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Abstract

We report an experimental determination of the cross section for ete~ — hadrons from a scan
around the Z° pole. On the basis of 4350 hadronic events collected over seven energy points between
89.26 GeV and 93.26 GeV we obtain a mass of mz = 91.01 & 0.05 £ 0.05 GeV, and a total decay
width of I'z = 2.60+0.13 GeV. In the context of the standard model these results imply 3.1 +0.4

neutrino generations.



One of the major achievements in elementary particle physics over the past two decades has
been the unification of weak and electromagnetic interactions and the development of the standard
model [1]. An essential element of the unification is the Z° boson, the massive neutral carrier of
the electroweak field, discovered at CERN [2]. This paper reports a precise determination of the
mass and width of the Z°. The mass is one of the fundamental parameters of the standard model
while the width reflects the coupling of the Z° to all known fundamental particles.

The data were recorded at the CERN ete~ collider, LEP, during its first 15 days of operation for
physics and correspond to an integrated luminosity of ~ 190 nb~!. These measurements used the
OPAL detector [3], whick is a multipurpose apparatus with excellent acceptance for Z° decays over
a solid angle of nearly 47. The detector consists of a system of central tracking chambers inside
a solenoid which provides a uniform magnetic field of 0.435 T. The solenoid coil 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. A forward detector serves as a luminosity monitor. The measurement described here
primarily exploits the electromagnetic calorimeter, the time-of-flight system, the tracking chambers,
and the forward detector.

The central tracking detector is divided into a precision vertex chamber, a large volume jet
chamber and a z — chamber. The main tracking is done with the jet chamber, a drift chamber of
approximately four metre length and two metre radius with 159 layers of wires, providing both high
redundancy and precision for the reconstruction of multihadronic events. During the data taking
the jet chamber is switched off for short periods when the beams are unstable or the background
rates are high. The time-of-flight system covers the barrel region |cos@) < 0.82, where & is the
polar angle with respect to the beam direction. It consists of 160 scintillator bars, 6.8 m long and
45 mm thick, located at a radius of 2.4 m. The main electromagnetic calorimeter consists of a
cylindrical array of 9,440 lead glass blocks of 24.6 radiation lengths thickness, covering the polar
angular range of | cos8| < 0.82, and 2,264 lead glass blocks of 20 radiation lengths thickness in the
endcaps, covering the polar angular region between 0.81 < [ cos @] < 0.98. The blocks each subtend
a solid angle of approximately 40 x 40 mrad? and project towards the interaction point in the
barrel region and along the beam direction in the endcaps. The two sections of the electromagnetic
calorimeter together cover 98% of the solid angle.

The luminosity of the colliding beams was determined by observing small angle Bhabha scat-
tering with the forward detector. This device consists of two identical elements placed around the
beam pipe at either end of the central tracking detector. Its acceptance covers angles from 40 to
150 mrad from the beam and 27 in azimuth. At the Z° peak the Bhabha cross section in this region
is about 70 nb, with 0.3% contamination from e*e™ decays of the Z0 itself. The main element
of the forward detector for this analysis was a lead-scintillator calorimeter of 26 radiation lengths
thickness, divided into 16 azimuthal segments. The first 4 radiation lengths of the calorimeter are
used as a presampler and are read out separately. A set of proportional-tube chambers are located
between the presampler and the main calorimeter. The radial position of showers in the calorimeter
is obtained by independent light readout from the inner and outer edges of the main calorimeter
while the tube chambers are used to calibrate this measurement. The accuracy is 3 mm at the inner
edge and 25 mm near the outside. The azimuthal position is obtained to approximately 3 degrees
from energy sharing between segments.

The trigger for hadronic decays of the 79 is based mainly on the information from three in-
dependent detector components: the electromagnetic calorimeter, the time-of-flight system (TOF)
and the jet chamber. The calorimeter trigger requires an energy sum of at least 6 GeV in the lead
glass barrel or in one endcap, while the TOF trigger requires hits in at least three nonadjacent



time-of-flight counters. An independent element for triggering on charged particles is provided by
the track trigger of the jet chamber. Here at least two tracks are required to originate from the
vertex in the r-z projection with a minimum transverse momentum of 450 MeV/c.

