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The differential cross section and charge asymmetry for inclusiveW boson production at
ffiffiffi
s

p ¼ 13 TeV
is measured for the two transverse polarization states as a function of the W boson absolute rapidity. The
measurement uses events in which a W boson decays to a neutrino and either a muon or an electron. The
data sample of proton-proton collisions recorded with the CMS detector at the LHC in 2016 corresponds to
an integrated luminosity of 35.9 fb−1. The differential cross section and its value normalized to the total
inclusiveW boson production cross section are measured over the rapidity range jyW j < 2.5. In addition to
the total fiducial cross section, theW boson double-differential cross section, d2σ=dpl

Tdjηlj, and the charge
asymmetry are measured as functions of the charged lepton transverse momentum and pseudorapidity. The
precision of these measurements is used to constrain the parton distribution functions of the proton using
the next-to-leading order NNPDF3.0 set.
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I. INTRODUCTION

The standard model (SM) of particle physics provides a
description of nature in terms of fundamental particles and
their interactions mediated by vector bosons. The electro-
magnetic and weak interactions are described by a unified
gauge theory based on the SUð2ÞL × Uð1ÞY symmetry
group, where the photon, the W boson, and the Z boson
act asmediators of the unified electroweak interaction [1–3].
Measurements of the kinematic properties of W bosons

produced at hadron colliders provide stringent tests of
perturbative quantum chromodynamics (QCD) calculations
and probe the nature of the electroweak interaction.
In particular, the measurement of the polarization of
the W boson is fundamental in determining its production
mechanism.
At leading order (LO) in QCD,W bosons are produced at

a hadron collider with small transverse momentum (pT)
through the annihilation of a quark and an antiquark: ud̄ for
the Wþ and ūd for the W−. At the CERN LHC, W bosons
with large rapidity (jyW j) are produced predominantly with
momentum in the same direction as the momentum of the
quark that participates in the hard scattering. This is
because the parton distribution functions (PDFs) of the

proton favor the quark to carry a larger fraction (x) of the
proton momentum rather than the antiquark [4].
Because of the V − A coupling of the W boson to

fermions in the SM, the spin of theW boson is aligned with
that of the quark, i.e., purely left handed, and thus aligned
opposite to the direction of the momenta of both the W
boson and the quark. With smaller jyW j, the W bosons
produced at the LHC become a mixture of left- and right-
handed polarization states at LO in QCD, and the rates
of the two polarizations become equal at jyW j ¼ 0. With
increasing W boson pT (pW

T ), next-to-leading order (NLO)
amplitudes contribute in its production, and longitudinally
polarizedW bosons arise. The relative fractions of the three
polarization states depend on the relative size of the
amplitudes of the three main production processes:
ud̄ → Wþg, ūg → Wþd, and gd̄ → Wþū, and are deter-
mined by the PDFs at high values of x. Overall, left-handed
W bosons are favored at the LHC over right-handed and
longitudinally polarized W bosons. The relative fraction of
positively (negatively) charged left-handed W bosons is
around 65 (60)%, of right-handed W bosons around
28 (33)%, and of longitudinally polarizedW bosons around
7 (7)% of the total production cross section. The fraction of
longitudinally polarizedW bosons increases monotonically
with pW

T in the pW
T range relevant for this analysis.

At the LHC, W bosons are produced in large quantities,
and it is easy to trigger on their leptonic decays (W → lν)
with high purity. Since the escaping neutrino means the
momentum of the W boson is not known, the direct
measurement of the fully differential cross section of the
W boson is not possible. In particular, the polarization and
rapidity distributions of the W boson must be inferred by
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using the PDFs. Uncertainties stemming from the imperfect
knowledge of these PDFs contribute a large fraction of the
overall uncertainties in recent measurements of the mass of
the W boson [5] and in other high-precision measurements
at the LHC [6].
Constraints on the PDFs and their uncertainties are

possible through many different measurements. Recently,
the ATLAS and CMS Collaborations published PDF
constraints from double-differential measurements of Z
boson production and the accurate measurement of sin2 θW
[7–9]. Studies of W bosons have been used by the ATLAS
and CMS Collaborations to set constraints on PDFs
through the measurement of charge asymmetries, in par-
ticular, as a function of the charged lepton pseudorapidity
ηl [10–18]. Measurements of associated production of aW
boson and a charm quark by the ATLAS, CMS, and LHCb
Collaborations at the LHC [19–21], and by the CDF and D0
Collaborations at the Fermilab Tevatron [22,23], also
contribute to constrain the strange quark distribution within
the light quark sea in the proton.
Previous measurements of the decay characteristics and

polarization of W bosons have been carried out by
collaborations at the Tevatron and the LHC [24–27].
Recently, a method has been proposed to directly

measure the rapidity spectrum differentially in three hel-
icity states [28] forW bosons at the LHC. It exploits the fact
that the three helicity states of the leptonically decaying W
boson behave differently in the two-dimensional (2D) plane
of observable lepton transverse momentum pT (pl

T) and η
l.

