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1 Introduction

Excited leptons are predicted by models with substructure in the fermionic sector [1,2].
They are assumed to have spin and weak isospin equal to 1/2 and to have both their
left-handed and right-handed components in weak isodoublets:

= <f) L= <f)
L R

where v* = v}, v, v and £ = €, u*, 7" represent the different flavours of neutral and
charged excited leptons respectively. Excited leptons (L* = ¢*,1*) couple to the photon
and/or to the W% and Z° gauge bosons according to their quantum numbers and thus
could be pair-produced at LEP. Single production in association with their Standard
Model (SM) partners (L = ¢, v) is also possible but the production cross-sections depend
on the LL*V couplings, where V is a gauge boson (V = ~, W*,Z%) [3]. Excited leptons
with masses up to the centre-of-mass energy (1/s) can be sought through the single
production mode.

This paper presents results of a search for single and pair production of excited leptons
of all flavours using data collected by the DELPHI experiment at LEP at centre-of-mass
energies between 189 GeV and 209 GeV. Previous results by DELPHI and the other LEP
experiments can be found in references [4-6], while results from the HERA experiments
can be found in reference [7]. The paper is organised as follows: section 2 reviews the
phenomenology of excited lepton production and decay and its consequences for the
experimental strategy; in section 3 a detector overview is given and the data and Monte
Carlo simulations are presented; event selection criteria applied to the different search
channels are described in section 4 and the results obtained are presented in section 5;
finally, a summary is presented in section 6.

2 Production and decay of excited leptons

Pair production of charged excited leptons in ete™ collisions could proceed via s-
channel v and Z° exchanges, while for excited neutrinos only the Z° diagram contributes
(figure 1). Pair production of excited electrons or excited electron neutrinos would also
be possible through t-channel exchange diagrams. In this case two LL*V vertices are
involved and the contribution to the total production cross-section is expected to be
negligible compared to the s-channel exchange diagrams.

Single excited lepton production could result from s-channel  and Z° exchange (figure
1). Important additional contributions from ¢-channel v and Z° exchange arise for ex-
cited electron production, while t-channel W* exchange can be important for the excited
electron neutrino. In the ¢-channel production of excited electrons, the SM spectator
electron is emitted at small angles to the colliding beams direction and thus is often not
detected.

The SU(2)xU(1) gauge invariant effective Lagrangian describing the magnetic transi-
tion between excited leptons and the SM leptons has the form [2]:

1 — T = ;Y . :
L = ﬁL*o—“ gf7 W +4g'f §B;w Ly, + hermitian conjugate

where L* = L} + L} and Ly, is the weak isodoublet with the left-handed components
of the SM leptons; " is the covariant bilinear tensor, 7 are the Pauli matrices, Y is



the weak hypercharge, WW and B, represent the gauge field tensors of SU(2) and U(1)
respectively, with g and ¢’ being the corresponding SM coupling constants; the parameter
A sets the compositeness scale, with f and f’ being weight factors associated with the
two gauge groups. This Lagrangian is associated to the LL*V vertex, and describes the
single production of excited leptons and their decay branching ratios. The strength of the
LL*V coupling is parameterised through f and f’. Form factors and anomalous magnetic
moments of the excited leptons were not considered in the reported analyses. To reduce
the number of free parameters it is customary to assume a relation between f and f’,
or set one of the parameters to zero. In this paper the relations f = f’ and f = —f’
were considered. With the assumption |f| = |f’|, the single excited lepton production
cross-section depends only on the ratio f/A and on the excited lepton mass.

Excited leptons with masses above 20 GeV/c? are assumed to decay promptly by
radiating a v, W* or Z° boson. Their mean lifetime is predicted to be less than 1071° s
in all the studied scenarios, thus for detection purposes excited leptons would essentially
decay at the production point. The decay branching ratios are function of the f and f’
parameters. Figure 2 shows the decay branching ratios as a function of the excited lepton
mass (mp+) for f = f" and f = —f’. For charged excited leptons, the electromagnetic
radiative decay is forbidden if f = —f’ and the decays proceed exclusively through Z°
and W+ bosons. However, as long as f # —f’ there is a significant contribution to the
total decay width from the electromagnetic radiative decay, even if the difference |f|—|f|
is much smaller than |f|. If f = f’, the electromagnetic radiative decay branching ratio
is close to 100% for myz- smaller than the W* mass (my ), but decreases for mz« > mwy
reaching a value of 34% for mp- = 200 GeV/c?. For excited neutrinos the electromagnetic
decays are forbidden only if f = f’.

Many final state topologies would result from the production and decay of excited
leptons. The possible final states involve isolated leptons, isolated photons, particle jets
from quark fragmentation, missing energy and missing momentum.

Final State Topologies
Channel Single production | Pair production
0 — Uy 0y, (0)ly Ll
0 — VW j3¢.33(0) 73,3337
=1z Jgll,g30(0) -
v vy T N N
vt — (W Jit.jil) Jjlee,jjee(t),jjjiee
vt —uvZ 77 -

Table 1: Analysed final-state topologies corresponding to the different production and
decay modes of excited leptons. The spectator or final state SM lepton remaining unde-
tected is indicated by (£).

Table 1 shows the topologies considered in the analysis, for the different L* production
and decay channels. Several of those, although not corresponding directly to the physical
final state, are expected to become particularly important in presence of low energy or
low polar angle! leptons. For these topologies the unseen lepton is shown in parentheses.

1In DELPHI a right-handed Cartesian coordinate system was used, with the z-axis pointing along the electron beam,
the z-axis pointing toward the centre of the LEP ring and the origin at the centre of the detector. The polar angle 6 is the
angle to the electron beam direction and the azimuthal angle ¢ is the angle measured from the z-axis. In this paper the
complementary value (180° — 6) is always also assumed.



