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Abstract

Searches for unstable neutral and charged heavy leptons (L%, L*) have been performed using a data sample of 2.6 pb~"
at a centre-of-mass energy of /s = 130 GeV and 2.6 pb™! at 136 GeV collected with the OPAL detector at LEP during
November 1995. No candidate event was observed. If an unstable Dirac neutral heavy lepton L decays only into eW*,
uW™ or 7W*, the lower limits on its mass at 95% C.L. are 62.5 GeV, 63.0 GeV and 57.4 GeV, respectively. The limits are
modified for a Majorana L° to 51.4 GeV, 52.2 GeV and 44.2 GeV, respectively. For charged heavy leptons, a lower mass
limit of 64.5 GeV at 95% C.L. was obtained, if L* decays into a stable heavy neutrino »1, and W**, and if my+ — My >
10 GeV. If L* decays through Iepton flavour mixing into a massless neutrino v, and W*E, the lower limit on my+ was

determined to be 63.9 GeV at 95% C.L.

1. Introduction

This paper presents searches for pair production

of unstable neutral heavy leptons L°L? and unstable

charged heavy leptons LTL™ in e*e~ collisions?.

The data used in this analysis correspond to an inte-
grated luminosity of 2.6 pb~! at a centre-of-mass en-
ergy of /s = 130 GeV and 2.6 pb~! at 136 GeV col-

! And at TRIUMF, Vancouver, Canada V6T 2A3

2 And Royal Society University Research Fellow

3 And Institute of Nuclear Research, Debrecen, Hungary

4 And Department of Experimental Physics, Lajos Kossuth Uni-
versity, Debrecen, Hungary

3 Throughout this paper, charge conjugation is implicitly assumed.
L~ denotes an unstable charged heavy lepton, L? denotes an un-
stable neutral heavy lepton and ¥, denotes a stable heavy neutrino.

lected with the OPAL detector at LEP during Novem-
ber 1995.

The precise measurements of the Z boson param-
eters by the LEP and SLC experiments have deter-
mined the number of species of light neutrinos to be
three [1]. However, this does not exclude a fourth
generation in which all the fermions are heavy. The
lower mass limit based on LEP running around the Z°
peak (LEP1) for the fourth generation stable neutrino
(v1) was 45.0 GeV for a Dirac neutrino and 39.5 GeV
for a Majorana neutrino [1]. The cross-sections for
the ete™ — LOL? and e*e™ — L*L~ processes are
given in Ref. [2]. ’

Neutral heavy lepton pairs L°L? could be produced
in ete~ annihilation via a virtual Z boson. The fol-
lowing decay mode was considered:

(A) L% — ¢W* via lepton flavour mixing, where £
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is e, u or 7, and W* is a virtual W boson.

The Majorana L% can decay into either £~ W** or
£7W*~. Therefore the charge correlation between the
two light leptons was not used in the analysis, in order
to be sensitive to both Dirac and Majorana I.°. The
LEP1 lower mass limit for an unstable L® was 45.7
GeV for a Dirac L0 and 45.1 GeV fora Majorana 10 if
the coupling L.°LOZ* is the same as for vyr,Z* [1,3].
The visible energy of these events is expected to be
large and there should be at least four charged parti-
cles, including at least two light leptons (e, x or 7),
in an event.

Charged heavy lepton pairs L*L~ could be pro-
duced in e*e™ annihilation via a virtual Z° boson or
a virtual photon. The ordinary V-A coupling was as-
sumed for the L™ »; W*~ and L™ »,W*~ vertices. The
following two cases were studied:

(B) L™ — . W*™, where v is a stable heavy neu-
trino and assumed to be heavier than the lower
mass limit from the LEP1 experiments [1,3].

(C) L™ — »,W*™, where vy is v, ¥, or »,. The
decay occurs via lepton flavour mixing. The ex-
perimental limit from LEP1 data was mp- >
427 GeV [1,3].

