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Abstract

Measurements of the trilinear gauge boson coupli®g&y and WW Z are presented using the data taken by DELPHI in
1998 at a centre-of-mass energy of 189 GeV and combined with DELPHI data at 183 GeV. Values are determ‘i@%d for
and Ak, the differences of th& W Z charge coupling and of the Wy dipole coupling from their Standard Model values,
and fori,, the WWy quadrupole coupling. A measurement of the magnetic dipole and electric quadrupole moment of the
W is extracted from the results fak«, andx,. The study uses data from the final stajggv, jjjj, £X, jjX andyX,
where; represents a quark jet,an identified lepton an& missing four-momentum. The observations are consistent with the
predictions of the Standard Modé&l.2001 Published by Elsevier Science B.V.

E-mail addressclara.matteuzzi@cern.ch (C. Matteuzzi).
1 Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuthen, Germany.



DELPHI Collaboration / Physics Letters B 502 (2001) 9-23

1. Introduction

The properties of the final state in the reactions
ete” — WTW™, Wev and vvy are sensitive to
trilinear gauge boson couplings [1,2]. This study uses
data from the final stateg ¢v, jjjj, £X, jj X andy X
(wherej represents a quark jet,an identified lepton
andX missing four-momentum) taken by the DELPHI

detector at LEP in 1998 at a centre-of-mass energy of
189 GeV. The data are used to determine values of

three coupling parameters at tlew Vv vertex (with
V=y,2): Aglz, the difference between the value of
the overallWW Z coupling strength and its Standard
Model prediction; Ak, the difference between the
value of the dipole couplingy,, and its Standard
Model value; and.,, the WWy quadrupole coupling
parameter [3].

In the evaluation of the couplings, a model has been

assumed [4] in which contributions to the effective
WWYV Lagrangian from operators describing possible

new physics beyond the Standard Model are restricted

to those which ar& P-conserving, are of lowest di-
mension K 6), satisfySU(2) x U(1) invariance, and

have not been excluded by previous measurements.

This leads to possible contributions from three oper-
ators,Lwg, Lpg and Ly, and hence to relations be-
tween the permitted values of tHEWy and WWZ

2
couplingsiAkz = Agf — %% Ak, andiz = i, , where
sw andc,, are the sine and cosine of the electroweak

mixing angle. The parameters we determine are re-

lated to possible contributionsy, apy andoy from
the three operators given above byglz = on(,)/ci,
Ak, =awg +apg, andir, =aw.

The WWYV coupling arises inWW production
through the diagrams involvingchannel exchange of
Z or y, shown in Fig. 1(a). We study this reaction in
the final stategj¢v, where oné¥/ decays into quarks
and the other into leptons, ang;j, where bothws
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 electron
or positron, interacting with a virtua¥ radiated from
the other incident particle (Fig. 1(b)). This process,
involving a WWy coupling, contributes significantly
in the kinematic region where a final state electron or
positron is emitted at small angle to the beam and is

13

thus likely to remain undetected in the beam pipe. The
decay modes of thé& give rise to two final states:
that with two jets and missing energy;(X), and that
containing only a single visible lepton coming from
the interaction point and no other track in the detector
(£X).

The trilinearW Wy vertex also occurs in the reac-
tion eTe~ — vvy in the diagram in which the incom-
ing electron and positron each radiate a virtitaht an
evW vertex and these two fuse to produce an outgo-
ing photon (Fig. 1(c)). In this process, which leads to
a final statey X, consisting of a single detected pho-
ton, the WWy coupling is studied completely inde-
pendently of the¥ W Z coupling, as ndV W Z vertex
is involved.

The next section of this Letter describes the selec-
tion of events from the data and the simulation of the
various channels involved in the analysis. Section 3
describes the methods used in the determination of
coupling parameters. In Section 4 the results from dif-
ferent channels are presented and combined with pre-
viously published DELPHI results [2] to give over-
all values for the coupling parameters. A summary is
given in Section 5.

2. Event simulation and selection

In 1998 DELPHI recorded a total integrated lumi-
nosity of 155 pb?! at an average centre-of-mass en-
ergy of 18863+ 0.04 GeV. We characterise here the
main features of the selection of events in the final
state topologiegjtv, jjjj, £X, jjX andy X, defined
in the previous section. A detailed description of the
DELPHI detector may be found in [5], which includes
descriptions of the main components of the detector
used in this study, namely, the trigger system, the lu-
minosity monitor, the tracking system in the barrel and
forward regions, the muon detectors, the electromag-
netic calorimeters and the hermeticity counters. The
definition of the criteria imposed for track selection
and lepton identification and a description of the lumi-
nosity measurement are given in [6].

