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Abstract

We report on measurements of mass and total decay width of the W boson and of triple-gauge-boson couplings, yYWW
and ZWW, with the L3 detector at LEP. W-pair events produced in e e” interactions between 161GeV and 172GeV
centre-of-mass energy are selected in a data sample corresponding to a total luminosity of 21.2 pb~'. The mass and total
decay width of the W boson are determined to be My, = 80.75%326 (exp.) + 0.03(LEP)GeV and I'y, = 1.74% 338 (stat.) +
0.25 (syst.)GeV, respectively. Limits on anomalous triple-gauge-boson couplings, yWW and ZWW, are determined, in
particular —1.5 < 8, < 1.9 (95% CL), excluding vanishing ZWW coupling at more than 95% confidence level. © 1997
Elsevier Science B.V.

1. Introduction

For the 1996 data taking period, the centre-of-mass
energy, Vs, of the e*e™ collider LEP at CERN was
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increased to 161 GeV, 170GeV and 172GeV. This
allowed for the first time the pair-production of
on-shell W bosons in e*e” interactions, ete™ —
W*W™. Analysis of W-pair production adds impor-
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tant knowledge to the Standard Model of elec-
troweak interactions [1] through the measurements of
mass and width of the W boson and of the triple-
gauge-boson couplings yYWW and ZWW [2,3]. These
parameters were first measured at pp colliders [4—6].

The total W-pair production cross section as cal-
culated within the Standard Model depends on Vs
and on the mass and total width of the W boson, My,
and I'y. Results for My, derived from total cross
section measurements have been published by L3
[7,8] and the other LEP experiments [9,10]. In this
letter a more precise determination of My, and a first
determination of I'y, is presented based on the
invariant mass of the W-boson decay products.

To lowest order within the Standard Model, three
Feynman diagrams contribute to W-pair production,
the s-channel y and Z-boson exchange and the
t-channel v, exchange. The s-channel diagrams arise
as a consequence of the triple-gauge-boson vertices
yWW and ZWW which are expected due to the
non-Abelian gauge structure of the electroweak the-
ory [1,3]. Results for triple-gauge-boson couplings
derived from the data collected at Vs = 161GeV
have been published by L3 [7,11] and the other LEP
experiments [10,12]. Here a determination of triple-
gauge-boson couplings is presented based on total
and differential cross sections in W-pair mediated
four-fermion production.

The L3 detector is described in detail in Ref. [13].
During the 1996 run the L3 detector collected total
integrated luminosities of 10.9 pb~' at Vs =
161.34GeV (threshold data), and 1.0 pb~' and 9.3
pb~! at Vs =170.31GeV and at Vs =172.32GeV
(high-energy data). These centre-of-mass energies
are known to +0.06GeV [14]. The results obtained
at threshold and from the high-energy data are com-
bined to determine the mass of the W boson and
triple-gauge-boson couplings.

2. Analysis of four-fermion production

The W boson decays into a quark-antiquark pair,
such as W~ - tidorcs, or a lepton-antilepton pair,
W™/ v, (/= e,u,7); in the following denoted as
qq, /v or ff in general for both W* and W~
decays. All four-fermion final states expected in
W-pair production are analysed:

+

. eYe” > qgev(y),
. eTe”— qquu(y),
. ete” > qqru(y),
ete =>/v/v(y),
- eTe” > qqqq(y),

where (y) indicates the possible presence of radia-
tive photons. The selections of these five four-ferm-
ion final states are described in detail in Ref. [7] for
the threshold data and in Ref. [8] for the high-energy
data.

These analyses reconstruct the visible fermions in
the final state, i.e., electrons, muons, 7 jets corre-
sponding to the visible 7 decay products, and
hadronic jets corresponding to quarks [7.8]. Kine-
matic constraints as discussed below are then im-
posed to improve the resolution in the measured
fermion energies and angles and to determine those
not measured.

