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High-precision measurement of the W boson 
mass with the CMS experiment

The CMS Collaboration* ✉

In the standard model of particle physics, the masses of the W and Z bosons, the carriers 
of the weak interaction, are uniquely related. A precise determination of their masses is 
important because quantum loops of heavy, undiscovered particles could modify this 
relationship. Although the Z mass is known to the remarkable precision of 22 parts per 
million (2.0 MeV), the W mass is known much less precisely. A global fit to measured 
electroweak observables predicts the W mass with 6 MeV uncertainty1–3. Reaching  
a comparable experimental precision would be a sensitive and fundamental test of  
the standard model, made even more urgent by a recent challenge to the global fit 
prediction by a measurement from the CDF Collaboration at the Fermilab Tevatron 
collider4. Here we report the measurement of the W mass by the CMS Collaboration at 
the CERN Large Hadron Collider, based on a large data sample of W → μν events collected 
in 2016 at the proton–proton collision energy of 13 TeV. The measurement exploits  
a high-granularity maximum likelihood fit to the kinematic properties of muons 
produced in W decays. By combining an accurate determination of experimental effects 
with marked in situ constraints of theoretical inputs, we reach a precise measurement of 
the W mass, of 80,360.2 ± 9.9 MeV, in agreement with the standard model prediction.

Precision measurements of fundamental parameters have played a 
major part in the development of the standard model (SM) of particle 
physics, which provides an accurate description of the known elemen-
tary particles and their interactions. Over the span of several decades, 
they provided increasingly precise estimates for the masses of the W 
and Z bosons, top quark and Higgs boson, which helped guide the 
experimental programmes aimed at their discoveries. With the obser-
vation of the Higgs boson at the CERN5–7 Large Hadron Collider (LHC) 
and the determination of its mass, all the parameters in the electroweak 
(EW) sector of the SM are now constrained by experimental measure-
ments. Nevertheless, the SM is widely believed to be incomplete, given 
that it does not explain certain fundamental observations, such as the 
asymmetry of matter and antimatter in the universe and the existence 
of dark matter. In the SM, the W and Z boson masses, mW and mZ, are 
uniquely related to the coupling strengths of the weak and electromag-
netic interactions. If the measured masses and couplings deviated from 
the predicted relation, it would be a clear sign of physics beyond the 
SM, probably because of new particles that, although too heavy to be 
directly produced at existing accelerators, interact by quantum loops 
with the W and Z bosons8,9.

Following the observations of the W and Z bosons at the CERN Super 
Proton–Antiproton Synchrotron (SppS) collider10–13, mZ was measured 
with the exceptional precision of 22 parts per million (mZ = 91,188.0 ±  
2.0 MeV; ref. 1), predominantly by the experiments operating at the 
CERN Large Electron Positron (LEP) collider through measurements 
of resonant Z boson production in precise beam energy scans14. The 
mW measurement at LEP15 was based on the direct reconstruction of 
pair-produced W bosons, the production rate of which in electron–
positron collisions is several orders of magnitude lower than the  

Z boson production rate. Consequently, the uncertainty in the mW 
measurement was an order of magnitude larger than that of mZ. Sub-
sequent measurements performed at the Fermilab Tevatron16 and the 
LHC17–19 contributed to the present experimental average of 
mW = 80,369.2 ± 13.3 MeV (refs. 1,20). The value of mW derived from the 
predicted relationships of EW parameters in the SM and independently 
measured observables, known as a global EW fit, mW = 80,353 ± 6 MeV 
(refs. 1–3), is significantly more precise. As such, improving the direct 
measurement of mW tests the SM and enhances sensitivity to new  
physics. The experimental combination does not include the most 
precise single measurement, performed by the CDF Collaboration, 
mW = 80,433.5 ± 9.4 MeV (ref. 4). The strong disagreement between this 
value and both the SM expectation and the other measurements20 
represents an important puzzle in the field of particle physics. An inde-
pendent high-precision mW measurement is, therefore, of the utmost 
importance. Here we report the results of the first W boson mass deter-
mination by the CMS Collaboration. Our measurement is based on the 
analysis of more than 100 million reconstructed W boson decays 
selected from a sample of proton–proton (pp) collisions—the largest 
sample used for measuring mW. Together with an accurate determina-
tion of the experimental effects, this large dataset allows us to markedly 
reduce the theoretical and experimental uncertainties in our measure-
ment. This result constitutes a substantial step towards resolving the 
W boson mass puzzle.

Analysis strategy
At hadron colliders, jets from the hadronization of the quark–antiquark 
pair produced in the decay of the W boson cannot be selected and 
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calibrated with sufficient accuracy for a precise mW measurement. 
Therefore, measurements of mW rely on the W boson decay to a charged 
lepton ℓ and a neutrino ν, W → ℓν, in which the W boson cannot be fully 
reconstructed because neutrinos are not directly measurable in collider 
detectors. In the rest frame of the decaying W boson, the mass of the 
W boson is equally shared between the momenta of the neutrino and 
of the charged lepton. In the laboratory frame, the transverse compo-
nents of the charged lepton and neutrino momenta (pℓ

T  and pT
ν ) exhibit 

characteristic peaks at around mW/2, although their exact distributions 
depend on the transverse momentum of the W boson itself, pT

W . There-
fore, mW can be indirectly measured through pℓ

T  or by the transverse 
component of the negative vector momentum sum of all measured 
particles in the event, T

missp , an estimator of pνν
T . The pT

miss  (magnitude 
of pT

miss) and the transverse mass mT
W, defined in analogy to the two-

body mass as m p p= 2 − ⋅ℓ ℓ
T
W

T T
miss

T T
missp p , are powerful observables 

in the Tevatron measurements4,16. However, their sensitivity to mW in 
LHC measurements17–19 is weakened by the pT

miss  resolution, which 
degrades in the presence of a large number of pp collisions in the same 
or adjacent bunch crossings (pileup). Although these channels can 
provide important cross-checks, these considerations inform our mW 
determination strategy, which focuses on the kinematic distributions 
of the charged lepton in W → ℓν events.

Among the three leptonic decays, we exploit the muon (μ) channel, 
because it offers the best experimental precision with the multipur-
pose, nearly hermetic CMS detector21. The CMS apparatus21 is designed 
to trigger on22–24 and identify electrons, muons, photons and (charged 
and neutral) hadrons25–27. A global event reconstruction algorithm28 
aims to reconstruct all individual particles in an event, combining 
information provided by the all-silicon inner tracker and by the crystal 
electromagnetic and brass-scintillator hadron calorimeters, operating 
inside a 3.8 T superconducting solenoid, with data from the gas- 
ionization muon detectors embedded in the flux-return yoke outside 
the solenoid. Charged-particle trajectories (tracks) are built from 
energy deposits in each layer of the silicon detector, referred to as ‘hits.’ 
Muon tracks typically have at least 12 hits, each of which is measured 
with an accuracy of about 15 μm in the bending plane. The muon 
momentum is derived from the curvature of the corresponding track, 
with a typical resolution for p = 40 GeVT

μ  of about 1% in the central 
region and 4% in the forward region of the detector.

Our measurement relies on a deep understanding of both the exper-
imental and theoretical sources of systematic uncertainty. The muon 
momentum scale (the largest source of uncertainty in the measure-
ment) is calibrated to a few parts per hundred-thousand by using a 
sample of dimuon decays of the J/Ψ resonance. Muons from Y(1S) 
meson and Z boson decays are used for independent validations. The 
predicted pT

μ  distribution depends on the theoretical modelling of the 
pT

W  distribution and on the parton distribution functions (PDFs), which 
describe the momentum distributions of the quarks and gluons inside 
the protons. The PDFs strongly affect the W boson polarization and, 
hence, the kinematic distributions of the decay leptons29. To minimize 
the impact of these uncertainties on our measurement, we aggregate 
selected data and simulated W → μν events into a highly granular 
three-dimensional distribution depending on pT

μ , ημ and qμ, where 
η θ= − lntan( /2)μ  is the muon pseudorapidity, θ is the muon polar angle 
with respect to the beam line and qμ is the muon electric charge. This 
distribution is uniformly divided into 48 ημ bins from −2.4 to 2.4, 30 pT

μ  
bins from 26 GeV to 56 GeV, and two bins in qμ (+1 or −1). The mW value 
is extracted from a binned maximum likelihood fit to this distribution, 
using template shapes for the signal and background processes.

Our analysis uses state-of-the-art calculations to describe the W and 
Z boson production. The predictions combine an all-order resumma-
tion of logarithmically enhanced soft and collinear gluon emissions at 
next-to-next-to-next-to-leading logarithmic (N3LL) accuracy with 
next-to-next-to-leading order (NNLO) accuracy in perturbative quan-
tum chromodynamics (QCD)30. The nonperturbative motion of the 

partons inside the proton is described by a phenomenological model31. 
We incorporate a new proposal for theory nuisance parameters (TNPs)32 
to parameterize the impact of unknown perturbative corrections. These 
models, combined with uncertainty profiling1 in the binned maximum 
likelihood fit to the p η q( , , )T

μ μ μ  distribution, allow the in situ determi-
nation of the pT

W  spectrum with our W → μν data and reduce its uncer-
tainty to subleading importance in the measurement. In contrast to 
previous mW measurements at hadron colliders4,6,18,19, we do not rely 
on measurements of Z boson production to modify the predicted pT

W  
distribution. As shown in ref. 33, our procedure also significantly con-
strains the PDFs, the second largest source of uncertainty in our mW 
measurement.

We have also developed an alternative analysis approach, in which 
mW is extracted simultaneously with the angular distributions of the 
muon from the W boson decay. This procedure is based on the general 
parameterization of the production cross-section of a spin-1 boson 
and its decay to leptons in terms of nine helicity states34. For each bin 
in the two-dimensional pT

W  and W boson rapidity (yW) space, and sepa-
rately for the W+ and W− bosons, each helicity component leads to  
a different p η( , )T

μ μ  distribution. We perform a differential analysis, 
encoding the variations of the helicity components as alternative tem-
plates fitted to the p η q( , , )T

μ μ μ  distributions. Although this method, 
referred to as ‘helicity fit’, is less sensitive to mW, it provides a valuable 
cross-check of the nominal result by relaxing some assumptions about 
the W boson production and, hence, reducing the dependence of the 
measurement on theoretical predictions.

We validate the experimental and theoretical inputs of the meas-
urement with two mZ determinations. First, we extract mZ through a 
maximum likelihood fit to the Z → μμ dimuon mass distribution. Then, 
we perform a W-like measurement of mZ using only one of the two decay 
muons, mimicking the conditions of the mW analysis. We model the Z 
and W boson production and their associated uncertainties with a com-
mon parameterization and perturbative accuracy, allowing the W-like 
mZ measurement to serve as a robust validation of the predictions and 
uncertainties relevant for the mW determination. The consistency of 
these results with the precise mZ value obtained at LEP confirms the 
robustness of our mW measurement.

The vector boson (V = W or Z) mass and width are defined in the 
running-width scheme35. The analysis is conducted following the data 
blinding concept36. It is optimized on simulated event samples and a 
random offset, between −500 MeV and 500 MeV, is applied to the mW 
and mZ values until all the procedures are established. In the follow-
ing sections, we briefly discuss the most important aspects of the mW 
measurement, with further details given in the Methods.

Event samples and selection criteria
The measurements are made using a sample of pp collisions at 

s = 13 TeV collected in 2016 and corresponding to an integrated lumi-
nosity of 16.8 ± 1.2% fb−1 (ref. 37). The events are preselected by an online 
trigger algorithm that requires the presence of at least one muon with 
p > 24 GeVT

μ , isolated from other energy deposits in the detector and 
satisfying quality criteria for tracks reconstructed in the silicon tracker 
and muon detectors21,22,24. Selected W  →  μν events have exactly  
one muon with ∣ημ∣ < 2.4 and p26 GeV < < 56 GeVT

μ . The selected muon 
must be isolated from other particles and satisfy selection criteria 
meant to reduce backgrounds and ensure a high-quality reconstruc-
tion. To suppress backgrounds and enhance the purity of the W boson 
signal, we require m > 40 GeVT

W ; no upper limit on mT
W  is imposed. 

Machine-learning techniques are used to improve the resolution of 
the reconstructed pT

miss  (ref. 38), enhancing the separation between 
signal and background events. The simulated pT

miss  distribution is cor-
rected using measured Z → μμ events, as discussed in section ‘Hadronic 
recoil calibration’. A total of 117 million data events are selected by these 
criteria.
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The selection criteria for the dimuon and W-like mZ measurements 
are designed to be maximally consistent with those of the mW analy
sis. Selected events have exactly two muons satisfying the same  
criteria, but with p < 60 GeVT

μ  because the Z boson is heavier than the 
W boson. The two muons must have opposite electric charge and a 
dimuon invariant mass in the 60 GeV < mμμ < 120 GeV range. A total of 
7.5 million Z → μμ data events are selected. For the W-like mZ analysis, 
only one muon from the Z boson decay is considered to form the  
p η q( , , )T

μ μ μ  templates. The other muon is treated as a neutrino and 
excluded from the pT

miss  computation39. The nominal W-like mZ event 
sample is defined such that only positive muons are considered for 
selection from odd-numbered events and negative muons are consid-
ered for selection from even-numbered events. An alternative sample 
is defined by reversing the event-number parity and qμ matching. Each 
event is considered only once per sample. The results obtained from 
the two samples are not fully independent because of the partial over-
lap of selected events. A total of 7.5 million Z → μμ data events are 
selected, of which 7.4 million are selected for the nominal W-like mZ 
sample.

Monte Carlo (MC) generators are used to produce large samples of 
simulated events that are used to guide the analysis and to assess the 
consistency of the data with different hypotheses for the value of mW. 
Simulated W and Z boson event samples are generated with MINN-
LOPS

40,41, interfaced with PYTHIA42. The MINNLOPS predictions are scaled 
by two-dimensional binned corrections in the W or Z boson pT and 
rapidity obtained with SCETLIB30,31,43, thereby achieving N3LL + NNLO 
accuracy and improving the description of the data. The CT18Z PDF 
set44 at NNLO accuracy is used. The detector response is simulated 
using a detailed description of the CMS detector, implemented with the 
GEANT4 package45. More details on the data sample, event selection and 
simulation are given in section ‘Event samples and selection criteria’.

The average number of pileup interactions in data is 25, with a tail 
extending up to 44. The simulated distributions of the number of 
pileup interactions and the position along the beam line of the pp 
collision producing the muon are corrected to match the measured 
distributions, so as to accurately capture their impact on the muon 
reconstruction efficiency. The efficiency predicted by the simulation 
is corrected to match that measured in data, as discussed in section 
‘Efficiency corrections’.