The final states arising from the W* or Z° leptonic decays in the single production
mode and the WTW~ purely leptonic decays or the Z°Z° final states in the pair pro-
duction searches were not considered due to their small branching ratio and/or small
signal sensitivity. In addition the pair-production search criteria aimed at selecting only
the topologies arising from the L*L* decays to identical gauge bosons (unmixed decays).
No specific criteria were defined to select the final state topologies resulting from mixed
decays of the gauge bosons.

3 Detector overview and data samples

The data analysed were collected with the DELPHI detector in the years 1998-2000,
at centre-of-mass energies ranging from 189 GeV to 209 GeV and correspond to a total
integrated luminosity of 598.7 pb~!, with an average centre-of-mass energy of < /s >~
198.5 GeV. A detailed description of the DELPHI detector can be found in reference [8].
In the year 2000 the centre-of-mass energy varied from 201.5 GeV to 208.8 GeV, with
an average value of < /s >~ 206 GeV. With the purpose of maximizing the discovery
potential, these data were subdivided into centre-of-mass energy bins that were analysed
independently. During the year 2000 data taking an irrecoverable failure affected one
sector of the central tracking detector (TPC), corresponding to 1/12 of its acceptance.
The data recorded under these conditions, approximately 60 pb~!, were analysed as
an independent energy bin. The luminosity weighted mean centre-of-mass energy and
integrated luminosity for each analysed data set are summarised in table 2. The last
column corresponds to the data taken after the TPC damage. In the remainder of the
text each centre-of-mass energy bin will be referred to by the nearest integer value and
the energy bin corresponding to the data taken after the TPC failure as 206*. For the
pair production search only the data taken in year 2000 were used in the analysis. In
the single production searches the 6.9 pb~! collected at /s ~ 208 GeV were analysed
together with the 207 GeV data.

[ Year | 1998 | 1999 | 2000 |

< /s> (GeV) | 188.6 | 191.6] 1955 199.5 | 201.6 | 204.9 | 206.7 | 208.2] 206.5
JTLZ (b ) |[151.8 | 25.1 | 76.0 | 82.6 | 40.1 | 79.9 | 77.1 | 6.9 | 59.2

Table 2: Luminosity weighted mean centre-of-mass energy and integrated luminosities
for the analysed data. The last column corresponds to the data taken after the TPC
damage.

Events from Standard Model processes that might contribute to the background
were generated at each centre-of-mass energy using several Monte Carlo programs.
ete™ — ff(7) events were generated with KK2F [9] (f= quark or muon), KORALZ [10]
(f=tau) and BHWIDE [11] for Bhabha events (f=electron). Four-fermion final
states were produced with WPHACT [12], while particular phase space regions of the
ete” — ete f? process, referred to as two-photon interactions, were generated using
PYTHIA [13] for hadronic final states;, BDKRC [14] for ete putpu™ and ete 7t7~ and
BDK [15] for eTe~ete final states. efe™ — ete vy events, with one electron (positron)
scattered at very small polar angles while the positron (electron) and photon have large
scattering angles, yield a final state with only one electron (or positron) and one photon
detected. Such events, which correspond to a particular region of the Bhabha scattering



phase space not covered by the BHWIDE simulated sample, were generated according
to [16]. The process ee™ — y7v(7) was simulated using the generator described in [17].

Excited lepton events were simulated to study the distributions of the relevant kine-
matic variables and to compute the selection efficiencies of the analyses. Single and pair
production events of all excited lepton flavours were generated according to the differen-
tial cross-sections defined in reference [2]. Simulated events were produced at the relevant
centre-of-mass energies and for several excited lepton masses. In the single production
scenario the following masses were considered at all centre-of-mass energies: m- = 100,
125, 150, 170, 180 GeV/c?; additional masses were produced up to the kinematic limit,
with values depending on the centre-of-mass energy of the simulated sample (e.g. at
Vs = 188.6 GeV the additional masses mz- = 185, 188 GeV/c? were also simulated).
In the pair-production samples the following masses were considered: mp« = 85, 90, 95,
100 and 103 GeV/c?; in addition for ¢*¢* — vWvW the mp- values between 95 and
103 GeV /c* were taken in 1 GeV/c? steps.

In all simulations the relation f = f’ was assumed for the weight factors. However,
in the case of the single production of excited electrons, events were generated also with
f = —f'. This allowed to take into account the strong dependence of the event kinematics
on the relative weights of the couplings. In the single-production mode, initial state
radiation (ISR) of photons was included at the event generation level, while for the pair-
production process it was taken into account in the computation of the total cross-section.

All excited lepton decay modes were included in the single production simulations.
For the pair-production the following decays were simulated: ¢*¢* — 00y, v*'v* — vvyy,
0 — vWrW and v*v* — (W/IW. Finally the decays of the SM heavy gauge bosons and
tau leptons and the hadronization/fragmentation in hadronic final states were performed
using JETSET 7.4 [13].

The generated signal and background events were passed through the detailed sim-
ulation of the DELPHI detector and then processed with the same reconstruction and
analysis programs as the real data [8]. For the data collected after the TPC failure the
reconstruction software for charged particle tracks was adjusted to make best use of the
Silicon Tracker and Inner Detector, both placed closer to the beam than the TPC, and
the Outer Detector and Barrel Rich, placed outside the TPC. As a result, the impact of
the malfunctioning TPC sector on the determination of jet momenta was not large. A
dedicated simulation of the detector conditions during this period was also used.

4 Event selection

The production and decay of excited leptons would imply topologies involving isolated
leptons, isolated photons, jets and missing energy, as detailed in table 1.

In the first step of the analysis isolated particles were searched by constructing dou-
ble cones centred in the direction of the charged particle tracks and the neutral energy
deposits, defined as energy deposits in the calorimeters not matched to charged particle
tracks. The energy detected inside an inner cone with half opening angle of 5° was re-
quired to be above 5 GeV, while the energy contained between the inner cone and the
outer cone was required to be small, to ensure isolation. Both the opening angle of the
outer cone and the maximal accepted total energy contained between the two cones were
varied according to the topology of the event and to the energy and identification of the
reconstructed particle [18].

