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Abstract. This paper describes the measurement of the W boson mass, Mw, and decay width, I'w, from the
direct reconstruction of the invariant mass of its decay products in W pair events collected at a mean centre-
of-mass energy of 1/s=172.12 GeV with the OPAL detector at LEP. Measurements of the W pair production
cross-section, the W decay branching fractions and properties of the W decay final states are also described.
A total of 120 candidate WTW ™ events has been selected for an integrated luminosity of 10.36 pb~*. The
WTW™ production cross-section is measured to be oww = 12.3 4 1.3(stat.) 4+-0.3(syst.) pb, consistent with
the Standard Model expectation. The WYW~ — qq¢z, and WFW~ — qqqq final states are used to obtain
a direct measurement of I'wy = 1.30707%(stat.) + 0.18(syst.) GeV. Assuming the Standard Model relation
between My and ['w, the W boson mass is measured to be Mw = 80.32 + 0.30(stat.) & 0.09(syst.) GeV.
The event properties of the fully-hadronic decays of WTW ™ events are compared to those of the semi-
leptonic decays. At the current level of precision there is no evidence for effects of colour reconnection in the
observables studied. Combining data recorded by OPAL at /s ~ 161-172GeV, the W boson branching
fraction to hadrons is determined to be 69.87%9(stat.) & 0.7(syst.)%, consistent with the prediction of
the Standard Model. The combined mass measurement from direct reconstruction and from the WHW~
production cross-sections measured at /s ~ 161 and /s ~ 172GeV is Mw = 80.35 + 0.24(stat.) +
0.07(syst.) GeV.



396 The OPAL Collaboration: Measurement of the W boson mass and WHW ™ production

1 Introduction

* and at TRIUMF, Vancouver, Canada V6T 2A3 In 1996, the LEP collider at CERN entered a new phase
b and Royal Society University Research Fellow of operation, LEP2, with the first ete™ collisions above
¢ and Institute of Nuclear Research, Debrecen, Hungary the WTW™ production threshold. Approximately 10 pbil
4 and Department of Experimental Physics, Lajos Kossuth of integrated luminosity was delivered to each of the four
University, Debrecen, Hungary LEP experiments at a centre-of-mass energy /s ~ 161 GeV.

¢ and Department of Physics, New York University, NY 1003, Subsequently, a further ~10 pb~! was delivered at a higher
USA energy of v/s ~ 172 GeV. This paper describes measure-
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ments of the production and decay properties of WTW~
events in this higher energy run.

One of the principal goals of the LEP2 programme is
the measurement of the mass of the W boson, My . Com-
parison between this direct measurement and the value of
M determined indirectly from precise electroweak anal-
yses at /s ~ 91 GeV (LEP1) and elsewhere will even-
tually provide an important new test of the Standard
Model (SM) of electroweak interactions. Direct measure-
ments of My from hadron colliders currently yield 80.33+
0.15 GeV [1-3]. Ultimately it is believed [4] that LEP2
can achieve a precision on the W mass of approximately
3040 MeV. The mass dependence of the WTW~ pro-
duction cross-section at threshold, /s ~ 161 GeV, was
used to extract the first measurements of My from LEP2
data [5-8]. At higher centre-of-mass energies measurement
of the WTW ™ cross-section itself provides an interesting
test of the non-Abelian gauge structure of the Standard
Model, which predicts substantial destructive interference
between the different WHW~ production diagrams, thus
avoiding unitarity violation at higher energies.

This paper describes the measurement, above WTW ™
production threshold, of My and of the W decay width,
Iy, by direct reconstruction of the invariant mass spec-
trum of the W decay products. The mass and width mea-
surements use events in the channels' WHW~— — qqqq
and WTW~ — qqlv, (f=e, p or 7). For each event, the
mass of the W is reconstructed from its decay products,
and Mw and I'w are determined by a fit to the resulting
distribution.

The structure of the paper is as follows. Sect. 2 con-
tains a brief overview of the OPAL detector and the Monte
Carlo models used. Sect. 3 describes the selection meth-
ods used for the identification of samples of WTW~ —
ol vy, WHW™ = qqfv, and WTW ™ — qqqq events
at /s ~ 172 GeV. In Sect. 4, these selections are used
to determine the WHW™ production cross-section and
the branching fractions of the W boson into various fi-
nal states. These results may be interpreted in terms of a
measurement of the Cabibbo-Kobayashi-Maskawa (CKM)
mixing parameter |Vs|. In Sect. 5 the WrW~ — qqqq
and WrW~ — qqfv, samples are used for a determina-
tion of the W mass and width. Finally, Sect. 6 discusses
the properties of the hadronic W decays, which are poten-
tially sensitive to interesting QCD final-state interactions
between the products of the two W decays.

2 The OPAL detector, data
and Monte Carlo models

2.1 Detector

A detailed description of the OPAL detector has been pre-
sented elsewhere [9] and therefore only the features rele-
vant to this analysis are summarised here. Charged par-
ticle trajectories are reconstructed using the cylindrical

! Throughout this paper, a reference to W or its decay
products implicitly includes the charge conjugate states
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central tracking detectors, which consist of a silicon mi-
crovertex detector, a high precision vertex detector, a large
volume jet chamber and thin z-chambers. The silicon mi-
crovertex detector consists of two layers of silicon strip
detectors, allowing at least one hit per charged track in
the angular? region | cosf| < 0.93. It is surrounded by a
vertex drift chamber. Outside this lies the jet chamber,
about 400 cm in length and 185 cm in radius, which pro-
vides up to 159 space points per track, and measures the
ionisation energy loss of charged particles, d£/dz[10]. The
z-chambers, which improve considerably the measurement
of charged tracks in 6, are situated immediately beyond
and co-axial with the jet chamber. Track finding is nearly
100% efficient within the angular region |cosf| < 0.97.
The entire central detector is contained within a solenoid
which provides an axial magnetic field of 0.435 T.

The electromagnetic calorimeter (ECAL) measures the
energy of electrons and photons and provides a partial en-
ergy measurement for hadrons. It consists of a cylindrical
ensemble of 9440 lead glass blocks arranged such that the
inter-block gaps point slightly away from the origin, and
of two endcaps, each having 1132 lead glass blocks aligned
parallel to the beam axis. The barrel encompasses the an-
gular region |cosf| < 0.82 whilst the endcaps cover the
region 0.81 < |cosf| < 0.98.

Calorimeters close to the beam axis measure the lu-
minosity using small angle Bhabha scattering events and
complete the geometrical acceptance down to 34 mrad
from the beam axis. These include the forward detectors
which are lead-scintillator sandwich calorimeters and, at
smaller angles, silicon tungsten calorimeters [11] located
on both sides of the interaction point.

The iron return yoke of the magnet lies outside the
electromagnetic calorimeter, and is instrumented with
streamer tubes as a hadron calorimeter (HCAL). Muon
detectors are situated outside the hadron calorimeter.
Muons with momenta above 3 GeV usually penetrate to
the muon detectors. In addition, up to nine hits may be
recorded for minimum ionising particles traversing the
hadron calorimeter, further enhancing muon identifica-
tion.

2.2 Data and Monte Carlo

The basic data selection, luminosity measurement, Monte
Carlo (MC) models and detector simulation are identical
to those described in [5]. The accepted integrated luminos-
ity, evaluated using small angle Bhabha scattering events
observed in the silicon tungsten forward calorimeter, is
10.363 +0.045(stat.) +0.036(syst.) pb~! [12], of which ap-
proximately 1 pb~! was collected at 170.3 GeV and 9.3
pb~! at 172.3 GeV. The luminosity weighted mean centre-
of-mass energy for the data sample is /s = 172.12 +
0.06 GeV[13].

2 The OPAL right-handed coordinate system is defined such
that the origin is at the geometric centre of the jet chamber,
z is parallel to, and has positive sense along, the e~ beam
direction, r is the coordinate normal to z, 0 is the polar angle
with respect to +z and ¢ is the azimuthal angle around z
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The GENTLE[14] semi-analytic program is used to cal-
culate the Standard Model WHW™ cross-section which
is used throughout this paper to determine the expected
number of WTW~ events. The use of GENTLE is moti-
vated by the fact that it provides a more complete cal-
culation than current Monte Carlo generators[4]. The cal-
culated cross-section is 12.4 pb at /s = 172.12 GeV us-
ing the current world-average W boson mass of My =
80.33 GeV [1,2].

In the analyses described below, a number of Monte
Carlo models were used to provide estimates of efficiencies
and backgrounds as well as the shapes of the W mass dis-
tributions. The majority of the Monte Carlo samples were
generated at /s = 171 GeV with My = 80.33 GeV. Un-
less stated otherwise, all Monte Carlo samples were gen-
erated with a full simulation of the OPAL detector [15]. A
number of Monte Carlo studies were performed without
detector simulation, referred to as generator level.

The separation between signal and background pro-

cesses is complicated by the interference between the
WTW~ production diagrams (class® CC03) and other
four-fermion graphs. For example, the process Z° /v — qq
where a W is radiated off one of the quarks can in-
terfere with WYW— — qqfv, and WTW~ — qqqq fi-
nal states. Monte Carlo samples of WTW™ events, re-
stricted to the CC03 diagrams, were obtained with the
KORALW[16],
EXCALIBUR[17], grc4f[18], PyTHIA[19] and HERWIG[20]
generators. KORALW was used to determine the efficien-
cies for WTW™ events for the selections presented in this
paper. This sample was generated at /s = 171 GeV us-
ing a value for My of 80.33 GeV. A number of PYTHIA
Monte Carlo samples generated with different values of
Vs and My were used to investigate the sensitivities of
the analyses to these parameters. EXCALIBUR was used to
investigate the sensitivity to I'yy.

The main background process, Z°/y — qq, was simu-
lated using PYTHIA, with HERWIG used as an alternative
to study possible systematic effects. Other backgrounds
involving two fermions in the final state were studied us-
ing KoraLz[21] for ete™ — ptpu~, ete™ — 777~ and
ete™ — vvyy, and BHWIDE[22] for eTe™ — eTe™. Back-
grounds from processes with four fermions in the final
state were evaluated using grc4f, EXCALIBUR and FERMISV
[23]. Backgrounds from two-photon processes were evalu-
ated using PyTHIA, HERWIG, PHOJET[24], TWOGEN][25]
and the Vermaseren program[26]. At least two indepen-
dent Monte Carlo estimates were available for each cate-
gory of two-photon and four-fermion background. To study
the influence of interference effects in the four-fermion fi-
nal states the grc4f and EXCALIBUR Monte Carlo genera-
tors were used. In both cases samples were generated us-
ing the full set of interfering four fermion diagrams. These
four-fermion samples were compared to samples obtained
with the same generator using only the CCO03 set of W
pair production diagrams.

3 In this paper, the W pair production diagrams, i.e. t-
channel v, exchange and s-channel Z° /v exchange, are referred
to as “CC03”, following the notation of [4]
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Throughout this paper it is assumed that the produc-
tion cross-section at /s ~172 GeV for the Standard Model
Higgs boson, HY, is negligible. This assumption is valid for
a Higgs mass above 80 GeV. Below this mass, the cross-
section becomes significant and the WTW™ event selec-
tions have high efficiencies to select H? events, particularly
for the process H'Z® — qqqq which would result in a non-
negligible background.

3 Event selection

Event selections have been developed to identify efficiently
all Standard Model WHW™ final states with low accep-
tance for background processes. The WTW~ event se-
lection consists of three distinct parts to select fully lep-
tonic decays, WYW~= — £Tv,0'" Uy, semi-leptonic decays,
WHTW~™ — qqfvy, and fully hadronic decays, WTW~— —
qqqq. To ensure that the selections are mutually exclusive,
only events failing the WTW~ — £Tu,0/ 7y selection
are considered as possible WTW— — qqlv, candidates
and only events failing both the WTW= — (tu,0' 7,
and WTW~ — qqlv, selections are considered as possi-
ble WTW~ — qqqq candidates. The fully leptonic and
semi-leptonic selections are separated into the individual
lepton types giving ten selected final states: etv.e 7.,
R NV 7N L V% i 7 TR VY Vi 7PN VA V% s 7 sy VR V0
qqeve,

qauv,, qqrv, and qqqq. No attempt has been made to
identify the flavour composition of the hadronic final states.

The hadronic and semi-leptonic event samples are used
to determine the decay width and the mass of the W boson
and also to study hadronic event properties of W boson
decays. All final states are used in the measurement of
the W pair production cross-sections and decay branch-
ing fractions. The classification into separate leptonic final
states allows the measurement of the W branching ratios
with or without the assumption of charged current lepton
universality.

An overview of the event selections is given below. Em-
phasis is placed on the performance of the selections and,
in particular, the systematic uncertainties in the selec-
tion efficiencies and accepted background cross-sections.
More detailed descriptions of the WTW~ — qq/v, and
WTW~ — qqqq event selections can be found in the Ap-
pendices.

3.1 Treatment of systematic uncertainties

The KORALW Monte Carlo program (CCO03 diagrams only)
was used to estimate the efficiencies of each of the se-
lections. Two types of systematic uncertainties in the se-
lection efficiencies have been considered: generator uncer-
tainties and differences between data and the Monte Carlo
simulation, including detector simulation. The generator
uncertainties were estimated by comparing the efficiencies
for four different Monte Carlo generators, KORALW, grc4f,
EXCALIBUR and PYTHIA. The uncertainties arising from
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the beam energy dependence of the selection efficiencies
were assessed by comparing PYTHIA samples generated
at different beam energies. The dominant uncertainties
due to the beam energy dependence arise because the
Monte Carlo samples used to evaluate efficiencies were
generated at a centre-of-mass energy of 171 GeV rather
than 172.12 GeV, the mean energy at which the data
were recorded. Similarly, the propagation of uncertainties
on My to the selection efficiencies was estimated using
samples of PYTHIA events (including detector simulation)
generated with different values of Myy.

For each selection, the four-fermion backgrounds were
determined using the grcdf Monte Carlo program. The
systematic uncertainties on the four-fermion backgrounds
were estimated from the difference between the accepted
cross-sections predicted by the grcd4f and EXCALIBUR
Monte Carlo programs. For both the WfW— — qqfv,
and WTW~ — qqqq selections, the dominant systematic
uncertainty on the background was due to the modelling
of the Z°/~v — qq process.

