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Abstract

A measurement of the W mass and width has been performed by the DELPHI Collaboration using the data collected
during 1998. The data sample has an integrated luminosity of 15% ahd an average centre-of-mass energy of 188.6 GeV.
Results are obtained by applying the method of direct reconstruction of the mass of the W from its decay products
in both the WWW~ — ¢v,q9 and WrW~ — qi’gq channels. The W mass result for the 1998 data seWjg =
80.387 + 0.087(stah + 0.034(sysh + 0.017(LEP) + 0.035FSI) GeV/cz, where FSI represents the uncertainty due to final
state interaction effects in thed@q channel, and LEP represents that arising from the knowledge of the beam energy
of the accelerator. Combining this result with those previously published by the DELPHI Collaboration gives the result
My = 80.359+ 0.074(stap + 0.032(sysh + 0.017(LEP) + 0.033(FSI) GeV/cz. The combined value for the W width is
Iy = 2.266+ 0.176(stay + 0.056(sysh + 0.052(FSI) GeV/cz. 0 2001 Elsevier Science B.V. All rights reserved.

1 Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuthen, Germany.
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1. Introduction detector was used to record data at the Z peak and at a
nominal centre-of-mass energy of 189 GeV.

The W mass has been measured by the DELPHI  The Z peak data were recorded before (1.8)b
Collaboration using the data collected during 1998. and towards the end (0.6 pb) of the high energy data,
This data sample has allowed a significant improve- thus facilitating checks of detector stability. These data
ment in the accuracy of the collaboration’s W mass were the principal sample used for calibration and
determination as the integrated luminosity is more alignment of the detector and, in this analysis, assist
than twice that on which previous DELPHI results are the study of systematic uncertainties.
based [1-3]. The W mass has also been determined by The average centre-of-mass collision energy for the
the other LEP Collaborations [4] and at hadron collid- high energy data was 188 GeV. The luminosity
ers [5]. Using the same reconstruction method as for weighted r.m.s. of this value, assessed on a fill by
the W mass, results on the direct measurement of thefill basis, was 50 MeV. In the data sample consid-
W width are also obtained in this Letter, and can be ered for analysis all the detectors essential for this
compared with those of the other LEP Collaborations measurement were required to be fully efficient; the
and of the CDF Collaboration [6]. operation of the central tracking detectors was im-

Section 2 of this Letter describes the characteristics portant for all decay channels, in thié,qd analysis
of the 1998 data sample and of the event generatorsstricter requirements than in th&'qq channel were
used in this analysis. placed on the electromagnetic calorimeters. The se-

The analysis is performed through the direct re- lected samples correspond to integrated luminosities
construction of the mass of the W from its decay of 1529 pb~? for the ¢v,qd analysis and 152 pb1
products in the WW~ — qgd'gq (fully-hadronic) for the gf/qq decay channel.
and WW~ — ¢v,qf (semi-leptonic) decay chan-
nels. The applied methods are described in Section 3,2.2. Simulation
and have been refined from those in previous publica-
tions. Results are now reported for.qg events, and The response of the detector to various physical
in both the fully-hadronic and semi-leptonic channels processes was modelled using the simulation pro-
improvements in the handling of initial-state radiation gram DeLsim [7], which includes modelling of the
(ISR) have been included. resolution, granularity and efficiency of the detector

The systematic error evaluation described in Sec- components. In addition, detector correction factors,
tion 4 has increased in sophistication from that pre- described in Section 4, were included to improve the
viously reported. New techniques have been applied, description of jets, electrons and muons. For system-
such as the use of mixed Lorentz boosted Z's, and atic uncertainty studies a fast simulation program, re-
a wider range of higher precision simulation studies lying on a relatively simple set of smearing and effi-
have been performed. ciency parametrisations, was also used.

The results of this analysis are reported in Section5, WW events and all other four-fermion processes
and are combined with the previous DELPHI results. were produced using the event generato(CEL -

IBUR [8], with initial-state radiation described using
the Qeppsprogram [9]. The W mass{yy) and width

2. Dataand simulation samples (I'w) definition used throughout this Letter correspond
to a W propagator with an-dependent width. The
2.1. Data background processte™ — qg(y) was simulated

with the PrTHIA 5.7 [10] event generator. Two photon
A detailed description of the DELPHI apparatusand backgrounds were studied using thev@GAM gen-
its performance can be found in [?]In 1998 the  erator [11]. The fragmentation of all events was per-
formed using 8TSET 7.4 [10] tuned to the DELPHI
2 The coordinate system used has thaxis parallel to the LEP1 data,‘ [12]' Systematic error chec.ks.werej per-
electron beam, and the polar angle calculated with respect to this formed using other generators and variations in the
axis. fragmentation tuning as described in Section 4. The
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systematics section also reports DELPHI results for [14] algorithm. The jet with the lowest charged multi-
the common LEP event samples produced in the con- plicity was chosen as the tau candidate. As the tau lep-
text of the LEP WW workshops: the event generation ton predominantly decays into a final state with one or
was performed by ALEPH using®&RALW 1.21 [13], three charged particles, only jets containing between
and these events were then passed through the D  one and four charged tracks were selected.
SIM program.
Selection. The event selection was based upon a
multi-layer perceptron neural network [15]. The net-
work was optimised separately fobegd’, ©v,00,
7v.qd candidates containing only one charged parti-
cle andtv.qg candidates with several charged parti-
cles.

