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Abstract

Weak isosinglet Neutral Heavy Leptons (v, ) have been searched for using data
collected by the DELPHI detector corresponding to 3.3 x 10¢ hadronic Z° de-
cays at LEP1. Four separate searches have been performed, for short-lived v,
production giving monojet or acollinear jet topologies, and for long-lived v,,
giving detectable secondary vertices or calorimeter clusters. No indication of
the existence of these particles has been found, leading to an upper limit for the
branching ratio BR(Z° — v,,77) of about 1.3 x 107¢ at 95% confidence level for
vy masses between 3.5 and 50 GeV/c®. Outside this range the limit weakens
rapidly with the v, mass. The results are also interpreted in terms of limits
for the single production of excited neutrinos.
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1 Introduction

The existence of Neutral Heavy Leptons (v, ) which couple to the Z° boson is a predic-
tion of several models proposed as alternatives to the Standard Model [1]. Some of these
schemes, such as the left-right symmetric and see-saw models [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 neutrinos is understood in terms of accompanying massive
right-handed neutrino partners which are weak isospin singlets [3,4].

In ete™ interactions, single production of such particles can occur through production
of the Z° resonance and its subsequent decay into a standard anti-neutrino and its Neutral
Heavy Lepton partner, i.e. efe™— Z° — v, 7. The branching ratio for this process can
be expressed as [4]:
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2 2 2
BR (Z° — v,,7) = BR (7° — vp) |U)? (1 — Dom ) (1 i ) , (1)
m

where U is a mixing matrix element and BR (Z° — vi/) ~ 0.063 is the branching ratio
for a single neutrino species. There is another similar decay, Z° — 7,1/, with the same
branching ratio.

Constraints arising from weak universality [3] provide an upper bound of order 1072 on
|U]?. The above processes should be the dominant production modes as the corresponding
7° — v, 7, pair production cross section is suppressed by an additional [U]? factor. The
mean decay length of these particles (L) is a function of |U|* and the mass m,,,. For the
7° — v,, U process at LEP 1, this dependence can be approximated by [3]:

3
L~ 5
U2 (m,,, (GeV/c?))

(cm) (2)

For m,,, equal to 3 GeV/c* 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 107° 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 of m,, .

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

Um — v LF

L> I/D,Klz qq (3)
vy, — U W~

L> vl, qq (4)

with £ =e,p, 7, q=1u,d,s,c,b, and qq’ = ud, c5; and including charge conjugate states.

This gives four different decay topologies (vvi, vil, rqq and fqq’) with branching
ratios that depend only weakly on the Neutral Heavy Lepton mass. For masses below
50 GeV/c? the charged current contribution is around 75%, increasing to 80% for masses
around 75 GeV/c*, and the branching ratios are rather constant and take the values [4]:
BR(v,, — vvv) = 0.06, BR(v,, — vil) = 0.24, BR(v,, — vqq) = 0.15, and BR(v,, —
lqq’) = 0.55.



The large amount of data collected at LEP I allows searches for Neutral Heavy Leptons
in the various possible event topologies as a function of the mass and lifetime. For small
masses, less than about 30 GeV/c?, the experimental signature is a monojet (a single
cluster of particles), due to the large boost of the v,. For higher masses, the predominant
decay into a gq 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
Uy has a short lifetime. To cover longer lifetimes, searches are made based on displaced
vertices and calorimeter clusters.

The short-lifetime signatures are also shared by other processes, like the production of
a light Higgs boson (eTe™ — Huvw), light neutralinos (ete™ — I\ with v§ — X{2*), or
composite excited neutrinos v*. For example, the results of this analysis can be extended
to the case of single production of excited neutrinos when standard SU(2)xU(1) currents
are assumed. Then the only v* decay channels allowed are v* — /W* and v* — vZ~,
since the coupling yvv* vanishes. Single production of excited neutrinos [5] at LEP 1
energies is given by:

1 TS m2 \° m2.
F(ZO—>I/*1/):§osz03< n ) (1— ”2) (1—|—2 ”2) (5)

mwo mwo

where cyz,+, is the coupling of the Z° to the neutrino and its excited partner, and A is the
compositeness scale. The v* lifetime is expected to be very short.

