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ABSTRACT

We report the results of two searches made on data recorded at the CERN SPS
Proton-Antiproton Collider: one for isolated large-ET electrons, the other for
1arge-ET neutrinos using the technique of missing transverse energy. Both searches
converge to the same events, which have the signature of a two-body decay of a
particle of mass v 80 GeV/c?. The topology as well as the number of events fits
well the hypothesis that they are produced by the process p + p ~> Wt + X, with
Wt o> et 4 V; where Wt is the Intermediate Vector Boson postulated by the unified

theory of weak and electromagnetic interactions.



INTRODUCTION

It is generally postulated that the beta decay, namely (quark) + (quark) +
+ e* + v is mediated by one of two charged Intermediate Vector Bosons (IVBs), wt
and W of very large masses. If these particles exist, an enhancement of the
cross-section for the process (quark) + (antiquark) -+ et + v should occur at
centre-of-mass energies in the vicinity of the IVB mass (pole), where direct ex-
perimental observation and a study of the properties of such particles become
possible. The CERN Super Proton Synchrotron (SPS) collider, in which proton and
antiproton collisions at /s = 540 GeV provide a rich sample of quark-antiquark
events, has been designed with this search as the primary goal [1].

Properties of IVBs become better specified within the theoretical frame of
the unified weak and electromagnetic theory and of the Weinberg-Salam model [2].

The mass of the IVB is precisely predicted [3]:
M = 82 + 2.4 GeV/c?

for the presently preferred [4] experimental value of the Weinberg angle sin? Ow =
= 0.23 + 0.0l. The cross-section for production is also reasonably well antici-

pated [5]

o(pp > W > ef +v) = 0.4 x 107%% k en? ,

where k is an enhancement factor of N 1.5, which can be related to a similar
well-known effect in the Drell-Yan production of lepton pairs. It arises from
additional QCD diagrams in the production reaction with emission of gluons. In
our search we have reduced the value of k by accepting only those events which

show no evidence for associated jet structure in the detector.

THE DETECTOR

The UAl apparatus has already been extensively described elsewhere [6].
Here we concentrate on those aspects of the detector which are relevant to the
present investigation.

The detector is a transverse dipole magnet which produces a uniform field of

- 0.7 T over a volume of 7 ¥ 3.5 x 3.5 m®. The interaction point is surrounded by
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the central detector (CD): a cylindrical drift chamber volume, 5.8 m long and
2.3 m in diameter, which yields a bubble-chamber quality picture of each pp in-
teraction in addition to measuring momentum and specific ionization of all charged
tracks.

Momentum precision for high-momentum particles is dominated by a localization

error inherent to the system (£ 100 ym) and the diffusion of electrons drifting

in the gas (proportional to Y% and about 350 um after £ = 22 cm maximum drift
length). This results in a typical relative accuracy of #207 for a 1 m long track
at p = 40 GeV/c, and in the plane normal to the magnetic field. The precision,

of course, improves considerably for longer tracks. The ionization of tracks can
be measured by the classical method of the truncated mean of the 607 lowest
readings to an accuracy of 107. This allows an unambiguous identification of
narrow, high-energy particle bundles (ete™ pairs or pencil jets) which cannot be
resolved by the drift chamber digitizings.

The central section of electromagnetic and hadronic calorimetry has been
used in the present investigation to identify electrons over a pseudorapidity in-
terval |n| < 3 with full azimuthal coverage. Additional calorimetry, both electro-
magnetic and hadronic, extends to the forward regions of the experiment, down to
0.2° (for details, see table 1).

The central electromagnetic calorimeters consist of two different parts:

i) 48 semicylindrical modules of alternate layers of scintillator and lead (gon-
dolas), arranged in two cylindrical half-shells, one on either side of the beam
axis with an inner radius of 1.36 m. Each module extends over approximately
180° in azimuth and measures 22.5 cm in the beam direction. The light produced
in each of the four separate segmentations in depth is seen by wavelength
shifter plates on each side of the counter, in turn connected to four photo-
multipliers (PMs), two at the top and two at the bottom. Light attenuation
is exploited in order to further improve the calorimetric information: the
comparison of the pulse heights of the top and bottom PM of each segment

gives a measurement of the azimuthal angle ¢ for localized energy depositions,
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A (rad) = 0.3/VE(GeV). A similar localization along the beam direction is
possible using the complementary pairiné of PMs. The energy resolution for
electrons using all four PMs is AE/E = 0.15//E(GeV).