The main backgrounds in the selected W → μν data sample result from 
events with nonprompt muons, primarily from decays of heavy-flavour 
hadrons, or with prompt muons, from Z → μμ decays, in which one 
muon misses the detector acceptance. Smaller backgrounds include 
W → τν and Z → ττ events, with muons from τ lepton decays, as well as 
top quark–antiquark pair, single top quark and diboson production. As 
discussed in section ‘Nonprompt-muon background determination’, 
the nonprompt-muon background is evaluated using the extended 
ABCD method46, using sideband regions in data. The uncertainty in the 
estimated background yields is dominated by the nonprompt-muon 
component and contributes 3.2 MeV to the uncertainty in mW.

High-precision muon momentum calibration
Reconstructing and calibrating the muon momentum requires an 
exceptionally detailed understanding of the features that affect the 
trajectories of charged particle tracks. In particular, the alignment of 
the tracking detector components, the magnetic field throughout the 
tracking volume and the material distribution, which governs the 
energy loss and multiple scattering (interactions with electrons or 
nuclei that lead to small-angle deflections), must be precisely deter-
mined. Hits in the silicon tracker are much more important to the track 
determination than those in the muon system for the pT

μ  range relevant 
to this analysis. Therefore, we reconstruct the muon momentum exclu-
sively using the silicon pixel and strip detectors, restricting the volume 
of the detector in which these features must be accurately controlled.

The muon tracks are reconstructed using algorithms and conditions 
specifically developed for this analysis, including a magnetic field 
mapping and a material model with a higher precision than those used 
in the standard CMS reconstruction. The alignment procedure47 used 
to determine the position and orientation of the silicon modules has 
been extended to include fine-granularity corrections for the magnetic 
field and energy loss. The correspondence between the measured track 
curvature and the muon momentum is calibrated using a sample of 
events in which the dimuon invariant mass is consistent with the 
well-established mass of the J/Ψ resonance1. We extract parameterized 
corrections in fine bins of ημ and extrapolate across the relevant range 
of pT

μ  using a model that takes into account small offsets in the magnetic 
field, alignment and tracker material remaining after the initial cor-
rection procedure. We validate our results using samples of Y(1S) → μμ 
and Z → μμ events. The uncertainty in the procedure is evaluated from 
the deviations of the ημ-binned correction parameters from zero when 
applying the corrections derived from J/Ψ → μμ events to Z → μμ events 
and constraining mZ to the value in ref. 1.

Extrapolating corrections to the muon momentum resolution from 
the relatively low momentum range typical of muons from the J/Ψ 
meson decay to the higher momentum range of muons from Z boson 
decays is more challenging than for the momentum scale calibration, 
because multiple scattering has a large impact on the muon momentum 
resolution and is highly momentum dependent. For this reason, we 
correct the muon momentum resolution in simulation to match the 
measured resolution in data using both J/Ψ → μμ and Z → μμ events. The 
muon momentum calibration contributes 4.8 MeV to the mW uncer-
tainty, primarily because of the scale calibration. Further details on 
the muon momentum scale and resolution calibrations are given in 
section ‘Muon momentum calibration’.

Theoretical corrections and uncertainties
The uncertainties in the predictions for Z and W boson production 
include contributions reflecting the limited knowledge of the PDFs, 
the missing higher-order (HO) perturbative corrections in the QCD 
and EW interactions, and the nonperturbative effects. The pT

W  spectrum 
cannot be directly measured with high precision given the limited pT

miss  
resolution. Although the pT

Z  spectrum is measured precisely, using it 
to infer the pT

W  spectrum requires estimating theoretical uncertainties 
in the pT

W /pT
Z  ratio, which depend strongly on the assumed uncertainty 

correlation48. Therefore, we do not apply corrections derived from the 
measured pT

μμ  spectrum to the W boson simulation. Instead, correc-
tions to the pT

W  spectrum come from W → μν data events by the profil-
ing procedure used in the maximum likelihood fits used to extract 
results. This approach relies on the high accuracy of the theoretical 
predictions, new techniques to model their uncertainties and correla-
tions across phase space, and the large statistical power of the analysed 
data sample.

The SCETLIB calculation parameterizes the dominant sources of 
uncertainty in the W and Z boson transverse momentum spectra (pT

V ) 
due to perturbative and nonperturbative effects. Perturbative uncer-
tainties are represented by the TNPs of ref. 32. The TNPs have a true, 
but unknown, value that is varied according to its expected magnitude. 
The closure of this procedure is demonstrated for Z boson production 
in ref. 49, and we have independently verified that fitting a HO predic-
tion (for example, at fourth-order logarithmic accuracy) using a lower 
order prediction (for example, at N3LL with the next-order TNPs) as 
the fit model yields TNP values consistent with the known values. The 
calculations treat the quarks as massless. Possible modifications due 
to the true quark masses are effectively absorbed into the other sources 
of modelling uncertainty. We have tested other alternatives for the pT

W  
modelling, at equivalent or higher perturbative orders, and confirmed 
that the variation in mW is within the uncertainty evaluated from our 
nominal prediction at N3LL + NNLO accuracy.
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The relative fractions of the Z and W boson helicity states and their 
uncertainties due to missing HO perturbative corrections are evaluated 
at NNLO in QCD using MINNLOPS; we have verified their consistency 
with the fixed-order NNLO QCD predictions of DYTURBO50 and MCFM51. 
Uncertainties due to the PDFs, including their impact on the W boson 
helicity states, are evaluated by propagating the Hessian eigenvectors 
of the CT18Z PDF set52. Their contribution to the uncertainty in mW is 
4.4 MeV. We have repeated the mW measurement using seven alternative 
PDF sets. More details on these studies, corrections and uncertainties 
are given in the Methods.

Measurement of the Z and W boson masses
The results are obtained from binned maximum likelihood fits in which 
systematic uncertainties are represented by nuisance parameters with 
Gaussian constraints53. We allow the systematic uncertainties to be 
constrained and the central values to be pulled, with respect to their 
initial values, through the profile likelihood function1 used in the fits. 
Common sources of uncertainty are correlated across bins of the distri-
bution. The parameter of interest, that is, the mass of the W or Z boson 
(mV), is an unconstrained parameter in the fit. The effect of different 
mV values on the distributions is derived from a continuous interpo-
lation around the nominal value in the fit, set to the world-average 
experimental value, and from variations of mV by ±100 MeV, evalu-
ated from the full matrix-element-level calculation of the MINNLOPS 
simulation. We verified that the fit correctly extracts the simulated mW 
value to within 0.1 MeV accuracy for 20 points within this range. The 
construction and minimization of the likelihood is implemented using 
the TENSORFLOW software package54, in which the use of automatic 

differentiation55 of gradients in the likelihood minimization allows the 
mW and W-like mZ likelihood fits to be computationally feasible and 
numerically stable, despite involving approximately 3,000 bins and 
4,000 nuisance parameters.

Extraction of the Z boson mass from the dimuon mass spectrum
We extract mZ from a binned maximum likelihood fit to the dimuon 
mass distribution, in 25 bins of mμμ and 14 bins of ημ of the muon with 
the largest ∣ημ∣. Compared with the world-average value1, dominated 
by measurements at the LEP collider, we obtain 

m m− = − 2.2 ± 4.8 MeV. (1)Z
μμ

Z
PDG

 The largest uncertainties result from the muon momentum calibra-
tion (4.6 MeV) and from the size of the data sample (1.0 MeV).

Figure 1 shows the measured and simulated Z → μμ dimuon mass 
distributions, with the predictions adjusted to reflect the best-fit values 
of nuisance parameters obtained from the maximum likelihood fit 
(referred to as ‘postfit predictions’). The excellent consistency of our 
result with m Z

PDG is a powerful validation of the muon reconstruction, 
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momentum scale calibration and corrections. Although Z → μμ events 
are not used to determine the values of the parameterized muon 
momentum scale calibration, they are used, together with the m Z

PDG 
value1, to define the systematic uncertainties, as described in section 
‘Muon momentum calibration’. Therefore, our mZ value is not a meas-
urement independent of the experimental world average.

W-like measurement of the Z boson mass
The W-like mZ analysis extracts mZ from a binned maximum likelihood 
fit to the p η q( , , )T

μ μ μ  distribution of the selected muons. As described 
in section ‘Event samples and selection criteria’, two event samples  
are used. The result for the analysis configuration selecting positive 
muons in odd event-number events, compared with the experimental 
mZ average1, is 

m m− = −6 ± 7(stat) ± 12(syst) = −6 ± 14 MeV,Z
W−like

Z
PDG

showing that m Z
W−like agrees with m Z

PDG (and with m Z
μμ). Both the helic-

ity fit analysis and the analysis using the configuration with the alterna-
tive muon charge and event-number parity matching provide mZ values 
that agree with the baseline result to within one standard deviation.

We validate the accuracy of the theory modelling and corresponding 
uncertainties by measuring the pT

Z  directly in Z → μμ events. Using the 
Z boson production model described in the previous section, we fit 
the two-dimensional distribution of the dimuon pT and rapidity 
p y( , )T

μμ μμ  to the observed Z → μμ data. The consistency of the predic-

tions and their uncertainties with the data is assessed with a goodness- 
of-fit test based on a saturated model, in which an unconstrained 
normalization parameter is introduced for each bin of the likelihood56. 
We conclude that the model and the data are compatible, given the 
P-value of 16% that is evaluated from the ratio of the nominal and satu-
rated likelihoods.

The results of the pT
μμ  fit are not an input to the W-like mZ or mW meas-

urements. Rather, we independently determine values for the nuisance 
parameters describing the pT

Z  modelling from the W-like mZ measure-
ment and verify that they are consistent with those from the direct fit 
to pT

μμ . Figure 2 shows the generator-level pT
Z  distribution, with the 

predictions adjusted by the nuisance parameter values obtained from 
the two independent fits to the data. To test the accuracy of the adjusted 
predictions in describing our data, we account for effects of the detec-
tor response and resolution by ‘unfolding’ our measurement to the 
generator level, as described in section ‘Additional validation of theo-
retical modelling’. The self-consistency of the postfit distributions 
from the two fits, as well as their consistency with the data, confirms 
the robustness of the predictions and of the uncertainty model, and 
demonstrates the ability of the p η( , )T

μ μ  distribution to constrain the 
pT

V  modelling in situ. This result supports our treatment of the W boson 
production modelling in the mW analysis.

More details on the stability of our W-like Z boson mass measurement 
under different modelling assumptions and its consistency with the 
measured pT

μμ  distribution are provided in section ‘Additional valida-
tion of theoretical modelling’.

Measurement of the W boson mass
Having validated the analysis steps using the Z boson data, we proceed 
with the determination of the W boson mass. A fit is performed to  
the p η q( , , )T

μ μ μ  distribution, shown in Extended Data Fig. 9, and the 
observed mW value is 

m = 80, 360.2 ± 2.4(stat) ± 9.6(syst) = 80,360.2 ± 9.9 MeV,W

in agreement with the EW fit prediction, mW = 80,353 ± 6 MeV (refs. 1–3), 
and with other experimental results, except the latest measurement 
reported by the CDF Collaboration4. The EW fit prediction is based on 
relationships between mW and other experimental observables, includ-
ing the Z boson, Higgs boson and top quark masses, the fine-structure 
constant and the muon lifetime. The uncertainty in the prediction is 
due to missing HO terms in the perturbative calculation used to derive 
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the predicted relationship between the experimental inputs and from 
uncertainties in the experimental inputs themselves. The two sources 
of uncertainty are of comparable size.

Figure 3 compares the measured and the postfit predicted pT
μ  dis-

tributions, with mW adjusted to the observed value. The effect on the 
pT

μ  distribution of a 9.9 MeV variation in mW is shown to illustrate the 
degree to which the distribution and its uncertainties are controlled, 
enabling the high precision of the measurement. The main uncertain-
ties in the mW measurement are due to the muon momentum calibration 
(4.8 MeV) and the PDF uncertainties (4.4 MeV). Detailed breakdowns 
of the mW measurement uncertainty are provided in Extended Data 
Table 2. The robustness of the result with respect to the theory model 
is tested further by performing the mW measurement with the helicity 
fit, as discussed in section ‘Helicity fit’. The result, 80,360.8 ± 15.2 MeV, 
is consistent with the nominal value.

Discussion
In this paper, we report the first W boson mass measurement by the 
CMS Collaboration at the CERN LHC. The result is markedly more pre-
cise than previous LHC measurements. The W boson mass is extracted 
from a sample of 117 million selected W → μν events, collected in 2016 
at the proton–proton collision energy of 13 TeV, using a highly granu-
lar binned maximum likelihood fit to the three-dimensional distribu-
tion of the muon pT

μ , ημ and electric charge. New experimental 
techniques have been used, together with state-of-the-art theoretical 
models, to improve the measurement accuracy. The muon momentum 
calibration, based on J/Ψ → μμ decays, as well as the data analysis meth-
ods and the treatment of the theory calculations used in the mW meas-
urement have been extensively validated by extracting mZ and pT

Z  both 
from a direct Z → μμ dimuon analysis and from a W-like analysis of the 
Z boson data.

As shown in Fig. 4, the measured value, mW = 80,360.2 ± 9.9 MeV, 
agrees with the standard model expectation from the electroweak fit 
and is in disagreement with the measurement reported by the CDF 
Collaboration. Our result has similar precision to the CDF Collabo-
ration measurement and is significantly more precise than all other 
measurements. The dominant sources of uncertainty are the muon 
momentum calibration and the PDFs. Uncertainties in the modelling 
of W boson production are subdominant because of new approaches 
used to parameterize and constrain the predictions and their corre-
sponding uncertainties in situ with the data. This result constitutes a 
marked step towards achieving an experimental measurement of mW 
with a precision matching that of the EW fit.
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Methods

Event samples and selection criteria
The dataset used for this analysis, roughly half of the full 2016 sample, 
ensures an optimal performance of the CMS detector, especially for 
the reconstruction of charged particle tracks47. The data and simula-
tion were processed with the most recent version of the reconstruc-
tion software, including improvements to particle identification and 
reconstruction developed for this analysis, and with the latest detector 
calibration and description of the operating conditions.

