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Abstract

We report on a study of radiative Bhabha and quasi-real Compton scattering at centre-of-mass energies between 50 GeV 
and 170 GeV, and 20 GeV and 140 GeV, respectively, using the L3 detector at LEP. The analysis is based on data 
corresponding to an integrated luminosity of 232.2 pb '. A total of 2856 radiative Bhabha and 4641 Compton scattering 
events are collected. Total and differential cross sections for both reactions are presented and found to be in good agreement 
with QED expectations. Our measurement of Compton scattering at the highest energies obtained so far is used to derive 
exclusion limits on the coupling À for the on-shell production of an excited electron e* decaying into a ge pair in the mass 
range 20 GeV — me* — 170 GeV. © 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

At LEP, Bhabha scattering has been measured at 
centre-of-mass energies, ', between 88 GeV and 
172 GeV [1]. The energy range from 12 GeV to 60 
GeV is covered by data from experiments at PEP, 

PETRA and TRISTAN [2], The energy region be­
tween TRISTAN and LEP1 is not explored by direct 
measurements and the LEP2 energy points are sparse, 
However, all regions can be studied using events 
with hard initial-state radiation in which the fermion 
pair is produced at lower energies as has been per­
formed for the reaction e'e ™ p,+ R_(y) [3].

Due to the effect of initial-state bremsstrahlung, 
lower energy beam electrons 1 2 3 4 5 6 7 8 9 are produced accom­
panied by a high energy photon collinear to the beam 
direction. Either the electron or the photon can react 
with the other beam particle in a hard scattering 
process, resulting in either Bhabha or Compton scat­
tering. Both reactions are illustrated in Fig. 1.

1 Also supported by CONICET and Universidad Nacional de 
La Plata, CC 67, 1900 La Plata, Argentina.

2 Also supported by Panjab University, Chandigarh-160014, 
India.

3 Supported by Deutscher Akademischer Austauschdienst.
4 Also supported by the Hungarian OTKA fund under contract 

numbers T22238 and T026178.
5 Supported by the German Bundesministerium fur Bildung, 

Wissenschaft, Forschung und Technologie.
6 Supported by the National Natural Science Foundation of 

China.
7 Supported by the Hungarian OTKA fund under contract num­

bers T019181, F023259 and T024011.
8 Supported also by the Comisión Interministerial de Ciencia y 

Technologia.
9 If not mentioned otherwise, electron refers to both electron 

and positron.

For Bhabha scattering with initial-state radiation 
the visible cross section is described by a convolu­
tion of the improved Born Bhabha cross section,
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Fig. 1. Schematic representation of initial-state radiation at eq e colliders for (a) radiative Bhabha scattering and (b) Compton scattering of 
quasi-real photons.

seBorn, with a radiator function, R(s', s), where s' is 
the reduced centre-of-mass energy squared [4]:

Zs
ds'R( s', s) seeBorn ( s' ) .

4 m e

The unconvoluted Bhabha cross section at a reduced 
centre-of-mass energy is extracted by measuring the 
differential cross section of initial-state radiation:
d s

s R (s', s ) SeBorn (s' ) .

The cross section of quasi-real Compton scatter­
ing is described by a similar convolution given by 
[5]:
d s

=fye (s', s ) SgQED ( s' ) •

At lowest order, O(a3), the Compton cross section 
at Born-level, sgQED, is folded with the equivalent 
photon spectrum, fge. The T spectrum of the se­
lected events is then used to measure the unconvo- 
luted Compton cross section at a reduced centre-of- 
mass energy.

In the following the analysis of the L3 data taken 
at the Z resonance and at energies up to 183 GeV is 
described and the measurement of the total and the 
differential cross sections of Bhabha and Compton 
scattering are presented.

The Compton scattering process in particular is 
sensitive to the production of an on-shell excited 
electron, ew, decaying into an electron-photon pair. 
The measurements are used to derive upper limits on 
the ew e g coupling for masses of the excited electron 
almost up to the centre-of-mass energy of the e+e_ 

collision, covering a mass range from 20 GeV to 170 
GeV.

