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ABSTRACT _
A study of W& and Z° properties has been performed using the UA2
detector at the CERN pp collider. The data correspond to a total integrated
luminosity of 142nb~! at \/s = 546 GeV, and of 310nb~! at
/s = 630 GeV. The experimental results are compared to the predictions of
the Standard Model of the unified electroweak theory.
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1. INTRODUCTION
In previous publications [1-3] we reported experimental results on the processes

p + p -+ W + anything

- e¥ + »(®) + anything
and

p + p~ Z° + anything
| -+ g% + e~ + anything
where W and Z° are the Intermediate Vector Bosons (IVB) of the unified electroweak theory. The
data were collected at the CERN pp Collider in the period between October 1982 and June 1983 at a
total centre-of-mass energy /s = 546 GeV. The total integrated luminosity accumulated by the UA2

experiment during that period was L = 142 nb~1.

In the subsequent data-taking run during the Autumn of 1984 the collider provided pp collisions
at an increased ,/s value, ./s = 630 GeV, and the total integrated luminosity accumulated by the UA2

experiment was L = 310 nb™%.

We report here the final results from a study of W2 and Z° properties using the whole data
sample (L = 452 nb~'). Because of the more than three-fold increase in luminosity with respect to the
data sample previously available [3], we obtain a higher statistical precision in the determination of the

IVB masses, W2 decay asymmetry and Z° width.

We also study the W and Z° production properties. In particular, we compare the cross-sections
measured at the two available /s values. In addition, we study the associated production of IVB’s and
high-p hadronic jets and we compare these observations with the expectations from higher-order

QCD corrections to the basic production subprocesses.



Finally, we compare the measured masses and widths of the W and Z° with predictions of the

Standard Model. No significant deviations from the Standard Model predictions are observed.

2. CALORIMETER ENERGY MEASUREMENT

The UA2 detector has been described elsewhere [3,4]. Since the precision of the W and Z° mass
determination is dependent on the accurate measurement of electron energies, and the data have been

collected over a period of two years, the stability of the caloritneters used for these measurements plays

a crucial role.

All calorimeter cells (480 in total) were initially calibrated in 1981 using 10 GeV electron and
muon beams from the CERN PS. At that time, the calibration was uniform in ET to within ~+0.5%

from cell-to-cell. The calibration stability has since been monitored by means of three independent

methods :

1. cach calonmeter module is equipped with a light-flasher system, which includes a light
stability monitor. The system is used to correct the variations of the calibration constants
that occur over the relatively short duration of a Collider run (typically three to four
months). In addition, a single stability monitor tracks the inter-module calibration of the 24.

modules of the central calonmeter [5].

i, before and after each run, a movable Co®° radioactive source is precisely located in front of
each calorimeter cell and the direct current induced in the photomultipliers is then measured.

This method is used to monitor the long-term stability of the front section of the calorimeter.

iii. a direct measurement of the calibration stability for each module of the central calorimeter

[5] is also obtained from the average energy flow observed in unbiased Pp collisions.
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These three methods provide a way to correct for the drft of the calorimeter response as a
function of time. The effectiveness of this correction was checked by recalibrating eight modules of the
central calorimeter using a beam from the PS in December 1982. Two additional modules were

checked using a beam from the SPS a year later.

We observe a decrease of the overall calorimeter response to particles of a given energy. The
average drift in the electromagnetic calorimeters amounts to ~ —6% per year when no Collider run
takes place. There is an additional deterioration of the response during Collider runs asl a result of
radiation damage to the scintillator and light-collection system. For a typical three-month run the

resulting additional drift amounts to ~ —3%.

These rather large drifts are almost completely taken into account by the calibration-stability
monitors described above. After a period of approximately 4 years since the original calibration, the
present uncertainty on the absolute energy scale of the electromagnetic calorimeters amounts to
+ 1.5%, with a cell-to-cell variation of zero mean and 2.5% r.m.s. spread. The corresponding values
for the first compartment of the hadronic calorimeter are respectively * 6.5% and 8%, mainly because
the method based on the use of the Co®® source cannot be applied to this part of the detector. The
effect of these latter uncertainties on the measurement of the electron energies is negligible because the
energy leakage of electromagnetic showers into the hadronic calorimeter is generally not more than

10%.

An additional systematic uncertainty on the absolute energy scale arises from the time-variation of
the light-attenuation properties of the scintillators. This enters into the correction of the measured
particle energies as a function of the impact point on the calorimeter, and is estimated to be % 0.3%

on average.

The total systematic uncertainty on the measured electron energy deposition in the calorimeter is

estimated to be + 1.6% on average.



3. DATA TAKING AND ANALYSIS

As for the 1982-83 Collider runs, two triggers were used to select events containing W » ¢tu(v)

or Z° -+ e*e” decays :

1. the W-trigger, which required a cluster of transverse energy deposition Et > 10 GeV in any
matrix of 2 x 2 adjacent cells of the electromagnetic calorimeter. For the central calormeter,
all possible 2 x 2 matrices were considered. For the two forward calorimeters, only those
2 x 2 matrices comresponding to a given calorimeter module (24 modules in all) were

considered.

ii. the Z°-trigger, which required the simultaneous presence of two such clusters above a

threshold Et > 4.5 GeV, scparated in azimuth by at least 60°.

The total number of W- and ZP-triggers, corresponding to a total integrated luminosity

L = 452 nb™*' in the 1982, 1983 and 1984 run periods, 1s ~ 2.9 x 10°,

As noted in Ref. [3], a minimum-bias signal obtained from small angle counter hodoscopes [6]
was required to occur in coincidence with the W- and Z°-triggers in order to suppress background

from sources other than pp collisions.

In the central calorimeter, clusters of energy deposition arc obtained by joining all cells which
share a common side and contain at least 0.4 GeV. The cluster energy E, is then defined as
Eg = E.n + Bpag where E_ is the sum of the energies deposited in the electromagnetic
compartments of the calorimeter and E, _ ; is the corresponding sum for the hadronic compartments.
Two possible values of the cluster energy are retained, depending on whether the calorimeter cluster is

considered to result from an electromagnetic shower or from a hadronic shower.

In the two forward calorimeters, clusters are reconstructed as for the central calorimeter. Since the

forward calorimeter cells are far from the interaction point, and their size is large compared with that

s B —————— — ——



of an electromagnetic shower, any cluster of electromagnetic origin should consist of at most two
adjacent cells. In the case of showers of hadronic origin, the absence of hadronic calonmetry preciudes
an energy measurement from the calorimeters alone, and information from the momenta of
reconstructed charged tracks in the preceding magnetic spectrometer is included. However, the resultant
encrgy resclution remains inferior to that of the central region. In the case of hadronic showers,
clustering is allowed to proceed across boundaries of different azimuth, and in addition clustering is

allowed across the boundary between the forward and central calorimeters.

We associate jets with energy clusters in the calorimeters. To each jet,j, we associate a
momentum f;] with magnitude equal to the cluster energy, and directed from the event vertex to the
cluster centroid. We assume that the jets are massless, and we arbitrarily define a jet as a cluster with

transverse energy E4 > 5 GeV.

An electron is defined in this analysis as one of the above jets which satisfies in addition a set of

basic criteria characteristic of high-p electrons:

i. the cluster of energy deposition in the calorimeter must have small lateral dimensions and a

small energy leakage in the hadronic calorimeter, as expected for an isolated electron.

ii. a charged particle track which points to the energy cluster must be reconstructed. The
pattern of energy deposition in the calorimeter must be consistent with that expected from an

isolated electron incident along the track direction.

iii. a hit must have been recorded in the preshower counter (a multi-wire proportional chamber
in the central region and proportional tubes in the forward regions, located behiﬁd a~15
radiation length thick converter), with a pulse height which is large compared with that of a
minimum-ionizing particle. The distance of the hit from the track must be consistent with
the space resolution of the counter itself. Both these features are characteristic of the early

shower developed in the converter by a high-energy electron.



iv. in the two forward regions, where a toroidal magnetic ficld exists, the charged particle
momentum as measured in the spectrometer, and the energy deposition as measured in the

calorimeter, must agree within errors.

The momentum, f;‘: , associated with any electron candidate, takes into account the response of the
calorimeter to electrons or photons and the dependence of the calorimeter response to the position and

direction of the incident particle.

