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1. Introduction 
In previous publications [ 1-4] we have reported 

data on the production and decay of  the W and Z 
bosons, via the processes 

p +  p--,W -+ +anything (1) 

--,e -+ +ve(%) + anything, 

and 

+ p o Z + anything (2) 

e + + e -  + anything, 

The data published correspond to a total inte- 
grated luminosity of  142 nb-~ at a centre-of-mass 
energy x/~= 546 GeV and 316 nb-1 at v / s=  630 GeV. 
In a subsequent run during 1985, the integrated 
luminosity at x / J=  630 GeV collected by the UA2 
detector was increased to 768 n b -  i. In this letter we 
report final results on those aspects of  W and Z pro- 
duction and decay which are relevant to compari- 
sons with the standard electroweak model [ 5 ]. 

In a following publication [ 6], we report on the 
production properties of  the W and Z bosons, 
emphasising those aspects related to the predictions 
of  QCD. 

2. Data analysis and event samples 

The UA2 detector has been described elsewhere 
[3,4,7,8] ,1. Of  importance for the accurate meas- 
urement of  the standard model parameters using the 
electron decay modes of the W and Z bosons are: 

(i) the accurate measurement of  the energies of  
identified electrons, and 

(ii) the selection with a well-measured efficiency 
of event samples that are minimally contaminated by 
backgrounds, generally resulting from hadronic jets 
that satisfy the criteria used to identify electrons in 
tho detector. 

2.1 Calorimeter energy measurements. Electrons 
are identified in the UA2 detector over the full azi- 
muthal range, 0 ° < 0 < 3 6 0  ° , and in polar angles 
20 ° < 0 < 160 ° with respect to the beam line. 

For 18% of data collected at x/s=546 OeV, 60 ° azimuthal 
region of the central calorimeter was replaced by a magnetic 
spectrometer followed bya lead-gias wall. See refs. [ 1-3 ]. 

The UA2 calorimeter, which is used to measure the 
electron energy, is divided into two regions. In the 
central region (40 ° < 0 < 140 ° ) each of 240 electro- 
magnetic and hadronic calorimeter cells subtends 10 ° 
in 0 and 15 ° in 0,1. Clusters of  energy deposition are 
obtained by joining cells which share a common side 
and contain at  least 0.4 GeV. The cluster energy Eel 
is defined as Eel =Eem +Ehaa, where Eem is the sum of 
the energies deposited in cells of  the electromagnetic 
compartment of  the calorimeter and Ehaa is the cor- 
responding sum for the hadronic compartments. 
Since the response of the calorimeter to electrons and 
hadrons is different, two values of  the energy are 
retained, corresponding to whether the calorimeter 
cluster is considered to result from an electromag- 
netic or from a hadronic shower. 

In the forward calorimeters [7] (20 ° <0<37 .5  ° 
and 142.5 ° < 0 < 160 ° ), clusters are reconstructed as 
for the central calorimeter. Since the 240 forward 
calorimeter cells are far from the interaction point, 
and their size is large compared with that of  an elec- 
tromagnetic shower, any cluster of  electromagnetic 
origin should consist of  at most two adjacent cells. 
For showers of  hadronic origin, the absence of had- 
ronic calorimetry prevents an energy measurement 
form the calorimeters alone, and information from 
the momenta of  reconstructed charged tracks in the 
preceding magnetic spectrometer is included. 

Each calorimeter cell was initially calibrated in a 
10 GeWc electron beam [ 7,8 ], and the energy reso- 
lution for isolated electrons was measured to be, on 
average, 

o'e ~O. 14x/~ ( E i n  GeV) . 

