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ABSTRACT

We report the observation of four electron-positron pairs and ome muon pair
which have the signature of a two-body decay of a particle of mass " 95 GeV/c?.
These events fit well the hypothesis that they are produced by the process
1_) +p>2° + X (with z° » - 2,—), where Z° is the Intermediate Vector Boson

postulated by the electroweak theories as the mediator of weak neutral currents.






INTRODUCTION

We have recently reported the observation of large invariant mass electron-
neutrinc pairs [1] produced in high-energy collisions at the CERN Super Proton
Synchrotron (SPS) [2]. The most likely interpretation of these events is that

they are the leptonic decays of charged intermediate vector bosons H+ and W

mediating ordinary weak interactions.

We have now extended our search to their neutral partmer Z°, responsible for
neutral currents. As in our previous work, production of intermediate vector
bosons is achieved with proton-antiproton collisions at vs = 540 GeV in the UAL
detector [3], except that now we search for electron and muon pairs rather than
for electron-neutrino coincidences. The process is then:

E +p 70 + X

L (1)
et +e7 or ut+y”

The paper is based on an early analysis of a sample of collisions with an
integrated luminosity of 55 nb™!. In this event sample, 27 W - eV events have
been recorded [4]. According to minimal SU(2Z) x U(l), the 2° mass is predicted
to be [5] m, = 94 * 2.5 GeV/c?., The reaction (1) is then approximately a factor
of 10 less frequent than the corresponding W' leptomic decay chanmels [6]. A few
events of type (1) are therefore expected in our muon or electron samples.
Evidence for the existence of the Z% in the range of masses accessible to the UAl
experiment can also be drawn from weak-electromagnetic interference experiments
at the highest PETRA energies, where deviations from point-like expectations have

been reported [7].

This paper deals with four e'te” pairs and one utu~ pair, consistent with a
common value of invariant mass and with the general expectations for lepton pairs

from 2z° decay.



DETECTOR

The UAl apparatus has already been described [1]. We limit ouxr discussion
to those components which are relevant to the identification and measurement of

muons and electrons.

The momenta of charged tracks are determined by deflection in the central
dipole magnet generating a field of 0.7 T over a volume of 7 X 3.5 x 3.5 m®.
Tracks are recorded by the central detector (CD) [8], a eylindrical volume of
drift chambers 5.8 m in length and 2.3 m in diameter, surrounding the beam cross-
ing region. Accuracy for high-momentum tracks is dominated by the localization
errof of the electrons drifting in the gas; it is about 100 um close to the anode
wires and 350 pm after 22 ﬁm, the longest drift path. At this stage we find no
evidence of significant additional systematic errors, even for the highest momen-—
tum tracks [9]. Ionization can be measured to an accuracy of about 107 for a
1 m long track. This allows identification of narrow, high-energy particle bundles

(ete™ pairs), even if they camnot be resolved by the digitizings.

The large-angle section of electromagnetic and hadromic calorimetry [1] ex—
tends to angles of about 5° with respect to the beam pipe, and it comsists of
lead/scintillator stacks followed by the instrumented iron of the magnet yoke
used as a hadron calorimeter. Additional calorimetry [1], both electromagnetic
and hadronic, extends to forward regions, down to 0.2°. Electroms of the pre-
sent sample have been recorded by the central section of the e.m. calorimetry,
consisting of 48 semicylindrical lead/scintillator modules, with an inner radius
of 1.36 m, arranged in two cylindrical half-shells, one on either side of the
beam axis. Each module (gondola) extends over approximately 180° in azimuth
and measures 22.5 cm in the beam direction. Light produced in each of the four
separate segmentations in depth (3.3/6.6/9.9/6.6 Xo) is seen by wavelength shifter
plates on each side of the stack, which are in turn comnected to four photomulti-
pliers (PMs), two at the top and two at the bottom. Light attenuation is exploited

in order to further improve the calorimeter information for localized emnexgy
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depositions: top and bottom PMs give the azimuthal angle ¢ with error Ad (rad) =
= 0.3/V/E (Gev). Likewise, localization of the coordinate x {along the beam direc-
tion) is determined, using the appropriate PMs pairings, to an accuracy Ax {cm) =
= 6.3/VE (GeV) for normal incident tracks. Very inclined tracks have a substan-
tially worse localization. Energy resolution, using all four segments and PMs, is
AE/E = 0.15/VE (GeV). The properties of these detectors were extensively investi-
gated in test beams. Energy calibrations are performed periodically with a strong,

collimated ®%Co source and detailed scans over the whole detector surface.

