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Abstract
The CP-conserving triple-gauge-boson couplings, g1Z, κγ , λγ , g5Z, κZ and λZ are
measured using hadronic and semi-leptonic W-pair events selected in 629 pb−1 of
data collected at LEP with the L3 detector at centre-of-mass energies between 189
and 209 GeV. The results are combined with previous L3 measurements based on
data collected at lower centre-of-mass energies and with the results from single-W
production and from events with a single-photon and missing energy. Imposing the
constraints κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ , we obtain for the C and P
conserving couplings the results:
g1Z =
0.966 ± 0.033(stat.) ± 0.015(syst.)
κγ =
1.013 ± 0.066(stat.) ± 0.026(syst.)
λγ = −0.021 ± 0.035(stat.) ± 0.017(syst.).
Results from the analysis of fully leptonic W-pair decays are also given. All results
are in agreement with the Standard Model expectations and conﬁrm the existence
of self-couplings among electroweak gauge bosons.
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Introduction

The non-Abelian structure of the electroweak theory [1] implies the existence of trilinear self
couplings among gauge bosons. The vertices γWW and ZWW are accessible at LEP through
W-pair, single-W and single-photon production [2].
To lowest order, three Feynman diagrams contribute to W-pair production: the s-channel
γ and Z exchange and the t-channel νe exchange. The s-channel diagrams contain the γWW
and ZWW vertices. The γWW vertex appears in one of the t-channel Feynman diagrams
√
contributing to single-W production, e+ e− → Weν; at LEP centre-of-mass energies, s, the
contribution from the similar diagram containing the ZWW vertex is negligible. The γWW
vertex also contributes to the e+ e− → νe ν̄e γ process through photon production in W-boson
fusion.
Assuming only Lorentz invariance, the most general form of the γWW and ZWW vertices is parametrised in terms of seven complex triple-gauge-boson couplings (TGC’s) each [3].
Retaining only CP-conserving couplings and assuming electromagnetic gauge invariance, six
real TGC’s remain, namely g1Z, κγ , λγ , g5Z, κZ and λZ . At tree level within the Standard
Model, g1Z = κγ = κZ = 1 and g5Z = λγ = λZ = 0. Except g5Z , these TGC’s also conserve
C and P separately. The requirement of custodial SU(2) symmetry leads to the relations
κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ [4, 5], where θW is the weak mixing angle. When these
constraints are applied, g1Z , κγ and λγ correspond to the operators in a linear realisation of
a gauge-invariant eﬀective Lagrangian that do not aﬀect the gauge-boson propagators at tree
level [5]. The g1Z, κγ and λγ couplings are studied assuming these constraints. The analysis is
based on the study of multi-diﬀerential cross
√ sections measured in hadronic and semi-leptonic
W-pair events. Measurements at lower s [6] are included, as well as events selected by the
single-W analysis [7] and events with a single photon and missing energy [8]. Results from the
analyses of fully leptonic W-pair decays are also given. Results on TGC’s were also published
by experiments at hadron colliders [9] and at LEP [10].

2

Data and Monte Carlo Samples

The data sample collected by the L3 detector [11] in the years from 1998 through 2000 is
used
in the W-pair analysis. It corresponds to an integrated luminosity
of 629.2 pb−1 at
√
√
s = 189−209 GeV, detailed in Table 1. An additional 76.4 pb−1 of data at s = 161−183 GeV
is used for the single-W analysis.
The following Monte Carlo event generators are used to simulate the signal and background
reactions: KandY [12] and EXCALIBUR [13] for e+ e− → f f f f (γ); PYTHIA [14] for e+ e− →
qq̄(γ), e+ e− → ZZ(γ) and e+ e− → Ze+ e− ; KK2f [15] for e+ e− → qq̄(γ), e+ e− → µ+ µ− (γ) and
e+ e− → τ + τ − (γ); BHAGENE3 [16], BHWIDE [17] and TEEGG [18] for e+ e− → e+ e− (γ) and
DIAG36 [19] and PHOJET [20] for lepton and hadron production in two-photon collisions,
respectively. The KandY program, used to generate W-pair events, combines the four-fermion
generator KORALW [21] with the O(α) radiative corrections in the leading-pole approximation [22] implemented in the YFSWW program [23].
The response of the L3 detector is modelled with the GEANT [24] program which includes
eﬀects of energy loss, multiple scattering and showering in the detector materials and in the
beam pipe. Time-dependent detector ineﬃciencies, as monitored during the data taking period,
are included in the simulations.
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3
3.1