A quantitative definition of these cuts is given in Table I of Ref. [3], with the following minor

differences resulting from an improved understanding of the detector with increased statistics:

i. the energy leakage E,_, in the hadronic section of the central calorimeter is required to

satisfy the condition

Ep.a/Eg < 0023 + 0.034 {n E 4, where Ey 1s the total cluster energy in GeV.

ii. the distance between the hit in the central preshower counter and the track intercept must be

less than 10 mm.

i, the accuracy of track-momentum reconstruction in the forward spectrometers is now
measured to be 8p = 0.007 p* (p in GeV/c), whereas a resolution ép = 0.014 p? (p in
GeV/e) was assumed in Ref. [3]. We require, as before, that the track momentum p and the

calorimeter energy E must satisfy the condition [p™* — E"| /e (p~! — E7!) < 4.

The comresponding overall efficiencies, 75, are estimated to be 7 = 0.74 + 0.04 and

n = 0.79 * 0.03 for the central and forward detectors, respectively.

From the total sample, we find 2436 events which contain at least one cluster having a transverse
energy Ep >"11 GeV and satisfying all electron identification criteria. The pT‘3 distribution of 2444
electron candidates in this event sample is shown in Fig. 1. A shoulder in the region pTe = 40 GeV/c
is clearly visible in this distribution. Such a structure is expected from the Jacobian peak which results

from the kinematics of W - ev decay.



4. SELECTION OF THE W -+ e» EVENT SAMPLE

To extract a clean sample of W - ev events from the above sample of 2436 events, we use the
fact that W - ev events contain an undetected high-p neutrino which is azimuthally separated from
the electron, in general, by approximately 180°. On the contrary, fake electrons resulting from
misidentified high-pT hadrons (or jets of hadrons) are expected to be accompanied by another jet at
opposite azimuth, having a pT—value which approximately balances the pT-value of the fake electron.

Such a configuration is typical of events containing high-pT hadronic jets [7].

As a measure of the fraction of the electron transverse momentum f;re which is balanced by jets
at opposite azimuth we define the quantity

Popp = ~ PT° - ZP1UIPT°P m

where the sum extends over all clusters (if any) of transverse energy ETd > 3 GeV which are
separated in azimuth from f;Te by an angle of at least 120°. Most W — ev decays are expected to

belong to the category of electron candidates with large py imbalance (p = (), On the other hand,

opp
for misidentified hadrons or jets of hadrons, we expect large values of p op’

" After removing from the sample the 16 events containing a Z° - ¢*e™ decay (they will be
discussed in Section 11), we subdivide the remaining events into two classes, those with p opp > 0.2
(1827 events), and those with p opp < 0.2 (593 events). The pTe distributions for these two classes of
events are shown in Figs. 2a and 2b, respectively. While the distribution of Fig. 2a falls off rapidly with
increasing pTe, Fig. 2b shows the Jacobian peak structure expected from W - ev decay, which has
been strongly enhanced with respect to the inclusive pTe spectrum of Fig. 1 by the requirement
Popp < 0.2, We note that some W - ev events, m which the decay electron emerges opposite to an
assoctated jet, will fail the p opp cut and hence enter Fig. 2a. The efficiency of tl'ns cut will be discussed

in Section 6.



5. BACKGROUND ESTIMATE TO THE W —» e» EVENT SAMPLE

The sample of electron candidates having p opp < 0.2 315 still contaminated by two-jet or multi-jet
events in which one of the jets is misidentified as an electron and at least one jet escapes detection

(either totally or partially) because of the incomplete angular coverage of the apparatus.

To estimate the background to the signal of W - er decays we follow the method outlined in

Ref. [3] which assumes that none of the electron candidates in the events having p > (1.2 (Fig. 2a)

opp
result from W -- ev decays. Most electron candidates in this sample are, of course, misidentified
hadrons or jets of hadrons. From the sample of events containing at least one energy cluster with
Ep > 11 GeV we extract a sample of events for which the main features of the cluster (lateral
dimensions, energy leakage into the hadronic calorimeter, absence of charged particle tracks pointing to
it, and presence of an isolated conversion signal in the preshower counter) are consistent with an
isolated high-pT 7°. These events (hereafter referred to as the background sample) are then analysed in
exactly the same way as the sample of electron candidates. In particular, ihey are subdivided into two

classes corresponding to Povp = 0.2 and Popp S 0.2,

PP PP

As shown in Fig. 2a, we find that for Popp > 0.2 the p-distributions of the background and
candidate electron samples have similar shapes. In each bin of Py, we obtain the background

contribution B to the electron candidates having p opp < 0.2 from the formula :

B = (Ne/Npkgd) Npgd 2

where N e (kagd) is the total number of clectron (background) candidates having p > 0.2, and

opp
Npked is the number of background events with p opp < 02,

The background spectrum B(pp) so obtained is shown in Fig. 2b as a dotted curve. It accounts
for most of the electron candidates in the pTe range between threshold and ~ 20 GeV/c. However, for
pTe > 25 GeV/c, the histogram of Fig. 2b contains 119 events, whereas the integral of B(py) gives

only 5.8 + 1.7 events.




The 119 events represent an almost pure sample of W - ev events. For each event the neutrino
e . . . -t .
transverse momentum, p-7, is defined to be equal to the missing transverse momentum, me‘SS,

which is obtained from the expression

i —

where the sum extends over all observed jets, j. The vector —P'TSP is the total transverse momentum.
carried by the system of all other particles not belonging to jets. The correction factor A takes into
account both the incomplete detection of the rest of the event, and the nonlinearity of the calorimeter
response to low energy particles. We obtain the‘value A = L5+ 0.6 by minimising < IET“ﬁSS] > for

the sample of Z° events observed in the experiment (see Section 13).

Fig. 3a shows all the electron candidates having pTe > 11 GeV/e in the (pTe, pr”) plane. The
region populated by the W - ev signal, for which one expects Py ® pTe, is clearly visible in this plot.

Figure 3b shows the same distribution after the selection p opp < 0.2,

6. CROSS-SECTION FOR INCLUSIVE W PRODUCTION

We obtain the cross-section "We for the inclusive process pp - WE + anything followed by the

decay W -~ ev from the relation
Nyw® = Loy en (4)

where Nwe is the observed number of W - er decays, L is the total intcgrated luminosity, £ is the
detector acceptance (which includes the effect of the pTe threshold), and 7 is the overall efficiency of

the clectron identification criteria averaged over the central and forward detectors.



The detector acceptance ¢ is calculated by Monte Carlo simulation. The effect of the cut
Popp < 0.2, which rejects electrons in the presence of hadron jets at opposite azimuthal angles, is
taken into account by generating events which contain W -~ ev decays and jets, using a QCD-inspired
Monte Carlo program [8]. For data collected at /s = 546 GeV, this cut rejects (5 £ 2)% of W - ev
decays for which pTe > 25 GeV/c. The corresponding number at /s = 630 GeV is (7 £ 2)%; the

quoted uncertainty reflects the measurement accuracy of low-E-- clusters of energy in the calorimeter.

We obtain ch from the event sample satisfying pTe > 25 GeV/c. This sample is contaminated
by fake electrons, as discussed in Section 5, as well as by electrons from Z° - e¢*e¢~ decay with one

electron escaping the acceptance, and from W » wv_ followed by 7 » e» e

The Z° contribution is estimated by a Monte Carlo simulation, whose result is normalised to the

total number of Z° -+ e*e” decays observed in this experiment.
.The number of electrons from the W + v _, 7 » evey. decay chain, N, °, is given by
N ® = (Ny®/e)e B, 5

where £_ is the detector acceptance for electrons from the W + 7 - e decay chain, and B_ = 0.17 is
the branching ratio for the decay 7 —+ vy, [9). A Monte Carlo simulation gives ¢, = 0.10 + 0.01,

where this value includes the effect of the cut pTe > 25 GeVic.

Lists of the various contributions to the observed numbers of electron candidates with
pTe > 25 GeV/c, as well as of the values of L, € and n (see Eq. 4), are given separately in Table I for
the two values of /s at which the data have been collected. We note that the value of L for
s = 546 GeV differs by ~ 8% from that given in Ref. [3] as a result of a recent and more precise
measurement of the Pp total non-diffractive cross-section [6] at .Js = 546 GeV. The corresponding
value at \/s = 630 GeV has been obtained by extrapolation. The quoted error on L, of £ 8%, reflects
the uncertainty of the non-diffractive cross-section, and uncertainties in the monitoring of the

luminosity.

T e ——



The sum of all contributions to the 119 cvents with p.l,c > 25 GeV/e is shown in Fig. 2b for

My, = 812 GeV (sce Section 7).

