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Abstract 

A search with the DELPHI detector at LEP for excited leptons (e*, ,u*, T* and u’) decaying through y, W or Z 

transitions is reported. The data used correspond to an integrated luminosity of 10 pb-’ at an e+e- centre-of-mass energy 
of 161 GeV. The search for pair produced excited leptons established the limits me* > 79.6 GeV/c2, rnfi* > 79.6 GeV/c’, 
mTq > 79.4 GeV/c2 and m,e > 56.4 GeV/c2 at 95% confidence level, assuming that the W(2) and U( 1) couplings of 
excited leptons are in the same ratio as for normal leptons and considering both left and right-handed components. Limits 
corresponding to other assumptions are also given. The search for single excited lepton production established upper limits 
on the ratio A/rnf* of the coupling of the excited lepton to its mass. 

1. Introduction 

’ On leave of absence from IHEP Serpukhov. The recent increase in the centre-of-mass energy at 
LEP to fi = 16 1 GeV has opened up a new kinematic 
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region for searches for “New Physics” going beyond 
the Standard Model (SM) , including searches for ex- 
cited states of leptons. Previous limits set by DELPHI 

and by other experiments can be found in Refs. [ 1 I 
and [2]. 

Excited leptons could be produced in pairs or singly, 
and would decay promptly to their ground state by 
radiating a y, a 2, or a W [ 31, giving rise to different 

topologies. The partial decay width for each channel 

is a function of the excited lepton mass and of the 

coupling constants assumed in the model. 
This paper presents a search for excited charged lep- 

tons (e*, ,u*, and r*) and excited neutrinos (v*) in 
data taken by the DELPHI experiment at LEP and cov- 
ers the yyvv, C&v, &!y, CCyy, &‘@, &J jet jet, @jet jet, 
@ev jet jet and Cvvv jet jet final states. Analyses of 

photon production following Ref. [4 1, and of double 
photon production, are also reported. The data corre- 
spond to an integrated luminosity of 10 pb-’ at fi = 

161 GeV. 

2. Production and decay of excited leptons 

Excited leptons (e*, ,u*, r* and v*) are assumed to 

have spin and weak isospin 1 I2 and to be much heavier 
than the ordinary leptons. They can have left and right- 

handed components or only left-handed components, 
both cases will be considered. They are assumed to 

decay promptly, since for masses above 20 GeV their 

mean lifetime is predicted to be less than lo-” seconds 
in all the cases studied. 

2.1. SingEe production of excited leptons 

In e+e- collisions, single excited leptons of the sec- 
ond (,u*, uz) and third (r*, v,+) family are produced 

through s-channel y and Z exchanges, while in the 
first family (e*, Y:) there is an additional contribution 
due to t-channel exchanges [ 3,5] ( W exchange in the 

case of v:, and y and Z for e* ) . In the t-channel, the 
spectator lepton is emitted preferentially at low polar 

angle and often goes undetected in the beam pipe. 

The effective electroweak Lagrangian [ 51 associ- 
ated to magnetic transitions from excited leptons e* to 
ordinary leptons -!? has the form 

Table 1 

Branching ratios in % for excited lepton decays (upper paa for 

excited charged leptons, lower pti for excited neutrinos). 

Decay 

channel 

81 - vy 
Y’ - !?z 

B’ - VW 

u* - vy 

u* - vz 

v* -+LW 

M = 80 GeV/c* 

f = .r’ j = -f’ 

100.0 0.0 
0.0 0.0 

0.0 100.0 

0.0 100.0 
0.0 0.0 

100.0 0.0 

M = 160 GeV/c? 

f =.fl ,f = -j.! 

38.6 0.0 

8.4 35.3 

53.0 64.1 

0.0 38.6 

35.3 8.4 

64.7 53.0 

where A corresponds to the compositeness mass scale 
and the constants f and f’ describe the effective 

changes from the SM coupling constants g and g’. 
The meaning of these couplings and of the other pa- 

rameters is described in [S]. With the assumption 

if/ = IfI, the cross section depends simply on the 
parameter f/A, which is related to the excited lepton 

mass according to f/A = &imp., where A is the 
coupling of the excited lepton. 

2.2. Double production of excited leptons 

The double production of charged excited leptons 
proceeds via s-channel y and Z exchanges, while for 

excited neutrinos only the s-channel Z exchange con- 

tributes. Although t-channel contributions are also pos- 
sible, they correspond to double de-excitation, and 

give a negligiblecontribution to the overall production 
cross-section [ 51. Form factors and anomalous mag- 

netic moments of excited leptons are not considered 
in the present analysis. At LEP, double production of 

excited leptons with masses almost up to the beam en- 
ergy can be detected. 

