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Abstract

Measurements of the trilinear gauge boson couplings WWg and WWZ are presented from data taken by DELPHI in 1997
at an energy of 183 GeV. From a study of the reactions eqey™ WqWy, eqey™ Wen and eqey™ nng , values are
obtained for Dg Z and Dk , the differences of the WWZ charge coupling and of the WWg dipole couplings from their1 g

Standard Model values, and for l , the WWg quadrupole coupling. The observations are consistent with the predictions ofg

the Standard Model. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

This study of the trilinear gauge boson couplings
at the WWV vertex, with V'g ,Z, uses data from
the reactions eqey™ WqWy, eqey™ Wen and
eqey™ nng taken by the DELPHI detector at LEP
in 1997 at a centre-of-mass energy of 183 GeV.
Results are given for three coupling parameters:
Dg Z, the difference between the value of the overall1

WWZ coupling strength and its Standard Model pre-
diction; Dk , the difference between the value of theg

dipole coupling, k , and its Standard Model value;g

and l , the WWg quadrupole coupling parameter.g

In the evaluation of these parameters, a model has
w xbeen assumed 1 in which contributions to the effec-

tive WWV Lagrangian from operators describing
possible new physics beyond the Standard Model are
restricted to those which are CP-conserving, are of

Ž . Ž . Ž .lowest dimension F6 , satisfy SU 2 =U 1 invari-
ance and have not been excluded by previous mea-
surements. This leads to possible contributions from
three operators, LL , LL and LL , and hence toWf Bf W

relations between the permitted values of the WWg
s2

wZand WWZ couplings: Dk sDg y Dk , l sl ,2Z 1 g Z gcw

where s and c are the sine and cosine of thew w

electroweak mixing angle. The parameters we deter-
mine are related to possible contributions a , aWf Bf

and a from the three operators given above by:W

Dg Z sa rc2 , Dk sa qa , and l sa .1 Wf w g Wf Bf g W

In previous DELPHI studies of trilinear gauge cou-
w xplings 2,3 , limits have been expressed in terms of

these a parameters.

1 On leave of absence from IHEP Serpukhov.
2 Now at University of Florida.

The WWV coupling arises in WW production
through the diagrams involving s-channel exchange
of Z or g , shown in Fig. 1a. We study this reaction

Žin the final state jj lln where j represents a quark
.jet arising from the decay of one W into quarks and

the other into leptons, and in the final state jjjj,
where both Ws decay into quarks.

In single W production, the dominant amplitude
involving a trilinear gauge coupling arises from the
radiation of a virtual photon from the incident elec-
tron or positron, interacting with a virtual W radiated

Ž .from the other incident particle Fig. 1b . This pro-
cess, involving a WWg coupling, contributes signifi-
cantly in the kinematic region where a final state
electron or positron is emitted at small angle to the
beam and is thus likely to remain undetected in the
beam pipe. The decay modes of the W give rise to
two final states: that with two jets and missing

Ž .energy jjX , and that containing only a single lep-
ton coming from the interaction point and no other

Ž .track in the detector ll X . Other processes, involv-
ing both WWg and WWZ couplings, also contribute
to the events selected in this kinematic region. They
include those shown in Fig. 1a, when one W decays
into en , and the Z radiation process shown in Fig.
1b, which combine coherently with the contribution
from the virtual photon radiation diagram. Nonethe-
less, the jjX and ll X final states remain more
sensitive to WWg than to WWZ couplings, and have
been shown to be particularly sensitive to the cou-

w xpling Dk 4 .g

The trilinear WWg vertex also occurs in the
reaction eqey™ nng in the diagram in which the
incoming electron and positron each radiate a virtual
W at an enW vertex and these two fuse to produce

Ž .an outgoing photon Fig. 1c . In this process, which
leads to a final state, g X, consisting of a single
detected photon, the WWg coupling is studied com-
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. q y q y .Fig. 1. Diagrams with trilinear gauge boson couplings contributing to the processes studied in this paper: a e e ™ W W , b
q y . q ye e ™ Wen , c e e ™ nng .

pletely independently of the WWZ coupling, as no
WWZ vertex is involved. In the Standard Model, the
dominant mechanism for production of this final
state is via the reaction eqey™Zg , with the photon
produced by initial state radiation and with the Z
decaying into nn . This reaction could also proceed
via anomalous couplings at a ZVg vertex, a possibil-

w xity which we study in a separate paper 5 ; here we
assume that all ZVg couplings are equal to zero, as
predicted by the Standard Model.