We simulate W and Z boson production at NNLO in QCD using the 
MINNLOPS Wj and Zj40,41 (rev. 3900) processes in POWHEG-BOX-V2 
(refs. 57–59), interfaced with PYTHIA 8.240 (ref. 42) for the parton 
shower and hadronization, and with PHOTOS++3.61 (refs. 60,61) for 
final-state photon radiation. The Z boson event samples simulate all 
contributions to the dilepton final state, including those from virtual 
photons. We use the CP5 underlying event tune62, with the hard 
primordial-kT parameter set to 2.225 GeV, obtained from a dedicated 
optimization using the pT

μμ  data in ref. 63. The (Gμ,  mW,  mZ) and 
G θ m( , sin , )μ

2
eff Z  EW input schemes are used for W and Z boson produc-

tion, respectively. The CT18Z PDF set44 at NNLO accuracy was chosen 
for the nominal analysis, before unblinding the result, given its good 
description of our W and Z data and because the expected shifts in mW 
from using other modern PDF sets are within its uncertainties. Addi-
tional NNLO PDF sets are studied using event-level weights in the POW-
HEG MINNLOPS sample: NNPDF3.1 (ref. 64), NNPDF4.0 (ref. 65), CT18 
(ref. 44), MSHT20 (ref. 66) and PDF4LHC21 (ref. 67). We also consider 
the MSHT20aN3LO approximate N3LO PDF set68. The POWHEG MINN-
LOPS generator is also used to simulate events with W or Z bosons decay-
ing to τ leptons, with the same theory corrections on the boson 
production kinematic distributions as those applied to the samples 
with muonic decays. To ensure that the MC sample size is not a notable 
source of uncertainty in the measurement, simulated samples of more 
than 4 billion W boson production events and 400 million Z boson 
production events have been produced. The EW production of lepton 
pairs or of a W boson in association with a quark through photon–pho-
ton or photon–quark scattering is simulated at LO using PYTHIA 8.240 
(ref. 69). Top quark and diboson production are simulated at NLO  
QCD accuracy using MADGRAPH 5_aMC@NLO v.2.6.5 (ref. 70) and 
POWHEG-BOX-V2 (ref. 71), respectively, interfaced with PYTHIA 8.240 
for the parton shower and hadronization. Quarkonia production is 
simulated using PYTHIA 8 interfaced with PHOTOS++ v.3.61 for 
final-state photon radiation. Single-muon events have been simulated 
for additional validation of the muon reconstruction and calibration.

Although the muon system is not used for the muon momentum 
evaluation, it is crucial for triggering and identification. The selected 
muons must have a reconstructed track in both the silicon tracker and 
the muon detectors, with a consistent track fit for hits in both detector 
subsystems, and pass additional quality criteria to ensure a high purity 
of the selected events. We use the ‘medium’ identification working 
point25, whose efficiency is better than 98% for signal muons. The muons 
must have a transverse impact parameter smaller than 500 μm with 
respect to the beam line and be isolated from hadronic activity in the 
detector. The muon isolation is defined as the pileup-corrected ratio 
between pT

μ  and the sum of the pT of all other reconstructed physics 
objects within a cone centred around the muon26. The isolation of 
selected muons must be smaller than 15%, using a cone of radius 

R ϕ ηΔ = (Δ ) + (Δ ) = 0.42 2 , where Δϕ and Δη are, respectively, the dis-
tance in the ϕ and η coordinates between the muon and the physics 
objects considered in the sum. Only charged particles within 2 mm of 
the muon track along the beam axis are considered in the isolation 
sum. The distance is evaluated between the points of closest approach 
to the beam line for each track. The same criteria are used to select 
charged particles used in the pT

miss  calculation. Our definition differs 
from the standard CMS approach, where charged particles in the 

isolation and pT
miss  sums are defined with respect to the vertex that 

maximizes the sum of pT
2  of the associated physics objects72. This 

change of definition is needed to minimize the rate at which the wrong 
vertex is chosen, which is negligible in Z → μμ events but, with the stand-
ard CMS algorithm, ranges from 1% to 5% for W → μν events, depending 
on pT

W. To ensure the validity of the isolation and pT
miss  corrections 

measured with Z → μμ events and applied to W → μν events (as described 
in sections ‘Efficiency corrections’ and ‘Hadronic recoil calibration’), 
it is important to make sure that there are no differences in their 
dependence on the vertex selection.

Muons used in both the mZ and mW analyses are selected by the same 
trigger, requiring the presence of at least one muon with p > 24 GeVT

μ , 
to guarantee maximal consistency in terms of event selection and effi-
ciency corrections. Events with electrons with pT > 10 GeV (or additional 
muons with pT > 15 GeV) or satisfying looser identification criteria are 
rejected25,26. In the mW analysis, the selected muon must have 

p26 < <56 GeVT
μ . The upper threshold is increased to 60 GeV for the 

W-like mZ measurement. These thresholds restrict the selected events 
to the pT

μ  range, in which the trigger and reconstruction efficiencies 
are measured most accurately. The selected muon must be geometri-
cally matched to the object that triggered the event, within a cone of 
radius ΔR = 0.3. In the W-like analysis, in which two muons are recon-
structed, the matching is required only for the muon used to form the 
p η( , )T

μ μ  template. This choice avoids the need to evaluate correlations 
in the triggering efficiency in events in which both muons satisfy the 
trigger requirements. For consistency with the W boson selection, 
W-like events must satisfy mT > 45 GeV (about mV/2). In this case, mT is 
calculated from the selected muon and the pT

miss value obtained by 
excluding the other muon from the vector sum.

Events are rejected if they contain electrons with pT > 10 GeV satisfy-
ing the identification criteria of the veto working point (which has 95% 
efficiency for genuine electrons26) or additional muons of pT > 15 GeV 
matching the loose criteria (with an efficiency of above 99% for real 
muons25). The electron veto rejects the residual contribution of events 
from top quark and boson pair production, and from Z →ττ decays 
with one τ lepton decaying to a muon and the other to an electron. 
The electron veto efficiency has a negligible impact on the analysis. 
The muon veto efficiency and the corresponding uncertainties are 
discussed in the next section.

The single-muon selection efficiency is 85%, evaluated from simu-
lated W → μν and Z → μμ events. The fraction of W → μν events in the 
selected data sample is 89%. The signal purity of the selected dimuon 
sample is larger than 99.5%, given the stronger suppression of the 
backgrounds due to the double muon selection and invariant mass 
requirement. Although the W-like mZ analysis provides a stringent test 
of the analysis strategy in an almost background-free environment, the 
significant background from nonprompt muons in the mW analysis must 
be validated by other means, as discussed in section ‘Nonprompt-muon 
background determination’.

Efficiency corrections
The mW measurement is based on a fit to the measured p η q( , , )T

μ μ μ  
distribution using simulated templates for the signal and most back-
ground processes. Therefore, it is important that the simulation can 
accurately reproduce the efficiency of the event selection in the p η( , )T

μ μ  
bins used in the analysis. Corrections to the simulated muon efficien-
cies are determined from data with the tag-and-probe (T&P) method73, 
using events from the same Z → μμ sample that we use in the analysis, 
except that we apply a looser event selection.

The efficiencies are measured differentially in p η( , )T
μ μ  for different 

stages of the muon selection, factorized as: reconstruction of a stan-
dalone track in the muon chambers; matching of a standalone muon 
with a track in the tracker to form a global muon candidate (tracking); 
impact parameter and identification quality criteria of the global muon 
track; trigger selection; and muon isolation. The efficiencies are 



evaluated in the measured and simulated event samples, for each of 
the five sequential stages, and their ratios are used as scale factors (SFs) 
to reweight the simulated events. Efficiencies are determined from the 
fraction of selected events in which the probe muon passes the selec-
tion whose efficiency is being evaluated. Background events with at 
least one nonprompt muon are subtracted when computing the effi-
ciency in data. These background contributions are estimated by fitting 
the sum of a signal and a background model to the observed mμμ dis-
tribution. The Z → μμ contribution is modelled by a simulated template 
from the MINNLOPS sample, convolved with a Gaussian shape to account 
for differences in the momentum scale and resolution between data 
and simulation. An alternative signal model, defined by the convolution 
of a Breit–Wigner distribution and a resolution function that has a 
Gaussian core and asymmetric exponential tails, is used to assess the 
systematic uncertainty. The background component is modelled using 
an exponential function, except for the reconstruction and tracking 
steps in the failing probe samples, for which the background fraction 
is large and its shape at low mμμ is sculpted by the pT

μ  selection. For 
these steps, the background model is an exponential decay distribution 
that transitions to an error function for mμμ < mZ to capture threshold 
effects. Third- or fourth-order polynomials are tested as alternative 
background shapes.

Misalignment or other effects in the reconstruction of tracks in the 
muon chambers, which are used for triggering and identification pur-
poses, can result in charge-dependent biases in the measured efficien-
cies. To properly account for them, efficiencies are measured separately 
for each muon charge except for the isolation step, for which the charge 
asymmetry is found to be negligible. The largest asymmetry is in the 
trigger SFs, rising to 5% in the most forward region of the detector and 
for p < 35 GeVT

μ . The muon isolation is sensitive to the vector sum of 
the momenta of charged and neutral hadrons in the event, referred to 
as the hadronic recoil (uT). The angular distance between the muon 
and uT is different between W → μν and Z → μμ events, leading to a bias 
in the muon isolation efficiency measured using Z boson decays. For 
a given pT

Z  value, the bias is larger for low pT
μ , when the muon is more 

likely produced in the direction opposite to that of the Z boson pT and 
in the vicinity of the recoil. The trigger efficiencies are also affected 
because of the isolation requirement applied at the trigger level. To 
account for this effect, the trigger and isolation efficiencies are meas-
ured triple-differentially in the muon p η( , )T

μ μ  and in the projection of 
uT along the pT

μ  direction, uT
μ . The corrections are applied to W → μν 

events using the W boson recoil, after correcting its distribution as 
described in the next section.

The statistical uncertainty in the SFs originates from the limited 
sample of measured and simulated Z → μμ events in the T&P estimate, 
whereas systematic uncertainties stem from the modelling of the Z → μμ 
mass distributions with signal and background components when 
extracting the efficiencies in the measured event sample. We evalu-
ate these systematic uncertainties by repeating the efficiency meas-
urements in the data sample after varying the signal or background 
models, taking the difference with respect to the nominal efficiency 
as the uncertainty.

To mitigate the effects of statistical fluctuations and discrete bin 
edges, the SFs are smoothed as a function of pT

μ  using a polynomial 
interpolation. Third-order polynomials (second-order for the tracking 
step) properly model the pT

μ  dependence of the binned SFs, as deter-
mined with statistical tests. Trigger and isolation SFs are smoothed 
using two-dimensional polynomials in the u p( , )T

μ
T
μ  space, with third 

order in the pT
μ  direction and second order in the uT

μ  direction. The 
smoothing acts independently on each ημ bin, and no smoothing is 
performed compared with ημ because physical boundaries in the detec-
tor might produce genuine discontinuities in the ημ dependence of the 
efficiency. Instead, a smooth dependence on pT

μ  is expected in the 
momentum range of interest. The smoothing simplifies the treatment 
of the SF statistical uncertainties in the analysis fit and also leads to 

reduced uncertainties in mW by imposing that the measured SFs  
are correlated across the pT

μ  or u p( , )T
μ

T
μ  bins. We have verified with 

pseudo-data tests that, within the SF uncertainties, neither the smooth-
ing procedure nor the chosen polynomial order induces a bias in the 
measured value of mW.

Statistical uncertainties in the SFs are implemented in the likelihood 
as 2,784 nuisance parameters, defined from the independent variations 
of the smoothing fit parameters according to the eigenvectors of their 
covariance matrix for each of the 48 ημ bins. The number of pT

μ  varia-
tions is determined by the order of the smoothing polynomial used 
for each step. These nuisance parameters are uncorrelated versus ημ 
and qμ, and modify the pT

μ  spectrum in a continuous way.
Systematic uncertainties in the SFs are estimated as the difference, 

after the pT
μ  smoothing, between the nominal and alternative SFs result-

ing from the variation of the signal or background models in the T&P 
mass fits. These are correlated across the p η q( , , )T

μ μ μ  bins, because the 
same signal and background models are used in all T&P fits. However, 
we also implement additional uncertainties uncorrelated among ημ 
bins, resulting in 49 nuisance parameters assigned to each efficiency 
step to account for the change in the T&P signal model. Similar uncer-
tainties are implemented for the reconstruction and tracking SFs to 
reflect the change in the background model. In total, the systematic 
uncertainty in the SFs is encoded in 343 nuisance parameters, corre-
lated between muon charges. The statistical and systematic compo-
nents of the SF uncertainties, after the smoothing, have a similar 
contribution to the uncertainty in mW, and their combined effect is 
3.0 MeV.

Dedicated SFs and uncertainties are derived for the muon veto selec-
tion used in the single-muon analysis. These SFs are used to correct 
the simulated yields of the Z boson background process in events where 
the second prompt muon falls inside the p η( , )T

μ μ  acceptance window 
but fails the reconstruction or identification criteria of the veto. This 
component of the Z → μμ background is characterized by a pT

μ  distribu-
tion for the selected muon similar to that of W boson decays, but with 
the peak located at higher values of pT

μ . Moreover, because of the high 
efficiency of the veto selection, close to unity in many p η( , )T

μ μ  bins, 
small efficiency variations between data and simulation can result in 
relatively large corrections for the probability to fail the veto. Therefore, 
although this background component constitutes a small fraction of 
the total Z → μμ background, its shape and normalization must be accu-
rately controlled to avoid a bias in the measured mW. The veto SFs are 
determined and smoothed with the same technique as for other SFs, 
but are applied to simulated events as a function of the p η( , )T

μ μ  of the 
second generator-level muon (evaluated after final-state radiation), 
taken as a proxy for the nonreconstructed muon.

The veto SFs are measured for p > 15 GeVT
μ , split by qμ and factorized 

as three independent terms accounting for muon reconstruction, track-
ing and loose identification. They differ from the nominal analysis SFs 
because of a slight tuning of the matching criteria between the inner 
and outer muon track to cope with the lower pT

μ  threshold. Uncertain-
ties in veto SFs are encoded in 581 nuisance parameters, affecting only 
the Z → μμ background. The statistical uncertainty derives from vary-
ing the parameters of the pT

μ  smoothing polynomials, independently 
in each ημ bin and qμ. Systematic uncertainties, related to the mμμ mod-
elling in the T&P fits, are implemented following the same ημ granular-
ity and correlation scheme as the standard SFs.

The contribution of the veto SFs to the uncertainty in mW is smaller 
than 0.5 MeV, reflecting the fact that the Z boson background sensitive 
to these SFs is strongly suppressed by the veto. The nominal muon veto 
restricts the selection to ‘global muons’, which have a high-quality track 
in both the tracker and muon detectors. An alternative definition has 
also been tested, with the muon inner track not required to be matched 
to a track reconstructed in the muon detectors. This looser selection 
has higher efficiency for prompt muons and, therefore, provides bet-
ter rejection of the Z → μμ background, at the cost of larger systematic 
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uncertainties in the measured veto SFs because of the combination of 
different categories of reconstructed muons. Tests using pseudo-data 
generated with either veto selection have been carried out, showing 
that the measured mW values agree within less than 0.1 MeV between 
the two veto selections and that the residual bias in mW is covered by 
the veto SF uncertainties.

