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Abstract

Preliminary measurements of the trilinear gauge boson couplings WW+~ and WW Z
are presented from data taken by DELPHI in 1998 at an energy of 189 GeV and
combined with available DELPHI data at lower energies. Values are determined for
Ag{ and Ak, the differences of the WW Z charge coupling and of the WW+ dipole
couplings from their Standard Model values, and for A,, the WW+~ quadrupole
coupling. The study uses data from the final states jjlv, jjj7, (T~ X, (X, jjX
and v X, where j represents a quark jet, ¢ an identified lepton and X missing four-
momentum. Data from the jjX and £T/~ X topologies are also used to derive values
for the ZZV couplings f7#V and 7%V (V =+, Z) defined by Hagiwara et al. [1].
The observations are consistent with the predictions of the Standard Model.



1 Introduction

This study of trilinear gauge boson couplings uses data from the final states j50v., 5577,
(T0- X, (X, jjX and vX (where j represents a quark jet, ¢ an identified lepton and X
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 the WWV vertex (with V = v, Z): Ag?, the difference between the value
of the overall WW Z coupling strength and its Standard Model prediction; Ax,, the dif-
ference between the value of the dipole coupling, &.,, and its Standard Model value; and
Ay, the WW~ quadrupole coupling parameter. In addition, the samples collected in the
topologies 77X and (T{~ X contain contributions from the four-fermion final states qquv
and (1~ v which can be produced by processes involving ZZ Z and Z Z~ couplings. Con-
tributions from these vertices, which are forbidden in the Standard Model, are described
by the parameters 77V and fZ?V (V = v, Z) defined by Hagiwara et al. [1].

In the evaluation of the WWV couplings, a model has been assumed [2] in which
contributions to the effective WWV Lagrangian from operators describing possible new
physics beyond the Standard Model are restricted to those which are C' P-conserving, are
of lowest dimension (< 6), satisfy SU(2) x U(1) invariance and have not been excluded
by previous measurements. This leads to possible contributions from three operators,
Lwe, Ly and Ly, and hence to relations between the permitted values of the WW~
and WW Z couplings: Aky = Ag? — %Aliw, Az = A, where s, and ¢, are the sine
and cosine of the electroweak mixing angle. The parameters we determine are related
to possible contributions awy, ape and aw from the three operators given above by:
Ag? = awy/, Ak, = awy + apg, and A, = aw.

The WWV coupling arises in WW production through the diagrams involving s-
channel exchange of Z or v, shown in figure la. We study this reaction in the final states
j7lv, where one W decays into quarks and the other into leptons, 5777, where both W's
decay into quarks, and {T/~ X, where both Ws decay leptonically.

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, inter-
acting with a virtual W radiated from the other incident particle (figure 1b). This process,
involving a WW+~ 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 (jj.X), and that containing only a single
lepton coming from the interaction point and no other track in the detector (¢.X).

The trilinear W+~ vertex also occurs in the reaction ete™— vv~ in the diagram in
which the incoming electron and positron each radiate a virtual W at an evW vertex and
these two fuse to produce an outgoing photon (figure 1¢). In this process, which leads to
a final state, vX, consisting of a single detected photon, the WIWW~ coupling is studied
completely independently of the WIW Z coupling, as no WW Z vertex is involved. In the
Standard Model, the dominant mechanism for production of this final state is via the
reaction ete™— 7+, with the photon produced by initial state radiation and with the Z
decaying into vu.

Diagrams involving trilinear ZZV vertices and giving rise to the four-fermion final
states qquiv and (T (v are shown in figures 1d and le. We study two possible couplings

involved in the Lorentz-invariant description of these vertices; one of them, fZ%V, is



Figure 1: Diagrams with trilinear gauge boson couplings contributing to the pro-
cesses studied in this paper: a) efe™—= WHTW ™, b) efem— Wer, ¢) ete™— vy, d)
ete”—qqur, e) ete =T~ vi.

(' P-odd and the other, fZ%V, is C- and P-odd.

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 with previously published DELPHI
results [3, 4] to give overall values for the coupling parameters. A summary is given in
section 5.

2 Event selection and simulation

In 1998 DELPHI recorded a total integrated luminosity of 155 pb™! at an average centre-
of-mass energy of 189 GeV. We describe here the main features of the selection of events
in the final state topologies jjlv, 7577, {1{~ X, (X, j7X and vX, defined in the previ-
ous 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 luminosity monitor, the tracking system in the barrel and forward
regions, the muon detectors, the electromagnetic calorimeters and the hermeticity coun-
ters. The definition of the criteria imposed for track selection and lepton identification
and a description of the luminosity measurement are described in [6].

