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Abstract

A search for charged and neutral excited leptons is performed in 217 pb~! of data
collected with the L3 detector at LEP at centre-of-mass energies up to 209 GeV.
The pair- and single-production mechanisms are investigated and no signals are
detected. Combining with L3 results from searches at lower centre-of-mass energies,
gives improved limits on the masses and couplings of excited leptons.
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1 Introduction

Charged (e*, u*, and 7%) and neutral (v, v and v;) excited leptons are predicted by composite
models where leptons and quarks have substructure [1-3]. These models address fundamental
questions left open by the Standard Model [4], such as the number of families and the fermion
mass values.

High energy electron-positron annihilations constitute an excellent environment for the
search for excited leptons and several searches have been carried out at LEP [5-7]. Searches
for excited electrons and neutrinos were also performed at the HERA [8] ep collider. This Let-
ter describes the extension of previous L3 searches [5,6] to the highest centre-of-mass energies
attained by the LEP machine in its last year of operation, /s = 202 — 209 GeV.

A model [1] is assumed in which excited leptons are described as isospin doublets with left

and right handed components:
v* v*
v (0), (),
), ),

with ¢ = e, u, 7 and v = v,, v, v;. These excited leptons are accessible at LEP through pair
production, eTe™ — £*(*, v*v*, or single production, ete™ — £¢*, vv*. Pair-production searches
are sensitive to excited leptons of mass up to values close to the kinematic limit y/s/2, while
the single-production mechanism extends the search potential up to masses close to /s.

The pair production of excited leptons is described by the effective Lagrangian:

Ly = L*y* <g%WM + g’YBu> L. (2)

while the single production of excited leptons and their decay into Standard Model leptons is
modeled by:

1—75

Lroq, = %E*UW <g f%@ul/f/y +4q f’Y@MBV> L+ (h.c.). (3)
In these expressions, v are the Dirac matrices, " = i[y*,4"]/2, g and ¢’ are the Standard
Model SU(2) and U(1) coupling constants, 7 denotes the Pauli matrices, ¥ = —1/2 is the
hypercharge and W and B are the gauge fields associated with the SU(2) and U(1) groups
respectively. L denotes the Standard Model leptons, A is the scale of the New Physics respon-
sible for the existence of excited leptons and f and f’ scale the SU(2) and U(1) couplings,
respectively.

The cross section for pair production of excited leptons depends only on their mass and
on y/s. As an example, for masses of the excited leptons of 101 GeV, the cross section at
Vs = 206 GeV for ete” — p*up* and efe” — v,v, are 0.6pb and 0.3pb respectively. The
single-production cross section for excited leptons depends also (equation 3) on f/A and f'/A.

Equation 3 also describes the decay of excited leptons into Standard Model leptons in
association with a photon or a gauge boson. Three decays are possible: radiative decays,
0¥ — (v and v* — v, charged-current decays, ¢* — vW and v* — (W, and neutral-current
decays (* — (7 and v* — vZ. The branching fractions in these different modes depend on the
relative values of f and f’. As an example, Table 1 lists these fractions for two mass values
and the the two extreme cases f = f’ and f = —f’. Table 2 summarises all the final states for
excited lepton production and decay that are considered in this Letter.



2 Data and Monte Carlo Samples

The data sample discussed in this letter comprises 216.9 pb~! collected with the L3 detector [9]
at /s = 202 — 209 GeV with an average centre-of-mass energy of 206 GeV.

Monte Carlo samples of pair-produced excited leptons are generated for a mass of 101 GeV,
which is close to the expected kinematic limit. The single production of excited leptons is
modeled for masses of 110, 160 and 201 GeV. An interpolation, which includes samples at
101, 150 and 195 GeV produced at /s = 192 — 202 GeV [6], allows the estimation of selection
efficiencies in the mass range from 90 to 209 GeV. All possible final states listed in Table 2 are
generated, including both hadronic and leptonic decays of the W and Z bosons. Differential
cross sections are modeled according to Reference 1 and initial state radiation is taken into
account in cross section calculations.

Standard Model background processes are simulated with several Monte Carlo generators.
Radiative Bhabha events are generated using BHWIDE [10] and TEEGG [11]. KK2F [12] is
used for the efe™ — pu(y), ete™ — 77(y) ete”™ — vv(y) and ete™ — qq(y) processes. The
ete” — WHTW™ process is modeled with KORALW [13], with the exception of the qgev final
state, described by EXCALIBUR [14] which is also used for the ete™ — £00¢ and ete™ — llvv
processes. PYTHIA [15] is used for the final states coming from ete™ — ZZ not covered by
EXCALIBUR. GGG [16] describes the ete™ — ~+() process. The production of hadrons and
leptons in two-photon interactions is described by PHOJET [17] and DIAG36 [18], respectively.