Event Selection
W-pair Events

The event selection is based on that described in Reference 25 and its results are detailed in
Reference 26. The visible fermions in the ﬁnal state are reconstructed as electrons, muons,
jets corresponding to decay products of τ leptons, and hadronic jets corresponding to quarks.
Only events containing leptons with an unambiguous charge assignment are retained. The
numbers of selected hadronic, semi-leptonic and fully leptonic W-pair events and the expected
background are given in Table 2.
Kinematic ﬁts are performed to improve the resolution of the measured fermion energies
and angles and to determine neutrino momenta in semi-leptonic events. Four-momentum conservation and equal mass of the two W bosons are imposed as constraints. In qqτ ν events,
the
√ energies of the two hadronic jets are rescaled by a common factor so that their sum equals
s/2. The four jets in hadronic events are paired to form W bosons by a neural network based
on the diﬀerence and sum of the masses of the jet pairs, the sum and the minimum of the
angles between paired jets, the energy diﬀerence between the jet pairs and between the paired
jets, the value of the matrix element for the process e+ e− → W+ W− → f f f f as calculated
with EXCALIBUR from the jet four-momenta, and the diﬀerence between the charges of the
jet pairs as determined from the jet charges [6]. The correct pairing is found for 77% of the
selected Monte Carlo events.

3.2

Single-W Events

The e+ e− → Weν process typically has an electron scattered at very low polar angle, so that
only the decay products of the W boson are observed as single-lepton events or acoplanar jets.
Single-lepton events are selected by exploiting their peculiar signature in the detector, while
a neural network is used to isolate hadronic single-W events from the background [7]. The
hadronic sample consists of 740 events out of which 156 are also accepted by the semi-leptonic
W-pair selections. From Monte Carlo studies, about 75% of this overlap consists of W-pair
events, mostly qqτ ν events, while only 7% consists of single-W events, the remainder being
e+ e− → qq̄(γ) events. In order to avoid double counting, these events are considered in the
W-pair sample only.
The numbers of selected single-W events and the expected background, after the removal
of the overlapping events, are reported in Table 2.

4

Event Reconstruction

For unpolarised initial states, summing over ﬁnal-state fermion helicities, ﬁxing the mass of
the W boson and neglecting photon radiation, ﬁve angles completely describe the four-fermion
ﬁnal state originating from W-pair decay. These angles are the production angle of the W−
boson, ΘW− , and the polar and the azimuthal decay angles of the fermion in W− decays and
the anti-fermion in W+ decays, calculated in the rest frame of the W boson. TGC’s aﬀect the
total production cross section, the W production angle, and the polarisations of the two W
bosons, which in turn determine the W decay angles.
For semi-leptonic W-pair events, the W− production angle is reconstructed from the hadronic
part of the event, and the sign of cos ΘW− is determined from the lepton charge. If both W
3

bosons decay into hadrons, the W charge assignment follows from jet-charge technique [6]. This
charge assignment is found to be correct for 69% of Monte Carlo events with correctly paired
jets. The distributions of cos ΘW− for hadronic and semi-leptonic events are shown in Figure 1
where, for illustrative purposes, all data are combined.
The charge of the lepton allows the reconstruction of the decay angles θℓ and φℓ . Jetcharge determination is not adequate to determine the quark charge and a two-fold ambiguity
arises for the decay angles of W bosons decaying into hadrons, (cos θq , φq ) ↔ (− cos θq , π + φq ).
The φq distribution is restricted to the interval (0, π] and the jet with φq ∈ (0, π] is assigned
to the quark or the anti-quark originating from the decay of W− or W+ respectively. The
absolute value of the cosine of the polar decay angle is considered. The distributions of the
hadronic decay angles for the hadronic channel and the leptonic and hadronic decay angles for
the semi-leptonic channels are shown in Figures 2 and 3, respectively.
Fully leptonic W-pair decay channels with ﬁnal state muons and electrons are also analysed.
The presence of two neutrinos prevents an unambiguous reconstruction of the event. Assuming
no initial-state radiation, and ﬁxing the mass of the W boson, the production angle of the latter
is kinematically derived with a two-fold ambiguity [5]. Due to resolution eﬀects, about 40% of
the events yield complex solutions and are not considered. A weight of one half is given to each
solution of the retained events.