64 petals of end—cap electromagnetic shower counters (bouchons), segmented
four times in depth, on both sides of the central detector at 3 m distance
from the beam crossing point. The position of each shower is measured with

a position detector located inside the calorimeter at a depth of 11 radiation
lengths, i.e. after the first two segments. It consists of two planes of
orthogonal proportional tubes of 2 X 2 cm? cross-section and it locates the
centre of gravity of emergetic electromagnetic showers to *2 mm in space.

The attenuation length of the scintillator has been chosen to match the
variation of sin 6 over the radius of the calorimeters, so as to directly
measure in first approximation ET = E sin 6 rather than the true energy de-
position E, which can, however, be determined later, using the information
from the position detector. This technique permits us to read out directly
from the end-cap detectors the amount of transverse energy deposited, without

reconstruction of the event topology.

ELECTRON IDENTIFICATION

Electromagnetic showers are identified by their characteristic transition

curve, and in particular by the lack of penetration in the hadron calorimeter
behind them. The performance of the detectors with respect to hadrons and elec-
trons has been studied extensively in a test beam as a function of the energy,

the angle of incidence, and the location of impact. The fraction of hadrons

(pions) delivering an energy deposition EC below a given threshold in the hadron

calorimeter is a rapidly falling function of energy, amounting to about 0.3% for
P = 40 GeV/c and Ec < 200 MeV. Under these conditions, 987 of electrons are de-—

tected.

NEUTRINO IDENTIFICATION

The emission of one (or more) neutrinos can be signalled only by an apparent

visible energy imbalance of the event (missing energy). In order to permit such
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a measurement, calorimeters have been made completely hermetic down to angles of
0.2° with respect to the direction of the beams. (In practice, 97% of the mass of
the magnet is calorimetrized.) It is possible to define an energy flow vector KE,
adding vectorially the observed energy depositions over the whole solid angle.
Neglecting particle masses and with an ideal calorimeter response and solid-angle
coverage, momentum conservation requires Rﬁ = 0. We have tested this technique on
minimum bias and jet—enriched events for which neutrino emission ordinarily does
not occur. The transverse components AEy and AEZ exhibit small residuals centred
on zero with an r.m.s. deviation well described by the law AEy,z = 0.4/2;TE¥T,
where all units are in GeV and the quantity under the square root is the scalar
sum of all transverse energy contributions recorded in the event (fig. 1). The
distributions have Gaussian shape and no prominent tails. The longitudinal com-
ponent of energy AEx is affected by the energy flow escaping through the Of singu-
larity of the collider's beam pipe and it cannot be of much practical use. We
remark that, like neutrinos, high-energy muons easily penetrate the calorimeter
and leak out substantial amounts of energy. A muon detector, consisting of stacks
of eight planes of drift chambers, surrounds the whole apparatus and has been used
to identify such processes, which are occurring at the level of 1 event per nano-

barn for AE 2 10 GeV.
VXA

’

DATA-TAKING AND INITIAL EVENT SELECTIONS

The present work is based on data recorded in a 30-day period during November
and December 1982. The integrated luminosity after subtraction of dead-time and
other instrumental inefficiencies was 18 nb !, corresponding to about 10° colli-
sions between protons and antiprotons at Vs = 540 GeV.

For each beam—beam collision detected by scintillator hodoscopes, the energy
depositions in all calorimeter cells after fast digitization were processed, in
the time prior to the occurrence of the next beam-beam crossing, by a fast arith-
metic processor in order to recognize the presence of a localized electromagnetic
energy deposition, namely of at least 10 GeV of transverse energy either in two

gondola elements or in two bouchon petals. In addition, we have simultaneously
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operated three other trigger conditions: i) a jet trigger, with 2 15 GeV of
transverse energy in a localized cluster [7] of electromagnetic and hadron
calorimeters; 1ii) a global ET trigger, with > 40 GeV of total transverse energy
from all calorimeters with |n| < 1.4; and iii) a muon trigger, namely at least
one penetrating track with In] < 1.3 pointing to the diamond.

The electron trigger rate was about 0.2 event per second at the (peak)
luminosity L = 5 x 10%2% em 2 s™!. Collisions with residual gas or with vacuum
chamber walls were completely negligible, and the apparatus in normal machine
conditions yielded an almost pure sample of beam-beam collisions. In total,

9.75 x 10° triggers were collected, of which 1.4 X 10° were characterized by an
electron trigger flag.

