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Abstract

Results on the production cross sections of W and Z bosons detected in the UA2
experiment are given based on a large sample of W — evand Z —) ete” decays. The
measured cross sections are ow = 660 + 15(stat) + 37(syst) pb, GZ = 70.4 + 5.5(stat)
1 4.0(syst) pb and their ratioR = 9. 38._0 72(stat) % 0.25(syst). In the framework of the
Standard Model, the measured value of R is used to determine the total width of the W,
I'(W) = 2.30 + 0.19(stat) £+ 0.06(syst) GeV.
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1. INTRODUCTION

Data taken at the CERN pp Collider in the period 1981-1985 were used by the
UA1 [1] and UA2 [2] experiments to determine the production cross sections of the W
and Z bosons. A data sample eight times larger, corresponding to an integrated
luminosity of 7.8 pb™! at a centre of mass energy Vs = 630 GeV, was collected by the
upgraded UA2 detector during the 1988 and 1989 runs of the CERN pp Collider at
peak luminosities of up to 3 x 100 ¢m2s7L, This was used to calculate more precise
values of the W and Z productlon CTOSS sections times branching ratio O'W o(pp > W
+ X)»BR(W — ev) and (‘IZ o(pp = Z + X)-BR(Z — e'e"), giving a more significant
comparison with theoretical prcdlctlons, including full QCD corrections to O(ag) [3]
and partial corrections to 0((15) [4].

Many of the systematic uncertainties (both experimental and theoretical) which
contribute to the individual cross sections 0\% and oﬁ are common. Hence it is of great
interest to measure the cross section ratio [5]. This ratio can be expressed in terms of
simpler quantities which can be evaluated in the context of the Standard Model (SM) :

Ow _Ow  [Woev) L2
o5 of (W) T(Z - ee")

where Oy (07) is the total cross section for W (Z) production and the I'’s are the total
and partial widths for boson decays. In this expression, the ratio of total cross sections
and the partial widths depend on the basic gauge structure of the SM and are not
sensitive to the particle content of the theory. The major uncertainty in these factors
arises from the measurements of the parton distribution functions needed to compute
the total cross sections. The total widths involve summing over all possible decay
modes of the W and the Z, and are therefore sensitive to any non-standard decays of the
bosons (regardless of whether or not they are observable).

R =

In the past, this information has been used to place limits on the number of light
neutrino generations [6]. Recent measurements by experiments at e*e” colliders [7,8],
have now fixed the total Z width with relatively high precision, allowing R to be used
to make a precise, albeit indirect, measurement of the total width of the W. This width
is sensitive to the mass of the top quark (myop) if meop + mp < My, where mp, is the
mass of the b quark. It has the advantage that it is independent of the manner in which
the top quark decays, whereas the direct top quark searches at hadron colliders assume
that the value for the branching ratio BR(t - bev) is 1/9 as given by the SM. These
direct scarches by UA2 [9] and CDF [10] now exclude at the 95% Confidence Level a
top quark with mop < 69 GeV/c% and myop < 77 GeV/c? respectively. More model
independent analyses of SLC [11] and LEP data [12] suggest that miop > Mz/2
independent of the decay modes of the top quark. Thus if the observed value for R is
significantly below that expected for a heavy top quark (mtop > My), this would



indicate a larger total W width, possibly arising from the W decaying into a top quark
with suppressed semi-leptonic branching ratios.

In Section 2, a brief review of the upgraded UA2 detector is given. In Section 3,
the electron and neutrino identification are explained. In Sections 4 and 5, the W — ev
and Z — e*e” samples are discussed and the measured cross sections are given. In
Section 6, the cross section values and the ratio R are compared with QCD predictions
and a value of ['(W) is deduced. The significance of these results in the context of the
SM is discussed.

2. UAZ APPARATUS

The UA2 detector was upgraded during the period 1985 to 1987. Details of the
construction and performance of the various detector elements can be found in the
references given below. Only the main features relevant to this analysis will be
summarised here. They are :

i. increased calorimeter coverage to improve the measurement of the missing
transverse momentum,
ii. a new central detector providing better electron identification,
iii. a three-level trigger system to handle the high event rates resulting from the high
machine luminosity.

2.1 Calorimetry

A longitudinal view of a quadrant of the UA2 detector is shown tn Fig. 1. The
central calorimeter [13] was retained with minor modifications. It covers the full
azimuthal range, 0° < ¢ < 360° and polar angles 40" < 8 < 140", Each of the 240
electromagnetic and hadronic cells subtends 10° in 8 and 15° in ¢. The electromagnetic
part is a multi-layer sandwich of lead and scintillator, 17 radiation len gths (r.1.) thick,
while the hadronic part, consisting of two compartments, is an iron-scintillator
sandwich, giving a thickness of 4.5 absorption lengths, including the electromagnetic
compartment. In order to increase the radial space available for the new central detector,
the thickness of the edge cell electromagnetic compartments was reduced. These edge
cells cover the polar angles 40° < 8 < 50° and 130" <6 < 140".