2. Analysis techniques

2.1. Electron photon identification

The L3 detector and its performance is described 
elsewhere [6]. The program BHAGENE3 [7] is used 
to simulate Bhabha scattering. The Monte Carlo 
prediction of Compton scattering is based on Monte 
Carlo events generated with the program TEEGG [8], 
taking into account corrections of order O(a3). The 
following Monte Carlo event generators are used to 
simulate the various background reactions: KO- 
RALZ [9] (eqe—™ t+t(g)), GGG [10] (eqe—™ 
yy(y)) and DIAG36 [11] (e'e ™ e'e e'e ). The 
response of the L3 detector is modelled with the 
GEANT [12] detector simulation program.

The identification of electrons and photons re­
quires clusters in the electromagnetic calorimeter 
with an energy larger than 2 GeV and consistent 
with an electromagnetic shower shape. A cluster is 
defined as an electron, if
• there is a reconstructed track within 5° to the 

cluster direction in azimuthal angle f,
• or if more than 20% of the signals expected for 

an electron are present in the vertex chamber 
within a 1 cm wide road in the r — f plane 
centred around the cluster direction.

A cluster is defined as a photon, if
• it is not identified as an electron,
• and the separation to the next electron candidate 

is larger than 8°.
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Fig. 2. The measured energy distributions of the most energetic electromagnetic cluster, Ex, normalized to the expected energy, Ef, 
calculated from the polar angles of the two clusters for radiative Bhabha scattering events obtained (a) at the Z peak and (b) in the LEP2 
energy range as indicated. The measured energy distributions of the second electromagnetic cluster, E2 , normalized to the beam energy, 
Ebeam, for Compton scattering events (c) at the Z peak and (d) in the LEP2 energy range as indicated. Data and Monte Carlo simulation for 
signal and background are shown. All other selection cuts are applied.

2.2. Reconstruction of the effective centre-of-mass 
energy

For three-particle final states the particle momenta 
are obtained from the measured directions using 
energy and momentum conservation. Assuming that 
one undetected particle, either an electron or a pho­
ton, is radiated along the beam axis, its energy, Emis , 
is given by the polar angles, and U2, of the 
detected particles:

In this case, the energies of the scattered particles, 
Ef and Ef, are also determined by the polar angles:

Ea,2 = ' ________ sin( 02,1 )_________
sin01 q sin02 q |sin(01 q 02 )| ’ (2 )

The effective centre-of-mass energy of the hard scat­
tering process is calculated using the energy of the 
missing particle:

Emis

|sin (01 + 02 )| 
sin01 + sin02 q |sin(01 q 02 )| (1 ) (3 )
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This procedure improves the resolution on s' as 
compared to the direct energy measurement. This is 
particularly important for data taken at T « mZ 
where the radiative part of the cross section is small.

The interpretation of the reconstructed fs7 as the 
effective centre-of-mass energy after initial-state ra­
diation is valid to the extent that interference effects 
between initial and final state radiation are negligi­
ble. The interference effects on Bhabha scattering are 
studied using the program TOPAZ0 [13]. They are 
found to be less than 0.05% of the total cross section 
for radiative events and are therefore negligible.

3. Bhabha scattering with initial-state radiation

3.1. Event selection

The selection of Bhabha scattering events requires 
two identified electrons inside the polar angular range 
of |cos01 - 0.72. The particle energies, E, measured 
in the calorimeter are compared to the values, Ea, 
reconstructed from the polar angles of the two elec­
trons using Eq. (2). For the particle with the higher 
energy, E1, a cut on the ratio, E1/E1a ) 0.85, is used 
to reduce background mainly coming from tau-pair

Fig. 3. The 'sr spectra of Bhabha scattering for data and Monte Carlo simulation for signal and background are shown for different 
centre-of-mass energies. All selection cuts are applied.
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Table 1
Integrated luminosities recorded at the various centre-of-mass 
energies and the number of selected radiative Bhabha scattering 
events, Nee, and quasi-real Compton scattering events, Nye's [GeV] fLdt [pb-1 ] Nee Nge

88 - 93 143.9 2546 3882
130 6.4 43 83
136 6.0 44 81
161 10.8 34 108
172 10.1 26 82
183 55.0 163 405

production. Distributions of this ratio are shown in 
Fig. 2a and Fig. 2b with further cuts applied as 
described below.

For events with a three particle final-state, where 
one of the particles escapes along the beam axis, the 
two particles detected in the calorimeter should be 
back-to-back in the r - f plane. Therefore, the two 
detected particles are required to have an acopla- 
narity angle of less than 3°.