The forward detector triggered the readout if more than 12 GeV was deposited on each side in
a back-to-back configuration of adjacent main calorimeter segments, or if more than 15 GeV was
observed on each side without the back-to-back requirement.

The offline selection of multihadron events used principally the electromagnetic calorimeter and
the time-of-flight system. The following requirements defined a multihadron candidate: (i) at least
10 clusters of lead glass blocks with at least 100 MeV in each cluster, (ii) a total energy in the lead
glass of at least 10% of the centre of mass energy and (iii) an energy balance,

| Reat |=] E(Edu, - COS 9) | /ZEq,, < 0.65

where E,,, is the energy per cluster. In order to reject background consisting mainly of cosmic
rays, it was also required that events with at least 50% of the observed energy seen in the barrel
have at least four time-of-flight counters fired within + 8 nsec of the expected arrival time.

Figure 1 shows the effect of these cuts on the data after this last requirement on the time-
of-flight counters. Figure la displays the distribution of the fraction of the centre-of-mass energy
seen, Ry, = ZEqy,/FEeon, versus the cluster multiplicity Ny,. The hadronic sample with both
large R.:, and large Ny, is clearly separated from the bulk of the background from eTe~ decays
(Ryis = 1, low cluster multiplicity), 7 - pairs (medium R,;, and low cluster multiplicity) and from
other background such as costmic rays (low R,;,). Figure 1b shows the effect of the energy balance
cut after selecting events with Ng,, > 10. The multihadron sample, with small values for the
energy balance and large R,.,, is clearly differentiated from background events, characterised by
lower R,;, and a wide spread of the energy balance. The projection of the R,;, distribution after
cuts in the energy balance is shown in fig. 1c. The histogram shows for comparison the results of
a Monte Carlo simnulation of multihadron events {4]. The agreement is satisfactory for R,;, larger
than the required value of 0.1.

The background contamination of the sample has been estimated by several methods. Monte
Carlo calculations were used to predict the background from two photon processes, and from
electron-pair and 7-pair decays of the Z®. These backgrounds are predicted to be < 0.1%, < 0.1%,
and 0.3% respectively. A sample of 819 events taken on the Z° peak was scanned. For 540 of
these events full information from the jet chamber was available. The scan searched for beam-gas
or beam-wall interactions and for cosmic rays and 7 decays. Three 7 decays were observed and no
other background. A second visual scan examined multihadron candidates with a reconstructed
vertex more than +50 cin from the interaction vertex and concluded that beam-gas or beam-wall
background is < 0.1%. Finally, a sample of data was analysed for which there was no beam in the
storage ring. From these studies one estimates an upper limit of 1 cosmic ray event in the sample
and an overall background of 0.3%, arising almost entirely from 7 decays.

To calculate the acceptance of the detection and event selection procedure, the process ete~ —
(Z%~) — qd with subsequent hadronization was simulated using the JETSET parton shower
model with five flavours and string fragmentation {4]. The generated events formed the input
to a detector simulation which included full showering and interactions in the detector. In this
process, raw data such as drift times and pulse heights were simulated and passed through the
same reconstruction and selection procedures as the actual data. An acceptance of 98.2+0.2% was
calculated for multihadronic events. Various checks have been made to estimate the uncertainty in
the acceptance. There is good agreement between the model predictions and the properties of the



multihadronic sample (see, for example fig. 1c ). Furthermore, variations in calculated acceptance
caused by using different parameters for the JETSET model or the HERWIG hadronization model
[5] have been studied. Based on these results, the overall systematic error on the valué for the
acceptance is estimated to be 1%.

