
DOI 10.1007/s100529901074
Eur. Phys. J. C 8, 41–58 (1999) THE EUROPEAN

PHYSICAL JOURNAL C
c© Springer-Verlag 1999

Search for composite and exotic fermions at LEP 2
The DELPHI Collaboration

P. Abreu21, W. Adam50, T. Adye36, P. Adzic11, T. Alderweireld2, G.D. Alekseev16, R. Alemany49, T. Allmendinger17,
P.P. Allport22, S. Almehed24, U. Amaldi9, S. Amato47, E.G. Anassontzis3, P. Andersson44, A. Andreazza9,
S. Andringa21, P. Antilogus25, W-D. Apel17, Y. Arnoud14, B. Åsman44, J-E. Augustin25, A. Augustinus9,
P. Baillon9, P. Bambade19, F. Barao21, G. Barbiellini46, R. Barbier25, D.Y. Bardin16, G. Barker9, A. Baroncelli38,
M. Battaglia15, M. Baubillier23, K-H. Becks52, M. Begalli6, P. Beilliere8, Yu. Belokopytov9,53, A.C. Benvenuti5,
C. Berat14, M. Berggren25, D. Bertini25, D. Bertrand2, M. Besancon39, F. Bianchi45, M. Bigi45, M.S. Bilenky16,
M-A. Bizouard19, D. Bloch10, H.M. Blom30, M. Bonesini27, W. Bonivento27, M. Boonekamp39, P.S.L. Booth22,
A.W. Borgland4, G. Borisov19, C. Bosio41, O. Botner48, E. Boudinov30, B. Bouquet19, C. Bourdarios19,
T.J.V. Bowcock22, I. Boyko16, I. Bozovic11, M. Bozzo13, P. Branchini38, T. Brenke52, R.A. Brenner48,
P. Bruckman18, J-M. Brunet8, L. Bugge32, T. Buran32, T. Burgsmueller52, P. Buschmann52, S. Cabrera49,
M. Caccia27, M. Calvi27, A.J. Camacho Rozas40, T. Camporesi9, V. Canale37, F. Carena9, L. Carroll22, C. Caso13,
M.V. Castillo Gimenez49, A. Cattai9, F.R. Cavallo5, Ch.Cerruti10, V. Chabaud9, M. Chapkin42, Ph. Charpentier9,
L. Chaussard25, P. Checchia35, G.A. Chelkov16, R. Chierici45, P. Chliapnikov42, P. Chochula7, V. Chorowicz25,
J. Chudoba29, P. Collins9, M. Colomer49, R. Contri13, E. Cortina49, G. Cosme19, F. Cossutti39, J-H. Cowell22,
H.B. Crawley1, D. Crennell36, G. Crosetti13, J. Cuevas Maestro33, S. Czellar15, G. Damgaard28, M. Davenport9,
W. Da Silva23, A. Deghorain2, G. Della Ricca46, P. Delpierre26, N. Demaria9, A. De Angelis9, W. De Boer17,
S. De Brabandere2, C. De Clercq2, B. De Lotto46, A. De Min35, L. De Paula47, H. Dijkstra9, L. Di Ciaccio37,
A. Di Diodato37, J. Dolbeau8, K. Doroba51, M. Dracos10, J. Drees52, M. Dris31, A. Duperrin25, J-D. Durand25,9,
G. Eigen4, T. Ekelof48, G. Ekspong44, M. Ellert48, M. Elsing9, J-P. Engel10, B. Erzen43, M. Espirito Santo21,
E. Falk24, G. Fanourakis11, D. Fassouliotis11, J. Fayot23, M. Feindt17, A. Fenyuk42, P. Ferrari27, A. Ferrer49,
E. Ferrer-Ribas19, S. Fichet23, A. Firestone1, P.-A. Fischer9, U. Flagmeyer52, H. Foeth9, E. Fokitis31, F. Fontanelli13,
B. Franek36, A.G. Frodesen4, R. Fruhwirth50, F. Fulda-Quenzer19, J. Fuster49, A. Galloni22, D. Gamba45,
S. Gamblin19, M. Gandelman47, C. Garcia49, J. Garcia40, C. Gaspar9, M. Gaspar47, U. Gasparini35, Ph. Gavillet9,
E.N. Gazis31, D. Gele10, J-P. Gerber10, L. Gerdyukov42, N. Ghodbane25, I. Gil49, F. Glege52, R. Gokieli51,
B. Golob43, G. Gomez-Ceballos40, P. Goncalves21, I. Gonzalez Caballero40, G. Gopal36, L. Gorn1,54, M. Gorski51,
Yu.Gouz42, V. Gracco13, J. Grahl1, E. Graziani38, C. Green22, H-J. Grimm17, P. Gris39, K. Grzelak51, M. Gunther48,
J. Guy36, F. Hahn9, S. Hahn52, S. Haider9, A. Hallgren48, K. Hamacher52, F.J. Harris34, V. Hedberg24,
S. Heising17, J.J. Hernandez49, P. Herquet2, H. Herr9, T.L. Hessing34, J.-M. Heuser52, E. Higon49, S-O. Holmgren44,
P.J. Holt34, D. Holthuizen30, S. Hoorelbeke2, M. Houlden22, J. Hrubec50, K. Huet2, K. Hultqvist44, J.N. Jackson22,
R. Jacobsson9, P. Jalocha9, R. Janik7, Ch.Jarlskog24, G. Jarlskog24, P. Jarry39, B. Jean-Marie19, E.K. Johansson44,
P. Jonsson24, C. Joram9, P. Juillot10, F. Kapusta23, K. Karafasoulis11, S. Katsanevas25, E.C. Katsoufis31,
R. Keranen17, B.A. Khomenko16, N.N. Khovanski16, A. Kiiskinen15, B. King22, N.J. Kjaer30, O. Klapp52, H. Klein9,
P. Kluit30, P. Kokkinias11, M. Koratzinos9, V. Kostioukhine42, C. Kourkoumelis3, O. Kouznetsov16, M. Krammer50,
C. Kreuter9, E. Kriznic43, J. Krstic11, Z. Krumstein16, P. Kubinec7, W. Kucewicz18, K. Kurvinen15, J.W. Lamsa1,
D.W. Lane1, P. Langefeld52, V. Lapin42, J-P. Laugier39, R. Lauhakangas15, G. Leder50, F. Ledroit14, V. Lefebure2,
L. Leinonen44, A. Leisos11, R. Leitner29, G. Lenzen52, V. Lepeltier19, T. Lesiak18, M. Lethuillier39, J. Libby34,
D. Liko9, A. Lipniacka44, I. Lippi35, B. Loerstad24, J.G. Loken34, J.H. Lopes47, J.M. Lopez40, R. Lopez-Fernandez14,
D. Loukas11, P. Lutz39, L. Lyons34, J. MacNaughton50, J.R. Mahon6, A. Maio21, A. Malek52, T.G.M. Malmgren44,
V. Malychev16, F. Mandl50, J. Marco40, R. Marco40, B. Marechal47, M. Margoni35, J-C. Marin9, C. Mariotti9,
A. Markou11, C. Martinez-Rivero19, F. Martinez-Vidal49, S. Marti i Garcia22, J. Masik29, N. Mastroyiannopoulos11,
F. Matorras40, C. Matteuzzi27, G. Matthiae37, F. Mazzucato35, M. Mazzucato35, M. Mc Cubbin22, R. Mc Kay1,
R. Mc Nulty9, G. Mc Pherson22, C. Meroni27, W.T. Meyer1, E. Migliore45, L. Mirabito25, W.A. Mitaroff50,
U. Mjoernmark24, T. Moa44, R. Moeller28, K. Moenig9, M.R. Monge13, X. Moreau23, P. Morettini13, G. Morton34,
U. Mueller52, K. Muenich52, M. Mulders30, C. Mulet-Marquis14, R. Muresan24, W.J. Murray36, B. Muryn14,18,
G. Myatt34, T. Myklebust32, F. Naraghi14, F.L. Navarria5, S. Navas49, K. Nawrocki51, P. Negri27, N. Neufeld9,
N. Neumeister50, R. Nicolaidou14, B.S. Nielsen28, V. Nikolaenko10, M. Nikolenko10,16, V. Nomokonov15,
A. Normand22, A. Nygren24, V. Obraztsov42, A.G. Olshevski16, A. Onofre21, R. Orava15, G. Orazi10, K. Osterberg15,
A. Ouraou39, M. Paganoni27, S. Paiano5, R. Pain23, R. Paiva21, J. Palacios34, H. Palka18, Th.D. Papadopoulou31,
K. Papageorgiou11, L. Pape9, C. Parkes34, F. Parodi13, U. Parzefall22, A. Passeri38, O. Passon52, M. Pegoraro35,



