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Abstract

A search for excited leptons, e∗, µ∗, τ ∗, ν∗
e , ν∗

µ and ν∗
τ , was performed with the

L3 detector at LEP using data collected at a centre–of–mass energy of 189 GeV,
corresponding to an integrated luminosity of 176 pb−1. No evidence of their produc-
tion is observed. From the searches for pair produced excited leptons, lower mass
limits are set close to the kinematic limit. From the searches for singly produced
excited leptons, upper limits on their couplings are derived in the mass range up to
189 GeV.
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1 Introduction

The existence of excited leptons would provide evidence for fermion substructure. Composite
models could explain the number of families and make the fermion masses and weak mixing
angles calculable [1]. The excited leptons e∗, µ∗, τ ∗ (collectively denoted as `∗) and ν∗ have
been extensively searched for at the LEP e+e− and the HERA ep colliders [2]. These particles
are assumed to have spin and isospin values 1/2 and the same electroweak SU(2) and U(1)
gauge couplings to the vector bosons as the standard leptons, but are expected to constitute
both left and right handed weak isodoublets. Excited leptons are expected to decay into their
ground states by radiating a photon or a massive vector boson.

At e+e− colliders, excited leptons can be produced either in pairs (e+e−−→ `∗`∗,−→ ν∗ν∗)
or singly (e+e−−→ ``∗,−→ νν∗). In pair production, the coupling of the excited leptons to the
gauge bosons is described by the Lagrangian [3]

L`∗`∗ = L̄∗γµ

(
g
~τ

2
~Wµ + g′

Y

2
Bµ

)
L∗.

The cross section for pair production depends on the mass of the excited lepton [1, 4].
Single production as well as magnetic decay can be described by means of an effective

Lagrangian of the form [3]

L`∗` =
gf

Λ
L̄∗σµν ~τ

2
lL∂µ

~Wν +
g′f ′

Λ
L̄∗σµνY lL∂µBν + h.c.,

where Λ is the compositeness scale and f and f ′ are the couplings associated with the SU(2) and
U(1) gauge groups of the Standard Model, respectively. They determine the production rate
of single excited leptons and their branching ratio into standard leptons plus gauge bosons [4].
Table 1 shows the decay branching ratios for excited leptons for two relative values of f and f ′

and for different excited lepton masses.
Excited leptons are searched for in the radiative decays, `∗ → `γ, ν∗ → νγ, and weak

decays, `∗ → νW and ν∗ → `W. In the production of pairs of excited leptons, the search is
performed considering only radiative decays or only weak decays, but not one excited lepton
decaying radiatively and the other decaying weakly. Pair production searches are sensitive to
excited leptons of mass up to values close to the kinematic limit, i.e. the beam energy. Single
production searches extend the sensitivity to the mass range above the beam energy up to the
centre–of–mass energy,

√
s.

2 Data Sample and Event Simulation

The data sample analysed corresponds to 176.4 pb−1 collected with the L3 detector [5] at
LEP at

√
s = 188.6 GeV in 1998. For the simulation of background from Standard Model

processes, different Monte Carlo programs are used: Radiative Bhabha events are generated
using BHWIDE [6] and TEEGG [7]. For other radiative dilepton events, µµγ, ττγ and ννγ,
the KORALZ [8] generator is used. The GGG [9] Monte Carlo is used for final states with only
photons. KORALW [10] is used for the e+e−→ WW process. PYTHIA [11] is used for qq(γ),
ZZ and Zee production and EXCALIBUR [12] is used for the qqeν final state.

The generation of excited leptons and their decay is done according to their differential cross
section [3], to optimise the selections and estimate the efficiencies. Initial state radiation is not
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implemented in the generation, but it is taken into account in cross section calculations. The
generated events are passed through the L3 detector simulation [13], which includes the effects
of energy loss, multiple scattering, interactions and decays in the detector and the beam pipe.

