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Abstract. The triple gauge-boson couplings involving the W are determined using data samples collected
with the ALEPH detector at mean centre-of-mass energies of 183 GeV and 189 GeV, corresponding to
integrated luminosities of 57 pb~! and 174 pb~!, respectively. The couplings, ¢7, K~ and Ay, are measured
using W-pair events, single-W production and single-y production. Each coupling is measured individually
with the other two couplings fixed at their standard model value. Including ALEPH results from lower
energies, the 95% confidence level intervals for the deviation to the standard model are

—0.087 < Ag? < 0.141,-0.200 < Ak, < 0.258, and — 0.062 < A\, < 0.147.

Fits are also presented where two or all three couplings are allowed to vary. In addition, W-pair events
are used to set limits on the C- or P-violating couplings gy , g%, #v, and Ay, where V denotes either ~ or
Z. No deviations from the standard model expectations are observed.
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1 Introduction

The existence of the triple gauge-boson couplings (TGCs)
is a direct consequence of the SU(2); x U(1), gauge the-
ory. The measurement of the TGCs represents a funda-
mental test of the non-Abelian nature of the standard
model. The triple WW~ and WW Z couplings have been
studied at LEP in ete™ collisions at energies above the -
pair production threshold, using direct W-pair production
(eTe™ — WTW™) [1,2], single-W production (ete™ —
Wev) and single-y production (ete™ — vvy(y)) [3-5].
Measurements of the TGCs have also been made at the
Tevatron from studies of di-boson production [6]. This
paper presents new results for the TGCs from analyses
of W-pair, single-W, and single-y final states using data
recorded in 1997 and 1998 with the ALEPH detector. In
1997 and 1998 ALEPH recorded total integrated lumi-
nosities of 56.81 pb~! and 174.20 pb™!, at mean centre-of-
mass energies of 182.66 GeV and 188.63 GeV, denoted as
183 and 189 GeV.

The most general Lorentz invariant parameterisation
of the WW~ and WW Z vertices can be described by 14
independent complex couplings [7-9], 7 for each vertex:

a9V, 9¥, ¥, kv, Av, Ry and Ay, where V denotes either v
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or Z. Assuming electromagnetic gauge invariance, C- and
P-conservation, the set of 14 couplings can be reduced
to 5 parameters: g7, K~y Kz, Ay and Az, with standard
model values g = kz = K, =1 and Az = A, = 0. Preci-
sion measurements at the Z resonance at LEP and SLC
also provide bounds on the couplings [10,11]. However,
local SU(2)1, x U(1)y gauge invariance reduces the rele-
vance of these bounds [10] and introduces the constraints

Aky = —Ak, tan? Oy + Aglz,
Az = Ay,

where A denotes the deviation of the respective quantity
from its non-zero standard model value, and 6w is the
weak mixing angle. Hence, only three parameters remain:
Ag?, Ak, and A\, [9].

Using data from ete™ — WTW ™ final states all three
couplings Ag#, Ak, and A\, can be tested, whereas the
single-W and single-y final states allow measurements of
only the WW y-couplings, Ak, and A,. Although the con-
tribution from W-pair production dominates the com-
bined limits, the single-W and single-y events provide
complementary information, which enhances the sensitiv-
ity especially for Ax,.

In this analysis the three couplings Ag?, Ak, and A,
are measured individually with the two other couplings
fixed at zero, their standard model value. Fits are also
presented, where two or all three couplings are allowed to
vary.

The C- or P-violating sector of the TGCs is weakly
bound. Indirect limits on &, Ay, Az and g% exist, while
there are no direct or indirect limits on the parameters
Az, g1, g2 and g# [11]. Only the parameter \, is tightly
constrained by precision low energy measurements [12].
This paper includes, for the first time, single parameter
fits to the unconstrained real and imaginary parts of the
8 couplings g}(, gg‘)/, kv, and S\V, all zero in the standard
model, based on an analysis of semileptonic (erqq and
uvqq) W-pair events.

This paper is organised as follows. In Sect. 2, a brief
description of the ALEPH detector is given. The Monte
Carlo event generators used in the analyses are presented
in Sect. 3. The analysis of the single-y final states is de-
scribed in Sect.4 and Sect. 5 is devoted to the single-W
analysis. The description of the two analyses is rather con-
cise, as they are presented in earlier publications [3,4].
In Sect. 6 the measurement of TGCs from W-pair events
is discussed in detail. Finally, all measurements are com-
bined with ALEPH results from W W~ production at
172 GeV|[1], single-W production at 183 GeV|[3] and single-
~ production at 183 GeV[4]. The resulting single- and
multi-parameter fits are discussed in Sect. 7, followed by
a summary and conclusions in Sect. 8.

2 The ALEPH detector

A detailed description of the ALEPH detector can be
found in [13,14]. The central part of the ALEPH detec-
tor is dedicated to the reconstruction of the trajectories
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of charged particles. Following a charged particle from the
interaction point outwards, the trajectory is measured by
a two-layer silicon strip vertex detector (VDET), a cylin-
drical drift chamber and a large time projection chamber
(TPC). The three tracking detectors are immersed in a
1.5 T axial field provided by a superconducting solenoidal
coil. Altogether they measure charged particle momenta
with a resolution of dpr/pt = 6 x 10~4pt & 0.005 (pr in
GeV/c). In the following, charged particle tracks recon-
structed with at least one hit in the VDET, at least four
hits in the TPC, and originating from within a cylinder
of length 20cm and 2cm radius centred on the nominal
interaction point and parallel with the beam, are referred
to as good tracks.

Photons and electrons are identified in the electromag-
netic calorimeter (ECAL), situated between the TPC and
the coil. It is a lead—proportional-wire sampling calorime-
ter segmented in 0.9° x 0.9° towers read out in three sec-
tions in depth. It has a total thickness of 22 radiation
lengths and yields a relative energy resolution of 0.18 /v E+
0.009, with F in GeV, for isolated photons. At low polar
angles, the ECAL is supplemented by two calorimeters,
LCAL and SiCAL, principally used to measure the inte-
grated luminosity collected by the experiment. Electrons
are identified by their transverse and longitudinal shower
profiles in ECAL and their specific ionisation in the TPC.
A detailed description of the photon identification can be
found in [14].

The iron return yoke is equipped with 23 layers of
streamer tubes and forms the hadron calorimeter (HCAL).
The latter provides a relative energy resolution of charged
and neutral hadrons of 0.85/vE, with E in GeV. Muons
are distinguished from hadrons by their distinct pattern
in HCAL and by the muon chambers composed of two
double-layers of streamer tubes outside HCAL.

The information from the tracking detectors and the
calorimeters are combined in an energy flow algorithm
[14]. For each event, the algorithm provides a set of
charged and neutral reconstructed particles, called en-
ergy flow objects, which are used in the analysis. Stud-
ies of Z — ¢q events show that the angular resolution of
jets reconstructed from energy flow objects is typically
30 mrad in space and the energy resolution approximately
o = (0.6VE + 0.6)(1 4 cos? #) GeV, where E is the jet
energy in GeV and 6 is the polar angle with respect to the
z-axis along the e~ beam direction.

3 Monte Carlo generators

Samples of fully simulated events, reconstructed with the
same program as the data, are used for the design of the
selections, determination of the signal efficiencies and the
estimation of the background. The size of the generated
signal samples correspond to 20 times (for the single-y
and single-W analysis) and up to 80 times (for the W-
pair analysis) the collected luminosity.

