total of 695 events. ¢l3* is the total cross section
after correction for efficiency and acceptance. The quoted errors are statistical only.

( G \/§ N%c Nch A%‘CB COIT
eV

88.28 8§ 10 ~0.1140.23
89.28 § 10 -0.11+0.23
90.28 32 24 0.14 £ 0.13
91.03 65 61 0.03 £ 0.09
91.28 70 93 -0.14+0.08
91.53 66 76 -0.07+£0.08
9228 15 19 -0.12x0.17
93.28 15 16 0.00 £ 0.18
04.32 8§ 13 -0.23+£0.21

Table 4: The forward-backward asymmetry for ete™ — ete™ within —0.70 < cosf.- < 0.40,
from a total of 606 events. “Forward” is defined as —0.15 < cosf,- < 0.40 and “backward” as
—0.70 < cosf.- < —0.15. A§5°°" is the asymmetry after correction for the effects of the kinematic
cuts, as described in Section 3.1. The errors quoted are the results of combining in quadrature the sta-
tistical errors with the systematic errors assigned to the analytic formula, as described in Section 5.1.
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JioNg g A
(GeV)

88.28 12 12 0.00 £ 0.20
89.28 7 9 -0.13+0.25
90.28 36 43 -0.094+0.11
91.04 79 98 —-0.11+£0.08
91.29 117 115 0.01 4+ 0.07
91.53 116 91 0.12 4+ 0.07
92.31 34 31 0.05 4+ 0.12
93.29 29 23 0.12+0.14
94.40 16 22 -0.164+0.16

Table 5: The forward-backward asymmetry for ee™ — utu™ within | cos 8] < 0.82, from a total of
890 events. The guoted errors are statistical only.

Vs NF7 Ny AFB
(GeV)
88.28 10 12 -0.i3+£0.21
89.28 6 11 -0.32+£0.23
90.28 32 31 0.01+0.13
91.03 109 106 0.01 £+ 0.07
91.28 110 198 0.01 £ 0.07
91.52 109 92 0.08 £ 0.07
92.30 32 31 —-0.014+0.13
93.28 25 22 0.06 & 0.15
94.37 16 9 0.27+0.19

Table 6: The forward-backward asymmetry for ete™ — r+7~ within | cos 8| < 0.85, from a total of
871 events. A correction was applied for the contribution from the e™e~ background. The quoted
errors are statistical only.
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ete” ptu” T ete ,utp~, rrr~ ptu, vHro
T;+- [MeV] 84.5 £3.1 81.9 £2.4 82.612.6 83.1£1.9 82.2 2.1
azo? -0.012840.0246 0.0031:+0.0127 0.0116+0.0126 0.0039+0.0083 0.007540.0089
My [GeV]  91.147+0.022  91.145+0.022  91.14240.022  91.151+0.021 91.146+0.021
Iz [GeV] 2.534+0.046 2.530+0.046  2.51940.046  2.527+0.044 2.52440.045
Thed [GeV]  1.77540.065 1.83040.056  1.801+0.060  1.804+0.044 1.817+0.048
x? /NDOF  16.9/24 17.3/24 14.1/24 37.4/60 23.9/42

Table 7: Results of the fits to the lepton pair cross sections and forward-backward asyminetries
using the parametrisation (1) of the differential cross section described in Section 5.2. In each case
universality has been assumed between initial and final state leptons. The hadromnic cross section

measurements are also included in every fit. Mz has an additional error of 30 MeV from the beam
energy uncertainty.

at, o fit pz, sin*8w fit sinzggvM fit
a? 0.998 +£0.024
o} 0.004440.0083
Pz 0.99840.024
sin® O 0.23313012 0.23313 957

My [GeV]  91.15140.021  91.15140.021 91.151+0.021
I'z [GeV] 2.527+0.044 2.527+0.044  2.526%0.042
I'hea [GeV] 1.80440.045 1.804+0.045  1.803+0.044

x? /NDOF 37.4/60 37.4/60 37.4/61

Table 8: Results of the fits to the combined ete™, ut ¢~ and 77~ cross sections and forward-backward
asyminetries based on the improved Born approximation (2), as described in Section 5.2. Lepton
universality has been assumed. The hadronic cross section measurements are also included in every
fit. In the pz, sin@w fit, the value of sin®fw < 0.25 has been chosen from the two possible solutions,
which are symmetric about sin?fw = 0.25. Mz has an additional error of 30 MeV from the beam
energy uncertainty. sinzafvm has an additional theoretical uncertainty of 0.002.
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