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Abstract. Weak isosinglet Neutral Heavy Leptons (νm)
have been searched for using data collected by the DEL-
PHI detector corresponding to 3.3 × 106 hadronic Z0 de-
cays at LEP1. Four separate searches have been performed,
for short-livedνm production giving monojet or acollinear
jet topologies, and for long-livedνm giving detectable sec-
ondary vertices or calorimeter clusters. No indication of the
existence of these particles has been found, leading to an
upper limit for the branching ratioBR(Z0 → νmν) of about
1.3× 10−6 at 95% confidence level forνm masses between
3.5 and 50 GeV/c2. Outside this range the limit weakens
rapidly with theνm mass. The results are also interpreted in
terms of limits for the single production of excited neutrinos.

1 Introduction

The existence of Neutral Heavy Leptons (νm) which couple
to the Z0 boson is a prediction of several models proposed
as alternatives to the Standard Model [1]. Some of these
schemes, such as the left-right symmetric and see-saw mod-
els [2], constitute electroweak extensions to the Standard
Model and incorporate these new particles as a possible ex-
planation of the neutrino mass puzzle. In these scenarios, the
difference between the mass scales for leptons and neutri-
nos is understood in terms of accompanying massive right-
handed neutrino partners which are weak isospin singlets [3,
4].

In e+e− interactions, single production of such parti-
cles can occur through production of the Z0 resonance and
its subsequent decay into a standard anti–neutrino and its
Neutral Heavy Lepton partner, i.e. e+e−→ Z0 → νmν. The
branching ratio for this process can be expressed as [4]:

BR (Z0 → νmν) = BR (Z0 → νν̄) |U |2
(

1− m2
νm

mZ0
2

)2

×
(

1 +
1
2

m2
νm

mZ0
2

)
, (1)

whereU is a mixing matrix element andBR (Z0 → νν̄) '
0.063 is the branching ratio for a single neutrino species.
There is another similar decay, Z0 → νmν, with the same
branching ratio.

Constraints arising from weak universality [3] provide
an upper bound of order 10−2 on |U |2. The above processes
should be the dominant production modes as the correspond-
ing Z0 → νmνm pair production cross section is suppressed
by an additional|U |2 factor. The mean decay length of these
particles (L) is a function of|U |2 and the massmνm . For

the Z0 → νmν process at LEP I, this dependence can be
approximated by [3]:

L ≈ 3

|U |2 (mνm (GeV/c2))
6 (cm) (2)

For mνm equal to 3 GeV/c2 or less, the decay of such an
object may thus be detected far from the interaction point
(∼ 100 cm or more) if one is sensitive to branching ratios
of order 10−6 or less. In view of the high statistics available
from LEP I, exploring long mean decay lengths is therefore
necessary in order to extend the limits to the lowest possible
values ofmνm .

In all these models, Neutral Heavy Leptons decay weakly
via the neutral (Z0) or charged (W±) currents according to
[4]:

νm → ν Z∗

b→ νν̄, ` ¯̀, qq̄ (3)

νm → `′ W∗

b→ ν ¯̀, qq̄′ (4)

with ` = e, µ, τ , q = u, d, s, c, b, and q̄q′ = ud̄, cs̄; and in-
cluding charge conjugate states.

This gives four different decay topologies (ννν̄, ν` ¯̀, νqq̄
and `qq̄′) with branching ratios that depend only weakly
on the Neutral Heavy Lepton mass. For masses below 50
GeV/c2 the charged current contribution is around 75%,
increasing to 80% for masses around 75 GeV/c2, and the
branching ratios are rather constant and take the values [4]:
BR(νm → ννν̄) = 0.06,BR(νm → ν` ¯̀) = 0.24,BR(νm →
νqq̄) = 0.15, andBR(νm → `qq̄′) = 0.55.

The large amount of data collected at LEP I allows
searches for Neutral Heavy Leptons in the various possi-
ble event topologies as a function of the mass and lifetime.
For small masses, less than about 30 GeV/c2, the experi-
mental signature is amonojet(a single cluster of particles),
due to the large boost of theνm. For higher masses, the pre-
dominant decay into aqq̄ pair and a lepton gives two jets,
acollinear and acoplanar with respect to the beam axis, with
or without an associated charged lepton depending on the
decay channel. In both cases, the events are characterised
by the large missing energy and momentum carried by the
neutrinos. The searches based on these signatures assume the
νm has a short lifetime. To cover longer lifetimes, searches
are made based on displaced vertices and calorimeter clus-
ters.

The short-lifetime signatures are also shared by other
processes, like the production of a light Higgs boson (e+e−→
Hνν̄), light neutralinos (e+e− → χ̃0

1χ̃
0
2 with χ̃0

2 → χ̃0
1Z

∗), or
composite excited neutrinosν∗. For example, the results of
this analysis can be extended to the case of single production
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of excited neutrinos when standard SU(2)×U(1) currents are
assumed. Then the onlyν∗ decay channels allowed areν∗ →
`W ∗ and ν∗ → νZ∗, since the couplingγνν∗ vanishes.
Single production of excited neutrinos [5] at LEP I energies
is given by:

Γ (Z0 → ν∗ν) =
1
3
α mZ0

3
(cZν∗ν

Λ

)2
(

1− m2
ν∗

mZ0
2

)2

×
(

1 + 2
m2

ν∗

mZ0
2

)
(5)

wherecZν∗ν is the coupling of the Z0 to the neutrino and
its excited partner, andΛ is the compositeness scale. Theν∗
lifetime is expected to be very short.

