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We search for neutral heavy leptons that are isosinglets under the standard SU(2); gauge group. Such neutral heavy
leptons are expected in many extensions of the standard model. Three types of heavy leptons Ne, Ny, N associated

with the three neutrino types ve, vy, v; have been directly searched for and no evidence for a signal has been found.
We set the limit Br(Z% — v,N,) < 3 x 10~ at the 95% CL for the mass range from 3 GeV up to myz.

1. Introduction

| Deceased. Isosinglet neutral heavy leptons (INHL) arise in
2 Supported by the German Bundesministerium fiir many models that attempt to unify the presently ob-

Forschung und Technologie. served interactions into a single gauge scheme such
3 Supported by the hungarian OTKA fund under contract as grand unified theories or superstring inspired mod-

number 2970.

373



Volume 295, number 3,4

els [1]. Their existence is also predicted in many ex-
tended electroweak models such as left-right symmet-
ric and see-saw models [2].

Except the neutrinos, all the observed fundamen-
tal fermions that couple to the SU(2). weak interac-
tion have a right-handed component that transforms
as an isosinglet. The simplest way to accommodate the
lack of experimental evidence for right-handed neu-
trinos is to attribute it to an intrinsic asymmetry in
the fermion spectrum, as in the standard model. This
is made possible by the assumption that neutrinos are
massless. However, there is no good theoretical ba-
sis for this choice [1,3]. Small neutrino masses [3]
can fit naturally in many theoretical contexts that in-
clude isosinglet neutral heavy leptons as right-handed
neutrinos. Some models can also accomodate strictly
massless light neutrinos, while keeping massive isos-
inglet partners [4].

Constraints on the isosinglet neutral lepton admix-
ture in gauge currents have been placed by several ex-
periments [5,6]. The mass range covered, however,
has been below 10 GeV, except for the limit obtained
by the OPAL Collaboration which extends from 4 GeV
up to mz [6].

In this paper we describe our search for an isosinglet
neutral heavy lepton within the mass range from about
1 GeV up to mz. This search is based on the data
collected at LEP with the L3 detector during 1990 and
1991 at centre of mass energies between 88.2 and 94.3
GeV. The total integrated luminosity is 17.5 pb~!,
corresponding to about 424 000 hadronic Z° decays.

2. The L3 detector

The L3 detector covers 99% of 4z. The detector
consists of a central vertex chamber (TEC) with inner
radius of 9 cm and outer of 47 c¢m, a high resolution
electromagnetic calorimeter composed of BGO crys-
tals extending from of 50 to 85 c¢m, a ring of scintilla-
tion counters, a uranium and brass hadron calorime-
ter with proportional wire chamber readout from 88
cm to 213 cm and a precise muon chamber system.
These detectors are installed in a 12 m diameter mag-
net which provides a uniform field of 0.5 Tesla along
the beam axis. The detector and its performance are
described in detail elsewhere [7].

374

PHYSICS LETTERS B

3 December 1992

3. Production and decays

In this search, one isosinglet neutral heavy lepton
N, is assumed to be associated with each generation
of light neutrinos via the mixing amplitude U,. We do
not consider mixing of the light neutrinos with higher
isodoublet states (sequential leptons) nor the possi-
bility of mixing among light neutrinos (as discussed
in ref. [4]). However, our results can be straight-
forwardly interpreted in such models. Also, the large
mass difference between the light and heavy neutri-
nos allows us to ignore oscillation [4].

The mixing between the isosinglet neutral lepton
and its associated isodoublet neutrino allows single
production to occur in Z° decays ™' :

Z° >N, + 7 (1)

The production cross section is reduced from the neu-
trino pair production cross-section by a phase-space
factor and by the square of a mixing amplitude. It can
be written as [4,8]

Br(Z® — uNy)
= Br(Z° - ve + 7)| U

2\ ? 2
(-5%) (35)
mz 2 my

where U, is the mixing amplitude, my the mass of N,
and mz the mass of the Z°. In contrast to Z° decay into
sequential isodoublet neutral leptons where pair pro-
duction is dominant (when kinematically allowed),
here single production dominates because the corre-
sponding pair production cross section is suppressed
relatively to the single production cross section by an
additional |U;|? factor, which is expected to be small
[8].