2.3. Decay modes of excited leptorls 

Excited leptons can decay by radiating a y. a Z, or 
a W. The decay branching ratios are functions of the 

f and f’ coupling parameters of the model. Table 1 

shows the branching ratios for some relevant values of 

f, f’, and the excited lepton mass. 
For charged excited leptons, the electromagnetic ra- 

diative decay is forbidden if f = -f’ , and the decay 
then proceeds via three body decay modes through the 
Z and W boson. But if f = +f’, the electromagnetic 
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radiative decay branching ratio is close to 100% for processes and for the possible signals and passing them 
me* below rnz and mw, and decreases only to 38% for through the full DELPHI simulation and reconstruction 

mp = 160 GeVlc2. chain. 
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 ra- 

diative decay if f # f’, even if the difference f - f' 
is much smaller than f itself. 

3. The DELPHI detector and the data samples 

Bhabha events e+e- 
e+e- -+ Wev and efe- 

+ Zy, e+e- --f Zee, 
--) WW events were gener- 

ated with PYTHIA [7]. EXCALIBUR [ 81 was also 
used to generate ete- --f Wev and Zvv events. The 

two-photon (“y,“) physics events were generated 
according to the TWOGAM [9] generator for quark 

channels and the Berends, Daverveldt and Kleiss gen- 
erator [IO] for the electron, muon and tau channels. 
Compton events were generated according to [ 111, 
and e+e- + 77 events according to [ 121. 

A detailed description of the DELPHI apparatus 
and its performance can be found in [ 61. This anal- 
ysis relies both on the charged particle detection pro- 

vided by the tracking system and the neutral cluster de- 
tection provided by the electromagnetic and hadronic 

calorimeters. 
The main tracking detector is the Time Projection 

Chamber (TPC), which covers the angular range 

20” < 8 < 160°, where 8 is the polar angle defined 
with respect to the beam direction. Other detectors 
contributing to the track reconstruction are the Vertex 

Detector (VD), the Inner and Outer Detectors, the 

Forward Chambers, and the Muon Chambers. The 
best momentum resolution obtained for muons is 

U( l/p) = 0.57 x 10d3 (GeV/c)-‘. 

Single and double excited lepton events were gen- 
erated according to their cross-sections defined in [ 51 
involving y and Z exchange. The hadronization and 

decay processes were simulated by JETSET 7.4 [ 71. 
The initial state radiation effect was included at the 

level of the generator for the single production, while 

for the double production it was taken into account in 
the total cross section. All the possible decays, .!* ----f 

&y, p -+ VW, !* -+ tZ, v* --t vy, and v* --f 4W [5], 
were included in the generator. 

4. Data pre-selection and event classification 

The barrel electromagnetic calorimeter (HPC) and 

the forward electromagnetic calorimeters (FEMC and 

STIC) are used for the reconstruction of electromag- 
netic showers. The STIC (Small angle Tile Calorime- 

ter), which is the DELPHI luminosity monitor, was 
used for electromagnetic shower detection at very low 
polar angle and has. an energy resolution of 2.7% 
for 45 GeV electrons. The energy resolutions of the 
HPC (High density Projection Chamber) and FEMC 
(Forward Electromagnetic Calorimeter) calorimeters 
are parameterized respectively as cr( E) /E = 0.043 $ 
0.32/a and a(E)/E = 0.03 @0.12/a@ 0.11/E, 
where E is expressed in GeV and the symbol ‘@’ im- 
plies addition in quadrature. The hadron calorimeter 
covers both the barrel and forward regions. It has an 
energy resolution of a(E) /E = 0.21 @ 1.12/a in 
the barrel and about 2/a in the forward region. 

The effects of the experimental resolution, both on 
the signals and on the backgrounds, were studied by 
generating Monte Carlo events for the SM background 

The final states of excited leptons at fi = 161 GeV 
are quite diverse and involve isolated photons, isolated 

leptons, jets, missing energy, and missing momentum. 

However, as excited leptons are produced almost at rest 
near the kinematic limit and their decays give at least 

one visible particle, all their decay modes can be char- 
acterized by a significant energy deposition in the cen- 
tral region of the detector. The “yy” background was 
therefore drastically suppressed by requiring a visible 
energy greater than 0.2 fi in the polar angle region 
between 20’ and 160”, including at least one particle 
with an energy greater than 5 GeV. To be considered, 
a charged particle had to have a momentum greater 
than 0.4 GeV/c, a polar angle between 20” and 160”, 
and a track length greater than 30 cm. In the central 

region (40” < 8 < 140’), the impact parameters in 
the transverse ptane and in the beam direction had to 
be below 5 cm and 10 cm respectively. These values 
were increased to 10 cm and 20 cm in the forward re- 
gion (20’ < 8 < 40” or 140” < 6’ < 160”). Events 
with measured charged or neutral particles having en- 
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ergy greater than fi were rejected. 
After this pre-selection, the search for excited 

leptons was split between two classes of events. In 
searches in events with more than eight charged par- 

ticles, the W or 2 was assumed to have decayed 
hadronically. In searches in events with eight charged 
particles or less, the W or Z decay was assumed to 
have been leptonic, so that all the particles either were 

leptons or resulted from tau decay or from electron 

showers. In this way, the events were classified as 

hadronic or leptonic. Electromagnetic radiative decays 
of excited leptons were searched for in the leptonic 
events, which included purely photonic events. 

