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Abstract

Using a data sample corresponding to 100,000 hadronic Z° decays, a search
was performed for the production of excited charged leptons decaying into an
ordinary lepton and one photon. Pair production of excited leptons of mass be-
low 45 GeV/c? is excluded. From an analysis of the lepton-photon mass spectra
this experiment is also able to exclude single production of these particles for
masses that reach up to 85 GeV/c?, if the compositeness scale is below 1 TeV.
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1 Introduction

This paper presents a systematic search for unstable heavy excited charged leptons
assurned to decay into a normal lepton and a photon. The decays of Z° ’s produced at
LEP are investigated to look for acollinear two-prong events with at least one photon
visible in the electromagnetic calorimeters.

Compositeness[1] provides a general framework which describes the coupling of the
photon and Z° to excited leptons. One may assume that they have the same weak
isospin properties as ground state leptons and, consequently, are pair-produced with
standard cross sections and angular distributions. Single production of an excited lepton
could also be possible, however, with unknown {¢Z and £*{y couplings. As pointed
out in reference[2], the single production of excited electrons is greatly enhanced by the
contribution of the diagram corresponding to photon exchange in the t-channel. In this
process the spectator electron tends to be emitted at very small angles with respect to
the beam direction and escapes the detector. In order to be sensitive also to this process,
the search has been extended to ey final states.

The main background affecting the present search comes from leptonic decays of the
Z' with radiation of one or more energetic photons. This background can be substantially
reduced by demanding that the photons be isolated from the leptons but, ultimately,
the £° candidates have to be distinguished by looking for a narrow peak in £*y mass
combinations. For the allowed range of £* couplings, the width of these particles is
expected to be much smaller than the mass resolution of the detector. Standard mass
reconstruction of £* which uses the measured momenta and angles of leptons and photons
is inadequate for the channel 7+7~+. However, as the r’s are energetic, their directions
are approximately given by their daughter particles so their momenta can be calculated
using energy-momentum conservation. The method is very precise and was also used in
this analysis for the eey, upy and ey channels.

2 Apparatus

A detailed description of the DELPHI detector, of the triggering conditions and of the
analysis chain can be found in ref. [3]. Here, only the specific properties relevant to the
following analysis are summarized.

The charged particle tracks are measured in the 1.2 Tesla magnetic field by a set of
three cylindrical tracking detectors : the Inner Detector (ID) covers radii 12 to 22 cm,
the Time Projection Chamber (TPC) from 28 to 122 ¢cm, and the Quter Detector (OD)
between 192 and 208 cm. The end caps are covered by the Forward Chambers A and
B, at polar angles § between 10° and 36" on each side. A layer of Time-of-Flight (TOF)
counters is installed for triggering purposes beyond the magnet coil.

The clectromagnetic energy is measured by the High Density Projection Chamber
(HPC) in fhe barrel region, and by the Forward Electromagnetic Calorimeter (FEMC)
in the end caps. The HPC is a high granularity gaseous calorimeter covering polar angles




40" to 140". For fast triggering a layer of scintillation counters is installed after the first
5 radiation lengths of lead. The FEMC consists of 2x4500 lead glass blocks (granularity
11 degrees), covering polar angles from 10° to 36" on each side. The Small Angle Tagger
Calorimeter (SAT) is an electromagnetic calorimeter covering polar angles from 43 to 125
mrad in the forward and backward directions. It is composed of alternate layers of lead
sheets and scintillating fibres parallel to the beams and it provides the measurement of
luminosity.

Muons and hadrons are identified using the forward and barrel hadron calorimeters
(HCAL) which cover 10" < 6 <170°, followed by muon chambers which cover 10° <
8 <45", 51" < § <129° and 135% < 8 <170°. The total amount of iron traversed varies
from 5 to 7 interactions lengths.

The trigger is based on signals from the Inner and Outer detectors, the HPC and TOF
scintillation counters, and the forward detectors. These signals are combined in several
sets of coincidence, back-to-back and majority logics. The logical OR of the various
subtriggers provides a high redundancy for events of the type studied in this analysis,
in which high-momentum charged tracks and high-energy photons are simultaneously
present.

