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This is a new analysis, to be presented at the Washington APS meeting and
soon to become a CERN preprint. The Heavy Lepton Group is releasing it now as
a Physics Note for comments and approval for presentation. It is expected that the
CERN preprint will be ready in about ten days.

The Editorial Board has approved this note for release to the OPAL collabo-
ration, but with two caveats: First, in the v—L° analysis, presented in Figures 4-b,
5-b, and 6, the Editorial Board (and the Heavy Lepton Working Group) believes
that the uncertainties in filter and trigger efficiency for masses my. greater than 75
GeV/c? need some additional work — the errors in the acceptance in this region may
be underestimated. Increasing the errors on the acceptance will have a small effect
and will only affect the very high-mass region. We expect that any change in the
contours will be less than 10%. The Editorial Board believes that the region above
75 GeV/c? should not be presented at the APS meeting unless additional work is
done.

Second, the TIPTOP event generator treats radiation to first order only with
no exponentiation of soft photons. Because of this deficiency, the calculated cross
section was reduced by 30% in determining the mass limits for the production of
heavy neutral lepton pairs. More work must be devoted to checking this calculation
before we will feel fully confident in these limjts.

The paper is being released to the collaboration now for comments. Please send
comments to KROLL@CERNVM by Friday, April 13, at 5:00pm.
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Abstract

Data taken with the OPAL detector at LEP during a scan of the Z° resonance were searched for
evidence of production of neutral heavy leptons that decay via mixing. Four different mixing modes
of the neutral heavy lepton are considered: L°—e W*,L°—pu W*, L°—7+ W*, and L°—v Z*. No
evidence is seen of a neutral heavy lepton signal; branching fraction limits are set for Z°— L°L9 and
for Z°—v L9 (or 7L°) relative to Z°—hadrons. Depending on the assumed neutral-heavy-lepton
decay mode and mass, limits on this ratio in the range of 103 to 10~* are obtained.



1 Introduction

A feature of many extensions to the standard model is the existence of neutral heavy leptons. Many
experimental searches have been made for such objects [1]. This paper presents results of a search
for neutral heavy lepton in the data of the OPAL detector (2] taken in scans at the Z° peak. The
acceptance corrected number of hadronic events in the data sample used in this search is 24275.

Our purpose is to make a general search for neutral heavy lepton events in Z° decays. The
event signatures we search for are motivated by three models of neutral heavy lepton production
and decay (following a review by Gilman [3]).

e Fourth Generation With Mixing
The model contains a fourth generation of quarks and leptons, including right-handed singlet
fields for the neutrinos. The weak eigenstates are mixtures of the mass eigenstates (v;). For
example,

Ve = 2;:1 Ungj,
and the neutral heavy lepton will decay via mixing in the charged—current mode (L°= v,):
‘ Lo~ W* | = epand/orr

(the fourth generation charged lepton is assumed to be heavier than the fourth generation
neutrino). Neutral-current decays L°—yZ* are forbidden by the GIM mechanism. For A,
less than half the Z° mass, the neutral heavy lepton is produced via

ete=—L°LO (1)
with the same cross section as light neutrinos (except for phase space factors).

[

o See-Saw Model
Each left-handed neutrino has a massive right-handed singlet partner. The light neutrinos
mix with the heavy neutral singlets. The neutral heavy leptons do not couple directly to the
Z° but for M < M, one expects production through

ete-—v L0or TL° (2)
where the cross section is reduced from the cross section for light-neutrino pair-production
by a phase-space factor and the square of the mixing amplitude (the cross section for pair-
production of heavy neutrinos is reduced by the fourth power of the mixing amplitude). The

neutral heavy lepton can decay through both charged-current and neutral-current modes
since no GIM suppression operates between the left-handed and right-handed sectors.

Lol we (3)
JASNVY A (4)
|l = epand/orr

e Mirror Lepton Model
The mirror sector consists of right-handed doublets and left—-handed singlets. For My < M,/2
one expects production through reaction (1). Depending on the model, subsequent decays
may occur in the mirror sector or through mixing into the standard sector. Both charged-
current (3) and neutral-current (4) decays are allowed.

More detailed discussions of models containing neutral heavy leptons can be found in (3] [4] [5].
In this report we present results of a search for events from reaction (1) and (2) and for both
charged-current and neutral-current decays of the neutral heavy lepton.