The efficiency for the single-y cross section measure-
ment is estimated using a modified version of the KO-
RALZ [15] Monte Carlo program. The KORALZ gener-
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ator simulates initial state photons using YFS exponen-
tiation [16]. The generator is modified to include the ef-
fects from photons produced as bremsstrahlung off the ex-
changed virtual W. This treatment includes the expected
standard model contribution and possible anomalous cou-
plings together with the interference of the two. The effect
on the overall cross section is found to be small (~0.2%)
for standard model couplings. However, it can be as large
as a few percent in certain kinematical regions. The predic-
tions of the modified KORALZ Monte Carlo are confirmed
by an independent generator NUNUGPV [17], which is
based on exact lowest order amplitudes for the produc-
tion of up to three photons in the final state, modified
for higher order QED effects using transverse momentum
dependent structure functions.

For the single-W study the GRC4F program [18] is
used to simulate the four-fermion signal process final state
evff. The effective QED coupling constant is fixed to be
aqep = 1/130.2 as suggested in [19]. For initial state radi-
ation, the photon structure function approach is utilised.
Final state radiation and tau decays are simulated with
PHOTOS [20] and TAUOLA [21].

For the analysis of W-pair final states, the KORALW
[22] generator, which includes all four-fermion diagrams
contributing to W W —-like final states, is used to pro-
duce the primary reference sample with a W mass of
80.35GeV/c?. The KORALW generator is interfaced with
JETSET [23], PHOTOS [20], and TAUOLA [21] for frag-
mentation, final state radiation and 7 decays, respectively.
In addition, several samples are generated using the dou-
ble resonant CCO03 [9] diagrams with non-standard values
for one coupling at a time, to check the reconstruction and
TGC determination. Finally, a sample generated with the
double resonant CC03 diagrams is used to optimise selec-
tion efficiencies and parameterise the corrections used in
the kinematic fitting.

In order to include the effects from various background
processes, Monte Carlo samples are generated with a cor-
responding integrated luminosity of each background sam-
ple of at least 20 times that of the data. PYTHIA [23]
is used to generate ete™— qq(v), ZZ, Zee, and eTe”—
Wev event samples. In the ZZ sample, events with
W+W~-like final states are discarded to avoid double
counting. Two-photon processes are simulated with the
PHOTO02 [24] generator. The KORALZ [15] and UNIBAB
[25] generators are used for the di-lepton final states.

4 Single-~ production analysis

Events with one or more photons and missing energy can
be used to probe the anomalous WW+~ coupling param-
eters Ak, and A,. Although the single-y channel is less
sensitive to the couplings compared to the W-pair and
single-W channels, it provides complementary informa-
tion. A detailed description of the standard model pro-
cesses involved in the reaction ete™ — vwy(y) and the
modeling of the measured triple gauge-boson couplings
can be found in [4].
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The sensitivity to the WIWW+ couplings in the single-y
channel comes from the W—-W fusion diagram. The W’s
exchanged in this t-channel diagram are predominantly at
low momentum transfer. The single-y channel is therefore
mainly sensitive to Ak, because contributions from A,
contain higher powers of the W momenta. Furthermore,
the effect of anomalous TGCs depends on the energy of
the photon. For low energy photons, below the radiative
return to the Z peak the sensitivity arises from the inter-
ference between the standard model and the anomalous
contribution; this interference has a linear dependence on
the TGCs. In the region around the radiative return to
the Z peak, the sensitivity is minimal. For high energy
photons, above the radiative return to the Z peak, the
dependence on the TGCs is quadratic.

4.1 Event selection and determination of the TGCs

The events are selected from the 189 GeV data sample us-
ing the procedure described in [26]. In summary, single-y
events are selected by requiring at least one photon candi-
date with 6, > 20° and p}./FEpeam > 0.1 and no additional
activity in form of reconstructed charged tracks or energy
deposits in the forward regions (below 14°). Events where
a photon has converted into a eTe™ pair are not consid-
ered.

Anomalous contributions to the W W+ vertex increase
the total cross section and lead to characteristic energy
and angular distributions of the final state photons. For
the single-y channel the TGCs are extracted from the data
by performing a maximum likelihood fit based on the over-
all number of observed photons, their polar angles ¢, and
scaled energies 25 (= E,/Epeam) of the form

+Y log P,

where P; is the probability density function of observing
event ¢ with a given value of zg and 6, and Ney, is the ex-
pected number of events including background. The prob-
ability density function and the expected number of events
for different values of the couplings are constructed by
reweighting fully simulated single-y events. Distributions
of the polar angle and the scaled energy for single-y events
are shown in Fig. 1.

Two separate kinematic regions are used in the fit,
excluding a region around the Z peak return, where the
sensitivity is small. Defining EZ = (s — m%)/(2s/?), the
excluded region is E,%—3FZ <Ey< E%+O.5FZ. The total
numbers of photons used in the fit are 120 (128 expected)
and 260 (258 expected) below and above the excluded
region.

)Nobs e Nexp
Nobs!

(Nexp

log L = log (1)

4.2 Results

At present energies, the cross section and the shape con-
tribute equally in the likelihood function for Ak.,, whereas
the result for A\, is dominated by the sensitivity to the
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Fig. 1la,b. Distribution of a the scaled energy, zg, and b the
absolute value of the cosine of the polar angle for single-~y
events selected in 189 GeV data. The data are represented by
solid dots, while the solid histogram shows the distribution for
the standard model. The dashed and dotted histograms show
the distribution for non-standard values of Ak, = £5.0

Table 1. Summary of the systematic errors on single param-
eter fits for Ak, and A, from the single-y analysis at 189 GeV

Source Ary Ay

Acceptance corrections 0.08 0.08
Photon energy calibration 0.11  0.14
Background 0.05 0.05
Luminosity 0.03 0.03
Theoretical uncertainty 0.13 0.15
Total 0.20 0.22

shape above the excluded region. The estimation of the
systematic uncertainties follows the procedure described
in [4] and the different contributions are summarised in
Table 1. The fitted results for the 189 GeV data for single
parameter fits, where each coupling is determined setting
the other coupling to its standard model value, are

Ak, =04+£0.7£0.2 (Ay =0),
Ay =03+09+0.2 (Aky =0),
where the first error is the statistical error and the second
is the systematic uncertainty. The 95% confidence level
limits including systematic errors are
—-1.1< Ak, <18 (A, =0),
-1.5< Ay <20 (Aky =0).

The validity of these 95% C.L. limits and the error from
the likelihood fit have been checked using many Monte
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Fig. 2a,b. Negative log-likelihood curves, including system-
atic uncertainties, from the single-y analysis for a Ak, and
b A, for the 189 GeV data (dashed line), 161-183 GeV data [4]
(dotted line), and the combined results (solid line). The curve
for each coupling is obtained while fixing the other coupling to
its standard model value

Carlo samples corresponding to the data luminosity as
described in [4].

Combining with the previous measurement for centre-
of-mass energies between 161 and 183 GeV [4], the 95%
C.L. limits on Ak, and A, from single-y production are

-1.0 < Ak, <15 (A, =0),
-14< A\, <18 (Ak,=0).

The negative log-likelihood functions curves are shown in
Fig.2 for the 189 GeV data, 161-183 GeV data [4] and
the combined results. In the combination, the systematic
errors from acceptance and theoretical prediction are as-
sumed to be fully correlated, while all other sources are
taken as uncorrelated.

5 Single-W production analysis

Single-W production, ete™ — Wev, is sensitive to the
W W~ vertex. This sensitivity comes from the v fusion
diagram, where the momentum transfer is low. As for the
single-y channel, the single-W channel is therefore mostly
sensitive to Ak, [27].

5.1 Selection

The analysis of single-W production is performed on the
189 GeV data sample. All W decay modes are used and
the selection of each W decay final state, described in
the following, has been optimised for the single-W signal
definition used in the previous analysis at lower centre-of-
mass energies [3]:

0. < 34 mrad,
E; > 20GeV and | cos 8| < 0.95 for leptonic decays,

Mg > 60 GeV /c? for hadronic decays,
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where 6. is the polar angle of the scattered electron, Fy
and 6, are the energy and polar angle of leptons from the
W decay. My is the invariant mass of the quark pair.
The cut angle at 34 mrad corresponds to the lower edge
of the acceptance of the ALEPH detector.