3 Event Analysis !

The data presented here have been collected during the energy scans performed at LEP
during 1990. Only those runs where all the essential subdetectors were fully operational
were used; they correspond to a total of 103,100 hadronic Z° ’s.

Charged tracks are retained in the analysis if they have a momentum greater than
100 MeV/c and are emitted at more than 25° with respect to the beam axis, where tracks
are well reconstructed by the TPC. They must also come from the interaction point to
within 10 cm in the longitudinal coordinate and 2 cm in the radial direction.

To define a photon, a cluster is required in the HPC or the FEMC with a total energy
deposit above 2 GeV and at more than 25° with respect to the beam axis. It is also
demanded that this photon is isolated, being emitted more than 15° from any charged
particle. This cut removes many of the standard lepton pairs with final state radiation
and has little impact on the search for heavy excited lepton.

The identification of electrons is based on the comparison between the track momen-
tum and the energy deposited in the electromagnetic calorimeters. In order to distinguish
primary electrons from those coming from r decay, the momentum calculated by impos-
ing energv-momentum conservation in the events was used; due to the missing energy
carried awav by the neutrinos, a cut requiring the value of E. , /p.at-. to be close to 1
will reject the majority of secondary electrons.

Muon tagging is obtained by combining the information from the calorimeters and
the muon chamber system. In order to be identified as a muon, a track must leave an
energy deposit in both the electromagnetic and the hadron calorimeter compatible with




that expected for a minimum ionizing particle, and/or be associated to at least two hits
in the muon chambers. The overall identification efficiency is 90% per track.

The Z" decays to the various composite channels studied in this paper were gener-
ated using the detailed simulation program of DELPHI[4]. For background simulation,
which requires much larger samples,a simplified program([5] was used, which was tuned
to reproduce the experimental data.

Trigger efliciencies were measured for each of the individual subtriggers by analyzing
the trigger pattern in leptonic Z® decays; these efficiencies were then used in the Monte
Carlo simulation for all the relevant channels. The lowest trigger efficiency, 85 + 5 %,
corresponds to the ppy final state, for which the redundancy between the subtriggers
based on charged tracks and those based on electromagnetic energy is smallest.

3.1 Pair production

Pair production of excited charged leptons having the same weak isospin as the stan-
dard leptons can be excluded for a large range of masses directly from the measurement
of the Z" width. In reference {6] an upper limit of 28 MeV (at 95% c.l.) is given on any
non-standard contribution to I'z ; this implies a lower limit of 33 GeV/c? on the mass of
the £7, completely independent of its decay properties. .'

For higher values of the £* mass, a direct search was made for the process Z° — £ +¢*~
with £* — fy. The selection asked for events having only two charged particles, each
with momentum above 2 GeV/c, and two photons. The two charged particles should
have an acollinearity angle between 10° and 170°. Due to the photon isolation cut, this
direct analysis is sensitive only to excited leptons heavier than ~6 GeV/c2.

Two events have been found. In one of them the less energetic photon does not point
to the interaction vertex, and the remaining three particles are coplanar. It was therefore
identified as a ppy event with an additional spurious hit in the HPC. The second event
was confirmed as a four-particle event (figure 1). It was classified as an eeyy event, since
both charged particles are identified as electrons and the total measured energy is con-
sistent with the LEP energy. Table I shows the masses of the different ey combinations.
Within the errors, the event is compatible with an e**e*~ final state in the second com-
bination, corresponding to an average mass of about 9.6 GeV/c?, well within the region
excluded by I'z. The first combination appears to be excluded. However, the errors on
the momentum of the electrons are somewhat uncertain, since the bremsstrahlung inside
the detector can induce an additional systematic contribution that is difficult to evaluate,
so that a common mass of about 32 GeV/c? cannot be completely ruled out. The particle
energies can be recalculated with greater precision from the measured angles between the
four particles, using a 0-constraint fit. Since undetected radiation along the beam axis
would induce an error in the result of the fit, the calculation was repeated with varying
amounts ol missing energy and momentum along this axis. It was found that no solution
exists where hoth ey masses are above 36 GeV/c?.

