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Abstract

A search for unstable neutral and charged heavy leptons as well as for stable charged heavy leptons has been made at
center-of-mass energies Vs = 161 GeV and Vs = 172 GeV with the L3 detector at LEP. No evidence for their existence
was found. We exclude unstable neutral leptons of Dirac (Majorana) type for masses below 78.0 (66.7), 78.0 (66.7) and 72.2
(58.2) GeV, if the heavy neutrino couples to the electron, muon or tau family, respectively. We exclude unstable charged
heavy leptons for masses below 81.0 GeV for a wide mass range of the associated neutral heavy lepton. The production of
stable charged heavy leptons with a mass less than 84.2 GeV is also excluded. If the unstable charged heavy lepton decays

via mixing into a massless neutrino, we exclude masses below 78.7 GeV. © 1997 Elsevier Science B.V.

é Supported also by the Comisién Interministerial de Ciencia y Technologia,
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1. Introduction

Electron-positron colliders are well suited for the
search for new heavy leptons with masses up to
my < E, ... [1]. Additional heavy neutral and charged
leptons are predicted by various models [2]. The
predicted production cross sections are large and
final state particles can be identified cleanly. Results
on this subject obtained at the Z resonance by LEP
and SLC experiments can be found in [3], and more
recent results obtained at LEP at Vs = 133-172
GeV, can be found in [4]. Here we report on a direct
search for unstable sequential neutral heavy leptons
(heavy neutrinos), L°, of the Dirac or Majorana type,
and charged heavy leptons, L*. The data used in this
analysis were collected with the L3 detector at LEP
during 1996 at Vs = 161 GeV and Vs = 170-172
GeV with integrated luminosities 10.7 pb~' and 10.2
pb~!, respectively. The L3 detector is described
elsewhere [5].

Heavy leptons are pair-produced through the s-
channel: e*e”— y/Z—L*L", LT’ like e*e™ -
ut . They are assumed to couple to the photon
and the Z in the same way as the known leptons. The
total cross sections are in the range of 1-4 pb at
masses well below the beam energy and fall as the
mass of the lepton approaches the beam energy. For
neutral heavy leptons the main difference between
Dirac and Majorana neutrino types is the dependence
of the cross section on velocity 8 = P, /P2 + m? :
Opire X BB — B?) and oy, & B>, Due to the
B> term the cross section for Majorana neutrinos
falls more rapidly with mass than the cross section
for Dirac neutrinos. From LEP results at the Z
resonance [3] the mass of a stable neutral heavy
lepton, L°, must be greater than 40 GeV. Therefore,
in this analysis we assume L’ to be heavier than 40
GeV.

Three different possibilities for the charged heavy
lepton decay modes are considered:

1) The charged heavy lepton decays via mixing into
light neutrinos, L*— »,W * *,

2) The charged lepton decays through the weak
charged current interaction, L*— LW * * with
L° being stable.

3) If the associated neutral heavy lepton is heavier
than its charged partner and there is no or very
small mixing into light neutrinos, then the charged

heavy lepton would appear as being stable in the

detector.

The decay of a neutral heavy lepton is expected to
proceed via mixing with a light lepton (i = e, pu,
7), LY>ZFW ¥ *. In this search we consider that
nentral heavy leptons couple to electron, muon, or
tau families and we neglect the possibility of mixing
between light leptons. If the decay proceeds via
mixing, the decay amplitude contains a mixing pa-
rameter U for the transition from the heavy lepton to
the light lepton. The mean decay length, D, as a
function of |U[* and mass is given by [6] D =
Bycr, & BIUI *mg, where 7 is the lifetime of the
heavy lepton and a = —6. This implies that the
decay can occur far from the interaction point if the
particle has a low mass or a very small coupling. To
ensure high detection and reconstruction efficiencies,
the search is restricted to L’s decaying within 1 cm
of the interaction point. This limits the sensitivity to
the mixing parameter to |U|* > #(107'2),