Searches for heavy neutrals produced ine+e− collisions
have been unsuccessful in the past [6], although the LEP
experiments have found some interesting events. In particu-
lar, ALEPH have reported three monojet events [7] with a
probability, in the Standard Model, of less than 0.1%.

Neutral Heavy Leptons have also been searched for in
leptonic decays of hadrons and in neutrino beam experiments
[8], leading to stringent upper limits on|U |2 reaching 10−7

in the low mass region (mνm below 2-3 GeV/c2). Two LEP
experiments, OPAL and L3, have also placed limits on the
branching ratioBR(Z0 → νmν) of the order of 10−4−10−5

for masses above 3 GeV/c2 [9].
The data and experimental techniques presented in this

paper improve on the previous sensitivities in this higher
mass range by about one order of magnitude.

The paper is organised as follows. Section 2 describes
the experimental procedure and gives a brief description of
the different data samples used. Sections 3 to 6 describe
the different analysis methods used. Finally, the combined
results are presented in Sect. 7.

2 Experimental procedure and event sample

The analysis is based on data collected by DELPHI at LEP I
from 1991 to 1994 inclusive, corresponding to 3.3×106

hadronic Z0 decays and a total sample of∼12.3×106 events
recorded on tape. Detailed descriptions of the apparatus, the
trigger conditions, the event processing chain, and the de-
tector performance are given in references [10–12].

Figure 1 shows a schematic view of the detector with
the angular coverage of the different subsystems. The Neu-
tral Heavy Lepton search has been performed in the bar-
rel region of the detector, for polar angles (θ) between 45◦
and 135◦. Due to the specific nature of the signal, namely
events with missing energy and momentum, all of the infor-
mation available from the detector has to be used in order to
discriminate against the various background processes that
could mimic a signal.

The present analysis covers the range ofνm masses from
2mµ up to the kinematic limitmZ0. To achieve this cover-
age, the possibility of very longνm decay lengths has to be
considered, as remarked above. This analysis includes, for
the first time, searches forνm decays at any distance within
the active detector volume [13]. Four different searches have
been performed:

– Short lifetimes and small masses:Events originating
from the reaction Z0→ ν̄νm and the subsequentνm de-
cay within 12 cm of the interaction point (IP) are charac-
terised by large missing momentum and a monojet-like
topology (Sect. 3).

– Short lifetimes and large masses:In the mass range
40-80 GeV/c2, theνm necessarily has a very short life-
time, and decays predominantly into a hadronic system
composed of acoplanar and acollinear jets (Sect. 4).

– Intermediate lifetimes: For νm decays occurring from
12 cm to 110 cm, the most characteristic feature is an
isolated set of charged particle tracks which originate
from the same vertex (Sect. 5).

– Long lifetimes: When theνm decays at radii from 110
cm to 300 cm, in the detector region where charged par-
ticle tracks cannot be reconstructed, the search has to
rely on localized clusters of energy depositions and hits
in the outermost layers of the detector. The inefficiency
of this method for detecting unresolved pairs of electrons
sets the lower limit mentioned above of 2mµ to the mass
range explored (see Sect. 6).

In order to compute the detection efficiencies, a total of
105 signal events in the differentνm decay channels withνm
masses ranging from 1.5 GeV/c2 to 85 GeV/c2 and mean
decay lengths from 0 cm up to 2000 cm were generated using
JETSET [14] and passed through the full DELPHI detector
simulation [15]. All three types ofνm (νme, νmµ, νmτ ) and
their decays have been included when kinematically allowed.

Standard generators [14, 16] were used to estimate the
backgrounds (see Table 1) from qq̄(γ), e+e−(γ), µ+µ−(γ),
τ+τ−(γ) and fromγγ processes. The background from four-
fermion final state processes (e+e− → ff̄νν̄, f ≡ q, e, µ, τ )
was evaluated using the program EXCALIBUR [17].

3 Low mass and short lifetimeνm: search for monojets

The monojet candidates were selected by requiring a single
jet of particles and no energy depositions in the direction
opposite to the jet. Only neutral showers with energy larger
than 500 MeV and charged particles with momentum above
100 MeV/c were considered. Furthermore, a charged parti-
cle track was required to have a length of at least 30 cm,
and a distance of closest approach to the interaction point
of less than 5 cm in the plane perpendicular to the beam
(Rφ plane, whereR is the radial coordinate andφ the az-
imuthal angle) and less than 10 cm along the beam direc-
tion (z). When computing invariant masses, the tracks were
given the mass provided by the standard DELPHI particle
identification tools [10] when possible, otherwise they were
assumed to be pions. This criterion has been applied in all
the analyses described in the paper. Two sets of requirements
were applied to the original sample of events accepted by
the trigger.

