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The mass of the W boson, a mediator of the weak force between elementary particles, is tightly constrained
by the symmetries of the standard model of particle physics. The Higgs boson was the last missing
component of themodel. After observation of the Higgs boson, a measurement of theW bosonmass provides a
stringent test of the model. We measure the W boson mass, MW, using data corresponding to 8.8 inverse
femtobarns of integrated luminosity collected in proton-antiproton collisions at a 1.96 tera–electron
volt center-of-mass energy with the CDF II detector at the Fermilab Tevatron collider. A sample of approximately
4 million W boson candidates is used to obtain MW ¼ 80;433:5 T 6:4stat T 6:9syst ¼ 80;433:5 T 9:4MeV=c2,
the precision of which exceeds that of all previous measurements combined (stat, statistical uncertainty;
syst, systematic uncertainty; MeV, mega–electron volts; c, speed of light in a vacuum). This measurement
is in significant tension with the standard model expectation.

T
he observation of the Higgs boson (1–4)
at the LargeHadron Collider (LHC) (5, 6)
has validated the last missing piece of the
standard model (SM) (7–9) of elementary
particle physics. This model, which incor-

porates quantum mechanics, special relativity,
gauge symmetry, and group theory, currently
describes most particle physics measurements
with high accuracy. It postulates a number of

experimentally established symmetries among
particle properties, which tightly constrain the
parameters of the model from experimental
data (10). Given the current experimental preci-
sion and the predictive power of the SM, global
fits of themodel to the data render precise esti-
mates of fundamental parameters, such as the
mass of theW boson. As one of the mediators
of the weak nuclear force, this particle is a key

component of the SM framework. Itsmass, one
of the most important parameters in particle
physics, is presently constrained by SM global
fits to a relative precision of 0.01%, providing a
strongmotivation to test the SM bymeasuring
theWbosonmass to the same level of precision.
All fundamental particle masses, including

that of the W boson, are generated in the SM
through interactions with the condensate of
the Higgs field in the vacuum. The formation
of the condensate and the quantum excitation
of this field, the Higgs boson (2–4), are param-
etrized but not explained by the SM. A number
of hypotheses have been promulgated to pro-
vide a deeper explanation of theHiggs field, its
potential, and the Higgs boson. These include
supersymmetry—a spacetime symmetry relat-
ing fermions and bosons [(11) and references
therein]—and compositeness, in which addi-
tional strong confining interactions produce
the Higgs boson as a bound state [(12) and
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references therein]. Many of these hypotheses
include a source of dark matter, which is cur-
rently believed to comprise ~84% of the matter
in the universe (10) but cannot be accounted
for in the SM. Evidence for dark matter is pro-
vided by the abnormally high speeds of revo-
lution of stars at large radii in galaxies, the
velocities of galaxies in galaxy clusters, x-ray
emissions sensing the temperature of hot gas
in galaxy clusters, and the weak gravitational
lensing of background galaxies by clusters
[(13, 14) and references therein]. The additional
symmetries and fields in these extensions to
the SM would modify (15–24) the estimated
mass of theW boson (Fig. 1) relative to the SM
expectation (10) of MW ¼ 80;357 T 4inputs T
4theory MeV (25). The SM expectation is de-
rived from a combination of analytical rela-
tions from perturbative expansions on the basis
of the internal symmetries of the theory and a
set of high-precision measurements of observ-
ables, including the Z and Higgs boson masses,
the top-quark mass, the electromagnetic (EM)
coupling, and themuon lifetime,which are used
as inputs to the analytical relations. The un-
certainties in the SM expectation arise from
uncertainties in the data-constrained input
parameters (10) and from missing higher-
order terms in the perturbative SM calculation
(26, 27). An example of a nonsupersymmetric
SM extension is a modified Higgs sector that
includes an additional scalar field with no SM
gauge interactions, which predicts anMW shift
of up to ~100MeV (17), depending on themass
of the additional scalar particle and its inter-
actionwith the SMHiggs boson. A light (heavy)
additional scalar particle would induce a pos-
itive (negative) MW shift. Similar but smaller
shifts of 20 to 40 MeV have been calculated
in an extension that contains a second Higgs-
like field with the same gauge charges as
the SM Higgs field (18). Implications of very
weakly interacting new particles such as “dark

photons” (19), restoration of parity conserva-
tion in the weak interaction (20), the possi-
ble composite nature of the Higgs boson (21),
and model-independent modifications of the
Higgs boson’s interactions (22–24) have also
been evaluated.
Previous analyses (28–44) yield a value of