Parameters such as the mass or width of the W
boson or triple-gauge-boson couplings are deter-
mined by comparing samples of Monte Carlo events
to the data. A reweighting procedure is applied to
construct Monte Carlo samples with different param-
eters. Selection, resolution and other detector effects
are determined locally in phase space by averaging
over Monte Carlo events inside a multi-dimensional
box around each data event.

The following Monte Carlo event generators are
used to simulate the various signal and background
reactions: KORALW [15] and HERWIG [16] (e*e™
- WW — fff(y)); EXCALIBUR [17] (e*e™ —
f(y)); PYTHIA [18] (e*e™ — qq(y),ZZ(y),
hadronic two-photon collisions); KORALZ [19]
(ete” —» wru (y), 7"+ (y)); BHAGENE3 [20]
(ete”— eTe (y)). The response of the L3 detector
is modelled with the GEANT [21] detector simula-
tion program which includes the effects of energy
loss, multiple scattering and showering in the detec-
tor materials and in the beam pipe.

2.1. Event reconstruction imposing kinematic con-
straints

The final states ggev, gquv and gqqq contain at
most one unmeasured neutrino, so a kinematic fit is
applicable. The kinematic fit determines energy, E,
polar angle, Of, and azimuthal angle, d)f, for all four
fermions, f, in the final state. It adjusts the measure-
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ments of these quantities for the visible fermions
according to their experimental resolutions to satisfy
the constraints imposed. For hadronic jets, the veloc-
ity B;=I|p;|/E; of the jet is kept at its measured
value as systematic effects cancel in the ratio. Four-
momentum conservation and equal mass of the two
W bosons are imposed as constraints. They allow the
determination of the unmeasured neutrino momen-
tum vector. For ggev and gq pv events, this yields a
2C kinematic fit, whereas for ggqgq events it is a 5C
kinematic fit.

The kinematic fit mainly improves the energy
resolution and less the angular resolutions. The reso-
lutions in average invariant mass, M, , typically
improve by a factor of three.

For ggrv and /v/v events, the event contains at
least two unmeasured neutrinos in the final state. In
case of ggTv events, the energies of the two hadronic
jets are rescaled by a common factor so that their
sum equals half the centre-of-mass energy. The 7
direction of flight is approximated by the direction of
the visible 7 jet. The 7T energy and the neutrino
momentumn vector are then determined by overall
energy-momentum conservation. This yields two
equal-mass W bosons. The /v/v events are used in
the determination of triple-gauge-boson couplings
only.

2.2. Fitting method for mass, width and gauge cou-
plings

The maximum likelihood method is used to ex-
tract values and errors of parameters, ¥, such as the
mass and total width of the W boson or triple-
gauge-boson couplings. The fit considers a set of
values of reconstructed quantities {2 for each data
event, which are either the average invariant mass,
M, , or phase-space angles describing the four-ferm-
ion final state (see Section 2.4 below). The data are
treated as unbinned; the total likelihood is the prod-
uct of the normalised differential cross section,
L(£2,¥), for all data events. For a given four-ferm-
ion final state i, one has:

1

Li(‘gi’q,) = Ui('p) +0.iBG
do,(2,,7) dUiBG(‘Qi)
X + ,
d£, d{2,

where o, and oBC are the accepted signal and
background cross sections. The total and differential
cross sections of the accepted background are inde-
pendent of the parameters ¥ of interest. They are
taken directly from Monte Carlo simulations.

The total and differential signal cross sections
depend on Y. For values ¥, varied during the
fitting procedure, they are determined by a reweight-
ing procedure applied to Monte Carlo events origi-
nally generated with parameter values ¥,. For mass
and width fits, the event weights R, are given by the
ratio:

Ri(ml’mZ’Wﬁt’%en)

dzo-i( s,my,my, Wy ) /dm,dm,
B do,(s,m,m,, ¥, ) /dmdm, ’

where m, and m, are the invariant masses of the two
generated W bosons. The differential cross sections
are calculated with the GENTLE [22] program. For
couplings fits, the event weights R, are calculated as
the ratio:

R{pyp2:P3Paky W V)