2. Event simulation

The generation of heavy lepton production and
decay was done with the TIPTOP [7] Monte Carlo
program. It incorporates initial state radiative correc-
tions and the spin effects on the decay distribution.
For the search we considered the mass range of the
heavy leptons between 50 and 85 GeV. For the
simulation of background from Standard Model pro-
cesses the following Monte Carlo programs were
used: PYTHIA 5.7 [8] (ete” —
qg{y),Ze e ,ZZ,W *eT v), KORALZ [9] (e*e~
- 7777(y)), KORALW [10] (ete > W*W"),
PHOJET [11] (e*e”—e*e™qq), DIAG36 [12]
(e*e"—e'e 77 77), and EXCALIBUR [13] (e*e”
— fF £f").

The number of events simulated for each back-
ground process corresponds to at least 80 times the
luminosity of the collected data, except for e*e™ —
e*e”qq where twice the luminosity of the collected
data was simulated. The Monte Carlo events have
been simulated in the L3 detector using the GEANT3
program [14], which takes into account the effects of
energy loss, multiple scattering and showering in the
materials. The selection efficiency is determined by
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the Monte Carlo. To obtain mass limits, the selection
efficiency has been reduced by one standard devia-
tion of the total systematic error.

3. Lepton and jet identification, and background
rejection

An electron is identified as a cluster in the elec-
tromagnetic calorimeter with an energy larger than 4
GeV matched to a track in the (R, ) plane to within
20 mrad. The cluster profile should be consistent
with the one expected for an electron, i.e. we require
0.95 <Ey/E,5s < 1.05, where Ey,s, is the corrected
sum of energies of H25) BGO crystals around the
most energetic one (including the energy of the most
energetic one). The electron candidate must have
lcos@| < 0.94, Muons are measured by the muon
chamber system surrounding the calorimeters. We
require that a muon track consists of track segments
in at least two layers of muon chambers, and that the
muon track points back to the interaction region. The
muon momentum must be greater than 4 GeV and it
must be in the fiducial volume defined by lcosd| <
0.92. In the following analysis lepton isolation is
also required. The lepton is isolated if the energy in a
30° cone around it, is smaller than 5 GeV. Moreover,
for isolated electrons we require only one matched
track to eliminate converted photons. Jets are recon-
structed from electromagnetic and hadronic
calorimeter clusters using the Durham algorithm [15]
with a jet resolution parameter of y,, = 0.008. The
jet momenta are defined by the vectorial energy sum
of calorimetric clusters.

The most important backgrounds for the new
heavy lepton searches are W* W~ and ¢g(y) pro-
duction for the signatures with large visible energy
and two-photon processes for the signatures with
small visible energy. The two-photon and ¢g(y)
processes can be rejected demanding transverse mo-
mentum imbalance, the absence of energy in the very
forward-backward regions, and a missing momentum
vector not pointing to the very forward-backward
regions. The cut on the number of hadronic jets in
the event is also important. For W*W™ process
rejection, a variety of cuts on visible mass, number
of hadronic jets, jet angles and energies, lepton

energies, invariant mass of the lepton and unseen
neutrino could be used.

4. Search for unstable neutral heavy leptons

The event topology used in the search for pair
produced heavy neutrinos is two isolated leptons (e,
., or 7) plus the decay products of real or virtual W
bosons, e*e” = LT, L° 5/ *WF*. Two sets of
cuts are used to search for the final states with two
electrons(muons) and taus. For both selections, the
visible energy is required to be greater than 60 GeV
and the charged track multiplicity to be greater than
3 in order to reject the two-photon background.

For the electron(muon) decay mode, 10—
e*(w*)W ™ " events satisfying the following crite-
ria are selected:

+ The number of reconstructed jets plus isolated
leptons is at least 3;

+ The event contains at least two electrons or two
muons. At least one lepton in the event is iso-
lated. In addition for the electron decay mode, the
energy in a 10° cone around each electron is less
than 5 GeV.

After applying the selection, no events are left in
the data for the electron and muon decay modes
while we expect 0.4 and 0.7 background events,
respectively.