Searches for heavy neutrals produced in ete™ collisions have been unsuccessful in the
past [6], although the LEP experiments have found some interesting events. In particular,
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/|? reaching 1077
in the low mass region (m,,, below 2-3 GeV/c?). Two LEP experiments, OPAL and L3,
have also placed limits on the branching ratio BR(Z® — v,,7) of the order of 107* —107°
for masses above 3 GeV/c* [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 section 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 3.3x10° hadronic Z° decays and a total sample of ~12.3x10°
events recorded on tape. Detailed descriptions of the apparatus, the trigger conditions,
the event processing chain, and the detector performance are given in references [10-12].

Fig. 1 shows a schematic view of the detector with the angular coverage of the different
subsystems. The Neutral Heavy Lepton search has been performed in the barrel region
of the detector, for polar angles (8) between 45° and 135°. Due to the specific nature
of the signal, namely events with missing energy and momentum, all of the information



available from the detector has to be used in order to discriminate against the various
background processes that could mimic a signal.

5 tracking calorimetry
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Figure 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 Detec-
tor), 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 (scintilla-
tor 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 re-
placed by the STIC (Scintillating TIle Calorimeter) which has a larger angular acceptance
overlapping that of the FEMC.

The present analysis covers the range of v, masses from 2m, up to the kinematic
limit myo. To achieve this coverage, the possibility of very long v,, decay lengths has to
be considered, as remarked above. This analysis includes, for the first time, searches for
Vm decays at any distance within the active detector volume [13]. Four different searches
have been performed:

e Short lifetimes and small masses : Events originating from the reaction Z°—
vy, and the subsequent v, decay within 12 cm of the interaction point (IP) are
characterised by large missing momentum and a monojet-like topology (section 3).

e Short lifetimes and large masses : In the mass range 40-80 GeV/c?, the v,
necessarily has a very short lifetime, and decays predominantly into a hadronic
system composed of acoplanar and acollinear jets (section 4).

e Intermediate lifetimes : For v, decays occurring from 12 ¢m to 110 ¢m, the most
characteristic feature is an isolated set of charged particle tracks which originate
from the same vertex (section 5).

e Long lifetimes : When the v, decays at radii from 110 ecm to 300 cm, in the
detector region where charged particle 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 2m,, to the mass range explored
(see section 6).

In order to compute the detection efficiencies, a total of 10° signal events in the different
Vm decay channels with v, masses ranging from 1.5 GeV/c* to 85 GeV/c* 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 of vy (Vimes Vi s Vm,) and their
decays have been included when kinematically allowed.

Standard generators [14,16] were used to estimate the backgrounds (see Table 1) from
aq(y), ete (y), pTu=(y), 7r77(v) and from ~v processes. The background from four-
fermion final state processes (ete™ — ffvir, f = q,e,pu,7) was evaluated using the

program EXCALIBUR [17].

Sample vy 4—fermion 7° decays

ete” |utpT | TTT | qq ee” | ptpT | TTTT | qq
# Generated | 27256 99316 | 9984 62079 | 14700 [118835 (1417494 411902 |4333000
# Expected 39614 (94110 30389 |68083 | 1067 [143230| 143230 |143230|2979699

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

3 Low mass and short lifetime v,,: Search for mono-
jets

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 particle 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 (R¢ plane, where R is the radial coordinate
and ¢ the azimuthal angle) and less than 10 cm along the beam direction (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 background arising from beam-gas,
beam-wall and ~+ interactions:

o 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,

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

e no charged particle track or electromagnetic shower with |cosf| > 0.96 was
allowed, where 6 is the polar angle,

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

After this selection, 3.9 x 10° events remained.