The expected experimental signature for LYL~
events for both cases is that of a multijet® event witha
large, unbalanced transverse momentum with respect
to the beam axis. If all the visible decay products of
L~ and L* happened to be in the same hemisphere,
the event topology could be a mongojet. The events in
case (B) are expected to have a smaller visible energy
than for case (C), because the two heavy neutrinos
carry away more energy and momentum.

In this paper, LC and L~ were assumed to be un-
stable. Cascade decays (L9 — L= — »,, L™ —
L% — £) of heavy leptons were not considered in
this analysis. The analysis was designed to have a
good sensitivity for heavy leptons with a decay length
shorter than about 10 cm. Namely, the mixing param-
eters of L%—vy and L~ —¢~ were assumed to satisfy the
condition >_, [Vieg|> > O(10~") for case (A), and
S0 ? > O(10~1) for case (C), where Vo, is
the flavour mixing parameter between a neutral heavy
lepton and a light lepton (e, u or 7) and Y, -,, is the
flavour mixing parameter between a charged heavy
lepton and a light neutrino (we, v, or v,).

6 An isolated lepton is treated as a jet.

The two W* bosons in an L°L? or L*L~ event can
decay cither leptonically or hadronically. The analysis
presented here is sensitive to all the possible combi-
nations of the decay topologies and was designed to
search for heavy leptons with masses above the LEP1
experimental limits.

Other recent searches for heavy leptons are pre-
sented in [4].

2. The OPAL detector and event simulation
2.1. The OPAL detector

The OPAL detector, which is described in detail
in [3], is a multipurpose apparatus having nearly
complete solid angle coverage. The central detector
consists of a system of fracking chambers providing
charged particle tracking over 96% of the full solid
angle’ inside a uniform 0.435 T magnetic field. The
solenoid is surrounded by a time-of-flight (TOF)
scintillating counter array. A lead-glass electromag-
netic (EM) calorimeter located outside the magnet
coil covers the full azimuthal range with excellent
hermeticity in the polar angle range of | cos | < 0.82
for the barrel region and 0.81 < |cos 8| < 0.984 for
the endcap region. The magnet return yoke is instru-
mented for hadron calorimetry (HCAL), consisting
of barrel and endcap sections along with pole tips de-
tectors that together cover the region |cos 8] < 0.99.
Calorimeters close to the beam axis measure the lu-
minosity using small angle Bhabha scattering events
and complete the geometrical acceptance down to
26 mrad from the beam axis. These include the for-
ward detectors which are lead-scintillator sandwich
calorimeters and, at smaller angles, silicon tungsten
calorimeters [6] located on both sides of the interac-
tion point. The gap between the endcap EM calorime-
ter and the forward detector is filled by an additional
lead-scintillator electromagnetic calorimeter, called
the gamma-catcher.

7 A right-handed coordinate system is adopted, where the x-axis
points to the centre of the LEP ring, and positive z is along the
electron beam direction. The angles # and ¢ are the polar and
azimuthal angles, respectively.
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2.2. Monte Carlo event simulation

L970 and L*L~ events have been generated using
the TIPTOP [7] generator, which includes the effects
of spin correlations in the weak decays. The generator
was modified so that JETSET 7.4 [8] could be used
for the hadronization, which includes gluon radiation.
Initial state photon radiation was implemented in the
generator based on the calculations of Berends and
Kleiss [9]. LOLO events were generated at six mpo
values from 40 to 63 GeV for the three different final
states eW™ 4+ eW*, uW* + uW”* and 7W* 4+ 7W™,
L+L~ events were generated at 26 points in the (my -,
m,, ) plane for case (B) and at six my - values from
45 to 65 GeV for case (C).

The following background processes were simu-
lated in this analysis:

e Hadronic events with an isolated lepton coming
from a heavy flavour decay, or with an isolated track
misidentified as a lepton, are an important background
for the L% search. In the L~ search, the dominant
qg(y) background events are multijet events with one
or more poorly reconstructed jet momenta. The JET-
SET 7.4 [8] and PYTHIA 5.7 [ 8] Monte Carlo gen-
erators were used for multihadron events.

e The KORALZ [10] event generator was used for
the generation of 7777 (y) and u*tu~(y) events.
A sample of ete™(y) events was generated using
the BABAMC generator [11]. Radiative and non-
radiative 7 pairs are a potential source of background
for the topology of two acoplanar jets, because neu-
trinos from the 7 decays carry away energy and
momentum.