2
_ |“li(P1’P2sP3’P4,ky’q’ﬁt)‘
2 b

|/”i(P1’P2sP3vP4’ky,1Pgen)

where #, is the matrix element of the four-fermion
final state i under consideration evaluated for the
generated four-vectors (p,,p,,ps,p,,k, ) of the four
fermions and any radiative photons. The matrix ele-
ments as implemented in the EXCALIBUR [17]
event generator are used, which include all relevant
tree-level Feynman diagrams contributing to a given
four-fermion final state. The total accepted signal
cross section for a given set of parameters ¥, is
then:

gen

a; .
a'i(ilfm) = W : ZRI.(],Wm,nge“),
i J

where o;*" denotes the cross section corresponding
to the total Monte Carlo sample containing N2
events. The sum extends over all accepted Monte
Carlo events j. The accepted differential signal cross
section in reconstructed quantities (2, is determined
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by averaging Monte Carlo events inside a box in {2,
around each data event [23]:

do; (2, %) gt
dﬂl - Nigel'l

1
' —F Z Ri(j?lpfit’lpéen)’

iojeaf

where A is the volume of the box and the sum
extends over all accepted Monte Carlo events j
inside the box. This takes {)-dependent detector
effects and Y-dependent efficiencies and purities
properly into account.

In addition, extended maximum likelihood fits are
performed by including the overall normalisations
according to the measured total W-pair cross sec-
ttons. The likelihood is multiplied by the Poissonian
probabilities to obtain the numbers of events ob-
served in the data [7,8] given the integrated luminosi-
ties and the expectations for the total accepted signal
and background cross sections, o,(¥;,) and ¢;5%, at
all centre-of-mass energies.

The fit method described above determines the
parameters without any bias as long as the Monte
Carlo describes photon radiation (ISR) and detector
effects such as resolution and acceptance functions
correctly. By fitting large Monte Carlo samples,
typically a hundred times the data, the fitting proce-
dure is tested to high accuracy. The fits reproduce
well the values of the parameters of the large Monte
Carlo samples being fitted. Also, the fit results do
not depend on the values of the parameters ¥, of
the Monte Carlo sample subjected to the reweighting
procedure.

2.3. Mass and width of the W boson

For mass and width fits, the weighted average of
the two invariant masses in an event, M, , as deter-
mined by the kinematic fit imposing the equal-mass
constraint, is fitted. The size of the box around each
data event is limited by the requirement of including
no more than 1000 Monte Carlo events, yielding box
sizes of about +35MeV at the peak of the invariant
mass distribution. In addition, the box size may not
be larger than +250MeV around M,,.

Based on the high-energy data, the mass of the W
boson is determined for each of the final states ggev
(19 events), gq uv (9 events), ggrv (12 events) and
qqqq (61 events) in separate maximum likelihood

fits. Combined results are determined by multiplying
the likelihood of the individual channels. For mass
fits in the gqqq channel, the pairing algorithm to
assign jets to W bosons used in the event selection
[8] is changed. The pairing yielding the highest
likelihood in the 5C kinematic fit is chosen. The rate
of correct pairings is reduced to 60% for the best
combination and it is 25% for the second best com-
bination. However, the signal-to-background ratio in
the relevant signal region around M, , =~ 80GeV is
improved. The loss of correct pairings is recovered
by including the pairing with the second highest
likelihood in the fits. Monte Carlo studies show that
the two values for M, obtained from fitting the
distributions of the best and the second best combi-
nation separately have a correlation of (1.4 + 2.2)%,
which is negligible.

