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43, 62] as well as models describing their individual position measurements within the COT. The COT position
resolution as a function of radius is determined using muon tracks from Υ-meson, W -boson, and Z-boson decays. All
wire positions in the COT are measured with 1 µm precision using an in situ sample of cosmic ray muons [63], in
addition to the electron tracks from W -boson decays. The difference between electron and positron track momenta,
relative to their measured energy in the calorimeter (which is charge-independent), strongly constrains certain modes
of internal misalignment in the COT.
The track momentum measurement in the COT is calibrated by measuring the masses of the J/ψ and Υ(1S)

mesons reconstructed in their dimuon decays and comparing them with the known values [10]. These meson mass
measurements are performed using maximum-likelihood fits to the dimuon mass distributions from data, using tem-
plates 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 measurements, 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
the mean inverse pT of the two muons. No such bias is observed after applying the magnetic field non-uniformity,
COT and energy-loss corrections (see Fig. 2). 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 function 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, ∆p/p ≡ pmeasured/ptrue − 1, is inferred
from the comparison of the measured meson masses to their more precise world-average masses. The ∆p/p corrections
extracted from the individual J/ψ and Υ(1S) invariant mass fits are consistent with each other, and the results are
combined to obtain ∆p/p = (−1393± 26) parts per million (ppm).
The combined momentum calibration is used to measure the Z-boson mass in the dimuon channel (see Fig. 3),

which is blinded with a random offset in the range [−50, 50] MeV until all analysis procedures are established.
The unblinded measurement is MZ = 91 192.0 ± 6.4stat ± 4.0syst MeV, which is consistent with the world average
of 91 187.6 ± 2.1 MeV [10, 44] and therefore provides a precise consistency check. Systematic uncertainties on
MZ are due to uncertainties on the longitudinal coordinate measurements in the COT (1.0 MeV), the momentum
calibration (2.3 MeV), and the QED radiative corrections (3.1 MeV). The latter two sources are correlated with
the MW measurement. The Z → µµ mass measurement is then included in the final momentum calibration. The
systematic uncertainties due to the magnetic field nonuniformity dominate the total uncertainty of 25 ppm in the
combined momentum calibration.

Distribution W -boson mass (MeV) χ2/dof

mT (e, ν) 80 429.1± 10.3stat ± 8.5syst 39/48

p!T (e) 80 411.4± 10.7stat ± 11.8syst 83/62

pνT (e) 80 426.3± 14.5stat ± 11.7syst 69/62

mT (µ, ν) 80 446.1± 9.2stat ± 7.3syst 50/48

p!T (µ) 80 428.2± 9.6stat ± 10.3syst 82/62

pνT (µ) 80 428.9± 13.1stat ± 10.9syst 63/62

combination 80 433.5± 6.4stat ± 6.9syst 7.4/5

TABLE I: Individual fit results and uncertainties for
the MW measurements. The fit ranges are
65− 90 GeV for the mT fit and 32− 48 GeV for the p!T
and pνT fits. The χ2 of the fit is computed using the
expected statistical uncertainties on the data points.
The last row shows the combination of the six fit
results using the best linear unbiased estimator [64].

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 /pZT model 1.3

Parton distributions 3.9

QED radiation 2.7

W boson statistics 6.4

Total 9.4

TABLE II: Uncertainties on the combined MW result.

After track momentum (p) calibration, the electron’s calorimeter energy (E) is calibrated using the peak of the
E/p distribution in W → eν (Fig. 2) and Z → ee (Fig. 13) 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 → eν 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 (see Fig. 3), which

is also blinded with the same offset as used for the dimuon channel. The unblinded result, MZ = 91 194.3 ±
13.8stat ± 7.6syst MeV, is consistent with the world average, providing a stringent consistency check of the electron


