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Abstract

Measurements of the trilinear gauge boson couplings WWγ and WWZ are
presented from data taken by DELPHI in 1997 at an energy of 183 GeV. From
a study of the reactions e+e−→ W+W−, e+e−→ Weν and e+e−→ ννγ, values
are obtained for ∆gZ

1 and ∆κγ , the differences of the WWZ charge coupling
and of the WWγ dipole couplings from their Standard Model values, and for
λγ, the WWγ quadrupole coupling. The observations are consistent with the
predictions of the Standard Model.
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and Faculté des Sciences, Univ. de l’Etat Mons, Av. Maistriau 19, BE-7000 Mons, Belgium

3Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece
4Department of Physics, University of Bergen, Allégaten 55, NO-5007 Bergen, Norway
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and Depto. de F́ısica, Pont. Univ. Católica, C.P. 38071 BR-22453 Rio de Janeiro, Brazil
and Inst. de F́ısica, Univ. Estadual do Rio de Janeiro, rua São Francisco Xavier 524, Rio de Janeiro, Brazil

7Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, SK-84215 Bratislava, Slovakia
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and Istituto di Fisica, Università di Udine, IT-33100 Udine, Italy
47Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., Ilha do Fundão BR-21945-970 Rio de Janeiro, Brazil
48Department of Radiation Sciences, University of Uppsala, P.O. Box 535, SE-751 21 Uppsala, Sweden
49IFIC, Valencia-CSIC, and D.F.A.M.N., U. de Valencia, Avda. Dr. Moliner 50, ES-46100 Burjassot (Valencia), Spain
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1 Introduction

This study of the trilinear gauge boson couplings at the WWV vertex, with V ≡ γ, Z,
uses data from the reactions e+e−→ W+W−, e+e−→ Weν and e+e−→ ννγ 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: ∆gZ

1 , the difference between the value of the overall
WWZ coupling strength and its Standard Model prediction; ∆κγ , the difference between
the value of the dipole coupling, κγ , and its Standard Model value; and λγ, the WWγ
quadrupole coupling parameter.

In the evaluation of these parameters, a model has been assumed [1] in which con-
tributions to the effective WWV Lagrangian from operators describing possible new
physics beyond the Standard Model are restricted to those which are CP -conserving, are
of lowest dimension (≤ 6), satisfy SU(2) × U(1) invariance and have not been excluded
by previous measurements. This leads to possible contributions from three operators,
LWφ, LBφ and LW , and hence to relations between the permitted values of the WWγ

and WWZ couplings: ∆κZ = ∆gZ
1 − s2

w

c2w
∆κγ , λZ = λγ, where sw and cw are the sine

and cosine of the electroweak mixing angle. The parameters we determine are related
to possible contributions αWφ, αBφ and αW from the three operators given above by:
∆gZ

1 = αWφ/c
2
w, ∆κγ = αWφ + αBφ, and λγ = αW . In previous DELPHI studies of

trilinear gauge couplings [2,3], limits have been expressed in terms of these α parameters.
The WWV coupling arises in WW production through the diagrams involving s-

channel exchange of Z or γ, shown in figure 1a. We study this reaction in the final state
jj`ν (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 W s 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 virtual W radiated from the other incident particle (figure 1b). This
process, involving a WWγ coupling, contributes significantly 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 energy (jjX), and that containing only a
single lepton coming from the interaction point and no other track in the detector (`X).
Other processes, involving both WWγ and WWZ couplings, also contribute to the events
selected in this kinematic region. They include those shown in figure 1a, when one W
decays into eν, and the Z radiation process shown in figure 1b, which combine coherently
with the contribution from the virtual photon radiation diagram. Nonetheless, the jjX
and `X final states remain more sensitive to WWγ than to WWZ couplings, and have
been shown to be particularly sensitive to the coupling ∆κγ [4].

The trilinear WWγ vertex also occurs in the reaction e+e−→ ννγ in the diagram in
which the incoming electron and positron each radiate a virtual W at an eνW vertex and
these two fuse to produce an outgoing photon (figure 1c). In this process, which leads to
a final state, γX, consisting of a single detected photon, the WWγ coupling is studied
completely 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 e+e−→Zγ, with the photon produced by initial state radiation and with the Z
decaying into νν̄. This reaction could also proceed via anomalous couplings at a ZV γ
vertex, a possibility which we study in a separate paper [5]; here we assume that all ZV γ
couplings are equal to zero, as predicted by the Standard Model.
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Figure 1: Diagrams with trilinear gauge boson couplings contributing to the processes
studied in this paper: a) e+e−→ W+W−, b) e+e−→ Weν, c) e+e−→ ννγ.