The expected number of selected events from e"te*~ production at masses below 36
GeV/c? is over 500; therefore, one can conclude that there is no evidence for this decay.

*




Table I

Invariant masses (in GeV/c?) of the ey pairs for the eeyy event.

1st Combination 2nd Combination
35.4 + 1.4|27.7 +1.2(10.4 + 0.5|8.8 + 0.4

The efficiencies for the detection of € and u* pairs increase from 45+5% at
myps = 20 GeV/c? to 504£5% at the kinematical limit; for 7* it is about 17+2% over
the whole mass range above 20 GeV/c?.

To estimate the standard background,the program KORALZ7] was used. It predicts
0.8 £ 0.1 puvyy events within the selection cuts. However, this program does not include
all the amplitudes for the radiation of two hard photons (the radiation of two photons in
the final state is missing), so the quoted number is in fact a lower limit on the expected
background. No generator is available for eev+, but one expects roughly the same number
of events as for puyvy.

3.2 Single production in annihilation

The kinematics in this process allow the production of an £* heavier than 45 GeV/c?;
for this higher masses, the photon isolation criterion has been strengthened. Two charged
particles are required, each with momentum above 2 GeV/c, and one photon at more than
30Y with respect to either of them. The two charged particles should have an acollinearity
angle between 10Y and 170%. To avoid large errors on the calculation of the mass due to
initial state radiation, as explained below, the runs where the LEP energy was on the
high tail of the Z" resonance were rejected; it was demanded that 2B, <Mz + I'z/2 ,
where E, is the beam energy. After this selection, 151 events remain.

The momenta of the 3 final state particles are computed from the measured angles
between the three particles, a;2, @13 and ag3, using energy-momentum conservation.
Since in a genuine 3-body event the three particles must lie in a plane, the sum of these
angles is required to be above 358Y%; this cut removes the background from two-photon
interactions and very forward hadronic events. Monte Carlo simulation shows it affects
only the 7*7 channel, where 3% of the events are lost. There are 118 events which pass
this last cut.

To compute the momenta, the following formula was used:

D1 D2 P 2F,

sin aipy  sineayz  sina);  sin @ + sin @y + sin gy

The figure 2 shows the distribution of £y masses for the candidate events; there is a
good agreement both in shape and normalization with the curve predicted by a Monte
Carlo generation of 400,000 standard leptonic decays of the Z° {8].

The excess around 80 GeV/c? is of low statistical significance and it is not dominated
by any of the three lepton channels.




Number of {£y events found for each channel, and number of events expected from

Table II

standard processes.

Channel ; Observed | Expected
eevy 94 o6 + 4
Ly 34 37 + 3
TTY 24 21.4 £ 1.7

3.2.1 Channel identification

The final lepton channel is identified by relying on the particle identification and on
the comparison between the measured momenta and those calculated with the above
formula. Events are classified as eey if there is at least one charged particle identified
as a primary electron, that is, for which E, . /peas. falls in the peak above 0.7 (fig. 3a).
For puv it is required that at least one of the charged particles be identified as a muon,
and that the ratio of the sum of the two measured momenta to the sum of the calculated
momenta be above 0.8 (fig. 3b). The second requirement removes the background from
77y events. Finally, events are kept as 7y candidates if they do not show ke or i
signatures and have at least one particle whose measured momentum is unambiguously
below the computed value (pmeqs./Peate. < 0.5). Table II gives the number of events
selected for each channel together with Monte Carlo expectations for the background
from standard Z' decays.

3.2.2 Mass resolution

The angular resolution of the detector is the main factor that determines the mass
resolution for e” and 4", since the momenta are calculated from the measured angles.
These resolutions have been measured for electrons, muons and photons by analyzing
the acollinearity and acoplanarity distributions of ete™ and u*u~ events. The widths
of these distributions are influenced by soft-photon radiation, but since this effect is also
present in the £{y events and affects the mass resolution, no correction was made for it.
Initial state radiation is limited by the resonant shape of the cross section, and it was
further reduced by rejecting data taken above the Z° peak.