2.1. Event simulation

Various Monte Carlo models were used in the cal-
culation of cross-sections as a function of coupling
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Fig. 1. Diagrams with trilinear gauge boson couplings contributing to the processes studied in this Letiefe{a}> WTw—,

(b)eTe™ — Wev, (C)eTe™ — vvy.

parameters in the different final states analysed. In
the study of thejj¢v and jjjj channels, the four-
fermion generators EXCALIBUR [7] and ERATO [8]
were used; the studies of tli& and jj X final states
used calculations based on the program DELTGC [9],
cross-checked with GRC4F [10]; DELTGC and
NUNUGPYV [11] were used to calculate the signals
expected in they X topology. The EXCALIBUR
and GRC4F models were interfaced to the JETSET
hadronization model [12] tuned td data [13]. The
study of backgrounds due g (y) production was
made using events from the PYTHIA model [14],
while EXCALIBUR was used to study thggvv con-
tribution to the jj X topology, and KORALZ [15],
BHWIDE [16] and TEEG [17] were used in the calcu-
lation of backgrounds in théX final state. PYTHIA
and EXCALIBUR were used in the simulation of
events fromZ Z production. Two-photon backgrounds
were studied using the generators of Berends, Dav-
erveldt and Kleiss [18] and the TWOGAM genera-
tor [19]. All of these generators were interfaced to the
full DELPHI simulation program [5] except DELTGC
and ERATO, which were used only to calculate event
weights as a function of the trilinear gauge coupling
parameter values (see Section 3).

2.2. Selection of events in thgfv topology

Events in thejj¢v topology are characterised by
two hadronic jets, a lepton and missing momentum
resulting from the neutrino. The lepton may be an
electron or muon (coming either frow decay or
from the cascade decay of th# through ar lepton)
or, in the case of decays, the might give rise to

a low multiplicity jet. The major backgrounds come
from gg(y) production and from four-fermion final
states containing two quarks and two leptons of the
same flavour.

Events with several hadrons were selected by re-
quiring 5 or more charged particles and a total energy
of charged particles recorded in the detector exceed-
ing 15% of the centre-of-mass energy. In the selection
of jjuv and jjev events, the candidate lepton was
assumed to be the most energetic charged particle in
the event; forjjtv events, the lepton candidates were
constructed by looking for an isolatedr w or a low
multiplicity jet.

The selection procedure was identical to that used
in our analysis of data at 183 GeV [2], except that,
in the selection of electron candidates, the component
of the missing momentum transverse to the beam axis
was required to be greater than 15 Ge\and the
angle between the electron candidate and the missing
momentum was required to exceed 60

The efficiency for the selection gfi£v events was
evaluated using fully simulated events to be.Gr2
0.2)%, (59.4 4+ 0.3)% and (31.7 + 0.3)% for muon,
electron and tau events, respectively. Using data taken
only when all essential components of the detector
were operational, corresponding to an integrated lu-
minosity of 149 pb!, 263 muon, 212 electron and
146 tau candidate events were selected. A background
contamination 0f0.226+ 0.016) pb was estimated, of
which 58% came from thgg (y) final state, 22% from
Zete™,13% fromZ Z andZy* production and small
contributions from non-semileptoni¥ W events and
other sources. The errors on the efficiencies and back-
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ground contributions (where given) are statistical er-
rors, resulting from the quantity of simulated data
available. The systematic uncertainty resulting from

15

model the efficiency of the procedure was estimated
to be about 74%.
An additional problem in the analysis of thg;j

these statistical errors is included in the results shown state is to distinguish the pair of jets constituting

in Section 4.
2.3. Selection of events in thigjj topology

The selection of events in the fully hadronic topol-
ogy followed closely that used in our analysis of data
at 183 GeV [2], with only small changes in the values
of kinematic cuts.

