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We have studied the four-fermion processes ee —» eeee, ee™Wz, eerr, [Bfifiji, fifiee, eeqq and ftfigqg with the L3
detector at LEP. For an integrated luminosity of 36 pb~*, corresponding to 960000 hadronic Z decays, we find a
total of 67 candidate events* The rate and kinematical distributions are found to be consistent with first order Monte
Carlo calculations based on the Standard Model. No significant structure Is seen In the dilepton invariant or recoil
mass spectra.

1. Introduction

In this paper we present a study of the four-fermion
1 Also supported by CONICET and Universidad Nacional

_—> :
de La Plata, CC 67, 1900 La Plata, Argentina. pr(zjc?f?_es ee A eees, ee/z_/(ﬁ_eer;’ dard ee(?ql
2 Supported by the German Bundesministerium fair and Tifiqq at /s — Within t e_Stan ard Mo e
Forschung und Technologie. (SM) there are many processes which can result In
3 Supported by the Hungarian OTKA fund under contract these four-fermion final states. At the Z resonance,

number 2970.
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e

Fig. 1. The dominant Feynman graphs for four-fermion pro-

cesses at the Z resonance with all final state particles de-
tected.

with all final state particles being detected, the main
contribution comes from the conversion of a vir-
tual bremsstrahlung photon In the initial or final
state (fig. 1). Rates and kinematical distributions
for such SM processes have been evaluated [1,2].
Four-fermion events have an important potential
for discovery of any particle coupled to the Z. In
L3 a pure sample can be obtained and the good en-
ergy/momentum resolution for leptons can be used
to search for new particles coming from processes
such as e+e'-> Z -» XZ* -> Uff, where X or
Z* decay into an Il or ff pair. In addition, it is im-
portant to check the SM predictions because these
channels form an important background for Higgs
searches [3,4].

The above channels have been studied earlier at
LEP [5]. An L3 search for the e+e~— tttt and
rtqg channels is described elsewhere [4].

For this analysis we used 36 pb"1 of data taken
around the Z peak, at center of mass energies between
88.5 and 93.7 GeV, during the LEP 1991 and 1992
runs. The data correspond to 960000 hadronic Z de-
cays.
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2. The L3 detector

The L3 detector iIs designed to measure electrons,
photons, muons and jets produced In e+e_ reactions
with good spatial and energy resolution. Starting from
the Interaction point, the L3 detector is composed of
the following subdetectors: a time expansion cham-
ber (TEC) for tracking charged particles (13° < 6 <
167°); an electromagnetic calorimeter (ECAL) com-
posed of Bismuth Germanium Oxide crystals, consist-
ing of a barrel (42° < 8 < 138°) andendcaps (10° <
6 < 37° and 143° < 6 < 170°); a hadron calorime-
ter (HCAL) with uranium absorber and proportional
wire chambers (5° < 6 < 175°); a muon spectrome-
ter (MUCH) consisting of multi-wire drift chambers
(35.8° < 8 < 144.2°). These detectors are installed
In a 12 m Inner diameter solenoidal magnet which
provides a uniform magnetic field of 0.5 T along the
beam direction. A detailed description of the detector
and 1ts performance is given in ref, [6].

3. Event selection

Below we present our selection of the four-lepton
channels followed by channels with quark pairs.

3.1. Four-lepton events

3.1.1. Preselection

A preselection common to all four-lepton channels
IS applied. We require:

- less than 20 calorimetric clusters (rejecting qg
events);

- for the total event energy, EtoC E*IM/s > 0.35
(rejecting beam-gas events and two-photon events
with large missing energy),

- for the number of TEC tracks, N”c'. 4 <
Ntec < 8 (rejecting Bhabha, dimuon and qqg events).
An Important residual background Is e+e —t+t~
events, In particular t +t~ events with 1+ 3and 3+ 3
prong decay modes. To reduce this background, we
use the fact that, due to the boost of a highly energetic
t, the angles between its decay products will be small.
Examining the azimuthal angles of the tracks, 0, we
cut on the angle spanned by a group of tracks, Ad.

-W e reject 4-track events 1f AO < 0.2 rad for any
group of 3 tracks. We reject 6 (or 5) track events If
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we can group these tracks into two groups of 3 tracks
(or one group of 3 and one of 2) and both groups
have A$>< 0.2 rad.

Background event samples are generated using
BABAMC [7] for Bhabha events, KORALZ [8]
for dimuon and t+t”events, and JETSET [9] for
hadronic events. The response of the L3 detector Is
modeled with the GEANT3 [10] detector simulation
program which includes the effects of energy loss,
multiple scattering and showering in the detector ma-
terials and In the beam pipe. Hadronic showers In the

calorimeters are simulated with the GHEISHA [11]
program.

