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Abstract

Measurements of on-shefiZ production are described, using data collected by DELPHI in 1997 and 1998, at centre-of-
mass energies/s = 1826 GeV and 188.6 GeV, respectively. Results obtained in each of the final gtajgs ut = qq,
ete=qq, viqq, It1~1T1~, andvii i~ are presented. The measured cross-sections for onHetroduction via the tree-
level doubly-resonant graphs (NC02) as@ico2 (1826 GeV) = 0.38 £ 0.18 (stah & 0.04 (sysh pb, onco2 (1886 GeV) =
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0.60+0.13 (stay +0.07 (sysh pb. They are consistent with the Standard Model expectations of 0.25 and 0.65 pb at each energy.
0 2001 Published by Elsevier Science B.V.

1. Introduction respectively. A detailed description of the detector and
a review of its performance can be found in [6,7]. The
The study of doubly resonant production &f detector was not changed in recent years, except for

bosons is a relatively new topic. The first evidence [1] upgrades of the vertex detector [8], and the addition of
was accumulated during 1997, when LEP was oper- @ set of scintillator counters to veto photons in blind
ated at a centre-of-mass energy of 182.6 GeV, cor- regions of the electromagnetic calorimetry, at polar
responding to the threshold for this channel. In this angles near 40and 90.
Letter we present measurements of the production Simulated events were produced with the DEL-
cross-section both from that run and from the 1998 run PHI simulation program DELSIM [7] and were then
at 188.6 GeV. passed through the same reconstruction and analysis

There are several motivations for studying this chain as the data. The generation of processes lead-
channel. Firstly, it is necessary to check that the ing to four-fermion final states was done with EX-
observed production rate of any expected physical CALIBUR [9], relying on JETSET 7.4 [10] for quark
process seen for the first time in a new energy domain fragmentation. GRC4F [11] was used as a comple-
is well accounted for by the Standard Model. Devia- mentary generator for four-fermion final states re-
tions from predictions could be interpreted as a signal sulting from Wev, processes when cas> 0.9999.
for new physics beyond the Standard Model, manifest- Two fermion processes’e™ — ff(+nJ/) were gen-
ing itself through anomalous production [2,3], for in- erated using PYT"”A [10]ete™ — utpu™(+ny)
stance by means of anomalous neutral-current triple ande*e™ - tT17 (+ny) with KORALZ [12], and
gauge boson couplings [4]. SecondfZ production ~ ¢"e” — ete (4+ny) with BHWIDE [13]. Two-
forms an irreducible background to the Higgs search photon interactions were generated using TWOGAM
at LEP when the mass of the Higgs boson is close to [14] and BDK [15].
that of theZ [5]. In this context the results obtained
also give some indication of the reliability of the tech-
niques used in the Higgs search. 3. Signal definition

In what follows, the data sets and simulations used
are described and the signal definition which was  The region of phase-space at high di-fermion masses
adopted is discussed. The event selections developednust be isolated to measure tA& production cross-
in the six sub-channels which were analysed are then section. In order to interpret the measurementin terms
presented. Results are given in the form of a compar- of the tree-level doubly-resonant graphs shown in
ison of the numbers of found and predicted selected Fig. 1 (referred to as the NCO2 graphs) the presence
events, together with an evaluation of the main sys-

tematic effects. Finally, the combination of the sub- \‘\
channel results into overall Z cross-sections is de- .
scribed and the overall measurements are comparedto €+ Z e+ Z

the Standard Model expectation.

2. Data samples

DELPHI took data at centre-of-mass energies of /
182.6 GeV in 1997 and 188.6 GeV in 1998, with Fig. 1. The Feynman graphs for on-sh&lt production (referred to
integrated luminosities of 54 pB and 158 pb?, as the NC02 graphs).
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of other four-fermion processes in this region must be angle. The magnitude of this bias was estimated by
taken into account. For this purpose the signal was de- computing the expected cross-sections using this pro-
fined in the simulation by requiring that the generated cedure in the barrel and forward regions separately.
masses of the two appropriate pairings of final-state A 2.75% correction was derived and incorporated into