From the quantities given in Table | we denive the values

awc(546 GeV) = 0.50 £ 0.09 (stat.) + 0.05 (syst.) nb (6)

o/ S(630 GeV) = 0.53 + 0.06 (stat.) = 0.05 (syst.) nb (6)
The quoted systematic uncertainty includes contributions from uncertainties on L, the p opp cut, the
electron identification efficiency, and the detector acceptance. The corresponding theoretical predictions
[11} arc oy = 0.36?(1);&1'1(1 O.45t° ég nb respectively, wherc the errors reflect thcoretical

uncertainties, that result in part from experimental uncertainties of the structure-function
measurements, and in part from higher-order QCD contributions. The data are also consistent with

recent results from the UAL Collaboration [10].
The increase of the W production cross section between the two /s values is measured to be
r= owe(630 GeV)/ow°(546 GeV) = 1.06 £ 0.23 (stat) (N

This value, which has a small systématic uncertainty, agrees with the prediction [11} r = 1.26 which is

practically frec of theoretical uncertainties.



7. DETERMINATION OF THE W MASS

A value of the W mass, My, can be obtained from the electron candidates with p opp < 0.2 using

two methods :

i. the pTe distribution of Fig, 2b is compared with that expected from W - ev decay for the

119 events containing an electron candidate of pTe > 25 GeV/e,

ii. for each event we define a transverse mass, MT’ such that MTZ = 2 pTe pT" (1 — cosAe),
and A¢ is the azimuthal separation between ;Te and f;T". Fig. 4 shows the My-distribution
for 119 events of Fig. 2b containing an electron candidate of pTe > 25 GeV/c
Superimposed on Fig. 4 is the expected distribution of MT for W + ev decay, and as well

the summed contribution of other processes.

A Monte Carlo program is used to generate the distributions dn/dee and dn/dMy for different
values of My The W longitudinal momentum distribution is obtained from the quark structure
functions of the proton as parametrised by Gliick et al. [12]. The W transverse momentum, pTw, is
generated from the predicted QCD shape of Altarelli et al. [11]. The decay is described by the standard
V-A coupling, and a fixed value of the W width, Ty = 3 GeV, is used. The calorimeter response to
electrons is also taken into account. Finally, the requirement p opp < 0.2, which rejects electrons in the
presence of jets at opposite azimuthal angles, distorts the pTe and My distributions by eliminating a
fraction of the W’s produced in association with high-pT jets. In particular, the distortion to the pTe
spectrum is large when pTe > MWJZ. This has been studied using the QCD Monte Carlo program
mentioned previously [8], and pTe-dependent {or MT-depcndent ) correction factors have been applied

to the generated distributions.
The best fits to the experimental distributions are:

My = 80.6 + 1.1 (stat.) GeV/c? (from the p° spectrum)

My, = 81.2 & 1.0 (stat.) Gev/c? (from the My spectrum).




The backgrounds discussed in Section 6 have a negligible effect on the mass evaluation, since they
are dominantly at small pTe or MT’ and the best fit value of My depends mainly on the shape of the
distributions at large wvalues of pTe or MT' We have checked that by making s;trict
electron-identification selections, which result in a small background at the expense of electron

efficiency, the best fit mass is unchanged.

Additional systematic errors result from theoretical uncertainties on Iy, and <pTW> , and from
experimental uncertainties. The latter category includes the pTe-dependence of the p opp cut efficiency,
the uncertainty of the parameter A defined in Section 5, and calorimeter calibration uncertainties. The
contributions of each of these uncertainties to the systematic error on the determination of My, are

summarised in Table II.

The main contribution to the total systematic error arises from the uncertainty of +1.6% on the
mass scale, discussed in Section 2. We choose to separate this error because it cancels in the ratio
My/Mz. The remaining systematic uncertainties for the fit to the pTe-spectrum result mainly from

<pTW > and the p _ cut, and when summed in quadrature amount to +0.8 GeV/c?. The remaining

PP
systematic uncertainties for the fit to the MT-Spectnnn amount to +0.5 GeV/c?, mainly due to
urncertainties in the measurement of pT". Although the two methods give consistent results, we quote

the result of the latter method because of its smaller systematic uncertainty of +0.5 GeV/c?, which we

add in quadrature to the statistical error. To summarise:
My, = 81.2 £ 1.1 (stat.) + 1.3 (syst.) GeV/c?. _ (8)
Within errors, this value agrees with our previous result [3], and with the 1983 data of UAL[13).

We note that a fit to the MT distribution of Fig. 4 using the W width, I‘w, as a second free
parameter provides a way to determine Ty We obtain the upper limit I'y, < 7 GeV/c? at the 90%

confidence level.



8. SEARCH FOR W » & DECAYS IN A SAMPLE OF EVENTS WITH LARGE MISSING

TRANSVERSE MOMENTUM

A search for events with large missing transverse momentum (meiss) has been performed in the
UA2 experiment [14] to identify events containing high-pT jets or photons produced in association
with large meiss_ Such events have been reported by the UA1 Collaboration [15]. The final sample of
events is expected to contain W - ev decays, and it is therefore possible to cross-check the W-selection

of Section 4 using an independent analysis.

Events of large meiSS were selected using a trigger such that meiss exceeded 30 GeV/c. This
signal was constructed by hardware using the transverse energies measured in the cells of the central

calorimeter only. The trigger was operational only during the 1984 run (/s = 630 GeV,

L = 310 nb~Y).

A major background contrbution to the meiSS trigger results from beam-halo particles
appearing as an accidental overlap with a minimum-bias pp interaction. As described in [14}, the
majority of this background is removed by requiring valid timing of both the small-angle counter

hodoscopes, and a large forward veto-counter array.

At the analysis level, the meiss requirement of the trigger is repeated, using more accurate

calorimeter calibrations and a knowledge of the event vertex. In addition, we require:
i = pr > 30 GeVye, with pp® > 3 Gevye,

i, Z IEle < 10 GeV/c with pTCI > 3 GeV/c, in a wedge of + 60° opposite in azimuth to the
cluster selected as an electron candidate, and no energy cluster of ET > 3 GeV in this

angular range in the forward calorimeters.

In the subsequent analysis we apply calorimeter requirements on the selected cluster of the central

calorimeter, as in Section 3. That is, we require that the energy cluster has smail lateral extension and



limited energy leakage in the hadronic compartment of the calorimeter. To further reduce the
bearn-halo background, we require that less than 50 % of the energy of the sclected cluster is deposited
in edge cclls of the calorimeter, and we exclude long clusters in the calorimeters that are parallel to the
beam line and characteristic of beam halo interactions. A total of 63 events survive the calorimeter

selection with pp® > 30 GeV/c and pp™iss > 30 GeVie.

In addition to W — er events, the sample still contains background from beam-halo interactions
and from two-jet events in which one jet escapes detection due to the incomplete angular coverage of
the apparatus. Using the method described in [14], the background contributions are estimated to be
23 + 1 and 6.5 + 1 events respectively. Fig. 5 shows the meiSS distribution of the events, and the

two-jet background contribution. The expected Jacobian peak for W - ev decay is visible.

Of the 63 events, 51 events satisfy meiSS > 34 GeV/c, where the trigger is fully efficient. A total
of 30 events in this sample are also found in the electron search of previous sections. An additional ten
events compatible with W - ev decay were identified by scanning at a high-resolution graphic display,
and this number is consistent with the efficiency for electron identification quoted in Table 1. After
including background contributions, a total of 46 + 7 events are expected in the event sample,

compared with 51 events actually observed.

From the 51 events satisfying meiss > 34 GeV)/e, we evaluate the cross-section, "We’ using an
analysis which is based solely on calorimeter information. The result, awe = (.52 + 0.09 (stat) nb,

agrees with the value (6} obtained from the electron search, and with the preliminary result of [14].

9. CHARGE ASYMMETRY

At the energies of the CERN pp Collider, W production is dominated by qq annihilation

involving at least one valence quark or antiquark. As a consequence of V-A coupling, the W is



produced with almost full polarisation along the direction of the incident p beam, and a distinctive

charge asymmetry can be observed in the decay W - ev.

If 6% is the angle between the charged lepton and the direction of the incident proton in the W

rest frame, the angular distribution has the form
dn/d(cos?™) « (1—qeost™)? + 2qacosd” &)

where @ = —1 for electrons and + 1 for positrons. The parameter a, with the property 0 < « < 2,
depends on the ratio x between the A and V couplings (time reversal invariance requires x to be real).