The next section of this paper describes the selection of events from the data and
the simulation of the various channels involved in the analysis, and section 3 describes
the methods used in the determination 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 luminosity of 53 pb−1 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`ν, jjjj, jjX, `X and γX defined in the previous
section. A detailed description of the DELPHI detector and its performance may be
found in [6], which includes descriptions of the main components 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 are the same as those used in [7], where a description of the
luminosity measurement is also given.

Selection of events in the jj`ν topology:

Events in the jj`ν topology are characterized by two hadronic jets, a lepton and missing
momentum taken by the neutrino. The lepton may be an electron or muon (coming
either from W decay or from the cascade decay W→τ...→`...) or, in the case of τ decays,
it might give rise to a low multiplicity jet. The major backgrounds come from qq̄(γ)
production 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 energy of charged particles recorded in the detector exceeding 15% of the centre-of-
mass energy. In the selection of jjµν and jjeν events, the candidate lepton was assumed
to be the most energetic charged particle in the event, while for jjτν events the lepton
candidates were constructed by looking for an isolated e or µ or a low multiplicity jet.



3

All particles except that corresponding to the candidate lepton were forced into two
jets using the LUCLUS algorithm [8]. To remove γγ interactions and poorly recon-
structed 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 GeV/c2.
Furthermore, events were required to have missing momentum above 10 GeV/c 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 exceeded 25 GeV/c (or 5 GeV/c for τ candidates decaying into muons)
and if the isolation angle of the candidate (defined as the angle between the muon and
the nearest particle with momentum above 1 GeV/c) exceeded a value between 8◦ and
20◦, 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 GeV/c and if the polar angle of the missing momentum, θpmiss

,
satisfied | cos θpmiss

| < 0.95.
The selection of events with an electron candidate in the final state followed a similar

procedure: charged particles with energy deposition in the electromagnetic calorimeters of
at least 20 GeV were accepted 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 GeV/c and the angle between the candidate and the
missing momentum to exceed 90◦. The isolation angle of the candidate with respect to
the nearest charged particle of momentum greater than 1 GeV/c was required to exceed
5◦ for electrons observed in the barrel region of the detector, or 10◦ 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 satisfying | cos θpmiss

| < 0.95 (or < 0.87 for events where
the lepton was an electron candidate). In addition, events were required to satisfy the
condition

√
s′ <

√
s − 5 GeV, where

√
s′ is an estimate of the effective collision energy

in the (background) qq̄(γ) final state after initial state radiation [9].
Four-fermion backgrounds (qq̄``) 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 momentum
above 5 GeV/c and isolation angle with respect to all other particles except the candidate
greater than 15◦.

Events were selected as jjτν candidates with a τ 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 djoin = 3 GeV/c. The tau candidate jet was required
to have measured multiplicity below 6, only one charged particle, total momentum above
10 GeV/c and to be isolated from other jets by more than 25◦. In addition, in order to
reduce the fully hadronic WW background, the event was rejected if it had four or more
jets reconstructed with djoin = 10 GeV/c.

A 3-constraint kinematic fit [7] was then performed on candidate e and µ events,
imposing energy and momentum conservation and the nominal W mass on both W s. For
candidate τ events, a 2-constraint fit was performed, in which the τ momentum was left
unconstrained, while its direction was taken to be that of its detected decay products.

The efficiency for the selection of jj`ν events was evaluated using fully simulated
events to be (89.0±0.4)%, (68.5±0.5)% and (33.8±0.6)% for jjµν, jjeν and jjτν events
respectively. Using data corresponding to an integrated luminosity of 50.2 pb−1, taken
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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 events of which 72% came from the qq̄(γ) final state, 18% from Ze+e− and
10% from ZZ and Zγ∗ production.

