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S. Towers6, T. Trefzger33, I. Trigger18, Z. Trócsányi32,g, E. Tsur23, M.F. Turner-Watson1, I. Ueda24, R. Van Kooten12,
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Abstract. Searches for unstable neutral and charged heavy leptons, N and L±, and for excited states
of neutral and charged leptons, ν∗, e∗, µ∗, and τ∗, have been performed in e+e− collisions using data
collected by the OPAL detector at LEP. The data analysed correspond to an integrated luminosity of
about 58 pb−1 at a centre-of-mass energy of 183 GeV, and about 10 pb−1 each at 161 GeV and 172 GeV.
No evidence for new particles was found. Lower limits on the masses of unstable heavy and excited leptons
are derived. From the analysis of charged-current, neutral-current, and photonic decays of singly produced
excited leptons, upper limits are determined for the ratio of the coupling to the compositeness scale, f/Λ,
for masses up to the kinematic limit. For excited leptons, the limits are established independently of the
relative values of the coupling constants f and f ′.

1 Introduction

In spite of its remarkable success in describing all elec-
troweak data available today, the Standard Model (SM)
[1] leaves many questions unanswered. In particular, it ex-
plains neither the origin of the number of fermion gener-
ations nor the fermion mass spectrum. The precise mea-
surements of the electroweak parameters at the Z pole
have shown that the number of species of light neutrinos
is three [2]; however, this does not exclude a fourth gen-
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eration, or other massive fermions, if these particles have
masses greater than half the mass of the Z-boson (MZ/2).

New fermions could be of the following types (for re-
views see References [3–5]): sequential fermions, mirror
fermions (with chirality opposite to that in the SM), vec-
tor fermions (with left- and right-handed doublets), and
singlet fermions. These could be produced at high-energy
e+e− colliders such as LEP, where two production mecha-
nisms are possible: pair-production and single-production
in association with a light standard fermion.

Lower limits on the masses of heavy leptons were ob-
tained in e+e− collisions at centre-of-mass energies,

√
s,

around MZ [2,6], and recent searches at
√

s = 130-140 GeV
[7,8],

√
s = 161 GeV [9,10],

√
s = 172 GeV [10,11] and√

s = 130-183 GeV [12,13] have improved these limits. Ex-
cited leptons have been sought at

√
s ∼ MZ [14],

√
s = 130-

140 GeV [15,16],
√

s = 161 GeV [17,18],
√

s = 172 GeV
[11],

√
s = 183 GeV [13],

√
s = 189 GeV [19], and at

the HERA ep collider [20]. If direct production is kine-
matically forbidden, the cross-sections of processes such
as e+e− → γγ and e+e− → f f̄ [21,22] are sensitive to new
particles at higher masses.
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This paper concentrates on the search conducted by
OPAL [23] in a wide range of topologies for the pair-
production of new unstable heavy leptons and for both
pair- and single-production of excited leptons of the known
generations, using data collected in 1997 at

√
s = 181 −

184 GeV, with an average energy of 182.7 GeV. The inte-
grated luminosity used depends on the final-state topolo-
gies, and is between 52 and 58 pb−1. The results are com-
bined with those obtained earlier from 10 pb−1 of data at√

s = 161.3 GeV and 10 pb−1 at
√

s = 172.1 GeV.

1.1 Heavy leptons

Heavy neutral leptons are particularly interesting in the
light of recent evidence for massive SM neutrinos [24,25].
One method of generating neutrino mass is the see-saw
mechanism [26], which predicts additional heavy neutral
leptons. In this mechanism, if the mass of a heavy neutral
lepton satisfies the relation mN = m2

e/mνe , and if mνe is
as massive as 2.5 eV, then mN ≈ 100 GeV, which is within
the reach of LEP2.

In general, new heavy leptons N and L± could in prin-
ciple decay through the charged (CC) or neutral current
(NC) channels:

N → `±W∓, N → L±W∓, N → ν`Z,

L± → ν`W±, L± → NLW±, L± → `±Z,

where NL is a stable or long-lived neutral heavy lepton,
and ` = e, µ, or τ . For heavy lepton masses less than the
gauge boson masses, MW or MZ, the vector bosons are
virtual, leading to 3-body decay topologies. For masses
greater than MW or MZ, the decays are 2-body decays,
and the CC and NC branching ratios can be comparable.
For masses close to MW or MZ, 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 boson can be found in [4].

The mixing of a heavy lepton with the standard lepton
flavour is governed by a mixing angle ζ. A mixing of 0.01
radians yields a decay length cτ of O(1 nm). Since the
decay length is proportional to 1/ζ2, looking for unstable
heavy leptons which decay within the first cm, the analy-
ses described in this paper are sensitive to ζ2 > O(10−12).
The presently existing upper limit on ζ2 is approximately
0.005 radians2 [27].

The searches for heavy leptons presented in this pa-
per utilise only the case where N and L± decay via the
CC channel, as would be expected in a naive fourth gen-
eration extension to the SM. The NC channel does not
contribute significantly in the heavy lepton searches due
to kinematics. Searches for stable or long-lived charged
heavy leptons, L±, are described in a separate paper [12].

