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Abstract

The cross section of the process e+e− → Ze+e− is measured with 0.7 fb−1 of data collected with the L3 detector at LE
Decays of the Z boson into quarks and muons are considered at centre-of-mass energies ranging from 183 GeV up to
The measurements are found to agree with Standard Model predictions, achieving a precision of about 10% for the
channel.
 2003 Published by Elsevier Science B.V. Open access under CC BY license.
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1. Introduction

The study of gauge boson production in e+e− col-
lisions constitutes one of the main subjects of
scientific program carried out at LEP. Above the
resonance, in addition to thes- and t-channel pair-
production processes, “single” weak gauge bosons
also be produced viat-channel processes. A commo
feature of this single boson production is the em
sion of a virtual photon off the incoming electron
positron. This electron or positron remains in turn
most unscattered at very low polar angles and he
not detected. Particular care has to be paid when
dicting the cross sections of these processes due t
running of the electromagnetic coupling of the pho
and the peculiarities of the modelling of small ang
scattering. The comparison of these predictions w
experimental data is made more interesting by the
that single boson production will constitute a copio
source of bosons at higher-energy e+e− colliders. In
addition, this process constitutes a significant ba
ground for the search of Standard Model Higgs bo
or new particles predicted in physics beyond the S
dard Model. The “single W” production is extensive
studied at LEP [1,2] and this Letter concentrates
“single Z” production. Results at lower centre-of-ma
energies were previously reported [1,3].

Fig. 1 presents two Feynman diagrams for
single Z production, followed by the decay of th
Z into a quark–antiquark or a muon–antimuon p
A distinctive feature of this process is the photo
electron scattering, reminiscent of the Compton s
tering. These diagrams are only an example of
48 diagrams contributing to the e+e− → qq̄e+e− and
e+e− → µ+µ−e+e− final state processes. The sing
Z signal is defined starting from this full set of di

1 Supported by the German Bundesministerium für Bildu
Wissenschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract N
T019181, F023259 and T037350.

3 Also supported by the Hungarian OTKA fund under contr
No. T026178.

4 Supported also by the Comisión Interministerial de Cienci
Tecnología.

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

6 Supported by the National Natural Science Foundation
China.
Fig. 1. Main diagrams contributing to the “single Z” production

grams. QCD contributions from two-photon phys
with e+e− → qq̄e+e− final state are not considere
The definition requires the final state fermions to s
isfy the kinematical cuts:

mff̄ > 60 GeV, θunscattered< 12◦,
(1)60◦ < θscattered< 168◦, Escattered> 3.0 GeV,

wheremff̄ refers to the invariant mass of the produc
quark–antiquark or muon–antimuon pair,θunscattered
is the polar angle at which the electron7 closest
to the beam line is emitted,θscatteredand Escattered
are respectively the polar angle with respect to
incoming direction and the energy of the electr
scattered at the largest polar angle.

These criteria largely enhance the contribut
of diagrams similar to those in Fig. 1 over th
remaining phase space of the e+e− → qq̄e+e− and
e+e− → µ+µ−e+e− processes and correspond
predicted cross sections at a centre-of-mass en√

s = 200 GeV of about 0.6 pb for the hadron chan
and of about 0.04 pb for the muon one. The m
severe backgrounds for the detection of the sin
Z production at LEP are the e+e− → qq̄(γ ) and
the e+e− → µ+µ−(γ ) processes, for the hadron a
muon channels, respectively.

7 The word “electron” is used for both electrons and positron
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This Letter describes the selection of e+e− →
Ze+e− → qq̄e+e− and e+e− → Ze+e− →
µ+µ−e+e− events in the data sample collected by
L3 detector [4] at LEP and the measurement of
cross section of these processes.

2. Data and Monte Carlo samples

This analysis is based on 675.5 pb−1 of integrated
luminosity collected at

√
s = 182.7–209.0 GeV. For

the investigation of the e+e− → Ze+e− → qq̄e+e−
channel, this sample is divided into eight differe
energy bins whose corresponding average

√
s values

and integrated luminosities are reported in Table 1
The signal process is modelled with the WPHAC

Monte Carlo program [5]. The GRC4F [6] eve
generator is used for systematic checks. Events
generated in a phase space broader than the on
fined by the criteria (1). Those events who do n
satisfy these criteria are considered as backgro
The e+e− → qq̄(γ ), e+e− → µ+µ−(γ ) and e+e− →
τ−τ+(γ ) processes are simulated with the KK2f [
Monte Carlo generator, the e+e− → ZZ process with
PYTHIA [8], and the e+e− → W+W− process,
with the exception of the q̄q′eν final state, with KO-
RALW [9]. EXCALIBUR [10] is used to simulate the
qq̄′eν and other four-fermion final states. Hadron a
lepton production in two-photon interactions are mo
elled with PHOJET [11] and DIAG36 [12], respe
tively. The generated events are passed through th
detector simulation program [13]. Time dependent
tector inefficiencies, as monitored during the data t
ing period, are also simulated.