Isolated leptons or photons were selected by requir- 
ing an energetic particle (jet or neutral cluster) sepa- 
rated from any significant nearby energy deposition. 

Neutral clusters were considered to be isolated pho- 
tons if, in a double cone centred in the cluster and 

having internal and external half angles of 5” and 15”, 
the total energy deposited was less than 1 GeV. Inside 

the inner cone, all the clusters were considered asso- 

ciated and no charged particles were allowed. Isolated 
clusters were also required to have an energy greater 
than 5 GeV. No recovery of converted photons was 
attempted. 

In a similar way, charged particles were considered 
isolated if, in a double cone centred on their track with 

internal and external half angles of 3” and 15”, the 
total energy deposited was less than 1 GeV. Inside the 

inner cone, all the clusters and tracks were considered 

to be associated, and the total energy had to be greater 
than 5 GeV. 

4.1. Selected hadronic events 

In the topologies studied, excited lepton candidates 

classified as hadronic events should have two jets in 
the final state (from the W or Z decay). In these events, 
charged particles and neutral clusters not associated 
to charged particles were therefore clustered into two 

jets using the Durham jet algorithm [ 131. 

In this algorithm, a resolution variable 

is computed for all pairs of particles, where Ei,,j are 
their energies, 8, is their opening angle, and Evis is 
the visible energy in the event. The pair for which Yij 
is smallest is replaced by a pseudoparticle with four- 

momentum equal to the sum of their four-momenta. 
The procedure is iterated until all the particles are clus- 
tered into two jets. 

The value of the resolution variable in the last iter- 

ation, ie the value ycut23 at the transition between the 

clustering into three and two jets, was saved to allow 
a better characterization of the event topology. Events 

with high ycutz3 have a topology with at least three jets. 

Jets were called charged if they contained at least 

one charged particle. Only charged jets were retained. 

4.2. Selected leptonic events 

Excited lepton candidates classified as leptonic 
events can have muons, electrons or taus in the fi- 
nal state. Taus can decay into several charged and 

neutral particles. Electrons, due to interactions with 

matter, can be accompanied by other electrons and 
photons. Therefore the analysis was again based on 

the Durham jet algorithm [ 131, which was applied 

to all charged and neutral particles not associated to 

isolated photons. The cut-off parameter was set to 

Y C”t - - 0.003 to optimize the efficiency for the signal. 
However, to avoid clustering several isolated leptons 
in the same jet, the number of jets was forced to be at 

least equal to the number of isolated charged particles 
found previously. 

5. Selected event topologies 

The most relevant topologies for excited lep- 

ton searches are discussed in this section, both for 
hadronic and leptonic events. 

In hadronic events from excited 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 ( Acol) and acopla- 

narity (A,,,) 2, and the two-jet system must have a 
high mass (Mjj) and a high momentum (Pjj) . Events 
where the cut-off variable ycut23, defined in Section 4.1, 

was greater than 0.06 were rejected, to avoid topolo- 
gies with more than two well defined jets. 

The main background for hadronic events comes 
from radiative returns to the Z (ese- ----f Zr) where 

2 The acoplanarity is defined as the acollinearity in the plane 

perpendicular to the beam. 
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the photon was lost in the beam pipe, which are char- 
acterized by a high missing momentum at very low 

polar angles. The WW contamination is small, and is 

characterised at this energy by the production of the 

W bosons nearly at rest. 

In leptonic events, the main background comes from 
radiative leptonic events and from Compton events 

[ 147. In topologies where the photon(s) are detected, 

cuts on the energy, isolation angle, and polar angle of 

the photon(s) can reduce the backgrounds drastically. 
In all topologies, jets had to have a polar angle be- 

tween 20” and 160” and the leading charged particle in 
the jet had to have a momentum above 1 GeVlc. The 
missing momentum and the missing energy were cal- 

culated using all the detected particles, including those 
in the very forward region (using the STIC informa- 

tion) . Except for the purely photonic events, discussed 
in Section 5.6, the trigger efficiency was very close to 

100%. 
The results in all the channels described below are 

summarised in Tables 2 and 3, and discussed in Sec- 

tion 6. 

5.1. Hadronic events with no isolated charged 
particles 

Hadronic events with no isolated charged particles 
(h200 topology in Tables 2 and 3) can result from sin- 
gle production of excited leptons in the modes U* --f 

J?VW + (C)~qiqj and YY* + dW + v(C)qiqj, where 

in both cases the final charged lepton (C) was unde- 

tected (lost in the beam pipe or having insufficient 
momentum to be selected), and in the mode W* ---f 
vvz --+ vvqjqi. 