42 The DELPHI Collaboration: Search for composite and exotic fermions at LEP 2

L. Peralta21, M. Pernicka50, A. Perrotta5, C. Petridou46, A. Petrolini13, H.T. Phillips36, G. Piana13, F. Pierre39,
M. Pimenta21, E. Piotto27, T. Podobnik43, M.E. Pol6, G. Polok18, P. Poropat46, V. Pozdniakov16, P. Privitera37,
N. Pukhaeva16, A. Pullia27, D. Radojicic34, S. Ragazzi27, H. Rahmani31, D. Rakoczy50, J. Rames12, P.N. Ratoff20,
A.L. Read32, P. Rebecchi9, N.G. Redaelli27, M. Regler50, D. Reid9, R. Reinhardt52, P.B. Renton34, L.K. Resvanis3,
F. Richard19, J. Ridky12, G. Rinaudo45, O. Rohne32, A. Romero45, P. Ronchese35, E.I. Rosenberg1, P. Rosinsky7,
P. Roudeau19, T. Rovelli5, V. Ruhlmann-Kleider39, A. Ruiz40, H. Saarikko15, Y. Sacquin39, A. Sadovsky16,
G. Sajot14, J. Salt49, D. Sampsonidis11, M. Sannino13, H. Schneider17, Ph. Schwemling23, U. Schwickerath17,
M.A.E. Schyns52, F. Scuri46, P. Seager20, Y. Sedykh16, A.M. Segar34, R. Sekulin36, R.C. Shellard6, A. Sheridan22,
M. Siebel52, R. Silvestre39, L. Simard39, F. Simonetto35, A.N. Sisakian16, T.B. Skaali32, G. Smadja25, N. Smirnov42,
O. Smirnova24, G.R. Smith36, A. Sopczak17, R. Sosnowski51, T. Spassov21, E. Spiriti38, P. Sponholz52, S. Squarcia13,
C. Stanescu38, S. Stanic43, S. Stapnes32, K. Stevenson34, A. Stocchi19, J. Strauss50, R. Strub10, B. Stugu4,
M. Szczekowski51, M. Szeptycka51, T. Tabarelli27, F. Tegenfeldt48, F. Terranova27, J. Thomas34, A. Tilquin26,
J. Timmermans30, L.G. Tkatchev16, T. Todorov10, S. Todorova10, D.Z. Toet30, A. Tomaradze2, B. Tome21,
A. Tonazzo27, L. Tortora38, G. Transtromer24, D. Treille9, G. Tristram8, C. Troncon27, A. Tsirou9, M-L. Turluer39,
I.A. Tyapkin16, S. Tzamarias11, B. Ueberschaer52, O. Ullaland9, V. Uvarov42, G. Valenti5, E. Vallazza46,
G.W. Van Apeldoorn30, P. Van Dam30, J. Van Eldik30, A. Van Lysebetten2, I. Van Vulpen30, N. Vassilopoulos34,
G. Vegni27, L. Ventura35, W. Venus36, F. Verbeure2, M. Verlato35, L.S. Vertogradov16, V. Verzi37, D. Vilanova39,
L. Vitale46, E. Vlasov42, A.S. Vodopyanov16, C. Vollmer17, G. Voulgaris3, V. Vrba12, H. Wahlen52, C. Walck44,
C. Weiser17, D. Wicke52, J.H. Wickens2, G.R. Wilkinson9, M. Winter10, M. Witek18, G. Wolf9, J. Yi1,
O. Yushchenko42, A. Zaitsev42, A. Zalewska18, P. Zalewski51, D. Zavrtanik43, E. Zevgolatakos11, N.I. Zimin16,24,
G.C. Zucchelli44, G. Zumerle35

1 Department of Physics and Astronomy, Iowa State University, Ames, IA 50011-3160, USA
2 Physics Department, Univ. Instelling Antwerpen, Universiteitsplein 1, B-2610 Wilrijk, Belgium

and IIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium
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Abstract. A search for unstable heavy fermions with the DELPHI detector at LEP is reported. Sequen-
tial and non-canonical leptons, as well as excited leptons and quarks, are considered. The data analysed
correspond to an integrated luminosity of about 48 pb−1 at an e+e− centre-of-mass energy of 183GeV and
about 20 pb−1 equally shared between the centre-of-mass energies of 172GeV and 161GeV. The search for
pair-produced new leptons establishes 95% confidence level mass limits in the region between 70GeV/c2

and 90GeV/c2, depending on the channel. The search for singly produced excited leptons and quarks es-
tablishes upper limits on the ratio of the coupling of the excited fermion to its mass (λ/mf∗) as a function
of the mass.
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1 Introduction

It is widely believed that the standard model (SM), al-
though extremely successful at the present energy scale,
is not the final theory. Many possible extensions of the SM
discussed in the literature [1] predict the existence of new
fermions.

This paper reports a search for unstable exotic and ex-
cited leptons and for excited quarks in DELPHI at centre-
of-mass energies,

√
s, of 183 GeV, 172 GeV and 161 GeV.

Partial results published by DELPHI at
√

s = 161 GeV
can be found in [2]. The statistics correspond to an inte-
grated luminosity of 47.7 pb−1 at

√
s = 183 GeV, 10 pb−1

at
√

s = 172 GeV and 10 pb−1 at
√

s = 161 GeV.
The exotic leptons examined here belong to two

classes: sequential and non-canonical. Sequential leptons
have gauge quantum numbers identical to the SM leptons
(as for instance the hypothetical heavy fourth-generation
leptons [3]) while non-canonical leptons [4] have left-
handed (LH) and right-handed (RH) components trans-
forming differently from those of SM leptons1. Two types
of non-canonical leptons are searched for: mirror leptons
which have the opposite chiral properties of SM leptons,

1 The designation exotic leptons is, for some authors, equiva-
lent to non-canonical leptons, while for others, as in this paper,
it encompasses both sequential and non-canonical leptons

and vector leptons which have both LH and RH compo-
nents as isodoublets. The production and decay modes
of sequential and non-canonical leptons are discussed in
Sects. 2.1 and 2.2 below.

Excited fermions (f∗) are expected in models with
substructure in the fermionic sector. Following the sim-
plest phenomenological models [5], excited fermions are
assumed to have both spin and isospin 1/2 and to have
both their LH and RH components in weak isodoublets
(vector-like). Form factors and anomalous magnetic mo-
ments of excited leptons are not considered in the present
analysis. The production and decay modes of excited lep-
tons and quarks are discussed in Sect. 2.3.

Previous limits set by DELPHI and by other experi-
ments can be found in [2,6,9] and [7] respectively.

This paper is organized as follows. In Sect. 2 the pro-
duction and decay mechanisms of excited and exotic
fermions (within the considered models) are discussed. In
Sect. 3 the DELPHI detector and the used data samples
are briefly described. The event selection and topological
classification are discussed in Sect. 4, and the results are
presented in Sects. 5 and 6.
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2 Production and decay
of unstable new fermions

The new fermions considered in this paper couple to the
photon and/or to the W/Z gauge bosons, according to
their internal quantum numbers and thus could be pair-
produced at LEP. Single production in association with
their SM partners is also possible but its rate depends
on the ff∗V couplings, where V is a generic gauge boson
(V = γ,W,Z) [4]. Excited fermion masses up to

√
s can be

probed through single production, depending on the scale
Λ of the substructure (which determines the coupling).
In the case of excited quarks only the single-production
modes will be considered. For exotic leptons single pro-
duction occurs because of their mixing with SM leptons.
The mixing angles, severely restricted by data taken at
LEP1 and in several low-energy experiments (in particu-
lar by the experimental absence of flavour-changing neu-
tral currents), are constrained to be smaller than O (10−1)
[8]. Given these limits and the present luminosities, exotic
single lepton production is not relevant in most scenarios
and will not be considered in the present paper.

In this paper new fermions are assumed to decay
promptly (decay length shorter than about 1 cm). This
constraint implies mixing angles greater than O (10−5)
for exotic leptons. The mean lifetime of excited fermions
with masses above 20 GeV/c2 is predicted to be less than
10−15 s in all the cases studied.

2.1 Sequential leptons

In e+e− collisions the pair production of heavy sequen-
tial leptons could proceed through s-channel γ and Z ex-
change for charged leptons (L+L−), while for neutral lep-
tons (L0L0) the γ-channel is absent. There is a t-channel
W exchange diagram for L0L0 which can be neglected,
since this contribution involves the suppressed mixing
with the first generation.

The cross-sections, given in [3], are essentially the SM
cross-section for the second and third generations reduced
by phase-space factors that are functions of the heavy lep-
ton mass and of the lepton type.

Charged heavy leptons would decay through mixing
into one of the lighter neutrinos or charged leptons and a
W∗ or a Z∗ (for heavy lepton masses above mW and mZ,
the W or Z will be on-shell): L− → ν`W∗− or L− → `−Z∗,
2 where ` = e, µ, τ .

In a similar way, neutral heavy leptons would be al-
lowed to decay through mixing into an SM charged lepton
or neutrino and a W∗ or a Z∗: L0 → `−W∗+ or L0 → ν`Z∗,
where again ` = e, µ, τ .

The decays into a W boson are largely dominant at
the presently accessible masses (m ∼ mW < mZ) and are
the only ones taken into account.

Cascade decays involving L− and L0 were not consid-
ered, as in any circumstances the lower mass heavy lep-

2 In all cases the corresponding decays of the antiparticles
are also implied

ton should instead be detected in the corresponding direct
production reaction.

Sequential neutrinos are assumed to be Dirac neutrinos
in this analysis.

2.2 Non-canonical leptons

The non-canonical leptons considered in this paper (mir-
ror and vector leptons) have the same electrical charge
as, but different weak isospin from the corresponding SM
leptons. Their pair production in e+e− collisions is thus
similar to that of the sequential leptons discussed above
but with different vector and axial couplings to the Z.
Cross-sections are given in [4].

These new leptons mix with the SM leptons but the
non-diagonal terms are negligible [8]. They would decay
into massive gauge bosons plus their ordinary light part-
ner. The decay modes of charged mirror and vector leptons
(E±

` ) are: E−
` → ν`W∗−; E−

` → `−Z∗0. The decay modes of
neutral mirror and vector leptons (N`) are: N` → `−W∗+,
N` → ν`Z∗0.