MW ¼ 80;385 T 15 MeV (45) from the combi-
nation of LargeElectron-Positron (LEP) collider
and Fermilab Tevatron collider measurements.
The ATLAS Collaboration has recently re-

portedameasurement, MW ¼ 80;370 T 19MeV
(46, 47), that is comparable in precision to the
Tevatron results. TheLEP, Tevatron, andATLAS
measurements have not yet been combined,
pending evaluation of uncertainty correlations.

CDF experiment at Tevatron

The Fermilab Tevatron produced high yields
ofW bosons from 2002 to 2011 through quark-
antiquark annihilation in collisions of protons
(p) and antiprotons (�p ) at a center-of-mass
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Fig. 1. Experimental
measurements and
theoretical predictions
for the W boson mass.
The red continuous ellipse
shows the MW measurement
reported in this paper and
the global combination of top-
quark mass measurements,
mt ¼ 172:89 T 0:59 GeV (10).
The correlation between the
MW and mt measurements is
negligible. The gray dashed
ellipse, updated (16) from
(15), shows the 68% confi-
dence level (CL) region
allowed by the previous
LEP-Tevatron combination
MW ¼ 80;385 T 15 MeV (45)
and mt (10). That combina-
tion includes the MW mea-
surement published by CDF in
2012 (41, 43), which this
paper both updates (increasing MW by 13.5 MeV) and subsumes. As an illustration, the green shaded region
(15) shows the predicted mass of the W boson as a function of the top-quark mass mt in the minimal
supersymmetric extension (one of many possible extensions) of the standard model (SM), for a range of
supersymmetry model parameters as described in (15). The thick purple line at the lower edge of the green
region corresponds to the SM prediction with the Higgs boson mass measured at the LHC (10) used as
input. The arrow indicates the variation of the predicted W boson mass as the mass scale of supersymmetric
particles is lowered. The supersymmetry model parameter scan is for illustrative purposes and does not
incorporate all exclusions from direct searches at the LHC. unc., uncertainty.
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energy of 1.96 TeV. The (anti)quark momen-
tum distributions in the (anti)proton are the
best-measured among all constituent partons
of the colliding particles. The use of proton-
antiproton collisions reduces uncertainties
on themomenta of the partons and the corre-
spondingMW uncertainty relative to the LHC,
where W bosons are produced from quarks
or antiquarks and gluons, the latter of which
have less precisely known momentum distri-
butions. The moderate collision energy at the
Tevatron further restricts the parton momenta
to a range in which their distributions are
known more precisely, compared with the rel-
evant range at the LHC. The LHC detectors
partially compensate with larger lepton rapidity
coverage. The improved lepton resolution at the
LHC detectors has a minor impact on theMW

uncertainty. Although the LHC dataset is much
larger, the lower instantaneous luminosity at
the Tevatron and in dedicated low-luminosity
LHC runs helps to improve the resolution on
certain kinematic quantities, compared with
the typical LHC runs.
The data sample corresponds to an inte-