Selection of events 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 djoin = 6.5 GeV/c. Events were accepted if
they had at least four jets, with at least four particles per jet. Background from Zγ
events was suppressed by imposing the condition

√
s′ > 130 GeV. Events were then

forced into a 4-jet configuration and a 5-constraint fit performed, requiring 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 W s. Fits with reconstructed W
mass outside the range 74 < mrec

W < 88 GeV/c2 were rejected and, of the remaining
fits, the one with minimum χ2 was accepted. Then, in order to suppress the dominant
background, which arises from the qq̄γ final state, the condition D > 0.0045 rad·GeV−1

was imposed, with D = Emin

Emax
θmin/(Emax − Emin); Emin and Emax are the minimum and

maximum energies of the fitted jets and θmin is the minimum interjet angle. The use of
the D-variable is illustrated in reference [7].

The efficiency of the selection procedure was evaluated 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 pb−1, containing estimated background contributions of
77.9± 3.7 events from qq̄γ production and 3.3± 0.2 events from the jj`ν 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 diagrams for
WW production present in the production amplitude; in this model the efficiency of the
procedure 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 W + decay products from that from the W−. This ambiguity can be
partly resolved by computing jet charges from the momentum-weighted charge of each
particle belonging to the jet, Qjet =

∑
i qi|p|0.5

i /
∑

i |p|0.5
i (where the exponent is chosen

empirically), and defining the W± charges, QW+ and QW−, as the sums of the charges
of the two daughter jets. Following the method of [10], the distribution of the difference
∆Q = QW− − QW+ was then used to construct an estimator P (∆Q) of the probability
that the pair with the more negative value of QW is a W−. An estimate of the efficiency of
this procedure was made by flagging all correctly associated jet pairs reconstructed from
simulated events with ∆Q < 0 as W− and comparing with the generated information: a
value of 76% was obtained.

Selection of events 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 GeV/c, invariant mass of detected particles ex-
ceeding 45 GeV/c2, and a total energy deposition in the very forward electromagnetic
calorimeter [6] less than 65 GeV. All detected particles were then clustered into jets using
LUCLUS with djoin = 5.5 GeV/c. Events were accepted if they had exactly two jets,
with at least two charged particles in each jet.
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Events from the WW final state, with one W decaying leptonically, were suppressed by
rejecting events with identified final state leptons (e or µ) of energy exceeding 12 GeV, or
with an isolated particle (at more than 10◦ from the nearest charged particle) of energy
greater than 10 GeV and with energy deposition in the electromagnetic calorimeters
exceeding 5 GeV. Further rejection of the jjτν final state was achieved by requiring the
mass of the more energetic jet to be less than 20 GeV/c2 and the mass of the other jet
to be less than 15 GeV/c2.

In order to suppress the contribution from the qq̄γ final state, events were rejected if the
two jets were collinear to within 20◦ or if the angle between the planes containing each jet
direction and the beam was less than 20◦. In addition, events were rejected if there was a
signal in the hermeticity detectors within 30◦ of the direction of the missing momentum.
Finally, a kinematic fit to the reaction e+e−→jjγ was made to the event, assuming
the presence of an unseen additional photon, and requiring 4-momentum conservation.
Events were rejected if the direction of the reconstructed photon lay within 25◦ of the
beam direction.

In the determination of coupling parameters from these data, the number of observed
events was compared with the predicted number. The selection efficiency 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 the estimation, and equal to (55±2)%
for qq̄eν production after application of the selection procedure described above. From
the integrated luminosity of 53.0 pb−1 17 events were selected. For Standard Model
values of the couplings a total of 19.2 events was expected, comprising 6.0 ± 0.35 qq̄eν
events in the jjX topology, 1.1 ± 0.05 events from qq̄eν with the electron or positron
emitted into the detector acceptance, 6.3± 0.2 events from qq̄τν, 1.7± 0.07 events from
qq̄µν, 0.7± 0.05 events from qq̄νν̄, 3.4± 0.15 events from qq̄γ production, and negligible
contributions from other sources. All the processes contributing to the selected sample
except the qq̄γ production include diagrams with trilinear gauge couplings, and this was
taken into account in the subsequent analysis.