3 Radiative Decays

Excited leptons decaying radiatively give rise to final states with low multiplicity and high
energy photons. Event selection criteria reject pure hadronic events, keeping a high signal
efficiency independent of the flavour of excited leptons. This is achieved by accepting events
with less than eight tracks and at least one photon with energy greater than 15 GeV in the
central detector region (| cos θγ| < 0.75, where θγ is the photon polar angle). To reject cosmic
background at least one scintillator within ±5 ns of the beam crossing must be present. In
addition, events with muons are required to have a muon track pointing to the primary vertex.

Electromagnetic clusters are identified as electrons if there is a matching track within 5◦

in the rφ projection. Muons are identified from tracks in the muon chambers. A minimum
ionising particle in the calorimeters can be accepted as a second muon. The tau identification
is based on jets constructed from calorimetric clusters, tracks and muons, with invariant mass
below 3 GeV and at least one associated track. Events with charged leptons and photons in the
final state are subjected to a kinematic fit which imposes energy and momentum conservation.
This improves the resolution in the invariant mass of the `γ pairs. These selection criteria are
complemented by additional requirements specific to the production channel and the excited
lepton flavour.

3.1 Pair Production

In order to select candidates for e+e−−→ `∗`∗ −→ ``γγ, it is further required that two photons
with energy greater than 15 GeV, at least one of them in the central region, and two lepton
candidates of the same flavour must be present. The difference of the two lepton-photon masses
is required to be smaller than 10 GeV and their sum greater than 100 GeV.

Event selection for e+e−−→ ν∗ν∗ −→ ννγγ is based on a signature with only two energetic
photons in the final state. The preselection is complemented by requiring two photons in the
central region with energies in the range 0.2 < Eγ/Ebeam < 0.8 and with the acoplanarity angle
greater than 10◦. There should be no tracks in the central tracker or in the muon chambers
and the energy of calorimetric clusters other than photons must be smaller than 5 GeV.

The number of observed events, the expected background and the signal selection efficiency
are reported in Table 2. The main background is due to radiative dilepton events e+e−→
``γγ, ννγγ.

3.2 Single production

Event selection for e+e−−→ ``∗ −→ ``γ identifies final states with two leptons and one photon
with energy greater than 20 GeV. At least one of the two possible `γ invariant masses must be
greater than 70 GeV. Events with just an identified electron and a photon, with invariant mass
above 70 GeV, are also accepted for the excited electron selection. Thus, a high signal efficiency
is kept for the signal events originating from the t-channel exchange where one electron escapes
along the beam pipe.
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Final states from e+e−−→ νν∗ −→ ννγ are characterised by a single photon with energy
greater than 0.15

√
s. Neither tracks in the tracking chamber, nor in the muon chambers should

be present in the event. To reject cosmic events, no more than eight calorimetric clusters must
be present, and besides the photon, none of them should exceed 5 GeV.

The number of observed events, the expected background and signal selection efficiency are
reported in Table 2. The main background is due to radiative dilepton events e+e−→ ``γ, ννγ.

4 Weak Decays

Weakly decaying excited leptons, `∗ → νW and ν∗ → `W, with at least one W decaying
hadronically give rise to high multiplicity final states. Selection criteria are designed to reject
leptonic and two-photon events. More than three tracks and 14 calorimetric clusters are required
in events with visible energy above 60 GeV.

The lepton identification is the same as for low multiplicity events except taus, which are
identified as low multiplicity charged jets satisfying at least two of the following four conditions:
less than four tracks associated with a jet, less than five calorimetric clusters, invariant mass
smaller than 2 GeV, or at least 70% of its energy contained in a 5◦ half-opening cone. Final
selection of the candidates requires additional criteria specific to the production channel and
the excited lepton flavour.

4.1 Pair Production

Final states from e+e−→ `∗`∗ → ννWW and e+e−→ ν∗ν∗ → ``WW are similar to Standard
Model WW production. Due to the large cross section, pair production of excited leptons would
manifest itself as an enhancement of the measured WW cross section. A combination of four
selections, denoted by qqqq, qqe, qqµ and qqτ , is used. To achieve a high signal efficiency, no
attempt is made to reject the WW background.