For the tau decay mode, L° —» r*W ¥ * | the same
selection criteria as for the electron(muon) decay
mode is applied to cover the final state when both
taus decay into leptons (two electrons, two muons,
and electron plus muon in the final state). To cover
the final state when a tau decays hadronically into
one prong, events satisfying the following criteria
were selected:

The number of reconstructed jets plus isolated

leptons is at least 4;

- The polar angle 6 of the missing momentum
should be in the range 25° < 6 < 155° and the
fraction of visible energy in the forward-back-
ward region (6 <20° and 6> 160°) should be
less than 40%;

- The angie between the most isolated track and the
track nearest to it, o, should be greater than 40°
or the angle between the second most isolated
track and the track nearest to it, «,, should be
greater than 20°. The distributions of cosa; ver-
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sus cosa, are shown for data in Fig. la, and for

background and signal Monte Carlo in Fig. 1b,

after the previous cuts have been applied. The
transverse momenta, p,, of the two most isolated
tracks should be greater than 1.0 GeV, and at

least one track should have p, greater than 2.5

GeV.

At Vs = 172 GeV, the W* W~ background is
much more severe than at \/aT = 161 GeV, due to
the much larger production cross section. To reduce
this additional background at Vs = 172 GeV elec-
tron and muon energies should be less than 35 GeV.
After applying the above selection, 1 event is left in
the data, while we expect 2.0 from backgrounds.

The selection efficiency for the 55-80 GeV neu-
tral heavy lepton mass range is 50% for the electron
and muon decay modes. For the tau decay mode, the
selection efficiency is 35% at Vs = 161 GeV and
33.5% at Vs = 172 GeV. The systematic error,
which is mainly due to the uncertainties in the

| a) . R
3'0.9- y
& ]
{ o Data
0.8
T T T T L
0 0.2 0.4 0.6 0.8 1
coso,
1 o s
Te) ° : NN et s
] 0 oo -—','—.f'c—*
0-9' ° o o°
1o L'5w
0.8 * Background MC °
- r 1 voror 1 T T T T T
0 0.2 0.4 0.6 0.8 1

coso,

Fig. 1. a) cosa, vs cosa,, where a, is the angle between most
isolated track and the track nearest to it and @, is the angle
between the second most isolated track and the track nearest to it,
for the data taken at \/; = 161 GeV and 172 GeV. The lines
represent the cut. b) cosc; versus cosa,. The black circles
represent the background Monte Carlo. The open circles are the
predicted signal e e~ — LOEO, where LY is of the Dirac type with
mpe = 70 GeV. The normalization for the signal Monte Carlo is
scaled by a factor of 2 for better visibility. The lines represent the
cotresponding value of the applied cut.

210 ... Dirac L oW
§ ...................... Majorana ...
w 1 0 e
5 e |e8.7 Gev |78.0Gev
07 ' o 8
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Fig. 2. a) Expected number of events (in the 161 and 172 GeV
data) as a function of neutral heavy lepton mass for decays into
electrons or muons. The dashed and dotted curves represent the
expectations for sequential Dirac and Majorana neutrinos, respec-
tively. The line represents the 95% C.L. limit. The arrows indicate
the 95% C.L. lower limit obtained for heavy neutral lepton mass.
b) Expected number of events (in the 161 and 172 GeV data) as a
function of the neutral heavy lepton mass for decays into taus.

energy calibration factors and the lepton identifica-
tion, 1s estimated to be 5% relative. Fig. 2 shows the
expected number of events (combined at Vs = 161
and Vs = 172 GeV) and the 95% C.L. lower limit
for the cases where the neutral heavy lepton decays
into electrons and muons (Fig. 2a), or taus (Fig. 2b).
We exclude the production of unstable Dirac neutri-
nos at 95% C.L. for masses below 78.0, 78.0 and
72.2 GeV and unstable Majorana neutrinos below
66.7, 66.7 and 58.2 GeV if the additional heavy
neutrino couples to the electron, muon and tan fam-
ily, respectively.