Events were pre-selected by requiring the total energy deposited above 20° in polar
angle to be greater than 0.2y/s. The events were then classified in different topologies



according to their multiplicity and to the number of isolated leptons and photons. The
“low multiplicity” events were required to contain at most five well-reconstructed tracks
while “high multiplicity” events contained more than five such tracks. In “low multiplic-
ity” events all particles not identified as isolated photons were clustered into jets using
the Durham algorithm [19]. This allowed to treat the tau leptons decays as low mul-
tiplicity jets. The jets in the event were obtained by requiring that the jet resolution
variable was greater than 0.003 for all jet pairings [5]. If the number of jets thus obtained
was smaller than the number of isolated leptons previously found, the jet algorithm was
repeated requiring the number of jets to be equal to the number of isolated leptons. Elec-
tron, photon and muon identification were based on the standard DELPHI algorithms
described in refs. [8,20]. Topology-dependent criteria were then applied, as detailed in the
following subsections, and finally the flavour of the final state leptons was used whenever
it provided information on the flavour of the excited lepton being searched for.

4.1 Topologies with only photons

Final state topologies consisting of photons only could arise from the production of
excited neutrinos decaying to a SM neutrino and a photon. For these topologies the
analyses presented in [18,21] were used.

In the search for single production of excited neutrinos, events consisting of only
one photon in DELPHI (single photon events) were selected. For the single photon
preselection the results from reference [21] were used. The background from SM processes
giving single photon events is mainly due to the process ete™ — Z% — v¥y, where the
final state photon is emitted predominantly at small polar angles. Candidate events were
required to have a photon with polar angle 6., > 45° and with energy E, > 0.45/s.
In the vv* search the data from year 2000 was grouped in two bins, corresponding to
Vs <206 GeV and /s > 206 GeV.

For the v*v* search events with two photons were selected. The analysis used in the se-
lection of two photons and missing energy described in reference [18] was followed, except
for the kinematic fit imposing the Z° mass on the invisible system and the requirement
on the missing mass.

4.2 Topologies with leptons and photons

Topologies with isolated leptons and photons are expected whenever the excited
charged leptons decay by photon emission.

For the single production search the topologies ¢/~ and ¢~ were considered as shown
in table 1. The ¢y topology becomes dominant for all flavours when the excited lepton
mass is close to the centre-of-mass energy. The spectator SM lepton has then too small
an energy to be identified as an isolated particle. The ¢+ topology is also crucial for
the single e* search when ¢-channel production dominates, in particular for the f = f’
scenario. The SM spectator electron would then be predominantly scattered at small
polar angles and would remain undetected.

Different preselection criteria were applied, according to the event classification in
each of the topologies and taking into account the relevant background processes and the
specific kinematics of the signal events.

Only events with at least one photon with energy E. > 0.05/s were considered while
for the lepton momentum (p,) it was required p, > 0.05y/s in the topologies with only
one lepton. In the ¢/ topology the sum of the two lepton momenta had to be greater



than 0.1y/s and the sum of the lepton and photon energies had to be greater than 0.4./s.
In addition, in the e* and p* searches, the momentum of the most energetic lepton had to
be greater than 0.05y/s. For events in the ¢y topology it was required that E, > 0.1y/s,
pe > 0.1y/s and E, + p, > 0.44/s.

Figure 3 shows the distribution, after this preselection, of relevant kinematic variables
for each of the topologies considered.

The event selection was further tightened as follows. In the case of the ¢+ topology
the dominant background arise from Bhabha scattering events with one electron lost at
low polar angle or identified as a photon. Requiring the presence of an energetic photon
in the central region of the detector is the main rejection criterium. For the e¢* and 7*
searches in this topology it was thus required that 6., > 42°.

The main background for the £/ topology is due to radiative Bhabha scattering events.
Initial state radiation events, where the photon is mainly emitted at small polar angle,
were reduced by requiring 6, > 42° in the e* and 7* searches. The background from final
state radiation consists of low energy photons emitted at small angle to the direction of
the final state leptons. It was thus required E, - sina > 0.084/s, where E, is the photon
energy and « is the angle between the photon direction and the direction of the nearest
particle.

The final state topology consisting of one electron and two photons, eyy, was ad-
ditionaly considered in the e* search. In the t-channel dominated e* production mode
the spectator electron could be scattered at angles covered by the low-angle calorimeter
of DELPHI, below the geometrical acceptance of the tracking detectors. This electron
would then be reconstructed as a photon. In the selection of ¢+~ events it was required
that one and only one reconstructed photon had a polar angle ¢, < 9°, while the second
photon had to be detected above 25°. The sum of the lepton momentum and photon
energies had to be greater than 0.8y/s. The main background for this topology is due to
radiative Bhabha scattering events, with one low angle scattered electron being identified
as a photon. This background is mostly irreducible. Some reduction of the background
level was still achievable by requiring that p, + E,, > 0.4y/s, where E,, is the energy of
the low polar-angle photon.

For the pair production search the ¢/~ topology was considered. The expected back-
ground is rather low and simpler cuts were applied. Both leptons were required to have
a momentum above 10 GeV/c. Events were kept as candidates if a lepton-photon pair-
ing could be found for which the difference between the invariant masses of the two
lepton-photon pairs was smaller than 15 GeV /c? in the e* and u* searches and less than
20 GeV/c? in the 7* search.