1. General requirements to suppress the low energy back-
ground arising from beam-gas, beam-wall andγγ inter-
actions:
– the total energy in the event had to exceed 5 GeV

and the total energy carried by the charged particles
had to exceed 3 GeV,
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Fig. 1. Schematic view of the 1991-1993 DELPHI detector. The left of the picture depicts the tracking devices, together with their angular coverage. The
calorimeters are shown on the right. Standard acronyms denote the detectors: VD (Vertex Detector), ID (Inner detector), TPC (Time Projection Chamber),
OD (Outer Detector), TOF (Time Of Flight), MUB (MUon chambers in the Barrel region), FCA and FCB (Forward Chambers A and B), MUF (MUon
chambers in the Forward region), HOF (scintillator HOdoscope in the Forward region), HPC (High density Projection Chamber), HAB and HAF (HAdronic
calorimeter in the Barrel and Forward regions), FEMC (Forward ElectroMagnetic Calorimeter) and SAT (Small Angle Tagger). In 1994, the SAT was
replaced by the STIC (Scintillating TIle Calorimeter) which has a larger angular acceptance overlapping that of the FEMC

Table 1. Sizes of the simulated event samples used to estimate the backgrounds

Sample γγ 4–fermion Z0 decays
e+e− µ+µ− τ+τ− qq̄ e+e− µ+µ− τ+τ− qq̄

# Generated 27256 99316 9984 62079 14700 118835 1417494 411902 4333000
# Expected 39614 94110 30389 68083 1067 143230 143230 143230 2979699

– there had to be at least one charged particle with
p > 2.5 GeV/c,

– no charged particle track or electromagnetic shower
with | cosθ| ≥ 0.96 was allowed, whereθ is the polar
angle,

– no single energy deposition in the FEMC above 10
GeV was allowed.

After this selection, 3.9× 106 events remained.
2. Specific requirements forνm topologies, whose main

features are a considerable amount of missing momen-
tum and energy:

– ptmiss/Evis had to exceed max

(
−0.4

[
m2
evt

702 − 1
]
,

0.2

)
, whereptmiss is the projection of the missing

momentum of the event in theRφ plane,Evis is the
total visible energy, andmevt is the total invariant
mass; this cut implicitly rejected events with miss-
ing momentum pointing to very forward regions and
small invariant masses, such asγγ interactions, and
it also rejected normal Z0 decays, which usually have
very smallptmiss and large values ofEvis andmevt

(Fig. 2),
– ptmiss had to exceed 4.5 GeV/c,
– the largest angle between any two particles with
E ≥ 500 MeV had to be less than 160◦,

– the energy inside a cone of 80◦ half opening angle
around the missing momentum direction had to be
less than 300 MeV,

– the first measured point of at least 70% of all charged
particle tracks had to lie within 12 cm of the interac-
tion point: this cut rejected events which contained
photon conversions or interactions inside the detec-
tor.

After this further selection, 211 events remained.

For the surviving events, the cluster finding algorithm
LUCLUS [14] was applied to the charged particles. The
cut-off parameter used by this algorithm,djoin, was set to
8 GeV/c in order to allow for high jet masses. Events were
accepted if only one jet with more than one charged particle
track was reconstructed with total momentum larger than 3
GeV/c and| cosθjet| was below 0.8, whereθjet was the polar
angle of the jet. Events with two reconstructed jets were also
accepted if at least one of the jets fulfilled these conditions
on momentum and direction and the angle between the jets
was less than 140◦. One-particle jets were allowed in 2-
jet events, in order to cope with theν` ¯̀ and `qq̄′ decay
topologies.

At this stage, 114 events were left in the analysis, while
133 were expected from the simulations of standard back-
ground processes, namelyγγ events, Z0 decays, and four
fermion final states.
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Fig. 2. Dependence of the ratioptmiss/Evis on the in-
variant mass of the event for three different masses of
theνm. Only the events above thefull line are accepted.
The squaresin the upper figure correspond to the real
data while thepoints in all the plots correspond to the
simulated Neutral Heavy Lepton signal

The background events were expected to be mainlyγγ
interactions or Z0 leptonic decays with radiative photons or
charged particles escaping through inefficient regions of the
detector. To reduce this background, events were rejected if
the missing momentum vector was pointing at polar angle
regions where the detector coverage was weak (33◦ ≤ θ ≤
43◦, 89◦ ≤ θ ≤ 91◦, and 137◦ ≤ θ ≤ 147◦)1. This cut left
81 events in the real data sample, to be compared with 85
background events expected from the simulation.

The γγ background events that contributed at this stage
corresponded to a well defined topology which contained
visible charged particle tracks in the barrel region, one elec-
tron missing in the gap atθ ' 9◦ between the SAT and
FEMC detectors (see Fig. 1), and the other electron escap-
ing undetected inside the beam pipe. In order to eliminate
such events, the direction of the electron missing at wider
angle was calculated using the reconstructed energy and mo-
mentum and assuming the other electron (or positron) was
inside the beam pipe and carrying∼45 GeV/c momentum:
events were rejected if the calculated electron direction was
pointing to the region between the SAT and the FEMC. This
cut rejected 35 events, in agreement with 41 events expected
from the simulation. No such background was present in the
data sample collected in 1994 since the STIC, which had re-
placed the SAT, overlaps with the FEMC. Thus allγγ events
were eliminated from the simulated sample at this stage.

In addition to this background,τ+τ− final states also
contribute to the selected sample. This happens when one
τ decays into several charged particles and the otherτ pro-
duces one charged particle which traverses a dead zone of the

1 At LEP-II these regions are covered by dedicated photon taggers, but
these were not yet installed for the LEP-I data analysed here

detector, or has a momentum below the minimum required
in the selection of charged particle tracks (100 MeV/c). The
latter events were identified using the information from the
ID and VD, since the three layers of the VD allowed the mo-
mentum cut-off to be reduced below 50 MeV/c. To reduce
the τ background further, the events with a three-charged-
particle monojet were required to have an opening angle
greater than 10◦ or a mass greater than 5 GeV/c2. This cut
removed all the remainingτ+τ− background events from
the simulated data sample and left just one event in the real
data.