High-energy particles are identified by their behaviour as they traverse the
calorimeters. Isolated electron; are identified by their characteristic transi-
tion curve, and in particular by the lack of penetration in the hadron calorimeter
behind them. The performance of the detectors with respect te hadrons and elec-
trons has been studied extensively in a test beam as a function of the energy, the
angle of incidence, and the position of impact. The fraction of hadrons (pionms)
delivering an energy deposition E_below a given threshold in the hadron calori-

meter is a rapidly falling function of energy, amounting te about 0.3% for p =

= 40 GeV/c and EC < 200 MeV. Under these conditions, 987 of electrons are detected.

Isclated muons traverse the calorimeters and the added absorbers without
deviations beyond those of multiple scattering and without significant energy
deposition in excess of ionization losses in the four e.m. calorimeter and two
hadron calorimeter segments. In order to detect muon tracks, 50 large drift
chambers [10], nearly 4 m X 6 m in size, surround the whole detector, covering a
very large area of ~ 500 m®. Each chamber consists of two orthogonal layers of
drift tubes with two planes per projection. We have chosen a staggered arrange-
ment for adjacent planes, thus resolving the left-right ambiguity and at the same
time compensating for the inefficiency from the dead spaces between tubes. The
extruded aluminium drift tubes have a cross-section of 45 mm X 150 mm, leading to

a maximum drift length of 70 mm. An average spatial rescolution of 300 um has been

achieved throughout the sensitive volume of the tubes. In order to reach a good
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angular resolution of the muon tracks, a second set of four planes is placed 60 cm
away from the first one. This long lever arm was chosen in order to reach an .
angular resolution of few milliradians, comparable to the multiple scattering angle

of high-energy muons, typically 3 mrad at 40 GeV/c.

An independent momentum determination of muons traversing the magnetized iron
yoke is performed using the known position of the interaction vertex and the track
coordinates after the iron. With an appropriate algorithm which reduces effects
of multiple scatterinmg [11], excellent agreement is found between momentum measure—
ments in the central detector amd the magnetized iron for vertical cosmic-ray muons
in the momentum range 10 to 50 GeV/c. The relative precision of the momentum meas-
urement within the irom is found to be Ap/p = 0.20, in agreement with expectations,
mainly due to multiple scattering. Cosmic-ray muons were also used to verify the

relative aligmments of the central amd muon detectors.

The calorimeters have been made completely hermetic down to angies of 0.2°
with respect to the direction of the beams. About 977 of the mass of the magnet
is calorimetrized. Adding the emergy depositions vectorially over the whole
solid aggle [1], and adding muons, under ideal conditions and with no neutrino
emission, one should observe AE = 0. In practice [1] transverse energy components
exhibit small Gaussian residuals centred on zero with r.m.s. deviations well des-—
eribed by the formula AEy,z = O.&JVZiIE%[, where all units are in GeV., The longi-

tudinal component AEx is of little use, since it is strongly affected by energy

flow escaping undetected through the beam pipes.

EVENT SELECTION AND DATA ANALYSIS

The present work is based on a four-week period of data-taking during the
months of April and May 1983. The integrated luminosity after subtraction of dead-
time and other instrumental inefficiencies was 55 nb~'. As in our previous work [1],

four types of trigger were operated simultaneocusly:

i) An "electron trigger”, namely at least 10 GeV of transverse energy deposited in
two adjacent elements of the electromagnetic calorimeters covering angles

larger than 5° with respect to the beam pipes.
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ii) A "muon trigger", namely at least ome penetrating track detected in the muon
chambers with pseudorapidity |n| £ 1.3 and pointing im both projections to
the interaction vertex within a specified come of aperture £150 mrad. This
is accomplished by a dedicated set of hardware processors filtering the pat-
terns of the muon tube hits.

iii) A "jet trigger", namely at least 20 GeV of transverse energy in a localized
calorimeter cluster {12]].
iv) A global "ET trigger", with > 50 GeV of total transverse energy from all

calorimeters with |n| < 1.4.