The next section of this paper describes the selec-
tion of events from the data and the simulation of the
various channels involved in the analysis, and Sec-
tion 3 describes the methods used in the determina-
tion of coupling parameters. In Section 4 the results
from different channels are presented and combined
to give overall values for the coupling parameters. A
summary is given in Section 5.

2. Event selection and simulation

In 1997 DELPHI recorded a total integrated lumi-
nosity of 53 pby1 at an average centre-of-mass
energy of 182.7 GeV. We describe here the main
features of the selection of events in the final state
topologies jj lln , jjjj, jjX, ll X and g X defined in the
previous section. A detailed description of the DEL-
PHI detector and its performance may be found in
w x6 , which includes descriptions of the main compo-
nents of the detector used in this study, namely, the
trigger system, the luminosity monitor, the tracking
system in the barrel and forward regions, the muon

detectors, the electromagnetic calorimeters and the
hermeticity counters. The definition of the criteria
imposed for track selection and lepton identification

w xare the same as those used in 7 , where a description
of the luminosity measurement is also given.

2.1. Selection of eÕents in the jj lln topology

Events in the jj lln topology are characterized by
two hadronic jets, a lepton and missing momentum
taken by the neutrino. The lepton may be an electron

Žor muon coming either from W decay or from the
.cascade decay W™t . . . ™ ll . . . or, in the case of

t decays, it might give rise to a low multiplicity jet.
Ž .The major backgrounds come from qq g produc-

tion and from four-fermion final states containing
two quarks and two leptons of the same flavour.

Events with several hadrons were selected by
requiring 5 or more charged particles and total en-
ergy of charged particles recorded in the detector
exceeding 15% of the centre-of-mass energy. In the
selection of jjmn and jjen events, the candidate
lepton was assumed to be the most energetic charged
particle in the event, while for jjtn events the lepton
candidates were constructed by looking for an iso-
lated e or m or a low multiplicity jet.

All particles except that corresponding to the
candidate lepton were forced into two jets using the

w xLUCLUS algorithm 8 . To remove gg interactions
and poorly reconstructed events each quark jet was
required to have no less than 4 particles, at least one
being charged, and the invariant mass of the two jets
was required to exceed 30 GeVrc2. Furthermore,
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events were required to have missing momentum
above 10 GeVrc and no detected isolated photon
with energy above 40 GeV.

Events with a candidate muon in the final state
were accepted if the momentum of the candidate

Žexceeded 25 GeVrc or 5 GeVrc for t candidates
.decaying into muons and if the isolation angle of

Žthe candidate defined as the angle between the
muon and the nearest particle with momentum above

.1 GeVrc exceeded a value between 88 and 208,
depending on the quality of the muon identification.
Non-isolated particles which were tagged as muons
were also considered as candidates if the missing
momentum of the event exceeded 20 GeVrc and if
the polar angle of the missing momentum, u ,pmiss

< <satisfied cosu -0.95.pmiss

The selection of events with an electron candidate
in the final state followed a similar procedure:
charged particles with energy deposition in the elec-
tromagnetic calorimeters of at least 20 GeV were

Žaccepted as candidates. For tau candidates decaying
into electrons, the energy deposition was required to
exceed 5 GeV and to match the momentum within

."20%. The component of the missing momentum
transverse to the beam axis was required to be
greater than 10 GeVrc and the angle between the
candidate and the missing momentum to exceed 908.
The isolation angle of the candidate with respect to
the nearest charged particle of momentum greater
than 1 GeVrc was required to exceed 58 for elec-
trons observed in the barrel region of the detector, or
108 for electrons in the forward region.