1.2 Excited leptons

Compositeness models [5] attempt to explain the hier-
archy of masses in the SM by the existence of a sub-
structure within the fermions. Several of these models

predict excited states of the known leptons. Excited lep-
tons are assumed to have the same electroweak SU(2)
and U(1) gauge couplings, g and g′, to the vector bosons,
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 [5] (where V is a γ, Z, or W± and `∗ refers in this
case to both charged and neutral excited leptons).

In e+e− collisions, excited leptons could be produced
in pairs via the process e+e− → `∗ ¯̀∗, or singly via the
process e+e− → `∗ ¯̀, as a result of the `∗`V couplings. De-
pending on the details of these couplings, excited leptons
could be detected in the photonic, CC, or NC channels:

ν∗
` → ν`γ, ν∗

` → `±W∓, ν∗
` → ν`Z,

`∗± → `±γ, `∗± → ν`W±, `∗± → `±Z,

where ν∗
` and `∗± are neutral and charged excited leptons,

respectively.
The branching fractions of the excited leptons into the

different vector bosons are determined by the strength of
the three `∗`V couplings. We use the effective Lagrangian
[5]:

L``∗ =
1

2Λ
¯̀∗σµν

[
gf

τ

2
Wµν + g′f ′ Y

2
Bµν

]
`L

+hermitian conjugate, (1)

which describes the generalized magnetic de-excitation of
the excited states. The matrix σµν is the covariant bilinear
tensor, τ are the Pauli matrices, Wµν and Bµν represent
the fully gauge-invariant field tensors, and Y is the weak
hypercharge. The parameter Λ has units of energy and can
be regarded as the compositeness scale, while f and f ′ are
the weights associated with the different gauge groups.

The relative values of f and f ′ also affect the size of
the single-production cross-sections and their detection ef-
ficiencies. Depending on their relative values, either the
photonic decay, the CC decay, or the NC decay will have
the largest branching fraction, depending on the respec-
tive couplings [5]:

fγ = eff ′ + I3L(f − f ′), fW =
f√
2sw

,

fZ =
4I3L(c2

wf + s2
wf ′) − 4efs2

wf ′

4swcw

where ef is the excited fermion charge, I3L is the weak
isospin, and sw(cw) are the sine (cosine) of the Weinberg
angle θw.

Our results will be interpreted using the two comple-
mentary coupling assignments, f = f ′ and f = −f ′. For
example, for the case f = −f ′, the photonic coupling to
excited electrons is suppressed and the dominant produc-
tion of excited electrons is via the s-channel. For f 6= −f ′,
the t-channel production of excited electrons dominates.
In the case of excited neutrinos, if f 6= f ′, then the pho-
tonic coupling is allowed. In addition to the results for the
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two assignments f = f ′ and f = −f ′, a new method is
introduced which gives limits on excited leptons indepen-
dent of the relative values of f and f ′.

2 Monte Carlo simulation

The Monte Carlo (MC) generator EXOTIC [28] has been
used for the simulation of heavy lepton pair-production,
e+e− → NN̄ and e+e− → L+L−, of excited lepton pair-
production, e+e− → ν∗

` ν̄∗
` and e+e− → `∗+`∗−, and of sin-

gle excited lepton production, e+e− → ν∗
` ν̄` and e+e− →

`∗`. The code is based on formulae given in [4,29]. The
matrix elements include all spin correlations in the pro-
duction and decay processes, and describe the transition
from 3-body to 2-body decays of heavy fermions, involv-
ing virtual or real vector bosons, including the effects from
vector boson widths. The JETSET [30] package is used for
the fragmentation and hadronization of quarks.

For NN̄ and L+L− production, MC samples were gen-
erated for a set of masses from 40 to 90 GeV. Separate
samples were generated for Dirac and Majorana heavy
neutral leptons, taking into account the different angular
distributions. For the case where L− → NLW−, samples
were simulated at 25 points in the (ML,MNL) plane with
ML ranging from 50 to 90 GeV and MNL from 40 to 87
GeV, and with a mass difference ML −MNL larger than 3
GeV. Excited lepton MC samples were generated for the
pair-production channels with masses in the range from
40 to 90 GeV and for the single-production channels with
masses in the range from 90 to 180 GeV.

A variety of MC generators was used to study the
multihadronic background from SM processes: 4-fermion
background processes were simulated using the generator
grc4f [31], multihadronic background from 2-fermion final
states was modelled using PYTHIA [30], while 2-photon
processes were generated with PHOJET [32] and HER-
WIG [33]. To study the background from low-multiplicity
events, the generators BHWIDE [34] (large-angle Bhabha
scattering) and TEEGG [35] (t-channel Bhabha scatter-
ing) were used for the e+e−γ(γ) topology. The KORALZ
generator [36] was used for the µ+µ−γ(γ) and τ+τ−γ(γ)
topologies. These generators include initial and final-state
radiation, which is particularly important for the anal-
yses with photons in the final states. Low-multiplicity
4-fermion final states produced in 2-photon interactions
were modelled by using VERMASEREN [37].

