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Abstract. We have searched for unstable neutral and charged heavy leptons, N and L*, and for excited
states of neutral and charged leptons, v*, e*, p* and 7%, in ete™ collisions at centre-of-mass energies of
170 and 172 GeV using the OPAL detector at LEP. No evidence for their existence was found. From
the analysis of charged-current decays of pair-produced unstable heavy leptons, and of charged-current
and photonic decays of pair-produced excited leptons, lower limits on their masses are derived. From the
analysis of charged-current and photonic decays of singly-produced excited leptons, upper limits on the

ratio of the coupling to the compositeness scale, f/A, are determined for masses up to the kinematic limit.
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1 Introduction

In spite of its remarkable success in describing all elec-
troweak data available today, the Standard Model leaves
many questions unanswered. In particular, it does not ex-
plain the number of fermion generations nor the fermion
mass spectrum. The precise measurements of the Z-boson
parameters in eTe™ collisions at centre-of-mass energies,
/s, around the Z-boson mass, Mz, have determined the
number of species of light neutrinos to be three [1]; how-
ever, this does not exclude a fourth generation, or other
more exotic massive fermions, if all of the new particles
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have masses greater than My/2. New fermions could be
of the following types (for a review see [2]): (i) sequential
fermions, (ii) mirror fermions (with chirality opposite to
those of the Standard Model), (iii) vector fermions (with
left- and right-handed doublets) and (iv) singlet fermions.
These new fermions could be produced at high energy
ete™ colliders such as LEP, where two production mech-
anisms are possible: (i) pair-production, and (ii) single-
production in association with a light standard fermion
from the three known generations. We concentrate on the
search for the pair-production of new unstable heavy lep-
tons and for both pair- and single-production of excited
states of the known leptons in ete™ collisions at centre-
of-mass energies up to /s = 172.3 GeV. The results will
be interpreted in terms of sequential and excited lepton
models.

Lower limits on the masses of heavy leptons were ob-
tained at /s ~ My [1,3], and recent searches at /s = 130—
140 GeV [4,5] and /s = 161 GeV [6] have improved these
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limits. The L3 Collaboration has also reported results on
sequential heavy lepton searches up to /s = 172 GeV
[7]. Excited leptons have been sought at the LEP ete™
collider at /s ~ My [8], /s = 130-140 GeV [9,10] and
Vs =161 GeV [11,12], and at the HERA ep collider [13].
Processes such as ete™ — vy and efe™ — ff are sensi-
tive to new particles at higher mass scales but have less
sensitivity than direct searches if direct production is kine-
matically allowed [14,15].

1.1 Heavy leptons

We assume mixing with at most one of the light standard
leptonic generations in order to avoid leptonic flavour-
changing neutral currents (FCNC) at the one-loop level.
General new heavy leptons could in principle decay
through the charge-current (CC) or the neutral-current
(NC) channels:

N — (FWT N — L*TW¥ N — ,Z,

)

Lt - y,W* , Lt - NW* , LT — (%7,
where N is a neutral heavy lepton, L* is a charged heavy
lepton, and ¢ =e, p or 7. For heavy lepton masses less
than the boson mass, Mw or My, the vector bosons are
virtual, leading to a 3-body decay topology. For masses
greater than My or My, the decays are 2-body, and the
CC and NC branching ratios can be comparable. For
masses close to Mw or My, it is important to treat the
transition from the 3-body to the 2-body decay properly,
including effects from the vector boson widths. Expres-
sions for the computation of partial decay widths with an
off-shell W or Z can be found in [16]. A mixing angle (¢)
of the heavy lepton with the standard lepton flavour of
0.01 yields a decay length c¢r of O(1 nm); since the de-
cay length is proportional to 1/¢2, by looking for unstable
heavy leptons with efficiency for decays with radii O(1
cm), we remain sensitive down to mixing angles squared
O(10712). The present upper limit on ¢? is approximately
0.005 [17].

Furthermore, we limit ourselves to the case where N
and L* decay via the CC channel only, as would be ex-
pected in a naive fourth generation extension to the Stan-
dard Model. In fact, since the new mass region to which
we are most sensitive is near My, the CC channel should
dominate even for more exotic heavy leptons.

There are several possible new heavy lepton discov-
ery channels, depending on the charge of the lightest new
heavy lepton and its decay modes. We conduct three dif-
ferent analyses to ensure coverage of these channels:

(A) ete™ — NN with a flavour-mixing decay into a light
lepton, N — eW, N — uW or N — 7W. For a Dirac- and
a Majorana- (N = N) type of neutral heavy lepton:

Dirac

ete” — NN
L erw-
|—>qiqi or £~ Dy
Wt
|——>ch'1m or " ym
Majorana
ete” — NN
Ly erwe
I—)qiqj or {'F 5/}3
EWF
L%qkqm or 0"F {gh

The typical signature of such an event is at least two iso-
lated charged leptons plus the decay products of the two
W bosons. In the Majorana case, the two leptons may have
the same charge. This should be the first visible channel
if N is the lightest new particle and it mixes with one of
the known lepton generations.

(B) eTe™ — LTL™ with a flavour-mixing decay into a
light neutrino L™ — v,W™:

ete” — LTL~
I—) W~
|—-)qi(_lj or £~ vy
7 W+
[—>qkqm or £y

This process leads typically to multi-jet events with large
transverse momentum or transverse missing energy. This
should be the first visible channel if L™ is the lightest
new particle and it mixes with one of the known lepton
generations.

(C) ete™ — LTL™ where L= — NW~ (where N is a stable
or long-lived neutral heavy lepton which decays outside
the detector). This production is possible if N is the lighter
member of an SU(2) doublet which does not mix with the
lighter generations.

ete” — LtL-
L nw-
Lxli(]j, él_f/l’

Nw+
Lotuin, €740

This signal leads to a very low visible energy if the mass
difference, Mi+ — My, is small. This would be the sig-
nature of a naive fourth generation lepton doublet which
does not mix appreciably with the three known lepton
generations and which satisfies M1+ > My.
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For completeness, a final search should be performed
looking for long-lived charged heavy leptons, which could
come from a fourth generation with My + < My and very
small mixing. The signature would be a pair of heavy
charged particles visible in the detector. This topology
will be included in a subsequent paper.

1.2 Excited leptons

Excited leptons are new massive states of leptons expected
in compositeness models. They are assumed to have the
same electroweak SU(2) and U(1) gauge couplings to the
vector bosons, g and ¢’, as the Standard Model leptons,
but are expected to be grouped into both left- and right-
handed weak isodoublets with vector couplings. The ex-
istence of the right-handed doublets is required to pro-
tect the ordinary light leptons from radiatively acquiring
a large anomalous magnetic moment via the £*£V inter-
action [18] (V is a 7, Z or W* vector boson).

Excited leptons could be produced in pairs in ete”
collisions via the process ete™ — £*¢*, governed by the
£*0*V coupling. Depending on the details of the three £*¢V
couplings, they could be detected in photonic, CC or NC
channels:

v; — (EWT |

VZ — vy , UZ — v,

e*i N [i,y , g*i _ yzwi , g*i N giZ’
where v* is a neutral excited lepton, £** is a charged ex-
cited lepton, and £ = e, p or 7.

The branching fractions of the excited leptons into the
different vector bosons is determined by the strength of
the three £*/V couplings, which also determine the size of
the single-production cross-section. We use the effective

Lagrangian [18]

1
24
+hermitian conjugate,

VES v T Y
EU* = ot gf2Wuu +g/.f, 2 B;u/ éL

which describes the generalized magnetic de-excitation of
the ¢* states. The matrix o*” is the covariant bilinear
tensor, T are the Pauli matrices, W, and B, represent
the fully gauge-invariant field tensors and Y is the weak
hypercharge. The parameter A has units of energy and can
be regarded as the “compositeness scale,” while f and f’
are couplings associated with the different gauge groups.

Depending on the relative values of f and f’, at the
mass scales within the sensitivity of LEP either the pho-
tonic or CC decay tends to have the largest branching
fraction, and in this paper we will consider only these two
decay modes. For simplicity, we will interpret our results
using two example complementary coupling assignments,
f=fand f=-f.

