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We report on measurements on inclusive cross sections times branching fractions into electrons forW andZ
bosons produced inpp̄ collisions atAs51.8 TeV. From an integrated luminosity of 84.5 pb21 recorded in
1994–1995 using the DØ detector at the Fermilab Tevatron, we determines(pp̄→W1X)3B(W→en)
52310610~stat!650~syst!6100~lum!pb and s(pp̄→Z1X)3B(Z→ee)522163~stat!64~syst!610~lum!
pb. From these, we derives(pp̄→W1X)3B(W→en)/s(pp̄→Z1X)3B(Z→ee)510.4360.15~stat!
60.20~syst!60.10~NLO!, B(W→en)50.104460.0015~stat!60.0020~syst!60.0017~theory!60.0010~NLO!,
and GW52.16960.031~stat!60.042~syst!60.041~theory!60.022~NLO!GeV. We use the latter to set a 95%
confidence level upper limit on the partial decay width of theW boson into nonstandard model final states,
GW

inv , of 0.213 GeV. Combining these results with those from the 1992–1993 data givess(pp̄→W1X)
3B(W→en)/s(pp̄→Z1X)3B(Z→ee)510.5160.25,GW52.15260.066 GeV, and a 95% C.L. upper limit
on GW

inv of 0.191 GeV. Using a sample with a luminosity of 505 nb21 taken atAs5630 GeV, we measure
s(pp̄→W1X)3B(W→en)5658667 pb.
072001-2
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PACS number~s!: 14.70.Fm, 14.70.Hp, 13.85.Qk
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I. INTRODUCTION

Since their discovery in 1983@1#, comparison of the prop
erties ofW andZ bosons to predictions of the standard mod
has been a subject of intense study@2–7#. One such property
is the W boson width. Within the standard model, theW
boson decays into quark or lepton electroweak doublets
lowest order, the partial decay width of theW boson into
massless fermionsf f̄ 8 can be written as

GW→ f f̄ 85uVf f̄ ,u2Nc~GF /& !~MW
3 /6p!, ~1!

whereVf f̄ 8 are the Kobayashi-Maskawa matrix elements
decays into quarks and unity for decays into leptons. T
termNC accounts for color and is 3„11as(MW)/p1¯… for
decays into quarks and unity for leptonic decays. Within
standard model, the total width of theW boson is the sum o
the partial widths over three generations of lepton doub
and two generations of quark doublets. If additional no
standard model particles exist, which are lighter than a
couple to theW boson, then the width would have an add
tional contribution. One example is a supersymmetric mo
in which theW boson can decay to the lightest superpart
of the charged gauge bosons and the lightest superpartn
the neutral gauge bosons, with a width that depends on
masses of the superparticles@8#. Thus, theW boson width is
of interest as a test of the standard model and as a prob
new physics.

The W boson width has been measured indirectly by
UA1 @3#, UA2 @4#, Collider Detector at Fermilab~CDF! @5#,
and DØ@6# Collaborations. The most recent results areGW
52.04460.093 GeV from DØ andGW52.06460.084 GeV
from CDF. Both used a method which is based on measu
the ratioR of the W→en andZ→ee cross sections:

R[
s~pp̄→W1X!3B~W→en!

s~pp̄→Z1X!3B~Z→ee!
. ~2!

The width can be calculated from this measurement usin

R5
sW

sZ

GZ

GZ→ l l

GW→ ln

GW
. ~3!

Both sW /sZ and GW→ ln can be calculated theoretically t
high precision@9#, and depend only on the couplings of th
W and Z bosons to the lepton and quark doublets, and
ratio GZ /GZ→ l l has been measured precisely by experime
at the CERNe1e2 collider LEP @10#.

TheW boson width has also been measured by theL3 and
OPAL Collaborations at LEP@7# using kinematic fits toqqqq
and qqlv events, and by CDF@11# by looking at the high-
mass tail of the transverse mass spectrum. Their curren
sults areGW51.9760.38 GeV, GW51.8460.38 GeV, and
GW52.1160.32 GeV, respectively.

This paper presents new measurements ofs(pp̄→W
1X)3B(W→en), s(pp̄→Z1X)3B(Z→ee), and their
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ratio R using a data sample approximately six times larg
than was used in the previous DØ measurements. The v
of R is used to extract the branching fractionB(W→en) and
the total decay width of theW boson,GW . We set an upper
limit on the partial decay width of theW boson to states no
included in the standard model.

The uncertainties on the measurements of the abso
cross sections are dominated by the uncertainty on the i
grated luminosity measurement~4.3%!. In the ratio, many of
the systematic uncertainties, including that on luminos
cancel. The uncertainty inR is dominated by the uncertaint
in the QCD background in theW boson sample~1.5%!; the
statistics of theZ boson sample~1.4%!; the uncertainty in the
ratio of the acceptances forW and Z bosons~0.8%!; the
uncertainty in the ratio of the electron identification efficie
cies for W and Z bosons~0.6%!; and the uncertainty in the
multijet, b quark, and direct photon backgrounds to theZ
boson~0.5%!. In addition, we assign a 1% theoretical unce
tainty onR due to next-to-leading-order electroweak rad
tive corrections.

The paper is organized as follows. Section II is a br
description of the DØ detector, emphasizing the compone
important for this analysis. Section III describes the crite
used to select theW→en andZ→ee data samples. Sectio
IV describes the calculation of the kinematic and geome
acceptance for the selection criteria. Section V presents
measurement of the electron identification efficiency. Sect
VI presents the estimate of the backgrounds in the d
samples. Section VII gives some details about the lumino
measurement. Sections VIII and IX present the cross sec
results and some consistency checks, respectively. Secti
presents the measurement of theW boson cross section time
branching fraction into electrons atAs5630 GeV. Section
XI presents the results for the electronic branching fracti
the width, and the invisible width of theW boson. Finally,
we state our conclusions in Sec. XII. More extensive desc
tions of the methods used in this analysis can be found
Refs.@12# and @13#.

II. THE DØ DETECTOR

The DØ detector, described in detail elsewhere@14#, con-
sists of four major components: a nonmagnetic central tra
ing system for measuring the trajectories of charged p
ticles; hermetic central and end uranium and liquid-arg
sampling calorimeters for measuring the energies of e
trons, photons, and hadrons; a toroidal spectrometer out
of the calorimeter used for measuring the momenta
muons; and a set of scintillation counters mounted on
front face of the forward calorimeters used to detect inela
pp̄ collisions and measure the luminosity. We use a coo
nate system whereu and f are the polar and azimutha
angles, respectively, relative to the proton beam directioz.
The pseudorapidityh is defined as2ln„ tan~u/2!…, andr is
the perpendicular distance from the beam line.

The portions of the central tracking system used in t
analysis consist of four detector subsystems: a vertex d
1-3
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chamber~VTX !, a central drift chamber~CDC! covering the
pseudorapidity regionuhu,1.1, and two forward drift cham
bers~FDC! covering 1.1,uhu,3.5. The central tracking sys
tem provides a measurement of the energy loss due to
ization (dE/dx) for tracks within their tracking volume. This
information can be used to help distinguish between pro
electrons fromW andZ boson decays ande1e2 pairs due to
photon conversions.

The calorimeter consists of three parts, a central calor
eter ~CC! and two end calorimeters~EC!. The calorimeters
are segmented longitudinally into an inner electromagn
section~EM! and an outer hadronic section~HAD!. The EM
calorimeter is segmented longitudinally into four layers, t
third being at the shower maximum for electromagne
showers. The calorimeter is segmented transversely in t
ers, each covering approximatelydh3df50.130.1, with a
further segmentation of 0.0530.05 in the third EM layer.
The third layer of the CC is located atr591.6 cm; that of the
EC calorimeter is located atz5178.9 cm. The CC electro
magnetic calorimeter coversuhu<1.1, while the EC electro-
magnetic calorimeter covers 1.4<uhu<4.2. The hadronic
calorimeter system provides full coverage touhu<4.2.

The scintillation counters~LØ! used for measuring lumi
nosity consist of two layers of 1.6 cm thick scintillators co
ering 1.9<uhu<4.3. Each layer has ten short~7 cm37 cm!
scintillators, each glued to a single photomultiplier tu
~PMT!, and four long~7 cm365 cm! scintillators, each glued
to two photomultiplier tubes~PMTs!, one at each end. Th
average time resolution is 240 ps for the short scintillat
and 510 ps for the long ones. The two layers are orien
perpendicular to one another. The counters are locatedz
56140 cm on the front faces of the EC calorimeters, a
provide a fast interaction trigger~within 800 ns! and a vertex
resolution of 15 cm.

III. DATA SELECTION

A. Event topology

CandidateZ and W boson events are identified throug
their decay to two electrons1 which have an invariant mas
consistent with the mass of theZ boson, or to an electron an
a neutrino, respectively. Electrons fromW and Z boson de-
cays typically have large transverse energyET and are iso-
lated from other particles. They are associated with a trac
the tracking system and with a large deposit of energy in
of the EM calorimeters. Neutrinos do not interact in the d
tector, and thus create apparent energy imbalance in
event. For eachW boson candidate event, we measure
energy imbalance in the plane transverse to the beam d
tion (E” T), and attribute this to the neutrino.

The particles that balance the component of theW or Z
boson momentum transverse to the beam axis are referre
as the ‘‘recoil.’’ Particles from the break-up of the proto
and antiproton in the inelastic collision are referred to as

1Henceforth, the term ‘‘electron’’ refers generically to electro
and positrons.
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‘‘underlying event.’’ Particles from the recoil and underlyin
event are indistinguishable. While in principle there shou
be no netET in the underlying event, effects of finite reso
lution can cause the measured vector sum of theET values of
the particles from the underlying event to be nonzero, a
the underlying event therefore contributes to theET resolu-
tion of the recoil. The neutrinoET corresponds to the nega
tive of the vector sum of the electronET , the recoilET , and
the ET of the underlying event.