Isosinglet neutral leptons decay via the neutral or
charged weak currents

Ny —» Z*v and Z" — ee, uu, 17,0v,qq,
N; — W*¢ and W* — ev, uv,tr,qq’.

#1 From here on, all arguments hold for particle as well as
for antiparticle.
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To calculate the branching ratios of these decays
into the final states, we use the formulae from Refs.
[4,8]. For most of the mass range, the dominant de-
cay mode is via charged currents, with a lepton and
two quark final state, which is about 50% of the to-
tal rate. For low masses, the branching ratios depend
on kinematical constraints, especially for the 7 fam-
ily, where for masses below 3 GeV, the dominant de-
cay mode is via the neutral current with mainly a light
neutrino and two quarks.

The mean decay length is a function of the coupling
constant |U;|? and the mass. It is given by [4]

Lx = fyctn x B|Us ~*m%,

where a ~ —6. This implies that the decay can oc-
cur far from the interaction point if the particle has
a low mass or a very small coupling. We consider in
our searches also the case where the decay occurs far
from the interaction vertex (e.g. in the BGO calorime-
ter or in the hadron calorimeter), which allows us to
consider mean decay lengths of up to 2 metres.

4. Monte Carlo simulation

In order to determine the acceptance for detecting
the isosinglet neutral lepton events, a Monte Carlo
generator based on the TIPTOP [9] and KORALZ
[10] programs has been written. We include all mass
effects and decay modes and assume the angula de-
pendence for production to be (1 + cos?8). For low
mass studies, several mean decay lengths have been
studied. Initial state radiation has been taken into
account. For the decays involving quarks, we use
JETSET with string fragmentation [11]. To estimate
the background, we use various Monte Carlo genera-
tors [10-12] to generate Z° — e*e™(y), u*tu~(7),
t¥17(y) and q(y) decays.

The Monte Carlo events have been fully simulated
in the L3 detector using the GEANT3 program [13],
which takes into account the effects of energy loss,
multiple scattering and showering in the materials,
and then reconstructed in the same way as data.
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5. Event signatures and selection

Because of the Lorentz boost in the laboratory
frame, the decay signature depends on the mass of
the isosinglet lepton. For low mass, we have mainly
monojet events, while for high mass, two or more jets
are dominant. The selection is subdivided accord-
ing to the number of reconstructed jets. In this way,
the efficiencies are optimized for all mass ranges in
a natural manner. Jets are reconstructed based on
the calorimeters information using the algorithm de-
scribed in ref. [14]. Isolated particles of at least 2
GeV with only one energy cluster in the BGO, such as
electrons or muons, are considered as jets. A particle
cluster from 1 decay is also reconstructed as a single
jet. In all searches, the electron identification relies
on the shape of the energy deposition in the BGO
calorimeter : the ratio of the energy deposited in a
3 x 3 crystal array (},) and a 5 x 5 array (}_,,)
must satisfy Y o/ >, > 0.95, consistent with an
electromagnetic shower shape. The muon identifica-
tion is based on the reconstruction of a track in the
muon chambers. This track is extrapolated backward
towards the beam line and is required to pass within
100 mm from the interaction point in the R-¢ plane
and within 200 mm in the z direction. In the case of
displaced vertex searches (see section 5.2), the tracks
are required to pass within 400 mm from the interac-
tion point in both the R-¢ plane and the z direction.