The surviving event, shown in Fig. 3, had two well iso-
lated electrons with an invariant mass of 300 MeV/c2 and
missing pt of 6 GeV/c. Both electron tracks were recon-
structed as originating from the interaction point and they
are not consistent with coming from the same point in the
beam pipe or further out; so they are unlikely to be due to
a real photon conversion. The invariant mass and the trans-
verse momentum of this event are compatible with the four-
fermion processe+e− → ffνν (f ≡ q, e, µ, τ ). The number
of background events expected from that process evaluated
using EXCALIBUR amounted to 0.5 events in thell̄νν̄ chan-
nel and 0.3 in theqq̄νν̄ channel. The contaminations from
γγ processes and Z0 decays were also estimated from the
simulation samples but were found to be negligible.

Thus the total number of background events expected
was 0.8, while one event was observed. This event can be
interpreted as due to the standard electroweak four-fermion
reactione+e− → e+e−νν̄, but for the limit calculations it
was regarded as a candidate.

Applying the above selection to the simulated signal
events gave the efficiencies for different masses as shown
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in Fig. 4 (dashed curve). Trigger and acceptance efficiencies
were taken into account. The trigger efficiency approaches
100% on account of the high multiplicity in the case of high
masses and the high transverse momentum of the isolated
leptons for masses below 40 GeV/c2 [13]. The maximum
overall efficiency of this search was∼ 50%, obtained for
masses of 2-15 GeV/c2.

4 High mass and short lifetimeνm: search for
acollinear jets

This analysis considered a singly producedνm, in the high
mass range from 40 GeV/c2 to 80 GeV/c2. In this mass
range the heavy neutrino is assumed to have a very short life-
time (see (2)) and to decay predominantly into a qq̄′ pair and
a lepton (see (3) and (4)). The main signature of such events
is a hadronic system consisting of acollinear and acoplanar
jets, with or without an associated charged lepton depending
on the decay channel.

The main background is hadronic Z0 decays with missing
energy and momentum due to particles escaping detection
(ordinary neutrinos, etc.) or particles lost in regions of the
detector with poor coverage. In order to discriminate against
this background a large number of variables were needed.
Neural networks were therefore used as a part of the selec-
tion procedure.

Charged particles with momenta greater than 100 MeV/c
and neutrals with energies above 100 MeV were selected
to compute the event variables used. The event topology
was classified according to three different methods: the first
method divided the event into two hemispheres with respect
to the plane perpendicular to the thrust axis, the second
method performed a jet search using the cluster algorithm
LUCLUS [14] with djoin= 2.5 GeV/c (default value), and in
the third method LUCLUS was forced to reconstruct three
jets.

First, the following preselection of events was applied
in order to remove the bulk of the background events in
both the neutral current NC (3) and charged current CC (4)
channels:

– the total number of charged particles was required to be
greater than 7,

– the transverse projection of the total missing momentum
was required to be greater than 5 GeV/c ,

– the total observed energy was required to be greater than
20 GeV for the NC analysis and 25 GeV for the CC
analysis,

– the total reconstructed invariant mass had to fall in the
interval 10 GeV/c2 < mevt < 75 GeV/c2 (NC) or
35 GeV/c2 < mevt < 75 GeV/c2 (CC),

– the acollinearity angle was required to be larger than 7◦
for the NC analysis and 10◦ for the CC analysis,

– the acoplanarity angle was required to be greater than
15◦ (only for the NC analysis),

– the maximum angle between any two jets was required
to be less than 160◦ for the NC analysis and 175◦ for
the CC analysis,

– the minimum angle between any jet and the missing mo-
mentum direction was required to be larger than 20◦ (CC
analysis only),

– the sum of the angles between the jets, when forcing
three jets, was required to be smaller than 357◦.

These preselection criteria were chosen to maximize the
signal efficiency while rejecting the simulated background
samples, consisting of hadronic Z0 decays, and four-fermion
and γγ processes with hadronic final states (see Table 1).
The event preselection reduced the qq̄ background sample
by factors of 460 and 230 with efficiencies close to 65% and
70% for the neutral current (NC) and charged current (CC)
analysis, respectively.

The next step was the neural network selection. The net-
works were of the feed-forward type, with back-propagation
of errors [18]. They had 15 input nodes, two intermediate
layers of 8 and 5 nodes respectively, one output node, and a
total of 165 degrees of freedom. The networks were trained
to give output close to zero for a background event surviving
the preselection, and close to one for a signal event. Inde-
pendent signal and q̄q background samples were used for the
training, which was terminated after 3500 cycles through the
samples. The network parameters (weights) were then cho-
sen from the training cycle which maximized the signal to
background ratio for network outputs above 0.9. A detailed
description of the network can be found in [19].

For each of the decay channels (charged and neutral cur-
rent), two analyses were optimised formνm= 50 GeV/c2 and
65 GeV/c2, respectively, in order to maximize the overall
efficiency in the range 40-80 GeV/c2. The final selection
in each channel was the logical OR of the two analyses.
The overall efficiency as a function ofmνmwas obtained
by applying the selection to theνm samples simulated with
different masses (40, 50, 60, 65, 70, and 80 GeV/c2).