However, the most important energy measurement 
error results from systematic uncertainties of  the cal- 
orimeter calibration. The uncertainty on the abso- 
lute scale of energy measurement in the central 
calorimeter, after an operating period exceeding 5yr, 
is _+ 1.5%, with an additional cell-to-cell calibration 
uncertainty of  rms 2.5%. A further uncertainty results 
from the time variation of  the light attenuation prop- 
erties of  the calorimeter scintillator. We estimate a 
total systematic uncertainty on the measured elec- 
tron energy of _+ 1.6%. These estimates have been 
confirmed by a recalibration of 40 cells of  the central 
calorimeter in June 1986. 
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In the case of the forward calorimeters, 50 cells 
were recalibrated in July 1986. As a result of this 
recalibration, the energy value assigned to forward 
electrons of  the W and Z samples has been changed 
on average by -4 .4%.  In particular, we note that the 
energy has been re-evaluated for the sample of for- 
ward electrons collected during the 1985 run, and also 
for previously published data samples [1-4] .  We 
estimate an uncertainty on the absolute energy scale 
of  + 2.5%, with an additional cell-to-cell calibration 
uncertainty of  2.5%. 

2.2 Identification of  events satisfying the W--+ev 
hypothesis. Events are selected from a hardware trig- 
ger which reqiures a transverse energy deposition 
Ea-> 10 GeV in any 2 × 2 cell matrix of  the electro- 
magnetic calorimeter, in coincidence with a mini- 
mum-bias signal from small angle hodoscopes [9] 
which are used to suppress backgrounds not result- 
ing from p~ collisions. 

An electron candidate is defined to be a recon- 
structed calorimeter cluster of  transverse energy 
E$ > 10 GeV which satisfies a set of  criteria charac- 
teristic of isolated high-pT electrons: 

(i) the cluster of energy deposition in the calorim- 
eter must have small lateral dimensions and a small 
energy leakage in the hadronic compartment as 
expected for an isolated electron, 

(ii) a charged-particle track which points to the 
cluster must be reconstructed and the pattern of  
energy deposition in the calorimeter must be consist- 
ent with that expected from an isolated electron inci- 
dent along the track direction, 

(iii) in the forward directions, the reconstructed 
track momentum must be consistent with the asso- 
ciated calorimeter energy deposition, 

(iv) a hit must be recorded in preshower counters 
located behind --- 1.5 radiation-length thick convert- 
ers that precede the calorimeters, and this hit must 
be aligned with the reconstructed track and have a 
pulse height characteristic of  an electron shower. 

Details of  the analysis criteria used for electron 
identification are noted in refs. [3,4]. The effi- 
Ciency, ~/, of  identifying high-pr electrons in the region 
of the central calorimeter is measured from the data 
themselves to be r/=0.71+0.07. In the forward 
regions, the efficiency is estimated to be 
~/= 0.79 + 0.03. 

For each event the neutrino transverse momen- 

tum, p~, is defined to be equal to the missing trans- 
verse momentum, p~liss, which is obtained from the 
expression 

(3) 

where the sum extends over all observed clusters 
(excluding the electron itself) of  transverse energy 

> 3 GeV. The vector P~!' is the total transverse 
momentum carried by the system of all other parti- 
cles not associated with clusters exceeding 3 GeV 
transverse energy. From measurements of/Or andpYr, 
the transverse mass rn~ ~ is evaluated to be 

m~r" = [2p.~pYr (1 - c o s  A¢~)] ~/2 , (4) 

where A~ is the angle between p~ andp~. 
A total of  5340 events contain at least one electron 

candidate satisfyingp$ > 11 GeV/c. Fig. 1 shows the 
PT distribution of the electron candidates in the 
(P$,/Or) plane, and separately for the/~r and p~ pro- 
jections. I f  more t han  one electron candidate is 
selected, that of  largest/rr is retained. In fig. 1. the 
W--,ev signal is clearly visible as a clustering of events 
with p~___p-~. Also included in the sample are 
Z--,e÷e - events, with large p~ and small p~. The 
region of low p$ is dominated by hadronic back- 
ground and for this reason we restrict the W sample 
to electron candidates o fp~  > 20 GeV/c. The result- 
ing mS v distribution is shown in fig. 2a. Background 
contributions from misidentified hadrons or had- 
ronic jets, from W ~ x v  decays, and from Z ~ e + e  - 
decays for which one electron escapes the detector 
acceptance, are superimposed on this figure. Of  all 
the W-+ev decays within the acceptance of the appa- 
ratus, 80% are expected to satisfy the kinematic 
requirements p$ > 20 GeV/c and mS v > 50 GeV. 
Therefore these selections have been applied to the 
final W ~ e v  sample of  251 events used in the studies 
of  section 3. The P~r distribution of this sample is 
shown in fig. 2b, agian with superimposed back- 
ground estimates. 