grated luminosity of 8.8 inverse femtobarns
(fb−1) of p�p collisions collected by the CDF II
detector (43) between 2002 and 2011 and
supersedes the earlier result obtained from a
quarter of these data (41, 43). In this cylindri-
cal detector [figure 3 of (43)], trajectories of
charged particles (tracks) produced in the
collisions are measured by means of a wire
drift chamber (a central outer tracking drift
chamber, or COT) (48) immersed in a 1.4-T
axial magnetic field. Energy and position mea-
surements of particles are also provided by EM
and hadronic calorimeters surrounding the
COT. The calorimeter elements have a projec-
tive tower geometry, with each tower pointing
back to the average beam collision point at
the center of the detector. Additional drift
chambers (49) surrounding the calorimeters
identify muon candidates as penetrating par-
ticles. Themomentum perpendicular
to the beam axis (cylindrical z axis) is
denoted as pT (if measured in the COT)
or ET (if measured in the calorimeters).
The measurement uses high-purity
samples of electron andmuon (together
referred to as lepton) decays of the W±

bosons, W→ en and W→ mn, respec-
tively (e, electron; n, neutrino; m,muon).

W and Z boson event selection

Events with a candidate muon with
pT > 18GeVor electronwithET> 18GeV
(50) are selected online by the trigger
system for offline analysis. The follow-
ing offline criteria select fairly pure sam-
ples of W → mn and W → en decays.
Muon candidates must have pT >
30 GeV, with requirements on COT-
track quality, calorimeter-energy depo-

sition, andmuon-chamber signals. Cosmic-ray
muons are rejected with a targeted track-
ing algorithm (51). Electron candidates must
have a COT track with pT > 18 GeV and an EM
calorimeter-energy depositionwithET >30GeV
and must meet requirements for COT track
quality, matching of position and energy
measured in the COT and in the calorimeter
(ET/pT < 1.6), and spatial distributions of en-
ergy depositions in the calorimeters (43).
Leptons are required to be central in pseu-
dorapidity ( hj j < 1) (50) andwithin the fiducial
region where the relevant detector systems have
high efficiency and uniform response. When
selecting the W boson candidate sample, we
suppress the Z boson background by rejecting
events with a second lepton of the same flavor.
Events that contain two oppositely charged
leptons of the same flavor with invariant mass
in the range of 66 to 116 GeV andwith dilepton
pT < 30 GeV provide Z boson control samples
(Z → ee and Z → mm) to measure the detector
response, resolution, and efficiency, as well as
the boson pT distributions. Details of the event
selection criteria are described in (43).
The W boson mass is inferred from the

kinematic distributions of the decay leptons
(‘). Because the neutrino from the W boson
decay is not directly detectable, its transverse
momentum pn

T is deduced by imposing trans-
verse momentum conservation. Longitudinal
momentumbalance cannot be imposedbecause
most of the beammomenta are carried away by
collision products that remain close to the beam
axis, outside the instrumented regions of the
detector. By design of the detector, such prod-
ucts have small transverse momentum. The
transverse momentum vector sum of all detect-
able collision products accompanying the W
or Z boson is defined as the hadronic recoil
u
→ ¼ SiEisin qið Þn̂i, where the sum is performed
over calorimeter towers (52) with energy Ei,
polar angle qi, and transverse directions speci-
fied by unit vectors n̂i . Calorimeter towers

containing energy deposition from the charged
lepton(s) are excluded from this sum. The
transverse momentum vector of the neu-

trino p
→n
T is inferred as p

→n
T≡� p

→‘

T � u
→
from p

→
T

conservation, where p
→‘

T is the vector pT (ET) of

the muon (electron). In analogy with a two-
body mass, the W boson transverse mass is
defined using only the transverse momentum

vectors as mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 p‘

Tp
n
T � p

→‘

T � p
→n
T

� �r
(53).

High-purity samples of W bosons are ob-
tained with the requirements 30 < p‘T < 55 GeV,
30< pn

T < 55 GeV, u
→�� ��< 15 GeV,and 60 <mT <

100 GeV. This selection retains samples con-
taining preciseMW information and low back-
grounds. The final samples ofW and Z bosons
consist of 1,811,700 (66,180)W → en ( Z → ee)
candidates and 2,424,486 (238,534)W → mn
(Z → mm) candidates.