Events for the present paper were further selected by the so-called "express
line", consisting of a set of four 168E computers [13] operated independently in
real time during the data-taking, A subsample of events with ET 2 12 GeV in the
electromagnetic calorimeters and dimuons are selected and written on a dedicated
magnetic tape. These events have been fully processed off-line and further sub-
divided into four main classes: i) single, isolated electromagnetic clusters with
ET > 13 GeV and missing emergy events with Emiss > 15 GeV, in order to extract
wt > efy events [1,4]; ii) two or more isolated electromagnetic clusters with ET >
> 25 GeV for z° » ete™ candidates; iii) muon pair selection to find 2z° - u*ru” events;
and iv) events with a track reconstructed in the central detector, of transverse
momentum within one standard deviationm, Pr > 25 GeV/c, in order to evaluate some

of the background contributions. We will discuss these different categories in

more detail.

EVENTS WITH TWQ ISOLATED ELECTRON SIGNATURES

An electron signature is defined as a localized energy deposition in two
contiguous cells of the electromagnetic detectors with Ep > 25 GeV, and a small
(or no) energy deposition (< 800 MeV) in the hadron calorimeters irmediately behind
them. The isclation requirement is defined as the ahsence of charged tracks with
momenta adding up to more than 3 GeV/c of transverse momentum and pointing towards
the electron cluster cells. The effects of the successive cuts on the invariant

. . - .
electron-electron mass are shown in fig. 1. Four e*e™ events survive cuts,
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consistent with a common value of (ete™) invariant mass. They have been carefully
studied using the interactive event display facility MEGATEK. One of these events
is shown in figs. 2a and 2b. The main parameters of the four events are listed

in tables 1 and 3. As one can see from the energy deposition plots (fig. 3), their
dominant feature is of two very prominent electromagnetic energy depositioms. All
events appear to balance the visible total transverse energy Components; namely,
there is no evidence for the emission of energetic meutrinos. Except for one

track of event D which travels at less than 15° parallel to the magnetic field, all
tracks are shown in fig. 4a, where the momenta measured in the central detector

are compared with the energy deposition in the electromagnetic calorimeters. All
tracks but onme have consistent emergy and momentum measurements. The low—momen tum
track of event C is interpreted as being due to a hard bremsstrahlung process,
either internal or in the corrugated vacuum chamber and detector walls. We have
estimated the probability that one of the electroms in the sample radiates at least
70% of its energy and found it to be v 1/4 [1&], assuming that the "average"
thickness is traversed by all the tracks. Furthermore, sensitive checks of the
correctness of the electron assignment for the tracks can be obtained by comparing
the impact of the electron tracks on the e.m. calorimeters as measured by the
central detector with the centroid of the emergy deposition measured from the

ratio of PM signals. This test is particularly sensitive along the x-direction
(see fig. 4b) and it appears to be entirely consistent with expectations based

on the electron charge assignments of the two tracks. The average invariant mass

of the pairs, combining the four comsistent values, is (95.2 * 2.5) GeV/c? (table 3).

EVENTS WITH TWO MUON TRACKS

Events from the dimuon trigger flag have been submitted to the additional
requirement that there is at least one muon track reconstructed off line in the
muon chambers, and with one track im the central detector of reasonable projected
length (> 40 cm) and Pr > 7 GeV/c. Only 42 events survive these selection criteria.

Careful scanning of these events has led to only one clean dimuon event, with two
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"isolated" tracks (fig. 5). Most of the events are due to cosmics. Parameters

are given in tables 2 and 3. Energy losses in the calorimeters traversed by the
two muon tracks are well within expectations of ionization losses of high—energy
muons (fig. 6a). The position in the coordinate and the angles at the exit of the
iron absorber (fig. 6b)} are in agreement with the extrapolated track from the
central detector, once multiple scattering and other instrumental effects have

been calibrated with p > 50 GeV cosmic-ray muons traversing the same area of the
apparatus. There are two ways of meésuring momenta, elther in the central detector
or using the muon detector. Both measurements give consistent results. Further-
more, if no neutrine is emitted (as suggested by the electron events which exhibit
no missing energy), the recoil of the hadronic debris, which is significant for
this event, must be equal to the transverse momentum of the ) pair by momentum
conservation. The directions of the two muons then suffice to calculate the momenta
of the two tracks. Uncertainties of muon parameters are then dominated by the
errors of calorimetry. As shown in table 2, this determination is in agreement
with magnetic deflection measurements. The invariant mass of the (U*1™) pair is
found to be myy = 95.5 * 7.3) GeV/cz, in excellent agreement with that of the four

electron pairs (see table 3).