All detected patrticles were first clustered into jets
using LUCLUS [12] withdjoin = 5.5 GeV/c. Events

the Wt decay products from that from th@& .
This ambiguity can be partly resolved by computing
jet charges from the momentum-weighted charge of
each particle belonging to the j@jet = Y_; gi|pI>°/

> 1pI%° (whereg; and p; are the charge and the
momentum of the particle and the exponent is chosen
empirically), and defining th&* chargesQy+ and
Ow-, as the sums of the charges of the two daughter
jets. Following the method of [22], the distribution of
the differenceA O = Qw- — Qw+ was then used to

were accepted if they had at least four jets, with atleast construct an estimatoPy,- (A Q) of the probability

four particles per jet. Background frofi(y) events
was suppressed by imposing the conditigh’ >
130 GeV, whera/s’ is an estimate of the effective col-
lision energy in the (backgroungj; (y) final state af-
ter initial state radiation [20]. Events were then forced
into a 4-jet configuration and a 4-constraint fit was
performed, requiring conservation of four-momentum.

that the pair with the more negative value @fy is
aw~—.

An estimate of the efficiency of this procedure was
made (for the same sample of simulat&dV events
as was used to estimate the jet pairing efficiency)
by flagging the jet pairs withQ < 0 as W~ and
comparing with the generated information. In order to

Then, in order to suppress the dominant background, separate this estimate from that for the efficiencyiof

which arises from theyg(y) final state, the condi-
tion D > 0.0055 GeV'! was imposed, withD =
Eg;emin/(Emax— Emin); Emin and Emax are the ener-
gies of the reconstructed jets with minimum and max-
imum energy an@nmin is the minimum interjet angle
in radians. A further fit was then performed on sur-
viving events, imposing four-momentum conservation
and requiring the masses of the two reconstruéved

to be equal. The fit was applied to all three possible
pairings of the four jets into twdVs. Fits with re-
constructedW mass outside the range ®m° <

88 GeV/c? were rejected and, of the remaining fits,
the one with minimurmy 2 was accepted.

The efficiency of the selection procedure was evalu-

ated from fully simulated events to §&5.7 + 0.2)%.

A total of 1130 events was selected from data corre-

sponding to an integrated luminosity of 154.4 pb
Background contributions 0§1.26 + 0.02) pb and
(0.187+ 0.007) pb were estimated fromg(y) and
Jjjtv production, respectively. The method used in

pair assignment, only events with correct jet pairing
were included in the comparison, leading to a value of
77% for theWw charge tagging efficiency.

2.4. Selection of events in tii& topology

In the selection of candidates for th¥ final state,
events were required to have only one charged par-
ticle, clearly identified as a muon from the signals
recorded in the barrel or forward muon chambers or
as an electron from the signals in the barrel or forward
electromagnetic calorimeters. The corresponding se-
lection criteria are described in detail in [6]. In addi-
tion, the normal track selections were tightened: the
track was required to pass within 1 mm of the interac-
tion point in thexy plane (perpendicular to the beam)
and within 4 cm inz. Lepton candidates were also
required to have momentum below 75 GeVY with
a component transverse to the beam above 20/GeV
Events were rejected if there was an energy deposition

the analysis of the data to assign the reconstructedof more than 5 GeV in the barrel or forward electro-

jets to W pairs was applied to a sample of simulated
events generated with PYTHIA, with only the three
doubly resonant CC03 [21] diagrams f&#W pro-

duction present in the production amplitude; in this

magnetic calorimeters which was not associated with
the charged particle track, or if there was any signal
in the hermeticity detectors. In the selection of elec-
tron candidates, the ratio of the energy measured in
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the electromagnetic calorimeter to the magnitude of energy exceeding 12 GeV. In order to suppress the

the measured momentum was required to exceed 0.7.

contribution from thegg(y) final state, events were

Imposing these criteria, 10 events were selected in rejected if the acoplanarity was greater than °160

data in theeX channel, and an efficiency ¢81.2 +
3.8)% was obtained foeevv production. In theu X

where acoplanarity is defined as the angle between

the projections of the jet momenta on to the plane

channel, 11 events were selected with a calculated perpendicular to the beam. In addition, events were

efficiency of (51.2 + 6.3)% for ewvv production. In

rejected if the polar angle of either reconstructed jet

both cases, the efficiency was evaluated in the phasewas below 20, if any charged or neutral particle

space region defined by the following cuts: one (and
only one) lepton was emitted at more than 20\8ith
an energy between 20 GeV and 75 GeV.