This paper describes an experimental implementation of
this novel method of measuring the W boson production
differentially in its helicity states, rapidity, and electric
charge. In addition, a measurement of the charge asym-
metry as a function of jyW j is presented. Furthermore, cross
sections forW boson production are provided as a function
of the charged lepton kinematics in the 2D plane of pl

T and
jηlj, unfolded to particle level, along with the fiducial cross
section in the experimental phase space.
The paper is organized as follows. Section II gives a brief

description of the CMS detector, followed by Sec. III
detailing the data sample and the simulated samples used
for this analysis. Section IV summarizes the physics object
and event selection. Section V describes the relevant
background sources and the methods to estimate their
contributions. Section VI explains the procedure to define
the simulated 2D templates for pl

T and ηl and the fitting
strategy to perform the statistical analysis. The treatment of
the systematic uncertainties is documented in Sec. VII. The
results are presented in Sec. VIII and a summary in Sec. IX.

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. A silicon pixel and strip tracker,

a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two end cap
sections, reside within the solenoid volume. Muons are
measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. Extensive forward
calorimetry complements the coverage provided by the
barrel and end cap section detectors. A more detailed
description of the CMS detector can be found in Ref. [29].
Events of interest are selected using a two-tiered

trigger system [30]. The first level (L1), composed of
custom hardware processors, uses information from the
calorimeters and muon detectors to select events at a rate of
around 100 kHz within a latency of 4 μs. The second
level, known as the high-level trigger (HLT), consists of a
farm of processors running a version of the full event
reconstruction software optimized for fast processing and
reduces the event rate to around 1 kHz before data storage.
In this paper the definition “on-line” refers to quantities
computed either in the L1 or in the HLT processing, while
“off-line” refers to the ones evaluated later on the recorded
events.

III. DATA AND SIMULATED SAMPLES

The measurement is based on a data sample correspond-
ing to an integrated luminosity of 35.9 fb−1 of proton-
proton (pp) collisions at a center-of-mass energy of 13 TeV
recorded by the CMS experiment at the LHC during 2016.
Candidate events are selected with single-lepton triggers

with online pT thresholds of 24 (27) GeV for muons
(electrons) at the HLT. For electrons, a higher threshold
(up to about 40 GeV) for the L1 hardware trigger was
operational during the second half of the 2016 data-taking
period. These higher thresholdswere present in the periods of
highest instantaneous luminosities at the beginning of the
LHC fills. Because of the higher trigger thresholds for
electrons, the data sample for electrons is considerably smaller
than that for muons and requires a careful modeling of the
trigger efficiencies as a function of electron pT. Identification
and isolation criteria are applied for these triggers to suppress
backgrounds before full event reconstruction.
Several Monte Carlo (MC) event generators are used to

simulate the signal and background processes. The signal
sample of W þ jets events is simulated at NLO in pertur-
bative QCD with the MadGraph5_aMC@NLO event generator
in version 2.2.2. [31]. Relevant background processes are
simulated with MadGraph5_aMC@NLO (Z → ll and W → τν
at NLO and diboson and top quark-antiquark pair (tt̄)
processes at LO), as well as with POWHEG2.0 [32–34] at
NLO (single-top processes). All simulated events are
interfaced with the PYTHIA 8.226 [35] package and its
CUETP8M1 [36] tune for parton showering, hadronization,
and underlying event simulation. The NNPDF3.0 set of PDFs
at NLO in QCD is used for all simulated event samples
[37]. Additional pp interactions in the same or adjacent
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bunch crossings (pileup) are added to each simulated event
sample. The events are weighted to match the pileup
distribution in simulation to that observed in data. The
average pileup in the data sample is 23.
Both simulated W and Z boson samples, generated at

