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Abstract

A study of neutral-current four-fermion processes is performed, using data collected by the L3 detector at LEP during
high-energy runs at centre-of-mass energies 130—-136, 161 and 170-172 GeV, with integrated luminosities of 4.9, 10.7 and
10.1 pb™!, respectively. The total cross sections for the final states Z#/'/' and /Zqq(/, /' = e, u or 7) are measured
and found to be in agreement with the Standard Model prediction. © 1997 Elsevier Science B.V.
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1. Introduction bution to the cross section in a specific configuration
of the final-particle phase space. In Fig. [, all possi-
An observation of four-fermion events [1] from ble classes of neutral-current four-fermion produc-
ete”™ interactions above the expectations from the tion diagrams are shown. We will concentrate on the
Standard Mode! would signal the existence of new case where the outgoing fermions make at least a 5°
physics. The four-fermion final states can arise from angle with respect to the beam axis, in this way
several production mechanisms, each giving a contri- reducing the contribution from the multiperipheral
' Also supported by CONICET and Universidad Nacional de : Suppr:rted by the National Natural Science Foundation of
La Plata, CC 67, 1900 La Plata, Argentina, China.
? Also supported by Panjab University, Chandigarh-160014, . Supported by the Hungarian OTKA fund under contract num-
Incgia. | bers T14459 and T24011.
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diagrams. In this latter case, two quasi-real photons
are exchanged in the t-channel giving rise to forward
electrons /positrons plus a fermion pair with a non-
resonant structure (the so-called ‘‘two-photon’” pro-
cess). This class of processes does not contribute to
final states via Z exchange, where the main contribu-
tions come from the bremsstrahlung, conversion and
annihilation diagrams. It an e"e™ pair is present in
the final state, the bremsstrahlung diagram is domi-
nant, otherwise the conversion diagram contributes
the most, mainly with an initial-state radiative pho-
ton and a Z boson on mass shell. This is in contrast
to the situation at LEP1, where the annihilation
mechanism dominates, Important characteristics of
the four-fermion events are the energy and angular
distributions of the outgoing fermions. If an e*e”
pair 1s present in the final state, due to the multipe-
ripheral or bremsstrahlung diagrams, the electrons
tend to have nearly the beam energy and to be
emitted along the beam direction. The other fermions
in the event have preferentially lower energies, but
still are predominantly generated in the forward di-
rection, It no e"e~ pair 1s present in the final state,
the outgoing fermions have a flat energy distribution

(Conversion Annihilation
-
e~ f
v/Z . |
) v/Z
i I
! L v/Z
v/% f2
F e” ?1 f?
2
e+
Bremsstrahlung Multiperipheral
e o
f‘g €_ ’ > o
v/ Z v/ ZZ
/ * .
v/ Z fo
- L
7/23
ot ot ot - ot

Fig. 1. The lowest-order Feynman diagrams for the process e ™ e~

up to the beam energy and a forward angular distri-
bution.

This letter analyses the final states produced at
LEP2 by neutral-gauge-boson exchange, 1.e. a 7y or
Z. These final states have already been observed at
the Z resonance [2]. They can be classified as either

L or ££qq events, where /£, /' = e, u or T.

2. Data and Monte Carlo samples

The data were collected by the L3 detector [3] at
LEP in 1995 and 1996. The data sample corresponds
to integrated luminosities of 4.9 pb~', 10.7 pb~' and
10.1 pb™! at Vs =130.3-136.3 GeV, 161.3GeV
and 170.3-172.3 GeV, respectively.

To determine the efficiency of our selection crite-
ria, the EXCALIBUR [4] Monte Carlo is used to
simulate the four-fermion events. These events are
generated requiring a minimum momentum for the
outgoing fermions of 1GeV, a minimum 1nvariant
mass for each combination of two fermions of 1 GeV
and an angle of at least 5° for the outgoing fermions
with respect to the beam axis, in this way reducing
the contribution from the multiperipheral diagrams.
Possible background comes from fermion-pair pro-
duction and charged-current four-fermion events. For
the fermion-pair production, radiative Bhabha events
are generated using BHAGENE 3 [5] and radiative
di-muon and di-tau samples using KORALZ 4.02
[6]. The hadronic background events are generated
with PYTHIA 5.72 [7]. For the background coming
from the charged-current four-fermion processes, 1.€.
where the W boson takes part in the process, KO-
RALW 1.21 [8] and PYTHIA 5.7{8 [7] are used to
simulate the reactions eTe”— WW and eTe™ —
Wev, respectively.

The L3 detector response is simulated using the
GEANT 3.15 program [9], which takes into account
the effects of energy loss, multiple scattering and
showering in the detector. The GHEISHA program
[10] is used to simulate hadronic interactions in the
detector.

3. Four-fermion event selection

Two different event selections are developed, one
for the low-multiplicity (£#/"/') and another for




196 M. Acciarri et al. / Physics Letters B 413 (1997) 191-200

the high-multiplicity (£/qq) topologies. The se-
lected criteria for each are described below.

3.1. Lepton identification

3.1.1. Electrons

Electrons are identified as energy depositions in
the electromagnetic calorimeter which are consistent
with electromagnetic showers. If the calorimetric
cluster is within |cos @] < 0.95, a charged track from
the central tracking chamber is required to be associ-
ated with 1it. The track must have a momentum
greater than 0.5GeV and a distance of closest ap-
proach to the interaction vertex in the plane perpen-
dicular to the beam direction of less than 10 mm.
The same track requirements are also used for the
identification of the other leptons. The cluster is
selected requinng E; > 1GeV, where Ep 1s the
energy deposited in the electromagnetic calorimeter.
The corresponding deposition in the hadron
calorimeter has to be consistent with the tail of an
electromagnetic shower (i.e. Ey/E; <0.2 and Ey
<35GeV, where E_ is the energy in the hadronic
calorimeter). Finally, the ratio of the energy in a
3 X 3 crystal matrix corrected for lateral leakage to
the energy in a 5 X 5 crystal matrix centred around
the center of gravity of the electromagnetic shower
(29/325) is required to be greater than 0.93.