The decays into a Z boson have a low BR at the
presently accessible masses (m ∼ mW) and will not be
considered.

As for sequential leptons, cascade decays involving E−
and N are also not taken into account.

2.3 Excited fermions

Pair production of charged excited fermions could pro-
ceed via s-channel γ and Z exchanges in e+e− collisions,
while for excited neutrinos only Z exchange contributes.
Although t-channel contributions are also possible, they
correspond to double de-excitation, and give a negligible
contribution to the overall production cross-section [5].

In the single-production mode, excited fermions could
result from the s-channel γ and Z exchange. Important
additional contributions from t-channel γ and Z exchange
arise for excited electron production, while t-channel W
exchange can be important for the excited electronic neu-
trino [5]. For the t-channel production process, the unex-
cited beam particle is emitted preferentially at low polar
angle and often goes undetected in the beam pipe.

The effective electroweak Lagrangian [5] associated
with magnetic transitions from excited fermions f∗ to or-
dinary fermions f has the form

Lff∗ =
1

2Λ
f∗σµν

[
gf

τ

2
Wµν

+g′f ′ Y
2

Bµν + gsfs
λ

2
Gµν

]
fL + h.c.

where Λ corresponds to the compositeness mass scale,
the subscript L stands for left-handed, g, g′ and gs are
the SM gauge coupling constants and the factors f , f ′
and fs are weight factors associated with the three gauge
groups (SU(2) × U(1) × SU(3)). The meaning of these
couplings and a more extensive discussion of the effec-
tive Lagrangian can be found in [5]. With the assumption
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Table 1. Predicted branching ratios in % for excited lepton
decays (upper part for excited charged leptons, lower part for
excited neutrinos)

Decay M = 80GeV/c2 M = 170GeV/c2

channel f = f ′ f = −f ′ f = f ′ f = −f ′

`∗ → `γ 100 0 37 0
`∗ → `Z 0 0 9 36
`∗ → νW 0 100 54 64
ν∗ → νγ 0 100 0 37
ν∗ → νZ 0 0 36 9
ν∗ → `W 100 0 64 54

|f | = |f ′| = |fs|, or assuming that only one of the con-
stants f is non-negligible, the cross-section depends sim-
ply on the parameter f/Λ, which is related to the excited
fermion mass according to f/Λ =

√
2λ/mf∗ , where λ is

the coupling of the excited fermion.
Excited fermions can decay by radiating a γ, Z or W.

For excited quarks, the gluon radiation transition is also
possible, becoming in general the most important decay
mode. The decay branching ratios are functions of the
f , f ′ and fs coupling parameters of the model. Table 1
shows the excited leptons’ decay branching ratios for some
relevant values of f and f ′, and for chosen excited lepton
masses.

For charged excited leptons, the electromagnetic ra-
diative decay is forbidden if f = −f ′, and the decay
then proceeds through the Z and W bosons. However,
if f = +f ′, the electromagnetic radiative decay branch-
ing ratio is close to 100% for m`∗ below mW. It decreases
above the W threshold, reaching a value of 37% for m`∗ =
170 GeV/c2.

For excited neutrinos, the situation is reversed, so that
the electromagnetic partial decay width is zero if f = +f ′.
However, there is a significant contribution to the total
decay width from the electromagnetic radiative decay if
f 6= f ′, even if the difference f − f ′ is much smaller than
f itself.

In the case of excited quarks, the gluon radiation decay
mode in general accounts for more than 80% of the visible
width.

The process e+e− → γγ(γ) can be used to probe com-
positeness at LEP and thus complement the excited elec-
tron direct searches for the mass region above the kinemat-
ical threshold. In fact, the contribution of the diagram me-
diated by a virtual excited electron to the γγ production
cross-section would lead to a modification of the angular
distribution. This effect depends on the excited electron
mass me∗ and on the ee∗γ coupling, λ.

2.4 Final state topologies

Many topologies could result from the decay of unstable
heavy fermions. The different possible production and de-
cay modes are schematically shown in Table 2. The possi-

Table 2. Production and decay modes of heavy fermions con-
sidered in this analysis. The upper diagrams correspond to
single production of excited leptons (`∗, ν∗) and quarks (q∗),
and the lower diagrams to pair production of excited leptons
(`∗, ν∗), sequential leptons (L±, L0), and non-canonical leptons
(Ei, Ni). The decay products are charged and neutral leptons
(`, ν), photons (γ), jets (j) and gauge bosons (γ, W, Z, g)

` `∗ ` `∗ ` `∗

↪→ ` γ ↪→ ν W ↪→ ` Z

↪→ j j ↪→ j j

` ν ` `

ν ν

ν ν∗ ν ν∗ ν ν∗

↪→ ν γ ↪→ ` W ↪→ ν Z

↪→ j j ↪→ j j

` ν ` `

q q∗ q q∗

↪→ q γ ↪→ q g

`∗ `∗ L+(E) L−(E)
γ ` ←↩ ↪→ ` γ W ν ←↩ ↪→ ν W

W ν ←↩ ↪→ ν W

ν∗ ν∗ L0(N) L
0
(N)

γ ν ←↩ ↪→ ν γ W ` ←↩ ↪→ ` W

W ` ←↩ ↪→ ` W

ble final states involve isolated leptons, isolated photons,
jets, missing energy and missing momentum.

In this analysis, the topologies are classified as leptonic
if they result from radiative decays of the heavy leptons
or from decays into W or Z bosons that decay exclusively
into leptons, and are classified as hadronic otherwise.

Events can be characterized by the number of jets and
the number of isolated leptons and photons as defined
by the reconstruction. The different topologies will be re-
ferred to as xijk according to the following rule: x is h
or ` for hadronic or leptonic topologies and i is the num-
ber of jets, j is the number of isolated leptons and k is
the number of isolated photons. As an example, h210 is a
hadronic topology with two jets and one isolated lepton.

The criteria for selecting isolated particles and jet clus-
tering are explained in Sect. 4.1, both for hadronic and
leptonic events. As will be seen, in the case of the leptonic
events all charged particles are included in the jets and
the concept of isolated leptons is not used.

Table 3 shows the relevant topologies for the different
production and decay channels. The topologies in brackets
do not correspond directly to the physical final state but
are often the observed ones. They become particularly im-
portant whenever there are particles produced with very
low momentum or at small angles to the beam.

Only the topologies that will be considered in this anal-
ysis are indicated in the table. Thus in the pair-production
modes with both heavy leptons decaying into W bosons
the topologies corresponding to the purely leptonic de-
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Table 3. Observable topologies corresponding to the different
production and decay modes of unstable heavy fermions

Topologies
Channel Single production Pair production
L± → νW - h210, h400
L0 → `W - h230 (h220), h420
Ei → νiW - h210, h400
Ni → `iW - h230 (h220), h420
`∗ → `γ `201(`101) `202
`∗ → νW h210 (h200), `200 h210, h400
`∗ → `Z h220 (h210), `400 —
ν∗ → νγ `001 `002
ν∗ → `W h210 (h200),`200 h230 (h220), h420
ν∗ → νZ h200, `200 —
q∗ → qγ h201 (h101) —
q∗ → qg h300 —
e+e− → γγ `002

cays of the WW pair are not considered, due to their low
branching ratio.

Single and double photon final states (`001 and `002
topologies) arise in the case of radiatively decaying excited
neutrinos. For these topologies, the analyses presented in
[10] are used.

3 The DELPHI detector
and the data samples

A detailed description of the DELPHI detector and of its
performance can be found in [11]. This analysis relies both
on the charged particle detection provided by the tracking
system and on the neutral cluster detection provided by
the electromagnetic and hadronic calorimeters.

The main tracking detector of DELPHI is the time
projection chamber, which covers the angular range 20◦ <
θ < 160◦, where θ is the polar angle defined with respect
to the beam direction. Other detectors contributing to the
track reconstruction are the vertex detector (VD), the in-
ner and outer detectors and the forward chambers. The
best momentum resolution obtained for 45 GeV/c muons
is σ(1/p) = 0.57 × 10−3 (GeV/c)−1. The VD consists of
three cylindrical layers of silicon strip detectors, each layer
covering the full azimuthal angle.

Electromagnetic shower reconstruction is performed in
DELPHI using the barrel and the forward electromag-
netic calorimeters, including the STIC (small angle tile
calorimeter), the DELPHI luminosity monitor. The en-
ergy resolutions of the barrel and forward electromagnetic
calorimeters are parameterized respectively as σ(E)/E =
0.043⊕0.32/

√
E and σ(E)/E = 0.03⊕0.12/

√
E⊕0.11/E,

where E is expressed in GeV and the symbol ‘⊕’ im-
plies addition in quadrature. The hadron calorimeter cov-
ers both the barrel and forward regions. It has an energy
resolution of σ(E)/E = 0.21 ⊕ 1.12/

√
E in the barrel.

Photon detection in the region between the barrel and
the forward electromagnetic calorimeters (polar angles
around 40◦ and 140◦) is achieved using the information
of a set of lead/scintillator counters (40◦ taggers). The ef-
ficiency of the taggers was checked with Bhabha events
and found to be greater than 95%.