fermions be within 10 GeYt2 of the nominalZ mass.
This choice of mass window maximized the sensitiv-
ity to the NC02 graphs while minimizing contribu-
tions from other four-fermion processes. Events with
the correct flavour composition but which fell outside
this generator-level mass window were considered as
background. A scaling factar,

total
0
R— NCO02

~ _window’
Ot

)

was then calculated at generator level to enable con-
version of the measured total four-fermion cross-
section within the mass window,#"°%, into the to-

tal NCO2 cross-sectiom, 2@, The scaling factors ob-
tained for each channel are shown in Table 1. Most of
the values are close to unity, confirming that the de-
fined region is dominated by on-shé&llZ production.
Several sources of bias which could result from this

the scaling factor quoted in Table 1.

e In the channel™/~[*[~ the factor is significantly
smaller than unity. This arises because of the intrinsic
ambiguity in pairing, existing in cases with four
leptons of the same family, for which there are
significant contributions in the signal window from
Zy* processes. As an additional cross-check for this
channel the measurement was also repeated using an
additive correction procedure (see the corresponding
section), yielding fully consistent results.

4. Four jets

The ZZ — qgqq process represents 49% of the
Z7 final states and results typically in events with
four or more jets. The principal backgrounds arise
from WW and ¢g(y) processes, which can lead to

procedure were investigated. The most relevant amongsimilar multijet topologies. The main ingredients used

these were:

e In the channelete=¢g, the scaling factors are
smaller than unity. This arises because of signifi-
cant contributions from the single-resonant process
eTe™ Z. Since the electrons from this process tend to

to isolate the signal were the-tagging of the jets,
topological information quantifying their separation,
and reconstructed di-jet masses. A pre-selection was
first applied to isolate hadronic events with at least
four reconstructed jets, as in [16]. Four and five

be peaked in the forward directions and since the effi- jet events were treated separately throughout the

ciencies to identify electrons are reduced in these re-
gions, there is a bias for this particular channel from
taking a scaling factor averaged over the full solid

Table 1

Scaling factorsR computed at generator level to convert the
measured total four-fermion cross-section within the signal defining
mass windowM , 7 — Mz| < 10 GeV/c?, a“{‘f"“do"", into the total

NCO02 cross—sectiora:r,t\f’(tfz‘)'2

Final state 183 GeV 189 GeV
4494 1.26 1.07
vigg 1.14 1.05
utu=qq 1.19 1.05
ete qq 0.83 0.88
ot 0.46 0.59
vl I~ 1.00 1.00

analysis?

In order to optimally use the information from the
b-tagging, the ratio of the distributions of the com-
binedb-tagging variable [17] fob and nona jets were
parametrized in three different angular regions, using
simulatedZ decays. Using these parametrisations and
the measured value of the combiriethgging variable
for each jet, the probability that it originated from the
fragmentation of & or a noné quark was evaluated.

In order to fully exploit the information from the
mass reconstruction, all possible di-jet pairings were
used, following the method outlined in [16]. For each
of the physics hypothesesZ, WW andgq(y), the
expected probability distributions for the different
mass combinations in an event were expressed in an-

1 Events with more than five reconstructed jets were forced into
a five-jet configuration.
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alytical form, by means of products of Breit—Wigners Systematic effects resulting from uncertainties in
and phase-space factors for the correctly paired masssignal efficiency, in the conversion factor to translate
combinations ilW W andZ Z events, and of flat spec-  the results to a NC02 cross-section and in the pre-
tra for all the other cases. Using the event-by-event jet dicted background level were studied. The largest er-
errors, measureg? probability distributions were ob-  rors came from uncertainties in the modeling of mul-
tained, as functions of the possible di-jet masses, by tijet ¢gg(y) processes witlb quarks composing the
kinematic fits [18] requiring four-momentum conser- main remaining background, and from the sensitiv-
vation and equality of each di-jet mass with the tested ity of the b-tagging procedure to the jet multiplicity.
value. These two-dimensional measurement probabil-

ities were then convoluted with the expected distribu-

tions to quantify the compatibility of each pairing with DELPHI 188.6 GeV

theZZ, WW andqg(y) hypotheses from the mass in-
formation alone.