2. Specific requirements for v, topologies, whose main features are a considerable
amount of missing momentum and energy:

® piies/ Fvis had to exceed max (—0.4 {% — 1} ,0.2), where py,... 18 the projec-
tion of the missing momentum of the event in the R¢ plane, Ey; is the total
visible energy, and m.,; is the total invariant mass; this cut implicitly rejected
events with missing momentum pointing to very forward regions and small in-
variant masses, such as v interactions, and it also rejected normal Z° decays,
which usually have very small p;,;,, and large values of Eyis and m.,: (Fig. 2),

® Diiss had to exceed 4.5 GeV/e,

o the largest angle between any two particles with £/ > 500 MeV had to be less
than 160°,

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

e the first measured point of at least 70% of all charged particle tracks had to lie
within 12 e¢m of the interaction point: this cut rejected events which contained
photon conversions or interactions inside the detector.

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, dj.i,,, 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/e and |cos b;.;| was below 0.8, where 6;.; 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 the v¢¢ and
lqq’ decay topologies.

At this stage, 114 events were left in the analysis, while 133 were expected from the
simulations of standard background processes, namely vy events, Z° decays, and four
fermion final states.

The background events were expected to be mainly vv interactions or Z° 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° <
f <43°,89° < 9 <91° and 137° <6 < 147°)T. This cut left 81 events in the real data
sample, to be compared with 85 background events expected from the simulation.

The v+ background events that contributed at this stage corresponded to a well defined
topology which contained visible charged particle tracks in the barrel region, one electron
missing in the gap at § ~ 9° between the SAT and FEMC detectors (see Fig. 1), and
the other electron escaping 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 momentum and assuming the other electron (or positron) was
inside the beam pipe and carrying ~45 GeV /¢ 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 replaced the SAT, overlaps with the FEMC. Thus all vy events were eliminated
from the simulated sample at this stage.

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



In addition to this background, 717~ final states also contribute to the selected sample.
This happens when one 7 decays into several charged particles and the other 7 produces
one charged particle which traverses a dead zone of the detector, or has a momentum
below the minimum required in the selection of charged particle tracks (100 MeV/e).
The latter events were identified using the information from the ID and VD, since the
three layers of the VD allowed the momentum cut-off to be reduced below 50 MeV/c. To
reduce the 7 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/c?.
This cut removed all the remaining 777~ 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 isolated electrons with an invariant
mass of 300 MeV/c? and missing p; of 6 GeV/c. Both electron tracks were reconstructed
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 transverse momentum of this event are
compatible with the four-fermion process ete™ — ffuvw (f = q,e,1t,7). The number of
background events expected from that process evaluated using EXCALIBUR amounted
to 0.5 events in the {lv channel and 0.3 in the ¢grv channel. The contaminations from
v~ processes and Z° 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
reaction ete™ — ete v, 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 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/c* [13]. The maximum overall efficiency of this search
was ~ 50%, obtained for masses of 2-15 GeV/c%.

4 High mass and short lifetime v,,: Search for
acollinear jets

This analysis considered a singly produced v,,, in the high mass range from 40 GeV /¢?
to 80 GeV/c?. In this mass range the heavy neutrino is assumed to have a very short
lifetime (see Eq. 2) and to decay predominantly into a qq’ pair and a lepton (see Eqs. 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 Z° 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
selection 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 djs,= 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 (Eq. 3) and charged current
CC (Eq. 4) channels:

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

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

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

e the total reconstructed invariant mass had to fall in the interval 10 GeV/c* <
Mewe < 75 GeV/c? (NC) or 35 GeV/c? < me, < 75 GeV/c* (CC),

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

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

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

e the minimum angle between any jet and the missing momentum direction was re-
quired to be larger than 20° (CC analysis only),

o 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 Z° decays, and four-fermion and
v+ processes with hadronic final states (see table 1). The event preselection reduced the
qq 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 networks 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. Independent signal and
qq background samples were used for the training, which was terminated after 3500
cycles through the samples. The network parameters (weights) were then chosen 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 current), two analyses were opti-
mised for m,,, = 50 GeV /c* and 65 GeV /%, respectively, in order to maximize the overall
efficiency in the range 40-80 GeV/c?. The final selection in each channel was the logical
OR of the two analyses. The overall efficiency as a function of m,_was obtained by
applying the selection to the v, samples simulated with different masses (40, 50, 60, 65,
70, and 80 GeV/c?).