Selection of events in the `X topology:

The selection of events in the `X topology required events with only one charged particle
which was clearly identified as a muon or electron according to criteria defined in [7].
The normal track selections were tightened in order to reject cosmic ray background:
the track was required to pass within 1 mm of the interaction point in the xy plane
(perpendicular to the beam) and within 4 cm in z. Lepton candidates were also required
to have momentum below 75 GeV/c, with transverse component above 20 GeV/c. 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 120◦ 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 `ν`′ν ′ production, coming mainly from the eIνeν final state (where
eI denotes an undetected electron), for which a selection efficiency of (50 ± 5)% was
estimated in the kinematic region used in the calculation. The sample in the µX topology
was estimated to contain 2.52 ± 0.3 `ν`′ν ′ events, mainly from the eIνµν final state,
which was selected with an efficiency of (74 ± 5)%. The samples also contain smaller
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contributions from other `ν`′ν ′ final states, including those involving τ production. The
eX sample was estimated to contain a background contribution of 0.25 ± 0.09 events
from e+e−γ production, and backgrounds of 0.34 ± 0.12 and 0.61 ± 0.35 events were
estimated in the muon channel from µµγ and e+e−µ+µ− production, respectively. Other
backgrounds, including 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.

Selection of events in the γX topology:

The production of the single photon final state, γX, via a WWγ vertex proceeds through
the fusion diagram shown in figure 1c, while the dominant process giving rise to this final
state, e+e−→Zγ, with Z→νν̄, involves bremsstrahlung diagrams. The sensitivity of the
γX final states to anomalous WWγ 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 45◦ < θγ < 135◦ and
Eγ > 50 GeV, where θγ and Eγ are the polar angle and energy, respectively, of the
reconstructed photon. It was also required that no electromagnetic showers were present
in the 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 suppressed
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 beam collision point [11]. Using these criteria, 39 events were
selected from data corresponding to an integrated luminosity of 50.2 pb−1. In the region
with Eγ > 50 GeV, trigger and identification efficiencies of (90 ± 3)% and (78 ± 2)%,
respectively, were estimated, giving an overall selection efficiency of (70±4)%. Negligible
background was estimated.

Event simulation:

Various Monte Carlo models were used in the calculation of cross-sections as a function
of coupling parameters in the different final states analysed. In the study of the jj`ν and
jjjj channels, the four-fermion generators EXCALIBUR [12] and ERATO [13] were used,
the Weν final states used calculations based on the program DELTGC [14], cross-checked
with GRC4F [15], and DELTGC and NUNUGPV [16] were used to calculate expected
signals in the γX topology. The EXCALIBUR and GRC4F models were interfaced to
the JETSET hadronization model [8], tuned to Z data [17], and to the full DELPHI sim-
ulation program [6]. In addition, in the analysis of the jj`ν final state, a fast simulation
of the DELPHI detector was used. Cross-checks were made to ensure that the fast and
full simulations agreed in the distributions of the kinematic variables used in the analy-
sis. The study of backgrounds due to qq̄(γ) production was made using fully simulated
events from the PYTHIA model [18], while EXCALIBUR was used to study the qqνν
contribution to the jjX topology and KORALZ [19] was used in the calculation of back-
grounds in the `X final state. PYTHIA and EXCALIBUR were used in the simulation of
events from ZZ production. Two-photon backgrounds were studied using the generators
of Berends, Daverveldt and Kleiss [20] and with the TWOGAM generator [21].
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3 Methods used in the determination of the cou-

plings

Data in the jj`ν and jjjj channels were analysed using methods based on that of
Optimal Observables [22]. The methods exploit the fact that the differential cross-section,

dσ/d~V , where ~V represents the phase space variables, is quadratic in the trilinear gauge
coupling parameters:

dσ(~V ,~λ)

d~V
= c0(~V ) +

∑
i

ci
1(

~V ) · λi +
∑
i,j

cij
2 (~V ) · λi · λj ,

where the sums in i, j are over the set ~λ = {λ1, . . . , λn} of parameters under consideration.
The parameters c0, ci

1 and cij
2 in this expression can be evaluated at any phase space

point (for instance, using the calculations of ERATO) from the squared transition matrix
element for production of the relevant four-fermion final state for given values of the
coupling parameters.