The following trigger conditions are used for all the
searches. The total energy trigger [15] requires a total
energy of 15 GeV in the BGO and hadron calorimeter.
The cluster trigger requires a cluster in the calorime-
ters with energy greater than 7 GeV. The charged clus-
ter trigger requires a cluster in the calorimeter with
an energy greater than 3 GeV and a TEC track point-
ing into the cluster direction. The single muon trig-
ger selects events when at least one muon track with a
transverse momentum with respect to the beam axis
greater than 1.5 GeV is detected in the muon cham-
bers and at least one scintillation counter has fired.
The combined trigger efficiency is found to be close
to 100% [16] in all decay modes for the events pass-
ing the cuts described below. From a study of inclu-
sive muon events, the single muon trigger efficiency
is found to be better than 95% for muons with energy
greater than 5 GeV [17].
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For the search for monojets with a displaced ver-
tex, we cross-check the trigger efficiency by comparing
it with the charged cluster trigger which has a lower
energy threshold. The relative efficiency is found to
exceed 99% for the events passing the cuts described
below.

5.1. Search for mongjets

By searching for monojet events, we cover inclu-
sively all visible decay modes of an isosinglet lepton
of mass < 15 GeV. We select events that have exactly
one reconstructed jet and at least two “good” tracks *?
in the TEC detector.

One source of background to this topology is
ete™ — tT77(y) where the visible energy of one
is below the threshold of the jet reconstruction algo-
rithm due to the large fraction of energy carried away
by the neutrino. In this case, however, some calori-
metric energy and at least one low momentum track
are expected in the hemisphere opposite to the mono-
Jjet. We therefore require the energy in a cone of 30°
half opening angle** around the direction opposite
to the jet to be less than 0.1 GeV and that no tracks
exist in a 90° cone. The two distributions are shown
in fig. 1. The peak in the energy distribution centered
at approximately 0.25 G€V corresponds to the energy
deposition of minimum ionizing particles traversing
the BGO calorimeter. The number of tracks in the
90° cone is computed without strict track quality re-
quirement since we are interested in vetoing charged
particles. The efficiency for reconstructing at least
one track in the presence of a charged particle is
calculated from Bhabha events and is (99.5 £ 0.1)%.
The total number of events after the energy cut is 154
events, while we expect 137 4+ 10 from Monte Carlo.
A small disagreement between the distributions of
the data and Monte Carlo is observed (see fig. 1b).
This is attributed to the splitting of tracks into two
or more parts. This effect, which occurs only at low

¥2 A “good” track is defined as having an impact parameter
to the vertex smaller than 10 mm, at least 20 hits and
a distance between the innermost and outermost used
hit (in units of wire spacing) greater than 30 out of a
maximum of 64, Its tranverse momentum must satisfy
P> 100 MeV.

#3 All the cone sizes mentioned refer to the half opening
angle of the cone.
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Fig. 1. (a) Energy in the 30° cone around the opposite
direction of the jet and (b) Number of tracks in the 90°
cone around the opposite direction of the jet. The circles are
data, the shaded area is the background MC. The dashed
line is the predicted signal Z° — vN for a mass of 10 GeV.
The arrows indicate the position of cuts.

momentum, is underestimated in our simulation.
This, however, does not affect our selection.

Two-photon process background events are pro-
duced dominantly at low polar angles and have small
energy deposition. They are eliminated by requiring
the energy of the monojet to be greater than 15 GeV
and its polar angle to be in the range 20° < 6 < 160°.

After applying all the cuts, we are left with 2 events
from data, while we expect 0.6 + 0.4 from Z° —
T+17(y) events. One of the two candidates is shown
in fig. 2.

5.2. Search for monojets with a displaced vertex

As mentioned in section 3, low masses or small mix-
ing amplitudes |U;|? can result in decays far from the
interaction point. To estimate the acceptance for such
events, we generate all visible decay modes with decay
lengths from a few cm up to 2 m. The detection effi-
ciency can be parametrized as & « 1 —exp(—L'/L)
where L' is an effective length parameter depending
on the decay mode i. The values of the L’ param-
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Fig. 2. Front view of the monojet candidate event: the event
has two electromagnetic clusters and two tracks. The most
energetic cluster C1 has an energy 33.4 GeV and the cor-
responding track T1 has a positive charge and a momen-
tum of 28.3 GeV/c. The second cluster C2 has an energy
of 121 MeV and the track T2 has a negative charge and a
momentum of 168 MeV. The cluster Cl1 is compatible with
an electron.

eters for the various decay modes are shown in ta-
ble 1. From the monojet search with the track con-
straint (see section 5.1), we obtain L' = 30+ 1 cm
for all decay modes as the efficiency is dominated by
the track quality requirement.