The L3 detector response is simulated for all Monte Carlo samples using the GEANT pro-
gram [19], which includes the effects of energy loss, multiple scattering and showering in the
detector. Time dependent detector behaviour, as monitored during the data taking period, is
also taken into account.

3 Selection Strategy

The search for charged and neutral excited leptons follows the one already performed at lower
centre-of-mass energies [5,6]. Several selections are devised in order to cover all final states
listed in Table 2. All those selections proceed from the identification of photons, leptons and
jets and then assemble those constituents to single out the particular signature of each final
state.

Photons and electrons are identified in the BGO electromagnetic calorimeter as clusters
within a polar angle | cos 6| < 0.95 and with energy above 1 GeV. The shape of the shower in
the crystals must be compatible with a photon or an electron. Electrons must be associated to
tracks in the central tracker, while no track is allowed near photon candidates.

Muons are selected from tracks reconstructed in the central or forward-backward muon
spectrometers. These tracks must point to the interaction vertex. Signals in the time-of-flight
system are used to reject background from cosmic rays. In addition, muon candidates without
a track in the spectrometer are also built starting from energy depositions in the calorimeters
consistent with a minimum ionising particle matched to a track in the central tracker.

Tau leptons are reconstructed from low multiplicity narrow hadronic jets, or identified
through their decay into electrons or muons with additional missing energy (£) and momentum.

Jets are reconstructed from charged tracks and energy clusters in the electromagnetic and
hadronic calorimeters. The missing energy and missing momentum of the event, used to tag
events with neutrinos in the final state, are calculated from all tracks, energy clusters and
additional muons. The missing momentum is required to point away from the beam axis in
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most of the selections, so as to minimise the background from two-photon interactions and
fermion pair production in association with a high energy initial state photon radiated at low
polar angle.

A short summary of the relevant features of the analyses for the pair- and single-production
mechanisms is given in the following two sections. Details on the different selections are dis-
cussed elsewhere [6,20].

4 Pair Production

The search for pair-produced charged and neutral excited leptons relies on many selections,
aimed to maximise the sensitivity for excited lepton masses close to the kinematic limit, around
V/s/2. For these mass values, radiative and charged-current decays include over 80% of the
decay modes, for any choice of the couplings. Neutral-current decays are hence not considered.
Table 3 summarises the selections used for the analysis of each final state, as described below.

Radiative decays of charged excited leptons are searched for through exclusive final states
with a pair of identified leptons and two identified photons. Final states with two photons and
missing energy and momentum are used to tag radiative decays of excited neutrinos.

Four selections are devised to identify the pair of W bosons produced by the charged-current
decays of both charged and neutral excited leptons. Three selections, collectively denoted as
qqlv, and different according to the lepton flavour, select final states with two hadronic jets
and an isolated high energy lepton. The fourth selection, qqqq, identifies high multiplicity final
states, with four hadronic jets. The qqfr and qqqq selections are used for the charged-current
decays of charged excited leptons and tau excited neutrinos. Figure 1a shows the hadronic mass
for events selected by the qqfv selection. In Figure 1b is shown the sum of the invariant and
recoil masses for two jets associated to a reconstructed W in the qqqq selection. In the search
for electron and muon excited neutrinos, an additional pair of electrons and muons is required
in addition to the qqfv and qqqq selections.

Events where one excited lepton decays radiatively and the other through the charged-
current are investigated with a similar selection for both charged and neutral excited leptons.
Events are selected that have an isolated lepton, a photon and missing energy. In addition, the
decay products of a W boson are required as either two hadronic jets or an additional isolated
lepton. Figures 1c and 1d show the masses of the excited electron and muon candidates,
reconstructed as the photon-lepton invariant mass.

5 Single Production

The search for singly produced excited leptons complements the search through the pair-
production mechanism and gives access to the mass range from /s/2 up to y/s. To retain
the highest efficiency, all decay modes are investigated: radiative, charged-current and neutral-
current. Table 4 lists the association between all final states and the corresponding selections
which are summarised below.

In the search for charged excited leptons decaying radiatively, final states with two leptons
and a photon are selected. High sensitivity to the excited lepton mass is achieved via the
invariant mass of a detected lepton and the photon, as presented in Figures 2a, 2b and 2c.
Events with one photon and large missing energy and momentum are used to search for the



possible production of excited neutrinos. Figure 2d presents the normalised energy spectrum
of the selected photons.