Simulation of physical processes

The data distributions of mT, p‘
T, and pnT are

compared with corresponding simulated line
shapes (“templates”) as functions of MW from
a customMonte Carlo simulation that has been
designed andwritten for this analysis. A binned
likelihood ismaximized to obtain themass and
its statistical uncertainty. Thekinematic proper-
ties ofW and Z boson production and decay are
simulated using the RESBOS program (54–56),
which calculates the differential cross section
with respect to bosonmass, transversemomen-
tum, and rapidity for boson production and
decay. The calculation is performed at next-
to-leading order in perturbative quantum
chromodynamics (QCD), along with next-to-
next-to-leading logarithm resummation of
higher-order radiative quantum amplitudes.
RESBOS offers one of themost accurate theoretical
calculations available for these processes. The
nonperturbative model parameters in RESBOS

and the QCD interaction coupling strengthas
are external inputs needed to complete the de-

scription of the boson pT spectrum and
are constrained fromthehigh-resolution
dilepton p‘‘

T spectrum of the Z boson
data and the pW

T data spectrum. EM
radiation from the leptons is modeled
with the PHOTOS program (57), which is
calibrated to the more accurate HORACE

program (58, 59). We use the NNPDF3.1
(60) partondistribution functions (PDFs)
of the (anti)proton, as they incorporate
the most complete relevant datasets of
the available next-to-next-to-leading
order (NNLO) PDFs. Using 25 symmet-
ric eigenvectors of the NNPDF3.1 set, we
estimate a PDF uncertainty of 3.9 MeV.
We find that the CT18 (61), MMHT2014
(62), and NNPDF3.1 NNLO PDF sets pro-
duce consistent results for theW boson
mass, within ±2.1 MeV of themidpoint
of the interval spanning the range of
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Table 1. Individual fit results and uncertainties for the MW

measurements. The fit ranges are 65 to 90 GeV for the mT fit
and 32 to 48 GeV for the p‘T and pnT fits. The c2 of the fit is
computed from the expected statistical uncertainties on the
data points. The bottom row shows the combination of the six
fit results by means of the best linear unbiased estimator (66).

Distribution W boson mass (MeV) c2/dof

mT e; nð Þ 80;429:1 T 10:3stat T 8:5syst 39/48
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

p‘T eð Þ 80;411:4 T 10:7stat T 11:8syst 83/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

pnT eð Þ 80;426:3 T 14:5stat T 11:7syst 69/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

mT m; nð Þ 80;446:1 T 9:2stat T 7:3syst 50/48
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

p‘T mð Þ 80;428:2 T 9:6stat T 10:3syst 82/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

pnT mð Þ 80;428:9 T 13:1stat T 10:9syst 63/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

Combination 80;433:5 T 6:4stat T 6:9syst 7.4/5
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..
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values. The model-dependent nature of the
analysis implies that future improvements or
corrections in any relevant theoretical model-
ing can be used to update our measurement
quantifiably [see section IV of (63)].
The custom simulation includes a detailed

calculation of the lepton andphoton interactions
in the detector (39, 43, 64), as well as models
describing their individual position measure-
ments within the COT. The COT position reso-
lution as a function of radius is determined
using muon tracks from U meson, W boson,
and Z boson decays. All wire positions in the
COT are measured with 1-mm precision using
an in situ sample of cosmic ray muons (65), in
addition to the electron tracks fromW boson
decays. The difference between electron and
positron track momenta relative to their
measured energy in the calorimeter (which

is independent of charge) strongly constrains
certain modes of internal misalignment in
the COT.

Momentum and energy calibration

The track momentum measurement in the
COT is calibrated by measuring the masses
of the J=y and U 1Sð Þ mesons reconstructed
in their dimuon decays and comparing them
with the known values (10). Thesemesonmass
measurements are performedwithmaximum-
likelihood fits to the dimuonmass distributions
from data, using templates obtained from the
custom simulation. Measurements of these
masses as functions of muon momenta are
used to correct for small inaccuracies in the
magnetic field map, the COT position mea-
surements, and the modeling of the energy
loss by particles traversing the detector. A

mismodeling of the energy loss would lead to
a bias linear in themean inverse pT of the two
muons. No such bias is observed after applying
the magnetic field nonuniformity, COT, and
energy-loss corrections (Fig. 2A). The curvature
q/pT measured by the COT, where q is the
particle charge, is an analytic function of the
true curvature. The curvature response func-
tion analytically yields a linear dependence
of the measured invariant mass on p�1