Having removed the lepton candidate in@j and

The fitting procedure presented here is a develop- uv,qa events, the LCLUS jet clusterization algo-
ment of that described in [3] for thegnd’ anduv, qd’ rithm (with adjein Of 7.5 GeV/c) was used to cluster
channels, where the fitting function now includes a de- he remaining particles. Events containing more than
scription of the ISR spectrum of WW events. In addi- three jets were re-clustered, forcing them into a three-
tion, we present here an analysis of theqq channel  jet configurationz ;g events were clustered as the
and the event selection in all semi-leptonic channels is i5; candidate and a two-jet system. The events were
now based on a neural network. reconstructed using a constrained fit imposing conser-

vation of four-momentum and equality of the two W

3.1.1. Event selection masses in the event. As the energy of the tau lepton is
Lepton identification. Charged particles were iden- unknown, due to the emission of at least one neutrino
tified as muons if they were associated with a hit in in its decay, the mass in the’;q4' channel is entirely
the muon chambers, or had an energy deposit in the determined by the jet system.
hadron calorimeter that was consistent with a mini-  The neural network relied upon the characteristic
mum ionising particle. Muon identification was per- eventproperties in each decay channel. The input vari-
formed in the polar angle range between 46d 170. ables included lepton momentum, polar angle of the

Electron identification was performed in the po- missing momentum, and the isolation of the lepton
lar angle range between 12and 168 by selecting candidate from the hadronic system of the event. The
charged particles with a characteristic energy deposi- electron and muon identification was obtained as a
tion in the electromagnetic calorimeters. In the cen- strong or loose tag and the network was optimised sep-
tral region of the detector covered by the HPC elec- arately in each decay channel for these two categories
tromagnetic calorimeter, electrons were selected using of identification.
the energy over momentunk( p) ratio of the candi- The network was tuned on samples of signal and
date. For lower energy candidates (below 30 GeV) this background simulation events, and its performance
was supplemented by selection criteria on the shape ofestimated on independent samples of events. After

3. Analysis method

3.1. Semi-leptonic decay channel

the calorimetric shower and a more stringent compari-
son of the track extrapolation and calorimetric shower
positions, while for electrons of higher energy, neg-
ligible energy deposition in the hadron calorimeter
was required. In the polar angle region belov aéd
above 144, where the momentum resolution is poorer,

applying a cut on the network output the selection
performance is as shown in Table 1. Events that
passed the cut in the muon channel were selected, the
remaining events were considered as electron channel
candidates and, if they were again rejected, were then
analysed under the tau channel hypothesis. The neural

tracks associated to electromagnetic energy showersnetwork output in therv.qf channel is shown in

above 8 GeV and negligible hadron calorimeter en-
ergy deposits were considered as electrons.

Tau candidates were obtained by clustering the
events into a three-jet configuration using thedLus

Fig. 1.

The tau selection sample contains a significant pro-
portion of other semi-leptonic decays: the composi-
tion was estimated from simulation to be 67% q@’,
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Table 1 Further information on a selection of YW~ events
Number of selected events from the 189 GeV data sample, and jn DELPHI with a similar performance is available
the corresponding number of expected events from the simulation. in [16]

Column four is the sum of the three previous columns . . . .
P The fraction of semi-leptonic WW events in the

Event type Event selection sample was extracted from simulation as a function
eledd wipad  tH:qd eheqd i gd of the neural network output: this is referred to below
elead 2595 03 436 3034 42 as the event purityP,. T_hls feature is partlculf’;\rly
o 05 3196 108 3309 - useful for the tau selection, where the proportion of
Hondd ' : : background events is highest.
o0 121 134 1554 1809 8.0
eleflolef 0.2 02 17 21 11127 3.1.2. Likelihood function
Other 4f 34 30 44 108 0.0 The following likelihood function was evaluated for
GG(y) and other 2f @ 07 158 245 3489 each selected evegts with a reconstructed mass in the
range 68-92 Ge)t~<:
Total 2837 3372 2317 8526 14742
fit _fit
Data 244 307 236 787 1481  Le(Mw,Tw)=P.-S"(m", o™, Mw, I'w)
+(1—P)-B(m"™), (1)
g2 where P, is the event purity, discussed abow, is
g . ::(’:wv ! the signal function that describes the reconstructed
60 aaag ! mass distribution of the semi-leptonic W decays, and
L e aq) | B is used to describe background processes. The
o | ¢ aql 1 reconstructed event masgt and its estimated error
e 7y

o't are both obtained from the constrained fit. The
distribution of background events is extracted from
simulation as a function ofi".