¢ In case (B), particularly for a small mass difference
between .~ and »1, events from two-photon processes
are the main background. Since the visible energy is
small in this case, the two-photon event topology is
similar to the signal event topology. The PYTHIA
5.7 [8] Monte Carlo generator was used for generat-
ing events from two-photon processes where the Q?
of both photons is smaller than 1.3 GeV? and the in-
variant mass of the photon-photon system (M,,) is
greater than 3 GeV. For events with higher Q? the gen-
erator TWOGEN [12] was used. Event samples for
all the possible processes (final state hadrons from
point-like yy — qg processes and from vector meson
dominance, and all eTe™£7¢~ final states) were gen-
erated. Two-photon events were not generated in the

region Q? < 1.3 GeV? and M,,, < 3 GeV. This region
did not represent a serious background to the search
presented here.

e Events from the four-fermion processes £7¢qg,
€vpq4', vePeqi and »PLY L are a serious background
for the L°L? and L*L~ searches. The EXCALIBUR
generator was used to generate all four-fermion pro-
cesses [13].

Generated signal and background events were pro-
cessed through the full simulation of the OPAL de-
tector [14], and the same event analysis chain was
applied to these simulated events as to the data.

3. Data analysis

Charged particle tracks were selected with the same
track quality requirements as in Refs. [15,16], except
that in order to allow a large acceptance for long lived
L~ and L° candidates whose flight lengths are up to
~ 10 cm, the |do| cut was loosened from 2.5 cm to
8.0 cm, where |dy| is the distance of closest approach
to the interaction point in the plane perpendicular to
the beam axis. The rest of the criteria were as fol-
lows. Tracks were required to have at least 20 mea-
sured spatial hits, more than 50% of the hits geometri-
cally expected, and a transverse momentum exceeding
100 MeV. Electromagnetic clusters in the barrel region
were required to have an energy of at least 170 MeV,
and the clusters in the endcaps to have an energy of
at least 250 MeV and to contain at least two adjacent
lead glass blocks. Clusters in the hadron calorimeters
were required to have an energy of at least 0.6 GeV
in the barrel and endcaps, and at least 2 GeV in the
pole tips detectors. Background from cosmic rays was
suppressed by requiring at least one track to have a
hit in the TOF counter within 10 ns of the expected
time-of-flight.

Event observables such as the total visible energy or
hemisphere momenta were calculated as follows. An
energy cluster in the calorimeters is defined to be as-
sociated with a central detector track if the difference
in polar angle is less than 0.1 rad and the difference
in azimuthal angle is less than 0.1 rad. The track mo-
menta and the momentum vectors of EM or HCAL
calorimeter clusters not associated with charged tracks
were first summed. When a calorimeter cluster was
associated to charged tracks, the scalar sum of the as-
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Table 1

The numbers of events remaining (in the LOT0 search), normalised to the integrated luminosity, are compared with the data after each cut
for various background processes. Numbers are also given for three samples of simulated LOL? events. The numbers of events expected
from two-photon processes (‘*yy’} do not include the region M, < 3 GeV with Q2 < 1.3 GeV2,

Case (A) Data Total bkg. qa(y) 20(y) ‘yy’ 4-f LO[9

mg (GeV) 50 60 60
decay mode tau muon electron
no cuts - - 1645 6458 105k 20.2 15.9 7.61 761
cut (Al) 43.0k 29.8k 1604 65.9 28.1k 13.6 15.7 7.49 7.44
cut (A2) 9581 10.7k 1219 59.7 9397 10.9 13.3 6.89 6.54
cut (A3) 1264 1297 1218 55.4 13.8 10.1 129 6.86 6.52
cut (A4) 124 130 127 0.21 0.78 248 10.2 5.94 5.62
cut (AS) 0 1.13 0.71 0.08 0.00 0.34 5.03 4.59 4.26
cut (A6) 0 0.70 - 033 0.08 0.00 0.29 4.70 4.43 4.09

sociated charged track momenta was subtracted from
the cluster energy before including the cluster to re-
duce double counting. If the energy of a cluster was
smaller than the scalar sum of the associated track
momenta, the cluster energy was not used. Informa-
tion from the hadron calorimeter was included in all
energy and momentum calculations described below
unless otherwise indicated.