The analysis of data in the jj`ν final state followed the method of reference [23], in

which the probability distribution function of the reconstructed phase space ~Ω (expressed
as the reconstructed four-vectors of the four final-state fermions) is expanded about a

general set of coupling parameters ~λ0. Then “Modified Observables” are defined as the
mean values of the quantities

ωi(~Ω, ~λ0) =
yi

1(
~Ω, ~λ0)

y0(~Ω, ~λ0)
,

where y0(~Ω, ~λ0) and yi
1(

~Ω, ~λ0) are, respectively, the constant and linear terms of the
Taylor expansion of the probability distribution function, readily evaluated as linear

combinations of the c0, ci
1 and cij

2 above. In [23], it is shown that, for values of ~λ close to

the expansion point ~λ0, the ωi defined above are essentially as effective in estimating the
~λ as an unbinned likelihood fit of the parameters to the data. The expected behaviour (n-

dimensional calibration surfaces) of the means < ωi(~λ0) > were computed as a function
of the couplings using samples of fully simulated events generated at a few values of the
couplings and reweighted [24] to cover the desired region of parameter space. Values of

< ωi(~λ0) > were evaluated from the data sample and compared to the expectation surfaces
by means of a maximum likelihood 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 technique 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 ~λ0

was 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 determination 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 somewhat simpler

application of the method of Optimal Observables was used. The quantities ωi(~Ω, ~λ0),

expanded about Standard Model values of the parameters, ~λ0 = ~λSM , were computed
from fully simulated events, again using reweighted events generated at a few values of
the couplings, and compared with the data using binned maximum likelihood fits to the
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shape and absolute normalization of the distributions. The distribution of ω(~Ω, ~λSM) for
the coupling parameter ∆gZ

1 is shown in figure 2 together 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`ν and jjjj channels, 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`ν and a fourfold ambiguity for jjjj. For each event in the analyses
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 determination of couplings in the jj`ν channel.
In this analysis, a binned maximum likelihood fit was made to the joint distribution
in the well-measured variables cos θW , the W− production angle, and cos θ`, the polar
angle of the produced lepton with respect to the incoming e± of the same sign, without
application of a kinematic fit. Relaxation of the latter requirement led to a slightly larger
sample of selected events: 118, 97 and 49 events in the muon, electron and tau channels,
respectively. The expected distribution in the (cos θW , cos θ`) plane for given values of
the coupling parameters was calculated using ERATO together with a fast simulation of
the detector response. The distributions of cos θW and cos θ` for the combined leptonic
sample are shown in figure 3 together with the expected distributions for the value of
∆gZ

1 obtained from the fit.
Data in the single W topologies, jjX, eX and µX , were analysed using a maximum

likelihood fit to the observed total numbers of events selected. The selection of events
in these topologies was designed to enhance the contribution from the virtual photon
radiation process of figure 1b which, as mentioned in section 1, involves only the WWγ
coupling and is particularly sensitivity to ∆κγ . The selected data sample in each of the
three topologies contains contributions from final states involving this diagram, as well
as contributions from final states involving WWV couplings but not the virtual photon
radiation process. There are also contributions from backgrounds without any dependence
on trilinear gauge couplings. The evaluation of the expected signal in each topology took
all these contributions and their dependences 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 µX channel is expected to provide
the greatest precision in the determination of ∆κγ , with the data from the jjX and eX
channels providing upper limits on ∆κγ poorer than that from µX by factors of about
two and four, respectively.

Data in the γX 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 figure 4 together with the expected distribution for the value of ∆κγ obtained from
the fit.

The analysis procedures described above have been tested using samples of fully sim-
ulated data corresponding to the same integrated luminosity as the real data and have
been shown to reproduce the 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 ∆gZ
1 , ∆κγ

and λγ from 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 confidence
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intervals is complicated by the fact that the quadratic dependence of the cross-section
with coupling parameters can give rise to a log-likelihood distribution with two minima.
This is the case in the determination of ∆κγ in the (cos θW , cos θ`) analysis, where the
upper 68% confidence limit is not well determined, and in the fit to λγ in the single W
topologies, where we quote only the 95% confidence interval. In the determination of
coupling parameters from the γX topology, in which both total cross-section data and
the shape of the photon energy spectrum were used, the main part of the precision comes
from the cross-section which, after correction for losses in the selection procedure, was
determined to be (1.09± 0.17(stat.)± 0.05(syst.)) pb in the accepted kinematic region.