5
5.1

Data Analysis
Fit Method

Binned maximum likelihood ﬁts are used to perform the TGC measurement. Bin sizes are
chosen so as to optimise sensitivity for the given Monte Carlo statistics. For hadronic and
semi-leptonic W-pairs, the likelihoods depend on the W production and decay angles. For
cos ΘW− , 12 bins are considered in the hadronic channel, 10 bins for qqeν and qqµν events
and 8 bins in the qqτ ν channel. For the leptonic decay angles cos θℓ and φℓ , 4 bins are used,
while 3 bins are considered for the hadronic decay angles | cos θq | and φq . For leptonic singleW events, the lepton energy is used in the ﬁt, with bins of 5 GeV. Its distribution is shown
in Figure 4a. For hadronic single-W events the neural network output, whose distribution is
shown in Figure 4b, is used in the ﬁt. It is√divided in bins of 0.01.
For each decay channel and value of s, the likelihood is deﬁned as the product of the
Poisson probabilities of occupation in each bin of the phase space as a function of a given set
of couplings Ψ:
L(Ψ) =

bins
Y
i

e−µi (Ψ) µi (Ψ)Ni
,
Ni !

(1)

where µi is the expected number of signal and background events in the i-th bin and Ni is
the corresponding observed number of events. The dependence of µi on Ψ is determined by a
generator level reweighting procedure applied to fully simulated Monte Carlo events. For any
value of Ψ, the weight R of the n-th event generated with TGC value Ψgen is:
R(Ωn , Ψ, Ψgen ) =

|M(Ωn , Ψ)|2
,
|M(Ωn , Ψgen )|2

(2)

where M is the matrix element of the ﬁnal state considered, evaluated [13] for the generated
phase space Ωn , which includes radiated photons.
4

The expected number of events in the i-th bin is:
µi (Ψ) =

sig+bg
X
l





ni
σ gen L X
 l
Rl (Ωj , Ψ, Ψgen ) ,
Nlgen j

(3)

where the ﬁrst sum runs over all signal and background samples, and σlgen denotes the cross
section corresponding to the total Monte Carlo sample containing Nlgen events and L is the
integrated luminosity. The second sum extends over the number ni of accepted Monte Carlo
events in the i-th bin. This deﬁnition takes properly into account detector eﬀects and Ψdependent eﬃciencies and purities. For background sources which are independent of TGC’s,
Rl = 1. The ﬁtting method described above determines the TGC’s without any bias as long
as the Monte Carlo correctly describes photon radiation and detector eﬀects such as resolution
and acceptance functions. Diﬀerent channels and centre-of-mass energies are combined by
multiplying together the corresponding likelihoods.
The following results are obtained for hadronic and semi-leptonic W-pairs and for their
combination, allowing one coupling to vary while ﬁxing the others to their Standard Model
values:
g1Z = 0.914+0.065
−0.056 (qqqq)
κγ =
0.89+0.12
−0.10 (qqqq)
+0.069
λγ = −0.102−0.058 (qqqq)

g1Z = 0.974+0.039
−0.038 (qqℓν)
κγ = 0.918+0.097
−0.085 (qqℓν)
λγ = −0.026+0.040
−0.038 (qqℓν)

g1Z = 0.959+0.034
−0.033 (combined)
κγ = 0.907+0.074
−0.067 (combined)
λγ = −0.044+0.036
−0.033 (combined) .

These couplings are determined under the constraints κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ .
Relaxing these constraints, and ﬁxing all other couplings to their Standard Model values, yields:
g5Z =
0.20+0.21
−0.22 (qqqq)
κZ = 0.856+0.108
−0.091 (qqqq)
+0.108
λZ = −0.179−0.085 (qqqq)

g5Z = −0.10+0.17
−0.17 (qqℓν)
κZ = 0.957+0.068
−0.066 (qqℓν)
λZ = −0.038+0.066
−0.063 (qqℓν)

g5Z =
0.00+0.13
−0.13 (combined)
κZ = 0.921+0.059
−0.056 (combined)
λZ = −0.070+0.060
−0.057 (combined) .

The ﬁt to fully leptonic W-pair events yields:
g1Z = 0.91+0.22
−0.16

κγ = 1.07+0.61
−0.38

λγ = −0.16+0.15
−0.12

Due to the large statistical uncertainties of this channel, compared to the other W-pair decay
channels, these results are not considered in the following combinations.