Further corrections and corresponding uncertainties are applied to 
the simulated events. Partial mistiming of signals in the muon detectors 
led to the incorrect assignment of the triggered event to the previous 
proton bunch crossing for a small fraction of events22. This is known 
as ‘prefiring’, and caused a reduction in the trigger efficiency. A cor-
rection for this effect is determined in bins of ημ and pT

μ  (ref. 74). The 
correction increases with ημ and varies between 0.5% and 2%. A similar 
issue originating from the prefiring of the electromagnetic calorim-
eter triggers affects the analysis through hadronic jets containing 
photons or electrons not rejected by the veto. The total contribution 
of the prefiring to the uncertainty in mW is about 0.7 MeV.

The quality of the experimental corrections applied to the simulation 
is validated using Z → μμ events, which offer a pure sample of prompt 
muons, comparing the predicted distribution of the selected muon ημ 
with the measured one, for each muon charge, as shown in Extended 
Data Fig. 1. The agreement between measured and simulated data is 
within 2% in all bins, and the difference is covered by the uncertainty.

Hadronic recoil calibration
To further improve the modelling of pT

miss  and mT in the simulation, 
hadronic recoil corrections are derived using measured Z → μμ events, 
by exploiting the relation between uT and the T

μμp  vector, = −T T
μμu p . 

The components of uT parallel and perpendicular to pT
μμ are modelled 

independently with spline-based parameterizations as functions of 
pT

μμ , for both data and simulated events. The parameterization yields 
two-dimensional PDFs, expressed in terms of pT

μμ  and the uT compo-
nent. Although the resulting parameters are not directly physical, they 
provide a smooth and flexible description of the uT magnitude (uT) 
over the full pT

μμ  range.
Subsequently, for each simulated event, a new value of pT

miss  is com-
puted using an inverse cumulative distribution function transformation 
of the function mapping the simulated templates to data. The correc-
tions, derived from Z → μμ events and parameterized in pT

μμ , are applied 
to simulated W → μν events as a function of the pT

W , where the pT
W  is 

built from the reconstructed muon and the generator-level neutrino. 
Extended Data Fig. 2 shows the uT-corrected transverse mass distribu-
tion for Z → μμ and W → μν events. Supplementary Fig. 18 shows the 
impact of the uT correction on the parallel and perpendicular compo-
nents of uT for Z → μμ events. Apart from a slight disagreement in nor-
malization between the measured and simulated distributions 
(unrelated to uT and accounted for by other uncertainties), the scale 
and resolution of the corrected uT in simulation match those of the 
data at the sub-per cent level.

The uncertainty in the corrections is evaluated from the statistical 
uncertainty of the fits that parameterize the correction of the simula-
tion to the data. Their impact on mW is assessed by varying the correc-
tion parameters according to the eigenvectors of the fit covariance 
matrix. We have verified that their contribution to the uncertainty in 
mW is below 0.3 MeV. Because these variations are computationally 
expensive to evaluate, and their contribution to the mW uncertainty 
is negligible, they are not included in the nominal fit configuration.

Nonprompt-muon background determination
The nonprompt-muon background consists primarily of events in 
which muons originate from decays of heavy-flavour hadrons. Despite 
the large suppression applied by the muon selection criteria, a sig-
nificant contribution from this background remains in the W boson 
selection. We evaluate it using data from sideband regions defined by 
inverting the mT selection, the muon isolation requirement, or both. 

To account for correlations between the isolation and the mT sideband 
regions, the ‘extended ABCD method’ proposed in ref. 46 is used. In this 
method, the low-mT sideband region is divided into two regions with 
mT < 20 GeV or 20 < mT < 40 GeV, each one further split into events pass-
ing or failing the muon isolation criterion, such that the signal region 
is complemented by five sideband regions of isolation and mT, com-
pared with the typical three of the classic ABCD method. The extended 
ABCD method accounts for a linearly varying isolation efficiency as a 
function of mT, exploiting the two low-mT regions to extrapolate the 
expected isolation efficiency to the third high-mT region, contrary to 
the standard ABCD approach in which a constant efficiency is assumed 
across the entire mT space.

In each sideband region, the nonprompt-muon component is eval-
uated by subtracting from the data the contribution of processes with 
prompt muons, estimated from simulation. For each bin of p η q( , , )T

μ μ μ , 
the two low-mT regions are used to obtain a transfer factor that is applied 
to events that satisfy the mT selection of the signal region but fail the 
muon isolation requirement, to obtain an estimate of the nonprompt- 
muon background in the signal region.

To reduce the impact on mW of the statistical fluctuations in the 
nonprompt-muon background template, the pT

μ  distribution from the 
ABCD prediction is smoothed using an exponential of a third-order 
polynomial. The minimum order of the polynomial to correctly describe 
the pT

μ  shape is determined based on statistical tests. The statistical 
uncertainties of the data are accounted for by propagating the uncer-
tainties in the smoothing function parameters through the analysis. 
This procedure results in 384 independent variations reflecting the 
four coefficients of the smoothing polynomials, the two muon charges, 
and the 48 ημ bins. These uncertainties change both the shape and 
normalization of the pT

μ  distribution in each ημ bin.
The prompt-muon contamination in the sideband regions is mod-

elled with simulated events, with all the corrections applied as for 
the signal region, including the appropriate combination of SFs for 
events that fail the isolation requirement in the nonisolated sideband 
regions. All experimental and theoretical systematic uncertainties 
in the prompt-muon contamination are propagated to the sideband 
regions by repeating the subtraction of the prompt component and the 
determination of the smoothing parameters in the sideband regions for 
each variation. In this way, uncertainties stemming from experimen-
tal or theoretical sources are also assigned to the nonprompt-muon 
background, and the correct correlation structure between prompt- 
and nonprompt-muon events is consistently taken into account in the 
uncertainty model.

The extended ABCD method is validated using both simulated 
nonprompt-muon events from QCD multijet production and a control 
sample of data enriched in events with nonprompt muons. Simulated 
background events permit a stringent test of the internal consistency 
of the method with no signal contamination. However, they might 
not accurately describe the background processes in data and a com-
plementary data-driven check with the control region is necessary. 
The control region selects nonprompt muons matched to secondary 
vertices, which originate from the decay of heavy-flavour hadrons and 
appear displaced from the beam line in the transverse plane. Other 
selection criteria are the same as in the signal region. The signal con-
tamination in this sample is below 2%.

We observe that the extended ABCD method overestimates the 
nonprompt-muon yields in the data control region. This overestimate 
is also seen in simulated QCD multijet events when comparing the 
prediction of the extended ABCD method applied to the simulation to 
the direct prediction in the high-mT and low-isolation region. This dis-
crepancy originates from the nonlinear correlation between the 
nonprompt-muon isolation efficiency and mT. To account for this effect, 
a correction is applied to the predicted yields. This correction has a 
stable value of 85% across different bins of p η( , )T

μ μ  and is used to scale 
down the overall normalization of the prediction. This value is 



consistent between data and simulation in the control region and, 
using simulated events, is also confirmed by testing the method directly 
in the signal region. A 5% uncertainty is assigned to the predicted back-
ground normalization, which covers the largest differences observed 
when validating the extended ABCD region in the data control region 
and in simulation.

We test the background uncertainty model by performing maxi-
mum likelihood fits to the p η q( , , )T

μ μ μ  distribution in the control region  
with secondary vertices, both with simulated and data events. To cover 
residual shape effects, two additional nuisance parameters are assigned 
to vary the linear and quadratic coefficients of the smoothing polyno-
mial, fully correlated across ημ and qμ bins. The prefit agreement 
between the nonprompt-muon background predicted by the extended 
ABCD method and the data in the control region, after correcting the 
normalization, is shown in Extended Data Fig. 3. The uncertainty model 
covers the discrepancies in the shape and normalization, as confirmed 
by the postfit distributions in Extended Data Fig. 3 and the goodness- 
of-fit values. Finally, we perform a test with biased pseudo-data directly 
in the signal region. In this test, the pseudo-data differ from the nom-
inal prediction by the difference between the extended ABCD predic-
tion and the direct prediction in high-mT and low-isolation region, 
evaluated from the QCD multijet simulation. The shift in mW from the 
fit to the biased pseudo-data is within the nonprompt-muon back-
ground uncertainty.

The total uncertainty in mW from the nonprompt-muon background 
is 3.2 MeV. It includes the normalization uncertainty (0.2 MeV), the two 
systematic variations of the coefficients (2.5 MeV) and the statistical 
uncertainty of the smoothing function coefficients (1.9 MeV). More 
uncertainties result from variations of the predicted nonprompt-muon 
background due to experimental and theoretical effects, which modify 
the prompt-muon contamination that is subtracted from data in the 
sideband regions. They are accounted for as part of the corresponding 
experimental and theoretical uncertainties in mW from the respective 
sources. We verified that adopting an alternative smoothing algorithm 
shifts the observed mW by less than the associated uncertainty.

Muon momentum calibration
The muon tracks are first reconstructed using a standard pattern 
recognition and Kalman filter track fit27. To improve the accuracy of 
the track parameter determination, the tracks are then refitted using 
a continuous variable helix (CVH) fit, a global χ2 fit that extends the 
generalized broken-line fit75,76 to incorporate continuous energy loss 
and multiple scattering from finite material elements. The detailed 
material model of the CMS detector used for our simulation is based 
on the initial design of the tracker material and support structures as 
well as in situ measurements using collision data, such as ref. 77. This 
model is incorporated into the track fit using the GEANT4e propaga-
tor45,78,79. To model the magnetic field, we use a parameterization of 
the detailed three-dimensional solenoidal field map80 rather than the 
less accurate, but computationally faster, finite-element model used 
in the standard reconstruction. The starting point for the alignment 
corresponds to what is used in the standard CMS reconstruction47,81. 
As compared with the standard track fit, additional quality criteria are 
used to select pixel hits, and a refined parameterization of the local hit 
position is used for the trapezoidal strip modules in the endcaps of the 
strip detector. To ensure an accurate modelling of track hit positions in 
the simulation, the numerical precision of the helix-surface intersec-
tion in GEANT4 has been increased with respect to the standard CMS 
simulation. The Kalman filter track fit is used only to associate hits to 
a given track. The CVH fit is applied to data and simulation, and used 
to determine all track parameters, including the track momentum.

Although the models used to describe the magnetic field, the material 
distribution and the detector alignment are the most accurate available 
at present, a few sources of potential biases remain. The magnetic field 
model is based on measurements made in the ground-level assembly 

hall rather than in the cavern and does not account for differences in 
the field induced by material in the detector and surroundings. The 
simulation geometry underlying the material model might not provide 
a perfect description of the real detector, and there are inaccuracies in 
the Gaussian model used to incorporate material effects. Finally, the 
alignment is affected by small residual biases in the alignment proce-
dure and by so-called ‘weak modes’ (misalignment patterns, including 
global translations, twists and radial expansions, that bias the param-
eter extraction from the track but do not affect the overall χ2 of the 
track fits81). To correct for these biases, we developed a generalized 
correction procedure that extends the standard alignment procedure. 
The alignment degrees of freedom are parameterized by the three 
translation and three rotation degrees of freedom per tracker module, 
albeit without extra parameters for module deformation or residual 
time dependence. The parameterization is extended with additional 
parameters to correct the z component of the magnetic field and the 
energy loss from material in the vicinity of each module. The correction 
parameters are derived from a sample of J/Ψ → μμ decays using the CVH 
fit, imposing the additional constraints that the muons are produced 
from a common vertex and that the muon pair has a mass consistent 
with that of the J/Ψ meson. These are needed to constrain weak modes 
in the alignment, magnetic field and energy loss parameters.

The correction procedure is effective in absorbing local biases in the 
magnetic field, energy loss and alignment, but remains subject to weak 
modes, as well as to residual biases resulting from limitations in the 
Gaussian J/Ψ meson mass constraint. Convolution effects from the 
finite detector resolution and for final-state radiation are accounted 
for only in an approximate manner, and background contributions are 
not considered. To correct for these potential biases, residual correc-
tions are derived from fits to the J/Ψ → μμ dimuon mass distribution in 
two steps. In the first step, we extract correction factors in fine bins 
over a four-dimensional space constructed from the pT

μ  and ημ of the 
two muons, to adjust the muon momentum scale in data to that of the 
simulation. In these fits, the signal model is based on templates from 
simulation, convolved with a Gaussian whose mean and standard 
deviation (σ) account for the residual scale and resolution difference. 
The combinatorial background is represented by an exponential func-
tion. In the second step, the muon momentum scale correction factors 
are translated into correction parameters for each individual muon. 
The conversion between the four-dimensional corrections and the 
per-muon correction parameters is performed with a χ2 minimization. 
The residual corrections to the muon momenta are binned in ημ and 
parameterized as a function of qμ and the curvature, k ≡ 1/pT, as 

δk
k

A ϵ k qM k= − + / . (1)iη iη iη

The iη subscript indicates the corresponding η bin of the correction 
parameters. The parameters are independent for the 48 η bins of width 
0.1 and are integrated over the ϕ coordinate. The Aiη term corresponds 
to a small adjustment of the magnetic field. The ϵiη term is the first one 
in a Taylor series expansion for the effect of mismodelling the energy 
loss between the interaction point and the first hit measurement. The 
Miη term expresses the bias in the track sagitta resulting from a mis-
alignment of the tracker in the plane transverse to the magnetic field. 
The expression captures the leading behaviour once local biases in the 
magnetic field, material and alignment are corrected. In the presence 
of sufficiently large local biases, additional terms would appear with 
a more complicated functional form. Using MC simulation, we have 
validated that residual biases are well described by this functional 
form, after performing the track refit and applying the generalized 
global corrections. The corrections are then applied by shifting the 
reconstructed curvature of the measured muons. Illustrative fits to 
the dimuon mass distribution in J/Ψ → μμ events are shown in Sup-
plementary Fig. 17, and the parameters of equation (1) extracted from 
the fits to data are shown in Supplementary Fig. 18.



Article
To avoid extrapolating the muon momentum resolution corrections 

from the relatively low momentum values typical of muons from J/Ψ 
decays, we calibrate the muon momentum resolution using both 
J/Ψ → μμ and Z → μμ events. The resolution corrections are derived 
from fits to the J/Ψ → μμ and Z → μμ dimuon mass distributions, binned 
in the pT

μ  and ημ of the positively and negatively charged muon as for 
the scale corrections, and after correcting the momentum scale using 
the calibration parameters previously extracted from the J/Ψ sample. 
The resolution is parameterized as a function of the curvature as 
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where the parameters aiη, ciη, biη and diη parameterize the contributions 
to the curvature resolution from multiple scattering, hit resolution 
and the correlations between them induced by the track fit. These 
parameters are computed in 24 η bins of width 0.2 for each of the four 
terms, separately for data and simulation, and are applied by smear-
ing the reconstructed curvature of the simulated muons through a 
Gaussian distribution with the width corresponding to the difference 
in quadrature between data and simulation.