B. Trigger

A three-level trigger system is employed to selectW and
Z boson candidates. At level-0, theZ→ee andW→en trig-
gers require the detection of an inelastic collision via sim
taneous hits in the forward and backward LØ scintillati
detectors. Thez position of the interaction point is calculate
using the relative timing of the hits in the counters and
required to satisfyuzu,97 cm.

Level-1 consists of a hardware trigger that sums calo
metric energy in towers of sizeDh3Df50.230.2. TheW
→en trigger requires that at least one such EM tower co
tain transverse energy above a threshold of 10 GeV. ThZ
→ee trigger requires the presence of two EM trigger towe
with ET.7 GeV.

At the last trigger stage, level-2, the full detector inform
tion is read into a system of computers. Electrons are id
tified as isolated clusters of energy in the EM calorimet
with longitudinal and transverse shower shapes consis
with those of electrons. Neutrinos are identified with t
measured energy imbalance in the calorimeter in the pl
transverse to the beam axis. At this stage, the polar angle
calorimeter towers are calculated using the vertex posi
determined by the LØ counters. TheW→en trigger requires
an electron candidate withET.20 GeV andE” T.15 GeV.
The Z→ee trigger requires two electron candidates wi
ET.20 GeV. Events passing theW→en or Z→ee triggers
are written to magnetic tape for subsequent analysis.

Additional requirements to ensure a well understood ca
rimeter response and to cancel luminosity-dependent eff
result in some data loss. The Main Ring component of
Tevatron accelerator system passes through the outer pa
the hadronic calorimeter. Beam losses from the Main R
can create significant energy deposits in the calorimeter,
sulting in large falseE” T . The largest losses occur whe
beam is being injected into the Main Ring. Events occurr
within a 400 ms window of injection are rejected, leading
only a small loss of data. Large beam losses can also o
when particles in the Main Ring pass through the DØ det
tor. Events within a 1.6ms window around these time per
ods are also rejected, resulting in an approximately 8% l
of data. At the highest luminosities, theW→en trigger was
prescaled by a factor of 2 to reduce the trigger rate to
acceptable level. It was not necessary to prescale thZ
→ee trigger. To ensure that luminosity-dependent effe
cancel in the ratio of the cross sections, we discard runs w
a W→en prescale or with noW→en trigger, resulting in a
loss of approximately 32% of the availableZ→ee events.
1-4
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C. Offline analysis requirements

Offline, events passing theW or Z trigger requirements
are studied for the presence of high-ET , isolated electrons
and highE” T which indicate the production and decay ofW or
Z bosons. Electrons are required to have transverse and
gitudinal shower shapes consistent with those observe
test beam studies@15#. In addition, they are required to b
isolated from other calorimetric energy deposits and to h
at least 95% of their energy in the EM section of the ca
rimeter. To be considered isolated, electrons must satisfy
isolation requirement

Iso[
E0.42E0.2

EM

E0.2
EM ,0.15, ~4!

where E0.4 is the total energy in a cone of radiusR
5ADh21Df250.4 around the electron direction, andE0.2

EM

is the energy in a cone of radiusR50.2 around the electron
direction summed over the electromagnetic calorimeter o

Geometric, or fiducial, requirements on the electrons
imposed to ensure a well understood response from the c
rimeters. The electron position is measured in the third la
of the EM calorimeter, where the resolution is best due
fine segmentation. We require the pseudorapidity of the e
tron calculated with respect to the center of the detector,hD ,
to satisfyuhDu,1.1 or 1.5,uhDu,2.5. In addition, for elec-
trons in the CC(uhDu,1.1), we require that they be at lea
0.0532p/32 radians away from any of the 32 EM calorim
eter inner module boundaries, thereby removing 5% of
cell volume at each boundary.

Finally, electrons inW→en candidate events and at lea
one of the electrons inZ→ee candidate events are require
to have a matching track2 whose position extrapolated int
the calorimeter agrees with the EM cluster position. To
crease the size of theZ→eesample, only one of the electro
candidates is required to have a matching track; electr
without a matching track are called ‘‘loose’’ electrons, wh
those with a matching track are called ‘‘tight’’ electrons. T
track match significance,Strk , is defined in terms of the dis
tance between the extrapolated track and the EM cluster
troid, and the resolution in the distance:

Strk5A~rDf!2

drf
2 1

Dz2

dz
2 and Strk5A~rDf!2

drf
2 1

Dr2

dr
2

~5!

for CC and EC electrons, respectively. Here,rDf, Dz, and
Dr are the distances in the azimuthal direction, thez direc-
tion, and the radial direction respectively, anddrf , dz and
dr are the corresponding resolutions. The longitudinal a
transverse resolutions aredz51.7 cm anddrf50.3 cm, re-
spectively, in the CC, anddr50.7 cm, drf50.3 cm in the
EC. The track match significance is required to be less tha
for candidates withuhDu,1.1, and less than 10 for cand

2A matching track is a track which satisfies the track match s
nificance requirement defined below.
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dates with 1.5,uhDu,2.5. Electron energies are correcte
using the electromagnetic energy scale measured in the
beam, and adjusted to make the peak of theZ→ee invariant
mass agree with the known mass@16# of the Z boson. The
electron energy scale is described in detail in Ref.@17#.

Candidates for the processZ→ee are required to have
two electrons withET.25 GeV. The invariant mass of th
dielectron pair is required to satisfy 75,m(ee),105 GeV.
The z position of the event vertex is defined by the lin
connecting the center of gravity~COG! calorimeter position
of the tight electron with the smallestuhDu and the COG
position of its associated track, extrapolated to the beaml
as shown pictorially in Fig. 1. The cluster COG position
calculated in the third, finely segmented, layer of the ca
rimeter. The track position is extracted at ar of 62.0 cm for
CDC tracks or at az of 105.5 cm for FDC tracks. The inter
action vertex defined this way is called the ‘‘electron’’ verte
and is required to be withinuzu,97 cm. A total of 5397
events passes theZ→ee selection criteria, of which 2737
events have both electrons in the CC calorimeter~CC-CC
events!, 2142 events have one in the CC and one in the
~CC-EC events!, and 518 events have both electrons in t
EC calorimeter~EC-EC events!. Figure 2 shows the invarian
mass distribution of theZ→ee candidates.

Candidates for the processW→en are required to have
one tight electron withET.25 GeV, and E” T.25 GeV.
Events containing a second loose or tight electron withET
.25 GeV are rejected to reduce backgrounds fromZ/g*
→ee events. TheE” T is calculated as the negative of th
vector sum of the electronET and the underlying event an
recoil ET . The ET from the underlying event and the reco
is calculated as the vector sum of theET of all calorimeter
cells except those which contain the electron. While the e
tron ET is calculated using the above vertex, the underly
event and recoilET are calculated using a vertex determin
from all tracks in the CDC, called the ‘‘standard’’ verte
since the electron vertex is not available at the appropr
stage of the event reconstruction. The use of different ve
-

FIG. 1. The vertex position calculated using the position of
electron cluster~as determined using the information from the thi
layer of the EM calorimeter! and the center of gravity of the elec
tron track~as measured in the tracking chambers!.
1-5
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definitions results in a small degradation of theE” T resolu-
tion. For the collected data, the mean number of interacti
per crossing is approximately 1.6. For events with more t
one interaction vertex, the one with the largest number
associated tracks is selected as the standard vertex~even
though it may or may not be the vertex closest to the
trapolated position of the electron track!. Figure 3 shows the
fraction of events in which the standard vertex is more th
10 cm away from the electron vertex. The figure also sho
theZ→ee invariant mass distribution when the standard v
tex is used and when the electron vertex is used. The elec
vertex gives a sharper invariant mass distribution, becau
has better resolution and little luminosity dependence. A
tal of 67078 events passes theW→en requirements, of
which 46792 events have their electron in the CC~CC
events!, with 20286 events in the EC~EC events!. Figure 4
shows the transverse mass distribution of the candida
where the transverse mass is calculated as

FIG. 2. The invariant mass distribution from theZ→ee candi-
date event sample. The shaded region represents the dielectro
variant mass requirement.

FIG. 3. ~a! Frequency at which the standard vertex,zstandard~cal-
culated using all tracks!, is more than 10 cm away from the extrap
lated track position,ze , as a function of luminosity. For compar
son, the frequency at whichZ→ee events with two tight electrons
have extrapolated track positionsz1 andz2 differing by more than
10 cm is shown.~b! Invariant mass distribution forZ→ee events
when the standard vertex position is used and when the elec
vertex position is used.
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MT5A2ET~e!E” T~12cosdf! ~6!

anddf is the angle between the electron and theE” T in the
transverse plane.

IV. ACCEPTANCES AND CORRECTION FACTORS

A. Monte Carlo simulation

The geometric and kinematic acceptances of the selec
criteria are calculated using a Monte Carlo simulation. I
tially, the W or Z boson, the recoil system, and the under
ing event are generated with appropriate kinematic proper
and theW or Z boson is forced to decay in the electro
channel. A second stage then models the response o
detector and the effect of the geometric and kinematic se
tion criteria.