In order to increase the efficiency of the selection,
events where the candidate was not identified as a
lepton were also considered. Kinematic requirements
in this case were tighter, accepting only events satis-

< < Žfying cosu -0.95 or -0.87 for events wherepmiss

.the lepton was an electron candidate . In addition,
events were required to satisfy the condition

X X' ' 's - s y5 GeV, where s is an estimate of the
Ž . Ž .effective collision energy in the background qq g

w xfinal state after initial state radiation 9 .
Ž .Four-fermion backgrounds qq ll ll were reduced

by applying an additional cut to events in which a
second lepton of the same flavour and with charge
opposite to that of the candidate was found. Such
events were rejected if the second lepton had mo-
mentum above 5 GeVrc and isolation angle with

respect to all other particles except the candidate
greater than 158.

Events were selected as jjtn candidates with a t

decaying into hadrons if both the missing energy and
the transverse energy exceeded 40 GeV and if at
least 3 jets were reconstructed using LUCLUS with
d s3 GeVrc. The tau candidate jet was requiredjoin

to have measured multiplicity below 6, only one
charged particle, total momentum above 10 GeVrc
and to be isolated from other jets by more than 258.
In addition, in order to reduce the fully hadronic WW
background, the event was rejected if it had four or
more jets reconstructed with d s10 GeVrc.join

w xA 3-constraint kinematic fit 7 was then per-
formed on candidate e and m events, imposing
energy and momentum conservation and the nominal
W mass on both Ws. For candidate t events, a
2-constraint fit was performed, in which the t mo-
mentum was left unconstrained, while its direction
was taken to be that of its detected decay products.

The efficiency for the selection of jj lln events
was evaluated using fully simulated events to be
Ž . Ž . Ž .89.0"0.4 %, 68.5"0.5 % and 33.8"0.6 % for
jjmn , jjen and jjtn events respectively. Using data
corresponding to an integrated luminosity of 50.2
pby1, taken when all essential components of the
detector were working, a sample of 108 muon, 90
electron and 45 tau events was selected, including an
estimated background contamination of 18.3 " 1.1

Ž .events of which 72% came from the qq g final
state, 18% from Zeqey and 10% from ZZ and Zg )

production.

2.2. Selection of eÕents in the jjjj topology

In the selection of events in the fully hadronic
topology, all detected particles were first clustered
into jets using LUCLUS with d s6.5 GeVrc.join

Events were accepted if they had at least four jets,
with at least four particles per jet. Background from
Zg events was suppressed by imposing the condition

X's )130 GeV. Events were then forced into a 4-jet
configuration and a 5-constraint fit performed, re-
quiring conservation of four-momentum and the two
reconstructed W masses to be equal. The fit was
applied to all three possible pairings of the four jets
into two Ws. Fits with reconstructed W mass outside
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the range 74-mrec -88 GeVrc2 were rejected and,W

of the remaining fits, the one with minimum x 2 was
accepted. Then, in order to suppress the dominant
background, which arises from the qqg final state,
the condition D)0.0045 radPGeVy1 was imposed,

Emin Ž .with Ds u r E yE ; E and E aremin max min min maxEma x

the minimum and maximum energies of the fitted
jets and u is the minimum interjet angle. The usemin

w xof the D-variable is illustrated in Ref. 7 .
The efficiency of the selection procedure was

Ževaluated from fully simulated events to be 76.8"
.0.3 %. A total of 383 events was selected from data

corresponding to an integrated luminosity of 53.0
pby1, containing estimated background contributions
of 77.9"3.7 events from qqg production and 3.3"

0.2 events from the jj lln final state. The method
used in the data to assign the reconstructed jets to W
pairs was applied to a sample of simulated events
generated with only the three doubly resonant dia-
grams for WW production present in the production
amplitude; in this model the efficiency of the proce-
dure was estimated to be about 75%.

An additional problem in the analysis of the jjjj
state is to distinguish the pair of jets constituting the

Wq decay products from that from the Wy.
This ambiguity can be partly resolved by compu-
ting jet charges from the momentum-weighted charge
of each particle belonging to the jet, Q sjet

< < 0.5 < < 0.5 ŽÝ q p rÝ p where the exponent is choseni ii i i
. "

qempirically , and defining the W charges, QW

and Q y, as the sums of the charges of the twoW
w xdaughter jets. Following the method of 10 , the

distribution of the difference DQsQ yyQ q wasW W
Ž .then used to construct an estimator P DQ of the

probability that the pair with the more negative value
of Q is a Wy. An estimate of the efficiency of thisW

procedure was made by flagging all correctly associ-
ated jet pairs reconstructed from simulated events
with DQ-0 as Wy and comparing with the gener-
ated information: a value of 76% was obtained.