Event filtering by calorimetric information was further perfected by off-line
selection of 28,000 events with ET > 15 GeV in two gondolas, or ET > 15 GeV in two
bouchon petals with valid position-detector information. These events were finally
processed with the central detector reconstruction. Of these events there are
2125 with a good quality, vertex—associated charged track of Pr > 7 éeV/c. This

sample will be used for the subsequent analysis of events in the gondolas.

SEARCH FOR ELECTRON CANDIDATES

We now require three conditions in succession in order to ensure that the
track is isolated, namely to reject the debris of jets:
i) The fast track (pT > 7 GeV/c) as recorded by the central detector must hit an
pair of adjacent gondolas with transverse energy ET > 15 GeV (1106 events).
ii) Other charged tracks, entering the same pair of gondolas, must not add up to
more than 2 GeV/c of transverse momenta (276 events).
iii) The ¢ information from pulse division from gondola phototubes must agree
within 30 with the impact of the track (167 events).
Next we introduce two simple conditions to enhance its electromagnetic
nature:
iv) The energy deposition EC in the hadronic calorimeters aimed at by the track

must not exceed 600 MeV (72 events).
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v) The energy deposited in the gondolas Egon must match the measurement of the
momentum of the track p.,, namely |1/pCD - l/EgonI < 3a.

At this point only 39 events are left, which were individually examined by
physicists on the visual scanning and interactive facility Megatek. The surviving
events break up cleanly into three classes, namely 5 events with no jet activity
E8], 11 with a jet opposite to the track within a 30° angle in ¢, and 23 with

*e~ conversion

two jets (one of which contains the electron candidate) or clear e
pairs. A similar analysis performed on the bouchon has led to another event with
no jets. The classes of events have striking differences. We find that whilst

events with jet activity have essentially no missing energy (fig. 2b) [9], the

ones with no jets show evidence of a missing transverse energy of the same magni-
tude as the transverse electron energy (fig. 3a), with the vector momenta almost
exactly balanced back-to-back (fig. 2a). In order to assess how significant the

effect is, we proceed to an alternative analysis based exclusively on the presence

of missing transverse energy.

SEARCH FOR EVENTS WITH ENERGETIC NEUTRINOS

We start again with the initial sample of 2125 events with a charged track of
Pr > 7 GeV/c. We now move to pick up validated events with a high missing trans-
verse energy and with the candidate track not part of a jet:
i) The track must point to a pair of gondolas with deposition in excess of
Ep > 15 GeV and no other track with Py > 2 GeV/c in a 20? cone (911 events).
ii) Missing transverse energy imbalance in excess of 15 GeV.
Only 70 events survive these simple cuts, as shown in fig. 4. The previously
found 5 jetless events of the gondolas are clearly visible. At this point, as
for the electron analysis, we process the events at the interactive facility
Megatek:
iii) The missing transverse energy is validated, removing those events in which
jets are pointing to where the detector response is limited, i.e. cormers,
light-pipe ducts going up and down. Some very evident, big secondary inter-

actions in the beam pipe are also removed. We are left with 31 events, of

which 21 have E_ > 0.01 E and 10 events in which E_ < 0.01 E .
c gon c gon
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iv) We require that the candidate track be well isolated, that there is no track
with P > 1.5 GeV in a cone of 30?, and that Ep < 4 GeV for neutrals in
neighbouring gondolas at similar ¢ angle. Eighteen events survive: ten
with E, # 0 and eight with E = 0.

The events once again divide naturally into the two classes: 11 events with
jet activity in the azimuth opposite to the track, and 7 events without detectable
jet structure. If we now examine Ec, we see that these two classes are strikingly
different, with large Ec for the events with jets (fig. 5b) and negligible Ec for
the jetless ones (fig. 5a). We conclude that whilst the first ones are most
likely to be hadrons, the latter constitute an electron sample.

We now compare the present result with the candidates of the previous analysis
based on electron signature. We remark that five out of the seven events consti-
tute the previous final sample (fig. 5a). Two new events have been added, elimi-
nated previously by the test on energy matching between the central detector and
the gondolas. Clearly the same physical process that provided us with the large-
Pr electron delivers also high—energy neutrinos. The selectivity of our apparatus
is sufficient to isolate such a process from either its electron or its neutrino
features individually. If (ve, e) pairs and (vT, T) pairs are both produced at
comparable rates, the two additional new events can readily be explained since
missing energy can arise equally well from Ve and vT. Indeed, closer inspection
of these events shows them to be compatible with the T hypothesis, for instance,

T > ﬂ'n°vT with leading m°. However, our isolation requirements on the charged

track strongly biases against most of the T decay modes.

