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Abstract

Trilinear gauge boson couplings are measured using data taken by DELPHI at 161 GeV and 172 GeV. Vaues for WW
couplings (V = Z,y) are determined from a study of the reactions ete”—> W*W~ and e*e”— Wev, using differential
distributions from the WW final state in which one W decays hadronically and the other Ieptonically, and total cross-section
data from other channels. Limits are also derived on neutra ZVy couplings from an analysis of the reaction e*e™— y

+ invisibleparticles. © 1998 Elsevier Science B.V.

1. Introduction

One of the most important consequences of the
W(2) X U(1) symmetry of the Standard Modd is
the existence of non-Abelian self-couplings of the
gauge bosons y, W and Z°. Using data taken in the
DELPHI detector at LEP in 1996 at centre-of-mass
energies of 161 and 172 GeV, events from the
reactions ete" > W*W~ and e'e” — Wer have
been used to study VMW couplings, where V = Z,y.
The reaction e*e” — y + invisibleparticles has
been used to study couplings at the ZVy vertex.

The WMW coupling arises in WW production
through the diagrams involving s-channel exchange
of Z° or y. In single W production, the dominant
amplitude involving a trilinear gauge coupling (TGC)
is that arising from radiation of a virtual photon from
the incident electron or positron. The Standard Model

predicts a charge coupling, described by a parameter
gy in an effective WWWV Lagrangian %\, and a
dipole coupling «,, with g/=«k,=1[1]. In a
general Lorentz-invariant description of the WWW
interaction, other couplings, both CP-conserving and
CP-violating, are possible, but their contributions are
predicted to be zero in the Standard Model.

In searching for the presence of new physics,
contributions from gauge-invariant operators of low-
est dimension (< 6) have been considered, taking
only those which have not been excluded by previ-
ous measurements. This leads to possible contribu-
tions ay,, ag, and a,, from CP-conserving opera-
tors and ag,, and a,, from CP-violating operators.
The CP-conserving parameters are related to the
charge and dipole couplings defined above and to the
quadrupole couplings A, in Zywy by: Agf
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2
Ay Sw

= —5, Ak, = ay, + ag,, Ak, = aW¢_(C_2)aBd>

and A, =A;=ay, where s, and c, are the sine
and cosine of the eectroweak mixing angle and
Agf, Ak, and Ak, represent deviations from Stan-
dard Modd vaues [1]. Similarly, the CP-violating

parameters are related to the relevant termsin £,y
2

by: K,=agy, K;= (?)&BW and A, =A;=ay
[2].

The process ete™ — y + invisibleparticlesis de-
scribed within the Standard Model by the radiative
production of neutrino-antineutrino pairs, ete” —
vry. A W fusion diagram, containing a WWy cou-
pling, also contributes to vvy production, but its
amplitude is very small at LEP2 energies, and its
relative contribution is negligible [3]. Possible new
physics contributions to single photon production
could come from new families of neutrinos, from the
radiative production of any other neutral weakly
interacting particle, or from the s-channel exchange
of y or Z leading to Zy production via a triple
vector boson coupling. In this paper the latter possi-
bility is examined. The ZVy vertex has been de-
scribed by Baur and Berger [4] in terms of a vertex
function involving four independent terms hy ,; in
the Standard Model all of these are zero at tree level.
The parameters are normally described by a form
factor representation, hY(s) = hY, /(1 + s/ A%)", with
an energy A representing the scale at which a novel
interaction would become manifest, and with a suffi-
ciently large power n to ensure unitarity conserva
tion at high energy. Conventionaly, n= 3 is used
for h{,; and n=4 for h},. Thetermsin h; and h,
are CP-violating, and those in h; and h, CP-con-
serving. However, the minimum dimensionality of
gauge-invariant operators contributing to 4., is 8
[5], so the observation of deviations from Standard
Model predictions is a priori less likely in this
channel than in those involving WMV couplings.