The excited lepton mass can be reconstructed by computing the lepton-photon invari-
ant mass. In the ¢~y topology the photon expected from the decay of an excited lepton
is the one detected at high polar angle, while in the ¢/ topology both possible lepton-
photon pairings were considered. The invariant-mass resolution was improved by rescaling
the measured energies and momenta. This was done imposing energy-momentum con-
servation and using just the polar and azimuthal angles, which are well measured in the
detector. Resolution of £1 mrad in # and +1.7 mrad in ¢ are obtained for high energy
photons and of about £1 mrad or better in # and ¢ are obtained for high momentum
charged particle tracks, in the central part of the DELPHI detector [8]. In order to take
into account the energy lost through initial state radiation, the rescaling was also applied
assuming the presence of an additional photon along the beam direction. This procedure
accounts also for the case when the spectator electron is lost in the beam pipe. The com-
patibility of the rescaled and the measured values was quantified through the variable 2,



defined as:
1 pcalc meas 2
-2 ()

meas calc

where 7 is the number of particles, p; are the measured momenta or energies and p
are the values calculated from the kinematic constraint; o;, the quadratic sum of the
errors on p¢e¢ and p"e®*, is defined in reference [4]. The x? was computed separately for
charged particles (X2,qygeq) a0d PhOtons (X2,or0ns)- The result from the rescaling assuming
an additional particle along the beam direction was retained whenever it yielded a smaller
total x*. In any case only events with min(XZ,..ged> Xonotons) < 9 were retained. The
resolution on the lepton-photon invariant mass, after applying the kinematic constraints,
was found to be in the range 0.2-0.6 GeV/c? for electrons and muons, and 1.5-2.0 GeV /c?
for taus.

Finally, the flavour of the final state leptons was used to select the candidate events.
In the e* search all leptons had to be identified as electrons. The p* search criteria
required that the most energetic lepton was identified as a muon and no particle was
identified as an electron. In the 7* search no lepton flavour identification was applied.
Instead a difference between the measured and rescaled momenta of the final state leptons,
characteristic of the presence of neutrinos from tau decays, was required by imposing

tharged > 5 (Xiharged > 10 in the éflyly tOpOlOgY)

4.3 Topologies with jets and leptons
4.3.1 Single production analysis

Final state topologies with jets and isolated leptons were considered in the search for
excited leptons decaying to W* or Z°, ¢* — vW, ¢* — (Z° v* — (W and v* — vZ0.
Due to the presence of neutrinos, some of the topologies are additionaly characterized
by missing energy. Only the final states arising from the hadronic decays of the W* and
Z° bosons were studied. Depending on the search channel, up to two isolated leptons
could be present. The topologies considered in the single production search were thus
jj, 77¢ and jj0€. All particles in the event, excluding the isolated leptons, were clustered
into jets using the Durham algorithm. Two-jet events were selected by requiring the jet
resolution variable for the transition from three to two jets, yo3, to be lower than 0.06
and from two to one jet, y12, to be greater than 0.01. The polar angle of isolated leptons
had to be above 25°.

The searches for pair-production of excited leptons already excluded L* masses smaller
than the mass of the Z° boson for all excited lepton flavours. The gauge bosons are thus
expected to be produced on-shell and the invariant mass of the two jets (1/;;) should
be compatible with a W* or Z° boson. The loose condition 40 < M;; < 120 GeV/c?
was thus applied in all topologies. In addition, since the gauge bosons originating from
excited lepton decays are not at rest, the two jets are also expected to be acoplanar. This
characteristic is quantified by the jet-jet acoplanarity, Agp, defined as 180° — &, where
® is the angle between the projections of the jet momenta in the plane perpendicular to
the beam.

For events in the jj topology the main background comes from e*e™ — ¢g(7y) events,
where the photon is emitted at a very small polar angle or is soft, and thus remains
undetected. Since the transverse momentum of the photon is always very small (typically
< 2 GeV/c at /s = 200 GeV), this process results in two jets with small acoplanarity.



Candidate events were required to have Aggp > 25° and the polar angle of both jets had
to be larger than 20°.

A looser acoplanarity cut, Aggp > 10°, was applied to events in the jj¢ topology. The
background is mainly due to WHW~ production, with one boson decaying to quarks and
the other to a charged lepton and a neutrino (W* semileptonic decays). The quantity
& = Qw-cosby, Qw and Ow being the boson charge and polar angle respectively, was used
to reduce the W+W~ background. The W* bosons in background events are produced
preferentially in the forward direction and ¢ is peaked towards -1. In W* semileptonic
decays Qw was given by the lepton charge and fyw was estimated, neglecting radiation
effects, from the jet directions. Events in the jj¢ topology were required to satisfy
¢ > —0.6, whenever the lepton charge was unambiguously determined.

In the j70¢ topology the angle between the two lepton directions or between any of
the leptons and the jet directions had to be greater than 10°. No acoplanarity cut was
applied.

Figure 4 shows the distributions for the jet-jet acoplanarity, the variable £ for events
with the lepton charge unambiguously determined and the energy of the most energetic
lepton, for the jj, j5¢ and jj¢¢ topologies, after the preselection cuts.

In order to improve the estimation of the jet momenta and energies a kinematic con-
strained fit [22] was applied to the selected events. Events in the jj and jj¢ topologies
can arise from excited lepton decays mediated by a W* or Z° boson and thus the in-
variant mass of the jet-jet system was constrained to be either my, or mz, depending on
the search channel. For events in the jj¢¢ topology only the m  constraint was imposed.
In all cases, only the events compatible with the expected decay mode were retained by
requiring that the kinematic fit yielded a x? per degree of freedom lower than 5.

The excited lepton mass was estimated in several of the topologies considered.
The relevant variables used were the jet-jet-lepton (vv* — vfW?*) and jet-jet-neutrino
(00* — (vW?) invariant masses, and the recoil mass of isolated leptons (£0* — (vW*,
00* — (07°). The resolution on the jet-jet-neutrino invariant mass was found to vary
between 1 GeV/c? and 5 GeV/c?. In the 77 — 7vW= channel, the 7 mass was recon-
structed only for signal masses m.~ > 0.94/s and was obtained from the recoil mass of the
spectator lepton; the resolution ranged between 3 GeV/c? and 6 GeV /c?. The resolution
on the jet-jet-lepton invariant mass was about 2 GeV/c? for m, = 100 GeV/c?, increas-
ing to about 10 GeV/c? for m,- = 200 GeV/c?; no mass reconstruction was attempted
in the v channel.