T , and
higher-order terms in p�1

T are negligible. The
correction for the fractional deviation of the
measured momentum from its correct value,
Dp=p ≡ pmeasured=ptrue � 1, is inferred from the
comparison of the measured meson masses
to their more-precise world-average masses.
The Dp=p corrections extracted from the in-
dividual J=y and U 1Sð Þ invariant mass fits
are consistent with each other, and the results
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Fig. 2. Calibration of track momentum and electron’s calorimeter energy.
(A) Fractional deviation of momentum Dp=p (per mille) extracted from fits to the
J=y→ mm resonance peak as a function of the mean muon unsigned curvature
1=pmT
� �

(blue circles). A linear fit to the points, shown in black, has a slope consistent
with zero (17 ± 34 keV). The corresponding values of Dp=p extracted from fits to the
U→ mm and Z→ mm resonance peaks are also shown. The combination of all of
these Dp=p measurements yields the momentum correction labeled “combined,”
which is applied to the lepton tracks in W boson data. Error bars indicate the

uncorrelated uncertainties (total uncertainty) for the individual boson measurements
(combined correction). (B) Distribution of E/p for the W→ en data (points) and
the best-fit simulation (histogram) including the small background from hadrons
misreconstructed as electrons. The arrows indicate the fitting range used for
the electron energy calibration. The relative energy correction DSE, averaged over
the calibrated W and Z boson data [see fig. S13 in (63)], is compatible with zero.
In this and other figures, PKS refers to the Kolmogorov-Smirnov probability of
agreement between the shapes of the data and simulated distributions.
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Fig. 3. Decay of the Z boson. (A and B) Distribution of (A) dimuon and (B) dielectron mass for candidate Z→ mm and Z→ ee decays, respectively. The data (points)
are overlaid with the best-fit simulation template including the photon-mediated contribution (histogram). The arrows indicate the fitting range.
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are combined to obtain Dp=p ¼ �1393 T 26ð Þ
parts per million (ppm).
The combinedmomentum calibration is used

to measure the Z boson mass in the dimuon
channel (Fig. 3A), which is blinded with a
random offset in the range of −50 to 50 MeV
until all analysis procedures are established. The
unblinded measurement is MZ ¼ 91;192:0 T
6:4stat T 4:0syst MeV (stat, statistical uncertainty;
syst, systematic uncertainty), which is consistent
with the world average of 91;187:6 T 2:1 MeV
(10, 44) and therefore provides a precise con-
sistency check. Systematic uncertainties on MZ

result from uncertainties on the longitudinal
coordinatemeasurements in the COT (1.0MeV),
the momentum calibration (2.3 MeV), and the

QED radiative corrections (3.1MeV). The latter
two sources are correlated with the MW mea-
surement. The Z → mm mass measurement is
then included in the final momentum calibra-
tion. The systematic uncertainties stemming
from the magnetic field nonuniformity dom-
inate the total uncertainty of 25 ppm in the
combined momentum calibration.
After track momentum (p) calibration, the

electron’s calorimeter energy (E) is calibrated
using the peak of the E/p distribution in
W → en (Fig. 2B) and Z → ee [fig. S13 in (63)]
data. Fits to this peak in bins of electron ET

determine the electron energy calibration and
its dependence on ET. The radiative region of
the E/p distribution (E/p > 1.12) is fitted to

measure a small correction (≈5%) to the
amount of radiative material traversed in
the tracking volume. The EM calorimeter
resolution is measured using the widths of
the E/p peak in the W → en sample and of
the mass peak of the Z → ee sample.
We use the calibrated electron energies to

measure the Z boson mass in the dielectron
channel (Fig. 3B), which is also blinded with
the same offset as used for the dimuon chan-
nel. The unblinded result, MZ ¼ 91;194:3 T
13:8stat T 7:6syst MeV , is consistent with the
world average, providing a stringent consist-
ency check of the electron energy calibration.
Systematic uncertainties on MZ are caused
by uncertainties on the calorimeter energy
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Fig. 4. Decay of the W boson. (A to C) Distributions for mT (A), p‘T (B), and p
n
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The data (points) and the best-fit simulation template (histogram) including backgrounds (shaded regions) are shown. The arrows indicate the fitting range.