The signal functionS” is defined in terms of, S’
as discussed below. The functioh relies on the
convolution of three components, usimgandm as
the dummy integration variables:

40

30

20

fit _fit
o - i S(m™, o™, Mw, L)
i EBeam
0 L L S = de[mm—m,am]
-0.2 o) 0.2 0.4 0.6 0.8 1 1.2
neural network output for ggtv candidates 0
Fig. 1. The output distribution of the event selection neural network !
for 7v,qf candidates. The shaded areas indicate the contribution X /dx BWPS[m -(1—x), Mw R|SR(x)], (2)
from the various simulated states, the data are shown as points
with statistical error bars. The value of the selection cut applied is 0

indicated by the dashed line. Note that the order of the simulation BWps is a phase-space corrected relativistic Breit—
contributions in the figure follows that in the key, the; qqf signal Wigner distribution (representing the W mass distrib-
is the first distribution shown and background from two-photon . L. . . .
diagrams the last. ution) which is convoluted with the Gaussian function
G describing the detector resolution. The width of the
Gaussian depends upon the reconstructed mass error
19% eeqq, 5% uv,qdq with the remaining fraction  obtained in the constrained fit for that event. Details
dominated by q(y) background events. This corre- of the BWps and G terms are given in [2]. A recent

sponds to a 39% selection efficiency far, qf’ events. addition to the analysis is the description of the ISR



166 DELPHI Collaboration / Physics Letters B 511 (2001) 159-177
3.2.1. Event selection

A sample of hadronic events was selected by requir-
ing more than 13 charged particles and a total visible
energy exceeding.15 Egeam-

ga(y) events were suppressed by demanding an ef-
fective centre-of-mass energy [17], after ISR emis-
sion, of greater than 161 GeV. The algorithm for as-
sessing the ee™ collision energy considers both the
emission of unobserved ISR photons in the beam-pipe
and photon candidates detected in the electromagnetic
calorimeters.

The DURHAM jet clustering algorithm [18] with

spectrum, which is parametrised as

Risr(x,) = px =D, 3)

where x,, is the ratio of the photon energy to the
centre-of-mass energy argl is calculated from the
electromagnetic constant), the centre-of-mass en-
ergy squareds() and the electron mass:f):

b= 2[log(s/m3) ~1]. @

Including this ISR term decreases the bias on
the fitted W mass by approximately 400 MeV and y.; of 0.002 was applied to the event. If any of the
improves the expected error byt21%. resulting jets contained less than three particles or had

The event selection contains a significant fraction an invariant mass smaller than 1 Ge¥, clustering
of 7i.qg" events in the electron and muon channel was continued to a higher value of. Events with
samples, and ofigqd’ events in the tau sample (see |ess than four jets were then rejected, while events
Table 1). In the tau channel the mass of the event containing six or more jets were re-clustered into five

is determined from the jet system. The behaviour objects representing four quarks plus one hard gluon
of true tv.q@ and &.qd events in this fit are jet.

found to be similar. However, in the electron and
muon channel samples the behaviour of theqd
events is somewhat different to that of the.qf/,

Events containing b-quarks were rejected using the
DELPHI b-tag package [19], this removes 17% of ZZ
events and 6% of@y) background while reducing

uv,dq events. Therv-qg’ events have a worse mass  the signal efficiency by only 0.2%. A four constrained
resolution and a small negative bias on the mass. kinematic fit [3] was applied to the remaining events,
The fraction of tau events, which have been wrongly enforcing conservation of energy and momentum.
classified and are contained in the electron and muon A variable to discriminate betweergigevents with
channel samples, has been parametrised in bins of thenard gluon radiation and signal events was con-
lepton energy and the measured missing mass. Thisstructed. This compound variable relied upon the fitted
event impurityPr, was then taken into accountin the  jet energies and the inter-jet angles. The expected frac
likelihood function for the electron and muon samples, tion of qf/gq events in the selected sample, the event
by defining the signal functiof” as purity, was parametrised as a function of this variable.
Events with an estimated purity below 25% were re-
jected.

The performance of the event selection is shown
in Table 1. Further information on a selection of
W+HW~ events in DELPHI with a similar performance
is available in [16].

S"=0-Pr)-S+ Pr,- 5, (5)

whereS’ is analogous t&, but with the width of the

Gaussian resolution function increased according to
simulation studies. All remaining biases in the analysis
due to using this approximate likelihood description
are corrected for in the calibration procedure as

described in Section 3.3. 3.2.2. Likelihood function

For each of the selected events an event likelihood
was constructed:

Lo(Mw, Tw) = / / > Wiepiemy, my)

x [PE"S(m, my, Mw, Tw)
+(1— PE") . Bldm, dm,.

3.2. Fully-hadronic decay channel

The analysis of the fully-hadronic channel was
based on that applied in [3]. However, the implementa-
tion now relies on kinematic fits with four rather than
six constraints and includes a new ISR treatment.

(6)
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As in [3] the signal functionS(my,m,, Mw, I'w) A new feature of this analysis is a treatment of

consists of Breit—Wigner terms for the WW and the ZZ events under the collinear ISR hypothesis. A kinematic
contribution and a phase space correction factor. A flat fit was performed with modified constraints to simu-

distribution B accounts for background processes and
wrong jet pairings in the signal events. Bathand

B were normalised to 1 over the integration area.
The fraction of the signal and background likelihoods

used for each event depend upon the event purity

Pf“. This purity was parametrised as a function of a
discriminating variable as described above.

The sum)_; wj . pi.(my,my) is a weighted sum
of the probability densitiesp; . that the evente
corresponds to two heavy objects with masas
andms.