32WHtwW— — £+Vg£,_ﬁg/ events
3.2.1 Selection

Approximately 11% of W pair events are expected to de-
cay through the fully leptonic channel. These events may
be observed as an acoplanar pair of charged leptons with
missing momentum. The selection is sensitive to the six
possible classes of observed leptons, eTe™, ptu=, 7777,
et T, et7F, ut 7T, which are expected to be produced in
the ratio 1:1:1:2:2:2. The main backgrounds are eTe™ —
7970, ete™ — ZVeTe™, ete™ — Wer,, ete™ — 717~
and eTe™ — ete (/™.

The experimental signature for WTW™ — £t v,0/ " Ty
events is also the signature for a number of non-Standard
Model processes. The selection used to identify WTW~ —
tupl' Uy events is based on the general charged lepton
pair selection used in the search for anomalous production
of lepton pair events with significant missing transverse
momentum|[27]. A high efficiency for selecting fully lep-
tonic events is obtained by forming the logical “or” of two
distinct analyses?. The first analysis performs a general
selection of events conforming to the acoplanar di-lepton
topology. The second consists of several selections, each
designed to select a particular di-lepton class. This anal-
ysis was optimised to identify events consistent with be-
ing WYW~— — ¢Tv,0'" 7, Both analyses require evidence
that a pair of charged leptons has been produced in associ-
ation with an invisible system that carries away significant
transverse momentum. The first analysis simply requires
leptonic events with significant missing transverse momen-
tum, whereas the second analysis exploits the kinematics
of WHW~— — ¢t/ " Ty events and the flavour mixture of
the expected backgrounds. This leads to a complementary
acceptance.

4 Referred to as Selection I and Selection IT in [27]. For Se-
lection I the additional WT W™ selection criteria are applied

399

From KORALW Monte Carlo studies, 80% of the ex-
pected efficiency for WYW= — £Tv,0/" U, events is com-
mon to the two analyses, 6% is exclusive to the first analy-
sis, and 14% to the second. Both analyses have similar ef-
ficiencies for WTW = — ¢,/ 7y events with two stable
leptons, while the second analysis performs significantly
better for events with one or two taus.

3.2.2 WHW— = (tu,0/ 7y classification

Selected WTW~ — ¢tu,0/" 7, candidates are classified
as one of the six possible di-lepton combinations accord-
ing to the electron and muon identification results, the
scaled energy of the leptons and the charged track and
cluster multiplicity associated with each lepton. Jets are
defined using the cone algorithm[28]. Those not identi-
fied as either electrons or muons are classified as taus. A
small fraction of selected events are expected to be recon-
structed with only one jet. These are events where one of
the charged leptons is outside the geometric acceptance of
the tracking chambers. For these one-jet events, the un-
observed lepton is taken to be a muon. For two-jet events,
corresponding to most of the selected events, the classi-
fication is further elaborated to improve the assignment
of secondary electrons and muons from tau decays to the
tau class. Identified electrons or muons with energy scaled
by the beam energy less than 0.3 are classified as taus. In
order to recuperate inefficiencies in the electron and muon
identification algorithm, jets failing the electron and muon
identification, but with scaled energy greater than 0.5 are
reclassified as electrons if E/p exceeds 0.5 and as muons if
E/p is less than 0.5. Lastly, jets with three or more charged
tracks or three or more associated electromagnetic clusters
(consistent with three-prong tau decays) are classified as
taus.

3.2.3 Results and systematic errors

A total of eight events is selected by the combined event
selection at /s = 172 GeV as WTW~ — £t vl Uy can-
didates. Seven of the events are common to both analyses,
while one event is exclusively selected by the first analysis.

Representative kinematic distributions for the selected
events are given in Fig. 1, together with the Monte Carlo
expectations. Figure la shows the energy of each charged
lepton scaled by the beam energy. Figure 1b shows cos§_ —
cos 0, where 0_ and 6 are the polar angles of negatively
charged and positively charged leptons respectively. The
selected events favour positive values of cosf_ — cosf,
as expected for WTW~ production. These kinematic dis-
tributions are consistent with the Standard Model expec-
tations.

The Monte Carlo selection efficiencies for each di-lepton
combination are shown in Table 1. The overall efficiency
for selecting WTW~ — (vl Uy events is determined
to be (78.3 £ 0.4 + 2.5)%, where the errors are statistical
and systematic, respectively. Since events can be rejected
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Fig. 1. Distributions of kinematic variables for selected
WHTW™ — ¢yl "Dy events, showing: a the lepton energy
divided by the beam energy, and b cosd_ — cosf,. The data
are shown as points with error bars. The Monte Carlo predic-
tion for the sum of WTW™ and all other Standard Model pro-
cesses is shown as the open histogram, while the non-WTW—
processes are represented by a doubly hatched histogram. The
Monte Carlo samples have been normalised to the collected
integrated luminosity of 10.36 pb™!

Table 1. Efficiency for selecting each £*v,¢' " Ty final state,
evaluated using the KORALW Monte Carlo program, after cor-
recting for detector occupancy. The errors are statistical and
systematic respectively

WTW~ —  Efficiency (%)

eTvee v 824+ 1.1+£32
eTven v, 838408422
eVt U, 768409422
phtvup v, 86.74+1.042.2
prv, T U, T7T.0£0.94+2.2
T, 77T, 60.64+1.44+4.6

on basis of having a significant energy deposit in the for-
ward detectors, a correction factor of 0.99 with a system-
atic uncertainty of 0.01 has been applied to the selection
efficiencies and the background estimate to account for
detector occupancy due to off-momentum beam particles.
Systematic uncertainties on the efficiency were estimated
based on comparisons of the efficiencies for different Monte
Carlo models (3.0% for et vee™ Ve, 4.5% for 7v, 777, and
2.0% for the other fully leptonic final states). The Monte
Carlo models have different implementations of both ini-
tial and final state radiation effects and the modelling of
tau decays. In addition, systematic errors were assigned

The OPAL Collaboration: Measurement of the W boson mass and WHW ™ production

Table 2. Expected background cross-sections for differ-
ent processes, assuming an average centre-of-mass energy of
172.12 GeV. The uncertainties include statistical and system-
atic components

Source Cross-section (fb)
ff (f=e,p,7,v,q) 941

eTe ff (f=e,pu,7,q) 32419
El+f17€2+€27 (fl :/J,ﬂ') 1.2+0.5

Uaq (€= p, 7, Ve, Vyu, vr) 0.6+0.3

qqeve 0.4+0.3
f1+6171/42722 (fl =e,, 7') (51 # ZQ) 18+ 2
£1+l/41€27522 (& = e,p,,T) (£1£2 7& ,uT) 16 £13

Total 77+ 24

to account for data/Monte Carlo agreement (0.8%) and
the knowledge of the trigger efficiency (0.4%).

The expected background cross-sections from Stan-
dard Model processes are given in Table 2. The system-
atic errors are based on comparisons of different Monte
Carlo generators. Table 3 lists the expected and observed
numbers of events in each final state. The 8 fully leptonic
events observed in the data are consistent with the Stan-
dard Model expectation.

3.3 WFW~ — qqfv, events
3.3.1 Selection

Semi-leptonic final states, WFW~ — qq/v,, are expected
to comprise 44% of WT W~ decays. WTW™~ — qqev, and
WHW~ — qquv,, events are characterised by two well-
separated hadronic jets, a high momentum lepton and
missing momentum due to the unobserved neutrino. The
signature for WTW~ — qqr¥, events is two well sepa-
rated jets from the hadronic W decay and one low multi-
plicity jet typically consisting of one or three tracks. The
expected missing momentum is less well defined due to
the additional neutrino(s) from the decay of the tau.

The WTW~ — qq¢v, event selection, described in Ap-
pendix A, consists of three separate selections, one for each
type of semi-leptonic decay. The WrW~ — qqr7, selec-
tion is applied only to events which fail the WHW— —
qqeve and WHW~ — qquw,, selections. Each selection
proceeds in four stages:

— Identification of the Candidate Lepton: The track
with the highest probability of being a lepton from
either the decay W — eve or W — v, is identified.
The WTW~ — qqr7, selection uses the track (or
tracks) most consistent with being from a tau decay
from W — 77,.

— Preselection: Cuts are applied to the data to reduce
the background from Z°/y — qq events.

— Relative Likelihood Selection: Relative likelihoods
are formed using kinematic variables and characteris-
tics of the lepton candidate identified. Signal events
(WHW™ — qqeve, WIW™ — qquv, and WIW~— —
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Table 3. Observed numbers of candidate events in each WTW™ decay channel for an
integrated luminosity of 10.36 & 0.06 pb~! at 172.12 4 0.06 GeV, together with expected
numbers of signal and background events, assuming Mw = 80.33 £ 0.15 GeV. The num-
bers for the WHW ™ — qqqq channel are the sums of the event weights for the 99 events
passing the preselection (see text). The predicted numbers of signal events include sys-
tematic uncertainties from the efficiency, luminosity, beam energy, W™ W™ cross-section
and My, while the background estimates include selection and luminosity uncertainties.
The errors on the combined numbers account for correlations

Selected as Expected signal Expected back. Total Observed
WIW~ s efvee 7e 1.3£0.1 0.1£0.0 1.440.1 2
WIW~ = etveu 7, 2.6£0.1 0.14+0.1 2.740.1 2
WrW~ s efver o, 23+0.1 0.2+0.1 2.64+0.1 1
WTW™ — ptv,p v, 1.440.1 0.0+0.0 1.540.1 0
WYW~ — uty, 770, 22401 0.1+0.1 2.3+0.1 1
WW™ = rtv.777, 0940.1 0.1£0.0 1.040.1 2
WTW™ — qgeve 16.8 +0.4 1.240.4 18.0+0.6 19
WTW™ — qquo,, 17.440.4 0.6 £0.1 179404 16
WTW™ — qqro-, 13.54+0.4 2.7+0.7 16.24+0.8 20
WTW~ — qqqq 41.3+1.5 13.14+2.0 544425  54.1
Combined 99.7 4+ 2.6 18.3+2.2 1179434 1171

qqr7,) are distinguished from Z°/y — qq background
events by applying a cut on the value of the likelihood.
Events passing the likelihood selection are considered
to be WrW~ — qqfv, candidates.

— Event Categorisation: Having suppressed the back-
ground using the relative likelihood selection, a second
relative likelihood is applied to the WTW~ — qqev,
and WTW~ — qquv, candidates in order to cate-
gorise them as either WTW~ — qqev,, WTW~ —
qquv, or WHW~— — qqrv, events.

3.3.2 Results and systematic errors

Table 4 shows the efficiencies of the selections for WTW~
— qqfT, events after categorisation into the different chan-
nels. These efficiences include corrections which account
for observed differences between the data and the Monte
Carlo simulation. The uncertainties include both system-
atic and statistical contributions.

Table 5 lists the sources of the uncertainties evaluated
for the selection efficiencies. The respective efficiencies of
the WW~ — qqeve, WIW™ — qqurv, and WHW~ —
qqr7, selections determined from PyTHIA, KORALW,
EXCALIBUR and grcdf are found to be consistent within
errors. Efficiency corrections and systematic errors arising
from discrepancies between data and Monte Carlo simula-
tion were determined by studying data and Monte Carlo
“mixed events” formed by superimposing LEP1 hadronic
70 decay events and single hemispheres from LEP1 events
identified as Z° decays to charged lepton pairs. Overall
corrections to the efficiencies of 0.98740.006, 0.999+0.004
and 1.025 & 0.007 were found for the WTW~ — qqev,,
WHtW~ — qquv, and WHW~ — qqrv, selections re-
spectively. The differences between data and Monte Carlo
result in a migration of events from the WYW~ — qqev,
selection to the WTW~ — qqr¥, selection. The main

difference arises from the simulation of the electron iden-
tification variables used in the relative likelihoods. The
efficiencies summarised in Table 4 include these correc-
tions.

Table 6 shows the corrected background cross-sections
and total uncertainties for the three selections. The sys-
tematic errors on the expected background cross-sections
are dominated by differences between data and Monte
Carlo for the two-fermion backgrounds and by differences
between generators in the case of the four-fermion back-
grounds.

The WHW~ — qqlw, selection efficiency for Z°/y —
qq events is small, ~ 0.1%. The background estimate from
HERWIG is consistent with that from PYTHIA. Since the
efficiency is very low, the Monte Carlo estimate of the
background level from this source is likely to be sensitive
to the simulation of the tails of distributions. To avoid
such dependence, the Z°/y — qq background is estimated
from the data and was found to be 1.2+0.5 times that pre-
dicted by the Monte Carlo. This was determined by fitting
signal and background components to the relative likeli-
hood distribution of the data, where the shapes of these
distributions are taken from Monte Carlo. The fits were
performed in the region about the cut made on the likeli-
hood. To improve the statistical precision of this study, all
data recorded above the Z° peak (130-140 GeV, 161 GeV
and 172 GeV) were used, together with the corresponding
Monte Carlo samples. The quoted error includes a sys-
tematic component arising from the variation of the fit
region.

Four-fermion backgrounds were estimated using the
grcdf generator. Differences between the four-fermion back-
ground predictions of the grc4f and EXCALIBUR generators
were used to assign systematic uncertainties. The W bo-
son pair production cross-section for qgev, was compared
with that from the full four-fermion treatment and the dif-
ference in the accepted cross-sections taken as the effective
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Table 4. Selection efficiencies for the different WTW~ — qq¢w, channels after
event categorisation showing the cross contamination in each selection. The effi-
ciencies, based on KORALW, have been corrected for differences between data and
Monte Carlo. The errors include both statistical and systematic uncertainties

Selected as WHTW™ = qqeve

Generated as

WTW™ = qquv, WTW™ = qqro.