The primary event generator, originally developed for t
DØ W boson mass analysis, is described in detail in Re
@18,19#. The detector simulation was re-tuned for this ana
sis, because the mass analysis used only electrons
uhDu,1.1 and imposed different fiducial cuts at the a
muthal boundaries of the central calorimeter modules. A
the mass analysis was restricted to events withW bosonpT
,15 GeV, while this is not the case for the present analy
The mass distribution of theW or Z boson is generated ac
cording to a Breit-Wigner distribution convoluted with th
CTEQ4M @20# parton distribution functions, taking accoun
of polarization in the decay. The transverse momentum
rapidity distributions of theW or Z boson are generated b
computing the differential cross section,d2s/dpT

2dy, using a
program provided by Ladinsky and Yuan@21#, as discussed
in Ref. @17#. TheW or Z boson decays include the effects
lowest-order internal bremsstrahlung, where a photon is
diated from a final state electron, using the Berends-Kle
calculation@22#. This calculation predicts that approximate
31% of theW boson events and 66% of theZ boson events
have a photon with an energy above 50 MeV in the fin
state. In the simulation, the energies of the photon and
associated electron are combined if their separat
ADh21Df2, is less than 0.3, whereDf is in radians. For
the Z boson, events are generated according to theZ boson

in-

on

FIG. 4. The transverse mass distribution from theW→en can-
didate event sample.
1-6
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EXTRACTION OF THE WIDTH OF THEW BOSON FROM . . . PHYSICAL REVIEW D61 072001
line shape, and no Drell-Yan or interference terms are
cluded. The generator producesW andZ bosons only over a
finite mass range, and we include a small correction in
acceptance to account for this. As a cross check, we h
also calculated the acceptances using events generated
the PYTHIA @23# event generator, and the results are con
tent with those from our generator.

In the detector modeling phase of the simulation, the p
mary vertex distribution is generated as a Gaussian wit
width of 27 cm and a mean position of20.6 cm, to match
the observed distribution. Electron energies and angles
smeared according to measured resolutions and are corr
for offsets in energy scale due to contamination from p
ticles from the underlying event or the recoil in the calorim
eter towers containing the electron signal. The electron
ergy scale is adjusted to reproduce the known mass@16# of
the Z boson. The electron energy and angular resoluti
used in the Monte Carlo program are tuned to reproduce
observed width of theZ→ee invariant mass distribution fo
the sample used in this analysis.

The uncertainty in the electromagnetic energy scale
0.1% for the CC and 1.6% for the EC. The large uncertai
in the EC energy scale is due to a rapidity dependent c
bration inaccuracy of the EC calorimeter. We correct for it
each sample which contains EC electrons~CC-EC Z→ee
events, EC-ECZ→ee events, and ECW→en events!, by
fitting the corresponding invariant or transverse mass dis
butions to the data, and the uncertainty is taken as the siz
the correction.

The electron energy resolution (DE) can be parametrized
as DE/E5C% S/AET, where the two terms are called th
constant and sampling term, respectively. The value ofS is
known to high precision from test beam studies and is 0.
GeV1/2 for CC electrons and 0.157 GeV1/2 for EC electrons.
The value ofC in the simulation is adjusted until the rm
from the Monte CarloZ→ee invariant mass distribution
matches that of the data. Figure 5 shows the result of fit
the invariant mass distribution of CC-CCZ→ee candidates

FIG. 5. Invariant mass distribution for the CC-CCZ→ee data
sample. A Breit-Wigner distribution convoluted with a Gaussi
resolution is fit to this distribution and the width is used to det
mine the constant term in the CC electron energy resolution. Thx2

per degree of freedom for the fit is 88.7/56.
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to a Breit-Wigner distribution convoluted with a Gaussia
Figure 6 shows the rms of the Gaussian that is obtained w
the same procedure is applied to Monte Carlo as a func
of the CC constant term, along with the result from the da
The intersection of the two gives the constant term. The c
stant term in the CC is thus determined to be 0.01460.002
with the uncertainty being dominated by the statistics of
Z→ee sample. The constant term in the EC is 0.0020.00

10.01.
The uncertainty in the polar angle of CC electrons is p

rametrized as an uncertainty in the position of the track a
radius of 62 cm for CDC tracks. Thez position of the track at
this radius has a 0.3 cm uncertainty. The uncertainty in
polar angle for EC electrons is absorbed into the large
certainty in the EC energy scale.

In the simulation, the recoil momentum is smeared by
measured resolution. The recoil is also corrected for a
losses of particles to the same calorimeter towers as the e
tron. The model of the response of the calorimeter to p
ticles recoiling against theW or Z boson is tuned usingZ
→ee events. Theĥ axis is defined as the bisector of th
azimuthal angle between the two electrons, as shown in
7. We compare the component of thepT of theZ boson along
ĥ as calculated using the energies of the electrons, (pT

ee) ĥ ,
to that calculated by summing the transverse momentum
all towers in the calorimeter, except those containing
electrons, (pT

rec) ĥ .
Because the calorimeter response is different for electr

and for recoil particles, the algebraic sum of (pT
rec) ĥ and

(pT
ee) ĥ is on average nonzero. The average value of t

‘ ‘ ĥ-imbalance’’ scales linearly with (pT
ee) ĥ , as shown in

- FIG. 6. Determination of the constant term for the electron
ergy resolution. The curved dashed line connecting the Monte C
points shows the correlation between the constant term in the
electron energy resolution and the fitted width of the CC-CCZ
→ee invariant mass distribution from the Monte Carlo events. T
horizontal solid lines shows the fitted width of the CC-CC da
sample, and the horizontal dashed lines the uncertainty on the fi
width. From the intersection of the data line with the curved das
line we determine the constant term for CC electrons to be 0.
60.002.
1-7
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Fig. 8. The recoil scale used in the simulation is tuned s
that applying the same procedure to Monte Carlo eve
yields the same response as the data. Figure 9 shows
slope of the average (pT

rec) ĥ1(pT
ee) ĥ versus (pT

ee)ĥ from the
Monte Carlo as a function of the hadronic scale, along w
the slope determined from data. The intersection of the
determines the hadronic response to beaH50.75360.024
relative to the electromagnetic energy scale, with the un
tainty being dominated by uncertainties in the EC elect
magnetic energy scale. The hadronic energy resolution is
rametrized in the same way as the electron energy resolu
and is known from jet studies to have a constant term of
and a sampling term of 0.8/ApT /GeV.

The underlying event is modeled using events taken w
a LØ trigger~minimum bias events! with the same luminos-
ity profile as theW and Z boson samples. We pick a min

FIG. 7. Definition of theĥ- ĵ coordinate system in aZ→ee
event. Theĥ axis is the bisector of the electron directions in t

transverse plane; theĵ axis is perpendicular toĥ.

FIG. 8. Theĥ imbalance, (pT
rec) ĥ1(pT

ee) ĥ , versus (pT
ee) ĥ from

the Z→ee sample. The solid line is a linear fit to the data poin
with a slope of 0.23960.006 and ax2 per degree of freedom o
47.5/23. Up to apT of 25 GeV, where most of theW→en andZ
→ee data is, thex2 per degree of freedom is 1.2. The hadron
response contributes only a small fraction of the uncertainty in
acceptance.
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mum bias event randomly from this sample and itsE” T is
combined vectorially with that of the simulatedW boson. To
account for any possible difference between the underly
event inW boson and in minimum bias events, we introdu
a multiplicative scale factor for theET of the minimum bias
events. The scale factor is estimated using theZ→eesample
and set so that the width of the ‘‘ĥ-balance’’ distribution
from the simulation agrees with that from the data, whe
‘‘ ĥ-balance’’ is (pT

rec/aH1pT
ee) ĥ . Figure 10 shows this

quantity for theZ→ee event sample. Figure 11 shows th
rms. of the (pT

rec) ĥ distribution from the simulation as a func

,

e

FIG. 9. Determination of the hadronic scaleaH . The points
represent the slope of the line (pT

rec) ĥ1(pT
ee) ĥ versus (pT

ee) ĥ ob-
tained from Monte Carlo events as a function ofaH . The intersec-
tion of the dashed line connecting the Monte Carlo points with
solid line, obtained from data, determines the hadronic scale use
the simulation. We takeaH50.75360.024.

FIG. 10. Distribution of the ‘‘ĥ balance,’’ the magnitude of the
vectorial sum of (pT

rec) ĥ /aH and (pT
ee) ĥ , for events in theZ→ee

sample~solid histogram!, and for Monte Carlo~dashed histogram!
events.
1-8
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EXTRACTION OF THE WIDTH OF THEW BOSON FROM . . . PHYSICAL REVIEW D61 072001
tion of the minimum bias scale factor. The simulation has
same rms. as the data when the scale factor between
minimum bias events and theW boson underlying events i
1.0160.02.

Figure 12 shows the electron detector pseudorapidity
tribution,hD , for Z→eecandidates and for the Monte Car
after all cuts and corrections have been applied. The sh
edges correspond to the fiducial requirements applied to
electrons. The data and the Monte Carlo simulation ag
well. Since the tracking efficiency is obtained from theZ
data ~as explained in Sec. V!, the figure shows electron
without the tracking requirement.

B. Geometric and kinematic acceptance

The acceptance is defined as the fraction of generateW
→en or Z→ee events satisfying the kinematic and geom
ric requirements. Samples of 25 000 000 events are use
estimate all systematic uncertainties, except those from
biguities in the parton distribution functions and differenc
in generators. For these, we use the slowerPYTHIA generator
and samples of 1 000 000 events, corresponding to statis
errors of 0.1%, which are small compared to the domin
uncertainties. Table I shows the acceptance results an
summary of the systematic uncertainties.

The uncertainties in theW and Z bosonpT spectra are
calculated by varying the theoretical parameters in Ref.@21#
within the range quoted by the authors. The systematic
certainties from the choice of parton distribution functio
are calculated from the largest excursion in acceptance fo
using the CTEQ4M@20#, CTEQ2M @20#, Martin-Roberts-
Stirling set D2 ~MRSD2) @25#, MRS~G! @26#, 1994 Glück-
Reya-Vogt~GRV94! harmonic oscillator~HO! @27#, and ver-
sions of the MRSA8 distribution functions with values of the
strong coupling constant ranging from 0.150 to 0.344@28#.