The probability density

Di,e(my, my) X eXF{—%Xfe(mx, mv)]

was determined for all jet pairings (three possibilities
for a four-jet event and ten for a five-jet event) and with
three different clustering algorithms (IRHAM [18],
CAMJET [20] and DcLus [21]). The relative proba-
bilities w; ., that the corresponding jet pairing was the
correct one were estimated using jet charge informa-
tion and the transverse momentum of the gluon candi-
date (see [3]). The three jet clustering algorithms were
given the same weight.

The probability was calculated using a Gaussian
approximation for thec2:

xE(ma,my) = e+ (m = m™) 'V (m - mit) (7)

V - < > '
OmyOmy Pxy my
my

fit
+ m

m= and m=("2 ).
ny my

The masses:, m™, their errorso,,, ando,, and
the correlation between them,,, are taken from a
four constrained kinematic fit. When tbéc is larger
than the number of degrees of freedom (NBH),

the x2,(m..m,) is rescaled with a factor NDfxZ-

in order to compensate for non-Gaussian resolution

with
2
my

OmyOmy Pxy

o2

late the emission of an ISR photon of momentpm
inside the beam pipe:

Nobjects

Y (E,px, py, p)i = (V5 — | pI*

=

, 0’ 0’ pﬁt).

Z

(8)

The probability that the missing momentum in the
z direction was indeed due to an unseen ISR photon
was extracted from the simulation as a function of
|pM|/op,, whereo, is the estimated error on the
fitted z momentum component; only events with this
ratio greater than 1.5 were treated with the mechanism
described below.

Additional probability densityp; . terms were then
included in the likelihood sum for these events, with a
relative weight factor derived from the ISR hypothesis
probability. An example of the effect of including the
ISR hypothesis is shown in Fig. 2. This treatment
was applied to 16% of the events and resulted in an
improvement of the expected W mass error for these
events of 15%.

3.3. Mass and width extraction

The distribution of the reconstructed invariant mass-
es of the selected events after applying a kinematic
fit, imposing four-momentum conservation and the
equality of the two di-jet masses, are shown in Fig. 3.
This plot is provided for illustrative purposes only, the
mass and width fitting procedure is described below.

The combined likelihood of the data can be obtained
from the product of the event likelihoods described
above. The W mass and width were extracted from
maximum likelihood fits. The W mass fit is performed
assuming the standard model value for the W width.
The W width was obtained assuming a mass of
80.35 GeV/cz. The correlation betweeMy and Iy
was found to have a negligible impact on the extracted
width value.

The mass and width analyses have been calibrated

effects. This procedure decreases the computing timeseparately in each of the decay channel§'dq,

taken by an order of magnitude compared with the
full six constrained fit [3], while resulting in only a
minimal reduction in the W mass precision obtained
(2+ 1%).

eveqq’,uv,qd,7v-qq’). The biases of the analyses

were estimated by re-weighting generated simulation
samples to obtain the fitted mass and width values.
The re-weighting was performed using the extracted
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Fig. 2. An example of the reconstructed probability density funclionw; . p; .(m+,m—) (see text) for the invariant masses in a simulated

4-jet gyqq event without (a) and with (b) the hypothesis of collinear ISR. The first 3 sigma contours are shown. The normalization of the
different solutions prevents the high mass contours from reaching the 1 sigma probability level, while the small difference in the low mass
solutions originates from the jet charge information. The generated masses of the two W bosons in the event are marked with a cross.

matrix element of the ECALIBUR generator. Thelin- 4.1, Calibration

earity of the mass analysis was estimated using inde-

pendent simulation samples generated at three W mass The accuracy with which the bias of the analysis can

values, while the re-weighting procedure was used for be determined is limited by the size of the generated

the width analysis. The analyses were corrected with simulation samples. Sufficient events were generated

the calibration results, and the statistical error on the to limit this error to less than 10% of the statistical

bias is included in the systematic error. error in any given channel. The calibration procedure
The analyses were checked by performing fits to is described in Section 3.3.

a large number of samples of simulation events.

Each sample was comprised of a mixture of signal 4.2. Detector effects

and background simulation events to represent the

expected distribution in the data. The pull distribution ~ The data taken at the Z peak were used to study, and

(mitit — mw)/ofit was demonstrated to be compatible limit, possible errors in the detector simulation model.

with a Gaussian of width one to an accuracy of better ~Muon studies were performed on a selected sample

than 1%. The mean expected statistical error in the W of Z — u*u~ events. From the di-muon sample

mass was 262 Mel:2 for ebeqd, 203 MeV/c? for corrections to the inverse momentum scale, were
uv,qq, 311 MeV/c2 for tv.qg and 104 MeV 2 for calculated separately for positive and negative muons
the gyqq channel. as a function of the lepton polar angle. The systematic

error on this correction was estimated by varying it by
half of its value. The momentum resolution (typically
0.001 in ¥p) was found to be slightly better in
simulation than in the data (a maximum difference of
10%). This was corrected by smearing the simulation
The sources of systematic error that have been with a Gaussian. An extra smearing 00005 in ¥/ p
considered for the W mass and width determinations was used to estimate the systematic error coming from
are described in the subsections below. The results ofthis correction. The combined systematic error from
these studies are summarised in Tables 8 and 9. these corrections is quoted for they,,qg channel