Without the track constraint, it is clear that the pa-
rameters L' are larger for the decay modes for which

Table 1

Fitted values of the L! parameter of the parametrization of
the dependence of the acceptance with displaced vertex for
different decay modes.

Decay mode i L (cm)
N — eqq 81+ 7
N — uqq 120 £ 10
N — 1qq 81+ 7
N — vee 56+ 6
N — vun 33+ 3
N - vtT 61 £ 4
N — ven 88+ 7
N — veT 81+ 7
N — vut 88+ 7
N - vqq 81+ 7
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selections are based on the hadron calorimeter and
muon chambers, because of the larger decay distance
between the production vertex and these subdetec-
tors. For the vuu decay mode, the effective parame-
ter L"#* is dominated by the trigger efficiency.

For selecting monojet events, we use the cuts de-
scribed in section 5.1 but remove the requirement on
the number of “good” TEC tracks. We restrict the
searches to the barrel region of the detector. We apply
further selection criteria based on the decay modes.

For purely electromagnetic monojets, we select
the events with exactly one energy cluster with
Y9/ 25 > 095 in the BGO calorimeter. We re-
quire that the energy deposited in the entire hadron
calorimeter be less than 3 GeV, and that no energy is
found in the luminosity monitor. The muon cham-
bers must have no reconstructed segments in the three
layers. To reduce background from the e*e™ — vy
process, we require the energy of the cluster to be
greater than 15 GeV. Applying the cuts to the data, we
find one event while we expect 0.6 £ 0.6 events from
the ete™ — vTy process. The candidate has a cluster
of 19 GeV with no activity in the rest of the detector.

For monojets with electromagnetic and hadronic
activity, we require the energy deposited in the BGO
calorimeter to be at least 2 GeV and the energy in
the hadronic calorimeter to be at least 5 GeV. The
total energy should be greater than 15 GeV. The muon
chambers must have no reconstructed segments in the
three layers. To remove contamination from cosmic
rays, we ask for at least one scintillator hit within
+1.5 ns of the beam crossing. We find no candidates
for this mode.

For events with mostly hadronic activity, the energy
of the jet must be at least 20 GeV and there should be
less than 2 GeV deposited in the BGO calorimeter. To
remove cosmic rays, we ask for at least one scintilla-
tor hit in time. coming from the side can fake in coin-
cidence hits. We apply a cut on the lateral and longi-
tudinal shape of the shower development so that it is
compatible with particles coming from the interaction
point. This removes the background originating from
the beam halo, produced by particles entering hori-
zontally through the sides of the hadron calorimeter.
Only one event survives the selection.

We also search for monojets containing at least one
muon. We find no candidates for this decay mode.
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5.3. Search for two acoplanar jets

This event topology consists of a pair of acoplanar
and acollinear jets with large missing energy and trans-
verse imbalance. This search covers all decay modes
containing a neutrino in the final state for the mass
region > 15 GeV and the modes containing hadrons
and a lepton for the mass region 15 < mn < 50 GeV.
Backgrounds to this topology come from events where
some energy is either unseen or not well measured in
the detector.

We select all events which have exactly two recon-
structed jets and at least two “good” tracks. Almost all
dilepton and hadronic decays of the Z° are removed
by requiring an acollinearity # between the two jets
greater than 35° and an acoplanarity d¢ greater than
20°. The distributions of 7 and ¢ are shown in fig. 3.