5. Search for unstable charged heavy leptons

5.1. Decay into light neutrino, L* - v, W * *

For this search, two sets of cuts are used to search
for the topology with one hadronic and one leptonic
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W-decay as well as two hadronic W-decays. For
both selections we require, the visible energy to be
greater than 40 GeV, the multiplicity of charged
tracks to be greater than 3, the number of jets and
isolated leptons to be at least 3, and the fraction of
the total visible energy in the forward-backward
region (6 < 20° and 8> 160°) to be less than 25%.

For the mode, L'L™ — p,p,W*W™* —
v,v,/v,qq, events satisfying the following criteria
are selected:

The event contains at least one isolated electron

or muon with energy greater than 4 GeV;

« The polar angle 6 of the missing momentum
should be in the range 25° < 6 < 155%

- The invariant mass of the lepton and missing
momentum should be outside the W mass range
(less than 65 GeV or greater than 95 GeV), or the
angle between the lepton and missing momentum
should be less than 140°. Fig. 3 shows the distri-
bution of the invariant mass of the lepton and
missing momentum, after the previous cuts have

* Data L3
6'_ L] Background MC
LE*svWEMC

Events/3 GeV

Fig. 3. The invariant mass, m, of the isolated lepton and missing
momentum. The dots are the data (taken at \/; = 161 and 172
GeV), the solid histogram is the background Monte Carlo. The
dashed histogram is a predicted signal e "¢~ - L* L~ with m +
= 75 GeV. The normalization for the signal Monte Carlo is
scaled by a factor of 2 for better visibility. The arrows indicate the
corresponding value of the applied cut.

80 ]
l * Data L3

[ ] Background MC

-
e

LE¥5>vW: MC

Events/0.02
-9
Q

Fig. 4. The distribution of the transverse momentum, P, nor-
malised to the total visible energy, E ;. The dots are the data
(taken at /s = 161 GeV and 172 GeV), the solid histogram is the
background Monte Carlo. The dashed histogram is a predicted
signal e*e” - L*L™ with m; » = 75 GeV. The normalization
for the signal Monte Carlo is scaled by a factor of 10 for better
visibility. The arrow indicates the corresponding value of the
applied cut.

been applied. The sum of the energies of the two

most energetic hadronic jets should be less than

75 GeV.

After applying the selection, 1 (1) events are left
in the 161 (172) GeV data while we expect 0.5 (1.5)
from the background Monte Carlo.

For the hadronic mode (both W bosons decay
hadronically), events satisfying the following criteria
are selected:

+ The event should not contain isolated electrons or
muons, and the visible mass should be less than
130 GeV;

- The polar angle 6 of the missing momentum
should be in the range 35° < 6 < 145°, and the
ratio of transverse jet momenta imbalance divided
by total visible energy must be greater than 0.15.
Fig. 4 shows the distribution of the ratio of the
transverse momentum imbalance to the total visi-
ble energy, after the previous cuts have been
applied.



M. Acciarri et al. / Physics Letters B 412 (1997) 189-200 197

» The maximum angle between any pair of hadronic
jets should be less than 150°, and the sum of the
energies of the two most energetic hadronic jets
should be less than 60 GeV;

+ The thrust of the event should be less than 0.85.
After applying the selection, 3 (5) events are left

in the 161 (172) GeV data while we expect 4.3 (4.8)

from the background Monte Carlo.

The kinematic distributions of the candidates
(combining both topologies) are consistent with that
expected from background. The selection efficiency
for the 60—80 GeV charged heavy lepton mass range
is 36.5% at Vs = 161 GeV and 33.4% at Vs =
172 GeV. The systematic error, which is mainly due
to the uncertainties in the Monte Carlo statistics, the
energy calibration factors and the lepton identifica-
tion, is estimated to be 5% relative. Fig. 5a shows
the expected number of events (combined at Vs =
161 and 172 GeV) and the 95% C.L. lower limit. We
exclude production of unstable charged heavy lep-
tons at 95% C.L. for masses below 78.7 GeV.