The specific selection criteria were that: 
. the acollinearity and acoplanarity angles Acol and 

Acop between the jets had to exceed 50’ and 25” 
respectively, 

. the polar angle of the missing momentum was re- 

quired to be between 25” and 155” to reject radiative 
returns to the Z, and 

. the invariant mass of the two-jet system had to ex- 
ceed 40 GeV/c2. 

The corresponding distributions are shown in Fig. 1, 
together with a typical W* --+ YVZ -+ Yvqiqi signal 
simulation. 

Two events passed these criteria, while 5.1 f 0.5 
were expected from the SM background. The main 

contributions to this background come from qq( y) (4 
events) and Wev (1 event from EXCALIBUR or 0.4 
from PYTHIA) . 

5.2. Hadronic events with one isolated charged 
particle 

Hadronic events with one isolated charged particle 
(h210 topology) can be good candidates for single 
and double production of excited leptons. 

5.2.1. Single production 
In single production, the relevant modes are @* + 

CVW 3 CVqiqj, VU* -+ ZJ.~W -+ vl?qiqj, and @* + 
@Z + (L)@iqj with one of the final charged leptons 
(!) undetected (lost in the beam pipe or with momen- 
tum too low to be selected). 

The specific selection criteria were that: 

. the polar angle of the isolated particle was required 
to be between 20’ and 160°, 

. the angles Acol and Acop between the jets had to 
exceed 30” and 15” respectively, 

. the missing momentum had either to be smaller than 

20 GeV/c or to have a polar angle between 25” and 
155” (to remove most of the e+e- -+ Zy events), 
and 

. the invariant mass of the two-jet system had to ex- 
ceed 40 GeV / c2. 

A kinematic one constraint (lC> fit, requiring the 

invariant mass of the two-jet system to be either mw or 

mz, was applied. The input quantities for the fit were 
the measured vector momenta of the jets. The details 
of the fitting procedure, namely the errors on the input 

variables can be found in Ref. [ 151. 
Four events were found in which the x2 of the fit was 

below 5 when mjj was constrained to be rnw or mz. 
All four candidates have an isolated charged particle 

with associated electromagnetic energy greater than 
20% of its momentum and are thus candidates for the 

e*, T*, vr and vJ channels. 

5.2.2. Double production 
In double production, the relevant modes are C*L* --t 

vvWW -+ &.vqiqj, and v*v* + VWW ---f @veqiqi 
where, for m,. - mw, the leptons from the decay 
of the excited neutrinos have momenta too low to be 
selected. 

The specific selection criteria were that: 
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Fig. I. The acollinearity (a) and acoplanarity (b) between the two jets, polar angle of the missing momentum (c), and invariant mass of 

the two jets (d). for the sample of hudronic events with no isolated particles. The dots show the data and the shaded histogram shows the 

SM simulation. The other histogram shows a typical signal simulation with arbitrary normalization. 

. AC01 between the jets had to be below 30”, 

. the angle between the isolated particle and the near- 
est jet had to be above 45”, 

. the missing momentum had to exceed 20 GeV/c. 
Five events passed these criteria, while 5.4 i 0.4 

were expected from the SM. The high background is 

due to the irreducible contribution of the e-e+ --t 
WW ---f lVqiqj events. 

5.3. Hadronic events with two isolated charged 
particles 

Hadronic events with two isolated charged particles 
( h220 topology) can result from the single production 
of excited leptons in the mode @* -+ HZ -+ CCqiqj, 
where one of the two final leptons is monochromatic. 

The specific selection criteria were that: 

l &I and Acop between the jets had to exceed 20” 

and 10” respectively, and 
. the invariant mass of the two jets had to exceed 40 

GeV/c2. 
A 5 constraint (5C) kinematic fit, imposing total 

energy and momentum conservation and constraining 
the invariant mass of the two-jet system to mz, was 
imposed on the selected events. The input objects for 
the fit were the two jets and the two isolated leptons. 

The details of the fitting procedure, namely the errors 
on the input variables can be found in [ 151. 

No event had a x2 per degree of freedom lower than 
5, to be compared with the SM expectation of 0.8f0.2 
events. 
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5.4. Leptonic events with charged jets and isolated 
photons 

Leptonic events with one or two charged jets and 
isolated photons can result from single and double 

production of excited leptons. The relevant modes are 
U* ---f (C)@ and !*e* + @eyy, where the spectator 

lepton can be lost in the t-channel single production 

mode. 
Hard photons are expected in all these channels. 

Therefore, in the following analysis, only events with 

at least one isolated photon with an energy greater than 
10 GeV were considered. 