3. Event selection

3.1. e+e− → Ze+e− → qq̄e+e− channel

The selection of events in the e+e− → Ze+e− →
qq̄e+e− channel proceeds from high multiplicit
-

events with at least one electron identified in the BG
electromagnetic calorimeter and in the central trac
with an energy above 3 GeV. Electron isolation crite
are applied. These are based on the energy depos
and track multiplicity around the electron candidate

To strongly suppress the contribution from the h
cross section background processes, the signal to
ogy is enforced requiring events with a reconstruc
invariant mass of the hadronic system, stemming fr
a Z boson, between 50 and 130 GeV, a visible
ergy of at least 0.40

√
s and a missing momentum, du

to the undetected electron, of at least 0.24
√

s. These
quantities are computed from charged tracks, ca
metric clusters and possible muons. After these se
tion criteria, 1551 events are selected in the full d
sample. From Monte Carlo, 1551± 4 events are ex
pected, out of which 208±1 are signal events, selecte
with an efficiency of 54%. Most of the backgroun
arises from the e+e− → qq̄′eν (58%), e+e− → qq̄(γ )

(19%) and e+e− → W+W− (11%) processes.
The particular signature of an electron undetec

at low angle and the other scattered in the detec
allows to reject a large fraction of the backgrou
by considering two powerful kinematic variables: t
product of the charge,q , of the detected electron an
the cosine of its polar angle measured with respec
the direction of the incoming electron, cosθ , and the
product ofq and the polar angle of the direction of th
missing momentum, cos/θ . Two selection criteria are
applied:

q cosθ > −0.5 and q cos/θ > 0.94.

Distributions of these variables are presented in Fig
In addition, events are forced into two jets by mea
of the DURHAM algorithm [14], and the openin
angle between the two jets in the plane transvers
the beam direction is required to exceed 150◦. The
selected electrons are not considered when form
those jets. Background events are further rejec
by tightening the electron isolation criteria. Table
summarises the yield of this event selection.
Table 1
The average centre-of-mass energies and the corresponding integrated luminosities of the data sample used in this study
√

s [GeV] 182.7 188.6 191.6 195.5 199.5 201.7 204.9 206.6

L
[
pb−1]

55.1 176.0 29.4 83.0 80.8 36.7 76.6 137.9
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Fig. 2. Distributions for data, signal and background Monte Carlo of the product of the charge of the detected electron and (a) the co
polar angle and (b) the cosine of the polar angle of the missing momentum. The arrows show the position of the applied cuts. All othe
criteria but those on these two variables are applied. Signal events around−1 correspond to charge confusion in the central tracker. The s
edge of the signal distribution in (a) at−0.5 follows from the signal definition criterionθscattered> 60◦; moreover, the depletion around±0.7
in data and Monte Carlo is due to the absence of the BGO calorimeter in this angular region.

Table 2
Yield of the e+e− → Ze+e− → qq̄e+e− event selection at the different centre-of-mass energies
√

s [GeV] ε [%] NData NMC NSign Nqq̄(γ ) Nqq̄′eν Ntwo-phot

182.7 42.3 16 16.0± 0.5 12.0± 0.2 3.2 0.4 0.2
188.6 42.7 53 52.4± 1.2 40.3± 0.6 9.5 0.5 1.0
191.6 43.0 9 8.7± 0.3 6.9± 0.2 1.3 0.0 0.3
195.5 45.0 19 26.5± 0.6 21.2± 0.3 3.6 0.0 1.1
199.5 45.2 18 27.1± 0.7 21.3± 0.3 3.8 0.4 1.2
201.7 44.0 16 12.2± 0.5 9.5± 0.2 1.6 0.3 0.5
204.9 43.3 24 24.6± 0.4 19.9± 0.3 2.9 0.2 1.1
206.6 44.6 47 46.2± 0.7 37.2± 0.6 5.4 0.3 2.2

The signal efficiency,ε, is listed together with the number of observed,NData, and total expected,NMC, events. The expected number
signal events,NSign, is given together with details of the most important residual backgrounds, respectively indicated withNqq̄(γ ), Nqq̄′eν and

Ntwo-phot for the processes e+e− → qq̄(γ ), e+e− → qq̄′eν and hadron production in two-photon interactions.
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3.2. e+e− → Ze+e− → µ+µ−e+e− channel

Candidates for the e+e− → Ze+e− → µ+µ−e+e−
process are selected by first requiring low multipl
ity events with three tracks in the central tracker, c
responding to one electron with energy above 3 G
and two muons, reconstructed in the muon spectr
eter with momenta above 18 GeV. A kinematic fit
then applied which requires momentum conserva
in the plane transverse to the beam axis. The rec
structed invariant mass of the two muons should
between 55 and 145 GeV. Finally, three additional
lection criteria are applied:

−0.50< q cosθ < 0.93,

q cos/θ > 0.50 and q cosθZ < 0.40,

where cosθZ is the polar angle of the Z boson
reconstructed from the two muons. These crite
select 9 data events and 6.6 ± 0.1 expected event
from signal Monte Carlo with an efficiency of 22%
Background expectations amount to 1.5± 0.1 events,
coming in equal parts from muon-pair producti
in two-photon interactions, the e+e− → µ+µ−(γ )
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ackground
Fig. 3. Distribution of the reconstructed invariant mass of (a) the hadron system and (b) the muon system for data, signal, and b
Monte Carlo events.
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process, and e+e− → µ+µ−e+e− events generate
with WPHACT that do not pass the signal definiti
criteria.