5.2

Cross Checks

The ﬁtting procedure is tested to high accuracy by ﬁtting large Monte Carlo samples, typically
a hundred times the size of the data. TGC values are varied in a range corresponding to three
times the expected statistical uncertainty and are correctly reproduced by the ﬁt [27, 28].
The ﬁt results are found to be independent of the value Ψgen of the Monte Carlo sample
subjected to the reweighting procedure.
The statistical uncertainties given by the ﬁt are tested by ﬁtting, for each ﬁnal state, several
hundreds of small Monte Carlo samples of the size of the data samples. The width of the
distribution of the ﬁtted central values agrees well with the mean of the distribution of the
uncertainties.
An independent analysis, based on optimal observables technique [29], is performed for the
W-pair events and used as a cross check. Both the central values and the uncertainties agree
with those from the binned maximum likelihood ﬁt.
5

5.3

Single-Photon Events

Single-photon events are mainly due to initial state radiation (ISR) in neutrino-pair production
through s-channel Z-boson exchange or t-channel W-boson exchange. A small fraction of events
is due to W-boson fusion through the WWγ vertex, which gives access to κγ and λγ . Data at
√
s = 189 − 209 GeV are analysed [8] and 1898 events are selected while 1905 are expected from
the Standard Model. The KK2f Monte Carlo program [15] is used to simulate the e+ e− → ν ν̄γ
process and eﬀects of TGC’s are obtained by a reweighting procedure [30].
Binned maximum likelihood ﬁts to the photon energy and polar angle yield the results
given in Table 4. The systematic uncertainties are dominated by uncertainties on the selection
eﬃciency [8], on the cross section [31] and on the TGC modelling [32].
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Systematic Uncertainties

The systematic uncertainties for W-pair events are summarised in Table 3. The largest contributions are due to the limited Monte Carlo statistics and to uncertainties on the background
modelling, the W-pair cross section and the lepton charge reconstruction.
Systematic eﬀects typically induce a shift in the position of the maximum of the likelihood
as well as a change of sensitivity. For sources of systematic uncertainties evaluated by varying
a parameter between two extremes of a range, if the sensitivity loss is larger than the gain, the
total uncertainty is evaluated as the sum in quadrature of the diﬀerence between the loss and
the gain and of the shift in the maximum of the likelihood. If the gain in sensitivity is larger
than the loss, only the shift in the maximum is quoted as systematic uncertainty.
An uncertainty of 0.5% on the e+ e− → W+ W− cross section is assumed [33], based on the
predictions of KandY and RacoonWW [34]. Both programs use either the leading-pole or the
double-pole approximation. The cos ΘW− distribution expected for these O(α) calculations are
compared and found to agree, in average slope, up to 0.4%. This value is assigned as systematic
uncertainty. Comparable uncertainties were obtained by a dedicated study [35]. Uncertainties
from O(α) corrections on the W-boson decay angles are found to be negligible [28].
Uncertainties in the background cross sections and diﬀerential distributions are possible
sources of systematic eﬀects. The cross sections of the e+ e− → qq̄(γ) and e+ e− → ZZ(γ)
processes are varied within the theoretical uncertainty [33] of ±2%. To reproduce the measured
four-jet event rate of the e+ e− → qq̄(γ) [26], the corresponding Monte Carlo is scaled by 12.7%.
Half of the eﬀect is assigned as an additional systematic uncertainty. Moreover, the cos ΘW−
distributions for these backgrounds are reweighted with a linear function of slope ±5%, in order
to account for possible inaccuracies of the Monte Carlo predictions, giving a small additional
contribution to this systematic uncertainty.
The uncertainties on the lepton and jet charge assignment are derived from the statistical
accuracy of the two data sets used to check the charge measurement [27,28]: lepton-pair events
in Z-peak calibration data for the measurement of the lepton charge and semi-leptonic W-pair
events with muons for the charge of W bosons decaying into hadrons. Uncertainties around
0.2% are found for single tracks used for electron and tau reconstruction in the barrel and
between 1% and 12% in the endcaps, uncertainties around 0.06% for the charge of muons and
around 1.3% for the charge of W bosons decaying into hadrons.
The agreement of data and Monte Carlo in the reconstruction of angles and energies of jets
and leptons is tested with di-jet and di-lepton events collected during Z-peak calibration runs.
The uncertainties on scales and resolutions of energy and angle measurements are propagated
6