Finally, SM processes with only photons in the final
state are an important background to the analysis of ex-
cited neutral leptons with photonic decays. The RADCOR
[38] program was used to simulate the process e+e− →
γγ(γ) and KORALZ was used to simulate the process
e+e− → ννγ(γ).

All signal and background MC samples were processed
through the full OPAL detector simulation [39] and passed
through the same analysis chain as the data.

3 Selection

The searches presented in this paper involve many dif-
ferent experimental topologies. Three classes of different
analyses are used which rely on slightly different criteria
for such details as track and cluster quality requirements
and lepton identification methods. The first class of analy-
ses includes the selections for high-multiplicity topologies,
with hadronic jets in the final state from the hadronic
CC decays of heavy leptons and the hadronic CC and NC
decays of excited neutral and charged leptons. The sec-
ond class includes selections for low-multiplicity topolo-
gies, and covers the photonic decays of excited charged lep-
tons. The third class covers purely photonic event topolo-
gies arising from the photonic decays of excited neutral
leptons.

3.1 High-multiplicity topologies

The searches for topologies with hadronic jets in the fi-
nal state share a common high-multiplicity preselection.
All charged tracks and calorimeter clusters are subjected
to established quality criteria [11]. Events are required to
have at least 8 tracks and 15 clusters. The total visible en-
ergy measured in the detector, Evis, calculated from tracks
and clusters [41], must be greater than 20 GeV.

Global event properties after this preselection are
shown in Fig. 1, which compares data and MC distri-
butions. The visible energy is well described for Evis >
75 GeV, where 2-fermion and 4-fermion processes domi-
nate. For Evis < 20 GeV, the data are not as well mod-
elled. This region is dominated by events from 2-photon
processes, which are not a significant background to the
majority of analyses described in this paper. After a cut
of Evis > 75 GeV, the global event properties shown in
Fig. 1b–f compare well between data and the SM expec-
tation.

Figure 2 shows the energy distribution of identified
electrons, muons, taus, and photons after the preselec-
tion. The lepton identification is similar to that described
in [11], with modified isolation requirements for the high-
multiplicity selections. Identified electrons and muons
must have more than 1.5 GeV of visible energy, and taus
more than 3 GeV. In addition, leptons have to be isolated
within a cone of 15◦. The typical lepton identification ef-
ficiencies are 85-90% for electrons and muons and 70% for
taus.

3.1.1 Pair-production of heavy leptons

L+L− Candidates give rise to final states produced from
flavour-mixing decays into light leptons via L → νeW,
L → νµW, and L → ντW. The resulting topologies,
ννWW, consist of the decay products of the two W-bosons
along with missing transverse momentum. The main back-
ground to this selection is SM W-pair production. To op-
timize the sensitivity, selections for all high-multiplicity fi-
nal states ννjjjj, ννeνjj, and ννµνjj are performed, where
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Fig. 1a–f. Global event properties after preselection cuts for
the high-multiplicity selections. Figure a is the visible energy,
b the missing transverse momentum, c the cosine of the po-
lar angle of the missing momentum vector, d the transverse
energy, e the summed energy measured from tracks, and f the
logarithm of the jet resolution parameters y12, y23, y34, and y45,
using the Durham jet-finding algorithm [40]. For figures b-f the
two-photon background is reduced by requiring Evis > 75 GeV.
In all figures, the filled symbols are the data and the solid line
is the SM background prediction

“j” refers to a hadronic jet. The final state νντνjj does
not improve the sensitivity, and is not considered. In the
selection for ννjjjj events, at least 12 GeV of missing mo-
mentum and at least 8 GeV of missing transverse momen-
tum are required, and the missing momentum vector must
not point along the beam direction (|cos(θmiss)| < 0.9). In
addition, the events must satisfy higher track (10) and
cluster multiplicity (35) requirements, and are vetoed if a
charged lepton is identified. The number of events after
applying these selections is shown in Table 1 for data and
for the SM expectation. The selection efficiency, includ-
ing the W branching ratio, is about 17-25%, depending
on the heavy lepton mass. In the selection of ννeνjj and
ννµνjj events, an isolated lepton is required together with
significant visible energy and missing transverse momen-
tum. In this case, the selection efficiency, including the W
branching ratio, is about 9-11%.

NN̄ Candidates give rise to final states produced through
the flavour-mixing decay into a light charged lepton, via
N → eW, N → µW, or N → τW. The topologies are de-
fined as ``WW, where at least one W-boson decays
hadronically and produces jets in the final state. At least
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Fig. 2a–d. Particle identification after preselection cuts. The
figures show the measured energy of a identified electrons,
b identified muons, c identified taus, and d identified photons.
In all figures, the filled circles are the data and the solid line
is the sum of all SM background MC

two charged leptons of the same flavour are required and
the jet resolution parameters have to be consistent with
at least a 5-jet topology (isolated leptons are treated as
“jets”). In order to optimize the sensitivity for the case
N → τW, the selection has been divided into ττ jjjj topolo-
gies with fully-hadronic W-decays (2 charged leptons) and
ττ`νjj topologies with semileptonic W-decays, (3 charged
leptons). The number of events after applying these selec-
tions is shown in Table 1. The signal efficiencies for a Dirac
or Majorana lepton are about 50% for N → eW, 57% for
N → µW, and 30-42% for N → τW.