As stated in [ I], the energy can be computed for 
three- or four-body topologies by imposing energy and 

momentum conservation and using the polar and az- 
imuthal angles, which are well measured in the de- 
tector. This procedure can significantly improve the 
energy resolution. The method can be applied to tau 

events since the charged decay products essentially 
follow the direction of the primary tau. 

The compatibility of the momenta calculated from 
the angles with the measured momenta was quantified 
on a x2 basis. For the charged jets, the x2 parameter 

was defined as 

1 
2 

XLIged = ; 
CC 

pylC - p,“““” 

i=l ,n ci > 

where n is the number of measured charged particles, 
pi”“” is the measured momentum, pylC is the momen- 

tum calculated from the kinematic constraints, and g,, 

the quadratic sum of the errors on py” and pp”““, is 
defined in Ref. [ I]. For photons, the x2 definition was 

2 
1 

Xphotons = ; 

@C-q- * 

(+i > 

where M is the number of photons, Eylc and ./Peas are 
the calculated and measured electromagnetic ekergies, 
respectively, and the error ui was taken as just the 
r contribution [ 61 since the TIC contribution was 
estimated to be negligible. 

The mass resolution of the lepton-photon pair, after 
applying the kinematic constraints, is about 1 GeV/c” 
for electrons and muons and about 2 GeVlc* for taus. 

5.4.1. (!)@ events 
This topology ([lo1 and C102) selects radiative lep- 

tonic events where a hard isolated photon and one 

charged jet (assumed to be a lepton) were detected. 
It is relevant to the single production of e* (spectator 

electron lost in the beam pipe), and to the single pro- 
duction of EL* and T* when rn; is near the kinematic 

limit. In order to reduce the Compton background [ 143 

drastically and to eliminate Bhabha events where one 

of the electrons was identified as a photon, the momen- 

tum of the charged jet (Pj) had to exceed 10 GeVlc 

and the polar angle of the isolated photon had to be 
between 40” and 140”. 

Additional cuts were applied for the electron and 
muon channels. 

In the electron channel, events were retained if the 

electromagnetic energy associated to the charged jet 
was above 0.2 P/, and the angle between the photon 
and thecharged jet was between 100” and 179’. Events 

with an additional cluster having 0 < 20” or B > 
160” and an energy lower than the energy of the first 
cluster were also accepted ([lo2 topology), because 
these could be events in which the second electron 

was not properly reconstructed as a charged particle 
and was therefore detected only by its electromagnetic 

signature. When there was no additional cluster, it was 
assumed that the spectator electron was along the beam 

direction. In this case the missing energy along the 
beam direction must be below 30 GeV. 

In the muon channel, events were retained if the 
total number of charged particles was less than three, 

and the charged jet had an associated electromagnetic 
energy below 0.2 Pj and at least one associated hit in 
the muon chambers. 

The events selected in all channels were checked for 
their coplanarity (the sum of the angles between the 

particles and the beam direction had to be greater than 
355’) and for compatibility between the measured and 
the calculated momenta (the xzharged had to be less than 

5 in the electron and muon channels and the ,&otons 
less than 5 in the tau channel). 

Totals of 1, 0 and 2 events with one charged jet 
and one isolated photon (!lOl topology) passed all 
the selection criteria in the electron, muon and tau 
channels respectively, while 2.8 f 1.2, 0.1 * 0.1 and 
1.7 50.8 were expected from the simulation of the SM 
processes. Two events with one charged jet and two 
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isolated clusters (e102 topology) were selected in the 
electron channel while 5.8 f 1.6 were expected from 

the simulation of the SM processes. 

5.4.2. cey events 
This topology (e201) selects radiative leptonic 

events where a hard and isolated photon and two 
charged jets (assumed to be leptons) were detected. 

The &y sample was purified by requiring the sum 

of angles between particles greater than 355” and good 
agreement (x2 < 5) between the measured and calcu- 

lated values, either for the photons or for the charged 
leptons. The fact that the condition x2 < 5 is not ap- 

plied simultaneously to the photon and to the charged 
leptons allows eey and p,uy events with photons near 

the borders of the calorimeter modules, where elec- 
tromagnetic energy can be badly reconstructed, to be 
kept. In TTY events, the ,r&rged is expected to be large 

because of the missing momenta associated with the 

neutrinos, and therefore only the measurement of the 
photon energy is relied upon. The number of events 
selected after all cuts is 99, while 97.4 & 6.2 were ex- 
pected from the SM. 

Fig. 2(a) shows the invariant mass for the lepton- 
lepton pairs using the momenta calculated from the 

kinematic constraint. The two possible ey invariant 
mass combinations are plotted in Fig. 2(b). Fig. 2(c) 

presents the energy and Fig. 2(d) represents the iso- 
lation angle of the radiated photon. 

The selection criteria were optimized separately for 

each leptonic channel. 