NLO accuracy in perturbative QCD, are further reweighted
by the ratio of observed and predicted values in the pZ

T
spectrum, taken from a measurement by the CMS
Collaboration using the same dataset [38]. While this
procedure ensures consistency for the Z background
sample, reweighting pW

T by the measured pZ
T data versus

the MC spectrum is not inherently necessary. However,
when adopting this weighting, the agreement between the
observed data and the MC prediction in Z events is
improved for the observable relevant to this analysis,
namely pl

T. In addition, the theoretical uncertainties for
the boson pT spectrum, which will be described in Sec. VII,
are large enough to cover the difference between the raw
and reweighted spectra.
The detector response is simulated using a detailed

description of the CMS detector implemented with the
GEANT4 package [39]. Reconstruction algorithms are the
same for simulated events and data.

IV. RECONSTRUCTION AND
EVENT SELECTION

The analysis is performed by selecting W → lν candi-
date events characterized by a single prompt, energetic, and
isolated lepton and missing transverse momentum (pmiss

T )
due to the escaping neutrino. A particle-flow (PF) algo-
rithm [40] that reconstructs all observable particles in the
event is used. This algorithm classifies particles into
muons, electrons, photons, and charged or neutral hadrons.
It optimally combines information from the central tracking
system, energy deposits in the ECAL and HCAL, and
tracks in the muon detectors to reconstruct these individual
particles. The algorithm also determines quality criteria,
which are used to select the particles used in the distribu-
tions of the final-state observables.
Muon candidates are required to have a transverse

momentum pμ
T > 26 GeV and be within the geometrical

acceptance of the muon spectrometer, defined by
jημj < 2.4. These values are chosen so that the inefficiency
due to the trigger is minimal, once the full selection is
applied.
Quality requirements on the reconstructed muons are

applied to ensure high purity of the selected events. These
include requirements on the matching of the tracker infor-
mation to the information from the muon system, as well as
quality requirements on the combined track itself. In
addition, a requirement on the relative isolation of the
reconstructed muon is applied to suppress muons from
backgroundprocesses, such as leptonic heavy-flavor decays.
This isolation variable is defined as the pileup-corrected

ratio of the sum of the pT of all charged hadrons, neutral
hadrons, and photons, divided by the pT of the muon itself
[41]. It is calculated for a cone around the muon of
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔϕÞ2 þ ðΔηÞ2

p
< 0.4, where ϕ is the azimuthal

angle, and it is required to be smaller than 15%.
Electron candidates are formed from energy clusters in

the ECAL (called superclusters) that are matched to tracks
in the silicon tracker. Their pT is required to exceed 30 GeV
and they are selected within the volume of the CMS
tracking system up to jηej < 2.5. Electrons reconstructed
in the transition region between the barrel and the end
cap sections, within jηej > 1.4442 and jηej < 1.5660, are
rejected.
Electron identification is based on observables sensitive

to bremsstrahlung along the electron trajectory and geo-
metrical and momentum-energy matching between the
electron trajectory and the associated supercluster, as well
as ECAL shower-shape observables and variables that
allow the rejection of the background arising from random
associations of a track and a supercluster in the ECAL.
Energetic photons produced in pp collision may interact
with the detector material and convert into electron-posi-
tron pairs. The electrons or positrons originating from such
photon conversions are suppressed by requiring that there is
no more than one missing tracker hit between the primary
vertex and the first hit on the reconstructed track matched to
the electron; candidates are also rejected if they form a pair
with a nearby track that is consistent with a conversion.
Additional details of electron reconstruction and identifi-
cation can be found in Refs. [42,43].
A relative isolation variable similar to that for muons is

constructed for electrons in a cone of ΔR < 0.3 around
their momenta [43]. This variable is required to be less than
a value that varies from around 20% in the barrel part of the
detector to 8% in the end cap part. The values used are
driven by similar requirements in the HLT reconstruction.
Off-line selection criteria are generally equal to or tighter

than the ones applied at the HLT. Despite this, differences
in the definition of the identification variables defined in the
online system and off-line selection create differences
between data and simulation that need dedicated correc-
tions, as described in Sec. IVA.
The analysis is carried out separately for Wþ and W−

bosons and aims to measure the charge asymmetry in W
boson production, so any charge misidentification has to be
reduced to a minimum. Thus, the off-line electron selection
also employs a tight requirement for the charge assignment,
which reduces the charge misidentification to 0.02 (0.20)%
in the barrel region (end cap sections) in the pT range of
interest [44].
Events coming from W → lν decays are expected to

contain one charged lepton (muon or electron) and sig-
nificant pmiss

T resulting from the neutrino. The missing
transverse momentum vector p⃗miss

T is computed as the
negative vector sum of the transverse momenta of all the
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PF candidates in an event, and its magnitude is denoted as
pmiss
T [45]. No direct requirement on pmiss