5.2. Decay into heavy stable neutrino, L*— ['W * *

In our search for a charged heavy lepton, decay-
ing into heavy stable neutrino, we assume that the
mass of the associated heavy neutrino L is greater
than 40 GeV, which results in a large missing energy
and a large transverse momentum imbalance. In the
limit of a vanishing mass difference between charged
lepton and associated neutral lepton (Am = m,.—
myo), the signal efficiency is limited by the trigger
efficiency and the two-photon background. Here the
search is restricted to 10 GeV < Am < 45 GeV.
The case of a light neutrino (Am = m,+) has been
considered in the previous section. The main back-
ground is the two-photon process for small mass
difference (Am < 20 GeV) and the gq(y) process
for high mass difference (Am > 20 GeV). As in the
search for unstable charged lepton decaying into
light neutrino, we search for the topology with one
hadronic and one leptonic W-decay as well as two
hadronic W-decays. For both selections, to reject the
two-photon background, the multiplicity of charged
tracks is required to be greater than 2, the number of
jets and isolated leptons to be at least 3, and the
fraction of the total visible energy in the forward-
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Fig. 5. a) The dashed line represents the expected number of
events (in the 161 and 172 GeV data) as a function of charged
heavy lepton mass for decays into light neutrino. The arrow
indicates the 95% C.L. lower limit obtained for heavy charged
lepton mass. b) The 95% confidence level limits on the charged
heavy lepton mass m; + and the associated neutral heavy lepton
mass m; o assuming L? is stable at Vs = 172 GeV. Also shown
is the limit from the previous L3 result at \/; = 133 GeV.

backward region (6 < 20° and 6> 160°) to be less

than 20%.

For the mode, LYL™ — LLW**wW™* -
L°L°/v,qq, events satisfying the following criteria
are selected:

- The event contains at least one isolated
electron(muon) with energy greater than 2(3) GeV
(In order to maintain high efficiency for small
mass difference, Am, we reduce the minimum
energy requirement for identified
electrons(muons) described previously);

+ The total visible energy is greater than 6 GeV and
less than 70 GeV, and the polar angle 6 of the
missing momentum is in the range 25° <6<
155°;

+ The missing momentum is greater than 3.5 GeV,
and the transverse momentum imbalance is greater
than 2.5 GeV.

After applying the selection, 2 events are left in
the data at Vs = 172 GeV while 2.5 events are
expected from background.
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For the hadronic mode (both W bosons decay
hadronically), events satisfying the following criteria
are selected:

- The event does not contain isolated electrons or
muons, and the total visible energy is greater than
9 GeV and less than 80 GeV;

« The polar angle @ of the missing momentum is in
the range 35° < 6 < 145°, and the polar angle of
the thrust axis is greater than 25°;

- The transverse momentum imbalance is greater
than 6.5 GeV, and the ratio of the transverse jet
momenta imbalance divided by the total visible
energy is greater than 0.15.

After applying the selection, 5 events are left in
the data at Vs = 172 GeV while 7.2 events are
expected from background.

The kinematic distributions of the candidates
(combining both topologies) are consistent with that
from two-photon processes. The combined trigger
and selection efficiency varies from 33% at Am =
10 GeV to 64% at Am = 45 GeV. The estimated
systematic error, which is mainly due to the uncer-
tainties in the energy calibration factors and the
lepton identification, varies from 5% relative for 30
GeV mass difference up to 7% relative for 10 GeV
mass difference. Fig. 5b shows the 95% C.L. exclu-
sion contour in the m, +—m,o mass plane at Vs =
172 GeV. Also shown is the exclusion contour from
the previous L3 result at Vs = 133 GeV.

6. Search for stable charged heavy leptons

Pair production of new stable charged heavy lep-
tons would appear as two back to back charged
tracks in the L3 detector. The momentum of these
particles would in general be large, and the tracks
would be highly ionising. The dE/dx information
from the tracking chamber has been used to search
for pair production of stable heavy charged particles.
The track energy loss (dE/dx) is defined by a
quantity which is corrected for track length and
normalized to 1.0 for a B = 1 particle. The dE/dx
was calibrated with Bhabha scattering events.