The preselected simulated background events were then
passed through the neural networks, and the cut on the net-
work output variable was made. This rejected all of the sim-
ulated γγ background events, but 30 simulated qq̄ events
and 5 simulated four-fermion events remained in the OR of
the two analyses in all decay channels combined.

Further cuts were necessary in order to discriminate
against this remaining background. These selections were
different for the different decay channels and for the differ-
ent masses used in the optimization, and were classified as
follows.

– Hermeticity cuts (left 22 q̄q and 3 four-fermion events)
were applied in order to reject events with particles prob-
ably going towards less instrumented regions of the de-
tector. Events were rejected if the polar angle of the
missing momentum direction was close to 90◦ or 40◦ or
140◦, see the discussion in Sect. 3.

– Event quality cuts (left 6 q̄q and 1 four-fermion events)
rejected events with more than 20% of the total recon-
structed energy coming from badly reconstructed tracks,
or with total measured energy within a 40◦ cone around
the missing momentum direction greater than 500 MeV.
A badly reconstructed track is a charged particle track
which does not fulfil the standard DELPHI hadronic
track selection described in [10].

– Topological cuts (removed all the remaining simulated
background events) were applied using global shape vari-
ables not used by the network:
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– the transverse projection of the minimum angle be-
tween any jet and the missing momentum direction
was required to be larger than 10◦,

– the transverse projection of the maximum of the an-
gles between any two jets was required to be smaller
than 170◦,

– the cosine of the angle between the sphericity axis
and the boost direction calculated in the c.m.s. of the
observed particles was required to be smaller than
0.8,

– the maximum angle between any two jets when forc-
ing three jets was required to be smaller than 170◦,

– and the acoplanarity angle was required to be larger
than 5◦.

The above selections left no simulated qq̄, γγ, or four-
fermion event in any of the sub-analyses.

When the same selection was applied to the real data
accumulated from 1991 to 1994, no event was selected. The
total signal efficiency obtained, as a function of theνm mass,
is shown in Fig. 4 (dotted curve). Trigger and acceptance
efficiencies are taken into account (see the discussion at the
end of previous section).

5 Intermediate lifetime νm: vertex search using tracking

A neutral particle that decays within the radial distance re-
gion 12 cm< R< 110 cm can be detected as a reconstructed
secondary vertex by the central tracking devices, ID and
TPC. To suppress low energy background, the general crite-
ria used in the monojet search, Sect. 3, were imposed prior to
vertex reconstruction but with looser cuts in the track selec-
tion. Cosmic ray events were rejected by requiring at least 1
hit in the TOF within 12 ns (3σ) of the beam collision time.
For Z0 → µ+µ− events, the efficiency of this timing selec-
tion was calculated to be∼88% averaged over all different
data acquisition periods. This sets a minimum efficiency for
the timing selection for a single minimum ionising particle
of 65%. After these cuts, 4.4× 106 events remained.

A cluster finding algorithm was then applied to the re-
maining events in order to group the charged particle tracks
according to their first measured point (‘starting point’). This
procedure was iterative and worked as follows. The pair of
tracks with the smallest separation at their respective start-
ing points was considered first. If this separation was smaller
than 10 cm, the tracks were grouped to form a cluster whose
starting point was defined as the average of their first mea-
sured points. The two tracks were then replaced by this clus-
ter, which was subsequently treated as a pseudo-track. The
process was then repeated until all charged particle tracks or
pseudo-tracks were grouped into clusters.

Events were rejected if no cluster was found or the start-
ing points of two or more clusters were closer than 12 cm
from the nominal interaction point. After these selections.
2.6× 106 events remained.

The vertex reconstruction method of [20] was then ap-
plied to each cluster of charged particle tracks. The effi-
ciency of this method, within the ID and TPC volume, was
determined by the simulation to be around 70% to 80% de-
pending on theνm mass, between 5 and 85 GeV/c2, and

on the mean decay length, between 20 and 500 cm. Each
vertex was defined by its radius vector (V) calculated with
respect to the interaction point. In addition, the total mo-
mentum (PV) and the invariant mass (mV), were calculated
from the four-momenta of the charged particles belonging
to the vertex. Two vertices were combined into a single one
if the angle between their radius vectors was smaller than
the largest opening angle in either cluster.

Events were then rejected if no vertex was reconstructed,
if two or more vertices were closer than 12 cm from the
interaction point, or if one vertex was found closer than
1 cm from the interaction point. These requirements left
192872 events, mostly cosmic ray events, beam-gas or beam-
wall interactions, badly reconstructed Z0 decays and gamma
conversions.