For Standard Model values of the couplings,

8.3+ 1.0 single electron events were expected, com-

prising 4.5 events fronzevv production, 0.3 events
from euvv, 0.5 events frometvy with the T decay

of momentum exceeding 1 G¢¥ was reconstructed
within a cone of angle 30about the direction of the
missing momentum, or if there was a signal in the
hermeticity detectors in a cone of angle’&bout the
direction of the missing momentum.

Applying these criteria to fully simulated events,
an efficiency of(43.7 + 1.5)% was calculated; in the

products unseen, 0.2 events from the same final statedata 64 events were selected. As in @ topology,

but with an electron or positron from thedecay ob-

the efficiency is quoted with respect to a reduced

served in the detector, and 2.8 events from the reactionphase space: the electron had to be emitted at less

ete™ — eTe y(y) with one electron (or positron)

and the final state photon(s) unobserved. In the sin-

gle muon channel, 10+ 1.7 events were expected
for Standard Model values of the couplings, compris-
ing 4.2 events fronavv production, 2.4 events from
eepp production (coming mainly from two-photon
interactions), 0.3 events fromxvv, 0.6 events from
upvv, 0.4 events fronutvy, 2.1 events fromuuy,
and a negligible contribution fromzry production.

All the contributing channels except the Bhabha and
Compton backgrounds in theX final state and the
upy andrry backgrounds and two-photon interac-
tions in theu X channel have a dependence on trilin-

than 10.3, the angle between the missing momentum
vector (calculated as the negative of the vector sum
of the ¢ and g momenta) and the beampipe had to
be larger than 25 the visible transverse momentum
had to be at least 15 Gg¥ and the visible energy had
to be less than 160 GeV. Both momentum and energy
here are taken from the four-momenta of the final state
g andg. For thegq pair, acollinearity and acoplanarity
had to be less than 170and the polar angle of both
andg had to exceed 20

For Standard Model values of the couplings, a total
of 60.3 £ 0.8 events are expected, comprising 17.0
events from theggev final state with the electron

ear gauge boson couplings in their production, and this or positron lost in the beam pipe, 5.1 events from

was taken into account in the subsequent analysis.
2.5. Selection of events in thg¢X topology

Events were selected as candidates for jhi&

topology if they had total measured transverse mo-

mentum greater than 20 G¢¥ and invariant mass
of detected particles between 45 and 90 @&V

The detected particles were clustered into jets using

LUCLUS with djoin = 6.5 GeV/c, and events were

accepted if they had two or three reconstructed jets.

Surviving events were then forced into a 2-jet config-
uration.
Events from theWW final state with oneWw

ggev with the electron or positron elsewhere in the
detector, 22.0 events fromgtv, 8.1 events from
gquv, 3.9 events fromygvv, 4.0 events frongg(y)
production, and 0.2 events fromy interactions.

All the processes contributing to the selected sample
exceptyg(y) production and two-photon interactions
include diagrams with trilinear gauge couplings, and
this was taken into account in the subsequent analysis.

2.6. Selection of events in theX topology
The production of the single photon final statex,

via a WWy vertex proceeds through the fusion dia-
gram shown in Fig. 1(c), while the dominant process

decaying leptonically were suppressed by rejecting giving rise to this final stateg*e™ — Zy with Z —

events with identified final state leptons ¢r ) of

vv, involves bremsstrahlung diagrams. The sensitiv-
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ity of the y X final states to anomalou§ Wy cou- where the sums in j are over the set={A1, ..., A}
plings is therefore greatest when the photon is emitted of parameters under consideration. It has been shown
at high polar angle. Events were selected if they had that the “Optimal Variablest (V) /co(V) andc (V)/
asingle shower in the barrel electromagnetic calorime- vy approximated for real data by using the recon-
ter with 458 < 6, < 135 and E, > 6 GeV, where  girycted phase space variabf@sas arguments of the

0, and E, are the polar angle and energy, respec- ¢} andc;j, have the same estimating efficiency as can

tively, of the reconstructed photon. Itwas also required o, oained in unbinned likelihood fits of parameters
that no electromagnetic showers were present in the ,
A; to the data [25].