Results on WMW couplings have previously been
reported in Pp experiments [6—8], and in first reports
of results at LEP2 [9,10]. Limits on ZV/y couplings
have been determined in pp experiments [6,8,11,12]
and from LEP data taken at the Z° [13] and at
130-136 GeV [14].

The next section of this paper describes the selec-
tion of events from the data and the simulation of the

various channels involved in the analysis. Results on
the trilinear gauge coupling parameters describing
the WWV and ZVy vertices are reported in Sections
3 and 4, respectively, and a summary is given in
Section 5.

2. Event selection and simulation

In 1996, DELPHI recorded integrated luminosi-
ties of 10.0 po~! and 9.98 pb~! at centre-of-mass
energies of 161 and 172 GeV, respectively. Details
of these data samples, including definition of the
criteriaimposed for track selection and lepton identi-
fication, and a description of the luminosity measure-
ments, have been given in [9,15]. A detailed descrip-
tion of the DELPHI detector may be found in [16],
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
and the electromagnetic calorimeters.

2.1. Slection of events for the study of WMW cou-
plings

In the determination of WMW/ couplings, events
were selected from topologies populated by the pro-
duction and decay of a WW pair, and from those
containing the products of single W production.

Pair production of WSs populates three fina state
topologies, depending on the decay mode of each W:
the topology in which one W decays leptonically and
the other hadronicaly (jj/#v), in which two hadronic
jets and an isolated lepton are reconstructed, the fully
hadronic topology (jjjj), requiring the presence of
four hadronic jets, and the topology containing only
two identified leptons coming from the interaction
point (Z/v/v).

Single W production in the reaction ete™ —» Wev
contributes significantly in the kinematic region
where a fina state electron or positron is emitted at
small angle to the beam and is thus likely to remain
lost in the beam pipe. Depending on the decay mode
of the W, this process populates two fina state
topologies, that with two jets and missing energy
(jjX) and that containing only a single lepton com-
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ing from the interaction point, but no other track in
the detector (/' X).

While these final states are topologically distinct,
they are all represented by the generic e*e™ interac-
tion producing four final state fermions, ete” —
f, 5 f5f;. In particular, the topologies jj/v and jjX
contain events in two different kinematic regions of
the same four-fermion final state, g,0;/v. The
four-fermion generators EXCALIBUR [17] and
GRCA4F [18], which take account of background
diagrams and interference effects coherently, were
used to produce simulated events. These generators
were interfaced to the JETSET hadronization model
[19], tuned to Z° data [20], and to the full DELPHI
simulation program [16]. Samples of events were
generated with both Standard Model and non-Stan-
dard Model values of TGC parameters, and were
used both to determine the efficiency of the selection
criteria in the topologies studied, and to check the
accuracy of the analysis procedures in deriving the
value of TGC parameters used in the generation of
events. In addition, in the analysis of the jj/v fina
state, the ERATO generator [21] was used in con-
junction with a fast simulation of the DELPHI detec-
tor (which included redistic efficiencies and smear-
ing of generated quantities). Cross-checks were made
to ensure that the fast and full simulations agreed in
the distributions of the kinematic variables used in
the analysis. The study of the backgrounds due to
gd(y) and ZZ production was made using fully
simulated events generated with the PYTHIA pro-
gram [22].

Each topology was selected as described below.

ji/v: Eventsin the jj/v topology are character-
ized by two hadronic jets, one isolated electron or
muon (coming either from W decay or from the
cascade decay W— 7... —»/...) or alow multiplicity
jet with only one charged particle, due to 7 decay,
and missing momentum resulting from the neutrino.
The major background comes from qg(y) produc-
tion and from four-fermion final states containing
two quarks and two leptons of the same flavour. The
criteria used to select such events from the 161 and
172 GeV data samples have been defined in [9] and
[15] for the two energies respectively. At 161 GeV,
12 events were selected with an efficiency, averaged
over the three leptonic channels, of (60.9 + 3.0)%
and an estimated background of 1.9 + 0.2 events, at