Final state radiation can change the polar angle of 
the emitting electron and may cause a wrong recon­
struction of the effective centre-of-mass energy. 
Events containing a third electromagnetic cluster with 
an energy larger than 2 GeV and an angular separa­
tion of more than 8° from any of the two identified 
electrons are therefore removed.

Events with a reduced energy, 's'/s < 0.95, are 
used for further analysis. The fraction of radiative 
Bhabha scattering events which pass this cut amounts 
to 2.0% for the data taken at the Z resonance. This 
fraction varies from 18% to 14% for centre-of-mass 
energies between 130 GeV and 183 GeV. Fig. 3 
shows the resulting 49-distributions for Bhabha 
scattering at the different centre-of-mass energies. 
Good agreement between data and the Monte Carlo 
prediction is observed. The distributions are com­
bined to determine the total cross sections at reduced 
centre-of-mass energies.

3.2. Total cross sections

The data sample was recorded in the years 1991 
to 1997 and corresponds to a total integrated lumi­
nosity of 232.2 pb-1, including a luminosity of 
88.3 pb-1 recorded at energies between 130 GeV and 
183 GeV. The luminosities recorded at the various 
centre-of-mass energies and the number of selected 
events are listed in Table 1. The sample contains in 
total 2856 radiative Bhabha events with a recon­
structed 49 value between 35 GeV and 175 GeV. 
They are used to measure cross sections in 11 bins of 
49.

The Born cross section at an effective centre-of- 
mass energy is measured by scaling the theoretical 
cross section, o^”11, with the ratio between the 

Table 2
Number of selected radiative Bhabha scattering events, Nee, for the various ranges of f and their average (f ). The corresponding 
measured cross sections, Se, and their statistical and systematic errors are listed and compared to the Standard Model improved Born level 
cross sections,

T [GeV] : [GeV] Nee aee ± (stat.) " (syst.) [pb] 0^°° [pb]

- 60 52.0 152 449.4 ± 35.1 ± 20.2 423.7
60 - 68 64.5 153 258.3 ± 23.5 ± 12.5 285.1
68 - 76 72.5 335 231.5 ± 13.2 ± 7.4 238.2
76 - 82 79.2 594 235.5 ± 9.3 ± 5.5 223.9
82 - 85 83.7 575 224.0 ± 10.6 ± 5.9 246.0
85 - 87 86.1 622 300.0 ± 12.6 ± 8.1 297.6
87 - 92 88.3 169 483.9 ± 37.1 ± 13.2 471.5
92 - 105 96.9 36 117.6 ± 16.9 ± 8.3 101.4

105 - 130 118.4 68 76.1 ± 7.8 ± 3.7 63.5
130 - 160 148.2 70 34.0 ± 5.0 ± 2.3 41.3
160 - 175 167.1 82 33.5 ± 3.6 ± 2.1 32.5



M. Acciarri et al. /Physics Letters B 439 (1998) 183±196 191

number of selected events, Nee, corrected for the 
expected background, Nbxgc, and the Monte Carlo 
prediction for Bhabha scattering, .Vglc :

_ N - NMC
S >) = seeBorn(<V7>) N Mc g . (4)

Nee

The value (VZ > is the mean of the reconstructed 
effective centre-of-mass energies of the data in the

Fig. 4. (a) Measured total cross sections of Bhabha scattering. The 
theory prediction (solid line) is the result of the improved Born 
calculation. The results of this analysis, eq e~ ™ eq e_yISR, are 
shown as full dots. The open dots are the L3 results from the 
inclusive measurements at energies around and above the Z pole. 
They are corrected for the effect of initial-state photon radiation to 
correspond to this analysis. (b) The differential cross section of 
Bhabha scattering with 40 GeV-/s7 - 80 GeV. The theory pre­
diction (solid line) is calculated at improved Born level.

corresponding energy bin. The background contribu­
tion from tau-pair production amounts to 2.0% of the 
remaining sample. The background contributions 
from the processes e+e_ ™ e+e_e+e_ and e+e_ ™ 
yy(y) are found to be less than 0.1% and are 
therefore negligible.

The number of selected events, Nee, and the cross 
sections for the 11 different energy bins are listed in 
Table 2. The quoted systematic errors account for the 
limited Monte Carlo statistics. Other systematic er­
rors are negligible.

