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Abstract

*e~ annihilation. The

Resulls are presentied from a scarch for a new charged heavy leplon in e
data were taken with the OPAL detector al LED during a scan of the 79 resonance. 'F'wo independent
search techniques were used, once looking for events with large missing encergy and missing momentum
iransverse to the beam, and the other for events with isolated energetic leptons. T'wo candidate cvents,
consistent with expected background, were found in the first search; none was found in the second.
These resulls allow the exclusion al the 95% confidence level of a charged heavy lepton ol mass less
than 44.3 GeV/c® ilit is assumead to have a massless ncutrino partner. Limils are also presented for

the case of a. massive neulrino,



1 Introduction

This paper presents a search for a lourth-generation charged heavy lepton L produced in e*e™ collisions
on the Z° resonance at LEP. In this analysis we assume thal the charged heavy lepton decays via
the standard charged current coupling into an associated stable ncutrino vy, Previous searches at
other accelerators have set experimental limits on such a particle of my, > 30 GeV/c? ai 95% CI,
from ete™ collisions[I] and my;, > 41 GeV/c? at 90% CL from pj collisions [2] assuming that the
associated neutrino vy, is massless. In this paper we obtain improved limits on my for the case of a
massless neutrino (m,;, = 0) as well as for the more gencral case 0 < myy;, < my,. LEP provides a
good environment in which to pursue these searches because of the high energy, high luminosity, and
low backgrounds.

The Z% is assumed to couple to LTL™ in the same way that it conples to fighter leptons. The
lowesi-order production cross-section is given [3] by:

- _ Amd? ﬂ("}—ﬁz) {I+ (1 —4sin?0w)? s{s — M2)
eter—iLm = 3 2 8 sin” Ow cos? Oy (5 — M3)2 4+ M21%
(- 4asin?0w)?+ 1 [, 2. a2 242 32 , }
1--4sin“@ :
256 sin' fw cos? O [( sin”fw)” + 3 - ﬂz] (s - M2)2 + M212

where s is the square of the center-of-mass energy, My and I’z are the mass and width of the Z” boson,
fw-is the weak mixing angle, and # is the velocity of the heavy leptons in the final state:

A= .I—--—J*.

ligher-order radiative corrections substantially reduce this cross section on and below the 70 res-
onance. "The production cross-section depends sensitively on My, through g; for example, if My, =
44 GeV/c?, then for the integrated luminositics presenled below we expecl 785 ptp~ pairs Lo be

produced, but only 17.4 LY L™ pairs.

[gnoring small corrections, the branching ratios for the leptonic decays I — vy, + 14+ v (I = ¢, pn,7)
are each é, and the branching ratio for semi-leptonic decays I, — v+ hadrons is % Including the tau
leptonic decays (7 — evev., pr,v,) gives a tolal branching ratio to e or g of 26%, and consequently
45% of L™ L™ pairs are expecied to decay into a system containing at least one isolated encrgetic
electron or muon. All heavy lepton evenis contain at least two energetic neutrinos, which vesult in
large missing cncrgy and missing transverse momerium.

We have carried out two different searches for L using independent signatures:: (1) missing energy
and missing momentum transverse to the beam direction, and (2) an isolated high-momentum e or p.
The first search is sensitive to both the semi-leptonic and leptonic decays of a heavy lepton, and the
second is sensitive only to events with at least one leptonic decay.

2 Monte Carlo Generation

Heavy lepton production was simulated with the TIPTOP [1] Monte Carlo program, which includes
. 1

mass eflects, initial-state radiative correciions and spin-spin correlations among heavy leplon decay

products. The LULEPT [5] Monte Carlo program was also used as a check of systemalic orrors



in production simulation. Radialive corrections in these Monte Carlo programs include only first-
order effects [6], which tend to undercstimate heavy lepion production cross sections, An additional,
approximate correction was applied to calculated cross sections based on a second-order treatment of
radiation with exponentiation of solt photons. [7]

In calculating expected numbers of events lor heavy teptons of various masses, the variation of cross
sections with the different center-ol-mass energies at which the data were recorded must be taken into
account. In the cross-scction calculations, we have used our previously measured values (8] of the Z°
mass and width. Luminositics were derived from measuring the rate of low-angle Bhabha scatlering
evenls in the Torward calorimcter; the systematic error on the measured integrated luminosily is
estimated to be 5%. Table | shows the total number of events expected lor various heavy leplon
massecs for the different center-ol-mass energies contributing to this analysis.