[T the i1dentified electrons are in hadronic events,
as happens for the // qq final states, the quality cuts
are tightened and 1solation cuts are applied to reject
the background from hadronic semileptonic decays.
We require that y. <4.5, where the x> is an
estimator of the consistency of the shower being
electromagnetic, and 39/%25 must be larger than
0.975. Moreover, the difference 1in the azimuthal
angle between the electromagnetic cluster and the
charged track must be less than 10 mrad, and there
must not be more than one track in a cone with a 20°
half-opening-angle around the electron.

3.1.2. Muons

Muons are 1dentified as tracks in the muon cham-
bers pointing to the interaction point. The calori-
metric clusters and the tracks in the central chambers
which are matched within 100 mrad in the azimuthal
and polar angles are associated with those muons.
[solation criteria are applied to the identified muons

if they are in hadronic events: the calorimetric en-
ergy in the region between cones of 5° and 10°
half-opening-angles around the muon direction must
be less than 5GeV. The number of tracks in the
central tracking chamber in a cone of 20° half-open-
ing-angle around the muon direction has (o be less
than two. Finally, at most one calorimetric cluster is
allowed in the angular region between 5° and 20°
around the muon direction.

3.1.3. Taus

The hadronically-decaying taus are 1dentified as
one, two or three tracks with calorimetric energy
greater than 2 GeV. Candidates with two tracks asso-
ciated to the tau are kept to account for the finite
double-track resolution of the central tracking cham-
ber. The tau energy is defined as the energy of the
clusters within a 10° angle around the tau-jet direc-
tion, which 1s computed as the sum ot the momen-
tum vectors of the calorimetric clusters. In order to
separate the hadronic-tau candidates from other
hadronic jets, the following restrictions are made: not
more than one track and five calorimetric clusters in
the region 10° < o < 30° are allowed, where o 1is the
half-opening-angle of a cone around the tau direc-
tion, and the ratio of the energies deposited in 10° <
o < 30° and a < 10° must be below 0.5. The lepton-
ically-decaying taus are identified as either electrons
or muons, as previously described.

3.2. The low-multiplicity event selection

To reject high-multiplicity events, we demand
fewer than 10 charged tracks and fewer than 15
calorimetric clusters in the event., The visible energy
is required to be larger than 0.2 - Vs. At least three
leptons are required in the event if there is a calori-
metric deposition in the low-polar-angle detector, the
forward lead-scintillator calorimeter (ALR). Other-
wise, at least four leptons are required. Two of the
selected leptons must have the same flavour. A
minimum energy of 2GeV for electrons and 3 GeV
for muons and taus is required.

In Fig. 2, the comparison after all the cuts be-
tween the data and Monte Carlo is shown for the
energy of all the leptons (excluding those in the
ALR), the invariant mass of the pair of leptons of the
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Fig. 2. Distributions for the low-multiplicity selection (Z77°/")
of (a) the lepton energy, (b) the highest lepton-pair invariant mass
per event for leptons of the same flavour and (c) the correspond-
ing recoil mass. The open histograms are the Monte Carlo pre-
dicted four-fermion distributions, the hatched histograms are the

Monte Carlo predicted background distributions and the points are
the data events.

same flavour with the highest invarniant mass and the
corresponding recoil mass. The recoil mass 1s de-
fined as the missing mass against the chosen pair of
leptons. In the first plot, there are at least three
entries per event, depending on the number of se-
lected leptons. The characteristics of the data events
which survive the selection at the three centre-of-
mass energies are listed in Table 1.

3.3. The high-multiplicity event selection

The 7/ qq events are characterized by hadronic
jets and a pair of leptons 1solated from the hadronic
system. Only the configuration with a pair of isolated
electrons or muons 1s investigated. No dedicated
selection of 7Tqq events is performed, thus the
surviving events come from the eeqq and upqq
selections. To select hadronic events, at least five
charged tracks and 15 calorimetric clusters are re-

Table 1

Candidate events from the low-multiplicity and high-multiplicity
selections: the centre-of-mass energy, the observed final state, the
lepton-pair invariant mass and the corresponding recoil mass are
reported. For the low-multiplicity selection the lepton-pair used in
the calculation is the one with the highest invariant mass, exclud-
ing leptons tagged by the ALR. This corresponds to the first
lepton-pair reported in the second column., Negative squared
invariant masses are not reported

Selection Vs (GeV) Final state M22*(GeV) M

rec

Low-multiplicity  130.3 CEILIL 85.7+0.8 39 +3
161.3 ILjLEE 10.1+£02  108+2

(GeV)

161.3 ILiLEe 84.7+27 35416
172.3 geee 161.9+1.3 —
172.3 geee 66.8+ 0.6 23+7

Vs (GeV) Final state M, (GeV) M, (GeV)
High-multiplicity  136.3 ceqq 81+ 10 49 +5

161.3 eeqq 78.1+0.7 38 +4
172.3 eeqq 76.2+0.7 39 +4

o

172.3 €eqq 145.1+1.2 11424
_ MC i .
%’ 2 = MC b:?:d a) L3
(_D + Data
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A
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Fig. 3. Distributions for the high-multiplicity selection (£ qq) of
(a) the lepton-pair invariant mass and (b) the their recoil mass.
The open histograms are the Monte Carlo predicted four-fermion
distributions, the hatched histograms are the Monte Carlo pre-
dicted background distributions and the points are the data events.