FIG. 11. Determination of the minimum bias scale factor. T

points represent the rms of theĥ-balance distribution from Monte
Carlo simulation as a function of the minimum bias scale fac
The solid horizontal line shows the rms from the data sample.
intersection of the dashed line connecting the Monte Carlo po
with the data line determines the minimum bias scale factor use
the simulation to be 1.0160.02.
07200
e
the

s-

rp
he
e

-
to
-

s

al
t
a

n-

nd

The systematic uncertainties in the acceptance due to
presence of radiative photons in the event come from un
tainties on the minimum separation inh2f space the elec-
tron and the photon must have in order to be resolved
separate clusters by our calorimeter clustering algorith
The uncertainties due to effects of the clustering algorit
are calculated by varying the size of the cone that is use
decide whether or not the photon will be resolved from t
electron in the detector between 0.2 and 0.4.

We use aW boson mass of 80.375 GeV and width
2.066 GeV, and vary these by60.065 GeV and60.060
GeV, respectively. TheW boson mass is the result of com
bining the measurements from DØ@17#, CDF @24#, and a fit
to all direct W boson mass measurements from LEP@16#.
The W boson width is the current world average@2–7#. The
systematic uncertainties in the acceptance due to the
energy scale, EM resolution, hadronic response, hadro
resolution, and the resolution on the polar angle of elect
tracks are found by varying the relevant parameters wit
the Monte Carlo simulation by their individual uncertaintie

The generation ofW andZ bosons is limited to the mas
ranges 40–120 GeV forW bosons and 30–150 GeV forZ
bosons. The error quoted on generated mass in Table I is
uncertainty on the fraction of events outside this mass w
dow that would pass our selection criteria. The error is do
nated by the statistics of the Monte Carlo samples, bu
well below the dominant uncertainties. The error quoted
the generator is from a comparison of the difference in
ceptance between our Monte Carlo andPYTHIA ~after smear-
ing PYTHIA for detector response!.

The acceptances and their uncertainties forW→en, Z
→ee, and their ratio are shown in Table I. TheW boson
acceptance isAW50.46560.004. The largest contribution
to the uncertainty arise from uncertainties in the EM ene
scale, the difference between our generator andPYTHIA, and
uncertainties in the parton distribution functions. The acc

FIG. 12. The electronhD distribution for Z→ee candidates
~solid circles! and for the Monte Carlo events~histogram! after all
corrections and cuts except for track match have been applied.
error bars represent the statistical uncertainty in the data. Thex2 per
degree of freedom is 0.65.
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TABLE I. Acceptances and their systematic uncertainties forW andZ boson events and their ratio.

AW AZ AW

AZ

Acceptance 0.46560.004 0.36660.003 0.78760.007

Error source dAW

AW
@%#

dAZ

AZ
@%# dSAZ

AW
DYSAZ

AW
D@%#

pT spectrum 0.096 0.104 0.100
Parton distribution functions 0.189 0.314 0.252
Clustering algorithm 0.141 0.294 0.153
dMW 0.130 0.130
dGW 0.050 0.050
EM energy scale 0.685 0.337 0.698
EM energy resolution 0.024 0.037 0.044
Hadronic response 0.129 0.129
Hadronic resolution 0.078 0.078
Angular resolution 0.019 0.046 0.027
Generated mass range 0.150 0.180 0.234
Generator 0.343 0.516 0.172
Total 0.85% 0.78% 0.85%
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tance for Z→ee events isAZ50.36660.003. The larges
sources of systematic uncertainty arise from the differe
between our generator andPYTHIA, effects of the electron-
photon clustering algorithm in radiativeZ boson decays, and
uncertainties in the EM energy scale and in the parton
tribution functions. In the ratio of acceptances, a few of
systematic uncertainties are reduced by partial cancellat
of correlated errors. The ratio of the acceptances isAZ /AW
50.78760.007.

C. Drell-Yan correction

It is conventional to reports(pp̄→Z1X)3B(Z→ee) as
the product of the cross section and branching ratio, ass
ing theZ boson as the only source of dielectron events. Ho
ever, the production of dielectron events is properly d
scribed by considering theZ boson, the photon propagato
and the interference between the two. The Drell-Yan corr
tion factor relates the number of events in our mass wind
to what would be expected purely fromZ boson production.
To obtain this correction, we usePYTHIA to generate event
with just the contribution from theZ boson, and, separately
using the full Drell-Yan process with interference term
~combiningZ boson and photon diagrams!. We process both
samples with the same Monte Carlo simulation used for
acceptance calculation. The ratio of the complete Drell-Y
cross section (sDY) to the cross section for theZ boson alone
(sZ), for events passing ourZ→ee selection criteria, is es
timated to be

sDY /sZ5
1

12 f DY
51.01260.001 ~7!

or f DY50.01260.001 as the fraction of production cros
section attributable to the presence of the photon propag
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The systematic uncertainty is evaluated by using theISAJET

@29# generator instead ofPYTHIA and is estimated as the dif
ference between the two generators. The primary uncerta
in f DY is due to Monte Carlo statistics, but its contribution
the total uncertainty in theZ boson cross section and inR is
negligible.

D. NLO electroweak radiative corrections

Next to leading order~NLO! electroweak processe
modify the cross sections and their ratio@30#. A full NLO
calculation is available for theW boson which suggests tha
theW boson cross section would decrease by a multiplica
factor of 0.99860.001 @31#. For theZ boson, only the full
QED calculation is available; the purely weak part is mis
ing. For the ratioR, the best theoretical estimate at this tim
is a multiplicative factor of 1.0060.01 @31#, where the un-
certainty is dominated by the difference between the N
corrections to theW andZ boson cross sections, due main
to the purely weak corrections missing in theZ boson calcu-
lation. This theoretical uncertainty is expected to be redu
in the future. A 1% uncertainty inR due to NLO elec-
troweak radiative corrections is quoted in this analysis.

V. EFFICIENCIES

A. Electron identification efficiencies

Electron identification efficiencies are obtained usingZ
→ee events selected by requiring two electron candida
satisfying only standard kinematic and fiducial requiremen
An electron is considered a ‘‘probe’’ electron if the oth
electron in the event passes all standard electron identi
tion criteria. This gives a clean and unbiased sample of e
trons. We count the number of events inside aZ boson in-
1-10
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EXTRACTION OF THE WIDTH OF THEW BOSON FROM . . . PHYSICAL REVIEW D61 072001
variant massm(ee) window before and after applying th
electron identification criteria to each probe electron. T
ratio of the number of events in theZ boson mass window
after background subtraction, gives the electron identifica
efficiency. Two techniques are used to determine the ba
ground. In the sideband method, the number ofZ→ee
events in the regions 60,m(ee),70 GeV and 110,m(ee)
,120 GeV is used to estimate the number of events ins
the signal region by assuming a linear shape for the ba
ground. In the second method, backgrounds are estimate
fitting the observed invariant mass distribution to a Bre
Wigner ~smeared with a Gaussian to account for detec
resolution! for theZ boson, and an assumed first- order po
nomial for the background. The background is estima
from the contribution of the polynomial within the sign
region. The difference between these two estimates c
prises a part of the systematic uncertainty, which also
cludes the sensitivity of the result to the band chosen as
signal region. We have also used an exponential shape
the background, and the efficiencies resulting from such
are all well within the corresponding uncertainties. We ha
checked for any dependence of the efficiency on theET of
the electron, and find none.

The above method does not yield the correct efficien
when the probability for one of the electrons to pass
identification requirements is correlated with that of t
other. We check for such correlations in the calorimet
based identification requirements using aGEANT-based simu-
lation @32#. We find that the impact of such a correlated b
is small compared to the uncertainty on the efficiency, a
we neglect it. For tracking-based electron identification
quirements, we evaluate the correlations using data and
that these correlations cannot be neglected. We select ev
with two electrons that pass the geometric and calorime
electron identification requirements of theZ→ee data
sample. We count the background-subtracted number oZ
→ee events that have both electrons passing the track
requirements (NPP), only one electron passing the trackin
requirements (NPF), and with no electrons passing the r
quirements (NFF). The efficiency for aW boson to pass the
tracking requirements is then (2NPP1NPF)/@2(NPP1NPF
1NFF)#. The efficiency for aZ boson to pass the trackin
requirements is (NPP1NPF)/(NPP1NPF1NFF). The track-
ing efficiency for aW boson or aZ boson is found to be
1.760.3% lower than what one would get assuming no c
relations. The effect of this correlation cancels in the ratio
the cross sections@33#.

The efficiency of the calorimetric requirements is 0.9
60.006 for CC electrons and 0.87060.007 for EC electrons
The efficiency of the tracking requirements is 0.77760.006
for CC electrons inW boson events and 0.73160.010 for EC
electrons inW boson events.~Because of the presence
correlations, the per track efficiency is not a useful conc
for Z boson events.!

B. Trigger efficiencies

Trigger efficiencies are evaluated from different da
samples. A special trigger which is identical to theW→en
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trigger, except for itsE” T requirement, is used to evaluate th
relative efficiency of theE” T requirement in theW boson
trigger. The efficiency of theE” T requirement is found to be
0.99360.001. The efficiency of the electron requirements
the trigger is measured from a dielectron sample using
same method used to determine the electron identifica
efficiencies, and is found to be 0.99560.001 for electrons in
the CC, and 0.99660.002 for electrons in the EC. A portio
of theW→en data was taken without requiring the LØ com
ponent of the trigger. By studying these events, and tak
into account the luminosity-dependent effects, we find
LØ efficiency for W boson events to be 0.98660.005. We
assume that this efficiency is the same forW→en and for
Z→ee events, and therefore cancels in the ratio.