In the last step of the analysis, the various production and decay modes within the
same topology were treated differently. In the search for excited leptons of the first
or second family, the flavour of the final state leptons had to match the excited lepton
flavour. In the case of the 7% — 7Z° search, the lepton energy had to be lower than 0.3+/s
for events in the j7¢ topology, while in jjl¢ events at least one lepton with energy lower
than 0.2+/s was required. In v* — 7W= events, the lepton energy had to be lower than

0.24/5.

4.3.2 Pair production analysis
v*v* search

In the search for pair production of neutral excited leptons decaying to W* bosons
(v*v* — (WIW) only the fully hadronic and semileptonic decays of WTW™ pairs were
taken into account. The final state topologies are formed by the WTW~ decay products



(two jets and one lepton or four jets) and by two additional charged leptons, yielding a
rather clear signature.

Multijet events were selected requiring y1o > 0.03. Events with at least two isolated
leptons were kept. If exactly two isolated leptons were found it was further required that
Yoz > 0.01.

In the search for v and v}, , the final state had to contain at least two charged leptons
of the corresponding flavour. For the v} search the missing energy was required to be
greater than 0.1./s.

0*0* search

The final-state topologies considered in the search for pair production of charged ex-
cited leptons decaying to W= bosons (£*¢* — vWvW) were four jets or two jets and one
lepton. They result respectively from the fully hadronic or semileptonic decays of the
WHW™ pair.

Contrary to the v*v* search described above, the two additional particles in the final
state are now neutrinos, giving missing energy. Signal events have thus a signature
very similar to the WTW~ background events. A discriminant analysis was used in
the £*(* — vWvW search, in order to boost the small differences between the signal
and background kinematics After the event preselection a signal likelihood, Lg, and
a background likelihood, Lpg, were constructed as the product of probability density
functions (PDF's) of relevant kinematic variables, as described below. The discriminant
variable was defined as Ls/Lp.

The semileptonic and the fully hadronic cases were treated separately. In the semilep-
tonic analysis, events with no isolated photons and at least one isolated lepton were
considered. The remaining particles in the event were clustered into jets. Two-jet events
were selected by requiring that the Durham resolution variables satisfied the criteria
Y23 < 0.06 and y12 > 0.01. The background from ete™ — ¢q(y) events was reduced
by requiring the polar angle of the direction of the missing momentum to be above 20°.
The minimum transverse momentum of the lepton with respect to any of the jets had
to be greater than 10 GeV/¢; the lepton polar angle was required to be above 20° for
muons and above 40° for electrons. The following variables were then used to build the
discriminant variable:

e The missing energy of the event;

The angle between the two jets;

The energy of the lepton;

The angle between the lepton and missing momentum directions;

The Q- cos §, variable, where Q; and 6, are the charge and polar angle of the lepton.

In the fully hadronic analysis it was required that no isolated photons or leptons were
present. Four-jet events were selected by requiring ys4 > 0.003 and yo3 > 0.03. The jets
were assigned to each of the W* bosons by choosing the pairing that minimized the sum
of the squares of the differences between the jet-jet invariant masses and the W+ mass. A
fit imposing energy-momentum conservation and constraining the invariant mass of the
two jet pairs to the W* mass was performed. The following quantities were then used to
build the discriminant variable:

e The missing energy of the event;
e The angle between the directions of the two jets of each pair;
e The angle between the two reconstructed W bosons.
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The distributions of some of the variables used to build Lg/Lp are shown in figure 5.
A good agreement with the SM predictions is observed. In figure 6 are shown the distri-
butions of Lg/Lp for the semileptonic and the hadronic final states.

5 Results

No evidence for the production of excited leptons was observed in any of the final
states that were searched for. The number of candidate events found in the single and pair
production searches at the various centre-of-mass energies, together with the expected
background from SM processes, are summarized in tables 3 and 4, for the different excited
lepton flavours and decay modes. These numbers were obtained by adding the results
from the different exclusive final state topologies considered in each decay (as listed in
table 1). The relevance of each topology would depend on the decay branching ratios,
which are a function of the excited lepton mass and of the coupling parameters. In many
cases there are candidate events common to the different excited lepton searches (e.g. the
events selected in the jj topology are candidates in all /* — vW searches, independent
of the ¢* flavour), but in the search for a given flavour there are no common candidates
selected in final states originating from different decay modes.

The signal selection efficiencies for all the studied channels are given in table 5, for
specific values of mz« and at /s = 206 GeV. The dependence of the efficiency on the
mass is weak, as we benefited from the combination of results from several final state
topologies which are sensitive to different mass regions.

Figures 7 and 8 show the invariant mass distributions for the candidates selected in
the various single production searches, obtained by adding the data from all the analysed
centre-of-mass energies and topologies considered.

5.1 Systematic uncertainties

Systematic uncertainties affect both the background and the signal efficiency estima-
tions.

At the event generation level, errors on the computed cross-sections translate into
uncertainties on the expected number of background events. The overall error on the
number of background events resulting from the systematic errors on the cross-section of
processes contributing significantly to the background is typically less than 2% [23].