Finally the topological variableéEmin - amin was
defined, whereEnmin is the minimum jet-energy and
amin the minimum opening angle between any jet
pair. The ratio of two-fermion and four-fermion events
was parametrized as a function of this variable using
simulated data for four- and five-jet events separately. 10

Looking for all possible hadroniZ Z final states
and using the predicted SM cross-sections and branch-
ing ratios into the different quark configurations, the 1
b-like probability per jet, the topological information
per event and the mass information per pairing, a com-
bined variable quantifying the compatibility of any 10
event with theZZ hypothesis was constructed. This
combined variable was shown to behave as a genuine
probability for theZZ hypothesis, and provided high 0 010203 04 0506 07 08 09 1
discriminating power. The distribution of this variable ZZ probability
at 188.6 GeV is shown in Fig. 2. Results obtained by
cutting on this variable are presented in Table 2.

Number of events

-1

Fig. 2. Distribution of theZ Z probability for all events at 188.6 GeV
in the four-jet channel.

Table 2

The observed and expected number of selected events after the pre-selection at 182.6 GeV and at 188.6 GeV, for integrated luminosities o
53 pb*1 and 158 pbl, respectively. The two last lines give the number of events left at the maximum of efficiepeyity (e - p) and at

a signal-to-background ratio,/B, of about 3

Data Total MC zZ Zy* ww qq(y)
182.6 GeV
After pre-selection 535 518 6.73 7.06 3362 1608
At maximume - p 2 1.68 101 010 011 046
188.6 GeV
After pre-selection 1538 153% 418 17.7 10396 4370
At maximume - p 42 4306 1554 141 1601 1010

AtS/B=292 7 769 573 038 028 130
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The dominant g (y) modeling uncertainty came from channel, photons with energy between 20 GeV and
the limited precision with which thg — bb rate is 60 GeV were also considered as electron candidates,
known, and to a lesser extent from uncertainties in the to recover events in which the electron track was not
amount of reduction in gluon radiation obf quarks reconstructed.
(also known as the dead-cone effect). These uncertain- Events with at least two lepton candidates of the
ties, as well as biases in the treatments provided by thesame flavour, opposite charge and invariant mass ex-
generator, have been studied [19] by comparing results ceeding 2 GeYc? were then selected. All particles
of analytic calculations with dedicated measurements except the lepton candidates were clustered into jets
at LEP-1 and with predictions of the generators used and a kinematic fit requiring four-momentum conser-
in the simulation. Uncertainties in selection efficien- vation was applied, correcting appropriately the errors
cies related to thé-tagging procedure were studied on lepton energies in cases where photons had been
by comparing efficiencies for two and four jet events added by the clustering procedure.
at LEP-1 energies. By propagating effects from these At least one of the two lepton candidates was re-
sources into the analysis, a combined systematic un-quired to satisfy strong lepton identification criteria,
certainty of around 6% was estimated relative to the while softer requirements were specified for the sec-
expected cross-section. ond. Muons were considered as strongly identified if
selected by the standard DELPHI muon identification
package [7], based mainly on finding associated hits in

5. Jets and a pair of isolated leptons the muon chambers. For soft muon identification only
a set of kinematic and calorimetric criteria were used.
The decay modeste™ — utu~qg andete™ — Electrons were considered as strongly identified when

eteqg represent 9% of th& Z final states. Events  the energy deposited in the electromagnetic calorime-
with T+~ pairs were not considered. The two final ter exceeded 60% of the cluster energy or 15 GeV and
state leptons are typically well isolated from all other when the energy deposited in the hadron calorime-
particles. This can be used to select such events withter was reasonably limited. For soft electron identi-
high efficiency in both the muon and electron chan- fication only requirements on the momentum of the
nels. Events were selected initially without explicit charged particle in the cluster and on the energy de-
cuts on the masses of the final state fermion pairs in posited in the hadron calorimeter were used. Moreover
order to analyse simultaneousfyZ, Zy* events and electron candidates originating from applying the clus-
contributions from other possible diagrams leading to tering procedure around a photon were considered as
final states such age*e™ or t-channely* exchange  softly identified.
with Z/y-strahlung. Mass cuts were then applied to ~ Two discriminating variables were then defined for
isolate theZ Z contribution. final event selectionP™", the lesser of the transverse