2.3. Selection of eÕents in the jjX topology

Events were selected as candidates for the jjX
topology, in which an electron is presumed lost in
the beam pipe and a neutrino is assumed to be
produced, if they had at least 6 charged particles,

total visible energy in the event less than 110 GeV,
total measured transverse momentum greater than 15
GeVrc, invariant mass of detected particles exceed-
ing 45 GeVrc2, and a total energy deposition in the

w xvery forward electromagnetic calorimeter 6 less
than 65 GeV. All detected particles were then clus-
tered into jets using LUCLUS with d s5.5join

GeVrc. Events were accepted if they had exactly
two jets, with at least two charged particles in each
jet.

Events from the WW final state, with one W
decaying leptonically, were suppressed by rejecting

Ž .events with identified final state leptons e or m of
energy exceeding 12 GeV, or with an isolated parti-

Žcle at more than 108 from the nearest charged
.particle of energy greater than 10 GeV and with

energy deposition in the electromagnetic calorime-
ters exceeding 5 GeV. Further rejection of the jjtn

final state was achieved by requiring the mass of the
more energetic jet to be less than 20 GeVrc2 and
the mass of the other jet to be less than 15 GeVrc2.

In order to suppress the contribution from the qqg

final state, events were rejected if the two jets were
collinear to within 208 or if the angle between the
planes containing each jet direction and the beam
was less than 208. In addition, events were rejected if
there was a signal in the hermeticity detectors within
308 of the direction of the missing momentum. Fi-
nally, a kinematic fit to the reaction eqey™ jjg was
made to the event, assuming the presence of an
unseen additional photon, and requiring 4-momen-
tum conservation. Events were rejected if the direc-
tion of the reconstructed photon lay within 258 of the
beam direction.

In the determination of coupling parameters from
these data, the number of observed events was com-
pared with the predicted number. The selection effi-
ciency was evaluated using fully simulated events
defined in a region of the four-fermion phase space
somewhat wider than that used in the selection of
events from the data, and was found to be constant
with respect to the couplings within the accuracy of

Ž .the estimation, and equal to 55"2 % for qqen

production after application of the selection proce-
dure described above. From the integrated luminosity
of 53.0 pby1 17 events were selected. For Standard
Model values of the couplings a total of 19.2 events
was expected, comprising 6.0"0.35 qqen events in
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the jjX topology, 1.1"0.05 events from qqen with
the electron or positron emitted into the detector
acceptance, 6.3"0.2 events from qqtn , 1.7"0.07
events from qqmn , 0.7"0.05 events from qqnn ,
3.4"0.15 events from qqg production, and negligi-
ble contributions from other sources. All the pro-
cesses contributing to the selected sample except the
qqg production include diagrams with trilinear gauge
couplings, and this was taken into account in the
subsequent analysis.

2.4. Selection of eÕents in the ll X topology

The selection of events in the ll X topology re-
quired events with only one charged particle which
was clearly identified as a muon or electron accord-

w xing to criteria defined in 7 . The normal track selec-
tions were tightened in order to reject cosmic ray
background: the track was required to pass within 1

Žmm of the interaction point in the xy plane per-
.pendicular to the beam and within 4 cm in z.

Lepton candidates were also required to have mo-
mentum below 75 GeVrc, with transverse compo-
nent above 20 GeVrc. Events were rejected if there
was an energy deposition of more than 3 GeV in the
barrel or forward electromagnetic calorimeters which
was not associated with the charged particle track, or
if the hermeticity detectors showed a signal which,
when projected on to the xy plane, was at an angle
of more than 1208 to the candidate track.