WTW~ = qgev.  85.1+0.9%
WIW™ — qquo,  0.240.1%
WTW~ — qgro, 4.7+ 0.5%

0.1+0.1% 3.9+0.3%
87.6 £0.8% 4.4+ 0.3%
5.2+0.5% 61.4+1.2%

Table 5. Sources of uncertainty on the W™ W~ — qqlv, selection efficiencies

Source of uncertainty

WTW~™ — qgeve

Signal efficiency error (%)
WTW™ — qquo, WTW~™ — qqro.,

Statistical 0.3
Comparison of MC models 0.4
Data/Monte Carlo 0.6
My dependence (£150 MeV) 0.1
Beam energy dependence 0.5
Total 0.9

0.3 0.5
0.2 0.2
0.4 0.7
0.3 0.1
0.5 0.8
0.8 1.2

Table 6. Background cross-sections

for the WrW~ — qq¢w, selections in

fb. The four-fermion backgrounds have been split into final states containing

no electron (qqff), where f refers to

a fermion other than an electron, one

electron (qge7.) and two electrons (eTe™ ff). The background from e e~ ff final
states includes two-photon processes. The ZO/’y — qq background includes the
uncertainty on the background correction factor of 1.24+0.5. All errors include
both statistical and systematic contributions

Background cross-sections (fb)

Source WIW™ — qgeve WTW™ — qquv, WTW™ — qqro,
qqeve 0+25 1+2 42419

qaff 1+1 24+5 40+ 4

ete ff 82 + 27 6+£2 31410

Z°/y = qq 29 + 13 23410 143 + 61
Z°)y - 1trT 641 1+1 1+1

Combined 118 + 39 55 4 12 257 + 65

background. This is important since the background from
ete™ — Wev, can interfere with WFW— — qqev,.. Gen-
erator level (i.e. without detector simulation) studies us-
ing EXCALIBUR indicated that the contributions from non-
CCO03 diagrams for the qquv,, and qqrv, final states are
negligible for the experimental acceptance. Two-photon
backgrounds are included in the ete™ff four-fermion back-
ground. For the two-photon background and each class of
four-fermion background at least two independent Monte
Carlo determinations were used and differences between
the predicted background cross-sections taken as system-
atic uncertainties.

In the 172 GeV data sample 19 WTW~ — qqev,
events, 16 WHW~ — qquv, events and 20 WTW~ —
qqrv, events were observed in agreement with the ex-
pectation shown in Table 3. Figure 2 shows the distribu-
tion of lepton energy for accepted events categorised as
WHW~ — qgeve and WHW™ — qquv,,. Figure 3 shows
four example distributions for selected WYW~ — qqrv,

events. The observed distributions for the data are in good
agreement with the Monte Carlo expectations.

3.4 WFW~ — qqqq events
3.4.1 Selection

Fully hadronic decays, WrW~ — qqqq, which are ex-
pected to comprise 46% of the total WTW ™ cross-section,
are characterised by four energetic, hadronic jets and lit-
tle missing energy. A selection, described in Appendix B,
consisting of preselection cuts and a likelihood analysis is
used to separate WTW~ — qqqq events from the back-
ground. The preselection removes events which are likely
to be from the process Z°/y — qq. A relative likelihood for
an event being from the process WHW~= — qqqq rather
than from the dominant Z°/y background is then esti-
mated using seven kinematic variables. For the selection
used in the determination of the mass of the W boson and
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Fig. 2. The energy of the lepton for events selected as
WTW™ — qqeve or WYW™ — qquv, after categorisation.
For electrons this is determined using the ECAL energy and for
muons using the track momentum. The open histogram shows
the Monte Carlo prediction (PYTHIA) for an integrated lumi-
nosity of 10.36 pb~! and total W W~ cross-section of 12.4 pb.
The contribution from WYW~ — qgr7, decays is shown as
the single hatched histogram and the contribution from back-
ground processes as the doubly hatched histogram. The data
are shown as the points with error bars

Table 7. Background cross-sections for the WHW~ — qqqq
channel in fb, assuming an average centre-of-mass energy of
172.12 GeV. The uncertainties include systematic contribu-
tions

Background cross-section (fb)
Likelihood cut  Event weight

Obgd a{,’;edwﬁ
qalv, 1+1 1+ 1
qq 1237 + 281 1142 + 181
qaff(fe) 127 4 46 108 + 47
qgete” 18 + 3 14+ 3
Combined 1380 £ 280 1260 £ 190

the studies of WTW ™ event properties a cut is placed on
the value of the relative likelihood. The relative likelihood
selection is designed to maximise the product of efficiency
and purity while limiting possible distortion of the W mass
spectrum.

3.4.2 Event weights

A modified version of the above relative likelihood is used
to give a weight, w;, to each event reflecting the probabil-
ity that the event originates from a W W~ — qqqq decay.
These event weights, described in more detail in Appendix
B.3, are used to reduce the statistical uncertainty on the
cross-section measurement. Given the expected average
event weights for both WHW~ — qqqq and background
events, w, and wy, the measured WHW— — qqqq cross-
section, for an integrated luminosity, L, can be expressed

as pre —
22 wi = Loy qWh

pre—— )
Lesig Wy
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Fig. 3. Distributions of kinematic variables for selected
WHTW™ — qqrv. events, showing: a estimated visible energy
of the tau decay, excluding the energy of the neutrino(s), b vis-
ible energy of the event divided by +/s, Ryis, ¢ net transverse
momentum Y pr of the event, and d uncorrected energy of
the two hadronic jets in the event, calculated using tracks and
unassociated ECAL clusters, when the jet containing the tau
candidate is excluded (this variable is not used in the likeli-
hood). The open histogram shows the Monte Carlo prediction
(PyTHIA) for an integrated luminosity of 10.36 pb~* and to-
tal WTW™ cross-section of 12.4 pb. The contribution from
WTW~™ — qqeve. and WHW™ — qquv,, decays is shown by
the single hatched histogram and the contribution from back-
ground sources as the doubly hatched histogram. The data are
shown as the points with error bars

where the summation over ¢ corresponds to summing the
weights for the observed events which pass the preselec-
tion, €2 is the efficiency of the preselection for WHW= —
qqqq and Uggj is the accepted background cross-section
after the preselection. The use of event weights results in
a 5% reduction of the expected statistical uncertainty on
the measured WTW™ — qqqq cross-section.

3.4.3 Results and systematic errors

The efficiency of the likelihood selection for WTW— —
qqqq events is estimated from the KORALW Monte Carlo
simulation to be (79.8 £ 0.2 + 1.2)%, where the errors
are statistical and systematic respectively. The total ex-
pected background cross-section, ongq, and the contribu-
tions from different processes are given in Table 7. Also
shown is the weighted background cross-section which is
the expected sum of the event weights for background
events passing the preselection. For the event weight
method, the other parameters necessary to determine the
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Table 8. Sources of systematic error on the signal efficiency and expected background cross-section for
the WTW ™ — qqqq likelihood selection, which is used in the W mass and event properties analyses.
The systematic errors on the event weight based quantities used for the cross-section measurement
are also given. The total is the quadrature sum of all uncertainties

Likelihood cut

Acsig (%)

Source of uncertainty

Selection
Event weight

Aovga (Pb) Al ws) (%) Alop,qaWs) (pPb)

Monte Carlo models 0.30 0.08 %.21 0.07
QCD parameter variation 0.93 0.12 1.14 0.12
Data/Monte Carlo /s = 172 GeV 0.70 0.18 1.59 0.02
Data/Monte Carlo /s = 91.2 GeV — 0.11 — 0.09
Beam energy dependence 0.25 0.11 0.34 0.06
M dependence (£150 MeV) 0.03 0.00 0.17 0.00
Binning effects 0.15 0.04 0.32 0.02
Total 1.24 0.28 2.03 0.18

cross-section are the preselection efficiency for WTW— —
qaqq events, ey = (90.3+0.1)%, and the average event
weight for WTW ™ — qqqq events which pass the preselec-
tion, w, = 0.778 £ 0.001, where the errors are statistical.

The systematic uncertainties evaluated for the WTW~
— qqqq selection efficiency are given in Table 8. This table
shows uncertainties on the efficiencies and backgrounds for
both the likelihood cut selection and for the event weight
method. The main systematic uncertainty arises from the
QCD modelling of both the WTW~ — qqqq process and
the dominant background from Z°/vy — qq. The likelihood
function has been re-evaluated using an alternative QCD
Monte Carlo model (HERWIG) and by varying the parame-
ters 04, b, Agcp and Qo of the PyTHIA Monte Carlo by £
one standard deviation about their tuned values[29]. The
Monte Carlo distributions used for the likelihood proba-
bilities were rescaled so that the means of the distributions
agreed with those observed in the 172 GeV data and the
analysis repeated. The numbers of LEP1 data and Monte
Carlo events passing the selection, with a modified pres-
election, were compared. The selection was compared for
Monte Carlo events generated at different beam energies
and with different W masses. Finally the effect of rebin-
ning the distributions in the likelihood probability calcu-
lation was investigated. The differences observed in each
case are taken as systematic errors.

The estimated signal efficiency and expected back-
ground cross-section are used to determine the expected
numbers of signal and background events in Table 9. The
observed numbers for the preselection, the likelihood cut
and the summed event weight are consistent with the ex-
pectations. The statistical error on the observed summed
event weight is calculated as the square root of the sum
of the squares of the weights for the events passing the
preselection.

4 WTW ™ cross-section
and the W decay branching fractions

4.1 172 GeV results

The observed numbers of selected WTW~ events have
been used to measure the W+W ™ production cross-section
and the W decay branching fractions to leptons and ha-
drons. The measured cross-section corresponds to that
of W pair production from the CCO03 diagrams. Addi-
tional diagrams can result in the same four-fermion final
states as produced in the decays of WHW~ and can there-
fore interfere. When calculating the expected non-CC03
backgrounds for the various event selections the effects of
this interference have been included. The expected four-
fermion backgrounds, quoted throughout this paper, in-
clude both contributions from non-CCO03 diagrams and
the effects of interference. The four-fermion backgrounds
for each final state are calculated from the difference be-
tween the accepted four-fermion cross-section including
all diagrams, and the accepted CCO03 cross-section. For
this determination the grcdf Monte Carlo was used. The
associated systematic uncertainty is estimated by com-
paring the predictions of grc4f and EXCALIBUR. At the
current level of statistical precision such interference ef-
fects are small, but not negligible, for the experimental
acceptance. In making the measurement, Standard Model
expectations for four-fermion processes are used.

This division into CC03 WHTW~ events and back-
ground events is shown in Table 3, for a W mass of 80.33
GeV[1,2] and a centre-of-mass energy of 172.12 GeV. The
data are consistent with the Monte Carlo expectation. The
systematic uncertainties on the expected numbers of sig-
nal events include contributions from the current errors of
£0.15 GeV]L,2] on Mw and £0.03 GeV on the beam en-
ergy [13] (0.9% and 0.2%, respectively). A WHW~ cross-
section of 12.4 pb predicted by GENTLE was used, with a
theoretical uncertainty of +2%. Uncertainties in the selec-
tion efficiencies, accepted background cross-sections and
luminosity have been given in Sects. 2.2-3.4.

The WTW™ cross-section and branching fractions are
measured using the information from the ten separate
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Table 9. Comparison of expected and observed numbers of events in the
W*TW~™ — qqqq channel, based on an integrated luminosity of 10.36 pb~?,
Mw = 80.33 GeV and a total WT W~ production cross-section of 12.4 pb. Re-
sults are given for the preselection cuts, for the likelihood cut selection used in the
mass and event properties analyses and for the event weight analysis used in the
cross-section measurement. The errors on the expected numbers of events include
contributions arising from luminosity, oww and Mw uncertainties. The error on
the observed event weight is calculated as the square root of the sum of the event
weights squared for the 99 events passing the preselection

WTW~™ = qqqq Expected signal Expected back. Total Observed
Selection

Preselection 53.0£ 1.5 46.7 £ 2.1 99.7 £ 2.6 99
Likelihood cut 46.8 £ 1.2 14.3+2.9 61.0 £ 3.1 57
Event weight 41.3+ 1.5 13.1+2.0 54.4 £ 2.5 54.14+6.6

channels. For each of the ten final states, ¢, the probability
of obtaining the number of observed events is calculated
as a function of the WTW ™ cross-section, oww, and the
W branching fractions. A likelihood L is formed from the
product of these Poisson probabilities, P;, of observing N;
events for a Monte Carlo prediction of p; events:

e i

N,
L= sz'(NuMz‘) = H MT,

For the WTW~ — qqqq selection the likelihood is calcu-
lated using the summed event weights for the 99 prese-
lected events with a Gaussian error of +6.6 correspond-
ing to the square root of the sum of the squared event
weights. The expected number of events in each of the ten
channels, p;, can be expressed in terms of the luminos-
ity, the total (CC03) cross-section at /s of 172.12 GeV,
oww (172 GeV), the W boson branching fractions, Br(W —
X), the background cross-section in each channel and the
efficiency matrix for the WTW~ selections, €;;. The en-
tries in the matrix, €;;, shown in Table 10, are the efficien-
cies of the event selections i for a WTW ™ decay of type
j. The off-diagonal elements of the matrix determine the
acceptances of each selection for other WTW ™ decays.

Three different maximum likelihood fits have been per-
formed. In the first case oww (172 GeV), Br(W — er,),
Br(W — uv,) and Br(W — 77, ) are extracted under the
assumption that

Br(W — eve) + Br(W — uv,)
+Br(W — 77;) + Br(W — qq) =1,

giving:
Br(W — e,.) = 0.10770555 + 0.004,
Br(W — u7,) = 0.07679:52} 4 0.003,
Br(W — 77,) = 0.12870552 + 0.005,
oww (172 GeV) = 12.5 4+ 1.3 + 0.4 pb,

where the first uncertainty is statistical and the second
systematic. The systematic error includes contributions
from the uncertainties in the efficiency, background cross-
section and luminosity. The largest systematic error arises

from the uncertainty in the backgrounds in the W W-
selections. The correlations between the above measure-
ments are less than 30%. In the second fit the additional
constraint of charged current lepton universality is im-
posed?®:

Br(W — ev,) = Br(W — uv,) = Br(W — 17;)
= Br(W — @g),

giving
Br(W — £7,) = 0.102+5:912 4 0.003,
oww (172 GeV) = 12.3 + 1.3 £ 0.4 pb.

This value for Br(W — ¢7y) implies a value for the hadro-
nic branching fraction, Br(W — qq), of

Br(W — qq) = 0.69470 3% 4+ 0.008.

In the final fit, the branching fractions are fixed to their
Standard Model values and the CCO03 cross-section is de-
termined to be

oww (172 GeV) = 12.3 + 1.3 + 0.3 pb.

The CCO03 cross-section at 172.12 GeV depends, albeit
weakly, on the W mass. Therefore the measured cross-
section, oww (172 GeV), can be used to obtain a mea-
surement of Myy:
My = 80.515210% GeV,

where the first uncertainty is statistical and the second is
systematic. The latter uncertainty includes a 2% theoret-
ical component. The result of the fit using the Standard
Model branching fractions is consistent with that obtained
by taking the total number of observed events divided by
the luminosity, subtracting the total expected background
cross-section and dividing by the overall effective selection
efficiency of (77.441.0)%. This gives oww = 12.37]5 pb,
where the error is the combined statistical and systematic
uncertainty.