In the distributions of  fig. 1 and fig. 2b, we note 

the existence of one event containing an electron 
candidate o fp$  = 77.4 GeV/c. The event has no asso- 
ciated jet activity, and a neutrino with p~---80 GeV/c 
is reconstructed as in eq. (3),  opposite in azimuth to 
the electron. The transverse mass is evaluated using 
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Fig. 2. Transverse mass and transverse momentum spectra for the final event sample. The expectation for W decay is evaluated using 
row= 80.2 GeV. (a) The m~ v spectrum of 722 events satisfying p~- > 20 GeV/c. The expected signal from W-,ev decay is superimposed 
(dashed line). Also shown (dot-dashed line) is the summed contribution from W~xv decays (5.2 +0.5 events) and from Z decays with 
one electron outside the UA2 acceptance (96 __. 1.6 events ). The solid line shows the total of all expected contributions to the m ~r v spec- 
trum, including the hadronic background contribution ( 11.6 + 2.1 events for m~' > 50 GeV). (b) Tthe distribution ofp~- for 251 events 
satisfying rn~r v > 50 GeV. The superimposed background contributions are as for (a). 

eq. (4) to be m~ v = 156 GeV. Background contribu- 
tions to this event from two-jet events in which one 
jet  fakes the electron and the second jet  is outside the 
detector acceptance, or from a beam-ha lo  particle 
hitt ing the calorimeter in  coincidence with a genuine 
~p collision, are negligible. However, events of large 
rn~ v are expected via the processes ud--,e+ve or 
fad--, e -  %, mediated by W exchange in  the s-channel, 
and we estimate that 0.07 such events should be 

observed with p~ > 70 GeV/c in the W sample. This 
estimate is insensitive, to within --, 10%, to the struc- 
ture function parameterisation used. This event has 
been excluded from the W event sample for the 
measurements described in section 3. 

2.3 Iden t i f i ca t ion  o f Z - . e +  e - decays. The Z trigger 
requires the simultaneous presence of two deposi- 
tions of electromagnetic transverse energy, each 
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exceeding-~ 5 GeV, in 2 X 2-cell matrices separated in 
azimuth by at least 60 °. As for the W trigger, a min- 
imum-bias signal is required in coincidence. In the 
following analysis,, clusters are formed as for the W 
search, and a selection ET > 10 GeV on the cluster 
transverse energy is made. I f  the selection criteria 
used for the W-analysis are used on both clusters of  
the Z--,e+e - candidate, the detection efficiency is low 
( -~ 50%). However, because of  the increased rejec- 
tion resulting from the requirement of  two clusters 
of energy with lateral and longitudinal profiles con- 
sistent with those of  isolated electrons, less stringent 
selection criteria can be applied while maintaining 
good Z identification efficiency and good rejection 
of hadronic background. Using the W sample, we 
estimate that the efficiency in the central region for 
the identification of isolated electrons, from the 
selections noted below, is 14% higher than the effi- 
ciency of electron identification quoted in section 2.2. 