Using these criteria, one electron event and 7
muon events were selected from the data, while
totals of 1.85 and 3.47 events were expected for
Standard Model values of the couplings in the two
channels, respectively. In the eX sample, 1.60"0.2
events were expected from lln ll

X
n

X production, com-
Žing mainly from the e n en final state where eI I

.denotes an undetected electron , for which a selec-
Ž .tion efficiency of 50"5 % was estimated in the

kinematic region used in the calculation. The sample
in the m X topology was estimated to contain 2.52"

0.3 lln ll
X
n

X events, mainly from the e nmn finalI
Žstate, which was selected with an efficiency of 74"

.5 %. The samples also contain smaller contributions
from other lln ll

X
n

X final states, including those in-
volving t production. The eX sample was estimated
to contain a background contribution of 0.25"0.09
events from eqeyg production, and backgrounds of

0.34"0.12 and 0.61"0.35 events were estimated
in the muon channel from mmg and eqeymqmy

production, respectively. Other backgrounds, includ-
ing that due to cosmic ray muons, were estimated to
be negligible. The comparison of the predicted and
observed total numbers of events was made in the
same manner as for the jjX topology, described
above.

2.5. Selection of eÕents in the g X topology

The production of the single photon final state,
g X, via a WWg vertex proceeds through the fusion
diagram shown in Fig. 1c, while the dominant pro-
cess giving rise to this final state, eqey™Zg , with
Z™nn , involves bremsstrahlung diagrams. The sen-
sitivity of the g X final states to anomalous WWg

couplings is therefore greatest when the photon is
emitted at high polar angle and with high energy.
Events were selected if they had a single shower in
the barrel electromagnetic calorimeter, with 458-ug

-1358 and E )50 GeV, where u and E are theg g g

polar angle and energy, respectively, of the recon-
structed photon. It was also required that no electro-
magnetic showers were present in the forward elec-
tromagnetic calorimeters, and a second shower in the
barrel calorimeter was accepted only if it was within
208 of the first one. Cosmic ray events were sup-
pressed by requiring that any signal in the hadronic
calorimeter was in the same angular region as the
signal in the electromagnetic calorimeter, and that
the electromagnetic shower should point towards the

w xbeam collision point 11 . Using these criteria, 39
events were selected from data corresponding to an
integrated luminosity of 50.2 pby1. In the region
with E )50 GeV, trigger and identification effi-g

Ž . Ž .ciencies of 90"3 % and 78"2 %, respectively,
were estimated, giving an overall selection efficiency

Ž .of 70"4 %. Negligible background was estimated.

2.6. EÕent simulation

Various Monte Carlo models were used in the
calculation of cross-sections as a function of cou-
pling parameters in the different final states anal-
ysed. In the study of the jj lln and jjjj channels, the

w xfour-fermion generators EXCALIBUR 12 and
w xERATO 13 were used, the Wen final states used
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w xcalculations based on the program DELTGC 14 ,
w xcross-checked with GRC4F 15 , and DELTGC and

w xNUNUGPV 16 were used to calculate expected
signals in the g X topology. The EXCALIBUR and
GRC4F models were interfaced to the JETSET

w x w xhadronization model 8 , tuned to Z data 17 , and to
w xthe full DELPHI simulation program 6 . In addition,

in the analysis of the jj lln final state, a fast simula-
tion of the DELPHI detector was used. Cross-checks
were made to ensure that the fast and full simula-
tions agreed in the distributions of the kinematic
variables used in the analysis. The study of back-

Ž .grounds due to qq g production was made using
w xfully simulated events from the PYTHIA model 18 ,

while EXCALIBUR was used to study the qqnn

w xcontribution to the jjX topology and KORALZ 19
was used in the calculation of backgrounds in the
ll X final state. PYTHIA and EXCALIBUR were
used in the simulation of events from ZZ production.
Two-photon backgrounds were studied using the

w xgenerators of Berends, Daverveldt and Kleiss 20
w xand with the TWOGAM generator 21 .