As single-W production is dominated by ¢-channel pro-
cesses, the outgoing electron is predominantly emitted at
small polar angles. Another specific feature is the large
missing momentum carried away by the electron—neutrino,
and therefore a common selection criterium for all single-
W final states is the requirement of the missing momen-
tum direction to be within the detector acceptance,
| cos Omiss| < 0.9.

5.1.1 Leptonic selection

The leptonic W decay is characterised by a high energy
isolated lepton. Allowing for a multi-prong decay of the
tau, events with one or three good tracks (| cos 6| < 0.95)
are accepted. The selection cuts are the same as in the
analysis in [3] and are summarised here.

In addition to the cut on the missing momentum direc-
tion, tagged two-photon events are rejected by requiring
that no energy be detected within a cone of 12° around
the beam axis (Ej2 = 0).

The remaining backgrounds, mainly untagged two-
photon events and two-fermion events, are eliminated by
requiring that the transverse missing momentum be
greater than 0.06y/s. This threshold is increased to
0.14/s if the missing momentum direction points to within
10° in azimuth to the boundaries between the two LCAL
halves or between the six inner sectors for the TPC. It is
required that no energy is found within a wedge of 10°
opposite to the direction of the lepton transverse momen-
tum. To reduce the background from ete™ — Zee with
Z decaying to neutrinos, events are rejected if an electron
candidate track is identified and its energy, including the
neutral energy in a 10° cone around the track, is less than
20 GeV.

The selection efficiencies for the three final states are
75% (evev), T7% (evuv) and 43% (evrv). The main back-
ground source is Zee, where the Z decays to v,7, or
V.U, (the VoD, case is a four-fermion final state which is
ete™ — Wev like and is part of the signal).

In the data, 23 events are observed in agreement with
the expectation from the standard model of 26.5 events
(17.7 signal events). The composition is 15 events with
an electron (8.4 signal and 6.2 background expected), 4
events with a muon (6.6 signal and 0.4 background ex-
pected) and 4 events with a tau (2.7 signal and 2.2 back-
ground expected). The distributions of the lepton trans-
verse momentum, p¥,, for single-W events passing the final
selection cuts for the leptonic electron and muon W decay,
are shown in Fig. 3.

5.1.2 Hadronic selection

For the hadronic W decay, the event topology is char-
acterised by two acoplanar jets with an invariant mass
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Fig. 3. The distribution of the lepton transverse momentum,
ph, for single-W events passing the final selection cuts for the
leptonic electron (upper left) and muon (upper right) W de-
cay. The lower plot shows the visible mass distribution from
single-W events passing the final selection cuts for the hadronic
W decay. The data are represented by the closed circles. The
histograms correspond to the standard model prediction

around that of the W boson. The selection is the same
as in the analysis in [3]. In addition to the cut on miss-
ing momentum direction, at least seven good tracks are
required. Similarly to the leptonic selection, tagged two-
photon events and two-fermion events with initial state
radiation are rejected by demanding that the energy E1o
be less than 0.025+/s. The visible mass is required to ex-
ceed 60 GeV/c? and to be less than 90 GeV/c? to reject
untagged two-photon events at the low end of the mass
spectrum and ZZ events at the high end.

Events for which the energy in a wedge of 30° centred
on the transverse missing momentum direction is greater
than 0.14/s are rejected. The acollinearity angle between
the two hemisphere (defined by the event thrust axis) mo-
mentum directions is required to be less than 165°.

The semileptonic final state (fvqq) of W-pair produc-
tion is efficiently rejected by requiring that no identified
electron or muon with an energy of more than 0.05./s
be reconstructed. The tau jet reconstruction algorithm
of [3] is used in order to further reject semileptonic de-
cays of W-pairs which contain a tau lepton. After all cuts,
the semileptonic W-pair production, primarily events with
one tau lepton, remains as the dominant background.

The efficiency for the hadronic W channel is about
43%. In the data, 53 events are observed, in agreement
with the standard model expectation of 63.1 events (23.5
signal events). The visible mass distribution of the selected
events is displayed in Fig. 3.
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Table 2. Summary of the relative systematic uncertainties

in the expected numbers of selected signal events of the lep-
tonic and the hadronic channels from the single-W analysis at
189 GeV
Source AN, lz’;p /N, lee);p AN R /NSE
Luminosity +0.01 +0.03
Calorimeter calibration - ot
E12 inefficiency +0.01 —
Signal and background
cross section +0.06 +0.05
Fragmentation - +0.05
Total +0.07 o
5.2 Results

Limits on Ax, and A, are derived from the total rate of
single-W events, which is sensitive to the WW~ couplings.
The upper limit on the single-W signal cross section has
been calculated while varying only one coupling at a time,
and the 95% C.L. limits on Ak, and A, for the 189 GeV
data are

—2.09 < Ak, <020 (A, =0),
—0.77< Ay <0.79 (A, =0),

including the systematic uncertainties. The different con-
tributions to the systematic errors are summarised in Ta-
ble2. The total systematic error amounts to 7% for the
leptonic and 12% for the hadronic channel on the pre-
dicted numbers of signal events. The overall systematic er-
rors are small compared to the statistical precision, which
amounts to 33% for the leptonic channel and 55% for the
hadronic channel.

Combining with the previous measurement for centre-
of-mass energies between 161 and 183 GeV [3], the 95%
C.L. limits on Ak, and A, from single-W are

212 < Ak, <023 (A, =0),
—0.76 < Ay, <0.78 (Ak, =0).

The corresponding log L curves are shown in Fig.4 for
Aky(Ay = 0) and Ay (Ar, = 0) for the 189 GeV data,
161-183 GeV data and the combined results.

6 W -pair production analysis

The large number of W-pair events produced yield the
dominant sensitivity to the TGCs. The process is sensitive
to both the WW~ and the WW Z couplings via the s-
channel W-pair production diagrams and the sensitivity
to the coupling A, is higher than that of the single-W and
the single-y processes.

6.1 Event selection and kinematic reconstruction

In this section the event selections for the three distinct
WTW ™~ event topologies, fvqq, qgqq, and fvlv, are de-
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Fig. 4a,b. The negative log-likelihood curves from the single-
W analysis as functions of a Ak, and b A, for the 189 GeV
data (dashed line), 161-183 GeV data [3] (dotted line) and the
combined results (solid line). The curve for each coupling is
obtained while fixing the other coupling to its standard model
value. Systematic errors are not included in these curves

scribed. Selected events are exclusively classified in the
following order of priority: purqq, evqq, qqqq, Tvqq, and
lvlv. The expected numbers of events after all cuts used
in the TGC results for signal and background processes
at both centre-of-mass energies are summarised in Table 3
for each channel, along with the corresponding selection
efficiencies and purities.

6.1.1 WHW~ — evqg and WHW = — uvqq events

The event selection procedure for semileptonic W*+W
events is similar to that used for the W mass measure-
ment at the corresponding energy [28,29]. At 183 GeV,
events are reconstructed such that they contain a high en-
ergy lepton candidate and two jets [28]. The charged par-
ticle with the highest momentum component anti-parallel
to the missing momentum is chosen as lepton candidate.
At 189 GeV the selection criteria for the lepton track are
slightly changed, using the lepton track isolation [29]. The
DURHAM-PE [28] clustering algorithm is applied to all
energy flow objects not used to construct the lepton four-
momentum, and these are forced into two jets. After this
preselection, the probability for the event being signal is
determined using the momentum of the lepton, the to-
tal missing transverse momentum and the lepton isolation
from the closest jet.