The forward calorimeters (end caps) [14] cover the pseudorapidity region
1 < In! < 3. Each end cap consists of 12 modules and each module is segmented into
16 cells. In a given module the two cells closest to the beam axis (2.5 £inl € 3.0 and
2.2 <l £ 2.5) cover 30° in azimuth. The other cells have a constant segmentation of
A = 15°, An = 0.2. All the cells in the pseudorapidity interval 1.0 <inl < 2.5 have one
electromagnetic and one hadronic compartment. The electromagnetic compartment isa
multi-layer sandwich of lead and scintiliator, with a total thickness varying from 17.1 to



24 .4 r.1. depending on the polar angle. The hadronic compartment is a multi-layer
sandwich of iron and scintillator corresponding to ~ 6.5 absorption lengths, including
the electromagnetic compartment. Each compartment is read out via two wavelength
shifting plates placed on the opposite sides of each cell, introducing a dead space
between adjacent cells of 7 mm for the electromagnetic compartments and of 13 mm for
the hadronic ones. To minimise the effect of these dead spaces each module is rotated
by 50 mrad around its symmetry axis normal to the beam.

Clusters of deposited energy were formed in the calorimeters by joining all cells
with an energy greater than 400 MeV sharing a common edge. Clusters with a small
lateral size and a leakage into the hadronic compartments consistent with a shower from
a single isolated electron as measured from test beams were marked as electromagnetic.
The condition that the cluster has a small lateral size was applied by calculating cluster
sizes Rg and R¢. The cluster size Rg (R¢,) is defined as the energy weighted r.m.s.
deviations of the 6 (¢) values of the cell centres for all cells in the cluster. The condition
applied, Rg, R¢y < 0.6 cell units, was fully efficient for isolated electrons. The
requirement on the hadronic leakage was different in the three calorimeter regions
because of the variation in the thickness of the electromagnetic compartments. The
response of the calorimeter to hadronic showers depends on the energy fraction carried
by photons. An average correction factor was defined for each compartment of the
calorimeter and applied to the observed energies in hadronic showers in order to
compensate for the difference in response. The factors applied to the electromagnetic
cells were 1.18 in the central calorimeter and 1.20 in the end caps. In addition, a factor
of 1.06 was applied to the second hadronic compartment in the central calorimeter to
account for energy leaking through the back of the calorimeter.

2.2 Central Detector

The layout of the central detector is shown in Fig. 1. Around the beam-pipe, at
radii of 3.5 ¢cm and 14.5 c¢m, are two arrays of silicon counters (SI) used for tracking
and ionisation measurements [15]. Between the two is a cylindrical drift chamber with
jet geornetry (the Jet Vertex Detector or JVD) [16]. After the inner tracking detectors is
the Transition Radiation Detector (TRD) [17], consisting of two sets of radiators and
proportional chambers. The outermost of the central detectors is the Scintillating Fibre
Detector (SFD)[18] which consists of fibres arranged on cylinders into 6 stereo triplets
followed by a 1.5 1.l thick lead converter covering the central calorimeter, and a further
2 stereo triplets used to localise the early development of electromagnetic showers
initiated in the lead converter ("preshower detector™).

Charged tracks and the position of the event vertex along the beam axis were
reconstructed using the SFD in conjunction with the silicon hodoscopes and the JVD.
During high lurninosity running there was a significant probability for the occurrence of
more than one interaction in the same bunch crossing. Therefore the vertex finding



program searched for up to three vertices per event. The inefficiency for finding the
highest multiplicity vertex, given that an electron track had been found, was negligible
for vertices within 250 mm of the detector centre. Beyond 250 mm, the efficiency
decreases mainly due to the limited acceptance of the inner silicon detector. Vertices
beyond 250 mm were therefore rejected. The fraction of vertices inside this cut was
measured to be €y = 94.3 £ 0.5%. The vertex finding inefficiency for events in which
the W was not produced at the highest multiplicity vertex was not negligible, and an
additional correction factor of 98.7% was applied to account for this effect.

The tracking and preshower sections of the SFD were used to match candidate
electron tracks with the position of electromagnetic preshowers with a resolution of
or¢ = 0.4 mm in the r-¢ plane (perpendicular to the beam axis) and 0z = 1.1 mm along
the beam direction. The quality of a track-preshower match was defined by the variable
d3 = (Ar¢/0r¢)2+(az/csz)2 where Arg, Az are the measured displacements between the
track and preshower positions. The distribution of d% for a sample of central electrons
from W — ev events is shown in Fig. 2(a). Accidental overlaps between photon
showers and charged tracks give large values of d% , while electron candidates were
required to have d3 < 25 and a preshower cluster with a charge, detected in each of the
three stereo views of the preshower detector, of at least twice that expected from a
minimum ionising particle (MIP). A study of the background processes shows that for
the sample shown in Fig. 2(a) the non-Gaussian tails beyond the cut of dé < 25 are not
due to background but arise from a combination of shower fluctuations and systematic
uncertainties in the track and preshower reconstruction.

2.3 Forward Detectors

In front of the forward calorimeters in the pseudorapidity range 1.1 <l < 1.6
tracking and preshower information is provided by the End Cap Proportional Tubes
(ECPT) [19], which consists of 16 modules (A¢ = 45° each) of proportional tubes. In
each module a stereo triplet behind a ~ 2 r.I. thick lead converter acts as a preshower
detector, while two triplets in front of the converter act as tracking chambers. The
resolution for the track-preshower match is S mm in each direction. The matching
between tracks and preshower clusters for the ECPT is shown for a sample of W — ev
events in Fig. 2(b). Candidate electrons were required to have a preshower cluster with
d% < 16 and a charge greater than 20 MIP [19].