3.1.2 Pair-production of long-lived heavy neutral leptons

NLN̄LWW Candidates originate from the process e+e−
→ L+L− with L− → NLW−, where NL is a stable or long-
lived neutral heavy lepton which decays outside the de-
tector. This production is possible if NL is a member of a
fourth-generation SU(2) doublet which does not mix with
the three known lepton generations and satisfies ML± >
MNL . This signal leads to very low visible energy if the
mass difference, ∆M ≡ ML± − MNL , is small. Events are
required to have a visible energy between 8 and 90 GeV,
the missing momentum vector must be at least 20% of the
visible energy and lie within the barrel region, a minimum
transverse energy of 12 GeV is required, and the topology
should correspond to a pair of acoplanar jets (> 14◦). The
total number of candidates and expected background are
shown in Table 1. The typical signal efficiencies are about
30-40% for ∆M > 10 GeV, dropping to a few per-cent
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Table 1. Observed number of events in the data sample at√
s = 183 GeV and expected number of events from the background

sources in the searches for the pair-production of heavy and excited lep-
tons, where NL is a stable or long-lived neutral heavy lepton which decays
outside the detector

Mode Topology Data Total
Bkd

LL → ννWW ννWW → ννjjjj 67 74.0
`∗`∗ → ννWW ννWW → νννejj 139 137.4

CC ννWW → νννµjj 111 108.1
decays NN → ``WW NN, ν∗ν∗ → eeWW 2 1.3

ν∗ν∗ → ``WW NN, ν∗ν∗ → µµWW 3 2.4
NN, ν∗ν∗ → ττ jjjj 22 18.0

NN, ν∗ν∗ → ττν`jj 2 1.2
LL → NLNLWW NLNLWW → NLNLjjjj 78 52.7

`∗`∗ → ``γγ e∗e∗ → eeγγ 2 3.3
γ µ∗µ∗ → µµγγ 1 1.1

decays τ∗τ∗ → ττγγ 0 0.9
ν∗ν∗ → ννγγ ν∗ν∗ → ννγγ 8 7.4

for ∆M = 5 GeV. A total of 78 events is observed, com-
pared to an expected background of 52.7 events. The dis-
crepancy may be due to mismodelling of the background,
which is dominated by 2-photon processes with an esti-
mated systematic error on the background of 20%. These
events typically have energy deposited in the forward re-
gion (|cos(θ)| > 0.9), while from the signal MC one does
not expect significant forward energy.

3.1.3 Pair-production of excited leptons
with hadronic decays

Excited leptons, which could be pair-produced at LEP2,
are expected to decay dominantly via CC or photonic in-
teractions, depending on their coupling assignments. The
final states with both de-excitations via CC decays, `∗ →
νW and ν∗ → `W, are similar to the decay topologies of
heavy leptons, L → νW and N → `W, so the same selec-
tions are applied, with the results shown in Table 1. The
doubly-photonic decays give low-multiplicity topologies,
and are discussed in Sect. 3.2.

3.1.4 Single-production of excited leptons
with hadronic decays

Candidates for the processes `±∗`∓→ `±`∓Z and
ν`

∗ν` → ν`ν`Z followed by the hadronic decay of the Z-
boson are selected by requiring two identified leptons of
the same flavour and significant visible energy or signif-
icant missing transverse momentum (>25 GeV), respec-
tively. In the latter case, events containing charged lep-
tons are vetoed. Accepted events have to be consistent
with an acoplanar 2-jet topology. For the charged lepton
final states, a kinematic fit is performed requiring energy
and momentum conservation, and the fit probability has

Table 2. Observed number of events in the data sample at√
s = 183 GeV and expected number of events from the back-

ground sources for the searches for the single-production of
excited leptons. The symbol (e) indicates topologies in which
one scattered electron is not observed in the detector