Finally, muons are identified by their penetration
through the iron yoke of the hadron calorimeter to drift
chambers covering both the barrel and the forward region
of the detector. The barrel region is equipped with three
layers of drift chambers, while the end caps contain two
planes. One surrounding layer of streamer tubes completes
the coverage between the two regions.

The effects of experimental resolution, both on the
signals and on backgrounds, were studied by generating
Monte Carlo events for the possible signals and for the
SM processes, and passing them through the full DEL-
PHI simulation and reconstruction chain. Bhabha events
were generated with the Berends, Hollik and Kleiss gen-
erator [12], while e+e− → Zγ events were generated with
PYTHIA [13] and KORALZ [14]. PYTHIA was also used
for the following processes: e+e− → WW, e+e− → Weν,
e+e− → ZZ and e+e− → Zee. In all four-fermion chan-
nels, studies with the EXCALIBUR generator [15] were
also performed. The two-photon (“γγ”) physics events
were generated according to the TWOGAM [16] gener-
ator for quark channels and the Berends, Daverveldt and
Kleiss generator [17] for the electron, muon and tau chan-
nels, and also for the quark parton model giving hadrons.
Compton-like final states originating from an eγ collision,
(with a missing electron in the beam pipe), referred to
as Compton events, were generated according to [18], and
e+e− → γγ events according to [19].

Single and pair excited lepton events and single ex-
cited quark events were generated according to the cross-
sections defined in [5], involving γ and Z exchange. Pair
production of sequential leptons and non-canonical lep-
tons was generated according to the cross-sections given
in [3] and [4]. The hadronization and decay processes were
simulated by JETSET 7.4 [13]. The initial state radiation
effect was included at the level of the generator for single
production, while for pair production it was taken into
account in the total cross-section. All the expected decay
modes were included in the simulation.

4 Event selection

The event selection was performed in three stages. In the
first level, very general selection criteria were applied and
the events were classified according to the topology scheme
described above. In the second level, differing selection
criteria were applied to each topology. Finally, whenever
possible, event flavour tagging was performed, based on
the identification of the final-state leptons and on other
(topology-dependent) characteristics of the event. Details
on each selection level are given below.
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4.1 Basic event selection

The basic event selection and classification was as fol-
lows. Charged particles were considered only if they had
momentum greater than 0.1 GeV/c and impact parame-
ters in the transverse plane and in the beam direction
below 4 cm and 10 cm respectively. Neutral clusters were
defined as energy depositions in the calorimeters unasso-
ciated with charged particle tracks. All neutrals of energy
above 100 MeV were selected.

Visible energy greater than 0.2
√

s in the polar angle
region between 20◦ and 160◦ was required, including at
least one particle with energy greater than 5 GeV. En-
ergetic visible particles are expected in all the relevant
topologies. Close to the kinematical limit, these particles
are produced isotropically. In this way the ‘γγ’ background
was drastically suppressed since most of the energy in such
events is either detected at low polar angles or undetected
in the beam pipe.

Events with measured charged or neutral particles hav-
ing energy greater than

√
s were rejected. In addition, at

least one charged particle in the polar angle region be-
tween 25◦ and 155◦ with associated hits in the vertex de-
tector was required. This criterion is useful in rejecting
cosmic ray background.

Events with at least six detected charged particles were
selected for the hadronic topologies, and those with not
more than five for the leptonic topologies.

Charged particles were considered isolated if, in a dou-
ble cone centred on their track with internal and external
half angles of 5◦ and 25◦, the total energy associated to
charged and neutral particles was below 1 GeV and 2 GeV
respectively. The energy of the particle was redefined as
the sum of the energies contained inside the inner cone.
This energy was required to be greater than 4 GeV. In all
hadronic topologies with isolated leptons, these were re-
quired to have associated hits inside a 2◦ cone in at least
two layers of the vertex detector.

Isolated charged particles with an associated electro-
magnetic energy greater than 20% of their measured mo-
mentum were loosely identified as electrons. In hadronic
topologies, they were also required to have an associated
hadronic energy lower than 15% of their measured mo-
mentum. Isolated particles were classified as muons by re-
quiring an electromagnetic energy lower than 20% of their
measured momentum and at least one associated hit in the
muon chambers.

In both hadronic and leptonic topologies, energy clus-
ters in the electromagnetic calorimeters were considered
to be due to photons if there were no tracks associated
to them and there were no hits inside a 2◦ cone in more
than one layer of the vertex detector and if at least 90%
of any hadronic energy was deposited in the first layer of
the hadron calorimeter.

Photons were considered to be isolated if, in a double
cone centred on the cluster and having internal and exter-
nal half angles of 5◦ and 15◦, the total energy deposited
was less than 1 GeV. The energy of the photon was rede-
fined as the sum of the energies of all the particles inside
the inner cone and no charged particles above 250 MeV/c

were allowed inside this cone. The photon energy had to
be greater than 5 GeV. No recovery of converted photons
was attempted. In all the studied topologies, photons were
required to be above 10◦ in polar angle. In addition, for
the leptonic topologies the most energetic photon in the
event was required to have an energy greater than 10 GeV.

The search for jets in the selected events was performed
with the Durham jet algorithm [20]. In this algorithm, a
resolution variable

yij = 2 · min(E2
i , E2

j )
E2

vis
· (1 − cos θij)

is computed for all pairs of particles. Ei,j are the energies
of the particles, θij is their opening angle, and Evis is the
visible energy in the event. The pair for which yij is small-
est is replaced by a pseudoparticle with four-momentum
equal to the sum of their four-momenta. In this analysis,
the algorithm is used in two different ways:

– the procedure is iterated until all pseudo-particle pairs
have yij larger than a certain ycut value. A cut-off value
of ycut = 0.003 was used. This relatively low value of
ycut is well suited for topologies with many jets.

– the procedure is iterated until all particles are clus-
tered into a certain pre-defined number of jets (Njets).
In this case the values of ycut at the last iteration,
ycut(Njets+1→Njets), as well as ycut(Njets→Njets−1), char-
acterize the event topology.

For hadronic events, all neutral and charged parti-
cles except isolated leptons and photons were included in
the jets. The algorithm was applied four times, requiring
Njets = 1, 2, 3 and 4. In order to increase the purity of
the two-jet event sample, only events with ycut(3→2) <0.06
and ycut(2→1) >0.001 were kept. Similarly, for the three-jet
events the ycut variables were constrained to ycut(3→2) >
0.003 and ycut(4→3) < 0.001.

For the leptonic events, only the isolated photons were
left out of the jets. Charged particles were not treated as
isolated objects, but clustered into jets referred to as ‘low
multiplicity’ jets or ‘leptonic’ jets. This allows for the fact
that taus can decay into several charged and neutral parti-
cles, and electrons can be accompanied by other electrons
and photons due to interactions with matter. In this case
the algorithm was applied with ycut = 0.003. Whenever
the resulting number of jets was lower than the number
of isolated leptons previously found (Nlept) the algorithm
was applied once more imposing Njets = Nlept.

The jets in leptonic events were loosely identified as
electrons or muons according to the criteria described for
isolated leptons. For a jet to be identified as a muon, it
was also required not to contain more than two tracks.

Jets were classified as charged if they contained at least
one charged particle. In the case of the hadronic (leptonic)
topologies, only events with all jets classified as charged
and with axes in the polar region between 20◦ (25◦) and
160◦ (155◦) were retained.
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4.2 Selected hadronic events

4.2.1 Single-production topologies

In hadronic events from single heavy lepton production,
the jets originate from the decay of a W or a Z which is not
produced at rest. The candidates must have two charged
jets with high acollinearity (Ajj

col) and acoplanarity (Ajj
cop)

3, and the two-jet system must have a high mass (Mjj)
and a high momentum (Pjj). The main backgrounds for
these topologies are e+e− → qq(γ) events, including ra-
diative returns to the Z (e+e− → Zγ) where the photon
was lost in the beam pipe, and semileptonic decays of W
pairs. In the first case the events are characterized by two
acollinear jets. In addition, radiative return events have a
high missing momentum (6p) at low polar angle (6θ). The
semileptonic WW events are characterized by the fact that
the mass recoiling against the two-jet system (MR) should
be close to the W mass, which is not true for the signal.
Fully hadronic WW event rejection can be achieved by
cutting tighter in the event topology variable ycut(3→2).

Hadronic events from single excited quark production
are characterized by the presence of three jets (h300) in
the case of the decay through the gluon and by one en-
ergetic photon with a large isolation angle (Aγ

iso) and two
jets (h201) in the case of the electromagnetic radiative de-
cay. The three-jet topologies were selected using the event
topology variable ycut(3→2) and the minimum angle be-
tween jets, min(Ajj). The photon is expected to have a
rather large energy (Eγ) and an isotropic polar angle dis-
tribution (θγ). The main backgrounds for these topolo-
gies are e+e− → qq(γ) events and hadronic decays of W
pairs. Near the kinematic limit the spectator quark is es-
sentially produced at rest and the observed topologies are
then h200 and h101. While the h101 corresponds to a very
clear signature, in the h200 the SM qq events constitute
an enormous and irreducible background.

