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Abstract:  We report a measurement of the mass and total width of the Z° boson, based

on 25,801 hadronic decays selected over eleven energy points between 88.28 and 95.01 GeV.

We obtain a mass of M, = 91.145 £ 0.022(ezp) £ 0.030(LEP) GeV, and a total width of
T, = 2.526 £ 0.047 GeV.
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1 Introduction

We present here a measurement (1) of the hadronic decays of the Z°, based on the entire data
sample collected in 1989 with the OPAL detector.

The cross sections were measured at 11 centre-of-mass cnergics between 88.28 and 95.04 GeV
by repeatedly scanning across the Z° resonance. Measurements at nearby cnergies, within 10
MecV, were combined into one data point at the luminosity-weighted average cnergy. The IL.EP
fractional error in the energy of each beam was 3-107¢, corresponding to 30 MeV in the centre-
of-mass energy. The point-to-point [ractional crror in the cnergy was 111074

2 The OPAL Detector

The data were recorded with the OPAL detcctor [2] at the CERN e*e™ collider LEP. The de-
tector consists of a set of large volume drift chambers (vertex detector, jet chamber, 7-chamber)
positioned inside a. solenoidal coil, which is surrounded by time-of-flight counters, an electromag-
netic calorimeter with a presampler, an instrumented magnet return yoke serving as a hadron
calorimeter and four layers of muon chambers. The clectromagnetic calorimeter consists of a
cylindrical array and two endcaps ol lead glass blocks, covering the region |cos(9)] < 0.98. Fach
block subtends a solid angle of approximately 40 x 40 mrad?. The blocks in the barrel re-
gion project towards the interaction point. The time-ol-flight system (TOF) covers the region
|co.s(A) < 0.82. Small angle Forward Detectors serve as a luminosity monitor.

For Monte Carlo studics the OPAT detector was simulated using a computer program [3] which
includes the detector geometry and material as well as eflects of resolution and efliciencies.

3 The Luminosity Measurement

The integrated luminosity of the colliding beams was determined by the measurement, of small
angle Bhabha. scattering, a. process insensitive to Z” cffects. The measurement used the forward
detector, consisting of two identical elements placed around the beam pipe at either end of the
central tracking chambers. In this analysis two components of this detector were nsed in a
complementary manner: (i) a calorimeter provided a high statistics measurement of the relative
luminosity at cach beam ecnergy; (i) a set of proportional tube chambers with a well defined
geometry and acceptance provided the absolute luminosity calibration.

Fach calorimeter consists of a cylindrical lead-scintillator sandwich divided into 16 azimnthal
segments and two longitudinal scctions: a presampler of 4 radiation lengths (Xg), and a main
calorimeter of 19 Xo. For 45 GeV electrons, the encrgy resolution ol the calorimeter was mea-
sured to be 1.3 GeV (19%\/5), with 81% of the energy deposited in the main calorimeter. Tight
sharing between adjacent segments and between inner and outer readouts of the main calorime-
ter was used to determine the center of the showers. The polar angle resolution varied between 1
and 10 mrad, being best near the inner edge of the calorimeter, while the resolution in azimuth
varied between 3.5 and 35 mrad, being best at the segment boundaries. The acceptance ol the
calorimeter extends from 39 to 155 mrad, and is essentially complete in azimuth.
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The proportional tube chambers are positioned between the presampler and main secetions of
the calorimeter. These chambers each consist of a vertical, horizontal, and diagonal planc of
proportional tubes [4) of 1 cm? cross section. The positions of the centroids of showers from
incident electrons or photons are measured using the pulse height information from the tubes.
For 45 GeV clectrons, the tube chambers have 1.3 mrad resolution in 0 and ¢ and detect 99.3%
of the showers. The tube chamber a.cceptance extends from 50 mrad to 135 mrad in polar angle,
and covers 95% in azimuth. The positions of the tnbe chambers were surveyed to 1.0 mm and
were checked with electron tracks measured in drift chambers [5] in front of the calorimeter.