These experimentally measured resolutions were used in the Monte Carlo simulations
of £7¢ production, in which radiative effects were also included. The resolution is found
to be 1250 MeV/c? for the eey and ppvy channels and +2.0 GeV/c* for 77v; the latter
is dominaled hy the angle between the 7’s and their daughter particles. These values are
practically independent of the £* mass.

An independent verification of the consistency between data and Monte Carlo can be
obtained bv studying the distributions of the product (§; X p2) - ps of the unit vectors
defined by the observed particles. This variable, which measures the coplanarity of the
three particles, is sensitive to the same effects that define the mass resolution. As shown in



Table III
Detection efficiencies (in percent) for singly-produced excited leptons. Relative
uncertainties are below 10%.

£ mass (GeV/c?)
Channel |50 60 70 80 85
eey (48 47 49 49 50
puy 142 42 43 43 43
Ty |28 28 28 25 16
e(e)y |18 22 26 34 30

figure 4, there is good agreement between data and the results of Monte Carlo simulation
of standard Z" decays.

3.2.3 Results

Figures 5a, 6 and 7 show the observed mass distributions for the 3 channels; the
binning has been chosen so that 80% of the signal from £* decay would be concentrated
in two bins. No apparent structure is seen. The acceptances of the present selection for
the various channels are given in table III.

3.3 Single ¢* production via t-channel exchange

Excited electrons can be produced through photon exchange in the t-channel. In
most cases, the spectator electron stays very near to the beam direction and remains
invisible while the photon and electron from the decay of the ¢” are back-to-back in the
plane perpendicular to the beam. To select this type of event the following requirements
are imposed: the event must have a single photon with energy above 8 GeV and a
single charged particle with momentum above 5 GeV/c and an electromagnetic energy
deposition above 2 GeV. The acollinearity angle between the two particles must be above
5Y, to eliminate the background from ee — <+ events where one of the photons converts
before the TPC. Finally, to avoid contamination coming from e*e~ events where one of
the charged tracks is lost, only the photons in the barrel region (40° < § < 140°) are
selected, and ¢ is restricted to be at more than 4° from the boundaries of the sectors of
the TPC.

After these selections 24 candidates remain. The background from standard processes
comes mainly from Compton scattering. It was computed using a Monte Carlo program
where the photon flux is given by a Weizsicker-Williams approximation (see for instance
[9]}, and which includes multiple initial-state radiation: 22 events are predicted, in good
agreement with the data.

The computation of the mass from the angles is still possible assuming that the spec-
tator electron is approximately aligned with the beam. The method is however affected
by initial state radiation; to eliminate the events with energetic photons along the beam



direction, a loose cut is imposed on the match between the missing energy and the miss-
ing longitudinal momentum. Demanding [pZ,,,|/Emi, > 0.5 rejects 4 events in agreement
with Monte Carlo expectation. The resulting mass spectrum is shown in figure 5b; again,
no peak is seen.

The acceptance of the present selection criteria for different e* masses is given in the
last line of table III. The mass resolution is 450 MeV/c?, although there is a non-gaussian
tail due to radiation effects, as shown in the inset of figure 5b.

4 Limits on Compositeness

All the limits discussed in this section are based on the assumption that the decay
branching ratio of an excited lepton into a standard lepton plus a photon is 100%.

Pair production allows one to derive direct limits on the masses if standard couplings
of the £* to the Z° are assumed.

As explained in section 3.1, the only candidate event is in a mass region where the
number of expected events is very high, so the limits obtained are not affected by it. The
calculation of the expected number of events took into account the luminosities collected
at each energy point for the total event sample considered in the analysis. The limits
obtained are (at 95% confidence level): '

me. > 45.6 GeV/c?
m,» > 45.6 GeV/c?
m,. > 45.3 GeV/c?

These results do not depend on the compositeness scale, except that the £=¢v coupling
is supposed to be strong enough to allow the £* to decay inside the detector. However, a
stable £* can be excluded up to masses of 40 GeV/c? on the basis of a previous analysis[10].

