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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
p
s = 161 GeV andp

s = 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.

(Submitted to Physics Letters B)



Introduction

Electron-positron colliders are well suited for the search for new heavy leptons with masses

up to mL � Ebeam [1]. Additional heavy neutral and charged leptons are predicted by various

models [2]. The predicted production cross sections are large and �nal state particles can

be identi�ed 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
p
s = 133 - 172

GeV can be found in [4]. Here we report on a direct search for unstable sequential neutral heavy

leptons (heavy neutrinos), L0, 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
p
s

= 161 GeV and
p
s = 170 - 172 GeV with integrated luminosites 10.7 pb�1 and 10.2 pb�1,

respectively. The L3 detector is described elsewhere [5].

Heavy leptons are pair-produced through the s-channel: e+e� ! =Z!L+L�, L0L
0
like

e+e� ! �+��. 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 di�erence between Dirac and Majorana neutrino types is the dependence of

the cross section on velocity � = PL/
q
P2
L +m2

L: �Dirac / �(3 � �2) and �Majorana / �3.

Due to the �3 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, L0, must be greater than 40 GeV. Therefore, in this analysis we

assume L0 to be heavier than 40 GeV.
Three di�erent 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� !L0W��,

with L0 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, �, �), L0i ! `�i W
��. In this search we consider that neutral 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 parameter U for the

transition from the heavy lepton to the light lepton. The mean decay length, D, as a function
of jU j2 and mass is given by [6] D = �c�L / �jU j�2m�

L, where �L is the lifetime of the heavy

lepton and � � �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
e�ciencies, the search is restricted to L0's decaying within 1 cm of the interaction point. This

limits the sensitivity to the mixing parameter to jU j2 > O(10�12).

Event Simulation

The generation of heavy lepton production and decay was done with the TIPTOP [7] Monte-

Carlo program. It incorporates initial state radiative corrections and the spin e�ects on the
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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 processes the following

Monte Carlo programs were used: PYTHIA 5.7 [8] (e+e� ! q�q(); Ze+e�; ZZ; W�e��),

KORALZ [9] (e+e� ! �+��()), KORALW [10] (e+e� ! W+W�), PHOJET [11] (e+e� !
e+e�q�q), DIAG36 [12] (e+e� ! e+e��+��), and EXCALIBUR [13] (e+e� ! f�f

0
f�f
0
).

The number of events simulated for each background process corresponds to at least 80 times

the luminosity of the collected data, except for e+e� ! e+e�q�q 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 e�ects of energy loss,

multiple scattering and showering in the materials. The selection e�ciency is determined by the

Monte Carlo. To obtain mass limits, the selection e�ciency has been reduced by one standard

deviation of the total systematic error.

Lepton and Jet Identi�cation, and Background Rejection

An electron is identi�ed as a cluster in the electromagnetic calorimeter with an energy larger

than 4 GeV matched to a track in the (R; �) plane to within 20 mrad. The cluster pro�le should
be consistent with the one expected for an electron, i.e. we require 0:95 < E9=E25 < 1:05 , where

E9(25) is the corrected sum of energies of 9(25) BGO crystals around the most energetic one
(including the energy of the most energetic one). The electron candidate must have j cos �j <
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 �ducial volume de�ned by j cos �j < 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 reconstructed from electromagnetic and
hadronic calorimeter clusters using the Durham algorithm [15] with a jet resolution parameter

of ycut = 0.008. The jet momenta are de�ned by the vectorial energy sum of calorimetric
clusters.

The most important backgrounds for the new heavy lepton searches are W+W� and q�q()

production for the signatures with large visible energy and two-photon processes for the signa-
tures with small visible energy. The two-photon and q�q() processes can be rejected demanding

transverse monemtum 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.

Search for Unstable Neutral Heavy Leptons

The event topology used in the search for pair produced heavy neutrinos is two isolated leptons

(e, �, or �) plus the decay products of real or virtual W bosons, e+e� !L0L
0
, L0 ! `�W��.

