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We present a measurement of the mass of the W boson using data collected with the Collider
Detector at Fermilab during the 1992—93 collider run at the Fermilab Tevatron. A fit to the
transverse mass spectrum of a sample of 3268 W ~ p, v events recorded in an integrated luminosity of
19.7 pb ' gives a mass Mtv = 80.310 ~ 0.205(stat) ~ 0.130(syst) GeV/c . A fit to 5718 W ~ ev
events recorded in 18.2 pb ' gives Ms'v = 80.490 ~ 0.145(stat) ~ 0.175(syst) GeV/c~. Combining
these results, accounting for correlated uncertainties, yields Msv = 80.410 ~ 0.180 GeV/c .

PACS numbers: 14.70.Fm, 12.15.Ji, 13.38.Be, 13.85.Qk

The relations between gauge boson masses and the cou-
plings of gauge bosons allow incisive tests of the standard
model of the electroweak interactions. The relationships
are precisely specified at Born level; higher-order radia-
tive corrections are sensitive to the top quark mass Mf p
and the Higgs boson mass MH;ss, [1]. Measurements of
the properties of the Z boson, as well as measurements
in atomic transitions, muon decay, and deep-inelastic scat-
tering, tightly constrain the relationship between allowed
values of the W mass, Mw, and M„z [2]. Precise mea-
surements of M~ and Mtpp if inconsistent with the al-
lowed range of predictions, could indicate the existence of
new phenomena at or above the electroweak scale. Alter-
natively, within the confines of the standard model, such

12

measurements predict MH;gg, . The measurement of the
6' mass is unique among electroweak measurements in its
sensitivity to charged currents at large momentum transfer.

This paper summarizes [3] a measurement of the W
mass using W ~ p, v and W ~ e v decays observed in
antiproton-proton (pp) collisions produced at the Fermi-
lab Tevatron with a center-of-mass energy of 1800 GeV.
The results are from a data sample with an integrated lu-
minosity of 19.7 pb ', collected by the Collider Detector
at Fermilab (CDF) during the period from August 1992 to
May 1993 [4].

The CDF [5] is an azimuthally and forward-backward
symmetric magnetic detector designed to study pp col-
lisions at the Tevatron. We briefly describe here those
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aspects of the detector relevant to this analysis. The
magnetic spectrometer consists of tracking devices in-
side a 3-m diameter, 5-m long superconducting solenoidal
magnet which operates at 1.4 T. A four-layer silicon
microstrip vertex detector (SVX) [6], located directly out-
side the beryllium beam pipe, is used to provide a pre-
cision measurement of the beam axis. Outside the SVX
is a set of vertex time projection chambers (VTX), which
provides r z[7] -tracking, used to find the z position of
the Pp interaction (event vertex). Outside the VTX is the
central tracking chamber (CTC), a 3.2-m long drift cham-
ber used to measure the momentum of muons and elec-
trons with up to 84 position measurements per track. The
calorimeter is divided into a central barrel (~g~ & 1.1),
end plugs (1.1 & ~g~ & 2.4), which form the pole pieces
for the solenoidal magnet, and forward/backward mod-
ules (2.4 & ~g~ & 4.2). The calorimeters are constructed
as projective electromagnetic and hadronic towers [5].
The towers subtend approximately 0.1 in g by 15 in P
(central) or 5' in P (plug and forward). The energies
of electrons are measured in the central electromagnetic
calorimeter (CEM). Muons are identified with the cen-
tral muon chambers (CMU), situated outside the calorime-
ters in the region

~ g ~
& 0.6. Momentum is the kinematic

quantity necessarily measured for muons; for electrons we
use the energy as measured in the calorimeter as it is much
less sensitive to the effects of bremsstrahlung.

This analysis uses the two-body decays W ~ p, v and
W ~ ev. Since the apparatus cannot detect the neutrino
or measure the longitudinal component of the W momen-
tum, there is insufficient information to reconstruct the
invariant mass of the W. However, we can infer one addi-
tional kinematic quantity, the transverse component of the
neutrino momentum, from a measurement of the transverse
momentum imbalance in the calorimeters. For each event
we have enough information to construct the transverse
mass MT = [(ET + ET) —(ET + ET) ]'~, where E7.
is the transverse energy [7] of the charged lepton (elec-
tron or muon), and ET is the transverse energy of the neu-
trino. The measurement of M~ is obtained from a detailed
analysis of the Jacobian line shape of the transverse mass
distribution.