C. Total efficiencies

The efficiency for aW or Z boson to pass the electro
identification requirements is obtained from the convoluti
of the efficiencies with the acceptances as a function of thh
of the electrons from our Monte Carlo. From our Mon
Carlo simulation, of the events that pass our kinematic a
geometric selection, 68.70% ofW bosons have a CC electro
and 31.30% have an EC electron. For theZ boson, 49.69%
have both electrons in the CC, 40.55% have one CC and
EC electron, and 9.76% have both electrons in the EC.
efficiency forW bosons to pass both the electron identific
tion and the trigger requirements is 0.68560.008. The analo-
gous efficiency forZ bosons is 0.75460.011.

Taking into account the LØ efficiency, the total efficienc
for Z bosons iseZ50.74460.011. For theW boson, combin-
ing electron identification and trigger efficiencies with th
efficiencies of theE” T and LØ requirements, we obtain a tot
efficiency ofeW50.67160.009. The ratio of the efficiencie
is 1.10860.007, where the error takes into account the c
relations between the uncertainties in theW and Z boson
efficiencies.

D. Diffractive production of weak bosons

Diffractive production ofW andZ bosons at the Tevatron
occurs when the incident proton or antiproton escapes int
losing a small fraction of its initial forward momentum. Ou
cross section measurements include both diffractive and n
diffractive W andZ boson production. The perturbative th
oretical calculation of Ref.@9# does not include an explici
calculation of diffraction, but diffraction contributions to th
total cross sections enter through the parton distribut
functions. A recent measurement@34# reports the diffractive
to nondiffractive W boson production ratio to be~1.15
60.55!%. No such measurement exists to date forZ bosons,
although it is believed that diffractiveZ boson production
exists at roughly the same level. Recent theoretical calc
tions suggest that the ratio of diffractiveW to Z boson cross
sections is roughly the same as the ratio of inclusive3 cross
sections~see Table V of Ref.@35#!. Since the LØ trigger
requires simultaneous hits in the forward and backward s

3To obtain the inclusive cross section ratio, one needs to mult
R timesB(Z→ee)/B(W→en).
1-11
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TABLE II. The fraction of theW→en events in the CC that come from multijet,b quark, and direct
photon sources,f QCD

W CC. In this table, ISO refers to the electron isolation requirement, EMF to the require
that the fraction of the electron energy in the hadronic calorimeter be small, CHI refers to the shower
requirement, and nominal means the electron identification criteria used in theW→en sample ~CH
,100, ISO,0.15, and EMF.0.95, see Chap. 3 of Ref.@12#!. dE/dx means the matching track was require
to havedE/dx,1.4 ordE/dx.3.0 for CDC tracks anddE/dx,1.3 ordE/dx.2.5 for FDC tracks, to reject
photon conversions~see Ref.@36#!.

Parent cuts Child cuts es eb f QCD
W CC@%#

nominal 1dE/dx 0.93360.004 0.37260.023 3.3960.09
ISO~0.15!, EMF~0.95! nominal 0.95260.003 0.68660.017 4.4961.0

EMF~0.95! nominal 0.94960.003 0.65060.011 4.4160.8
EMF~0.9! nominal 0.94160.004 0.57360.015 4.4660.8

EMF~0.9!, ISO~0.15! nominal 0.94560.004 0.62160.016 4.7660.8
EMF~0.9!, CHI~100! nominal 0.98960.003 0.87260.007 6.1662.0
ISO~0.15!, CHI~100! nominal 0.99260.002 0.93460.007 6.9663.0
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tillation counters, such events would not pass our selec
unless accompanied by a minimum bias interaction. The
trigger efficiency is calculated fromW boson events withou
a LØ requirement, and no correction is made to subtr
diffractive W bosons, so in practice we account for all d
fractiveW bosons produced. The same efficiency is used
Z boson events under the assumption that the underl
events inW andZ boson production are essentially identic
In order to have an appreciable effect onR, the diffractive
production ofZ bosons would have to be several times larg
than that observed forW bosons, so we may safely negle
the effect onR. The effects of diffractive production on th
individual cross sections are much smaller than the lumin
ity uncertainty and are therefore neglected.

VI. BACKGROUNDS

A. Backgrounds from multijet, b quark, and direct photon
sources in theW\en sample

The fraction of background events in theW→en sample
that is due to multijet,b quark, and direct photon source
f QCD ~also referred to as QCD background!, is calculated by
comparing the number of events in theW→en sample to the
number in a sample with the same kinematic requireme
but with loosened or tightened electron-identification
quirements. The larger sample is the ‘‘parent’’ sample,
smaller the ‘‘child.’’ If the efficiency for signal and for back
ground to pass the child criteria relative to the parent requ
ments is known, the number of signal and background ev
can be simply calculated. The efficiency for electrons fro
W boson decay to pass the identification requirements (es) is
calculated using theZ→eesample. The efficiency for ‘‘elec-
trons’’ from background sources (eb) is calculated using a
data sample obtained using the same criteria as theW→en

sample, except requiring smallE” T in the event instead o
large E” T ~to removeW boson events!. The main source of
systematic uncertainty is from the assumption that the ‘‘el
trons’’ from background sources in events with smallE” T

have the same value foreb as those withE” T.25 GeV. We
evaluate this uncertainty by varying theE” T cutoff used to
07200
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define the background sample~we use theE” T ranges 0–5,
0–10, 0–15, and 10–15 GeV!, and by using different paren
and child requirements.

We define our parent and child samples by varying
shower shape requirements and by tightening the selec
by requiring thedE/dx measured in the tracking system
be consistent with that of an electron. Tables II and III sh
the results.

The uncertainty on the background fraction is domina
by the uncertainties ones and eb , and is given approxi-
mately by

d f QCD
W '

es

es2eb
des%

ebf QCD
W

es2eb
deb . ~8!

From this equation, one can see that the method works
when es2eb is large, and produces large errors when t
difference is small. We take a Gaussian distribution~normal-
ized to unity! with the mean and uncertainty correspondi
to each background fraction in Tables II and III. For th
mean value off QCD

W , we add all the CC or EC distribution
and take the median of the resulting distribution. We set
systematic uncertainty inf QCD

W from the symmetric band
around the median with an area of 68% of the total distrib
tion. The results aref QCD

WCC50.04660.014 for CC events, and
f QCD

WEC50.14360.043 for EC events. To obtain the combine
background fraction, we combine the CC and ECW boson
cross sections. The weights for CC and EC events are ta
as 1/du

2, where du is the total uncorrelated error for eac
individual cross section, and where we make the conse
tive assumption that there is maximal correlation betwe
the CC and EC uncertainties~the correlated part for eac
uncertainty is the smaller of the two!. We then find the back-
ground fraction that corresponds to this combinedW boson
cross section. The combined background fraction is e
mated to bef QCD

W 50.06460.014.
The method we use to obtaineb assumes that the effi

ciency for background events to pass the electron identifi
tion requirements is the same for events with small and la
E” T . Most of our identification requirements are calorimete
1-12
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TABLE III. The fraction of theW→en events in the EC that come from multijet,b quark, and direct
photon sources,f QCD

W EC. In this table, ISO refers to the electron isolation requirement, EMF to the require
that the fraction of the electron energy in the hadronic calorimeter be small, CHI refers to the shower
requirement, and nominal means the electron identification criteria used in theW→en sample ~CHI
,100, ISO,0.15, and EMF.0.95, see Chap. 3 of Ref.@12#!. dE/dx means the matching track was require
to havedE/dx,1.4 ordE/dx.3.0 for CDC tracks anddE/dx,1.3 ordE/dx.2.5 for FDC tracks~see Ref.
@36#!.

Parent cuts Child cuts es eb f QCD
W EC @%#

nominal 1dE/dx 0.75960.010 0.55260.007 14.6064.5
ISO~0.15!, EMF~0.95! nominal 0.88160.009 0.51360.016 11.0361.5

EMF~0.95! nominal 0.88060.009 0.49260.015 11.4461.2
EMF~0.9! nominal 0.86860.010 0.36760.015 14.4861.2

EMF~0.9!, ISO~0.15! nominal 0.86860.009 0.39860.017 14.1361.4
EMF~0.9!, CHI~100! nominal 0.98760.004 0.85860.013 19.9963.3
ISO~0.15!, CHI~100! nominal 0.99160.003 0.89760.010 21.9463.8
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based and can, in principle, be correlated withE” T . However,
the f QCD

W measurement obtained by adding the trackin
baseddE/dx requirement yields results consistent with t
calorimeter-based methods, giving us confidence that
correlations betweenE” T and eb are small. Our studies as
sume the contamination from theW boson in the back-
grounds is small in the lowE” T region. We check the validity
of this assumption by looking at theE” T distributions of the
child and parent samples and compare them to theE” T distri-
bution from W→en and W→tn→enn̄n Monte Carlo
events. Figure 13 shows the case where the parent b
ground sample corresponds to the nominalW boson selection
~except for theE” T requirement! and the child sample is ob
tained from the additionaldE/dx requirement. The Monte

FIG. 13. TheE” T distribution for a particular choice of paren
and child inclusive electron samples. The solid line is the par
sample corresponding to the nominalW boson selection cuts excep

for E” T . The dashed line is the child sample, corresponding to no
nal cuts and the additionaldE/dx requirement. The dot-dash line i
the sum ofW→en andW→tn→enn̄n from Monte Carlo events.