Initial state radiation and two-photon background
are reduced by the requirement that the polar angle
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Fig. 3. (a) Acollinearity # and (b) acoplanarity d¢ angle
of the two jets. The circles are data, the shaded area is the
background MC. The dashed line shows the predicted signal
Z% — vN for a mass of 50 GeV. The arrows indicate the
position of cuts.
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Fig. 4. Front view of the two jet candidate: the cluster Cl
has an energy of 10.5 GeV and the track T1 has positive
charge and a momentum of 5.3 GeV. The cluster C2 has an
energy of 5.6 GeV and the track T2 has a negative charge
and a momentum of 4.9 GeV. The direction of the missing
momentum points into the barrel region.

fm of the missing momentum should satisfy 20° <
fm < 160°. The most energetic jet must have at least
10 GeV and the second jet at least 5 GeV. Remaining
background is removed by requiring that the energy
in the 30° cone around the direction of the missing
momentum be less than 0.2 GeV and that the number
of tracks in this cone be zero.

After applying all cuts, one event is left in the data
while we expect 0.2 £+ 0.2 from the Z° — tr 7t~ (y)
decay. The candidate is shown in fig. 4.

5.4. Search for isolated leptons in three or more jets

By selecting hadronic events with an isolated lepton,
we search for the £qq decay modes for the mass region
= 50 GeV.

The main background to this topology comes from
the semileptonic decays of heavy quarks. Radiative
hadronic decays Z° — qgy where a hard photon con-
verts in the beam-pipe can also fake an isolated elec-
tron.

We select events with three or more reconstructed
jets. The visible energy must be greater than 0.44/s.
The energy of the third jet must be at least 5 GeV,
to remove the QCD background. For the eqq mode,
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there must be an electromagnetic cluster of at least 5
GeV with >~ /3", > 0.95 and a TEC track within
+ 10 mrad in the R-¢ plane. The isolation criterium
is that the energy in the 30° cone around the electron
candidate is less than 3 GeV. For the 4qq mode, the
energy in the 30° around the muon must be less than
5 GeV (in this case, we do not subtract the calorimet-
ric energy loss of the muon). To improve the rejection
of hadronic background where a jet is mismeasured,
we require that the energy in a 20° cone around the
missing momentum direction be less than 2 GeV. This
cut is applied only when the visible energy is less than
0.94/s, i.e. when the direction of missing momentum
is well defined. In the 7qq mode, the identification of
an isolated tau suffers from the large background from
hadronic events. We look for isolated tracks with mo-
mentum greater than 2 GeV. There should not be any
other track inside the 20° cone around this track. The
energy inside the 10° cone around the track should
be more than 3 GeV, and the difference of energies in
the 20° and 10° cones around the track should be less
than 1 GeV. The acoplanarity between the two most
energetic jets has to be greater than 30°.

After applying our selection cuts to the data, we find
a total of 42 candidates in the three decay modes. The
data events and the Monte Carlo background expec-
tations are shown in table 2.

In these decay modes, the reconstruction of the in-
variant mass of the isosinglet neutral lepton is possi-
ble due to the presence of only one light neutrino in
the final state. The reconstructed masses have a res-
olution of 11% for the eqq and x#qq modes and 15%
for the 7qq mode. We rescale the invariant mass as
follows:

corr \/E

m = MN——F,

N D+ E
where p, is the missing momentum of the event, and
E is the event energy. This improves the resolution

Table 2
List of selected events in data and Monte Carlo.

Decay mode Data Monte Carlo
eqq 6 7+2
#qaq 10 7+2
7qq 26 23+£3
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Fig. 5. Distribution of invariant mass of the candidate events
compatible with (a) N — eqq, (b) N — uqq and (c)
N — 1qQ. The circles are data, the shaded area is the back-
ground MC. The dashed line shows the predicted signal
Z9 — N for a mass of 50 GeV.

on the mass measurement to 6% for the eqq and uqq
modes and 11% for the Tqq mode almost indepen-
dently of the mass. The invariant mass distributions
for data and background Monte Carlo are shown in
fig. 5. The selected events are grouped in the mass re-
gion = 80-90 GeV. These events are compatible with
the expected background.