The simulated distributions of the kinematic variables used in the event selection may
not match the distributions for the data, due either to an imperfect description of the
detector or of the background processes at the event generation level. Possible effects
on the selected number of simulated events were estimated by studying the change in
the ratio between the number of selected events in the data and simulated background,
when varying each selection cut around the chosen value, keeping the other cuts fixed:
the photon polar angle was varied by 45°; the cut in the lepton energy was changed
by 4+5 GeV; the jet-jet acoplanarity cut was varied by £5°; the limits in the jet-jet
invariant mass window were changed by +10 GeV. In each topology the contributions
from the different selection cuts were added in quadrature resulting in values ranging
from 5% to 8%, depending on the topology considered. These were taken as an estimate
of the contribution from the analysis cuts to the systematic error on the background
expectation. For each final state topology the systematic uncertainties on the signal
selection efficiencies due to the selection cuts were assumed to be equal to and fully
correlated with the background error.
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The statistical errors on the background and signal efficiencies were taken as uncorre-
lated systematic uncertainties.

An additional source of systematic error on the signal efficiency is due to the descrip-
tion of initial state radiation (ISR) effects at the event generator level. Single production
events were generated with collinear ISR only. As long as ISR photons were emitted
below the DELPHI acceptance, this would result only in a small change in the event
kinematics, with low impact on the signal selection efficiency. However, if the ISR pho-
ton was detected, the event topology would be different from the topologies considered in
the analysis, resulting in a smaller efficiency for the signal. This effect was estimated us-
ing ete”™ — ete™ and ete™ — 'y~ simulated events at various centre-of-mass energies.
An average correction factor of 0.9 was obtained and was used to rescale the selection
efficiencies. The spread on the corrections obtained at the different centre-of-mass en-
ergies, of the order of 2%, was taken as an independent contribution to the systematic
error of the signal efficiencies.

The systematic uncertainties discussed in this section were included in the computation
of the exclusion limits.

5.2 Limits

Limits at 95% confidence level (CL) were computed using the likelihood ratio method
described in reference [24]. This method is well suited both for the combination of
different search channels and for the inclusion of mass information. Searches in each
topology at each centre-of-mass energy were treated as independent channels. Whenever
the mass of the particle being searched for could be reconstructed, the PDF for a given
signal mass hypothesis was assumed to be Gaussian with mean value equal to the tested
signal mass and standard deviation equal to the signal mass resolution. For channels
where the excited lepton mass was not reconstructed, all selected events were considered
as candidates for all signal mass hypotheses. In the ¢*¢* — vWvrW channel, for which a
discriminant analysis was performed, the PDFs of the likelihood ratio obtained at each
signal mass hypothesis were used.

From the single-production search results, upper limits on the production cross-section
multiplied by the decay branching ratio (¢ x BR), as a function of the mass, were derived
for each excited lepton type and decay mode. These limits are shown in figure 9. As
already discussed, the kinematics of single e* production is sensitive to the contribution
from ¢-channel 7 exchange, with impact on the selection efficiencies. Since the ¢¢*y
coupling becomes significant even for a slight departure from the f = —f’ scenario, the
e* limits were computed using the selection efficiencies obtained with f = f’. For the
other flavours the selection efficiencies do not depend on the f and f’ assignments. The
limits on o x BR can thus be interpreted in broader compositeness scenarios.

The cross-section for single excited lepton production is a function not only of m - but
also of the coupling parameter f/A. The pair production cross-section is a function of
mp~ only. Upper limits on f/A as a function of m - and lower limits on mp- were derived
from the single- and pair-production searches respectively, by combining the results in the
various decay modes. The dependence of the decay BR’s and production cross-sections on
mp» as given in reference [2] were assumed. The production cross-sections were computed
taking into account initial state radiation effects.

Figures 10 and 11 show the limits on f/A as a function of m- for f = f" and f = —f’,
respectively. The lower limits on the excited lepton masses are given in table 6 for the
two scenarios.
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Compositeness can also be probed at LEP through the process ete™ — vyy(v). The

additional contribution of the t-channel exchange of a virtual excited electron to the
ete” — ~7(y) cross-section would lead to a change in the angular distribution of the
final state photons with respect to the SM prediction. This effect depends on the excited
electron mass me+ and on the ee*y coupling. The results presented in reference [25] were
used to complement the direct searches for the excited electron in the mass region above
the kinematic limit for ee* production. Figure 12 shows the upper limit on f/A for the
single production of excited electrons with f = f’, obtained by taking the best limit of the
direct search (figure 10(a)) and the indirect search results, thus extending the excluded
region beyond the kinematic limit.

6 Summary

The data collected by DELPHI at /s = 189—209 GeV, corresponding to an integrated
luminosity of 598.7 pb~!, were analysed to search for excited leptons decaying promptly
through v, Z° or W* emission. No evidence for excited lepton production was observed.