172 GeV, 40 events were selected (17 jj uv, 14 jjev
and 9 jj7v), the average efficiency was (67.2 + 1.5)%
and a background contamination of 3.6 4+ 0.4 events
was estimated. A 6-constraint kinematic fit was then
applied to the 172 GeV data, imposing 4-momentum
conservation, requiring both W masses to be equal to
80.35 GeV /c? and requiring the y? probability of
the fit to exceed 0.001. This resulted in a sample of
34 events (15 jjuv, 12 jjev and 7 jjrv) with
average efficiency of (62.6 + 1.5)% and an estimated
background contamination of 1.9 4+ 0.3 events.

jlii: The criteria used to define the sample of
events in the jjjj topology at 161 GeV have been
given in [9]. In this procedure, events were forced to
a four-jet configuration. A variable D was defined
a D= E:::@min/( Emax - Emin)’ where Emin and Ema)<
are the energies of the jets with minimum and maxi-
mum energy and 6,,,, iS the minimum interjet angle.
The dominant background, which arises from the
qqy final state, was suppressed by imposing the
condition D > 0.013 GeV 1. At 172 GeV, the re-
quirement on D was replaced by a condition on the
three eigenvalues, 2, ;, of the momentum tensor
which, when normalized such that their sum is unity,
each have an expectation value of 1/3: the product
27 - P, P, P, was required to exceed 0.025. In addi-
tion, at least one of the three 5-constraint kinematic
fits which could be made to the event, imposing
equality of two di-jet masses, was required to have
x2<50. The selected jjjj samples consisted of 15
events at 161 GeV and 52 events at 172 GeV, with
estimated background contamination of 5.5 + 0.6 and
15.2 + 1.0 events, respectively. The efficiencies for
reconstructing events in the kinematically accepted
region were found to be (69 + 3)% at 161 GeV and
(71+ 2% at 172 GeV.

/v/v. Events in the /Zv/v topology were se-
lected from events with multiplicity less than 5 and
which satisfied a 2-jet description, thus allowing
decays into 7 leptons as well asinto . and e to be
included. Requirements on the minimum polar angle
of the jets relative to the beam axis and on the
direction of the missing momentum helped to sup-
press the dominant backgrounds, which are from
e"e”— Z(y), Bhabha scattering and two-photon
collisions. The criteria used at 161 and 172 GeV are
described in [9] and [23], respectively. They resulted
in the selection of 2 events at 161 GeV and 7 events
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at 172 GeV, with estimated efficiencies of (48 + 3)%
and (55+ 1)% and background contamination of
0.6 + 04 and 1.9+ 0.5 events at the two energies,
respectively.

jiX: The selection of events in the single W
channel jjX was devised so as to accept events
which could be interpreted in terms of two jets and
missing momentum, but to reject events from the
qa(y) fina state, in which the missing momentum is
expected to lie near the beam direction. This reaction
constitutes the principal background in the selection
of jjX events, but with a cross-section which is
falling with increasing centre-of-mass energy. Events
were reconstructed with the LUCLUS algorithm [19]
with d;,;, =55 GeV /c and those with 2 or 3 jets
were forced into a 2-jet configuration. Cuts were
then applied on the energy of each jet (E; > 20 GeV
a 161 GeV, E; > 10 GeV at 172 GeV), on the jet
polar angles relative to the beam axis (25° < 6, <
155° at 161 GeV, 15° < 0, < 165° at 172 GeV), on
the di-jet invariant mass (m;; > 45 GeV /c* at 161
GeV, m;; > 50 GeV /c” at 172 GeV), on the angle
between the direction of the missing momentum and
the beam direction (|cosf,,; .| <0.9), and on the
acollinearity angle of the jets and on their acopla-
narity with respect to the beam direction (6, < 165°,
Oop > 11° @t 161 GeV, O,y < 168.5°, Oy, > 11.5°
at 172 GeV). Events were rejected if there was an
energy deposition cluster of greater than 15 GeV in
the electromagnetic calorimeter, isolated from the
nearest charged particle by more than 20°. Applica-
tion of these procedures led to the selection of 6
events at 161 GeV and 8 events at 172 GeV. Effi-
ciencies of (83 + 3)% and (88 + 4)% were estimated
in the selected kinematic region, leading to expected
signal rates of 1.4 and 3.0 events for Standard Model
values of the couplings and backgrounds of 5.5 + 0.6
and 6.2+ 0.7 events at the two energies, respec-
tively.

