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provide Z-boson control samples (Z → ee and Z → µµ) to measure the detector response, resolution and efficiency
as well as the boson pT distributions. The details of the event selection criteria are described in Ref. [43].

The W -boson mass is inferred from the kinematic distributions of the decay leptons. Since the neutrino from the
W -boson decay is not directly detectable, its transverse momentum pνT is deduced by imposing transverse momentum
conservation. Longitudinal momentum balance cannot be imposed because most of the beam momenta 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 products have small transverse momentum. The transverse momentum vector sum of all
detectable collision products accompanying the W or Z boson is defined as the hadronic recoil !u = ΣiEi sin(θi)n̂i,
where the sum is performed over calorimeter towers [51] with energy Ei, polar angle θi, and transverse directions
specified 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 neutrino !p ν

T is inferred as !p ν
T ≡ −!p "

T −!u from !pT 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 =
√

2 ( p"T pνT − !p "
T · !p ν

T ) [52]. High-purity

samples of W bosons are obtained with the requirements 30 < p"T < 55 GeV, 30 < pνT < 55 GeV, |!u| < 15 GeV, and
60 < mT < 100 GeV. This selection retains samples containing precise MW information and low backgrounds. The
final samples of W and Z bosons consist of 1 811 649 (66 170) W → eν (Z → ee) candidates and 2 424 294 (238 537)
W → µν (Z → µµ) candidates.
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FIG. 3: Distribution of (left) dimuon and (right) dielectron mass for candidate Z → µµ 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.

The data distributions of mT , p"T , and pνT are compared to corresponding simulated line-shapes (“templates”) as
functions of MW from a custom Monte Carlo simulation which has been designed and written for this analysis. A
binned likelihood is maximized to obtain the mass and its statistical uncertainty. The kinematic properties of W
and Z-boson production and decay are simulated using the resbos program [53–55], which calculates the differential
cross section with respect to boson mass, transverse momentum 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 the
most accurate theoretical calculations available for these processes. The nonperturbative model parameters in resbos

and the QCD interaction coupling strength αs are external inputs needed to complete the description of the boson
pT spectrum, and are constrained from the high-resolution dilepton p""T spectrum of the Z-boson data and the pWT
data spectrum. Electromagnetic radiation from the leptons is modeled with the photos program [56], which is
calibrated [57] to the more accurate horace program [58]. We use the nnpdf3.1 [59] parton distribution functions
(PDFs) of the (anti)proton, since they incorporate the most complete relevant data sets of the available NNLO
PDFs. Using 25 symmetric eigenvectors of the nnpdf3.1 set, we estimate a PDF uncertainty of 3.9 MeV. We find
that the ct18 [60], mmht2014 [61] and nnpdf3.1 NNLO PDF sets give consistent results for the W -boson mass,
within ± 2.1 MeV of the midpoint of the interval spanning the range of values. The model-dependent nature of the
analysis implies that future improvements or corrections in any relevant theoretical modeling can be used to update
our measurement quantifiably (see Sec. IV of the supporting material).
The custom simulation includes a detailed calculation of the lepton and photon interactions in the detector [39,