The search for L* pair production resulted in mass limits in the range 94 — 103 GeV/c?
depending on the excited lepton type and model assumptions, as quoted in table 6. These
are close to the kinematic limit for all charged (neutral) excited leptons in the f = f’
(f = —f') scenario. From the single production search, limits on f/A were set as shown
in Figures 10, 11 and 12. Model independent upper bounds on ¢ x BR were also derived
for each lepton type and decay channel, thus allowing for new interpretations in broader
compositeness scenarios. These results confirm and extend the limits set previously at
LEP and HERA [5-7].
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Vs Excited lepton flavour
(GeV) Channel e | n | T
v = 366 (408.2+6.7) 39 (44.0+15) 62  (54.312.7)
= oW= | 202 (217.644.8) 195 (195.544.3) 132 (447.8E7.0)
189 [ A 51 (42.0£34) 8 (10.00-£0.66) 55 (40.0%2.7)
vt — vy 3 (0.70+£0.17)
vF = OW* | 175 (180.1%4.9) | 133 (131.3%3.2) | 203 (196.5%4.9)
A 75 (81.1+3.1)
v =0 61 (66.4£2.0) 8  (7.2940.27) 10 ( 8.05+0.76)
7S UWE | 28 (38.04£0.79) | 25 (33.71£0.69) | 56  (75.2£L1)
192 [/ 5 (5.24%0.44) I (2.01£0.16) 3 (6.56£0.43)
S oy 0 (0.10-£0.03)
V" > IW*® | 24 (2853%0.75) | 18  (22.014053) | 26 (31.33£0.79)
A 9 ( 14.87£0.49)
T = by 201 (188.9+3.3) 18 (20.27£0.73) 24 (23.4+1.3)
S oWE | 108 (117.3424) 103 (101.6%2.1) 232 (230.043.5)
196 =70 26 (20.4%1.5) 3 (5.81£0.36) 23 (21.0%1.2)
Y~ 2 (0.70%£0.08)
vV —OW* | 90 (912%423) | 72 (646%L6) | 106 (96.7%2.0)
A 38 (45.6£1.5)
T = by 100 (198.8£3.5) 25 (20.74+0.74) 26 (27.3+1.3)
F S oWE | 128 (131.1+2.6) 102 (114.642.4) 230 (248.043.7)
200 =70 29 (19.3%1.4) 9 (7.05620.48) 28 (22.4%1.3)
Sy 6 (1.7£0.1)
v S OW*® | 116 (96.7£2.4) | 70 (705%L7) | 108 (102.5%2.5)
vt — vZ° 42 (52.2+1.7)
7 = 0y 87 (94.9+2.1) 8  (9.44+0.38) 16 (12.0540.73)
F=SUW=E | 79 (61.911.2) 54 (54.1+1.0) 138 (119.6L1.8)
202 [/ 5 (10.53£0.77) I (3.4520.25) 9 (11.42£0.68)
Sy T (1.240.0)
VF = IW® | 54 (468%12) | 28 (3357%084) | 55 (LAE1.3)
v = vZ° 31 (24.91£0.80)
= by 179 (182.7+£3.8) 20  (18.28+0.34) 27 (24.3£1.2)
F=UWE | 119 (123.8%24) 94 (102.4%2.0) 225 (231.5E3.4)
205 [/ 22 (I8.0£1.3) 7 (6.82£0.47) 24 (21.5EL.3)
Sy 5 (1.320.2)
vt — AW* 98  (90.9+2.3) | 60 (61.8£1.6) | 88  (100.1£2.4)
v — vZ° 46 (50.5+1.6)
7 = 0y 120 (129.8+2.7) 11 (13.1540.25) 16 (19.2£1.0)
F—vW= | 79 (93.9£1.8) 70 (79.8EL.7) 138 (173.1£2.5)
206™ 0 —07° 15 (14.3£1.0) 3 (4.51£0.35) 16 (14.75+0.88)
F S OWE | 58 (67.4%1.7) I (46.4%12) 53 (72.3%1.7)
YA 37 (38.9£1.2)
[ >206 | v >uy 1 (2.6+0.2)
7 = 0y 172 (180.9+43.3) 15 (18.2820.34) 21 (25.1+1.2)
oWt | 110 (130.6£2.5) 94 (110.7£2.3) 205 (239.353.5)
207 = 02° 30 (22.8£16) 6 (6.9405) 21 (23.4%1.3)
+ F S OWE | 86 (96.4+2.4) 52 (64.9%1.7) 87 (99.942.4)
208 v — vZ° 53 (55.3£1.7)
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Table 3: Number of candidates for the different excited lepton decay channels in the
single production search. The numbers in parentheses correspond to the SM background
expectations with the statistical errors.



NG Excited lepton flavour
(GeV) | Channel e | 7 | T

05 = Iy 0 (1.25+0.33) [ 0(0.38+0.05) | 1 (2.57+0.41)
205 vr =y 4 (3.26+0.33)

7" = vW (hadr.) 403 (419.9+5.1)

0* — vW (semilep.) 261 (231.143.1)

Vs IW (3.21+0.33) | 1 (0.99+0.16) [ 18 (17.43+0.87)

05 = Oy (0.524£0.20) | 0(0.29+0.04) [ 3 (1.48+0.27)
206* | vF — vy 6 (2.21+0.26)

7" = vW (hadr.) 280 (311.0£3.8)

0* — vW (semilep.) 154 (176.6+£2.4)

Vs IW 6 (2.56+0.32) [ 0 (0.93+£0.14) [ 15 (12.04+0.61)

RNy (1.4940.34) | 2(0.41£0.05) [ 3 (2.59+0.39)
207 vr =y 3 (3.50+0.36)

7" = vW (hadr.) 408 (416.9+£5.0)

0* — vW (semilep.) 228 (239.043.2)

Vs IW 3 (3.10£0.32) [ 1 (1.74£0.22) [ 20 (17.22+0.89)

0 — Iy 0 (0.16£0.06) [ 0 (0.04+0.01) | 0 (0.254+0.07)
208 vt — vy -

7" = vW (hadr.) 34 (34.95+0.85)

0* — vW (semilep.) 10 (19.9440.54)

Vs IW 0 (0.36£0.08) [ 0 (0.10£0.02) | 2 (1.68+0.17)
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Table 4: Number of excited lepton candidates for the different decay channels and the dif-
ferent centre-of-mass energies in the pair production search. The numbers in parentheses
correspond to the SM background expectations with the statistical errors.

Excited lepton flavour

channel e | 1 | T

Single production
0 — Uy 40.3£2.0 61.2£2.5 22.5+1.5
rr—vW 33.1£1.8 32.9£1.8 43.3£2.1
=0z 19.7£1.4 41.7+2.0 19.6+£1.4
vt — vy 32.5+1.8
vt — (W 34.1+1.8 | 342418 | 18.0+1.3
v —vZ 40.7£2.0

Pair production
* — by 382+1.4 [ 50.8£1.6 | 17.5 £0.9
7* = W (hadr.) 22.140.7
¢* — vW (semilep.) 16.3+0.6
vt — vy 52.9£2.3
v W 27.9+1.7 [ 42.3%21 [ 13.1%1.1

Table 5: Selection efficiencies (in %) for the different excited lepton flavours and de-

cay channels, in the single (top) and pair (bottom) production modes.