forward electromagnetic calorimeters, and a second
shower in the barrel calorimeter was accepted only if it

was within 20 of the first one. Cosmic ray events were Cz(é)/co(-é) was compared with the expected dis-

suppressed by requiring any signal in the hadronic i, ion, computed from events generated with EX-
calorimeter to be in the same angular region as the sig- CALIBUR and passed through JETSET and the full
nal in the electromagnetic calorimeter and the electro- detector simulation. An extended maximum likelihood
magnetic shower to point towards the beam collision fit, combining the information coming from the shape

point [23]. Using these criteria, 145 events were se- ¢ w0 ontimal Variables and from the cross-section,
Iectt_ed from datalcorrespondmg to an integrated 'F‘m" has been carried out. At each stage the simulated
nosity of 155 pb™. The Standard Model expectation 4 ‘\which had been generated at a few values of the
Is 157.7 + 3.7 events. Values for the triple gauge bo- ., ,jings have been reweighted [26] to the required
son couplings were fitted in the regidf) > 50 GeV, e of) using the matrix element calculation of the
which contamed_59% .Of the events. In this region, ERATO generator [8]. In the case of events in the
an overall selegﬂon ef_f|c_|ency ab4 = 4% was es- Jjjtv topology, the binning in these two variables was
timated [23], with negligible background contamina- 1,5 4e sing a multidimensional clustering technique,
tion. described in detail in [27]. This is an economical bin-
ning method in which the, real data points are used
as seeds to divide the phase space into an equal num-
ber of multidimensional bins. Each simulated event
is associated with the closest real event, resulting in
an equiprobable division of the space of the Optimal

In the determination of a single parameterthe
joint distribution of the quantities1(£2)/co(£2) and

3. Methods used to determine the couplings

The analysis procedures applied are similar to those
used in our previously reported analysis of data at

. . Variables in which it is assumed that the best available
183 GeV [2], though somewhat different applications - . o
of the method of Optimal Observables were used in knowledge of the probability density function is that

L of the real data points themselves.

The use of such a technique becomes of particular
importance when simultaneous fits to two coupling
parameters are performed. The number of Optimal
Variables then increases to fivek/co, c2/co, c3/co,

Data in both thejj¢v and jjjj channels were  ¢3°/co@ndcy?/co, and the use of equal sized bins in a
analyzed using methods based on that of Optimal SPace of this number of dimensions is impractical. For
Observables [24]. The methods exploit the fact that the €vents in thejj¢v topology, an extended maximum
differential cross-sectionlo/d V, whereV represents  likeélihood fit was performed over the; bins for each
the phase space variables, is quadratic in the trilinear Pair of coupling parameters{, 12) using this method.

3.1. Optimal Observable analysis pf¢v and jjjj
channels

gauge coupling parameters: A somewhat different technique was used in 2-para-
- - meter fits to data in thgjjj topology. In this case,
do(V,4) _ (V) + Zci(‘;) oy extended maximum likelihood fits were made to the

binned joint distribution of only the first order terms
c}/co andc?/cq in (1), but an iterative procedure was

RV o . .
+ Z‘z (V) -2 Aj, @) used, at each stage expanding the expression for the
i<j

1
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differential distribution of the phase space variables = 200 prrrrT T
V about the valuesii, A») obtained in the previous S 1o - DELPHI ]
iteration: g
z 160
do(V, A1, A2) 140
dVN " N 17 ® o B 120
=co(A1, A2, V) + c1(A1, k2, V) (A1 — A1) 0
—i—c%(;\l,;\z, ‘7)()»2—5»2) + - (2)

80
It has been shown in Ref. [25] that when this itera-
tive procedure has converged sufficiently, the first or-

60

der terms retain the whole sensitivity of the Optimal 40

Variables to the coupling parameteirsthe contribu- 20

tion from the higher order terms becoming negligible. ‘ ‘ ‘

In practice, this was achieved after about three or four O 08 06 04 02 0 02 04 06 08

iterations. As an example, Fig. 2 shows the distribu-

. N -

tion of ¢; *1(2)/co(£2) for data and for the results of _ S _ Al - R

the fit described in the next section. Fig. 2. Distribution of the optimal variable; L (£2)/co(£2) (de-
fined in the text) for the coupling&glz in the jjjj channel from

L o DELPHI data at 189 GeV. The points represent the data and the his-
3.2. Cross-check analysis ¢f¢v and jjjj channels togram shows the distribution expected for the fitted value gf

(see Table 1). The shaded area is the estimated background contri-
In both thejj¢v and jjjj channels, an additional  Pution-
analysis was performed using more directly measured «