Electron channel 
Events were retained if 

. they had at least one charged jet with Pj > 10 
GeVlc and with associated electromagnetic energy 
of magnitude greater than 0.2 Pj, 

. the polar angle of the photon was between 40” and 
140”, 

. the ,$ between the jets measured and calculated 
momenta was smaller than 5. 

Muon channel 
Events were retained if 

. they had two charged jets with associated electro- 
magnetic energy less than 20% of the measured mo- 
mentum, and at least one with an associated hit in 
the muon chambers, 

. the momentum of the more energetic charged jet 
was larger than 10 GeVlc, 

. the polar angle of the photon was between 10” and 
I70”, 

. the x’ between measured and the calculated mo- 

menta was smaller than 5 for jets. 

Tau channel 
Events were retained if 
the polar angle of the photon was between 20” and 
160°, 

the x2 between measured and the calculated mo- 
menta was greater than 5 for jets and smaller than 

5 for the photon. 

Totals of 7, 11, and 10 events passed all the selection 
criteria in the electron, muon and tau channels respec- 

tively,while 11.8&2.2,7.8i1.8,and6.7&1.6were 
expected from the simulation of the SM processes. 

5.3.3. eeyy events 
This topology (e202) selects radiative leptonic 

events where two hard isolated photons and two 

charged jets (assumed to be leptons) were detected. 
Events were retained if 

. the momentum of the lower energy jet was greater 
than 5 GeVlc, 

. at least one of the photons had polar angle between 
20” and 160”. 
Three events passed these selection criteria while 

2.3 f 1.3 were expected from the simulation of the SM 

processes. 

The hypothesis of double excited lepton production 
implies the existence in the same event of two ey com- 
binations with compatible invariant mass values (the 
resolution on the mass difference is around 3 GeV/c2 ) . 

Only one event fulfills this condition, having ey mass 
combinations of 56.2 GeV/c2 and 63.8 GeV/c2. This 

event has a very small missing energy (3.5 GeV) and 
one of the charged jets is identified as an electron. 

5.5. Leptonic events with charged jets and no 
isolated photom 

Leptonic events with two or more charged jets 
and no isolated photons can be good candidates 
for single production of excited leptons in the 
modes U* + L?pw + &Ye’, W* + vew + v&JI!‘, 
pe* -+ eez --) eepv, and oP* + oez + eee’ e’. The 
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Fig. 2. Invariant mass of the two leptons (a), invariant mass of lepton-photon pairs (b), and energy (c) and isolation angle (d) of the 
ohoton, for the H-y sample. The dots show the data and the shaded histogram shows the SM simulation. The other histogram shows a . _ 
typical signal simulation with arbitrary normalization. 

selection criteria were optimized separately for events 
with two or four charged jets. 

In events with two charged jets ([200), the two jets 
were required to differ in momentum and not be back- 
to-back by requiring 

. A,I and A,, between the jets to be greater than 40” 
and 25” respectively, 

. at least one of the jets to be also identified as an 

isolated charged particle. 
Three events passed all the selection criteria while 
1.2 3 0.3 were expected from the simulation of the 
SM processes. One of the events had the two jets iden- 
tified as electrons, one had the two jets identified as 
muons, and the third had one jet identified as a muon 
and the other contained three charged particles com- 
patible with a r decay. 

In events with four jets (t400), at least two of the 
jets had to be identified as isolated charged particles. 

No event passed this selection criterion while 0.1 fO.1 
were expected from the simulation. 

5.6. Photonic events 

Final states where the only visible particles are one 
or two isolated photons can be good candidates for 
single and double production of excited neutrinos in the 
modes VU* + vvy, and Y*V* -+ vvyy. Such channels 
are also relevant in the search for neutralino production 

1161. 
An analysis dedicated to the single photon channel 

(tOOI) was performed with the same selection crite- 
ria as described in Ref. [4], except that the minimal 
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photon energy required for a single photon was 4.0 
GeV. Eleven events were selected as having a single 
y in the barrel region (i.e. 8, = 45” - 135’). None 

of these had ,!& > 60 GeV. From the SM reaction 
e+e- + yz@, 14.4 events were expected above 4 GeV 
and 0.13 above 60 GeV. The single photon trigger ef- 
ficiency was estimated to be greater than 85%. 