/ZX: In the selection of events in the /X topol-
ogy, candidate events were required to have only one
charged particle track, clearly identified as a muon or
electron (tau events were not used). The normal track
selections were tightened in order to reject cosmic
ray background: the track was required to pass within
1 cm of the interaction point in the xy plane (per-
pendicular to the beam) and within 4 cm in z
Lepton candidates were also required to have mo-

mentum p < 75 GeV /c, with transverse component
p, > 20 GeV /c. Efficiencies of (94 + 2)% and (81 +
3)% in the selected kinematic region were estimated
at both 161 and 172 GeV for muon and electron
events, respectively, and the background was esti-
mated to be negligible. One muon event was selected
a each of the two energies while, for Standard
Model values of the couplings, 0.7 and 0.8 events
were expected at each energy, respectively.

2.2. Slection of events for the study of ZVy cou-
plings

The study of ZVy couplingsin the reaction e*e”
— vyy involved a search for events containing only
a single photon of high energy, emitted at large angle
0 to the beam direction. Such events were selected
by requiring the presence of a*‘good quality shower’’
(defined in [16]) of energy E, >25 GeV in the
angular region 45° < 6 < 135°, covered by the barrel
electromagnetic calorimeter. Events with a signal in
the forward electromagnetic calorimeter were re-
jected, and a second shower in the barrel calorimeter
was accepted only if it was within 20° of the first
one. Events were also rejected if any charged parti-
cles were detected in the time projection chamber,
the main tracking device of DELPHI, or in the
forward tracking chambers. The presence of charged
particles not pointing to the nominal beam crossing
point also caused events to be regjected; this sup-
pressed background from beam gas interactions and
cosmic ray events. In order to reject the background
from radiative Bhabha and Compton events, no en-
ergy deposit was allowed in the luminosity monitor,
situated in the very forward direction. A further
rejection of cosmic ray events was achieved by
imposing a constraint on the photon direction: the
line of flight and the shower direction measured in
the calorimeter were required to coincide within 15°.
Application of these criteria produced samples of 8
events at 161 GeV and 7 events at 172 GeV.

In order to estimate the cross-section for the
single photon production process, the trigger and
identification efficiencies must be known. The for-
mer was measured using radiative events (u™u™y
and e"e” y) and Compton events. The identification
efficiency was estimated using samples of 2500 fully
simulated events at each energy, produced with the
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generator NUNUGPV [24]. The overall efficiency
was shown to be dependent on the photon energy in
the angular region under consideration, ranging from
58% at E, =25 GeV to >71% for E, > 50 GeV.
Possible sources of background to the single photon
production process include the QED processes e* e~
— yete  and e'e — yy, yy collisions, cosmic
ray and Compton events, and beam gas interactions.
All of these were found to give negligible contribu-
tions.

3. Results on WWV couplings

From the results of previous studies [1], it is
expected that the data in the jj/v topology at 172
GeV will provide the greatest precision in the deter-
mination of WM couplings. These data were ana
lyzed by studying the joint distribution of two vari-
ables which retain al the available information of
the 7-dimensional phase space describing the four-
particle final state. These ‘* Optimal Variables'’ [25]
are derived from the formalism of optimal observ-
ables [26] which has been applied to TGC determina-
tion in [1,27]. Results using this method are com-
pared below with those using distributions of well-
measured variables, namely the production angle of
the W~ with respect to the electron beam, 6,,, and
the polar angle of the lepton in the laboratory frame,
6,. In addition, information obtained from the total
numbers of events observed in the jjjj and Zv/v
channels, and data from the single W topologies jjX
and /X, were used to obtain overal results from the
172 GeV data. Results from the same topologies at
161 GeV, using information from the distributions of
6y, and 6, in the jj/v fina state, were combined

Table 1

with those at 172 GeV to give final values for the
couplings.