Several analyses are used for the excited lepton search:
(A) eTe™ — v*v(*), with CC decays of the neutral excited
lepton(s):

Pair Production
ete™ — 1}y
Ls erw-
l-—)qiqi or £~ vy
WT
|—>qkqm or £y

Single Production

ete™ — iy
Ly prw=
l—»qic'h or ¢'F 5753

The topology of pair-production with CC decays is almost
identical to the flavour-mixing decay of neutral heavy lep-
tons considered as case (A) in Sect. 1.1, and the same
analysis is used. The topology of single-production with
CC decays can be categorised by the W* decay mode.
If the W* decays leptonically, the signature is two lep-
tons with missing transverse momentum (acoplanar lep-
ton pair), while if it decays hadronically, the signature is
an isolated lepton with two hadronic jets plus missing en-
ergy. In this latter case, the mass of the excited lepton can
be reconstructed.

(B) ete™ — £**¢™)F  with CC decays of the charged ex-
cited lepton(s):
Pair Production
ete™ — 0t~
l—) v,W~
l—)qiqj or £~y
AV
L—>qk<im or £" vy

Single Production

ete™ — 4T
(_
Ve W
_ =)
I—)qjqj or ' vy

Again, the analysis for the flavour-mixing decay of charged
heavy leptons considered as case (B) in Sect. 1.1 is used
for pair-production. The topologies of single-production
with CC decays are the same as that for neutral excited
leptons, and the same analysis is used.

(C) ete — v*»™), with photonic decays of the neutral
excited lepton(s):

Pair Production

ete” — v*'o*

i
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Single Production

ete™ — vy
1——) vy

The signature is one or two photons plus significant miss-
ing energy. While no direct mass reconstruction is possi-
ble, the kinematics of the photon(s) can be used to re-
strict the excited neutrino mass which is consistent with
the event.

(D) ete™ — £*F¢()F  with photonic decays of the charged
excited lepton(s):

Pair Production
ete™ — g*H0*-
|—> £y
£ty

Single Production

ete — LT
|—> iy

The signature is two leptons plus one or two photons with
no missing energy, and the excited lepton mass can be
reconstructed from the lepton-photon invariant mass. If
the e*ey coupling is significant, excited electron single-
production is dominated by t-channel photon exchange;
in this case, the recoil electron is most often missing along
the beam axis, making a search in the ey plus missing
electron topology interesting as well.

2 The OPAL detector and data sample

A complete description of the OPAL detector can be found
n [19], and it is described only briefly here. The central
detector consists of a system of tracking chambers that
provides charged particle tracking over 96% of the full
solid angle! inside a uniform 0.435 T magnetic field. It
consists of a two-layer silicon microstrip vertex detector,
a high-precision vertex drift chamber, a large-volume jet
chamber and a set of z chambers that measures the track
coordinates along the beam direction. The specific ioniza-
tion energy loss per unit path length in the jet cham-
ber, dE/dx, is used for particle identification. A lead-
glass electromagnetic calorimeter located outside the mag-
net coil covers the full azimuthal range with excellent
hermeticity in the polar angle range of |cosf| < 0.82
for the barrel region and 0.81 < |cosf| < 0.984 for the
endcap region. In the region where the barrel and end-
cap calorimeters overlap, photon and electron energy res-
olution is somewhat degraded because of extra material

! The OPAL coordinate system is defined so that the z-axis
is in the direction of the electron beam and the x-axis points
towards the centre of the LEP ring; 6 and ¢ are the polar
and azimuthal angles, defined relative to the +2- and +z-axes,
respectively

in front of the calorimeters. A set of wire-chambers in
front of the electromagnetic calorimeter, the presampler,
is used to measure the shape of electromagnetic showers
from electrons and photons that interact in the magnet
coil, and is used to aid electron identification. The mag-
net return yoke is instrumented with streamer tubes with
cathode-strip readout for hadron calorimetry and consists
of barrel and endcap sections along with pole-tip detectors
that together cover the region |cosf| < 0.99. Muons are
identified with the hadron calorimeter strips, and with
four layers of muon chambers which cover the outside
of the hadron calorimeter. The gamma-catcher, forward-
detector and silicon-tungsten electromagnetic calorimeters
complete the geometrical acceptance down to 24 mrad.
The silicon-tungsten calorimeter is used for the luminos-
ity measurement.

The primary data sample used in this paper has an
integrated luminosity of 1.0 pb~! at /s = 170.3 GeV
and 9.3 pb~! at /s = 172.3 GeV and was acquired by
OPAL during the autumn 1996 LEP running period. The
results are combined with those obtained from 10.3 pb~!
of data at /s = 161.3 GeV acquired during the summer of
1996. The luminosities used in the purely photonic events
selection are slightly different due to small differences in
the detector status requirements used in those analyses.

3 Monte Carlo simulation

A new Monte Carlo generator, EXOTIC, has been used for
the simulation of ete™ — NN and eTe™ — LTL™ events.
The code is based on formulae given in [16,20] and the ma-
trix elements include all spin correlations in the produc-
tion and decay processes of the heavy leptons, and a com-
plete treatment of the transition from 3-body to 2-body
heavy fermion decays; it uses JETSET [21] for fragmenta-
tion and hadronization of quarks. For NN, and for LTL~
with L™ — »,W™, production, Monte Carlo samples of
2000 events each were generated for a set of masses in
the region of sensitivity of this analysis. Different samples
for Dirac- and Majorana-type heavy neutral leptons were
generated, taking into account the different angular distri-
butions in the two cases. For the case where L= — NW ™,
samples of 1000 events each were simulated at 30 points in
the (My,,My) plane with Mj, ranging from 70 to 85 GeV
and My from 40 to 80 GeV, and with a mass difference
M, — My larger than 5 GeV.

The excited lepton Monte Carlo samples were simu-
lated with the existing generators EXLP and LSTAR de-
scribed in [9]. These generators use the formulae from [18],
but without taking into account the spin correlations in
the production and decay of excited leptons. The effect
of spin correlations on the efficiency for the detection of
excited leptons has been studied using analytic approxi-
mations and also using EXOTIC, which supports excited
leptons as well, and it was found to be negligible. For
the pair production channels, samples of 2000 events each
were generated for masses in the range from 65 to 85 GeV,
and for the single production case samples of 2000 events
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each were generated for masses in the range from 80 to
170 GeV.

The backgrounds from Standard Model processes were
studied with a variety of Monte Carlo generators. Two-
fermion processes were simulated with BHWIDE [22]
(large-angle Bhabha scattering), TEEGG [23] (t-channel
Bhabha scattering), KORALZ [24] (muon- and tau-pair
production) and PYTHIA [21] (e*e™ — Z/v — qq). These
generators all include both initial- and final-state radi-
ation, which is particularly important for the radiative
decay analyses.

Hadronic two-photon processes of the form e
ete~qq, with the final-state electrons scattered at small
angles, were simulated with PYTHIA, HERWIG [25] and
PHOJET [26]. Leptonic two-photon processes were simu-
lated with Vermaseren [27]. Other 4-fermion processes, the
most important of which is WTW ~ production, were stud-
ied with PYTHIA, FERMISV [28], EXCALIBUR [29] and
grcdf [30]. FERMISV simulates neutral-current 4-fermion
processes, which can be combined with WTW~ produc-
tion samples generated with PYTHIA. EXCALIBUR and
gredf include CC and NC 4-fermion processes and all in-
terference effects. Different combinations of samples from
the different 4-fermion generators yielding a complete es-
timate of the background processes gave consistent pre-
dictions.

Finally, Standard Model processes with only photons
in the final state are an important background to the anal-
ysis of excited neutral leptons with photonic decays. The
RADCOR [31] program was used to simulate the process
ete™ — 77(v), and both KORALZ and NUNUGPV [32]
were used to simulate the process eTe™ — vvy(y).

All signal and background Monte Carlo samples were
processed through the full OPAL detector simulation [33],
and passed through the same analysis chain as the data.

+to—

4 Selection criteria

Since the searches presented in this paper involve many
different experimental topologies, a number of different
analyses are used for the heavy and excited lepton
searches. These analyses evolved independently and use
slightly different criteria for such details as track and clus-
ter quality requirements and lepton identification meth-
ods. In Sect. 4.1, the three analyses for the CC decays
of pair-produced heavy and excited leptons are described.
Next, Sect. 4.2 details the search for the single production
of neutral and charged excited leptons with CC decays.
Section 4.3 summarizes the search for neutral excited lep-
tons with photonic decays. Finally, in Sect. 4.4, the se-
lection of charged excited leptons with photonic decays is
described.