The observed invariant mass distributions together
with the fit results are shown in Figs. 1 and 2. The
results on M, are summarised in Table 1. The
observed statistical errors agree well with the statisti-
cal errors expected for the size of the high-energy
data samples used. Systematic errors on the fitted W
masses are summarised in Table 2. Hadronisation
and fragmentation effects are determined by compar-
ing different Monte Carlo programs to simulate the
signal. Effects due to background are determined by
varying both the total accepted background cross
section and the shape of the invariant mass spectrum.
Detector effects due to uncertainties in the energy
scale of electrons, muons and hadronic jets and the
corresponding resolutions are estimated by varying

Table 1

Results on the mass of the W boson, My, for the individual
four-fermion final states in W-pair production, and their combina-
tion. The first error is statistical and the second systematic

Process Mass of the W boson My,
[GeV]
e*e” — qqen(y) 80.257 958 +0.09
e*te” — qqur(y) 80.941 113 £0.08
ete” —qqru(y) 80.43* 197 +£0.09

ete” = ggsv(y) 80.42%332 £0.07

e*e” - qqqq(y)
ete” = fify)

80.91%54; £0.13

80.71%938 +0.09
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them within their errors. The systematic error due to
the fitting method includes effects due to different
reweighting procedures and technical parameters such
as box size and occupancy. For each individual
channel and their combinations the total systematic
error is small compared to the statistical error.

The results on My, determined in the ggev,
qq v, and gqrv final states are in good agreement
with each other. They are averaged in a combined fit
and compared to the result on My, determined in the
qqqq final state:

My (qq/v) = 80.42153% (stat.) + 0.07 (syst.) GeV
My, (qqqq) = 8091941 (stat.) + 0.13 (syst.) GeV.

Within the statistical accuracy of these measure-
ments there is no difference between My, as deter-

mined in gg/v and gqqq events. Differences may
arise due to possible strong final-state interactions
(FSD) in gqqq events, such as colour-reconnection
(CR) [24] or Bose-Einstein (BE) [25] effects. De-
pending on the details of the Monte Carlo modelling
[26,2], mass shifts of up to 100MeV are possible,
which are small compared to the current statistical
error and accounted for in the systematic error.
Averaging the two results on My, in a combined fit
yields:

My, = 80.711333 (stat.) + 0.09 (syst.) GeV .

The observed mass distribution is shown in Fig. 3a
and compared to the expectation based on this W-
mass value. In order to determine also the total decay
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Fig. 2. Distributions of reconstructed invariant mass after applying
the kinematic fit using the equal-mass constraint, M, ,, for se-
lected events in the channel gqqq: (a) first pairing, i.e., pairing
with highest 5C likelihood, (b) second pairing, i.e., pairing with
second highest 5C likelihood. The solid lines show the result of
the fit of My to both ggqq pairings.

width of the W boson, I'y, is treated as an indepen-
dent parameter instead of imposing the Standard
Model calculation I'y, = I'y(My) [26]. The results
are listed in Table 3. The mass values obtained in
these fits are nearly the same as before. The mass
errors differ according to the width fitted being
larger or smaller than the width expected in the

Standard Model. For all final states combined the
result is:

My, = 80.7210 3} (stat.) + 0.09 (syst.) GeV
Iy = 174708 (stat.) £ 0.25(syst.) GeV,

with a correlation coefficient of +27% between M,
and I'y,. The result of this fit is compared to the data
in Fig. 3b. Systematic errors on the fitted W widths
are summarised in Table 4. Our result on I'y, is in
good agreement with the measurement at pp collid-
ers, 2.07 + 0.06 GeV [5]. It also agrees well with the
Standard Model expectation, 2.08 GeV [26).

As cross checks, other methods to extract a value
for the W-boson mass from the distribution of the
average reconstructed invariant mass are studied, in
particular the methods referred to as Monte Carlo
calibration method and convolution method [2]. The
Monte Carlo calibration method uses a simple func-
tion to describe the observed invariant mass distribu-
tion. One of the fit parameters is used as an estimator
for the W-boson mass which is calibrated by fitting
samples of Monte Carlo events with known W
masses. The Monte Carlo convolution method uses
the theoretically expected average invariant mass
distribution convoluted with the detector resolution.
Within the errors, the same results are obtained with
either method.