3. Methods used in the determination of the cou-
plings

Data in the jj lln and jjjj channels were analysed
using methods based on that of Optimal Observables
w x22 . The methods exploit the fact that the differen-
tial cross-section, dsrdV , where V represents the
phase space variables, is quadratic in the trilinear
gauge coupling parameters:

ds V , lŽ .
isc V q c V PlŽ . Ž .Ý0 1 idV i

q ci j V Pl Pl ,Ž .Ý 2 i j
i , j

where the sums in i, j are over the set ls
� 4l , . . . ,l of parameters under consideration. The1 n

parameters c , ci and ci j in this expression can be0 1 2
Ževaluated at any phase space point for instance,

.using the calculations of ERATO from the squared
transition matrix element for production of the rele-
vant four-fermion final state for given values of the
coupling parameters.

The analysis of data in the jj lln final state fol-
w xlowed the method of Ref. 23 , in which the probabil-

ity distribution function of the reconstructed phase
Žspace V expressed as the reconstructed four-vec-

.tors of the four final-state fermions is expanded
about a general set of coupling parameters l . Then0

‘Modified Observables’ are defined as the mean
values of the quantities

y i V , lŽ .1 0
v V , l s ,Ž .i 0 y V , lŽ .0 0

Ž . iŽ .where y V , l and y V , l are, respectively,0 0 1 0

the constant and linear terms of the Taylor expansion
of the probability distribution function, readily evalu-
ated as linear combinations of the c , ci and ci j

0 1 2
w xabove. In 23 , it is shown that, for values of l close

to the expansion point l , the v defined above are0 i

essentially as effective in estimating the l as an
unbinned likelihood fit of the parameters to the data.

ŽThe expected behaviour n-dimensional calibration
. ² Ž .:surfaces of the means v l were computed asi 0

a function of the couplings using samples of fully
simulated events generated at a few values of the

w xcouplings and reweighted 24 to cover the desired
² Ž .:region of parameter space. Values of v l werei 0

evaluated from the data sample and compared to the
expectation surfaces by means of a maximum likeli-
hood fit, taking into account the limited statistics
both of the experiment and of the simulated events
used in the evaluation of the calibration surfaces.
Since the optimal estimating efficiency of this tech-
nique is achieved only when the uncertainty on the
measurement of the Modified Observable lies within
the linear part of the calibration surface around the
expansion point, an iterative procedure in l was0

employed which was considered to converge when
the fitted values of the couplings differed from the
expansion values by amounts which were negligible
compared with the statistical errors in the determina-
tion of the parameters.

In the analysis of the jjjj final state, for which the
precision expected from the present data does not
require application of an iterative procedure, a some-
what simpler application of the method of Optimal

Ž .Observables was used. The quantities v V , l ,i 0

expanded about Standard Model values of the pa-
rameters, l sl , were computed from fully sim-0 SM

ulated events, again using reweighted events gener-
ated at a few values of the couplings, and compared
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Ž . ŽFig. 2. Distribution of the optimal variable v V , l definedSM
. Zin the text for the coupling Dg in the jjjj channel at 183 GeV.1

The points represent the data and the histogram the expectation
for the value of Dg Z obtained from the fit, shown in Table 1,1

with background contributions shaded.

with the data using binned maximum likelihood fits
to the shape and absolute normalization of the distri-

Ž .butions. The distribution of v V , l for the cou-SM

pling parameter Dg Z is shown in Fig. 2 together1

with the expected distribution for the value of the
coupling obtained from the fit, given in Table 1.

In the analysis of data in the jj lln and jjjj chan-
nels, it is not known which jet from a W decay
comes from the quark and which from the antiquark,
leading to a twofold ambiguity for jj lln and a four-
fold ambiguity for jjjj. For each event in the analy-
ses described above, the average of the contributions

from each assignment was used in the construction
of the likelihood function.