A loose hadronic pre-selection was first applied, momenta of the lepton candidates with respect to their
requiring that events have at least 7 charged particlesnearest jet and thg? per degree of freedom of the
and a charged energy above30/s. To suppress kinematic fit. The distribution of the mass of one
the radiative return to theZ boson, events were fermion pair (/™ orgg) whenthe mass of the second
rejected if a photon with energy more than 60 GeV pair is within 15 GeV¢? of the nominalZ mass is
was found. The selection procedures then proceededshown in Fig. 3 (a), (b). The distribution of the sum of
in a closely similar way for bothu*uw=¢gg and masses of two fermion pairs is shown in Fig. 3 (c). The
eTe~qg channels. In order to maximize the lepton observed distributions are in reasonable agreement
identification efficiency, any charged particle with with the predictions from simulation. To select on-
a momentum exceeding 5 Gg¥ was considered  shellZZ production, cuts were placed simultaneously
as a possible lepton candidate around which nearbyon the masses of th&™/~ pair, on the remaining
photons, if present, could be clustered. This was found hadron system, and on their sum, taking into account
to be necessary to improve the energy evaluation in in the performance optimization the different mass
the presence of final state radiation, and, in the case ofresolutions of these final states and the presence of
electrons, bremsstrahlung. In the case ofdhe gg the single-resonant processte™Z in the case of
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Fig. 3. (a) the distribution of the mass of the/~ pair when the mass of the hadron system is within 15 G&\bf the nominalZ mass;

(b) the distribution of the mass of the hadron system when the mass &t thepair is within 15 Ge\/c2 of the nominalZ mass; (c) the
distribution of the sum of the masses of @~ pair and of the hadron system. The points are the data taken at 182.6 GeV and at 188.6 GeV,
and the histogram is the simulation prediction. The contribution from the signal, as defined in Section 3, is indicated by the empty histogram.
The contributions from backgrounds are indicated with light grey when arising fromiffémy g final states, and with dark filling otherwise.

the eTe~qg channel. The observed and predicted estimated comparing semileptoriic™ W~ events se-
numbers of selected events are shown in Table 3. Thelected in data and simulation using the strong lepton
background is divided into two parts: the first one identification criteria. Uncertainties in signal efficien-
comes fromi*I~qg events outside the generation- cies from the description of the kinematic observables
level signal window, and the second one comes from used were evaluated comparing theand x? distri-
other processes, principally W, otherZ Z decays butions in data and simulation for dlt/=¢g events
and (in the case otTeqg) qg(+y) production. selected without mass cuts. Corresponding uncertain-
For the u™u=qg channel, the efficiencies of the tiesin background levels were evaluated by comparing
selection were 894 0.02 and 086+ 0.01 at 182.6 samples of events selected in data and in simulation
and 188.6 GeV, respectively. For thee~gg channel, requiring both isolated tracks not to be identified as
they were 073+ 0.03 and 072+ 0.02, respectively. leptons, while maintaining all other criteria. Finally,
Several sources of systematic errors were investi- uncertainties in the background level in thiee=gg
gated. Uncertainties in the lepton identification were channel from fake electrons were studied withy
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Table 3
The observed and expected number of selettéd ¢ events — candidates to the on-shglt production. The errors shown are due to the
simulation statistics only. The expected numbers of the signal events are for the SM cross-section of theZonsteelliction

EcmsGeV Channel Data Total MC MC signal M [~ g backgr. MC other backgr.
182.6 uwtu—qq 3 052+0.03 048+0.03 004+0.01 000+0.01
ete qq 0 0.69+0.07 055+ 0.05 010+ 0.02 004+0.04
Total 3 121+0.08 103+0.06 014+0.02 004+0.04
188.6 uwtuqq 5 415+0.11 392+0.10 019+ 0.02 004+0.03
ete qq 3 4.04+0.15 355+0.13 035+ 0.04 014+ 0.06
Total 8 819+0.19 747+£0.16 054+ 0.04 018+ 0.07
All wtu—qq 8 467+0.11 440+0.11 023+0.02 004+0.03
eTeqq 3 473+0.17 410+0.14 045+ 0.05 018+0.07
Total 11 940+ 0.20 850+0.18 068+ 0.05 022+0.08

events selected in data and in simulation with purely energy and that its raw visible mass be in the range
kinematic criteria. Propagating the found differences 81+ 22 GeV/c?. To reject radiative returns to the
to the final stage of the analysis yielded a combined with energetic photons emitted in blind regions of the

systematic error on the efficiency to selétt—gg electromagnetic calorimetry (at polar angles nedr 40
events of+3.0%. The uncertainty resulting for the and 90) signals from dedicated scintillator counters
background level amounted to abatit5%. were used.

