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Abstract

During the last 1995 data acquisition period at LEP, the DELPHI experiment collected an integrated luminosity of 5.9
pb™! at centre-of-mass energies of 130 GeV and 136 GeV. Radiative leptonic events (e, u, 7) with high energy photons were
studied and compared to Standard Model predictions. The data were used to search for charged excited leptons decaying
through an electromagnetic transition. No significant signal was found. From the search for pair produced excited leptons,
the limits me~ > 62.5 GeV/c?, mu» > 62.6 GeV/c? and m+ > 62.2 GeV/c* at 95% confidence level were established.
For single excited lepton production, upper limits on the ratio A/mg of the coupling of the excited charged lepton to its
mass were derived.

1. Introduction

1 On leave of absence from IHEP Serpukhov.

Despite the success of the Standard Model (SM)
in describing current data, there are still several open
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questions, such as the large number of parameters, the
number of generations, the particle masses and the
hierarchy problem. Compositeness would cure some
of these problems [1], and could give rise to de-
tectable excited states of charged leptons. Excited lep-
tons would be produced at LEP in pairs or singly and
decay promptly to their ground state, mainly by pho-
ton emission. The study of leptonic events with iso-
lated high energy photons thus constitutes an appro-
priate probe in the search for new physics.

This paper presents a search for events with charged
leptons and isolated hard photons in data recently
taken by the DELPHI experiment at LEP. The statis-
tics correspond to an integrated luminosity of 5.9 pb!
at centre-of-mass energies of 130 and 136 GeV. Lim-
its on the production of excited charged leptons are
obtained.

In this letter, Section 2 summarizes how the com-
positeness model is used and the excited lepton pro-
duction and decay mechanisms. In Section 3 a short
description of the relevant detectors of DELPHI used
in the present analysis is given. Section 4 presents
an inclusive analysis of radiative leptonic events with
hard photons. Finally, in Section 5, an optimized anal-
ysis for excited charged leptons is presented and lim-
its on the excited electron, muon and tau masses are
extracted for single and double production.

2. Production of excited leptons

A clear sign of compositeness would be the exis-
tence of excited leptons decaying into their ground
state, with the emission of a real photon. Excited
charged leptons (e*, u* and 7*) can be produced at
LEP according to the following processes:

- single production, ete™ — £0* — Uy
- double production, ete™ — £*0* — Llyy.

Single excited muons and taus are produced through
v and Z exchange in the s-channel. On the contrary,
single production of e* is dominated by z-channel ex-
changes [2] and therefore the spectator electron is of-
ten emitted at low polar angles and for this reason can
be undetected.

The single production Lagrangian [2] associated
to magnetic transitions from excited spin 1/2 charged
fermions f* to their normal ground state charged
fermions f has the form

€ -
L= Y, [0 (cvper — dypegys) fouVy + hoc.
V=y,Z

where A corresponds to the compositeness mass scale
and cys- 5 and dyy«; are model dependent parame-
ters. Usually [cypsf| = |dyg~p| is assumed [2]. Spe-
cific models [3] assumed that excited leptons form
a weak doublet which couples to the left-handed lep-
ton doublets, and these parameters can then be related
to two other parameters, f and f’ [2], which de-
scribe the change from the Standard Model coupling
constants g and g. With the assumption f = f the
cross section depends simply on the parameter f/A
which is related to the excited lepton mass according
to f/A = v/21/my., where A is the coupling of the
excited charged lepton.

The double production of excited fermions is de-
scribed by a Lagrangian of the type

- k A
Lar= Y ef*(Avpy Vit 2Vf o™ 9,V,) f*+h.c.
Ve Z mf*
=Y

where the kys- parameters are related to the anoma-
lous magnetic moments of the excited leptons, which
are assumed to be zero in this analysis and Ayyss are
form factors defined according to Ref. [2]. Single and
double excited charged lepton events were generated
according to their cross sections defined in [2] involv-
ing y and Z exchange. The particle decays were sim-
ulated by JETSET 7.4 [4]. The initial state radiation
effect was included at the level of the generator for the
single production, while for the double production it
is taken into account in the total cross section. For ex-
cited lepton masses above the W and Z mass, the de-
cays £* — /W and £* — {Z are also possible [5]. In
this analysis, only the relevant electromagnetic decay
of the excited lepton £* — £y was searched for, as-
suming a (1 + cos #) decay angular dependence [2],
where 0 is the angle of the final lepton with respect to
the electron beam in the £* rest frame. The dependence
of the branching ratio on the excited lepton mass was
also taken into account [5].

