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An analysis of 8'- and Z-boson production using data from the Collider Detector at Fermilab at
Js =1.8 TeV yields o(W ev)/o'(Z ee) =10.2~0.8(stat) ~0.4(syst). The width of the W boson
I (8'), and a limit on the top-quark mass independent of decay mode are extracted from this measure-
ment.

PACS numbers: 13.38.+c, 12.15.Ff, 14.80.Dq, 14.80.Er

The ratio of the cross section in pp collisions for W
production to that of Z production with subsequent de-
cays into electron(s) can be expressed' as

o(W ev) cr(Pp WX) I (W ev) I (Z)
a(Z ee) o(pP Z~) I (Z ee) F(W)

(1)
From R, the ratio of the total widths, I (Z)/I (W), can
be extracted since the ratio of the production cross sec-
tions, a(pp WX)/o(pp ZX), and the ratio of the
partial widths for electron decays, I (W ev)/
I (Z ee), are predicted from the proton structure
functions, standard-model couplings, and the vector-
boson masses. Both the theoretical uncertainties in the
cross sections and the experimental systematic uncertain-
ties tend to cancel in the ratio of the cross sections. Re-
cent measurements of I (Z) allow I (W) to be calculat-
ed with a much smaller uncertainty than that obtained
by direct measurements.

We present a measurement of R using a data sample
from the Collider Detector at Fermilab (CDF) corre-
sponding to an integrated luminosity of 4.4 pb in pp
collisions at a center-of-mass energy Js =1.8 TeV. Pre-
vious measurements have been reported at Js =630
GeV, and limits on the number of light-neutrino genera-
tions and the top-quark mass have been extracted from
these results. '

In the CDF, scintillator planes (BBC) located at
small angles to the beam directions signal an inelastic
event. A vertex time-projection chamber (VTPC) mea-
sures the event vertex, and a drift chamber enclosed by a
superconducting solenoid allows for precise momentum
measurement. Calorimeter coverage extends in a projec-
tive tower geometry over the range —4.2 & g & 4.2,
where ri—= —In(tan8/2). The forward, 2.4 &

~ rl ~
& 4.2,

and plug, 1.1 &
~ rl ~

& 2.4, calorimeters are constructed
with gas proportional chambers. The central calorime-
ters,

~ r) ~
& 1.1, use a scintillator as the active medium.

A proportional chamber (strip chamber) imbedded near
shower maximum in the central electromagnetic calorim-
eter (CEM) measures the position and shape of elec-
tromagnetic showers.

W and Z candidates were selected from a common

sample of events with at least one well-measured, isolat-
ed, high-transverse-momentum (pT) electron in the
CEM. Loose cuts were then adequate to determine with
high efficiency whether the other lepton was a neutrino
(W decay) or an electron (Z decay). This strategy can-
cels systematic uncertainties in the event selection, in-

tegrated luminosity, and efficiency of the central-electron
selection in the W/Z ratio. It was also required that

there be no additional clusters with transverse energy
(ET) & 10 GeV other than the electron(s) in the event.
This "zero-jet" requirement reduces systematic uncer-
tainties and backgrounds.

Events had to pass a hardware trigger requiring (i)
hits in both forward and backward BBC's, (ii) a CEM
cluster with ET & 12 GeV, (iii) a track associated with
this cluster with pT & 6 GeV/c, and (iv) a ratio of ha-
dronic to electromagnetic ET in the cluster (H/E)
& 12.5%.

The central-electron sample was selected by requiring
that (i) there exist a CEM cluster with

~ rl ~
& 1.0 and

ET & 20 GeV; (ii) the cluster be away from calorimeter
edges so that its energy is well measured; (iii) the ratio
of cluster energy to track momentum, E/P, be in the
range 0.5 & E/P &2.0; (iv) the strip-chamber shower
profile in the z direction and the lateral energy sharing
between calorimeter towers be consistent with an elec-
tron shower; (v) H/E & 0.05; (vi) there be a good match
between the strip-chamber shower and the extrapolated
track positions; and (vii) a measure of isolation,
1=(Ec.—ET)/ET, where Ec is the total transverse ener-

gy within a cone of radius 0.4 in rl-p space centered on
the cluster, be & 0.1. Finally, the event vertex had to be
within 60 cm (2o ) of the center of the interaction region
in the z direction. A total of 4777 events satisfy these
criteria.