Mode Topology Data Total
Bkd

`∗` → ``Z e∗e → ee jj 2 2.3
NC e∗e → e(e) jj 32 27.3

decays µ∗µ → µµ jj 2 2.2
τ∗τ → ττ jj 5 4.3

ν∗ν → ννZ ν∗ν → νν jj 23 22.9
`∗` → ν`W e∗e → νee jj 13 18.4

e∗e → νe(e) jj 18 17.6
µ∗µ → νµµjj 6 6.7

CC τ∗τ → νττ jj 23 27.7
decays ν∗ν → ν`W ν∗

e νe → νee jj 13 18.4
ν∗

µνµ → νµµjj 6 6.7
ν∗

τ ντ → νττ jj 23 27.7
`∗` → ``γ e∗e → ee γ 25 39.9

γ e∗e → (e)e γ 195 213.7
decays µ∗µ → µµ γ 17 16.5

τ∗τ → ττ γ 34 22.9
ν∗ν → ννγ ν∗ν → νν γ 4 3.5

to be consistent with a `+`−jj final state. For the ττ jj
final state, to reduce the background further, additional
cuts on the jet resolution parameter y34, on the missing
momentum vector, and on the ratio of fitted tau energy
to visible tau energy (> 1.15) are applied. The results for
excited leptons are shown in Table 2 for data and for the
SM expectation.
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The selection efficiencies for excited leptons depend on
the mass, and in the case of excited electrons also depend
strongly on the coupling assignments for f and f ′ (see
Sect. 1.2). For the case f = −f ′, the s-channel produc-
tion of excited electrons is dominant, and the selection
efficiency is typically 30-50%. For the case f 6= −f ′, the
t-channel production of excited electrons dominates, in
which the scattered electron is preferentially scattered at
low angles and is not detected. The selection efficiency for
this case is typically 7-10%. For excited muons and taus
only s-channel production is allowed and the selection ef-
ficiencies range from 40-50% and 3-25%, respectively. The
selection efficiencies for excited neutrinos are typically 30-
40%.

To improve the sensitivity in the excited electron search
for the case f 6= −f ′ a dedicated selection for the e(e)jj
channel has been designed, where the scattered electron
is not observed in the detector. Events of this topology
are selected by requiring exactly one electron to be iden-
tified. Tighter isolation cuts on the electron are applied
and the event must have small missing transverse mo-
mentum (< 25 GeV), in order to reject eνjj final states
from W-pair production. The event has to be consistent
with a 3-jet topology, and events with high energy pho-
tons (> 50 GeV) in the final state are rejected to reduce
background from radiative returns to the Z. The fitted
kinematics must be consistent with having an undetected
electron in the beam direction opposite to the detected
electron. The selection efficiency for the case f 6= −f ′
is typically 20-40% and the numbers of observed and ex-
pected events are shown in Table 2.

Candidates for the processes `±`∓∗→ `±ν`W∓ and
ν`ν`

∗→ `±ν`W∓ followed by a hadronic decay of the
W boson are selected by requiring an isolated lepton to
be identified. The total energy of the event must be at
least 30% of the centre-of-mass energy. For the case ` = e
and µ, the sum of the lepton energy and the missing trans-
verse momentum must be at least 40% of the beam en-
ergy. Background from W-pair production is reduced by
applying a kinematic fit to the jj`ν system, requiring en-
ergy and momentum-conservation. If the resulting masses
of the jet-jet and `ν systems are consistent with the W
mass, the event is rejected. For the case ` = τ , it is as-
sumed that the direction of the τ is given by the direction
of the leading particle of the τ candidate. Further back-
ground suppression is obtained by requiring that the ratio
of energy to mass of the dijet system be greater than 1.1.
The number of observed events and the SM expectation
are shown in Table 2. The selection efficiency for these
channels, for f = −f ′, is typically from 20–30%.

For excited electron production in the case f 6= −f ′, in
which the scattered electron is not observed, a dedicated
selection is applied. In this case, the total energy of the
event must be at least 40% of the centre-of-mass energy,
the missing transverse momentum must be at least 7.5% of
the visible energy, and there must be no electron identified
in the event. The event is forced into two jets, which are
required to be acoplanar (> 50◦). The dijet mass Mjj must

be consistent with the W mass (< 100 GeV) and the ratio
of energy to mass of the dijet system must exceed 1.1. The
number of observed events and the SM expectation are
shown in Table 2. The selection efficiency for this channel,
for f 6= −f ′ , ranges from 10–30%.

3.2 Low-multiplicity topologies

In this section the selection of photonic decays of singly-
produced or pair-produced excited charged leptons is dis-
cussed. The final states consist of 2 like-flavour leptons
and 1 or 2 photons. The lepton and photon identification
and analysis techniques are described in Reference [11].

3.2.1 Pair-production of excited leptons
with photonic decays

Candidates for the process `∗`∗→ `+`−γγ are selected
by requiring the identification of two leptons with the
same flavour and of two photons. These particles must
carry at least 80% of the centre-of-mass energy in the
case of e+e−γγ and µ+µ−γγ, and between 40% and 95%
of the centre-of-mass energy in the case of τ+τ−γγ. The
background in the `+`−γγ topology from Bhabha scatter-
ing and di-lepton production is reduced by requiring the
leptons and photons to be isolated, and the background
from the doubly-radiative return process e+e− → Zγγ →
`+`−γγ is reduced by vetoing events with di-lepton masses
close to the Z mass. The selection efficiencies are insensi-
tive to the excited lepton mass and are about 54% for
e∗+e∗−, 61% for µ∗+µ∗−, and 40% for τ∗+τ∗−. The num-
ber of observed events and the SM expectation is shown
in Table 1.

3.2.2 Single-production of excited leptons
with photonic decays

Candidates for the process `∗` → `+`−γ are selected
with a technique identical to the `+`−γγ selection, except
that only one photon is required. Figure 3 shows the re-
sulting `±γ invariant mass distributions.

To improve the efficiency for the excited electron search
with f 6= −f ′, giving rise to t-channel production, a ded-
icated search is performed for final states with a single
electron and single photon visible in the detector, assum-
ing the other electron is missing along the beam axis.
Events with one electron and one photon carrying to-
gether at least 40% of the total centre-of-mass energy
are selected. The photon is additionally required to have
|cos(θmiss)| < 0.7, greatly suppressing the Bhabha scatter-
ing background.