5 For the current level of experimental precision, the effect of
Br(W — 77.) being ~ 0.1% lower[4] than Br(W — ev.) and
Br(W — uv,) has been neglected
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Table 10. Efficiency matrix, €;;, for the 172 GeV event selections determined using KORALW (CC03) Monte
Carlo events. Each entry represents the percentage of generated events in decay channel ¢ which are accepted
by the selection for channel j. The numbers for the qqfv, selections have been corrected for differences
between data and Monte Carlo. The qqqq numbers are calculated as the preselection efficiency multiplied
by the average event weight for each event type. The £l "7y efficiencies have been corrected by a factor

0.99 to account for detector occupancy

Event Efficiencies[%] for WTW ™~ —
selection e+l/ee_ﬁe e+l/eu_ﬁu e+1/e7'_ﬁT ,u+1/#u_ﬁu u+1/,n'_ﬁ¢ T+1/T7'_ET qdeve qQu¥, qqTV-  qqqq
e+1/ee_7e 72.3 0.1 5.9 0.0 0.0 0.2 0.0 0.0 0.0 0.0
e Velt Uy 1.9 74.1 46 0.3 5.3 1.0 00 00 00 00
e+1/e7'_ﬁ7- 7.6 4.3 62.8 0.0 1.3 9.0 0.0 0.0 0.0 0.0
W T, 0.0 1.0 0.1 78.3 6.4 0.3 00 00 00 00
,u+l/MT_U7— 0.1 3.8 0.4 7.9 60.3 5.9 0.0 0.0 0.0 0.0
T+I/TT777— 0.3 0.3 2.9 0.2 3.7 44.3 0.0 0.0 0.0 0.0
qqeve 0.0 0.0 0.3 0.0 0.0 0.0 85.1 0.1 3.9 0.0
qqu, 0.0 0.0 0.0 0.0 0.0 0.0 0.2 87.6 4.4 0.1
qqrv, 0.0 0.0 0.0 0.0 0.0 0.3 4.7 5.2 61.4 0.2
qaqq 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 70.3
B ] 161.3 GeV, oww(161 GeV), the CC03 cross-section at
Sl OPAL ] 172.12 GeV and the W boson branching fractions are
: ! ] performed in the same way as presented above for the
©14 1 1 172.12 GeV data. The event selections, efficiencies, back-
ol * ] grounds and observed numbers of events for the 161.3 GeV
i ] data have been described previously[5]. The results of this
10F ] combination are summarised in Table 11.
] Within the framework of the Standard Model, the W
8r ] boson branching fractions depend on the six elements of
6 F 1 the CKM mixing matrix, |V;;|, which do not involve the
i top quark [4]
Ar * + Data
2 L /,’/ ---- GENTLE prediction | Br(W — qq) = <1 + OzS(Mw)> Z |V¢'|2
A ] (1 —Br(W — qq)) ™ _ & e
oLt ] i=u,c; j=d;s,b
150 155 160 165 170 175 180 185
Vs (GeV)

Fig. 4. The dependence of oww on /s, as predicted by
GENTLE for Mw = 80.33 GeV. The WTW™ cross-sections
measured at /s = 172.12 GeV (this paper) and at /s =
161.3 GeV [5], are shown. The error bars include statistical
and systematic contributions

The measured WTW™ production cross-section at
/s = 172.12 GeV is shown in Fig. 4, together with the re-
cent OPAL measurement of oww at /s = 161.3 GeV [5].
The energy dependence of the WHW~ production cross-
section, as predicted by the GENTLE program for a repre-
sentative W mass of 80.33 GeV[1,2], is also given in the
figure. The data are seen to be consistent with the Stan-
dard Model expectation.

4.2 Combination with 161 GeV results

The branching fraction results from the 172.12 GeV data
can be combined with the OPAL data recorded at 161.3
GeV [5]. Simultaneous fits to the CCO03 cross-section at

where as(Mw) is taken to be 0.120 & 0.005. The effect
of finite quark masses, my, on the W branching ratios
are of order (mq/My)? [4], and are therefore neglected.
The result, given in Table 11, for the branching fraction
Br(W — qq) obtained from the fit assuming lepton uni-
versality gives:

>

i=u,c; j=d,s,b

IVij|)? = 2.2275:32 +0.07.

This is consistent with a value of 2 which is expected from
unitarity. Using the experimental knowledge[1] of the sum,
Vaal? + [Vasl® + [Van|? + |Vea|® + |Ven|* = 1.05 £ 0.01,
the above result can be interpreted as a measure of |V,
the least well determined of these elements:

[Ves| = 1.0879-1% +0.03.
This result is consistent in value with and has a compara-

ble uncertainty to other determinations of | V| which do
not invoke unitarity [1,30].
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Table 11. Summary of cross-section and branching fraction results from the combined 161.3 GeV
and 172.12 GeV data. The results from three different fits described in the text are shown. The
correlations between the branching fraction measurements from the fit without the assumption of

lepton universality are less than 30%

Fitted parameter

Fit assumptions :

Lepton universality SM branching fractions

Br(W — e7,) 0.09810:0%> & 0.003
Br(W — uv,) 0.07310:015 £ 0.002
Br(W — 77,) 0.14070 059 & 0.005
Br(W — @g)

Br(W — qq) 0.69015535 4+ 0.007

0.10179:074 & 0.002
0.69815555 4+ 0.007

O'va(161 GeV) [pb]
wa(172 GeV) [pb]

3.9759+£0.2
12.6 + 1.3+ 0.4

3.7T02+0.2
123+ 1.3+ 0.4

3.6102+£0.2
123+ 1.3+ 0.3

5 Measurement of the mass
and the decay width of the W boson

The W boson mass, My, and decay width, Iy, are deter-
mined from fits to the reconstructed invariant mass spec-
trum of W pair candidate events. A kinematic fit is em-
ployed to improve the mass resolution for the WHwW— —
qqqq and WTW~— qqfv, channels. The fully leptonic fi-
nal state is underconstrained as it contains at least two
neutrinos and is therefore not used. Two different methods
are used to fit the reconstructed mass distribution. In the
first, My is determined by performing an unbinned like-
lihood fit which uses a Breit-Wigner function to describe
the signal shape. Monte Carlo events are used to correct
the fit result for biases introduced by the event selection,
detector resolution and effects of initial state radiation
(ISR). In the second method, a reweighting technique is
employed to produce Monte Carlo mass spectra, including
detector simulation, corresponding to any given mass and
width. A binned likelihood fit is used to determine My
and Iy by comparing the shape of the reconstructed mass
distribution from the data to that from the reweighted
Monte Carlo spectra. This method takes into account all
resolution, acceptance and ISR effects and is free of bias as
long as these effects are simulated correctly. In addition,
the extension from a one-parameter fit determining M
to a two-parameter fit determining both My and Iy is
straightforward. Therefore, the reweighting method (RW)
is used to derive the central results of this paper for M
and I'y. The simpler Breit-Wigner fit (BW) provides a
valuable cross-check of the RW results and systematics. By
appropriately choosing the fit normalisations, both meth-
ods are made independent of cross-section information and
are sensitive only to the shape of the reconstructed mass
spectrum.

5.1 Invariant mass reconstruction

For each selected WTW ™ event, the masses of the two W
bosons can be determined from measured invariant masses
of the decay products. Incorporating the constraints of
energy and momentum conservation into a kinematic fit

significantly improves the invariant mass resolution. The
resolution of the kinematic fit is further improved by ne-
glecting the finite W width event-by-event, and constrain-
ing the masses of the two W boson candidates to be equal,
thus yielding a single reconstructed invariant mass per
event, Mrec. For WTW ™ events, mye. is strongly corre-
lated to the average mass of the two W bosons in the
event®. Incorporating the measured jet masses into the
kinematic fit, rather than treating jets as massless, gives
an improved mass resolution and yields a better agree-
ment between the reconstructed and average masses. Cuts
on the fit probability remove poorly reconstructed events
and reduce background. In addition, there is an ambiguity
in the choice of the correct jet-jet pairing in WTW~— —
qqqq events which leads to a combinatorial background.

5.1.1 The WTW~ — qqqq channel

In each selected WTW™ — qqqq event, four jets are de-
fined using the Durham algorithm [31]. These jets are used
as input to a five-constraint kinematic fit requiring energy
and momentum conservation and equality of the two W
boson masses. For each event, three kinematic fits are per-
formed, corresponding to the three possible jet-jet pair-
ings, and placed in descending order of the resulting fit
probabilities Py, P, P3. In Monte Carlo studies, the high-
est fit probability, P;, corresponds to the correct jet-jet
pairing in about 68% of WTW™ — qqqq events. In ap-
proximately 25% of events the second highest probability
fit, P5, corresponds to the correct combination. The lowest
probability fit is dominated by incorrect combinations and
is not used. Both fit methods require P; > 0.01. In the BW
method, the second fit is also included in the reconstructed
mass distribution if P, > 0.01 and if P,/P; > 1/3. This
prescription is adopted to optimise the ratio of signal to
background. In the RW method, for events in which both
P; and P, exceed 0.01, a two-dimensional distribution,

5 At the generator level, the distribution of the average mass
of the two W bosons is described by the same Breit-Wigner
function as the distribution of the two separate W masses,
multiplied by a phase space factor
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Table 12. Numbers of selected events in each channel for use in the W mass
determination. For the WYW™ — qqqq process, up to two jet-jet pairings are
used in each event. For the BW method, only events with a reconstructed mass of
40 GeV < Myec < 84 GeV are included, while for the RW method, reconstructed
masses from 65 GeV up to the kinematic limit are used

Selected events in fit range

Channel BW method RW method
WTW™ = qqqq (1 jet-jet pairing per event) 30 22
WTW™ = qqqq (2 jet-jet pairings per event) 12 21
WHTW™ —qqeve + WTW™— qquv, 28 31
WTW™— qqro. 14 17
Total 84 91

(M, M) is used, where M; is the reconstructed mass cor-
responding to the combination having fit probability P;.
For those events in which only P; exceeds 0.01, a one-
dimensional spectrum is used. The numbers of selected
events used in the mass analyses are listed in Table 12 for
the fit ranges discussed in Sects. 5.2 and 5.3.

5.1.2 The WTW~— qqfv, channel

For the selected WTW™— qqfv, candidate events (¢ = e
or i), the reconstructed mass is estimated by defining two
jets in the hadronic system and then performing a kine-
matic fit, including the jets and lepton, using the same
constraints as for the WTW~ — qqqq channel. Since the
three-momentum of the neutrino is not known, this results
in a two-constraint fit. Events with fit probability greater
than 0.001 are retained for the analysis. The probability
cut is lower than for the WTW ™~ — qqqq channel because
the semi-leptonic channels have less background. In the
case of the WYW~— qqr¥, channel, the energy of the
visible tau decay products is often a poor estimate of the
tau lepton energy because of the presence of additional
neutrinos in the tau decay. To account for this in a kine-
matic fit, the direction of the tau lepton is taken to be
that of the identified tau jet and the energy of the tau
lepton is set to half the beam energy, with an error large
enough to cover the kinematically allowed range. How-
ever, Monte Carlo studies show that the mass resolution
of this fit is not significantly better than that obtained by
dividing the invariant mass of the hadronic system by the
ratio of the visible energy of the hadronic system to the
beam energy. Furthermore, the fit introduces more bias
and therefore both the BW and the RW method use the
reconstructed mass as determined by the scaling method
for the WTW~— qqrv, channel. To reduce background
and remove poorly reconstructed events, the BW method
requires that the kinematic fit probability be greater than
0.01 for WTW~— qqr7, events. The numbers of selected
events in these channels are listed in Table 12.

5.2 Breit-Wigner fit to the reconstructed invariant
mass pectrum

The first method used to determine the W mass involves
fitting an analytic function to the distribution of the masses
obtained from the kinematic fit. Because of biases intro-
duced by event selection, detector resolution, ISR, and
phase-space effects, the method has been calibrated by
performing similar fits to Monte Carlo samples generated
with known W masses.

5.2.1 Signal shape

A variety of analytic forms to describe the signal and back-
ground shapes were investigated. From Monte Carlo stud-
ies the signal shape is found to be well described up to
Mrec ~ 84 GeV by a function based on a relativistic Breit-
Wigner function with fixed width,
2 2
S(mrcc) _ mrch

2 232 2 27
(mrec - mO) + mreCF

where m( and I' are characteristic parameters of the sig-
nal peak. The fits are limited to the range 40-84 GeV,
where the lower boundary is determined by considerations
regarding the background normalisation and is discussed
below. The width, I, should be regarded as a parameter
which embodies both the width of the W boson and ex-
perimental effects and is fixed to the value predicted by
the Monte Carlo, 3.8 GeV.

5.2.2 Background shape

Background arises mainly in the WTW ™~ — qqqq channel,
both from Z°/+ — qq events, and from incorrect combi-
nations in WTW~ — qqqq events. Monte Carlo studies
show that a quadratic form in me. describes the com-
binatorial background well up to mye. ~ 84 GeV. The
7° /v — qq background has a different shape. It was found
that this can be described by the function Ap®e~"P, where
p = \/E{.... — M. is the momentum with which a W
pair of mass m.e. would have been produced and where
«a and (3 are positive parameters. The shapes and rel-
ative normalisation of the background contributions are
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Fig. 5. Reconstructed mass distributions for the data. The
main plot shows the WrW~ — qqqq and WHW~— qgém,
samples combined, and the insets present them separately. The
solid curves display the results of unbinned maximum likeli-
hood fits to a relativistic Breit-Wigner signal plus background
in the range 40-84 GeV as described in the text. The back-
ground function alone is shown by the dark shaded region

determined from Monte Carlo samples, but their overall
normalisation is allowed to vary in the fit. Extending the
allowed fit range down to 40 GeV improves the determi-
nation of the background fraction in the peak region, as
this low mass region is dominated by background.

5.2.3 Results of the Breit-Wigner fit method

To extract My from the reconstructed mass distribution,
an unbinned maximum likelihood fit to a relativistic Breit-
Wigner plus background function is used. The fit is per-
formed using the reconstructed mass distribution from all
channels combined. For comparison, it is also performed
on the WrW~ — qqqq and WTW™— qqfv, channels sep-
arately”. The fit results are given in Table 13, and com-
pared with the data in Fig. 5. The expected statistical
error has been studied using independent subsamples of
Monte Carlo events corresponding to the same integrated
luminosity as the data. These studies demonstrate that
the error returned by the fit accurately reflects the r.m.s.
spread of the mq distribution.