To provide a further check of systematic uncertainties in efficiency and backgrounds, a multi-
hadron sample was selected using full reconstruction of the information provided by the jet chamber.
This was available for approximately 75% of the data. Cuts similar to (i) and (ii} of the previous
selection were used together with the requirement of at least 5 tracks from the interaction vertex.
The event sample selected under these conditions agrees to better than 1% with the event sample
selected without tracking information.

As another check, the final multihadron sample was compared with that obtained from an
independent online selection using different algorithms for cluster finding. The overlap was checked
at each energy point and found to coincide with the full off line analysis to better than 1%.

The overall trigger efficiency for hadronic decays which pass the acceptance criteria is deter-
mined from the redundancy between the three main trigger modes. The trigger efficiency using
the electromagnetic energy is found to be > 99.5% for an energy deposit of more than 7 GeV in
the barrel part and > 99% in the endcap for an energy deposit of more than 12 GeV. The trigger
using the time-of-flight system is more than 99.8 % efficient for events with jets pointing into the
barrel region and 87% efficient for events with jets pointing into the endcaps. The track trigger
itself is more than 99% efficient but was not active for part of the data taking. On the basis of
these measurements and a detailed Monte Carlo simulation of the electromagnetic energy trigger
an overall trigger efficiency of > 99.5% is obtained. The dependence on the center-of-mass energy
was found to be less than 0.1%.

Since the systematic errors on the luminosity dominate all other errors in this study, special
care is required in its analysis. Bhabha events were selected by requiring a reconstructed cluster
in each end of the forward detector with at least 55% of the beam energy and a coplanarity angle
A¢ in the interval 180420 degrees. Figures 2a and 2b show how the energy requirement eliminates
the intermittent background of chance electron-positron coincidences. Based on an examination of
the full set of such plots at all beam energies, the estimated background contamination is less than

0.1%.

The detector acceptance corresponding to the above requirements was determined using the
RADBAB generator {6] in a detailed Monte Carlo simulation of electromagnetic showers within the
detector and surrounding material. The validity of the Monte Carlo was established by comparison
with test beam data. We estimate that the systematic errors in this calculation are about 5%,
arising from residual imperfections in the simulation (4%), limited Monte Carlo statistics (2%),
and uncertainties in the trigger efficiency (1.5%), beam position (2%), and treatment of radiative

corrections (1%).

As a check on systematic errors in the above method, the luminosity was also determined using
the measured transverse position of the showers in the calorimeters. A subset of events was used
where the average scattering angle from the two ends of the detector was in the interval 60 to
120 mrad. In this region the calorimeter acceptance is unobstructed and the calorimeter position
measurements could be calibrated using measurements from the tube chambers. The acceptance
was calculated from the non-radiative Bhabha cross section without Monte Carlo simulation. Figure
2¢ shows the experimentally observed angular distribution and the theoretical curve, normalized
to the number of events in the fiducial region. The systematic errors inkerent in this method are



estimated to be about 5% in total. Position calibration uncertainties (3%) and resolution effects
(3%) represent error sources independent of the errors in the first method, while uncertainties in
the trigger efficiency (1.5%), radiative corrections (2%) and beam position (1%), are common to
the two methods. For the entire data sample reported here a total of 10482 Bhabha events was
observed and the two methods of determining the luminosity agreed to within 1 + 1.5%.

The hadronic cross section at each centre-of-mass energy is given by the relation

°’=%§'(Nhad—Nb) (1)
where £ denotes the integrated luminosity and ¢ the overall multihadron efficiency, which is the
product of the acceptance and the trigger efficiency. Np,q is the number of events passing the
selection criteria for hadronic events, and N is the number of background events. The cross
section as a function of energy was calculated using a value for the overall efficiency of 97.7 % and
a background fraction of 0.3 %. The values obtained are summarised in table 1 and plotted in

fig. 3a.

The dominant systematic error on the cross section is that associated with the luminosity
measurement, estimated above to be 5 %. Further contributions to the error from the acceptance
determination, the background subtraction, and the trigger efficiency are small in comparison.
Thus the overall systematic uncertainty in the cross section is 5 %. The point-to-point systematic
error, also dominated by the luminosity measurement, is estimated to be 1 %.