3. The DELPHI detector and the standard
processes simulation

A detailed description of the DELPHI apparatus
can be found in Ref. [6]. This analysis relies on
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the charged particle and photon detection performed
by the tracking system and by the electromagnetic
calorimeters.

The main tracking detector is the Time Projection
Chamber which covers the angular range 20° < 6 <
160°, where @ is the polar angle defined with respect
to the beam direction. Other detectors contributing to
the track reconstruction are the MicroVertex Detec-
tor, the Inner and Outer Detectors, the Forward Cham-
bers and the Muon Chambers. The best momentum
resolution obtained for muons is o(1/p) = 0.57 x
1073 (GeV/e) ™.

The Barrel and Forward electromagnetic calorime-
ters HPC and FEMC, and the STIC are used for
electromagnetic energy reconstruction. The STIC
(Small angle Tlle Calorimeter), the DELPHI lumi-
nosity monitor, was used for electromagnetic shower
detection at very low polar angle and has a resolution
of 2.7% for 45 GeV electrons. The resolution of the
HPC (High density Projection Chamber) and FEMC
{Forward Elettromagnetic Calorimeter) calorimeters
is parameterized as o' (E) /E = 0.043 ®0.32/VE and
o(E)/E = 0.03 ® 0.12/+/E @ 0.11/E, respectively,
where E is expressed in GeV, and the symbol &
indicates the addition in quadrature.

The influence of the detector on the analysis was
studied by generating events for the Standard Physics
processes and passing them through the full DELPHI
simulation and reconstruction chain. Bhabha events
and ete™ — Zy events with Z— ff, were generated
with PYTHIA [4]. The “yy” physics events were gen-
erated according to the TWOGAM [7] generator for
the muon, tau and quark channels and the Berends,
Daverveldt and Kleiss generator [8] for the electron
channel.

A simplified simulation model, using a parameter-
ization of the detector response, was used to obtain
the efficiency for excited charged lepton detection as
a function of mass, after imposing the cuts. A com-
parison with full simulation results was made and rea-
sonable agreement was found.

4. Radiative leptonic events with hard photons
The inclusive search for radiative leptonic events

with high energy photons was based on the selection
of low multiplicity events with at least one isolated

and energetic photon. The specific selection criteria

were the following:

— atotal number of charged particles between 2 and 6;

- at least one charged particle with momentum p
larger than 3 GeV/c and polar angle 6 greater than
20°;

- all charged particles with p > 1 GeV/c and 6 >
20° had to be grouped in two isolated cones of 5°,
the axis of each cone being the direction of the most
energetic particle within the cone: the angle between
the axes of the cones had to be greater than 15°;

— at least one isolated electromagnetic cluster with an
energy greater than 2 GeV and with 6 > 10°. The
isolation angle 2 was set to 15°.

The events selected with the above cuts include elec-
tron, muon and tau pairs accompanied by any number
n of hard photons (n = 1,2,3;...). For the ete™ —
£¢y topology, 60 coplanar events (sum of angles be-
tween particles greater than 355°) were found, while
for the ete™ — £fyy topology 3 events were ob-
served. No event was found with more than two hard
isolated photons. The number of events expected from
Standard Physics processes with one photon and with
two photons were 74.8-£3.7 and 3.540.7; respectively.

For the three and four body topologies, the energy
measurement can be significantly improved by using
the polar and azimuthal angles, which are well mea-
sured in the detector, and imposing energy and mo-
mentum conservation. The method can be applied to
tau events since the charged decay products essentially
follow the direction of the primary tau. The mass res-
olution of the lepton-photon pair, after applying the
kinematic constraints, is about 1 GeV/c? for electrons
and muons and about 2 GeV/¢? for taus.