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org at K

IT
 L

ibrary on M
ay 04, 2022



(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of the Z boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z → eeð Þmass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.
The spectator partons in the proton and

antiproton, as well as the additional (≈3) p�p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

→
. These contributions are

measured from events triggered on inelastic
p�p interactions and random bunch cross-
ings, reproducing the collision environment
of theW and Z boson data. Because there are
no high-pT neutrinos in the Z boson data, the
p
→
T imbalance between thep

→‘‘

T andu
→
inZ → ‘‘

events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
→
also requires knowledge of the distribution of

the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation of u

→
. This

energy flow ismeasured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributions of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. The W boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z → ‘‘ decays with
only one reconstructed lepton,W → tn→ ‘n�nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t, tau lepton; �n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas the Z → ‘‘ and W → tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z → ‘‘ decays, 0.88% (0.94%) from
W → tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.
The fit results (Fig. 4) are summarized in

Table 1. The MW fit values are blinded during
analysis with an unknown additive offset in the
range of−50 to 50MeV, in the samemanner as,
but independent of, the value used for blinding
the Z bosonmass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (p‘T , pnT ) fit between the muon and

electron channels is 5.8 (7.9, 7.4)MeV. Themass
fits are stable with respect to variations of the
fitting ranges.
Simulated experiments are used to evaluate

the statistical correlations between fits, which
are found to be 69% (68%) between mT and
p‘T (p

n
T) fit results and 28% between p‘

T and pnT
fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW ¼ 80;433:5 T 9:4MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, p‘

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of themea-
surement fromthe larger sample is still improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data inwaysnot employedpreviously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previousmeasure-
ment is increased by 13.5MeV to 80,400.5MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.
In conclusion, we report a new measure-

ment of theW bosonmass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb−1

of integrated luminosity. This measurement,
MW ¼ 80;433:5 T 9:4MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW ¼ 80;357 T 6MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW ¼ 80;427:4 T 8:9MeV.
Assuming no correlation between the Tevatron
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Fig. 5. Comparison of this CDF
II measurement and past MW

measurements with the SM
expectation. The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.

)2W boson mass (MeV/c

79900 80000 80100 80200 80300 80400 80500

CDF II    9±80433  

SM

ATLAS   19±80370  

SM

D0 II   23±80376  

SM

ALEPH   51±80440  

SM

OPAL   52±80415  

SM

L3   55±80270  

SM

DELPHI   67±80336  

SM

CDF I   79±80432  

SM
D0 I   83±80478  

SM

Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton energy resolution 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy scale 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy resolution 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton efficiency 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton removal 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Backgrounds 3.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pZT model 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pWT =p
Z
T model 1.3

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Parton distributions 3.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

QED radiation 2.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

W boson statistics 6.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Total 9.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .
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and LEPmeasurements, their average becomes
MW ¼ 80;424:2 T 8:7 MeV.
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Weighing the W boson
W bosons mediate the weak interaction, one of the fundamental forces in physics. Because the Standard Model (SM)
of particle physics places tight constraints on the mass of the W boson, measuring the mass puts the SM to the test.
The Collider Detector at Fermilab (CDF) Collaboration now reports a precise measurement of the W boson mass
extracted from data taken at the Tevatron particle accelerator (see the Perspective by Campagnari and Mulders).
Surprisingly, the researchers found that the mass of the boson was significantly higher than the SM predicts, with a
discrepancy of 7 standard deviations. —JS
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