Before discussing the search for direct evidence of heavy neutral leptons, it is interesting to con-
sider the implications of the OPAL Z° line shape measurement [6]. The current OPAL line shape
measurement yields an invisible width of I'in,=453+44 MeV and a total width of I';=2536+45
MeV. Figure 1 shows the partial width I'(Z°—L°L%) for production of neutral heavy leptons
through reaction (1) with standard model coupling. A 2 o upper limit on T;,, is 541 MeV.
The invisible width of three light neutrinos plus a stable neutral heavy lepton would be greater
than 541 MeV if the heavy lepton had a mass less than 42.3 GeV/c3. Whether or not it is sta-
ble, a neutral heavy lepton would also increase the total width. A 2 ¢ upper limit on the total
width measurement excludes a neutral heavy lepton for M1 <22 GeV/c3. A direct search can set a
much more stringent limit for unstable neutral heavy leptons. A 1 MeV increase in the Z° width
corresponds to the production of 14 events in this data sample.

2 The Detector

The data were recorded with the OPAL detector at the CERN e*e~ collider, LEP, during the Fall
1989 run. Detailed descriptions of the OPAL detector have been presented elsewhere [2] [9]. The
detector consists of 6 main subsystems. These are

1. A central drift chamber system inside a 6.16m by 4.0m diameter solenoidal magnet which
produces a 0.43 Tesla field. The central drift chamber system consists of a high-precision
vertex chamber, a main jet chamber with 159 axial sense wires (r-¢ measurement) with dE/dz
and current division (2-coordinate) readout, and z-chambers (2-coordinate).

2. A time-of-flight system (TOF) consisting of 160 scintillation counters. These counters cover
the surface of the magnet coil.

3. An electromagnetic calorimeter, surrounding the magnet, composed of a presampler and lead-
glass counter array. The lead-glass array consists of 9440 blocks (10 x 10 cm) in the barrel
region and 1123 blocks in each of the two endcaps.

4. A hadron calorimeter composed of limited streamer and proportional chambers embedded in
the barrel and endcap flux return iron of the magnet.

5. A muon chamber system comprised of four layers of large drift chambers surrounding the
detector.

6. A system of luminosity monitors composed of lead—scintillator calorimeters and proportional
tubes. These forward detectors cover angles around the beams from 39 to 155 mrad.

The triggers used in this analysis are based on four independent detector components: the elec-
tromagnetic calorimeter, the time-of-flight system, the jet chamber, and the barrel muon chambers.
The calorimeter trigger requires an energy sum of at least 6 GeV in the lead-glass barrel or in one
endcap, and the TOF trigger requires hits in at least three nonadjacent time-of-flight counters.
A track trigger for charged particles requires that at least two jet—chamber tracks must originate .
from the vertex in the r-z projection, each with a minimum transverse momentum of 450 MeV/c.
In addition, an event is recorded if a track found in the barrel muon chambers (with three out of
four planes) is associated within 260 mrad in azimuth with either a signal in a TOF scintillator or
a track found in the central detector. The calorimeter, TOF, and track triggers are independent,
which allows a cross—check of trigger efficiencies.



All events were passed through an on-line event filter [9] to reject trivial backgrounds. The
efficiency for neutral heavy lepton events to pass both the trigger and filter selection has been
determined from Monte Carlo studies and is included in the overall selection efficiency.

3 Analysis

Two methods are used to search for neutral heavy leptons:

1. a search for events with large missing energy and transverse momentum

2. a search for events with an isolated lepton (e or u) together with a second isolated track

Eight combinations of production and decay modes of neutral heavy leptons have been studied.
These combinations and the corresponding search methods are

o ete"—LOLO

- LO—e W* isolated track search
- LO—p W isolated track search
- LT W* isolated track search

AT A missing energy and p;
e ete-—v L0 or UL

- LO9—e W* missing energy and p;
- Loy wr missing energy and p; -
- LO—sr W missing energy and p,

- LO—vy 2 missing energy and p;

In the ete~— L°LO production channel, events can occur where the L and the L9 do not decay
to the same mixing partner (e u or 7) or through the same mode (charged-current or neutral-
current ), depending on the model. Such processes have not been considered explicitly in this study.
If both the L° and the L9 decay through a charged—current mode, but to different mixing partner
(e.g. LO°—e W*, L%—r W*), then the e acceptance is at least as large as the lesser of the two
single mode scceptances ( Lo—7 W*, LO—7 W*) or ( L%—e W*, L0—e W*). If the L° decays
through both charged—current modes (with 2/3 branching ratio) a.nd neutral-current modes (with
1/3 branching ratio) as expected in one model [4], then a conservative upper limit on the production
rate is 9/4 times the limit obtained assuming pure charged-current decays.