Under the assumption that x is the same for both Wqq and Wer couplings, « is given by '
a = [(1—x%)/(1+x3))°. (10)

For standard V-A coupling « is zero. We note, however, that the angular distribution given by Eq. (9)

provides no information on either the sign of x, or on the choice of x or 1/x.

In the UA2 detector a determination of the sign of the electron charge is only possible in the
forward detectors, where a magnetic field is present. Since the sensitivity of the data to the exact form
of the angular distribution is highest for values of cos#” close to +1, corresponding to small values of
pTc, we consider all electron candidatés with pTe > 20 GeV/cand p < 0.2 that are detected in the

oPp ~
forward regions.

This sample contains 28 events with an estimated background of 2 events. A comparison between
the electron momentum p and the energy E, as measured in the calorimeter, is made in Fig. 6. This
figure shows the position of these events in the plane {(p~1, E~?), where p is the momentum with the
sign of q.cosf, (6, being the laboratory angle of the electron with respect to the proton direction). The
horizontal error bars in Fig. 6 feprescnt the uncertainty on the measurement of p~*, which is
0.007 (GeV/c)~!. There are 20 cvents in the region of negative p values (the region favoured by the

V-A coupling), and 8 events in the region of positive p values, corresponding to an asymmetry of



0.43 + 0.17. This value is in good agreement with the expected asymmetry for V-A coupling of
0.53 + 0.06 (@ = 0 in Eq. 9), as obtained by a Monte Carlo calculation which takes into account the
expected sea-quark contribution, and as well a background contribution which is estimated to include
0.6 events from Z° - e¢*e™ decay with one of the two electrons undetected and 0.3 events resulting

from W - 7v decay.

To extract a value of a from these data we use a Monte Carlo program to compare the expected
two-dimensional distributions fi(p-re, 8.), for positrons and electrons separately, with those observed.
To each event we assign a likelihood Qi = f*p* + f73~, where ¥ (n7) is the probability that the
observed particle was a positron (an electron). The functions f* take into account the W motion, and
the probabilities n% include the uncertainty of the charge sign determination resulting from the

momentum measurement ¢rror.

After taking into account biases of the maximum - likelihood estimator, we measure « to be
consistent with zero, as expected for V - A coupling. We determine a < 0.39 (68% confidence level),

corresponding to 0.48 < {x| < 2.1 (see Eq. 10).

We use the sample of W -+ ev candidates with pTe > 25 GeV/c (119 events) to measure the
charge-averaged cos0™ distribution, which has the form dnjd(cosé™) = 1+cos?8™ if only vector and
axial-vector couplings are involved (see Eq. 9). A unique value of cos8™ for each event is not calculable
because the neutrino longitudinal momentum, p; ¥, is not measured experimentally, and the condition
that M, = Myy results in two solutions for p; V. For events in which both solutions are physically
allowed, we choose the solution corresponding to the smaller absolute value of the W longitudinal
momentum, pLW. Events for which M > My are excluded from this analysis because in this case

both solutions are unphysical.

Transforming the clectron four-momentum to the W rest frame provides a unique value of 6"
only if pTW = 0, and the quarks have no transverse momentum. For pTW # 0 the initial parton

directions are not known and the Collins-Soper [16] convention is used.



We use a Monte Carlo program to correct the cosf” distribution for the effects of the detector
acceptance and resolution. The corrected }c059*| distribution shown in Fig. 7 is consistent with the
expected form 1 + cos?6™, modified to take into account higher-order QCD contributions to

W-production.

10. LONGITUDINAL MOMENTUM DISTRIBUTION OF THE W

The fractional beam momentum Xy = 2pLW/\/s carried by the W bosons can be used, via the

relations
X = xp ~ X5 and (1D

My/s = x %5 (for ppYV << Myg) (11

to dectermine the fractional momenta of the partons involved in W production. The distributions
dnfdxp and dn/dxfj are expected to be identical, and, at the energies of the CERN pp Collider, the

partons involved are mostly quarks (antiquarks) in the proton (antiproton).

Fig. 8a shows the distribution dn/dx = dn/dxp + dn/dxf), as determined for the 1982-83 event
sample (/s = 546 GeV). The corresponding distribution for the 1984 event sample (/s = 630 GeV)
is shown in Fig. 8b. Superimposed are the expected distributions from Ref. [8], distorted by the effects

of the detector acceptance and resolution.



11. ELECTRONS WITH ASSOCIATED JETS OF LARGE TRANSVERSE MOMENTUM

Non-leading QCD contributions to W production have been discussed in a large number of
theoretical papers [11,17]. The main consequences of these contributions are to increase the production
cross-section by ~30%, and to give the W a sizeable average transverse momentum pTW.
Furthermore, for relatively large values of pTw, the W bosons are expected to recoil against hadronic

jets which can be observed experimentally.

In the sample of W - ev events which was used in the previous Sections, the requirement
Popp < 0.2 was applied to reduce the background of fake electrons. However, this requirement rejects
electrons in the presence of jets at opposite azimuthal angles. As seen from Fig. 3a, a strong

background suppression is also obtained by requiring that the missing transverse momentum (meiss

or p1") exceeds 25 GeV/c, independent of the azimuthal separation between f;Te and f;T".

A total of 807 events from the 1983 and 1984 Collider runs (an integrated luminosity
L = 436 nb~!) contain an electron candidate of pTe > 15 GeV/c. Fig. 9a shows the distribution of
these events in the (pT",ETJ) plane, where ET-lr is defined as the summed transverse energy of all
reconstructed jets (if any) in the event. As noted in Section 3, each constituent jet, i, of the system J

must have a transverse energy E > 5 GeV.

The results of an analysis with the pp” > 25 GeV/c requirement applied to the 1983 data have
already been published [18]. In this Section, we repeat the analysis with the enlarged data sample. The
use of Eq. (3) to calculate p-r", and the implementation of a 5 GeV transverse energy threshold to
define jets (it was 3 GeV in [18]), represent small modifications to the previous analysis. In Ref. [18],
most events were consistent with W produc-tion from standard QCD processes. However, the sample
contained three events (A, B, and C in [18]) in which an ev pair consistent with W decay was observed
in association with very hard jets, under low background conditions. Two of these events (B and C)

were not easily interpreted in terms of standard QCD processes because of their large measured values



of ETJ and their large pp” values (pT" > 50 GeV/c). These events suggested the existence of a new
unexpected phenomenon, and in the 1984 data sample about nine additional events satisfying
pTe > 15 GeVl/e, pT" > 50 GeV/c and ETJ > 30 GeV (as for events A, B and C) could have been
expected. With the enlarged data sample, no additional event satisfying pT” > 50 GeV/c is observed,
making the interpretation of events B and C in terms of some new phenomenon less likely. We ﬁotc
that no instrumental differences which may have changed the performance of the detector between the

1983 and 1984 runs have been found.

The background evaluation follows the method described in Section 5. We consider a sample of
events for which the electron is replaced by a neutral particle (or systemn of particles) whose behaviour
in the detector is consistent with that of an isolated »° having py > 15 GeV/c. The distribution of
these background events in the (pT”, ETJ } plane is shown in Fig. 9b. To estimate the backgrqund
contribution from hadrons or hadron jets that are misidentified as electrons, we assume that the
electron candidates having pp® < 20 GeVe, pp < 20 GeV/c arc all misidentified hadrons, and we
normalize the plot of Fig. 9b to the number of events in the same region. The renormalised number of
background events is then assumed to represent a correct background estimate for all regions of the
(pT”, ETJ) plane. We have checked that the renormalisation of the background is within statistics
independent of p* and pTe. Fig. 10 shows the pT" distribution for all electron events, together with
the background estimate of 10.6 + 2.0 events in the region py* > 25 GeV/e. This distribution shows

the Jacobian peak at p” = 40 GeV/c as expected for W —+ ev decay.

Of the 7 events ob{served with pT" > 25 GeV/c and ETJ > 30 GeV, three events (A, B and C)
are from the 1983 run. The corresponding background of fake electrons is estimated to be
2.3 £ 0.7 events in this sample. Only these threc events satisfy pT” > 50 GeV/c, ETJ > 30 GeV, and
the corresponding background is estimated to be < 1.1 events (90% confidence level). Two of the 7
events have a different configuration from the others, and are incompatible with the decay W — ev.