Single production of an excited lepton is given in terms of unknown £*£Z and £ty
couplings. The effective Lagrangian is of the form:

L= 3 W0 (o —diy")8eFl + hee.
V=vy,Z°
where A is an arbitrary energy scale. CP invariance imposes the condition that ¢i- and dy-
be real, while g — 2 measurements imply chirality conservation and hence ¢; = +dy-[11].
Explicitly, one finds the following expression for the production cross-section in Z° decay:

(€4 087) = 16%(6‘2 + d%) - sin®fy-cos® b5 (1 — 32)2(1 + 2240,

where r = m,./mz. and s is the c.m. energy. The decay of £ into £y has a 1 + cosf
dependence due to chirality conservation.

The model of ref.[2] allows c,, d,, ¢z and d to be expressed in terms of two parameters,
f and f'. that specify the SU(2) and U(1) couplings respectively. With the assumption
f = J', the cross-section depends on a single variable, f/A. To allow easier comparison
with limits obtained from other analyses, the limits from this experiment are presented




in terms of the parameter A/my-, defined as:
A f
Mg V2A

which was used in previous e*e~ experiments testing the coupling of the £* to the pho-
ton. The contours given in figure 8 show the limits (at 95% confidence level) on A/m,.
as a function of my . They take into account the mass resolution and the estimated
background contributions from standard processes. For a value of the effective coupling
A/my equal to 1 TeV~!, this analysis excludes e* with masses below 85 GeV/c?, u* be-
low 77 GeV/c* and * below 63 GeV/c?. Similar limits have been obtained by the other
LEP experiments[12]. A recent analysis of the e*e™ annihilation into two photons[13]

also excludes €™ in a mass range that extends above mgz, although only for values of the
effective coupling above 100 GeV~!.

5 Conclusions

From the analysis of the events that have two leptons and one or more energetic pho-
tons in the final state, limits have been obtained on the masses and couplings of excited
charged leptons decaying into a normal lepton and a photon. The non-observation of the
pair production of these particles sets lower limits on their mass that reach 45.6 GeV/c*.
The results of the search for single production allow the exclusion of masses below
85 GeV/c? for e, 77 GeV/c? for p* and 63 GeV/c? for 7", as long as the scale that
characterizes the £*¢Z and £*f4 couplings is smaller than 1 TeV.
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FIGURE CAPTIONS

Fig.1 : Display of the eeyy event in the plane perpendicular to the beams. The two
electrons {continuous lines) and the two photons (dashed lines) produce showers in the
HPC; part of the shower of one of the electrons leaks into the HCAL.

Fig.2 : Spectrum of £y masses for all £&y events (two entries per event). The line
shows the shape predicted by a Monte Carlo simulation of standard decays of the Z" into
two leptons plus a photon.

Fig.3 : Distributions of the variables used to identify the lepton channel in ££v events.
In both plots the arrows show the cuts used to identify the events, as explained in the
text. Ja: Ratio of the electromagnetic energy associated to each track to the momentum
calculated for the track from the measured angles. 3b: Ratio of the sum of measured
momenta to the sum of calculated momenta for the two charged particles in events
containing at least one muon candidate.

Fig.4 : Distributions of the normalized triple product (p; x p2) - ps for £f+ events.
The curves show the shape expected from a Monte Carlo generation for each channel.
da: eey. 4b: ppry. 4e T,

Fig.5 : Spectra of ey masses for the observed events. 5a: eey events (two entries per
event). 5b: e(e)y events. The windows in each plot show the expected signal for the
production of an 80 GeV/c? e* with f/A = 2 TeV~!

Fig.6 : Spectrum of yy masses for the observed puy events (two entries per event)
The window shows the expected signal for m,. = 80 GeV/c?, f/A =2 TeV~L

Fig.7 : Spectrum of 7y masses for the observed r7v events (two entries per event).

The window shows the expected signal for m.. = 80 GeV/c?, f/A = 2 TeV~1.