A comparison between the measured and calculated
momenta and energies was made for the charged par-
ticles and photons on a y? basis. The y? parameter
was defined as follows for the charged particles:

calc meas \ 2
X2 =1 Z P — Db
charged = 2 o

=12

where p/°* is the measured momentum, pf° is the
calculated momentum obtained by application kine-

2The isolation angle of an electromagnetic cluster or photon is
defined as its minimum angle with respect to the axes of the
charged particle cones.
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matic constraints, and o; is the quadratic sum of the
errors on ncalc and nmeas The pmeas error contribution

11O CULMLOULLIOI

depends on the polar angle and was taken from Ref.
[6] while the pf® contribution was parameterized as

op = 0.25/tan(a;/2) GeV/c, where ¢; is the angle
between the direction of particle i and that of the near-
est object (cluster or charged cone axis). For the elec-
tron candidates, the measurement error was scaled by
a factor 1.2 in order to account for Bremsstrahlung

1aclol JASRROINE e ) QCCOUVLR 2O DICIssiianiun

losses.
For photons the y? definition involving the mea-
sured and calculated energies was as follows:

( L"calc _ mneas) 2

where E{° and E™ are the calculated and mea-
sured electromagnetic energies, respectively, and 7 is
the number of photons. The error o; was taken as just
the EJ"** contribution [6], since the Efalc contribution
was estimated to be negligible.

The ¢4y sample was further purified by requiring a
good agreement (x? < 5) between the measured and
the calculated values, either for the photons or for the
charged leptons. This cut eliminated 8 events in the
data. The fact that the condition y? < 5 is not applied
simultaneously to both photons and charged leptons
allows eey and puy events with photons near borders
of the calorimeter modules, where the electromagnetic
energy can be badly reconstructed, to be kept. In 77y
events, the Xgharged is expected to be large because of
the missing momenta associated with the neutrinos,
and one therefore relies only on the measurement of

the photon energy. The number of events expected
aftar all cnite 1¢ KQ 41+ 2 A,

Fig. 1a shows the invariant mass for the lepton-
lepton pairs using the calculated momenta obtained
from the kinematic constraint applied to the ££y sam-
ple. The two possible £y invariant mass combinations
are plotted in Fig. 1b. The radiative return to the Z
is seen in the lepton pair mass spectrum. The overall
agreement hetween data and simulation is reasonable,

Fig. 2 presents the energy and the isolation angle of
the radiated photon. There is satisfactory agreement
between data and simulation. In the tail of events with
very isolated photons, five events were observed with

T 19N° hila 1 Q@ 1L N A wwnes avw
isolation ang;e aoove 12U, wniic 1.8 £ 0.6 were ex-

pected from SM processes. Higher statistics foreseen
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Fig. 1. Invariant mass of lepton pairs {a) and lepton-photon pairs
(b) for the £¢y sample. The dots are the data and the shaded area
is the simulation.

at LEP2 will allow more detailed studies of this inter-
esting region.

5. Searches for excited charged lep

ed leptons

The search for the production of excited charged
leptons followed the criteria used in the selection of
leptonic events with hard photons as explained in Sec-
tion 4. However, the cuts were adjusted in order to opti-
mize the selection efficiency and to minimize the stan-
dard physics backgrounds. In the topologies selected,

the trigger efficiency is close to 1 for all channels.

5.1. Pair production of excited charged leptons

rats Alaoarera d S tlaa i alaoodooa
e ODServed in tne inciusive

le 1 presents the character-

Three £0yy events s

analysis of Section 4. Tal
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Table 1
Characteristics of the £/yy events. Momenta are expressed in GeV/¢ and masses in GeV/c2.
run event leptons photons invariant mass flavour
tagging
P 2 Ey Ep & Y m  bn bhrm by
63905 6267 448 26.4 39.0 20.1 68.2 55.5 823 17.5 15.9 438 eeyy
64561 34951 44.1 47.7 29.2 15.3 84.0 249 65.1 55.7 26.8 533 eeyy
64179 888 274 244 399 91 497 337 341 596 186 185  uuyy
der pointing in a direction near the beam pipe. For
Wb (a) the eeyy events there is good agreement between the
DELPHI measured momentum values and those obtained with

Events/2 GeV

DELPHI

Events/3 degrees

If
éﬂ#

; LR, m
0 20 40 &0 100 120 140 160 180
Isolat1on angle (degrees)
Fg. 2. £¢y sample: (a) the photon energy and (b) the photon
isolation angle. The dots are the data and the shaded area is the
simulation.