T is applied, but a
requirement is placed on the transverse mass, defined as
mT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTpmiss

T ð1 − cosΔϕÞ
p

, where Δϕ is the angle in
the transverse plane between the directions of the lepton pT

and the pmiss
T . Events are selected with mT > 40 GeV. This

requirement rejects a large fraction of QCD multijet
backgrounds.
Events from background processes that are expected to

produce multiple leptons, mainly Z → ll, tt̄, and diboson
production are suppressed by a veto on the presence of
additional electrons or muons in the event. To maximize the
rejection efficiency, these events are rejected if additional
leptons, selected with looser identification and isolation
criteria than the selected lepton, have pT > 10 GeV.

A. Efficiency corrections

The measurement of differential cross sections relies
crucially on the estimation of the lepton selection efficien-
cies, both in the collision data and in the MC, because these
are among the dominant contributions to the uncertainty.
For the total absolute cross sections, the uncertainties are
dominated by the integrated luminosity uncertainty. For
normalized differential cross sections, the correlation of the
luminosity uncertainty between the inclusive and differ-
ential measurements is such that it mostly cancels out in
their ratio. Thus, the dominant uncertainties are the ones
related to the lepton efficiency that are not fully correlated
through the lepton kinematics phase space.
The lepton efficiency is determined separately for three

different steps in the event selection: the trigger
(L1þ HLT), the off-line reconstruction, and the off-line
selection, which includes identification and isolation cri-
teria. The lepton efficiency for each step is determined with
respect to the previous one.
A technique called tag-and-probe is used, in which the

efficiency for each step is measured for MC simulation and
collision data using samples of Z → ll events with very
high purity [46]. The sample is defined by selecting events
with exactly two leptons. One lepton candidate, denoted as
the tag, satisfies tight identification and isolation require-
ments. The other lepton candidate, denoted as the probe, is
selected with the selection criteria that depend on the
efficiency of the above steps being measured. The number
of probes passing and failing the selection is determined
from fits to the invariant mass distribution with Z → ll
signal and background components. The backgrounds in
these fits stem largely from QCD multijet events and are at
the percent level. In certain regions of phase space,
especially in the sample of failing probes, these back-
grounds contribute significantly, requiring an accurate
modeling of the background components. The nominal
efficiency in collision data is estimated by fitting the Z
signal using a binned template derived from simulation,
convolved with a Gaussian function with floating scale and

width to describe the effect of the detector resolution. An
exponential function is used for the background. The
nominal efficiency in MC simulation is derived from a
simple ratio of the number of passing probes over all
probes.
For each step, the tag-and-probe method is applied to

data and to simulated samples, and the efficiency is
computed as a function of lepton pT and η. The ratio of
efficiencies in data and simulation is computed together
with the associated statistical and systematic uncertainties
and is used to weight the simulated W boson events. The
uncertainties in the efficiencies are propagated as a sys-
tematic uncertainty in the cross section measurements. The
analysis strategy demands a very high granularity in the
lepton kinematics. Therefore, the efficiencies are computed
in slices of Δη ¼ 0.1 and steps of pT ranging from 1.5 to
5.0 GeV. A smoothing is applied as a function of lepton pT
for each slice in η, modeled by an error function.
Systematic uncertainties associated with this method are
propagated to the measurement and are discussed in
Sec. VII A 3. These include a correlated component across
ηl and an uncorrelated component related to the statistical
uncertainty in each of the slices in ηl.

V. BACKGROUND ESTIMATION

The selection requirements described in Sec. IV result in
a data sample of 114ð51Þ × 106 Wþ and 88ð42Þ × 106 W−

candidate events in the muon (electron) final state with
small background. A summary of the inclusive back-
ground-to-signal ratios is shown in Table I. The most
significant residual background is QCD multijet produc-
tion, where the selected nonprompt leptons stem from
either semileptonic decays of heavy-flavor hadrons or are
the product of misidentified jets (usually from light quarks).
The former is the principal source of QCD background
in the muon channel; the latter dominates the background in
the electron channel, along with the production of electron-
positron pairs from photon conversions.
The nonprompt-lepton background is estimated directly

from data. A control sample (the application sample) is
defined by one lepton candidate that fails the standard
lepton selection criteria but passes a looser selection. The

TABLE I. Estimated ratios of each background component to
the totalW boson signal in theW → μν andW → eν channels. The
DY simulation includes l ¼ e, μ, τ.