Fig.8 : 95% confidence level limits on the minimum value of the effective scale for
the £°£Z and £"{y couplings, expressed as a function of the £* mass. 8a: e* couplings.
The continuous and dashed lines correspond to the limits derived from the searches for
production through Z° decay and through photon exchange in the t-channel, respectively.
8b: p~ couplings. 8c: 7 couplings. The regions above and to the left of the lines are
excluded.




) ) €) W) ) @) ()
0 [+] o 0 [\ 0 0
a2ang
I | ©) ©) &) () W) G )
0 0 3 0 [ (13 1
vd LS Al AL SL 4l QL

1661-1dyQ1 mwog
LESEDI
0661-3ny{]

S¥Cl  ad




7 2an3i g

(,2/A29) sspw \Q
06 08 0L 09 0% Ov 0¢ 0Z Ol

0

i

_____-________.______m_m____—____ﬁ___q._\*.ﬁ\__
___
\ /

t

9¢e saljuj

0t

™

<t

w

ZC)//\@O Z /sque/\3




Events/0.05

Events/0.05

Figure 3

o O N B2 O

O N 2 O

O

4

(P1+P2)meas. / (P1+P2)calc.

Caq)
lLLJ Ll 1 I L1 1 l 11 L I l L1 I | I . | l | | ] |
0.2 0.4 0.6 0.8 1 1.2 1.4
Electromagnetic Energy / Calc. P
! |
i
L 14 ! I L1 | | [ i | ] 1 L1111 I ) | | 111 I | I——III |
0 0.2 0.4 06 038 1 1.2 1.4




Lvenls/0.0035

Events/0.002

Evenls/0.02

12

10 o H

» L

L [
0 HL_II ’—%T A T SR R N
-0.02 Q C.02
Triple Product, eey events

5)

- i

2 -

oot mon
-0.02 ~0.0 0 C.01 0.02
Triple Product, wuy events

c) U

L)

L

;
- 4

L

'

g

'|
lLJl‘[l 1

il r'p_;_i .

0
-C.2 -0.1 Q Q. 0.2
Triple Prcduct, TTYy events

Figure 4




combinations /(0.5 GeVv/c?)

combinations/(1 GeV/c?)

O - N W OO N

N W 0y N

Figure 5

DELPHI
L 4-—
_ q) 3
— 2
— 1
- ol
- e S kb g s
0 10 20 30 40 50 60 70 80 90
{ey) invariont mass {GeV/c?)
DELPHI
— )
- b) 4
— 3
— 2
— 1
...1.....1........1[..”..,..ﬂ..HH...ﬂﬂﬂﬂmﬂ”ﬂ.ﬂﬂ..ﬂ..ﬂml.w
0 10 20 30 40 50 60 70 80 90

(ey) invariant mass (GeV/c?)




combinations /(0.5 GeV/c”)

combinations/(2 Gev/c?)

N W

—

N W e O O N

—_

Figure 6

DELPHI i

- 4_
— 5 L
— 2
— 1
— \ QL ‘
_ i . |
- / | - 1
L1111 hll l"" i[RI 1 L] '-] | |l|1||J Illl lillll"l ||l|||| 1
0 10 20 30 40 50 60 70 80 90
() invariant mass (GeV/c?)
Figure 7 ;
|
DELPHI
| 3L |
— 2._ T
|lI1lI!l||l|l lllllllllllllllllllllfll||||||| Liyiliil lI]HlllIlllllllIlHl I|| llllJIlIl
0 10 20 30 40 50 60 70 80 90

(T¥) invariant mass (GeV/c?)



eg 2an3r g

06 08 0L 09 0% Ov 0¢
T T T T — T T T T _ T T T T _ T T L — T T T T — T O_\
.w‘l
+4 01
mfl
THdT13d ]
! o1
Nl

W /2 U0 YWl T'D %G6

9
»

-(;°/189)




qg a3y

IHdTId

D I |

p{j
)

o~
LO

-(;2/A29) "W /A uo Yl 7D %66




g 2an3r g

IHdTdd

-1 .01

-

W /2 UO YW 7D %GH

4

-(;2/739)

070 Fr;

Prisc:

Imprimé au CERN.



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22