The calibration is validated using J/Ψ → μμ, Y(1S) → μμ, and Z → μμ 
events, by computing the residual muon momentum scale difference 
between the measured and simulated distributions, after applying all 
corrections, following the same two-step procedure used to derive the 
calibration factors. The residual scale differences between the event 
samples are obtained in 24 bins of ημ following the parameterization 
of equation (1) with ϵiη = 0. The resulting closure parameters, corre-
sponding to a charge-independent magnetic-field-like residual (A′) 
and a charge-dependent alignment-like residual (M′), are shown in 
Extended Data Fig. 4. The χ2 compatibility test for the J/Ψ → μμ calibra-
tion applied to Z → μμ events demonstrates that there is consistency 
within the statistical uncertainties for the charge-independent residu-
als. A small inconsistency for the charge-dependent residuals is seen, 
indicating a systematic uncertainty source. Given the momentum range 
relevant for W → μν events, the magnetic field and alignment effects 
are dominant with respect to those reflecting energy loss. The 
Y(1S) → μμ events are used only to validate the calibration in the central 
region of the detector, in which the dimuon mass resolution allows us 
to select a high purity sample of muons from the Y(1S) meson decay. 
The small deviations from zero in the J/Ψ → μμ events are due to the 
larger ημ bin sizes used for the validation step and from small pT

μ  bin 
migrations after applying the initial corrections in the A′ and M′ param-
eter extraction. The differences are small compared with the statistical 
uncertainty in the calibration procedure.

The uncertainties propagated to the analysis include the statisti-
cal uncertainties in the calibration parameters extracted from the J/Ψ 
sample, with statistical correlations taken into account, as well as the 
statistical uncertainties in the residual nonclosure between the J/Ψ and 
the Z samples and the systematic uncertainty associated with the refer-
ence measurement of the Z boson mass1. Although these uncertainties 
account for the limited size of the measured and simulated event sam-
ples in the J/Ψ calibration procedure and closure tests, as well as for the 
uncertainty in the world-average Z boson mass, other systematic effects 
might be present, related to weak modes with different sensitivity in  
J/Ψ → μμ and Y(1S) → μμ events, trigger biases or other sources. Remaining 
systematic effects that are not explicitly accounted for are assessed from 
the closure test between the J/Ψ calibration and the momentum scale 
from the Z sample. The statistical compatibility of this test is assessed 
for different ημ binning choices and considering several possible cor-
related patterns of biases. To cover all possible biases with a reduced 
χ2 smaller than unity, the statistical uncertainty in the J/Ψ calibration 
parameters is scaled by a factor of 2.1, as shown in Extended Data Fig. 4.

For the momentum resolution, the relative agreement between 
the measured and simulated samples, especially in the tails of the 

momentum response distribution, is affected by a different pixel 
hits efficiency after the tighter quality requirements imposed in the 
CVH fit. To account for this, a systematic uncertainty is evaluated by 
reweighting the simulated pixel hit multiplicity distribution to match 
data differentially in ημ and taking the full difference as an uncertainty. 
As the nominal resolution corrections are also affected by this issue, 
we assign a systematic uncertainty to cover the residual disagreement. 
This uncertainty is expressed in terms of the statistical uncertainty of 
the resolution correction parameters, which are scaled by a factor of 10 
to cover the observed differences. Because the statistical uncertainty 
in the resolution correction is small, and because the mW measurement 
is not sensitive to small changes in the resolution, these scaled resolu-
tion uncertainties contribute only 1.4 MeV to the uncertainty in mW.

The uncertainties in pT
μ  from the momentum scale and resolution 

calibrations are several orders of magnitude smaller than the 1 GeV pT
μ  

bin width of our likelihood function. If the impact of the pT
μ  variation 

is evaluated using event-level shifts in pT
μ , the p η q( , , )T

μ μ μ  template 
shapes are determined only by events in which the varied pT

μ  is assigned 
to a different histogram bin than its nominal value. The probability of 
this bin migration depends on the relative size of the pT

μ  shift compared 
with the bin width, which is (10 )−4  for a typical selected muon. As a 
result, the effective number of events contributing to the template 
shapes is very small, which leads to large statistical fluctuations in the 
uncertainty templates. To avoid this issue, the variations are evaluated 
by reweighting events in terms of the muon momentum response dis-
tribution, resulting in smooth variation templates. The breakdown of 
muon momentum calibration uncertainties is shown in Extended Data 
Table 1. The total contribution of the muon momentum calibration to 
the mW uncertainty is 4.8 MeV. This uncertainty has been validated by 
applying the difference in scale between the J/Ψ → μμ and Z → μμ events 
to the W boson simulation to build a biased prediction that is tested as 
pseudo-data in the fit. The resulting shift in mW from this procedure is 
covered by the corresponding calibration uncertainties. Supplemen-
tary Fig. 1 shows the Z → μμ dimuon mass distributions after correcting 
the muon momentum scale by the calibration parameters extracted 
from fits to the J/Ψ events.

Modelling of the W and Z boson transverse momentum 
distributions
To achieve the best accuracy in modelling the pT

V  spectra, we correct 
the generator-level pT

V  and yV distributions in MINNLOPS to state-of- 
the-art calculations in QCD, including the resummation of logarithmi-
cally enhanced contributions at small pT

V  and a model for nonperturba-
tive effects also at small pT

V . We use the SCETLIB code30,31,43, which 
performs pT

V  resummation as formulated using soft-collinear effective 
theory (SCET)82–84, using deterministic numerical integration routines 
to provide predictions with high numerical accuracy. The resummed 
predictions from SCETLIB are matched to the fixed-order calculation 
from DYTURBO50, at O α( )s

2  in the QCD coupling constant αs, to achieve 
N3LL + NNLO accuracy. The correction is derived from the ratio of the 
SCETLIB + DYTURBO and MINNLOPS predictions for a fixed value of mV 
(after the parton shower but before final-state photon radiation) in the 
full phase space of the decay lepton kinematics. The corrections are 
binned in 1 GeV bins of pT

V , up to 100 GeV, and 0.25 wide bins in the 
∣yV∣ < 5.0 range. They are applied to the MINNLOPS simulation by sam-
pling the binned corrections per event with the generator-level ∣yV∣ and 
pT

V  to obtain event-level weights that are propagated through the full 
experimental analysis. This procedure allows us to maintain the sta-
tistical power of the MINNLOPS MC sample while improving its accuracy 
at small pT

V . After the correction, the dependence of the pT
V  distribution 

on the parton shower and tune is negligible. We have compared the 
predictions using SCETLIB + DYTURBO with those using DYTURBO 
v.1.4.0 (refs. 50,85), MATRIX  +  RADISH v.1.0.0 (refs. 48,86) and 
CuTe-MCFM v10.2 (refs. 51,87), at equivalent or higher perturbative 
order. After propagating those predictions through the analysis as 



binned corrections in pT
V , we find that the expected shifts in mW are 

within the SCETLIB + DYTURBO uncertainties.
As shown in Extended Data Fig. 5, the SCETLIB + DYTURBO correction 

substantially improves the description of pT
μμ  and pT

μ  data in selected 
Z → μμ events when compared with the standalone MINNLOPS predic-
tions. Uncertainties in the pT

W  prediction, particularly those impacting 
the low-pT

W  region, can shift the peak of the pT
μ  distribution in a way 

similar to a variation of mW. Therefore, the sensitivity of the analysis to 
mW critically relies on differentiating the uncertainty in pT

W  and its 
impact on the pT

μ  distribution from mW variations. As can be appreci-
ated from Extended Data Fig. 5, different sources of uncertainty con-
tribute predominantly to different pT

V  regions. The nonperturbative 
uncertainty is most pronounced at low pT

V . Uncertainties in the resum-
mation calculation and in the matching of the resummed and 
fixed-order calculations are relevant up to p ≈ 40 GeVT

V . The nonper-
turbative and resummation uncertainties are most pronounced near 
the peak of the pT

μ  distribution, the region most sensitive to the mW 
value. Consequently, their contributions have an important impact on 
the measurement of mW. The perturbative uncertainties in fixed-order 
QCD, which are dominant at high pT

V , have a small impact on pT
μ  in the 

region sensitive to mW. The uncertainties are estimated by varying the 
relevant parameters of the SCETLIB + DYTURBO calculation to obtain 
alternative predictions that are propagated through the full experi-
mental analysis via event-level weights.

Perturbative uncertainties in the resummed predictions are evalu-
ated using the TNP approach recently proposed in ref. 32, which exploits 
the known all-order perturbative structure of the resummed calculation 
and is implemented in SCETLIB. In the SCET formalism used here, there 
are three perturbative ingredients in the pT

V  resummation: the ‘hard 
function’ that describes the hard virtual corrections for W and Z pro-
duction, the ‘proton beam functions’ that extend the PDFs to include 
collinear radiation, and the ‘soft function’ describing soft radiation. 
All these functions share a system of renormalization group equations 
whose solution yields the all-order resummation of logarithms of 
p m/T

V
V. In the TNP approach, the minimal independent set of ingredi-

ents that would be needed at the next perturbative order are identified 
and parameterized in terms of common nuisance parameters. Spe-
cifically, there are six sources of TNPs: the three fixed-order boundary 
conditions of each of the hard (H), soft (S) and beam (B) functions, and 
three anomalous dimensions governing their renormalization group 
evolution, namely, the cusp anomalous dimension (Γcusp) and the vir-
tuality and rapidity noncusp anomalous dimensions (γμ and γν). The 
TNPs of the hard and soft functions and the three anomalous dimen-
sions are numerical constants. As such, they are propagated as scalar 
variations around their known values. The beam functions (BF) com-
prise five one-dimensional functions of the Bjorken-x for the different 
partonic splitting channels. The qqV and qg BF contain the dominant 
quark to quark (q → q) and gluon to quark (g → q) channels, whereas 
the others (qqV, qqS and qqΔS) correspond to specific nondiagonal 
q → q′ contributions that are present at higher orders43. We use their 
known functional shape and treat their normalization as a scalar TNP 
for each partonic channel. The TNPs have a true, but unknown, value 
that can be varied according to their expected typical magnitude. As 
a result, the TNP approach provides a robust prediction for the cor-
relation of the uncertainties because of the missing higher orders across 
pT

V , yV and mV, which can be consistently used in the profile maximum 
likelihood fit used to extract mW. Extended Data Fig. 6 shows the impact 
of the 10 TNPs, propagated through the analysis using the event- 
weighting procedure, on the pT

μ  spectrum in W → μν events.
The SCETLIB program implements different configurations for the 

TNPs, in terms of the logarithmic accuracy of the prediction and the 
perturbative order at which the TNPs are included. The order of the 
calculation is expressed following the notation in ref. 32. An Nm+kLL 
prediction is built from a full calculation of the first m logarithmic 
terms in the resummation series, with a further k terms with unknown 

coefficients used to estimate the theory uncertainty. We use the N3+0LL 
scheme, in which the prediction has N3LL accuracy and the TNPs rep-
resenting the unknown HO corrections are estimated from multiplica-
tive variations of the same N3LL terms. We also consider two alternate 
schemes, N3+1LL and N4+0LL. The N3+1LL scheme implements the full 
N4LL perturbative structure, combining the known values for the 
parameters up to N3LL with best estimates of the HO terms and their 
variations to define the TNP variations. The N4+0LL scheme follows the 
same approach as the N3+0LL, but it is based on the N4LL calculation. 
We have verified that using the N3+1LL or the N4+0LL schemes has a neg-
ligible impact on the results with respect to the nominal N3+0LL scheme. 
As discussed in sections ‘Additional validation of theoretical modelling’ 
and ‘The W-like Z and W boson mass measurements’, we validate the 
robustness of this approach against the measured pT

μμ  distribution 
and the W-like measurement of mZ, in which the impact of the pT

Z  mod-
elling uncertainty is treated in the same way.

The perturbative uncertainty in the fixed-order matching correction 
of the unpolarized calculation is assessed from 7-point variations of the 
factorization and renormalization scales, μR and μF, in the DYTURBO 
calculation. The uncertainty is correlated for the different W (and Z) 
boson decay channels, and between W+ and W− boson production, but 
uncorrelated between W and Z boson production. This uncertainty is 
profiled in the maximum likelihood fit. If the uncertainty is excluded 
from the profiling procedure and estimated by repeating the maximum 
likelihood fit after varying μR and μF, or if the variations are correlated 
between W and Z boson production, the shift in the measured mW value 
is <0.4 MeV. The impact of both choices on the total uncertainty in mW is 
negligible. An uncertainty due to the matching procedure is evaluated 
by varying the transition scale (the midpoint of the transition function 
defined in ref. 31) between the resummation and the fixed-order regime 
from the nominal value of 0.5 mV to 0.35 mV and 0.75 mV.

Nonperturbative effects, such as the residual transverse motion of 
the partons inside the proton, affect the pT

V  distribution. These effects 
are expected to scale as Λ p( / )QCD T

V 2 88, where ΛQCD ≈ 200 MeV is the QCD 
vacuum expectation value. As such, their impact is dominant at low pT

V  
and less relevant for p ≳ 10 GeVT

V . The predictions considered here 
implement phenomenological models that require tuning to data to 
describe these nonperturbative effects. Two sources of nonperturbative 
effects affect pT

V . First, there can be nonperturbative corrections to the 
Collins–Soper (CS) rapidity anomalous dimension88, which are univer-
sal for W and Z boson production. Second, there are nonperturbative 
contributions to the beam (and soft) functions, which account for the 
intrinsic kT of the partons inside the protons, that are not universal as 
they can depend on the flavour and Bjorken-x of the interacting parton. 
As shown in ref. 89, the leading nonuniversal dependence can be cap-
tured by a single effective model function that depends only on the 
vector boson rapidity for each given vector boson type, apart from the 
helicity cross-section and the collision centre-of-mass energy. The 
SCETLIB program implements a corresponding nonperturbative model 
for both these sources31, in which the model parameters effectively 
determine the first two powers in an expansion in Λ p( / )QCD T

V 2  together 
with a parameter that determines the overall asymptotic behaviour for 
p → 0T

V . For the intrinsic kT, the effective model amounts to a (rapidity- 
dependent) Gaussian smearing in the Fourier conjugate of pT

V .
In our analysis, the five parameters of the SCETLIB model are loosely 

constrained around nominal values that correspond to minimal non-
perturbative smearing. The CS anomalous rapidity parameters are 
correlated between Z and W boson production, whereas the Gaussian 
smearing terms are uncorrelated between the two. Their best-fit values 
are extracted from the maximum likelihood fits to the measured dis-
tributions. The values obtained from a direct maximum likelihood fit 
to the pT

μμ  distribution are consistent with those resulting from the 
W-like fit to the pT

μ  distribution in Z → μμ events.
The SCETLIB + DYTURBO and MINNLOPS calculations are performed 

in a fixed-flavour scheme with massless quarks. Calculations with b 
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and c quark masses have not been performed with a comparable per-
turbative accuracy. The impact of quark masses is expected to be mostly 
at the scale of the b and c masses. Their impact is partially estimated 
by varying the heavy-quark thresholds using charm and bottom quark 
mass variations of the MSHT20 PDF set90. Moreover, the loose initial 
constraints of our nonperturbative uncertainty model provide flexibil-
ity to cover these sources of uncertainty at low pT

V . Quark mass effects 
are expected to differ between W and Z production because of the 
different flavour contributions to their production. This difference is 
captured by the variations of the PDF threshold and by our independ-
ent treatment of nonperturbative uncertainties between Z and W pro-
duction. The sufficiency of our model to capture these effects is 
confirmed by the likelihood fits to data discussed in section ‘Additional 
validation of theoretical modelling’.