In the two photon channel (1002)) the two photons 

must have high energy and be acollinear and acoplanar. 
The yy(y) data sample was selected by requiring no 

charged particles and moreover imposing the following 

criteria. 
. There had to be at least two electromagnetic energy 

depositions with more than 10 GeV (one being more 

than 20 GeV) and obeying the following acceptance 

criteria: 
_ the polar angle had to be between 25” and 35” or 

145” and 155” or between 42” and 88” or 92” and 
138”, where the polar angle lower limit is defined 
to reduce the Bhabha background drastically and 

provide a high TPC efficiency; 

- the azimuthal angle @, modulo 60”, had to be 
outside 30” f 2.5” for the barrel depositions and 

30” f 3.0” for the forward ones in order to avoid 

the boundaries between TPC sectors and ensure a 
high intrinsic efficiency for detecting and recon- 

structing any charged particle in the TPC; 
- the angle between the two photons had to be 

greater than 30”. 
. Events with hadronic clusters greater than 3 GeV, 

not associated to photons, were rejected if less than 

90% of the energy was deposited in the first layer 
of the hadron calorimeter. This selection eliminated 
most cosmic ray events. 

No attempt was made to recover photons converted by 

the material in DELPHI before the TPC. The trigger 
efficiency was greater than 95%. 47 events were se- 
lected. The acoplanarity of these events is shown in 
Fig. 3. None had an acoplanarity greater than 10’. From 

the QED background reaction e+e- + yy, 48.0 f 2.0 
events were expected in total, but only 0.05 h 0.03 

events were expected with an acoplanarity above 10”. 

6. Results and limits 

The search for the production of excited leptons in- 
volved many final states. For each excited lepton, the 
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Fig. 3. Acoplanarity of the two photons for the 7/y sample. The 
dots show the data and the shaded area shows the SM simulation. 

weight of each possible final state depends, as dis- 

cussed in Section 2, on the decay branching ratios 

which are functions of the excited lepton mass and of 
the coupling parameters. 

The numbers of events that survived the cuts defined 

in the previous section, as well as the numbers ex- 
pected from the simulation, are summarized in Tables 

2 and 3 as a function of the excited lepton flavour and 
production mode. In the cases where no flavour selec- 
tion was possible (for instance in the hadronic events 

with no isolated particles), the same event contributes 
to all possible flavours. 

Events in which the excited lepton mass could not 
be estimated were treated as candidates for all values 

of the mass. However, the possible invariant masses 
can be deduced in topologies with isolated leptons or 
photons. 

In leptonicevents with isolated photons, the possible 
invariant masses of excited leptons are given simply by 
the invariant masses of all lepton-photon combinations. 

The mass resolution of the lepton-photon pair, after 
applying the kinematic constraints, is about 1 GeVlc2 
for electrons and muons and about 2 GeVlc2 for taus. 

In hadronic events with one isolated lepton, the lep- 
ton can either be the spectator lepton (as for instance 
in &?* --f t?vW -+ t?vqiqi) or can originate from the ex- 
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Table 2 
Number of candidates for each excited charged lepton and each decay mode (!Y, VW or lZ) as a function of the detected final state 
topology. The corresponding SM expectations are indicated in parentheses. The topology is indicated in the first column as xijk, where x 
is h or ! for ltadronic or leptonic events and i, j, and k represent respectively the number of jets, the number of isolated charged particles, 
and the number of photons. These candidates were selected for single production of L* except for the last two topologies, which refer to 
the double production of P. 

Topology 

h200 
h210 
h220 
et01 
elo2 
e201 
Y200 
g400 
11210 
e202 

e* /J* r- 

eY VW eZ PY VW lLZ Q-Y VW TZ 

2 (5.1) - 2 (5.1 ) - 2 (5.1) 
4 (3.7) 4 (3.5) - 0 (0.5) 0 (0.4) - 4 (7.5) 4 (7.2) 

0 (0.8) - 0 (0.8) 0 (0.8) 
1 (2.8) - 0 (0.1) - 2 (1.7) 
2 (5.8) - 

7(11.8) - II (7.8) - 10 (6.7) - 
1 (0.6) - 1 (0.6) - 3 (1.2) 

0 (0.1) - 0 (0.1) - 0 (0.1) 
5 (5.4) - 5 (5.4) - 5 (5.4) - 

1 (0.4) - 0 (0.4) 0 (0.4) - 

Table 3 
As Table 2, but for excited neutrinos instead of excited charged leptons. 

Topology 

h200 
h210 
e200 
coot 
h210 
eoo2 

vF v; 

UY lW vz w ew vz 

2 (5.1) 2 (5.1) - 2 (5.1) 2 (5.1) 
4 (3.7) - 0 (0.5) - 
3 (1.2) - 3 (1.2) 

0 (0.13) - 0 (0.13) - 
5 (5.4) - 5 (5.4) - 

0 (0.05) - 0 (0.05) - 
- 

vf 

u-r ew VZ 

2 (5.1) 2 (5.1) 
4 (7.5) 
3(1.2) - 

0 (0.13) 
5 (5.4) 

0 (0.05) - 

cited lepton decay (as for instance in ZW* -+ &?Z + studied. The C” mass resolution is about 5 GeV/c* for 

V@iqj > . e and p and 15 GeV/c2 for r. 