2.4 Trigger System

The trigger system consists of three levels, based on calorimeter information and
signals from the Time of Flight counters (TOF, see Fig. 1) which were used to
generate a minimum bias trigger signal. An outline of the trigger system is given below
and more details can be found in Ref. {20].



i. The first level electron triggers used analogue sums of the signals from the
photomultipliers of the electromagnetic calorimeter cells up to Inl = 2. The single
electron trigger required a cluster of transverse energy deposition Ep > 10 GeV in
any matrix of 2 x 2 adjacent cells in the electromagnetic calorimeter. The electron
pair trigger required the simultaneous presence of two such clusters above a
threshold of Ep = 5 GeV, separated in azimuth by at least 60°. At a luminosity of
2x 103 cm™2 57!, the rate of the single electron ( electron pair) trigger was 15 (7)
Hz.

ii. At the second level, electron and jet clusters were reconstructed in a fast processor
using pedestal subtracted and gain corrected information from a fast digitisation of
the calorimeter cell signals. Candidate electron clusters were required to have
small lateral dimensions and small leakage into the hadronic calorimeter as
expected for an isolated electron cluster. This reduced the rate of single electron
(electron pair) triggers by a factor of 7 (12).

1ii. At the third level, a pool of processors was used to perform the complete
calorimeter reconstruction using the full calorimeter digitisation and a complete set
of calibration constants. This enabled stricter cuts to be made on the cluster
profiles for electron candidates and to reduce the rate for electron triggers to below
1 Hz at a luminosity of 2 X 10°® cm™ 571 The third level processors were also
used to make an approximate estimate of the transverse momentum balance of the
event, p... In general, W — ev events have high pr neutrinos which give rise to
large values of p.p,, while background processes tend to give small values of Pr-
Therefore an estimate of p.. was used in the selection of the W — ev sample. The
value of p,. was estimated online as the transverse component of the momentum
balance

- -
i rlgw = (X Ecel] UcelDT

where Ecej is the sum of the electromagnetic and hadronic compartment energies
measured in each cell, corrected to account for the diffcr_?nt response of these
compartments to electromagnetic and hadronic showers, u ce] is a unit vector

from the centre of the detector to the cell centre, and the sum extends over all
calorimeter cells.

Two principal data samples were used in this analysis. The first sample (the "W
sample") required an event to contain an electromagnetic cluster passing the third level
cuts as well as a missing transverse momentum Isgaw > 15 GeV/c. The cluster was
required to have a transverse energy above 15 GeV, measured in the electromagnetic
compartment only. The second sample (the "Z sample") consisted of events containing

two electromagnetic clusters with ET > 5 GeV both passing the third level electron cuts.



In addition the invariant mass of the pair of electromagnetic clusters was required to be
above 25 GeV/c2.

A third sample (the "inclusive electron sample”) was based on data taken with a
single electron trigger with a lower transverse energy threshold than for the W trigger.
This sample was used to estimate the background contamination in the W sample.

In addition to the electron triggers discussed above, other triggers were employed
which did not have the primary aim of selecting electrons. As a cross-check on the
electron trigger and analysis, an independent estimate of ov?, was made using events
from the missing transverse momentum trigger [21]. At the first level the pT trigger
used a purpose-built fast electronics module to select events with large missing
transverse momentum [22].This selection was refined at the second level and at the
third level events were selected with p7** > 20 GeV/e.

For 54% of the data taken the minimum bias trigger signal from the TOF counters
was used in coincidence with the electron triggers described above. The efficiency of
the TOF signal for W — ev events was measured from the data taken without the TOF
coincidence to be 97.1 £ 0.7%.

2.5 Luminosity

The lurninosity was measured using eight scintillator telescopes at small angles to
the beams, four on each side of the detector. These were formed by pairs of scintillation
counters, 8 m and 10 m from the interaction point. Each pair of scintillation counters
was read out in a tight timing coincidence, which was sensitive only to particles
travelling outwards from the interaction region at the time of nominal beam crossing.
The accumulated rates of these coincidences were used to compute the integrated
luminosity using an algorithm which accounted for the effects of multiple interactions.
The relative acceptance of this system compared to the TOF counters was measured
from minimum bias data. The acceptance of the TOF counters was measured from data
for which the detector readout was triggered by the beam crossing. The cross section
seen by the system was computed by rescaling the measurement of the total cross
section at Vs = 546 GeV [23] to Vs = 630 GeV, and subtracting elastic and single
diffractive contributions.

The measured total luminosity accumulated by UA2 was 7.8 pbl. After removing
data where not all of the detectors relevant to this analysis were functioning the useful
luminosity was 7.4 + 0.4 pb~!, where the error is dominated by a 2.3% uncertainty on
the acceptance of the luminosity telescopes and a 4.7% uncertainty on the total cross
section.



The experimental value of the total cross section [23] depends on the ratio of the
real to imaginary part of the forward scattering amplitude, p. The value of p measured
by the UA4 experiment, p = 0.24 £ 0.04, was used [24]. If instead one would use the
value of p expected from dispersion theory, p = 0.15 [25], the luminosity would have
to be decreased, and the cross sections reported in this paper increased by 3.6%.