4.1 Pair production of heavy leptons and
of excited leptons with CC decays

All charged tracks and calorimeter clusters are subjected
to some quality criteria: each track is required to have

a minimum momentum transverse to the beam axis, pr,
of 0.15 GeV, to have a minimum number of 20 hits in
the central tracking detector, and to point to the geomet-
rical centre of the detector to within 2 cm and to pass
within 25 cm of the origin in z at the point of closest
approach in r¢; each electromagnetic cluster in the bar-
rel is required to have a minimum energy of 0.1 GeV,
while for the endcap regions the minimum raw energy is
0.25 GeV; hadronic clusters are required to have a min-
imum energy of 0.25 GeV. In calculating the total vis-
ible energy and momentum of events, and of individual
jets, corrections are applied which reduce the effects of the
double-counting of energy from tracks and clusters associ-
ated to them [34]. Jet reconstruction is done by using the
k1 (“Durham”) [35] jet-finding algorithm with a resolu-
tion parameter y.u; of 0.004. For electron, muon, and tau
identification the following procedures are applied:

electron: a track is identified as an electron candidate if
at least one of the following two methods is satisfied.

1. A standard electron identification: each good
charged track in the central detector, which sat-
isfies all the following criteria, is considered as an
electron candidate:

— p > 3.0 GeV, where p is the track momentum.

— 0.7< E/p < 1.4, where E is the energy of the
electromagnetic cluster associated to the track.

- 8 < dE/dz < 13 keV/cm, where dE/dz is
the ionization energy loss per unit path length
measured in the central detector.

— the number of dF/dz measurements is at least
20.

2. The output of an artificial neural network designed
to identify electrons [36] is required to exceed 0.90.
The network uses information mainly from the
track momentum, dE/dz, the energy in the associ-
ated electromagnetic calorimeter cluster, the num-
ber of lead-glass blocks in the cluster, and the pre-
sampler signal associated with the track.

In each case there is an isolation requirement on the

electron candidate using the total energy in a cone of

half-opening angle 15° surrounding the electron, ex-
cluding the energy of the electromagnetic cluster asso-
ciated with the candidate. The electron is considered
to be isolated if this energy does not exceed 5 GeV.

muon: a track with p > 3.0 GeV is identified as a muon
candidate if it is matched with track segments in the
muon chambers. In regions not covered by the muon
chambers the identification is done by using a match
with the hadron calorimeter strips. We require that
muon candidates be isolated as described above for
electrons.

tau: a tau lepton candidate is selected by either the elec-
tron or muon identification (as above) for a 1-prong
tau decay into an isolated lepton (e or p), or by jet
reconstruction for a 1-prong or a 3-prong tau decay
into hadrons. A jet is identified as a tau if either of the
following criteria were satisfied.
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Fig. 1. The distributions of | cos Omiss| versus Emiss are shown
in a for the background processes (bozr) and the selected
N — eW event among the data (filled circle) after cut 2; the
distribution for the NN signal is shown in b for a Dirac N
(with Mx = 75 GeV). The distributions for the number of re-
constructed jets for the case N — eW after cut 3 are shown in
c for the data (filled circles), the background processes (solid
line), and the NN signal (Dirac N, with Mx = 75 GeV) (broken
line). For the case N — 7W the visible energy (E\is) distribu-
tions after cut 4 are shown in d for the data (filled circles), the
background processes (solid line), and the NN signal (broken
line) for a Dirac N with My = 65 GeV. The arrows corre-
spond to the cut values. The corresponding distributions for a
Majorana N are similar

1. for a 1-prong decay, all of the following conditions
must be satisfied:
— it contained at least 1 track with p > 3.0 GeV.
— no track was found within a cone of half-
opening angle 15° surrounding the track.
— the momentum sum of the other tracks within
the jet was less than 1.0 GeV.
— the invariant mass of all tracks and clusters
within the cone was less than 3.0 GeV.
2. for a 3-prong decay, all of the following conditions
must be satisfied:
— it contained exactly 3 tracks in a cone of half-
opening angle 15° around the jet axis.
— the momentum sum of the 3 tracks was greater
than 3.0 GeV.
— the invariant mass of all tracks and clusters
within the cone was less than 3.0 GeV.
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4.1.1 Selection of NN candidates

To be considered as potential candidates for NN, or v*o*
with CC decays (category A in Sect. 1.1, and pair-pro-
duction for category A in Sect. 1.2), the events must pass
the following set of cuts:

1. A standard multihadronic selection where tracks and
energy clusters satisfy the following (good tracks and
clusters are those which satisfy the quality criteria de-
fined in Sect. 4.1):

- Rvis Z 0107 Where Rvis = QXEES*};:M“; shw — Z Eraw
and E.,, is the raw energy of a good cluster and
Flheam is the beam energy.

- Rbal § 0.657 where Rbal =
Ebal = Z Eraw cos 0
(0 is the polar angle of the cluster).

— there are at least 7 good clusters.

— there are at least 5 good tracks.

2. There are at least 2 isolated leptons of the same flavour
(e, p, or 7). We do not apply a charge constraint in or-
der to be sensitive both to Dirac and Majorana neutral
heavy leptons.

3. To reject radiative events, principally et e™ — Z~v with
the photon missing along the beam axis, we require
that | cos Omiss| < 0.95 if Epniss > 35 GeV, where Oiss
is the angle between the missing energy vector and
the beam axis and F,iss is the missing energy in the
event (the most probable photon energy from eTe™ —
Zr is about 60 GeV). The distributions after cut 2 of
| cos Opmiss| versus Enss are shown in Figs. 1a and 1b.

4. The number of reconstructed jets is required to be at
least four. The distributions after cut 3 of the numbers
of reconstructed jets are shown in Fig. lc.

5. For the case N — 7W an extra cut is applied to reduce
the larger background: we require that 65 < E,is <
160 GeV, where FEy;s is the visible energy. The visible
energy distributions after cut 4 are shown in Fig. 1d.

For the cases N — eW and N — W the remaining
numbers of events after each cut are displayed in Tables 1
and 2 respectively (numbers for Dirac- and Majorana-type
N signals are shown in the same table). The numbers of
events remaining for N — 7W after each cut are displayed
in Table 3.

The efficiencies obtained for the NN and v*7* selec-
tions after applying the full analysis are evaluated from
the Monte Carlo samples discussed in Sect. 3. The total
selection efficiencies are about 60% if both heavy neutral
leptons decay via N — eW, 50% for N — W and 30% for
N — 7W. Topologies in which the heavy neutral leptons
decay into different light leptons imply mixing with more
than one of the standard leptonic generations, and are not
considered as noted in Sect. 1.1.

4.1.2 Selection of LTL™ candidates with L= — v, W~

In order to be considered as potential candidates for
L*L™, or £*t¢*~ with CC decays, where each charged
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Table 1. Observed number of events in the data sample and expected number of events from the
background sources and the NN signal (Dirac- and Majorana-types) for the case where N — eW,

normalized to the actual integrated luminosity at /s = 172 GeV. The statistical error on the
background Monte Carlo is small compared to that for data.
After Data Total qg(y) two-photon 77(v) 4-f Dirac Majorana
Cut Bkg My =175 GeV My =65 GeV
Presel — - — — - — 6.26 4.59
1 1411 1288 1137 26.6 3.33  120.8 5.67 4.15
2 1 1.72 0.35 0.0 0.03 1.34 4.07 3.14
3 1 1.48 0.21 0.0 0.03 1.25 4.01 3.07
4 0 0.68 0.08 0.0 0.01 0.59 3.88 2.89

Table 2. Observed number of events in the data sample and expected number of events from the
background sources and the NN signal (Dirac- and Majorana-types) for the case where N — W,

normalized to the actual integrated luminosity at /s = 172 GeV. The statistical error on the
background Monte Carlo is small compared to that for data
After Data Total qg(y) two-photon 77(v) 4-f Dirac Majorana
Cut Bkg My =175 GeV My =65 GeV
Presel — — — — - — 6.26 4.59
1 1411 1288 1137 26.6 3.33  120.8 5.37 3.81
2 0 1.23 0.27 0.0 0.0 0.96 3.41 2.53
3 0 1.02 0.13 0.0 0.0 0.89 3.37 2.47
4 0 0.51 0.04 0.0 0.0 0.47 3.28 2.36

Table 3. Observed number of events in the data sample and expected number of events from the
background sources and the NN signal (Dirac and Majorana types) for the case where N — 7W,
normalized to the actual integrated luminosity at /s = 172 GeV. The statistical error on the

background Monte Carlo is small compared to that for data

After Data Total qg(y) two-photon
Cut bkg
Presel - - — —
1 1411 1288 1137 26.6
2 4 7.99 2.44 0.59
3 4 6.53 1.41 0.48
4 3 3.52 0.61 0.48
5 2 1.98 0.21 0.0

heavy lepton decays into a light standard neutrino (cat-
egory B in Sect. 1.1, and pair-production for category B
in Sect. 1.2), the events must satisfy the following set of
selection criteria:

. The same multihadronic selection as cut 1 in

Sect. 4.1.1.