If the lepton is the spectator lepton, the mass of 
the excited lepton can be deduced from the measured 
lepton momentum (Pe) by conservation of energy and 
momentum (ie from rni = s - 2 k Pe &s), where k 
is 1 .O for electrons and muons and 1.4 for taus to take 
in account the missing energy in tau decay). The mass 
resolution is about 1 GeVlc2 for muons, 1.5 GeV/c2 
for electrons and 2.5 GeV/c2 for taus. 

In hadronic events with two isolated leptons, one of 

the leptons must be the spectator and the jetjet system 
must come from a Z decay. Both hypotheses were 
tested. The mass resolution is about 1 GeV/c2 for 
muons and 1.5 GeV/c2 for electrons. 

If the detected lepton comes from the decay of the 

excited lepton, the excited lepton mass can be obtained 
from the invariant mass of the getjet system after ap- 
plying the fit procedure described in Section 5.2. The 
hypothesis that the jetjet system originated from a W 
or a Z decay was tested according to the decay mode 

The efficiencies for each excited lepton (e*, ,x*, r*, 
v* ) for each decay mode ( y, Z or W), in the single and 
the double production cases, are given in Table 4 for 
chosen mp values. The trigger efficiency is included. 
The dependence of efficiency on me* is weak, because 
of the combination of the several topologies studied. 
For the W decay of the excited neutrino, only final 
states with two jets and one isolated charged particle 
were considered because the other topologies (h200 
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Table 4 

Efficiencies (in %) for each excited lepton (e‘, p*, r*, u*) for 

each decay mode (Y. 2 or W). The efficiencies are calculated 

for single production of Y’ with IQ- = 150 GeV/c2 except for 

the last four lines, where double production of P’ with rnp* = 7.5 

GeVlc? is considered. 

Decay mode e* @* 7+ v; v; v; 

lY 42 67 37 - - - 
VW 35 55 50 - - - 

f.z I9 4s IS - - - 

“Y 4-l 47 47 

!W 31 37 20 

J,.Z 35 35 35 

,‘Y 47 SO 40 - 

r,W 16 16 16 - - - 

1’Y 36 36 36 
I’W 18 18 18 

Table 5 

Lower limits (in GeV/c’) at 95 % confidence level on the excited 

lepton mass from the double production modes. The first values are 

obtained assuming both left and right-handed components. while 

the values in parentheses consider conservatively only left-handed 

components. 

Lower limit f‘ = f’ f-f’ 

t’* 79.6 (77.9) 70.9 (44.6) 

P* 79.6 (78.4) 70.9 (44.6) 

7* 79.4 (77.4) 70.9 (44.6) 

I’* 56.4 (44.9) 77.6 (64.4) 

and a200) do not contribute to improving the limits 
due to the low efficiency and to the high background 
due to the impossibility of reconstructing the I/* mass. 

The global efficiency for each excited lepton was 
then calculated, using the decay branching ratios cor- 
responding to particular cases of the coupling param- 

eters f and f’ (see Section 2). 
The upper limits at 95% confidence level on the 

ratio A/Me* (see Section 2.1), obtained in the single 

production modes, are a function of the p mass. The 
limits were calculated using aPoisson distribution with 
background. Figs. 4 and 5 show these limits for f = 
ffand f =-f’ respectively. These limits include 
the results of the previous analysis at a centre-of-mass 
energy of 130-l 36 GeV [ 11. The new data extend the 
mass region explored up to 161 GeV. 

The lower limits at 95% of confidence level on the 

(W /I 

Fig. 4. Results on single production of excited charged (a) and 

neutral (b) leptons assuming f = +f’. The line shows the upper 

limits at 95% confidence level on the ratio h/rn~* between the 

coupling of the excited charged lepton and its mass as a function 

of its mass. 

excited charged lepton masses, obtained in the double 
production modes, are given in Table 5, both for f = f’ 
and for f = -f , and in both cases for the assumption 
that they have left-handed couplings only (given in 
parentheses), as well as for the assumption that they 
have both left and right-handed couplings. 

7. Conclusions 

DELPHI data corresponding to a total luminosity 
of 10 pb-’ at a centre-of-mass energy of 16 1 GeV 
have been analysed, searching for radiative decays of 
charged and neutral excited leptons involving y, Z or 
W emission. No significant signal was observed. 

The search for double production of excited leptons 
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ml* (GeV/cL) 

DELPHI 03 

Fig. 5. As Fig. 4, but for f = -f 

gave the excited lepton mass limits shown in Table 5. 
The search for single production gave the limits on the 
ratio A/m; shown in Figs. 4 and 5. These results con- 

siderably extend the limits set recently from the run 
of LEP at centre-of-mass energies of 130- 136 GeV or 
previously at LEPI and HERA [ 1,2]. Similar results 

have recently been obtained by the OPAL Collabora- 
tion [ 171. 
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