The results on M, presented here agree very

Table 2

Systematic errors in the determination of My, for the different
final states [MeV]. The contributions listed in the upper part are
treated as correlated when combining different final states. The
other contributions are treated as uncorrelated between channels

Source Final state

qqcv qq9 kv qqTv 9999

Vs 30 30 30 30

ISR 10 10 10 10
Hadronisation 40 40 40 40
Fitting Method 55 30 30 30
FSI (CR + BE) - -- — 100
Background 25 15 50 15
Energy Scales 30 20 - 10
Resolutions 5 5 10 45
Monte Carlo Statistics 40 40 40 40
Total 90 80 90 130
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Table 3
Results on the mass of the W boson, My, its total decay width, I'y, and their correlation
Process Mass of the W boson My, Total decay width I'y, Correlation
[GeV] [GeV] coefficient
ete - gq/v(y) 80.437 0% +0.07 2767152 +0.28 +0.33
e”e” - qaqq(y) 80.941932 £ 0.13 1211977+ 033 +0.11
ete” = f(y) 8072593 +£0.09 1747358 £ 0.25 +0.27
UV RN Y well with our result derived from the measurements
® All data L3l ; : .
M. fit result of the total W-pair production cross section, My, =
7l Incorrect pairing @ 1 80.7804} (exp.) +£ 0.03(LEP)GeV [8]. Combining
% 40 FBackground = both results in an extended maximum likelihood fit
O ] 1 yields:
To) Both qqqq pairings
o My, =80.7552% (exp.) + 0.03 (LEP) GeV.
hy
4 This direct determination of M, is in agreement
= with the direct determination of My, at pp colliders,
Lﬁ 80.33 + 0.15GeV [4]. It also agrees with our indirect
determination of My, through radiative corrections
measured at the Z peak, My =80.22 + 0.22GeV
b : [27], testing the Standard Model at the level of its
g
40 50 60 70 80 90 electroweak corrections.
- [GeV )
M'”V [ ] 2.4. Gauge couplings of the W boson
ﬁC'A'II d 't' MRS BN AR L3J Anomalous contributions to the triple-gauge-bo-
M Iéafit result son vertices YWW and ZWW are parametrised in
Pincorrect pairing (b) terms of seven complex triple-gauge-boson cou-
% 40- BBackground - plings each [28], too many to be measured simultane-
0] ] ously. Therefore, models are considered which re-
Yo Both qqqq pairings
C: ] Table 4
o Systematic errors in the determination of I'y, for the different
g final states [MeV]. The error arising due to the fitting method is
€ treated as correlated when combining different final states. The
[T} other contributions are treated as uncorrelated between channels
Source Final state
% qq/v 9999
40 50 60 70 80 90 Fitting method 200 200
Minv [GeV] Background 90 200
Energy scales 50 50
Fig. 3. Distribution of reconstructed invariant mass after applying Resolutions 150 150
the kinematic fit using the equal-mass constraint, M, for all Monte Carlo statistics 60 60
selected events, entering both first and second pairing in the ggqq
channel. The solid line shows the result of the fit of (a} My, and Total 280 330

(b) My, and T, to all data.
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duce the number of free parameters to one or two by
making additional assumptions [29-31,3].

First it is interesting to test if the coupling be-
tween the Z and a pair of W bosons exists [31].
Neglecting the contributions of dimension-six opera-
tors, assuming that all electromagnetic properties of
the W boson are standard and that a custodial SU(2)
symmetry is respected leaves a single parameter, &,
[31]. This parameter describes the deviation of the
ZWW coupling, gZWW, from its Standard Model
value of cotfy, = 1.9, where 6, is the electroweak
mixing angle. The model is extended to include

— 1 T T T T T
® Data qqlv L3
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o BIM.C. background |
< 104 (@)
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c
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>
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anomalous electromagnetic properties of the W bo-
son, such as an additional contribution to its mag-
netic moment, Ak, =, — 1 [31].

