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Abstract 

We have searched for excited states of charged and neutral leptons, e*, p*, T* and v*, in e+e- collisions at fi = 130 
and 136 GeV using the OPAL detector at LEP. No evidence for their existence was found. With the most common coupling 
assumptions, the final states from excited lepton pair production include !?B--yy and f?e-WW (with the subsequent decay 
of the virtual W bosons). From the analysis of these final states, 95% confidence level lower mass limits of 66.5 GeV 
for e*, 66.8 GeV for /.L*, 65.3 GeV for T*, 66.2 GeV for v,“, 66.5 GeV for v; and 64.7 GeV for vf are inferred. From 
the analysis of yy final states with missing energy and using alternative coupling assignments which permit photonic v* 
decays, a 95% confidence level lower mass limit of 65.0 GeV for each v* flavour is inferred. From the analysis of the 
l’+I- y, acoplanar lepton pair, and single y final states expected from excited lepton single production, upper limits on f/h 
( ratio of the coupling to the compositeness scale) are determined for excited lepton masses up to the kinematic limit. 

1. Introduction 

Currently there is no evidence that leptons are com- 

posite particles. If the known leptons are bound states 
of new elementary particles then excited states, called 
excited leptons and denoted here as p, should ex- 
ist.5 Excited leptons have been searched for at the 
LEP efe- collider at fi = Mz (6 is the centre- 

of-mass energy) [ 1,2] and at the HERA ep collider 

’ And at TRIUMF, Vancouver, Canada V6T 2A3. 

2 And Royal Society University Research Fellow. 

’ And Institute of Nuclear Research, Debrecen, Hungary. 
4 And Department of Experimental Physics, Lajos Kossuth Uni- 

versity, Debrecen, Hungary. 

5 In this paper, l? refers to any charged lepton, e*, or neutral 

lepton, v. 

[ 31. The LEP searches and 2 boson lineshape mea- 
surements rule out excited leptons with masses less 

than about Mz/2, and for excited leptons with masses 
between Mzj2 and MZ they rule out ratios of cou- 
pling to compositeness scales (defined below) above 

about ( 1 TeV) -I. The HERA searches for excited 
electrons reach to higher masses with less sensitivity, 
typically ruling out ratios of coupling to composite- 

ness scales above about (0.1 TeV) -’ up to masses 
around 250 GeV. Processes such as efe- 4 yy are 
sensitive to excited particle states at still higher mass 
scales but have less sensitivity than direct searches if 
direct production is kinematically allowed [ 4,5] . This 
paper presents results from a new search for e*, p* , 

r*, v,*, v;, and v: using the OPAL detector at 4 = 
130 GeV and 136 GeV. 
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Excited leptons can be pair produced in e+e- col- 
lisions via the process e+e- + PF, governed by the 

e*e* V coupling, where V is a y or Z vector boson. The 

excited leptons are assumed to have the same elec- 

troweak SU( 2) and U( 1) gauge couplings, g and g’, 
as the normal leptons, but are expected to be grouped 
in both left- and right-handed weak isodoublets. The 

existence of the right-handed doublets is required to 

protect the ordinary light leptons from radiatively ac- 

quiring a large anomalous magnetic moment via the 
.t*L’V interaction [ 61. Here, to preserve consistency 

among the pair production, single production and de- 
cay models, we consider the full left- and right-handed 

doublets. 
For excited lepton pair production, we have devel- 

oped a Monte Carlo generator based on the formu- 
lae in Ref. [6], including initial state radiation ef- 
fects [7]. With fi = 136 GeV, the pair production 

cross-sections for charged and neutral excited leptons 

are similar, and range from about 7 pb for a mass of 

50 GeV to 3 pb for a mass of 65 GeV. 
The production of single excited leptons and their 

decays are governed by the e*!V coupling. We use the 

effective Lagrangian [ 61 

+ hermitian conjugate, (1) 

which describes the generalized magnetic de- 
excitation of the e* states. The constants g and g’ 

are the normal electroweak SU( 2) and U( I ) gauge 

couplings, Use is the covariant bilinear tensor, 7 are 
the Pauli matrices, W,, are the electroweak isotriplet 

vector fields, B, is the electroweak singlet field, and 
Y is the weak hypercharge. The parameter A can be 
regarded as the “compositeness scale,” while f and 
f’ are couplings associated with the different gauge 
groups. For excited lepton single production, we have 
developed a Monte Carlo generator based on the for- 
mulae in Ref. [8], including initial state radiation 
effects [ 71. 