in the Monte Carlo and their eﬀect on the TGC results is assigned as a systematic uncertainty.
The uncertainty caused by limited Monte Carlo statistics is evaluated by repeating the TGC
ﬁt with subsets of the total reference sample, analysing the ﬁt results as a function of the sample
size and extrapolating this shift to the full sample.
The modelling of initial-state radiation in KandY is included up to O(α3 ) in the leadinglogarithm approximation. The systematic uncertainty is estimated by comparing the ﬁt results
when only ISR up to O(α2 ) is considered. A good description of ﬁnal-state radiation (FSR) is
important to properly reconstruct the phase space variables used in the TGC ﬁt. This eﬀect is
studied by repeating the TGC ﬁt with Monte Carlo samples from which the events with FSR
photons of energy above a cut-oﬀ, varied between 100 MeV and 1 GeV, are removed.
Systematic eﬀects due to the uncertainty on the measurement of the W mass and width are
evaluated by varying these parameters within the uncertainties of the world averages [36].
High statistics Monte Carlo samples generated with diﬀerent hadronisation schemes, PYTHIA [14], HERWIG [37] and ARIADNE [38], are used to evaluate the eﬀect of hadronisation
modelling uncertainties. The average of the absolute value of the TGC shifts observed between
diﬀerent models is assigned as systematic uncertainty.
Other ﬁnal state phenomena which can inﬂuence the TGC ﬁt are colour reconnection [39]
and Bose-Einstein [40] eﬀects. Monte Carlo samples with implementation of diﬀerent models
of colour reconnection and Bose-Einstein correlations are used to ﬁt TGC’s and evaluate the
associated systematic uncertainties by comparison with the reference sample. For colour reconnection the following models are tested: model II [41] in ARIADNE, the scheme implemented
in HERWIG and the SK I [42] model with full reconnection probability in PYTHIA. Based
on a study of compatibility of SK I with colour ﬂow between jets [43], only half the eﬀect is
considered. The averages of the absolute values of the shifts obtained using diﬀerent models
are quoted as systematic uncertainties. For Bose-Einstein correlation, the LUBOEI [44] BE32
model as implemented in PYTHIA with and without correlation between jets coming from
diﬀerent W bosons is studied. The diﬀerence is taken as systematic uncertainty.
Systematic uncertainties for the single-W results are dominated by uncertainties on selection
eﬃciencies and signal cross section [7] and amount to 0.068 for κγ and 0.08 for λγ .
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Results and Discussion

√
The results obtained from the study of W-pair events collected at s = 189 − 209 GeV are
combined taking into account correlations of systematic errors between decay channels and
between data sets collected at diﬀerent centre-of-mass energies.
√
Further, they are combined with W-pair results obtained at lower s [6], with the single-W
results [7] recalculated after removing the overlap with the W-pair selection and with the results
from single-photon events [8].
The results of one-parameter ﬁts, in which only one coupling is allowed to vary while the
others are set to their Standard Model values, are given in Table 4. Negative log-likelihood
curves are shown in Figure 5.
Multi-parameter ﬁts of TGC’s allow a model-independent interpretation of the data. Fits
to two of the couplings κγ , λγ and g1Z, keeping the third coupling ﬁxed at its Standard Model
value, are performed, as well as a simultaneous ﬁt to all these couplings. In each case the
constraints κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ are imposed. The results of these multiparameter ﬁts are reported in Table 5. The contour curves of 68% and 95% conﬁdence level
for the two-parameter ﬁts are shown in Figure 6. They correspond to a change in the negative
7

log-likelihood with respect to its minimum of 1.15 and 3.00, respectively. Contours derived
from three-parameter ﬁts are also shown. They are obtained requiring a log-likelihood change
of 1.15, but leaving the third coupling free to vary in the ﬁt. The comparison of the results
derived from ﬁts of diﬀerent dimensionality shows good agreement.
If the W boson were an extended object, e.g. an ellipsoid of rotation with longitudinal radius
a and transverse radius b, its size and shape would be related to the TGCs by RW ≡ (a+b)/2 =
(κγ + λγ − 1)/mW [45] and ∆W ≡ (a2 − b2 )/2 = (5/4)(κγ − λγ − 1)/m2W [46], where mW is the
mass of the W boson. The measurements show no evidence for the W boson to be an extended
object:
RW = (0.3 ± 1.9) × 10−19 m
∆W = (0.89 ± 0.83) × 10−36 m2 ,