Other models consider only CP-conserving di-
mension-six operators neither affecting the gauge-
boson propagators at tree level nor generating
anomalous Higgs couplings [3]. In that case there are
three operators giving rise to deviations in the C- and
P-conserving triple-gauge-boson couplings, with cor-
responding anomalous couplings denoted as ayg,
ay and ag, [3]

In case of triple-gauge-boson couplings fits, a
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Fig. 4. Distributions of reconstructed phase-space angles after applying the kinematic fit using the equal-mass constraint. The solid lines
show the result of the 8, fit to the data. (a) The polar angle of the W™ boson, cos@,, for selected gq/v events. The dotted and dashed
lines correspond to the positive and negative 68% CL errors on the fitted 8;. {b) The polar decay angle of the ieptonically decaying W
boson, cos8*, for selected gg/v events. (c) The azimuthal decay angle of the leptonically decaying W boson, ¢, for selected gg/v
events. The value of ¢ * is shifted by 7 for W~ decays in order to have the same ¢ * distribution for W~ and W* decays. (d) The polar

angle of the W™ boson, cos®y,, for selected ggqq cvents.
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Table 5

Results on anomalous triple-gauge-boson couplings for 68% and
95% confidence level. Results of the four fits to one anomalous
coupling are listed in the upper part. In the lower part, results of
the fit to two anomalous couplings are listed. The correlation
between 8, and Ak, is —30%. The errors are total errors

PRI T PUIPL ST B <

combining statistical ai‘ id systematic eitors

Coupling Result

68% CL 95% CL
8, 0.10% 1852 0.10t(});§?

+0. +0.
Xy 0047553 0.042553
ay 0.22*‘1’;33 0‘22; igg

+1.

g 0.07+177 0.07+25
1. 05 1.92
5, 0.09%12 0.097122
Ax, 031i{§% 031288

subset of the five phase-space angles describing the
four-fermion final state is fitted. Fixing the mass of
the W boson [4] and neglecting photon radiation and
final-state fermion helicities, five phase-space angles
completely describe the four-fermion final state for
unpolarised initial states. These are the polar angle of
the W~ boson, cos@,,, and the polar and azimuthal
decay angles in the rest systems of the two decaying
W haogong nmn; and A% faor tha farmian and

W bosons, cos@; and ¢}, for the fermion and
antifermion in W~ and W*idecay, respectively.
For charged leptons, the sign of their electric
charge determines whether they are fermions or an-
tifermions. For hadronic jets, the flavour and charge
of the original quark is not measured. Thus, there
arises a two-fold ambiguity in the decay angles of

hadronicaily decaying W bosons, (cosf",¢*) e
(—cos@*,m+ ¢*). If both W bosons decay hadron-

u\aﬂy ﬂ'\n pr\]or a'i'gl" nF fl-\n \Xl
two-fold ambiguity, cos @, © —cos@.,. This ambi-
guity is resolved by combining the jet charges of
each pair of jets to determine the charge of each W,
The difference in the two W charges is then used to
determine the sign of cos®y,. The charge of each jet
is determined from a rapidity weighted sum of the
tracks reconstructed in the central tracking chamber
and assigned to the jet with rapidity weight « = 1.0

+ L7077
[32]. The sign assignment is found to be cormrect 67%

of the time when the jets are correctly paired.

Only the high-energy data enter the fitted differ-
ential distributions. For semileptonic gg/v events,
the variables (2, considered in the fit are cos @, and

hAacnn alen ha
00SONn aiSO 1nas a

the decay angles of the leptonically decaying W
boson, cosf®* and ¢*. A total of 39 gq/v events
are used. One gqTv event is rejected because two
tracks with opposite charge are associated with the 7
jet. A total of 60 hadronic gqqq events are used for
which cos®,, is determined. The distributions of
these phase-space angles are shown in Fig. 4. The
one- and three-dimensional boxes are constructed in
such a way that the mean of the Monte Carlo events
inside the box coincides with the data event, leading
to asymmetric boxes. The box size is increased until
at Jeast 350 Monte Carlo events are included unless a
phase-space boundary is reached first. Both the
threshold data [7] and the high-energy data (8] are
used in the total cross section measurements in-
cluded in the fit for all five final states. For total

. L. A
cross sections, the EXCALIBUR predictions are

scaled to match the GENTLE predictions to account
for the more complete calculation of radiative correc-
tions by GENTLE.