In the Monte Carlo generation, we have required 

that the excited leptons decay via e* --f CV, with an 
isotropic angular distribution in the f?* rest frame. In 

general, the excited leptons will be produced in a po- 
larised state, leading to a slightly non-isotropic decay 
distribution. It has been shown that the correct angular 

distributions for excited electron single production can 

be simply approximated [ 6,8]. We have checked the 
effect of using the correct angular distribution in our 
excited electron search, and found that it makes a neg- 
ligible difference in the selection efficiency. Since the 

excited electron single production angular distribution 
is in any case not valid for any of the other modes, we 
choose the isotropic distribution for simplicity. 

The three parameters f, f’ and A in Eq. ( 1) are ar- 

bitrary. To interpret the results of the searches for pho- 
tonic decays of charged excited leptons and charged 
decays of neutral excited leptons, we adopt the cou- 
pling convention used in most previous experimen- 

tal searches, f = f’. The model then reduces to one 

parameter, f/A. With this coupling assignment, the 
branching ratio for e** --f !*y varies from essentially 
100% for masses less than the W mass to about 45% 
for masses of 130 GeV, and the branching ratio for 
Y* --f e*W varies from about 80% for masses less 

than the W mass to about 70% for masses of 130 GeV. 
The W may be real or virtual depending on the Y* 

mass. 
With the f = f’ coupling assignment, photonic 

Y* decays are forbidden. We arbitrarily consider 
the coupling assignment f = -f’ in our search for 
v* -+ vy. With this coupling assignment, the pho- 
tonic v* branching ratio varies from essentially 100% 

for masses less than the W mass to about 45% for 
masses of 130 GeV. 

2. The OPAL detector and data sample 

A complete description of the OPAL detector can be 
found in Ref. [ 91, and it is described only briefly here. 
The central detector consists of a system of tracking 
chambers that provides charged particle tracking over 
96% of the full solid angle 6 inside a uniform 0.435 T 
magnetic field. It consists of a two layer silicon mi- 
crostrip vertex detector, a high precision vertex drift 
chamber, a large volume jet chamber and a set of z 
chambers that measure the track coordinates along 
the beam direction. The ionization energy loss per 

h The OPAL coordinate system is defined so that the z axis is in 

the direction of the electron beam and the x axis points towards 
the centre of the LEP ring; 0 and q!~ are the polar and azimuthal 

angles, defined relative to the +z- and +x-axes. respectively. 
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unit path length in the jet chamber, dE/dx, is used for 
particle identification. A lead-glass electromagnetic 
calorimeter located outside the magnet coil covers 
the full azimuthal range with excellent hermeticity in 

the polar angle range of 1 cos f?) < 0.82 for the barrel 
region and 0.8 1 < 1 cos 81 < 0.984 for the endcap 
region. The magnet return yoke is instrumented with 

streamer tubes with cathode strip readout for hadron 
calorimetry and consists of barrel and endcap sec- 
tions along with pole tip detectors that together cover 

the region 1 COS!~\ < 0.99. Muons are identified with 

the hadron calorimeter strips, and with four layers of 
muon chambers which cover the outside of the hadron 

calorimeter. The gamma catcher, forward detector and 
silicon tungsten electromagnetic calorimeters com- 

plete the geometrical acceptance down to 24 mrad. 
The forward detector and silicon tungsten calorime- 
ters are used for the luminosity measurement. 