4. Systematic uncertainties
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Fig. 3. The distribution of the reconstructed W masses from a kinematic fit with five constraints imposed in &gc(ajtn) eveqd’, (C) v, qd
and (d)tv,qd analysis channels. In thé(@q channel, only the jet pairing with the highest probability is included in this figure.

as the lepton correction systematic error in Tables 8 be 05%. In each of these polar angle regions, the
and 9. energy resolution of simulation events was degraded

The correction of the energy scale of electrons by applying a Gaussian smearing, and the residual
was determined from Bhabha events at the Z peak in error on this smearing was estimated to be 1%. The
different polar angle regions. The residual systematic dependence of the energy calibration as a function
error on this absolute energy scale was estimated toof the electron energy was checked using low energy
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electrons from Compton events at the Z peak, and this detector which is known to a precision-60.1%.
high energy electrons from radiative Bhabha scattering This error is listed in theé/,y systematics table under
at high centre-of-mass energy. In these cases theaspect ratio. The corresponding uncertainty for the
true energy of the lepton was deduced from 3-body width measurementis less than 10 MeV.
kinematics using only the angular information and
assuming that the unseen particle was along the bean4.3. Background description
axis. The absolute energy calibration was found to be
compatible with requiring no additional corrections in The background level was changed-h%0% in the
all energy ranges. The systematic error coming from simulation; this easily covers the expected uncertainty
this source was estimated assuming a 1% change ofin the accepted cross-section, as discussed in [16]. The
slope in the energy calibration in the range of interest dominant background source2 qg(y), was gener-
(between 25 and 70 GeV). The lepton correction ated using both ETSET and HERwIG fragmentation
uncertainty for the &qq channel, quoted in Tables 8 models and mass fits performed using both these sam-
and 9, is the quadratic sum of the errors from these ples. The 4-jet rate in data and simulation was also
three error sources. studied using events collected at the Z peak. It is con-
The lepton correction error is not quoted for the cluded that the background description is a relatively
7990 channel as the reconstructed tau lepton carries small component of the systematic error for the mass
no information for the reconstructed W mass. measurement, as shown in Table 8 and somewhat more
Jet energies were studied in-2 qg events as a  important for the width (see Table 9).
function of the polar angle and reconstructed energy of
the jet. The comparison of data and simulation showed 4.4. Fragmentation
agreement within a band a£2% over most of the
DELPHI detector’s angular coverage and an overall A study of the possible effects ddy and Iy of the
uncertainty of 1% was estimated. The simulation simulation of the event fragmentation was performed,
was smeared by a Gaussian function to improve the the results are provided in Tables 2 and 3.
description of the observed energy spread in the data Events were produced using a fast simulation pack-
and the residual error on this smearing was estimatedage where the value afgcp ando, were changed
to be+4%. The dependence of the energy calibration with respect to the standard DELPHETSET tuned
as a function of the jet energy was checked using low values [12] by twice their estimated errotsThe
energy jets from g+ gluon events at the Z peak and estimated errors aret0.018 GeV for Agcp and
high energy jets from radiative Z's at high centre- +0.007 GeV foroy.
of-mass energy. The true jet energy was estimated The event samples generated by ALEPH in the
from 3-body kinematics; in the radiative events the contextofthe LEP WW workshop are used to compare
unseen photon was assumed to be along the beam axistesults from the HRwIG and ETSET fragmentation
No additional energy calibration slope was necessary models. The HRwIG events were produced with a
over the relevant energy range (25 to 75 GeV) and recent tuning [22] which provides a better description
a 1% change in slope was used to calculate the of the data than previoustkwIG versions.
systematic error. A study of the acollinearity of jets The results on the DELPHI tuning oEJSET are
in Z — qg events was performed and an appropriate also compared with those of the ALEPH Collabora-
smearing to the simulation of the jet angular direction tion. This comparison cross-checks several effects as
was estimated. A systematic error was estimated by the ALEPH events were produced with a different gen-
applying an extra 5 mrad angular smearing. The jet erator (KORALW) from the DELPHI events which in-
correction uncertainty, quoted in Tables 8 and 9, is the cludes a different ISR and final-state radiation (FSR)
guadratic sum of these four errors. treatment.
A possible source of angular distortion in DELPHI
is the uncertainty on the Ie_ngth to quth ratio of the Wdominant systematic error components of the tuning
detector. The detector is aligned relative to the verteX yncertainties were estimated from a comparison of fits with a range
detector, the largest uncertainty being the radius of of input data distributions.
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Table 2
Results of a study of fragmentation effects on Mig; measurement (see text). All results are given for the fitted mass analyses on the samples
studied with respect to the standard DELPIHIr§eTsample, unless otherwise stated. The statistical error on the observed difference is also

given

Myy fragmentation study (MeX¢2)

Event type €eqd’ wou g o qf aa'ad
Aqcp — 20 0+14 +9+16 430430 +3+6
Aqcp + 20 4414 +104+16 —~10430 746
0g —20 0+14 +30+16 —3430 946
04 +20 0+14 +30+16 427430 346
ALEPH HERWIG— ALEPH JETSET 75452 8+42 106+ 66 —-6+18
ALEPH JETSET 15451 17442 81465 +3+18