Efficiencies

are quoted for excited lepton masses of mp-=200 GeV/c? in the single production and

mz-=100 GeV/c? in the pair production, at /s

=206 GeV.



17

| L e [ w | & | L v [ w v |
F=/f | 1031 | 1032 | 1027 |[ f=F ] 101.9 | 1032 | 94.2
f=—F || 1010 | 101.0 | 101.0 |[ f=—/ | 101.9 | 1022 | 101.9

Table 6: Lower limits (in GeV/c?) at 95 % CL on the excited lepton masses

from the pair production searches.
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Figure 1: Feynman diagrams for the double (top) and single (bottom) excited lepton
production. Each L* is shown as a thicker line. The vertex shown as a closed circle
represents a LL*V coupling (V = v, W*, Z°) inversely proportional to the compositeness

scale parameter A.
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Figure 2: Branching ratios of the excited lepton decays as a function of the mass. In the
left plot are shown the branching ratios for charged and neutral excited leptons when

f = f and f = —f', respectively.
couplings assignment.

The right plot refers to the symmetric f and f’
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Figure 3: Topologies with leptons and photons after the preselection cuts: (a) lepton
energy in the ¢ topology; (b) energy of the least energetic photon in the ¢y topology;
(c) photon polar angle and (d) E,/+/s-sin a, where « is the minimum angle between the
photon direction and the two lepton directions, in the ¢/~ topology. The dots show the
data and the white histograms show the SM simulation. The shaded histograms show
the expected distributions for a my« = 175 GeV/c?* excited lepton at /s = 206 GeV,
using an arbitrary normalization.
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Figure 4: Topologies with jets and leptons after the preselection cuts: (a) jet-jet acopla-
narity in the jj topology; (b) jet-jet acoplanarity in the jj¢ topology; (c) variable
¢ = Qw - cosbyw in the jj¢ topology, for events with the lepton charge unambiguously
determined; (d) energy of the most energetic lepton in jjé¢ events. The dots show the
data and the white histograms show the SM simulation. The shaded histograms show
the expected distributions for a mr- = 175 GeV/c? excited lepton at /s = 206 GeV,
using an arbitrary normalization.
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Figure 5: (*¢* search at the preselection level: (a) angle between the two jets and (b)
missing energy in the semileptonic channel; (c) missing energy and (d) angle between
the two reconstructed Ws in the fully hadronic channel. The dots show the data and the
white histograms show the expected SM background. The shaded histograms show the
expected signal distributions at /s = 206 GeV with mz-=100 GeV/c?, using an arbitrary
normalization.
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Figure 6: ¢*¢* search: discriminant variables in the (a) semileptonic and (b) fully
hadronic channels.
background expectation. The shaded histograms are the expected distributions for a
mpz-=100 GeV/c? signal at /s = 206 GeV, using an arbitrary normalization.
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The dots are the data and the white histograms show the SM
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Figure 7: Lepton-photon invariant masses for the selected candidates in the ¢* — (v
channels. Events selected in all relevant final-state topologies at all centre-of-mass en-
ergies were added. For events from the ¢/~ final-state topology the two possible /v
combinations are shown. The dots show the data and the white histograms show the
expected SM background. The shaded histograms show the expected signal distributions
at /s = 206 GeV with m;=175 GeV/c?, using an arbitrary normalization.
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Figure 8: Invariant mass distributions for the selected candidates in the ¢* — vW (top)
and v* — (W (bottom) channels. Events selected in the jj¢ topology at all centre-of-mass
energies were added. The dots show the data and the white histograms show the ex-
pected SM background. The shaded histograms show the expected signal distributions
at /s = 206 GeV with m7-=175 GeV/c?, using an arbitrary normalization.



EL PHI

24

10 ¢ =
3 E E vovy
o C r EXCLUDED
- 1 L B
Y 1=
. _l = =
m 10 E L
X v ar
20 10 &
O 10 - g
10 ~L I I | ‘ I | ‘ I | ‘ I ‘ 1 10 2 I B ‘ I | ‘ I | ‘ I I | ‘ 1
100 125 150 175 200 100 125 150 175 200
g €. vW : g V- ew ]
C EXCLUDED C . EXCLUDED
C H-vWw [ o===-- v, - HW
1 = Vi - TW
- ar
10 =-- \, N 10 &7~ 7 -
10 2[ I I | ‘ I | ‘ I | ‘ I ‘ 1 10 2 I B ‘ I | ‘ I | ‘ I I | ‘ 1
100 125 150 175 200 100 125 150 175 200
z ¢-ez it z vVoavz
Coee. Wz EXCLUDED E C EXCLUDED
1= * Jo1
-17 ! [
10 ' 10
oF " = N _," _2:
10 I I | ‘ I | ‘ I | T I ‘ 1 10 I B ‘ I | ‘ I | ‘ I I | ‘ 1
100 125 150 175 200 100 125 150 175 200

m. (GeV/cZ)

Figure 9: Results on the single production of charged and neutral excited leptons. The
lines show the upper limits at 95% CL on ¢ x BR as a function of the particle mass, for

each lepton flavour and decay mode.
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Figure 10: Results on single production of excited charged (upper plot) and neutral (lower
plot) leptons assuming f = f’. The lines show the upper limits at 95% CL on f/A as a
function of the excited lepton mass.
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Figure 11: As figure 10, but for f = —f'.
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Figure 12: Combined limit on excited electron production for f = f’ from direct and
indirect searches. The line shows the upper limit at 95% CL on f/A. Up to the kinematic
limit the result is dominated by the direct search for single production. For masses
above the kinematic limit the result stems from the indirect search of excited electron
contribution to the process ete™ — v as described in reference [25].