To select events for the absolutc luminosity calibration a fiducial region was defined well within
the tube chamber and calorimeter acceptance, extending from 58 mrad to 124 mrad in polar
angle from the nominal beam axis, and excluding azimuthal angles within 10 degrees of the
horizontal and vertical plancs. Particles emitted from the interaction point in this angular
region traversed only a minimum of material before reaching the forward detectors (less than
0.2 Xg). The average of the angles measured on the two sides of the event was required to lie
within this fiducial region. Thercfore the acceptance was largely independent of the position
and size of the beam intersection region. To reject background due to off-tnomentum beam
particles, the difference in the azimuthal angles between the two ends, Ad. was required to be
in the range between 160° and 200°. Finally, the average of the energies of the largest cluster
in each calorimeter was required to be larger than 2/3 of the beam energy. One quadrant of
the tube chambers was not used since one segment in the corresponding calorimeter region was
defective.
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Figure 1: The cnergics measured in the two
forward calorimeters, [y vs 59, (or luminosity
event candidates passing the tube chamber se-
lection cuts. The shaded region is excluded by
the trigger requircment that at lcast 12 GeV
be deposited in opposite calorimeter scgments.
Events in the region above the diagonal satisfly
the requirecment that 2/3 of the centre-of-mass
cnergy is observed in the calorimeter.

Figure 2: Angular distribution of lnminos-
ity cvent caundidates, as measured by the tube
chambers. The arrows show the boundaries of
the fiducial region, inside of which the data fol-
low the expected 1/0% distribution, shown by
the curve.
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The detector read-out was triggered when the energy sum in each forward calorimeter exceeded
15 GeV overall, or 12 GeV in back-to-back clusters. The overall trigger effliciency was found to
be 99.0 £ 0.3% for the events sclected by these cuts. Figure 1 shows the energies measured in
the two calorimeters for all events prior to the energy cut. The vertical and horizontal arms
ol the distribution cotrespond to radiative events in which one photon escapes undetected. A
correction of 0.55%, with an uncertainty of 0.5%, was applied to account for the cvents that
had a low measured encrgy at both ends of the detector. Most of these events were found to
be small angle Bhabha events in which the electrons were outside the tube chamber acceptance
but had showered into the fiducial volume.

The BABAMC Monte Carlo program [5] was used to generaie ete™ — e*e™(y) events, dis-
tributed at various enecrgies across the Z° rcsonance. A Ga.ussian smearing of the angles and
encrgies of the gencrated particles was introduced to simulate the effects of detector resolu-
tion secn in the data. Interference with the 7° changed the cross section for events within the
tube chamber acceptance by a. maximum of 1.0% from the simple 1/s QED dependence. The
cross section corresponding to the selection criteria described above was calculated to be 18.17%
0.02 nb at the Z° peak. A theorctical systematic error of 1% was assigned to this calculation (7).
A 0.14% correction was applied to account for the contribution of the process ete™ — y7. The
radiative energy tails in figure 1 agreed well with the predictions of the Monte Carlo program.
Throughout the fiducial region the measured average polar angles agreed well with the simulated
distribution, which corresponds approximately to 1/03, as shown in figure 2.

The sources of error in the absolute luminosity normalisation are detailed in table 1. The
dominant contribution is the limited precision in the tube chambers survey, while further errors
arise from small discrepancies between the data and the Monte Carlo prediction and residual
uncertaintics in determining the various correction factors. The final error of 2.2% includes a
statistical error of 0.7% corresponding to 17,379 events in the calibration sample.

Source of Error Magnitude
Theory 1%
Radial survey 1.5%
Efficiency of tube chambers 0.5%
Trigger efficiency 0.3%
Energy cut 0.5%
o ~ Radial cut 0.5%
Igp_lg_l: Contributions to t.hc absolute Iumi- Background subtraction 0.5%
nosity mcasurcment uncertainty. The system- -
atic errors contributing to thc overall uncer- Total systematic error 2.1%
tainty arc listed and then combined with the @ Statistical error 0.7%
statistical error. Total uncertainty 2.2%

A check was made on the accuracy of the tube chamber luminosity calibration by using the
shadow of the beam pipe support ring to establish a well defined inner edge for the calorimeter.
This support is a preciscly ma.chined aluminium ring with a conical outer surface that points to
the interaction region at a. polar angle of 47 mrad. It has a thickness of two radiation lengths
and is located 40 cm in front of the forward calorimeter. The addition of this material in front
of the calorimeter alters the energy sharing between the presampler and the main calorimeter
significantly. The energy deposited in the main calorimeter is about 15 GeV lower in the shadow
of the beam pipe support ring than beyond it. This discontinuity of the cnergy distribution in
the main calorimeter accurately defines the edge of the acceptance at small 0. A measurement
using this method, which is independent of the tube chambers, agrced with the tube chamber
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measurement to within 0.8 + 2.6%.