3.1. Selection of L°L® candidates

The following event selection criteria were applied.

The numbers of remaining events after each cut are
listed in Table 1, for data and for simulated background
and signal samples.
(A1) The number of tracks was required to be at least
four, and the ratio of the number of tracks which satis-
fied the selection criteria to the total number of recon-
structed tracks was required to be larger than 0.2 in
order to reject beam-gas and beam-wall backgrounds.
(A2) In order to reduce the background from two-
photon processes and multihadronic events in which
one of the jet axes was close to the beam direction,
the total energy deposited in each silicon tungsten
calorimeter was required to be less than 5 GeV. Fur-
thermore the energy was required to be less than 2 GeV
in each forward calorimeter and less than 5 GeV in
each side of the gamma-catcher. In addition, the co-
sine of the polar angle of the thrust axis (| cos 6 mrus|)
was required to be less than 0.95 in order to reduce
beam-gas and beam-wall background events as well
as events from two-photon processes.

(A3) The visible energy was required to be greater
than 0.4./s to reduce background from two-photon
processes.

(A4) The number of jets was required to be greater
than or equal to four. Jets were formed using the
Durham algorithm [ 17] with a jet resolution parame-
ter of ye,e = 0.006. With this requirement a large frac-
tion of the multihadron background was removed. The
distributions of the number of jets after cut (A3) are
shown in Fig. 1a for the data and the simulated back-
ground events, and in Fig. 1b for the simulated L°L°
events.

(AS) The number of isolated leptons (e, x or 7) was
required to be at least two. The selection criteria for
isolated leptons are listed below.

The momentum of an electron or muon candidate
was required to be less than 40 GeV and larger than
2 GeV. Electrons were selected using the artificial neu-
ral network described in [18]. Muons were identified
as the central detector track which gave the best match
to a muon chamber track segment [19]. In the re-
gion not covered by the muon chambers, muons were
identified using the hadron calorimeters as described
in {20]. No additional tracks were allowed within a
cone of half-angle 15° around an electron or muon
track.

The reconstructed jets described above were used to
identify taus. A jet was identified as a one-prong tau
decay if the following four conditions were satisfied:
(1) the jet contained a track with momentum larger
than 3 GeV and less than 40 GeV, (2) the momenta
of all the other tracks in the same jet were less than



OPAL Collaboration / Physics Letters B 385 (1996) 433—444 439

OPAL

Number of events

27746 8 10

Number of jets Number of jets

E (fr)m @

10 2 . B Dilepton(y)
\l? B 4-fermion

Number of events

7114_1111’ el
0 2 4 6 8 10

Isolated leptons Isolated leptons

Fig. 1. The distributions of the number of jets after cut (A3)
for the data (bold circles with error bars) and for the simu-
lated background events are plotted in (a). The same distributions
are shown in (b) for simulated LOL® — eW*eW* events with
mye = 60 GeV (solid line histogram) and L°L® — 7W*rW*
events with myo = 50 GeV (dotted line histogram). The distribu-
tions of the number of isolated leptons after cut (A4) for the data
and the simulated background events are displayed in (c). The
distributions of the number of isolated leptons for the LOT0 events
are shown in (d) for the same samples as (b). The symbols used
for the various backgrounds in (a) and (c) are explained in (c).

1 GeV, (3) no other track was found within a cone
of half-angle 15° around the high momentum track,
and (4) the invariant mass calculated from the track
and all cluster momenta within the cone was less than
2.5 GeV. A jet was identified as a three-prong tau decay
if the following three criteria were satisfied: (1) there
were only three tracks in the jet and-all three tracks
were 1r151de a cone of half-angle 15° around the jet
axis, (2) the vector sum of the three charged particle
momenta had magnitude greater than 3 GeV, and (3)
the invariant mass of all tracks and clusters within the
cone was less than 2.5 GeV.