These events have been discussed elsewhere [19]. The remaining events (A, B, C, and two events of the




1984 run) are all characterised by a large azimuthal separation between the electron and the neutrino
{A¢ > 120°). The ev pairs have transverse mass values that are consistent with the My distribution
from W - ev decay that is shown in Fig. 4, and we therefore assume that these events consist of W

bosons produced in association with hadronic jets.

Following the analysis of [18], we note that the probability, PW(J), for a W to be produced in
association with a jet or system of jets, J, is independent of the W decay mode. It can be evaluated, for
example, using events for which the W decays in hadronic jets j; and j,. In practice, however, the
majority of events kinematically consistent with the decay of W into two jets result from QCD
processes not involving W production. Because of the larger number of relevant sub-processes, we
would expect larger values of le j;_('l) for QCD processes. We therefore expect to obtain an upper limit
to Py () from an evaluation of the fraction le iz(J) of events containing 2 jets j, and j,, which also
contain an additiongl jet or system of jets, J. The fraction lejz(J) has been evaluated separately for
data of 1983 and 1984, becausc of the different ./s-value [20]. We retain only those (j1j2) pairs that
satisfy the same kinematic cuts as ev pairs from W-decay, and with an invariant mass experimentally
compatible with what would be measured in the apparatus from the decay of W into 2 quark jets. An
identical treatment of the j,j, and ev systems is not possible because, contrary to the electron and
neutrino, j, and j, are measured only in the central calorimeter because of the hardware trigger criteria

used for the jet sample. However; this results in only a small correction to le jz(J).

The fraction le jz(J) may be evaluated as a function of any set of paramecters describing the
kinematic configuration of the J system. In Ref. [18], parameters appropriate to each event
configuration were selected. However, since no additional events in the kinematic region of A, B and C
were 1dentified during the 1984 run, we nov;r prefer to evaluate le jz(.I) as the function of a common

parameter independent of the special configuration of individual events.

We use the function Fj i (ETO), defined by the probability that a §,j, pair is associated with a
' 112

system J having ETJ > ET". In Fig. 11a, we compare Fjljz(ETO) with the corresponding function,



FW(ETU), of W - ev events for which the electron is detected in the central calorimeter. We note

that:

. . T ; s oy s . . . 3
1. the choice of Ep” in estimating Fj;jz(ET) is conservative. By instead choosing ETJ,
corresponding to the jet of largest Ex in the system J, the comresponding values of
ij jz(ET") would be reduced by a factor of between two and five for the ETO range 35 to 65

GeV.

ii. the events B and C remain outstanding in the 1983 data sample (Fig. 11b). From their
associated F i jz(ET")-values, only 0.07 events could be expected. When combined with the
1984 data, that upper limit increases to ~ 0.3 events. More data are necessary to ascertain
whether the events B and C result from QCD processes. However, the absence of such

events during the 1984 run strongly suggests that interpretation.

Assuming that the events discussed above are W - ev cvents for which the W is produced via
conventional QCD processes, the data sample may be compared with the predictions of the Monte
Carlo program [8] which generates W bosons with or without hard jets according to perturbative QCD
up to O(cxsz). This program, which includes a full simulation of the UA2 detector, was used to predict
the associated production of W bosons with jets of Ex > 5 GeV. For large Et (in excess of about 10
GeV), where pertubative QCD evaluations are appropriate and the energy response of the calorimeter
to jets i1s well understood, the simulation should provide a reliable description of the data.
Uncertainties of the theoretical predictions include the choice of the structure functions used, and the

assumed value of s [21].

This program is used to predict the fraction FW(ETO), and the result is superimposed on
Fig. 11a, for a.-values in the range 0.14 to 0.20. The evaluated FW(ET") - values are in qualitative
agreement with data from the 1984 run, but for the reasons discussed above, that agreement is less

good when data from the 1983 run are included. Multiplying the theoretical value of FW(ETD) by the




number of events satisfying pTe > 15 GeV/c and pT" > 25 GeV/e, we obtain an estimate of the
expected number of W — ev events produced in association with jets having ETJ > ETU from
standard QCD processes. For a, = 0.14, this number is 2.5 * 0.3 events for ETD = 30 GeV, to be

compared with five events observed.

12. EVENT STRUCTURE ASSOCIATED WITH W - PRODUCTION

We now consider the total data sample satisfying pTe > 15 GeV/c and pp” > 25 GeV/c, and we
compare this sample with the expectations of conventional QCD processes for W-production. After

applying a cut on the transverse mass, MT > 20 GeV/c?, the sample contains 126 events.

Fig. 12 shows the distribution of the W transverse momentum pTW, defined as
f;’T = {{Te + f)’T”. A QCD prediction of Altarelli et al. [11], illustrated by the curve of Fig. 12, is in
good agreement with the data. Also shown is the prediction of Ellis et al. [8]. For pTW > 30 GeV/e
we expect about 2.7 events to be compared with 6 observed events and an estimated background of 0.7
events. Given the theoretical uncertainties of the QCD prediction, the agreement is reasonable. The
average value of pTW for the distribution of Fig. 12 1s <pTW> = 8.8 + 1.7 GeV/c. The quoted

error on <pTw> mainly results from the uncertainty in measuring the correction factor A that is

used in the evaluation of py” (see Section 5).

In Fig. 13, we show the Ep. spectrum of the jet system J. Again, the superimposed Monte Carlo

expectations are in good agreement with the data, for ET-T > 10 GeV.

For each event of the W-sample which has an associated jet system J, we assume that the ev pair
results from W-decay, and we evaluate the invariant mass M(ev]) corresponding to the minimum
iongitudina.l momentum of the W - I system. The resulting M(W1I) distribution is shown on Fig. 14,

with superimposed Monte Carlo expectations [8] that are in reasonable agreement with the data.

~



The same event sample is used to compare the “underlying event” that is obtained after excluding
the electron from the W-decay, with the characteristics of minimum-bias events. To remove expected
differences fromm QCD hard processes, only those events having no associated jet are considered. In
Fig. 15 we compare the quantity ﬁT which is defined as the summed transverse energy of all particles

in the underlying event, in the pseudo-rapidity range [7| < 1. We measure :

A
e
—
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I

8.0 £ 0.6 GeV (W -+ ev events with no jet)

6.5 + 0.3 GeV (minimum-bias events with no jet).

A
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—
v
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In the case of the minimum-bias event sample, the quoted error reflects the uncertainty due to
run-by-run variations of <ET>‘ It should be noted that the differences observed between the
underlying event structure of the W-sample, and that of minimum-bias events, are sensitive to the
ET—t&eshold used to define the jets. We also note that 2.3% of minimum-bias events have at least one

associated jet of ET > 5 GeV in the pseudo-rapidity range |n| < 1.

The associated charged particle multiplicity is compared in Fig. 16 for the same events. The
plotted quantity is the experimentally measured transverse-track multiplicity, Nep i the
pseudo-rapidity interval |y < 1.7, before corrections for track efficiency, spunous tracks etc. We
measure :

< Nch> =195+ 13 (W - er cvents with no jet)

A
Z
o
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]

147 + 0.3 (minimum-bias events with no jet).

13. THE DECAY Z° + e*e”

The observation of seven Z° - e*e” decays and one Z® - e*e”y decay among the data
collected during the 1982-83 Collider runs has already been reported [2,3]. We first describe the search

for events containing two high-py clectrons among a sample of ~ 1.1 x 10° Z° triggers recorded

dusing the 1984 run. We then discuss the full data sample.



The efficiency of the electron identification criteria is 0.74 + 0.04 in the central region and
0.79 + 0.03 in the forward regions (see Section 3), and therefore the requirement that both electrons
satisfy these criteria would reject approximately one half of all Z° - e*e™ decays. To avoid this loss,

we prefer to use less selective but more cfficient criteria.

A first selection is made by keeping only the events which contain at least two energy clusters of
ET > 5 GeV passing the calorimeter cuts used in the electron analysis (see Section 3). A total of

1154 events having a two-cluster invariant mass, M _, above 20 GeV/c? survives this requirement. The

ee’
M, distribution of these events is shown in Fig. 17a. Although these criteria are rather loose, an

accumulation of events in the region of the Z° mass is already visible at this stage of the analysis.

The additional requirement that at least one cluster satisfies all electron identification criteria
selects 54 events, whose M__ distribution is shown in Fig. 17b. There is a clear peak consisting of
8 events with a2 mass value in excess of 75 GeV/c?, well separated from the rapidly falling continuum at

lower mass values.