Table 3

Results of a study of fragmentation effects on g measurement (see text). All results are given for the fitted mass analyses on the samples
studied with respect to the standard DELPIHIrdeTsample, unless otherwise stated. The statistical error on the observed difference is also

given
Iy fragmentation study (Me)(bz)

Event type €eqd’ wou g T gy ao'ad
AqQcp — 20 —5+30 —46+35 —8+59 —4+12
Agcp+ 20 +11430 —47435 +57+59 +15+12
oq — 20 +16+30 —76+35 —11+59 —11+12
0oq +20 +28+30 —78+35 —30+59 —2+12
ALEPH HERWIG— ALEPH JETSET —148+113 —47+95 —155+158 —68+38
ALEPH JETSET +264+108 —30+95 +176+ 157 +4+43

As the results in Tables 2 and 3 are all compati-
ble with zero, we quote a systematic error from frag-
mentation reflecting twice the statistical precision of
the ETSETtuning parameter studies in the combined
semi-leptonic and fully-hadronic channels.

4.5. Mixed Lorentz boosted Z's

The agreement between data and simulation can
be cross-checked using the method of mixed Lorentz
boosted Z's. Z events were selected from the Z
peak data sample collected during 1998 and the
corresponding simulation sample. Through a suitable
choice of Lorentz boost and superimposing two Z
events a WW event may be emulated. The angular

distribution of the Z events used was chosen to match
that expected in WW events.

This technique has been applied to th@ ogf
mass measurement and the hadronic system in semi-
leptonic events. The differences between data and
simulation obtained are 2 2 MeV/c? and 3+
10 MeV/c? in the two topologies respectively, where
the errors are statistical. These results reinforce the
view that the quoted systematic errors for detector
and fragmentation effects are conservative. A study of
possible intrinsic uncertainties of the MLBZ method
[23] in the gfaq channel estimates the accuracy of
this technique to be 5 Me\2, and demonstrates
excellent agreement between data and simulation as
a function of relevant event variables.
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Table 4
A comparison of two ISR treatments for iy measurement, thedRALW form and the @DPstreatment. The statistical error on the result
is also provided

My ISR study (MeV/c?)

Model &eqqf 149,00 iz qq qq adf
KORALW re-weighted — @DPsS +2+7 0+5 —-12+8 —-16+3
Table 5

A comparison of two ISR treatments for thig§y measurement, the &RALW form and the @DPstreatment. The statistical error on the result
is also provided

T ISR study (MeV/c?)

Model &eqd wvuad T qf a@'ad
KORALW re-weighted — @DPsS +13+13 +14+10 +4+16 —-16+5
4.6. ISR 4.8. Bose—Einstein correlations

A comparison of two independent models of ISR Bose—Einstein statistics dictate that the production
was performed. WW events produced with the-E amplitude for final state particles should be symmetri-
CALIBUR generator were re-weighted as a function of Cal under the exchange of identical bosons. The omis-
the total ISR energy in the event. The weights were Sion of these correlations between particles from dif-
obtained for each WW decay channel from a gener- férent W bosons in our standard simulation could lead
ator level study of the KRALW [13] ISR treatment (O & Systematic error on the W mass and width mea-
(based on the YFS exponentiation approach) and thatSurementin thegfqd channel. A clear picture has yet
of the standard algorithm used in DELPHEQPS[9] to emerge from the experimental study of this phenom-
(based on a parton shower approach). The results of€non [25]. _ _
the W mass and width fits are shown in Tables 4and 5. 10 evaluate the possible size of the effect on

We conservatively choose to quote the largest devia- the mass and width measurements we have consid-
tion observed in any of the channels. ered several phenomenological models; the results are

given in Table 6. The relevant value for the system-

atic uncertainty is the difference between the shifts ob-
4.7. LEP beam energy tained from Bose—Einstein correlations inside individ-

ual W’'s and that between W’s. The models used are:

The average LEP beam energy at DELPHI is e The LuBOEI algorithm [26] in ETSETchanges the
evaluated by the energy working group [24] at 15 momentum vectors of identical final state bosons
minute intervals of running or after significant changes  to model the two particle correlation function, and
in the beam energy. The measured centre-of-mass then offers a range of options to restore energy and
energy is imposed as a constraint in the kinematic momentum conservation.
fit, and hence the relative error on the beam energy e Global re-weighting aims to reproduce the en-
translates to the same fractional error on the W  hancement of identical bosons close in phase-
mass determination. The spread of energies of the space by giving weights to events. This procedure
electrons and positrons in the LEP beams was found does ensure energy and momentum conservation,
to have a negligible impact on the mass and width  but may adversely affect other event distributions.
measurements. DELPHI results were obtained using the Kartvel-
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Table 6
Results of the DELPHI studies on Bose—Einstein correlations, see text for detail8.Faesamples were produced with= 1.35, = 0.6 fm

Bose—Einstein correlations study (Mg¥#)