At this stage events passing a cut on the probability
are subjected to a kinematic fit in order to improve the
resolution on the reconstructed four-momenta of the W
decay products. The kinematic fit and additional recon-
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Table 3. The numbers of events after all cuts applied in the final WTW ™~ TGC results
for data and Monte Carlo simulation in all channels at centre-of-mass energies of 183 and
189 GeV. The number of Monte Carlo events is normalised to the respective integrated
luminosity of the data. The quoted efficiencies € and purities p are determined from CC03
events with my = 80.35 GeV/c2. For a given W W ™ channel, contributions from other

channels are considered as background

Vs =183 GeV Vs =189 CGeV
evqq prqq  Tvqq qqqq fvlv  evqq  prqq  Trqq  qqqq  {vlv
Nexp 1056 107.1 90.5 296.8 29.7 360.6 369.9 230.2 12029 101.3
Nata 117 95 88 314 29 361 370 224 1130 102
e (%) 762 795 50.7 67.0 619 740 781 448 786  61.9
p (%) 963 978 735 900 898 967 981 80.6 862  90.3
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Fig. 5. The distributions of the kinematic quantities cos fw,
cos 0, ¢;, cosbis and ¢i; from the combined sample of the
ervqq and prqq channels at 189 GeV. The measured variables
are the angle fw between the W~ and initial e~ in the W+ W~
rest frame, the polar and azimuthal angles of the lepton, 6]
and ¢, in the rest frame of its parent W, and the polar and
azimuthal angles of a quark jet, 0, and ¢™jet, in the rest frame
of its parent W. As no quark flavour tagging is performed each
of the two ambiguous solutions enters with a weight of 0.5.
The data are represented by solid dots, while the solid and
dashed histograms show distributions for standard model and
non-standard values of A\, = £0.5

struction cuts are described in the context of the specific
TGC analysis.

A W-pair event can be characterised by the five mea-
sured angles, Oy, the W~ production angle between the
W~ and initial e~ in the WTW ™ rest frame, the polar
and azimuthal angles of the lepton, 0/ and ¢, in the rest
frame of its parent W and the polar and azimuthal angles

of a quark jet, 0 and ¢*jer, in the rest frame of its par-
ent W. The distributions of the five angles cos 6y, cos 6},
@], cosbiy, and @, for evqq and prqq events at 189 GeV
after selection and reconstruction is represented in Fig. 5.

6.1.2 WHTW ~—7rqq events

The event selection is based on two complementary algo-
rithms, developed for the cross section measurement at
161 [30] and 172 GeV[31], but modified to account for
the change in event kinematics with centre-of-mass en-
ergy. In summary, events passing a set of preselection
cuts are selected as semileptonic 7 candidate events if
they fulfill either a global or topological selection. The
DURHAM-PE clustering algorithm is then applied to all
energy flow objects that are not used to construct the
tau four-momentum, and these are forced into two jets.
More detailed descriptions of the selection and tau recon-
struction can be found in the publications on the W mass
determination at the corresponding energies [28,29].

To improve the resolution of the angular observables a
3-constraint kinematic fit is applied, requiring four-
momentum conservation and reference mass constraints.
In the kinematic fit the direction of the 7 is approximated
by its visible decay products and the extra energy loss
is compensated by correction coefficients obtained from
Monte Carlo simulated W W ~—7vqq events. For single-
prong 7 decays the charge of the 7 is directly accessible,
but in the case of three-prong 7 decays ambiguities arise
due to mis-assigned particles from the jets to the 7. For
three-prong 7 decays the charge of the 7 is therefore deter-
mined from the sign of the pseudorapidity-weighted aver-
age jet charge of the 7 decay products (Sect. 6.1.3), where
the pseudo-rapidity is defined with respect to jet axis. The
charge mis-assignment in 7vqq events is 5% for one-prong
and 41% for three-prong 7 decays.

The distribution of the cosine of the W~ production
angle from 7rqq events can be seen in Fig. 6.

6.1.3 W+W ~—qqqq events

To extract the hadronic W W~ signal with high purity
and efficiency, the selection is based on a neural network
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[32]. Events passing a preselection designed to remove the
qq(y) background, are assigned a neural network output,
based on global event properties, heavy quark flavour tag-
ging, jet properties and WW kinematics. A detailed de-
scription of the selection algorithm at 183 and 189 GeV is
given in [32].

For the hadronic W+W = events the reconstruction of
the relevant information is more complicated since the W~
direction is not known and the information on the particle
flavours in either W system is not discriminant. In this
case the four jets can be paired in three different ways.
To select the best pairing, a 6-constraint kinematic fit is
applied to all three possible pairings. The kinematic fit
requires four-momentum conservation and reference mass
constraints. The four-momenta obtained in the kinematic
fit for the pairing with the lowest x? value are then used in
the final determination of the TGCs, while the other com-
binations are discarded. The efficiency of this algorithm to
find the correct combination was found to be 78% at 183
and 75% at 189 GeV.

To assign a jet pair to the WT or W~ a jet charge
algorithm is used. The jet charge, Qjet, is obtained from
the pseudorapidity-weighted average charge of jet parti-
cles. The jet pair charge is defined by the sum of the two
jets assigned to a W, Qw = Qjet1 + Qjet2- A jet pair is
then assigned to the W™ based on the charge difference

-1-08-06-04-02 0 02 04 06 08 1

cos0,,

Fig. 6a—c. Distributions of the cosine
of the W™ production angle, cos 6w,
at 189GeV for a 7vqq, b qgqq and
c {vlv events. The data are repre-
sented by solid dots, while the solid
and dashed histograms show distri-
butions for standard model and non-
standard values of the TGCs. The
shaded area represents the non-WW
background. For ¢gqq events, each
event enters with two solutions for
cosfBw in the distribution with the
weights Py and 1 — P4, where Py is
the probability for a di-jet pair to be
a WT. For fvlv events, each event en-
ters with two solutions for cosfw in
the distribution with a weight of 0.5

between the two jet pairs, AQ, with a probability P,. The
probability P, is given by

PiAQ) = oDy
N (AQ) + N\ (—AQ)
where N\, is the probability density function for the charge
difference between the two W systems for true W7 jet
pairs obtained from Monte Carlo event samples [1]. Fig-
ure7 shows the distribution of the di-jet charge of the
two W systems for true W* and W~ decays, obtained
from Monte Carlo generator information. The distribu-
tion of the di-jet charge from semileptonic events is also
shown for both data and Monte Carlo. The data are well
reproduced by the Monte Carlo simulation. The charge as-
signment efficiency for correctly paired hadronic W+W ~
events amounts to approximately 76% for Py > 0.5.

The distribution of the cosine of the W~ production
angle from ¢gqq events can be found in Fig. 6.

6.1.4 WHW——/{vly events

The selection of W+ W~ —/vlv events (where ¢ denotes
an electron or muon) is mainly based on variables used in
[30], namely missing transverse momentum, missing mass
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Fig. 7Ta—d. W-charge tagging distributions from ¢gqq W-pair
events at 189 GeV. a The distribution of the jet pair charge
for W (solid histogram) and W~ (dashed histogram) decays
for Monte Carlo events. b The probability P+ as function of
the charge difference between the two W’s. ¢,d Experimental
distributions of Qy,+ and @y~ from semileptonic events. The
data are represented by the dots and the Monte Carlo simula-
tion by the histograms. The number of Monte Carlo events is
normalised to the integrated luminosity of data

and kinematic properties of the lepton candidate. The in-
formation of these and other variables is combined in a
neural network. A detailed description of all the variables
used in the neural network can be found in Appendix A.
For purely leptonic WTW ™~ events the momenta of
the two neutrinos are unknown. However, in the absence
of ISR and neglecting the W width, the constraint that
the two lv systems should have the W mass (M; = My =
80.35 GeV/c?) in combination with the usual four-
momentum conservation allows a reconstruction of the
neutrino momenta. The quadratic nature of the mass con-
straint results in a two-fold ambiguity, corresponding to
flipping both neutrinos with respect to the plane defined
by the charged leptons. As detector resolution, ISR and
the finite W width are not included in this reconstruction
hypothesis, 28.0% of the events have no physical solution
and a zero-constrained kinematic fit is employed. The fit
determines a set of values for the reference masses, M;
and Ms, in the mass constraints for the two [v systems,
for which a physical solution exists. By this method 92% of
the events without a solution are recovered, resulting in a
97.7% reconstruction efficiency for signal events. The ma-
jority of the events which fail to have a solution are purely
leptonic W+W ™~ events with at least one leptonically de-
caying 7, which is the dominant background. In addition
to the selection by a cut on the neural network output,
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purely leptonic events are only accepted if a physical so-
lution is found inside the mass window of 55-105 GeV /c?.