The total impact on mW from the perturbative, nonperturbative and 
quark mass threshold uncertainties is 2.0 MeV, the three components 
yielding comparable contributions. A summary of nuisance param-
eters in the maximum likelihood fit that represent these uncertainties 
is given in Supplementary Table 2. Section ‘Additional validation of 
theoretical modelling’ further discusses the validation of the model 
and its uncertainty.

Modelling of the angular distributions in W and Z boson leptonic 
decays
The differential cross-section for the production and decay of the spin-1 
W and Z bosons can be decomposed in terms of spherical harmonics 
into nine helicity-dependent states34, 
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We choose the CS reference frame91, where θcos * and ϕ* correspond 
to the polar and azimuthal angles, respectively, of the muon emitted 
in the W boson decay. The angular coefficients Ai depend on the boson 
charge, rapidity yV, pT

V  and mV. Combined with the unpolarized cross- 
section σU+L, they describe the relationship between the boson pro
duction and the kinematic distributions of the decay muons. The Pi 
spherical harmonics describe the kinematic distributions of the daugh-
ter muon, which depend on the properties of the W or Z boson.

The nominal predictions for the angular distributions, from MINN-
LOPS, are NNLO accurate in QCD. Uncertainties in the predicted angu-
lar coefficients impact the pT

μ  and ημ distributions by modifying the 
polarization of the W boson. Uncertainties in the angular coefficients 
are assessed by varying μR and μF in the MINNLOPS predictions. The 
correlations of HO corrections across phase space and processes are 
not well known. Therefore, we consider these variations uncorrelated 
among the Ai coefficients and in 10 pT

V  bins, but correlated across yV, 
and between W+, W− and Z.

We have verified that the MINNLOPS predictions and uncertainties  
for the angular coefficients are consistent with NNLO fixed-order  
calculations, and that the Ai coefficients predicted at N3LL, assessed 
with both SCETLIB and DYTURBO, are consistent with the MINNLOPS 
predictions within the assigned uncertainties. We have validated that 
the Ai coefficients predicted by MINNLOPS are consistent with those 
measured in data for Z boson production. Measurements of the Ai 
coefficients for W boson production recently reported by the ATLAS 
Collaboration92 confirm the accuracy of the NNLO predictions. The 
isotropic smearing of the colliding partons due to the intrinsic kT model 
of PYTHIA induces a modest change to the angular coefficients, in 
particular A1 and A3 at low W or Z boson transverse momentum. The 
full difference between the angular coefficients before and after the 
PYTHIA 8 shower and intrinsic kT is taken as an additional systematic 

uncertainty, fully correlated across angular coefficients, phase space, 
and W and Z boson production. The total uncertainty in mW due to the 
uncertainty in the predicted angular coefficients is 3.2 MeV, with the 
largest contributions coming from A0, A2 and A4. If the uncertainty in the 
angular coefficients defined by variations of μR and μF is excluded from 
the profiling procedure and estimated by repeating the maximum likeli-
hood fit for each variation, the measured value of mW shifts by +2.5 MeV. 
This increases the uncertainty in the angular coefficients to 3.9 MeV.

Parton distribution functions
Supplementary Fig. 2 shows the ημ distribution for W+ and W− boson 
events, compared with the predictions obtained with the CT18Z PDF 
set and its uncertainties, as well as with the central predictions for 
several other PDF sets. The consistency among the five PDF sets and 
the observed data is determined by performing likelihood fits to these 
distributions for each PDF set under consideration. Fits are performed 
including all the uncertainties of the nominal mW fit, as well as removing 
the PDF + αs or the theory uncertainties. The impact of αs is evaluated 
from alternative PDF fits with αs shifted by ±0.015 from its nominal value 
of 0.118. The change of αs is propagated through the matrix-element 
calculation in MINNLOPS and the SCETLIB + DYTURBO corrections. 
The corresponding saturated likelihood goodness-of-fit values are 
reported in Supplementary Table 1.

To test the dependence of the result on the choice of PDF set, we per-
formed the mW measurement with the NNPDF3.1 (ref. 64), NNPDF4.0 
(ref. 65), CT18 (ref. 44), MSHT20 (ref. 66) and PDF4LHC21 (ref. 67) sets 
at NNLO, and the approximate N3LO set MSHT20aN3LO68. To assess the 
consistency of the PDF sets we perform studies in which the MC simu-
lation for the W and Z boson production, and the corresponding PDF 
uncertainties, are obtained from a given PDF set, whereas another PDF 
set provides pseudo-data. We then evaluate if the mW value extracted 
from the fit lies within the uncertainty predicted by the PDF set under 
test. In the case of the CT18Z, CT18 and PDF4LHC PDF sets, their uncer-
tainty covers the mW value extracted with all other PDF sets. This does 
not happen for the remaining PDF sets and, hence, we test the impact 
of increasing their PDF uncertainty by scaling all eigenvectors by a 
constant value until the difference in the extracted mW is within the 
postfit σPDF. The SFs determined with this procedure are reported in 
Extended Data Table 3, which also shows that the total mW (unscaled) 
uncertainty due to the alternative PDF sets ranges from 2.4 MeV to 
4.6 MeV. The scaling of the PDF uncertainty has only a moderate impact 
on the total mW uncertainty. Results for each PDF set, obtained with 
and without the scaling factors, are reported in section ‘Results with 
alternative parton distribution functions’. When the PDF uncertainty 
is increased, the degree to which the fit is constrained to the predic-
tions of the global PDF fit is relaxed, and the relative importance of 
this dataset is increased, leading to a better consistency between the 
measured mW values for different PDF sets. Given its agreement with 
data, relatively large uncertainty and consistency with the other PDF 
sets, we select the CT18Z PDF set for the nominal prediction. The PDF 
uncertainty in mW from the CT18Z set is 4.4 MeV.

Impact of missing higher-order electroweak corrections
By interfacing MINNLOPS with PHOTOS++, QED final-state radiation 
(FSR) is considered at LL accuracy, including matrix-element correc-
tions and the effect of lepton pair production. The uncertainty in the 
QED FSR modelling is evaluated by comparing the predictions of MINN-
LOPS + PHOTOS++ to the prediction in which the matrix-element cor-
rections of PHOTOS++ are switched off. Furthermore, we evaluate the 
difference between the MINNLOPS + PHOTOS++ prediction and the pre-
diction from HORACE v.3.2 (refs. 93,94) with the QED FSR modelled at 
LL in the collinear approximation. For each comparison, the difference 
between the two predictions is evaluated from the two-dimensional 
distribution of the pT and mass of the dilepton system, with the charged 
lepton momentum defined after FSR. This difference is applied to the 



nominal MINNLOPS + PHOTOS++ prediction and propagated through 
the analysis as a systematic uncertainty. The impact on mW is <0.3 MeV.

The QED initial-state radiation (ISR) is modelled by the PYTHIA 8 
parton shower at LL accuracy. The uncertainty is evaluated by compar-
ing to a sample with ISR photon radiation switched off. The modifica-
tions on the pT

V  and yV distributions are propagated through the 
analysis and found to have a negligible impact on mW. Apart from the 
photonic corrections, we consider the impact of EW virtual corrections. 
For the neutral-current Drell–Yan process, the separation between 
weak and photonic corrections can be performed in a gauge-invariant 
way. The virtual EW corrections are calculated at NLO with the Z_ew 
process in the POWHEG-BOX-V2 (rev. 3900) program95,96, including 
universal HO corrections. The ratios between the NLO + HO EW and 
LO EW predictions of the Z boson mass, and of the rapidity and θcos * 
distributions, are used to define a systematic variation to the nominal 
MINNLOPS prediction.

For W boson production, the splitting into virtual and photonic cor-
rections is not gauge invariant and is, hence, ambiguous. Nonetheless, 
it is possible to separate the two contributions, to reproduce the QED 
FSR given by PHOTOS++. This separation is implemented in ReneSANCe 
1.3.11 (ref. 97), and the uncertainty in weak virtual corrections is defined 
as the ratios between the NLO + HO EW and LO EW predictions of the 
W boson mass, and of the rapidity and θcos * distributions. We cross- 
checked that the full NLO EW corrections (QED plus weak) agree at  
the 0.3% level between the POWHEG-BOX-V298 and the ReneSANCe 
programs, also confirming previous benchmarks99. The uncertainty 
from the virtual EW corrections has an impact on mW of 1.9 MeV.

Additional validation of theoretical modelling
To validate the uncertainties in our theoretical predictions and to quan-
tify the sensitivity of our result to alternative pT

V  modelling approaches, 
we performed several additional checks to demonstrate the stability 
of the results when modifying the treatment of theoretical predictions 
and their uncertainties in the analysis. To facilitate this, we correct our 
dimuon data sample for the effect of the detector response by unfold-
ing the two-dimensional p y( , )T

μμ μμ  distribution, extending the study 
reported in ref. 63. The Z/γ* → μμ production cross-section is extracted 
inclusively in the kinematics of the decay muons, defined before 
final-state photon radiation, and for 60 < mZ < 120 GeV, p < 54 GeVT

Z , 
and ∣yZ∣ < 2.5. The unfolding is performed by a maximum likelihood fit 
to the two-dimensional distribution of p y( , )T

μμ μμ  without regulariza-
tion. The unfolded pT

Z  and ∣yZ∣ distributions, shown in Fig. 2 and Sup-
plementary Fig. 3, are obtained by integrating over the other dimension 
of the measured two-dimensional distribution.

We have repeated the W-like mZ and mW measurements using predic-
tions from SCETLIB at different perturbative orders, matched to 
DYTURBO, as well as different approaches to incorporate the TNPs. 
When using N3+1LL and N4+0LL predictions and uncertainties, the meas-
ured value of mW is shifted by less than the 2.0 MeV of total pT

W- 
modelling uncertainty of the nominal result. Although the approximate 
N4LL predictions31 give slightly reduced pT

W  uncertainties, the differ-
ence in the total uncertainty in mW is negligible when compared with 
the nominal result. Moreover, we have tested the impact of extracting 
mW with an uncertainty model that corresponds to a simplified and 
more constrained version of the helicity fit rather than relying on the 
SCETLIB TNPs. In this approach, the pT

V  modelling uncertainty is 
defined by varying all scales in the SCETLIB calculation independently 
and taking the envelope of the variations (the maximum per bin of the 
distribution) as uncertainty. This uncertainty is uncorrelated across 
10 quantiles of pT

V , such that the model is sufficiently flexible to describe 
the true pT

V  distribution in data. The mW value measured with this con-
figuration is shifted by <0.2 MeV with respect to the nominal result.

To further assess the impact of missing HO corrections, we have 
performed the analysis with the SCETLIB calculation matched to the 
O α( ) N LOs

3 3  predictions from NNLOJET100,101. The SCETLIB + NNLOJET 

predictions, using the CT18Z NNLO PDF set, are introduced into the 
analysis by two-dimensional corrections with the same procedure as 
for SCETLIB + DYTURBO. Given the very high complexity of the calcu-
lation, the numerical precision of the results is significantly worse than 
that of the MINNLOPS MC sample, and applying this correction intro-
duces non-negligible fluctuations in the predicted templates. These 
fluctuations are partially accounted for by propagating the statistical 
uncertainty of the SCETLIB + NNLOJET predictions into the p η q( , , )T

μ μ μ  
observable, but the full impact of these fluctuations has not been rig-
orously assessed. The mZ results obtained from the W-like fit with  
the MINNLOPS predictions corrected to N3+1LL + N3LO and N4+0LL +  
N3LO are shifted down by about 3 MeV with respect to the nominal 
N3+0LL + NNLO result, respectively. Owing to the complexity of the 
calculation, we have assessed only the impact of the N3LO prediction 
for W− production. The value of mW− is extracted from a fit to the 
p η q( , , )T

μ μ μ  distribution with only negatively charged muons selected. 
For the nominal configuration using SCETLIB  +  DYTURBO at 
N3+0LL + NNLO, the total uncertainty in mW− is 19.4 MeV, with a pT

W  mod-
elling uncertainty of 3.1 MeV. The mW− results at N3+1LL + N3LO and 
N4+0LL + N3LO differ from the N3+0LL + NNLO result by less than the pT

W  
modelling uncertainty. These checks show that our results are not 
significantly affected by HO predictions for Z and W boson production.

As an additional test of the measurement dependence on the accu-
racy of the pT

V  modelling, we have performed the W-like mZ measure-
ment with the MINNLOPS MC sample reweighted such that the predicted 
pT

Z  matches the measured pT
μμ  distribution. The corrections are derived 

from the unfolding measurement shown in Fig. 2 and Supplementary 
Fig. 3 and applied directly to the MINNLOPS prediction. The value of mZ 
extracted from this configuration differs by −1.8 MeV with respect to 
the nominal result, to be compared with the 1.7 MeV uncertainty due 
to the pT

Z  modelling. The stability of these results, and their consistency 
with the independently measured value of mZ, supports the use of the 
SCETLIB + DYTURBO prediction and its uncertainties. We also tested 
the impact of applying the same corrections, derived from the ratio of 
the unfolded data and the MINNLOPS predictions for pT

Z , to the W boson 
simulation. This procedure corresponds approximately to tuning the 
predictions to reproduce the pT

Z  spectrum, under the assumption that 
the differences between the data and the pT

Z  and pT
W  predictions arise 

from the same sources. Given the weakness of this assumption, we do 
not consider this procedure to be an acceptable approach for the 
nominal result. The resulting shift in mW with respect to the nominal 
result (based on the SCETLIB + DYTURBO prediction) is smaller than 
0.5 MeV and the change in the total uncertainty is negligible.

Finally, we test a simultaneous fit to the p η q( , , )T
μ μ μ  distribution in 

W → μν events and the p y( , )T
μμ μμ  distribution in Z → μμ events. The TNPs 

are correlated across the W and Z boson processes, whereas uncertain-
ties in the matching contributions and angular coefficients are left 
uncorrelated between the different processes. For the nonperturbative 
model, the Gaussian smearing parameters are considered independent 
for W and Z, whereas the CS anomalous rapidity is correlated. The mW 
value extracted in this fit is shifted by +0.6 MeV compared with the 
nominal result. The total uncertainty is moderately reduced because 
of additional constraints on theory and experimental uncertainties 
that are correlated across the W and Z processes. Supplementary Fig. 18 
presents a summary of these results, shown as a comparison to the 
nominal result and its uncertainty.