In order to improve the estimation of the momentum
and energy of the jets, a kinematic constrained fit was
applied to the selected events. The constraints imposed
depend on the particular final state being studied. In sev-
eral of the relevant hadronic final states, jet pairs come
from the decay of W or Z bosons. Therefore, the invariant
mass of the two-jet system can be required to be either
mW or mZ. Since the h200 and h210 topologies can arise
from both the W and the Z channels (see Tables 2 and 3)
the fit was performed twice for these topologies, using mW
and mZ. If there are no undetected particles, energy and
momentum conservation can be imposed. This is the case
for the topologies with isolated photons and for the h300
topology (4C fit). For the h220 topology the fit was per-
formed both requiring only the invariant mass of the two-
jet system to be mZ (1C) and imposing the additional con-
straint of energy-momentum conservation (5C). The input
quantities for the fit are basically the measured energies
and momenta of the objects (particles or jets). Lagrange
multipliers are used to make a constrained fit to both the

3 The acoplanarity is defined as the acollinearity in the plane
perpendicular to the beam

energies and the directions of the jets and isolated parti-
cles. The fit requires a χ2 value to be optimized, subject
to the given constraints on the reconstructed final-state
objects. The details of the fitting procedure, including the
errors on the input variables, can be found in [21].

The main selection criteria for the different topologies
are summarized in Table 4. The number of constraints
imposed for each topology is also given in the table. In all
cases, only events with a χ2 per degree of freedom lower
than 5 were retained. Whenever a topology was relevant
for more than one search channel, some of the selection
criteria could vary from one case to the other. This is
indicated in Table 4 for the recoil mass cut in the case of
the h200 and h210 topologies.

The selection criteria allow quite an efficient back-
ground rejection. The cut values were tuned for each topol-
ogy in order to optimize the signal-to-noise ratio. For the
h200 topology, events with signals in more than two 40◦
taggers inside a 20◦ cone centred on the direction of the
missing momentum were rejected. This criterion is useful
in rejecting qqγ events in which the photon was lost in the
region between the electromagnetic calorimeters.

In all the topologies with two jets in the final state,
events were required to have a charged multiplicity of at
least eight.

4.2.2 Pair-production topologies

The relevant topologies for the pair production of charged
heavy leptons can have two jets and one lepton or four jets,
resulting from the decay of the two Ws (see Table 2). As
mentioned, fully leptonic decay modes, with their rather
small branching ratios, will not be considered in this anal-
ysis. The main topologies are thus h210 and h400.

In the case of neutral heavy leptons, two additional
charged leptons are present in the final state, and the main
topologies are, thus, h230 and h420. All hadronic events
with at least two isolated leptons found were considered.

The additional final-state leptons present in signal
events for neutral heavy lepton production constitute a
rather clear signature. In contrast, for the charged heavy
lepton search channels there is a nearly irreducible back-
ground from WW events. Signal events are characterized
by the presence of two additional neutrinos, seen as ad-
ditional missing energy. The missing momentum will in
general be neither forward nor aligned with the directions
of the jets. Thus, missing energy (6E) and transverse miss-
ing momentum (6 pT ) are expected and the energy in a
15◦ cone around the direction of the missing momentum
(E15

mis) will be low.
In the final-state topology with no isolated leptons

(h400), qq(γ) background can be rejected using the ycut
variables to select four-jet events. In this four-jet topol-
ogy, the two W candidates (i.e. the two jet pairs supposed
to result from the decay of the W bosons) were found by
trying all the possible combinations and choosing the one
for which the jet–jet invariant masses best reproduce the
W mass. The angle between the two W candidates (AWW)
is expected to be close to 180◦ for the WW background
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Table 4. Selection criteria for single-production hadronic topologies. The notation
for the topologies is the one defined in Sect. 2.4

Selection variables
Topology Angles Masses Other criteria Fit

h300 min(Ajj) > 40◦ 4C
h200 Ajj

col > 40◦ Mjj ∈ [40, 100]GeV/c2 ycut(3→2) < 0.01 1C
Ajj

cop > 25◦ MR < 60GeV/c2 if W 6p > 0.11
√

s

6θ > 25◦ MR < 75GeV/c2 if Z
h210 Ajj

col > 30◦ Mjj > 40GeV/c2 1C
Ajj

cop > 15◦ MR < 60GeV/c2 if W
6θ > 20◦ MR < 75GeV/c2 if Z

h220 Ajj
col > 20◦ 5C

Ajj
cop > 10◦ 1C
6θ > 20◦

h201 Aγ
iso > 25◦ Eγ > 20GeV 4C

θγ > 40◦

h101 Ajγ
col < 30◦ Eγ > 30GeV 4C

θγ > 40◦

and lower for the signal, due to the presence of the two
additional neutrinos. In the final state with one isolated
lepton (h210), it is also required that the lepton is well iso-
lated (Aiso

lept). The selection criteria applied in the search
for both neutral and charged pair-produced heavy leptons
are summarized in Table 5.

4.3 Selected leptonic events

Events classified as leptonic can originate from radiative
decays of heavy leptons, in which case there will be pho-
tons in the final state, or from decays into W or Z bosons
decaying into leptons, in which case there will be only lep-
tonic jets involved (see Tables 2 and 3). The two analyses
are quite different and will be treated separately.

4.3.1 Leptonic events without isolated photons

The topologies considered in this section are `200, two
low multiplicity jets only, and `400, four low multiplicity
jets. As mentioned, they arise whenever there are W or Z
bosons decaying leptonically. Since these topologies arise
only in single-production modes, they have to be consid-
ered in the search for excited leptons only.

`200 topology

The signal events are characterized by the presence of
two acoplanar leptonic jets and missing energy. The back-
ground for this topology comes essentially from e+e− →
`+`−(γ) processes, in particular Bhabha events where the
photon is lost, and from leptonic decays of W pairs. In
the WW background events, both the leptonic jets come
from W decays, having a large momentum. The general
selection criteria were the following:

– Acol > 10◦,
– Acop > 10◦,
– 6p > 0.11

√
s,

– θ > 30◦ for both leptonic jets.

As seen in Table 3, the topology `200 can arise in sev-
eral different channels. In addition to the general selec-
tion criteria for the topology, a different specific cut was
included for each decay channel. This cut depends on the
origin of the leptonic jets present in the final state. They
can be spectator leptons produced together with the heavy
one, products of the decay of the heavy lepton or products
of the decay of a W or Z boson.

If the decaying excited lepton is charged, ``∗ →
(`νW, ``Z) → ``νν, the lower energy leptonic jet is ex-
pected to be the spectator lepton and the momentum of
the least energetic charged jet was required to be lower
than 0.11

√
s.

For excited neutrinos, in the case of the decay via a
W (νν∗ → ν`W → ``νν) the mass recoiling against one
of the two leptonic jets was required to be in the W mass
region (70 GeV/c2 < m < 110 GeV/c2), while in the case
of the decays via a Z (νν∗ → ννZ → νν``) the invariant
mass of the two leptonic jets had to be between 80 GeV/c2

and 100 GeV/c2.

`400 topology

This topology can arise in the case of a singly produced
charged excited lepton decaying via a Z boson. For signal
events, two of the leptonic jets result from the Z decay
and thus have a large invariant mass, while the second
pair of leptonic jets has in general a low invariant mass.

The background for this topology comes from four-
fermion processes. In this analysis it was required that at
least one of the leptonic jets had been previously identi-
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Table 5. Selection criteria for pair-production hadronic topologie

Heavy Selection variables
lepton Topology Leptons ycut Missing Other criteria
Neutral h230 & Nlept ≥ 2 ycut(2→1) > 0.03 6θ > 20◦

h420
Charged h210 Nlept > 0 6θ > 25◦ E15

mis < 0.5
6E > 0.5

√
s Aiso

lept > 50◦

6pT > 10GeV/c

h400 Nlept = 0 ycut(3→2) > 0.03 6θ > 30◦ AWW < 140◦

ycut(4→3) > 0.003 6E > 0.3
√

s 6p/ 6E < 0.7

Table 6. Selection criteria for leptonic topologies with isolated
photons. The topologies below the double line correspond to
the pair production

Selection variables
Topology Jet variables Photon Other

variables
`201 e pjet1 > 10GeV/c θγ > 40◦

`201 µ

`201 τ θγ > 20◦

`101 e Eγ > 0.22
√

s 100◦ < Ajγ < 179◦

`101 µ pjet > 10GeV/c θγ > 40◦

`101 τ 100◦ < Ajγ < 179◦

`202 e pjet1 > 10GeV/c ∆m`γ < 15GeV/c2

`202 µ pjet2 > 10GeV/c ∆m`γ < 10GeV/c2

`202 τ ∆m`γ < 20GeV/c2

fied as an isolated lepton (see Sect. 4.1) to avoid hadronic
contamination.

4.3.2 Leptonic events with isolated photons

Final states resulting from singly produced charged ex-
cited leptons decaying radiatively are characterized by an
energetic photon (Eγ) in the central region of the detec-
tor and two low multiplicity jets (`201 topology). Near
the kinematic limit one of these jets will not be observed
due to its low momentum (`101 topology). This final-state
topology is particularly relevant when the t-channel cross-
section dominates (e∗ single production) and the spectator
lepton is frequently lost in the beam pipe.

The main background for the `201 topology comes
from e+e− → `+`− radiative events. Events having a pho-
ton emitted at very low polar angle (θγ) or with low energy
are easily eliminated. However, events with a hard isolated
photon constitute an irreducible background.

For the `101 topology, the background comes from
Bhabha events where one electron was lost or misiden-
tified as a photon, and from Compton events. In Bhabha
events, there are two essentially back-to-back particles in
the forward regions of the detector, i.e. the jet–photon
space angle (Ajγ) is around 180◦. In Compton events the

charged jet and the photon are acollinear and there is a
large amount of energy deposited at relatively low polar
angles.