C,(Q)/c, ()

kinematic variables in order to corroborate results S 140 DELPHI
obtained from the methods described above. 2 120
In the jj¢v topology, a binned maximum likelihood % 100
fit was made to the joint distribution in cég, the 80
W~ production angle, and cég, the polar angle of 60
the produced lepton with respect to the incomirtg 40
of the same sign. In this study, somewhat looser crite- 20

ria were imposed in the selection of the events, giving
a total sample of 743 semileptonic events, with esti-
mated efficiencies 0f79.1 £ 0.3)%, (67.3 = 0.4)%
and (40.4 £+ 0.5)% for muon, electron and tau events,
respectively, and an estimated background contamina-
tion of 0.49 pb. A 4-constraint kinematic fit was then
applied to the events, requiring conservation of four-
momentum, and the variables @gs and co®, com-
puted from the fitted four-vectors. The expected num-
ber of events in each bin was estimated using events
generated with PYTHIA corresponding to the reaction 08 -06-04-02 0 02 04 06 08 1
ete™ — WTW~ and passed through the full detector cosh,
simulation procedure. Again, a reweighting technique
was used to determine the expected number of events™9- 3. Distributions in cogy and cog, for jjév events
for given values of the coupling parameters. The dis- (.= ¢ /- ©) for DELPHI data, shown as dots, at 189 GeV. The his-
9 . togram shows the distribution expected for the fitted value\gf
tributions of co®y and co9 for real and simulated  (see Table 1). The shaded area is the estimated background contri-
data are shown in Fig. 3. bution.

0 02 04 06 0.
cosBy,

—_—

events/0.13
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In the jjjj topology, the second analysis involved 3.3. Analysis ofX, jjX andy X channels
a binned extended maximum likelihood fit to the pro-
duction angular distribution. Events were selected by  Data in the topologieg¢X and jjX were analysed
constructing a probability function from the distribu- using maximum likelihood fits to the observed total
tions of eleven kinematic variables, namely: the value numbers of events selected, while th& data were
of djoin in the LUCLUS algorithm when four rather  fitted using a binned extended maximum likelihood
than three natural jets are reconstructed; the spheric-fit to the distribution of the reconstructed photon
ity; the angle between the two most energetic jets; energy,E,, in the regiont, > 50 GeV, which has the
the minimal multiplicity in a jet; the second Fox— maximum sensitivity to anomalous triple gauge boson
Wolfram moment; theD variable (defined above); couplings.
s’ (defined above); the fittet masses; the product
of the energy ratios of the two jets in the two re-
constructed dijets; the minimal transverse momentum 4, Results
with respect to the beam axis of the 15 most ener-
getic particles in the event; the transverse momentum  The results obtained for the triple gauge boson
of the jet pair obtained by forcing the reconstruction couplings from the data in each of the final states
of exactly two jets. Using this procedure, a sample of and using the methods discussed above are shown in
1331 events was selected with estimated efficiency of Table 1, together with their statistical and systematic
(86.6 4 0.2)% and purity of(74.4 4+ 0.4)%. As in the errors (see below). The results from all topologies are

case of the optimal observable analysis of this chan- combined with those previously analysed by DELPHI
nel described above, momentum-weighted jet chargesat 183 GeV and reported in Ref. [2] to give the

were then calculated to try to distinguish the" de- values of the coupling parameters, their errors and
cay products from those of th&~. An angular vari-  the 95% confidence limits shown in Table 2. In the
ablex, = cosw (Py-(AQ) — Py+(AQ)), was con-  combination, which is done by adding the individual

structed from the cosine of th# production angle  |og-likelihood functions, the results in thg¢v and

and the difference in probability of a dijet to come ;;; topologies from the methods based on Optimal
from a W~ or W* decay. The experimental distrib- ~ Observables were used, as these use all the available
ution of x, was compared with predictions obtained kinematic information and hence are expected to have
from events generated with PYTHIA, passed through greater precision. In the fit to each coupling parameter,
the full detector simulation procedure, and reweighted the values of the other parameters were held at zero,
in the fit for given values of the coupling parame- their Standard Model values. The results of fits in
ters. which two of the couplingsﬁglz, Ak, andi, were

Table 1

Fitted values of WV coupling parameters from DELPHI data at 189 GeV using the methods described in the text. The first error given for
each value is the statistical error at 68% confidence level (CL), obtained by stepping up 0.5 units from the minimum of the likelihood curve; the
second is the systematic error. In the fits to each parameter, the others were set to zero, their Standard Model values