The number of observed events and the SM expecta-
tion are shown in Table 2, and the lepton-photon invariant
masses for the selected events are shown in Fig. 3. No peak
is observed. The selection efficiencies are typically about
70% for e∗e and µ∗µ, and about 40% for τ∗τ . The excess in
the τ∗τ search is consistent with a statistical fluctuation
in the SM τ+τ−γ background.
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Fig. 3a–d. Lepton-photon invariant mass distributions for a
e+e−γ, b (e)eγ, c µ+µ−γ and d τ+τ−γ. The filled circles are
the data, the solid line is the sum of all SM background MC,
and the dashed and dotted lines show example signal MC with
excited leptons masses of 120 and 180 GeV, respectively. There
are two entries per event, due to the different mass combina-
tions, resulting in a reflection peak at lower masses. The signal
MC normalization is arbitrary

3.3 Photonic final states

The search for singly- and pair-produced excited neutral
leptons, ν∗ν → ννγ and ν∗ν∗ → ννγγ, uses the OPAL
search for photonic events with missing energy, described
in [42]. The numbers of selected events and expected back-
grounds are listed in Tables 1 and 2 for pair- and single-
production, respectively. For excited neutrinos in the mass
range 70–180 GeV, the selection efficiencies are 70% and
10–70% for pair- and single-production, respectively.

4 Results

The numbers of expected signal events are evaluated from
the production cross-sections, the integrated luminosity,
and the estimated detection efficiencies of the various anal-
yses.

The systematic errors on the number of expected signal
and background events are estimated from: the statistical
error of the MC estimates (1-10%), the error due to the in-
terpolation used to infer the efficiency at arbitrary masses
from a limited number of MC samples (2-15%), the error
on the integrated luminosity (0.6%), the uncertainties in
modelling the lepton identification cuts and in the photon
conversion finder efficiency (2-8%), and the error due to
uncertainties of the energy scale, energy resolution, and
error parameterisations (1-4%). The errors are considered

Table 3. 95% CL lower mass limits on unstable neutral and
charged heavy leptons obtained from the data collected at√

s = 183 GeV

Mode Mass Limit
(GeV)

N → eW Dirac 88.0
Majorana 76.0

N → µW Dirac 88.1
Majorana 76.0

N → τW Dirac 71.1
Majorana 53.8

L → ν`W 84.1

to be independent and are added in quadrature to give
the total systematic error which is taken into account for
the limit calculations.

In the case of pair-production searches, the production
cross-section is relatively model-independent, and limits
on the masses of the heavy or excited leptons can be ob-
tained directly. For the flavour-mixing heavy lepton decays
in which the pair-produced heavy leptons undergo CC de-
cays into light leptons, 95% confidence level (CL) lower
limits on the mass of the heavy lepton are shown in Ta-
ble 3. The results are given for both Dirac and Majorana
heavy neutral leptons. These results are valid for a mix-
ing angle squared, ζ2, greater than about 10−12 radians2.
For the decays of charged heavy leptons into a massless
neutral lepton, L → ν`W, the searches for the ννjjjj decay
and for the ννjj`ν` have been combined. Masses smaller
than 84.1 GeV are excluded at the 95% CL.

In the case that a heavy charged lepton L± decays into
a stable heavy neutral lepton, NL, the exclusion region
depends on both ML and MNL . In order to optimize the
sensitivity of the analysis, a scan is performed in steps of
∆M . At each point, the expected minimum and maximum
visible energy, (Emin,Emax), are calculated analytically,
and the corresponding number of observed and expected
events is determined. The resulting region in (ML, MN)
excluded at the 95% CL is given in Fig. 4, together with
the mean expected limit.

The mass limits on excited leptons are somewhat bet-
ter than for the heavy lepton case, primarily due to the
nature of the vector couplings which lead to larger produc-
tion cross-sections [5]. The mass limits inferred from the
pair-production searches are shown in Table 4 for charged
excited leptons and in Table 5 for neutral excited leptons.
The first two sections of each table give the mass limits in
which the dominant decay mode is assumed to be either
via photons or W bosons.

In the single-production searches, the production cross-
section depends on parameters within the model, so lim-
its on those parameters, as a function of the new particle
masses, are inferred instead. From the single production
searches, 95% CL limits have been calculated on σ × BR
for e+e− → `∗ ¯̀, `∗ → `V for the different particle types,
including photonic decay results from

√
s = 161 GeV and
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Table 4. 95% CL lower mass limits for the different charged
excited leptons obtained from the pair production searches.
The coupling assumption affects the dominant branching ratio