The log-likelihood distributions from all topologies (using the Modified Observables
method for jj`ν) 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 predictions from the fits (shown, for example, in
figures 2, 3 and 4), is good. The results of fits in which two parameters were allowed
to vary are shown in figure 5. In all cases, the results are consistent with the Standard
Model prediction of zero for the couplings we determine.

Topology ∆gZ
1 ∆κγ λγ

jj`ν (Modified Observables) −0.04+0.16
−0.15 ± 0.02 0.12+0.66

−0.52 ± 0.12 −0.15+0.19
−0.17 ± 0.03

jj`ν (cos θW , cos θ`) −0.10+0.17
−0.15 ± 0.02 −0.05+1.49

−0.46 ± 0.19 −0.19+0.18
−0.16 ± 0.02

jjjj −0.02+0.29
−0.24 ± 0.10 0.17+1.24

−0.63 ± 0.25 −0.09+0.34
−0.25 ± 0.15

jjX + `X 0.10+0.94
−1.05 ± 0.11 0.26+0.38

−0.48 ± 0.15 −1.13 < λγ < 1.14 (95% C.L.)

γX — 0.02+1.25
−1.22 ± 0.06 0.06+1.53

−1.53 ± 0.10

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 λγ

in the single W topologies 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.

Coupling parameter Value ±1σ 95% confidence interval

∆gZ
1 −0.04+0.14

−0.12 −0.28 < ∆gZ
1 < 0.24

∆κγ 0.19+0.32
−0.34 −0.46 < ∆κγ < 0.84

λγ −0.15+0.19
−0.15 −0.44 < λγ < 0.24

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

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 common to more than one of the selected final states include
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the uncertainties in the W mass, taken to be ±100 MeV/c2, in the integrated luminos-
ity (±1%) and in the beam energy (±50 MeV), and the theoretical uncertainty in the
calculation of the WW cross-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 ∆gZ

1 ,
±0.01 in ∆κγ and ±0.02 in λγ. These common errors are in addition to the independent
systematic uncertainties included in the confidence intervals shown in table 2. The sys-
tematic 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 leptons. In addition, possible effects due to the choice of the
jet hadronization model used in the analysis were estimated by comparing results from
samples simulated with JETSET, ARIADNE [25] and HERWIG [26]. In the jjjj final
state, the effect of the uncertainty in the computation of jet charges used to distinguish
W+ from W− was considered, and possible colour reconnection effects were studied by
comparing samples generated with and without type II´ 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 obtained:

∆gZ
1 = −0.04+0.14

−0.12 , ∆κγ = 0.19+0.32
−0.34 , λγ = −0.15+0.19

−0.15 .

These results and the results from the 2-parameter fits shown in figure 5 are consistent
with Standard Model predictions. The precisions achieved represent an improvement by
a factor ∼ 2− 3 over those obtained in the previous DELPHI analysis of data at 161 and
172 GeV.
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Figure 2: Distribution of the optimal variable ω(~Ω, ~λSM) (defined in the text) for the
coupling ∆gZ

1 in the jjjj channel at 183 GeV. The points represent the data and the
histogram the expectation for the value of ∆gZ

1 obtained from the fit, shown in table 1,
with background contributions shaded.
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Figure 3: Distribution of a) cos θW and b) cos θ` in the jj`ν final state at 183 GeV.
The points represent the data and the histograms the expectation for the value of ∆gZ

1

obtained from the fit, shown in table 1, with background contributions shaded.
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Figure 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 ∆κγ , shown
in table 1, obtained from the fit to the distribution in the shaded region, Eγ > 50 GeV.
The background contribution in the selected data sample is negligible.



15

DELPHI

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

-1 -0.5 0 0.5 1
∆g1

z

∆κ
γ

95% c.l.
68% c.l.

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

-1 -0.5 0 0.5 1
∆g1

z

λ γ

95% c.l.
68% c.l.

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

-1 -0.5 0 0.5 1
λγ

∆κ
γ

95% c.l.
68% c.l.

Figure 5: Results of fits in the plane of parameters a) (∆gZ
1 , ∆κγ), b) (∆gZ

1 , λγ),
c) (λγ , ∆κγ) using DELPHI data at 183 GeV from all final 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.