Agf Aky Ay
jjtv (Optimal Variables) @0 5-38:£0.02 028'23%+0.10 006" 538£0.02
jjev (cosdy, cosdy) 0.077512+0.03 000"94340.10 00670 13+0.03
jjjj (Optimal Variables) ~0.09"015+0.07 0127937 +0.24 00101/ +0.05
jijj (coshy) ~0.07"5114+0.06 006037 +£0.23 ~0.05"313+0.06
ex ~0457335+021 0237927 +0.19 0482331021
JiX -0.43"331+025 019793 +0.11 042"238+0.15

y+0.77 103
yX - 070" 4§+0.03 065" 175+0.09
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Table 2
Values of WWV coupling parameters combining DELPHI data
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tributions from various sources. Table 3 lists the dom-
inant sources of systematic uncertainties for each of

from various topologies and energies, as described in the text. The the analyses used in the combination. A distinction be-

second column shows the value of each parameter corresponding to

the minimum of the combined negative log-likelihood distribution
and its errors at 68% CL. The first error quoted is the combined

tween systematic errors affecting more than one chan-
nel and effects specific to only one channel is made in

statistical and uncorrelated systematic error, the second is the total the combination of the different channels. The list of

common systematic (see text). The third column shows the 95%

common systematic effects and the procedure for their

confidence intervals on the parameter values, computed by stepping combination is given later in this section

up 2.0 units from the minimum of the likelihood curve. In the fits to

each coupling parameter, the other two parameters were set to zero,

their Standard Model values

Coupling parameter Value 95% confidence interval
z +0.07
Agf —0.02"557+0.01 —0.16,0.13
10.21
Aky 0.25"1'55+0.06 -0.13,0.68
+0.09
Ay 0.05" 5 9g+0.01 -0.11,0.23

allowed to vary are shown in Fig. 4(a)—(c). In no

In the jj¢v channel, the dominant effect faxg?

and A, arises from the uncertainty in the back-
ground contamination, where a conservative estimate
of £10% was used. Fatk,, , the event reconstruction
effects give a comparable contribution. Comparisons
betweenZ data and fully simulated events were used
to estimate uncertainties of jet and lepton energies and
of their angular distributions. These uncertainties were
then used to derive an additional smearing for a sam-
ple of simulated events, which was then also fitted to

case is any deviation seen from the Standard Model the data. The difference arising from fitting this sample

prediction of zero for the couplings determined.

The results shown in Fig. 4(c) can be transformed
to produce estimates for the magnetic dipole moment,
uw, and the electric quadrupole momeaqy;, of the
W boson using the relations

3
(4)

Iw (¢1 +xy +4,) and

" 2my

e
qw = _—Z(Ky —Ay).
my

The resulting two-parameter fit gives the values

27’I’lw
pw === 2.221020 and (5)
2
m
qw - —¥ =-1.18"55L (6)

e
with the confidence level contours shown in Fig. 4(d).
In the derivation of the result fopw, the value
of g:}f, the WWy charge coupling, has been assumed
to be unity, as required by electromagnetic gauge
invariance. The quantityg — 2)w, derived from the
definition of the gyromagnetic ratio of a particle of
spins, chargeQ and mass:, & = gE%, is, therefore,

measured to beg — 2)w = 0.2270.2),
4.1. Systematic uncertainties

The systematic errors shown in Table 1 and in-
cluded in the results shown in Table 2 contain con-

and the standard sample is quoted as the event recon-
struction uncertainty. A further effect considered was
the possibility of misassignment of the lepton charge.
This was again studied i@ data, where the fraction

of events with misidentified lepton charge was found
to be 0.3%. The corresponding systematic effect was
calculated by fitting to a simulated samplejgf v data
with 0.3% of the events randomly assigned the wrong
lepton charge. Also included in the table is the system-
atic error arising from effects of limited Monte Carlo
statistics in the evaluation of signal efficiencies.