Flavour Coupling Dominant Mass Limit
Decay (GeV)

e∗ f = f ′ Photonic 91.3
µ∗ f = f ′ Photonic 91.3
τ∗ f = f ′ Photonic 91.2
e∗ f = −f ′ CC 86.0
µ∗ f = −f ′ CC 86.0
τ∗ f = −f ′ CC 86.0
e∗ Any f and f ′ 84.6
µ∗ Any f and f ′ 84.7
τ∗ Any f and f ′ 84.5
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Fig. 4. Excluded region in the (ML, MNL) plane for L+L−

production in the L− → NLW− case, where NL is a stable or
long-lived neutral heavy lepton which decays outside the detec-
tor. The filled area represents the region excluded at the 95%
CL. The dashed vertical line represents the kinematic limit,
while the diagonal line corresponds to ∆M ≡ ML − MNL = 0.
The dark contour line shows the mean expected limit

172 GeV, where the branching ratio, “BR”, depends on
the relative values of f and f ′.

In general, the mass limits have been evaluated using
a sliding window technique [11], taking into account the
expected mass resolution for the eνjj, µνjj, τνjj topolo-
gies (CC decays) and the eeγ, µµγ, ττγ topologies (pho-
tonic decays), or by taking into account the kinematically
allowed mass limits for the ννγ topologies (photonic de-
cays). For the eejj, µµjj, and ττ jj topologies (NC decays),
a likelihood fit method has been used for the limit cal-

Table 5. 95% CL lower mass limits for the different neutral
excited leptons obtained from the pair production searches.
The coupling assumption affects the dominant branching ratio

Flavour Coupling Dominant Mass Limit
Decay (GeV)

ν∗
e f = f ′ CC 91.1

ν∗
µ f = f ′ CC 91.1

ν∗
τ f = f ′ CC 83.1

ν∗
e f = −f ′ Photonic 91.2

ν∗
µ f = −f ′ Photonic 91.2

ν∗
τ f = −f ′ Photonic 91.2

ν∗
e Any f and f ′ 90.5

ν∗
µ Any f and f ′ 90.5

ν∗
τ Any f and f ′ 81.5
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Fig. 5a–d. Upper limits at the 95% CL on the σ × BR of
e+e− → `∗ ¯̀, `∗ → `V for the single-production of a e∗ with
f = f ′, b e∗ with f = −f ′, c µ∗, and d τ∗. The photonic decay
is represented by the full line, the NC decay by the dashed
line, and the CC decay by the dotted line. For single µ∗ and τ∗

production the selection efficiency does not rely on the coupling
assignment. For f = −f ′ the photonic decay of e∗ is forbidden.
The symbol M∗ represents the mass of the excited lepton

culation [43]. The resulting limits on σ × BR are shown
for excited charged leptons in Fig. 5 and for excited neu-
tral leptons in Fig. 6 for all generations decaying via pho-
tonic, neutral current, and charged current processes. The
σ × BR limits do not depend on the coupling assignments
except for excited electrons, where the selection efficien-
cies depend on the ratio of t-channel and s-channel con-
tributions, and the results are shown for the example as-
signments f = ±f ′. The limits for the photonic decays
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Fig. 6a–d. Upper limits at the 95% CL on the σ × BR of
e+e− → `∗ ¯̀, `∗ → `V for the single-production of a νe∗ with
f = f ′, b νe∗ with f = −f ′, c ν∗

µ, and d ν∗
τ . The photonic decay

is represented by the full line, the NC decay by the dashed
line, and the CC decay by the dotted line. For single ν∗

µ and ν∗
τ

production the selection efficiency does not rely on the coupling
assignment. For f = f ′ the photonic decay of ν∗

e is forbidden.
The symbol M∗ represents the mass of the excited lepton

are valid only for one of the two coupling assignments,
f = +f ′ for excited charged leptons and f = −f ′ for
excited neutral leptons.

From the single-production searches, limits on the ra-
tio of the coupling to the compositeness scale, f/Λ, can be
inferred. The results are shown in Fig. 7 for two coupling
assumptions1. Since the branching ratio of the excited lep-
ton decays via the different vector bosons is not known,
examples of coupling assignments, f = ±f ′, are used to
calculate these branching ratios and then the photonic,
NC and CC decay results are combined for the limits.

A new method is used to infer limits on the coupling
strength f0/Λ, independently of the relative values of f
and f ′. Here f0 is a generalized coupling constant de-

fined as f0 =
√

1
2 (f2 + f ′2). It is also useful to define

the parameter tanφf = f/f ′; the previous coupling as-
signments then correspond to φf = π/4 (f = f ′) and
φf = −π/4 (f = −f ′).

1 For the figures of coupling versus compositeness scale given
in [11], an error was discovered in the cross-section formula
used; the resulting limits on f/Λ were over-conservative for
most values of the excited lepton mass. This error has been
corrected in the present paper.
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Fig. 7a–d. Upper limits at the 95% CL on the ratio f/Λ of
the coupling strength to the compositeness scale, as a function
of the excited lepton mass. a The limits on e∗, µ∗ and τ∗ with
f = f ′; b the limits on e∗, µ∗ and τ∗ with f = −f ′, c the
limits on ν∗

e , ν∗
µ and ν∗

τ with f = f ′, and d the limits on ν∗
e ,

ν∗
µ and ν∗

τ with f = −f ′. The regions above and to the left
of the curves are excluded by the single- and pair-production
searches, respectively. The symbol M∗ represents the mass of
the excited lepton