Final states resulting from pair-produced charged ex-
cited leptons decaying radiatively are characterized by the
presence of two leptonic jets and two hard photons in the
detector. Possible background comes from doubly radia-
tive e+e− → `+`− events. In signal events there must
be two lepton–photon combinations with compatible in-
variant masses, which correspond to the excited lepton
invariant mass. The relevant variable is the minimum of
the lepton–photon invariant mass differences: ∆m`γ =
min(|m`1γ1 − m`2γ2|, |m`1γ2 − m`2γ1|).

In three- or four-body topologies, the energies can be
rescaled by imposing energy and momentum conservation
and using just the polar and azimuthal angles, which are
well measured in the detector. This procedure can signif-
icantly improve the energy resolution. The compatibility
of the momenta calculated from the angles with the mea-
sured momenta was quantified on a χ2 basis4. For two-
body topologies, the same method can be applied assum-
ing the presence of a third particle along the beam direc-
tion.

Only events with χ2 < 5 either for photons or for
charged particles were kept. The fact that the condition
χ2 < 5 was not applied simultaneously to the photons and
to the charged particles allows events in the electron and
muon channels with photons near the boundaries of the
calorimeter modules (where electromagnetic energy can be
badly reconstructed) to be kept. The rescaling procedure
can also be applied to the tau channel because the charged
decay products nearly follow the direction of the primary
tau. However, due to the neutrinos, the rescaled momenta
of the charged jets are expected to be substantially dif-
ferent from the measured ones. This can be used in the
tau lepton identification through a cut χ2

charged > 5. In
addition to this criteria, the events selected in three-body
topologies were checked for their coplanarity (the sum of

4 The χ2 parameter was defined separately for
charged jets (χ2

charged) and photons (χ2
photons) as

χ2 = 1
n

∑
i=1,n

[
(pcalc

i − pmeas
i )/σi

]2
where n is the num-

ber of measured particles, pmeas
i are the measured momenta

or energies and pcalc
i are the momenta calculated from the

kinematic constraints. σi, the quadratic sum of the errors on
pcalc

i and pmeas
i , is defined in [9]
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the angles between the particles had to be greater than
355◦).

The backgrounds and efficiencies depend significantly
on the flavour of the final-state leptons involved in these
topologies. Thus, different selection criteria are used for
the different flavours. The main selection criteria are sum-
marized in Table 6.

For the `101 topology, an additional cut was applied
in the electron channel: events that have a rescaled mo-
mentum greater than 0.18

√
s assigned to the particle lost

along the beam direction were rejected. This criterion is
useful to eliminate Compton events.

4.4 Events with photons only

Neutral excited leptons can give rise to single or double
photon events. Thus, excited neutrinos produced in pairs
and decaying radiatively to an ordinary neutrino would
be tagged through the `002 topology and those produced
singly would be detected through the `001 topology. For
these topologies, the analyses described in [10] are used.

The SM processes constituting the background to both
topologies are essentially quantum electrodynamics
(QED) e+e− → γγ, e+e− → Zγ(γ) with Z → νν, ra-
diative Bhabhas and Compton events.

In order to reduce drastically the Bhabha and Comp-
ton background, single gamma events were required to
have polar angles above 45◦ and no other electromagnetic
energy deposition was allowed out of a 20◦ cone. Further-
more, it was required that the photons had a line of flight
compatible within 15◦ with the shower direction recon-
structed by the HPC calorimeter. This criterion and an
additional selection based on the HCAL were applied to
veto cosmics.

The two-photon sample was selected requiring at least
two photons satisfying the following criteria:

– Energy greater than 25% of the centre-of-mass energy
in the polar region between 25◦ and 155◦.

– At least three HPC layers with more than 5% of the
total electromagnetic energy, for HPC energy deposi-
tions not pointing to the φ intermodular zones.

Furthermore, the hadronic energy was required to be less
than 15% of the total deposited energy unless the photon
fell in the HPC φ cracks, in which case it was required
that the HCAL first layer energy deposition was greater
than 90% of the total hadronic energy.

The γγ sample was enriched through the recovery of
photons converted after the VD. The number of converted
photons was limited to one per event and their recovery
was performed in a slightly reduced geometrical accep-
tance (θ > 30◦), in order to keep a high level of back-
ground rejection. A converted photon was defined as an
energy deposition associated to a charged particle track
and with no VD track elements within 2◦ and 6◦ for the
barrel (θ > 40◦) and the forward (θ < 35◦) regions, re-
spectively. A VD track element was defined by at least
two Rφ hits on different layers within a tolerance of 0.5◦.

4.5 Event flavour identification

The event flavour, in the hadronic topologies with iso-
lated leptons, was tagged by loosely identifying the lep-
tons according to the criteria described in Sect. 4.1: in the
h210 topology, events were tagged as electronic (muonic)
events if the final-state lepton was identified as an electron
(muon) and in h220 if one of the final-state leptons was
identified as an electron (muon) and the other one was
not identified as a muon (electron). In the tau channel,
the momentum of the isolated lepton is expected to be
lower than for the other leptonic flavours. For the h220
topology the lower energy lepton is expected to be the
spectator lepton produced together with the excited one
and in the tau channel it was required that p` < 0.11

√
s.

The same is true for the h210 topology when it arises from
the W decay of a charged excited lepton (``∗ → `νW). In
other cases, such as for neutral excited leptons, the final-
state lepton can be more energetic and in the tau channel
it was required that p` < 0.22

√
s.

In the topologies corresponding to the pair production
of neutral heavy leptons, all events with more than two
isolated leptons in the final state were kept. If only two
leptons were present, events were kept as candidates in the
electron (muon) channel if both leptons were identified as
such.

The flavour identification for leptonic topologies was
performed using the leptonic jet identification (see
Sect. 4.1) and, whenever possible, the comparison between
the measured momenta and the momenta computed using
the rescaling procedure (see Sect. 4.3.2).

In the leptonic topologies with no isolated photons, the
rescaling procedure was not applied, since there are always
at least two neutrinos involved. There is also at least one
charged jet coming from the decay of a W or Z boson and
containing no relevant flavour information. Events were
classified as electron or muon events whenever the lowest
energy jet was identified as such. All events were kept in
the tau channel.

In the topologies involving isolated photons, since
there are no missing particles or there is only one par-
ticle lost along the beam pipe, the momenta can be com-
puted imposing energy–momentum conservation. Events
were kept as candidates in the electron (muon) channel
if at least one of the jets was identified as an electron
(muon) and no jets were identified as muons (electrons)
and if χ2

charged < 5. For the `101 topology, where back-
ground problems are more severe, it was also required that
χ2

photons < 5. Events were kept as candidates in the tau
channel if χ2

charged > 5 and χ2
photons < 5.

5 Results

The number of candidates at different selection levels are
given in Table 7 for the hadronic topology, and in Ta-
bles 8 and 9 for the leptonic topology with (Table 8) and
without (Table 9) isolated photons. Selection level 1 corre-
sponds to the general criteria, before any specific topology
cuts (Sect. 4.1). Level 2 corresponds to specific topology
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Table 7. Number of selected events in the hadronic topologies for the different centre-of-mass energies. The numbers in
brackets are the simulated SM background expectations. For each energy, the last three rows (marked with a P) correspond
to pair production. The topologies relevant for both charged and neutral new lepton searches are followed by ‘char’ or ‘neut’
respectively.

selection level√
s topology 1 2 3

e µ τ

h300 381(450±9) 84(98±5) - - -
h200 char 3181 4(3.3±0.6) - - -
h200 neut (2991±26) 6(5.5±0.7)
h210 W char 380 18(24±2) 6(8.0±1.1) 2(4±0.8) 6(4.2±0.9)

183 h210 W neut (361±7) 6(8.0±1.1) 2(4±0.8) 9(11.6±1.5)
GeV h210 Z 57(58±3) 17(22±2) 16(15±1) 28(27±2)

h220 24(27±2) 7(5.8±0.8) 2(3.8±0.7) 4(1.0±0.3) 5(4.4±0.7)
h201 996(903±14) 116(112±5) - - -
h101 7(2.8±0.8) 4(2.1±0.7) - - -
h420/h230 P 24(23±4) 17(13±1) 5(2.6±0.5) 5(2.9±0.5) 17(13±1)
h210 P 391(371±9) 9(10±1) - - -
h400 P 426(406±8) 13(8±1) - - -
h300 119(112±3) 27(24±1) - - -
h200 char 810 0(0.8±0.2) - - -
h200 neut (711±6) 0(1.5±0.2)
h210 W char 89 4(4.7±0.5) 2(1.5±0.3) 1(0.6±0.2) 1(1.1±0.2)

172 h210 W neut (72±2) 2(1.5±0.3) 1(0.6±0.2) 3(2.6±0.3)
GeV h210 Z 7(8.3±0.6) 3(3.3±0.4) 2(1.7±0.3) 5(4.2±0.5)

h220 8(5±1) 1(1.0±0.2) 1(0.3±0.1) 0(0.2±0.1) 1(0.7±0.2)
h201 240(215±4) 36(33±2) - - -
h101 1(0.1±0.1) 0(0.1±0.1) - - -
h420/h230 P 5(3.7±0.4) 4(2.4±0.3) 1(0.2±0.1) 2(0.4±0.1) 4(2.4±0.3)
h210 P 92(75±2) 2(1.7±0.3) - - -
h400 P 90(85±2) 3(2.3±0.3) - - -
h300 122(130±4) 29(30±2) - - -
h200 char 916 2(0.9±0.2) - - -
h200 neut (878±19) 2(0.9±0.2)
h210 W char 69 8(5.2±0.5) 0(1.8±0.3) 2(0.5±0.1) 2(0.9±0.2)