The correction for bias in the BW method is estimated
using PYTHIA Monte Carlo events corresponding to var-
ious input values of My and the beam energy, Fheam-
Small samples of Monte Carlo signal and background
events corresponding to the integrated luminosity of the
data are processed through the same event selection, mass

7 The widths are fixed to different values in the two channels
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Fig. 6. Mean of the difference between fitted and true mass
from fits to many Monte Carlo subsamples, for PyTHIA Monte
Carlo events generated with various input W masses and at
different beam energies, plotted as a function of the difference
between beam energy and true mass. The WTW™ — qqqq
and WHW™ — qq¢v, samples are shown separately, as well as
both combined. The lines represent fits to the points, with
parameters given in the text. The arrows indicate the actual
corrections applied

reconstruction, and fitting routines as the data. The mean
correction is determined by fitting a Gaussian to the re-
sulting distribution of (mf® — mire) where miite is the
W boson mass with which the Monte Carlo sample is
generated. This correction is found to depend linearly on
(Epeam — mir©), as shown in Fig. 6. A straight line fit
yields:

WIW™ = qgqq:  mit —mire = —0.363
+0.0911( Epeam — mar©)
WHW~— qqlm,:  mi® — mire = —0.107
+0.0768( Epeam — mar®)
Combined :  mft — mife = —0.193
+0.0779( Epeam — mif©)
with the masses and energies expressed in GeV. These
relations are used to correct the fitted mass for all biases.

The fitted masses, corrections and corrected masses are
given in Table 13.

5.3 Fit to the reconstructed mass spectrum
using a reweighting method

In the second method, the W boson mass and width are
extracted by directly comparing the reconstructed mass
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Table 13.
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Summary of fit results and Monte Carlo corrections to Mw for the BW fit

method. The errors on the fitted mass and corrections are statistical only, while for the
corrected mass the statistical and systematic errors are both listed (see Sect. 5.4 for details)

WTW~ — qqqq WTW™— qalv, combined
Fitted mass (GeV) 80.19 £0.39 80.80 £ 0.37 80.50 £+ 0.27
MC correction (GeV) —0.194+0.01 —0.32+0.01 —0.26 +0.01

Corrected mass (GeV) 80.01 +0.43+0.14

80.48+0.40 £0.12 80.24 £0.30 £0.10

distribution of the data to mass spectra estimated from
fully simulated Monte Carlo events corresponding to var-
ious values of Mw and Iyw. A likelihood fit is used to
extract My and I'w by determining which Monte Carlo
spectrum gives the best description of the data. In order
to obtain the Monte Carlo spectrum for arbitrary values
of Mw and Iy, a Monte Carlo reweighting technique is
employed.

5.3.1 The Monte Carlo reweighting technique

For a sample of CC03 W pair Monte Carlo events pro-
duced with a given mass and width, (M€, I'YC), the
detector level mass spectrum corresponding to a differ-
ent mass and width, (M{™Y, W), is estimated by as-
signing to each event a reweighting factor with which it
enters the new spectrum. This factor is the ratio of the
probability that the event would be produced assuming
the new values of (My™, I™) to the probability that
this same event would be produced for the input values
(MC, MNC). These production probabilities are given by
the W pair production cross-section [32]

P(My, I'w;my, mg) o< BW(Mw, I'w;my)
BW (M, I'w; ma)oo(mi, me, s),

where m, and ms are the generator level masses of the two
W bosons produced in the event and o is the Born level
cross-section for producing a pair of W bosons with masses
(m1,m2) at a centre-of-mass energy +/s. The values m;
and meo are distributed according to the running-width,
relativistic Breit-Wigner function,

m2

1 M I'y
Bt Ty = 4

ma
2
M3,

rg’

The reweighting factor for the ith event, f;, is then given
by

BW(Mgs™, {‘;{f’w;mi)BW(M{}\}eW, \‘,{?W;m_g)
BW(MNC, T mi) BW(MYC, 1) md)

fi=

The Born level cross-section cancels in the ratio since it
depends only on mq, mg and /s.

An estimate of the detector level reconstructed mass
spectrum for any (Mus™, ") can be obtained from one
such sample alone with a given input (MJC, I'YC). In

general, deviations from unity in the reweighting factors

OPAL Monte Carlo
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Fig. 7. Illustration of the reweighting procedure for the recon-
structed mass spectrum of the WTW ™ — qqfv, signal events.
The spectrum of a sample produced with My = 79.33 GeV is
compared with the reweighted spectrum obtained from sam-
ples with W boson masses between My = 78.33 GeV and
Mw = 82.33 GeV. Only samples produced with the same
Monte Carlo generator (PYTHIA) are used for this compari-
son and the Mw = 79.33 GeV sample has not been included
in the reweighting procedure. The Monte Carlo statistics for
the final fit including all samples, will be larger by more than
a factor of 3.

increase as Mae™ and I3V differ from MMC and I'NC, re-

spectively. For very large f;, the reweighted spectrum be-
comes sensitive to statistical fluctuations in the input sam-
ple. To reduce the sensitivity to large reweighting factors,
a total of 850000 events from all WTW~ Monte Carlo
samples with full detector simulation are used (PYTHIA,
HERWIG, EXCALIBUR, KORALW and grcdf Monte Carlo
generators). These samples cover a range of input (le\(}c,
F\%IC) values, spanning Mw = 78.33 GeV to Mw = 82.33
GeV and widths of 1.7 GeV to 2.5 GeV. The inclusion of
all of these samples ensures that the reweighted spectra
are reasonably smooth over a large range of (M{™, Iw™)
values.



The OPAL Collaboration: Measurement of the W boson mass and WHW™ production

5.3.2 The signal and background shapes

The normalised reweighted mass spectra of the individ-
ual Monte Carlo samples are combined into a single re-
weighted spectrum by taking the weighted average, bin-
by-bin. As an example of the performance of this proce-
dure, Fig. 7 compares the reweighted mass distribution for
the WHW~ — qqlv, channel for (M{S™, oY) = (79.33,
2.047) GeV to the spectrum from the fully-simulated
PyTHIA MC sample generated with (MyC, I'NMC) = (79.33,
2.047) GeV. Good agreement is found.

The background mass spectra are taken from Monte
Carlo and are assumed to be independent of My and
Iy. The background distributions are normalised to the
expected number of background events. The reweighted
signal spectra are then normalised such that the total
number of signal plus background events corresponds to
the observed number of events. This is done separately
for each channel. For this purpose, the WTW~ — qqqq
events in which both the first and second highest proba-
bility fits are used are treated as a separate channel from
those WTW™ — qqqq events in which only the highest
probability fit is used.

Most of the Monte Carlo events have been produced
for a beam energy of EMC = 85.50 GeV, whereas the
luminosity weighted average beam energy of the data is
Edata — 86 06 GeV. In order to correct for this, the mass

beam ' . ” 8
Mi™ used for reweighting is modified to

MRew _y pynew (Edata
W w

beam

7EMC)

beam

while shifting the resulting spectrum by (Egata — pM©
Since not all the fully simulated samples are produced with
the same centre-of-mass energy, this is done for each sam-
ple separately before combining the reweighted spectra. A

corresponding shift is made to the background spectra.

5.3.3 Results of the reweighting method

A binned likelihood is formed from the product of the
Poisson probabilities for obtaining the numbers of events
observed in the data in each bin of mass (and width) us-
ing the Monte Carlo expectation for (M, I'w). The log-
likelihood curve is determined separately for each of the
different channels. Since the channels are statistically in-
dependent, the results are combined by adding together
these likelihood curves. The resulting log-likelihood dis-
tribution as a function of the mass and the width allows
the determination of My and Iy and their associated
statistical uncertainties.

To reduce further the sensitivity to statistical fluctu-
ations in the determination of the expected number of
events, only events with a reconstructed mass in the range
65 GeV < Mpeec < Fheam are included in the fit. For the
two-dimensional mass spectrum of the WTW~ — qqqq
channel, at least one of the two reconstructed masses is
required to be greater than 70 GeV and the sum of the
two masses must exceed 120 GeV. The rather limited mass
range is further motivated by the fact that events with
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Fig. 8. Fits to the mass spectra of the different channels us-
ing the reweighting method. The dots represent the data, the
lightly shaded histograms the result from the fit for (Mw,I'w)
and the darkly shaded ones the background contributions to it.
For the WTW™ — qqqq candidates in which two jet-jet pair-
ings per event are used, the underlying histogram represents the
fit result. For clarity, the bin size used for the one-dimensional
histograms is twice that used for the fit

small reconstructed masses have very little sensitivity to
Mw and Fw.

The results of the fit to Mw and Iy using WTW— —
qaqq and WHW— — qqfv, events are:

My = 80.30 £ 0.27 £ 0.09 GeV,
Ny = 1.307072 £0.18 GeV,

where the errors are statistical and systematic, respec-
tively. The correlation coefficient between Mw and Iy is
0.06. The systematic errors are discussed in Sect. 5.4. The
mass spectra of the individual channels together with the
fitted reweighted spectra are shown in Fig. 8. The like-
lihood contours for the statistical errors are displayed in
Fig. 9 together with the Standard Model prediction. From
the shape of the contours and the asymmetric errors on
the width, it can be seen that the errors on Iy for the
present statistics are non-Gaussian. The two standard de-
viation errors on Iy are 7157 GeV.

A one-parameter fit for the mass is performed by con-
straining the width using the Standard Model relation [4]

M3
Iy = (2.0817 GeV) ———W___
w = V) 8026 Gev )’
giving:

WHW™ = qqqq: Mw = 80.08 & 0.44 + 0.14 GeV,
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Table 14. Summary of the systematic errors for the various fit methods. For the one-parameter fits
to determine My, uncertainties are given for the fits to WYW~ — qqqq, WTW ™ — qq¢w, and for the
combined sample. For the two-parameter fit, the uncertainties for Mw and I'w are listed separately
only for the fits to the combined sample
BW-fit to Mw RW-fit to Mw RW-fit to Mw and I'w
Systematic errors fixed width SM constrained width
(MeV) qaqqq qafvy comb. qqqq qqfvy comb. My I'w
Beam Energy 27 27 27 30 30 30 30 15
ISR 22 22 22 20 20 20 20 61
Hadronisation 16 16 12 52 26 20 21 52
Four-fermion 42 37 37 42 48 42 35 70
Detector Effects 67 87 54 62 76 48 48 98
Fit procedure
and Background 33 65 36 32 28 25 25 85
Colour Reconnection
and Bose-Einstein 100 0 50 100 0 50 50 50
Total systematic error 137 121 96 144 104 94 92 175
85T T 1 two-parameter fit. Since this measurement is principally
8 1  intended to determine My as a Standard Model param-
.l OPAL 1 eter, the result of the one-parameter fit is taken as the
|_§ : e S 1 central result of this paper for the mass of the W bo-
. . i son as determined from the direct reconstruction method.
25 [ A 1  The value of My obtained from the BW fit is consistent
/ N 1  with that obtained using the RW method, thus providing
SM /o a0 GEED A 1 a useful cross check of the RW analysis.
2 A —* ", _
1 5.4 Systematic uncertainties
15 ! ! |
1 The main sources of systematic uncertainty on My and
: 1 Iy are studied by changing some feature of the analysis.
ir | 71 The effect of this can typically be assessed in two ways —
A sm 1  either by repeating the fit to the reconstructed mass spec-
05 [ \\ /,/ 866 1 trum and observing the change in the fit results, or by
S Y 1 determining the average of the event-by-event change in
; 1 the reconstructed mass. The latter method tends to have
ol vt oo o001 greater statistical sensitivity, but does not readily yield a
79.4 796 798 80 802 804 806 808 8L 812

M,, (GeV)

Fig. 9. The 39% and 86% contour levels of the two-parameter
fit using the reweighting method. The projections of these con-
tours onto the axes give the one and two standard deviation
errors quoted in the text. The straight dashed line gives the de-
pendence of the width on the mass according to the Standard
Model. The one-parameter fit for the mass alone is constrained
to this line. The solid line is the Standard Model prediction
for variations of (Miop,MHiggs), both given in GeV. For small
fitted values of I'w, the 86% contour is very sensitive to the
particular distribution of masses observed in the data

WHW~——= qqlv, :
Combined :

My = 80.53 £0.41 + 0.10 GeV,
My = 80.32 £ 0.30 + 0.09 GeV.

The error on the fitted mass is correlated with the
width of the reconstructed mass distribution. Consequent-
ly, the statistical error on the mass resulting from the
one-parameter fit is larger than that resulting from the

determination of the error on Iy . For this reason, the for-
mer method was generally preferred in the RW analysis,
and the latter in the BW analysis. Despite these differ-
ences, the overall systematic errors calculated for the two
analyses are in good agreement. The following descrip-
tions concentrate on the procedure used to estimate the
uncertainty in the RW fit method. The estimated errors
are summarised in Table 14.

Beam Energy: Uncertainties in the LEP beam energy af-
fect the reconstructed mass spectrum through the en-
ergy constraints imposed by the kinematic fit. The pre-
cision on the beam energy is estimated to be 30 MeV
[13]. The influence of this uncertainty on the fit results
has been estimated by changing the beam energy in
independent samples of signal and background Monte
Carlo before performing the kinematic fits. In addi-
tion, the effect of a possible asymmetry between the
e’ and e energies is found to be negligible.

Initial State Radiation: The effect of initial state radia-
tion is to increase systematically the reconstructed in-
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variant mass, and consequently the resulting fitted
mass, due to biases introduced through the energy con-
servation constraint of the kinematic fit. This bias is
taken into account in both the RW and BW fit meth-
ods to the extent that ISR is accurately modelled in
the Monte Carlo. The KORALW generator is used to es-
timate the systematic error associated with the incom-
plete modelling of ISR for the RW fits. Distributions
of the mean® My per event are compared in two sam-
ples, one including only first order corrections and one
including the full second order ISR corrections. From
fits to these generator level distributions systematic
uncertainties of 20 MeV for the mass and 60 MeV for
the width are assigned.