Two sets of cuts are used to search for the �nal 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.
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For the electron(muon) decay mode, L0 ! e�(��)W��, events satisfying the following

criteria 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 isolated. 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, L0 ! ��W��, the same selection criteria as for the electron(muon)

decay mode is applied to cover the �nal state when both taus decay into leptons (two electrons,

two muons, and electron plus muon in the �nal state). To cover the �nal 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 � of the missing momentum should be in the range 25� < � < 155�, and

the fraction of visible energy in the forward-backward region (� < 20� and � > 160�)
should be less than 40%;

� The angle between the most isolated track and the track nearest to it, �1, should be greater

than 40� or the angle between the second most isolated track and the track nearest to
it, �2, should be greater than 20�. The distributions of cos�1 versus cos�2 are shown
for data in Figure 1a, and for background and signal Monte Carlo in Figure 1b, after the

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

2.5 GeV.

At
p
s = 172 GeV, the W+W� background is much more severe than at

p
s = 161 GeV,

due to the much larger production cross section. To reduce this additional background at
p
s

= 172 GeV electron 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 e�ciency for the 55{80 GeV neutral heavy lepton mass range is 50% for the

electron and muon decay modes. For the tau decay mode, the selection e�ciency is 35% atp
s = 161 GeV and 33.5% at

p
s = 172 GeV. The systematic error, which is mainly due to

the uncertainties in the energy calibration factors and the lepton identi�cation, is estimated

to be 5% relative. Figure 2 shows the expected number of events (combined at
p
s = 161 andp

s = 172 GeV) and the 95% C.L. lower limit for the cases where the neutral heavy lepton

decays into electrons and muons (Figure 2a), or taus (Figure 2b). We exclude the production

of unstable Dirac neutrinos 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 tau family, respectively.

Search for Unstable Charged Heavy Leptons

Decay into light Neutrino, L� ! �`W
��

For this search, two sets of cuts are used to search for the topology with one hadronic and one

leptonic W-decay as well as two hadronic W-decays. For both selections we require, the visible
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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 (� < 20� and � > 160�) to be less than 25%.

For the mode, L+L� ! �`�`W
+�W�� ! �`�``�`q�q

0, 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 � of the missing momentum should be in the range 25� < � < 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�. Figure 3 shows the distribution of the

invariant mass of the lepton and missing momentum, after the previous cuts have 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 � of the missing momentum should be in the range 35� < � < 145�,
and the ratio of transverse jet momenta imbalance divided by total visible energy must be
greater than 0.15. Figure 4 shows the distribution of the ratio of the transverse momentum

imbalance to the total visible energy, after the previous cuts have been applied.

� 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 e�ciency for the 60{80 GeV charged heavy

lepton mass range is 36.5% at
p
s = 161 GeV and 33.4% at

p
s = 172 GeV. The systematic error,

which is mainly due to the uncertainties in the Monte Carlo statistics, the energy calibration

factors and the lepton identi�cation, is estimated to be 5% relative. Figure 5a shows the

expected number of events (combined at
p
s = 161 and 172 GeV) and the 95% C.L. lower limit.

We exclude production of unstable charged heavy leptons at 95% C.L. for masses below 78.7

GeV.
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Decay into Heavy Stable Neutrino, L�!L0W��

In our search for a charged heavy lepton, decaying into heavy stable neutrino, we assume that

the mass of the associated heavy neutrino L0 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

di�erence between charged lepton and associated neutral lepton (�m = mL� - mL0), the signal

e�ciency is limited by the trigger e�ciency and the two-photon background. Here the search

is restricted to 10 GeV � �m � 35 GeV. The case of a light neutrino (�m = mL�) has been

considered in the previous section. The main background is the two-photon process for small

mass di�erence (�m � 20 GeV) and the q�q() process for high mass di�erence (�m � 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-backward region (� < 20� and � > 160�)

to be less than 20%.

For the mode, L+L� ! L0L0W+�W�� ! L0L0`�`q�q
0, 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 mantain high e�ciency for small mass di�erence, �m, we reduce the

minimum energy requirement for identi�ed electrons(muons) described previously);

� The total visible energy is greater than 6 GeV and less than 70 GeV, and the polar angle
� of the missing momentum is in the range 25� < � < 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
p
s = 172 GeV while 2.5 events

are expected from background.
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� < � < 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 trans-

verse 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
p
s = 172 GeV while 7.2 events

are expected from background.

The kinematic distributions of the candidates (combiming both topologies) are consistent

with that from two-photon processes. The combined trigger and selection e�ciency varies from

33% at �m = 10 GeV to 64% at �m = 35 GeV. The estimated systematic error, which is
mainly due to the uncertainties in the energy calibration factors and the lepton identi�cation,

varies from 5% relative for 30 GeV mass di�erence up to 7% relative for 10 GeV mass di�erence.

Figure 5b shows the 95% C.L. exclusion contour in the mL�{mL0 mass plane at
p
s = 172 GeV.

Also shown is the exclusion contour from the previous L3 result at
p
s = 133 GeV.
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Search for Stable Charged Heavy Leptons

Pair production of new stable charged heavy leptons 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 de�ned by a quantity which is corrected for track length and normalized to 1.0

for a � � 1 particle. The dE/dx was calibrated with Bhabha scattering events.