A combined discriminant variable was then con-
structed using the Iterative Discriminant Analysis pro-
gram (IDA) [20] to calculate a second order polyno-
mial from seven event variables, selected based on
their discriminating power and independence:

6. Jets and missing energy

The decay modevgq represents 28% of theZ fi-
nal states. Its signature is a pair of jets relatively
acoplanar with the beam and with visible and recoil
masses compatible with the mass. The most dif-
ficult backgrounds arise from single resonattv,
processes, fromiV W processes where one of tfié
decays intarv;, and fromgg events, accompanied or
not by isolated photons escaping detection, in which
one or two of the jets were badly reconstructed.

A pre-selection was first applied to remove the
bulk of the background. Multihadronic annihilation
events were selected by requiring that the number
of charged particles be larger than 8, that the track ®
of at least one charged particle, with a transverse
momentum larger than 1.5 Ge¥, extrapolate back
to within 200 um of the primary vertex in the plane Moreover, to concentrate on the signal region when
transverse to the beam axis, that the total chargedoptimizing the second-order discriminant function,
energy of the event exceed 10% of the centre-of-massvery loose cuts were applied on these variables,

e The minimum polar angle defining a cone in the
positive and negative beam directions containing
15% of the total visible energy.

e The logarithm of the acoplanarity scaled by the sine
of the minimum polar angle between a jet direction
and the beam axis.

e The total reconstructed energy.

e The maximum transverse momentum between any
particle and a jet.

e The energy of the more energetic among the recon-

structed jets.

The thrust, computed in the rest frame of the visible

system.

e The acollinearity of the jets.
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at values corresponding to the tails of the signal shown in Fig. 4 (a) (for the 188.6 GeV data) and in
distributions and removing each about one percent Table 4. TheZZ cross-section at each energy was
of it. Finally, the total energy of hypothetical photons obtained from a binned maximum likelihood fit of this
escaping in the beam direction was estimated from the discriminant output with th& Z signal contribution as
two jet directions and was required to be less than 85% the only free parameter.
of the value expected for radiative returns to the At both energies more events than predicted were
The comparison of selected data and simulation observed before the final selections. This resulted
rates for the signal and background components is mainly from uncertainties in the description of the en-

£ | ¢ DataE,,=188.6 GeV 2 e DataE_,_=188.6 Ge\/
%10 2| glgrlafl vwaqq o | %1 Signal vqu |
s © 94 S
B |- I'Madszy, B
£ £
2 2
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10" o
DA output DA output
() (b)

Fig. 4.vvgqg channel: the second-order discriminant for the data at 188.6 GeV, for the expected signal (light) and for the backgrounds from
It1—gg and Zy* (light grey),qq(y) (dark grey) and¥Vev, and W W (dark, CC 4f in the legend) processes are shown, using the nominal (a)

and corrected (b) simulation, following the procedure described in the text. The main effect from the correction procedure was to increase the
qq(y) background component. The arrow indicates the cut used to remove the part of the distribution whéte tHmackground dominates,

in order to reduce the systematic error as described in the text.