3. ELECTRON AND NEUTRINO IDENTIFICATION

In this section the electron and neutrino identification are explained. Estimates of
the electron efficiency and the resolution of the neutrino transverse momentum
measurement are discussed.

3.1 Electron Identification and Efficiencies

The effects of the calorimeter electron selection applied in the second and third level
trigger were studied for isolated electrons using electron test beam data. The energy
leakage into the hadronic compartments was different for electrons hitting the shortened
edge cells of the central calorimeter, the remaining cells of the central calorimeter and
the end cap calorimeters. Therefore the efficiencies were measured separately for the
three different regions and the results are shown in Table 1. The main loss of efficiency
was for electrons impinging on the central calorimeter near an inter-cell boundary which
tend to produce a larger leakage into the hadronic compartments. To exclude electrons
with impact points near the edges of the central calorimeter where the showers would
not be well contained, a fiducial volume cut was applied for the edge cells rejecting the
electrons outside the region 42° < 8 <138°. In the forward regions, a fiducial volume
cut was used to exclude a 30 mm wide region near the inter-cell boundary of constant
azimuth where the electron selection efficiency was much lower.

Particles produced in association with the W (the "underlying event") can spoil the
electron signature. This effect was studied by mixing data from test beam electrons
with the underlying event from identified W — ev events. The resulting relative
efficiencies to pass the electromagnetic cluster requirements are shown in Table 1. The
effect is larger in the forward calorimeters because the energy flow per unit rapidity
from the underlying event is larger than in the central region.

The lateral and longitudinal profiles of the shower were required to be consistent
with those expected for a single isolated electron incident along the track direction as
determined from extensive test beam data. From the observed and expected quantities
and their estimated errors, a 2 test for the electron hypothesis was defined. Since most
of the experimental distributions have significant non-Gaussian tails, P(%2) is not a true
%2 probability but must be considered as a quality factor. Electron candidates with
P(x%2) < 10"* were rejected. The surviving candidates were also required to have a
preshower signal matching the track within the tolerances given in Sections 2.2 and



2.3. The efficiency of these cuts was measured from the data themselves; kinematic
cuts were used to select a W — ev sample with negligible background and the
efficiencies were measured by releasing the cuts one at a time. The results are given in
Tables 1 and 2. The electron energy was corrected for the impact point dependence of
the calorimeter response and the energy lost in the preshower detector as determined
from test beam data.

3.2 Neutrino Identification

The neutrino transverse momentum was estimated offline by the transverse
component of the momentum balance

-

- -
Py =Br == S~ Ecell Veelr

where ?cell is a unit vector from the interaction vertex to the cell centre and f;.er is the
electron transverse momentum corrected for the impact point. The sum extends over all
cells in the calorimeter excluding the cells hit by the electron. The resolution on p¥ was
studied using minimum bias and two-jet data in which high energy neutrino emission is
not expected, allowing the observed value of the total missing transverse momentuom to
be used as a measure of the p¥ resolution. The distribution of . for minimum bias data
has the form [21]

A0 exp [
de

where the parameter A depends upon the total transverse energy in the event, Er, and is
well parameterised by A = OL(ET)B with o = 0.8 and B = 0.4. No significant non-
Gaussian tails are present above p. values of about 4 A which makes it straightforward
to extract a very clean signal for W — ev (see Section 4).

4. W SAMPLE AND CROSS SECTION

The electron selection (Section 3.1) was used to determine a value for c\% (Section
4.1). As a cross-check on this analysis, a value of 0&‘, was determined from a missing
transverse momentum analysis (Section 4.2).

4.1 Electron Analysis

In order to determine suitable kinematic cuts to select a clean W sample, data from
the 1988 inclusive electron sample corresponding to an integrated luminosity of
2.8 pb~! were used. Only electron candidates with a transverse momentum PT > 20
GeV/c were retained. The distribution of PT for this sample is shown in Fig. 3. A clear
Jacobian peak from W - ev is visible at large p¥ whereas the region of low pT is
dominated by fake electrons from QCD background. To estimate this background under



the W signal, its shape was measured using a sample of events with electromagnetic
clusters. This sample was dominated by y’s from the decay of high pr #°’s, and was
used because Y’s have a similar calorimeter response compared to electrons. The pT
distribution of this sample was normalised to that of the electron sample for pT < 10
GeV/c, where the electron sample is dominated by QCD background, and was used as
a measure of that background (see Fig. 3). From this the fractional QCD background
above P‘r > 20 GcV/c was estimated to be ~ 1%. It was found that the residual
background above PT > 20 GeV/c tended to peak at low values of the transverse mass
mq defined as

mr=V2p§ pY (1-cosdev)

—}V

where Adey, is the angle between E).% and p 1. Therefore the final kinematic selection for

the W sample was :
i. py >20GeVre,
.- \%
ii. pr >20GeV/,
iil. mp> 40 GeV/c2

After this selection, the QCD background was found to be much less than 1% and
was therefore neglected in the subsequent analysis. The W trigger stream was used to
extract the W — ev signal corresponding to the full data sample. After applying the
kinematic cuts (i)-(iii) above, the trigger thresholds used caused no additional loss of
efficiency except in the central edge cells where the thickness of the electromagnetic
compartment was reduced. For the central edge cells, the efficiency of the trigger
thresholds on electrons from W —» ev passing the kinematic selection (i)-(iii) above was
measured to be 96.1 + 1.8% using data taken with the inclusive electron trigger
(Section 2.4). The distributions of p% and P’¥ are shown in Fig.4 for central electrons.
Kinematic effects result in broader distributions for forward electrons as can be seen in
Fig. 5.