Hadronisation: Sensitivity of the results to the choice of

the hadronisation model was studied in two ways. In
the first approach, a single sample of WFW~ four-
fermion final states was hadronised separately by both
PyTHIA and HERWIG and the fit results compared. By
using the same four-fermion final states the compari-
son is sensitive only to differences in hadronisation.
Alternatively, the mean difference between the recon-
structed mass and the generator level average mass is
determined for the PYTHIA and HERWIG W W™ sam-
ples separately. No significant difference is observed in
either comparison and the statistical precisions of the
tests are taken as the systematic errors. Varying the
hadronisation model for the background is found to
have a negligible effect.

Four-fermion Interference Effects: The Monte Carlo sam-

ples used to calibrate the BW method and in the re-
weighting procedure of the RW method include only
the CCO03 diagrams. In order to test the sensitivity
of the results to the interference between WHW— di-
agrams and other four-fermion processes, the fit re-
sults of a sample generated including the full set of
interfering four-fermion diagrams are compared to one
restricted to the CC03 WTW™ diagrams alone. The
comparison is made using both the grcdf generator
and the EXCALIBUR generator. A small mass shift was
found when using EXCALIBUR, while no such indica-
tion was found using grcdf. The assigned uncertainties
accommodate the results from these two models.

Detector Effects: The effects of detector mis-calibrations

and deficiencies in the Monte Carlo simulation of the
data have been investigated by varying the inputs to
the kinematic fit over reasonable ranges. The range is
determined in each case from a detailed comparison of
data and Monte Carlo using approximately 1.2pb~* of
data recorded at /s ~ Mz during 1996. The following
effects are considered:

— The jet energy scale is determined to be accurate
to within 1%. The effect on both data and Monte
Carlo reconstructed masses is found to be negligi-
ble.

— The calibration of the lepton momentum or energy
scale is accurate to within 1%. The corresponding
changes for the semi-leptonic (e/u) channels are
taken as systematic errors.

— The results of the kinematic fit depend on the co-
variance matrix of the input parameters, which
have been determined using Monte Carlo events.
Studies of Z° decays indicate that the jet energy
errors in the data are understood to within 3%. No
indication of mis-modelling of the errors associated
with the jet angles or of the corresponding lepton
parameters was found. As an estimate of the associ-
ated uncertainty, each parameter of the covariance
matrix was varied within its estimated uncertainty.

— The algorithm used to correct jet energies and an-
gles combines information from tracks, and electro-
magnetic and hadron calorimeter clusters. Three
possible variants in the procedure are studied. First-
ly, the mass reconstruction is repeated with the
hadron calorimeter removed from the analysis. Sec-
ondly, an alternative parametrisation of the jet er-
rors is employed. Finally, a different correction al-
gorithm for the combination of track and calori-
metric information is used. The standard correction
procedure combines all tracks and clusters into jets
and then applies an average correction based on
parametrisations of the total energy in each detec-
tor component contributing to the jet. The alterna-
tive algorithm first associates tracks with clusters
then subtracts the associated charged particle en-
ergy from the individual clusters prior to jet find-
ing. In all of these checks, the mean and r.m.s. of
the shifts in the reconstructed masses observed in
the data are compatible with the expectations from
Monte Carlo. The statistical precision of each com-
parison is taken as the associated uncertainty, and
the largest of these is included in the total system-
atic error.

The errors from all of these checks are added in quadra-
ture to give the total systematic error due to uncer-
tainties associated with detector mis-calibrations and
mis-modelling. This is the dominant experimental sys-
tematic uncertainty.

Fitting Procedure and Background Treatment, RW Fit

Method:

Using 800 fully simulated Monte Carlo subsamples
with input values of (Mw, I'w) = (80.33 GeV, 2.085
GeV), each corresponding to the same integrated lu-
minosity as the data sample, it was verified that both
the one-parameter and the two-parameter fits have no
observed bias at the precision studied. In addition,
2000 Monte Carlo test samples, each corresponding
to the same integrated luminosity as the data, were
used to study the reliability of the fit errors, the valid-
ity of the contour levels, and correlations between the
various fitted parameters and their associated errors.
Test samples were constructed by randomly sampling

a parametrisation of the reconstructed mass spectrum
(including detector simulation) in each channel.

8 At the generator level, the average mass of two W bosons
is used as an approximation to the results of the five-constraint
kinematic fit at the detector level
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The possibility of residual bias is further investigated
as follows:

— To check for any biases in the reweighting proce-
dure that could depend on the input mass or width,
fits are performed on PyTHIA Monte Carlo sam-
ples with input W masses between 78.33 GeV and
82.33 GeV. Only the PYTHIA samples are used in
the reweighting procedure, excluding the sample
being fitted. An equivalent test is done with the
different width samples. No significant shifts be-
tween the fitted and input values are found in the
WTW~ — qqfv, channels and the statistical pre-
cision of this test is taken as a systematic error.
In the WTW™ — qqqq channel there is an indica-
tion of a small systematic effect which is believed
to be an artifact of finite Monte Carlo statistics
of the samples employed in the reweighting proce-
dure. For values of My in the range of interest,
80.33 £ 0.50 GeV, this bias is +20 MeV, which is
taken as the systematic error.

— The effect of the finite Monte Carlo statistics in the
background samples is estimated by comparing the
results of repeated fits to a Monte Carlo sample
using only fractions of the background sample.

— Variations in the normalisation of the predicted
backgrounds, based upon uncertainties in the back-
ground cross-sections and efficiencies discussed in
Sect. 3, were studied. The combined background
is varied by 20% in the WTW~ — qqqq channel,
and 40% in the WYW~ — qqfv, channels. The
observed shifts in the fit results are taken as sys-
tematic uncertainties.

— The procedure to correct for the difference between
the actual beam energy and the beam energy with
which the Monte Carlo samples are generated was
checked by fitting the value for My in a PYTHIA
sample generated with /s = 172 GeV using only
the PYTHIA samples generated with /s = 171 GeV
for the reweighting and background estimation. No
significant bias is observed. The statistical accuracy
of this test is taken as a systematic error.

The errors from all of these checks are added in quadra-
ture to give the total systematic error due to uncertain-
ties associated with the fitting procedure and back-
ground treatment.

Fitting Procedure and Background Treatment, BW Fit

Method:

The effects of using different analytic functions to de-

scribe the signal and background shapes, of fixing var-

ious fitted parameters, and of varying the fit range are

investigated. In each case, the shift in the fit mass ob-

served in the data is compared with the expected shift

estimated using 400 Monte Carlo subsamples, each cor-

responding to the same integrated luminosity as the

data. The following variations are considered:

— A simple non-relativistic Breit-Wigner is used for
the signal.

— The relativistic Breit-Wigner is multiplied by a fac-
tor p®, where « is a free parameter, and p is the

centre-of-mass momentum of a pair of particles of
mass Mrec.” In this case, the data are fitted up to
the kinematic limit in mye. with « fixed to the value
determined from Monte Carlo.

— The width parameter, I, is left as a free parameter
in the fit.

— The background is represented by a quadratic in
Myec, With parameters determined in the fit to the
data.

— The background normalisation is fixed to that ex-
pected from Monte Carlo.

— The relative normalisation of the combinatorial and
7° /v — qq backgrounds is varied by +50%.

— The masses of the combinatorial and Z°/y — qq
backgrounds are displaced by 1 GeV.

In each case, the shift in fitted mass observed in the
data is consistent with that estimated from the Monte
Carlo. The r.m.s. deviation of the differences of the
observed shift between the data and Monte Carlo is
taken as a systematic error.

Colour Reconnection Effects and Bose-Einstein

Correlations: As discussed in [4] and references therein,
a significant bias to the apparent W mass measured
in the WTW~ — qqqq channel could arise from the
effects of colour reconnection and Bose-Einstein cor-
relations between the decay products of the WT and
W™ . Neither of these effects are included in the various
hadronisation models used. There is no consensus as to
the magnitude of such effects, though in some models
they produce a shift in the measured Mw by as much
as +100 MeV [4]. In some models, colour reconnec-
tion also affects other properties of WHW~ — qqqq
events, for example, the charged particle multiplicity.
As will be discussed in Sect. 6, with the sensitivity af-
forded by the present statistics, no indication of such
reconnection effects is observed. In the absence of an
experimental limit to the biases associated with these
phenomena, a systematic uncertainty of 100 MeV is
assigned to the WFW~ — qqqq channel due to these
effects. As the WTW~ — qqqq channel comprises ap-
proximately half the total signal sample an uncertainty
of £50 MeV is assigned in the combined analysis. One
possible test of such effects is to compare My mea-
sured in the WYW™ — qqqq channel with that deter-
mined from WYW~— qq/v,. Within the present ex-
perimental errors the results are compatible. Monte
Carlo studies on colour reconnection effects indicate
that possible effects on the width are typically of the
same size as on the mass. Thus, a corresponding error
of £50 MeV is assigned to the width as determined
from a combined fit to all channels.

9 The mass distribution would be expected to be modified
by a phase-space factor o< p. However, this fails to describe the
reconstructed Monte Carlo distribution, while a factor p® gives
a reasonable fit up to the kinematic limit
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5.5 Combination with cross-section measurements

The measurements of My from direct reconstruction and
from the measurement of the W W~ production cross-
section at 1/s=172.12 GeV, as presented in this paper,
may be combined with the value obtained from the W+wW~—
production cross-section at 1/s=161.3 GeV [5],

My = 80.407097 7000 +0.03 GeV,

where the errors are the statistical, systematic and beam
energy uncertainties, respectively. The uncertainty of the
LEP beam energy has been updated since [5] as described
in [13]. The systematic effects of the three measurements
are quite different, and therefore they are combined as-
suming that they are uncorrelated, apart from the un-
certainty associated with the LEP beam energy, which is
taken to be fully correlated. The result obtained is:

My = 80.35£0.24 £ 0.06 £ 0.03 + 0.03 GeV,

where the errors are the statistical, systematic, reconnec-
tion effects and beam energy uncertainties, respectively.

6 Properties of W pair events

Hadronic data in ete™ collisions can be characterised by
event shape distributions and inclusive observables such
as charged particle multiplicities and momentum spec-
tra. In eTe™ — WTW~ events, although relatively little
data have been collected, it is useful to study such char-
acteristics. In addition to tests of Monte Carlo models,
measurement of the properties of the hadronic sector of
WTW™ decays allows the question of colour reconnection
to be addressed experimentally. At present there is general
consensus that observable effects of interactions between
the colour singlets during the perturbative phase are ex-
pected to be small. In contrast, significant interference in
the hadronisation process is considered to be a real pos-
sibility. With the current knowledge of non-perturbative
QCD, such interference can be estimated only in the con-
text of specific models [33,19,34-36,20,37].

It has been suggested [34,35] that simple observable
quantities, such as the charged multiplicity in restricted
rapidity intervals, may be sensitive to the effects of colour
reconnection. Such effects were predicted to be undetect-
able with data samples corresponding to 10 pb~!. More
recently [38] it was suggested that the effect on the inclu-
sive charged multiplicity itself may be larger than previ-
ously considered and that the mean hadronic multiplic-
ity in WTW~ — qqqq events, <ng}?>, may be as much
as 10% smaller than twice the hadronic multiplicity in
WHW~ — qqfv, events, (ngﬁé"). The visible effects of
such phenomena are expected to manifest themselves most
clearly in low momentum regions. Therefore studies of the
fragmentation function, i.e. the distribution of the scaled
momentum, z, = p/Fheam, are also relevant.

Most studies of sensitivity to colour reconnection have
been estimated within the context of a given model, com-
paring “reconnection” to “no reconnection” scenarios; in
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general, both the size and sign of any changes are strongly
dependent upon the model considered. At the expense of
a reduction in statistical sensitivity, such model depen-
dence can be avoided by comparing directly the prop-
erties of the hadronic part of WTW~ — qqfv, events
with WTW~ — qqqq events. In the current study, the in-
clusive charged multiplicity and the fragmentation func-
tion are measured and compared for WTW~ — qqqq and
the non-leptonic component of WFW~ — qq¢v, events.
Charged particles associated with the leptonic component
of WrW~ — qqfv, events are excluded from these mea-
surements. The quantities A(na,) = (n2) — 2(n%%*) and
Alxp) = (z39) — (xng”> are also examined. By way of
characterising the global properties of WTW~ — qqqq
events themselves, mean values of the thrust distribution,
(1 — T)%4), and the rapidity distribution relative to the
thrust axis, (|y*4|), are also measured in this channel.
Mean values are used for these comparisons due to the
relatively small size of the current data sample.

The models of colour reconnection implemented!® in
the event generators PYTHIA, HERWIG and ARIADNE [36]
were used to assess the sensitivities of the quantities above
to such effects. Observables such as ((1—7)%4) and (|y*4|),
considered in earlier studies of colour reconnection, had
a predicted sensitivity that was sufficiently small as to
be unobservable at present. The models ARIADNE and a
‘colour octet’ variant!! of HERWIG [39] predict shifts in
(n23) and (z3%) similar in size to the statistical uncertainty
observed on these quantities in the current data.

6.1 Correction procedure

The distributions of nen, x,, 1 — T and y are corrected
for background contamination using a bin-by-bin subtrac-
tion of the expected background, based on Monte Carlo
estimates. Corrections are then applied for finite accep-
tance and the effects of detector resolution, after which
mean values of the distributions are calculated. Each ob-
servable is evaluated using two samples of Monte Carlo
events. The first includes full simulation of the OPAL de-
tector and contains only those events which pass the cuts
applied to the data (detector level). The second does not
include initial state radiation or detector effects and al-
lows all particles with lifetimes shorter than 3 x 1070 s
to decay (hadron level). Both samples are generated at
the same +/s. Distributions normalised to the number of
events at the detector and the hadron level are compared
to derive bin-by-bin correction factors which are used to
correct the observed distributions of z,, 1 — 7T and y.
This correction method is not appropriate for the mul-
tiplicity distribution, since resolution and acceptance ef-
fects cause significant migration of charged tracks between

10 No retuning of any model was performed in generating
events in the various reconnection scenarios

1 Merging of partons to form clusters was performed on a
nearest neighbour basis, as a partial emulation of the model of
37]
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qqlv, events. The points indicate the data, the histograms show
the total expected signal and background contribution for var-
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Fig. 11. Uncorrected thrust distribution for WTW™ — qqqq
events. The points indicate the data, the histograms show the
total expected signal and background contribution for various
signal models, and the hatched histogram shows the expected
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bins. Instead, a matrix correction is used to correct for de-
tector resolution effects, followed by a bin-by-bin correc-
tion which accounts for the effects due to acceptance cuts
and residual initial state radiation, as in previous OPAL
multiplicity studies [40].