The relative luminosity between points of different beam energy was measured using the main
_calorimeters only. Events were selected in which the average encrgy of the largest clusters scen
in the main scctions of each calorimeter exceeded 70% of the beam energy. This requirement
was high enough to eliminate the background, but was 3 standard deviations below the peak
from well contained Bhabha events. It rejected Bhabha events only partially contained due to
the radiation of an encrgetic photon or shower leakage at the edges of the calorimeter. To reduce
backgrounds, the difference, A¢, in the azimuthal angles of the largest clusters was required to
be in the range 160° < A¢ < 200°. A total of 58,124 events were selected by these cuts, of
which less than 0.1% were background.

The energy calibration of the main calorimeter could be maintained to within 0.5% over the
entire period of data taking. As a consequence, the cross section for luminosity events defined
by these requirements was stable with time to within 0.8%. With an eflective geometrical
acceptance extending from 47 to 142 mrad in polar angle, the cross section was aflected by 7°
interference by at most 0.3%. Because the encrgy cut was imposed on the average of the energies
in the two calorimeters, the acceptance was largely independent of beam displacements and the
size of the beam intersection region.

The acceptance of the calorimeter selection was normalised to the tube chamber acceptance
for a. sample which included 70% of the data taking period. The Bhabha cross section for the
calorimeter based luminosity measurement was thereby found tobe 0.2 £ 0.9 nb at the 7Z° peak.
The stability of the measurement was checked by comparing the tube chamber and calorimeter
luminosities as a function of LEP [ill and beam energy. No statistically significant systemadtic
differences were observed. The beam energy dependent systematic error of the integrated lumi-
nosity was estimated to be 1% and was taken into account as a point-to-point systematic crror
in the cross section measurcinent.s.

The data recorded in 1983 correspond to an integrated luminosity of about 1.4pb~'. For the
following analysis only thosc periods of data taking were used in which all detector components
essential for the measurement were operating properly.

4 The Hadronic Decays

The selection of hadronic 7° decays was mainly based on energy clusters in the clectromagnetic
calorimeter. Clusters in the barrel region were required to have an energy of at least 100 McV,
and clusters in the end cap were required to contain at least two adjacent lead glass blocks and
have an cnergy of at least 200 McV. The following three requirements defined a multihadron
candidate: (i) at least 8 clusters, (ii) a total cnergy deposited in the lead glass of at least 10%
of the centre-of-mass encrgy

Ryis = SFuw V3 > 0.1,

where Fy,, is the energy of each cluster, and (iii) an energy imbalance along the beam direction
which satisfled

Ryat =| E(Fety, - cos0) | /EEq,, < 0.65.

The measured distributions of these variables are shown in figure 3. The cut on the number of
clusters elficiently eliminated 7° decays into ete~and 7+7~. The R,;, cut discarded two-photon
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and beam-gas events. The cul in Rpq rejected beam-wall, beam-gas and beam-halo events, and
cosmic rays in the end caps.
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In order to reject cosmic ray background in the barrel region, information from the TOF counters
was used. All events for which at least 4 TOF counters fired within 8 ns of the expected time
were accepted. Tivents with less than 4 TOF counters for which at least 50% of the observed
encrgy was seen in the barrel lead glass were rejected. All remaining events with Nyop < | were
visnally inspected. The background from cosmic-rays, beam-wall and beam-hale was cstimated
to be less than 0.1%. A total of 25,801 hadronic Z° decays remained after all these cuts,
corresponding to a.n integrated luminosity of 1.25 pb™L.

The main contamination in the hadronic data sample came from 777~ events with a background
fraction of 0.33 £ 0.01% estimated by using Monte Carlo and checked with the data using the
charged track multiplicity. The contribution of the process ete™ — e*e™ to the hadronic
event sample was found to be less than 0.1%. The background from two-photon processes was
estimated by a Monte Carlo calculation using a quark-parton model [8] and was checked with
the data by measuring the ratio of the numbers of events with high and low R,;, as function of
beam energy. Both estimaics gave consistent results; the background was 0.03 £+ 0.03% under
the Z° peak and 0.2 £0.2% in the tail region.