The search was performed using data collected at
Vs = 133 GeV, Vs = 161 GeV and Vs = 172

GeV. Events are selected which satisfy the following

criteria:

+ The events have two reconstructed tracks with
distance of closest approach to the beam axis less
than 2 mm. The tracks are required to be in the
polar angle range defined by |cos8] < 0.82.

« Both tracks are required to have momentum
greater than 5 GeV and the acollinearity angle
between the tracks is less than 15°;

- The track ionisation energy loss for both tracks is
between 1.25 and 8 units.

The first criteria selects events with two well
measured tracks in polar angle range for which the
trigger and track reconstruction efficiency is high.
From independently triggered e*e™ — e*e™ events,
the tracking chamber trigger efficiency was deter-
mined to be greater than 95% over the interval
lcos6] < 0.82. The momentum and acollinearity cuts
reduce the background from two photon produced
lepton pairs as well as from dilepton annihilation
events with a high energy photon in the final state.
Most of the events remaining after the momentum
and acollinearity cuts have been applied are e e ™ —
ete” andeTe” — ptp” events.

Fig. 6 shows, for events in the 172 GeV data
passing the above cuts, except that on track ionisa-
tion, the scatter of the normalized track ionisation
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Fig. 6. The normalized measured track energy loss of track 2 vs
track 1 for the data (solid circles) taken at Vs = 172 GeV and the
expected signal (arbitrary normalization) for a mass 84 GeV stable
heavy charged lepton (open circles). The lines represent the
corresponding value of the applied cut.
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energy loss, dE /dx, for track 2 vs track 1. For stable
charged heavy leptons, both tracks should be highly
ionising, dE/dX,, > 1.25. No events are observed
in the region defined by this cut in any of the three
data samples. In Fig. 6 is also shown the expected
signal from pair-production of mass 84 GeV stable
heavy charged leptons from a Monte Carlo simula-
tion. For the dE/dx simulation, a fit to the track
ionization as a function of B was performed using
electrons, pions, muons, and protons of various mo-
menta in the data. The parameterization of the dE /dx
was then used to simulate track ionization for the
stable charged heavy lepton tracks.

The production of heavy stable leptons has been
excluded previously up to m;: = 45 GeV using
LEP1 data [3]. Therefore, in order to estimate back-
ground contamination in the signal region, a control
sample of 30pb~' of Z data is used. The average
value for dE/dx for events in both the Z data and
high energy samples passing the above cuts is 1.0
with a oy 4, = 0.08. The fraction of events in which
both tracks have dE /dx > 1.25 in the Z data sample
is found to be 4 X 10™°. Assuming that these highly
ionising tracks are the result of fluctuations, this
leads to an estimate of 0.07 + 0.05 background events
in the combined 130-172 GeV data samples passing
all cuts.

For the 172 GeV data, the selection efficiency for
passing all the requirements varied from 64% at
lepton mass of m =70 GeV to 68% at m; = 83
GeV. For m : < 68GeV and m, > 83 GeV, the effi-
ciency for both tracks to be in the search region
drops to zero. This is due to the requirement on track
ionisation. At lower mass values, the ionisation is
nearly the same as that for B=1 particles. The
selection efficiency exhibits the same characteristics
for the 161 GeV and 130-140 GeV data with ap-
proximately constant efficiency of ~ 65% for masses
08E,.,, to 0.97E, . and falling outside that range.
For M, <0.80E,,,,, the stable charged heavy lep-
ton would have sufficient kinetic energy to penetrate
the calorimeters and make a high momentum track in
the muon chambers. The stable charged leptons
would then show up as an excess in dimuon event
production, mostly at high effective center-of-mass
energy Vs = Vs. In the 172 GeV data sample, 32
dimuon event candidates are observed [16] with
Vs > 0.85Ys. The expected number of such events
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Fig. 7. The dashed line represents the expected number of stable
charged heavy lepton events in the L3 data at Vs = 133-172
GeV as a function of mass. The solid line is the 95% C.L. limit in
the data. The arrow indicates the 95% C.L. lower limit obtained
for stable charged heavy lepton mass. Also indicated by the
dot-dashed line is the region excluded by the dimuon cross section
measurement.

from the Standard Model is 34. For M| = 68 GeV,
12.9 events are expected from the process e*e™ —
L*L~ where L* is dimuon-like in L3. Therefore,
from the absence of an excess in dimuon events in
the data, we can exclude at 95% C.L., pair-produc-
tion of stable charged heavy leptons with mass less
than 68.2 GeV.