In the central region, initial selection is made on 
the lateral and longitudinal shower profile of  each 
cluster, as in item (i) of  section 2.2. To improve the 
electron efficiency, the limit on energy leakage into 
the hadronic compartments of  the calorimeter is 
increased by a factor 1.5. Additional rejection against 
hadronic background is obtainable from the require- 
ment that the energy deposition due to each electron 
candidate is well isolated from other calorimetric 
energy in the event. We require less than 7 GeV 
within a cone of 30 ° about the electron candidate. In 
the forward regions, the electron identification cri- 
teria are as described in section 2.2 [ 3,4 ]. The result- 
ing distribution of mass, me~, is shown in fig. 3a, and 
the Z peak is clearly visible: the sample includes 54 
events satisfying m ~ >  76 GeV, with an estimated 
background of 14 events. The final sample is obtained 
by requiring that at least one electron candidate sat- 
isfies the criteria (ii) and (iii) of  section 2.2, except 
that (again to improve the electron efficiency) the 
requirement of  spatial matching between the track 
and preshower signal is relaxed from d =  10 m m  to 
d =  14 m m  and the charge Q of  the preshower signal 
is required to satisfy Q > 2  mip (minimum ionising 
equivalents). A total of  39 events satisfy m ~ > 7 6  
GeV and are attributed to the Z, with an estimated 
background of  1.3 events. The distribution of  m~ for 
the final sample is shown in fig. 3b. 

The process of  internal bremsstrahlung can pro- 

duce events of  the type Z-- ,e+e-7;  one such event is 
included in the final event sample [ 2-4 ] ~2. This event 
consists of  a 24 GeV photon separated in space by 
31 ° from an electron of 11 GeV. The probability of  
seeing at least one (eey) event having an (eey) con- 
figuration less likely than that observed in the sam- 
ple of  39 Z decays is estimated to be --- 0.4. 

Fig. l a includes an event containing an isolated 
electron candidate o fp~  = 90.1 GeV/c. The electron 
is balanced by a hadronic jet of  ET= 77 + 8 GeV. A 
careful examination of  the jet topology suggests the 
overlap of an electron having p~ -~ 22 GeV/c with a 
hadronic jet having ET=  52 GeV. The electron pair 
mass is then estimated to be mee = 91 GeV. The nat- 
ural interpretation of this event is therefore the pro- 
duction of a Z having transverse momentum/fiT ----- 
70 GeWc with an associated jet that overlaps one of 
the electrons from Z ~ e + e  - decay. This event does 
not pass the calorimetric selections fo the Z analysis, 
and is excluded from the Z sample. 

3. Physics results related to the standard model 
Using the data samples described in the previous 

section, we now discuss properties of  the data rele- 
vant to tests of the standard model. 

3.1 The W a n d  Z masses and widths. Limits on the 
number o f  neutrino types. An estimate of  the W mass, 
mw, is obtained from a comparison of the m ~v distri- 
bution of fig. 2a in the range m~ -v > 50 GeV, with that 
expected from W decay. Results of  the best-fit com- 
parison are superimposed in fig. 2. A Monte Carlo 
program is used, which generates the dN/dm.~ ~ dis- 
tribution for different values of mw. The distribu- 
tion of m ~ depends only weakly on the W production 
mechanism. Nevertheless, the Monte Carlo program 
takes into account our understanding of W produc- 
tion and decay, and a full simulation of the detector 
response to W--.ev events. 

The W longitudinal momentum distribution is 
obtained from the quark (antiquark) structure func- 
tions of  the proton (antiproton) as parameterised in 
ref. [ 11 ]. The W transverse momentum, pW, is gen- 
erated from the distribution ofref. [ 12], which agrees 
well with the data [6]. The decay is described by 
standard ( V - A )  coupling with decay parameters 

~z Similar events have been reported by the UA1 Collaboration. 
See ref. [ 10]. 
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Fig. 3. The distribution ofm~ in events for which at least two electron candidates are identified. In (a), only calorimetric selections are 
applied, while in (b) at least one electron candidate is required to satisfy track criteria as explained in the text. The contribution of QCD 
background processes is superimposed (dotted line). The hatched region shows the m~e distribution of the sample of 25 events used in 
the evaluation of the Z ° mass. 

given by the standard model. 
The best fit to the experimental distribution is 

m w = 8 0 . 2 + 0 . 6  ( s t a t )+0 .5  (sysl) 