Selection of events in the jj/v topology:

Events in the jj/v topology are characterized by two hadronic jets, a lepton and missing
momentum resulting from the neutrino. The lepton may be an electron or muon (coming
either from W decay or from the cascade decay W—r...—/(...) or, in the case of T decays,
it might give rise to a low multiplicity jet. The major backgrounds come from ¢g(v)
production and from four-fermion final states containing two quarks and two leptons of
the same flavour.

The selection procedure followed closely that used in our analysis of data at 183 GeV,
with only certain kinematic cuts changed in the selection of electron candidates.

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 jjur and jjer events, the candidate lepton was assumed
to be the most energetic charged particle in the event, while for jj7v events the lepton
candidates were constructed by looking for an isolated e or p or a low multiplicity jet.

All particles except that corresponding to the candidate lepton were forced into two
jets using the LUCLUS algorithm [7]. To remove v+ 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 GeV/c?. Further-
more, 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/e for 7 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 /¢ and if the polar angle of the missing momentum, 6, . _, satisfied
|cosb,, .| <0.95.

The selection of events with an electron 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 re-
quired to be greater than 15 GeV /¢ and the angle between the candidate and the missing
momentum to exceed 60°. The isolation angle of the candidate with respect to the near-
est 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, cases where the candidate was not
identified as a lepton were also treated. Kinematic requirements in this case were tighter,
accepting only events satisfying | cos 8, ...| < 0.95 (or < 0.87 for events where the lepton



was an electron candidate). In addition, events were required to satisfy the condition
Vs < /s — 5 GeV, where /s is an estimate of the effective collision energy in the
(background) ¢q(~) final state after initial state radiation [8].

Four-fermion backgrounds (¢gl{) 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. The event was rejected if the second lepton had momentum above
5 GeV /e and isolation angle with respect to all other particles except the candidate greater
than 15°.

In the selection of jjTv events with a 7 decaying into hadrons, events were accepted if,
using LUCLUS with dj.;, = 3 GeV /e, they were found to have at least 3 jets, and if both
the missing energy and the transverse energy exceeded 40 GeV. The tau candidate jet was
required to have total multiplicity < 5, 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 dj.;,, = 10 GeV/ec.

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

The efficiency for the selection of jj/v events was evaluated using fully simulated events
to be 80%, 59% and 32% for muon, electron and tau events, respectively. Using data taken
only when all essential components of the detector were operational, corresponding to an
integrated luminosity of 149 pb~!, 263 muon, 211 electron and 152 tau candidate events
were selected. A background contamination of 0.226 pb was estimated, of which 58%
came from the ¢g(v) final state, 22% from Zete™, 13% from ZZ and Z~* production,
and small contributions from non-semileptonic WW events and other sources.

Selection of events in the jjjj topology:

The selection of events in the fully hadronic topology followed closely that used in our
analysis of data at 183 GeV, with only small changes in the values of kinematic cuts.

All detected particles were first clustered into jets using LUCLUS with dj,, =
5.5 GeV/e. Events were accepted if they had at least four jets, with at least four par-
ticles per jet. Background from Z+ events was suppressed by imposing the condition
V/s' > 130 GeV. Events were then forced into a 4-jet configuration and a 4-constraint fit
performed, requiring conservation of four-momentum. Then, in order to suppress the dom-
inant background, which arises from the ggvy final state, the condition D > 0.0055 GeV~!
was imposed, with D = gZ;Z Omin] (Emaz — Emin); Emin and Ep,., are the energies of the
reconstructed jets with minimum and maximum energy and ,,;, is the minimum interjet
angle. A further fit was then performed on surviving events, imposing four-momentum
conservation and requiring the masses of the two reconstructed W's to be equal. The fit
was applied to all three possible pairings of the four jets into two Ws. Fits with recon-
structed W mass outside the range 74 < mji¢ < 88 GeV/c? were rejected and, of the
remaining fits, the one with minimum y? was accepted.

The efficiency of the selection procedure was evaluated from fully simulated events
to be (75.7 +0.2)%. A total of 1130 events was selected from data corresponding to
an integrated luminosity of 155.4 pb~!. Background contributions of 1.26 4 0.02 pb




and 0.187 £ 0.007 pb were estimated from gy and jjlv production, respectively. 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 74%.