For the qqqq selection, events with at least three charged jets and visible energy greater
than 140 GeV are selected. For at least one pair of jets, their invariant mass must be in
the range between 50 GeV and 110 GeV, the recoiling mass against these two jets must be
greater than 50 GeV and the sum of invariant plus recoil masses must be greater than 120 GeV.
To reduce the qqγ background, events with missing momentum above 30 GeV at low polar
angle, | cos θmiss| > 0.95, where θmiss is the polar angle of the missing momentum, or an
electromagnetic cluster with energy above 50 GeV are rejected.

For the qq` selections, events with missing momentum greater than 10 GeV, at high polar
angle | cos θmiss| < 0.95, and the difference between visible energy and missing momentum
smaller than 165 GeV are selected. In addition an isolated lepton with energy greater than
5 GeV is required. The invariant mass of the event (without the identified lepton) must be in
the range between 40 GeV and 120 GeV.

In the search for excited electron and muon neutrinos, the signal sensitivity is enhanced
by requiring two additional isolated electrons or muons in the event, with energy in the range
between 3 GeV and 15 GeV. Table 2 reports the yields of the selections. The background is
mainly due to WW and qq(γ) production.
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4.2 Single Production

Experimental signatures of e+e−→ ``∗ → `νW and e+e−→ νν∗ → ν`W are also similar to
Standard Model WW production. The hadronic decays of the W are considered, and the qq`
selections described above are applied.

They are complemented with a qq selection which requires two acoplanar hadronic jets with
invariant mass in the range between 60 GeV and 100 GeV and recoil mass below 70 GeV, to
cope with undetected leptons lost at low angle or releasing low energy.

Events are selected as candidates due to single excited leptons if they pass any of the
qq` or qq selections. The main backgrounds are due to WW, qqeν and qq(γ) production. The
combined efficiency for `∗ and ν∗ depends slightly on the mass and flavour of the excited lepton,
except in the case of the excited electron, in which the efficiency increases from 9% to 47% in
the e∗ mass range between 95 GeV and 185 GeV, as shown in Table 2.

5 Results and Limits

Figures 1a-c show all combinations of invariant masses meγ , mµγ and mτγ above 70 GeV. Fig-
ure 1d shows the energy of the photon in the single photon selection. Figures 2a-c show the
recoil mass against the identified lepton in the qqe, qqµ and qqτ selections; i.e. the mass of
the `∗ candidate. Figures 2d-f show the event invariant mass for the qqe, qqµ and qqτ selec-
tions; i.e. the mass of the ν∗ candidate. The number of observed events is consistent with
the expected Standard Model background, see Table 2. For each flavour and mass of excited
lepton hypothesis, the number of candidates found in data and expected from background are
calculated. Taking into account the luminosity, the branching ratio (which depends on the ratio
of the couplings f/f ′) and the efficiency, an upper limit to the signal cross section is derived.
This limit is set at 95% confidence level, using Bayesian statistics and assuming a flat a priori
distribution for the signal. In the case of pair production, the cross section only depends on
the mass and charge of the excited lepton. A lower mass limit is derived from the cross section
limit. In the case of single production, the cross section depends on the flavour and mass of
the excited lepton and the value of the couplings f and f ′. The cross section limit is then
interpreted in terms of an upper limit to the coupling constant as a function of the mass of the
excited lepton.

Two different scenarios are considered in order to calculate limits. In the first one, f = f ′,
the radiative decay is dominant for charged excited leptons whereas it is forbidden for excited
neutrinos. In the second one, f = −f ′, the radiative decay is forbidden for charged excited
leptons whereas it is dominant for excited neutrinos. Mass limits, as well as upper limits to
the coupling constant, are thus derived from radiative decays for charged excited leptons in the
first case and excited neutrinos in the second case, and from weak decays in the other searches.

The results from pair production searches in both the radiative and the weak decay searches
are combined to derive lower limits on the mass of excited leptons independent of the coupling
constants f and f ′. A scan is performed for all the possible ratios of the two couplings:
f/f ′ = tan θ with θ in the range 0 to π. For each value of f/f ′, the corresponding decay
fractions `∗`∗ → ``γγ and `∗`∗ → ννWW (ν∗ν∗ → ννγγ and ν∗ν∗ → ``WW in the case of
excited neutrinos) are calculated, and a mass limit is set. In Table 3 the lowest limit for each
flavour of excited lepton is quoted.