+ 1.3 (sys2) G e V ,  (5) 

and if  the W width, Fw,  is fitted as an additional free 
parameter, F w  < 7 GeV (90% confidence level). The 
statistical uncertainty in (5) takes into account the 
resolution of  the energy measurement,  and also cell- 
to-cell uncertainties of  the energy calibration. Sys- 
tematic uncertainties o f  the mass measurement have 
two major  contributions, which are quoted sepa- 

rately, The uncertainty (sysl) o f  eq. (5) is mainly 
due to possible systematic biases in the evaluation o f  
p~, and consequently m~ v. The second systematic 
uncertainty (sys2) reflects the measurement uncer- 
tainty on the global energy scale scale o f  the calorim- 
eter calibration. The influence on the mass fit o f  the 
(dominantly low-P-r) background contribution in fig. 
2a is small. 

The W mass can alternatively be estimated from a 
fit to the observed p~ distribution of  fig. 2b. In this 
case, the evaluation is less sensitive to the p~ evalu- 
ation, but  is more sensitive to the detailed shape o f  
the pW distribution. Selecting a sub-sample o f  events 
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for which pa~ < 15 GeWc, the mw measurement is 
consistent with the result of  (5). 

Using a relativistic Breit-Wigner shape modified 
by the mass resolution, the mass is evaluated from a 
fit to the mass values of  a sub-sample of  25 events for 
which both electron energies are accurately meas- 
ured and for which m ~ >  76 GeV. The result is 

mz =91 .5+  1.2 (stat) + 1.7 (syst) GeV,  (6) 

where the systematic uncertainty results mainly from 
the calorimeter energy scale uncertainty of  the cen- 
tral and forward calorimeters. From ( 5 ) and (6),  we 
measure 

m z - m w  = 11.3+ 1.3 (stat) +0.5 (SySl) 

+0.8 (sys2) GeV,  (7) 

where (sysl) again results from systematic uncer- 
tainties of  the p ~ evaluation in (5), and (sys2) reflects 
the differing global energy scale uncertainties of  the 
forward and central calorimeters. 

A direct measurement of  the width, Fz,  of  the Z is 
difficult since a precise kno,dledge of the shape of the 
mass resolution is required. The average measure- 
ment error is estimated to be 3.1 GeV, which is of  
the same order as the expected Z width. Following 
ref. [ 4], we obtain 

F z = 2 . 7 + 2 . 0  (stat) + 1.0 (syst) GeV 

< 5.6 GeV (90% confidence level) ,  

where the quoted systematic error reflects the uncer- 
tainty of  the average measurement error. These 
measurements are in good agreement with previ- 
ously published results [ 4 ], and with measurements 
from the UA 1 collaboration [ 13 ]. 

As described in ref. [4], we can obtain an inde- 
pendent but model-dependent [ 14 ] estimate of  the 
ratio of  total widths, Fz/Fw, from 

F z / F w  = R  exp R th R lept , 

where R~XP-a~v/cr ~ -  w z is the experimentally deter- 
mined cross-section ratio from this experiment, 
where R th is the ratio az/aw obtained theoretically, 
and olept r,~e~r,~v is the ratio of  leptonic partial 
widths as evaluated from the standard model. We 
measure [ 6 ]. 

R exp = 7.2_ + l:27(stat), 

< 9.52 (90% confidence level) ,  

< 10.42 (95% confidence level) ,  (8) 

Both R th and R lept depend on sin20w, explicitly 
through the neutral current couplings and implicitly 
via the W and Z masses. However the product Rth 
X R  lept is constant to within 1% over the range 
sin20w=0.232+0.009 (see eq. [14]). A more 
important uncertainty results from the use of  differ- 
ent sets of  structure functions in the theoretical cal- 
culation of Rth [ 12,15 ]. Recent estimates [ 16 ] give 
values o fR th ranging between 0.285 and 0.325. Using 
R °xp as in (8), and the value Rth=0.305 +0.020, we 
evaluate 

+0 19 + Fz/Fw=O.82_o:14(stat) _0.06 ( theor ) ,  

< 1.09 +0.07 (theor) (90% confidence level), 

< 1.19+0.08 (theor) (95% confidencelevel), 

(9) 

where the theoretical error reflects the uncertainty on 
R th a s  quoted above. 