. To reduce the background from qq(y) and two-photon

processes we require that the energy deposited in each
forward-calorimeter, each gamma-catcher, and each
silicon-tungsten calorimeter be less that 2 GeV, 5 GeV,
and 5 GeV, respectively.

Non-radiative events are selected by demanding that
| cos Omiss] < 0.85. The |cosbpiss| distributions after
cut 2 are shown in Fig. 2a.

. To reject events containing two back-to-back jets

mostly from qq(y), the thrust of the event was re-
quired to be less than 0.85. The thrust distributions
after cut 3 are shown in Fig. 2b.

77(7) 4-f Dirac Majorana
My = 65 GeV My =55 GeV

- — 10.05 8.25
3.33 120.8 9.42 7.62
0.10 4.84 3.68 2.86
0.09 4.52 3.62 2.81
0.02 2.40 3.26 2.45
0.01 1.76 3.05 2.26

5. If no isolated lepton is found in the event we apply the

6.

following constraints:

— 80 < Eyis < 145 GeV. The visible energy distribu-
tions after cut 4 are shown in Fig. 2c.

— PTmiss > 15 GeV, where prpiss is the missing mo-
mentum transverse to the beam axis. The distribu-
tions for prmiss after cut 4 are shown in Fig. 2d.

— Njets > 4, where Njes is the number of recon-
structed jets.

— the maximum momentum of the good tracks should
not exceed 25 GeV.

If one or more isolated lepton is found, we apply the
following cuts:

— Fis < 100 GeV. The visible energy distributions
after cut 4 are shown in Fig. 2e.

— PTmiss > 20 GeV. The distributions for prm;ss after
cut 4 are shown in Fig. 2f.

— 1Vjets > 3.
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Fig. 2. The |cos0miss| distribution after cut 2 a and the
thrust distribution after cut 3 b, for the L™L™ candidate se-
lection with L™ — »,W ™. In the case where no isolated lepton
is found, the distributions after cut 4 for the visible energy
and the missing transverse momentum are shown respectively
in ¢ and d. In the case where at least one isolated lepton is
found, the corresponding distributions are shown respectively
in e and f. The filled circles are the data, the solid lines are
the background processes, and the broken lines are the LTL™
signal with L™ — v, W™ for the case where M1, = 80 GeV. The
arrows correspond to the cut values

The remaining numbers of events after each cut are
displayed in Table 4. The efficiencies obtained after all cuts
are estimated from Monte Carlo to be 20-25%, depending
on the mass of the heavy or excited lepton.

4.1.3 Selection of LTL~ candidates with L= — NW~

To be considered as potential LTL~ candidates, where the
charged heavy lepton decays into a stable neutral heavy
lepton (category C in Sect. 1.1), the events must satisfy
the following set of cuts. Here we do not use the standard
selection of multihadronic events since for small mass dif-
ferences, M1, — My, the visible energy is very low and the
particle multiplicity is small.

1. We require at least 5 good charged tracks.

2. The criteria for energy deposited in the forward-
detector, the gamma-catcher, and the silicon-tungsten
calorimeter are the same as in Sect. 4.1.2.

3. In order to reduce background from beam-gas and
beam-wall interactions we require that | cos Oinrust| be
smaller than 0.9, where 6¢y,ys¢ is the polar angle of the
thrust axis. The | cos Oynrust| distributions after cut 2
are shown in Fig. 3a.
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Fig. 3. The plots show the distributions for the L™L™ can-
didate selection for the case L~ — NW™ for the data (filled
circles), the background processes (solid lines), and the L*TL~
signal with L™ — NW~ for the cases (M1 = 75, Mx = 60)
GeV (dotted lines) and (M, = 80, Mx = 50) GeV (broken lines
x5) respectively for cos Oinrust after cut 2 a, prmiss after cut 3
b, cos Omiss after cut 4 ¢, Eyis after cut 5 d, pmax after cut 6 e,
and the thrust value after cut 7 f. The arrows correspond to
the cut values

4. To reduce the large background coming from two-
photon processes, we apply a cut on the missing mo-
mentum transverse to the beam axis: prmiss > 5 GeV
(including clusters from the hadronic calorimeter), and
p%‘r’;iiCAL > 5 GeV (excluding hadronic calorimeter
clusters). The prm;ss distributions after cut 3 are shown
in Fig. 3b.

5. For radiative-event rejection we require that | cos fyyiss|
< 0.7. The | cos Opiss| distributions after cut 4 are shown
in Fig. 3c.

6. The two heavy neutrinos coming from L™ and L™ carry
away a significant fraction of the energy. To reduce
the background from multihadronic and four-fermion
events, we require that Eyis < 75 GeV. The FE dis-
tributions after cut 5 are shown in Fig. 3d.

7. Four-fermion processes and 77 backgrounds were re-
duced by requiring that the maximum momentum of
a good track should not exceed 20 GeV. The distribu-
tions of pmqs after cut 6 are shown in Fig. 3e.

8. We require that the thrust value be less than 0.9 in
order to reject events containing two back-to-back jets.
The distributions of the thrust after cut 7 are shown
in Fig. 3f.
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Table 4. Observed number of events in the data sample and expected number
of events from the background sources and the LTL™ signal for the case where
L™ — v,W™, normalized to the actual integrated luminosity at /s = 172 GeV.
The statistical error on the background Monte Carlo is small compared to that

for data
After Data Total qg(y) two-photon 77(v) 4-f LTL™
Cut Bkg My, = 80 GeV
Presel — — - — — 14.7
1 1411 1288 1137 26.6 3.33 120.8 12.5
2 1044  990.3 866.5 11.2 2.84 109.9 11.5
3 406  398.8  303.7 3.60 1.71 89.8 10.1
4 133 129.6 70.4 1.65 0.23 57.3 7.4
5 or 6 1 3.07 0.78 0.0 0.01 2.28 3.2

Table 5. Observed number of events in the data sample and expected number of events from the
background sources and the LTL™ signal for the case where L~ — NW ™, normalized to the actual
integrated luminosity at /s = 172 GeV. The statistical error on the background Monte Carlo is small

compared to that for data

After Data  Total qg(y) two-photon
Cut Bkg

Presel — — — —
1 40935 41602 1242 40223
2 19792 21753  908.5 20725
3 8258 8098 819.4 7165
4 531 477.1 382.6 7.41
5 211 200.6  135.81 2.04
6 6 3.87 1.10 1.97
7 3 3.35 1.08 1.73
8 1 1.90 0.56 1.12

The remaining numbers of events after each cut are dis-
played in Table 5. The total selection efficiencies are typi-
cally 40-50%, but drop to 9-12% for M, — My ~ 5 GeV.

4.2 Single production of excited leptons with charged
decays

Two searches are performed for the charged decays of
singly-produced excited leptons (single-production for cat-
egories A and B in Sect. 1.2). The first analysis looks only
for leptonic decays of the W+, which may be real or vir-
tual depending on the mass of the v*. The topology is
then ete™ — vjvy — vlEWT — vl l'F | where ¢+
corresponds to the excited lepton flavour, and ¢'F may or
may not be of the same flavour. Since charged excited lep-
tons with charged decays, ete™ — £*H(F — py/FTW*+ —
velFup'*, can have the same final states as neutral ex-
cited leptons with charged decays, the same search is used.
The topology is a pair of leptons which are not coplanar
with the beam direction.

The second search for the charged decays of singly-
produced excited leptons is optimised for the hadronic
decays of the W* boson, looking in the ete™ — Vv, —
vlFWT — Vgéiqiqj channels. In this search, we look
only in the electron and muon channels; the high back-
ground levels in the tau channel do not allow improvement

Tr(y)  4f LtL™
My, =75 GeV My =80 GeV
My =60 GeV My =50 GeV
- — 21.52 14.69
9.30 125.3 17.82 12.84
8.02 112.1 17.30 12.34
7.10 106.2 15.90 11.45
5.16 81.8 13.36 10.65
2.60 60.2 11.15 8.44
0.42 0.39 11.15 8.30
0.27 0.28 11.15 7.91
0.06 0.16 10.33 7.35

over the sensitivity of the acoplanar lepton pair analy-
sis. Since charged excited leptons with charged decays,
ete™ — T — pdTWE — velTqiq;, can have the
same final states as neutral excited leptons with charged
decays, the same search is used.