The integrated luminosity used for this analysis is 

2.5 pb-’ at 4 = 130 GeV and 2.6 pb-’ at fi = 

I36 GeV. Backgrounds from different Standard Model 
processes are estimated with several event genera- 
tors, described in the analysis sections of the paper. 

All background and signal Monte Carlo samples are 
processed through the full OPAL detector simulation 

[ 101. 

3. Selection criteria 

This section of the paper first describes the general 
criteria used to select events consistent with excited 

lepton production, and then describes the lepton and 
photon identification and isolation requirements used 
in the analyses. In Sections 3.1, 3.2, and 3.3, we de- 
scribe the search for the photonic decays of excited 
charged leptons in t+!-yy, k+e-~, and ey topolo- 
gies, respectively. Next, in Section 3.4 we describe the 
search for charged decays of excited neutral leptons 
in !+e-WW and &W topologies. Finally, in Sec- 

tion 3.5 we describe the search for the photonic de- 
cays of excited neutral leptons in events with purely 

photonic final states. 
In order to be considered in the analysis, tracks 

in the central detector and clusters of energy in the 
electromagnetic calorimeter must satisfy the normal 
quality criteria employed in the analysis of lepton 
pairs [ 111. In addition, a “good” track must satisfy 

1 cos 8) < 0.95 and have an associated electromagnetic 
calorimeter cluster. These additional requirements in- 
sure that the tracks are well measured, and maintain 
high efficiency even for muons. 

A preselection is performed to remove obvious 
background events. Cosmic rays and multihadronic 
events are rejected using standard algorithms as de- 
scribed in the analysis of muon pairs [ 111. Beam-gas 

and beam-wall collision events are rejected by requir- 
ing that the ratio of the number of good charged tracks 

to the total number of charged tracks reconstructed in 
the central detector be greater than 0.2. 

Tracks with p > 1.5 GeV (where p is the track 

momentum) are considered as potential lepton candi- 
dates, and the following, non-exclusive, identification 
requirements are made: 

muon: a track is identified as a muon if it satisfies 
either of the following two criteria: 

(i) The track is identified as a muon according to 

the criteria employed in the analysis of muon 

pairs [ 111. That is, it has associated activity 
in the muon chambers or hadron calorimeter 
strips or it has a high momentum but is asso- 
ciated with only a small energy deposition in 
the electromagnetic calorimeter. 

(ii) The track is identified as a muon according to 
the criteria employed in the analysis of inclu- 
sive muons in multihadronic events [ 121. This 
second criterion is desirable to recover some 

extra efficiency for low energy recoil muons in 

the single production search. 

The muon is required to be “isolated” by demanding 
that the sum of the momenta of all other tracks 
within a cone of 20’ half-opening-angle centred on 
the track is less than 1 GeV, and the sum of the 
energies of all additional clusters within the same 
cone is also less than 1 GeV. The energy, EP, and 

the direction of the muon are computed using the 
track observed in the central detector. 

electron: a track which is not identified as a muon 

is identified as an electron if it satisfies any of the 
following three criteria: 
(i) 0.8 < E/p < 1.3, where p is the momentum of 

the track and E is the energy of the associated 
electromagnetic cluster. 

(ii) 0.5 < E/p < 2.0 and dE/dx is consistent with 
that expected from an electron. 

(iii) The output of the electron identification neu- 
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ral network described in Ref. [ 131 is greater 
than 0.8. This final criterion is desirable to re- 
cover some extra efficiency for low energy re- 

coil electrons in the single production search. 

The electron is required to be isolated using the 
same criteria as for muons. The energy, E,, of 
the electron is computed using the electromag- 

netic calorimeter cluster energy, and its direction 

is computed using the track observed in the central 

detector. 
tau: a track is identified as originating from a tau de- 

cay if it satisfies either of the following two condi- 
tions: 
(i) It is identified as an electron or muon according 

to the above requirements (i.e. electrons and 
muons are also used as tau candidates). 

(ii) There are at most two additional tracks in a 
cone with a half-angle of 35” (i.e. up to 3 tracks 

in total ) . 