3 The Detector

The data were recorded with the OPAT, detector [9] at the CERN ete™ collider, LEDP, during the
collider’s first two months of operation, and correspond to an integrated luminosity of 752 nb~l.
OPAL is a mullipurpose apparatus designed to measure the decay products of the 7% boson. The
detoctor contlains a system of central drift chambers inside a 0.435 Tesla solenoidal magnetic field;
these include a precision vertex chamber, a large-volume central “jet chamber” which gives precision
tracking in the r-¢ plane, and chambers for tracking in the r-z plane. The most binportant tracking
clement for this analysis is the jet chamber, which is four meters in length and two meters in radius,
containing 159 layers of sense wires in 24 azimuthal sectors. The solenoid is surrounded by a time-of-
light{TOF) scintillating-counter array, a lead glass electromagnetic calorimeter with a presampler, an
ins(rumented magnet return yoke serving as a hadron calorimeter, and four layers of muon chambers.
Similar calorimetry and muon chambers cover the two endeaps of the detector. The electromagnetic
calorimeter consists of a cylindrical array of 9,110 lead-glass blocks, each 10 ¢cm x 10 cm in cross-section
with 24.6 radiation lengths thickness and oriented Lo point approximately toward the interaction point,
and an endcap of 2,264 lead glass blocks with 20.0 radiation lengths thickness, cach pointing along the
beam direclion. A small-angle calorimeter, called the forward detector (IFD), serves as a luminosity
monitor. The components of the OPAL detector are described in more detail elsewhere [9] [10].

The triggers used in this analysis are based on four independent detector components: the elec-
tromagnetic calorimeter, the time-of-flight system ('T'OT), the jet chamber, and the barrel muon
chambers. The calorimeter trigger requires an energy sum of at least 6 GeV in the lead-glass barrel
or in one endcap, and the TOF trigger requires hits in at least three nonadjacent time-ol flight coun-
ters. A track trigger lor charged particles requires that at least two jel-chamber tracks must originate
from the vertex in the r-z projection with a minimum transverse momenium of 450 MeV/c cach. In
addition, an event is recorded if a track found in the muon barrel chambers (with three out of four
plancs) is associated within 260 mrad in azimuth with either a signal in 2 TOF scintillator or a track
found in the contral detector. The calorimeter, TOWF, and track triggers are independent, which allows
a cross-check of trigger clliciencics.

All events were passed through an on-line event filter [10] to reject trivial backgrounds. For
events passing the selections described below, the combined trigger and Rlter selection cfliciencies
were determined from Monte Carlo studies (o be greater than 98% lor heavy leptons with massless
neutrinos.



4 Event Selection

In cach of the two searches, some common event seleclion criteria were applied. Data were rejected
when the jet-chamber voltage and the magnetic ficld were not at nominal operating values. Back-
grounds from cosmic rays and beam-gas inleractions were suppressed by requiring cach eveni to have
al least one reconstructed jet-chamber track with measured dy < 0.5 cm, 29 < 40 ¢, and p > 150
MeV/e; py is the momentom: of the track in the plane transverse to the beam, dgo is the distance
of closest approach of the track to the beam axis, and zp is the longitudinal displacement rom the
nominal interaction point at the point of closest approach to the beam. Remaining cosmic-ray events
wore suppressed by requiring at least one lime signal from the TOF counters to be between 2 and 12
ns after the beam crossing. '