An additional problem in the analysis of the jjj7 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, Qe = > ¢:|p|9?/ i [p|?® (where the exponent is chosen
empirically), and defining the W#* charges, Qw+ and Qyw-, as the sums of the charges
of the two daughter jets. Following the method of [9], the distribution of the difference
AQ = Qw- — Qw+ was then used to construct an estimator P(AQ) 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 AQ < 0 as W~ and comparing with the generated information: a
value of 77% was obtained.

Selection of events in the (T/~ X topology:!

Events selected as candidates for the T/~ X final state were required to have exactly two
charged particles of the opposite sign, both identified as muons or electrons according
to criteria defined in [6]. Both leptons were required to be of the same flavour. The
normal track selections were tightened: 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/¢, with
transverse component above 20 GeV/ec. 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 one of the charged particle tracks, or if there was a signal
in the hermeticity detectors at an angle of more than 120° to either candidate track. In
addition, the angle between the two leptons and the angle between the planes containing
each lepton direction and the beam axis were both required to be less than 160°, and
the polar angle of the missing momentum was required to satisfy 20° < 8,,,;; < 160°.
Candidate events were required to have total visible energy less than 150 GeV.

Using these criteria, 6 events were selected in the ete™ X topology while 6.58 events
were expected for Standard Model values of the gauge boson couplings. Most of the
expected signal (5.98 £ 0.38 events) was estimated to come from the ete~vi final state,
corresponding to a selection efficiency of 21.8%. Contributions of 0.55£0.12 and 0.05%0.03
events were estimated to come from the ervr and 77 final states, respectively, with
an electron or positron produced in the 7 decay. In the utu~X topology, 11 events
were selected, while 11.73 events were expected, with 10.63 4= 0.49 events from ptu~vw
(corresponding to a selection efficiency of 40.7%), 1.08 + 0.16 events from purvv and
0.024£0.02 events from 77rr. No other processes were estimated to contribute significantly
to these samples. The {Tvr and 77rrv components of the selected samples may also have
a dependence on trilinear gauge boson couplings in their production, and this was taken
into account in the subsequent analysis.

!The use of these data in the determination of the cross-section for WW production is reported
elsewhere [10], using somewhat different selection criteria.



Selection of events in the /X topology:*

In the selection of candidates for the /X final state, events were required to have only one
charged particle. Only events in which the particle was clearly identified as a muon were
accepted. The same criteria were imposed on candidate muon tracks as are described
above in the selection of events in the /T(~ X topology.

Imposing these criteria, a sample of 12 events was selected in the pX topology. For
Standard Model values of the couplings, 11.13 events were expected, comprising 5.384+0.59
events from euvr production, 1.8 & 1.1 events from ete”putu™ production, 0.82 £ 0.33
events from ervr, 0.78 + 0.12 events from pprr, 0.55 + 0.11 events from prrr, and
1.7+ 0.4 and 0.05 4+ 0.03 events from puy and 777 production, respectively. All of these
contributions were estimated from simulated samples in which one final state lepton was
emitted at less than 11°, and hence went undetected, or, if produced at larger angle, failed
the reconstruction procedure. All the contributing channels except the last two listed may
also have a dependence on trilinear gauge boson couplings in their production and, as in
the case of the T/~ X topology, this was taken into account in the subsequent analysis.

Selection of events in the j;.X topology:®

Events were selected as candidates for the j7 X topology, in which a lepton is presumed
lost in the beam pipe and a neutrino is assumed to be produced, if they had at least
4 charged particles, total visible energy in the event less than 110 GeV, total measured
transverse momentum greater than 15 GeV/c, and invariant mass of detected particles
exceeding 45 GeV/c?. All detected particles were then clustered into jets using LUCLUS
with dj.m = 6.5 GeV/e. Events were accepted if they had exactly two jets, with at least
2 charged particles in each jet.

Events from the WW final state, with one W decaying leptonically, were suppressed
by rejecting events with identified final state leptons (e or i) of energy exceeding 12 GeV.
In order to suppress the contribution from the ggv 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 direction was less than 20°. In addition, events were rejected if the
direction of the missing momentum lay within 25° of the beam direction, if the direction
of either reconstructed jet lay within 25.8° of the beam direction, or if any charged or
neutral track of momentum exceeding 1 GeV /¢ was reconstructed within a cone of angle
20° about the direction of the missing momentum.