In order to select events with isolated vertices of the type
expected from aνm decay, a selection based onV, PV, and
mV was applied. Events were accepted if at least one vertex
passed the following selections:

1. cuts defining the geometrical region and acceptance (left
7715 events):
– |V| had to be above 12 cm,
– | cos(θV)| had to be below 0.766,

2. vertex quality cuts (left 3858 events):
– |PV | had to be above 3 GeV/c,
– at least one charged particle track belonging to the

vertex had to have a momentum larger than 1.5
GeV/c,

– it was required that no hits were found in the VD
inside a 5◦ cone around the direction ofV,

3. rejection of cosmic rays (left 1929 events):
– the angle betweenPV andV had to be smaller than

60◦,
– the impact parameter with respect to the interaction

point of the line defined by the vertex andPV had to
be less than 75 cm,

– the vertex had to open towards the outside of the
DELPHI detector,

4. rejection of vertices coming from photon conversions
(left 965 events):
– for events with two charged particles, mV had to

exceed 0.75 GeV/c2,
5. isolation criteria and rejection of back-to-back events (no

event left):
– it was required that no other vertex was found,
– charged particle tracks which could not be associated

to the vertex had to be outside a 45◦ half angle cone
aroundV,

– charged particle tracks in a 30◦ half angle cone
around the direction opposite toV had to have less
than 75% of the total energy and momentum in that
hemisphere, and any isolated neutral showers in the
opposite hemisphere energy had to have total energy
less than 10 GeV.

The efficiencies for different mean decay lengths (L) and
masses (mνm ) were found for eachνm decay mode by ap-
plying the above selections to the simulated signal samples
(see Figs. 5 and 6, dotted curves). Trigger and acceptance
efficiencies have been taken into account. For the trigger ef-
ficiency, values above 80% are expected since the full calori-
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Fig. 5. Efficiency of the vertex search (Sect. 5) and the
cluster search (Sect. 6) for eachνm decay channel,a
νm → ν` ¯̀, b νm → νqq̄ and c νm → `qq̄′, as a
function of the mean decay length (L) for a fixed νm
mass of 20 GeV/c2. The full curvesshow the efficiency
of the two searches combined
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Fig. 6. Efficiency of the vertex search (Sect. 5) and the
cluster search (Sect. 6) for eachνm decay channel,a
νm → ν` ¯̀, b νm → νqq̄ and c νm → `qq̄′, as a
function of theνm mass for a fixed mean decay length
(L) of 100 cm. Thefull curvesshow the efficiency of the
two searches combined

metric trigger is still active. The reduction in the efficiency
with respect to that for the short lifetime search is due to
the fact that there is less redundancy in the tracking trigger.
The maximum efficiency (∼ 25%) was obtained for masses
below 20 GeV/c2 and mean decay lengths around 50 cm.

No events in the real data sample were found to satisfy
all the conditions described above.
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Fig. 7. Limit at the 95% CL on the branching ratio
BR(Z0 → νmν) as a function of theνm mass. This limit
has been obtained combining the monojet and acollinear
jets searches for short-livedνm and taking into account
(2) as explained in the text
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Fig. 8. Limits at the 95% CL for a long-livedνm on the
branching ratioBR(Z0 → νmν) as a function ofa the
νm mass for a mean decay lengthL of 100 cm andb the
mean decay lengthL for aνm mass of 3 GeV/c2. These
limits were obtained from the combined vertex and clus-
ter searches firstly assuming for each decay mode a
branching ratio of 1 (dashed, dotted and dash-dotted
curves) and secondly combining all decay modes as-
suming BR(νm → ν` ¯̀) = 0.24, BR(νm → νqq̄) = 0.15
and BR(νm → `qq̄′) = 0.55 (full curve), see Sect. 1.
The limits shown here are not yet corrected according
to (2)

6 Long lifetime νm: search for calorimeter clusters

The cluster method was developed in order to search for
long-livedνm whose decay products interacted with the out-
ermost layers of DELPHI,i.e.TOF, HAB, and MUB. If there
was information present from the inner tracking detectors,
it was also used as it contributed efficiently to the rejection
of in-time cosmic ray muons traversing the detector close to
the interaction point, which is the main reason to confine the
analysis to the barrel (40◦ < θ <140◦). The use of the clus-
ter information also increased the detection efficiency for
νm decays inside the tracking devices when the low track
multiplicity did not enable the vertex reconstruction.

The main signature of aνm decaying in the outer parts
of DELPHI is a cluster of hits, in time with the beam col-
lision, confined within a relatively small angular region and
pointing back to the interaction point. Therefore, the gen-
eral strategy to search for aνm in this region was based on
the TOF timing information, used as in the vertex analysis
(previous section) to reduce the cosmic background, and on
the spatial distribution of the hit coordinates provided by the
detectors.

The hit information from the TOF, HAB and MUB was
used to select events in theRφ plane. For each event, the
maximum and minimum azimuthal angles (φmax, φmin)
among the TOF, HAB and MUB hits were defined. Aνm
decay is characterized by a small difference betweenφmax

andφmin. For cosmic ray muons, these two angles are much
less correlated. Similarly, correlations between maximum
and minimumz coordinates (zmax, zmin) were analyzed

using HAB and MUB hits. Again, similar values forzmax

andzmin are the main feature of aνm decay.
A first selection, based on the TOF timing and on the

event topology as described above, reduced the data sample
to 35721 events. In order to reject standard Z0 decays, the
following conditions were applied:

– the total number of reconstructed charged particle tracks
had to be less than 3,

– all charged particle tracks in the event had to start at a
radial distanceR greater than 12 cm from the interaction
point,

– events with two charged particle tracks had to have an
acollinearity larger than 5◦,

– the charged particle track with the highest momentum
had not to point within±1◦ of any of the 6 TPC sector
boundaries.

These cuts removed an additional 80% of the real data.
The remaining events were mainly cosmic ray muons, Z0

leptonic events with particles escaping undetected through
inefficient regions of the detector, and events with two or
more real photons.