Figure 3 shows the upper limits to the coupling constant for charged excited leptons and
excited neutrinos in both scenarios. The left-hand edge of the curves indicates the lower mass
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limit derived from pair production searches, which is quoted in Table 3. An absolute lower
mass limit of the order of 90 GeV and upper limits on the couplings in the mass range from 90
GeV to 180 GeV are set.
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Decay BRANCHING RATIOS
Channel M = 90 GeV M = 180 GeV

f = f ′ f = −f ′ f = f ′ f = −f ′

`∗ → `γ 89% 0% 37% 0%
`∗ → νW 11% 99% 54% 63%
`∗ → `Z 0% 1% 9% 37%

ν∗ → νγ 0% 89% 0% 37%
ν∗ → `W 99% 11% 63% 54%
ν∗ → νZ 1% 0% 37% 9%

Table 1: Predicted branching ratios for charged and neutral excited lepton decays,
for different choices of masses and couplings.

Radiative Decays Weak Decays
Signal ND NB ε Signal ND NB ε

e∗e∗ → eeγγ 0 0.6 49%

µ∗µ∗ → µµγγ 0 0.4 46% `∗`∗ → ννWW 2710 2765 67%

τ ∗τ ∗ → ττγγ 1 0.2 40%

ν∗
τν

∗
τ → ττWW 71%

ν∗ν∗ → ννγγ 2 1.6 44% ν∗
e ν

∗
e → eeWW 1 0.12 18%

P
ai

r
P

ro
d
u
ct

io
n

ν∗
µν

∗
µ → µµWW 1 0.34 21%

e∗e → eeγ 563 564 63% e∗e → νeWe 452 455 24%

µ∗µ → µµγ 71 64 61% µ∗µ → νµWµ 476 479 49%

τ ∗τ → ττγ 64 55 43% τ ∗τ → ντWτ 1004 972 44%

ν∗
e νe → eWνe 452 455 47%

ν∗ν → ννγ 191 219 66% ν∗
µνµ → µWνµ 476 479 51%

S
in

gl
e

P
ro

d
u
ct

io
n

ν∗
τ ντ → τWντ 1004 972 41%

Table 2: Number of candidates ND, number of background events NB, and average
signal efficiencies ε, for radiative and weak decays, in the pair production (upper
part) and the single production (lower part) searches.
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Excited 95% CL Mass Limit (GeV)
Lepton f = f ′ f = −f ′ Coupling Independent

e∗ 94.2 92.6 92.4
µ∗ 94.2 92.6 92.4
τ ∗ 94.2 92.6 91.7

ν∗
e 93.9 94.1 93.4

ν∗
µ 94.0 94.1 93.5

ν∗
τ 91.5 94.1 90.2

Table 3: 95% confidence level lower mass limits for the different excited leptons
obtained from pair production searches. For each flavour, the mass limits for f = f ′,
f = −f ′ and for the coupling independent case, are shown.
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Figure 1: The invariant mass distributions for (a) eγ, (b) µγ, and (c) τγ pairs.
Energy distribution of single photon events (d). The expected signal for an excited
lepton with a mass of 155 GeV normalised to 1.0 pb for all the channels is shown
together with data and Standard Model background.
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Figure 2: Recoil mass distributions for (a) electron , (b) muon , and (c) tau, in
the qq` selections. Invariant mass distributions for (d) qqe, (e) qqµ, and (f) qqτ ,
selected events. The expected signal for an excited lepton with a mass of 155 GeV
normalised to 1.0 pb for all the channels is shown together with data and Standard
Model background.
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Figure 3: 95% confidence level upper limit on the coupling constant |f |/Λ, as a
function of the excited lepton mass with f = f ′: (a) e∗, µ∗ and τ ∗ , (b) ν∗

e , ν∗
µ and

ν∗
τ , and with f = −f ′: (c) e∗, µ∗ and τ ∗, (d) ν∗
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µ and ν∗
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