The measured cross section is determined from the equation
Nw - Ng

9] =
W enlL

where Ny is the observed number of W events, Ny is the contribution from W — Tvq
followed by the decay T — € Ve v, N is the acceptance of the geometrical and kinematic
selections, € is the overall electron detection efficiency, and L is the integrated
luminosity. The acceptance 1 was calculated using a Monte Carlo program which
generated W or Z bosons according to the py and rapidity distributions of Ref. [3].
The Monte Carlo accounted for the effects of the event vertex distribution and for the



precise geometry of the tracking, preshower and calorimeter detectors. A
parametrisation of the electron resolution as a function of track impact point based on
test beam data was used. A simple model was used for the p¥- resolution, based on the
transverse momentum balance in minimum bias, two-jet and Z — e*e” data. More
details of the simulation are given in Ref, [26]. The Monte Carlo was also used to
calculate the contribution from W — 1 v¢ with the subsequent decay T — € ve V1. The
uncertainties on the acceptance were estimated by varying the structure functions, the
p\%v distribution and the calorimeter energy scale. The largest uncertainty was due to the
structure functions because these affect the rapidity distribution of the W. The
differences between the structure functions produce a larger variation in the forward
regions than in the central region. The resulting cross sections for the three calorimeter
regions are given in Table 3.

Since the results for the three calorimeter regions are in good agreement, they can
be combined to give a best estimate of the W cross section using weights proportional
to the product of efficiency and acceptance for each region; the errors were calculated
using the procedure explained in Section 6 :

Oy = 660 £ 15(stat) + 37(syst) pb.

This procedure is also used to evaluate 0‘% and is more reliable for combining
results from small event samples than the use of weights proportional to the number of
observed events. The result is slightly larger than the values published previously
[1,2], but is consistent within the statistical and systematic errors.

4.2 W Sample from the Missing pr Analysis

As a cross-check on the electron analysis, an independent estimate of 0'\% for the
central non-edge region was obtained using the missing transverse momentum
signature of W — ev decays, without using the electron identification criteria described
above. Events were selected from the p.. sample (see Section 2.4). The W — ev signal
was statistically separated from the background processes by the study of cluster shape
variables probing the lateral and longitudinal development of showers in the non-edge
cells of the central calorimeter. No information from the tracking or preshower
detectors was used and therefore there were significant backgrounds from QCD two-jet
events and from beam halo particles hitting the calorimeter. QCD jets give rise to larger
clusters with more leakage into the hadronic compartments than electrons. Clusters
arising from beam halo tend to be elongated along the beam direction. Therefore the
following three variables were defined to separate the signal from these two
background sources :

i. the electromagnetic energy fraction in the cluster fgy = Egm/E, where Egy (E) is
the electromagnetic (total) cluster energy,

10



ii. the lateral cluster profile P, = (E + E;)/E, where E; and E, are the two highest cell
energies in the cluster,

iii. the cluster radius asymmetry AR = (Rg — Rg)/(Rg + R¢), where Rg and Ry are
the cluster radii along the 8 and ¢ directions as defined in Section 2.1.

The variables gy and Py provide good discrimination between the electron signal
and the QCD background, whereas Ag discriminates between signal and beam halo
background. For each of the three variables the p. sample was fitted to a combination
of signal, QCD background, and beam halo background, and hence three estimates of
the electron signal were evaluated. The three fits produced compatible results, giving
confidence in the procedure. The systematic error in the fit procedure accounts for the
differences in the fit results for the three variables used and for uncertainties in the
signal and background probability distribution functions used. The contribution from
W — 1 v with the subsequent decay T — e ve v is estimated to be 2% in this
analysis, and is neglected. The result

Oy = 636 + 27(stat) T5(syst) pb

agrees well with the one quoted above from the electron analysis. The systematic error
is dominated by the uncertainties in the calorimeter cluster shape variable analysis and
the luminosity. The uncertainty on the luminosity is correlated with the error on the
value of 0@ from the electron analysis (Section 4.1).

A more powerful comparison can be made by performing the calorimeter cluster
shape analysis on an event sample with the W — ev events identified by the electron
analysis removed. The signal found in this way was used to measure the inefficiency of
the electron selection. The errors on the acceptances and efficiencies related to the
cluster shape variable analysis approximately cancel, and the result for the overall
efficiency to identify an elecron in a W — ev event was found to be
63 * 1(stat) f%(syst) %, in good agreement with the value obtained in the electron
analysis 64 X 1(stat)  1(syst) %.