Table 4
vigq channel: data and simulation rates after different steps of the analysis (see the description in the text). The uncertainties result from the

limited simulation statistics. The CC 4f background refers to charged-current four-fermion processesWgtci as

Data Total MC Signal CC 4f qqy qqlti— vy
183 GeV
After pre-selection 2485 228610 3540.1 134+1 20054 6.9+0.2 1379
After tail cuts 235 2092 30+0.1 37+0.6 163+1 10+0.1 51+16
After final DA cut 22 219+0.45 2440.1 88+0.3 106+0.4 0.07+0.03 0
189 GeV
After pre-selection 6723 626620 215+0.3 3442 53447 171405 479+18
After tail cuts 824 7186 204+0.3 158+1 500+3 33+0.1 285+4.6

After final DA cut 112 1062 170+0.3 475+1.1 39240.7 0.54+0.05 15+1.0
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ergy reconstruction of theg (y) background. Unlike contained between 4 and 8 charged particles, accom-
the otherZZ decay channels studied, in which the panied by at most 10 neutral particles, irrespective of
full event energy is reconstructed most of the time, particle identification. In order to take into account fi-
the selection oZZ — vvgg events exploits the large  nal state radiation and bremsstrahlung effects for can-
missing energy characteristic of this channel, and is didate electrons, the momenta of the charged parti-
hence sensitive to the description of the low energy cles were rescaled if the measured sum of energies
tail in the reconstruction of background processes such of electromagnetic clusters in a narrow cone around
as qq(y). To study such effects and evaluate their the track direction was larger than the energy inferred
propagation to the final steps of the analysis, large sta- from the track momentum measurement. The total in-
tistics samples of events, collected in the same con- variant mass of the charged particles had to be greater
ditions as the high energy data, were compared to thethan 50 GeV¢?, and the minimum invariant mass af-
simulation to estimate corrections to the particle flow, ter discarding any one of the charged particles larger
in bins of momentum, polar angle and particle type. than 20 GeVc2. All combinations of four charged
These consisted mainly of changes in multiplicities, to particles with total charge zero were then examined,
account for observed efficiency losses and possible du-and a combination was selected if:

plication effects in the pattern recognition. The correc-
tions, typically of one to a few percentin the barrel and
endcaps, respectively, were largest in the case of neu-
tral particles and for high reconstructed momenta, and
resulted in significantly improved agreement between
data and simulation for energy flow observables such
as the total charged and neutral energies, or the visi- *
ble mass, including in the tails of these distributions.
This procedure was then applied to all simulated high
energy samples. The distribution of the discriminating
variable obtained at 188.6 GeV after applying these
corrections is shown in Fig. 4 (b). The main effect was
to increase thgg(y) background, by up to 15%. The

Z Z cross-section fit was then repeated using this mod-
ified version of the simulation and differences were
used as a conservative measure of the impact of uncer-
tainties in the description of the low energy tail of the
reconstruction. To reduce effects, regions where the
qq(y) background dominated were removed by afinal At 182.6 GeV, no event was found, where predicted
cut on the discriminating variable at zero (indicated by signal and background of, respectively)@3+ 0.005

an arrow in Fig. 4). Above this cut, 22 events remained and 0041+ 0.103 events are expected. At 188.6 GeV
at 182.6 GeV and 112 events at 188.6 GeV. The sys- one event was observed, where predicted signal and
tematic shift in the cross-section obtained amounted background of, respectively, .&83 + 0.022 and

to 30% relative to the expected value, and was used t00.076 + 0.043 events are expected. The efficiencies

e all four tracks had their impact parameters at the

interaction point smaller than 3.0 and 0.5 cm,

respectively, in the projections containing the beam

axis and perpendicular to it, and polar angles

between 10and 170,

at least three of the four charged particles had mo-

menta greater than 5 G¢V¥, and the least energetic

particle a momentum greater than 2 Gey

e a system of two oppositely charged particles was
found with both their invariant and recoil masses
within 10 GeV/c? of the Z boson mass and having
the same flavour (when both were identified as
either electrons or muons),

e the two particles complementary to this system
were separated by at least’dom each other,

e the invariant mass of all pairs of oppositely charged
particles in the event exceeded 2 Ge¥.