There is negligibleW boson contribution in the lowE” T background
regions.
07200
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Carlo distribution is normalized to the background sam
distributions in the highE” T region, which is dominated by
real W boson events. The fraction ofW boson events in the
low E” T region is found to be negligible.

B. Backgrounds from multijet, b quark, and direct photon
sources in theZ\ee sample

The background fraction for theZ→ee sample due to
multijet, b quark, and direct photon sources is determined
fitting the dielectron invariant mass distribution to a line
combination of a signal shape, obtained fromZ/g* events
generated withPYTHIA and processed through the detec
simulation, and a background shape determined from d
Different mass distributions from different sources, such
multijet events, direct photon candidates, and events pas
all of the Z→ee kinematic cutoffs, but failing the electron
identification requirements, are used for background sha
Figures 14, 15, and 16 show such fits with a backgrou
shape determined from direct photon data, for the case w
both electrons are in the CC, for the case where one elec
is in the CC and the other in the EC, and for the case wh
both electrons are in the EC, respectively. Systematic un
tainties are determined from the range of values obtai
using the different background shapes and by varying
range of invariant masses used in the fit. The result isf QCD

Z

50.04560.005.

C. W and Z boson backgrounds in theW\en sample

The other sources of background in theW→en sample
areZ→ee, Z→tt, andW→tn events. AZ→ee event can
be misidentified as aW→en event when one of the electron
fails the fiducial requirements or is misidentified as a jet, a
the transverse energy in the event is substantially mism
sured, yielding a large apparentE” T . Events from the proces
Z→tt can also mimicW→en events.W→tn events, in
which thet decays to an electron, are identical toW→en

events, except that on average the electronET and theE” T are
lower. The size of these backgrounds scales with theW

t

i-
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B. ABBOTT et al. PHYSICAL REVIEW D 61 072001
→en or Z→ee cross section, and this must be taken in
account when the background subtraction is done. To t
this into account, we determines(pp̄→W1X)3B(W
→en) from the relationship

NW5Nobs
W ~12 f QCD

W !

5Ne1Nt1NZ
W

5@eW3AW3s~pp̄→W1X!3B~W→en!3L#

1@eW3AWt
W 3s~pp̄→W1X!

3B~W→tn!3L#1NZ
W , ~9!

whereNW is the number of candidateW boson events afte
correcting for backgrounds from multijets, direct photon
and b quarks; Nobs

W is the number of candidateW→en
events;Ne is the number ofW→en events passing theW
→en selection criteria;Nt and NZ

W are the numbers ofW
→tn and Z→ee events respectively passing these criter
AWt

W is the fraction of theW→tn events that passes theW
→en selection criteria; andL is the integrated luminosity
We assume in Eq.~9! that theW boson couples with equa
strength to all lepton flavors, and thereforeB(W→tn)
5B(W→en).

TheZ→eeandZ→tt backgrounds are estimated using
GEANT-based simulation of the detector, withHERWIG @37# to
generate bothZ→ee and Z→tt events. The number ofZ
boson background events in theW→en sample is estimated
by

NZ
W5eW3Nobs

Z ~12 f QCD
Z !

AZee
W 1AZt

W

AZ3eZ
, ~10!

FIG. 14. Fit of the Z→ee invariant mass distribution. The
shaded histogram is the background shape obtained from d
photon data, and the dots are theZ→ee candidates. The solid line
histogram results from fitting the data to a linear combination of
Drell-Yan signal shape fromPYTHIA and the background shape.
07200
ke

,

;

whereAZee
W is the fraction ofZ→ee events that passes th

W→en selection criteria;AZt
W is the fraction of Z→tt

events that passes theW→en selection criteria;Nobs
Z is the

number of candidateZ→ee events;f QCD
Z is the fraction of

these candidates from multijet,b quark, and direct photon
background sources;eZ is the electron identification effi-
ciency forZ→ee events; andAZ is the geometric and kine
matic acceptance forZ→ee events. The ratio (AZee

W

FIG. 15. Fit of the Z→ee invariant mass distribution. The
shaded histogram is the background shape obtained from d
photon data, and the dots are theZ→ee candidates. The solid line
histogram results from fitting the data to a linear combination of
Drell-Yan signal shape fromPYTHIA and the background shape.

FIG. 16. Fit of the Z→ee invariant mass distribution. The
shaded histogram is the background shape obtained from d
photon data, and the dots are theZ→ee candidates. The solid line
histogram results from fitting the data to a linear combination of
Drell-Yan signal shape fromPYTHIA and the background shape.
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FIG. 17. Distribution in luminosity forW→en or Z→ee candidates. The mean and rms values of the distributions are consisten
each other.
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1AZt
W)/AZ is found to be 0.13360.034, and thus a total o

6216155Z boson events is expected to pass theW→en se-
lection. The uncertainty in this estimate has two main co
ponents: the difference between the electron identifica
efficiency in the simulation and in the data, and the effec
any additional overlapping minimum-bias events. This u
certainty has a negligible effect on the overall uncertainty
the W boson cross section and the ratioR.

The backgrounds to theW→en andZ→eesamples from
the decaysW→tn andZ→tt, wheret→en, are calculated
using the sameW andZ boson production and decay mod
as in the acceptance calculation. The tau leptons are force
decay electronically and then the event is smeared. Ba
grounds fromt in the Z→ee sample are found to be negl
gible. Assuming lepton universality and the fact that we
not observe any dependence of the lepton identification
ciency on the transverse energy of the lepton, we can acc
for the t backgrounds in theW boson sample by making
correction to theW boson acceptance of (11AWt

W /AW)
51.02160.002.

VII. LUMINOSITY

A precise value of the integrated luminosity is needed
determining any absolute cross section. This analysis u
data collected atAs51.8 TeV during the 1994–1995 runnin
of the Fermilab Tevatron. The measurement of luminosity
described in detail in Refs.@12,13#. The luminosity~L! is
related to the counting rate in the LØ counters (RLØ) by @38#

L5
2 ln~12tRLØ!

tsLØ
, ~11!

wheresLØ is the effectivepp̄ cross section subtended by th
LØ counters, andt53.5ms is the time interval betwee
beam crossings.RLØ is defined by the counts observed in s
trigger scalers, one for each beam bunch, divided by
fixed time between crossings. This counting rate never s
rated during the run, not even at the highest luminosit
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Assuming Poisson statistics, a correction is applied to
count for multiple interactions. The value ofsLØ is obtained
from

sLØ5eLØ
pp̄ ~Asdssd1Addsdd1Andsnd!, ~12!

where the single diffractive (ssd), double diffractive (sdd),
and nondiffractive (snd) components of the total inelasti
pp̄ cross section are combined into a ‘‘world average’’ usi
the results from CDF@39#, E710@40#, and E811@41#. Since
the x2 per degree of freedom was large for some of the
averages, we follow the Particle Data Group prescription a
rescale all the experimental uncertainties to give ax2 per
degree of freedom of 1. For example, thex2 per degree of
freedom for the inelastic cross section was 6.92 for 2 degr
of freedom, and thus we rescale the experimental uncert
ties by a factor of 1.86. The resulting inelastic cross sect
is 57.3961.56 mb. The LØ trigger efficiencyeLØ

pp̄ is deter-
mined using samples of data collected from triggers on r
dom beam crossings; and the different LØ acceptan
(Asd ,Add ,And) are obtained from Monte Carlo studie
Table IV shows the inputs to our calculation ofsLØ .

Luminosities during the 1994–1995 running perio
ranged from (2 – 20)31030cm22 s21. The average luminos
ity for the W→en and Z→ee data samples is 7.5
31030cm22 s21, with an average of 1.6 interactions p

TABLE IV. Values used in thesLØ calculation; SD, DD, and
ND refer to single diffractive, double diffractive, and nondiffra
tive, respectively.

SD acceptance (Asd) 15.1%65.5%
DD acceptance (Add) 71.6%63.3%
ND acceptance (And) 97.1%62.0%

LØ trigger efficiency (eLØ
pp̄ ) 91%62%

SD cross section (ssd) 9.54 mb60.43 mb
DD cross section (sdd) 1.29 mb60.20 mb
ND cross section (snd) 46.56 mb61.63 mb
sLØ 43.1 mb61.9 mb
1-15



en
tr

re
F
a

a
io
vi-

and
las-
dis-
to
Ø

Ø
ef.

h-

B. ABBOTT et al. PHYSICAL REVIEW D 61 072001
beam crossing. The integrated luminosity for theZ→ee and
W→en data samples is 84.563.6 pb21. The uncertainty in
luminosity is the dominant uncertainty in the measurem
of W andZ boson cross sections. Figure 17 shows the dis
bution in luminosity at the time of recording of theW→en
andZ→ee candidates.

It should be noted that CDF and previous DØ measu
ments used different normalizations for luminosity. The CD
Collaboration bases its luminosity purely on its own me
surement of the inelasticpp̄ cross section@39,42#. As a re-
sult, current luminosities used by CDF are 6.2% lower th
those used by DØ, and consequently all DØ cross sect
areab initio 6.2% lower than all CDF cross sections. Pre
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ous DØ measurements relied only on results from CDF
E710. Including the recent E811 measurement of the ine
tic pp̄ cross section in the world average increased the
crepancy in normalization relative to CDF from 3.0%
6.2% ~i.e., current values are 3.2% higher than previous D
measurements!. The luminosity measurement used by D
prior to the E811 result is described more extensively in R
@43#.