4.2.1 Acoplanar lepton pair analysis

Using the same preselection and track quality cuts as
the £T¢~v(7) analysis in Sect. 4.4, candidate ¢** and v}
events are required to satisfy the following criteria:

1. There must be exactly two identified leptons, at least
one of type ¢* corresponding to the excited lepton
flavour. At least one of the leptons must have an energy
greater than 0.2Fyeam,.-

2. There must be no other track passing the quality cuts
in the event.

3. Excluding the clusters associated with the two leptons,
the sum of other barrel and endcap electromagnetic
calorimeter cluster energies must be less than 10 GeV.

4. Events from two-photon processes are suppressed by
requiring that the energy deposited in each forward-
calorimeter, each gamma-catcher and each silicon-
tungsten calorimeter be less than 2 GeV, 5 GeV and
5 GeV, respectively.
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The arrows show the cut value of 20°

5. Events with missing momentum along the beam axis
are removed by requiring | cos Opniss| < 0.9, where 6,56
is the polar angle of the missing momentum.

6. Events are required to be acoplanar by requiring (ﬁZAECOP
> 20° (¢, ACOP is 180° minus the opening angle between
the two leptons in the z-y plane). The acoplanarity an-
gle is plotted for the excited electron, muon and tau
search in Figs. 4a, b and c, respectively.

The complete analysis is summarized in Table 6. Note
that the three selections are not independent; in particu-
lar, the 74 selection completely includes both the el and /¢
selections. The numbers of events selected in each chan-
nel are consistent with the expectations from Standard
Model sources. After cut 6, the dominant background is
from WTW™ production. The total selection efficiencies
for excited lepton single production with CC decays when
the W# decays leptonically is about 55% for e*, v, u*
and v};, and about 45% for 7* and v;.

4.2.2 (*vqq analysis

All charged tracks and calorimeter clusters are subjected
to the same quality criteria used in the unstable heavy
lepton analysis in Sect. 4.1. As in that section, overlap
between tracks and clusters is also corrected using the
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the solid line is the sum of all Standard Model background
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of the jet-jet pair. In ¢ and d, the filled circles are the data,
the dots are the Standard Model background Monte Carlo,
and the triangles are excited electron single production Monte
Carlo with M, = 170 GeV. The arrows indicate the region
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method described in [34]. A preselection is used to re-
move low multiplicity events. At least six tracks passing
the quality cuts must be reconstructed in an event, the
ratio of the number of selected tracks to the total number
of reconstructed tracks must be greater than 0.2, and at
least 8 clusters must be reconstructed in the event. Fol-
lowing the preselection, candidate events are required to
satisfy the following criteria:

1. There must be at least one isolated lepton ¢ (£ = e or
1), corresponding to the excited lepton flavour. The
reconstructed track corresponding to the lepton candi-
date should lie within the angular region | cos 6| < 0.95.
Leptons consistent with coming from a Z decay are re-
jected if their invariant mass when combined with any
other track is within 10 GeV of the Z mass. If there
is more than one lepton candidate, then the candidate
with the highest momentum is taken. The lepton must
satisfy one of the following criteria:
electron: A track is identified as an electron if it sat-

isfies either of the following criteria:
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Table 6. Number of events surviving each cut, and selection efficiencies in percent,
in the search for the single production of 0F and v* with charged decays in the
acoplanar di-lepton channel. The background Monte Carlo sum is normalized to
the actual integrated luminosity at /s = 172 GeV. The three selections are not
independent; in particular, the 7¢ selection completely includes both the ef and
wl selections. The efficiencies include the leptonic branching ratio of the W. The
statistical error on the background Monte Carlo is small compared to that for data

oEYT

Topology After Data Total vy
Cut Bkg M. = M, = M, = M. =
80 GeV 140 GeV 80 GeV 140 GeV
1 1377  1344.3 23.7 23.4 20.5 23.8
2 1356 1330.8 23.3 23.3 20.1 23.6
el 3 1297  1272.7 22.0 23.0 19.2 23.4
4 1208 1202.1 20.3 22.3 18.7 23.2
5 852 833.0 18.9 20.4 17.9 214
6 3 4.7 14.8 18.2 16.9 19.8
1 192 189.8 25.7 26.5 22.3 25.3
2 185 184.1 25.3 26.3 22.1 25.2
ul 3 163 156.0 23.5 26.0 20.6 24.7
4 136 129.0 22.1 25.5 18.9 24.3
5 50 55.7 20.0 24.2 179 22.0
6 3 5.0 14.4 21.6 17.0 19.9
1 1646  1621.6 21.2 18.8 14.8 22.9
2 1623 1603.5 20.9 18.7 14.6 22.9
k4 3 1536  1513.7 19.6 184 13.5 22.6
4 1415  1407.8 18.3 18.0 12.5 22.2
5 930 913.6 16.5 16.7 12.0 20.8
6 4 7.5 12.5 14.7 11.2 19.1
(a) The track must be associated with an electro- defined as Ryis = Eyis/v/s, is required to be greater
magnetic calorimeter cluster with a minimum than 0.3. Ry is plotted before this cut in Fig. 5a.
energy of 2.0 GeV. The sum of the magni- 4. To reject events with initial state radiation along the
tudes of the momenta of tracks and energy of beam axis, the missing energy vector of the event must
unassociated electromagnetic clusters in a cone satisfy | cosOmiss| < 0.9; cos Oniss is plotted before the
with half-angle of 15° around the electron track cut in Fig. 5b.
should be less than 2.5 GeV. Candidate elec- 5. To suppress further the background from hadronic Z
tron tracks with |cosf| < 0.79 or |cosf| > decays, the thrust of the event must be less than 0.95.
0.815, are required to satisfy F/p > 0.7. Can- 6. The event is required to have a large missing momen-
didate electron tracks with 0.79 < |cosf] < tum, Prmiss, Or a large lepton energy, py, with respect
0.815 should satisfy E/p > 0.5. The dE/dz to the beam energy, Fpeam- This is achieved by requir-
energy loss of tracks must be consistent with ing (prmiss + P¢)/ Ebeam > 0.4. PTmiss vs. pe is plotted
that expected from an electron. before this cut in Fig. 5¢. While only one example mass
(b) The output of a neural network electron finder for an ¢* signal is shown in the figure, this cut retains
[36] must be greater than 0.8. high efficiency for all £* masses.
muon: A track with p > 2 GeV is identified as a muon 7. To reduce the contribution from W-pair production,

if it is matched with track segments in the muon
chambers. In regions not covered by the muon
chambers the identification is done by using the
hadron calorimeter strips.

. To remove events from two-photon processes, events

having significant energy in either side of the forward
detectors are rejected. The maximum energy allowed in
the gamma catcher is 5 GeV, in the forward calorime-
ter 2 GeV, and in the silicon tungsten detector is 2
GeV.

To reduce further two-photon events, the ratio of total
visible energy of the event to the centre-of-mass energy,

the lepton candidate is removed from the event and
the event is forced into two jets, using the Durham jet
algorithm. The resulting invariant masses my_iss and
Mjet—jet are required to satisfy:

— My—miss > 5 GeV and Mjei—jer < 95 GeV,

— My—miss T Mjet—jet < 145 GeV.

My—_miss US. Mjet—jet i plotted before this cut in Fig. 5d.

The complete analysis is summarized in Table 7. The

numbers of events selected in each channel are consistent
with the expectation from Standard Model sources. The
total selection efficiency for excited lepton single produc-
tion with CC decays when the W* decays hadronically
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is typically from 20-45%, depending on the mass of the
excited lepton, but drops to about 10% for v* near the
kinematic limit.

No signal is observed. The results from both the
acoplanar lepton pair and ¢*rqq analyses are combined
to infer limits on excited lepton single production with
CC decays. The (*vqq results include a + 3 ¢ mass win-
dow, where ¢ is the average mass resolution determined
from Monte Carlo, to classify each event as being con-
sistent with an excited lepton in some mass range, while
the selected acoplanar lepton pair events are considered
as candidates for all excited lepton masses.

4.3 Production of neutral excited leptons
with photonic decays

The search for excited neutrino production with photonic
decays (category C in Sect. 1.2) uses the OPAL analysis
of photonic events with missing energy [37]. That analysis
has one method optimised for events with one photon plus
missing energy and another method optimised for events
with two photons plus missing energy. These are used for
the excited neutrino single- and pair-production searches,
respectively. The search results for the full /s = 161-
172 GeV data set are summarized in Table 8; these selec-
tions have improved sensitivity over our previously pub-
lished analyses [11], and are therefore used to update our
Vs = 161 GeV results as well.