represent the systematic error at both energies. of the selection were, respectively,3Q2 + 0.03 and
0.41+ 0.02 at each energy.
To study potential systematic effects arising from
7. Four-lepton final states the method based on mass windows used to disen-
tangle the NCO2 contribution from other non-resonant
About 1% of all ZZ events lead to thé[=[+]~ four fermion processes, the results were checked with

final state. The event topology is clean and the only a different signal definition, consisting of generat-
significant background comes from non-resonant ing two [T/~ITI~ samples, the first using NCO02
eTe~ITI~ production. Events were selected if they graphs only and the second using all other tree-level
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graphs, with NC0O2 excluded. The first sample was At 182.6 GeV, no event was found, with pre-
used to define the signal and the second was useddicted signal and background ofl@9+ 0.007 and

to estimate the background from other four-fermion 0.3484 0.155 events, respectively. At 188.6 GeV, two
processes. Results obtained in this way were fully con- events were observed, with predicted signal and back-
sistent with those obtained using the mass window ground of 0839+ 0.028 and 1025+ 0.263 events,

method. respectively. The efficiencies of the selection were
0.26 4+ 0.02 and 030+ 0.02 at each energy, respec-
tively.

8. Two isolated leptons with missing energy The main systematic effects in this channel were

from uncertainties in the lepton identification efficien-

Events fromZZ — voutu=,vvete™ processes  cies, both of which are at the few per cent level, and
are characterized by two relatively acollinear charged to a lesser extent from uncertainties in fiiféV cross-
leptons of the same flavour, with both invariant and section used. In view of the limited statistics in this
recoil masses close to that of tl®, and by large channel, these effects were neglected.
missing energy. Although it has different produc-
tion kinematics, theW W process also contributes to
these final states with a large cross-section. A signifi-
cant fraction of the corresponding events have exactly
the same features and constitute a dominant back-
ground. The cross-sections in theggg and vvgg chan-

To ensure good reconstruction, tracks were required nels were determined individually by means of binned
to have impact parameters at the interaction point maximum likelihood fits to the distributions of the
smaller than 3.0 and 0.5 cm, respectively, in the pro- combined variable defined in each of the correspond-
jections containing the beam axis and perpendicu- ing analyses. To derive a combined value for the
lar to it, and polar angles between°2@nd 160. NCO02 cross-section from all the six channels analysed,
As for thel™I~ "1~ channel, final state radiation and a global likelihood was constructed by combining the
bremsstrahlung effects for candidate electrons were likelihoods from the fits performed in these two chan-
taken into account by rescaling the momenta of the nels with the Poisson probabilities for observing the
charged particles if the measured sum of energies of number of events seen in the four other channels
electromagnetic clusters in a narrow cone around the (u*tu=qq, ete qg, (T17111~, andvblTI™), given
track direction was larger than the energy inferred the predicted numbers. This global likelihood was then
from the track momentum measurement. Events with maximised with respect to variations of the value of
two particles identified ag™e™ or utu~ were se- the NCO02 cross-section, assuming branching ratios of
lected if their total energy was less than 60% of that the Z fixed to those expected in the Standard Model,
of the centre-of-mass, if the angle between them was and taking into account the scaling factors listed in Ta-
in the range 14B-170, if the polar angle of the miss-  ble 1.
ing momentum vector was betweerf2td 155, and The impact of the systematic uncertainties affecting
if the reconstructed invariant masses satisfied: the different final states was studied by repeating the
) o o fits with modified assumptions on backgrounds and ef-
min{|Mz —m(717)|, [Mz — mrecoil(l "17)|} ficiencies (see the corresponding sections). Statistical

<4 GeV/c?, errors exceeded the estimated systematic ones in each
of the channels taken separately. To estimate the to-
tal systematic error on the combined result, the dif-
max{|Mz —m(TI7)|, | Mz — mrec0“(1+1—)|} ferent uncertainties were assumed, conservatively, to

~8GeV/e? be cor_related, and their effects were added. This re-
’ sulted in a total error of:=11% relative to the expected
where mrecoii(I717) is the invariant mass recoiling value, dominated by the uncertainty in thia;g chan-
against thé ™/~ pair. nel.

9. Combined NCO2 cross-section

and
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Fig. 5. Combined NCO02 cross-sections measured from data col-
lected in 1997 and 1998. The solid curve was computed using the
YFSZZ Monte Carlo [24]. Values obtained with the EXCALIBUR
Monte Carlo were withint1% of those obtained with YFSZZ.

The values for the NC02 cross-sections obtained
were:
onco2 (1826 GeV)

=0.384+0.18 (stay £ 0.04 (sysh pb,
oNco2 (1886 GeV)

=0.6040.13 (stay £ 0.07 (sysh ph.
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