BACKGROUND ESTIMATES

The most striking feature of the events is their common value of the invariant
mass (fig. 7); values agree within a few percent and with expectations from experi-
mental resolution. Detection efficiency is determined by the energy thresholds in
the track selection, 15 GeV/c for et and 7 GeV/c for ui. Most "trivial" sources of
background are not ezpected to exhibit such a clustering at high masses. Also,
most backgrounds would have an equal probability for (eu) pairs, which are not
observed. Nevertheless, we have considered several possible spurious sources of

events:
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i) Ordinary large transverse momentum jets which fragment into two apparently
isolated, high-momentum tracks, both simulating either muons or electrons. To
evaluate this effect, events with (hadronic) tracks of momenta compatible with
Pr > 25 GeV/c were also selected in the express line. After requiring that the
track is isolated, one finds one surviving event with transverse energy = 25 GeV
in a sample corresponding to 30 mb~'. Including the probability that this track
simulates either a muon (v 2 X 10™?) or an electron (v 6 x 107%), we conclude
that this effect is negligible [15]. Note that two tracks (rather than one) are
needed to simulate our events (probabilities must be squared!) and that the in-
variant mass of the events is much higher than the background. The background is

expected to fall approximately like m™> according to the observed jet-~jet mass

-distributions [16].

ii) Heavy-flavoured jets with subsequent decay into leading muons or electrons.
In the 1982 event sample (11 nb~!), two events have been observed with a single
isolated muon of P > 15 GeV and one electron event with P > 25 GeV/c. Some
jet activity in the opposite hemisphere is required. One event exhibits also a
significant missing energy. Once this is taken into account they all have a total
(jet+jet+lepton+neutrino) transverse mass of around 80 GeV/c?, which indicates that
they are most likely due to heavy-flavour decay of W particles. This background
will be kinematically suppressed at the mass of our five events. Nevertheless, if
the fragmentation of the other jet is also required to give a leading lepton and
no other visible debris, this background contributes at most to 10™“ events. Monte

Carlo calculations using ISAJET lead to essentially the same conclusion [6].

iii) Drell-Yan continuum. The estimated number and the invariant mass distri-
bution make it negligible [17].

iv) W'W™ pair production is expected to be entirely negligible at our

energy [18].

v) Onium decay from a mew quark, of mass compatible with the observation
(v 95 GeV/c?). Cross-sections for this process have been estimated by different

authors [19], and they appear much too small to account for the desired effect.



_9_

In conclusion, none of the effects listed above can produce either the number

or the features of the observed events.

DILEPTON EVENTS AS Z® LEPTONIC DECAYS

All the observations are in agreement with the hypothesis that events are due
to the production and decay of the neutral intermediate vector boson Zz° dccording
to reaction (1). The transverse momentum distributien is shown in fig. 7, com-—
pared with the observed distributions for the W* + ev events [4] and with QCD cal-
culations [20]. The muon event and one of the electron events (event B) have

visible jet structure. Other events are instead apparently structureless.
From our observation, we deduce a mass value for the 2° particle,
m,o = (95.2 £ 2.5) GeV/c? .

The half width based on the four electron events is 3.1 GeV/c? (< 5.1 Gev/e? at
90% c.1.), consistent with expectation from the experimental resolution and the
natural Zz° width [5], ng = 3.0 GeV. At this point it is important to stress that
the fipal calibration of the electromagnetic calorimeters is still in progress and
that small scale shifts are still possible, most likely affecting both the WY and

z° mass values. No e.m. radiative corrections have been applied to the masses [14].