Both scarches used tracks reconstructed in the ceniral jel chamber and clectromagnetic clusters
found in the lead-glass calorimeter. To ensure accurale track reconstruction for accepted events, each
track used in the analysis was required to have dg < 1 cm and zp < 80 am, al least 30 associaled
wire hits in the jel chamber, a transverse momentum py > 150 MeV/e, and an angle of at least 170
mrad in the polar angle # (the angle between the track direction and the beam axis). All events were
required to have al least two tracks satisfying these criteria. Electromagnetic clusters were defined by
a sel of one or more contiguous lead glass blocks, each with at least 20 MeV encrgy. Clusters used in
this analysis were required to have al least 100 MeV energy in the barrel calorimeter, and at least 200
MeV in the endcaps. Tracks were associaled with clusters if the extrapolated track and the cluster
matched to within 50 mrad in azimuthal angle and 150 mrad in polar angle.

The first search is based on the total visible cnergy in the event and on the component of the
total momeninm transverse to the beam direction. These two quantitics are calculated by summing
the four-momenta derived from cach accepted track in the jet chamber and from each cluster in the
lead-glass electromagnetic calorimeler, assuming massless particles. If a cluster has one or more iracks
associated lo il, only the excess of the cluster energy over the total associated track energy is included
in the sum (this is to avoid double-counting of energy). The lour-momenium sum is used to defline
the total visible energy Fui,, the magnitude p, of the total momentum transverse Lo the beam, and
the direction of the missing momentum.

in Figure 1, the distributions of measured F,;, and p; for a sample of hadronic 7° decays are
compared with Monie-Carlo Z° events [11] whose reconstruction includes a detailed simulation of the
OPAL detector. The selection eriteria lor these multi-hadron cvents are described in reflerence  [8].
The Fyi, distribotions of both data and Monte-Carlo peak below the 70 mass; this downward shifi
oceurs primarily because hadrons produce a smaller signal than clectrons in the lead glass calorimeter.
Aside from a 5% difference in the peak encrgics, the data and Monte-Carlo agree well in magnitude,
resolution, and in the shapes of both the Fy;, and p, distributions. '

Because all heavy-lepton eventls contain at least two final-state neutrinos, heavy leplon candidates
are required to have a measured. py > 12.0 GeV/c and a visible energy in the range 5.0 GeV < /o, <
55.0 GeV. Lo suppress background from evenis with undetected onergetic particles cscaping down the
beam pipe, evenls are rgjected if the energy measured in the forward detector exceeds 5.0 GeV. Thesc
cuts reduce the data sample from 22 687 to 315 events, but retain about 50% of heavy-leplon events
according to Monte-Carlo calculations (sce table 2). The number of observed events is compatible
with the numbers of events expected from Z°— 7777 (204 & 13) and Z%— hadrons (80 £ 15).

Background from 7-pair production is eliminated by requiring the thrust of the event (calculated
from charged tracks alone) to be less than 0.95. This cut rejects virtually all of the r-pairs but has a
small elfect on the efficiency for detecling heavy leptons. The data sample is reduced 10 47 evenis by
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these cuts, while the acceptance for heavy leptons is only reduced to about 47%.

The remaining background comes primarily from hadronic events in which a mismeasuarement of
the energy of a jet leads to an ariificial missing momentum. This missing momentum tends Lo lie along
the direction of other particles detected in the event. Because of the large heavy lepton mass, the
neutrino from the I decay tends not to lie along the directions of other particles. Therefore, we require
that there be no encrgetic detected particles produced in the direction of the missing momentum. We
calculate the total encrgy ol charged tracks and electromagnelic clusters within a cone of 30° hall-angle
arpund the direction of the missing momentum, and require both of these cone encrgies Feone to be
less than | GeV.

Fignre 2(a) shows the distribution of I, vs py lor the data, afier the cuts on thrust and F.,n,. have
been applied. Figure 2(b) shows the same distribution expected Tor a 42 GeV/c? charged heavy-lepton
(unnormalized). The events al large F,;, are multihadronic 70 decays; the avents at low J7,;, and low
pe are two-photon events. The signal region delined by the cuts in p, and F,;, is well separated from
these backgronnds.