To estimate the background contribution from two-jet final states to the M, distributions of
Figs. 17a and 17b, we use the original sample of events selected by the ZC°-trigger, which consists
mostly of two-jet events, and we measure the probability that a jet passes a given set of electron cuts.
We then verify experimentally that the fraction of events for which both jets pass the cuts is given by
the square of this probability in the mass region 20 < M_, < 70 GeV/c?. This fraction is found to be

approximately independent of M, for M, > 40 GeV/c2.

By applying this method to the region M, > 70 GeV/c® we estimate that the contribution of
two-jet events to the distribution of Fig. 17a. is 3.8 + 0.4 events, compared with 13 observed events. In
the same mass range the background contribution to the distribution of Fig. 17b is 0.21  0.02 events,
compared with an observed number of 8 events. In 4 of the 8 events, the second cluster also satisfies

all electron-identification criteria. In the remaining events, the second cluster is compatible with an



electron, given the quoted efficiencies for electron identification. We conclude that our final selection
criteria lead to a background-frec sample of Z° - ¢*e~ decays, while being at the same time

(89 + 3)% efficient.

Fig. 18 shows the mass values and the measutement errors for the eight events with
Mce > 70 GeV/c?, together with those of the eight events from the 1982-83 Collider runs. We note
that the mass values of the 1982-83 events have undergone small changes with respect to our previous
publication [3] following a recalibration of the calorimeter response as a function of the impact point.
In particular, in one event (called F in Refs. 2 and 3), an apparent inconsistency between the
calorimeter energy pattern for one of the two electrons and the impact point of the track is now
understood to have resulted from the increase of the light attenuation in the scintillator as a function of
time. As a consequence, the 1982-83 sample now contains five well-measured events instead of four.

A list of parameters for the full sample of 16 events is given in Table III. We obtain a value of the
Z° mass by fitting the mass values oif these events, with the exclusion of events Z1, Z3 and Z5 (these
events are denoted as D, G, and H in Refs. 2 and 3), to a relativistic Breit-Wigner shape modified by

the experimental mass resolution. The result is
My = 92.5 + 1.3 (stat.) £ 1.5 (syst.) GeV/c? (12)

where the systematic error reflects the * 1.6% uncertainty on the absolute energy scale of the

calorimeter.

The cross-section for Z° production followed by the decay Z° - e*e™, OZe' can be obtained
from the observed number of events after taking into account the detector acceptance (57% at
s = 546 GeV and 55.5% at ,/s = 630 GeV as estimated by a Monte Carlo simulation), the

efficiency of the identification criteria, and the integrated luminosity. We find
023(546 GeV) = 110 £ 39 (stat.) £ 9 (syst.) pb (13

055(630 GeV) = 52 % 19 (stat) + 4 (syst.) pb. (139



Within the large statistical errors, both values are consistent with theoretical predictions [11], which

+13 +16
give 0,° = 42_¢ pb, and o7% = 51_1ppbat /s = 546 and /s = 630 GeV, respectively.

Fig. 19 shows the distribution of the Z° transverse momentum, pTZ, for all 16 events. The result
of a QCD calculation [11], normalised to the observed number of events for pTZ < 15 GeV/e, is also

shown in Fig. 19. The average value of pTZ is < pTZ> = 54 + 1.0 GeV/c.

14. THE WIDTH OF THE Z°

In order to extract an estimate of the Z° width, Ty, from the 13 events used to determine MZ’ we
first note that the r.m.s. deviation of the mass values from the value of M, given by Eq. (12) is
3.58 GeV/c?, which is very similar to the average of the measurement erors, ¢ = 3.42 GeV/c?. Under
these circumstances, and given the small statistical sample available, the determination of Ty depends

critically on a precise knowledge of the experimental mass resolution function.

For this reason we have carried out Monte Carlo studies using a large number of event samples,
each consisting of 13 events, and created from Breit-Wigner distributions of varied T, values. The
production and detection conditions have been included in detail. We have examined several estimators
of I‘Z. In all cases we find that the Monte Carlo distributions of the estimator results are biased, and
considerable differences, D, between the mean and the most probable values result. Here, we compare
two estimators. The first, w, is a linear combination of several simple estimators constructed to
minimize the difference D. The second is the maximum likelihood estimator, where D is large. In both

cases we remove the bias as a function of I'y, by reference to the mean of the Monte Carlo result.



From the real event sample, we obtain the estimate w exp: Defining the upper limit of I’y as the
value for which « < “exp in 90% of the Monte Carlo event samples, we then measure
I‘Z < 3.3 Gev/c? at the 90% confidence level. Using the maximum-likelihood estimator in the same
way we measure I‘Z < 4.6 GeV/c* at the 90 % confidence level. The difference between these two

results reflects uncertainty resulting from the small statistical sample. The systematic error, resulting

mainly from the uncertainty in the energy measurement error, is small.

Within the context of the Standard Model, the value of I‘Z 1s related to the number of fermion
doublets for which the decay Z® + f{ is kinematically allowed. In the case for which any additional
W- and Z°-decay products result from new fermion doublets in which only the neutrino is significantly

less massive than MZ/2, then
I'7(meas) = I‘Z(thrce fermion families) + 0.177 An, (14)
where I‘z is in units of GeV/c?, and An , is the number of additional neutrino species.

Since [y is independent of An, in this context if the associated charged lepton mass exceeds
My, an independent estimate of ['7 can be obtained by measuring the ratio R = aZe/awe. In this
case the error on R is dominated by statistics, because the value of the total integrated luminosity
cancels out. From the observed numbers of W + ev and Z° —«~ e*e~ decays, and the corresponding
detection efficiencies, we measure R = 0.136i8:8§:13averaged over data of \/s = 546 GeV and
/s = 630 GeV. QCD estimates of the ratio between the Z° and W production cross-sections [11]

provide a relationship between R and the ratio ISV
Ty/Tz = (89 £ 09) R, : (15)

where the error reflects the uncertainty of the QCD calculation [11] as well as the uncertainties of the
values used for the partial widths. To calculate the partial widths we have used the measured My and

MZ values together with their errors.



Using the Standard Model value, Ty, = 2.65 GeV/c? (which corresponds to the measured mass

My, = 81.2 GeVjc? and to a t-quark mass m, = 40 GeV/c?), we find
+0,7 2
Ty = 21970 (stat) £ 0.2 (syst) GeV/e (16)

in good agreement with the Standard Model prediction of Ty = 2.72 GeV/c? for MZ = 92.5 GeV/c?,
assuming three fermion families and m, = 40 GeV/c?. We evaluate an upper limit for An at the 90%
confidence level from the lower limit R > 0.094, which gives I'Z < 3.17 + 0.31 GeV/c?. We obtain

An, < 2.6 + 1.7 (the errors reflect the uncertainties of Eq. 15).

The quoted limit on the additional number of neutrinos is valid subject to very specific conditions
noted above. In most models for which an increase in Tz is expected (for example the decay of Z° into

super-symmetric particles) the Standard Model prediction for I'yy is also affected.

15. Z%-+eey AND THE SEARCH FOR W—¢'v

Among the eight Z° events that were recorded in the 1983 data, we observed one event of the
type Z°-+eey [2,3,22). The event contained a 24 GeV photon separated in space by 31° from an
electron of 11 GeV. We can exclude external bremsstrahlung from the electron as it passed through the
walls of the vacuum chamber or tracking system, because qf its large e-y opening angle. The process of
internal bremsstrahlung can, however, produce such event topologies. We estimate that the probability
of observing this eey configuration or a less likely configuration, in the sample of eight Z9 events, is
~10% [3]. Since no similar events have been observed in the 1.984 data, we conclude that the

probability of the internal bremsstrahlung hypothesis has increased to 19%.

It should be noted that about 75% of the electrons produced from the decay of the Z° are

detected in the central region of the UA2 detector. The absence of a magnetic field in this region



implies that both the electron and photon can be unambiguously identified only if they produce two
distinct clusters in the calorimeter. This corresponds to a requirement that the electron and photon are
separated by at least one cell at the calorimeter impact (in practice 20°-30°). I the electron and photon
are scperated by less than ~50 mrads, the resulting signature is identical to that of an electron of cnergy
E=E, + Ey, while for intermediate electron-photon separations the electron analysis criteria will not

be satisfied.

Although the internal bremsstrahlung hypothesis is at present the most likely explanation of the
eey event, many other interpretations have been suggested. One interpretation is the decay Z°+e'e
where ¢” is an excited electron decaying into an e-y pair [23]. The masses of the two e-y combinations
are 9.1+0.3 GeV/c2 and 74.7+1.8 GeV/cz. Excited electrons of the smaller mass have been excluded
by searches at e te™ storage rings [24], while those of the larger mass have not. Presumably, such
states would also couple to the W. We have therefore searched for the decay sequence W—e¢ v—eyw
[25]. The neutrnno, in this case, can be either a conventional ve OF an excited state (assumed to be

much less massive than the e*).