4. Results

Fig. 3(a) presents the distribution of the invaria
mass of the hadronic system after applying all se
tion criteria of the e+e− → Ze+e− → qq̄e+e− chan-
nel. A large signal peaking around the mass of
Z boson is observed. The single Z cross section
each value of

√
s is determined from a maximum

likelihood fit to the distribution of this variable. Th
results are listed in Table 3, together with the pred
tions of the WPHACT Monte Carlo. A good agre
ment is observed.

The invariant mass of muon pairs from the e+e− →
Ze+e− → µ+µ−e+e− selected events is shown
Fig. 3(b). The cross section of this process is de
mined with a fit to the invariant mass distribution, ov
the full data sample, as:

σ
(
e+e− → Ze+e− → µ+µ−e+e−)

= 0.043+0.013
−0.013± 0.003 pb

(
σSM = 0.044 pb

)
,

where the first uncertainty is statistical and the sec
systematic. This measurement agrees with the S
dard Model predictionσSM reported in parenthesis
Table 3
Measured and expected cross sections for the e+e− → Ze+e− →
qq̄e+e− process at the different centre-of-mass energies
√

s [GeV] σMeasured[pb] σExpected[pb]

182.7 0.51+0.19
−0.16 ± 0.03 0.51

188.6 0.54+0.10
−0.09 ± 0.03 0.54

191.6 0.60+0.26
−0.21 ± 0.04 0.55

195.5 0.40+0.13
−0.11 ± 0.02 0.56

199.5 0.33+0.12
−0.10 ± 0.02 0.58

201.7 0.81+0.26
−0.22 ± 0.05 0.59

204.9 0.55+0.16
−0.14 ± 0.03 0.60

206.6 0.59+0.12
−0.10 ± 0.03 0.61

The first uncertainties are statistical and the second systematic
pectations are calculated with the WPHACT Monte Carlo progr

which is calculated with the WPHACT program
the luminosity weighted average cross section over
different centre-of-mass energies.

Several possible sources of systematic uncerta
are considered and their effects on the measured c
sections are listed in Table 4. First, detector effects
the accuracy of the Monte Carlo simulations are inv
tigated by varying the energy scale of the calorimet
the amount of charge confusion in the tracker, visi
for instance in Fig. 2 as the signal enhancemen
the left side, and the selection criteria. The impac
the signal modelling on the final efficiencies is stu
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Table 4
Sources of systematic uncertainties

Source Systematic uncertainty

e+e− → Ze+e− → qq̄e+e− (%) e+e− → Ze+e− → µ+µ−e+e− (%)

Energy scale 2.3 6.3
Charge confusion 0.8 < 0.1
Selection procedure 4.0 1.9
Signal modelling 1.2 < 0.1
Background modelling 1.0 2.9
Background Monte Carlo statistics 2.8 1.8
Signal Monte Carlo statistics 1.6 2.2

Total 5.9 7.7
ad
nal
ack-

he
the

y

t
ro-
ts
ta-
s of
cess

ob-
the

ond

son
ross
ode
an
the

en-
5%.

15

62

21

59

02

7)
ied by using the GRC4F Monte Carlo program inste
of the WPHACT event generator to derive the sig
efficiencies. The expected cross sections of the b
ground processes for the e+e− → Ze+e− → qq̄e+e−
channel are varied by 5% for e+e− → qq̄(γ ), 10%
for e+e− → qq̄′eν, 1% for e+e− → W+W−, and 50%
for hadron production in two-photon interactions. T
cross sections of the background processes for
e+e− → Ze+e− → µ+µ−e+e− channel are varied b
2% for the e+e− → µ+µ−(γ ) channel, 10% for the
WPHACT e+e− → µ+µ−e+e− events that do no
pass the signal definition and 25% for muon-pair p
duction in two-photon interactions. Finally, the effec
of the limited background and signal Monte Carlo s
tistics are considered. Fig. 4 compares the result
the measurement of the cross section of the pro
e+e− → Ze+e− → qq̄e+e− with both the WPHACT
and the GRC4F predictions. A good agreement is
served. This agreement is quantified by extracting
ratioR between the measured cross sectionsσMeasured

and the WPHACT predictionsσExpected:

R = σMeasured

σExpected
= 0.88± 0.08± 0.06,

where the first uncertainty is statistical and the sec
systematic.

In conclusion, the process e+e− → Ze+e− has
been observed at LEP for decays of the Z bo
into both hadrons and muons. The measured c
sections have been compared with the Standard M
predictions, and were found in agreement with
experimental accuracy of about 10% for decays of
Z boson into hadrons.
l

Fig. 4. Measurements of the cross section of the e+e− →
Ze+e− → qq̄e+e− process as a function of the centre-of-mass
ergy. The WPHACT predictions are assigned an uncertainty of
As reference, a line indicates the GRC4F expectations.
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