To reduce these kinds of backgrounds further, tighter
cuts on the event topology were imposed. Two different cat-
egories of events were distinguished, namely those with hits
in the MUB (µ-like) and those with energy deposited in the
HAB (π-like). Forµ-like events, restrictive conditions were
imposed to ensure that the hits were consistent with being
caused by the decay of a neutral particle originating from
the interaction point. This was done by fitting all hits to a
trajectory, then calculating the impact parameter of the tra-
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jectory. The event was rejected if the impact parameter was
above 40 cm in both theRφ and thez projection. These
cuts are not as stringent as in the previous analysis due to
the larger errors in this case. Forπ-like events, the energy
depositions in the HAB were required to be larger than the
expectation for a single muon and consistent with a hadronic
shower. This left 323 events in the data, mainly cosmic ray
muons not rejected by the TOF timing selection and enter-
ing the detector either tangentially (giving hits only in the
HAB and TOF detectors) or with small impact parameters,
and two-photon final states and dilepton events with par-
ticles escaping detection. These were rejected in the final
three steps of the analysis:

– Veto against two photon final states (left 234 events):
Events with two real photons usually have electromag-
netic energy deposited in the HPC, a back-to-back con-
figuration, and no hits in the MUB or the HAB. However,
sometimes their orientation coincides with cracks in the
HPC and they reach the HAB, depositing large amounts
of energy therein. Such events were rejected if the en-
ergy reconstructed in the HPC was close to a crack in
this detector or was greater than 35 GeV for each photon.

– Veto against cosmic ray events (left 15 events):
To eliminate the remaining cosmic ray muons, the lon-
gitudinal profile of the shower in the HAB was used.
Events were regarded as cosmic ray muons if:
– the energy profile in HAB along the reconstructed

trajectory was compatible with that expected from
a muon ( there was energy deposited in all the
calorimeter layers) ,

– there were MUB hits associated to the trajectory
within 10◦ in theRφ projection,

– no energy deposition or hits were found outside a 5◦
cone around the trajectory in theRφ projection.

The possibility of two parallel cosmic muons crossing the
detector was also taken into account. Two parallel tra-
jectories which both satisfied the above conditions were
rejected.

– Veto against dilepton events (left no events):
Dilepton events with one lepton entering a TPC crack
were identified by matching TPC sector boundaries with
back-to-back signal configurations in the MUB or the
HPC or with hits in the three layers of the VD.

The efficiencies were derived for the different decay
channels as a function of the mass and the decay length
(as shown in Figs. 5 and 6, dashed curves) by applying the
same selection to the simulated signal events. Trigger and
acceptance efficiencies have also been calculated [13] and
taken into account. The trigger efficiency is strongly depen-
dent on the mass and the decay length. For a 20 GeV/c2

νm, it is above 60% for a mean decay length of 500 cm and
above 35% for one of 1000 cm. The maximum efficiency,
∼15% for a mean decay length of 100 cm, was obtained
for masses around 3 GeV/c2. In the case ofνm → ν` ¯̀, the
method was sensitive to decays inside the tracking devices,
since low multiplicity events were accepted.

No event in the real data sample was selected with the
above criteria.

7 Summary and conclusions

Searches have been made for short-lived and for long-lived
Neutral Heavy Leptons using several different methods. No
evidence for the existence of Neutral Heavy Leptons has
been found, and limits at the 95% confidence level (CL)
on their production are therefore derived below. For high
masses, the limits are calculated using theνm decay branch-
ing ratios quoted in the introduction. For masses below 2
GeV/c2, the charged current contribution starts decreasing
and it equals the neutral current one at around 1 GeV/c2.
However, the final results are not significantly affected by
variations in the branching ratios, since the sensitivity is
very similar for all channels. In the low mass region, only
the kinematically allowed channels, with light leptons and
quarks, have been taken into account.

7.1 Short-lived neutral heavy leptons

Two searches have been performed for short-lived Neutral
Heavy Leptons. The first method, the search for monojet
events, was sensitive to lowνm masses. The second, search-
ing for events with acollinear and acoplanar jets, was opti-
mised for highνm masses. By combining these two searches,
the full mass range from the kinematic threshold up tomZ0

was explored. Taking acceptance and trigger efficiency into
account, an overall efficiency of nearly 50% was obtained,
as shown in Fig. 4. One candidate event was found (in
the monojet analysis). It was interpreted as a standard four
fermion reaction,e+e− → e+e−νν, but was retained when
computing the limits.

Figure 7 shows the limit on the branching ratio
BR(Z0 →νmν) obtained, while the corresponding limits on
the mixing parameter|U |2 are shown as a function ofmνm
by the right-most exclusion area in Fig 10. For masses be-
tween 6 and 50 GeV/c2, the branching ratio was found to be
limited to BR (Z0 →νmν) < 1.3× 10−6 at 95% CL, which
corresponds to|U |2 < 2.1× 10−5 in the middle of the mass
range. In computing the limits, the efficiencies have been
corrected for the fraction of events in which theνm decays
outside the region of interest (R <12 cm). This correction
is important only formνm values below 5 GeV/c2, which
yield large decay lengths according to (2).

7.2 Long-lived neutral heavy leptons

Two searches have also been performed for long-lived Neu-
tral Heavy Leptons, the first forνm decaying in the tracking
volume (vertex search) and the second forνm decaying in
the outer layers of the detector (cluster search). No candidate
events were found in either search.