A second method was applied to the determina-
tion of couplings in the jj lln channel. In this analy-
sis, a binned maximum likelihood fit was made to
the joint distribution in the well-measured variables
cosu , the Wy production angle, and cosu , theW ll

polar angle of the produced lepton with respect to
the incoming e" of the same sign, without applica-
tion of a kinematic fit. Relaxation of the latter re-
quirement led to a slightly larger sample of selected
events: 118, 97 and 49 events in the muon, electron
and tau channels, respectively. The expected distri-

Ž .bution in the cosu , cosu plane for given valuesW ll

of the coupling parameters was calculated using
ERATO together with a fast simulation of the detec-
tor response. The distributions of cosu and cosuW ll

for the combined leptonic sample are shown in Fig. 3
together with the expected distributions for the value
of Dg Z obtained from the fit.1

Data in the single W topologies, jjX, eX and m X,
were analysed using a maximum likelihood fit to the
observed total numbers of events selected. The selec-
tion of events in these topologies was designed to
enhance the contribution from the virtual photon
radiation process of Fig. 1b which, as mentioned in
Section 1, involves only the WWg coupling and is
particularly sensitivity to Dk . The selected datag

sample in each of the three topologies contains con-
tributions from final states involving this diagram, as
well as contributions from final states involving WWV
couplings but not the virtual photon radiation pro-
cess. There are also contributions from backgrounds
without any dependence on trilinear gauge couplings.

Table 1
Fitted values of WWV couplings from DELPHI data at 183 GeV using the methods described in the text. The first errors given for each
value are the one standard deviation statistical uncertainties; the second is the systematic error. For the fit to l in the single W topologiesg

Ž .the 95% confidence limits are shown see text . A 1 standard deviation systematic error of 0.10 was estimated in this case. In the fits to each
coupling parameter, the other two couplings were set to their Standard Model value

ZTopology Dg Dk l1 g g

q0.16 q0.66 q0.19Ž .jj lln Modified Observables y0.04 "0.02 0.12 "0.12 y0.15 "0.03y0 .15 y0.52 y0.17
q0.17 q1.49 q0.18Ž .jj lln cosu , cosu y0.10 "0.02 y0.05 "0.19 y0.19 "0.02W ll y0 .15 y0.46 y0.16
q0.29 q1.24 q0.34jjjj y0.02 "0.10 0.17 "0.25 y0.09 "0.15y0 .24 y0.63 y0.25
q0.94 q0.38 Ž .jjXq ll X 0.10 "0.11 0.26 "0.15 y1.13-l -1.14 95% C.L.y1 .05 y0.48 g

q1.25 q1.53g X y 0.02 "0.06 0.06 "0.10y1 .22 y1.53
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. .Fig. 3. Distribution of a cosu and b cosu in the jj lln final state at 183 GeV. The points represent the data and the histograms theW ll

expectation for the value of Dg Z obtained from the fit, shown in Table 1, with background contributions shaded.1

The evaluation of the expected signal in each topol-
ogy took all these contributions and their depen-
dences on the coupling parameters into account.
Calculations of the expected cross-sections, selected
as described in Section 2, showed that, for Standard
Model values of the couplings, the m X channel is

Fig. 4. Photon energy spectrum of selected single photon events at
183 GeV. The crosses show the data and the histogram is the
expectation for the value of Dk , shown in Table 1, obtainedg

from the fit to the distribution in the shaded region, E )50 GeV.g

The background contribution in the selected data sample is negli-
gible.

expected to provide the greatest precision in the
determination of Dk , with the data from the jjXg

and eX channels providing upper limits on Dkg

poorer than that from m X by factors of about two
and four, respectively.

Data in the g X topology were analysed using a
maximum likelihood fit to the binned distribution of
the photon energy spectrum. The energy spectrum of
the data is shown in Fig. 4 together with the ex-
pected distribution for the value of Dk obtainedg

from the fit.
The analysis procedures described above have

been tested using samples of fully simulated data
corresponding to the same integrated luminosity as
the real data and have been shown to reproduce the

Table 2
Values of WWV couplings combining DELPHI data at 183 GeV
from all final states listed in Table 1. In the jj lln topology, the

Žresults obtained with the method of Modified Observables see
.text were used in the combination. The second column shows the

value of each coupling corresponding to the minimum of the
combined negative log-likelihood distribution and its 1 standard
deviation errors. The third column shows the 95% confidence
intervals on the parameter values. Both the statistical errors and
the independent systematic errors are included

Coupling parameter Value "1s 95% confidence interval
Z q0.14 ZDg y0.04 y0.28- Dg -0.241 y0.12 1

q0.32Dk 0.19 y0.46- Dk -0.84g y0.34 g
q0.19l y0.15 y0.44- l -0.24g y0.15 g
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values of the couplings used in the generation of the
events to within the expected statistical precision.