For the charged-current decay of charged and neutral excited leptons, the qqfv selection
described above is used. Figure 3 presents the distribution used for the reconstruction of the
mass of the excited lepton candidates, namely the lepton recoil mass in the case of charged
excited leptons and the invariant mass of the lepton and the detected jets in the case of excited
neutrinos with a hadronic decay of the W boson. To retain the highest efficiency, two additional
selections are devised. They identify events with hadronic activity and missing energy, qq £,
as well as leptons and missing energy, ¢¢ 5. These selections complement the qqfv selection in
the case in which the lepton is not detected or the W boson decays into leptons.

Neutral-current decays of charged excited leptons are searched for with the same selections
used for the charged-current case. The neutral-current decay of excited neutrinos, produces a
Z boson and missing energy. This final state is covered by the qqF and ¢ F selections.

6 Results

Tables 3 and 4 list the number of events observed in the data by each selection together with
the Monte Carlo background expectations and the signal efficiencies. No evidence for the
production of excited leptons is observed in any final state.

Systematic uncertainties affect the results in Tables 3 and 4. An uncertainty of 1.5 —
2.5%, depending on the selection, is associated to the background estimate. This includes the
uncertainties on the cross sections of background processes, limited Monte Carlo statistics,
detector simulation and the selection procedure. The limited Monte Carlo statistics and the
detector simulation also affect the estimation of the signal efficiency. Depending on the selection,
the systematic uncertainty from this source is around 2.5%, which also covers the accuracy of
the efficiency interpolation for different excited lepton masses.

The absence of excited leptons in the data sample is expressed by means of upper limits on
their masses and couplings. Absolute limits on the masses are derived from the pair-production
process, whereas limits on the effective couplings as a function of the masses are derived from
the single-production study. The limits discussed in the following also include the results from
previous searches at /s = 189 GeV [5] and /s = 192 — 202 GeV [6]. All limits take systematic
uncertainties into account and are reported for two extreme scenarios, f = f/ and f = —f".
For f = f’, the radiative decay is allowed for charged excited leptons whereas it is forbidden
for excited neutrinos. The opposite holds for f = —f’. The final state topologies and hence
the experimental sensitivity for the two scenarios are therefore very different. For the pair-
production process, the numbers of observed and expected events, together with the signal
efficiencies are translated into upper limits on the cross section for the production of excited
leptons. A scan is performed for all possible values of the ratio f/f’, and the decay fractions of
charged excited leptons and excited neutrinos are computed for the radiative, charged-current
and mixed decay modes. Signal cross sections are calculated and the corresponding mass limits
are derived, as presented in Table 5. More stringent limits are obtained for channels with
low background. As an example, the limits on charged excited leptons in the f = f’ scenario
and excited neutrinos in the f = —f’ scenario benefit from a large branching ratio in the
clean radiative decay channel. In addition to those corresponding to the f = f" and f = —f’
scenarios, limits are also given for all excited leptons which correspond to the lowest values
obtained in the scan over f/f’, and hence valid for any choice of the couplings.

In the case of single-production searches, an upper limit on the cross section is obtained as
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a function of the excited lepton mass. Different mass hypotheses are investigated by means of
the distributions of the variables presented in Figures 2 and 3. These cross section limits are
translated in the upper limits on the ratios |f|/A and |f’|/A shown in Figure 4. The edge of
the curves at low mass indicates the lower mass limit derived from pair-production searches,
whereas the rise at high mass reflects the decrease of the expected signal cross section and
therefore of the experimental sensitivity. The limits corresponding to charged excited leptons
in the f = f’ scenario and excited neutrinos in the f = —f’ scenario are derived mainly from
the radiative decay searches, whose clean final states have a high signal sensitivity. These limits
are more stringent than those obtained in the complementary scenarios in which the radiative
decays are forbidden. The limits corresponding to excited leptons of the first generation are
significantly tighter due to their higher cross section resulting from the ¢-channel contribution.

In conclusion, no evidence for charged and neutral excited leptons of any flavour is found
in the LEP data, and lower mass limits as high as 101.5 GeV are derived for any value of the
excited lepton couplings. Upper limits on |f|/A and |f'|/A, ranging from 107! to 107* GeV ™!
according to the excited lepton flavour and mass, are set in the mass range from 100 to 200 GeV.
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Branching Ratios

Decay M =102 GeV M =200 GeV

Channel | f=f"|f==f"|f=/|f==/
L R 4 70% - 35% -
 — vW | 28% 83% 55% 63%
0 — A7 2% 17% 10% 37%
vt — oy — 70% - 35%
v© — (W | 83% 28% 63% 55%
vt — V7 17% 2% 37% 10%

Table 1: Predicted branching ratios for charged and neutral excited lepton decays,

for different choices of masses (M) and couplings.