The distributions of the number of isolated leptons
after cut (A4) are plotted in Fig. 1¢ for the data and
the simulated background events, and in Fig. 1d for

the simulated LT events.
(A6) The invariant mass of the two isolated leptons
with the largest momenta was required to be larger
than 10 GeV. This cut rejected multihadron events with
two lepton candidates in a single jet.

No events were observed in the data after the above

galact Thig 1t gtant with tha
selection. This result was consistent with the number

of expected background events of 0.70. The detection
efficiency for LOL? events was calculated for six myo
values between 40 and 63 GeV. The efficiency for
myo in the range of 50-63 GeV was about 50-60%
for LOL® — eW*eW* or uW* wW* events, and about
30% for L°LY — 7W*7W* events.

These ansﬂvcm criteria have a spnmrl‘nfy for tag-

ging all light leptons (e, p and 7). The three differ-
ent final states of LOL? — eW* + eW*, uW* + pW*
and TW* 4+ 7W* were considered in calculating effi-
ciencies. If the decay products of LT were mixed
(LOL° — eW* uW*, eW*TW* or uW*TW*), the ef-
ficiencies would have values intermediate between the
cases considered here. The efficiencies for the L°T.0 —
TW*7W* case were the lowest in this analysis, and
hence lead to the most conservative limit. The trigger
efficiency was 100% for the selected signal events.

2 ALET +T PP L P
1. candtlauLey

3.2. Selection of L

Similar cuts were applied to select the signal events
for case (B): L™ — p».W*™ and case (C): L™ —
veW*™; however, some cut values were optimised dif-
ferently for the two cases. The number of events re-

maining after each cut are listed in Table 2 for case
({RY and in Tahla R far cace ('Y Far comnarienn hath

(B) and in Table 3 for case (C). For comparison both
tables also include the corresponding numbers of sim-
ulated background and LTL™ events.

The following selection criteria were applied:
(B1), (C1) The number of charged tracks was re-
quired to be at least two, and the ratio of the number
of tracks which satisfied the selection criteria to the
total number of reconstructed tracks was required to
be greater than 0.2.

(B2), (C2) The criteria for energy deposits in the
silicon tungsten calorimeter, the forward calorimeter
and the gamma-catcher were identical to those in the

TOTO0 analvaic The cncine of tha nalar ancle of tha
I ) aucuyoxb Lll\/ VUIILI Ul lll\/ kl\llcu allsl\l vl Lll\/

thrust axis (| cos 0 mrust|) was required to be less than
0.9. The | cos 6 | cut is harder than in the L analy-
sis because the acoplanarity angle, which is discussed
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Table 2

The numbers of events remaining, normalised to the integrated luminosity of the data, for various background processes are compared
with data after each cut for the L™ — »W* ™ case. Numbers of expected events are also given for three samples of simulated LT~

events. The numbers of events expected from two-photon processes do not include the region My, < 3 GeV with Q? < 1.3 GeV2.

case (B) Data Total bkg. ad(y) 17463 vy’ 4-f L*L~

m; - (GeV) 63 60 55
my, (GeV) 55 45 45
no cuts - - 1645 6458 105k 20.2 10.6 15.8 224
cut (B1) 123k 47.1k 1606 963 44,5k 18.0 10.2 153 21.8
cut (B2) 50.5k 16.4k 1142 839 14.4k 11.1 942 14.0 19.7
cut (B3) 748 780 593 168 12.2 6.58 4.95 11.9 13.9
cut (B4) 379 421 299 112 5.46 4.89 4.77 109 129
cut (BS) 289 340 231 98.5 5.46 4776 477 10.9 129
cut (B6) 13 149 0.06 9.14 4.68 1.06 477 109 12.8
cut (B7) 8 7.44 0.06 2.16 4.16 1.06 477 10.8 12.7
cut (B8) 0 1.36 0.06 0.12 1.04 0.14 4.09 9.47 10.7
dijet 0 1.27 0.06 0.11 1.04 0.06 3.03 7.84 9.31
cut (B10) 0 0.35 0.00 0.03 0.26 0.06 2.82 6.92 8.39
monojet 0 0.09 0.00 0.01 0.00 0.08 1.06 1.63 1.43
(B10)+monojet 0 0.44 0.00 0.04 026 0.14 388 855 9382