]
|
il
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istics of these events. Two of them have an electro-
magnetic energy associated to both charged leptons
of magnitude greater than 0.2 p and were classified
as eeyy. The remaining event has hits in the muon
chambers associated to both charged tracks and was
classified as uuyy.

-
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30 GeV and a missing momentum of the same or-
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th }.\lllcllld.ub LUl an abbuuuug Ullly Tour Pdl lelcb
in the event. For these two events, the energies, mo-
menta and invariant masses quoted in Table 1 are the
calculated ones.

The hypothesis of double excited lepton produc-
tion implies the existence in the same event of two
£y combinations with compatible invariant mass val-

neg (thea recalhition on the mace diffarence ig ararnd 2
UcsS (ulil IO501UUGH O Ui INNaSS GICiTincl 1S arounag o5

GeV/c?). Only one event satisfies such a condition but
the mass value is about 17 GeV/c?, which is excluded
at much more than 95% confidence level by searches
at LEP1, which set mass limits of order mz /2 {9].
The detection efficiency for the double production
was found to be independent of the mass of the ex-
cited lepton and around 45%, 49% and 34% for ex-

LRIRAS AL Qe wils 70 aus /0 101 CA

cited electrons, muons and taus, respectively. In the
available kinematic region (M < +/5/2), the decay
branching ratio £* — £y is assumed to be 100%.

The lower limits at 95% conﬁdence level on the
excited lepton masses are 62.5 GeV/¢? for electrons,
62.6 GeV/c? for muons and 62.2 GeV/c? for taus.

These values take into account a mass resolution of 2

GeV/c?, and the luminosities, production cross sec-
tions and efficiencies at the different centre-of-mass
energies. No background was subtracted.

A

5.2. Single production of excited charged leptons

The production of excited lepto
s-channel exchange for muons and taus and through
s and z-channels for electrons. For the z-channel ex-
change the single production cross section increases

very rapidly with decreasing polar angle, and can be

twn ordere of maonitiide hichar than tha o shannal
WO OIGCIS O INagiidual Nigacry ulall ull §-Chaainndi

ns proceeds through

contribution [2]. For this reason the spectator elec-
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tron recoiling against the excited electron would usu-

allv be nrodnced at very low nolar ancles. and in moct
ally de proguce a at 10W polar angies, anG 1n most

cases it would escape detectlon by remaining inside
the beam pipe.

Electron channel

The selection cuts used in Section 4 were modi-
fied in order to 1dpnhfv the electrons and extended

to increase the acceptance and to include events with

one electron in the beam pipe. The cuts were also

optimized in order to reduce drastically the radiative

Bhabha and Compton backgrounds [ 10] by requiring

the presence of a hard photon in the Barrel region.
When the two charged leptons were detected in the

tracking system, the following additional cuts were
applied to the sample selected as described in Section

4:

- at least one charged particle with p > 10 GeV/c
and with associated electrornagnetic energy of mag-
nitude greater than 0.2 p;

— one isolated electromagnetic cluster with energy
greater than 10 GeV and 6 > 40°.

When only one of the charged leptons was detected
in the tracking system, the following cuts were ap-

plied:
- atotal number of charged particles between 1 and 6;
nt lanot Amna nhoroead smomtiala ~ 1N 1-\J/ .

— at icast O1ic \,ucuscu PcLllelC 'Vvll.ll IJ PG VAR N | v Byl 9
and with associated electromagnetic energy of mag-
nitude greater than 0.2 p;

— all charged particles with p > 1 GeV/c and 8 >
20° grouped in one cone of 5°;

— one isolated electromagnetic cluster with energy
greater than 10 GeV and € > 40°, the angle be-

tween the cluster and the most enercetic charoed
voelll Wl Gusiol Qi e IS ClCigoll Luaalgou

particle being between 15° and 179°.

Events with an additional cluster having § < 20°
and energy greater than 2 GeV were also accepted. In
these events the second electron was not properly re-
constructed as a charged track, being detected by iis
electromagnetic signature. When there was no addi-
tional cluster, it was assumed that the spectator elec-
tron is along the beam direction.

The events that survived these cuts were then
checked for their coplanarity and for compatibility
between the measured and the calculated momenta

(the ¥ 2 was reaitited to he helow §Y A tafal
\Lll\/ Cha.rged YW ao lv\iull\zu W U UVI\.IVV J} LA LUl

of 25 events passed all the selection criteria while

20.7 + 1.8 were expected from the simulation of the

SM nrocescee. Amoneo thaca qelactad aveante 19 had
Si¥a PrOCESSCs. AMONE uiese §Ci8CeG CVEILS, 14 Nad

only one electron and one photon detected.