The distribution of the cosine of the W~ production
angle for fvlv events at 189 GeV after selection and re-
construction is represented in Fig. 6.

6.2 Determination of the TGCs

Three different methods, described in the following, are
used to extract the couplings in the different W-pair final
states.

6.2.1 The optimal observable methods

The general idea of optimal observables (OOs) [33] is to
project the sensitive kinematic information for a given
coupling g; onto the one-dimensional distribution of a suit-
ably defined variable (951). The coupling g; can then be
extracted from a fit to this distribution or, equivalently,
from the measurement of the mean value ((’)g”} of the
optimal observable.

Since the amplitudes are linear in the TGCs the dif-
ferential cross section can be expanded in these couplings
g; containing no terms beyond the second order

do (1) (2)
dfn*SO(Q) 1+ZO¢ 'QiJFZOij *9i9;5 | (3)
7 1)

where g; denotes any type of couplings and (2 denotes
phase space variables taking into account reconstruction
ambiguities for the individual W+ W~ channels. The zero-
order term, Sy({2), represents the standard model contri-
bution.

Using the first order term, a given set of couplings, g,
can be determined by minimising

(@) = Y ((0) - B0V (o)1 (0f") - E[of)),

ij
(4)
where ((’)El)> and V(O) are the measured mean values
and their covariance matrix. The expected mean values,

E[OZ(U], are obtained by reweighting of fully simulated
WHW ™ events.

In order to ensure maximal sensitivity, g; can be de-
termined by two different approaches:
(1) An iterative procedure (denoted OO; in the further
text), where the cross section in (3) is expanded about
a given coupling value and consequently the definition of
the observable (’)El) is re-optimised.
(2) Adding the information contained in the second order
term of the expansion in (3) (called OO; in the further
text). This is achieved by including the second optimal ob-
servable and adding additional terms of the same structure
as the ones in (4) to the x?, including new terms describing

the correlation between (’)1(1) and (92@). The second order
observable increases the sensitivity when the information
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contained in the first order observable decreases [34]. The
covariance matrix for the mean values are obtained by
reweighting fully simulated W W~ events.

In both cases the information from the measured cross
section is included by adding a Poisson term to the likeli-
hood function.

By construction, these methods are bias-free and take
into account any experimental effect, provided that the
Monte Carlo simulation describes the data correctly. For
a given channel, contributions from any other channel are
considered as coupling dependent backgrounds. In addi-
tion the efficiencies and purities of each selection are pa-
rameterised as function of the couplings.

For semileptonic events, both OO analyses, OO; and
003, apply a two-constraint kinematic fit using four-
momentum conservation, equal W-mass hypothesis and
including a massless neutrino. The corresponding x? prob-
ability of the fit is required to be larger than 0.005 for an
event to be selected for the TGC extraction. This cut im-
proves the purity of the sample and discards poorly recon-
structed events. In addition, an OO-window cut is applied,
optimised to improve the sensitivity to the TGCs by re-
ducing the contamination of background events with OO
values incompatible with W-pair production.

For hadronically decaying W’s, there remains a two-
fold ambiguity since the quark flavours are undetermined.
Hence, for semileptonic evqq, purqq and Trqq events the
contributions are averaged over the quark and anti-quark
directions. For hadronic events, considering the W charge
as undetermined, there is an eight-fold ambiguity. This
is included in the final extraction of the TGCs, where
each contribution is weighted with the corresponding di-
jet charge probability, Eq. (2). For leptonic events, {vlv,
the contributions are averaged over the two solutions for
the neutrino momenta.

6.2.2 Maximum likelihood fit

A maximum likelihood analysis (LL), Eq. (1), of the chan-
nels ervqq and purqq is used to measure the C- or P-violating
couplings and as a cross-check for the C'P-conserving cou-
plings. The measured variables are the five angles de-
scribed in Sect. 6.1.1. As in the optimal observable analy-
ses, no quark flavour tagging is performed and the quark
and anti-quark directions are averaged. The probability
density function, P, is given by

b(£2) + (12, 9)
B+8S(g)

where g denotes a set of couplings and the angles 2 =
(0w, 0, ], O3y, Phoy) are calculated using the charged lep-
ton, neutrino, and quark jet four-vectors. The quantity
b(£2) is the background distribution as predicted by Monte
Carlo. The W+ W~ signal distribution, s({2, ), is defined

by

S(‘Qag) - /déd.@trueT((?’ Qtrue)e(g, Qtrue)

do

X F(é)d(}/

(§’ Qtruc? g)?
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Table 4. The numbers of events after all cuts applied in the
maximum likelihood TGC analysis for data and Monte Carlo
simulation at centre-of-mass energies of 183 and 189 GeV. The
number of Monte Carlo events is normalised to the respec-
tive integrated luminosity of the data. The quoted efficien-
cies € and purities p are determined from CCO03 events with
mw = 80.35GeV/c2. Only non-W W™ events are considered
as background in the calculation of the efficiencies ¢ and puri-
ties p

V5 =183GeV /s = 189 GeV

Channel evqq  prqq evqq nrqq
Nexp 91.8 97.4 293.0  311.7
Naata 98 86 275 310
e (%) 66.4 71.0 66.1 70.9
p (%) 98.5 99.4 98.6 99.5

where § is the squared invariant mass of the WHW~
system, r(£2,2'7") is the detector resolution function,
€(8, 29) is the detection efficiency, F(8) is an initial
state radiation function [35], and do/df2 (3, 2t g) is
the lowest-order narrow-width differential cross section for
W*W ™ production and decay [7].

The normalisation factors B and S(g) are the integrals
of b(£2) and s(£2, ), where S(g) is evaluated by reweight-
ing W+W~ Monte Carlo events in order to include de-
tector resolution and efficiency. The proper evaluation of
the normalisation S(g) is crucial for the success of the
likelihood method. -

Some approximations to s({2,g) are made when eval-
uating the numerator of (5). In particular, most of the
information in the detection efficiency function (3, (2)
arises from the charged lepton momentum p; and polar an-
gle ; in the laboratory reference frame. This dependence
has been parameterised with a two-dimensional efficiency
function.

The event selection for this method is the same as for
the optimal observables. A kinematic fit using the equal
mass hypothesis and four-momentum conservation is ap-
plied, where the corresponding x? probability is required
to be larger than 0.02. The efficiencies, purities and num-
bers of events for data and Monte Carlo simulation are
shown in Table 4.

6.3 Results
6.3.1 Comparison of methods

The three methods (OO, OO5 and the maximum likeli-
hood) discussed above are used to determine the TGCs
from WW events.