5. Z SELECTION

The sample of events containing at least two electromagnetic clusters satisfying the
third level Z-trigger requirements (Section 2.4) with invariant mass mee greater than
40 GeV/c? has been used to evaluate the cross section c% for the process Z — e*e ().
When there was a third electromagnetic cluster in the event with a transverse energy
greater than 5 GeV, it was included in the invariant mass calculation, thereby retaining
candidates for the decay Z — e*e™y. The me, distribution (Fig. 6) shows a clear peak at
the Z mass while at lower mass values it is dominated by two-jet events from QCD
producton, with a small contribution of Drell-Yan pairs. Two different fits were made
to the mass spectrum for use in the calculation of the QCD background under the Z
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peak. The first fit used a superposition of a Gaussian resonance and a background with
the form A mee™B and the fit range was 40 < mge < 160 GeV/c? (solid line in Fig. 6).
The second fit used the range 40 < mee < 70 GeV/c? and contained only the
background term (dashed line in Fig. 6).

The requirement that at least one cluster satisfies the electron selection criteria
described in Section 3.1 reduces the sample to the one shown in Fig. 7. The rejection
factors of the electron cuts in the central, edge and forward regions were calculated
from the reduction of events in the background mass region. Since the background
levels and the selection efficiencies are different in the three calorimeter regions, the six
sub-samples of electron pair candidates resulting from the combinations of the three
different regions have been treated separately throughout the analysis.

The QCD background under the Z peak was estimated by extrapolating the fitted
background distribution of Fig. 6 under the Z peak and applying the rejection factors
calculated for the electron selection criteria. For the sample shown in Fig. 7, it is in the
range 5% to 20%, depending on the sub-sample, too high to allow an accurate
measurement of the signal. On the other hand, the requirement that both clusters satisfy
the standard electron selection, while reducing the background to less than 0.5%, has
an efficiency which is of the order of 50%. However, a more efficient selection is
possible because of the increased rejection of the electron pair signature. Since the
majority of electrons from Z decays are in the central region, where the rejection of the
UAZ2 detector is observed to be higher than in the forward regions, looser requirements
have been studied for central electrons in order to increase the selection efficiency. As
shown in Table 2, a large fraction of the inefficiency results from the tracking and
preshower requirements. In order to recover events lost because of the track
inefficiency, electron candidates were required to have at least 10 hit fibre layers (out of
a total of 18) in a +2.5 mm window in front of a preshower cluster. Similarly, electron
candidates rejected because of the internal matching requirements for preshower
clusters [18] or failing the tight track-preshower matching were recovered by selecting
tracks accompanied by a charge greater than twice that expected from a minimum
ionising particle in the 6 fibre layers of the preshower detector in a £2.5 mm window
around the extrapolated track position in the preshower layers. The requirement that a
central electron pass either the standard or the looser track-preshower matching has an
efficiency of 97.1 £ 0.5(stat) + 0.6(syst) %, as measured from a background-free W
sample. The rejection against the QCD background is reduced by a factor of three,
relative to the standard electron selection, The QCD background was estimated using
the two fits discussed above. The average value of the two fits was used and the
difference was used as an estimate of the systematic error.

The final Z sample was obtained by requiring events in which at least one cluster

satisfied the standard electron cuts and a second cluster which satisfied either the
standard or the looser selection criteria. The final sample contains seven events with
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three electromagnetic clusters of which none has the third cluster satisfying the electron
criteria. These events are all compatible with the radiative decay hypothesis. The
comparison of these events with the SM expectations is outside the scope of the present
paper. The invariant mass distribution of the final Z sample is shown in Fig. 8.

The number of events and the QCD background in the region 76 < mee <
110 GeV/c? are summarized in Table 4 for the six sub-samples, together with the
acceptances as determined from the same Monte Carlo program used for the W — ev
process. The contribution from single photon exchange and y*Z interference terms in
the same mass region is 1.65 %. The values of oez for each sub-sample, also shown in
Table 4, are determined from

(1A

Gez = (Nz-Ngcp) * en L

where Ny is the number of Z candidates, Nocp 18 the number of QCD background
events, fy* is the relative contribution from single photon exchange and y*Z
interference terms, € is the efficiency, N is the acceptance, and L is the integrated
luminosity. The results for the six regions are in good agreement and were combined
with the same procedure used for G\% (Section 4) to give

oy = 70.4 * 5.5(stat) + 4.0(syst) pb.

If the mass window is increased to 70 < mee < 160 GeV/c?, the value of o changes by
less than 0.5%. The result is in good agreement with the previous measurements {1,2].
There are 54 events in the mass interval 40-70 GeV/c?, which is in good agreement
with the expected 24 + 2 Drell-Yan events plus 32 + 5 QCD background events. As
indicated in Fig. 8, one event with mee = 278 GeV/c? is in the final Z sample. The
expected number of Drell-Yan pairs with masses greater than 160 GeV/c? is
0.3 events.

6. COMPARISONS WITH SM PREDICTIONS

The measured values for 6\% and ocz can be compared with the SM predictions. In
order to perform these comparisons, the following ingredients have been used :

i. calculations of the partial widths for all W and Z decays expected to occur in the
SM. When there are quarks in the final state, O(otg) QCD corrections have been

applied, including the effect of non-zero masses for the t and b quarks [27],

ii. the total W and Z cross sections calculated at three different perturbative orders :
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- Born level,
- including the O(as) QCD corrections [3],
- including a partial calculation of the O(oc%) corrections [4].

