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Using the CELLO detector at PETRA a search has been made for excited leptons by studying e*e ™ interactions which yield
£Y¢ vy, ¢£T¢ v and vy final states, where £ = e, p or 7. Good agreement with QED is observed and new limits are set on e*,

p*, and 7* production.

Excited lepton states are expected in models in
which leptons are composite particles [1].IneTe™
collisions, such excited states could be produced
either in pairs due to the normal gauge couplings, or
singly when a radiative transition occurs between a
normal and an excited lepton. Also, the existence of
an excited electron would modify the photon pair
production cross section by introducing an additional
propagator. For the 2*2y coupling needed in the latter
two cases we use the following gauge invariant effec-
tive lagrangian {2]:

Lege =(N0/2Mpx)R* 0, 2FFY + hoc., (1)

where A is a dimensionless free parameter which char-
acterizes the strength of the £*€y coupling, and M »
is the mass of the excited lepton. An alternative
parametrization of L ¢ consists in replacing Mo« in
(1) by the compositeness scale A. To avoid this ambi-
guity, the results of our analysis are expressed in terms
of (X/MQ*) rather than in terms of A.

Since the compositeness scale A is expected to be
in the TeV range or above [3] one can safely neglect
any form factor effect when considering an excited
lepton mass in the PETRA energy range. More general
expressions for the effective lagrangian could be con-
sidered. For instance Renard [4] and Hagiwara et al.
[5] introduce an additional factor (2 — bys) motivated
by chiral symmetry arguments. For the sake of clarity
we use the simplest form of L .¢¢. Nevertheless our
limits on (A/M ) would remain essentially unaffected
by such a modification if the convention |a|? + |b|2 =1
is used.

We have searched for evidence for excited leptons
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in the following three processes:
(1) pair production of £*

ee > L¥Q* > Wyy, L=e,u,T,

(2) single production of 2*

ee_’Q*Qﬁ)QQ'Y, Q=esl~‘;Ta

(3) photon pair production
ee > vY.

Data collection and detector properties. The data
were collected with the CELLO detector operating at
the PETRA ete™ collider at DESY. The centre-of-
mass energy varied from 33 to 46.8 GeV. The total
integrated luminosity is about 30 pb—1. Table 1 sum-
marizes the luminosities used for the various reactions,
together with the number of events observed in each
case within the cuts described below.

The CELLO detector has been described in detail
elsewhere [6]. The main features of the apparatus
used in this analysis are its good angular resolution,
its large and uniform coverage for detection of charg-
ed particles and photons, and its ability to identify
electrons, muons and tau-decays. For this analysis we
have only considered charged particles and photons in

Table 1
Data sample for the various analyzed processes.

Reaction Integrated V5 (GeV) Number
luminosity of
(pb~1) events
ee — eey 292 33.0-46.8 239
ee — eeyy 29.2 33.0-46.8 2
ee — ey(e) 140 44.0-46.8 410
ee —> uuy 326 33.0-46.8 26
ee — uuyy 326 33.0-46.8 2
ee— 7Ty 216 40.0-46.8 8
ee— TTyy 21.6 40.0-468 1
ee—> vy 289 33.0-46.8 2533
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the polar angle range |cos 8} < 0.85 which is covered
by the central calorimeter. In this region the angular
resolutions for charged particles are g, =3 mrad sin20
and 04, = 2 mrad and the corresponding photon
angular resolutions are 0, = 10 mrad and 04 = 6
mrad.

For reactions with 3- and 4-body final states, the
kinematics can be precisely reconstructed from accu-
rate angular measurements. With the angular resolu-
tions quoted above, a typical resolution of

o MQA/) =300 MeV (R=e,u) (2)

is achieved [7] for the lepton—photon invariant mass.

Event selection and analysis.

(1) Pair production. For the reactions ee — eeyy
and ee = uuyy we require the lepton momentum to
be larger than 0.05 E},, where Ey is the beam energy.
The more energetic photon is required to have an
enrgy larger than 0.4F)}, and the other to have an
energy larger than 0.1Ey,. The opening angle for each
pair of particles is required to be larger than 10°.

Electrons and muons are identified by their char-
acteristic behaviour in a finely segmented lead—liquid-
argon calorimeter and, in the case of muons, by their
ability to penetrate a 80 cm thick iron filter, beyond
which large drift chambers are located. Two eeyy and
two uuyy events are observed.

Pair-produced excited leptons would show up as
events with two lepton—photon pairs of equal mass.
Fig. 1 shows the lepton—photon mass correlations
obtained from our data sample. Within the mass reso-
lution (2), no event satisfying the equal mass hypo-
thesis is observed.