We now compare our result with the prediction of standard SU(2) x u(l).
Employing the renormalized weak mixing angle sin? Gw (mw) defined by modified

minimal subtraction, we find to O(a):

38.5 GeV]z

.2 =
sin Sw (mw) ( m,
From our preliminary result [4] we find

s 2 _
sin GW (mw) = (0.226 * 0.011) ,

in excellent agreement with the extrapolation from the world low—energy data [5]

gin? SW (mw) = (0.236 + 0.030). If we then parametrize the Z° mass with the well-
2
0

known formula mz

= m;/p cos? 6, (M), we find p = (0.94 * 0.06) (see fig. 9),
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in excellent agreement with the prediction of the minimal model, where one usually
assumes that p = 1. Potential deviations from this value could come from higher
Higgs representations, additional fermion gemerations, dynamical symmetry effects,

etc. Within the accuracy of our result, none of these effects needs to be invoked.
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Table 3

Mass and energy properties of lepton pair events

Lepton pair properties General event properties
Run,
event | Mass &) Py Xg b) E.or | ZIEr| | Missing Ep | Charged
(GeV/c?) (GeV/c) (GeV) | (GeV) (GeV) tracks
A /4331 9145 2.9 £ 0.9 0.02 + 0.01] 274 82 2.1t 3.6 27
1001
B 7322 97 = 5 7.9 £ 1.2 0.39 £ 0.01] 494 149 9.3 * 5.0 67
6059
C Jola| 8% 8.0 + 1.5 0.17 + 0.01| 412 143 3.3 + 4.8 38
p 73391 95+ 8.4 + 1.4 0.17 + 0.01| 493 1 "
I + 4+ 1.4 0.17 0. 57 0.8 % 5.0 54
g 0600 oo .5 24 x5 0.14 % 0.02] 27850 1289 3.4 £5.99) 23
22

a) These errors have been scaled up arbitrarily to 5 GeV to represent the present
level of uncertainty in the overall calibration of the e.m. calorimeter which
will be recalibrated completely at the end of the present run. This scale
factor is not included in the error bars plotted in fig. 8.

b) xp is defined as the longitudinal momentum of the dilepton divided by
beam energy.

¢) Includes the muon energies.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Invariant mass distribution (uncorrected) of two electromagnetic
clusters: a) with Ep > 25 GeV; b) as above and a track with

Pr > 7 GeV/c and projected length > 40 cm pointing to the cluster.
In addition, a small energy deposition in the hadron calorimeters
immediately behind (< 0.8 GeV) ensures the electrom signature.
Isolation is required with Z Py < 3 GeV/c for all other tracks
pointing to the cluster. c¢) The second cluster also has an isolated

track.

a) Event display. All reconstructed vertex associated tracks and all
calorimeter hits are displayed.

b) The same, but thresholds are raised to 12 2 GeV/c for charged
tracks and Ep > 2 GeV for calorimeter hits. We remark that only

the electron pair survives these mild cuts,

Electromagnetic energy depositions at angles > 5° with respect to the

beam direction for the four electron pairs.

a) Magnetic deflection in 1/p units compared to the inverse of the
energy deposited in the electromagnetic calorimeters. Ideally,
all electrons should lie on the 1/E = 1/p line.

b) Normalized deviation between the track hit as computed from the
central detector and calorimetry centroids. The deviations have
been measured in test beam runs, for a) W - ev events and |
b) Z° + ete” candidates. The continuous line is a unit variance

Gaussian,

Display for the high—-invariant—mass muon pair event: a) without cuts
and b) with Pr > 1 GeV thresholds for tracks and ET > 0.5 GeV for

calorimeter hits.

a) Normalized energy losses in calorimeter cells traversed by the two

muon tracks.
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"

Fig. b) Arrows show residuals in angle and position for the muon track.

Distributions come from cosmic-ray calibration with p > 50 GeV/c.

Fig. 7 : Transverse momentum spectra: a) for W+ ev events, and b) 2% » 2+2-

candidates. The lines represent QCD predictions (ref. 20).

Fig. 8

T3

Invariant masses of lepton pairs.

Fig. 9 : Mass of charged versus neutral intermediate vector bosons. Values
of parameters p and sin? Gw (mw) according to SU(2) x U(1l) can be

associated with our measured point.
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