3.1.2. Particle identification

We make an exclusive analysis. Because of the ex-
pected low rates these identification criteria are rather
loose. We use the following categories: y7e, pi and jets.

Muons are detected and measured by the muon
chambers and are required to point to the interaction
point. Muons which have low energy or are outside the
angular coverage of the muon spectrometer are iden-
tified using minimum ionizing particle (mip) tracks
In the calorimeters associated with a TEC track hav-
Ingp > 1 GeV.

y or e* candidates are identified by requiring an
ECAL cluster with an energy larger than 50 MeV.
We define ERCAL (E”CAL) as the energy measured In
ECAL (HCAL) In a cone of half-angle 3 centered
on the direction of the e or y candidate; we require
EfEo] rad < 0-05£e, where Et Is the measured energy
of the particle assuming 1t Is an e* or y. An e+ can-
didate iIs required to be associated with a TEC track.

A et Is defined as a cluster of particles having at
least one TEC track, one ECAL cluster and (et >
1 GeV.

3.L3. Event classification

Using the above criteria, we require:

- for the eeee sample, four electrons;

- for the stfifl sample, two electrons and two
muons;

- for the sample, four identified muons, of
which at least two are identified In the muon cham-
bers.

The total energy of the leptons (plus the energy of
photons, If any) must exceed 80 GeV.

PHYSICS LETTERS B
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The classification of four-lepton events with a r pair
IS more Involved because of the complications of the
different r decay modes, and because of a remaining
contamination by e+e~—t+t - events. We therefore
require electrons to be isolated from jets and mips by
an angle ae > 0.30 rad and muons must be Isolated
from jets by an angle ap > 0,20 rad.

The SM four-lepton cross section increases with
decreasing energy of the virtual photon. Four-lepton
events therefore most often have two hard leptons and
two soft ones, A r+T"pair 1s In general the pair com-
Ing directly from the Z and carries the larger part of
the event energy. The selection criteria of the chan-
nels are:

- for the eez-T sample:

(1) In channels where the r’s decay exclusively into e’s
and we select events with 4e, 3e + 1/z, or2e -+ 2\
(y’s may be present, but no hadronic jets). Letting
Fiept be the summed energy of these leptons and Eix
the visible energy of the two r candidates (the two
most energetic e’s, the most energetic e and fi, or the
two /i's for 4e, 3e+lji and 2e+ 2/] events, respec-
tively). We require:

- for de: £igt > 0.7itot,1.2T > 0.42?7™ and Exa <
80 GeV,;

- for 3e + |j@\ E\m and Eix cut as above;

- for 2e + 2ft : E ", Ell and £ta cut as above, and
Eqg< Ejfl-

For the events with three e’s we further require that
the cone spanned by these e’s have an opening angle
larger than 0.3 rad; this rejects the t+t- background
where the pions of a 3-prong decay are largely ab-
sorbed by the BGO and feign e’s.

(11) In the channels with three isolated leptons and at
least one jet (E)je > 3 GeV), we require 3e + jet or
2e + /i + Jet to be present In the event. Assuming
the jet and either the B or the most energetic e (In
the case of events with 3e*s) to come from t decays,
we further require the angle between the r’s to be at
least 1.2 rad and £jaHept > 0.52stot. For events with
3e’s, these e’s should, as above, span an angle of at
least 0.3 rad.

- for the n/LLxr sample: The selection of this chan-
nel Is analogous to the one for e+e- — eert. At least
one of the muons must be identified by the muon
chambers. In addition, we include events with two Iso-
lated muons (both detected by the muon chambers)
and two hadronic jets (Eja > 3 GeV), if the ¢’s are
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separated by at least 1.2 rad and E2x > QAElal.

To remove events with a photon which has con-
verted In detector material or the beam-pipe, we re-
quire Met > 50 MeV, where Mee Is the minimum
e+e~ Invariant mass. In addition, we require for the
distance, R, from the iInteraction point to the sec-
ondary e+e- vertex (in the plane perpendicular to
the beam and for the e+e_ pair with the smallest
Mee): R <20 mm.

3.2. eeqq events

We expect the dominant contributions to the eeqqg
final state to come from the process e+e- —pZy* —=*
eeqq, where the y* Is a bremsstrahlung photon. If the
electron pair comes directly from the Z we expect at
least one highly energetic, isolated e (“Bhabha-like”
events); If the gq pair comes directly from the Z we
expect a high multiplicity hadronic event with two
moderately i1solated e’s (“2e-inclusive” events).