(4)
(5)

with a correlation coeﬃcient of −0.63.
In conclusion, TGC’s are measured with an accuracy of a few percent. All single- and
multi-parameter TGC results show good agreement with the Standard Model expectation and
conﬁrm the existence of self-couplings among the electroweak gauge bosons.
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[14] PYTHIA version 6.203 is used. T. Sjöstrand et al., Comp. Phys. Comm. 135 (2001) 238
[15] KK2f version 4.14 and 4.19 are used. S. Jadach, B.F.L. Ward and Z. Wa̧s, Comp. Phys.
Comm. 130 (2000) 260; S. Jadach, B.F.L. Ward and Z. Wa̧s, Phys. Rev. D 63 (2001)
113009
[16] BHAGENE3 Monte Carlo. J.H. Field, Phys. Lett. B 323 (1994) 432; J.H. Field and
T. Riemann, Comp. Phys. Comm. 94 (1996) 53
[17] BHWIDE version 1.01 is used. S. Jadach, W. Placzek, B.F.L. Ward, Phys. Lett. B 390
(1997) 298
[18] TEEGG Monte Carlo. D. Karlen, Nucl. Phys. B 289 (1987) 23
[19] DIAG36 Monte Carlo. F.A. Berends, P.H. Daverfeldt and R. Kleiss, Nucl. Phys. B 253
(1985) 441
[20] PHOJET version 1.05 is used. R. Engel, Z. Phys. C 66 (1995) 203; R. Engel and J. Ranft,
Phys. Rev. D 54 (1996) 4244
[21] KORALW version 1.51 us used. M. Skrzypek et al., Comp. Phys. Comm. 94 (1996) 216;
Phys. Lett. B 372 (1996) 289; S. Jadach et al., Comp. Phys. Comm. 119 (1999) 272
[22] W. Beenakker, F.A. Berends and A.P. Chapovsky, Nucl. Phys. B 548 (1999) 3
[23] YFSWW version 1.14 is used. S. Jadach et al., Phys. Rev. D 54 (1996) 5434; Phys. Lett.
B 417 (1998) 326; Phys. Rev. D 61 (2000) 113010; Phys. Rev. D 65 (2002) 093010
[24] GEANT version 3.15 is used. R. Brun et al., preprint CERN DD/EE/84-1 (1985), revised
1987. The GHEISHA program (H. Fesefeldt, RWTH Aachen Report PITHA 85/02, 1985)
is used to simulate hadronic interactions
[25] L3 Collab., M. Acciarri et al., Phys. Lett. B 496 (2000) 19
[26] L3 Collab., P. Achard et al., Measurement of the Cross Section of W Pair-Production at
LEP, in preparation
[27] S. Villa Measurement of the Triple Gauge Couplings of the W Boson at LEP2, Ph.D. thesis,
Northeastern University, Boston, 2000
[28] M. Dierckxsens, Measurement of Triple Gauge-Boson Couplings in e+ e− Collisions at LEP,
Ph.D. thesis, University of Nijmegen, 2004
[29] G.K. Fanourakis, D. Fassouliotis and S.E. Tzamarias, Nucl. Instr. and Meth. A 414 (1998)
399; L3 Collab., P. Achard et al., Search for Triple Neutral Gauge Boson Couplings in the
e+ e− → Zγ Process at LEP, in preparation
[30] A. Jacholkowska, J. Kalinowski and Z. Wa̧s, Comp. Phys. Comm. 124 (2000) 238
[31] B.F.L. Ward, S. Jadach and Z. Wa̧s, Nucl. Phys. Proc. Suppl. 116 (2003) 73
[32] A. Jacholkowska, J. Kalinowski and Z. Wa̧s, Eur. Phys. J. C 6 (1999) 485

10
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[41] L. Lönnblad, Z. Phys. C 70 (1996) 107
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12