The search was performed using data collected at
p
s = 133 GeV,

p
s = 161 GeV and

p
s

= 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 de�ned by

j cos �j < 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 �rst criteria selects events with two well measured tracks in polar angle range for
which the trigger and track reconstruction e�ciency is high. From independently triggered

e+e� ! e+e� events, the tracking chamber trigger e�ciency was determined to be greater
than 95% over the interval j cos �j < 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 �nal state. Most of the events remaining after the momentum
and accollinearity cuts have been applied are e+e� ! e+e� and e+e� ! �+�� events.

Figure 6 shows, for events in the 172 GeV data passing the above cuts, except that on track
ionisation, the scatter of the normalized track ionisation energy loss, dE/dx, for track 2 vs track
1. For stable charged heavy leptons, both tracks should be highly ionising, dE/dX1;2 > 1:25.

No events are observed in the region de�ned by this cut in any of the three data samples. In
�gure 6 is also shown the expected signal from pair-production of mass 84 GeV stable heavy
charged leptons from a Monte Carlo simulation. For the dE/dx simulation, a �t to the track

ionization as a function of � was performed using electrons, pions, muons, and protons of
various momenta 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 mL� � 45 GeV

using LEP1 data [3]. Therefore, in order to estimate background contamination in the signal

region, a control sample of 30 pb�1 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 �dE=dx = 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�10�5. Assuming that these highly ionising tracks are the result of uctuations, 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 e�ciency for passing all the requirements varied from
64% at lepton mass of mL� = 70 GeV to 68% at mL� = 83 GeV. For mL� < 68 GeV

and mL� > 83 GeV , the e�ciency for both tracks to be in the search region drops to zero.

The selection e�ciency exhibits the same characteristics for the 161 GeV and 130-140 GeV

data with approximately constant e�ciency of �65% for masses 0.8Ebeam to 0.97Ebeam and
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falling outside that range. For ML < 0:80 Ebeam, the stable charged heavy lepton would have

su�cient 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 e�ective center-of-mass energy
p
s0 �

p
s. In the 172 GeV

data sample, 32 dimuon event candidates are observed [16] with
p
s0 > 0:85

p
s. The expected

number of such events from the Standard Model is 34. For ML = 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-production

of stable charged heavy leptons with mass less than 68.2 GeV.

Figure 7 shows the expected number of events (combined for
p
s = 130-172 GeV) and the

95% C.L. lower limit as a function of mass. The systematic error, estimated to be 8% relative,

is mainly due to the uncertainty in the trigger e�ciency, the simulation 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 mL� > 84:2 GeV at 95% C.L. Assuming the above

e�ciency, the absence of a signal for heavy stable charged particles in the data corresponds

to an upper limit on the cross section for pair-production of heavy stable charged particles of

mass 60-84 GeV and charge �1e of between 0.3-0.5pb at 95% C.L.
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Figure 1: a) cos�1 vs cos�2, where �1 is the angle between most isolated track and the track
nearest to it and �2 is the angle between the second most isolated track and the track nearest

to it, for the data taken at
p
s = 161 GeV and 172 GeV. The lines represent the cut. b) cos�1

versus cos�2 . The black circles represent the background Monte Carlo. The open circles are

the predicted signal e+e� ! L0L
0
, where L0 is of the Dirac type with mL0 = 70 GeV. The

normalization for the signal Monte Carlo is scaled by a factor of 2 for better visibility. The

lines represent the corresponding value of the applied cut.
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Figure 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, respectively. 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.
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Figure 3: The invariant mass, m, of the isolated lepton and missing momentum. The dots

are the data (taken at
p
s = 161 and 172 GeV), the solid histogram is the background Monte

Carlo. The dashed histogram is a predicted signal e+e� !L+L� with mL� = 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.
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Figure 4: The distribution of the transverse momentum, P?, normalised to the total visible

energy, Evis. The dots are the data (taken at
p
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

mL� = 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.
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Figure 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%

con�dence level limits on the charged heavy lepton mass mL� and the associated neutral heavy
lepton mass mL0 assuming L0 is stable at

p
s = 172 GeV. Also shown is the limit from the

previous L3 result at
p
s = 133 GeV.
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Figure 6: The normalized measured track energy loss of track 2 vs track 1 for the data (solid

circles) taken at
p
s = 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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Figure 7: The dashed line represents the expected number of stable charged heavy lepton events

in the L3 data at
p
s = 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.

19