The results are shown in Fig. 4a and compared to 
the improved Born calculation. The measurements 
are in good agreement with the theoretical predic­
tion. Also shown are our inclusive cross section 
measurements near and above the Z-pole energy 
[14]. They are corrected for the effect of initial-state 
radiation using the program TOPAZ0.

3.3. Differential cross section

The scattering angle, U *, of the electron, e-, in 
the centre-of-mass system is given by:

a* sin(Ue+ — Ue-)cos u =------------------ .
sinUe ++ sinUe-

Electron and positron are distinguished using the 
charge information from the central tracking system. 
Since Bhabha scattering is dominated by t-channel 
photon exchange for centre-of-mass energies well 
below the Z resonance, the shape of the angular 
distribution is insensitive to the energy. Therefore, 
all events selected with an effective centre-of-mass 
energy between 40 GeV and 80 GeV are combined 
to measure the differential cross section. Each cross 
section point is determined by comparing the number 
of observed events with the Monte Carlo prediction:

dS dp N - NbMC 

dcos U * dcos U * NMMc '

The results are shown in Fig. 4b. The preference for 
forward scattering of the e- due to the dominant 
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t-channel exchange is clearly observed and in agree­
ment with expectations.

4. Compton scattering of quasi-real photons

4.1. Event selection

In case of quasi-real Compton scattering one of 
the incoming beam electrons remains inside the beam 
pipe and is not detected. The energy depositions in 
the calorimeter are caused by the Compton scattered 
electron and photon.

For the selection of Compton scattering events 
both electron and photon are required to be observed 

within |cosU|< 0.94. The scattering angle in the 
centre-of-mass system of the ge pair has to lie inside 
|cosU * |< 0.8 to reduce the contribution from low 
angle Bhabha scattering.

The ratio E1/E1a is required to be greater than 
0.7. All events containing a third electromagnetic 
cluster with an energy larger than 2 GeV and an 
angular separation of more than 8° from the identi­
fied electron are removed. To ensure the selection of 
quasi-real photons, the transverse momentum of the 
final state system has to be lower than 15% of the 
beam energy. This cut restricts the momentum trans­
fer to the photon, suppressing the contribution from 
off-shell photons. The photons of the remaining sam­
ple have an average Q2 between 2 GeV2 and 9 GeV2 

0 30 60 90 120 150 180
Vs’ [GeV]

• Data

Qmc ye ->ye

H MC e+e“->e+e“(Y)

a/s’ [GeV] a/s’ [GeV]

Vs’ [GeV] Vs’ [GeV]

Fig. 5. The ' spectra of Compton scattering for data and Monte Carlo simulation for signal and background are shown for different 
centre-of-mass energies. All selection cuts are applied.
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dependent on the centre-of-mass energy resulting in 
a small average virtuality Q2/s' of the order 10—3.

Higher background contributions are expected 
when the effective centre-of-mass energy is close to 
/s from either photon conversion in the reaction 
e ' e ™ yy(y) in case that the two resulting tracks 
are not resolved or from Bhabha scattering if one 
track is lost. To remove these backgrounds the en­
ergy of the lower energetic cluster of the ge pair, 
E2, is required to be less than 85% of the beam 
energy. The distributions of E2/Ebeam are shown in 
Fig. 2c and Fig. 2d. Fig. 5 shows the resulting 
// -distributions for Compton scattering which are 
found to be in good agreement with the Monte Carlo 
expectations. The total cross sections at reduced 
centre-of-mass energies are derived from the com­
bined distributions.

4.2. Total cross sections

In total 4641 candidates for Compton scattering 
are selected from the data sample. The total cross 
sections are calculated as in the analysis of Bhabha 
scattering (Eq. (4)) rescaling the theoretical cross 
section, syQED, determined from the QED calcula­
tion. The background contributions from Bhabha 
scattering and from the process e'e™ yy(y) are 
found to be less than 0.5% of the expected events.

Table 3 contains the numbers of selected events, 
Nye, and the measured total cross sections of Comp­
ton scattering for 10 different /s' bins. The quoted 
systematic error is dominated by the limited Monte 

Carlo statistics. Fig. 6a shows the results compared 
with the QED prediction for the Compton scattering 
cross section. The measurements are in good agree­
ment with the theoretical prediction.

4.3. Differential cross section

The scattering angle, U ', of the electron in the 
centre-of-mass system is given in the case of gey 

scattering by:

sl"lX u) cos O =----------------- .
sin + sinO.