W candidates were selected by requiring that the miss-
ing transverse energy (k"T), defined as the magnitude of
the vector sum of transverse energy over all calorimeter
towers in the region

~ ri ~
& 3.6, be & 20 GeV, and there

exist no additional clusters with FT & 10 GeV. There
are 1828 events satisfying these criteria. Figure 1 shows
the transverse-mass (MT ) spectrum of these events along
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FIG. l. The transverse-mass spectrum for 8' ev candi-
dates. The curve is a Monte Carlo prediction for M~=80
GeV/c ~.
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with a Monte Carlo prediction (MT = r2Erk"T(1
—cosa)] '/, where a is the azimuthal angle between the
k"T vector and the electron).

Z candidates were selected by requiring that (i) there
be a second electromagnetic cluster with ET & 10 GeV in

any of the regions 0.05 &
~ q ~

& 1.0, 1.3 &
~ rl ~

& 2.2, or
2.4 &

~ rl ~
& 3.7; (ii) the cluster be away from calorime-

ter edges; (iii) H/E & 0.1; (iv) I &0.2; (v) if the cluster
is in the central region, 0.5 & E/P & 2.0; and (vi) if the
cluster is in the plug region, the transverse-energy profile
be consistent with electron-test-beam results. We re-
quired no additional clusters with ET & 10 GeV. Figure
2 shows the invariant-mass distribution of these events.
Finally, the invariant mass of the two electromagnetic
clusters was required to be between 65 and 115 GeV/c .

There are 193 events satisfying these criteria.
The largest background in the W ev sample is from

rv, followed by r evv. We have used the ISAJET
Monte Carlo program and the observed W ev rate to
estimate this background to be 67+ 6 events. Another
background is Z ee, with one electron undetected by
the calorimeters. ISAJET with a full detector simulation
predicts 12+ 5 events. The W background from Z
was similarly found to be 4+ 1 events. Background
from jet production was estimated to be 18+ 9 events by
comparing the rates of isolated and nonisolated electrons
in events passing the k'T cut (i.e., the W sample) to the
rates for a sample with the same electron cuts but with
k"T & 10 GeV.

From a study of the isolation of the second electron we
estimate the background in the Z ee sample from jet
production to be 5+ 3 events with no contribution in the
central region where we have momentum determination.
The background due to Z rr was estimated to be
&0.5 event using ISAJET and the detector simulation.

The background due to QCD production of W events
with jets was estimated to be 1+ 1 event by comparing
the k"T distribution of our Z sample to the k"T distribu-
tion of W-plus-jet events produced from the PAPAGENO

Monte Carlo program' with the detector simulation.
The Wand Z selection is summarized in Table I.

Using experimentally measured quantities, R can be
written

Ng Az

Nz A~ &w
(2)

~here N~ and Nz are the background-subtracted num-
ber of W and Z candidates, Az and A~ are the geome-
trical acceptances including the electron ET cut, and ez
and e~ are the detection efficiencies for Z ee and
W ev decays. The acceptances were calculated with a
Monte Carlo simulation which generates W and Z bo-
sons from the leading-order diagram qq W(Z) using a
variety of proton structure functions and simple parame-
trizations of the boson pT. A simple detector model,
with nominal energy resolutions and with k"T resolution
determined from the W data, was used to check that the
decay leptons passed the ET cuts, and that the electrons
passed fiducial cuts. Using the Martin-Roberts-Stirling
structure functions, ' ' we find A g =35.1% and Az
=37.4%. DiAerent structure functions ' can change
Az/Aw by up to ~ 2.5%; we take this to be the contribu-
tion to the systematic uncertainty from the structure
functions. A change in sin 8~, where sin 8~
—= (1 —Mw/Mz), from 0.229 of ~ 0.007 changes Az/Aw
by + 0.8% and variations in the pT spectrum of the bo-
sons affect Az/Aw at the ~0.6% level. We assign an
additional 1% uncertainty due to higher-order correc-
tions to the W and Z rapidity distributions. The accep-
tances agree with results from the ISAJET program.

The ratio of efficiencies in Eq. (2) can be written

80—
r r WT T r r r r Tr r ' r

[
t t & r

t
r r Fccc i (2c2 c 1 ) +Fepc 1p +Fc/c If

C)E'~
(3)

TABLE I. Summary of W and Z event selection and back-
grounds. The first uncertainty is statistical and the second is

systematic.