The theoretical predictions depend on a small number of basic parameters. The
value for o5 was computed using AQep from the parton distribution functions and a
scale Q% = M\%, (M%) for the case of the W(Z). The Z mass, computed from a weighted
average of LEP [8] and SLC [7] results, was taken to be 91.15 GeV/c2. The recent
UA2 value of My/Mz [28] was used to compute the weak mixing angle sin2Oy =
0.220 and to derive the W mass, My = 80.5 GeV/c2. A serious uncertainty arises
from the parton distribution functions [29]. Several recent sets were chosen to provide
a plausible estimate of the uncertainty. The standard set was DFLM with Agcp = 160
MeV [30], which has been evaluated using next-to-leading order QCD calculations and
the DIS regularisation scheme. Two alternative sets MRSE' and MRSB'[31] obtained
from next-to-leading order QCD calculations performed in the MS scheme were also
used. The cross section calculation correctly accounts for the regularisation scheme
dependence. The comparison of the SM prediction for 0'\% with the data is shown in
Fig. 9. The dependence of the prediction on myqp arises from the change in the total
width of the W as the W — tb decay channel becomes kinematically suppressed. It is
apparent that the parton distribution function uncertainties are large but there are
additional uncertainties due to the QCD corrections. The O(cs) correction to the total
cross section amounts to an increase of 30% and partial calculations of the O(ag)
corrections [4] indicate an additional increase in the cross section by 10%. The
measurements are inconsistent with the pure Born level cross sections but are not
sufficiently precise to distinguish between the O(¢g) and the O(a:';) QCD corrections.
Despite these ambiguities, the measurement agrees with the SM expectation with a
heavy top quark and agrees rather poorly with the expectation for a light top quark.
However, no quantitative conclusion on the mass of the top quark can be made because
of these ambiguities, including the uncertainty on the incomplete O(ad) QCD
corrections.

A similar comparison for 0% is made in Fig. 10. The measured value of 0‘% is in
good agreement with the SM prediction.

The results for c\% and 0% were used to calculate a value for the cross section ratio
R. In order to propagate the errors correctly, a simple Monte Carlo technique was used.
The procedure generated Monte Carlo "experiments" using Poisson statistics for the
observed number of events. The parts of the systematic error that were of a statistical
nature were generated from Gaussian distributions and the remaining parts were
generated from a uniform box distribution. The procedure correctly took into account
the parts of the systematic error such as the luminosity that are fully correlated between
G&, and 0% and the parts that are partially correlated such as the electron efficiencies.
The result is
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R =9.38 *382(stat) + 0.25 (sysv).

After combining the statistical and systematic errors the 90% confidence interval
forRis

82<R<109.

The result is compared to the SM predictions in Fig. 11. Most of the theoretical
uncertainties, including the effect of the higher order QCD corrections, are expected to
almost completely cancel [4,32] in this ratio. The uncertainties on the absolute values of
the structure functions cancel and the residual uncertainty is due to the lack of
knowledge of the ratio of the valence structure functions uy(x)/d(x). The
parametrisations [31] take into account a reasonable variation of this ratio by
considering all the available data, including the preliminary measurement of uy(x)/dy,(x)
by the NMC collaboration [33). From Fig. 11 the measured value of R is compatible
with the heavy top quark hypothesis but the experimental error on R is too large to
exclude a light top quark.

Finally, within the context of the SM, it is possible to use the observed value for R
to extract a value for the total W width. Using the values for My, and Mz quoted above,
the ratio of the widths can be determined from the equation

rW) _ow I(Woev) 1
I'z)y o7 T(Z-oe'e) R

where the first two factors of the right hand side do not depend on the value assumed
for the top quark mass. The uncertainties on the first two factors have been investigated
by varying the parton distribution functions and changing the value of sin?@y from the
value determined by UA2 [28] to the world average value determined from low energy
neutrino experiments [34] while keeping My fixed. The results are shown in Table 5
below. After computing the 68% confidence interval for the measured value of 1/R, and
using the first value given in Table 5, the ratio of the widths is

I'(W)/T(Z) = 0.902 + 0.074(stat) + 0.024(syst)
where the systematic error reflects the experimental uncertainties only. A value for
I'(W) can be deduced using the weighted average of SLC [7] and LEP [8] resuits for
the Z width, I'(Z) = 2.546 £ 0.032 GeV. This leads to
(W) = 2.30 % 0.19(stat) + 0.06(syst) GeV
where the errors reflect the experimental errors only. If the theoretical uncertainties are

reflected in the variations given in Table 5, they correspond to < 50 MeV/c? uncertainty
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on I'(W). This value is in good agreement with a recent determination using an
equivalent method by the CDF collaboration [35]. In the SM the width of the W is
expected to decrease from 2.8 Gev 10 2.1 GeV as myqp is increased from zero to My
The measured value is in agreement with the SM expectation in the case of a heavy top
quark, and is inconsistent with a light top quark. At the 90% (95%) Confidence Level
(W) < 2.56 GeV/c? (2.64 GeV/c?).