Decay Pair production Single production
mode ete” — (*(* ete” — v*v* | eter = 0* |ete — vv*
Radiative 0 — Uy V'Vt — vuyy o — by vt — vy
Charged-current | (*0* — vvWW | vjv; — UWW | vy — vl W | 005 — Ly, W
Neutral-current - - o — 7 vv* — vz

Mixed ol — ywW | vy — vylW - -

Table 2: The final states for excited lepton production considered in this Letter,

where ¢ runs on the lepton flavour: e, p and 7.
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Pair production

T

Signal Selection Np | Ng | e (%)
e'e* — eeyy Leptons 0 0.1 45
W — ey and 0 0.3 44
T — TTyYy photons 0 0.4 40

0 — vvWW qqqq or qqfv 3012 | 2974 | 66
e'e* - eywW | e+y+E + [qq or /] 9 10 56
prut — uyvW | p+ v+ E+ [qq or /] 6 5 49
7" = mywW | jet+y+E+[qqor f] | 45 43 35
vivi — eeWW | ee+ [qqqq or qqlv] 1 0.2 15
Vv, — e WW | e+ [qqqq or qqév] 2 0.6 19
vivi — 1tWW qqqq or qqlv 3012 | 2974 | 70
VUt — vuyy yy+ F 2 1.9 45
vivi — vyeW | e+~y+E + [qq or /] 35
vivg — vypW | p+y+E+[qqor 4] | 10 11 29
vivi — vytW | jet + v+ E + [qq or /] 23

Table 3: Selections used in the search for pair-produced excited leptons and the
corresponding numbers of observed events, Np, expected background, Ng, and se-

lection efficiency, ¢, for an excited lepton mass of 101 GeV.
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Single Production

Signal Selection Np | Np e (%)
ee* — eey Leptons 672 | 737 | 54,65,65
L — oy and a 95 66 | 62,63,60
T — TTY photon 48 60 | 42,45,43
ee* — e, W qqfv or 749 | 773 | 65,64,61

™ — v, W qqf or 652 | 675 | 60,64,62
7% — T, W UE 1287 | 1307 | 59,48, 50
ee* — eeZ qqfv or 673 | 698 | 65,37,63
et — qq f or 568 | 596 | 58,41,59
T = 1TL UE 1217 | 1236 | 32,22, 37
vt — vy v+ E 176 | 194 | 60,67,70
Vo) — VeeW qqlv or 749 | 773 | 61,68,67
vV, — VW qqE or 652 | 675 | 63,63,60
vvr — v, TW UE 1287 | 1307 | 46,57,60
vv* —wvvZ | qqFE or LLE | 343 | 350 | 18,15,40

Table 4: Selections used in the search for singly-produced excited leptons and corre-
sponding numbers of observed events, Np, expected background, Ng, and selection
efficiency, e, for excited lepton masses of 110, 160 and 201 GeV.

Excited 95% CL Mass Limit (GeV)
Lepton | f=f"| f=—f"| Any Coupling

e* 102.8 96.6 96.5

w 102.8 96.6 96.6

T* 102.8 96.6 95.6

vl 101.7 102.6 101.5

IJZ 101.8 102.6 101.4

vl 92.9 102.6 91.3
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Table 5: Lower mass limits at 95% confidence level for charged and neutral excited
lepton as obtained from pair-production searches.
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47> in the qqfv selection;

b) the sum of M;; and the recoil mass, M,., for two jets in the qqqq selection; c)
the electron photon invariant mass in the eyvW selection and d) the muon photon
The expected signal for excited leptons

produced in pairs with a mass of 101 GeV is shown together with data and Standard
Model background.

invariant mass in the puyrW selection.
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Figure 2: The invariant mass distributions for the a) e—vy, b) u —~, and ¢) 7 —

7 systems.

d) The normalised energy distribution of single photon events.

The

expected signal for a singly-produced excited lepton with a mass of 160 GeV is
shown together with data and the Standard Model background expectation. The
signals are plotted for the arbitrary choice of couplings displayed in the Figures.
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Figure 3: Lepton recoil mass distributions for the a) qqer, b) qquv and c) qqrv
selections. Invariant mass distributions for the d) qqev, e) qquv and f) qqrv se-
lections. The expected signal for a singly-produced excited lepton with a mass of
160 GeV is shown together with data and Standard Model background expectations.
The signals are plotted for the arbitrary choice of couplings displayed in the Figures.
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Figure 4: 95% confidence level upper limits on |f|/A, as a function of the excited
lepton mass with f = f' for a) e*, p* and 7%, b) v, v and v, and with f = —f’
for ¢) e*, p* and 7, d) vZ, v and v}.
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