An important ingredient ofthe event selection Is the
electron identification. However, due to larger back-
grounds, more severe selection criteria than iIn the
four-lepton selection are used. For the electrons we re-
quire Eq> 3 GeV and the lateral energy distribution
of the ECAL cluster to be consistent with the shape
of an electromagnetic shower as determined from test
beam studies.

We select events with at least two electrons, Etat >
50 GeV (toreject t +t" background) and the number
of TEC tracks > 4 (to reject radiative Bhabha events).
We now select “Bhabha-like” eeqq events by imposing
the following additional cuts:

- For the most energetic electron: Et > 0.35Vs
and E *"AL+HHCAh < OAEd and for the second most
energetic electron ETRALHHCAL < 0.5£e (rejecting the
Inclusive electron background). Here the energy of
the electron itself is excluded from the cone energy.
To select “2e-inclusive” events we use the following
criteria:

- At least one electron must be isolated in a cone
of 30° half-angle and a second one should be Isolated
In a cone of 15°, according to the following criteria: no
other tracks (in 0 only); no HCAL clusters; at most
one other ECAL cluster; £f0 r +R3°A_< 0.11se (where
tracks and clusters from other electron candidates are
excluded here).
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To safely remove photon conversions in the detector

we finally impose: Afee > 2 GeV. Fig. 2 shows an
example of an eeqq event.

3.3. fifigq events

The main background to four-fermion e+e*~—
[¢+/z~0qQ events are hadronic decays of the Z with
two opposite-sign muons coming from semileptonic
decays of hadrons. Further, fake muons can arise In
hadronic events when a hadron punches through the
hadron calorimeter.

To isolate e+e“—//+ ~QQ events, we require two
opposite-sign muon tracks in the spectrometer coming
from the interaction point. To reduce punchthrough,
the muons must have a momentum of at least 3 GeV.

In order to ensure the presence of hadronic particles
and to reject e+e“-> fi+jI~EE£ events we Impose
Ntec > 4. Furthermore, to reduce Z —qq events, we
require Aec < 15 and the number of calorimetrie
clusters to be smaller than 40 (four-fermion events,
especially with light quarks, tend to have a smaller
hadronic activity with respect to Z -* gq events).

As In the eeqq analysis the i1solation of the muons
with respect to hadronic jets is of crucial importance.
To measure the isolation we use for each of the two
muons the quantities:

- Vfi = EAPm-  where £]et Is the energy of the

jet containing the muon and pB I1s the muon momen-

tum. We require: min (2?2, ) < 0.4.
- Bp = Ef*cAl-E*0 AL We require: min(£”",;"2)
< 700 MeV.

4, Monte Carlo modeling

To calculate the efficiencies and backgrounds for
our selections, and to compare our data with the SM
predictions, we use the FERMISV MC generator [2].
This generator includes all lowest order diagrams
Involving Z and photon propagators, thus including
t-channel and two-photon physics (multiperipheral)
contributions. Interference effects are also included.
Initial and final state radiation are included In a
leading-log approximation. Electroweak radiative
corrections are calculated using the improved Bom
approximation. It should be noted, however, that
QCD contributions are not included.
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Fig. 2. An event display of the inner L3 detector elements, transverse to the beam axis. An eeqq candidate with an e+, an
e- and two jets having energies of 14.2, 20.1, 23.5 and 29.3 GeV, respectively.

4.1. Four-lepton MC 4.2. tlqgM C

The cuts applied at the generator level to ensure ef- Events for the channels eeqq,g = u,d,s,candb
ficient and reliable performance of the generator are: were generated separately. Generator level cuts are:
15° < 60 < 165° and Mtt > 50 MeV, where Me& Me > 2 GeV; Mm > 1GeV,; and 10° < 6gg< 170°
IS the e+e” Invariant mass; 15° < 6B < 165° and The cut on the gqg Invariant mass excludes kine-
Eft > 1 GeV,; 10° < 0T< 170°. The muon energy cut matic regions where QCD corrections, which are
removes very soft muons which are absorbed by the not taken Into account by FERMISV (and which
calorimeters too quickly to be accurately identified. lead to processes like e+e~— |1V, discussed be-
With these cuts, the following effective cross sections low) are important. We find the following effective
(at the Z peak) are obtained 1.9, 1.9, 1.2, 0.5 and 0.5 cross sections: 0.76, 0.20, 0.20, 0.43 and 0.07 pb for
pb for eeee, ee/i/;, eerr, BBRRB and /;/;it, respectively. q = u,d,s,cand b, respectively.
The multiperipheral contributions to these cross sec- For the generation of ///;qq events we apply the
tions are typically a few percent. following cuts on the generator level: Mm > 1 GeV;

Mm > 1 GeV, 40° < dM< 140°, \pll\ > 2 GeV. For
the cross sections we find: 0.27, 0.07, 0.08, 0.15 and
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0.03 pb for g = u, d, s,c and b}respectively.