The analysis using the method of Optimal Vari-
ables exploits the fact that the differential cross-sec-
tion, do/dV, where V represents the phase space
variables, is quadratic in TGC parameters:
do(V,a)/dV =cy(V)+ L, a,ci(V) + Yijaa; X
c,)(V), where the sums are over the set @ = a;...ay
of parameters under consideration. In the case of the
determination of single parameters « considered in
this paper, the right-hand side of the above expres-
sion is a simple quadratic expansion in «:
do(V,a)/dV = c(V) + acy(V) + a?c,(V). In
[25] it is shown that the distribution in the 2-variable
space of ¢,(V)/cy(V) and c,(V)/c,(V) retains the
whole information carried by the full distribution
do/dV and hence alows the determination of «
with maximum precision, equivalent to that of a
maximum likelihood fit over all the phase space
variables. Furthermore, it is argued and confirmed by
tests on simulated events that little loss of precision
occurs if the phase space variables 2 available after
reconstruction of events from experimental data are
used in place of the true variables V.

The sample of 34 jj/v events at 172 GeV was
analyzed by performing a binned extended maximum
likelihood fit to the two-dimensional distribution of
c(02)/c(2) and c,(2)/c,(2) for each of the
parameters a,, defined in Section 1, keeping the
others fixed to their Standard Model values of zero.
The expected numbers of events were computed for
severa values of the couplings using the ERATO
four-fermion generator and a full simulation of the
DELPHI detector. A reweighting technique was then
used to estimate the expected cross-section in each
bin as a continuous function of each parameter fitted.

Results obtained from fits to CP-conserving WMW coupling parameters at 172 GeV using various analysis procedures and data from various
fina state topologies. Values shown in the third and fourth columns have been obtained by combining the jj#v results in the first column
with data from additional topologies. In each fit, the values of the other TGC parameters were kept at their Standard Model values

TGC Topologies used
parameter iy jiZv +jjji ji2v + i
(Optimal Variables) (cosby, cosb,) +/vlv +vv+ i X+X
awg 038*5% 0.61* 645 035935 0.30* 658
aw 0.281 82 091653 0.26* 023 0241083

+112
@By 145717

1.74+120

1.27+9% 0.24+38
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events/0.225

Fig. 1. Distributions of pairs of variables used in the fitting of
VWWV coupling parameters in the jj/v find state at 172 GeV; &
and b) the Optimal Variables ¢,(£2)/c,(£2) and c,(2)/cy(2)
for ay,; © and d) cosé, and cose,. The points represent the
data, and the histograms the expectation for the values of ayy,
shown in table 1 with background contributions shaded.

Results on the CP-conserving TGC parameters ay,,
ay and ag, are shown in the first column of Table
1. Fig. la and Fig. 1b show the distributions of
c(2)/c(2) and c,(£2)/c,(£2), respectively, to-
gether with the expected distributions for the fitted
value of one TGC parameter, a,,. The validity of
the technique was verified by applying it to a large
number of samples of fully simulated events corre-
sponding to the same integrated luminosity as the
data, generated both with Standard Model and non-
Standard Model values of the couplings. The mean
values of the precisions in the TGC parameters
obtained from these samples were found to be com-
patible with those from the data, and the pull distri-
butions had means and variances compatible with 0
and 1, respectively.

These results may be compared with those ob-
tained from an analysis of the joint distribution in
(cosb,,,cos6,.). These quantities can be directly esti-
mated without serious bias from the sum of the two
measured hadronic jet vectors and the direction of
the observed lepton. Using the sample of jj/v events
obtained before application of a kinematic fit, the

binned distribution in the (cos6,,,cos6,) plane was
fitted to that predicted using ERATO and a fast
simulation of the detector response; the results are
shown in the second column of Table 1. They arein
agreement with those from the Optimal Variables
analysis, though, as expected, with lower precision.
The distributions of these variables are shown in
Figs. 1c) and d) together with the expected distribu-
tions for the fitted value of a,,. Further analyses of
the distributions in these variables using different
four-fermion generators [18,28] have given results in
agreement with those shown in the table.