Model Myy shift Iy shift
KKM model (183 GeV) —-10+10 -
ST modelBE (183 GeV) inside W’s — none +0+10 -
ST modelBE (183 GeV) between W’s — inside W's +3+11 -
LUBOEI BE32 (189 GeV) inside W’'s — none +18+5 +13+11
LUBOEI BE35 (189 GeV) between W's — inside W's —-32+4 +26+8

ishvili/Kvatadze/Mgller (KKM) re-weighting Table 7
scheme [27] and reported on in [3]. Results of the DELPHI studies on colour reconnection effects, see

e In [3] we also reported results for a study based on text for details. For the SK1 model results are given for 30% of
e . reconnected events
a modification of the gTsSeT fragmentation model

. . . . i 2
introducing quantum mechanical 2-particle and 3- Colour reconnection study (Meé<)

particle interference (ST) for identical bosons using Model Myy shift LRy shift
a local re-weighting technique [28]. ARIADNE CR 2 (183 GeV) 12846 _
The version of luBOEI model studied here B E3», ARIADNE CR 3 (183 GeV) 15546 _

in which a local energy and momentum conservation

. . . . JETSETSK1 46+ 2 54+3
procedure is applied [26]. Six sets of fully simulated
Z events were generated at a range of values of JETSETSK1improved sampling 442 32+3
correlation strengthA() and radius ), and the four JETSETSK2 —245 37410

momentum differenceQ, between all selected same

charge particle pairs was calculated. An interpolation

was performed on the basis of the distribution favoured by LEP1 data [30], and that we do not con-
to obtain A = 1.35 andr = 0.6 fm (PARJ93) = sider the A/RIADNE 3 model for the systematic error
0.34 GeV) which provide the optimal description of assessment as it allows perturbative phase reconnec-
the DELPHI Z peak data. The simulated event samples tion where calculations have shown the effect to be
were produced with the standard DELPHITSET small [31].

tuning. The W mass and width shifts were evaluated The Sjostrand/Khoze models of colour reconnec-

using samples produced with fast simulation. tion are available in theerseTframe-work. We have
used the SK1 and SK2 models. Results for the SK1
4.9. Colour reconnection model are quoted for 30% of reconnected events, this
is the same reconnected fraction as in the SK2 model.

The hadronization of two W bosons in thg'qq Events were produced usingeEDsiM and a fast detec-

channel may not occur independently. The colour flow tor simulation. By processing the same event sample
between the W’s may lead to a shift in the measured through the full detector simulation and the fast sim-
W mass. Although experimental work is progressing ulation, the reliability of the fast detector simulation
[29], a suitable sensitivity has not yet been reached by for this study was clearly demonstrated. The simulated

the measurements to limit the effect dfyy. event samples were produced with the standard DEL-
In the previous publication [3] we reported results PHI JETSETtuning.
with the ARIADNE colour reconnection model, the re- However, we report that the standard implementa-

sults are repeated in Table 7. However, we note that tion of SK1 shows numerical instabilities that reduce
the current version of the IADNE 2 model is dis- the reliability of the model used. In this model the re-
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Fig. 4. Observed shift in the fitted mass (left) and width (right) as a function of the fraction of reconnected events, using the SK1 implementations
as described in the text.

Table 8
Contributions to the systematic error on the W mass measurement

Myy systematic errors (Me)(bz)

Sources of systematic error ve@ld wvuad o qf AL qq'aq
Statistical error on calibration 18 15 23 10 7
Lepton corrections 29 11 - 10 —
Jet corrections 39 27 48 35 18
Aspect ratio 2 2 2 2 4
Background 10 3 4 3 5
Fragmentation 20 20 20 20 12
ISR 16 16 16 16 16
LEP energy 17 17 17 17 17
Colour reconnection - - - - 46
Bose-Einstein correlations - - - - 32

connection probability is a function of the string over- lap is calculated as the sum of the overlap of pairs of
lap. This overlapis calculated by numerical integration string pieces.

through sampling. The accuracy of this calculationis  The observed W mass and width shifts are given
improved by using 1000 sampling points rather than in Table 7 and in Fig. 4 the observed W mass and
the default value of 100. In addition, we also report re- width shifts are shown as functions of the reconnected
sults from a more efficient sampling of the string over- fraction of events in the SK1 model.

lap, in which the sampling is performed along strings ~ We conservatively choose to quote as a systematic
taking into account their life-time and the total over- error the largest effect observed in our studies; this is
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Table 9
Contributions to the systematic error on the W width measurement

Ty systematic errors (MeXt2)

Sources of systematic error ve@ld wvuad o, qf Lveqd qq'aq
Statistical error on calibration 45 37 56 26 17
Lepton corrections 41 46 - 28 —
Jet corrections 82 43 102 63 26
Background 29 8 82 19 40
Fragmentation 42 42 42 42 24
ISR 16 16 16 16 16
Colour reconnection - - - - 54
Bose-Einstein correlations - - - - 26

approximately 50 MeV for both the mass and width (LEP). In the @'gq channel an error from final state
analyses. interaction effects (FSI) is also included.

The semi-leptonic and fully-hadronic W mass re-
4.10. Correlations sults are combined and the following result obtained:

. .. My =80.38740.087(sta) & 0.03
The components of the systematic error arising w (stay A(sys)

from the jet energy scale corrections, aspect ratio, + 0.017(LEP) & 0.035FS)) GeV/c%.
ISR, fragmentation and LEP beam energy are taken
as correlated between the analyses in the different
decay channels for the 189 GeV data. The background
description and lepton modelling uncertainties are [iw =2.205+0.19stay £ 0.05%sys)
treated as uncorrelated between WW decay channels. £ 0.047(FS)) GeV/c2.