The partial width for the decay
L° - I"W*— I‘l""vl:
is given by:

, 2 ard
(Lo — I-1"*vy) = Uy |PSE25%



where |Uj|? is the coupling strength of the neutral heavy lepton L° to the light generation (I,l' = e,
i, or 7). For heavy neutral lepton production via e*e~— LOLY, if the value of |UjL|? is sufficiently
small, the heavy leptons could escape detection because of a long lifetime. From a Monte Carlo
calculation incorporating our charged track selection criteria, the effect of finite neutral heavy
lepton lifetimes on acceptance has been estimated. Figure 2 shows the mixing parameter value
at which we expect a less than 10% loss in detection efficiency plotted as a function of the heavy
lepton mass. For |Ujg|? values greater than 10~7 (Mp=25 GeV/c?) to 107° (M= 45 GeV/c?),
the acceptance losses are very small.

For heavy lepton production via ete~—v L% or 7L°, the parameter |UiL|? also enters the cross
section. One finds that if |Ujz|? is large enough to permit production at the sensitivity of this
experiment, then the lifetime is very short and there is no loss in acceptance. Ignoring phase space
factors, the production of one event in our data sample corresponds to a |Ujz|? value of 2 x 10~4.
At Mp=20 GeV/c? and |Ujp|?=2 x 1074, the mean decay length is 3.2 um (7] where the heavy
lepton decays through virtual W modes.

In each of the two searches, some common event selection criteria were applied. These in-
cluded 1) cuts to ensure nominal operation of the relevant detector elements, 2) cuts to suppress
backgrounds from cosmic rays and beam-gas interactions, and 3) cuts to ensure accurate event
reconstruction. A detailed description of these cuts has been presented elsewhere [8].

Missing Energy/Momentum Search

The missing energy/momentum search is used to look for ete~—v L0 or UL events and for
ete——L9LO events where the neutral heavy lepton decays through L®—y;Z*. The search is based
on the total visible energy in the event and on the component of the total momentum transverse
to the beam direction. These two quantities are calculated by summing the four-momenta derived
from each accepted track in the jet chamber and from each cluster in the lead-glass electromagnetic
calorimeter, assuming massless particles. If a cluster has one or more tracks associated to it, only
the excess of the cluster energy over the sum of the momenta of the associated tracks is included in
the sum (this is to avoid double—counting of energy). The four-momentum sum is used to define
the total visible energy ( Ey,), the magnitude (p;) of the total momentum transverse to the beam,
and the direction of the missing momentum. Comparison of E,;, and p; distributions from the
data and hadronic Z° Monte Carlo events are in good agreement (8].

To eliminate backgrounds from hadronic Z° decays, events are required to have a measured p,>
0.17Eyi, + 6.6 GeV/c, (Ey;, in GeV) and a visible energy E,;, < 80.0 GeV. To suppress background
from events with undetected energetic particles escaping down the beam pipe, events are rejected
if the energy measured in the forward detector exceeds 5.0 GeV.

Background from 7-pair production is eliminated by requiring the thrust of the event (calculated
from charged tracks alone) to be less than 0.95.

The remaining background comes primarily from hadronic events in which a mismeasurement
of the energy of a jet leads to an artificial missing momentum. This missing momentum tends to lie:
along the direction of other particles detected in the event. Therefore, we require that there be no
energetic detected particles produced in the direction of the missing momentum. We calculate the
total energy of charged tracks and electromagnetic clusters within a cone of 30° half-angle around
the direction of the missing momentum, and require both of these cone energies E.... to be less
than 1 GeV.