The third and fourth columns of Table 1 show the
increase in precision obtained in the CP-conserving
TGC parameters at 172 GeV by addition to the
results obtained from the Optima Variables analysis
of the jj/v channdl, first, of data from the jjjj and
/v/v find states, then from the single W topologies
jiX and ZX. For the jjjj and Zv/v topologies, the
observed total numbers of events were compared
with those expected as a function of each TGC
parameter. In the analysis of the jjX fina state, the
differential distribution in |cosé,,|, estimated from
the sum of the two reconstructed jet momenta, was
also used. The GRC4F generator was used for the
calculation of the expected number of events, and
fully ssimulated samples of events generated with
EXCALIBUR at values of —2.0, 0.0 and + 2.0 for
each parameter were used to estimate the detector
response. In general, a modest increase in precision
is seen as results from each new data set are added.

Because the contributions to the amplitude for
WW production from diagrams with s-channel vy
and Z exchange contain a factor proportional to the

Table 2

Results obtained from fits to WMW coupling parameters. The first
two columns show the values obtained from the 161 GeV and 172
GeV data with their statistical errors. The third column shows the
combined results; the first error is statistical, the second is system-
atic (see table 3 below for details). In each fit, the values of the
other TGC parameters were kept at their Standard Model values

TGC parameter 161 GeV 172GeV 161+ 172 GeV
m —0.27+37% 030732 022733 +0.06
ay —0.90+ 34 02475% 0117545 +0.09
agy 0.18%9% 024758 022738 +0.24
Gpw 0721378 0.02+38 011757 +0.09
Gy —054+33 0197228 0197528 +0.11
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W velaocity, the sensitivity of the data to TGC pa
rameters at 161 GeV is considerably smaller than at
172 GeV. Nonetheless, differential data (cos6,,,
cosf,) from jj/v events, the total numbers of events
observed in the jjjj and Zv/v final states, the
digtribution of |cos6,,| from jjX events and the
number of events in the /X final state at 161 GeV
have been used to supplement the results obtained
from the higher energy data. Results obtained for
both CP-conserving and CP-violating couplings are
shown for each of these energies in the first two
columns of Table 2, together with their statistical
errors.

Various systematic effects were considered and
the estimated errors incurred in the fitted TGC pa-
rameters are given in detail for the 172 GeV data and
summarized for the 161 GeV data in Table 3. The

Table 3

Estimated systematic uncertainties in the determination of WW
coupling parameters. Details of the common and topol ogy-depen-
dent contributions are shown for 172 GeV data; the total of all
non-common contributions is summarized for 161 and 172 GeV
data. The entries for the jj/v topology at 172 GeV refer to the
analysis based on Optimal Variables, described in the text

Ay Ay agy Ay Ay

Common systematics:

W mass 002 003 008 002 004
Ecm 002 002 004 002 002
Cross-section 003 004 016 0.03 006
Luminosity 001 001 005 001 002
Topology jj/v, 172 GeV:

Binning granularity 0.02 003 004 0.03 0.03
Signal estimation 002 003 012 002 004

Background estimation 001 002 006 001 002

Topologiesjjjj + Zv/v, 172 GeV:
Signal estimation 004 005 006 004 0.04
Background estimation 003 003 0.04 003 003

TopologiesjjX + /X, 172 GeV:
Signal estimation 003 010 004 000 001
Background estimation 009 021 013 0.00 0.02

Combined systematics, 172 GeV:
003 007 012 005 005

Combined systematics, 161 GeV:
007 010 015 015 030

-logL
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Fig. 2. Distributions of log likelihood as a function of W
coupling parameters; & ayy,, b) aw, ©) agy, B dgy, € dy.
The dotted curves show the functions obtained using data at 161
GeV, the dashed curves are from data at 172 GeV, and the full
curves show the results from the two energies combined. In each
case, the curves include the effects of statistical and systematic
errors.