Two events remain, after all of the cuts. The first is a 3-jot mullihadron eveal with two poorly
measured jels at low angles, and a third jet in the transverse direction. The second cverl is a radiative
Bhabha cvent in which one ol the electrons has a badly mismcasured momentum due to tracking errors,
which give an artificially large p,. Both of these events lic very close to the boundary of the scarch
region in Figure 2(a). Tor a heavy lepton of 14 GeV/e?, we calculate an efficiency after all cuts of
44% and would expect to observe a mean of 7.6 events. I'he mass limit obtained from this analysis is
given below,

The second search is based on the identification of an isolated electron or muon. Only tracks with
reconstrucied momentum greater than 5 GeV/e and with {cos 8| < 0.7 are considered as lepton candi-
dailes. The track must be associated with a cluster of at least 100 MeV energy in the cleclromagnetic
calorhmeter. A minimum-ionizing particle typically produces a signal equivalent to 700 MeV in the
clectromagnetic calorimeter. The isolation requirement is imposced by requiring that within a cone of
30” half-angle around the isolated track (1) the total energy from other charged tracks be less than |
GeV, and (2) the total energy of electromagnetic clusters, excluding the cluster associated with (he
track, be less than 2 GeV. These cuts select 2063 events (see Table 3).

The isolated Lrack musl satisly cither the electron selection criteria or the muon selection eriteria
described below. ot electron candidates, the track is required to be associated with an clectromagnetic
cluster of al least 5 GeV. Backgrounds to the clectron signal arc isolated charged hadrons with and
without overlapping clectromagnetic showers. In general, these backgrounds have (1) farger average
shower widths than clectrons, (2) associated energy penetrating into the hadronic calorimeter, and (3)
mismalch between the measured momentum of the track and the measured energy of Lthe cluster. To
suppress Lhese backgrounds, electron candidates are required Lo have electromagnetic clusters of no
more than 18 lead-glass blocks, with 80% of the energy contained in no more than 4 blocks. Candidates
are rejected if signals are produced in more than 2 planes of the hadron calorimeter within the 30°
scarch cone around the irack. Finally, there must be approximate agreement between the measured
momentum p ol the track and the measured electromagnetic energy I ol the associated cluster. One
of the following two conditions must be met:

0.50
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where miny is the quadrature sum of the calculated errors on 1/p and 1/E. The first condition allows
for radiation by the clectron, either at the event vertex or in traversing material in the detector. The
sccond condition is important only at the highest momenta, where the ertor in 1/p is large.

For muon candidates, the number of lead-glass blocks in the associated clectromagnelic cluster is
requited Lo be no more than 4. In addition, penetration Lo the outer layers of the detector is required.
There must be an associated signal in at least 2 of the outer 7 planes consisting of the last 3 hadron
calorimeter layers and the 4 muon chamber layers. Finally, the total electromagnetic cnergy within
the 307 search cone must be less than 5 GeV.

The isolated lepton requitement selects 1388 events, the great majority of which are conventional
dileptons (e*e™, ptp~, 7H77). These ate easily recognized, since they typically have back-to-back
single tracks (in the case of ete™ — ete~and ete™ — ptp~) or narrow back-to-back jels with
low invariant mass (in the case of efe™ — vt~} To identify these, we divide the evenl into two
hemispheres defined by the plane perpendicufar to the direction of the isolated lepton. Within each
hemisphere, the transverse mass My (defined using only the momentum components in the r-¢ plane)
is required to be less than 2.0 GeV/e?. Tn addition, the acolinearity angle 0, between the total
momentum vectors of the two hemispheres is tequired to be less than 250 mrad. In computing
the four-momentum in cach hemisphere, both tracks and eleciromagnetic clusters were used, with
donble-counting avoided in the manner described previously. In the calculation of mass, however,
only tracks were used, since radiative photons can give a spuriously large mass for ete™ — ete™
and ete™ — ptp evenis. The transverse mass was used rather than invariant mass because the
resolution in azimuthal angle of the tracks in the central drift chamber is subsiantially better than
that in polar angle.