An accurate knowledge of the absolute energy of the LEP beams is essential to the determination
of the Z° mass. Values provided by the LEP Division are listed in Table 1 [7). These are based
on magnetic measurements prior to installation and readings taken during the run of a flip coil in
a reference magnet powered in series with the main ring dipoles. Calibrated flux loops installed
in the lower pole of all magnets are used to monitor aging effects. A series of corrections have
been evaluated. These include the present readings from the flux loops, the influence of the earth’s
magnetic field, and the effect of a 0.37 mam shift of the real beam position relative to the central
orbit. The residual fractional error in the energy of each beam is 5- 1074, corresponding to 45 MeV
in the centre-of mass energy. The fractional point-to-point error in the energy is 1-107*.

In order to determine the mass, my, and width, 'z, of the Z° a Breit-Wigner lineshape with
s-dependent width was used:

5(s) = ople— 1% 2)
= p - .
“(s—my)r + 5T
The overall normalisation is:
12T, T
pole _ 6(s = md) = 2~ ¢ had 3
Thad (s z) m% F‘zz"_ (3)

To account for radiative corrections, (s} has been convoluted with the initial state radiation
spectrum: ,
o{s) = / f(s,8")&(s") ds". (1)

2
My

For the function f(s, s’} in equation (4) the calculation of {8] is adopted, which is based on a second

order treatment with exponentiation of soft photons. Therefore aﬁ;f; is related to the measured

cross section at 3 = m% by a factor determined from radiative corrections.



The line shape formula contains three free parameters, mg, I'z, and a",;gif A fit was performed

where these three quantities were varied independently. The results are shown as the solid curve
in fig. 3a and the resulting values for the parameters are given in line 1 of table 2, From the line
shape fit the cross section at s = m? is ¢ = 30.7 nb. As can be seen, the quality of the fit to the

data is excellent.

In the standard model with three generations the only significant free parameter is mz. The
values of I'z and crf;’l; can be expressed in terms of mz, Mgy and mypigy, [18]. The influence of mesp
and mygigg, on the line shape is negligible and their values have each been fixed to 100 GeV. The
value of a, also enters and a value of 0.12 has been used. The present experimental uncertainty in
a, introduces an error of about 1% on the calculated widths and cross sections. The result of this
standard model fit is shown as the dashed line in fig. 3a and in line 2 of table 2. The data are in
good agreement with the expectation of the standard model.

Since (2) is an approximation, the standard model fit based on three generations was repeated
including the interference term and the QED term with the full electroweak corrections using the
line shape program ZSHAPE [17]. The result is mz = 91.011%0.052 GeV which is fully consistent
with mgz = 91.013 £+ 0.053 GeV as obtained with formula (2). Thus the conclusions based on the
simpler fit are unaltered.

An analysis has been done to investigate the possible existence of additional light neutrino
generations. It is assumned that these neutrinos have the standard model coupling and that no other
new physics is reflected in the line shape. The total width is written as Tz = '3 + (N, —3)-IJM.
The quantities mz and IV, are varied but U;:Zi; is fixed by the relation given in (3). Line 3 of table
2 shows the results. One obtains N, = 3.12 £ 0.42. If expressed as an upper limit the result is
N, < 3.88 at 90% confidence level or IV, < 4.04 at 95% confidence level.

Another test of the number of light neutrinos can be made using the model independent fit. As
the global correlation coefficient of mz is small one can restrict the consideration to contours of the
x? statistic in theI'z - oﬁ:i; plane. These are displayed in fig. 3b. The cross shows the best fit to the
data and the dot and square the standard model predictions for 3 and 4 light neutrino generations.
The small bar through these symbols shows the uncertainty in the predictions when my,, is varied
from 60-200 GeV and mgigg, from 10-1000 GeV. From our measurements we attribute a probability

of 47% for the standard model prediction with N, = 3 and a probability of 8% for N, = 4.