On the application of these criteria to the data, corresponding to an integrated lumi-
nosity of 158 pb™!, 63 events were selected. For Standard Model values of the couplings,
a total of 62.0 events are expected, comprising 18.8 £ 0.6 events from the gger final state
with the electron or positron lost in the beam pipe, 4.0 £ 0.2 events from gger with the
electron or positron elsewhere in the detector, 22.3 + 0.5 events from ¢grv, 5.5 + 0.2
events from gquv, 6.1 £ 0.2 events from gqur, 5.0 &+ 0.2 events from ¢gy production, and
0.34+0.2 events from vy interactions. All the processes contributing to the selected sample
except gy production and two-photon interactions include diagrams with trilinear gauge
couplings, and this was taken into account in the subsequent analysis.

2The determination of the cross-section for Wer production from these data is reported elsewhere [11],
using somewhat different selection criteria.
3See footnote, above.



Selection of events in the vX topology:

The production of the single photon final state, vX, via a W W~ vertex proceeds through
the fusion diagram shown in figure 1c, while the dominant process giving rise to this final
state, ete™— 7+, with Z—vv, involves bremsstrahlung diagrams. The sensitivity of the
~X final states to anomalous WW~ couplings is therefore greatest when the photon is
emitted at high polar angle. Events were selected if they had a single shower in the barrel
electromagnetic calorimeter, with 45° < 0, < 135° and FE, > 6 GeV, where 0, and E,
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 be in the same angular region as the signal in the
electromagnetic calorimeter, and that the electromagnetic shower should point towards
the beam collision point [12]. Using these criteria, 145 events were selected from data
corresponding to an integrated luminosity of 154.7 pb™!, corresponding to an observed
cross-section of (1.80 + 0.15 + 0.15) pb. The Standard Model expectation is 157.7 + 3.7
events. Values for the triple gauge boson couplings were fitted in the region E., > 50 GeV,
which contained 59% of the events. In this region, an overall selection efficiency of ¢.55%
was estimated, with negligible background contamination.

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 jjfv and 5577
channels, the four-fermion generators EXCALIBUR [13] and ERATO [14] were used, the
(X, (T~ X and jjX final states used calculations based on the program DELTGC [15],
cross-checked with GRC4F [16], and DELTGC and NUNUGPYV [17] were used to calcu-
late expected signals in the vX topology. The EXCALIBUR and GRC4F models were
interfaced to the JETSET hadronization model [7], tuned to Z data [18], and to the full
DELPHI simulation program [5]. The study of backgrounds due to ¢g(v) production was
made using fully simulated events from the PYTHIA model [19], while EXCALIBUR
was used to study the gqur contribution to the jjX topology and KORALZ [20] was
used in the calculation of backgrounds 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 [21] and with the

TWOGAM generator [22].

3 Methods used in the determination of the cou-
plings

Data in both the j5fv and 5577 channels were analyzed using methods based on that of
Optimal Observables [23]. The methods exploit the fact that the differential cross-section,
da/d\?, where V represents the phase space variables, is quadratic in the trilinear gauge
coupling parameters:



do(V, A -
M—COV —|—ch )\—I—Zc it Aj, (1)
dV <

where the sums in ¢, j are over the set X = {A1, ..., A} of parameters under consideration.
It has been shown that the “Optimal Variables” cll(‘_/))/co(\_/)) and céj(‘?)/co(\?), approx-
imated for real data by using the reconstructed phase space variables Q as arguments
of the ¢, and 5, have the same estimating efficiency as can be obtained in unbinned
likelihood fits of parameters A; to the data [24].

In the determination of a single parameter A, the joint distribution of the quantities
cl(ﬁ)/co(ﬁ) and cz(ﬁ)/co(ﬁ) was compared with the expected distribution, computed
from events generated with EXCALIBUR and passed through the full detector simulation.
Extended maximum likelihood fits were made to the binned distribution in these variables,
at each stage reweighting [25] the simulated data, which had been generated at a few
values of the couplings, to the required value of A using the matrix element calculation
of the ERATO generator [14]. In the case of events in the jjlv topology, the binning in
these two variables was made using a multidimensional clustering technique, described in
detail in [26]. This is an economical binning method in which the ny real data points are
used as seeds to divide the phase space into an equal number of multidimensional bins.
Each simulated event is associated with the closest real event, resulting in an equiprobable
division of the space of the Optimal Variables in which it is assumed that the best available
knowledge of the probability density function is that 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 five: cl/cy, ¢ /co, ci' /co, €32 /co and ci?/co, and the use of equal sized bins in
a space of this number of dimensions is impractical. For events in the 77/ topology, an
extended maximum likelihood fit was performed over the n, bins for each pair of coupling
parameters (A1, A2) using this method.