Table 3

The numbers of events remaining, normalised to the integrated luminosity, for various background processes are compared with data after
each cut for the L~ — »,W* ™~ case. Numbers of expected events are also given for three samples of simulated L+ L~ events. The numbers

of events expected from two-photon processes do not include the region Myy < 3 GeV with Q* < 1.3 GeV2.

Case (C) Data Total bkg. ag(y) 1746%) ‘yy’ 4-f LtL-

m;— (GeV) 45 55 63
no cuts - ~ 1645 6458 105k 20.2 327 224 10.6
cut (Cl) 123k 47,1k 1606 963 44 5k 18.0 32.0 22.1 10.5
cut (C2) 50.5k 16.4k 1142 839 14.4k 11.1 27.6 19.1 9.29
cut (C3) 237 245 195 46.5 1.04 2.95 21.5 15.5 7.44
cut (C4) 161 169 129 373 0.52 2.46 19.0 14.0 6.81
cut (C3) 136 138 110 254 0.52 2.43 16.0 116 6.80
cut (C6) 38 492 26.6 22.0 0.00 0.58 157 11.5 5.57
cut (C7) 20 311 26.6 3.95 0.00 0.58 15.5 11.5 5.53
cut {C8) 7 699 6.26 0.39 0.00 0.34 12.8 9.71 476
dijet 7 6.98 6.26 0.38 0.00 0.34 11.7 8.99 4.26
cut (C9) 4 4.84 4.50 0.17 0.00 0.17 10.7 7.90 3.87
cut (C10) 0 Q.50 .33 0.08 0.00 0.09 962 7.31 3.33
monojet 0 0.01 0.00 0.01 0.00 0.00 1.14 0.72 0.50
(C10)+monojet 0 0.51 0.33 0.09 0.00 0.09 10.8 8.03 3.83

later, becomes unreliable if the jet axes are too close
to the beam direction.

(B3), (C3) Events from two-photon processes with
a small visible energy were efficiently reduced by de-
manding the event transverse momentum (P;) cal-
culated excluding the hadron calorimeter clusters to

be larger than 4 GeV and the transverse momentam
(PHCAL) calculated including the hadron calorimeter
clusters to be larger than 5 GeV in case (B) (cut
B3). Although most of the events from two-photon
processes were rejected by the P; cut, the PHA cut
was applied to reject occasional events with a high
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transverse momentum neutral hadron. In case (C),
the transverse momentum was expected to be larger,
hence P, and PHCAL were required to be larger than
10 GeV and 12 GeV, respectively (cut C3).

(B4), (C4) “Radiative return” events from ete™ —
Zy, where the y escaped close to the beam direc-
tion, were rejected by requiring that the polar an-
gle of the missing momentum direction fy;s satisfy
[ cOS Bpmiss| < 0.8.

(B5), (C5) If an electromagnetic cluster was not ac-
companied by any track within a cone of half-angle
25° around its direction, it was defined to be an iso-
lated photon. Events with an isolated photon of energy
greater than 15 GeV were rejected for case (B) (cut
B5). For case (C) the energy cut was increased to
25 GeV (cut C35). The cut values were optimized to
maintain high efficiency for the signal. This cut rejects
some eTe™ — Zy events.

(B6), (C6) A visible energy cut was applied to re-
duce both multihadron and four-fermion background.
The visible energy of LTL™ events in case (B) was
expected to be smaller than about 50 GeV, since the
two heavy p’s carry away a significant fraction of the
energy. The visible energy was required to be smaller
than 0.35./s for case (B) (cut B6). In case (C), on
the other hand, the visible energy was required to be
larger than 0.3,/s and smaller than 0.8+/s (cut C6).
The visible energy distributions before this cut are
shown in Fig. 2.