In conclusion, we have measured the mass of the Z° to be 91.01 £ 0.05 4 0.05 GeV and its total
decay width to be 2.60 £ 0.13 GeV. These results are in agreement with the earlier but less precise
measurements of Abe et al. [9], Abrams et al. (10}, Albajar et al. [11], and Ansari et al. [12]. Our
result that N, < 3.88 at 90% confidence can be compared with the result of Abrams et al. [10] that
N, < 5.5 at 90% confidence based on a similar analysis. It is also in agreement with limits on N,
set by the UA1 [13] and UA2 [12] experiments at the CERN pp collider, the ASP [14] and MAC
[15} experiments at PEP, and the CELLO experiment {16] at PETRA.
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Table 1: Integrated luminosity and event numbers

Listed are the c.m. energies, /s in GeV, the integrated luminosity £ (nb~!), and the number of
events ‘N,, remaining after the hadron selection. The hadronic cross sections ¢ are quoted with
their statistical and point-to-point systematic errors. The overall systematic error is 45 MeV on
the energy scale and 5 % on the cross section. The point-to-point error on the energy is 10 MeV.

V5 (GeV) | L{nb"1) New o (nb)
89.26 15.284+0.52 | 172 | 11.48 £ 0.97
90.26 20.504+0.61 | 432 | 21.49 & 1.26
91.02 25.4240.68 | 785 | 31.50 + 1.48
91.26 72.4341.15 | 2190 | 30.84 £+ 0.95
92.26 12.5140.49 | 263 | 21.44 £ 1.60
92.51 10.73+0.45 | 167 | 15.87 + 1.42
93.26 29.8940.76 | 350 | 11.94 £ 0.73

Table 2: Results of the fits for the Z° resonance parameters described in the text.

Fit mz(GeV) | [z(GeV) N, of%s(nb) [ x*/DOF
1 | 91.010+0.051 | 2.6010.13 - 41.7+2.4 3.1/4
2 | 91.0131+0.053 - - - 4.7/6
3 | 91.013:40.053 - 3.12 + 0.42 - 4.6/5
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Figure Captions

FIGURE 1: (a) Number of clusters in the electromagnetic calorimeter, versus the fraction of the
c.m. energy measured there, R,;,. (b) Longitudinal energy balance Rpat = I(Eiy, - c0s8) [/ E,,
versus the fraction of energy seen, Ryi, for Ny, > 10. (c¢) Distribution of R,;, compared with a
histogram of the expectation for multihadron events. The number of clusters has been required
to be > 10 and the longitudinal energy balance to be in the range -0.65 to +0.65. The final
multihadron event sample uses events with R,;, above 0.1,

FIGURE 2a: Plot of E,;,., the lower of the two cluster energies for forward detector Bhabha
candidates, versus A¢, the coplanarity angle between showers in the two detectors; for the beam
energy point with the least background. The lines at 25 GeV and 180120 deg represent the cuts.
Approximately 1000 events are shown.

FIGURE 2b: Same as fig. 2a but for the beam energy point with the most random-coincidence
background. Approximately 1000 events are shown.

FIGURE 2c: The differential distribution of the Bhabha scattering angle @ taken as the average
from the determinations at the two ends. The 1/82 curve is fit over the region of clean acceptance

(60 to 120 mrad).

FIGURE 3a: Measured multihadron cross section versus centre of mass energy. The solid curve
is a 3-parameter model independent fit. The dashed curve is the best fit from the standard model

where only myz is varied.

FIGURE 3b: Contour plot of the x? statistic for the fit to the resonance curve as a function of
T'z and azzld'. Curves correspond to increments of one standard deviation. The cross shows the best
fit to the data and the dot and square the standard model predictions for 3 and 4 light neutrino
generations. The small bar through these symbols shows the uncertainty in the predictions when

Myop is varied from 60-200 GeV and mg;g,, from 10-1000 GeV.
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