A somewhat different technique was used in 2-parameter fits to data in the 5777
topology. In this case, extended maximum likelihood fits were made to the binned joint
distribution of only the first order terms ¢} /¢y and ¢} /co in (1), but an iterative procedure
was used, at each stage expanding the expression for the differential distribution of the
phase space variables V about the values ()\1, )\2) obtained in the previous iteration:

do(V, M1, Az)

= = co(A1, A2, V) =+ e (X0, X, VIO = M) + A A V(g = A) + o0 (2)

It has been shown in reference [24] that when this iterative procedure has converged
sufficiently, the first order terms retain the whole sensitivity of the Optimal Variables
to the coupling parameters X, the contribution from the higher order terms becoming
negligible. In practice, this was achieved after about three or four iterations.

In both the jj/v and 7777 channels, an additional analysis was performed using more
directly measured kinematic variables in order to corroborate results obtained from the
methods described above. For events in the 55/ topology, a binned maximum likelihood
fit was made to the joint distribution in cos 8y, the W~ production angle, and cos 8,
the polar angle of the produced lepton with respect to the incoming e* of the same
sign. In this study, somewhat looser criteria were imposed in the selection of the events,



giving a total sample of 885 semileptonic events, with estimated efficiencies of 84%, 71%
and 48% for muon, electron and tau events, respectively, and an estimated background
contamination of 1.0 pb. A 4-constraint kinematic fit was then applied to the events,
requiring conservation of four-momentum, and the variables cos fy and cos 8, computed
from the fitted four-vectors. The expected number of events in each bin was estimated
using events generated with PYTHIA corresponding to the reaction ete™— W+W ™ and
passed through the full detector simulation procedure. Again, a reweighting technique
was used to determine the expected number of events for given values of the coupling
parameters.

In the 5777 topology, the second analysis involved a binned extended maximum like-
lihood fit to the production angular distribution. Events were selected by constructing
a probability function from the distributions of several kinematic variables, namely: the
value of dj,;, in the LUCLUS algorithm when four rather than three natural jets are
reconstructed, the sphericity, the angle between the two fastest reconstructed jets, the
minimal multiplicity in a jet, the second Fox-Wolfram moment, the D variable (defined
above), s’ (defined above), the fitted W masses, the product of the energy ratios of
the two jets in the two reconstructed dijets, the minimal transverse momentum with re-
spect to the beam axis of the 15 most energetic tracks in the event, and the transverse
momentum of the jet pair obtained by forcing the reconstruction of exactly two jets.
Using this procedure, a sample of 1331 events was selected with estimated efficiency of
(86.6 + 0.2)% and purity of (74.4 £ 0.4)%. As in the case of the previously described
analysis of this channel, momentum-weighted jet charges were then calculated to try to
distinguish the W+ decay products from those of the W~ and a folded production angle,
Pw-(AQ)cosbyw — (1 — Py-(AQ))cos by, was used in the construction of the angular
distribution. The experimental distribution was compared with predictions obtained from
events generated with PYTHIA, passed through the full detector simulation procedure,
and reweighted in the fit for given values of the coupling parameters.

The analysis procedures described above are similar to those used in our previously
reported analysis of data at 183 GeV, though somewhat different applications of the
method of Optimal Observables were used there in the analyses of the jj/r and jjj7 final
states.

Data in the topologies /X and (T{~ X were analysed using maximum likelihood fits to
the observed total numbers of events selected, while data in the 77X topology were fitted
using a binned extended maximum likelihood fit to the distribution of cos8,;, the angle
between the two reconstructed jets. The vX data were fitted using a binned extended
maximum likelihood fit to the distribution of the reconstructed photon energy, £, in the
region E., > 50 GeV, which has the maximum sensitivity to anomalous triple gauge boson
couplings.