The transverse energy of the neutrino is calculated us-
ing the charged lepton energy or momentum and the
net transverse energy of all other particles (the "recoil"),
ET' = —(ET + u). The recoil u is calculated as u =
gE'" '"(n . r) r", where the sum is over both electromag-
netic and hadronic calorimeter towers, F" " is the energy
measured in the tower, 6 is the unit vector pointing in the
direction of the center of the tower from the event ver-
tex, and r is the unit vector in the radial direction [7].
The sum is carried out for towers in the region

~ g ~
& 3.6.

Towers in proximity to the charged lepton are excluded
from this sum; 30 MeV per excluded tower is added back
in to account for average energy flow unrelated to the
lepton [3].

The event selection is intended to produce a sample
of W bosons with low background and well-understood
lepton and neutrino kinematics. Electrons are required to
be within a restricted fiducial region of the CEM and have
ET ) 25 GeV [3]. Muons are required to be within the
fiducial region of the CMU and to have pT ~ 25 GeV/c.
Neutrinos are required to have ET ) 25 GeV. In addition,
we require ~u~ & 20 GeV, no jet [8] with ET & 30 GeV,
and no tracks with pT ) 10 GeV/c other than that of
the charged lepton. Events consistent with cosmic rays
or Z ~ A' are removed. The lepton track is required to
come from an event vertex located within 60 cm of the
detector center along the z axis. The W ~ p, v sample
consists of 3268 events with transverse masses in the range
65 & MT & 100 GeV/c; the W ~ ev sample consists
of 5718 events in the same MT range. We estimate the
background from the process W ~ r v ~ 8vvv to be
0.8%%uo of the W ~ ev and W ~ p, v samples. Events
from Z ~ 8Z where one lepton is lost make up 0.1% of
the W ~ e v sample, and (3.6 + 0.5)% of the W ~ p, v

sample. Backgrounds from W ~ 7.v ~ h + X, where
h is a single charged hadron, Z ~ ~~, WW, and t t
production, and cosmic rays are estimated to be small [3].

The momentum scale and resolution of the tracking
system and the energy scale and resolution of the CEM
are measured from the data. The CTC is aligned by
requiring that the ratio of calorimeter energy to track
momentum, E/p, be charge independent for high-pT
electrons. The momentum scale is determined from a
sample of —60000 J/rP decays [see Fig. 1(a)], which
are also used to limit systematic effects on the scale
such as nonlinearities and geometric variations. We find
that the nominal scale should be corrected down by a
factor of 0.99984 ~ 0.00058 [3] for the J/P mass to
agree with the world average value, MJ/~ = 3096.88 ~
0.04 MeV/c [9]. The scale is verified by measuring
the Z and Y masses [3]. The uncertainty in the mo-
mentum scale, including the extrapolation from MJ/~ to
Mqr, contributes an uncertainty of 50 MeV/cz on M~
(see Table I). The momentum resolution is determined
from the width of the mass peak in a sample of 330 Z ~
p, p, events [see Fig. 1(b)] to be 6pT/pT = 0.000810 ~
0.000085(stat) ~ 0.000010(syst) (GeV/c) ', and con-
tributes 60 MeV/c to the uncertainty on M~.

The CEM tower responses are equalized using E/p
for electrons in a sample of —140 000 events with
FT ~ 9 GeV. The absolute CEM energy scale is
transferred from the CTC momentum scale using E/p for
electrons in the W ~ ev sample [see Fig. 1(c)]. This
procedure contributes an additional 110 MeV/c scale
uncertainty on M~ for the W ~ e v channel (see Table I),
of which 65 MeV/c is statistical, and 90 MeV/c2 is
systematic [3]. The energy resolution is (6E/E)z =
[(13.5)% GeV'~ //ET] + [(1.0 ~ 1.0)%], where the
first term is measured with an electron test beam [10],
and the second term is determined from a sample of

13
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FIG. l. (a) The dimuon mass spectrum near the J/P mass peak, used to normalize the momentum scale. (b) The dimuon
mass spectrum near the Z mass peak, used to determine the momentum resolution. (c) The E/p spectrum for electrons from the
W ~ ev sample, used to determine the energy scale. (d) The dielectron mass spectrum near the Z mass peak, used to determine
the energy resolution.

TABLE. I. Summary of uncertainties (in MeV/cz) in the W
mass measurement.

Uncertainty

Statistical

Energy scale
Scale from J/P
CTC alignment
Calorimeter

Other systematics
e or p, resolution
Input pT
Recoil modeling
Parton dist. functions
e or p, ID and removal
Trigger bias
Radiative corrections
W width
Higher-order corrections
Backgrounds
Fitting

145

120
50
15

110
130
80
45
60
50
25
0

20
20
20
10
10

205

50
50
15

120
60
45
60
50
10
25
20
20
20
25
10

Common

50
50
15

90

25
60
50

5

20
20
20

Total uncertainty 230 240 100

259 Z ~ ee decays [see Fig. 1(d)]. The uncertainty in
the energy resolution contributes 80 MeV/c to the uncer-
tainty on Mu. The width of the E/p distribution for the
W ~ e v sample is described well by the measured reso-
lutions in F and p. The reconstructed mass in Z ~ ee
decays is also used as a check on the CEM energy
scale [3].