Muon channel
The selection cuts used in Section 4 were modified

in order to identify the muons. The additional criteria

used for single excited muons were the following:

— two charged particles with associated electromag-
netic 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 most energetic charged parti-
cle larger than 10 GeV/c;

— one isolated electromagnetic cluster with energy
greater than 10 GeV.

The events that survived the cuts were then checked

faor thair caonlanarity and for comnatihilitv hatwaan the
107 u3Cll Copaaniaiity and 10F COMipaiiohiity Seiweeh uid

measured and the calculated momenta (the )(gharged
should be less than 5). A total of 7 events passed all
the cuts while 8.0 & 0.9 events were expected from
the Standard Physics.

Tau channel

An additional cut was applied to the sample se-
lected as described in Section 4 in order to optimize
the search for excited taus:
- one isolated electromagnetic cluster with energy

greater than 10 GeV.

The events that survived these cuts were then
checked for their coplanarity. The measured and the
calculated momenta for the 77y candidates were re-

quired to disagree for the charged particles and be
comnatible for the nhoton Thp /1‘/2 Vnriq]’\]p defined

compatible for the photon. ariable defined
in Section 4 was required to be greater than 5 for the
charged particles and smaller than 5 for the photon.

A total of 2 events passed all the selection criteria
while 5.9 £1.0 events were expected from the simu-
iation of the Standard Physics processes.

Fig. 3 shows the invariant mass distribution for
all possible lepton-photon combinations in electron,
muon and tau events, as well as the simulation pre-
dictions for Bhabha and Zy events. Two entries per
event are shown except when the electron remains in
the beam pipe where just one entry was considered.

Tha afficiancy for datacting axecited alactrong wag
110 CiiCICICy 101 GCICCUIE CACIICU CiCCUUNns was

found to be roughly constant (around 43% ) for masses
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Fig. 3. Invariant masses for all possible lepton-photon combinations
in single production searches: electron (a), muon (b) and tau
(¢) channels. The dots are the data and the shaded area is the
simulation.

between 90 and 130 GeV/c?. The efficiency for de-
tecting excited muons was found to be around 56% for
masses between 90 and 130 GeV/c?. The efficiency
for detecting excited taus was found to be around 43%
for masses between 90 and 110 GeV/c? and to de-
crease to 30% for masses of 130 GeV/c?.

The evolution of the branching ratio for £* — £y
as a function of the £* mass was taken into account
according to Ref. [5]. Fig. 4 shows the upper limit at
95% confidence level for the ratio A/ M+, as a function
of the £* mass. The limits were calculated using a
Poisson distribution with background and assuming a
mass resolution of 2 GeV/c?. These new limits extend
the mass region up to 136 GeV/c? but in the kinematic
region accessible to LEP phase 1 (masses below 90
GeV/c?) are not competitive with the published limits
[9] due to the low statistics.
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Fig. 4. Single production of excited charged leptons: the line shows
the compositeness limits at 95% confidence level of the ratio of
the coupling of the excited charged lepton to the mass (A/my)
as a function of the mass for the electron, muon and tau channels.

6. Conclusions

An analysis of the DELPHI data corresponding to a
total luminosity of 5.9 pb~! at centre-of-mass energies
of 130 and 136 GeV has been performed.

Events with charged leptons and very energetic and
isolated photons were searched for and compared with
the SM predictions. Reasonable agreement between
data and simulation was found in all spectra.

These data were used to search for production of ex-
cited charged leptons decaying into their mass ground
state (the ordinary lepton) by the emission of a pho-
ton. No significant signal was observed. The search for
double production of excited charged leptons gave the
following 95% confidence level limits on the masses
of the composite states: m,« > 62.5 GeV/c?, My >
62.6 GeV/c? and m,» > 62.2 GeV/c?. Limits on the
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ratio of the coupling constant {o the mass were ex-
tracted from the search in the single production chan-
nels and considerably extended the limits set at LEP1
and HERA [9]. Similar limits on excited leptons in
this energy range have recently been reported by the
L3 collaboration [11].
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