The search for a single photon plus missing energy se-
lects events with either a single, energetic isolated cluster
in the electromagnetic calorimeter, or an identified pho-
ton conversion, along with no other significant energy in
the event. One event is selected at /s = 161 GeV and
another at /s = 172 GeV, with a combined expected
background of 0.7 to 0.8 events from Standard Model pro-
cesses. There is a discrepancy of about 15% between the
predictions of the expected background level to this anal-
ysis from the KORALZ and NUNUGPV generators, and
we use the smaller number when performing limit calcu-
lations. The search for a photon pair plus missing energy
selects events with two photon candidates, along with no
other significant energy in the event. One event is selected
at /s = 161 GeV, and two more events are selected at
Vs = 172 GeV, with an expected background from 4.7
to 9.2 events from Standard Model processes. In the pho-
ton pair topology, the discrepancy between KORALZ and
NUNUGPYV is much more serious, and no background sub-
traction is performed. As described in [37], the kinematics
of the photons are used to classify the events as being
consistent with excited neutrino pair-production up to a
maximum mass, M™*. The maximum excited neutrino
mass consistent with any of the three events is 69.7 GeV.
While the events are taken as candidates, the excited neu-
trino masses with which they are consistent are sufficiently
low that they do not affect the limits inferred from these
data.

The total selection efficiency for photonic decays of
pair-produced excited neutrinos is about 80%, and for
singly-produced excited neutrinos varies from about 20—

80% for excited neutrino masses of 80-170 GeV. The selec-
tion efficiency for singly-produced excited -electron-
neutrinos is slightly different than for excited muon- and
tau-neutrinos because of the t-channel W*-exchange con-
tribution to the production angular distribution.

4.4 Production of charged excited leptons
with photonic decays

The single- and pair-production of excited leptons with
photonic decays leads to £7£~ () topologies (category D
in Sect. 1.2). To be considered in the analysis, tracks in
the central detector and clusters in the electromagnetic
calorimeter must satisfy the normal quality criteria em-
ployed in the analysis of lepton pairs [38]. In addition, a
“good” track must satisfy |cos | < 0.95.

A pre-selection is performed to remove obvious back-
ground events. Cosmic rays are rejected using timing and
tracking information as described in the analysis of lep-
ton pairs [38]. Residual beam-gas and beam-wall collision
events are rejected by requiring that the fraction of good
to total charged tracks reconstructed in the central detec-
tor be greater than 0.2. Background from multihadronic
events is reduced by requiring that the number of good
tracks (after removing tracks identified as part of photon
conversions as described below) satisfies Ny < 4. The
pre-selection also requires a minimum of one lepton can-
didate (electron, muon, or tau) and a minimum of one
photon candidate, in the event, using the criteria defined
below.

Tracks with ppr > 1 GeV are considered as potential
lepton candidates, and the following identification require-
ments are made:

electron: A track is identified as an electron if it satisfies
any one of the following three criteria:

1. 0.8 < E/p < 1.3, where p is the momentum of
the track and F is the energy of the associated
electromagnetic cluster.

2. 0.5 < E/p < 2.0 and the signed dE/dz weight [39]
is consistent with the track being an electron.

3. The output of the electron identification neural net-
work described in [36] is greater than 0.8. This fi-
nal criterion is desirable to recover some extra effi-
ciency for low-energy recoil electrons in the single-
production search.

The energy, E,, of the electron is computed using the

electromagnetic calorimeter cluster energy and its di-

rection is computed using the track observed in the

central detector.
muon: A track is identified as a muon if it satisfies either
of the following two criteria:

1. The track is identified as a muon according to the
criteria employed in the analysis of Standard Model
muon pairs [38]; that is, it has associated activity
in the muon chambers or hadron calorimeter strips
or it has a high momentum but is associated with
only a small energy deposit in the electromagnetic
calorimeter.
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Table 7. Number of events surviving after each cut, and the selection efficiencies
in percent, in the search for the single-production of ¢** and v* with CC decays
in the lepton plus jets and missing energy analysis. The background Monte Carlo
sum is normalized to the actual integrated luminosity at /s = 172 GeV. The
efficiency includes the hadronic branching ratio of the W. The statistical error on
the background Monte Carlo is small compared to that for data

Topology  After Data Total A vy
Cut Bkg M. = M, = M, = M, =
80 GeV 140 GeV 80 GeV 140 GeV

1 449  403.3 59.4 64.8 59.7 61.2

2 271 264.2 52.5 60.0 55.5 57.0

eqq 3 223 233.6 52.1 60.0 55.5 57.0
4 119  119.7 42.8 54.3 52.0 53.7

5 98 96.5 39.6 54.0 51.5 51.9

6 45 38.0 31.8 53.7 51.2 50.8

7 7 4.4 15.2 23.2 30.8 22.0

1 103 114.6 51.8 52.4 49.5 52.2

2 45 57.8 45.8 48.2 44.3 48.6

] 3 30 362  45.6 48.2 44.2 48.6
4 20 23.2 35.9 43.8 37.1 44.6

5 18 21.6 34.6 43.6 36.7 43.6

6 9 12.9 27.6 43.4 35.8 43.2

7 1 0.6 14.4 18.4 20.9 18.0

Table 8. Number of events surviving in the two photonic events topologies at
Vs = 161-172 GeV. The Standard Model background is completely dominated by
vy, and predictions from both the NUNUGPV and KORALZ generators are shown.
The analyses and requirements used in new particle searches are discussed in detail
in [37]. The statistical error on the background Monte Carlo is small compared to

that for data

Topology Requirements Data NUNUGPV KORALZ
Single v selection 85 94.7 92.6
1y Mumiss < 75 GeV 3 1.7 1.9
Remove poorly measured regions 2 0.8 0.7
2y Two ~ selection 3 9.2 4.7

2. The track is identified as a muon according to the
criteria employed in the analysis of muons in mul-
tihadronic events given in [40]. This second crite-
rion is desirable to recover some extra efficiency for
low-energy recoil muons in the single-production
search.

tau: a track is identified as originating from a tau decay
if it satisfies either of the following two conditions:

1. It is identified as an electron or muon according to
the above requirements (i.e. electrons and muons
are also used as tau candidates).

2. There are at most two additional tracks in a cone
with a half-angle of 20° around the track.

A tau “jet” is constructed by adding the momenta of

all tracks and clusters inside the 20° half-angle cone.

The energy of the tau jet is calculated using only the

tracks in the central detector and energy in the electro-

magnetic calorimeter, correcting for double-counting

using the method described in [34].

A separate search is performed to identify photons:

photon: A photon candidate must satisfy either of the fol-
lowing two criteria:

1. An electromagnetic cluster with no associated good
charged tracks.

2. A photon conversion identified with the algorithm
employed in the analysis of muon pairs [38]. The
tracks and clusters associated with the conversion
are combined to form a single 4-vector representing
the photon.

The photon is also required to satisfy |cosé| < 0.95

and to have an energy greater than 1 GeV.

4.4.1 00~ final states

Candidate £T£~~vy events are required to satisfy the fol-
lowing criteria:

1. There must be at least two identified leptons of the
same flavour and at least two photons. The two most
energetic leptons and two most energetic photons are
used for further analysis. For the excited tau search, it
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Fig. 6. The sums of the energies of the two most energetic
leptons and two most energetic photons, after requiring at least
two leptons of the same flavour and two photons in the event.
ais for ete v, b is for u* " vy and c is for 7777 y7. There
are 6 additional events beyond the plotted range in a caused by
occasionally doubling-counting cluster energy in events which
will be removed by the isolation requirement in cut 3. The
dashed and dotted lines are £*T¢*~ photonic-decay signal Monte
Carlo with masses of 70 and 85 GeV, respectively, the solid
lines are the sum of all of the Standard Model background
Monte Carlo and the filled circles are the data. The arrows
indicate the cut positions

is required that at most one of the two tau jets be an
identified electron, and at most one of the two tau jets
be an identified muon.

2. In the ete™yy and uTp =~y analyses, the sum of the
energies of the two leptons and two photons, E.;s, must
satisfy Eyis > 1.6 Epeam. In the 7777~y analysis, the
sum of the energies of the two tau jets and two photons
must satisfy 0.8 Fpeam < Fvis < 1.9 Fpeam. The sums
of the energies of the two leptons and two photons
before cut 2 are plotted in Fig. 6.

3. A significant background after cuts 1 and 2 is from
Bhabha scattering or lepton-pair production with final-
state radiation. This is reduced by requiring the lepton-
photon pair to be isolated. The minimum opening an-
gle among all lepton-photon combinations, 6%

min’

is re-

quired to satisfy |cos Hf:in\ < 0.90 for efe~yy and

| cos Hfr:’in| < 0.95 for uTp=yy and 7T yy.