A tau “jet” is constructed by adding the momenta of 

all tracks and clusters inside the 35” half-anglecone. 

The tau energies, E,, are calculated by assuming 
that the tau direction is the same as the jet direction, 
using only the energy of the photon(s) (the photon 
identification requirements are described next) and 

the angles between the photon(s) and the jets. This 

calculation implicitly assumes that the two taus and 

the observed photon(s) make up the entire final 
state. 
A separate search is performed to identify photons: 

photon: A photon candidate must satisfy either of the 
following two criteria: 
(i) An electromagnetic cluster with no associated 

good charged tracks. 
(ii) A photon conversion identified with the algo- 

rithm employed in the analysis of muon pairs 
[ 1 I]. The tracks and clusters associated with 
the conversion are combined to form a single 
4-vector representing the photon. 

Photons are required to be isolated using the same 
criteria as for muons and electrons. The photon is 
also required to satisfy 1 cos O( < 0.95 and to have 
an energy greater than 1 GeV. 

3.1. i?*+ pair production: P- yy topologies 

Candidate e+e-yy events are required to satisfy the 
following criteria: 

OPAL 

102030405060708090100 

Mass 1 (Gel’) 

g 100 

3 90 
; 80 
1 70 

z 60 
50 

40 

30 
20 

10 

MassI 

Fig. 1. O** pair production: both lepton-photon invariant mass 

combinations for each event surviving cut 1 in Section 3.1. (a) 

is for e* (circles) and Jo* (triangles) and (b) is for r*. Mass 1 
corresponds to masses computed with the higher energy lepton, 

and mass 2 to masses computed with the lower energy lepton. 

The dashed line corresponds to the allowed mass region. cut 2 in 

Section 3.1. 

(i) 

(ii) 

There must be at least two identified leptons of 

the same type and at least two photons. The two 
most energetic leptons and two most energetic 
photons are used for further analysis. 
With two leptons and two photons, there are 
two possible ways of forming two lepton-photon 
mass combinations for each event. At least one 
of the two ways must have a difference between 
the mass combinations less than 10 GeV and an 
average mass greater than 30 GeV. 

The two lepton-photon invariant masses are plotted 
against each other after cut 1 in Fig. 1. After both cuts, 
no candidates are observed in the data for any channel. 

In the eeyy analysis, after cut 1 a total of 2.8 back- 
ground events is expected with 1 event observed in the 
data, and after cut 2 a total of 0.3 background events is 
expected. The dominant background is from radiative 
Bhabha scattering, evaluated with the radiative e+e- 
event generator BHWIDE [ 141. In the ppyy analysis, 



OPAL Collaboration/ Physics Letters B 386 (1996) 463-474 469 

after cut 1 a total of 1.5 background events is expected 
with 2 events observed in the data, and after cut 2 a 
total of 0.2 background events is expected. The dom- 
inant background is from radiative muon pair produc- 

tion, evaluated with the radiative e+e- event generator 

KORALZ [ 151. In the rryy analysis, after cut 1 a to- 
tal of 7.6 background events is expected with 7 events 

observed in the data, and after cut 2 a total of 0.7 

background events is expected. The background has 
contributions from radiative Bhabha scattering (eval- 

uated with BHWIDE) , from radiative muon pair pro- 
duction (evaluated with KORALZ) , from radiative tau 
pair production (evaluated with KORALZ) , and from 

multihadronic events (evaluated with the JETSET 7.4 
parton shower event generator [ 161) . 

The efficiency for observing the pair production of 

excited leptons was evaluated at four selected masses 
above 50 GeV at fi = 130 GeV and fi = 136 GeV 

and was found to be independent of the centre-of- 

mass energy and of the excited lepton mass in the 
kinematic region of interest. The efficiency was found 

to be 0.579 f 0.006 for e*e*, 0.64 1 & 0.006 for ,u*P* 
and 0.43 1 i 0.006 for r*r*, where the errors are from 
Monte Carlo statistics. 