Any event salislying all three of these conditions (0 < 250 mrad, My, < 2 GeV/c?, My, < 2
GeV/c?) is classified as a conventional dilepton and removed from the sample.  Although this cut
removes 94% of the events in the daia sample, the effcct on heavy lepton detection efficiency is
negligible (< 1% loss). Figure 3(a) shows the distributions, before the conventional dilepton cut is
applied, of the maximum ol My and My, for isolated lepton events in the data and for those from
a heoavy lepton of mass 12 GeV/c?; figure 3(b) compares the distributions of the f. for the same
cvents. .

By comparing the events classified as conventional lepton pairs with independently selected samples
of ete™ = ete” and ete™ — ptpa™ events, we measure the efficiency foridentifying clectrons to be
8643% and the eMciency for identifying muons to be 92+3%; both of these eficicncies were constant,
over the running period and are expected to be insensitive to lepton energy (this has been qualitatively
verified from a small sample of ete™ — ete™y events lound in the data). From Monte Carlo studies,
we expect to find 251426 ete™ — 777 events in this sample of dileptons. Afler removing identified
ete™ — eTem and ete” — ptpT events and correcting for expecled residual contamination, we
observe 27548 r-pairs. T'his comparison provides a check of our efficiency for detecting heavy leptons,
since the energy spectra of electrons and muons in heavy lepton events (if the associated neutrino is
massless) should be quite similar to those in 7-pair evenis. '

Aflier the conventional dileplons have been removed, 84 cvents remain in the data sample. All
of these have been cxamined and appear consistent with expected backgrounds.. None suggests a
heavy-lepton origin; only 6 are multihadron events. Most of the cvenls appear to be due (o cither
dilepton production with initial state radiation or to dilepton production by two-photon processes.
Both of these backgrounds give acolincar dileptons, since they have a large missing momentum due to
the undelected particles which escape down the beam pipe. Twelve of these events show substantial
energy in Lhe forward delector, in'(ii(:n.l.hlg thal a small-angle radiative particle has missed the main
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calorimeler. These events are removed by rejecting all events in which the forward detector registers
more than 5.0 GeV of energy. For radiative cvents in which the radiated particles remain within the
beam pipe and consequently carry little transverse momentum, the transverse momentum vectors of
the detected particles should appear colinear even though their total momentum veciors will not be
colinear. Such cvenis can be distinguished from heavy lepton production by their acoplanarity @qeop,
defined as the angle between the transverse projections of the total momentum vectors in the two
hemispheres (where the two hemispheres are separated by a plane perpendicular 1o the transverse
projection of the isolated lepton). lleavy lepton events tend to have large acoplanarity due to the
transverse momentum ol the final-state neutrinos. Evenls with no energetic particles other than the
isolated lepton may also be acoplanar, since a small p; imbalance in such an event can produce a
large-angle deflection. Ixamples are very low-energy iwo-photon events and highly asymmetric tau
decays in which almost all of the encrgy of onc tan goes into final-state nentrinos. These backgrounds
are suppressed by requiring that heavy lepton candidatles have atl least one track in the final state (in
addition to the isolated lepton) with an energy Eg of more than 2 GeV, thal there be at least 6 GeV
ol missing p, in the event, and that @qep be greater than 200 mrad. The effect of these cuts is shown
in Table 3. The py and 0,.,p distributions of the data are compared with those expected for a heavy
lepton in Figure 4.