W events Z events

60 80 l00 120
i'air Mass lGe'//c )

I40

The invariant-mass spectrum for Z ee candidates
before the mass cut. Approximately 60% have one electron in

the gas calorimeters. The curve is a Monte Carlo prediction
using the nominal values for the resolutions, a.tE)/E =28%/
JE + 2% for the gas calorimeters and rr(E)/E =135%/JE.
+1.7% for the central calorimeter, where E is in GeV. Radia-
tive effects are not included. The Monte Carlo events away
from the peak are due to the Drell-Yan continuum.

Inclusive e
Candidates
Background:

W rv
Z ee
Z Tt
W+ jet
@CD

Total bkgd.

Total

1828

67 ~6
12~5
4~1

18 ~9
101 ~ 12

1727 ~ 43 ~ 12

4777
193

& 0.5
I+I
5+3
6+3

187~14+ 3
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TABLE II. Summary of W and Z acceptances and efficiencies. l3—

Az/A rv

F,,
F,p
Fcf
CI

c2

6v

+z/&w

W events

1.065 ~ 0.031

0.86+ 0.03

0.965 ~ 0.005
1.04+ 0.03

Z events

0.39
0.47
0.14

0.86 ~ 0.03
0.96 ~ 0.02
0.96+ 0.03
0.97 ~ 0.03

12
— —95'/o' L

90'/o C, L

20 40 60 80 100

Top Quark Mass {GeV/c )

—l2

-10

where F„,F,.~, and F,f are the fraction of Z events with

the second electron in the central, plug, and forward re-

gions extracted from the acceptance studies, e, is the
efficiency for the k"T cut for a W decay with an electron
of ET & 20 GeV, and cr, cz, p, and f are the efficiencies
for the common central, loose central, plug, and forward
electron selections. In Eq. (3) we have neglected the
contribution to t. z from events where the second central
electron has 10 GeV & ET & 20 GeV because the accep-
tance for this class of events is negligible.

The efficiency c~ almost cancels completely because a
central electron is required for every event. The term
2c2 —c~ arises because Z events with both electrons in

the central region can have either electron satisfy the
common electron cuts. The neutrino efficiency was stud-
ied with the Monte Carlo generator by varying the pT
spectrum of the W and the k"T resolution of the detector,
The electron efficiencies were measured using a W sam-
ple selected on the basis of k"T and by studying the
second electron in Z decays. The results obtained from
the two methods agree well. The values of the accep-
tances and the efficiencies are summarized in Table II.

The "zero-jet" requirement is expected to increase the
ratio R by 0.8% ~0.5%. ' The changes in R when vary-
ing the jet threshold from 5 to 15 GeV are consistent
with statistical fluctuations. A second effect, due to the
Drell-Yan continuum, increases the number of Z candi-
dates and thus decreases the ratio R by an estimated
0.5%. We therefore multiply R by the factor 0.997 for
the combined effects.

From the numbers of Tables I and I I we obtain
R =10.2+ 0.8(stat) +'0.4(syst). Using this value of R
sin 0~ =0.229+ 0.007, ' and predicted values for
a(W)/cr(Z) =3.23 ~ 0.03 ' and I (W ev)/F(Z ee)
=2.70+.0.02 ' we extract I (W)/F(Z) =0.85 ~ 0.08.
Using the measured value of I (Z) =2.57 ~ 0.07 GeV, '
we find I (W) =2.19 ~0.20 GeV. The standard-model
prediction with Mtv =80.0 GeV/c, a, =0.13, and

M„~ & Mrv —Mb is I (W) =2.07 GeV.
Recent searches' have set lower limits on Mt„~ up to

77 GeV/c assuming standard-model decays. Figure 3
shows a prediction for the ratio I (W)/F(W ev) as a

FIG. 3. The predicted value of I (W)/I (W ev) as a func-
tion of the top-quark mass for M~ 80 GeV/c and a, =0.13.
The value calculated from Eq. (1) with 90%- and 95%-C.L.
limits is shown. We use this ratio since it depends only weakly
on the W mass.

function of the top-quark mass. From the values quoted
above we find I (W)/I (W ev) =9.8 ~0.9. This value
excludes M„~ below 41 (35) GeV/c at the 90% (95%)
confidence level independent of the decay modes of the
top quark. '
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