4. The momenta of the two leptons and two photons
are now calculated assuming a 4-body final state with
no missing energy, using the measured angles of the
tracks and clusters. The calculation uses the beam-
energy constraint, conserving energy and momentum.
It is required that all energies calculated are greater

Table 9. The number of events surviving each cut for back-
ground, and selection efficiencies in percent for some example
signal Monte Carlos, in the £*¢~ v topology. The efficiencies
are for the pair production of charged excited leptons which
decay photonically. The expected background levels are nor-
malized to the actual integrated luminosity. The statistical er-
ror on the background Monte Carlo is small compared to that
for data

After Data Total ee(y) pu(y) 77(y) M. =
Cut Bkg 80 GeV
1 33 239 188 0.0 1.5 69.9
2 26 17.2 17.0 0.0 0.1 69.6
eeyy 3 3 23 22 0.0 0.0 60.7
4 2 1.5 1.5 0.0 0.0 58.4
5 0 1.3 1.3 0.0 0.0 53.0
1 5 55 0.0 3.4 0.8 75.5
2 2 26 0.0 2.5 0.1 75.2
ppyy 3 0 14 00 14 00 702
4 0 1.1 0.0 1.1 0.0 67.7
5 0 0.8 0.0 0.8 0.0 61.3
1 33 238 1.6 0.1 5.0 54.3
2 5 4.2 03 0.0 3.4 51.4
rryy 31 12 00 00 09 491
4 0 0.7 0.0 0.0 0.6 45.7
5 0 0.5 0.0 0.0 0.5 41.8

than zero. The momenta of the leptons calculated in
this manner are used in cut 5.

5. The final reducible component in the background is
from the doubly-radiative-return process ete™ — Z0yvy
— {t¢~~v. Events with a di-lepton mass, My, satis-
fying 80 GeV < My, < 100 GeV are vetoed.

The complete analysis is summarized in Table 9, in-
cluding an example signal of charged excited leptons with
photonic decays. No event survives in any channel, which
is consistent with the expectations from Standard Model
sources.

The efficiency for observing the pair-production of ex-
cited leptons with photonic decays is estimated with
Monte Carlo to be about 54% for e*Te*~, 62% for p**p*~
and 42% for 7*T7*~, with only a small dependence on the
mass of the excited lepton.

4.4.2 (¢~ final states

Candidate £T¢~~ events are required to satisfy the follow-
ing criteria:

1. There must be at least two identified leptons of the
same flavour and at least one photon. The two most
energetic leptons and the most energetic photon are
used for further analysis. For the excited tau search, it
is required that at most one of the two tau jets be an
identified electron, and at most one of the two tau jets
be an identified muon.

2. In the eTe™y and p*p~ vy analyses, the sum of the
energies of the two leptons and one photon, Ey;s, must
satisfy Eyis > 1.6 Epeam. In the 7777~ analysis, the
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Fig. 7. The sums of the energies of the two most energetic
leptons and most energetic photon, after requiring at least two
leptons of the same flavour and one photon in the event. a is
for ete™, b is for u* "+ and ¢ is for 7777 7. The dashed and
dotted lines are signal Monte Carlo with f/A =(200 GeV)™!
and with an % mass of 140 GeV and 170 GeV, respectively,
the solid lines are the sum of all of the Standard Model back-
ground Monte Carlo and the filled circles are the data. The
arrows indicate the cut positions

sum of the energies of the two tau jets and one photon
must satisfy 0.8 Fpeam < Fvis < 1.9 Epeam. The sums
of the energies of the two leptons and the photon before
cut 2 are plotted in Fig. 7.

3. A significant background after cuts 1 and 2 is from
Bhabha scattering or lepton-pair production with final-
state radiation. This is reduced by requiring the lepton-
photon pair to be isolated. The minimum opening an-
gle between both lepton-photon combinations, 0% s

min
required to satisfy |cosf"; | < 0.90 for ete v and
lcos 07 | < 0.95 for utp~ and 7H77 7. For the e*
search, radiative Bhabha scattering is further
suppressed by also requiring that the photon and at
least one electron satisfy |cos 6| < 0.7.

4. The momenta of the two leptons and one photon are
now calculated assuming a 3-body final state using the
measured angles of the tracks and clusters. The calcu-
lation uses the beam-energy constraint, conserving en-
ergy and momentum. One initial-state radiation pho-
ton along the beam axis is included in the calculation.
It is required that all energies calculated are greater
than zero. The momenta of the leptons and photon
calculated in this manner are used in cut 5, and also
to construct the lepton-photon invariant mass for the
excited lepton search.
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Fig. 8. Single production of charged excited leptons with pho-
tonic decays: ¢~ invariant mass distributions after all cuts for
the full 161-172 GeV data set. ais v and bis 7777 7. The
dashed lines are signal Monte Carlo with f/A =(100 GeV)™*
and with an ¢** mass of 140 GeV, the solid lines are the sum
of all of the Standard Model background Monte Carlo and the
filled circles are the data. There are two entries per event

5. The final reducible component in the background is
from the radiative-return process ete™ — Z%y —
¢t¢~~. Events with a di-lepton mass, My, satisfying
80 GeV < Myp, < 100 GeV are vetoed.

The complete analysis is summarized in Table 10, in-
cluding two example mass points for single-production of
charged excited leptons with photonic decays. The num-
bers of events selected in each channel are consistent with
the expectations from Standard Model sources.

The lepton-photon mass resolutions are estimated with
Monte Carlo to be 0.4-0.5 GeV for excited electrons and
muons with photonic decays, and 2-3 GeV for excited
taus with photonic decays. The lepton-photon invariant
masses, My, are plotted in Fig. 8 for the excited muon and
tau searches, combining the full 161-172 GeV data. No
anomalous structure is apparent. When computing limits
for an excited lepton with mass M., all events with at least
one lepton-photon mass combination satisfying |M,, —
M,| < A are considered signal candidates, where A = 2
and 5 GeV for the excited muon and tau search, respec-
tively. The efficiency for observing the single-production
of excited leptons with photonic decays is estimated with
Monte Carlo to be about 70% for p*u and 40% for 7*7,
including the mass window constraint, with some depen-
dence on the mass of the excited lepton. The excited elec-
tron results are summarized after the analysis described
in Sect. 4.4.3.
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4.4.3 e* single production: ey topology

A significant fraction of singly-produced e* events would
have the recoil electron at a small polar angle, outside the
detector acceptance, making the search for the ey final
state also interesting.

After removing events which pass the eevy selection de-
scribed in Sect. 4.4.2, candidate ey events are required to
satisfy the following criteria:

1. There must be at least one identified electron and
one identified photon. The most energetic electron and
photon are used for further analysis.

2. The energy sum of the electron and photon, Eys, must
satisfy Eiis > 0.8 Fpeam-

3. A significant background after cuts 1 and 2 is from
Bhabha scattering with final-state radiation. This is
reduced by requiring the electron-photon pair to be
isolated. The opening angle between the electron and
photon, Gf;?in, is required to satisfy | cos Hfr']in| < 0.95.

4. Bhabha scattering is further suppressed by requiring
the photon to satisfy |cos6,| < 0.7, and that the event
thrust axis formed with the observed lepton and pho-
ton satisfy | cos Onrust| < 0.9.

5. The momenta of the electron and photon are now cal-
culated assuming a 2-body final state plus one electron
missing along the beam axis using only the measured
polar angles of the observed electron and photon. The
calculation uses the beam-energy constraint, conserv-
ing energy and momentum. It is required that all ener-
gies calculated are greater than zero. The momenta of
the electron and photon calculated in this manner are
used to construct the electron-photon invariant mass
for the excited electron search.

The analysis is summarized in Table 10, including two
example mass points for single-production of charged ex-
cited electrons with photonic decays. The number of events
selected is consistent with the expectation from Standard
Model sources.

Events which survive in either the eTe™+ or ey anal-
ysis are considered as excited electron candidates. The
electron-photon mass resolutions are estimated with Monte
Carlo to be 0.4-0.5 GeV in both channels. The electron-
photon invariant masses are plotted in Fig. 9, combin-
ing the full 161-172 GeV data. No anomalous structure is
apparent. When computing limits for an excited electron
with mass M., events satisfying | M, — M,| < 2 GeV are
considered signal candidates. The efficiency for observing
the single-production of excited electrons with photonic
decays is estimated with Monte Carlo to be 35-70%, in-
cluding the mass window constraint, depending on the
mass of the excited electron.