The uncorrected multiplicity and thrust distributions
for the WHW™— candidate events before background sub-
traction are illustrated in Figs. 10 and 11, together with
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the predictions of Monte Carlo events including detector
simulation. The background prediction is the sum of all
Standard Model processes, as described by the models
used in Sect. 3. Good agreement is seen between the data
and predictions from the models. The simulated WTW~
events do not include colour reconnection effects.

6.2 Systematic uncertainties

A number of systematic uncertainties have been consid-
ered in the analysis, as summarised in Table 15. Each
systematic uncertainty is taken as a symmetric error and
the total uncertainty is defined by adding the individual
contributions in quadrature. The dependence of the cor-
rection procedure on the Monte Carlo model is evaluated
by comparing results obtained using PyTHIA, KORALW
or HERWIG as the WTW ™ signal samples. In each case,
the same model is used for the subtraction of the small
WHW~ background contamination in each channel:
WHW~ — qqqq or WHW— — £Tv,0/" Uy events selected
as WTW~ — qqlv,, for example. Uncertainties arising
from the selection of charged tracks are estimated by vary-
ing the track selection cuts and repeating the analysis.
The maximum allowed values of the distances of closest
approach to the interaction region in 7-¢ and z are varied
from 2 cm to 5 cm and from 25 cm to 50 cm, respectively,
and the minimum number of hits on tracks is varied from
20 to 40. The dependence on charged track quality cuts is
the sum in quadrature of these three effects.

To test the dependence of the results on the event selec-
tion, alternative selections were considered. The WTW—
— qqfry selection was replaced by a cut-based selection
similar to that used in [5], which has a lower efficiency
but comparable purity to the likelihood selection. For the
WTW™ — qqqq case, the standard likelihood selection is
modified by adding a cut on the jet resolution parame-
ter y34 such that 10% of the selected signal Monte Carlo
events are removed from the sample. The entire analysis
was repeated with the alternative selections.

The background estimates presented in Sect. 3 have
overall uncertainties of order 25% for the qqqq and qqfv,

o.schannels. These were taken into account by scaling the

background by +25% before subtraction from the data.
An additional uncertainty was included to allow for the
fact that bin contents could become negative after back-
ground subtraction due to low statistics in the data.

An uncertainty was evaluated for the Monte Carlo tun-
ing or model dependence of the Z°/v background by shift-
ing the multiplicity distribution by +1 unit or comparing
PyTHIA with HERWIG. These gave similar shifts in (ne).
Other background contributions were also varied by con-
sidering alternative two-photon Monte Carlo samples from
PyTHIA, HERWIG or TWOGEN, by comparing the corrected
values when treating grc4f WHW ™ or four-fermion events
as data, or by neglecting the Z°/y — 777~ background.
The corresponding systematic uncertainty was taken to be
the sum in quadrature of the uncertainties from; the four-
fermion study, the effect of neglecting the Z°/y — 777~
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Table 15. Individual contributions to the systematic uncertainties on the average event properties

Systematic variation I ) Alna) (@) (@@) Ale,) (A-D™) (gD
x10?  x10®  x10°
WTW ™ model dependence  0.30 0.16 0.19 0.018  0.035 0.027 0.005 0.006
Track quality cuts 0.28 0.18 0.26 0.043  0.055 0.065 — 0.011
Event selection 0.15 0.25 0.52 0.047  0.067 0.020 0.008 0.017
Background scaling 0.05 0.06 0.15 0.018  0.005 0.054 0.008 0.011
Z/~ background 0.27 0.03 0.22 0.012  0.005 0.017 0.007 0.005
Other backgrounds 0.06 0.07 0.11 0.017  0.009 0.022 0.001 0.002
Beam energy dependence 0.15 0.01 0.18 0.001 0.015 0.016 0.004 0.002
Unfolding procedure 0.15 0.22 0.29 0.025  0.051 0.026 0.015 0.001
Total 0.56 0.42 0.75 0.076 0.11 0.10 0.021 0.025

background and the largest shift from the use of any two-
photon sample.

Since most of the Monte Carlo samples used in the
study were generated at /s = 171 GeV, the analysis
was repeated with WHW = and Z°/v samples generated at
172 GeV. The effect of varying the signal and background
cross-sections over the range expected at these centre-of-
mass energies was found to be negligible.

As a further systematic check, the mean values (nfﬁ),

(R340, (@99), (a39), (1 —T)%) and (Jy'a) were eval-
uated by applying a correction factor to each of the un-
corrected values. This correction is the ratio between the
PyTHIA prediction without detector simulation or initial
state radiation, to the corresponding prediction for the
same observable when these two effects are included. The
change in the corrected value is included as an estimate of
the systematic error due to the unfolding process. For ((1—
T)%4) | this is the largest single contribution to the system-
atic uncertainty, as the event selection in the WrW— —
qqqq channel rejects events having two-jet like character-
istics which are similar to the dominant Z°/y — qq back-
ground. Hence, part of the thrust distribution is unmea-
sured in data.

6.3 Results

The mean values of the event properties are as follows,
where in each case the first uncertainty is statistical and
the second systematic.

(i) =383+ 1.1+0.6
(n39%) = 18.44 0.9 + 0.4
Alng) = +1.5422+0.8

(3.2240.13 4+ 0.08) x 1072
(3.60 £ 0.20 £ 0.11) x 102
0.38 £0.23 £0.10) x 1072

(=
0.227 £ 0.036 £ 0.021
1.033 £ 0.042 £ 0.025

<xqq€V
Az,

—T)%
(ly*|

The values of ((1 — T)*) and (|y*|) agree well with the
predictions of models, which are 0.219 and 1.031 for

(

h)
)
)
(ap?) =
) =
)
)
)=

PyTHIA, and 0.216 and 1.032 for HERWIG, respectively.
It is interesting to note that at the current precision, the
mean charged particle multiplicity of a single hadronic
W decay ((n2¥) or (nk1)/2) is consistent with that of
approx1mately 19.5 units predicted for ete™ collisions at
/s =~ Myy, despite the different flavour composition ex-
pected in the two cases. The predicted multiplicity is ob-
tained from a fit [40] to the NLLA QCD calculation for
the energy evolution of the charged particle multiplicity
[41], using data between 12 GeV and 133 GeV.

The difference in mean charged multiplicities in hadro-
nic W decays in qqqq and qqév, events, A{ncy), is found
to be consistent with zero at the current level of statistical
precision. Similarly, the measurements of the mean scaled
charged particle momenta are consistent in the two chan-
nels. Figures 12a and b show the corrected fragmentation
functions for the WrW~ — qqqq and WTW~— — qqév,
channels, together with predictions from the PYTHIA and
HERWIG models. The models are in good agreement within
statistical uncertainties in both cases. An alternative mea-
surement of the mean charged multiplicity may be ob-
tained from the integral of the fragmentation function.
The values determined in this way are (n Ch) 38.2 and

(n%%)=18.2. Figure 12¢ shows the ratio of the 7 distri-
bution to twice the xgql” distribution for low particle mo-
menta, x, < 0.2. The ratio is slightly greater than unity in
the high statistics region, in agreement with the positive
value of A(n.,) measured above.

In summary, the WHW~ event properties presented
here are in good agreement with expectations of standard
QCD models. From studies of reconnection phenomena
implemented with the HERWIG, ARIADNE and PYTHIA
models, changes up to approximately one statistical stan-
dard deviation in the current data may be expected in
<nﬁﬁ> and (z39). Shifts several times larger have also been
predicted for (ni1) [38]. Defining A(ng,) and A(z,) us-
ing data alone provides a model independent test of pos-
sible reconnection effects. The maximum shifts in these
variables predicted by the models considered are at the
level 0.5-1.5 standard deviations for the current data set.
There is no indication of the effects of colour reconnec-
tion on these observables at the current level of statistical
precision.
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Fig. 12. Corrected z, distributions for a WTW~ — qqqq
events, b the hadronic part of WrW~ — qqfv, events and
c the ratio of the WrW~ — qqqq distribution to twice the
WTW™ — qqfw, distribution. The points indicate the data,
with statistical and systematic uncertainties added in quadra-
ture, and the predictions of various Monte Carlo models (with-
out colour reconnection) are shown as histograms

7 Summary

W pair events produced in ete~collisions at 172.12 GeV
were analysed. A Monte Carlo based reweighting method
was used to fit the reconstructed mass spectra of the se-
lected hadronic and semi-leptonic W pair events to obtain
the following values for the mass and decay width of the
W boson:

My = 80.30 + 0.27 + 0.09 GeV,
Iy = 1307072 £ 0.18 GeV,

where the first uncertainty is statistical and the second is
systematic. The fitted width is approximately one stan-
dard deviation below the Standard Model prediction for
this value of My . Constraining Iy to its Standard Model
relation gives a measurement of the mass of

My = 80.32 £0.30 £ 0.09 GeV.

These results are consistent with another recent LEP2
analysis[42]. A Breit-Wigner fit to the reconstructed mass
spectra was used to check the reweighting method for
the extraction of My, and found to give a consistent re-
sult. Combining the above value for Mw with the OPAL
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threshold measurement [5] of the W boson mass and that
derived from the measurement of oww (172 GeV), gives

Myw = 80.35 +0.24 £ 0.06 £ 0.03 + 0.03 GeV,

where the uncertainties are statistical, systematic, colour
reconnection and Bose-Einstein, and beam energy, respec-
tively.

The production cross-section for WTW™ events at this
energy was found to be

oww (172 GeV) = 12.3 + 1.3 + 0.3 ph.

The decay branching fractions of the W boson were mea-
sured assuming only Standard Model W decay modes.
When combined with the previous OPAL results at
\/5=161.3 GeV the following leptonic branching fractions
for the W boson are obtained:

Br(W — ep,) = 0.09870 022
Br(W — uw,) = 0.07315:012
Br(W — 77,) = 0.14070 55

4+ 0.003,
+ 0.002,
4+ 0.005.
f charged current lepton universality is assumed then the
eptonic and hadronic branching fractions are determined
to be
Br(W — () = 0.10115:078
Br(W — qq) = 0.69875 035

+0.002,
+0.007,

where the errors are 100% anti-correlated. The hadronic
branching fraction result gives a direct measurement of
the sum of squares of kinematically accessible elements of
the CKM matrix,

>

i=u,c; j=d,s,b

Vi = 2224932 4 0.07.

This can in turn be interpreted as a measurement of the
element |V,

|Ves| = 1.0810-18 £ 0.03,
by using measured values of the other |Vij|2 parameters.
The measurement of | V| is consistent in value with and
has a comparable uncertainty to other determinations
which do not invoke unitarity [1]. The above cross section
and branching fraction measurements are consistent with
the Standard Model expectations and with other recent
results using LEP2 data[30].

The predicted effects of colour reconnection and Bose-
Einstein phenomena in the fully hadronic channel, and
also their influence on Myy, are model dependent. A first
investigation of these effects was performed in data alone
by comparing the distribution of the fragmentation func-
tion, zp, and mean values of the charged particle multi-
plicity and x, for WTW~ — qqqq and the non-leptonic
component of WFW~= — qqfv, events. The mean values
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obtained in the two channels are found to be consistent,
with differences:

Alna) = (n29) —2(n%9%) — 415+22+40.8

Alzy) = (239) — (z99%) = (—0.38 £ 0.23 £ 0.10) x 1072

In addition, mean values of rapidity and thrust are deter-
mined for WTW~ — qqqq events. All measurements are
in agreement with predictions of standard QCD models.
At the current level of statistical precision no evidence for
colour reconnection effects was found in the observables
studied.
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Appendices
A WHtW~ — qqfv, event selection

The selection of each flavour of WTW ™~ — qqfv, events is
divided into four distinct stages as discussed in Sect. 3.3,
namely identification of a charged lepton candidate, pre-
selection, relative likelihood selection to separate signal
from the remaining background, and event categorisation.
Details of each of these stages are given below. Only events
which fail the WTW— — ¢tuv,0/ "7, selection are consid-
ered as possible WTW~ — qqfv, candidates.

A.1 ldentification of the candidate electron and muon

In order to maximise efficiency no explicit lepton identi-
fication is required. Instead, the track in the event which
is most consistent with being an electron (muon) from
the decay W — eve (W — uv,, ) is taken to be the can-
didate lepton. This track is identified using two types of
variables: a) lepton identification variables, for example,
number of hits in the hadron calorimeter or specific en-
ergy loss in the central tracking chamber; and b) vari-
ables representing the probability that the lepton arose
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from a W decay, for example, energy and isolation. These
variables are used to calculate, for each track, the prob-
ability that the track arose from a W — e, decay, P(e),
or from a W — uw,, decay, P(u). These probabilities are
the products of probabilities from the individual variables,
which are determined using probability density functions
obtained from WTW~ Monte Carlo. The track with the
highest value of P(e) is taken to be the candidate electron
in the WFW~ — qqev, selection and the track with the
highest value of P(p) is taken to be the candidate muon in
the WTW~ — qquw,, selection. Each event will yield one
candidate electron track and one candidate muon track.

A.2 Definition of variables

Having selected the most likely electron and muon can-
didates, variables are constructed which are used in the
preselection and, subsequently, in the likelihood selection.
The following variables are used:

— Flept, the energy of the candidate lepton. For electrons
this is calculated using the electromagnetic calorimeter
energy; for muons the track momentum is used,

cos Oipmis, the cosine of the angle between the lepton
track and the missing momentum vector,

| coS Onis|, the cosine of the angle the missing momen-
tum vector makes with the beam axis,

E5q0, the energy in a cone of 200 mrad around the can-
didate lepton evaluated using tracks and ECAL clus-
ters,

P(e) or P(y), the electron or muon identification prob-
ability for the candidate lepton track,

Ryis, the visible energy of the event scaled by /s,
Y23, where y;; is the value of the jet resolution param-
eter (Durham scheme [31]) at which an event is reclas-
sified from i jets to j jets,

> pr, the transverse momentum of the event relative
to the beam axis, calculated using tracks, ECAL clus-
ters and HCAL clusters,

P(s"), the probability from a kinematic fit which esti-
mates the invariant mass of the event, v/s/,

Oiet, the angle between the lepton candidate and the
jet axis of the nearest hadronic jet.