Since the polar angles 0y and Oe— are measured with 
respect to the direction of the incoming electron 
(e-), the scattering angle is defined by p — O' in 
case of geq scattering.

Combining all energy bins from 20 GeV to 80 GeV 
the differential cross section of Compton scattering 
is derived. The results are shown in Fig. 6b. The 
measurement exhibits the preference for backward 
scattering in the centre-of-mass system, which is 
characteristic for unpolarized Compton scattering.

5. Production of single excited electrons

Models including excited leptons [15] predict that 
the production of excited electrons in e'e colli­
sions is extremely peaked in the forward direction. 
Therefore, the electron in the process e'e ™ eew

Table 3
Number of selected ye ™ ye events, Nye, for the various ranges of /) and their average (/V>. The corresponding measured cross 
sections, sye, and their statistical and systematic errors are listed and compared to the QED cross sections, o"yQED

T [GeV] (/> [GeV] Nye oye ± (stat.) ± (syst.) [pb] syQED [pb]

- 25 21.0 1346 771.2 ± 20.8 ± 5.8 764.8
25 - 35 29.8 1225 370.6 ± 10.9 ± 2.9 381.1
35 - 45 39.7 868 210.7 ± 7.3 ± 2.1 215.0
45 - 55 49.5 471 125.0 ± 6.4 ± 1.8 138.3
55 - 65 59.5 302 95.3 ± 5.5 ± 1.7 95.5
65 - 75 69.6 184 65.3 ± 5.2 ± 1.7 69.8
75 - 85 79.1 111 57.6 ± 5.1 ± 1.9 54.1
85 - 100 91.0 60 37.5 ± 5.3 ± 2.0 40.9

100 - 120 109.4 42 26.5 ± 4.4 ± 1.7 28.3
120 y 170 136.0 32 18.5 ± 3.2 ± 1.4 18.3
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Fig. 6. (a) Measured total cross sections of Compton scattering 
inside the angular range |cosU * |< 0.8 as a function of the effec­
tive centre-of-mass energy '. The solid line shows the QED 
prediction. (b) The differential cross section of Compton scatter­
ing as a function of the scattering angle in the ge rest frame. The 
solid line shows the QED prediction.

ton collisions, decaying into an ye pair is then given 
by [17]:
s(ey™ew™e y)me★ )

4p2al2 r(ew ™ e y)

m^ G*

This expression is valid assuming a narrow width for 
the excited electron. The partial width for the radia­
tive decay is given by [17]:

r(ew ™ e g) = 2l2a me★ .
The total width, G★, also takes into account the 
partial widths for the decays ew ™ nW and ew ™ eZ 
for masses me★ above the masses of the W and Z 
bosons [18].

Within an interval me★ " D, the number of ob­
served ge pairs and the expected contribution from 
Compton scattering, Nge, are determined. These 
numbers are used to calculate the 95% confidence 
level upper limit for the number of events that could 
come from such a narrow ew resonance, Ne★. The 
interval width D is chosen as twice the invariant 
mass resolution of typically 1%. Taking into account 
the expected angular distribution in the ew rest frame 
[15],

1 d s 1 + cosU
s dcosU 2 

the upper limit for the coupling l is determined by 
satisfying the inequality

ee w p 2 a l2 
ege 2 mew D

cmin qX

X
r(ew ™ e g)

w

can be lost in the beam pipe whereas the ge decay 
products of the excited electron would be seen inside 
the detector. Consequently, an exclusion limit on the 
production of excited electrons can be derived from 
the measurement of Compton scattering.

Within the theoretical model for excited leptons, 
the coupling ew e g is described by one dimension­
less parameter l [16]. The cross section for the 
production of an excited electron ew in electron-pho- 

This uses the QED prediction for the Compton scat­
tering cross section, ogQED, at an effective centre-of- 
mass energy given by the mass mew. The limit on the 
coupling parameter l takes into account the efficien­
cies eew and ege and the acceptance cuts in the ew 

rest frame, cmin < cosU * < cmax*
The result is shown in Fig. 7. A comparable limit 

has been derived from our dedicated search for 
excited electrons based on data collected at energies
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Fig. 7. The upper limit of the coupling constant À at 95% 
confidence level as a function of me★, derived from the measure­
ment of Compton scattering (solid black line). The dashed line 
shows the analogous result from our previous analysis of the 
process eq e_ ™ gg(g), based on the data recorded at centre-of- 
mass energies between 161 GeV and 172 GeV [20]. Using data 
collected at energies up to 161 GeV, excited electrons with masses 
up to 79.7 GeV at 95% confidence level are excluded from our 
analysis of the pair production ew ew in the channel ee gg (shaded 
area), and an upper limit on the coupling À is also derived from 
our search for the single production of an excited electron (dotted 
line) [19]. The results from other collider experiments are included 
as indicated [21,22].