The OO; method is used to measure the couplings
Ag?, Ak, and A, for all five WW final states consid-
ered in this analysis, namely evqq, prqq, Tvqq, qGqq and
vlv. The OO2 method is employed to measure the cou-
plings Ag#, Ak, and Ay for the evqq, prqq and qgqq
channel. The maximum likelihood method is used in the
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Table 5. Comparison of the three couplings AgZ, Ak~ and Ay,
using the three methods OO;, OO2 and maximum likelihood.
The error intervals for each coupling are statistical only

Method
Channel Coupling 00, 00: LL
Ag? 00794l 0107098 0.037040
N 0007012 gapt0L gy t01
ag? 0057010 0,007 L0 0.0619-09
1vqq Ak, —0027057 0247038 0387P5Y
Ay —0.03F550 —0.0810-60 —0.0810-09
Ag? 0511019 - -
eg  As, —0mEE '
Ao 000tiql - :
AgF 0061080 003l
ages  Asy —01EGS2 02®PE
Ao —0a5Tgy 002 s -
Agf —0a7HJ50 - )
y2%4% Ak —0»351_8:?1? - )
yoooostiR - ‘

two semileptonic channels, erqq and uvqq, to measure the
standard set of couplings Ag?, Ak, and A, and the real
and imaginary parts of the C- or P-violating couplings
gy, 9¥, kv, and S\V, where V' denotes either v or Z.

A comparison of the three couplings Ag?, Ak, and
Ay, using the three methods OO;, OOz and maximum
likelihood, is given in Table 5.

For O0O; and OOs, the combined results at 183 and
189 GeV are extracted by adding up the corresponding
x? terms, while for the maximum likelihood method re-
sults are extracted by summing up the corresponding log L
functions. The error intervals for each coupling are defined
as the 68% confidence intervals obtained by integration of
the likelihood functions, to accommodate cases with non-
parabolic behaviour of the log-likelihood function.

The linearity of the three fitting procedures is checked
by repeating the fits using Monte Carlo event samples gen-
erated with non-zero values for the TGCs. In all cases the
results are consistent to those values within the statistical
uncertainty of the Monte Carlo samples.
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Table 6. The expected error for the three methods, OO, OO,
and maximum likelihood, at 189 GeV for the three couplings
Ag?, Ar, and \,. The maximum likelihood method has only
been applied in the two semileptonic channels, evqq and prqq

Expected error

Channel Coupling 0O0O; 002 LL
Ag? 0.11 0.12 0.11

evqq Ak 0.48 043 0.40
Ay 013 012 0.13

Ag? 0.11  0.11 0.10

nrqq Ak 0.48 041 0.37
Ay 011 011 0.13

The consistency of the Monte Carlo simulations with
the data is verified by comparisons of the distributions of
the input quantities to the selections for data and Monte
Carlo. In addition, the stability of the analysis with re-
spect to the event selection is tested by varying the main
selection criteria within reasonable limits. In no case sig-
nificant discrepancies are found.

The reliability of the errors from each fitting proce-
dure is investigated by performing fits to a large number
of independent Monte Carlo samples, each corresponding
to the integrated luminosity of the data. These samples,
typically 300, are then reweighted to non-zero values for
the TGCs and passed through the analysis chain. The
expected 68% confidence levels, obtained from the distri-
butions of the fit values, show good correspondence with
the 68% confidence intervals obtained for data.

The consistency of the data results from the three dif-
ferent methods used for the evqq and urqq channels, has
been checked by performing fits to a large number of inde-
pendent Monte Carlo samples. The results obtained with
the three different methods are compatible and the ex-
pected spread between the methods show a good agree-
ment with the observed differences in the data.

The expected 68% confidence level intervals, obtained
from the distributions of the fit values for the three meth-
ods at 189 GeV for the three couplings Agf, Ak~ and A,
are listed in Table 6. The expected errors of the OO5 and
the maximum likelihood method are very similar, whereas
the OO; method is slightly worse in the case of Ax.,. For
the final results, the OOy method is therefore employed
in the analysis of the evqq, uvqq and qgqq final states and
the OO; analysis is used for the remaining T7vqq and fvéy
final states.

6.3.2 Systematic uncertainties

In the following the different sources of systematic errors
for each decay channel and their determination for the var-
ious methods are briefly described. The different contribu-
tions of each source to the total systematic error for the
three couplings Ag#, Ak, and \,, as obtained with the
OO methods, are given for each channel in Table7. The
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Table 7. Summary of systematic uncertainties for the couplings Ag?, Ak~ and \,. A description of the different sources is
given in the text. Systematic uncertainties below 0.005 are indicated by a dash

Agf Ak Ay
Source evqq prqq Tvqq qqqq tvlv evqq puvqq Tvqq qqqq tvlv evqq pvqq Tvqq qqqq Lvlv
Correlated errors
Fragmentation 0.01 0.01 0.09 0.02 - 0.06 0.04 0.20 0.05 - 0.01 - 0.15 0.04 -
WHW ™ cross section - 0.02 0.10 0.02 0.03 - 0.15 0.09 0.04 0.07 - 0.02 - 0.03 -
Luminosity - - 0.05 - 0.01 - 0.03 0.04 0.03 0.03 - - - 0.01 0.01
LEP energy - - - - - - - - 0.01 - - - - - -
W mass - - 0.03 - 0.02 0.02 - 0.17 0.02 0.10 - - 0.06 - 0.03
Calorimeter scale - - 0.12 - 0.03 0.03 - 0.12 - 0.04 0.01 - 0.03 - 0.03
Tracking - - - 0.04 - - - - 0.06 - - - - 0.01
Jet corrections - - 0.01 - - - - 0.01 0.02 - - - - - -
Higher order terms - - 0.01 - - - - 0.01 - 0.01 - - 0.14 - -
Uncorrelated errors
Bose—Einstein correlations - - - 0.01 - - - - 0.02 - - - - 0.01 -
Colour reconnection - - - - - - - - 0.02 - - - - 0.01 -
Background estimation - - - 0.01 - - - - 0.02 - - - - 0.01 -
Monte Carlo statistics - - 0.07 0.24 - - 0.19 - - - 0.17 - 0.06
Total 0.01 0.02 0.20 0.03 0.25 0.07 0.16 0.36 0.08 0.15 0.01 0.02 0.27 0.05 0.07

Table 8. Summary of systematic uncertainties for the combined ervqq and prqqg channels for C- or P-violating couplings. A
description of the different sources is given in the text. Systematic uncertainties below 0.005 are indicated by a dash

Real Imaginary
Source Ry 5\7 Rz Az gz gg 95 g5 Ry :\,Y Rz Az gz gg g4Z gsz
Correlated errors
Fragmentation 0.04 0.03 0.01 - 0.04 0.01 0.03 0.05 0.02 0.02 0.01 0.01 0.01 0.07 - 0.02
WFW ™ cross section  0.02 0.02 0.01 001 - 0.02 - - 0.01 001 0.01 - 0.04 0.02 0.02 0.01
Luminosity 0.01 0.01 - - 0.01 002 - - - - - - 0.01 0.02 0.01 0.01
LEP energy 0.01 - - - 0.02 0.04 0.01 0.03 0.01 0.01 - - 001 002 - 0.02
W mass - - - - - 002 - - - - - - 0.01 0.01 0.01 -
Calorimeter scale 0.01 0.01 0.01 0.01 - 0.04 - 0.03 0.01 0.01 - - 001 001 - 0.01
Tracking 0.02 0.01 0.01 0.01 - 0.02 - - 0.01 001 - - 0.01 0.02 0.01 -
Jet corrections - - - - 0.01 0.01 0.01 0.01 - - - - - 001 - 0.01
Higher order terms - - - - - - - - - - - - - - - -
Uncorrelated errors
Monte Carlo statistics 0.02 0.02 0.02 0.01 0.04 0.04 0.03 0.02 0.01 0.01 0.01 0.01 0.03 0.05 0.02 0.03
Background estimation - - - - - - - - - - - - - - - -
Total 0.06 0.05 0.02 0.02 0.06 0.08 0.04 0.07 0.03 0.02 0.02 0.01 0.05 0.09 0.04 0.04

systematic uncertainties for the combined erqq and prqq
channels are listed in Table 8 for the C- or P-violating cou-
plings, determined with the maximum likelihood method.