(B7), (C7) Events which were kinematically consis-
tent with 777~ () were rejected. The tracks and the
clusters in an event were divided into two hemispheres
defined by the plane perpendicular to the thrust axis.
Events were identified as 7+~ () if the charged mul-
tiplicities in the two thrust hemispheres were a single
track in one hemisphere and either one or three tracks
in the opposite hemisphere, the sum of the charged par-
ticle momenta in one of the hemispheres was greater
than 10 GeV, and the charged particle masses of both
hemispheres were smaller than the 7 mass. Assuming
that the event was a 777~ (), the maximum value of
the acoplanarity angle was calculated from the abso-
lute value of the charged particle momentum sum in
each hemisphere. If the measured acoplanarity angle
was smaller than this calculated maximum value, the
event was considered to be a 7777 (y) and rejected.
The acoplanarity angle @acop was defined as 7 — @open,
where @open is the azimuthal opening angle between
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Fig. 2. The distributions of visible energy plotted for data (bold
circles with error bars) and various simulated background pro-
cesses after cut (B5) for case (B) or (C5) for case (C) are shown
in (a) and (c), respectively. The symbols used for the various
backgrounds are the same as in Fig. 1. In (b) the solid and dotted
histograms represent simulated L+ L~ events with L™ — », W*~
decay for (my-, my ) = (60 GeV, 45 GeV) and (63 GeV,
55 GeV), respectively. In (d) the solid and dotted histograms
represent simulated LYL™ events with L= — »,W*~ decay for
m; — =60 GeV and 45 GeV, respectively.

the directions of the momentum sums of the particles
in the two thrust hemispheres.

(B8), (C8) In order to reject events containing two
back-to-back jets or leptons, the thrust of the events
was required to be less than 0.9.

Events were classified into two different categories
according to the following criteria. If one of the hemi-
spheres had an energy smaller than 1 GeV and con-
tained no good track, the event was categorised as a
monojet event; otherwise the event was classified as a
dijet event. All the events classified as monojet events
were considered to be heavy lepton candidates.

(C9) For dijet events in case (C), the remaining back-
ground comes primarily from hadronic events in which
a mismeasurement of the energy of a jet leads to an ar-
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Fig. 3. The acoplanarity angle distributions are shown for data and
simulated background events after cut (B8) for case (B) or (C9)
for case (C) are plotted in (a) and (c), respectively. No events
survived at this stage for the data in case (B). The symbols used
for various backgrounds are the same as for Fig. 1. In (b) the
solid and dotted histograms represent simulated LYL™ events with
L™ — p W*™ decays for (m;—, m, ) = (60 GeV, 45 GeV)
and (63 GeV, 55 GeV), respectively. In (d) the solid and dotted
histograms represent simulated L*L™ events with L™ — »,W*~
decays, for m; . =60 GeV and 45 GeV, respectively.

tificial missing momentum. This missing momentum
tends to lie along the direction of jets in ordinary mul-
tihadron events. The total energy sum (Epaer) within
a cone of 30° half-angle around the direction of the
missing momentum was calculated. In case (C) we
required By, to be less than 3 GeV. In case (B) the
Ebacr cut was not used because multibhadron events
were sufficiently reduced by cut (B6).

(B10), (C10) The acoplanarity angle (¢acop) be-
tween the two jets was required to be greater than 15°.
The acoplanarity angle distributions just before the cut
are shown in Fig. 3.

No event was observed in the data after the above
selections. These results were consistent with the ex-
pected background from all sources of 0.44 events for
case (B) and 0.51 events for case (C).

The detection efficiencies for L*L™ events were
calculated at 4/s = 130 and 136 GeV. In case (B), the
efficiency was about 55% for (my -, m,, ) = (60 GeV,
45 GeV), and 40% for (63 GeV, 55 GeV). In case
(C) the efficiency was at least 33% for m; - in the
range 45-63 GeV. The trigger efficiency was 100%
for the selected signal events.