3.2. e** single production: e+e- y topologies 

Candidate e+e-y events are required to satisfy the 
following criteria: 

(i> 

(ii) 

(iii) 

(iv) 

There must be at least two identified leptons of 

the same type, at least one of which must have 

energy Et > 0.3Ebeam, and exactly one photon 

with energy E, > 0.3E&,,,,, where Abeam is the 
beam energy. The two most energetic leptons 
and the photon are used for further analysis. 

The two leptons and the photon must account 
for more than 80% of the centre-of-mass energy. 
(a) For the e* search, radiative Bhabha scatter- 
ing is suppressed by requiring that the photon 
and at least one electron satisfy 1 cos 01 < 0.7. 
(b) For the r* search, radiative Bhabha scatter- 

ing and di-muon events are suppressed by re- 
quiring that the energy sum of the 2 jets corre- 
sponding to the tau candidates and the one pho- 
ton satisfy Ej,t,i + Ejet,2 -I- Ey < 1 .8Ebeam. 
The process efe- + zy + e+e-y is SUP- 

pressed by vetoing events with Me& > 80 GeV, 
where Met is the invariant mass of the pair of 
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Fig. 2. Y** single production: lepton-photon invariant mass dis- 

tribution after all cuts. (a) is for e* with two visible final state 

electrons. (b) is for e* with one visible final state electron, (c) is 

for p* (no observed candidates) and (d) is for r*. The dashed 

lines are the signal Monte Carlo with a 1 10 GeV Y** mass and 

f/A = (200 GeV)-‘, the solid lines are the sum of all of the 

Standard Model background Monte Carlos and the filled circles 

are the full data set. In (a), (c) and (d), both mass combinations 

are plotted for each event. 

leptons. 

After all cuts, two events are observed in the eey 
analysis, no events in the p,~uy analysis, and two events 

in the ray analysis. With two leptons and one photon, 
there are two possible lepton-photon mass combina- 
tions for each event. The e*:y invariant mass distribu- 
tions for both combinations are plotted in Fig. 2(a), 

(c) and (d) for e*, ,u* and r*, respectively. 
In the eey analysis, a total of 2.3 background events 

is expected. The dominant background is from radia- 
tive Bhabha scattering, evaluated with BHWIDE. In 
the ppy analysis, a total of 1.7 background events 

is expected. The dominant background is from radia- 
tive muon pair events, evaluated with KORALZ. In 
the fry analysis, a total of 2.4 background events is 
expected. The background has contributions from ra- 
diative Bhabha scattering (evaluated with BHWIDE), 
muon pair (evaluated with KORALZ) and tau pair 
events (evaluated with KORALZ). The number of ob- 
served events is compatible with the expectation from 
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Standard Model sources, and we conclude that there of the missing electron and Qe is the charge of 
is no evidence for excited lepton production in these the observed electron. 
topologies. After all cuts, 17 events are observed in the ey anal- 

When computing limits for an excited lepton with 

mass M,, all events with at least one lepton-photon 

mass combination, Mf,, satisfying JM!, - M,l < A 
were considered signal candidates. The mass half- 
window, A, is 4 GeV, 8 GeV and 8 GeV fore*, ,u* and 
r*, respectively (the values chosen for A are about 20 

of the mass resolution estimated with Monte Carlo). 
The efficiency for observing the single production of 
excited leptons was evaluated after the mass window 
requirement for four selected masses at fi = 130 GeV 
and fi = 136 GeV, and the efficiency at an arbitrary 

mass is estimated from the linear interpolation be- 

tween two of these points. The efficiency varies from 
34% at a mass of 70 GeV to 75% at a mass of 130 GeV 
for p* and from 24% to 47% for r*. The efficiency for 

the eey analysis is evaluated after combining it with 

the analysis presented in Section 3.3. 

ysis. The ey invariant mass distribution for this topol- 
ogy is plotted in Fig. 2(b) . 