4.3, Vector Meson Dominance

Vector Meson Dominance contributes to the pro-
cess e+e'"'~> ;.qq viathe reaction e+e- —=1lip [12],
where the p decays into 7T+ %~ #1. An estimate of this
cross section Is required in order to have a more re-
liable I1gqg cross section when Algg < 1 GeV. This
process also contributes to the background of four-
lepton final states when charged pions fake electrons.
We use the FERMISV generator to create MC sam-
ples for these processes: we generate II1't (t ~ £)
events (with Ma > 50 GeV and 10° < dig> < 170°)
and replace the f1' systemby ap ifmy/i/ & mp (mp
Is drawn from the proper Breit-Wigner distribution).
To estimate the cross section we again use the FER-
MISV program by scaling the event weights for 111*V
by R = <r(e+e- —»7t+n~)/a(t+e~ — R +p~) near
the M-resonance [13]. For each event, the value of R
Is fixed by the mass of the virtual photon decaying
into | Il f. Using the above cuts on Ma and 0¢)/, we
obtain the cross sections: 0.69, 0.35 and 0.31 pb for
ete- —e+e~/?3 [~pandr+T'/?, respectively. In-
cluding uncertainties in the calculational procedure
and the MC statistics we assign a systematic error of
25% to the first number and 15% to the latter two.
The value for a(e+e” —» /i+/;~/?)3 after correction
for initial state radiation effects, Is in good agreement
with the value from ref, [12].

5. Results
5.7. Four-lepton events

The number of observed events in each of the four-
lepton channels are shown in table 1 Table 2 presents
the selection efficiencies and misidentification proba-
bilities determined by passing the MC events through
the selection criteria. Table 1also lists the MC predic-
tions after convolution with the results in table 2. In
the eerr channel we find 1.2 £ 1.2 background events

#1 The processes e+e“ -+ 11V for V = a), 0,J//,.. have
negligible contributions due to their smaller electronic
width and larger mass.
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Table 1

The number of observed events in the individual 4 lep-
ton classes, the 4 lepton MC prediction with statistical and
systematic errors combined, and the backgrounds for each
event class.

Observed Expected Backgrounds
events 41 events  ---------mmmmmmmoeee-
it, ] lip

eeee 14 15.8 £2.0 3.2+0.8
ee/lli 12 101 + 14 - 1.1 + 0.2
RRRR 3 3.4+ 0.5 -
ARTT 4 3.9+ 0.8 0Of-3
total 43 40.3 ch3.0 4.2+ 17 4.3+ 0.8

Table 2

Efficiencies (diagonal elements) and misidentification prob-
abilities (mixing between process (row) and observations
(column)) In %

Process  Observed as

eeee  ZomRR  RBRR eerr  RRXT
eeee 242 0,0 0.0 2.0 0.0
ee/ili 0.8 15,7 0.0 3.4 1.9
BRRR 0.0 1.5 20.8 0.5 5.0
eerr 1.0 0.0 0.0 8.2 0.0
RRXX 0.0 0.7 0.2 2.3 12.0

from Z-+ qq, and 3.0= 1.2 events from Z— «+. In to-
tal we observe 43 events compared to an expectation
of 48.8 £ 3.6 events.

The observed numbers of events are stable against
reasonable variations of the selection cuts. The cor-
responding efficiency variations result in a 5% uncer-
tainty. We add another 11% error due to uncertain-
ties In the MC modeling of time dependent detector
Inefficiencies and MC statistics. The error on the ee/?
and pfip background is dominated by the uncertainty
In the cross section and the generation procedure for
these processes. We conclude that the observed num-
ber of four-lepton events are in good agreement with
their expected values.

To gquantify deviations from the SM we define V
to be the e+e~ or p+p~ pair with the lowest invari-
ant mass. Results of regrouping the observed four-
lepton events In UV classes are shown In table 3.
No excess of events Is found in the four-lepton chan-
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Fig. 3. (a) The cosine distribution of the angle between V {— lowest mass e+e or 3~ pair) and the nearest other
lepton. (b) The acoplanarity distribution of the two most energetic leptons (planar = n).