4. Results on WWV couplings

The results and one standard deviation errors
obtained for the couplings Dg Z, Dk and l from1 g g

the data in each of the final states and using the
methods discussed above are shown in Table 1. In
the fit to each coupling parameter, the values of the
other parameters were held at zero, their Standard
Model value. In some cases, the assignment of confi-

dence intervals is complicated by the fact that the
quadratic dependence of the cross-section with cou-
pling parameters can give rise to a log-likelihood
distribution with two minima. This is the case in the

Ž .determination of Dk in the cosu , cosu analy-g W ll

sis, where the upper 68% confidence limit is not well
determined, and in the fit to l in the single Wg

topologies, where we quote only the 95% confidence
interval. In the determination of coupling parameters
from the g X topology, in which both total cross-sec-
tion data and the shape of the photon energy spec-
trum were used, the main part of the precision comes
from the cross-section which, after correction for

. Ž Z . . Ž Z . . Ž .Fig. 5. Results of fits in the plane of parameters a Dg , Dk , b Dg , l , c l , Dk using DELPHI data at 183 GeV from all final1 g 1 g g g

states listed in Table 1. In the fit to each pair of parameters, the value of the third parameter was set to its Standard Model value. The
regions accepted at the 68% and 95% confidence levels are shown. The points at the centres of the accepted regions indicate the values
maximizing the likelihood functions.
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losses in the selection procedure, was determined to
Ž Ž . Ž ..be 1.09"0.17 stat. "0.05 syst. pb in the ac-

cepted kinematic region.
The log-likelihood distributions from all topolo-
Žgies using the Modified Observables method for
.jj lln were combined to give the values of the

coupling parameters, their one standard deviation
uncertainties and the 95% confidence limits shown
in Table 2. Agreement between the data and the

Žpredictions from the fits shown, for example, in
.Figs. 2–4 , is good. The results of fits in which two

parameters were allowed to vary are shown in Fig. 5.
In all cases, the results are consistent with the Stan-
dard Model prediction of zero for the couplings we
determine.

Various effects contribute to the systematic errors
included in the results in Tables 1 and 2. These
uncertainties are small compared to the statistical
precision attained with the present data. Effects com-
mon to more than one of the selected final states
include the uncertainties in the W mass, taken to be

2 Ž ."100 MeVrc , in the integrated luminosity "1%
Ž .and in the beam energy "50 MeV , and the theoret-

ical uncertainty in the calculation of the WW cross-
Ž w x.section taken to be "2% 1 . These were evaluated

for each final state studied, and combined with
weights derived from the statistical errors in the
determination of each coupling parameter to give
overall estimates of "0.01 in Dg Z, "0.01 in Dk1 g

and "0.02 in l . These common errors are ing

addition to the independent systematic uncertainties
included in the confidence intervals shown in Table
2. The systematic effects specific to each final state
include those arising from the statistical errors in the
calculation of signal and background cross-sections
due to the finite statistics of the simulated events
used, and from the effect of the event reconstruction
procedure on the energies assigned to jets and lep-
tons. In addition, possible effects due to the choice
of the jet hadronization model used in the analysis
were estimated by comparing results from samples

w xsimulated with JETSET, ARIADNE 25 and HER-
w xWIG 26 . In the jjjj final state, the effect of the

uncertainty in the computation of jet charges used to
distinguish Wq from Wy was considered, and pos-
sible colour reconnection effects were studied by
comparing samples generated with and without type

´ w xII colour reconnection, as defined in 27 .

5. Conclusions

Values for the trilinear gauge couplings WWV
have been derived from an analysis of DELPHI data
at 183 GeV. The following results have been ob-
tained:

Dg Z sy0.04q0 .14 , Dk s0.19q0 .32 ,1 y0.12 g y0.34

l sy0.15q0 .19 .g y0.15

These results and the results from the 2-parameter
fits shown in Fig. 5 are consistent with Standard
Model predictions. The precisions achieved represent
an improvement by a factor ;2–3 over those ob-
tained in the previous DELPHI analysis of data at
161 and 172 GeV.
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