Figure 3a shows the distribution of events in visible energy vs p; after the other cuts have been
applied. Two events are selected by the missing energy/momentum search. Both are multihadron
events with large visible energy (69 and 67 GeV), missing momentum (20 and 18 GeV/c), and
charged-track multiplicity (33 and 28). The observed events are consistent with background ex-
pected from hadronic Z° decay. Based on Monte Carlo studies we expect to observe 1.3+0.8 such
events. Figure 3b shows an example of the visible energy vs p, distribution for a neutral heavy
lepton signal. The acceptance and sensitivity to neutral heavy lepton events are discussed below.
Upper limits from the missing energy and momentum search are based on 6.3 expected events (95%
CL upper limit on 2 observed events).

Isolated Track Search

The second event selection method is used to search for events of the type ete~ —L°L0 where
the neutral heavy lepton decays through L°—I! W*, | = e u or 7. It requires that a candidate
event have a minimum of four charged tracks, each with momentum greater than 1 GeV/c, two of
which are isolated tracks. One of the isolated tracks must be identified as a lepton. Only tracks
with reconstructed momentum greater than 5 GeV/c and | cosf| < 0.7, where @ is the polar angle
measured with respect to the beam, are considered as isolated track candidates. The track must
be associated with a cluster of at least 100 MeV energy in the electromagnetic calorimeter. A
minimum-ionizing particle typically deposits 700 MeV in the electromagnetic calorimeter. The
isolation requirement is imposed by requiring that within a cone of 30° half-angle around the
isolated track (1) the total energy from other charged tracks be less than 1 GeV, and (2) the total
energy of electromagnetic clusters, excluding the cluster associated with the track, be less than 2
GeV.

Electron and muon selection: criteria have been presented in detail in a previously published
search for charged heavy leptons [8]. Briefly summarized, electron identification is based on a
match between the track momentum measured in‘the central tracking system and the energy mea-
sured in the electromagnetic calorimeter. In addition, an electron is required to have a transverse
shower size (number of lead glass blocks hit) and longitudinal shower size (penetration into the
hadron calorimeter) consistent with an electromagnetic shower. Muon tracks are identified by a
small energy deposition in the electromagnetic calorimeter and by penetration into the hadron
calorimeter and muon chamber systems. Based on an analysis of independently selected samples of
ete—ete , ete"—utu~, and ete~—7+ 1" events, electron and muon identification efficiencies
are 86+3% and 92+3% respectively.

After the above cuts are applied to the data, five events remain. Four of these events are
consistent with background from ete~ — [+~ v, with the photon converting to an e* e~ pair. The
fifth event appears to be u* u—x*7~, where the pion pair has an invariant mass consistent with a
p. All of these events are removed by requiring that the transverse mass of all charged tracks with
p > 1 GeV/e, excluding the two isolated tracks, be greater than 1.5 GeV/c?. This additional cut
reduces the efficiency for detecting L°L? events by less than 10%.. ,

Limits derived from this search are based on 3.00 events ( 95% CL upper limit for zero observed °
events). Based on Monte Carlo studies, we expect to observe 0.6+0.6 background events from
hadronic Z° decays.



4 Monte Carlo Generation

The ete~— L9LO heavy lepton samples were produced using a modified version of the TIPTOP (10]
Monte Carlo program. TIPTOP includes mass effects, initial-state radiative corrections and spin-
spin correlations among heavy lepton decay products. The program was modified to include the
decay L°—y Z*, by generalizixi the L° decay matrix element. Additional modifications were
necessary to simulate ete™—v L9,

Events were processed through the fast version of the OPAL detector Monte Carlo code. This
code selects detector signals from parameterized distributions derived from the full shower OPAL
package. Comparison with selected samples produced using the full showering code gave consis-
tent results. In calcutating upper limits on neutral heavy lepton production, we have included a
5% uncertainty in the acceptance calculations, to which we have added a 3% uncertainty in the
luminosity, to get a total uncertainty of 8% on the expected number of signal events.

5 Results

The acceptances have been calculated as a function of neutral-heavy-lepton mass (My) for each of
the two production modes ete~—L°LO and e*e~—v L9 (or #L°). The results are shown for each
of the four heavy-lepton decay modes (L°—e W*, u W*, + W*, and v Z*) in Figures 4a and 4b.

In the L°L? final state the acceptance is smaller for the L®—r W* mode then for the L°—e
W* or L°—pu W* modes. The large branching fraction of the 7 to hadronic modes results in many
of the 7 decay combinations not 'saliisfying the isolated track selection requirements.