Fig. 7 shows the expected number of events
(combined for Vs = 130-172 GeV) and the 95%
C.L. lower limit as a function of mass. The system-
atic error, estimated to be 8% relative, is mainly due
to the uncertainty in the trigger efficiency, the simu-
lation and reconstruction of the heavy leptons, and
the Monte Carlo statistics. There were no signal
events observed in the data. This corresponds to a
mass limit of m; .> 84.2GeV at 95% C.L. Assum-
ing the above efficiency, the absence of a signal for
heavy stable charged particles in the data corre-
sponds to an upper limit on the cross section for
pair-production of heavy stable charged particles of
mass 60—-84 GeV and charge =+ le of between 0.3-
0.5pb at 95% C.L.



200 M. Acciarri et al. / Physics Letters B 412 (1997) 189-200

Acknowledgements

We wish to express our gratitude to the CERN
accelerator divisions for the excellent performance of
the LEP machine. We acknowledge with apprecia-
tion the effort of all engineers, technicians and sup-
port staff who have participated in the construction
and maintenance of this experiment.

References

[1] A. Zichichi et al., Preprint INFN/AE-67/3: Lett. Nuovo
Cimento 4 (1970) 1156; Nuovo Cimento 17 A (1973) 383;
M. Perl et al., Phys. Rev. Lett. 35 (1975) 1489.

[2] 1.D. Bjorken, C.H. Llewellyn Smith, Phys. Rev. D 7 (1973)

887;

M. Perl, P. Rapidis, Preprint SLAC-PUB-1496 (1974);

J.C. Pati, A. Salam, Phys. Rev. D 10 (1974) 275; Phys. Lett.

B 58 (1975) 333;

R.N. Mohapatra, J.C. Pati, Phys. Rev. D 11 (1975) 366,

2588;

R.N. Mohapatra, G. Senjanovic, Phys. Rev. D 12 (1975)

1502; Phys. Rev. Lett. 44 (1980) 912;

J. Maalampi, K. Enqvist, Phys. Lett. B 97 (1980) 315;

M. Perl, Preprint SLAC-PUB-2752 (1981);

R.E. Shrock, Phys. Rev. D 24 (1981) 1275;

M. Gronau, C.N. Leung, J.L. Rosner, Phys. Rev. D 29

(1984) 2539;

F.J. Gilman, Comm. Nucl. Part. Phys. 16 (1986) 231

J. Bagger et al., Nucl. Phys. B 258 (1985) 565;

J. Hewett, T.G. Rizzo, Phys. Rep. 183 (1989) 193;

J. Maalampi, M. Roos, Phys. Rep. 186 (1990) 53;

C.T. Hill, E.A. Paschos, Phys. Lett. B 241 (1990) 96;

W. Buchmiiller, C. Greub, Nucl. Phys. B 363 (1991) 345; B

381 (1992) 109;

A. Datta, A. Pilaftsis, Phys. Lett. B 278 (1992) 162;

A. Djouadi, Z. Phys. C 63 (1994) 317.

ALEPH Collaboration, D. Decamp et al., Phys. Lett. B 236

(1990) 511; Phys. Rep. 216 (1992) 253;

DELPHI Collaboration, P. Abreu et al., Nucl. Phys. B 367

(1991) 511; Phys. Lett. B 274 (1992) 230;

L3 Collaboration, B. Adeva et al., Phys. Lett. B 251 (1990)

321;

L3 Collaboration, O. Adriani et al., Phys. Rep. 236 (1993) 1;

OPAL Collaboration, M.Z. Akrawy et al., Phys. Lett. B 240

(1990) 250; B 247 (1990) 448; B 252 (1990) 290;

OPAL Collaboration, G. Alexander et al., Z. Phys. C 52

(1991) 200;

MARK II Collaboration, G.S. Abrams et al., Phys. Rev. Lett.