1 III. Physikalisches Institut, RWTH, D-52056 Aachen, Germany§
2 National Institute for High Energy Physics, NIKHEF, and University of Amsterdam, NL-1009 DB Amsterdam,
The Netherlands
3 University of Michigan, Ann Arbor, MI 48109, USA
4 Laboratoire d’Annecy-le-Vieux de Physique des Particules, LAPP,IN2P3-CNRS, BP 110, F-74941
Annecy-le-Vieux CEDEX, France
5 Institute of Physics, University of Basel, CH-4056 Basel, Switzerland
6 Louisiana State University, Baton Rouge, LA 70803, USA
7 Institute of High Energy Physics, IHEP, 100039 Beijing, China△
8 University of Bologna and INFN-Sezione di Bologna, I-40126 Bologna, Italy
9 Tata Institute of Fundamental Research, Mumbai (Bombay) 400 005, India
10 Northeastern University, Boston, MA 02115, USA
11 Institute of Atomic Physics and University of Bucharest, R-76900 Bucharest, Romania
12 Central Research Institute for Physics of the Hungarian Academy of Sciences, H-1525 Budapest 114, Hungary‡
13 Massachusetts Institute of Technology, Cambridge, MA 02139, USA
14 Panjab University, Chandigarh 160 014, India.
15 KLTE-ATOMKI, H-4010 Debrecen, Hungary¶
16 Department of Experimental Physics, University College Dublin, Belfield, Dublin 4, Ireland
17 INFN Sezione di Firenze and University of Florence, I-50125 Florence, Italy
18 European Laboratory for Particle Physics, CERN, CH-1211 Geneva 23, Switzerland
19 World Laboratory, FBLJA Project, CH-1211 Geneva 23, Switzerland
20 University of Geneva, CH-1211 Geneva 4, Switzerland
21 Chinese University of Science and Technology, USTC, Hefei, Anhui 230 029, China△
22 University of Lausanne, CH-1015 Lausanne, Switzerland
23 Institut de Physique Nucléaire de Lyon, IN2P3-CNRS,Université Claude Bernard, F-69622 Villeurbanne, France
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√
h si [GeV]
L [pb−1 ]

188.6 191.6 195.5 199.6 201.8 204.8 206.5 208.0
176.8 29.8 84.1 83.3 37.1 79.0 130.5
8.6
√
Table 1: The average centre-of-mass energies, h s i, and total integrated luminosities, L, used
for the W-pair analysis.

Process
Ndata
WW → ℓνℓν
207
WW → qqeν
1263
WW → qqµν
1187
WW → qqτ ν
1017
WW → qqqq
5219
Weν, W → ℓν
121
Weν, W → qq̄
584

Nbg
28.1
118.1
118.0
348.4
1109.2
10.4
342.2

Table 2: Numbers √
of selected data events, Ndata , and expected background
√ events, Nbg , for the
W-pair analysis at s = 189 − 209 GeV and for the single-W analysis at s = 161 − 209 GeV.

Source
of uncertainty
Uncertainty on σWW
O(α) corrections on cos ΘW−
Background modelling
Jet charge confusion
Lepton charge confusion
Jet and lepton measurement
Monte Carlo statistics
ISR and FSR
W mass and width
Fragmentation
Bose Einstein correlations
Colour reconnection
Total systematic uncertainty

g1Z
0.003
0.004
0.005
0.001
0.003
0.001
0.012
0.001
0.001
0.003
0.001
0.001
0.015

Systematic uncertainty
κγ
λγ
g5Z
κZ
0.018 0.006
0.03 0.009
0.004 0.003
0.01 0.011
0.019 0.006
0.02 0.009
0.006 0.002 < 0.01 0.002
0.013 0.007
0.01 0.005
0.003 0.002
0.01 0.002
0.010 0.014
0.02 0.016
0.016 0.001
0.01 0.002
0.005 0.002
0.01 0.002
0.002 0.001
0.02 0.004
0.001 0.001 < 0.01 0.001
0.004 0.001
0.02 0.002
0.039 0.017
0.05 0.024

λZ
0.014
0.007
0.014
0.005
0.009
0.004
0.007
0.002
0.004
0.001
0.003
0.003
0.023

Table 3: Systematic uncertainties on TGC’s determined from semi-leptonic and hadronic Wpairs. For each coupling the uncertainties are obtained in one-parameter ﬁts, by setting all
other couplings to their Standard Model values. The constraints κZ = g1Z − tan2 θW (κγ − 1)
and λZ = λγ are imposed on the ﬁrst three couplings.
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g1Z

Coupling
νe ν̄e γ 189–209 GeV
Weν 161–209 GeV
WW 161–209 GeV
All channels combined
Standard Model value