The following sources, listed in the approximate rela-
tive importance, have been considered to be fully corre-
lated between the channels:

(1) Fragmentation: The effect of fragmentation in
hadronic W decays is estimated by fitting the couplings
in samples of events generated with KORALW where the
default JETSET fragmentation is replaced by HERWIG
[36] fragmentation. The HERWIG fragmentation parame-
ters are tuned at the Z using hadronic events with flavour
tagging [29].

(2) WHTW ™ cross section: The uncertainty due to the the-
oretical error on the expected W+W ™ cross section pre-
dicted by KORALW is estimated by changing the W+ W~
cross section by £2% [9].

(3) Luminosity: The effect of the error on the integrated
luminosity is estimated by varying the measured inte-
grated luminosity by +0.7% [37].

(4) LEP energy: The uncertainty on the LEP energy af-
fects the determination of the couplings via the kinematic
fitting procedure and the cross section measurement. The
values of the LEP energy are varied in the range 40.050
GeV [38], which has a negligible effect on the results.
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(5) W mass: The analysis is repeated using Monte Carlo
samples generated at different values of the W mass to
investigate the effects due to the uncertainty of £62 MeV
in the W mass measured at hadron colliders [39].

(6) Calorimeter absolute scale: The absolute energy scale
of the electromagnetic and hadronic calorimeters is deter-
mined using hadronic Z events. The uncertainties in the
absolute scale are found to be £0.9% and +2% for the elec-
tromagnetic and hadronic calorimeter, respectively. The
effect of a possible miscalibration of the calorimeters is
evaluated on Monte Carlo samples by scaling the electro-
magnetic and hadronic part of the measured energy inde-
pendently by these amounts. The largest of the observed
shifts for each calorimeter is combined in quadrature.

(7) Particle tracking: The definition of a good charged
track has been tightened in this analysis in order to min-
imise possible effects from residual tracking distortions
primarily in the forward regions of the detector. Correc-
tions for the distortions are determined by studying Z —
uTu~ events, and possible remaining distortions have
been estimated using Bhabha events. The systematic un-
certainty related to tracking is assessed by applying the
corrections and adding the remaining distortions indepen-
dently to Monte Carlo event samples and repeating the
analysis [28].

(8) Jet energy corrections: Detailed comparisons of recon-
structed jets in Monte Carlo and data are used to param-
eterise small corrections to Monte Carlo jet energies as
function of the jet polar angle to the beam axis [28]. In
order to evaluate the effect from the uncertainty in the
Monte Carlo jet energy corrections, two alternative cor-
rection functions, corresponding to 1o errors of the dis-
crepancies, are used. The largest shift with respect to the
nominal correction is taken as the systematic error [28].

(9) Higher order terms: The effect from missing higher
order terms, O(a?), in the simulation of initial state ra-
diation in the KORALW generator, is assessed following
the procedure described in [28]. In summary, the error on
the couplings is determined by comparing fits of Monte
Carlo samples with events weighted to O(a)/O(a?) with
fits to the corresponding unweighted samples, which have
been generated in the second order leading-log approxima-
tion. Recently, new improved calculations with the dou-
ble pole approximation [40] have appeared. The improved
CCO03 cross section and angular distributions predicted by
two independent Monte Carlo programs, RacoonWW [41]
and YFSWW [42], could introduce small changes on the
couplings. For the time being these effects have not been
included.

Errors assumed to be uncorrelated between channels
include:
(1) Bose—Einstein correlations: The effect of Bose-Einstein
correlations in the ¢gqg channel is investigated by repeat-
ing the analysis on Monte Carlo events generated with
KORALW and fragmented using JETSET with Bose—
Einstein correlations for all particles, following the imple-
mentation in LUBOEI [43]. The scheme for restoring four-
momentum conservation denoted BE3, which has been
tuned to the LEP1 Z data, is considered [29].
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(2) Colour reconnection: The uncertainty arising from pos-
sible colour reconnection effects is assessed by studying
Monte Carlo implementations of different colour reconnec-
tion scenarios in the parton evolution scheme in JETSET
[44]. The analysis is repeated with ¢Gqqd events generated
with the EXCALIBUR generator and hadronised with and
without colour reconnection in the model referred to as
SK1, as described in [28]. The systematic error is taken
as the difference in fitted couplings from samples without
colour reconnection and with colour reconnection in about
30% of the events.

(3) Background estimation: The error on the couplings
from the uncertainties in the background estimation is
evaluated by varying the normalisation of the main back-
ground processes. The background from QCD is changed
by +5% based on comparisons between data and Monte
Carlo simulation. The background from ~~y, Zee and ZZ
processes is varied by £30% £20% and +2%, respectively,
to account for the theoretical uncertainty in the prediction
for those processes [9].

(4) Monte Carlo statistics: The effect of the Monte Carlo
statistics is included in the systematic uncertainty.

(5) Jet charge assignment: To investigate the effects from
the uncertainties on the jet charge, the reconstructed W
charge is shifted by 0.01. This number is based on compar-
isons between data and Monte Carlo simulation (Z peak
data) [45]. The effect on the couplings is found to be neg-
ligible.

The systematic uncertainties listed above as fully cor-
related between channels are also assumed to be fully cor-
related between years. In addition, the systematic errors
from Bose—Einstein correlations and colour reconnection
are taken to be to fully correlated between years.

For both optimal observable methods, OO; and OO,
the systematic errors have been calculated based on the
changes in the mean values of the respective observables.
This is incorporated in the TGC extraction by includ-
ing the corresponding covariance matrix for the system-
atic uncertainties. By this procedure the systematic un-
certainties are folded with the proper statistical correla-
tions between the optimal observables and the results of
the fits include both the statistical and systematic errors.
The systematic uncertainties listed in Table 7 are derived
from the changes in the optimal observables mean values.
They are not used as such in the analysis but serve only
as a representation of the systematic contributions from
the different sources.

The systematic uncertainties for the maximum like-
lihood method are convoluted into the log L functions
by assuming parabolic behaviour of the systematic errors
around the fitted TGC value.

6.3.3 Final results from W-pair production

The combined results from all W W~ decay channels at
183 and 189 GeV for the three couplings Ag?, Ak, and
Ay, are obtained by combining the OO, analysis of the
evqq, prqq and qgqq final states with the OO; analysis
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Fig. 8a—c. The combined negative log-likelihood curves from
the W-pair analysis of 183 and 189 GeV data for the individ-
ual fits in the fvqq (dashed), ¢Gqq (dotted) and fvlv (dashed-
dotted) channels for the three couplings a AgZ, b Ak, and
c \,. The curve for each coupling is obtained while fixing the
other couplings to their standard model value. The systematic
uncertainties are included. The combined result for all channels
is shown as the solid curve

Table 9. The combined results for 183 and 189 GeV for each
W+W ™ decay channel for the three couplings Ag?, Ak~ and
Ay. The error includes the statistical and systematic uncer-
tainty

Coupling
Channel Ag? Akiy Ay
evgq 000005 0467033 021100
qd 0017030 0207057 —0.08THH
rwgg 0511021 o t0BL gg0t018
aiag  —008¥yyg  02rfT 001t
v —0a7t0E0 —0.35708  0.05703

of the Tvqq and ¢vflv final states. The correlation of the
systematic errors between the different channels and en-
ergies are included as described in Sect. 6.3.2. The results
for Ag?, Ak, and Ay, including systematic uncertainties,
are listed in Table9. The final 68% and 95% combined
W-pair result for the three couplings Agf, Ak, and \, is
summarised in Table 10. The corresponding log L curves,
including systematic uncertainties, are shown in Fig. 8.
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Table 10. Combined 183 and 189 GeV W-pair results for
the three C- and P-conserving couplings, AgZ, Ak~ and A,
and the C- or P-violating couplings. The error includes the
statistical and systematic uncertainty. The corresponding 95%
confidence level intervals are listed in the last column