For the reaction ee = 77yy we consider only the
two-prong topology. We require the sum of the mo-
menta of the charged particles to be larger than 0.1E;,
and two isolated photons with the same energy criteria
as above. To avoid confusion with photons originat-
ing from 7-decays, the mass of each isolated photon
with each of the two charged particles is required to
be greater than 1.5 GeV. The tau-decays are then
identified with the help of the calorimeter and the
muon chambers [8]. One event is found within these
cuts. Owing to the unobserved neutrinos in the tau-
decays no precise 7y invariant mass reconstruction is
possible. Therefore this event has been kept as a can-
didate.
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Fig. 1. The lepton—photon mass correlations in the reactions
ee — eeyy and ee — uuyy (2 entries per event). Pair produced
excited leptons would appear in the hatched region.

(2) Single production. For single production of £%,
through ee = 20* — 2Ly, we consider two different
final state topologies. In the first one, the two final
state leptons and the decay photon are all observed in
the central detector. A second topology, well suited
to the study of e* production, is provided by the
“virtual Compton scattering” configuration, ee ~
ey(e) [4,5,9]. Here only the decay products of the e*
are observed. The other electron stays close to the
beam direction and remains undetected.

In the first case the event selection was carried out
with the same criteria as for pair production, except
that we require only one photon with an energy larger
than 0.4E}, |7]. To reduce the contributions from
radiative events arising from higher order QED pro-
cesses, the lepton—photon and lepton—lepton inva-
riant masses are required to be larger than 10% of the
centre-of-mass energy.

We observe 239 eey events, 26 uuy events and
8777y events, where Monte Carlo calculations of radia-
tive QED processes [10] predict respectively 230, 25
and 11 events.

Since the reactions ee = eery and ee > uuy are
kinematically overconstrained it is possible to take
into account the emission of a photon along the beam
direction. Performing the kinematical reconstruction
mentioned previously, we obtain the lepton—photon
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Fig. 2. The lepton—photon mass distributions in the processes
ee — eey and ee — uuy (2 entries per event). The solid line
corresponds to the QED expectation.

invariant mass distributions shown in fig. 2. No signif-
icant narrow structure is observed.

Here again, in the reaction ee > 77y, due to the un-
observed neutrinos in the tau-decays, the 7y invariant
mass distribution has not been considered.

For the reaction ee = ey(e) we require an electron—
photon pair coplanar with the beam direction (A® >
177°) with a total energy greater than 0.8 SEy,.

410 events are observed, where a Monte Carlo calcula-
tion predicts 420 events for the ee — ey(e) process,
taking into account possible radiation by the incoming
electron which is scattered at large angle.

For these events, the unobserved electron may be
assumed to be scattered along the beam direction:
since in 80% of them the polar angle of this electron
is less than 10 mrad, the error thus introduced is
comparable to the one made in the measurement of
the directions of the observed electron and photon.
Fig. 3 shows the invariant mass distribution which has
been obtained. It agrees with the QED expectation
and does not show any significant narrow structure.
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Fig. 3. The electron—photon mass distribution in the “virtual
Compton scattering” configuration ee — ey (e) (1 entry per
event). The solid line corresponds to the QED expectation.

(3) Photon pair production. For the reaction ee —
vy we observe 2533 events. Details of the analysis can
be found elsewhere [11]. The data taken at the highest
centre-of-mass energy have not been presented.so far.
Detection efficiencies are determined by studying the
Bhabha scattering events which are observed with
both the liquid-argon calorimeter and the central
tracking device.

With the luminosity deduced from the large angle
Bhabha scattering process the measured cross sections
are Oeyp/0QEp = 0.96 £ 0.04,0.96 + 0.06 and 0.98
0.05 at centre-of-mass energies of 43.2 GeV, 424
GeV and 44 .2 GeV respectively. The QED expectations
are obtained using a Monte Carlo calculation which
takes into account corrections up to the order a3 [22].
The polar angle distribution for the three different
centre-of-mass energies are shown in fig. 4. All are in
agreement with the QED expectation.

Results and discussion. The different cross section
for pair production of fermions of mass M via one-
photon annihilation is:

do o?

E=KBI‘1+ 00826+(1—32)Sm20]a (3)

where s = 4E7 and 2= 1 — 4M2]s.

Using this formula and taking into account inijtial
state radiative corrections, we derive 95% CL lower
limits for the masses of e*, u* and 7* of 23, 23 and
22.7 GeV respectively.
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Fig. 4. The differential cross section for the reaction ee — vy
normalized to the QED prediction, for three energy ranges.

To set upper limits on the coupling strength which
enters in the effective lagrangian (1) the following
formulae used are for the differential cross section

[4]:
do_ 27ra2?\2( 24(t~Mu)?

s¥t

dr M%* §2 s
2 2 32 4
s“+(s-M 2M
GO 2, @
t 2
for single e* production, and
do _2ma?a? (Mg*(s — M)+ 2tu) )
dr M%* §2 s ’

*1 Ag stated previously, formulae (4), (5), (6) and (7), which
follow, are not modified by the insertion of a (¢ — bys)
factor in the expression of the effective lagrangian (1).
The inclusion of such a factor only leads to a slight change
of our acceptance for the reaction ee — 22* — 0@y
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for single u* and 7* production, where s, ¢ and u are
the usual Mandelstam variables.