161 h210 W neut (56±4) 0(1.8±0.3) 2(0.5±0.1) 6(2.6±0.4)
GeV h210 Z 7(4.5±0.5) 1(1.7±0.3) 2(0.5±0.1) 6(2.3±0.3)

h220 4(4±1) 1(1.0±0.2) 0(0.7±0.2) 0(0.2±0.1) 1(0.5±0.2)
h201 345(288±7) 39(44±3) - - -
h101 1(0.6±0.3) 1(0.3±0.2) - - -
h420/h230 P 3(3.3±0.4) 1(2.0±0.3) 0(0.5±0.2) 0(0.4±0.1) 1(2.0±0.3)
h210 P 68(59±2) 1(1.3±0.3) - - -
h400 P 77(79±2) 2(2.2±0.4) - - -

cuts, without flavour tagging (Sects. 4.2 and 4.3). Flavour
tagging is included in level 3 (Sect. 4.5). The numbers in
brackets give the simulated SM background expectations.
The topologies marked with a P correspond to the pair-
production modes. Whenever a topology is relevant for
both the charged and the neutral new leptons search and
different selection criteria were applied (see Sects. 4.2.1
and 4.3.1), the name of the topology is followed by ‘char’

or ‘neut’. A given selection level is always a subsample of
the previous one. The different flavours considered at a
given level are not exclusive. In the different selection lev-
els and topologies, fair agreement between data and the
SM expectation is found.

Data and SM simulation distributions at
√

s =
183 GeV for the hadronic topologies at selection level 1
are shown in Figs. 1 and 2. Figure 1(a) and (b) show the
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Fig. 1. Acolinearity a and invariant mass b of the two jets in
the h200 and h201 topologies respectively, the momentum of
the lepton in the h210 topology c, the angle between the two
jet pairs in the h400 topology d at 183GeV. The dots show
the data and the shaded histograms show the SM simulation

jet–jet acollinearity and the jet–jet invariant mass for the
h200 and h201 topologies respectively. In Fig. 1(c) the mo-
mentum of the lepton in the h210 topology is shown. Fig-
ure 1(d) concerns the h400 topology and shows the angle
between the two jet pairs taken as W candidates. There
is, for all the distributions, a fair overall agreement. As
will be discussed below, the distributions shown in Fig. 2
are the ones relevant for signal mass reconstruction. The
presence of a signal would correspond to a peak in these
variables. As before, there is reasonable overall agreement
and no relevant signal is observed. It should be noted that
in (a) and (b) there are three and two entries per event
respectively corresponding to the different possible jet–jet
and jet–photon combinations.

Figure 3 shows distributions for the `201 topology at
the first level of the event selection for

√
s = 183 GeV. Fig-

ure 3(a) shows the invariant mass for the lepton–lepton
pairs using the momenta calculated from the kinematic
constraints. The two possible `γ invariant mass combina-
tions are plotted in Fig. 3(b). Figures 3(c) and 3(d) display
the energy and the isolation angle of the radiated photon.
There is reasonable agreement between the data and SM
simulation.

In many topologies, the heavy fermion mass can be
estimated from the momenta and directions of final-state

Table 8. Number of selected events in the leptonic topologies
with isolated photons for the different centre-of-mass energies.
The numbers in brackets are the simulated SM background
expectations. For each energy, the lowest three rows correspond
to pair production.

selection level√
s topology 1 2 3

`201 e 165 59(69±5) 41(47±4)
`201 µ (154±7) 127(131±7) 17(15±1)
`201 τ 91(106±6) 17(19±2)

183 `101 e 177 3(6.3±1.2) 3(5.7±1.2)
GeV `101 µ (185±7) 59(65±4) 0(0.9±0.3)

`101 τ 54(53±3) 4(2.7±0.7)
`202 e 1 1 0(0.2±0.1)
`202 µ (1.4±0.3) (0.7±0.2) 0(0.2±0.1)
`202 τ 1(0.9±0.2) 1(0.9±0.2)
`201 e 35 11(13±1) 8(7.5±0.8)
`201 µ 31(±2) 21(26±1) 5(4.5±0.4)
`201 τ 16(21±1) 1(3.9±0.6)

172 `101 e 45 0(1.5±0.6) 0(1.4±0.6)
GeV `101 µ (42±3) 13(15±2) 2(0.3±0.1)

`101 τ 11(13±2) 4(1.3±0.5)
`202 e 1 1 0(0.04±0.04)
`202 µ (0.2±0.1) (0.1±0.1) 0(0.04±0.04)
`202 τ 0(0.1±0.1) 0(0.1±0.1)
`201 e 42 13(20±2) 5(13±1)
`201 µ (43±2) 26(37±2) 5(5.2±0.5)
`201 τ 20(31±2) 9(5.9±0.7)

161 `101 e 63 1(1.9±0.5) 0(1.7±0.5)
GeV `101 µ (50±3) 12(16±2) 1(0.1±0.1)

`101 τ 10(14±2) 1(0.5±0.3)
`202 e 2 1 1(0.04±0.04)
`202 µ (0.5±0.2) (0.3±0.1) 0(0.1±0.1)
`202 τ 1(0.3±0.1) 1(0.3±0.1)

particles. Relevant cases are the `γ invariant mass for ra-
diatively decaying excited leptons, the jet–γ and jet–jet
invariant masses for excited quarks, the jet–jet–lepton in-
variant mass and the recoil mass of isolated leptons for the
situations involving W and Z bosons. Signal simulation
studies allowed the determination of the mass resolution
for each situation. In leptonic events, the mass resolution
on the lepton–photon invariant mass, after applying the
kinematic constraints, was found to be about 1 GeV/c2 for
muons, 1.5 GeV/c2 for electrons and 2 GeV/c2 for taus. In
the h300 and h201 topologies, the resolution on the jet–jet
and jet–photon invariant masses after the kinematic fits
was found to be about 2 GeV/c2. For the h101 topology no
kinematic fit was applied and the resolution was around
20 GeV/c2. In hadronic events with isolated leptons, the
resolution on the lepton recoil mass (m2

` = s − 2kP`
√

s,
where k = 1.0 for electrons and muons and k = 1.4 for taus
to take into account the missing energy in the tau decay)
is about 1 GeV/c2 for muons, 3 GeV/c2 for electrons and
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Table 9. Number of selected events in the leptonic topologies without isolated photons for the different centre-of-mass energies.
The numbers in brackets are the simulated SM background expectations. The topologies relevant for both charged and neutral
new lepton searches are followed by ‘char’ or ‘neut’ respectively.

selection level√
s topology 1 2 3

e µ τ

`200 char 5543 12(9±2) 7(4.9±1.2) 1(1.0±0.5) 12(9±2)
183 `200 W neut (5429±49) 17(13±2) 11(10±2) 8(8.4±1.6) 17(13±2)
GeV `200 Z neut 9(6.3±1.3) - - -

`400 1(0.2±0.1) 1(0.2±0.1) 0(0.1±0.1) 1(0.1±0.1) 1(0.2±0.1)
`200 char 1310 0(2.3±0.3) 0(1.3±0.3) 0(0.5±0.1) 0(2.3±0.3)

172 `200 W neut (1246±11) 4(2.9±0.4) 2(2.2±0.3) 2(1.5±0.3) 4(2.9±0.4)
GeV `200 Z neut 3(1.2±0.3) - - -

`400 1(0.1±0.03) 1(0.1±0.03) 0(0.01±0.01) 1(0.06±0.03) 1(0.07±0.03)
`200 char 1355 0(1.1±0.2) 0(0.5±0.1) 0(0.4±0.1) 0(1.1±0.2)

161 `200 W neut (1422±13) 1(1.9±0.3) 1(1.4±0.3) 0(0.8±0.2) 1(1.9±0.3)
GeV `200 Z neut 0(0.5±0.2) - - -

`400 0(0.1±0.04) 0(0.1±0.04) 0(0.04±0.04) 0(0.1±0.04) 0(0.1±0.04)
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Fig. 4. Results on single production of excited charged a and
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limits at 95% CL on the ratio λ/m`∗ between the coupling of
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5 GeV/c2 for taus. The resolution on the jet–jet–lepton in-
variant mass is about 5 GeV/c2 for muons and 8 GeV/c2

for electrons. In this case, no mass reconstruction was at-
tempted in the tau channel.

The results for single and double photon final states
are as follows. In the single photon channel, three events
having a single γ in the barrel region (i.e. θγ = 45◦ −135◦)
with Eγ > 80 GeV were found at

√
s = 183 GeV, while

2.5 were expected from the SM reaction e+e− → γνν̄. At√
s = 172 and

√
s = 161 GeV, no events were found with

Eγ > 75 GeV and Eγ > 70 GeV respectively, while 0.02 ±
0.01 and 0.08 ± 0.03 were expected from the simulation.