From Monte Carlo simulation we expect al this stage 0.8-0.8 background cvents from 7177,
and 0.5%0.5 events from two-photon processes [12]. We observe | event, which is consistent with
being 7t~ ~ with the v converting to produce an eTe” pair. Final siates of this type, where the v
carries significant p, and is seen in the deteclor, can be energelic and also acoplanar since they have
(wo energetic non-colinear neutrinos from the 7 decays. In general, states of the type £%£7y can be
identified by their distinctive topology. The final state contains three particles thalt must lic in a
plane, the energies of which can be calculated from the beam encrgy and the measured angles between
the particles. To remove this background, we discard any event satisfying both of the following
conditions: (1) there are exactlly three narrow clusters of particles, where two of the clusters cach
have a net charge of £1 and the third one conlains either no charged particles or a low-mass pair
of oppositely charged pariicles, consistent with an electron-positron pair from photon conversion; (2)
the measured electromagnelic energy of the third cluster agrees within 10% of Lhe expected encrgy
calculated from the cluster directions, assuming these directions to be those of the primary leptons.
We have identified more than 30 such states in the dilepton sample, including 19 ete ™ v's.

After we reject £Y£7 7 stales, no events are lefi in the data sample. The clliciency for delecting
heavy leplon events is not changed by this cut. A 14 GeV /c? heavy lepton is expected to produce 3.8
cevents passing all of our requirements.

5 Limits on Heavy Lepton Masses

The sensitivity of this scarch for heavy leptons of a given mass can be calcutated from the predicted
number of produced L+ L~ pairs (table 1) and a Monte-Carlo calculation of the scarch efficiency. In
the case of a massless v, we oblain 95% confidence level limits of iy, > 44.1 Ge\//c2 from the missing
pe search alone, my > 44.2 GeV/c? from the isvlated lepton search alone, and my, > 44.3 GeV/c?
from the combined scarches; systematic error have been taken into account in the manner described
below.

If the »;, has a non-zero mass, then the production cross-section for LY L™ of a given mass is
unchanged, but the detection efliciencies of the searches are affected. The expected numbers of events
found by each ol our searches are tabulated for various values of my, and m,y, in Table 4. The large
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reduction in efficiency for m,;, > my /2 occurs because the vy, necessarily takes most of the energy
rom the L* decay. This suppresses the rate of production of high-cnergy e’s and p’s and ol cvents with
large missing p;, and consequently the acceptance of our sclections is reduced and possible systematic
errors (e.g., in calibration and resolution) become more important.

We estimate a 5% systematic error from Inminosity, a 5% error from lepton identification uncer-
tainly, and typically a 5% ecrror from Monte-Carlo statistics, giving a combined error of about 9%.
In addition, to allow for possible differcnces belween the data and Monte-Carlo, we have varied the
g cut in the missing p¢ search by £10%, the lepton momentum cut in the isolated leplon search by
+10%, and the culs on cone energy in both searches by £100%. The variation in selection efficiencics
within these ranges is used as a measure ol systematic error, and is added in quadrature with the other
errors. Tn setting 95% C.1. limits on the masses of the leptons, we have reduced the number of events
predicted at each point by one sigma before calculating the Poisson 95% confidence level contour. The
C.L. limits are sensitive to this systemaltic error only in the region of highest m,;, where the effect is
still less than 0.8 GeV/c? in m,;. The resuliing C.L. contour is shown in Figure b.

We have chasen Lo apply fixed boundaries to the contour along the lines my, — m, =5 GeV/c?
and m;, — my, = 0.25m, because our selection efficiency is low above this line, and this region is
better studied through other kinds of searches. Tn the region my, < 18 GcV/(:z, the numhber of events
predicted at any point in the shaded region is always at least twice that required for 95% C.L. limits;
this includes the boundary, where rales are lowest. In the high-mass region, my, > A1 GeV/e?, the
eMiciency is always at least 10% for the missing p; scarch and always at least 5% for the isolated
lepton search (> 17% for leptonic decay modes within cos(f) < 0.70); the limits here are governed
primarily by the stecply falling production cross-section of L* L™ events. Within the shaded region,
our trigger efliciency has been determined from Monte-Carlo studies to be greater than 96% at all
points for evenls passing our seloction cuts. :

In summary, in each of lwo scarches we find no evidence for a new charged heavy lepton being
produced in the decays of the Z° boson. A charged heavy leplon is excluded at 95% confidence level
for masses below 44.3 GeV/c? with my,p < 20 GeV/c?. For vy, with higher mass, we cxclude at 95%
confidence fevel the shaded region of Figure 5, approximately defined by my, <13 GeV/c?, myy, < 30
GeV/c?, and m,j, < 0.75my,. These resulls are consistent with those of another experimental stady,
based on a standard-model fit to the Z0 line shape, carried out by the ALEDPI experiment [13].