up to 161 GeV [19]. For comparison, the upper limit 
for the ew e g coupling from our analysis of the QED 
reaction eqe_™ gg(g) is also shown [20]. From our 
analysis of the pair production ew ew in the channel 
eegg, a lower mass limit of 79.7 GeV at 95% 
confidence level is derived [19]. The results from 
previous experiments using the process of quasi-real 
Compton scattering at e ' e_ colliders [21] and the 
upper limits from the experiments at the HERA ep 
collider [22] are included for comparison. Other 
searches for excited electrons at LEP are reported in 
Ref. [23].

6. Conclusions

The effect of initial-state radiation in the reaction 
e 'e ™ e 'e_(g) is studied. The selected events are 

used to measure Bhabha scattering at effective cen- 
tre-of-mass energies between 50 GeV and 170 GeV. 
The measurements show good agreement with the 
Standard Model predictions.

Electron-photon events are identified as Compton 
scattering of quasi-real photons. We measure this 
process in the centre-of-mass energy range from 20 
GeV to 140 GeV which is the highest energy at 
which Compton scattering has been studied so far. 
The total rate and the observed differential cross 
sections are in good agreement with the theoretical 
expectations.

An upper limit for a hypothetical coupling ewe g 
as a function of mew is derived from the measure­
ment of Compton scattering. No indications for the 
existence of an excited electron are found in the data. 
The 95% confidence level limit on the coupling 
parameter A is of the order 102 to 10 1 for the 
mass region 20 GeV - me★ - 170 GeV.

Acknowledgements

We wish to express our gratitude to the CERN 
accelerator divisions for the excellent performance of 
the LEP machine. We acknowledge the contributions 
of all the engineers and technicians who have partici­
pated in the construction and maintenance of this 
experiment.

References

[1] ALEPH Collaboration, D. Buskulic et al., Z. Phys. C 62 
(1994) 539; ALEPH Collaboration, D. Buskulic et al., Phys. 
Lett. B 378 (1996) 373; DELPHI Collaboration, P. Abreu et 
al., Nucl. Phys. B 418 (1994) 403; L3 Collaboration, M. 
Acciarri et al., Z. Phys. C 62 (1994) 551; L3 Collaboration, 
M. Acciarri et al., Phys. Lett. B 370 (1996) 195; L3 Collabo­
ration, M. Acciarri et al., Phys. Lett. B 407 (1997) 361; 
OPAL Collaboration, R. Akers et al., Z. Phys. C 61 (1994) 
19; OPAL Collaboration, K. Ackerstaff et al., Phys. Lett. B 
376 (1996) 232; OPAL Collaboration, K. Ackerstaff et al., 
Euro. Phys. Journal C 2 (1998) 441.

[2] HRS Collaboration, M. Derrick et al., Phys. Rev. D 34 
(1986) 3286; MAC Collaboration, E. Fernandez et al., Phys. 
Rev. D 35 (1987) 10; Mark II Collaboration, D. Karlen et al., 
Phys. Rev. D 39 (1989) 1861; CELLO Collaboration, H.J. 
Behrend et al., Phys. Lett. B 103 (1981) 148; JADE Collabo­
ration, W. Bartel et al., Z. Phys. C 30 (1986) 371; MARK J 
Collaboration, B. Adeva et al., Phys. Rep. 109 (1984) 131; 



196 M. Acciarri et al. /Physics Letters B 439 (1998) 183±196

PLUTO Collaboration, C. Berger et al., Z. Phys. C 27 (1985) 
341; TASSO Collaboration, W. Braunschweig et al., Z. Phys. 
C 37 (1988) 171; C. Rosenfeld, Recent results from AMY, 
Talk presented at the XXIIIrd Rencontres de Moriond, Les 
Arcs, France, 1988; T. Ishii, New results from TOPAZ on 
leptonic processes, Talk presented at the XXIIIrd Rencontres 
de Moriond, Les Arcs, France, 1988; VENUS Collaboration, 
T. Arima et al., Phys. Rev. D 55 (1997) 19.