The detector response to the recoil lu~ is directly cali-
brated using Z ~ ee decays, for which there is a good
measurement of the true pT from the measured electronz

energies. The Z ~ ee event sample is used as a table
from which one can look up the measured response ~u ~

for
a given pT. We assume that the response to the recoil
from a W of a given pT is the same as that to the recoil
from a Z of the same pT.

Line shapes in transverse mass corresponding to dif-
ferent W masses are simulated with a leading-order (i.e.,

pT = 0) Monte Carlo program using the Martin-Roberts-
Stirling D' parton distribution functions [11]. The line
shapes include contributions from significant backgrounds
[3]. To model the line shape accurately, we need to incor-
porate a pT spectrum in the simulation. The similarity of
the pT spectra of W and Z bosons observed in direct mea-
surements [12] and in theoretical predictions [13] leads us
to use the observed Z ~ ee pT spectrum, corrected for
electron energy resolutions, as an initial guess for the pT
spectrum. We modify the shape of this spectrum in order
to match the observed u~ distribution for the W events,
where u~ is the component of the recoil perpendicular to
the direction of the charged lepton. We find that the sim-
plest modification, scaling pT in the pT distribution by
a constant factor, gives good agreement for both electron
and muon u & distributions. We consider other modifi-
cations to the shape in estimating systematic errors; the
uncertainty on M~ due to the modeling of the pT spec-
trum is 45 MeV/c [3].

Transverse mass spectra are generated for a range of
W masses, at 100 MeV/c2 intervals for W ~ ev, and
150 MeV/c2 intervals for W ~ p, v [3]. The value of the
W width used is I u = 2.064 GeV [14]. At each mass
point, an unbinned log-likelihood value is calculated for
the hypothesis that the data are consistent with that mass.
The log-likelihood values fit well to a parabola. The
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FIG. 2. Transverse mass spectra for (a) W ~ tu, v and (b)
W ~ e v decays. The arrows delimit the fit region.
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M... (GeV/c')
220

transverse mass spectra and the Monte Carlo line shapes
corresponding to the best fit mass are shown in Fig. 2.
We add 168 ~ 20 and 65 ~ 20 MeV/cz to the fitted
masses in the muon and electron channels, respectively
[3], to account for the effects of radiative W decay [15].

The value of the W mass extracted from the
W ~ p, v data is Miv = 80.310 + 0.205(stat) ~
0.130(syst) GeV/c . The mass from the W ~ ev data
is Miv = 80.490 ~ 0.145(stat) ~ 0.175(syst) GeV/c .
Accounting for correlations in the uncertainties, the
combined data yield Miv = 80.410 ~ 0.180 GeV/c .
Fits with the W width unconstrained yield consistent
results [3].

The measurement uncertainties are summarized in Ta-
ble I. The largest systematic uncertainties, beyond those
of the momentum and energy scales described above, are
due to the limitations on determining the electron en-

ergy and muon momentum resolutions, the W transverse
and longitudinal production distributions, and the detector
response to the recoil. Varying the parton distribution
functions of the proton varies the distribution of the W
longitudinal momentum, and, through acceptance effects,
the line shape of the transverse mass spectrum, leading
to an uncertainty on M~. We use a measurement of the
forward-backward charge asymmetry in W decays [16] to
set a limit on this effect. Other sources of systematic un-
certainty, each contributing 25 MeV/c or less, are lepton
identification (ID) and separation of the lepton energy de-
posit from the recoil energy sum, trigger bias, radiative
corrections, the W width, higher-order QCD corrections
to W production, backgrounds, and the fitting procedure.
For the purpose of combining the W ~ ev and W ~ p, v
measurements, we also list in Table I those components
of the uncertainties common to the two channels. Details
on the methods used to determine the systematics, and the
checks on the methods used, are given in Ref. [3].

FIG. 3. The CDF measurements of M~ and M„~ = 176 ~
13 GeV/c~ [19], compared to a standard model calculation
[20]. The bands represent folding in quadrature uncertainties
on n(Mz), Mz, and a, (Mz).

This measurement of the W boson mass has an uncer-
tainty half that of the best previously published mea-
surements [17,18]. Figure 3 shows the sensitivity in
the M~ Mtpp plane of this result, M~ = 80.410 ~
0.180 GeV/c, when combined with the value M„z =
176 ~ 13 GeV/c [19], compared to theoretical predic-
tions based on electroweak radiative corrections [20].
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