It is a pleasure Lo thank the LEP Division for the smooth running of the accelerator and for
continuing close cooperation with our experimental group. In addition to the support stall at our
own institutions we are pleased Lo acknowledge the following: The Bundesministerivm lir Forschung
und Technologie, FRG, The Department of Energy, USA, The Institut de Recherche Fondamentale du
Commissarial a 'lincrgic Atomique, The Isracli Ministry of Science, The Mincrva Gesellschalt, The
National Science Foundation, USA, The Natural Sciences and Engincering Rescarch Council, Canada,
I'he Japanese Ministry of Education, Science and Culture (the Monbusho) and a grant under the
Monbusho International Scicnce Research 'rogram, The Science and Frgincering Rescarch Council,
UK and The A. I. Sloan IFoundation,
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Table 1:  The expecled total numbers of heavy lepton events produced al different center-ol-mass
cnergies for various heavy leplon masses; trigger and delection cefliciencies are not included. The inte-
grated luminosities shown have an uncertainty of = 5%.

Ve [Ldt lleavy Leplon Mass (GeV/c?)
(GeV) | (b= [ 25 30 35 | 38 | 40 | 41 | 42 | 43 | 14 | 45 | 46
88.28 70.3 9.65 6.91 1.17 2.58 1.61 0.72 0.06 0.00 | 0,00 | 0,00 | 0.00
89.28 52.5 14.52 10.68 6.44 3.80 2.01 | 1.82 1.18 0.66 | 0.24 | 0.00 | 0.00
90.28 58.5 36.20 25.84 16.45 | 10.06 | 6.76 4.80 3.29 2.00 | 0.90 | 0.10 | 0.00
31.03 119.9 107.38 | 74.39 | 46.16 | 30.09 | 20.23 |'15.94 | 1032 | 6.99 [ 3.55 | 0.92 | 0.00
91.28 180.7 15943 | 113.98 | 69.16 | 44.04 | 29.89 | 23.34 | 16.09 | 10.99 [ 5.90 | 1.82 | 0.00
91.54 99.6 78.50 5835 | 3841 | 25.03 | 16.62 | 12.35 | 8.78 5.78 3.22 i 1.08 | 0.00
92.28 16.1 25.42 19.11 11.86 7.60 5.37 4.13 J.13 2.09 1.20 | 0.54 | 0.06
92.52 8.2 J.86 2.85 1.83 [.21 0.84 (.66 (.50 0.34 0.20 | 0.09 | 0.02
93.28 86.6 27.31 20.78 13.76 | 9.04 6.11 4.96 3.92 2.80 1.71 ] 0.91 | 0.31
94.28 A4 2.55 1.82 1.20 .81 0.61 0.51 0.36 0.28 [ 019 1 0.11 | 0.08
95.01 17.8 3.00 2.3 A7 1.11 0.77 0.62 0.50 0.39 | 0,28 | 0.17 | 0.09

| Total 75160 | 467.8 | 337.0 | 2109 [ 1354 [ 916 [ 699 [ 480 [ 323 [ 174 [ 57 [ 05 ]

Table 2: The numbers of events salisfying requirements at varicus stages in the analysis using E,.,
and missing py. The data are given in the left column, and the Monte-Carlo calculation of different
backgrounds are given in the nexi two columns. The iwo columns on the right give the number of
events expectled lrom a 42 GcV/(:z heavy lepton with massless vy, (normalized to the integrated lumi-
nosity) and the cfficiency for detecting this lepton at each stage in the analysis.