In the two-photon channel four events with an acopla-
narity greater than 10◦ were found at

√
s = 183 GeV,

while 0.4 ± 0.1 events were expected from the QED back-
ground reaction e+e− → γγ and 1.5 ± 0.2 from the pro-
cess e+e− → Zγγ with the Z decaying into neutrinos. Two
events with an acoplanarity greater than 10◦ were found
at

√
s = 172 GeV, while 0.09 ± 0.02 were expected from

e+e− → γγ and 0.61 ± 0.02 from e+e− → Zγγ → ννγγ.
No candidates were found at

√
s = 161 GeV while 0.8±0.1

were expected.
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Fig. 5. As Fig. 4, but for f = −f ′

6 Limits

The search for the production of unstable heavy fermions
involves many final states. The relevance of the different
final states depends, as discussed in Sect. 2.3, on the decay
branching ratios which are a function of the heavy fermion
mass and of the coupling parameters.

The numbers of excited fermion candidates in the
single-production topologies, as well as the SM expecta-
tions, are summarized in Table 10 for the different excited
fermion types and decay modes and for the three centre-
of-mass energies. It should be noted that these numbers
result from the combination of the different topologies
(Tables 7, 8 and 9) and there is, in many cases, over-
lap between the candidates selected in the different decay
channels listed in Table 10.

For exotic leptons only pair production was considered.
The number of heavy lepton candidates found and the SM
simulation expectations at

√
s = 183, 172 and 161 GeV are

summarized in Table 11 for pair-production modes.
The possible heavy fermion masses can be deduced

in many of the topologies, as referred to in the previous
section. Events for which the mass could not be estimated
were treated as candidates for all possible mass values.

The efficiencies, including the trigger efficiency, are
given in Table 12 for all the studied channels and for cho-
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the ratio λ/mq∗ between the coupling of the excited quark and
its mass as a function of the mass

sen heavy fermion mass values at
√

s = 183 GeV. The
efficiency levels are very similar for scaled masses at the
other centre-of-mass energies. The trigger efficiency was
estimated to be greater than 85% and 95% for the single
and the double photon channels respectively. For all the
other topologies it is greater then 99% (being essentially
100% for all hadronic topologies). The dependence of the
efficiency on the mass is weak, due to the combination of
the several topologies and of the different centre-of-mass
energies.

The limits were computed using the method described
in [22]. This is the method used in the DELPHI Higgs
search analysis, and is well suited both for the combina-
tion of channels and for the inclusion of mass information.
Each topology at each centre-of-mass energy was treated
as a channel, and the used mass resolution depends on
the specific reconstruction procedure for each topology, as
explained in the previous section.

For the single production of excited fermions, the pro-
duction cross-section is a function not only of the mass

Table 10. Number of excited fermion candidates for the dif-
ferent decay channels and the different centre-of-mass energies
in the single-production mode. The numbers in brackets cor-
respond to the simulated SM background expectations
√

s Channel e µ τ

`∗ → `γ 44(53± 4) 17(16± 1) 21(22± 2)
`∗ → νW 17(16± 2) 7(8± 1) 22(17± 2)
`∗ → `Z 26(31± 2) 22(17± 1) 46(41± 3)

183 ν∗ → νγ 3(2.5± 0.3)
GeV ν∗ → `W 17(18± 2) 10(12± 2) 26(25± 2)

ν∗ → νZ 15(12± 1)
q∗ → qγ 120(114± 5)
q∗ → qg 84(98± 5)
`∗ → `γ 8(9± 1) 7(4.8± 0.4) 5(5.2± 0.8)
`∗ → νW 2(3.6± 0.5) 1(1.9± 0.3) 1(4.2± 0.4)
`∗ → `Z 4(4.9± 0.5) 3(2.5± 0.3) 7(7.3± 0.6)

172 ν∗ → νγ 0(0.02± 0.01)
GeV ν∗ → `W 4(3.7± 0.4) 3(2.1± 0.4) 7(5.5± 0.5)

ν∗ → νZ 3(2.7± 0.4)
q∗ → qγ 36(33± 2)
q∗ → qg 27(24± 1)
`∗ → `γ 5(15± 1) 6(7± 1) 10(7± 1)
`∗ → νW 2(3.2± 0.4) 4(1.8± 0.2) 4(2.9± 0.3)
`∗ → `Z 1(2.9± 0.4) 2(1.2± 0.2) 7(4.0± 0.4)

161 ν∗ → νγ —
GeV ν∗ → `W 1(3.2± 0.4) 2(1.3± 0.2) 7(4.5± 0.5)

ν∗ → νZ 2(1.4± 0.3)
q∗ → qγ 40(44± 3)
q∗ → qg 29(30± 2)

of the particle but also of the ratio of the coupling of the
excited lepton to its mass. 95% confidence level (CL) up-
per limits on the ratio λ/mf∗ (see Sect. 2.3) as a function
of the f∗ mass were derived. Figures 4 and 5 show these
limits for the excited leptons assuming f = f ′ and f = −f ′
respectively.

Figures 6(a) and 6(b) show the limits on the single pro-
duction of excited quarks, namely limits on λ/mq∗ multi-
plied by the branching ratio of the q∗ into qγ and into qg
respectively. These limits were obtained assuming up-type
excited quarks. For down-type excited quarks the cross-
section limits are about 15% higher in the studied mass
region due to the lower expected production cross-section.

The lower limits at 95% CL on the masses of pair-
produced unstable heavy leptons are given in Table 13. In
the excited leptons case, limits are given for both f = f ′
and f = −f ′. In the case of the sequential leptons, decays
into each of the leptonic families are considered.

Figure 7 shows the limit on the excited electron pro-
duction for f = f ′ obtained by combining the result of
the direct search (Fig. 4(a)) with the indirect result from
the search for deviations in the e+e− → γγ(γ) differential
cross-section [10]. We can thus extend the limit to regions
above the kinematic limit.
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Table 11. Number of heavy lepton candidates for the different decay chan-
nels and the different centre-of-mass energies in the pair-production modes.
The numbers in brackets correspond to the simulated SM background expec-
tations
√

s Channel e µ τ

`∗ → `γ 0(0.2± 0.1) 0(0.2± 0.1) 1(0.9± 0.2)
183 ν∗ → νγ 4(1.8± 0.2)
GeV `∗, L±, E±

i → νW 22(18± 1)
ν∗, L0, E0

i → `W 5(2.6± 0.5) 5(2.9± 0.5) 17(13± 1)
`∗ → `γ 0(0.04± 0.04) 0(0.04± 0.04) 0(0.1± 0.1)

172 ν∗ → νγ 2(0.8± 0.1)
GeV `∗, L±, E±

i → νW 5(4± 0.4)
ν∗, L0, E0

i → `W 1(0.2± 0.1) 2(0.4± 0.1) 4(2.4± 0.3)
`∗ → `γ 1(0.04± 0.04) 0(0.1± 0.1) 1(0.3± 0.1)

161 ν∗ → νγ 0(0.8± 0.1)
GeV `∗, L±, E±

i → νW 3(3.5± 0.5)
ν∗, L0, E0

i → `W 0(0.5± 0.2) 0(0.4± 0.1) 1(2.0± 0.3)
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Fig. 7. Combined excited electron limits for f = f ′ from di-
rect and indirect searches. The line shows the upper limits
at 95% CL on the ratio λ/me∗ between the coupling of the
excited electron and its mass as a function of the mass. Up
to the kinematic limit the result is dominated by the single-
production direct search. Above this value the limit is the one
coming from the indirect search using e+e− → γγ

7 Conclusions

DELPHI data corresponding to integrated luminosities of
47.7 pb−1, 10 pb−1 and 10 pb−1 at the centre-of-mass en-
ergies of 183 GeV, 172 GeV and 161 GeV respectively have

Table 12. Efficiencies (in percentage) for the single- (upper)
and pair- (lower) production modes at a centre-of-mass en-
ergy of 183GeV. The values were obtained with excited lepton
masses of 170GeV/c2 and 80GeV/c2 for single and pair pro-
duction respectively

Channel e µ τ

`∗ → `γ 33 59 33
`∗ → νW 21 43 32
`∗ → `Z 26 53 23
ν∗ → νγ 42
ν∗ → `W 44 48 17
ν∗ → νZ 21
q∗ → qγ 31
q∗ → qg 19

Channel e µ τ

`∗ → `γ 28 37 26
ν∗ → νγ 46
`∗, L±, E±

i → νW 14
ν∗, L0, E0

i → `W 27 37 20

been analysed. A search for unstable heavy fermions de-
caying promptly through γ, Z, W or gluon emission was
performed. No significant signal was observed.

The search for pair production of heavy leptons re-
sulted in the mass limits quoted in Table 13. The search
for single production of excited fermions gave the limits
on the ratio λ/m∗

f shown in Figs. 4, 5, 6 and 7. These re-
sults considerably extend the limits recently set from the
runs of LEP at centre-of-mass energies of 161 GeV and
172 GeV or previously at LEP1 and HERA [2,6,7,9].
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Table 13. Lower limits (in GeV/c2) at 95 % CL on the un-
stable heavy lepton masses from the pair-production modes.
Starting from the top, the three tables correspond to sequen-
tial, non-canonical and excited leptons respectively

L± L0 → eW L0 → µW L0 → τW
78.3 76.5 79.5 60.5

Ei Ne Nµ Nτ

Vector 81.3 87.3 88.0 81.0
Mirror 78.3 76.5 79.5 60.5

e∗ µ∗ τ∗

f = f ′ 90.7 90.7 89.7
f = −f ′ 81.3 81.3 81.3

ν∗
e ν∗

µ ν∗
τ

f = f ′ 87.3 88.0 81.0
f = −f ′ 90.0 90.0 90.0
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