DETAILED DESCRIPTION OF THE ELECTRON-NEUTRINO EVENTS

The main properties of the final sample of six events (five gondolas, one
bouchon) are given in table 2 and marked A through F. The event G is a T candi-
date. One can remark that both charges of the electrons are represented. The suc-
cessive energy depositions in the gondola samples are consistent with test beam
findings. All but event D have no energy deposition in the hadron calorimeter;

event D has a 400 MeV visible, 1% energy leakage beyond 25 radiation lengths. Test
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beam measurements show that this is a possible fluctuation. Multiplicity of the
events is widely different: event F (fig. 6b, fig. 7b) has a small charged multi-
plicity (14), whilst event A (fig. 6a, fig. 7a) is very rich in particles (65).
Event B is the bouchon event, and it has a number of features which must be men-
tioned. A 100 MeV/c track emerges from the vacuum chamber near the exit point of the
electron track, which might form a part of an asymmetric electron pair with the
candidate. The initial angle between the two tracks would then be 11°, not in-
compatible with this hypothesis once Couloﬁb scattering and measurement errors of
the two tracks are taken into account. There is also some activity in the muon
detector opposite to the electron candidate; the muon track is unmeasurable in

the central detector. For these reasons we prefer to limit our final analysis to
the events in the gondolas, although we believe that everything is still consistent

with event B being a good event.

BACKGROUND EVALUATIONS

We first consider possible backgrounds to the electron signature for events
with no jets. Missing energy (nmeutrino signature) is not yet advocated. We have
taken the following into consideration:

1) A high—pT charged pion (hadron) misidentified as an electrom, or a high—pT
charged pion (hadron) overlapping with one or more 0,

The central detector measurement obviously gives only the momentum p of the
charged pion. In addition, the electromagnetic detectors can accumulate an

arbitrary amount of electromagnetic energy from mlt

s, which would simulate the
electron behaviour. Since gondolas are thick enough té absorb the electromagnetic
cascade, the energy deposition in the hadron calorimeter is dominated by the
punch-through of the charged pion of momentum p measured in the central detector,
for which rejection tables exist from test beam results. In our 18 nb~! sample we
have searched for single-track events with Pp 20 GeV/c, no associated jet, Ec >
> 600 MeV to ensure hadronic signature, and a reasonable energy balance (within

3 st. dev.) between the charged track momentum measurement and the sum of hadronic

and electromagnetic energy depositions. We have found no such event. Once the
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measured pion rejection table is folded in, this background is entirely negligible.
A further test against pile-up is given by the matching in the x-direction between
the charged track of the central detector and the centroid of the energy deposi-
tions in the gondolas, and which is very good for all events.

2) High—pT m°, n°, or v internally (Dalitz) or externally converted to an
ete™ pair with one leg missed. The number of isolated e.m. conversions @ n, v,
etc.) per unit of rapidity has been directly measured as a function of ET in the
bouchons, using the position detectors over the interval 10-40 GeV. From this
spectrum, the Bethe-Heitler formula for pair creation, and the Kroll-Wada formula
for Dalitz pairs [10], the expected number of events with a "single" e with Pr >
> 20 GeV/c is 0.2 p, (in GeV/c), largely independent of the composition of the
e.m. component; p, is the effective momentum below which the low—energy leg of
the pair becomes undetectable. Very conservatively, we can take p, = 200 MeV/c
(curvature radius 1.2 m) and conclude that this background is negligible.

3) Heavy quark associated production, followed by pathological fragmentation
and decay configuration, such that Q; + e(vX) with the electron leading and the
rest undetected, and Q, + V(2X), with the neutrino leading and the rest undetected.
In 5 nb~ ! we have observed one event in which there is a muon and an electron in
separate jets, with p£U) = 4.4 GeV/c and pée) = 13.3 GeV/c. Requiring i) extra-
polation to the energy of the events, ii) fragmentation functions for leading
lepton, and iii) a detection hole for all remaining particles, makes the rate of

these background events negligible.

In>conc1usion, we have been unable to find a background process capable of
simulating the observed high-energy electrons. Thus we are led to the conclusion
that they are electrons. Likewise we have searched for backgrounds capaﬁle of
simulating large-ET neutrino events. Again, none of the processes considered

appear to be even near to becoming competitive.
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COMPARISON BETWEEN EVENTS AND EXPECTATIONS FROM W DECAYS

The simultaneous presence of an electron and (one) neutrino of approximately
equal and opposite momenta in the transverse direction (fig. 8) suggests the pre-
sence of a two-body decay, W *~ e + Ves The main kinematical quantities of the
events are given in table 3. A lower, model-independent bound to the W mass oy
= 7. (e)_(V)

2py Pq

can be obtained from the transverse mass, m% (1 - cos ¢ ), remarking
e

that m 2 my (fig. 9). We conclude that:

my > 73 GeV/c? (90% confidence level) .