5 Results

The numbers of expected signal events are evaluated from
the total production cross-sections, the total integrated lu-
minosity, and the estimated detection efficiencies for the
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Fig. 9. Single production of charged excited electrons with
photonic decays: ey invariant mass distributions after all cuts
for the full 161-172 GeV data set. a The eTe™~ analysis and
b the ey (missing electron) topology. The dashed lines are sig-
nal Monte Carlo with f/A =(500 GeV)™! and with an e**
mass of 140 GeV, the solid lines are the sum of all of the Stan-
dard Model background Monte Carlo and the filled circles are
the data. a has two entries per event

various analyses. In the pair-production searches, the pro-
duction cross-section is relatively model-independent, and
limits on the masses of the heavy or excited lepton can be
obtained directly. In the single-production searches, the
production cross-section depends on parameters within
the model, so limits on those parameters, as a function of
the new particle masses, are inferred instead. The system-
atic errors on the total number of expected signal events
are estimated from: the statistical error on the Monte
Carlo estimate of the detection efficiency, 1-2%; the er-
ror due to the interpolation used to infer the efficiency
at arbitrary masses from the limited number of Monte
Carlo samples, 2-5%; the error on the integrated luminos-
ity, 0.6%; the uncertainties in modelling the lepton iden-
tification cuts are estimated by comparing the efficiency
for selecting leptons in events from Standard Model pro-
cesses between data and Monte Carlo, and are found to
be in the range 2-5%; the uncertainty in the modelling of
the photon conversion finder used in the £T¢~~(y) analy-
ses is estimated by comparing the ratio of non-converting
to converting photons in data and Standard Model pro-
cess Monte Carlo, and is found to be 1% per photon in
the event. The errors are considered to be independent
and are added in quadrature to give the total systematic
error, which is always less than 10%. The systematic er-
ror is incorporated into the limits inferred from the data
using the method described in [41]. The final limits are
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Table 10. The number of events surviving each cut for background, and the
selection efficiencies in percent for excited lepton signal Monte Carlo, in the single-
production search. The signal Monte Carlo corresponds to the coupling assignment
f = f’, but with 100% photonic decays. The expected background levels are
normalized to the actual integrated luminosity. The efficiencies for the eTe™ v and
ey excited electron single-production topologies are exclusive, and can be summed
for the total selection efficiency. The statistical error on the background Monte

Carlo is small compared to that for data

After Data  Total  ee(y)
Cut Bkg
1 320 310.9 219.4
2 171 198.3 197.6
eey 3 10 12.4 12.3
4 10 12.4 12.3
5 6 10.9 10.9
1 3046 2384.5 11354
2 669 722.1 714.3
ey 3 620 669.0 662.2
4 61 81.1 78.7
5 52 73.0 70.8
1 76 55.9 0.0
2 16 15.6 0.0
ppy 3 11 12.5 0.0
4 11 12.3 0.0
5 9 8.1 0.0
1 193 156.1 34.9
2 23 23.4 8.1
TTY 3 13 14.1 3.9
4 13 12.6 3.4
5 8 9.7 3.2

computed considering the background levels expected in
the analysis [42], including the full 161-172 GeV data set.

For the flavour-mixing heavy lepton decays in which
the pair-produced heavy leptons undergo CC decays into
light leptons, 95% confidence level lower limits on the
mass of the heavy lepton are shown in Table 11. These
results are valid for a mixing angle squared, (2, greater
than about 107!2. In the case that a heavy charged lep-
ton, L*, decays into a stable heavy neutral lepton, N, the
exclusion region depends on both My, and My. The ex-
cluded region is shown in Fig. 10. From that figure, if the
charged heavy lepton is at least 8.4 GeV more massive
than the neutral heavy lepton, its mass is greater than
81.5 GeV at the 95% confidence level.

The mass limits on excited leptons are somewhat bet-
ter than for the heavy lepton case, primarily due to the
vector couplings leading to larger production cross-
sections. The mass limits inferred from the pair-production
searches are shown in Table 12. Since the branching ratio
to either photons or W-bosons is essentially 100% in the
mass range that our pair-production searches are sensitive
to, only the dominant decay is used when computing the
mass limits. From the single-production searches, limits
on the ratio of the coupling to the compositeness scale,
f/A, are shown in Fig. 11 for two example coupling as-
sumptions. Since the branching ratio of the excited lepton
decays via the different vector bosons is arbitrary, exam-

pu(y)  TT(y) M. = M. =
80 GeV 140 GeV
0.0 4.0 7.5 11.0
0.0 0.1 7.0 10.9
0.0 0.0 3.4 7.1
0.0 0.0 3.4 7.0
0.0 0.0 2.8 5.9
0.0 15.9 74.4 84.6
0.0 4.2 73.3 84.5
0.0 3.6 73.2 84.0
0.0 1.8 42.2 62.9
0.0 1.6 42.2 62.4
23.3 2.5 85.0 84.6
15.5 0.1 78.6 83.9
12.3 0.0 7T 81.5
12.2 0.0 77.6 81.2
8.1 0.0 70.5 67.7
0.4 20.0 62.7 56.8
0.3 13.2 57.1 54.1
0.2 8.7 56.0 52.5
0.2 7.9 54.9 51.4
0.1 5.4 50.5 43.2
OPAL
L e e L B B LI I L IS UL
[ e o L' (L~ NW) " Excluded by adding
75 E " 170-172 GeV data ]
70 | .
% 65 .
Q ]
= 1
s | :
50 |- .
45 | .
40 L ol y

Fig. 10. Excluded region in the (My,, M) plane for L™ L™ pro-
duction in the case where L™ — NW ™. The two hatched regions
indicated the previous (LEP 1.5 at /s = 130 and 136 GeV,
and the y/s = 161 GeV data) and new (170-172 GeV data)
analyses
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Table 11. 95% confidence level lower mass limits on unsta-
ble neutral heavy leptons obtained from the combined data
collected at /s = 161, 170 and 172 GeV

Mode Mass Limit
(GeV)
N — eW Dirac 79.1
Majorana 69.8
N — uW Dirac 78.5
Majorana 68.7
N—->1W Dirac 69.0
Majorana 54.4
L™ - v/ W™ 80.2
L™ - NW~ 81.5 (with AM > 8.4)
OPAL
A0y 0%y T 3
% F(a)f=f EXCLUDED 3 E % F(b)f=-f' EXCLUDED ; 3
L_/ L & i L_, [ $ i
<107 3
10 —
1E ’
0_1: ]
200 200
M, (GeV)
,ﬁlosg“l““\‘ Fhlosg“l““\““g
3 [(©@f=f" EXCLUDED 3 [@f=-" EXCLUDED E
(S (S i
Z10%—— vy 4 10%—— vy .
10’1:§‘|HH\HH 10'1:”|HH\HH:
100 150 200 100 150 200
M. (GeV) M. (GeV)

Fig. 11. 95% confidence level upper limits on the ratio of the
coupling to the compositeness scale, f/A, as a function of the
excited lepton mass. a shows the limits on e*, p* and 7* with
f = f’, b shows the limits on e*, u* and 7* with f = —f’, ¢
shows the limits on v¢, v and v} with f = f’, and d shows
the limits on v, v, and v} with f = —f’. The regions above
and to the left of the curves are excluded by the single- and
pair-production searches, respectively

ple coupling assignments f = & f’ are used to calculate
these branching ratios and then the photonic and CC de-
cay results are combined for the limits.

6 Conclusion

We have analysed a data sample corresponding to an in-
tegrated luminosity of 10.3 pb~! at 170.3 and 172.3 GeV,
collected with the OPAL detector at LEP, to search for the
production of unstable heavy and excited leptons. No ev-
idence for their existence was found, and limits on masses

Table 12. 95% confidence level lower mass limits for the differ-
ent excited leptons obtained from the pair-production searches.
The coupling assumption affects the branching ratio

Flavour Coupling Dominant Mass Limit
Decay (GeV)
e* f=1f Photonic 85.0
w f=1f" Photonic 85.3
™ f=1/f Photonic 84.6
e* f=—f" Charged 81.3
w f=—f"Charged 81.3
™ f=—f" Charged 81.3
vy f=1r Charged 84.1
v f=1f Charged 83.9
v} f=1r Charged 79.4
vy f=—f"Photonic 84.9
v f=—f" Photonic 84.9
v} f=—-f"Photonic 84.9

and couplings were established. From the search for the
pair production of heavy and excited leptons, lower mass
limits were established. From the search for the single
production of excited leptons, upper limits on the ratio
of the coupling to the compositeness scale were derived.
These limits substantially improve those from previous
LEP searches.
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