6. Results

We calculate the 95% confidence level upper limit
on the square of the mixing amplitude and the branch-
ing ratio for each generation. Following ref. [19], the
probability € for observing in different channels j
(j = 1,...,Jc) J; events or less for a signal s and
estimated background b; is given by
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€=IJ-CI<

j=1

i
(Z/gjw)P(nb;b)db),

nb=0

i

Z/gj(b)P(n;ejs + b)db)/

n=0

where ¢, is defined as

& = E s}ri,
i

where the summation is made over the decay modes
i. P is the Poisson distribution function. ¢} is the de-
tection efficiency for the decay mode i in the channel
J. ri is the branching ratio of this decay mode. g;(b)
is the probability distribution for the background in
the channel j, which is assumed to follow a Poisson
distribution of mean b;.

The list of channels along with the data candidates
and Monte Carlo background events are shown in
table 3. For the case with three or more jets, the
number of events in data and Monte Carlo back-
ground for a given mass M is defined as the num-
ber of events which have a reconstructed mass in the
range of M + 1.50ym, where oy varies from 3 to 8 GeV
for different masses and decay modes.

The combined efficiencies for the various decay
modes are listed in table 4. The efficiencies are all
above 20%, expect in the 7qq mode where the effi-
ciency drops for masses very close to mz. The sources
of systematic errors in the determination of the upper
limits are the following:
~ 2% absolute systematical uncertainties in the Monte
Carlo simulation of the detector;
~ 2% statistical error in the determination of the sig-
nal detection efficiencies due to limited Monte Carlo
statistics;
~ 0.5% experimental uncertainty on the number of
hadronic events [18].

The results for the mixing coupling constant as a
function of the mass is shown in fig. 6. The mixing
term |U,|? is constrained to be less than 2 x 10~ for
the mass range 3 < mn < 50 GeV. Above 50 GeV,
the limit worsens due to the phase space factor. In
terms of branching ratio, the limit can be expressed
as Br(Z® — v,N;) < 3 x 1073 for masses from 3 GeV
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Fig. 6. The 95% CL upper limit on the coupling constant
| Us |? as a function of the mass of the isosinglet neutral
heavy lepton. The solid line is the limit for Ne, the dashed
line is the limit for N, and the dotted line is for N-.

Table 4
Detection efficiency in percent for different INHL masses
and decay modes.

Mass (GeV)

Noeq@ 48 44 47 49 40 22
Nouqg 49 42 35 34 39 32
N-tqg 50 40 35 33 10 3
N—vee 54 49 56 44 36 37
Nowvug 42 42 39 36 39 30
N—-vit 36 23 24 20 22 20
Nover 47 43 41 45 50 45
N—owver 31 34 38 38 40 38
N-ovuyfT 30 36 34 36 37 35
N-vqd 37 38 43 42 32 26

up to mz. The coupling constant limit as a function
of the mean decay length L is shown in fig. 7.
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Table 3
List of channels used for the determination of the limits.
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Channel Data Monte Carlo
purely electromagnetic monojet without TEC tracks 1 0.6x£0.6
purely hadronic monojet without TEC tracks 1 0

monojet with TEC tracks and without muon tracks 2 0.6+£0.4
monojet with muon tracks 0 0

two jet events 1 0.2+0.2

three or more jets events

see text
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Fig. 7. The 95% CL upper limit on the coupling constant
| Us |? as a function of the mean decay length. The solid
line is the limit for Ne, the dashed line is the limit for N,
and the dotted line is for N-.

7. Conclusion

We searched for all visible decay modes of an isos-
inglet neutral lepton from very low masses up to mz.
We also searched for displaced vertex decays. No ex-
cess was found in the data. We set limits of the or-
der of 10~ on the mixing term |U;|? as a function of
the mass and as a function of the decay length. These
correspond to limits of the order of 3 x 10~ on the

branching ratio Br(Z° — v;N,).
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