A better accuracy can be obtained from the data if one assumes W decay kine-
matics and standard V-A couplings. The transverse momentum distribution of the
W at production also plays a role. We can either i) extract it from the events
(table 3); or, ii) use theoretical predictions [11].

As one can see from fig. 10, there is good agreement between two extreme
assumptions of a theoretical model [11] and our observations. By requiring no
associated jet, we may have actually biased our sample towards the narrower first-
order curve. Fitting of the inclusive electron spectrum and using full QCD
+ 4
-4

recting, on an event-to—event basis, for the transverse W motion from the (Ev - Ee)

smearing gives m, = 74 GeV/c?. The method finally used is the one of cor-
imbalance, and using the Drell-Yan predictions with no smearing. The result of a
fit on electron angle and energy and neutrino transverse energy with allowance
for systematic errors, is

m =817 3 Gev/e?

in excellent agreement with the expectation of the Weinberg-Salam model [2].
We find that the number of observed events, once detection efficiencies are
taken into account, is in agreement with the cross—section estimates based on

structure functions, scaling violations, and the Weinberg-Salam parameters for the

W particle [5].
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Table 3

Transverse mass and transverse momentum of a W decaying into an electron
and a neutrino computed from the events of table 2

(e) V) =

P of P = (W) - -*(e) '*(\))
Run, event | oibctron | misSing Er fransverse mass | Pp - “ |pT TP |

(GeV/c) (GeV)  (GeV/c?) (GeV)

A iggg 24 + 0.6 | 24.4 + 4.6 48.4 * 4.6 0.6 * 4.6

B 33%2 17 + 0.4 | 11.6 * 4.0 26.5 + 4.6 10.8 * 4.0

c 4 3 % 0.8 | 41.3 £ 3.6 74.8 + 3.4 8.6 + 3.7

p %10 38 + 1.0 | 40.0 * 2.0 78.0 * 2.2 2.1 ¢ 2.2
200 37 £ 1.0 | 35.5 % 4.3 72.4 £ 4.5 4.7 % 4ot

F “gég 36 0.7 | 32.3 % 2.4 68.2 + 2.6 3.8 2.5
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Figure captions

Fig.

Fig.

Fig.

1

..

.o

The missing transverse energy in the y direction [AEy (GeV)J plotted
versus the scalar sum of missing transverse energy [ET (GeV)] for

minimum bias triggers. The y-axis is pointing up vertically.

The missing transverse energy (Ev) is plotted vectorially against
the electron direction for the events yielded by the electron search:

a) without jets, b) with jets.

The components of the missing energy parallel and perpendicular to
the electron momentum plotted versus the electron energy for the

events found in the electron search: a) without jets, b) with jets.

The distribution of the square of the missing transverse energy for
those events which survive the cuts requiring association of the
central detector isolated track and a struck gondola in the missing-
energy search. The five jetless events from the electron search

are indicated.

A plot of the transverse energy in the e.m. calorimeters versus the
fraction of energy deposited in the hadron calorimeters for events
which survive the missing-energy search: a) without jets, b) with

jets.

The digitizations from the central detector for the tracks in two
of the events which have an identified, isolated, well-measured
high-pT electron: a) high-multiplicity, 65 associated tracks;

b) low-multiplicity, 14 associated tracks.

The energy deposited in the cells of the central calorimetry and the
equivalent plot for track momenta in the central detector for the
two events of fig. 6. The top diagram shows the electromagnetic
cells, the middle shows the central detector tracks, and the bottom
plot, with a very much increased sensitivity, shows the energy in
the hadron calorimeter. The plots reveal no hadronic energy behind
the electron and no jet structure; a) high multiplicity, b) low

multiplicity.



Fig. 8
Fig. 9
Fig. 10
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The missing transverse energy component parallel to the électron,
plotted versus the transverse electron energy for the final six
electron events without jets (5 gondolas, 1 bouchon). All the events
in the gondolas appear well above the threshold cuts used in the

searches.

The distribution of the transverse mass derived from the measured

electron and neutrino vectors of the six electron events.

The transverse momentum distribution of the W derived from our
events, using the electron and missing-energy vectors. This is
compared with the theoretical predictions of Halzen et al. [11] for

W production without [O(GS)J and with QCD smearing.
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