Fit result 95% Confidence limits
Ag? 0.02“7‘8:83 [-0.09, 0.14 |
Ak, 0.3315-21 [-0.04, 0.77 |
Ay 0.0470-0 [-0.08, 0.17 |
Re(Ry) 0197019 [-0.51, 0.18]
Re(\,) 0177014 [-0.15, 0.43]
Re(fz) —0.0970-12 [-0.30, 0.14]
Re(\z)  0.07709% [-0.12, 0.25]
Re(g])  0.067033 [-0.62, 0.72]
Re(g2) —0.027021 [-1.02, 0.98]
Re(g?)  0.0710:33 [-0.38, 0.50]
Re(¢?) —0.067032 [-0.67, 0.56]
Im(R,)  0.107012 [-0.14, 0.33]
Im(A,)  —0.087040 [:0.27, 0.11]
Im(fz)  0.037008 [-0.13, 0.19]
m(iz) —0.03F9-07 [-0.16, 0.10]
Im(g) 037103 [-0.23, 0.95]
m(gg)  —0.0170:37 1.10, 1.10]
Im(gf) 0277030 [-0.13, 0.65]
Im(g¢)  0.0770:32 [-0.62, 0.76]

The maximum likelihood method is used in the two
semileptonic channels, ervqq and urqq, to measure the real
and imaginary parts of the C- or P-violating couplings
gy, g¥, kv, and Ay, where V denotes either v or Z. The
combined 183 and 189 GeV results, including the system-
atic uncertainties, for the C- or P-violating couplings are
summarised in Table 10.

In all cases described above, each coupling is deter-
mined fixing the other couplings to their standard model
values. The error intervals for each coupling are defined as
the 68% confidence level intervals obtained by integration
of the likelihood functions, to accommodate cases with
non-parabolic behaviour of the log-likelihood function.
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Fig. 9a—c. The negative log-likelihood curves for the com-
bined fits using single-y (dotted), single-W (dashed-dotted)
and W-pair (dashed) production at energies up to 189 GeV for
the three couplings a Ag?, b Ak, and ¢ Ay. The curve for
each coupling is obtained while fixing the other couplings to
their standard model value. The systematic uncertainties are
included. The combined result is shown as the solid curve

Table 11. Combined results for AgZ, Ak, and ), from
WTW~ production at 172-189 GeV, single-y and single-W
production at 161-189 GeV. The errors include systematic un-
certainties. The corresponding 95% confidence level intervals
are listed in the last column

Coupling Fit result 95% Confidence limits
z +0.059
Agf 0.0237 022 [—0.087,0.141]
0.119
Ak 0.02270 113 [—0.200, 0.258]
+0.054
Ay 0.0407 022 [—0.062,0.147]

7 Combined TGC results

The measurements from single--y, single W and WW pro-
duction, are combined with previous ALEPH results from
W*TW~ production at 172 GeV [1], single-W production
at 183 GeV|[3] and single-y production at 183 [4]. The com-
bined results are listed in Table1l. In Fig.9 the corre-
sponding one-parameter log I curves are shown.

To study the full correlation between the parameters,
two- and three-parameter fits, where two or all three cou-
plings are allowed to vary, are also presented. The fits use
the combined information from W-pair production, single-
W production and single-y production at 183-189 GeV.

For the three parameter fit the results and the er-
rors computed from a variation from the minimum of the
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Fig. 10a—c. Multi-parameter fits using the combined data

from single-v, single-W and W-pair production at energies up
to 189 GeV. The two-dimensional 95% confidence level con-
tours for the three pairs of couplings, a (Ag?, Ak,), b (AgZ,
Ay) and ¢ (Aky, Ay). The solid lines show the 95% confi-
dence level contours of the two-parameter fit. The shaded area
is a projection onto the two-dimensional plane of the three-
dimensional envelope of the 95% confidence level volume. The
standard model point is represented by a star

Table 12. Result of a three-parameter fit for AgZ, Ak, and
A+ using the combined information from W-pair production
at 172-189 GeV, single-y and single-W production at 161-
189 GeV. The statistical and systematic uncertainties are com-
bined in a 68% one-dimensional error. The corresponding cor-
relations are given in the last column

Correlation
Coupling Fit result Ag? Ak, A,
z +0.066
Agi 0.013_0068 1.0 -0.1 -0.6
+0.110
Ak 0.04370170 1.0 -0.1
+0.074
Ay 0.0237 052 1.0

log L functions of 0.5, are summarised in Table 12 includ-
ing the systematic uncertainties. The correlation matrix
of the three-parameter fit is also given in Table 12. This
correlation matrix is evaluated at the local minimum, and
the correlations vary substantially depending on the exact
value of the minimum. The projections onto the two di-
mensional plane of the three-dimensional envelope of the
95% confidence level volume, representing the integration
of the confidence over the corresponding third coupling,
are shown in Fig.10. The 95% confidence limits of the
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respective two-parameter fits of the three pairs of cou-
plings (Ag?, Ak.), (Ag?, \y) and (Ak,, \,) are shown
as full lines. The systematic uncertainties are included in
the limits shown. No deviations from the standard model
expectations are observed.

8 Summary and conclusions

The triple gauge-boson couplings have been measured us-
ing W-pair events at 183 and 189 GeV, single-W pro-
duction at 189 GeV and single-y production at 189 GeV.
Combining with previous ALEPH results from W+TW~
production at 172 GeV, single-W production and single-
7 production at 183 GeV, the three couplings Ag?, Ak
and )\, have been measured individually, assuming the two
other couplings to be fixed at their standard model value.
The results are

z +0.059
Agt = 0.023_0‘0557
_ +0.119

Ary = 00227595,
_ +0.054

Ay = 0.04070'052,

where the error includes systematic uncertainties. The cor-
responding 95% confidence level limits,

-0.087 < AgZ < 0.141,
-0.200 < Ak, < 0.258,
-0.062 < A, < 0.147,

are in good agreement with the standard model expec-
tation. Multi-parameter fits, where two or all three cou-
plings are allowed to vary show also good agreement with
the standard model.

In addition, semileptonic W-pair events were used to
set limits on the C- or P-violating couplings g} , ¢, &v,
and Ay, where V denotes either v or Z. No deviations
from the standard model expectations are observed.
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Appendix

A Leptonic neural network input variables

The neural network (NN) calculates an approximation of
the multidimensional probability density function in the
following 13 input variables, for signal and backgrounds.
The NN is applied, after preselection, to events with at
least two opposite charged tracks with momentum — after
bremsstrahlung correction — in excess of 15 GeV. The NN
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uses variables related to the lepton candidates, to the miss-
ing momentum, global event variables, and WW kinemat-
ics. They are listed here together with their relative dis-
criminating power, namely the statistical correlation with
the neural network output:
(1) missing mass squared (13.7%);
2) missing transverse momentum (11.5%);

) angle between the two most energetic tracks (9.6%);
) energy of the second most energetic track, (8.7%);
) total energy found in a 12° cone around the beam axis
2%);
6) number of identified leptons with an energy greater
than 15 GeV(8%);
(7) missing transverse momentum with respect to the
plane defined by the beam axis and the 3D-thrust axis
(7.8%);
(8) energy of the most energetic track (7.4%);
(9) invariant mass of the two most energetic tracks (6.6%);
(10) missing longitudinal momentum (6.3%);
(11) scalar sum of the transverse components of the two
most energetic tracks with respect to a 2D-thrust axis,
built from the projection of the track momenta on the
transverse plane (5.4%);
(12) number of isolated neutral clusters with energy more
than 4 GeV outside a cone of 10° around each of the two
most energetic tracks and forming an invariant mass with
each of them of more than 2 GeV (4.1%);
(13) cosine of the angle between the most energetic track
and the axis perpendicular to the plane defined by the
second most energetic track and the z-axis (2.6%).
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