30 15
(@) 0 (0)
Data , Data
5 5
> four-lepton MC > four-lepton MC
W . W
20 TT+ qq + lip MC 10 TT 4*(|C] + #/p MC
10 5
i i i
0 10 20 0
Mmin(/+)  (GeV) (1) (GeV)
Fig, 4. The minimum e+e- or Invariant mass (a) and the maximum dilepton invariant mass (b) distributions In

four-lepton events. Events with a high energetic tt pair are excluded in the M max(¢;£) distribution,
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Table 3

The result of regrouping the four-lepton events In ttV cat-
egories (see text).

UN Observed Expected
events events
eeK 20 22.0 + 2.6
RV 10 123+ 1.9
XXV 13 13.9+£2.5

Table 4

The number of observed events, as a function of the lower
limit on the minimum dilepton mass In four-lepton events,
Afnh(£+£- ), compared to the SM expectation (see fig. 4a).

Observed Expected

(GeV) 2~ events events
3 5 45 +0.6
4 5 3.6 £0.5
15 2 0.8 £ 0.2
20 1 0.4 +0.1

nels with a T+t~pair. The observed kinematical dis-
tributions also agree with those expected from SM
processes. For example: fig. 3a shows the distribu-
tion of coscw, where aev Is the smallest angle be-
tween a lepton and the V; fig. 3b shows the acopla-
narity distribution of the two most energetic leptons
(for eeee, ee///z and only); fig. 4 shows the dis-
tribution ofthe minimum and maximum dilepton In-
variant mass, M mm(1+£~) and Afnex{£+£~), respec-
tively. There Is no significant clustering in any of the
dilepton mass spectra. Fig. 4a, however, shows several
events with a rather high M rﬁn(£ +£~); table 4 com-
pares the observed number of such events, as a func-
tion of a lower limit on M mm(£*£~ ), to the number
of expected events.

5.2. eeqq events

Combining the “Bhabha-like” and the *2e-
Inclusive” event selection, we find 18 events. Using
the MC samples for eeqq events, we find an overall
eeqq efficiency of 29.9 + 2.5%, where the error Is
due to MC statistics, to variations in the efficiency
when varying the selection criteria within a reason-
able range and to uncertainties in the MC modeling
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Acollinearity (rad)

Fig. 5. The acollinearity distribution for electron pairs in
eeqq events.

of detector Inefficiencies. The expected number of
eeqqg events Is then 15.0 £ 1.2. This value does not
Include QCD corrections. From MC studies we ex-
pect less than 1.3 background events from t+t~ plus
qq, events.

The observed number of eeqq events IS In agree-
ment with the SM expectation. Figs. 5 and 6 show the
acollinearity angle and the invariant and recoil mass
distribution ofthe electron pairs; the distributions are
consistent with the expectations. No structures are ob-
served In the mass distributions.

As a check, an independent analysis Is performed
for the “Bhabha-like” part of the eeqqg channel, the
cuts on the cluster and track multiplicities are loos-
ened (we require a minimum of 3 tracks instead of 5).
Background is rejected by requiring that the clusters
which are not associated with the two most energetic
electrons, are Isolated from the latter and not com-
patible with coming from electrons, ¢¢’s, or converted
y’s. We expect a total number of 13 = 3 events. We
select 17 events from the data (7 four-track events).

5.3. jljugqg events

With the selection criteria as described above, we
find 6 events In our data. Using the four-fermion
e+e~— fI+~ gg MC we expect to observe 5.0+0.2
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Fig. 6. The invariant mass (a) and recoil mass (b) distribution for the electron pair in eeqq events. The binning of plot (a)
exceeds the ee-mass resolution.
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Fig. 7. The Invariant mass (a) and recoil mass (b) distribution for the muon pair In ji+ji~ qg events. The binning of plot
(a) exceeds the [j1-mass resolution.
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events, MC studies show that backgrounds from qgq,
pT p and other sources are negligible.

In fig. 7 we show the /z+pT Invariant mass and
the mass of the recoiling system. These distributions,
and the total number of observed events, are in good
agreement with the expectations.

6. Conclusions

We have studied the processes e+e” —peeee, ee/z/z,
eerr, BRIA, /ilzrr, eeqq and /¢/iqgq at LEP. We ob-
served 43 events In the four-lepton channels and 24
events In the ££qg channel. The number of observed
events and their kinematical distributions are found
to be consistent with Monte Carlo calculations based
on the Standard Model. No significant structure Is
seen In the dilepton invariant or recoil mass spectra.
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