table contains contributions arising from a conserva
tively estimated precision of +100 MeV /c? in the
value of the W mass [29], from the uncertainty in the
LEP beam energy [30] and experimental luminosity,
from the theoretical uncertainty in the cross-section
evauation (taken to be +2% [1]), from the errorsin
the estimated signal and background cross-sections
due to limited ssimulated statistics and, in the jj/v
fina state, from the granularity of the binning used
in the fits and from uncertainties in the detector
response which could affect the differentia distribu-
tions, as described in [15]. The systematic error due
to the use of a different hadronization algorithm in
jet reconstruction was also computed and found to be
small compared to those quoted in the table. The
combined effect of all contributions to the systematic
uncertainty at 161 GeV is also shown.

The third column of Table 2 shows the fina
results for the TGC parameters, obtained by combin-
ing the results at 161 and 172 GeV, together with
their statistical and systematic errors. The systematic
errors were obtained by adding in quadrature the first
four contributions in Table 3, considered as common
to all topologies and to both energies, and combining
the result with the non-common contributions, which
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were each weighted with the statistical precision of
the topology concerned. The log likelihood distribu-
tions from which the results are derived are shown in
Fig. 2. The parameter values determined are all
consistent with zero, and hence with the expectations
of the Standard Model.

4. Results on ZVy couplings

The sample of 15 events selected from the com-
bined data at 161 and 172 GeV yields a cross-section

o(ete” = y + invisibleparticles)
= 1.47 + 0.38(stat.) + 0.30(syst.) pb

in the region of phase space with E, > 25 GeV and
45° < 6, < 135° corrected for the experimental effi-
ciencies within these selections. The systematic un-
certainty comes mainly from the calibration of the
calorimeter energy scale and from the errors on the
detection and trigger efficiencies.

The cross-section given above corresponds to a
95% C.L. limit

o(ete” = y +invisibleparticles) < 2.5pb

in the same region of phase space, including the
effect of systematic uncertainties. This limit is shown
in Fig. 3 together with the predicted cross-section as

* [BECPHI AR
[ 1724161 Gev combined

Sy

Mo

o(pb)

95% C.L. 7
upper limit

B R T R T R S TR
gl

Fig. 3. Variation of the predicted cross-section for large angle
single photon production in DELPHI at 161 and 172 GeV with the
ZVy couplings hY, and h3,, for energy scale A=1 TeV and
n= 3 in the form factor representation of h. The square points on
the curves show the unitarity limits for the two couplings corre-
sponding to these values of A and n.

a function of the ZVy coupling parameters h, and
h3, defined in Section 1. Limits at 95% C.L. of

Ih}l <0.8 and [h%]<1.3

are derived at ascale A =1 TeV and with n= 3 in
the form factor representation of hY. The limit ob-
tained for |hY,| represents a considerable improve-
ment over those reported previously from LEP data
[13,14], and may be compared with the current limit
set by the DO experiment: |h},| < 0.37 for A =750
GeV [12]. The limit obtained for |h%,| exceeds the
unitarity limit, [h3,| = 0.99, for the values of A and
n used in the form factor, and for current values of
Vs, the data show little sensitivity to the other
CP-conserving vertex factors, hy. If the analysis is
applied to measure the CP-violating parameters hy,
and hf,, the same limits are obtained as for hY,.

5. Conclusions

Trilinear gauge couplings have been measured in
DELPHI using data corresponding to integrated lu-
minosities of 10.0 pb~! at 161 GeV and 9.98 pb !
a 172 GeV. Vaues of the CP-conserving WW
couplings ay,, @y and ag, and of the CP-violat-
ing couplings &g, and a,, have been derived using
data from topologies populated both by WW produc-
tion, e"e” > W*W~, and by single W production,
ete” — Wev. The results are summarized in Table
2. Limits on the ZVy couplings h}'* have also been
determined using data from single photon produc-
tion, with results given in Section 4. No evidence for
deviations from Standard Model predictions is ob-
served in the present data. Further running at LEP2
should yield an improvement of up to an order of
magnitude in the precision of the results obtained.
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