VIII. THE CROSS SECTIONS AND THEIR RATIO

The product of theW boson cross section and the branc
ing fraction forW→en is calculated using the relation
s~pp̄→W1X!3B~W→en!5

Nobs
W 3~12 f QCD

W !2eW3Nobs
Z ~12 f QCD

Z !
AZee

W 1AZt
W

AZ•eZ

eW3AW3S 11
AWt

W

AW
D 3L

, ~13!
e-

,

n.

ic
1a
ls

The
n-
ult

-

where Nobs
W and Nobs

Z are the number ofW→en and Z
→ee candidate events, respectively;f QCD

W and f QCD
Z are the

fraction of theW→en andZ→ee candidate events, respe
tively, that come from multijet,b quark, and direct photon
background sources;eW and eZ are the efficiency forW
→en and Z→ee events, respectively, to pass the select
requirements;AW and AZ are the geometric and kinemat
acceptance forW→en and Z→ee, respectively, which in-
clude effects from detector resolution;AWt

W , AZee
W and AZt

W

are the fraction ofW→tn, Z→ee, and Z→tt events, re-
spectively, that passes theW→en selection criteria; andL is
the integrated luminosity of the data sample.

The product of theZ boson cross section and the branc
ing fraction forZ→ee is determined from the relation

s~pp̄→Z1X!3B~Z→ee!5
Nobs

Z 3~12 f QCD
Z !~12 f DY!

eZ3AZ3L ,

~14!

wheref DY is a correction for the Drell-Yan contribution toZ
boson production. The ratioR can therefore be written as

R5
eZ

eW

AZ

AW

1

11
AWt

W

AW

1

12 f QCD
Z

1

12 f DY
FNobs

W

Nobs
Z ~12 f QCD

W !

2eW

~AZee
W 1AZt

W !~12 f QCD
Z !

AZ3eZ
G . ~15!

The uncertainties on the individual cross sections
dominated by the uncertainty on the integrated luminos
measurement~4.3%!. Tables V and VI summarize the resul
for the individual cross sections. The result fors(pp̄→W
1X)3B(W→en) is 2310610~stat!650~syst!6100~lum!
n

-

e
y

pb. The result fors(pp̄→Z1X)3B(Z→ee) is 22163~stat!
64~syst!610~lum! pb. Figure 18 shows a comparison b
tween our results and calculations of orderas

2 using the pro-
gram of Ref.@9# with the CTEQ4M structure functions, aZ
boson mass of 91.188 GeV, aW boson mass of 80.375 GeV
and sin2 uW50.2231. The DØ results in the muon channel@6#
are from run 1a~1992–1993!, and have been multiplied by
0.969 for consistency with the new luminosity normalizatio
Figure 19 shows the run 1b~1994–1995! results for the in-
dividual W and Z boson cross sections times electron
branching fraction and the previous DØ results from run
~1992–1993! @6# for both the electron and muon channe
compared to the corresponding theoretical predictions.
run 1a results are normalized to the new luminosity for co
sistency with run 1b results. Table VII summarizes the res

TABLE V. Values used in theW→en cross section measure
ment.

s(pp̄→W1X)3B(W→en) 23106110 pb

Value
Uncertainty

contribution@pb#

Nobs
W 67078 10

eW 0.67160.009 30
AW 0.46560.004 20

f QCD
W 0.06460.014 35

(AZee
W 1AZt

W )/AZ 0.13360.034
eZ 0.74460.011

f QCD
Z 0.04560.005
NZ

W 6216155 6
AWt

W /AW 0.021160.0021 5
L 84.563.6 pb21 100
1-16
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EXTRACTION OF THE WIDTH OF THEW BOSON FROM . . . PHYSICAL REVIEW D61 072001
for the ratio of the cross sections,s(pp̄→W1X)3B(W
→en)/s(pp̄→Z1X)3B(Z→ee). In the ratio, many of the
systematic uncertainties, including the luminosity unc
tainty, cancel. The uncertainty inR has five main compo-
nents: the uncertainty in the multijet,b quark, and direct
photon backgrounds to theW boson~1.5%!; the statistics of
theZ boson sample~1.4%!; the uncertainty in the ratio of the
W and Z boson acceptances~0.8%!; the uncertainty in the
ratio of theW andZ boson electron identification efficiencie
~0.6%!; and the uncertainty in the multijet,b quark, and di-
rect photon backgrounds to theZ ~0.5%!. In addition, we
assign a 1% uncertainty inR due to next-to-leading-orde
electroweak radiative corrections. The result isR510.43
60.15~stat!60.20~syst!60.10~NLO!.

IX. CONSISTENCY CHECKS

A. Cross sections from the individual cryostats

As a consistency check, we calculate theW andZ boson
cross sections using the data from each calorimeter cryo

FIG. 18. Comparison between measured and predicted c
sections. The lines correspond to a theoretical calculation of o
as

2 using the program of Ref.@9# with the CTEQ4M structure func-
tions, aZ boson mass of 91.188 GeV, aW boson mass of 80.375
GeV, and sin2 uW50.2231. The DØ results in the muon channel a
from Ref. @6# normalized to the new luminosity.

TABLE VI. Values used in theZ→ee cross section measure
ment.

s(pp̄→Z1X)3B(Z→ee) 221611 pb

Value
Uncertainty

contribution@pb#

Nobs
Z 5397 3

eZ 0.74460.011 3
AZ 0.36660.003 2

f QCD
Z 0.04560.005 1
f DY 0.01260.001 ,1
L 84.563.6 pb21 10
07200
-

tat

individually and compare the differences between them w
the uncorrelated uncertainties. The luminosity uncertainty
100% correlated between the different cyostats and there
is not used in these comparisons. For the CC alone, the re
for s(pp̄→W1X)3B(W→en) is 2308611~stat!651~syst!
699~lum! pb. For the EC, the result is 22076166121
695 pb. The dominant uncertainties in the CC are the unc
tainty on the acceptance~621 pb!; the uncertainty on the
efficiency~631 pb!; and the uncertainty from the multijet,b
quark, and direct photon background~634 pb!. The domi-
nant uncertainties in the EC are on the acceptance~620 pb!;
the efficiency~641 pb!; and the multijet,b quark, and direct
photon background~6112 pb!. The uncertainties in the ac
ceptances come from uncertainties in the calorimeter ene
scales~mostly uncorrelated!, assumptions on the distributio
of W and Z boson transverse momentum~correlated!, and
assumptions on the effects of final state radiation~corre-
lated!. The systematic uncertainties in the efficiencies

ss
er

FIG. 19. Run 1a~1992–1993! @6# and 1b~1994–1995! results
for theW andZ boson cross sections times branching fractions. T
line is the theoretical prediction from Ref.@9#. The central value
usesLQCD5296 MeV and the CTEQ4M structure functions. Th
shaded region shows the uncertainty in the prediction due to va
tions in as obtained by varyingLQCD between 213 MeV and 399
MeV. The run 1a results have been normalized to the new lumin
ity to be consistent with run 1b results.

TABLE VII. Values used in the ratio measurement.

R 10.4360.27

Value Uncertainty contribution

Nobs
W /Nobs

Z 12.4360.18 0.15
eZ /eW 1.10860.007 0.06
AZ /AW 0.78760.007 0.09

(AZee
W 1AZt

W )/AZ 0.13360.034 0.03
f QCD

W 0.06460.014 0.16
f QCD

W 0.04560.005 0.05
f DY 0.01260.001 0.01

AWt
W /AW 0.2160.002 0.02
NLO 1.0060.01 0.10
1-17
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mostly correlated. There is a statistical component t
would be uncorrelated, but we neglect it here and assume
efficiencies are correlated. The uncertainties in QCD ba
grounds are mostly uncorrelated between the CC and the
Using the full uncertainty in the background~the uncertain-
ties in acceptance and efficiency can be neglected for
purposes of this comparison!, we estimate the difference be
tween the CC and EC cross sections as 1016196117 pb.

Using only CC-CC combinations, the result fors(pp̄
→Z1X)3B(Z→ee) is 2236464610 pb. For CC-EC
combinations, it is 216656469 pb. For EC-EC combina
tions, it is 23561065610 pb. The dominant uncertainty i
the CC-CC measurement is from the uncertainty on the
ton identification efficiency~3.5 pb!. The dominant uncer-
tainties in the CC-EC measurement are from lepton iden
cation~3.3 pb! and QCD background~2.3 pb!. In the EC-EC
measurements, lepton identification contributes 4.5 pb to
uncertainty, and QCD background contributes 2.5 pb. To
timate the errors on the difference, we assume that the
ciencies are correlated. For the CC-CC measurement,
background contribution is small. Because the CC-EC
EC-EC backgrounds both contain an EC electron candid
we assume the background is 100% correlated. We there
consider only the statistical uncertainty, and we getsCC-CC
2sCC-EC5766 pb, sCC-CC2sEC-EC5212611 pb, and
sCC-EC2sEC-EC5219611 pb.

B. Dependence on instantaneous luminosity

To search for any dependences on luminosity, the data
divided into five subsamples according to the value of
instantaneous luminosity when each event occurred so
each subsample contains approximately one fifth of
events. The mean values of the instantaneous luminosity
each sample are 3.33, 5.40, 7.24, 9.43, and 13
31030cm22 s21. For each subsample, the electron identific
tion efficiencies; the integrated luminosity; and the ba
grounds from multijet,b quarks, and direct photons wer
re-calculated. The electron identification efficiency forW bo-
son events for the highest luminosity bin is 17% lower th
that for the lowest luminosity bin, and the multijet bac
ground is 2% larger. Figures 20 and 21 show theW and Z
boson cross section, respectively, as a function of luminos
Figure 22 shows the ratio of cross sections in the five bin
instantaneous luminosity. The observed cross sections
their ratio do not appear to depend on instantaneous lumi
ity, as the data are statistically consistent with no luminos
dependence.

