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FIG. S3: (left) Sketches of typical transverse vectors associated to quantities reconstructed in a W -boson event, with
the recoil hadron momentum (!uT ) separated into axes parallel (u||) and perpendicular (u⊥) to the charged lepton.
(right) Illustration of the η and ξ axes in Z boson events.

FIG. S4: Muon (left) and electron (right) identification efficiency as a function of the recoil component in the
direction of the lepton (u||), as measured in Z → $$ data using the tag-probe technique. The piece-wise linear fits
are used to model the lepton efficiencies in the simulation.

V. W AND Z BOSON EVENT SELECTION

The lepton selection criteria follow Ref. [43]. The criteria can be degraded by the presence of nearby energy
associated with the hadronic recoil. Hence, the lepton identification efficiency depends on the projection of the recoil
along the direction of the lepton, u||, as shown in Fig. S3. The procedure for measuring this efficiency is described
in Ref. [43], wherein Z → $$ events with one identified tag lepton provide the second probe lepton whose efficiency is
measured. The fraction of probe leptons passing the full W -boson candidate criteria (shown in Fig. S4) is fitted with
the parametrization εu = A[1 +m|u|| − d|], where A is an irrelevant normalization, m is the slope parameter versus
u|| and d is the offset parameter. The fits are used to model the lepton efficiencies in the simulation. The reduction
in efficiency for large negative values of u|| is due to an increase in overall hadronic activity in the event, verified by
studying the efficiency with the pythia [101, 102] Monte Carlo that includes hadrons from the breakup of the proton
and the initial-state radiation.

The following parameter values and statistical uncertainties are determined from the data and used in the simulation:
A = 98.6%, m = (0.048 ± 0.006)%/GeV, and d = (−1.8 ± 0.9) GeV for the electron channel, and A = 97.4%,
m = (0.1200 ± 0.0054)%/GeV, and d = (−1.40 ± 0.24) GeV for the muon channel. The parameters m and d have
a correlation coefficient of −0.41(−0.18) for the electron (muon) channel. For a 1σ increase in m, the variations in
the mT , p!T , and pνT fits are −0.4 (−0.4), 0.0 (0.0) and −1.5 (−1.5) MeV respectively in the electron (muon) channel.
For a 1σ increase in d, the variations in the mT , p!T , and pνT fits are −0.5 (−0.3), 1.3 (1.0), and −2.8 (−1.7) MeV
respectively in the electron (muon) channel. These systematic uncertainties are uncorrelated between the electron