A total of 21.2 background events is expected. 
The dominant background for this topology is from 
r-channel radiative Bhabha scattering, evaluated with 
the radiative e+e- event generator TEEGG [ 171. The 
number of observed events is compatible with the ex- 
pectation from Standard Model sources and there is 
no peak in the electron-photon mass distribution. We 
conclude that there is no evidence for excited electron 
production in this topology. 

3.3. e* single production: ey topology 

If the e*ey coupling is not negligible, the singlepro- 

duction of excited electrons is dominated by t-channel 

photon exchange. A significant fraction of singly pro- 
duced e* events would then have the recoil electron 

at a small polar angle outside our detector acceptance, 
making the search for the ey final state also desirable. 
For the ey final state analysis, the energy and direc- 

tion of the missing electron are inferred using conser- 
vation of momentum from the observed electron and 
photon by assuming an eey topology. 

Candidate ey events are required to satisfy the fol- 
lowing criteria: 

(i) There must be exactly one identified electron 
with energy E, > 0.3Ebeam and exactly one pho- 

ton with energy E, > 0.3Ebeam. 

(ii) The observed e*, the inferred missing eF, and 
the photon must account for more than 80% of 
the centre-of-mass energy. 

When computing limits for an excited electron with 

mass M,, all events with an electron-photon invariant 

mass, K,, satisfying 1 M,, - M, ( < 4 GeV were con- 
sidered signal candidates (about 2g of the mass res- 

olution estimated with Monte Carlo). The efficiency 
for the observation of the single production of e* is 

evaluated after the mass window requirement for the 
combination of the eey and ey analyses using the in- 
terpolation method described in Section 3.2, and varies 

from 44% at a mass of 70 GeV to 57% at a mass of 

130 GeV. 

3.4. v* production: Fe- WV and z&W topologies 

The search for charged decays of pair produced ex- 

cited neutrinos uses the search for the production of 
unstable heavy neutral leptons described in [ 181. The 

topology efe- - ---f LoLo + Pe-WW is almost iden- 
tical to excited neutrino pair production with charged 
decays. The heavy lepton analysis observed no candi- 
date event with an expected background of 0.70 events 
from all Standard Model sources. The efficiency for 
the observation of the pair production of v* which 

undergo charged decays is about ‘5% for v,*Fz ---f 
e+e-WW, 60% for v;FL --f ,utpU-WW and 30% for 
v,*i?: --f r+r-WW (the W bosons are always virtual 
in the mass region accessible to this analysis). 

(iii) Bhabha scattering is suppressed by requiring the 
photon to satisfy 1 cos 8,1 < 0.7. 

(iv) The missing particle is required to be consistent 
with the production hypothesis by demanding 

PT miss < 0.4Ebeam and Qe xcos Amiss > 0.8, where 

PT miss is transverse component of the momentum 
of the missing electron, Amiss is the polar angle 

The search for charged decays of singly produced 
excited neutrinos looks only for leptonic decays of 
the W, which may be real or virtual depending on the 
mass of the v*. We currently use purely leptonic W 
decays because the analysis is simpler and has a lower 
background than hadronic W decays. The search then 
looks for e+e- ---f VW; -+ v&W + vee*vt,e’If, 
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where e* corresponds to the excited neutrino flavour, 
and C’r may or may not be of the same type. The 
topology is a pair of leptons which are not coplanar 
with the beam direction. 

Candidate v; events are required to’ satisfy the fol- 

lowing criteria: 
(i) There must be two identified leptons, at least 

one of type e*. At least one of the leptons must 

have an energy greater than 0.2&eam. 
(ii) There must be no other good track in the event. 

(iii) Excluding the clusters associated with the two 
leptons, the sum of other barrel and endcap elec- 
tromagnetic calorimeter cluster energies must be 
less than 2 GeV. 