The search uses the sample of 2436 events that is described in Section 3. Each event in the
sample contains at least one clectron candidate having Ep > 11 GeV. We require that each event
contains in addition at least one photon candidate, with ET > 11 GeV and with an associated
conversion in the preshower detector. A photon candidate is defined as an energy cluster in either the

central or forward calorimeters subject to the following criteria:
1. the cluster is required to have small lateral extent and small hadronic leakage (see Section 3),
i. no reconstructed track should point to the cluster,

ii. each candidate is required to have an associated signal in the preshower counter consistent

with a photon conversion, and



s

iv. the shower development in the calorimeters should be consistent with that of a photon

having a trajectory determined by the event vertex and the preshower signal.

Of the 2436 events in the sample, only the Z°® - e*e”y event contains a photon candidate. No
candidate for the decay W - evy is observed. A total of 0.2 £ 0.1 events are expected from internal

bremsstrahlung.

The interpretation of this result requires a Monte Carlo simulation of the process
pp-W— ¢"v—=eyr in the detector. It is necessary to make some assumption about the coupling of an
excited state to the W boson. We consider two possibilities. The first, favoured by many authors [23],
is that the W couples to the transition magnetic moment of the e"-v current. The appropriate part of

the effective Lagrangian can be written as
P = (g/Jz)(hmag/M*)\v; by *aanB vy + he. (17)

where g is the SU(2) coupling constant, A is a factor representing the coupling strength

mag

<), M” is the mass of the excited electron, and q is the 4-momentum of the W field. The

(0= )*mag—

second possibility is that the W couples to a standard V-A current. The effective Lagrangian can be

written as
£ = (gVDhy. AWV, e v + he (18)
where Ay;_a is a factor representing the coupling strength (0=Ay;_5 <1).

The Monte Carlo simulation is used to calculate the ratio of the accepted cross-section for the
process pp+W- ¢'v+eyv to the total cross-section for the process pp—+W-+ev. Using this ratio, the
measured W cross-sections (see Section 6), the electron efficiency (see Section 3), and the photon
conversion efficiency of the preshower counter (approximately 70%), the number of expected events is

calculated for various choices of M and Anap OF Ay_p- The results of these calculations are shown

8
in Fig. 20 for both choices of coupling. They are represented as 90% confidence regions in A-M"



space for which the existence of excited electrons is excluded. The existence of a 75 Ge\//c2 excited
electron is just excluded provided that it couples to the W with the full Standard Model coupling

strength.

16. COMPARISON WITH THE SU(2) ® U(1) MODEL

If we ignore the fermion and Higgs scalar masses, and the elements ;>f the Kobayashi-Maskawa
matrix {26], the minimal Standard Model is characterised by three parameters, which can be taken to
be o (the fine structure constant), and the IVB masses My My. In order to compare our
measurements with the predictions of the Standard Model, we must use suitably renormalised and

radiatively corrected theoretical quantities [27]. We shall use the definition where [28]

sin"-Gw =1- (MW/MZ)2 ' (19)
which leads to the following predictions for the IVB masses:

My = A%[(1-An)sin?d, ] (20)

My? = 4A%[[(1-Ar)sin?28_] (20"

W

where A = (wa/,/ ZGF)” 2= (37.2810 £ 0.0003) GeV/c? using the measured values of « and G 9]
In the above equations, the value Ar reflects the effect of one-loop radiative corrections on the IVB

masses and has been computed to be [28]
Ar = 0.0696 + 0.0020 (21)

for my = 36 GeV/c? and assuming that the mass of the Higgs boson, MH’ is equal to M. Although
the quoted theoretical error in Eq. (21) is quite small, it has been pointed out [28,29] that Ar can be
significantly decreased in the case of a very heavy t-quark (Ar = 0 for my = 240 GeV/c?), or if a new

fermion farnily exists with a large mass splitting between the two members of an SU(2) doublet.



Using Egs. (20), (20") and (21), we can extract two values of sinsz from our measured values of

MW and MZ' We then combine them to obtain our best estimate of sinzﬁw:

sin?8, = 0.226 + 0.005(stat.) + 0.008(syst.). (22)

By using Eq. (19) it is possible to measure si1128w with no systematic error from the uncertainty
on the mass scale. We recall, however, that there is a £0.5 GeV/c? systematic uncertainty on the value
of My, which is not related to the energy calibration of the calorimeter (see Section 7). By taking this

uncertainty into account we obtain
sin?f,, = 0.229 + 0.030(stat.) + 0.008(syst.), (23)
which represents 2 much less precise measurement than the result of the method described previously.
Both the above results are in agreement with the value
sin?f,, = 0.220 £ 0.008 29

compiled from low energy data [30] together with recent results of the CDHS [31] and CCCFRR [32]
experiments, after radiative corrections have, been applied to these data. Very recent and accurate data
from the CDHS [33] and CHARM [34] experiments do not significantly alter the average value of

(24).
In the above discussion we have implicitly assumed the p parameter, defined as [35)
p= MWZ/(MZZ cos8 ) (2%

to be p = 1, which follows directly from the definition of sin®8, given by Eq. (19). However, by

combining Egs. (20) and (25) we obtain

p = My Mz (1-B*/My )] (26}



where B2 = AZ/(1—Ar). In our data this is the only measurable quantity which is sensitive to the
Higgs sector (more precisely, it depends on the isospin structure of the Higgs fields, but only very

weakly on their masses). From Eq. (26) we obtain
p = 0.996 + 0.033(stat.) + 0.009(syst.), 27) .

in good agreement with the value p = 1.02 + 0.02 from low energy data (see the compilations of [28]

and [36}), and with the minimal Standard Model.

Finally, we evaluate the sensitivity of our measurements to the radiative corrections expressed in
terms of the quantity Ar. Using only our measurements, and eliminating si1128w from Eqs. (20) and

(20"), we obtain

Ar = 0.08 £ 0.10(stat.) + 0.03(syst.). (28)

If, on the other hand, we use the average value of s'szw from low energy data (see Eq. 24), and

combine the values of Ar obtained from Egs. (20) and (20"), we obtain

Ar = 0.05 + 0.03(stat.) £ 0.03(syst.). (29)

Within the present statistical and systematic errors, we cannot demonstrate the existence of
radiative corrections in the Standard Model, even if we include the results of low energy experiments.
This conclusion is summarised in Fig. 21, which shows the 68% confidence level contours in the plot
of M, = MW versus MZ from our measurements, compared to the Standard Model
predictions (p = 1) with and without radiative corrections. Also shown in Fig. 21 are the ranges of

sin”ﬂW and g allowed by the low energy measurements.



17. SUMMARY.

In the previous Sections, we have described data so far collected for the processes

p+p-—Wi+anything

-+ et + »(p) + anything, and

p + p -+ Z° + anything

+ ¢t + e~ + anything
We have measured the cross-sections for these processes at /s = 546 GeV and /s = 630 GeV to be:
oy (546 GeV) = 0.50 + 0.09 (stat.) + 0.05 (syst) nb
04, 5(630 GeV) = 0.53 + 0.06 (stat.) + 0.05 (syst.) nb
075(546 GeV) = 110 & 3 (stat.) + 9 (syst.) pb
07°(630 GeV) = 52 % 19 (stat.) + 4 (syst.) pb

These results are in reasonable agreement with theoretical estimates [11], and with recent results from

the UA1 Collaboration [10].

We have studied the associated production of W and Z° with high-p hadronic jets, and we have

compared these data with expectations from higher-order QCD corrections to the basic W and Z°

production sub-processes.

Updated measurements of the W and Z° masses and widths have been described. The new mass

values are within errors consistent with those previously reported [3]:
My, = 812 £ 1.1 (stat) & 1.3 (syst)) GeV/c?

My = 92.5 £ 1.3 (stat.) £ 1.5 (syst.) GeV/c2.



Using the mass measurements alone, we have reported updated values of sinzﬂw, taking the scheme

used by Marciano and Sirlin [28]:
sin?8,_ = 0.229 + 0.030(stat.) + 0.008(syst.).

w

Alternatively, using low-energy measurements of « and Gp, and one-loop radiative corrections as

calculated in [28)] with m;, = 36 GeV/c?, we have measured:
sin®6 = 0.226 + 0.005(stat.) + 0.008(syst.) for p = 1, and
p = 0.996 + 0.033(stat.) + 0.009(syst.).