The ratio of  total widths is sensitive to both the 
number of  neutrino types and the mass of  the top 
quark, m t [ 17 ]. Assuming that the charged members 
of  any new family and also any other unknown par- 
tiele are too massive to contribute significantly to W 
or to Z decays, we obtain the results summarized in 
fig. 4, which shows the expected variation of Fz/Fw 
with mt if the number of  light neutrino types is 
respectively 3,4 or 7. The error bars at the end of each 
of these lines shows the effect of  varying sin20w in 
the range 0.232 + 0.009. Also shown in fig. 4 are the 
experimental evaluations of  F z/F w as given in (9). 
From the 95% confidence limit using the conserva- 
tive upper estimate of  R th = 0.325, the data exclude 
more than seven neutrino types when no require- 
ment is made on mt. This limit decreases to three 
neutrino types in the case mr> 74 GeV. 

3.2 Measurement of the standard model parame- 
ters. The masses of  the weak bosons, mw and mz, are 
two essential parameters of  the standard model. In 
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Fig. 4. The value of Fz/Fw measured by the UA2 experiment 
(solid bar), with superimposed statistical and theoretical uncer- 
tainties (full and dashed lines, respectively). The 95% confi- 
dence limit is also shown (dashed bar), with superimposed 
theoretical uncertainties. The expected variation with mt is shown 
as a solid line for 3,4 and 7 types of light neutrino. The superim- 
posed error bars represent uncertainties of the theoretical evalu- 
ation (see text). The shaded region marks the lower limit on rn, 
(mr> 23 GeV) as measured at PETRA [ 18]. 

its minimal expression, it relates them to the fine 
structure constant 04 the Fermi constant GF and the 
weak mixing angle 0w via the following relations 
[19]:  

m 2 = A 2 / ( I - A r )  sinE0w, (10) 

m 2 = A 2 / ( 1  - A r )  sin20wCOS20w , (11 ) 

where [ 20 ] 

A = (ItOt/x//2GF) 1/2 = 37.2810 _+ 0.0003 G e V .  

In relations (10) and (11 ), the quantity Ar accounts 
for the effects o f  one-loop radiative corrections on 

the W and Z masses and has been computed to be 
[19,21,22] 

Ar=0.0711 _+0.0013, (12) 

assuming that m t=  35 GeV and that the mass of  the 
Higgs boson is m n -  100 GeV. This quantity is insen- 
sitive to mn but would deviate f rom (12) if the top 
quark were very massive ( A r = 0  for mr",270 GeV 
with s in20w=0,232)  [ 12-24] .  

From a measurement of  the ratio m w / m z ,  which is 
free from the common  systematic uncertainty of  cal- 
orimeter energy calibration on the W and Z mass 
scale, a direct measurement of  sin20w is provided via 
the relation 

sin20w = 1 - ( r n w / m z )  2 . (13) 

From eq. (13), we evaluate 

sin20w =0.232_+ 0.025 (stat) + 0.010 ( sys t ) ,  

where the quoted uncertainty includes the contribu- 
tion o f  a_+ 0.5 GeV systematic error on the value of  
mw which is not related to the energy calibration o f  
the calorimeter (see eq. (5)) .  This result is inde- 
pendent o f  other experiments, and of  theoretical 
uncertainties. 

By using accurate existing measurements ofA [ 20], 
and the value of  Ar in (12), a more precise measure- 
ment  o f  sin20w is obtainable form a best tit to eqs. 
(10) and (11 ). We obtain 

sin 20w = 0.232 _+ 0.003 (stat) 

+0.008 ( sys t ) .  (14) 

These results are in excellent agreement with previ- 
ously published UA2 and UA 1 results [ 4,13 ] and 
with those obtained in low-energy neutrino experi- 
ments [25-28] ,  which average to 

sin20w =0.232 + 0.004 (exp) 

_+ 0.003 ( t heo r ) ,  (15) 

where the weighted mean is evaluated on the basis of  
quoted experimental errors, assuming a charmed 
quark mass me= 1.5 GeV, and ignoring the uncer- 
tainty on the theoretical error due to me. 