A.3 Preselection

Preselection cuts are applied to remove events which are
clearly inconsistent with W¥W~ — qqfv, decays. In par-
ticular, the preselections are designed to remove most two-
photon events and a significant fraction of the Z° /v — qq
background. Slightly different preselection cuts are ap-
plied in the WHW~ — qgev, and WHTW~ — qqup,, se-
lections. Firstly, events are required to have more than
five charged tracks and more than seven electromagnetic
calorimeter clusters. In addition, the main preselection
cuts are: Fjgpe> 10.0 GeV, 0.30 < Ryis < 1.05, the to-
tal energy in the forward luminosity monitors < 40 GeV,
€08 O1pmis < 0.0 and the energy of the highest energy iso-
lated photon in the event < (Ersgr — 10) GeV, where Ergg
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is the expected energy of an initial state photon for ra-
diative events with /s’ ~Mzo. An isolated photon is de-
fined as an ECAL cluster which is not associated to a
track and which satisfies the isolation requirement of less
than 2.5 GeV of energy in a 200 mrad cone around the
cluster. Finally, loose cuts are made on the lepton iden-
tification probabilities and, in the case of the WTW~ —
qqev, selection, several cuts are made to reduce the back-
ground from converting photons. The preselection is ap-
proximately 92% efficient for WTW~ — qqev, and
WHTW~ — qquv, events, where about half the loss in
efficiency arises from cases where the lepton is outside the
experimental acceptance for well reconstructed charged
tracks. The preselection cuts remove approximately 90%
of the Z° /v — qq background.

A.4 Relative likelihood selection

For events passing the electron preselection, a relative like-
lihood method is used to distinguish WTW~ — qqeve
events from the background of Z%/y — qq events. After
the preselection cuts there is still a signal to background
ratio of less than 0.1. The likelihoods are based on a set of
variables, x;, where the observed values are compared to
the expected distributions (obtained from Monte Carlo)
for WHrW— — qqev, events from which the probabilities,
P;(x;), are obtained. The likelihood, L99” is calculated
as the product of these probabilities for the individual
variables used in the analysis. The background likelihood,
L99, is obtained in the same manner using Monte Carlo
distributions for Z°/y — qq events. The relative likeli-
hood, £99%. is calculated as:

[,4aeve

[Lddeve — __ _
Laaeve 4 f x [44’

where the normalisation factor, f, is the ratio of pres-
elected background to signal cross-sections from Monte
Carlo. The variables used in the WYW~ — qqgev, like-
lihood are: Elept, Eaoo, P(e), Y23, Ryis, | €08 Omis|, Y pr,
08 Oipmis, P(s’) and 6. The qquy,, relative likelihood,
L9987V g obtained in the same manner with a slightly
modified set of variables; with P(u) replacing P(e) and
by not using &jc¢. The inclusion of 6jc¢ in the qqev, likeli-
hood was observed to improve the signal and background
separation whereas in the qquv, selection this was not
the case. Figure 13 shows the distributions of a number of
these variables where each plot shows the combination of
the distributions for events passing the WTW~ — qqev,
and WTW~ — qquw,, preselections.

Figure 14a shows the distribution of £99°%c for events
passing the WTW~ — qqev, preselection. The value of
the relative likelihood peaks at around one for WHW— —
qqev, events and zero for Z°/y — qq events. Figure 14b
shows the equivalent distribution of £39#¥» for events pass-
ing the WrW— — qquv,, preselection. Events with £99°7e
> 0.5 or L39"s > 0.5 are selected as WTW ™ — qqev, or
WHW~ — qquv, candidates, respectively. The combina-
tion of preselection and likelihood selection rejects about
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Fig. 13. Distributions of some of the variables used in the
WTW~™ — qgeve and WTW™ — qquv,, selections for events
passing either the WTW™ — qqev, or the WrW™ — qquv,,
preselection cuts. The contribution from WTW™ — qqrv, de-
cays is shown as the single hatched histogram and the contri-
bution from background processes as the doubly hatched his-
togram. The data are shown as the points with error bars

99.95% of the Z°/y — qq background and is approxi-
mately 90% efficient for WHrW~ — qgeve and WTW~ —
qquv, events.

A.5 Event categorisation

Although the above likelihood selections were optimised to
separate WTW~ — qgev, and WHW~ — qquv, events
from the Z°/y — qq background, they also select approx-
imately 25% of WYW™~ — qqr7, decays. For this reason
events passing the qqev, selection are re-classified as either
WHTW~— = qqev, or WTW~ — qqr7, and events pass-
ing the qquv,, selection are re-classified as either qquv,
or qq77,. This assignment enables separate cross-sections
for the three WYW~ — qqf7, channels to be evaluated
cleanly. The predominant WtW~ — qqr7v,; contamina-
tion in the qgev, selection arises from cases where the
tau lepton decays to an electron or decays into a one
prong hadronic final state. Therefore, for events identi-
fied as WTW~ — qqeve, two relative likelihoods, analo-
gous to those described in Sect. A.4, are constructed us-
ing the same variables as were used in the WrW— —
qqev, likelihood selection. The first relative likelihood at-
tempts to separate WTW™ — qqrv, — qq(evev, )V, de-
cays from WtW~ — qqev, decays and the second at-
tempts to separate WYW~ — qqro, — qq(rTnr’v, )7,
from WTW~ — qqev,. If either of these relative like-
lihoods is greater than 0.5 the event is re-categorised as
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Fig. 14. Values of the WTW ™~ — qqeve and WHW ™ — qquv,,
relative likelihoods, £39%e and £39%%k | for events passing the
WTW™ — qqev. and WYW ™ — qquv,, preselection cuts re-
spectively. The contribution from WYW~ — qqro, decays is
shown as the single hatched histogram and the contribution
from background processes as the doubly hatched histogram.
The peaks in the background distributions near one arise pre-
dominantly from four-fermion background. The data are shown
as the points with error bars. Events having relative likelihood
values greater than 0.5 are selected, as indicated shown by the
arrows

WTW~ — qqr7,. A similar procedure is applied to events
passing the WTW~ — qquw,, selection. The result of the
event categorisation is that all events passing the qqev,
and qquv,, selections are categorised as either WHW— —
qqeve, WHW~— — qquv, or WTW™ — qqr7,.

A.6 WTW~ — qqr7, event selection

A relative likelihood selection designed to separate WHW—
— qqr7, from Z° /v — qq background is applied to events
which fail the WHW~ — qqev, and WHW™ — qquv,, se-
lections described in Sects. A.1-A.4. Approximately 25%
of all events finally selected as WTW™ — qqrv, are from
the analysis given in Sects. A.1-A.5, the remaining events
being selected as summarised below. The WrW~— — qqrv,
event selection proceeds in a similar manner to the W W=
— qqev, selection described above, i.e. ‘lepton’ identi-
fication, preselection and relative likelihood selection. In
this case no additional event categorisation is performed.
The selection has been designed to be sensitive to the
four main tau decay classes: electron, muon, hadronic one
prong and hadronic three prong. Consequently four sep-
arate selections are applied. The lepton identification of
the WFW~ — qqev,. selection is replaced by the iden-
tification of the track most consistent with being from
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Fig. 15. Distributions of some of the variables used in the
WHTW™ — qqr7, selections for events passing the WTW™ —
qqrv, preselection cuts. Some events appear more than once in
the plot since they can satisfy more than one of the WTW~ —
qqrU. preselections. The variables shown are; a the energy of
the tau decay products, excluding the neutrino(s), b the en-
ergy within a 200 mrad cone about the tau candidate track(s)
calculated using tracks only, ¢ the scaled visible energy, after
preselection cuts of 0.3 < Ryis < 1.0 and d the transverse mo-
mentum of the event. The contribution from WTW~ — qqev.
and WTW™ — qquv, decays is shown as the single hatched
histogram and the contribution from background processes as
the doubly hatched histogram. The data are shown as the points
with error bars

W — 10, — (eVery)U,, W — 10, — (u,v;)U, and
W — 77, — (7tnn’v, )7, decays. To be sensitive to three
prong tau decays, the combination of three tracks which
is most consistent with a W — 77, — (27 Fv, )7, de-
cay is also identified. The WTW ™~ — qqr7, selection then
proceeds as four preselections, one for each of the above
cases, and four corresponding likelihood selections. The
variables used in the likelihood are similar to those used
above but include more information about the track (or
tracks) identified as the tau decay e.g. the invariant mass
of all tracks and clusters within a 200 mrad cone around
the track. Figure 15 shows a sample of the variables used
in the likelihood selections. An event with a relative like-
lihood greater than 0.75 for any one of the four tau likeli-
hoods, is categorised as a WTW ™ — qqr7, event. Events
passing more than one of the WYW~ — qqrv, likelihood
selections enter the final event sample only once.
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B WTW~ — qqqq selection

The selection of WTW~ — qqqq events described below
is divided into two parts, namely a preselection and a
likelihood based discriminant formed from the combina-
tion of seven observables. A modified version of this se-
lection, which uses the same preselection and likelihood
observables, is used to obtain a weight for each event to
be a WFW~ — qqqq event. This variant, described in
Sect. B.3, leads to a small reduction in the predicted un-
certainty this channel contributes to the WTW~ cross-
section measurement and is therefore used in the analysis
of cross-sections and branching fractions.

B.1 Preselection

Candidate events are required to be classified as hadronic
[43] and not be selected by either the WTW = — £ v,/ " vy
or WFW~ — qqfv, selections. Tracks and calorimeter
clusters are combined into four jets using the Durham [31]
jet-finding algorithm, and the total momentum and en-
ergy of each of the jets are corrected for double-counting
of energy [44]. To remove events which are clearly incon-
sistent with WFW~ — qqqq events, predominantly radia-
tive Z°/~ events, candidate events are required to satisfy
the following preselection criteria:

— /¢, the fitted invariant mass of the hadronic system,
must be greater than 140 GeV.

The energy of the most energetic isolated photon must
be less than 0.34/s.

The visible energy of the event must be greater than
0.70+/s.

y34 > 0.003, where y;; is the value of the jet resolution
parameter at which an event is reclassified from 7 jets
to j jets.

Each jet is required to contain at least one charged
track.

A kinematic fit, which imposes energy and momen-
tum conservation and equality of the W masses, is per-
formed on all three possible assignments of jets to W
candidates in the event. At least one of these combi-
nations must result in a convergent fit.

The efficiency of these preselection requirements for WTW
— qqqq events, e, ”, is 90.3%, whilst rejecting 96.6% of
the Z° /v — qq events. The total background cross-section
after the preselection, afgs, is estimated to be 4.5 pb. The

preselection accepts 99 events in data.

B.2 Likelihood variables

Events satisyfing the preselection criteria are subjected
to a likelihood selection, which discriminates between sig-
nal and the remaining four-jet-like QCD background. The
likelihoods are based on a set of seven variables, ;. Prob-
ability density distributions are determined for each y;,
using both simulated WHW~ — qqqq and Z°/y — qq
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Fig. 16. Distributions of the seven variables that have been
used in the WTW™ — qqqq likelihood selection, after prese-
lection. The points indicate the data, the open histogram shows
the WTW™ — qqqq Monte Carlo and the hatched histogram
shows the total background expectation

events. Fach of these y; distributions are used to construct
probabilities corresponding to the hypotheses that a given
event in data is either WHW~ — qqqq or Z° /v — qq. The
likelihoods, L9999 and L99, are calculated as the product
of these probabilities. The relative likelihood discriminant
itself, £9999 is defined in terms of these two likelihoods
as:

Lda9d — }’jquq _
Ladqd 4 [9d
The value of £3999, between zero and one, is used to dis-
criminate between signal and background events.

The following seven variables, which use the character-
istic four-jet-like nature, momentum balance and angular
structure of WHW~ — qqqq to distinguish events from
the remaining background, are used to construct the like-
lihoods:

the logarithm of ysq4,

the logarithm of yys,

the sphericity of the event,
the quantity Jyom, defined as

(p1 +p2 — P3 — pa)

\/g )

where p; are the jet momenta, and the jets are ordered
by energy such that p; is the momentum of the most
energetic jet,

— the cosine of the modified Nachtmann-Reiter angle,
cosOn_pr (see [45]),

Jmom
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— the cosine of the angle between the two least energetic
jets, cos O34,

— the logarithm of the QCD event weight, gcdgz0[46],
which is calculated using the tree level matrix element
for the processes eTe™ — qqqq, qggg [46]. This quan-
tity should have large values for hadronic Z°/v decays
and smaller values for WTW ™ events.

The distributions of data passing the preselection crite-
ria for each of these quantities is shown in Fig. 16, to-
gether with the predictions of the PYTHIA Monte Carlo for
WHTW~ — qqqq and hadronic Z°/v decays. Good agree-
ment is seen. The resulting likelihood distribution is given
in Fig. 17a. A cut value of > 0.2 on the likelihood is used
for the measurements of the mass and event properties.

B.3 WTW~ — qqqq event weights

For the WHW™ cross-section and W branching fraction
measurements the 99 events passing the WrW— — qqqq
preselection are assigned weights, between zero and one,
reflecting the probability that the event is from WTW~ —
qqqq rather than background. The use of event weights re-
sults in a 5% smaller statistical uncertainty on these mea-
surements'2. The weighting method of event classification

12 Tn the case of the WFW ™~ — qqlw, selection the discrim-
ination between signal and background is much greater and
event weights give a negligible improvement in statistical un-
certainty and are therefore not used
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is discussed in [47]. The optimal choice of event weight
is the probability that the event arose from signal rather
than background. In the absence of correlations between
the likelihood variables, the relative likelihood gives the
probability of an event being WTW~ — qqqq. The like-
lihood variables described in Sect. B.2 are not uncorre-
lated. For this reason a linear transformation is applied
to the likelihood variables, in order to obtain a new set
of variables where the off-diagonal elements of the covari-
ance matrix are zero. These transformed variables are then
used to construct the relative likelihood function which is
used as an event weight. The transformation is performed
using the orthogonal matrix which results in transformed
variables with diagonal covariance matrices for both the
signal and background separately. The event weight, w;,
calculated using these transformed variables is defined:
N. quGanqa
N L9999 + Nqanq’

w; =

where Nygqg and Ngg are the expected numbers of pre-
Iselected WTW™ — qqqq and background events respec-
tively. The weights for the preselected events are compared
to the Monte Carlo expectation in Fig. 17b. In calculat-
ing the event weights, the small background contributions
from (Z°/4)(Z°/v) — qqqq and WHW~— qqlv, are in-
cluded with the dominant Z°/y — qq background in the
background covariance matrix and the probability density
distributions.
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