These measurements are in good agreement with low-energy data [28,36], and with the predictions of

the minimal Standard Model.

et
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Electron candidates of p; > 25 GeV/e.

TABLE 1.

Vs (GeVv) 546 630
Integrated luminosity (nb™1) 142.5 + 11.5 310 + 25
UA2 acceptance, € 0.66 £ 0.01 0.65 £ 0.01
UA2 electron detection efficiency,

N central 0.74 * 0,04 0.74 = 0.04
forward 0.79 £ 0.03 0.79 £ 0.03
0 efficiency 0.95 = 0.02 0.93 £ 0.02
opp
Number of electrons candidates :
all 67 153
OOPP .
p < 0.2 36 83
opp
Background (o < 0.2)
opp
QCD 1,7 £ 0.5 4,1 1.2
W+ 1V 0.5+ 0.1 1.2 £ 0.2
z° > ete” 1.1 + 0.3 3.3 ¢
Signal (electrons) 34,3 £ 6.0 78.9 + 9.2
Signal (W + ev) 32.7 £ 5.9 74,4 £ 9.0




Table II.

Systematic uncertaintics on the measurement of My (GeV/c?)

Source Fit to the pp° Fit to the My
spectrum spectrum

<pp™> +£0.6 GeVjc? -

P opp cut +0.3 GeV/c? -

TW'%' +0.2 GeV/c? +0.2 GeV/c?

rr’ - +0.3 GeV/c?

measurement

Cell-to-cell +0.2 GeV/c? +0.3 GeV/c?

calibration

Total of above +0.8 GeV/c? +0.5 GeV/c?

Absolute +1.3 GeV/e? +1.3 GeV/c?

calibration

t Systematic uncertainty obtained by varying Ty, by +0.5 GeV/c?.
w
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FIGURE CAPTIONS

1. Transverse momentum spectrum, dn/dee, of all electron candidates with pT° > 11 GeVic
for the 1982-1984 data samples. The electrons of the final W sample (119 electrons) and Z°

sample (21 electrons) are emphasized.
2. Transverse momentum spectrum of the highest-p. electron candidate, for

a. 1827 events satisfying pTe > 11 GeV/c and Popp > 0.2, The background shape
from a sample of =" events is superimposed, nommalised in the range

pTe > 13 GCV/C.

b. 593 events satisfying pre > 11 GeV/c and Popp < 0.2, The expected background
from QCD processes is superimposed (......), together with expected contributions
from decays W - w (__ ) and Z° -+ e*e~ with one electron escaping the
acceptance (_.._..). The contribution of W -» ev decays is shown (_._.), together with

the total expectation from all processes ( ).

3. The distribution of pTe vs. py’ for all events which contain an electron candidate having
pTe > 11 GeV/c. The superimposed lines represent pT" = p’l‘e' In a) all events are plotted,

and in b) events with p opp < 0.2 are shown.

4. The distribution of My for the 119 electron candidates having pr° > 25GeV/c and
Popp < 0.2. Superimposed are the summed background contributions of Fig. 2b(......),

together with expectations of W - ev decay (_ _ _) and the sum of the curves ( ).

5. The distribution of meiss for 63 events from the prmiss trigger in which an electromagnetic
cluster exists satisfying pp > 30 GeV/c and meiss > 30 GeV/c. The superimposed curve

represents the background from 2-jet events and from beam-gas background.



. Plot of p~! vs. E-! for 28 W — v candidates with pt° > 20 GeV detected in the forward
regions. The quantity p is the product of the electron momentum as measured by magnetic

deflection and the sign of the product (g.cost,) whereq = +1(— 1} fore*(e™).

. The distribution of |cos®” |, where 8" is the angle between the charged lepton and the direction
of the incident protons in the W rest frame, using the convention of Collins and Soper [16].
Corrections have been made for detector acceptance and resolution. The expected distribution

dn/dcosd” « 1+cos?8”, modified for the effect of higher-order QCD processes, is

superimposed.

. Distribution of the fractional longitudinal momentum, x, carried by interacting partons in the
reaction pp - W% + anything, for a) data at ./s = 546 GeV, and b) data at ./s = 630 GeV.
Superimposed Monte Carlo expectations take account of the detector acceptance and

resolution.

. Distribution of pT" Vs ETJ , where F,rJ is the sum of all jet transverse energies (> 5 GeV) in

the event.

a. a total of 807 events containing an electron of pre > 15 GeV/c. The events in the
region pT" > 25 GeV/c and F,rJ > 30 GeV, and also the Z° events, are

emphasized.

b. 3544 events from a background sample containing an energy cluster, of

Ep > 15 GeV, compatible with the signature expected from a =°.

10. The distribution of pT” for 807 events satisfying pTe > 15 GeV/c. The expected background

is superimposed.




11. The fraction FW(ETD) of W - ev decays associated with one or more jets having
ET'I > ETO, as a function of ETD. The number of events associated with bins of large ETJ

are shown on the figure.

a. Combined 1983 and 1984 data sample. The superimposed curves are an evaluation
of Fi;iz(ETo) from the data (— — —). The shaded region is the result of an
evaluation of FW(ET°) from a QCD Monte Carlo [8], for as-values in the range

0.14 to 0.20.

b. Data from 1983 and 1984 shown separately, with curves of Fjljz(Ero) shown for

each sample.

12. Distnbution of pTW for 126 events (less 9.8 events background) from the 1983-84 data
sample, satisfying pTe > 15 GeV/c and pT” > 25 GeV/c. The shaded region corresponds to
36 events (less background) having at least one jet of E,TJ > 5 GeV. The superimposed full
curve is from Altarelli et al. [11], using D01 structure functions and calculated at

/s = 630 GeV. The dotted curve is from Ellis et al. [8] at s = 630 GeV.

13. Distribution of ETJ , the transverse energy of the jet system J, for 36 W -+ ev decays with at
least one associated jet, j, of ETJ > 5 GeV. The expected distribution from QCD processes [8]

is superimposed.

14. Distribution of M(WJ), the invariant mass of the W-jet(s) system, for 36 W — ev decays with
at least one associated jet,j, of ETJ > §$GeV. The expected distnbution from QCD
processes [B] is superimposed. The distribution is not comparable to that of [18] because of

different event selection criteria.



15. Distribution of ET’ the summed transverse enérgy of ﬁll particles detected in the range |n| < 1,
for W - er events (full linc), and minimum-bias events (broken line). Only events with no
associated jet activity are included. The minimum-bias curve is normalised to the area of the

W - ev histogram.

16. Distribution of Ny, the associated charged particle multiplicity, in W -+ ev decays with no
associated jet (full line), and minimum-bias events (broken line). The minimum-bias curve is

normalised to the area of the W -+ ev histogram.
17. The invariant mass distribution, M, plotted for M, > 20 GeV/c? :

a. 1154 events containing at least two clusters of Ep > 5GeV and passing all

calorimeter cuts of the electron analysis,

b. a subsample of 54 events for which at least one clusters passes all electron

tdentification criteria.

In each case, the expected background from 2-jet processes is superimposed.
18. For 16 events compatible with the decay Z° = e*e™ (y):
a. the invariant mass distribution, Mee(y)' and

b. individual mass values and their associated measurement uncertainties. Those
marked (*) are not used in the mass determination {2,3), because of systematic

uncertainties on the energy measuremnent of one electron.




19. Distribution of pTZ of 16 Z° events. The shaded region corresponds to 3 events having at

20.

21.

lcast one associated jet of Ep > 5GeV. The superimposed curve is from [11], calculated at

/s = 630 GeV using DO1 structure functions as quoted in that reference.

90% confidence regions in the A—M" planc for which the existence of excited electrons of
mass M is exciuded. The parameter A defines the strength of the coupling, as discussed in the

text.

68% confidence contours in the plot of Mz~ My vs M5, taking into account the statistical
error only (1), and with statistical and systematic errors combined in quadrature (2). Curve a)
is the Standard Model prediction for p = 1 with radiative corrections. Curve b) is the same
prediction without radiative corrections. The band defined by curves a) and ¢) corresponds to
the region allowed by the low energy result[28,36], p = 1.02 + 0.02. The curves
corresponding to two different values of sin29w define the region allowed by the world average

of low energy results [30-32], sin®f, = 0.220 + 0.008.
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