The preselected simulated background events were then passed through the neural
networks, and the cut on the network output variable was made. This rejected all of the
simulated v+ background events, but 30 simulated qq 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 back-
ground. These selections were different for the different decay channels and for the
different masses used in the optimization, and were classified as follows.

e Hermeticity cuts (left 22 qq and 3 four-fermion events) were applied in order to
reject events with particles probably going towards less instrumented regions of the
detector. Events were rejected if the polar angle of the missing momentum direction
was close to 90° or 40° or 140°, see the discussion in section 3.

e Event quality cuts (left 6 qq and 1 four-fermion events) rejected events with more
than 20% of the total reconstructed 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].

e Topological cuts (removed all the remaining simulated background events) were ap-
plied using global shape variables not used by the network:

— the transverse projection of the minimum angle between any jet and the missing
momentum direction was required to be larger than 10°,

— the transverse projection of the maximum of the angles 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 forcing 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 qq, vv, 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 the v, 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 v,,: Vertex search using
tracking

A neutral particle that decays within the radial distance region 12 cm < R < 110 ecm
can be detected as a reconstructed secondary vertex by the central tracking devices, 1D
and TPC. To suppress low energy background, the general criteria used in the monojet
search, section 3, were imposed prior to vertex reconstruction but with looser cuts in the
track selection. Cosmic ray events were rejected by requiring at least 1 hit in the TOF
within 12 ns (30) of the beam collision time. For Z° — T~ events, the efficiency of this
timing selection 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 x 10° events remained.

A cluster finding algorithm was then applied to the remaining 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 starting points was considered first. If this separation was
smaller than 10 ¢m, the tracks were grouped to form a cluster whose starting point was
defined as the average of their first measured points. The two tracks were then replaced
by this cluster, 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 starting points of two or more
clusters were closer than 12 ¢cm from the nominal interaction point. After these selections.
2.6 x 10° events remained.

The vertex reconstruction method of [20] was then applied to each cluster of charged
particle tracks. The efficiency of this method, within the ID and TPC volume, was
determined by the simulation to be around 70% to 80% depending on the 1, mass,
between 5 and 85 GeV/c?, and on the mean decay length, between 20 and 500 ¢cm. Each

s

vertex was defined by its radius vector (V) calculated with respect to the interaction point.

—

In addition, the total momentum (Py;) and the invariant mass (my;), 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 e¢m 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 Z° decays and gamma
conversions.

In order to select events with isolated vertices of the type expected from a v,, decay,
a selection based on \7, ﬁV? and my 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):

e |V| had to be above 12 cm,
e |cos(fy)| had to be below 0.766,

2. vertex quality cuts (left 3858 events):
) |13\7| had to be above 3 GeV/e,

o at least one charged particle track belonging to the vertex had to have a mo-
mentum larger than 1.5 GeV/c,

o it was required that no hits were found in the VD inside a 5° cone around the
direction of \7,

3. rejection of cosmic rays (left 1929 events):

o the angle between 13\7 and V had to be smaller than 60°,

e the impact parameter with respect to the interaction point of the line defined
by the vertex and 13\7 had to be less than 75 cm,

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

4. rejection of vertices coming from photon conversions (left 965 events):
e for events with two charged particles, my had to exceed 0.75 GeV/c?,
5. isolation criteria and rejection of back-to-back events (no event left):

e it was required that no other vertex was found,
e charged particle tracks which could not be associated to the vertex had to be
outside a 45° half angle cone around V,
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o charged particle tracks in a 30° half angle cone around the direction opposite
to V 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 (m,,,) were found for
each v, decay mode by applying 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 efficiency, values above 80% are expected since the full
calorimetric 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/c* and
mean decay lengths around 50 cm.

No events in the real data sample were found to satisfy all the conditions described
above.

6 Long lifetime v,,: Search for calorimeter clusters

The cluster method was developed in order to search for long-lived v,, whose decay
products interacted with the outermost 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° < 6 <140°). The use of the cluster information also increased the detection efficiency
for v, decays inside the tracking devices when the low track multiplicity did not enable
the vertex reconstruction.