Results on anomalous contributions to triple-
gauge-boson couplings based on these extended
maximum likelihood fits are summarised in Table 5.
The fitted statistical errors agree well with the statis-
tical errors expected for the size of the data sample
used. Besides leading to a bias, systematic effects
may also change the sensitivity and thus the statisti-
cal errors as given by the fit. Both effects are taken
into account. Systematic errors on the fitted triple-
gauge-boson couplings are summarised in Table 6.
The total systematic error for all couplings is domi-
nated by the uncertainties in the global selection
efficiencies entering the total cross section part of
the likelihood. Systematic errors due to uncertainties

e AA S e e crall TOF
11 IVlw, Vo dllu UCLCULUI lchlullUl > diIC SHidll. Cl-

Table 6
Systematic civors in the determination of triple-gauge-boson cou-
plings
Source Systematic errors on
8, oawe aw ape
My, 006 002 006 011
Vs 002 001 002 004
Selection efficiencies 041 016 022 0.62

Resolutions and energy scales  0.03 0.02 002 0.03
Lepton and jet charge confusion 0.01 0.01 0.01 0.01
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fects due to uncertainties in charge confusion, both
for leptons in gq/v events and jet charges in gqqq
events, background normalisation and shape, and
technical parameters such as box size and box occu-
pancy are negligible.

As a cross check, a simplified analysis in cos @y,
only is performed vsing the GENTLE [22] program.
Excellent agreement between the shape of the cos @,
distributions predicted by EXCALIBUR and GEN-
TLE is observed. Detector effects are included by
folding the differential cross section in cos®,,, cal-
culated by GENTLE as a function of anomalous
triple-gauge-boson couplings, with a constant migra-
tion matrix relating generated to reconstructed cos @y,
values. The matrix method to incorporate detector
effects is extended to all three phase-space angles,
then using EXCALIBUR. Within the errors, the
same results are obtained with either method.

Assuming all other triple-gauge-boson couplings
as given by the Standard Model, the result on &, is:

8,=gZWW — cotfy, = 0.107}9? (68%CL)
=0.10%]7¢ (95%CL),

including systematic errors. The existence of the
ZWW vertex is thus established at more than 95%
confidence level. This conclusion is independent of
anomalous electromagnetic properties of the W bo-

41— T ) T L§
1 1
21 1
. 1 ! 1
o 0 b
v i
< W ]
1 1
_27 —-]
] —68 % CL{
. =00 { ozuy=0 ---- 95 9, CL1
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Fig. 5. Contour curves of 68% and 95% confidence level in the
(82,4« ) plane are shown as solid and dashed lines. Expectations
due to vanishing ZWW and weak couplings, ¢gZWW =0 and
§ =0, are indicated by the dotted and dashed-dotted lines.

son, such as an anomalous contribution AKy to its
magnetic moment. Allowing Ak, to deviate from
zero also, the results are:

8,=0.09%19 (68%CL)
Ak, =031%}% (68%CL),

with a correlation coefficient of —30% between &,
and Ak,. The constraint Ak, = §,tanfy, —
Ak, tanfy, required by SU(2) invariance is imposed
[30,3]. The corresponding contour curves of 68% and
95% probability in the (8, Ak, ) plane are shown in
Fig. 5. The special cases, §, = —cotfy, i.e., vanish-
ing ZWW coupling, and &8, = —tanfy, — cotfly,,
where weak triple-gauge-boson couplings come about
only by y/Z mixing (£ = 0) [31], are excluded by
more than 95% confidence level. For the o triple-
gauge-boson couplings, the results are:

aye=0.047042 (68% CL)
ay =0227037 (68%CL)
age=0.072]77 (68%CL),

where for the determination of each gauge coupling
all others are set to their Standard Model value. In all
scenarios good agreement with the Standard Model
expectation of §, = Ak, =ayp=ay =ags=01s
observed.
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