63 (1989) 2447,

MARK II Collaboration, G.K. Jung et al., Phys. Rev. Lett.

64 (1990) 1091;

(3

]

MARK II Collaboration, P.R. Burchat et al., Phys. Rev. D 41

(1990) 3542,

MARK II Collaboration, E. Soderstrom et al., Phys. Rev.

Lett. 64 (1990) 2980.

ALEPH Collaboration, D. Buskulic et al., Phys. Lett. B 384

(1996) 439;

ALEPH Collaboration, R. Barate et al., Preprint CERN-

PPE /97-041 to be published in Phys. Lett. B;

DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 396

(1997) 315;

L3 Collaboration, M. Acciarri et al., Phys. Lett. B 377 (1996)

304;

OPAL Collaboration, G. Alexander et al., Phys. Lett. B 385

(1996) 433;

OPAL Collaboration, K. Ackerstaff et al., Phys. Lett. B 393

(1997) 217.

[5] L3 Collaboration, B. Adeva et al., Nucl. Instr. Meth. A 289
(1990) 35;
M. Acciari et al., Nucl. Instr. Meth. A 351 (1994) 300;
M. Chemarin et al.. Nucl. Instr. Meth. A 349 (1994) 345;
M. Adam et al., Nucl. Instr. Meth. A 383 (1996) 342;
G. Basti et al., Nucl. Instr. Meth. A 374 (1996) 293.

[6] M. Gronau, C. Leung, J. Rosner, Phys. Rev. D 29 (1984)
2539.

[7] S. Jadach, J. Kiihn, TIPTOP Monte Carlo, Preprint MPI-
PAE/PTh 64 /86.

[8] PYTHIA Monte Carlo Program, T. Sjstrand, Comp. Phys.
Comm. 82 (1994) 74.

{9] S. Jadach, J. Kiihn, Z. Was, Comp. Phys. Comm. 64 (1991)
275,
S. Jadach, B.FL. Ward, Z. Was, Comp. Phys. Comm. 66
(1991) 367.

[10] Monte Carlo program KORALW 1.02M. Skrzypek, S.
Jadach, W. Placzek, Z. Was, CERN preprint CERN-TH /95-
205, to be published in Comp. Phys. Comm.

[11] R. Engel, Z. Phys. C 66 (1993) 1657.

[12] F.A. Berends, P.H. Daverveldt, R. Kleiss, Nucl. Phys. B 253
(1985) 421; Comp. Phys. Comm. 40 (1986) 271.

[13] F.A. Berends, R. Kleiss, R. Pittau, Nucl. Phys. B 424 (1994)
308; Nucl. Phys. B 426 (1994) 344; B (Proc. Suppl.) 37
(1994) 163; Phys. Lett. B 335 (1994) 490;

R. Kleiss, R. Pittan, Comp. Phys. Comm. 83 (1994) 141.

[14] The L3 detector simulation is based on GEANT Version
3.15, see R. Brun et al., GEANT 3, CERN DD/EE /84-1
(Revised), September 1987;

The GHEISHA program (H. Fesefeldt, RWTH Aachen Re-
port PITHA 85,02 (1985)) is used to simulate hadronic
interactions.

[15] Y.L. Dokshitzer, Contribution to the Workshop on Jets at
LEP and HERA, Durham (1990);

N. Brown, W.J. Stirling, Rutherford Preprint RAL-91-049;
S. Catani et al., Phys. Lett. B 269 (1991) 432;
S. Bethke et al., Nucl. Phys. B 370 (1992) 310.

[16] L3 Collaboration, M. Acciarri et al., Preprint CERN-

PPE /97-052 to be published in Phys. Lett. B.

[4

[l