( iv) Two-photon and multihadronic events are vetoed 
by requiring that there is no significant energy 

in either side of the forward detector (less than 
2 GeV) , silicon tungsten (less than 5 GeV), or 
gamma catcher (less than 5 GeV) electromag- 

netic calorimeters. 
iv) Events with energy missing along the beam 

axis are removed by requiring ( cos OmissI < 0.9, 
where cos &,iss is the cosine of the polar angle 

of the missing momentum. 

( vi) Events are required to be acoplanar by requiring 
4icop > 20” (&jcop is the complement of the 
angle between the two leptons in the xy plane). 

No event was observed after all the cuts. A total of 
0.15 background events is expected for vz, 0.15 back- 

ground events for ZJ; and 0.33 background events for 
vf. The dominant background is from four fermion 

processes, evaluated using the event generator de- 
scribed in Ref. [ 191. 

The efficiency is about 20% for v,* and ZJ;, and 

about 15% for v,*. There is a small dependence on the 
1;* mass, which is taken into account in the results. 

The efficiency is small because we use only leptonic 
W decays. 

3.5. v* production: vi+y and vi7y topologies 

For the pair production v*V* --f z+yy analysis, the 
acoplanar di-photon analysis (“Topology B”) in the 

OPAL analysis of photonic final states [4] is used. 
That analysis observed four events with an expected 

background of 0.7 events from e+e- --+ Zyy -+ 
zj~yy, evaluated using the event generator NNGG03 
( 201. We make an additional requirement that both 

observed photons are kinematically consistent with the 
decay of a Y* of a given mass. Specifically, each pho- 
ton must satisfy 0.9 EJr’” < Ey < 1.1 I$?, where Ey 

is the photon energy and p (r) is the minimum 
(maximum) allowed photon energy given a specific 

v* mass with the known centre-of-mass energy. Based 

on this criterion, the four selected events in Ref. [4] 
are found to be kinematically consistent with v*jT* 

production for M,* < 20 GeV. No event is kinemat- 
ically consistent with a Y* mass exceeding 40 GeV. 

The expected background from vVyy from NNGG03 
is 0.7 for a v* mass of 20 GeV, 0.5 for a v* mass of 

40 GeV and 0.1 for a v* mass of 60 GeV. As noted 

in Ref. [ 41, the observed number of events consistent 
with a v* mass of 20 GeV exceeds the expectation, 

but the kinematic characteristics are consistent with 
the photon pair recoiling against a Z as expected from 

the e+e- -+ Zyy 4 ~pyy background process. The 

efficiency for observing the pair production of excited 

neutrinos with photonic decays was evaluated at four 
selected masses above 50 GeV at fi = 130 GeV and 

6 = 136 GeV an was found to be independent of d 
the centre-of-mass energy and of the excited neutrino 

mass. The efficiency was found to be 0.362 f 0.006 
for each excited neutrino flavour. 

For the single production v’v + vVy analysis, the 
single photon analysis (“Topology A”) in Ref. [4] 
is used. That analysis found 19 events with an ex- 

pected background of 19.2 events from efe- -+ “Vy 
evaluated with NNGG03. We make an additional re- 
quirement that the event be inconsistent with the pro- 
cess e+e- --f Zy -+ vFy. Specifically, events with 

Mmiss > 80 GeV are removed from the sample, where 
Mess is the missing mass in the event. With this addi- 
tional requirement, no event survives from the single 

photon analysis in Ref. [4], which is consistent with 
the expectation from NNGG03 of 0.1 events. The ef- 
ficiency varies from about 25% at a mass of 70 GeV 
to about 55% at a mass of 130 GeV. The t-channel 
production diagram causes the efficiency for vf to be 
slightly different from vL and vt, and the efficiencies 
are evaluated separately. 

4. Results 

The systematic errors in the total number of ex- 
pected signal events are estimated from: the statistical 
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error on the Monte Carlo estimate of the detection ef- 
ficiency; the systematic error on the integrated lumi- 

nosity (0.9%); uncertainties in the modelling of the 

particle identification cuts (2.5% if one identified lep- 

ton is required, 5% if two are required) ; uncertainties 

in the modelling of the photon conversion finder ( 1% 
per photon in the event). The errors are considered 

to be independent and are added in quadrature for the 
total systematic error. The systematic error is incor- 

porated into the limits using the method described in 
Ref. [21]. 