Requirements Data | Z%» 77 | Z%hadrons | Z2°> LAL™ | ¢ (1Y)
pe > 12, Euiy <55, Epp <5 | 315 | 204£13 80£15 215 0.51
Thrust < 0.95 17 = 2448 22.6 0.47
Foone < 1.0 GeV 2 0 042.7 | 21.2 0.44




Table 3: The numbers of evenis salislying requirements al various stages in the isolated Iepton anal-
ysis. The data are given in the left column. The two columns on the right give the number of events
expected from a 42 GeV/c? heavy lepton with massless »;, (normalized to the integrated luminosity)
and the efliciency for detecting this lepton at each stage in the analysis.

Requirements Data | L*L ™ (events) | LTL7(¢)
{solated track 2063 18.0 0.37
Isolated lepton 1388 12.6 0.26
Notete™, ptu=,7vr7= | 84 12.4 0.26
No encrgy in I'D) 72 12.3 0.26
Iis >2.0 GeV 65 11.5 .24
pe> 6 GeV/e 20 11.0 0.23
facop >200 mrad 1 10.0 0.21
Not £He— v 0 10.0 0.21

Table 4: The expected numbers of events satisfying selection requirements for varions heavy lepton
masscs, summed over all cenler-ol-mass energies. Column A gives these expecied numbers for the
missing encrgy and missing transverse momentum selection; column B gives the expected numbers for
the isolated lepton sclection; column C gives the numbers of events expecied to satisfy either of these
two sclections. Iintries in italics correspond to lepton masses not excluded by this analysis.

Mass (l,i') m,, =0 m,, = 0.50 my, my, = 0.75 mp,

(GeV/c®) | A B C A B C A B C
10 10 37 16 b 26 32 ) 4.9 4.3
20 127 64 174 64 44 100 1.5 8.5 | 13.0 _
30 124 62 151 89 38 113 1103 1 114 {214
10 36 17 44 33 11.2 39 4.2 4.8 8.4
12 210 | 1000 | 24,1 | 18,0 | 6.3 | 208 | 2.4 261 4.8
1.3 4.1 6.8 11621122 4.6 14| 2.2 1.8 | 4.7
44 7.6 3.7 3.7 7.1 2.6 3.2 1.7 1.1 2.2
15 25| 1.2 | 29 | 24109} 28|04 03] 06




Figure Captions

FIGURIL 1: Distribuiions in visible energy(a) and missing transverse momentum(b) for a sample
of hadronic 7Z° decays in the data(points) and for Monte Carlo(histogram).

FIGURE 2: Distribution in visible energy vs missing transverse momentam after requirements
on thrusi and cone encrgy for the data (a) and for a heavy lepton (b) of mass 42 GeV/c? The
Monte-Carlo distribution is not normalized. The points lying necar the search boundary are cnlarged

for clarity.

FIGURE 3: (a) Distributions in maximum transverse mass in evenis with an isolated lepton are
compared for data and L* L™ with my, = 42GeV/c? and vy, =.0. (b) Distributions in 8,., for isolated
lepton data and the same L* L7 evenls. In (b), the large number of entries in the last bin of the heavy
lepton distribution corresponds to events where no energy is detected in the hemisphere opposite to
the isolated lepton, in which case the acolinearity is defined to be 7.

IFIGURF 4: Distributions in missing transverse momentum ws acoplanarity for events with isolated
leptons; all cuts except the last three in table 3 have been applied. istributions for (a) the data and
for {b) Monte-Carlo disttibutions from L* L™ with my, = 42GeV/c? and vy, = 0. '

FIGURT 5 The 95% confidence level limils on my, and m, ;. if vy, is massive and stable. The limits
ol the excluded region are based on the combination of the missing p; and isolated lepton searchos;
either seatrch alone excludes most of this region. The sharp upper edge of the shaded region is defined
by the lines m,y, = my, — 5 GeV and m, = 0.75my,.
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