In the jjjj channel, significant contributions to the
systematic error come from the use of simulated event
samples with energies different from that of the data,
conservatively evaluated by comparing samples gener-
ated at 188 and 190 GeV (and labelled “beam energy”
in Table 3), and from uncertainties in the jet hadroniza-
tion model used. The latter were estimated by compar-
ing data sets in which the JETSET and HERWIG [28]
fragmentation models were applied to a common set
of generated events. The effects of colour reconnec-
tion following the SK1 model [29] were investigated
by performing a similar comparison between a sam-
ple with maximal reconnection probability and the
standard unconnected set of JETSET events. As in
the analysis of thgj¢v channel, uncertainties due to
the background contamination (taken to-b&%) and
from limited simulated signal statistics were also taken
into account.
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Fig. 4. Results of fits in the planes of the parameters Aﬁ@lz( Axy), (b) (Aglz, Ay), (€) Ay, Aky) and (d) uw, gw) using data from the

final states listed in Table 1 combined with DELPHI results at lower energy [2]. In the combination, the analyseg;jébthed j;;; final

states based on Optimal Observable techniques were used. In each case the third parameter was fixed at its Standard Model value. The valut
maximizing the likelihood function and the regions accepted at the 68% and 95% confidence levels are shown. The confidence intervals are
computed as the contours where the value of the likelihood function is increased by 1.15 units (68% CL) and 3.0 units (95% CL), respectively,
from the minimum.

In the singleW channel€ X andj;j X, the dominant  nates from the uncertainty in the energy reconstruction
source of systematic errors is the uncertainty in the ef- of the barrel electromagnetic calorimeter.
ficiency estimation, which is an effect of the limited As in our previous analysis [2], the combined results
amount of simulated events available. Limited statis- shown in Table 2 include the independent systematic
tics also affect the background estimation. errors from each channel. In addition, systematic ef-
In the y X channel, systematic effects play only fects common to more than one channel, such as the
a minor role. The main systematic contribution origi- theoretical uncertainty in th& W cross-section, and
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Table 3

Main systematic contributions in each analysed channel

Channel Source and method AgZ Ak Ay

jjtv Background estimation +0.013 +0.058 +0.014
Signal cross-section +0.002 +0.018 +0.002
Lepton charge assignment0.005 +0.035 +0.009
Signal MC statistics +0.005 +0.017 +0.006
Event reconstruction +0.005 +0.064 +0.006
Total jj¢v systematic +0.017 +0.097 +0.019

Jjijj Background estimation +0.02 +0.05 +0.01
Signal cross-section +0.02 +0.13 40.01
Colour reconnection +0.03 +0.07 =£0.01
Fragmentation +0.01 +0.11 40.03
Beam energy +0.05 =+0.11 40.02
Total jjjj systematic +0.07 +0.24 40.05

X Background estimation +0.13 +0.13 +0.12
Signal cross-section +0.08 +0.05 +0.07
Efficiency estimation +0.15 +0.13 40.16
Total £X systematic +0.21 +0.19 4021

JjiX Background estimation +0.03 +0.02 +0.03
Signal cross-section +0.08 +0.06 +0.08
Efficiency estimation +0.23 +0.09 40.12
Total jj X systematic +0.25 +0.11 4015

yX Energy reconstruction - +0.03 +0.09
Signal cross-section - 4001 +0.01
Efficiency estimation - £001 +0.01
Total y X systematic - £0.03 40.09

the uncertainties in th# mass, in the luminosity mea-

a more precise evaluation of the cross-section is how
available [30], which gives a value around 2% lower
than currently assumed. As this new cross-section cal-
culation is not yet implemented in our event genera-
tors, we have used the old calculations and quote a sys-
tematic error which covers the difference between the
two cross-section values. Uncertainties in the differen-
tial cross-sections that could arise from the difference
between our Monte Carlo generators and the new gen-
erators, or from the theoretical uncertainty in the new
calculations are the subject of an ongoing LEP-wide
study and are not taken into account in the results pre-
sented here.

The common effects were evaluated individually for
each final state and then added with weights derived
from the statistical precision of the individual channels
with respect to each coupling.

5. Conclusions

Values for theWwV couplingsAng, Ak, anda,
have been derived from an analysis of DELPHI data
at 189 GeV. The results have been combined with
previously published values from DELPHI data at
183 GeV, giving an overall improvement in precision
by a factor of about two over that of the 183 GeV
data [2]. The results of the 2-parameter fit to the
couplings Ak, and A, have been used to derive
values for the magnetic dipole and electric quadrupole
moments of théV and for theW gyromagnetic ratio.

There is no evidence for deviations from Standard
Model predictions in any of the results obtained.
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