In the Monte Carlo generation of simulated signal 
and cross-section calculations, integrated luminosities 

of 2.5 pb-’ at a beam energy of 65.0 GeV and 2.6 pbb’ 

at a beam energy of 68.0 GeV were assumed. The 

actual beam energies were estimated to be 65.13 * 

0.03 GeV and 68.12 & 0.03 [22], making the limits 
slightly conservative. No background subtractions are 
performed when calculating limits in any channel. 

The production cross-sections from Ref. [ 61 (cor- 
rected for the effects of initial state radiation), branch- 

ing ratios from Refs. [ 61 and [ 231 and measured ef- 
ficiencies are used to calculate the number of events 
expected for an excited lepton of a given mass. Pois- 

son statistics with the number of observed events are 
used to set limits on the maximum number of events 

in each analysis. 

For the pair production searches, limits on the ex- 
cited lepton masses are inferred. The 95% confidence 
level lower mass limits are listed in Table 1, along 

with the coupling assumptions which are used for the 
branching ratio calculation for each topology. 

For the single production searches, limits on the 
ratio of the coupling to the compositeness scale, f/A, 
are inferred. Limits on f/A for charged excited leptons 
with f = f’ are plotted in Fig. 3(a), limits on f/R for 
neutral excited leptons with f = f’ from the W decay 

mode search are plotted in Fig. 3 (b), and limits on 
f/R for neutral excited leptons with f = -f’ from 

the y decay mode search are plotted in Fig. 3(c). In 
Fig. 3(a), results from fi = MZ are used for excited 
lepton masses less than about 90 GeV. These LEPl 
results used an analysis similar to Ref. [ I], updated to 
an integrated luminosity of 6.35 pb-‘; the e* and p* 
analyses are identical to those in Ref. [ I], while the 
r* analysis included an estimate of the tau momentum 
(and therefore the r-y mass) similar to this paper. 

Table I 
95% confidence level lower mass limits for the different excited 
leptons from the pair creation searches. The coupling assumption 

is necessary for the branching ratio calculation. 

Decays Coupling Mass limit 

Photonic f = f’ 66.5 GeV 
Photonic f =f’ 66.8 GeV 
Photonic f = f' 65.3 GeV 

Charged f = f' 66.2 GeV 
Charged f=f' 66.2 GeV 

Charged f = f' 64.7 GeV 

Photonic f=-f 65.0 GeV 

Photonic f=_f' 65.0 GeV 

Photonic f=-f 65.0 GeV 
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Fig. 3. 95% confidence level upper limits on the ratio of the the 

coupling to the compositeness scale, f/A, as a function of the 

excited lepton mass. (a) shows the limits on e*, p* and 7* with 

f = f'. (b) shows the limits on Y,‘, u; and Y: with f = f', 
and (c) shows the limits on u,*, Y; and VT with f = -f'. The 

regions above and to the left of the curves are excluded by the 
single and pair production searches. respectively. 
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5. Conclusion 

We have analysed a data sample with an integrated 

luminosity of 2.5 pb-’ at 130 GeV and 2.6 pb-’ at 

136 GeV, collected with the OPAL detector at LEP, 
to search for the production of excited leptons. No 
evidence for excited leptons was found, and limits 
on masses and couplings are established within the 

framework of the model in Ref. [ 61. From the search 
for pair production, lower mass limits are established 

for charged excited leptons which undergo photonic 
decays and for neutral excited leptons which undergo 
either photonic or charged decays. From the search 
for single production, upper limits on the ratio of the 

coupling to the compositeness scale are established. 

This analysis has similar sensitivity to other results 
reported from the LEP 1995 run at fi = 130- 140 GeV 
[ 241 but includes additional results for excited muon 
and tau neutrino decays. 
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