X. s„pp̄\W¿X…ÃB„W\en… AT AsÄ630 GeV

We measure theW→en cross section using data from
short Tevatron run at a center-of-mass energyAs
5630 GeV @44#. The integrated luminosity is calculated
the same way as for theAs51800 GeV sample, except tha
we use values ofssd , sdd , andsnd which correspond to a
center-of-mass energy of 630 GeV. These values are
tained by interpolating between the measured values aAs
51800 GeV and atAs5546 GeV, and their uncertainties a
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dominated by the uncertainties at 546 GeV. The luminos
calculation atAs5630 GeV is described in Ref.@45#. The
integrated luminosity is 505615 nb21. The cross section for
inclusive W boson production at this center-of-mass ene
has previously been measured by the UA1@46# and UA2
@47# Collaborations. We use the sameW→en selection cri-
teria as was used for the measurement atAs51800 GeV, and
find a total of 130W→en candidate events, 119 of whic

FIG. 20. TheW→en cross section versus instantaneous lum
nosity. The error bars are statistical only. The solid line is the re
from summing over all instantaneous luminosities and the sha
band is the corresponding statistical uncertainty.

FIG. 21. TheZ→eecross section versus instantaneous lumin
ity. The error bars are statistical only. The solid line is the res
from summing over all instantaneous luminosities and the sha
band is the corresponding statistical uncertainty.
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have their electron in the CC calorimeter.
Since the 630 GeV data sample contains very fewZ

→ee candidates~approximately 10!, we do not use this
sample to obtain the electron identification efficiency.
stead, we extrapolate the efficiency from the 1800 G
sample. The efficiency depends on the number of jets in
W→en event and on the ambient energy in the event. T
130 events from the W→en sample taken atAs
5630 GeV, contain no jets withET.25 GeV. Figure 23
shows, for theW→en sample taken atAs51800 GeV, the
electron identification efficiency for events without jets wi
ET.25 GeV as a function of the mean energy per unit
rapidity and per unit of azimuthal anglef. The data sample
taken atAs5630 GeV has a mean energy density of 1
GeV/h/f, wheref is in radians. We fit the curve from th
1800 GeV data to a first-order polynomial and use the fi
extrapolate to this energy density to obtain the efficiency
the electron identification requirements. We obtain an e
tron identification efficiency of 0.80860.024, where the un
certainty comes from the uncertainty in the fit. The efficien
of the LØ trigger forW boson events relative to that fo
minimum bias events is also scaled from the result at 1
GeV. The LØ trigger efficiency for minimum bias events
1800 GeV is 0.905 and at 630 GeV is 0.823. TheW boson
efficiency is scaled by the ratio of these two numbers an
0.89760.009.

The kinematic and fiducial acceptance is evaluated us
the same simulation as was used for the measureme
1800 GeV. The fraction ofW→en events passing our fidu
cial and kinematic requirements at 630 GeV is 0.52160.013.

The background from multijets,b quarks, and direct pho
tons is calculated by scaling the 1800 GeV result, us

FIG. 22. The ratio s(pp̄→W1X)3B(W→en)/s(pp̄→Z
1X)3B(Z→ee) versus instantaneous luminosity. The error b
are statistical only. The solid line is the result from summing o
all instantaneous luminosities and the shaded band is the c
sponding statistical uncertainty.
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f QCD
630 5(P630/P1800)(s j

630/sw
630)(sw

1800/s j
1800), whereP is the

probability for a jet to fake an electron,s j is the cross sec-
tion for jets with smearedpT.25 GeV, andsw is the W
boson cross section. TheJETRAD @48# program together with
a parametrization of the response of the detector has b
shown to be in good agreement with the data@49#. Using this
program, we find (s j

630/sw
630)(sw

1800/s j
1800)50.2860.11 and

P630/P180051.5, giving f QCD
630 50.01660.012. The uncer-

tainty is dominated by the uncertainty in the jet cross sect
from JETRAD. The fraction of the candidates from the oth
sources of background (W→tn,Z→ee,Z→tt) is assumed
to scale in the same way as the signal with center-of-m
energy. Since 621Z boson events are expected to fakeW
boson events at 1800, we expect 6213130/6707851.2
60.3Z boson events to pass theW boson selection at 630
GeV.

Table VIII and Figs. 24 and 18 summarize our result. T
result for s(pp̄→W1X)3B(W→en) is 658658~stat!
634~syst!pb, where the systematic uncertainty includes
3.0% uncertainty in the integrated luminosity.

XI. THE ELECTRONIC BRANCHING FRACTION,
WIDTH, AND INVISIBLE WIDTH OF THE W BOSON

Using the resultss(pp̄→W1X)3B(W→en)52310
6106506100 pb, s(pp̄→Z1X)3B(Z→ee)522163
64610 pb, andR510.4360.1560.2060.10, we can deter-
mine the electronic branching fraction of theW boson via

B~W→en!5R3B~Z→ee!
sZ

sW
. ~16!

s
r
re-

FIG. 23. The efficiency for the electron identification criteria
the CC and EC. Each is measured as a function of the en
density in the event for events containing no jets withET

.25 GeV as evaluated using theZ→ee sample taken atAs
51800 GeV. The mean energy density of the sample taken aAs
5630 GeV is 1.3 GeV/h/f.
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Using B(Z→ee)50.0336760.00006 @50# and sW /sZ
53.36260.053 @9#, we get B(W→en)50.104460.0015
~stat!60.0020~syst!60.0017~other!60.0010~NLO!, where
the next-to-last source of uncertainty comes from uncert
ties in B(Z→ee) and in sW /sZ . The standard model pre
diction is B(W→en)50.108460.0002. Assuming the stan
dard model prediction for the electronic partial width~0.2270
60.0011 GeV@51#!, we can calculate theW boson width
GW5GW

e /B(W→en) as 2.16960.031~stat!60.042~syst!
60.041~other!60.022~NLO!GeV, to be compared with the
standard model prediction ofGW52.09460.006 GeV@51#.
The difference between our measured value and the stan
model prediction, which is the width for theW boson to
decay to final states other than the two lightest quark d
blets and the three lepton doublets, is thus 0.00
60.070 GeV. This is consistent with zero within uncerta

TABLE VIII. Values used in theW→en cross section measure
ment at 630 GeV.

s(pp̄→W1X)3B(W→en) 658667 pb

Nobs
W 130

eW 0.79960.024
Lß 0.89760.009
AW 0.52160.013

Z boson background 1.260.3
(AZee

W 1AZt
W )/AZ 0.13360.034

f QCD
W 0.01660.012

AWt
W /AW 0.02160.002
L 505615 nb21

FIG. 24. Measurements of theW boson inclusive cross sectio
times electronic branching fraction at a center-of-mass energ
630 GeV. Our result is in good agreement with previous meas
ments from the UA1@46# and UA2@47# Collaborations. The shade
band is a NLO prediction from the code of Ref.@9# with the
CTEQ2M parton distribution functions, aZ boson mass of 91.190
GeV, aW boson mass of 80.23 GeV, and sinuw

250.2259.
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ties ~within 1.1 sigmas!, so we set a 95% confidence lev
upper limit on theW boson width to non-standard-mod
final states~‘‘invisible width’’ !. Assuming the uncertainty is
Gaussian, removing the unphysical region where the in
ible width is negative, and integrating to 95% of the rema
ing area, we set a 95% confidence level upper limit on
invisible partial width of theW boson of 0.213 GeV.

We combine our run 1b~1994–1995! result with the DØ
results from run 1a~1992–1993! @6# for R. Table IX com-
pares the two measurements. Because most of the syste
uncertainties in the run 1a measurement in the electron c
nel were dominated by the statistics of the sample used
evaluate the uncertainty, the 1a and 1b measurements in
electron channel are mostly uncorrelated. Only the acc
tance, the Drell-Yan correction, and the NLO uncertaint
are correlated~we have added the same 1% NLO uncertain
to the 1a result!. The measurements in the muon and elect
channels are uncorrelated. With this assumption, we
R510.5160.25,GW52.15260.066 GeV, and a 95% confi
dence level upper limit on the invisible width of 0.191 Ge
Table X summarizes our results.

XII. CONCLUSIONS

We have presented new measurements ofs(pp̄→W
1X)3B(W→en) and s(pp̄→Z1X)3B(Z→ee) using
84.5 pb21 of data. We determines(pp̄→W1X)3B(W
→en)523106110 pb and s(pp̄→Z1X)3B(Z→ee)
5221611 pb. The uncertainty in these measurements
dominated by the luminosity uncertainty. From these m
surements, we have derived the ratioR510.4360.27 and a
new indirect measurement of the totalW boson width,GW
52.16960.070 GeV. We obtain a 95% confidence level u
per limit on the invisibleW boson width of 213 MeV. Com-
bining these results with those from the 1992–1993 run@6#,
we determineR510.5160.25,GW52.15260.066 GeV, and

of
e-

TABLE IX. Comparison of the current run 1b~1994–1995!
measurement to the run 1a~1992–1993! measurement.

Data period R
Correlated
uncertainty

Uncorrelated
uncertainty

1a, electron~13 pb21! 10.82 0.137 0.533
1a, muon~11 pb21! 11.8 0 2.110
1b, electron~84.5 pb21! 10.43 0.137 0.235

TABLE X. Results.

1b
~84.5 pb21!

1a11b combined
(13111184.5 pb21)

Ratio R 10.4360.27 10.5160.25
B(W→en) 0.104460.0032 0.10560.003
GW 2.16960.070 GeV 2.15260.066 GeV
95% C.L. upper
limit GW

inv
0.213 GeV 0.191 GeV
1-20
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a 95% confidence level upper limit on the invisible width
0.191 GeV.
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