In Section 5.2 a combination with the previously
published DELPHI results is performed. The LEP en- 5.2. combined DELPHI results
ergy correlation matrix is used [24] in this process.
The calibration statistics error is uncorrelated between 1 <o rasults are combined with the previously pub-
years, while all other systemaltic errors are conserva- lished DELPHI results on the W mass determination
tively assumed to be fully correlated between years. by direct reconstruction [2,3] and the result from the

threshold cross-section measurement [1] to obtain:

The combined result for the W width is:

5. Results My = 80.359+ 0.074(stay + 0.032(sys)h

+ 0.017(LEP) & 0.033(FSI) GeV/c?.

5.1. 189 GeV results
This combination has g2 of 4.5 with 6 degrees of

freedom. The combined result on the W mass from the

The W mass and width results of the analyses de- "=~ :
0d'qq channel alone is:

scribed in this Letter are presented in Tables 10 and 11.
The error is divided into its statistical component, in-
dicated (stat), the main systematic component (syst) My =80.369+ 0.091(stay + 0.02%sys)
and the systematic from the beam energy uncertainty + 0.017(LEP) + 0.056(FSI) GeV/c?
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Table 10 in this determination: all other errors and correlations
189 GeV My results. The error is divided into its statistical ywere as described above.

component, indicated stat, the main systematic component syst The combination for the W width with the 1997 data
and the systematic from the beam energy uncertainty LEP. In the . .

qd'gq channel an error from final state interaction effects FSI is [3] y|eIds.

also included. Thév,qd results represents the combination of the —
results obtained in the three semi-leptonic channels [ = 2266+ 0.176(stay + 0.056(sys)
+ 0.052(FSI) GeV/c?.

189 GeVMyy results (GeVc?)
Channel My stat syst LEP FSI
ebedd 80478 £0.291 +£0.059 +0.017 - Acknowledgements
wonad 80.195 +0.213 +0.042 +0.017 -

We are greatly indebted to our technical collabora-
tizqd 80114  £0319 0059  +0017 - tors, to the members of the CERN-SL Division for the
v 80253 +0.151 40046 40017 _ excellent performance of the LEP collider, the LEP en-
ergy working group for the beam energy estimation
and to the funding agencies for their support in build-
ing and operating the DELPHI detector.

Table 11 We acknowledge in particular the support of Aus-
189 GeV Iy results. The error is divided into its statistical trian Federal Ministry of Science and Traffics, GZ
component, indicated stat, the main systematic component syst 616.364/2-111/2a/98; FNRS—FWO, Flanders Institute
e o o e hens he o o 0 encourage scientifc and technologial research in
gﬁsg included. Thév,qg results represents the combination of the the IndUStry (IWT)’ Belglu,m; FINEP, _CNPq’ CAPES,
results obtained in the three semi-leptonic channels FUJB and FAPERJ, Brazil; Czech Ministry of Indus-
try and Trade, GA CR 202/96/0450 and GA AVCR
A1010521; Danish Natural Research Council; Com-

aqaq 80466 +0.106 +£0.028 40017 =+0.056

189 GeVIiy results (Geyc?)

Channel Iw stat syst FSI mission of the European Communities (DG XII);
eveod 4.358 +0.956 +0.115 - Direction des Sciences de la Matiere, CEA, France;
i 2353 +0.552 +0.086 _ Bundesministerium fur Bildung, Wissenschaft, For-
Bl 2799 40,927 40,149 B schung und Technologie, Germany; General Secre-

tariat for Research and Technology, Greece; National
£0,qq 2.842 +0.425 +0.088 - Science Foundation (NWO) and Foundation for Re-
search on Matter (FOM), The Netherlands; Norwe-
gian Research Council; State Committee for Sci-
entific Research, Poland, 2P03B06015, 2P03B11116
and for thefv,qd channel alone is: and SPUB/P03/DZ3/99; JNICT — Junta Nacional

de Investigagdo Cientifica e Tecnoldgica, Portugal;
My =80.327+0.128(stay + 0.045(sys} Vedecka grantova agentura MS SR, Slovakia, Nr.
+ 0.017(LEP) GeV/c?. 95/5195/134; Ministry of Science and Technology of
the Republic of Slovenia; CICYT, Spain, AEN96-
1661 and AEN96-1681; The Swedish Natural Science
Research Council; Particle Physics and Astronomy
Research Council, UK; Department of Energy, USA,
AMw(qgaq — £veqf) =39+ 159 MeV/cz. DE-FG02-94ER40817.

A significant non-zero value foh Myy could indi-
cate that FSI effects are biasing the valudfyf deter-
mined from the @'gq events. AsA Myy is primarily of
interest as a check of the possible effects of final state [1] peLPHI Collaboration, P. Abreu et al., Phys. Lett. B 397
interactions, the errors from FSI effects are set to zero (1997) 158.

aqaq 2,025 40.220 +0.058 +0.060

The mass difference between the measurements
for the fully-hadronic and semi-leptonic channels,
AMw(qq'qd — £v¢qd’), has been determined:
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