The vertex search investigated the mass range where the
particle would have a detectable lifetime and decay in the re-
gion where the tracking chambers of DELPHI are effective.
The cluster method, optimised for low masses, was sensi-
tive to even longer lifetimes and larger mean decay lengths.
Figs. 5 and 6 show the efficiencies of these methods as a
function of the mean decay length and themνm for each pos-
sible decay mode. A small overlap exists between the two
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Fig. 9. a Example of the method of determining the min-
imum allowed decay length (Lmin) for a νm with fixed
massmνm , here taken to be 3 GeV/c2. Lmin is cho-
sen as the minimum decay length for which the BR pre-
dicted by the theory (1) is smaller than the 95% CL upper
limit allowed by the data for the given mass.b Region of
excluded (L,mνm ) pairs is shownshadowed. The decay
lengths on the exclusion curve are theLmin values com-
puted with the method sketched ina

mνm (GeV/c2)

|U
|2

Fig. 10.Limits at the 95% CL for|U |2 from the long and
short–livedνm analyses as a function of theνm mass.
The values have been corrected according to (2), as de-
scribed in the text

searches which was considered when computing the overall
efficiency. The maximum overall efficiency after combining
the two searches was∼30%.

For a long-lived Neutral Heavy Lepton, limits on
BR(Z0 →νmν) as a function ofmνm and the mean decay
length were obtained from the vertex and cluster methods
(Fig. 8), yielding upper limits smaller than 3× 10−6 for
mean decay lengths below 1000 cm.

However, due to the relationship betweenmνm and the
meanνm decay length (L), given by (2), not all pairs of
(mνm , L) values are permitted theoretically. Taking this con-
straint into account, for a givenmνm , only the mean decay
lengths for which the experimental upper limit on the branch-
ing ratio is bigger than the theoretical prediction of (2) are
allowed by the data, as indicated in Fig. 9a. The correspond-
ing region of excluded (mνm , L) pairs is shown in Fig. 9b.
The resulting limits on|U |2 are shown by the left-most ex-
clusion region in Fig. 10.

7.3 Combination of short-lived and long-lived neutral heavy
lepton searches

Figure 10 shows the upper limits on|U |2 derived from the
searches for both short-lived and long-lived Neutral Heavy
Leptons. The search for long-lived Neutral Heavy Leptons
extends the limit of 1.3×10−5, obtained from the search for
short-lived Neutral Heavy Leptons, frommνm ' 6 GeV/c2

down tomνm ' 3.5 GeV/c2. As can be seen from Fig. 11,
where the combination of both analyses is shown, the re-
sults obtained from this analysis considerably improve on
all previously published limits obtained formνm above 3
GeV/c2.

The limits on |U |2 obtained from this analysis apply
equally to all flavours of Neutral Heavy Lepton, ie equally
to |Ue|2, |Uµ|2, and |Uτ |2, except for the consequences of
the additional kinematical suppression of the charged current
decays in the case of a Neutral Heavy Tau Lepton, due to
the large mass of theτ . The main effect is to increase the
decay length of such a lepton, leading to limits on|Uτ |2 that
are looser by a factor' 1.5 for a mass of 3 GeV/c2, rising
rapidly to a factor 4 for masses of 2 GeV/c2 or less, where
the mean decay lengths corresponding to the|U2| limits ob-
tained are very long (see Fig. 9b) and the charged current
decay is fully suppressed. It should be noted that the non-
LEP limits shown in Fig. 11 generally apply only to|Ue|2
and/or|Uµ|2, not to |Uτ |2.

The limits extracted can also be applied to any other hy-
pothetical neutral particle whose characteristics and experi-
mental signature are similar to those studied here. This is the
case for single production of excited neutrinos (ν∗). Equa-
tion (5), combined with the above results assuming that only
the weak decaysν∗ → `W ∗ and ν∗ → νZ∗ are allowed,
yields a 95% confidence level upper limit on the parameter
cZν∗ν/Λ[13] — the ratio between the coupling ofν∗ with ν
and Z0, and the compositeness scale — as a function ofmν∗ ,
as shown in Fig. 12. For masses between 2 and 60 GeV/c2,
the parametercZν∗ν/Λ is constrained to be less than about
5× 10−5 GeV−1. As shown in Fig. 12, this result improves
on previously published LEP I limits based on searches for
weak decays. ALEPH [21] and a previous DELPHI analy-
sis [22] investigated the production ofν∗ by searching for
single photon events, assuming that the couplingγνν∗ ex-
ists makingν∗ → γν the dominant decay channel. L3 [23]
investigated both the electromagnetic decay and the decay
through the weak current (ν∗ → eW ).
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Fig. 11. Limits at the 95% CL on the mixing matrix el-
ement|U |2 as a function of theνm mass for the various
experiments referenced in the text. The limits shown for
the present analysis correspond to those obtained combin-
ing the short–lived and long–livedνm analysis
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Fig. 12. Upper limits at 95% CL on the parameter
cZ0ν∗ν/Λ as a function ofmν∗ from the present anal-
ysis. For comparison, previous results from the LEP ex-
periments referenced in the text are also shown. Thefull
curves (‘weak decay’) correspond to the limits for the
standard SU(2)×U(1) current, allowing only weak decays.
Thedashed curves(‘electromagnetic decay’) are the limits
for ν∗ → γν, the dominant decay mode when theγνν∗
coupling exists
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