4. Mass limits

The expected numbers of neutral and charged heavy
lepton events were estimated for various values for
heavy lepton mass (or combinations of (my -, m,, ))
using the detection efficiency at each centre-of-mass
energy, the cross-section and integrated luminosity. In
the calculation of limits the detection efficiency at ar-

" bitrary values of the heavy lepton masses was intet-

polated using a polynomial fit.

The systematic errors on the total number of ex-
pected signal events were estimated to be 3-6% from
Monte Carlo statistics, depending on the event topol-
ogy, 1.2% from the interpolation of the efficiencies,
0.9% from the uncertainty in the integrated luminos-
ity, 4.3% from the lepton identification uncertainty
for the 1.9C0 case, and 1.5% (0.6%) from the uncer-
tainty in the fragmentation of W* hadronic decays for
1979 (L*L). The fragmentation errors arose through
the jet reconstruction and lepton isolation uncertain-
ties for the LYLY case and mainly through the uncer-
tainty in the estimation of the acoplanarity angle and
the missing momentum direction for the LTL™ case.
The fragmentation error was estimated by varying the
optimized fragmentation parameters [21] in the JET-
SET 7.4 Monte Carlo generator. The systematic error
due to trigger efficiency was estimated to be negligi-
ble for the selected signal events. In calculating the
mass limits the systematic errors were treated as in
Ref. [22] and were considered to be independent.

A 95% CL. lower limit of 62.5 GeV is obtained
for the Dirac neutral heavy lepton mass, assuming that
both LY and L9 decay into eW* with 100% branch-
ing fraction. The mass limits for the cases of L0 —
uW* and LY — 7W* are 63.0 GeV and 57.4 GeV, re-
spectively. For Majorana L the limits are reduced to
51.4 GeV for the eW* decay, 52.2 GeV for uW* de-
cay and 44.2 GeV for TW* decay due to the smaller
cross-section near the LOL0 threshold.
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Fig. 4. The excluded region in this analysis in the (mg -, my )
plane for case (B). If L~ decays into »+W*~ and pr, is assumed
to be a stable heavy neutrino, the hatched region is excluded
with more than 95% C.L. The region m,, < 45 GeV is already
excluded for the Dirac »1, and m;; < 39.5 GeV for the Majorana
yr, from the upper limit of the Z° decay width measurements at
LEP [3]. The diagonal line shows m; — = my; .

The mass of L* was found to be larger than
64.5 GeV at 95% C.L. for case (B), if m; - —m,, >
10 GeV. The excluded region in the (m; -, m,, ) plane
for case (B) is presented in Fig. 4. For case (C) the
lower limit for m; - is 63.9 GeV at 95% C.L.

5. Summary and conclusions

A search has been made for pair production of un-
stable neutral and charged heavy leptons using a data
sample corresponding to an integrated luminosity of
2.6 pb~! at /5 = 130 GeV and 2.6 pb~! at /5 =
136 GeV, collected with the OPAL detector at LEP.
No event remained after the selection cuts, consistent
with the expected number of background events.

The 95% C.L. lower limit on the Dirac L? mass, as-
suming that 1.0 decays into eW* with 100% branching
fraction, was obtained to be 62.5 GeV. The mass limits
for uW* and TW* decays are 63.0 GeV and 57.4 GeV,
respectively. For Majorana L0 the limits were reduced
to 51.4 GeV for pure eW™* decay, 52.2 GeV for pure
uW* decay and 44.2 GeV for the 7W* case due to

the smaller cross-section in the region near the L.°L°
threshold.

The excluded region in the (my-, m, ) plane is
presented in Fig. 4. If my - — m,, > 10 GeV, the
mass of L™ was found to be larger than 64.5 GeV
at 95% C.L. If m,, > m;- and L™ decays into a
massless neutrino and a virtual W boson, a lower limit
of 63.9 GeV at 95% C.L. was obtained for m; ... The
results of these analyses are consistent with, and in
some cases have extended, existing limits from other
LEP experiments [3,4].
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