4 Results on WWV and ZZV couplings

The results obtained for the triple gauge boson couplings from the data in each of the
final states and using the methods discussed above are shown in table 1. Values for the
couplings Ag?, Ar., and )\, at the WIWV vertex are given in table la, and those for

the couplings fy, fZ, fJ and fZ at the ZZV vertex in table 1b. The results for the
ZZV couplings are given from combined data in the j5X and (*/~ X topologies; in this
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combination the dominant contribution to the precision is from the 57X topology. The
results from all topologies are combined with those previously analysed by DELPHI at
183 GeV and reported in reference [4] to give the values of the coupling parameters, their
1 s.d. errors and the 95% confidence limits shown in table 2. In the combination, the
results in the jjlr and 735757 topologies from the methods based on Optimal Observables
were used, as these use all the available kinematic information and hence are expected to
have the greatest precision. In the fit to each coupling parameter, the values of the other
parameters were held at zero, their Standard Model values. The results of fits in which
two parameters were allowed to vary are shown in figure 2. In no case is any deviation
seen from the Standard Model prediction of zero for the couplings determined.

The systematic errors shown in table 1 and included in the results shown in table 2
contain contributions from the effects estimated to be of the greatest importance in each
of the analyses listed. In particular, the effect of limited Monte Carlo statistics in the
evaluation of signal efficiencies and of background contaminations are included in each
case. Other possible sources of systematic error, including effects of the event reconstruc-
tion procedure, of uncertainties in the jet hadronization models used and, in the 3577 final
state, of colour reconnection effects, have not been considered in the present analysis.

5 Conclusions

Values for the WWV couplings AgZ, Ak, and A, have been derived from a preliminary
analysis of DELPHI data at 189 GeV. The results have been combined with previously
published values from DELPHI data at lower energies, giving an overall improvement in
precision by a factor of about two over that of the 183 GeV data [4]. In addition, data
from channels to which processes containing a ZZV vertex can contribute have been used
to derive preliminary values for the neutral trilinear gauge boson coupling parameters [,

[, 15 and f7.
There is no evidence for deviations from Standard Model predictions in any of the
couplings studied.
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)

Ag?

ARy

Ay

Jjlv (Optimal Variables)

0.021058 £ 0.02

0.34102% +0.09

0.067509 == 0.02

—0.041512 4 0.03

0.00%5 55 £ 0.10

0.017915£0.03

(
Jjlv (cos By, cosby)
jjjJ7 (Optimal Variables)

~0.097915 4 0.06

0.1215:51 4 0.20

0.01%517 4 0.04

J3jj (cosbw)

~0.07%51% £ 0.06

0.0615:57 £ 0.23

—0.057012 4 0.06

tem X 0.037074 4£0.002 | 0.3671524£0.23 | 0.047555 £ 0.003
(X 1247004120 | 0147385 4£0.25 | 0.637959+0.57
JiX 0.207022 £0.16 | 0.25702840.08 |  0.537021 £0.09
v X - 0.701077+ 0.15 | 0.6571934+0.25
b) fi i f5 iz
JIX 0T X | 0.017103 £0.04 | —0.0071T8 £0.02 | —1.457425 £ 0.52 | —3.197592 £ 0.72

Table 1: Fitted values a) of WWV couplings, b) of ZZV couplings, from DELPHI data
at 189 GeV using the methods described in the text. The first errors given for each value
are the 1 s.d. statistical errors; the second is the systematic error. In the fits to each

coupling parameter, the other couplings were set to their Standard Model values.

Table 2: Values of triple gauge boson couplings combining DELPHI data from various
sources, as described in the text. The second column shows the value of each coupling
corresponding to the minimum of the combined negative log-likelihood distribution and
its 1 s.d. errors. The third column shows the 95% confidence intervals on the parameter
values. Both the statistical errors and independent systematic errors are included. In the
fits to each coupling parameter, the other two couplings were set to their Standard Model

Coupling parameter | Fitted value | 95% confidence interval
Ag? —0.0217057 —0.14,0.11
Ak, 0.231518 —0.08,0.55
Ay 0.02196% —0.14,0.19
1l 0.017153 —1.59, 1.58
i —0.001173 —2.67,2.67
17 —1.45132 —3.90, 3.87
1z —3.197557 ~7.09,5.71

values.
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Figure 2: Results of fits in the planes of the parameters a) (Ax., AgZ), b) (A, Ag?) and c)
(Ak,, Ay) using data from the final states listed in table 1 combined with DELPHI results
at lower energy [4]. In the combination, the analyses of the jjfv and jjjj final states
based on Optimal Observable techniques were used. In each case the third parameter was
fixed at its Standard Model value. The values maximizing the likelihood function and the
regions accepted at the 68% and 95% confidence levels are shown.
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