7. CONCLUSIONS

Results for the W and Z production cross sections times branching ratio to
electrons have been presented from large samples of W — ev and Z — e*e” events
accumulated by the upgraded UA2 detector. The measured value of c,;- is in good
agreement with the Standard Model (SM) expectations for the case of a heavy top quark
but in poor agreement with the case of a light top quark. The measured value of 0% is
also in good agreement with the SM expectations. The measured value of the cross
section ratio R agrees with the SM prediction using three generations of light neutrino
species. The value of R was used to determine the total width of the W to be '(W) =
2.30 £ 0.19(stat) = 0.06(syst) GeV. :
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Efficiencies of the calorimeter electron selection (%) for the three calorimeter regions.

Table 1

Central Central Forward
Non-Edge Edge Cells
Efficiency for 92.6 + 09 935+£25 9921038
isolated electrons
Effect of W 99.0 £ 0.5 98305 963+0.38
underlying event
Electron Quality 951+ 1.2 9421+34 0939+%22
P(x2> 10
Overall Calorimeter 8721 1.5 86.6+39 897123
Efficiency
Table 2

Track and preshower efficiencies (%) for the two tracking regions.
The first error is statistical and the second error is systematic.

Central Forward
Track Efficiency 90.6 + 0.8 +08 96.1+1.2+33
Combined
Track-Preshower 79609+ 1.0 914+19+13
Efficiency
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Table 3

Calculation of G‘% for the three calorimeter regions. The first error on c‘g’, is
statistical and the second error is systematic.

Acceptance 7 background Number of °'$v
(%) Events Events (pb)

Central 445+ 1.7 534+ 14 1406 645 £ 18 + 38
Non-Edge '
Central 8.5+£04 10.3£0.3 270 676 £43 + 48
Edge cells
Forward 89+08 120+ 1.1 365 710£39£55
Combined 2041 660 £ 15 + 37
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Table 4

Calculation of O'CZ. The abbreviations Ce (central calorimeter non-edge cells), Ed
(central calorimeter edge cells), and Fd (forward calorimeter) are used. The first
€rTor on 0% is statistical and the second error is systematic.

Acceptance QCD Number of 0’%
(%) Background Events (pb)
Events

Ce-Ce 20.6 £ 0.5 0.32 £0.08 65 656+ 8.5+4.0

Ce-Ed 94104 0.66 + 0.14 36 7931+ 134+£52

Ce-Fd 13.8+0.5 0.44 £0.12 48 720+ 10.6 £ 4.6

Ed-Ed 1.1£0.2 0.26 £ 0.16 3 522+328+79

Ed-Fd 29+02 0.50 £ 0.14 11 768239158

Fd-Fd 1.8£0.5 0.21 £0.07 6 67.8 2771121
Combined 2.39+0.30 169 704+ 55+ 40
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Table 5

Dependence of the measured ratio of widths F'(W)/T'(Z) on the input assumptions. The
parton distributions and weak mixing angle have been varied, as discussed in the text.

Parton $in%0,y source Sw ITW o ev) )
distributions | value Oz I'(Z - ee?) r@)
DFLM 0.220 UA2 [26] 3.116 2717 0.902
MRSB' 0.220 UAZ2 [26] 3.080 2.717 0.892
MRSE' 0.220 UA2[26] 3.172 2.717 0.919
DFIL.M 0.231 DIS [33] 3.207 2.683 0.917
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FIGURE CAPTIONS
Schematic longitudinal view of the UA2 detector showing one quadrant.

Distribution of the normalised track-preshower match dé for electron
candidates (a) in the central detector, and (b) in the forward detectors.

Distribution of p¥ from the partial inclusive electron trigger sample. The
dashed curve is the estimated QCD background (see text).

Transverse momentum distributions for events with electrons in the central
calorimeter (edge and non-edge cells combined).

Transverse momentum distributions for events with electrons in the forward
calorimeters.

The invariant mass spectrum for electron pair candidates satisfying the
calorimeter electron selection criteria. The curves show the result of the fits
explained in the text.

The invariant mass spectrum for electron pair candidates satisfying the
calorimeter electron selection criteria and at least one cluster satisfying the full
electron selection criteria.

The invariant mass spectrum for the sample with two clusters satisfying the
full electron identification criteria. One event has mee = 278 GeV/c2.

Comparison of the measured 0'\2 with Standard Model predictions as a
function of myqp. The shaded band represents the 16 confidence interval,
combining statistical and systematic errors in quadrature. The three solid
curves indicate the results of the cross section calculations described in Section
6, using the DFLM parton distribution functions. The upper dashed curve uses
the MRSB' parametrisations, while the lower dashed curve uses the MRSE'
parametrisations.

Fig. 10 Comparison of the measured ccz with Standard Model predictions as a function

of Myop. The curves have the same meaning as those shown in Fig. 9.
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Fig. 11 Comparison of the measured ratio R with Standard Model predictions as a
function of mqp. The shaded band represents the 1o confidence interval; the
hashed region is excluded at 90% confidence level. The lower solid curve
corresponds to the predicted value using the DFLM parton distribution
functions and assuming three light neutrinos. The thickness of this line
represents the variation observed between the Born, O(ag), and O(ag)
calculations. The upper dashed curve uses the MRSE' parametrisations while
the lower dashed curve uses the MRSB' parametrisations. The upper solid
curve corresponds to four light neutrinos using the DFLM parametrisations.
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