The results are summarized in fig. 5 where corre- 
lations between uncertainties of  the mw and mz 
measurements are shown in the [mz, ( m z - m w ) ]  
plane. 
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Fig. 5. Confidence contours (68% level) in the (mz-mw, mz) 
plane taking into account the statistical error only (i), and with 
statistical and systematic errors combined in quadrature (ii). The 
region (a) is allowed by the average of recent low-energy meas- 
urements [25-27]. Curve (b) is the standard model prediction 
for p= 1 with known radiative corrections, and curve (c) is the 
expectation without radiative corrections. 

Any departure from the minimal standard model 
will induce modifications to the above formalism. In 
particular values of  sin20w deduced from eq. (10), 
from eq. (13), or from low-energy neutrino experi- 
ments, will generally differ. All existing measure- 
ments are in excellent agreement with the predictions 
of  the minimal standard model; nevertheless, they can 
be used to place limits on possible deviations from 
the minimal standard model. In particular the quan- 
tity [ 29 ] 

p=m2wlm2cos20w (16) 

is sensitive to the Higgs sector (more precisely it 
depends on the isospin structure of  the Higgs fields, 
but only weakly on their masses). Assuming the value 
of Ar in (12), we measure from (16) 

p =  1.001 _+0.028 (stat) _+0.006 (sys t ) ,  

in good agreement with the minimal standard model 
prediction of p =  1. 

The relations (10) and (11 ) may also be used to 
measure the radiative correction parameter Ar, which 
may deviate [ 22-24 ] from its calculated value in (12) 

if, for example, a new fermion family existed with a 
large mass splitting within isospin doublets, or if  there 
existed additional gauge bosons, or if  as noted above 
the top quark were very massive. Eliminating sin20w 
from eqs. (10) and (l 1 ) we obtain 

1 - A r =  (AE/m2)/[1 - (m2/m2z)], 

from which we deduce 

Ar=0.068+0.087 (stat) +0.030 (sys t ) ,  (17) 

in agreement with the minimal standard model pre- 
diction of (12). The value of sin20w in (15), from 
low-energy experiments, can be used in eqs. (10) and 
(11 ) to provide a more accurate measurement of  Ar. 
We measure 

Ar=0.068+0.022 (s ta t )+0.032 (syst ) .  (18) 

We therefore conclude that the existing data are con- 
sistent with, but barely sensitive to, the existence of 
radiative corrections from known processes (see fig. 
5). 

3.3 Charge asymmetry of the decay W--,ev. The 
magnetic spectrometers of  the UA2 detector allow a 
measurement of  the electric charge in the forward 
regions ( 2 0 ° < 0 < 3 7 . 5  ° and 142 .5°<0<160  ° ) 
where a distinctive charge asymmetry is expected in 
W--,ev decay [4]. Assuming a universal ( V - x A )  
coupling of the W to fermions, the electron (posi- 
tron) angular distribution takes the form 

dn/d (cos 0") 

oc (1 - q  cos 0*) 2 +2qct cos 0" ,  (19) 

where the angle 0* is measured with respect to the 
incident proton in the W rest frame, where q is the 
sign of the electron or positron charge, and 

c¢= [(1 -x2) / (1  +x2)] 2 . (20) 

The sensitivity of the asymmetry measurement to 
the exact form of the angular distribution is largest 
for values of  cos 0* close to + 1, corresponding to 
small values of  p~. Therefore, we relax the tn~ v cut 
of  section 2.2 and consider all electron candidates 
with p ~ > 2 0  GeV/c and m~rV>40 GeV that are 
detected in the forward regions. This leaves a total of  
47 events with an estimated background of 4.2 + 0.3 
events from misidentified hadrons. The W-~xv and 
Z decay contaminations of  this sample are estimated 
to be, respectively, 0.6 events and 1.2 events. 
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A unique value of  cos 0* is not calculable for W 
decays because the longitudinal neutrino momen-  
tum, p[ ,  is not measured. The requirement r n ~ =  mw 
results in two solutions for p~. For events in which 
both solutions are allowed, the solution correspond- 
ing to the smaller absolute value of  the W longitudi- 
nal momentum is chosen. Seven events, which 
because of  the limited measurement accuracy satisfy 

e v  m r  > row, are excluded from the analysis. Further- 
more, transformations of  the electron four-momen- 
tum to the W rest frame are unique only if  pW = 0, 
and the quarks have no transverse momentum.  For  
pW ~ 0 the initial parton directions are not known and 
the convention ofref.  [ 30] is used. 