The main signature of a v, decaying in the outer parts of DELPHI is a cluster of hits,
in time with the beam collision, confined within a relatively small angular region and
pointing back to the interaction point. Therefore, the general strategy to search for a v,
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 the R¢o
plane. For each event, the maximum and minimum azimuthal angles (¢maz, Pmin) among
the TOF, HAB and MUB hits were defined. A v,, decay is characterized by a small
difference between ¢4, and @,,;,. For cosmic ray muons, these two angles are much less
correlated. Similarly, correlations between maximum and minimum z coordinates (zqz,
Zmin) Were analyzed using HAB and MUB hits. Again, similar values for z,,,, and z,
are the main feature of a v, 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 Z° decays,
the following conditions were applied :

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

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

e events with two charged particle tracks had to have an acollinearity larger than 5°,

o the charged particle track with the highest momentum had not to point within +1°
of any of the 6 TPC sector boundaries.
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These cuts removed an additional 80% of the real data. The remaining events were
mainly cosmic ray muons, Z° 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 categories of events were distinguished, namely those with hits
in the MUB (p-like) and those with energy deposited in the HAB (w-like). For pu-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 trajectory. The event was rejected if the impact parameter was above 40 cm in both
the R¢ and the z projection. These cuts are not as stringent as in the previous analysis
due to the larger errors in this case. For 7-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 entering 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 particles escaping detection. These were rejected in
the final three steps of the analysis:

e Veto against two photon final states (left 234 events):
Events with two real photons usually have electromagnetic energy deposited in the
HPC, a back-to-back configuration, 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
energy reconstructed in the HPC was close to a crack in this detector or was greater
than 35 GeV for each photon.

e Veto against cosmic ray events (left 15 events):
To eliminate the remaining cosmic ray muons, the longitudinal 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 calorime-
ter layers) ,

— there were MUB hits associated to the trajectory within 10° in the R¢ projec-
tion,

— no energy deposition or hits were found outside a 5° cone around the trajectory
in the R¢ projection.

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

e 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 dependent
on the mass and the decay length. For a 20 GeV/c? v, 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
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a mean decay length of 100 cm, was obtained for masses around 3 GeV/c?. In the case
of v,, — vll, 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 the v, decay
branching ratios quoted in the introduction. For masses below 2 GeV/c*, the charged
current contribution starts decreasing and it equals the neutral current one at around
1 GeV/c*. 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 low v, masses. The second,
searching for events with acollinear and acoplanar jets, was optimised for high v, masses.
By combining these two searches, the full mass range from the kinematic threshold up
to myo 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,
ete™ — ete vv, but was retained when computing the limits.

Fig. 7 shows the limit on the branching ratio BR(Z° —1,,7) obtained, while the cor-
responding limits on the mixing parameter |U|* are shown as a function of m,,, by the
right-most exclusion area in Fig 10. For masses between 6 and 50 GeV /c?, the branching
ratio was found to be limited to BR(Z° —v,,7) < 1.3 x 107¢ at 95% CL, which corre-
sponds to |U|2 < 2.1 x 107" in the middle of the mass range. In computing the limits, the
efficiencies have been corrected for the fraction of events in which the v, decays outside
the region of interest (R <12 cm). This correction is important only for m,,, values below
5 GeV/c?, which yield large decay lengths according to Eq. 2.

7.2 Long-lived Neutral Heavy Leptons

Two searches have also been performed for long-lived Neutral Heavy Leptons, the first
for v, decaying in the tracking volume (vertex search) and the second for v, 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 de-
tectable lifetime and decay in the region where the tracking chambers of DELPHI are
effective. The cluster method, optimised for low masses, was sensitive to even longer life-
times and larger mean decay lengths. Figs. 5 and 6 show the efficiencies of these methods
as a function of the mean decay length and the m,  for each possible decay mode. A
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small overlap exists between the two 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(Z® —1,,7) as a function of m,,,
and the mean decay length were obtained from the vertex and cluster methods (Fig.8),
yielding upper limits smaller than 3 x 107° for mean decay lengths below 1000 cm.