The impact of including the pT
μμ  data in the fit is shown in Extended 

Data Fig. 7, which compares the generator-level pT
W  spectrum modified 

by the best-fit values of nuisance parameters for the two fits. The con-
sistency of the two results supports the conclusion that the pT

μμ  meas-
urement is not required as an input to describe the pT

W  distribution, 
with the added benefit of a reduced model dependence of the result. 
The loose assumptions about the correlation of the nonperturbative 
parameters between W and Z boson production limit the impact of 
including the pT

μμ  data.
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Helicity fit
Although the theoretical model and uncertainties described in  
section ‘Theoretical corrections and uncertainties’ reflect our best 
knowledge of QCD and of the proton structure, approximations of this 
model or the presence of new physics motivates the extraction of mW 
using a parallel approach with a reduced model dependence, which 
we call ‘helicity fit’. With this technique we extract, from a likelihood 
fit to the p η q( , , )T

μ μ μ  distribution, not only the mass of the W boson but 
also, simultaneously, its polarization and the pT

W  and yW spectra. At the 
core of this alternative analysis is the observation that mW variations 
induce a uniform scaling of the pT

μ  spectrum, whereas changes in  
the W boson polarization or in the p y( , )T

W W  double-differential cross 
sections lead to a nonuniform sculpting of the pT

μ  and ημ spectra. We 
implement variations in the W boson polarization and in the p y( , )T

W W  
distribution as a set of independent nuisance parameters in the signal 
likelihood function that is used to fit the measured p η q( , , )T

μ μ μ  distri
bution. The W boson polarization enters into our analysis procedure 
through the helicity decomposition of equation (3). We use helicity 
cross-sections, σi, which correspond to the product of the angular 
coefficients Ai and the unpolarized cross section, and we neglect the 
terms with i > 4, predicted to be zero in first approximation and having 
no effect on our measurement (given that we integrate over the ϕ* 
angle in equation (3)).

For each muon charge, the analysis covers the pT
V  and yV plane with 

nuisance parameters that represent variations of the production 
cross-section, separately for 7 bins in yV (within ∣yV∣ < 3) times 8 bins in 
pT

V  (for p < 60 GeVT
V ), plus 16 overflow bins. The unpolarized cross- 

section (σU+L) and five helicity cross-sections are defined for each of 
those 144 bins, leading to a total of 864 nuisance parameters. The heli-
city cross-sections, σi ∝ σU+LAi, are defined for i = 0–4 in terms of Ai and 
σU+L from equation (3). We propagate variations in the helicity ampli-
tudes, which depend on the unobserved pT

W  and yW, into a multitude 
of p η q( , , )T

μ μ μ  distributions, obtained by reweighting the simulated 
events. For each individual variation, the sum of all contributions is 
recomputed to get a new prediction for the p η q( , , )T

μ μ μ  distribution. 
The nuisance parameters are constrained around the theoretical pre-
dictions with uncertainties that are relaxed with respect to their theo-
retical values, used for the nominal result. The σU+L and σ4 parameters 
have very loose initial constraints, of ±50% and ±100% of the predicted 
cross-sections, respectively. The initial uncertainties in the four other 
helicity terms, for which the fit has limited constraining power, are 
defined by the spread of theory predictions (reflecting missing higher 
orders) and by uncertainties covering several different PDF sets. To 
ensure coverage of all possible correlated variations allowed by the 
theory model used in the baseline analysis, apart from the explicit 
helicity cross-section variations, we also retain the PDF and missing 
HO uncertainties, as well as the primordial-kT smearing and nonper-
turbative uncertainties in the angular coefficients. The latter two are 
also retained in the unpolarized term, given that their impact on the 
cross-section at low pT

V  is significant within the finite-width bins of the 
helicity cross-section variations. By contrast, we do not consider uncer-
tainties in the unpolarized cross-section from resummation, matching 
and missing higher orders because they are largely redundant with 
respect to the explicit σU+L variations. This approach results in a sig-
nificant reduction in model-dependent assumptions with respect to 
the nominal analysis.

We validate the helicity fit approach by measuring a negligible mW 
bias in pseudo-data samples generated with different PDF sets and pT

W  
or yW spectra, and by measuring the Z boson mass in the W-like con-
figuration. The expected mW uncertainty is evaluated for different 
prefit constraints on the helicity nuisance parameters. We observe 
only a mild dependence of the mW uncertainty on all helicity terms, 
except for σ3, whose variations have a similar impact on pT

μ  as those 
resulting from mW variations. Therefore, in the mW extractions made 

to verify the stability of the measurement, we scale the prefit uncertain-
ties of σ3 and of all the other σi terms by two independent factors.

Extended Data Fig. 8 shows the mW values measured with the helicity 
fit for different scenarios of the prefit helicity cross-section uncertain-
ties. We halved or doubled the default σ3 prefit uncertainty, to study 
possible shifts of the central value under more aggressive or conserv-
ative theoretical assumptions. For each of those scenarios, we inflated 
the other helicity cross-section uncertainties by factors of 2 or 5 (apart 
from the nominal uncertainty). All eight extra cases give central mW 
values that are stable and consistent with both the baseline and helic-
ity fit nominal results. Supplementary Fig. 6 shows the W boson dif-
ferential cross-sections in pT

W  and |yW|, extracted from the p η q( , , )T
μ μ μ  

distributions through the decomposition of the helicity amplitudes 
in pT

W  and yW bins.

The W-like Z and W boson mass measurements
Extended Data Fig. 9 and Supplementary Fig. 8 show the p η( , )T

μ μ  dis-
tributions used in the binned maximum likelihood template fits to 
perform the W-like mZ and mW measurements, before and after the 
maximum likelihood fit, respectively. The ημ binning allows sensitivity 
to discontinuities in the geometry of the detectors and maximally 
exploits in situ constraints of systematic uncertainties. The pT

μ  binning 
roughly corresponds to the pT

μ  resolution, useful to enhance the sen-
sitivity to the measured mass, while avoiding fluctuations in the simu-
lated templates that could potentially lead to undercoverage of the 
estimated uncertainties102. The predicted and observed pT

μ  distribution 
of the W-like analysis, with the prediction corrected by the best-fit 
values of the nuisance parameters after the maximum likelihood fit to 
the p η q( , , )T

μ μ μ  distribution, is shown in Extended Data Fig. 10. The 
impact of a variation of mZ corresponding to the total uncertainty of 
the measurement is also shown, as well as the uncertainties in the pre-
diction, illustrating the precision of the measurement.

The uncertainty due to the size of the simulated samples is estimated 
via the Barlow–Beeston approach103, as simplified by Conway53. The 
estimate is increased by 25% to account for the effect of fluctuations 
in the alternate templates used to construct the systematic variations102. 
The 1.25 scaling factor is estimated by evaluating the coverage of the 
uncertainty with bootstrap resampling of the simulated samples104. 
The width of the W boson, ΓW, is varied with the mass according to the 
SM relationship Γ m∝W W

3 . The theoretical uncertainty of 0.6 MeV from 
the EW fit is taken as an uncertainty in ΓW, but we verified that using the 
experimental uncertainty in ref. 1 has a negligible impact on the results. 
The uncertainty in mW from ΓW is <0.2 MeV. Systematic uncertainties 
whose +1σ and −1σ variation templates affect the event yields asym-
metrically are decomposed into two symmetric variations, defined 
such that the symmetric and anti-symmetric components are repre-
sented separately. This procedure preserves the total variance and 
covariance of the event yields and reduces non-linearities in the likeli-
hood, simplifying the evaluation of uncertainties and impacts.

Several additional tests are performed to verify the robustness of 
the statistical procedure. The likelihood minimization is performed 
with an independent implementation of the likelihood function and 
with a different minimization algorithm, which yields a value of mW 
that is identical to the nominal result within the numerical precision. 
The minimization was performed 10 times with the starting values of 
mW and the nuisance parameters set to random values. The resulting 
minima of the likelihood function and the associated mW values are 
consistent with the nominal result in all cases. Finally, an estimation 
of mW is performed linearizing the likelihood function and absorbing 
all systematic uncertainties into the data covariance matrix, such that 
the systematic uncertainties are not explicit fit parameters. Instead, 
they are treated equivalently to the statistical uncertainty of the data. 
In this configuration, the minimum can be evaluated analytically, with-
out the need for iterative minimization. As discussed in ref. 105, this 
treatment is mathematically equivalent when the likelihood is purely 



quadratic. The value of mW extracted with this procedure is shifted by 
1.5 MeV with respect to the nominal result. The difference is primarily 
due to the linearization of uncertainties associated with the nonprompt 
background estimate, which in this approximated treatment are not 
scaled with the yield of the nonprompt background in case it differs 
from its prefit value. Although the nominal treatment is a more accurate 
representation of the uncertainties, the stability of the result within 
the associated uncertainties addresses potential concerns about the 
robustness of the likelihood minimization106.

The individual systematic uncertainties in the W-like mZ and mW meas-
urements are presented in Extended Data Table 2. The uncertainty 
breakdown labelled as ‘Nominal impact’ is computed according to the 
procedure described in ref. 33, in which the data statistical uncertainty 
corresponds to a hypothetical analysis with no systematic uncertain-
ties. The impact for all other sources of uncertainty corresponds to the 
amount by which the total uncertainty would decrease in quadrature 
if that source were removed from the analysis. The total uncertainty 
cannot be calculated as the sum in quadrature of the impacts because 
of correlations between the partial uncertainties.

This uncertainty breakdown is not directly comparable to that of 
ATLAS19, which uses an alternative method to define the uncertainty 
contributions, referred to as global impacts105. In that approach, the 
data statistical uncertainty is, instead, computed with the nuisance 
parameters present in the fit. If the data constrain the nuisance param-
eters in situ, beyond the externally imposed constraints, then fluctua-
tions in the data and the simulated event samples become correlated 
with the fitted values of the nuisance parameters, which, in turn, 
increases the statistical components of the uncertainty. The impacts 
of systematic sources are computed considering fluctuations of the 
corresponding external measurements (that is, of the so-called global 
observables) within their uncertainties. In the presence of stronger 
in situ constraints, this method typically leads to smaller impacts than 
our approach. These two procedures differ only in the split between the 
statistical and systematic components of the uncertainty; they do not 
affect the total uncertainty of the result. To facilitate the comparison 
with the uncertainty breakdown of the ATLAS measurement, Extended 
Data Table 2 also reports the leading uncertainties using global impacts.

Supplementary Table 2 shows a summary of the number of nuisance 
parameters included in the likelihood for the W-like mZ and mW fits. 
The parameters are categorized into groups, corresponding to the 
main sources of uncertainty reported in Extended Data Table 2, and 
gathering conceptually related systematic uncertainties. Uncertain-
ties specific to W bosons, for instance, the mass or width variations, 
are not implemented in the W-like mZ analysis because the W + jets 
background is negligible.

Measurement of m m−W W+ −

Our measurement assumes that the W+ and W− bosons have identical 
masses, m m=W W+ − , as required by charge, parity and time reversal 
symmetry. This requirement reduces the impact of uncertainties that 
affect the two charges differently, including the PDFs, angular coeffi-
cients and the alignment terms of the muon momentum calibration. 
By relaxing this requirement, we perform a measurement of the mass 
difference, 

m m− = 57.0 ± 30.3 MeV.W W+ −

The significant increase in the uncertainty compared with the mW 
measurement is due to uncertainties that have a strong negative cor-
relation between the two charges. In particular, the muon momentum 
calibration contributes an uncertainty of 22.0 MeV, the angular coef-
ficients contribute 18.7 MeV and the PDF uncertainty is 11.8 MeV. The 
statistical uncertainty of the data is 4.7 MeV. The P-value indicating the 
compatibility of this result and the expectation of m m− = 0W W+ −  is 
6.0%, or about 1.9σ. The charge-independent mW value measured in 
this configuration is shifted by 0.3 MeV with respect to the nominal 

result, having a negligible effect on the total uncertainty. The correla-
tion coefficient between mW+ and mW− is ρ+− = − 0.40, whereas the cor-
relation between the mass difference and mass average is only 0.02. 
The small correlation between mW and m m−W W+ − is a consequence of 
a strong degree of anticorrelation for the alignment components of 
the pT

μ  calibration uncertainties, and the uncertainties in the A3 angu-
lar coefficient.

If the mW+ and mW− values are measured independently, the total 
uncertainty in each is about 20 MeV, with statistical uncertainties of 
2 MeV and 3 MeV, respectively. Because the statistical uncertainties 
are negligible, the difference between the W+ and W− production rates 
does not have a visible effect on the charge-inclusive mW measurement, 
which is the average of the two results. The total variance in the sum 
(m m m+ = 2W W W+ − ) or difference (m m−W W+ −) is σ σ c ρ σ σ+ + 2+

2
−
2

+− + − , 
where σ+

2 and σ−
2 are the variances of mW+ and mW−, respectively, and 

c = +1 for the sum and −1 for the difference. The opposite effect of ρ+− on 
the propagation of uncertainty results in a factor of around 1/3 bet
ween the mW uncertainty and that of m m−W W+ −.

As a validation of this result, we also perform the corresponding 
measurement in the case of the W-like mZ measurement using the 
positively and negatively charged muons. In this case, the two leptons 
are from the same object and, therefore, the comparison is purely a 
validation of the theoretical and experimental inputs. The result when 
selecting positively charged muons in odd event-number events is 

m m− = 30.9 ± 32.5 MeV,Z Z+ −

and for the reversed muon charge and event-number selection, we get 

m m− = 6.4 ± 32.3 MeV.Z Z+ −

 Apart from the PDFs, which are not relevant for this measurement, 
the breakdown of uncertainties is similar to the m m−W W+ −  case. The 
muon momentum scale and the angular coefficients contribute uncer-
tainties of 23.1 MeV and 14.5 MeV, respectively. The statistical uncer-
tainty of the data is 13.9 MeV.

Supplementary Table 3 shows the impacts on the difference between 
the measured mass with positive or negative muons in the W-like mZ and 
mW analyses, comparing with the nominal result from the simultane-
ous fit to both charges, and using nominal impacts. The breakdown of 
uncertainties from the global definition of the impacts is also reported, 
for completeness.