0.966+0.034
−0.032 ± 0.015

0.966+0.034
−0.032 ± 0.015

κγ

λγ

0.7 ± 0.5 ± 0.3

0.3 ± 0.7 ± 0.4

1.179+0.076
−0.080
0.910+0.074
−0.066
1.013+0.067
−0.064

1.0

1.0

Coupling

g5Z

κZ

WW 189-209 GeV

0.00 ± 0.13 ± 0.05

Standard Model value

0.0

± 0.068

0.30+0.11
−0.19 ± 0.08

± 0.039 −0.024+0.035
−0.033 ± 0.017
± 0.026 −0.021+0.035
−0.034 ± 0.017
0.0
λZ

+0.060
0.924+0.059
−0.056 ± 0.024 −0.088−0.057 ± 0.023

1.0

0.0

Table 4: Results of one-parameter ﬁts to the TGC’s g1Z, κγ , λγ , g5Z , κZ and λZ based on singlephoton events, single-W events and hadronic and semi-leptonic W-pairs, and their combination.
The single-W results are obtained after removing events selected as W-pair. All results are at
68% conﬁdence level. For each TGC ﬁt, all other parameters are set to their Standard Model
values; for the set g1Z, κγ and λγ the constraints κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ are
imposed. The ﬁrst uncertainty is statistical, the second systematic.

Fit

Standard

parameter

Model

Results
(68% CL)

(95% CL)

correlation coeﬀs.
g1Z

κγ

λγ

two-parameter ﬁts
g1Z

1.0

0.912+0.054
−0.044

[ 0.83, 1.02]

κγ

1.0

1.162+0.124
−0.129

[ 0.94, 1.38]

κγ

1.0

1.061+0.089
−0.082

[ 0.91, 1.24]

0.0

−0.052+0.044
−0.042

[−0.13, 0.03]

0.979+0.066
−0.065

[ 0.86, 1.10]

−0.025+0.071
−0.065

[−0.14, 0.11]

λγ
g1Z
λγ

1.0
0.0

1.00 −0.71

1.00
1.00

−0.42
1.00

1.00

−0.82
1.00

three-parameter ﬁt

1.0

0.91+0.10
−0.07

[ 0.80, 1.08]

κγ

1.0

1.15+0.13
−0.14

[ 0.92, 1.38]

λγ

0.0

0.01+0.07
−0.08

[−0.14, 0.14]

g1Z

1.00 −0.74

1.00

−0.80
0.44

1.00

Table 5: Results of two- and three-parameter ﬁts of the couplings κγ , λγ and g1Z with the
constraints κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ ; all other couplings are set to their Standard
Model values. Correlation coeﬃcients are also shown. Systematic uncertainties are included.
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Figure 1: Distributions of the reconstructed W− production angle, cos ΘW− , in a) hadronic
and b) semi-leptonic W-pair events. Data are shown, together with the expectations for the
Standard Model and for anomalous values of TGC’s.

Events/0.2

3000

Data: WW → qqqq
4f
qqγ
gZ1=1.5
gZ1=0.5

L3

4000 b)

3000

Events/0.63

4000 a)

2000

L3

2000

1000

0

Data: WW → qqqq
4f
qqγ
gZ1=1.5
gZ1=0.5

1000

0

0.2

0.4

0.6

0.8

0

1

|cosθq|

0

1

φq [rad]

2

3

Figure 2: Distributions of the reconstructed W decay angles in hadronic W-pair events, a)
| cos θq | and b) φq . Distributions for W+ and W− bosons are combined. Data are shown,
together with the expectations for the Standard Model and for anomalous values of the TGC’s.
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Figure 3: Distributions of the reconstructed W decay angles in semi-leptonic events: the production angles of the lepton, a) cos θℓ and b) φℓ , and the decay angles of W bosons decaying
into hadrons, c) | cos θq | and d) φq . Data are shown, together with the expectations for the
Standard Model and for anomalous values of the TGC’s.
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Figure 4: Distribution of a) the energy spectrum of the lepton in leptonic single-W events and
b) the output of the neural network used in the selection of hadronic single-W events.
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Figure 6: Comparison of single- and multi-parameter TGC ﬁts. The vertical and horizontal
lines are the 68% conﬁdence level intervals when all couplings but one are ﬁxed to their Standard
Model values, indicated by a star. The shaded areas represent the 68% conﬁdence level regions
for the two-parameter ﬁts to the TGC’s: a) g1Z and κγ with λγ = 0, b) λγ and κγ with g1Z = 1
and c) g1Z and λγ with κγ = 1. The 95% conﬁdence level contours are also given as solid lines.
The dashed lines represent two-dimensional projections of the three-parameter log-likelihoods.
The constraints κZ = g1Z − tan2 θW (κγ − 1) and λZ = λγ are imposed and all other couplings
are set to their Standard Model values. Systematic uncertainties are included.

20