To calculate the acceptance of the event selection procedure, the process ete™ —» g4 with sub-
sequent hadronisation was simulated using the JETSET parton shower model with five flavours
and string fragmentation [9). There is good agreement between the model predictions and the
properties of the hadronic event sample (see for example figure 3 and reference [10])). An ac-
ceptance of 97.7% with a negligible statistical error was calculated for multihadronic events.
The effect of uncertainties in the [ragmentation model was estimated to be 0.5% by varying the
patameters of the JETSET model and by using the HERWIG hadronisation model [t1]. Imper-
fections in the detector simulation lead to a variation of the acceptance of 0.5%. The energy
dependence of the acceptance in the region of the scan was 0.2%. The error due to the specific
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choice of the hadronic selection cuts was estimated to be 0.2%. The resulting total systematic
error on the selection and acceptance of hadronic events was 0.8%.

The overall trigger efliciency for hadronic decays of the Z° that would pass the accepta.nce criteria
was determined from the redundancy between the three ma.in trigger modes: the TOF trigger,
the track trigger and the clectromagnetic energy trigger. The overall trigger inefliciency was less
than 0.1%.

In table 2 the numbers of events, the integrated luminosities and the corresponding cross sections
arc listed as a. function of the centre-of-mass cnergy. The error on the cross section includes
the statistical errors of the hadronic event sample and of the luminosity as well as a 1% point-
to-point systematic error from the luminosity. In the analysis of the cross section an overall
normalisation error of 2.3% is taken into account which includes both the systematic crror of
2.2% on the luminosity and the systematic error on the acceptance of 0.8%.

V5 (GeV) Lin(nb™!)  Npaa Thad (0b)

88.278 1156.1£1.6 569 5.04 £ 0.23

89.283 80.7+1.4 766 9.68 = 0.40
Table 2: The hadronic cross section, 90.284 103.7£1.6 1990 19.56 £ 0.56
Thad, as a function of the luminosity- 91.034 210.9+2.3 6192 29.94 + 0.58
weighted centre-ol-mass energy. Listed 91.289 186.9+2.1 5633 30.86 & 0.62
arc also the integrated luminosity and i ’ ’ ’ ’
the number of observed hadronic events. 91.529 230.8£24 6612 29.21 £ 0.55
The cross scctions arc quoted with their 92.282 85.5£1.5 1781 21.24 £+ 0.66
statistical and point-lo-point systematic 992.562 9.24+0.5 150 16.66 £ 1.62
Juminosity error of 1%. The overall 93.286 111.4+1.7 1286 11.77 + 0.39
systematic crror on the cross scclion is
2.3% and on the energy scale is 30 Mev. 94.277 95.4=1.6 710 7.59 £ 0.32
The point-to-point errorin the energy is 95.036 17.7+0.7 112 6.44 £ 0.66
10 Mev. Total 1246.6 25801

5 Analysis of the Hadronic Cross Section

To extract the 7° resonance parameters from the cross sections given in table 2 and shown in
figure 4, we perform a fit to the data. assuming the line shape parametrisation of reference (12].
We treat M., T, and 0,’:2'; as frec parameters where 0,’::1; represents the peak hadronic cross

section at s = M2 without photonic corrections. The parameter values obtained are
M, = 91.145 £ 0.022(ezp) % 0.030(LEP) GeV

T, = 2.526 £ 0.047 GeV
o7 = 41.2 £ 1.1 nb.
The x? value for this fit is 4.5 for 8 degrees of freedom. The crrors on M, have been scparated

into the experimental error and the uncertainty due to the LEP beam cnergy.

Figure 5 shows the central values and the confidence contours for our measurement of I'; and

aﬁ'j. Also shown are the Standard Model predictions for a’,;“:l; and T,, for 3 and 4 light



28

neutrino-generations. For the top quark mass m¢ and the Iliggs mass mj; we assumed my =
my; = 100 GeV, and we sct the strong coupling constant a, = 0.12, consistent with the value
derived from the measured hadronic jet production rates (13]. The errors on the predictions
are detived by allowing a. variation of m, [rom 50 to 250 GeV, my; from 20 to 1000 GeV and
a, from 0.09 to 0.15. Tigure 5 shows that the effect of varying the number of light ncutrino
gencrations from 3 to 4 is large compared to the uncertainty in the predicted values of n',’:::': and
I',. The probability for obtaining our measurement assuming three neutrinos is 54% whereas
the assumption of four neutrinos would result in a probability of only 0.00!%.
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To determine the number of light neutrinos, N,, one can use the Standard Model in a fit where
the only free parameters are M, and N,. Though this method is the statistically most precise
one, it relies on the validity of the Standard Model prediction jor the 7° partial widths. Ve
removed this constraint by a combined measurement of the hadronic and the leptonic partial
widths (1], which is rcported in a.separate contribution to this conference [14].
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