The number of events expected in the data sainple is given by:
o Nig=Apglog

— Ay - acceptance
— L - luminosity
— O - cross section

then:

o7 . I(Ze—I° 1) __ N,zAy
oned  [(Z°—hadrons) = Nped;z

Using this formula, the acceptance curves were converted to 95% confidence level upper limits on
I'(Z9 — L° L9) /L(Z° — hadrons) vs My. The results are shown in Figures 5a. The limits can
be compared with the expected branching ratio for standard model coupling in LOL° production
shown in Figure 1. In the standard model, the number of fourth-generation massive neutrinos
produced can be calculated as a function of mass, summing the production cross section times the
integrated luminosity at each beam energy. From this calculation and the detection efficiencies
shown in Figure 4a, we can set 95% CL limits on the mass of a standard model L%:

Mpo > 46.3 GeV/c?, if L° mixes with e or u,

Mo > 45.7 GeV/c3, if L° mixes with 7.



These limits are valid only if the mixing at a given L° mass is greater than the value shown in
Figure 2.

The limits on the branching ratios for the e*e~—v L9 (or 7L°) process for the four L? decay
modes are shown in Figure 5b. The neutrino energy decreases as the neutral heavy lepton mass
(ML) increases. This results in a decreased acceptance at high My in the L° —e, u, or 7 W*
modes, since it is less likely that the missing energy and p; criteria are satisfied. Neutral heavy
leptons are excluded in Z° decay at the level of 1073 to 10~* of Z°—hadrons, depending on the
neutral heavy lepton mass and decay mode.

In the see-saw model, the production rate depends on both the mass Mo and the mixing
|UiL|3. From the branching ratio limits given in Figure 5b, we can set limits on |U;z|? as a function
of Mro. If we assume that the L° decays through the charged-current with 2/3 branching ratio
and through the neutral current with 1/3 branching ratio, we obtain the 95% CL limits shown in
Figure 6 for e, 1, and 7 mixing. The regions above the curves are excluded. The unitarity limits [4]
for each type of mixing are shown for comparison. The search for ete~—v L% (or 7L?) events will
be of continuing interest as the accumulation of data at LEP allows greater sensitivity.
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Figure Captions

FIGURE 1: The partial width ['(Z°—L°L9) vs My, or equivalently —-(1;—)-;[.[(‘[‘2"_';::}:‘ vs My, for
standard model coupling

FIGURE 2: For a given My, at a value of |Ujz|? larger than the value plotted, the finite heavy
lepton lifetime would result in a detection efficiency loss less than 10%. The mass limits of Figures
5a and 5b assume no loss due to finite lifetimes.

FIGURE 3: a) visible energy vs p, for the data after the thrust, cone energy, and forward
detector energy cuts have been applied b) the equivalent plot for a 60 GeV/c? mass neutral heavy
lepton Z%—v LO or UL® where L°—e W*

FIGURE 4: (a) Acceptance vs M, for the process ete~— LOL0, where the neutral heavy lepton
decays via (1) L°—e W*, (2) L°—u W*, (3) L°—r W*, or (4) L°—v Z*. (1),(2), and (3) are based
on the isolated track search. (4) is based on the missing energy and p; search. (b) Acceptance vs
M, for the process e*e~—v L9 or 7L?, where the neutral heavy lepton decays via (1) L%—e W=,
(2) LO—p W*,(3) L°—T W*, or (4) L°—>v Z*. All are based on the missing energy and p; search.

FIGURE 5: (a) 95% CL upper limit on ﬁ%&; vs M; for (1) LO—e W*, (2) LO—pu W*,
(3) Lo—7 W*, or (4) L°—v Z*. (1),(2), and (3) are based on the isolated lepton search. (4) is
based on the missing energy and p; search. (b) 95% CL upper limit on ”é"ﬁ:ﬁ: d:"ofzo) vs My, for
(1) LO—e W*, (2) LO—p W*,(3) LO—T W*, or (4) L°—v Z*. All are based on the missing energy
and p; search.

i
FIGURE 6: The 95% CL limits on |Ujz|* as a function of Mo for e, y, and T mixing. We
assume that the L decays through the charged-current with 2/3 branching ratio and through the
neutral current with 1/3 branching ratio. The regions above the curves are excluded. The unitarity
limits (4] for each type of mixing are shown for comparison.
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Fig. 6 — 95 percent CL limit, Z—vL°
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