However, due to the relationship between m,,, and the mean v,, decay length (L),
given by Eq. 2, not all pairs of (m,,,, L) values are permitted theoretically. Taking this
constraint into account, for a given m,,_, only the mean decay lengths for which the
experimental upper limit on the branching ratio is bigger than the theoretical prediction
of Eq. 2 are allowed by the data, as indicated in Fig. 9a. The corresponding region of
excluded (m,,,, L) pairs is shown in Fig. 9b. The resulting limits on |U|* are shown by
the left-most exclusion region in Fig. 10.

7.3 Combination of Short-lived and Long-lived Neutral Heavy
Lepton Searches

Fig. 10 shows the upper limits on |U|* 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 x 107°, obtained from the search for short-lived Neutral Heavy
Leptons, from m,,, ~ 6 GeV/c* down to m,, ~ 3.5 GeV/c*. As can be seen from Fig. 11,
where the combination of both analyses is shown, the results obtained from this analysis
considerably improve on all previously published limits obtained for m,, above 3 GeV /.

The limits on [U]? obtained from this analysis apply equally to all flavours of Neutral
Heavy Lepton, ie equally to |U.|?, |U,|?, and |U.|?, 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 the 7. The main effect is to increase the decay
length of such a lepton, leading to limits on |U,|? that are looser by a factor ~ 1.5 for a
mass of 3 GeV/c?, rising rapidly to a factor 4 for masses of 2 GeV/c? or less, where the
mean decay lengths corresponding to the |U?] limits obtained 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 |U.|* and/or |U,|*, not to |U.|?.

The limits extracted can also be applied to any other hypothetical neutral particle
whose characteristics and experimental signature are similar to those studied here. This
is the case for single production of excited neutrinos (v*). Equation (5), combined with
the above results assuming that only the weak decays v* — (W* and v* — vZ* are
allowed, yields a 95% confidence level upper limit on the parameter ¢z, /A[13] — the
ratio between the coupling of v* with v and Z° and the compositeness scale — as a
function of m,«, as shown in Fig. 12. For masses between 2 and 60 GeV /c?, the parameter
czu/\ is constrained to be less than about 5 x 107° GeV~™'. 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 analysis [22] investigated the production of
v* by searching for single photon events, assuming that the coupling yvv* exists making
v* — ~v the dominant decay channel. L3 [23] investigated both the electromagnetic
decay and the decay through the weak current ( v* — eW).
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Figure 2: Dependence of the ratio p;,;,,/ Fvis on the invariant mass of the event for three
different masses of the v,,. Only the events above the full line are accepted. The squares
in the upper figure correspond to the real data while the points in all the plots correspond
to the simulated Neutral Heavy Lepton signal.
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Figure 3: Surviving event in the monojet search. It has an invariant mass of 300 MeV /c?
and a missing p; of 6 GeV/c and is probably an ete™ — ete™v¥ interaction.
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Figure 4: Efficiency of the monojet search (Section 3) and the acollinear jets search
(Section 4). The full curve shows the efficiency of the two searches combined.
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each v, decay channel, (a) v, — vll, (b) v,, — vqq and (c) v,, — (qq/, as a function of
the mean decay length (L) for a fixed v, mass of 20 GeV/c?. The full curves show the
efficiency of the two searches combined.
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Figure 8: Limits at the 95% CL for a long-lived v, on the branching ratio BR(Z° — v,,7)
as a function of (a) the v, mass for a mean decay length L of 100 cm and (b) the
mean decay length L for a v, mass of 3 GeV/c*. These limits were obtained from the
combined vertex and cluster searches firstly assuming for each decay mode a branching
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modes assuming BR(v,, — v{{) = 0.24, BR(v,, — vqq) = 0.15 and BR(v,, — {qq) =
0.55 (full curve), see section 1. The limits shown here are not yet corrected according to

Eq. 2.
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Figure 12: Upper limits at 95% CL on the parameter cgo,+,/A as a function of m,«
from the present analysis. For comparison, previous results from the LEP experiments
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when the v coupling exists.