In the reactions ee = eey and ee —> uuy we derive
95% CL upper limits for (7\/M,2,.=)2 from the invariant
mass distributions of fig. 2, after a bin-to-bin subtrac-
tion of the known QED contribution *2. In the reaction
ee > 71y upper limits are determined from the total
number of observed events only.

To derive upper limits on (\M¢s)? from the vir-
tual Compton scattering we use the maximum likeli-
hood method considering only the shape of the inva-
riant mass distribution. We do not consider the pho-
ton angular distribution in the electron—photon
centre-of-mass frame, since it depends #3 on the actual
values chosen for the parameters a and b discussed
previously according to

do
dcosé@

(% >e*) ~ 1 —2Re(@®)cos,  (4)

where 8 is the polar angle in the e** (e* ™) centre-of-
mass frame of the final state photon with respect to
the positron (electron) beam direction [5].

Unlike for the production of real £* states discussed
above, the sensitivity on M« of the reaction ee ~ vy
extends beyond the centre-of-mass energy. At the
lowest order in A, the e* propagator modifies the dif-
ferential QED cross section of this reaction in the fol-
lowing way [2]:

do _ doQFD

" da [1+(s*/2A%) sin%6 H(cos26)] (6)

where the conventionally used A, cut off parameter
is related to A and Mg« by A = M2./A2 and where the
function H(cos29) is given by

H(cos20) = [2M%/(2M% +5)]2
X {1+ [(1 — cos20)/(1 + cos2)]s/2M%}
X {1 — cos26 [s/(2M>% +5)]2} 1. (7

For large values of Mg* (Mg* > s) the function
H(cos20) tends to unity. In this case a fit to the
polar angle distribution shown in fig. 4 gives a 95%
CL lower limit of 84 GeV for A,.

#2 A detailed comparison of our eey and uuy data with QED
can be found in ref. [7].

*3 This dependence has no effect on the total cross section
because our selection criteria are the same for both the
final state electron and photon.
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Fig. 5. The 95% CL upper limits for (A/Mx)? as a function
of M« as derived from the reactions ee - eeyy, ee — eey, ee—
ey(e) and ee - yy.

The limits derived from the various reactions which
we analyzed are summarized in figs. 5 and 6.

e* masses lower than 23 GeV are excluded by our
study of the reaction ee - eeyy. For masses from 23
GeV up to 42 GeV the most stringent limits on

CELLO
T T T T

102 ™ t* - Limits -
95%C.L.

— 1 l 1

20 30 40
M*L[GeV]

Fig. 6. The 95% CL upper limits for (A\/Mg#)? as a function
of Mgx (2 = u, 7) as derived from the reactions ee — 22yy and
ee — 2.

PHYSICS LETTERS

"3 Mazrch 1986

(MM x)? come from the virtual Comy con scattering
and are typically of the order of 10~/ GeV—2. The
structure displayed by the curves merely reflects the
statistical fluctuations in the lepton—photon invariant
mass distributions. Above M« =42 GeV the reaction
ee — vy provides an upper bound on (A/Mx)? of the
order of 10—4 GeV—2, corresponding to the lower
limit of 84 GeV derived for the A, parameter. Using
the complete formula (6) it can be seen that the limit
saturates at 10~5 GeV~2 for small M+ values.

For u* production outside the region excluded by
pair production, limits of the order of 105 GeV—2
on (MM, M*)2 are achieved. The limits on 7*.produc-
tion are less stringent because of the lower detection
efficiency and because we do not consider the inva-
riant mass distribution. The latter fact explains more-
over the smoothness of the 7*-limit in fig. 6.

For e* and u*, our analysis ¥* ‘which uses the
highest PETRA energies improves significantly the
limits previously published by the PLUTO, MAC,
JADE, TASSO and MARK-J Collaborations [13].
For the 7* no limit has been published so far.

Conclusion. We have observed the reactions ee —
22y(7), where £ = e, u or 7 and the reaction ee > vy
and have obtained good agreement with the expecta-
tions from known QED processes. No indication of
an excited electron, muon or tau is observed up to
the highest PETRA energy of 46.8 GeV.

Lower limits at 95% CL of 23.0 GeV for the e*
and p* masses and 22.7 GeV for the 7* mass are de-
rived from the non observation of pair production,
Limits are put on the coupling strength for the £* >Qy
transition for a hypothetical excited lepton up to
masses of about 42 GeV from the non observation of
single production. A lower limit of 84 GeV is set for
the A, cut-off parameter for the reaction ee = yy.

We gratefully acknowledge the outstanding efforts
of the PETRA machine group which made possible
these measurements. We are indebted to the DESY

|
#4 Limitson a possible electron or muon substructure can

also be derived from (g — 2) measurements. However, such
limits cannot be compared 1o ours in a straightforward
way because they involve two parameters (Mg+ and the
compositeness scale A, see refs. [14—17]), and because
they depend strongly on the type of couplings used at the
effective vertices, see refs. [15,17].
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