From the Lagrangian in Equation 1, the cross-section
depends on f and f ′ in the following way:

σ =
a1 f2 + a2 f f ′ + a3 f ′2

Λ2 =
(f0

Λ

)2 · A(φf ), (2)

where A(φf ) = 2·(a1 sin2 φf +a2 sinφf cos φf +a3 cos2 φf ).
The coefficients a1, a2, and a3 can be calculated from the
matrix elements. The production cross-section and also
the decay of the excited leptons depend on the coupling
assumption and on the angle φf . The branching ratio is
calculated using the formulae given in [5]. By combining
both the production cross-section and the branching ra-
tio, the likelihood function L(Ns), which is a function of
the number of observed signal events Ns, can be trans-
lated into a likelihood function depending on the coupling
strength f0

Λ :

L
( f2

0

Λ2

)
= L

( Ns

A(φf ) · BR(φf ) · ε(φf ) · L
)

, (3)

where ε(φf ) is the total selection efficiency and L the in-
tegrated luminosity.

In the case of µ∗, τ∗, ν∗
µ, and ν∗

τ production the effi-
ciency is constant, while the case of the single production
of excited e∗ and ν∗

e is more complicated. Due to the differ-
ent φf - dependent contributions of the t-channel and the
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s-channel diagrams, the selection efficiency also depends
on φf . Using a MC technique to determine the selection
efficiency for arbitrary φf would not be practical because
a large number of MC events would have to be simulated
for different excited lepton masses. It turns out, however,
that the selection efficiency can be written as:

ε(φf ) =
σsel

σgen
=

e1 f2 + e2 ff ′ + e3 f ′2

a1 f2 + a2 ff ′ + a3 f ′2

=
N(φf )
A(φf )

, (4)

with N(φf ) = 2·(e1 sin2 φf + e2 sinφf cos φf + e3 cos2 φf ).
The coefficients ei can be calculated by evaluating the se-
lection efficiencies from three MC samples generated with
different values of φf .

The selection efficiencies for the different decay topolo-
gies and the cross-section vary strongly with φf in the case
of single e∗ production. In order to avoid numerical errors,
one of the generated MC points has been chosen for the
coupling assumption f = −f ′, where the large t-channel
contribution vanishes and the cross-section is smallest. Af-
ter having calculated the coefficients describing the selec-
tion efficiencies, the error of this method has been tested
by comparing the calculated selection efficiency for a given
value of φf with the selection efficiency determined from a
MC sample generated with the same φf value. The error
is found to be small compared to the statistical error of
the MC samples.

Finally, the results from different decay channels are
combined:

L`∗
( f2

0

Λ2

)
= L`∗→`γ

( f2
0

Λ2

) ⊗ L`∗→`Z
( f2

0

Λ2

)

⊗L`∗→ν`W
( f2

0

Λ2

)
. (5)

The resulting likelihood functions from different decay
topologies are combined and upper limits on f2

0
Λ2 are in-

ferred as a function of the excited lepton mass by using
the most conservative limit as a function of φf . The limit
on f2

0
Λ2 for any value of φf is determined and shown in

Fig. 8. Using a similar technique, from the searches for
the pair-production of excited leptons, the mass limits in-
dependent of the values of f and f ′ are given in the last
section of Tables 4 and 5 for charged and neutral ex-
cited leptons, respectively. Together these represent the
first limits on the compositeness scale f0/Λ which do not
depend on the relative values of f and f ′.

5 Conclusion

We have searched for the production of unstable heavy
and excited leptons in a data sample corresponding to an
integrated luminosity of 58 pb−1 at a centre-of-mass en-
ergy of 181-184 GeV, collected with the OPAL detector at
LEP. No evidence for their existence was found. From the
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10
-1

1

10

10 2

10 3

80 100 120 140 160 180 200
M* (GeV)

f 0/
Λ

 (
T

eV
-1

)

ee*

µµ*

ττ*

EXCLUDED

(a)

10
-1

1

10

10 2

10 3

80 100 120 140 160 180 200
M* (GeV)

f 0/
Λ

 (
T

eV
-1

)

νeνe
*

νµνµ
*

ντντ
*

EXCLUDED

(b)

Fig. 8a,b. Upper limits at the 95% CL on the ratio f0/Λ of
the coupling strength to the compositeness scale, as a function
of the excited lepton mass. a The limits on e∗; µ∗ and τ∗ with
arbitrary φf ; b the limits on νe

∗, νµ
∗ and ντ

∗ with arbitrary
φf . The regions above and to the left of the curves are excluded
by the single- and pair-production searches, respectively. The
symbol M∗ represents the mass of the excited lepton

search for the pair-production of heavy and excited lep-
tons, lower mass limits were determined. From the search
for the single-production of excited leptons, upper limits
on σ × BR of e+e− → `∗ ¯̀, `∗ → `V and upper limits on
the ratio of the coupling to the compositeness scale were
derived. These limits supersede the results in [11]. Limits
on the masses of excited leptons and on the compositeness
scale f0/Λ are established independent of the relative val-
ues of the coupling constants f and f ′.
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