A Monte Carlo program is used to correct the 
cos 0* distribution for the effects of  the detector 
acceptance and resolution. The background-sub- 
tracted and acceptance-corrected cos 0* distribution 
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Fig. 6. The distribution dN/d(q cos 0") of well measured W decays 
for which the charge (q= - 1 for electrons) is determined, and 
where 0* is the angle between the charged lepton and the incident 
proton in the W rest frame. The data are corrected for accept- 
ance, resolution and background, and the superimposed expec- 
tation for W decay takes account of higher order QCD effects. 

is slaown in fig. 6 and is consistent with the expected 
form (1 - q cos 0* ) 2 of  eq. ( 19 ) with a = 0, modified 
to take into account higher-order QCD contribu- 
tions to W production [ 31 ]. 

To extract a value o f  ot from these data we use a 
Monte Carlo program to compare the expected two- 
dimensional d is t r ibut ionsf  -+ (P~r, 0~), for positrons 
and electrons separately, with those observed. Fol- 
lowing the analysis o f  ref. [ 4],  we measure a to be 
consistent with zero, as expected for V -  A coupling. 
We determine a < 0.35 (90% confidence level), cor- 
responding in eq. (20) to 0.51 < Ixl < 1.97. 

4. Conclusions 
We have described measurements of  the standard 

model parameters, using the final UA2 data samples 
for the processes 

+ p--, W -+ + anything 

- ,  e - + ve (ge) + anything 

and 

+ p--, Z + anything 

--.e + + e -  +any th ing .  

The measured boson masses are 

m w = 8 0 . 2 + 0 . 6  ( s t a t )+0 .5  (sysl) 

+ 1.3 (sysz) G e V ,  

Where (sysl) is a systematic uncertainty which results 
mainly from possible systematic biases in the evalu- 
ation o f  p~, and (sys2) is f rom the energy scale 
uncertainty, and 

mz = 9 1 . 5 +  1.2 (star) + 1.7 (syst) G e V ,  

with the systematic uncertainty resulting in this case 
from the energy scale uncertainty. The values are, 
within errors, consistent with previously published 
values [4] and with published data o f  the UA1 
experiment [ 13 ]. From the above measurements of  
rnw and mz we evaluate 

sinE0w =0 .232+0 .025  (star) +0.010 (sys t ) .  

I f  in addition accurate low-energy measurements o f  
ot and GF are used, together with recent calculations 
o f  the radiative correction Ar, we obtain 

sin 20w = 0.232 + 0.003 (star) + 0.008 ( sys t ) .  

There is no evidence of  deviations from the pre- 
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dictions of the min imal  s tandard model. I f  devia- 
t ions are expressed in terms of  the parameter  p ( =  1 
in the min imal  s tandard model) ,  we obtain 

p =  1.001 +0.028 (stat) +0.006 ( sys t ) .  

Furthermore,  the existing data are consistent with 
(but  barely sensitive to) the expected contr ibut ions 
to the standard model parameters from known 
radiative corrections, even if  recent low-energy neu- 
tr ino measurements  are taken into account. 

From measurements  of the ratio of the boson 
widths, Fz/Fw, we describe model-dependent  limits 
on the number  of neutr ino types allowed by the exist- 
ing data. Within 95% confidence limits, the data allow 
up to seven neutr ino types if no restriction is placed 
on the top mass mr. A l imit  of  three neutr ino types is 
obtained for the case mt > 74 GeV. 
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