[3] ALEPH Collaboration, R. Barate et al., Phys. Lett. B 399 
(1997) 329; DELPHI Collaboration, P. Abreu et al., Z. Phys. 
C 75 (1997) 581; L3 Collaboration, M. Acciarri et al., Phys. 
Lett. B 374 (1996) 331; OPAL Collaboration, P.D. Acton et 
al., Phys. Lett. B 273 (1991) 338.

[4] M. Caffo, E. Rimidi et al., in: G. Altarelli, R. Kleiss, C. 
Verzegnassi (Eds.), Z Physics at LEP 1, Report CERN 
89-08, 1989, vol. 1, p. 171.

[5] A. Courau, P. Kessler, Phys. Rev. D 33 (1986) 2024.
[6] L3 Collaboration, B. Adeva et al., Nucl. Inst. Meth. A 289 

(1990) 35; M. Chemarin et al., Nucl. Inst. Meth. A 349 
(1994) 345; M. Acciari et al., Nucl. Inst. Meth. A 351 (1994) 
300; G. Basti et al., Nucl. Inst. Meth. A 374 (1996) 293; I. 
Brock et al., Nucl. Inst. Meth. A 381 (1996) 236; A. Adam et 
al., Nucl. Inst. Meth. A 383 (1996) 342.

[7] J.H. Field, T. Riemann, Comp. Phys. Comm. 94 (1996) 53.
[8] D. Karlen, Nucl. Phys. B 289 (1987) 23.
[9] S. Jadach, Z. Was, Comp. Phys. Comm. 79 (1994) 503.

[10] F.A. Berends, R. Kleiss, Nucl. Phys. B 186 (1981) 22.
[11] F.A. Berends, R. Kleiss, Nucl. Phys. B 253 (1985) 441.
[12] The L3 detector simulation is based on GEANT Vers. 3.15.

R. Brun et al., GEANT 3, CERN-DD/EE/84-1 (Revised) 

1987. The GHEISHA program (H. Fesefeldt, RWTH Aachen 
Report PITHA 85/02 (1985)) is used to simulate hadronic 
interactions.

[13] TOPAZ0 version 2.0 is used. G. Montagna, F. Piccinini, O. 
Nicrosini, G. Passarino, R. Pittau, Nucl. Phys. B 401 (1993) 
3; Comp. Phys. Comm. 76 (1993) 328.

[14] L3 Collaboration, M. Acciarri et al., Z. Phys. C 62 (1994) 
551; Phys. Lett. B 370 (1996) 195; B 407 (1997) 361.

[15] K. Hagiwara, D. Zeppenfeld, S. Komamiya, Z. Phys. C 29 
(1985) 115.

[16] F. Low, Phys. Rev. Lett. 14 (1965) 238; H. Terazawa et al., 
Phys. Lett. B 112 (1982) 387.

[17] F.M. Renard, Z. Phys. C 14 (1982) 209.
[18] F. Boudjema, A. Djouadi, J.L. Kneur, Z. Phys. C 57 (1993) 

425.
[19] L3 Collaboration, M. Acciarri et al., Phys. Lett. B 401 (1997) 

139.
[20] L3 Collaboration, M. Acciarri et al., Phys. Lett. B 413 (1997) 

159.
[21] CELLO Collaboration, H.J. Behrend et al., Phys. Lett. B 168 

(1986) 420; DELCO Collaboration, G. Bonneaud et al., 
Phys. Lett. B 177 (1986) 109; VENUS Collaboration, K. Abe 
et al., Phys. Lett. B 213 (1988) 400.

[22] H1 Collaboration, S. Aid et al., Nucl. Phys. B 483 (1997) 44; 
ZEUS Collaboration, J. Breitweg et al., Z. Phys. C 76 (1997) 
631.

[23] ALEPH Collaboration, D. Buskulic et al., Phys. Lett. B 385 
(1996) 445; DELPHI Collaboration, P. Abreu et al., Phys. 
Lett. B 393 (1997) 245; OPAL Collaboration, K. Ackerstaff 
et al., Eur. Phys. J. C 1 (1998) 45.