We have performed several additional checks that confirm that the 
small tension with the expectation of m m=W W+ − does not reflect a bias 
or an underestimation of our uncertainties that would impact our 
result. The alignment components of the muon momentum scale 
calibration and the A3 angular coefficient uncertainties are the domi-
nant sources affecting the m m−W W+ −  measurement. Therefore, we 
repeat both measurements after varying the central value of these 
parameters by 1σ such that the charge difference is reduced, keeping 
their relative uncertainty fixed. Up variations of the pT

μ  scale alignment 
terms, and down variations of the A3 coefficient uncertainties, each 
reduce m m−W W+ − . The maximum shift in m m−W W+ −  when varying 
these two terms, either independently or coherently, moves the result 
towards zero by 1.2σ, compared with the m m−W W+ − measurement with 
the nominal uncertainty model. If the alignment parameters of the 
muon momentum scale calibration are extracted from Z → μμ events, 
the measured m m−W W+ −  shifts towards zero by 16 MeV, with a total 
uncertainty of 25 MeV. In the extreme configuration in which the align-
ment term is varied by 3σ, resulting in m m− ≈ 0W W+ − , the extracted mW 
differs from our nominal result by 0.6 MeV.

Results with alternative parton distribution functions
We performed the mW measurement using alternative PDF sets, with and 
without scaling factors, following the procedure described in section 



Article
‘Parton distribution functions’. The results are shown in Extended Data 
Table 3 and Supplementary Fig. 7. The scaling procedure, combined 
with the uncertainty profiling and in situ data constraints, improves 
the consistency between the mW results obtained with the different PDF 
sets. If no uncertainty scaling is used, the results vary by 8.1 MeV, from 
80 355.1 ± 9.3 MeV (NNPDF4.0) to 80 363.2 ± 9.9 MeV (PDF4LHC21). If we 
use the uncertainty scaling, the spread of results is reduced to 6.2 MeV, 
ranging from 80 357.0 ± 10.8 MeV (NNPDF4.0 with uncertainties scaled 
by 5.0) to 80 363.2 ± 9.9 MeV (PDF4LHC21 with no scaling factor). The 
spread of these values is within the total PDF uncertainty of our nominal 
measurement (performed with CT18Z).

We also tested the impact of excluding the PDF uncertainties from 
the profiling procedure in the maximum likelihood fit, and estimated 
their impact by repeating the fit for each PDF eigenvector variation. 
The total uncertainty is defined as the sum in quadrature of the PDF 
eigenvector variation uncertainties and the total profiled uncertainty. 
In this configuration, when using the CT18Z PDF set, the measured 
mW value decreases by less than 2 MeV, within the PDF uncertainty of 
the nominal result using profiling. The PDF uncertainty estimated 
from the CT18Z set increases by a factor of about 2.5 when the PDF 
uncertainty is not profiled, and the total uncertainty in mW increases 
by about 3 MeV. The shift in the measured mW value is within 1σ of the 
profiled PDF uncertainty for NNPDF4.0, MSHT20, MSHT20aN3LO and 
PDF4LHC, and within 2σ for NNPDF3.1 and CT18. The PDF uncertainty 
increase varies between a factor of 1.5 (NNPDF4.0) and a factor of 3 
(CT18). We have explicitly verified the coverage of the uncertainty, for 
both the profiled and the unprofiled cases, using pseudo-experiments 
whose pseudo-data are obtained from a random draw of counts as 
predicted from a random realization of the statistical model param-
eters. This method corresponds to the ‘frequentist toys’ approach 
described in ref. 107.

Additional validation checks of experimental inputs
Several additional tests were performed to ensure that the analysis is 
robust with respect to variations in the selections used.

The mZ extraction from Z → μμ events is performed in subsets of 
events defined by the relative location of the two muons in the CMS 
detector. Supplementary Fig. 9 shows that the nominal mZ result is 
compatible with the results obtained when both muons are central 
(∣ημ∣ < 0.9), one is central and the other is forward, or both are forward. 
The same exercise is performed depending on ημ, by requiring both 
muons on the ημ < 0 half of the detector, both on the positive half, and 
one in each half of the detector, with the same conclusions. Concern-
ing the W-like mZ and mW analyses, the mV extraction is performed in 
24 bins of ημ. The results are shown in Supplementary Fig. 11, in which 
the compatibility with the nominal result can also be appreciated. The 
ημ dependence of the result is also assessed by evaluating the differ-
ence between the mV values measured when selecting muons in the 
central (|η| < 0.9) and forward (0.9 < |η| < 2.4) regions of the detector. 
The difference between the mW values measured with central muons 
and with forward muons is 15.3 ± 14.7 MeV. For the W-like mZ analysis, 
the corresponding result is 22.8 ± 21.1 MeV.

We test the stability of the measurement by performing the mW extr
action in separate data collection periods and by dividing the dataset 
into five regions according to the number of reconstructed vertices. The 
number of reconstructed vertices is strongly correlated with the num-
ber of pileup interactions, and the average pileup increased with time 
during data taking. Therefore, these checks confirm that the measure-
ment is stable with respect to pileup, as well as other time-dependent 
changes in operational conditions. Because of the limited sample size, 
we do not derive independent efficiency SFs per period. Instead, we use 
the nominal SFs measured for the inclusive dataset. We estimate the 
impact of time-dependent effects that are not modelled by the simu-
lation and apply them as uncertainties in the SFs per data collection 
period. An independent mW parameter is assigned to each bin, and they 

are fitted simultaneously. Most of the experimental uncertainties are 
uncorrelated across the independent bins. The results are presented 
in Supplementary Figs. 13 and 14, which show good compatibility with 
the nominal measurement.

Moreover, we evaluate the effect of splitting the data by the muon 
azimuthal angle ϕμ. For this study, we use the nominal SFs and apply 
uncertainties to account for the estimated variation of the efficiency 
SFs across the ϕμ regions. As shown in Supplementary Fig. 12, the results 
are consistent with the nominal measurement. We assess the impact 
of the mT

W  selection in the mW measurement by repeating the measure-
ment with different mT

W  thresholds, from 30 GeV to 50 GeV. The sum-
mary is shown in Supplementary Fig. 15. The largest deviations from 
the nominal value correspond to −2.8 MeV and 3.3 MeV, comparable 
to the total nonprompt-muon background uncertainty. The total uncer-
tainty varies inversely with the mT

W  threshold, from 10.1 MeV to 9.7 MeV, 
because of the reduced impact of the nonprompt-muon background 
uncertainty when the mT

W  threshold is increased. However, the 
nonprompt-muon background estimation and the recoil calibration 
and uncertainties have not been independently optimized for the var-
ied thresholds.

Other tests that were performed and also showed no incompatibility 
with the corresponding nominal result are as follows:
1.	 performing the W-like mZ and mW analyses splitting events by the 

sign of ημ, for each half of the CMS detector separately;
2.	performing the mW analysis reducing the pT

μ  range considered  
by removing 4 GeV on the high end, on the low end, and on both  
ends; and

3.	performing the mW analysis treating the normalization of the W signal 
process unconstrained. A scaling factor of 0.979 ± 0.026 is obtained, 
in agreement with the SM expectation of unity.

Data availability
Release and preservation of data used by the CMS Collaboration as the 
basis for publications is guided by the CMS data preservation, reuse and 
open access policy (https://opendata.cern.ch/record/415). Tabulated 
results are provided in the HEPData record for this work (https://doi.
org/10.17182/hepdata.155627).

Code availability
The CMS core software is publicly available in our GitHub repository 
(github.com/cms-sw/cmssw). The data and simulation were processed 
with v.10_6_26 to produce output in the NanoAOD108 format. The pro-
cessing of the data into histograms was performed with the WRemnants 
framework, which is publicly available in a GitHub repository (github.
com/WMass/WRemnants). The version tagged ‘published’ has been 
used for the results in the paper. The statistical analysis was performed 
with the Rabbit software framework (GitHub repository; github.com/
WMass/rabbit), which was extensively validated against the results of 
the CMS Combine107 statistical analysis tool.
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Extended Data Fig. 1 | Measured and predicted ημ distributions in Z → μμ 
events with the W-like Z boson selection for positively (left) and negatively 
(right) charged muons. The normalization of the simulated spectrum is  
scaled to the measured distribution to better illustrate the level of agreement 
between the two. The shaded bands correspond to the total (statistical and 
systematic) uncertainty on the normalized distributions. The normalization of 

the prediction is scaled by about 1%, which is less than the luminosity and  
total cross section uncertainties. The vertical bars represent the statistical 
uncertainties in the data. The bottom panel shows the ratio of the number of 
events observed in data and of normalized variations in the predictions to that 
of the total nominal prediction.



Extended Data Fig. 2 | Measured and predicted mT distributions in Z → μμ 
and W → μν events, after calibrating uT. Given that m T

W  is an input variable,  
the extended ABCD method does not give suitable predictions for the m T

W  
distribution. Therefore, the nonprompt background contribution to W boson 
production is estimated from the QCD multijet simulation. The predictions are 
those prior to the fit to data. The total uncertainties (statistical and systematic) 

are represented by the gray band and the normalization of the simulated 
spectrum is scaled to the measured distribution to better illustrate their 
agreement. The vertical bars represent the statistical uncertainties in the data. 
The bottom panel shows the ratio of the number of events observed in data and 
of variations in the predictions to that of the total nominal prediction.
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Extended Data Fig. 3 | The observed data and the prediction of the extended 
ABCD method before (top) and after (bottom) the maximum likelihood fit, 
for the pT

μ  (left) and ημ (right) distributions, in a control region enriched in 
events with nonprompt muons matched to displaced secondary vertices. 
Small contributions from events with a prompt muon, evaluated using simulated 

samples, are shown by the red histogram. The total uncertainties (statistical 
and systematic) are represented by the gray bands. The vertical bars represent 
the statistical uncertainties in the data. The bottom panel shows the ratio of the 
number of events observed in data and of variations in the predictions to that 
of the total nominal prediction.



Extended Data Fig. 4 | Charge-independent ( A′, left) and charge-dependent 
(M ′, right) residual scale differences between data and simulation, after 
applying the corrections derived from the J/Ψ → μμ event sample. The scale 
differences are evaluated separately in J/Ψ → μμ, Y(1S) → μμ, and Z → μμ events to 
assess the consistency of the muon momentum scale calibration in the different 
event samples. The charge-independent comparison probes a magnetic- 
field-like difference, whereas the charge-dependent comparison reflects  
a misalignment-like term. The points with error bars represent the scale 
parameters and statistical uncertainties associated with the closure test 
performed with J/Ψ → μμ (green), Y(1S) → μμ (red), and Z → μμ (blue) events.  

The yellow band represents the corresponding statistical uncertainty in the 
calibration parameters derived from the J/Ψ calibration sample. The filled gray 
band shows this uncertainty scaled by a factor of 2.1, as described in the text. 
The χ2 values correspond to the compatibility of the scale parameters with zero 
for the closure test performed with Z → μμ events. The statistical uncertainties 
for these parameters, as well as for the calibration parameters derived from the 
J/Ψ sample (without the 2.1 uncertainty scaling factor applied), are taken into 
account. The calibration parameter uncertainties are fully uncorrelated from 
the Z and Y(1S) closure test uncertainties, but very strongly correlated with the 
J/Ψ closure uncertainties, since they use the same data.
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Extended Data Fig. 5 | Measured and simulated pT
μμ  (left) and pT

μ  (right) 
distributions in selected Z → μμ events. The standalone uncorrected MINNLOPS 
predictions are shown by the dashed gray line. The nominal predictions (blue) 
correct the POWHEG pMiNNLOPS T

V  with SCETLIB + DYTURBO at N3LL + NNLO,  
as described in the text. The vertical bars represent the statistical uncertainties 
in the data. The bottom panel shows the ratio of the number of events observed 
in data to that of the total nominal prediction, as well as the relative impact of 

variations of the predictions. Different sources of uncertainty are shown as 
solid bands in the lower panel: the fixed-order uncertainty and the uncertainty 
in the resummation and fixed-order matching (orange), resummed prediction 
using TNPs (pink), the Collins–Soper (CS) kernel nonperturbative uncertainty 
(green), and other nonperturbative uncertainties (light blue). Additional 
sources of experimental and theoretical uncertainty that impact the agreement 
with the data are not shown.



Extended Data Fig. 6 | The predicted pT
μ  distribution for selected W → μν 

events, before the maximum likelihood fit. The lower panel shows the ratio 
of the ten TNP variations described in the text to the nominal prediction, 
illustrating their impact on the spectrum.
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Extended Data Fig. 7 | The generator-level pT
W  distribution, with three 

instances of the prediction and their uncertainty: before the maximum 
likelihood fit (“prefit”), and reflecting the results of the two fits described 
in the text. The distribution and uncertainties obtained from the combined 
p η q( , , )T

μ μ μ  and p y( , )T
μμ μμ  fit is shown in red, whereas the blue band shows the 

distribution obtained from the nominal p η q( , , )T
μ μ μ  fit. The generator-level 

distribution predicted by SCETLIB + DYTURBO before incorporating in situ 
constraints is shown in gray. The ratio of the postfit predictions to the prefit 
prediction (in gray), as well as their uncertainties, are shown by the shaded 
bands in the lower panel.



Extended Data Fig. 8 | The W boson mass measured with the helicity fit for 
different scaling scenarios of the prefit helicity cross section uncertainties, 
denoted by Δ σ 3

 and Δ σothers
 for the σ3 and the other components, respectively. 

The points are grouped and colored according to the scaling of σ3. The black 
line indicates the nominal result, with its uncertainties shown by the gray band.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Measured and predicted p η( , )T
μ μ  distributions used 

in the W-like mZ (upper two) and mW (lower two) measurements for positively 
(upper and second from bottom) and negatively (second from top and 
lower) charged muons. The two-dimensional distribution is “unrolled”  
such that each bin on the x-axis represents one p η( , )T

μ μ  cell. The gray band 

represents the uncertainty in the prediction, before the fit to the data. The 
bottom panel shows the ratio of the number of events observed in data to the 
nominal prediction. The vertical bars represent the statistical uncertainties in 
the data.
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Extended Data Fig. 10 | Measured and simulated pT
μ  distributions, with the 

prediction adjusted according to the best fit values of nuisance parameters 
and of mZ obtained from the maximum likelihood fit of the W-like mZ analysis. 
The vertical bars represent the statistical uncertainties in the data. The bottom 
panel shows the ratio of the number of events observed in data to the nominal 
prediction. The solid and dashed purple lines represent, respectively, the 
relative impact of an increase and decrease of mZ by 14 MeV. The uncertainties 
in the predictions, after the systematic uncertainty profiling in the maximum 
likelihood fit, are shown by the shaded band.



Extended Data Table 1 | Breakdown of muon momentum calibration uncertainties
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Extended Data Table 2 | Uncertainties in the W-like mZ 
and mW measurements, with contributions to the total 
uncertainty from individual sources separated according to 
the “nominal”33 and “global”105 definitions of the impacts



Extended Data Table 3 | The mW values measured for different PDF sets

The second column indicates the prefit uncertainty scaling factors required to cover the central predictions of the considered PDF  
sets, as described in the text. The observed values, with uncertainties scaled following the procedure described in Section A 8  
and with the default unscaled uncertainties, are shown in the last two columns. The uncertainty in mW from the PDF is indicated  
in parenthesis following the total uncertainty.
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