Processes

Bkg. to sig. ratio

W → μν W → eν

Z → ll (DY) 5.2% 3.9%
W → τν 3.2% 1.3%
WW þWZ þ ZZ 0.1% 0.1%
Top 0.5% 0.5%
Wrong charge � � � 0.02%
QCD 5.5% 8.2%
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efficiency, ϵpass, for such a loose lepton object to pass the
standard selection is determined using another independent
sample (the QCD-enriched sample) dominated by events
with nonprompt leptons from QCDmultijet processes. This
QCD-enriched sample, which is disjointed to the signal
sample by means of the requirement mT < 40 GeV, is
defined by one loosely identified lepton and a jet with
pT > 45 GeV recoiling against it. The measured efficiency
for the leptons in this sample, parametrized as a function of
pT and η of the lepton, is used to weight the events in the
application sample by ϵpass=ð1 − ϵpass) to obtain the esti-
mated contribution from the nonprompt-lepton background
in the signal region. The efficiency ϵpass is computed with
granularity ofΔη ¼ 0.1, and in each η bin it is parametrized
as a linear function of pT.
A small fraction of the events passing the selection

criteria are due to other electroweak processes, and this
contribution is estimated from simulation. Drell–Yan (DY)
events that produce a pair of muons or electrons and one of
the two leptons falls outside the detector acceptance mimic
the signature of W boson events rather closely. A smaller
effect from DY production stems from Z → ττ decays,
where one τ lepton decays leptonically and the other
hadronically. Additionally, events from W → τν decays
are treated as background in this analysis. The light leptons
from the τ decays typically exhibit lower pT than that in
signal events and are strongly suppressed by the minimum
pl
T requirements. Other backgrounds arise from tt̄ and

single top production, with one of the top quarks producing
aW boson that subsequently decays leptonically. There are
small contributions to the background from diboson (WW,
WZ, ZZ) production. Finally, for the electron channel only,
the background from W → eν, where the lepton is recon-
structed with the wrong charge, is estimated. This back-
ground is completely negligible for the muon final state.

VI. TEMPLATE CONSTRUCTION
AND FITTING PROCEDURE

The measurement strategy is to fit 2D templates in the
charged-lepton kinematic observables of pl

T and ηl to
the observed 2D distribution in data. Whereas each of
the background processes results in a single template, the
simulated W boson signal is divided into its three helicity
states, as well as into slices of the W boson rapidity jyW j.
The procedure of constructing these helicity- and rapidity-
binned signal templates is described below.

A. Construction of helicity and rapidity
signal templates

The inclusive W boson production cross section at a
hadron collider, with its subsequent leptonic decay, neglect-
ing the small terms which are exclusively NLO in QCD, is
given by [47]:

dN
d cos θ�dϕ� ∝ ð1þ cos2 θ�Þ þ 1

2
A0ð1 − 3 cos2 θ�Þ

þ A1 sin 2θ� cosϕ� þ 1

2
A2 sin2 θ� cos 2ϕ�

þ A3 sin θ� cosϕ� þ A4 cos θ�; ð1Þ

where θ� and ϕ� are the polar and azimuthal decay angles
of the lepton in the Collins–Soper frame of reference [48],
where the lepton refers to the charged lepton in the
case of W− and the neutrino in the case of Wþ. The
angular coefficients A0 to A4 in Eq. (1) depend on the W
boson charges, pW

T , and yW , and receive contributions from
QCD at leading and higher orders. When integrating Eq. (1)
over ϕ�, the cross section is written as follows:

dN
d cos θ�

∝ ð1þ cos2 θ�Þ

þ 1

2
A0ð1 − 3 cos2 θ�Þ þ A4 cos θ�: ð2Þ

This expression can equivalently be written as a function of
the helicity amplitudes [49]:

1

N
dN

d cos θ�dpW
T dyW

¼ 3

8
ð1 ∓ cos θ�Þ2fðpW

T ;yWÞ
L

þ 3

8
ð1� cos θ�Þ2fðpW

T ;yWÞ
R

þ 3

4
sin2θ�fðp

W
T ;yWÞ

0 ; ð3Þ

where the coefficients fi are the helicity fractions, and the
upper (lower) sign corresponds to Wþ (W−) boson, respec-
tively. Thus, the fractions of left-handed, right-handed, and
longitudinal W bosons (fL, fR, and f0, respectively) are
related to the coefficients Ai of Eq. (2), with A0 ∝ f0 and
A4 ∝ ∓ðfL − fRÞ depending on theW boson charge, where
by definition fi > 0 and fL þ fR þ f0 ¼ 1. The generated
leptons are considered before any final-state radiation
(“pre-FSR leptons”) and are called pre-FSR leptons.
Since there is no helicity information in the simulated

MC signal sample, the reweighting procedure is imple-
mented based on the production kinematics of theW boson
and the kinematics of the leptonic decay of the W boson.
The coefficients fi depend strongly on the production

kinematics of the W boson, namely pW
T , jyW j, and its

charge. Therefore, a reweighting procedure is devised in
which the cos θ� distribution is fitted in bins of pW

T and
jyW j, separately for each charge, to extract the predicted fi.
These spectra of the decay angle are constructed in the full
phase space of the W boson production. Each simulated
event is reweighted three separate times to obtain pure
samples of left-handed, right-handed, and longitudinally
polarized W bosons. The results of this procedure are
illustrated in Fig. 1, where the simulated signal is split into
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the three helicity states by reweighting by the extracted
helicity fractions fi. Distributions of pW

T and jyW j are
shown for both charges of W bosons, along with the
resulting distribution of the charged lepton η.
The distributions of pW

T and jyW j are substantially
different for the three helicity components. Whereas the
left-handedW bosons (WL) and the right-handedW bosons
(WR) behave in the same way as a function of pT, their
behavior in jyW j is significantly different. Their production
cross sections are equal at jyW j ¼ 0, but that of the WL
component increases up to a maximum at jyW j between 3.0
and 3.5, whereas the WR component decreases monoton-
ically with jyW j. The longitudinally polarized W bosons
(W0) have an overall much lower production cross section,
which is relatively flat in jyW j and increases as a function of
pT, as expected in the Collins–Soper reference frame.
The different distributions in jyW j of the WR and WL
components, paired with the preferential decay direction of
the charged lepton for these two helicity states, results in
distinctly different ηl distributions. For positively charged

W bosons at a given jyW j, the WL component causes the
charged lepton to have values of ηl closer to zero. In
contrast, the positively charged WR component tends to
have larger values of jηlj. The opposite is true for
negatively charged W bosons, i.e., the charged lepton
jηlj will tend to be large for left-handed W- bosons,
whereas right-handed W- bosons lead to leptons observed
mostly at small jηlj.

B. Fitting strategy for the
rapidity-helicity measurement

The characteristic behavior of the lepton kinematics for
different polarizations of the W boson can be exploited to
measure the cross section for W boson production differ-
entially in jyW j and separately for the three helicity
components. This is done by splitting each of the three
helicity states into bins of jyW j and constructing the charged
lepton pl

T versus ηl templates for each of the helicity and
charge components from the MC as described above.
Example 2D templates are shown in Fig. 2, where three
different templates are shown for Wþ bosons. The blue
template is obtained from events with aWR produced from
0.00 to 0.25 in jyW j, the red template from events with aWR
produced between 0.50 and 0.75 in jyW j, and the green
template from events with aWL produced between 2.00 and
2.25 in jyW j. The behavior described above is clearly seen.
Another important aspect of the underlying physics may
also be understood from Fig. 2: while the W bosons are
produced in orthogonal regions of phase space, the result-
ing templates for the observable leptons overlap consid-
erably for the different helicity and rapidity bins. This
overlap is most striking for adjacent bins in jyW j in a given
helicity state. In Fig. 2, the two distributions for the right-
handedW boson and the distribution for the left-handedW
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FIG. 1. Generator-level distributions of the W boson pW
T (top),

jyW j (center), and the resulting η distribution of the charged
lepton (bottom) after reweighting each of the helicity components
for positively (left) and negatively (right) charged W bosons.
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FIG. 2. Distributions of 2D templates of pl
T versus ηl for

simulated positively chargedW bosons events in different helicity
or rapidity bins. Templates for the muon channel are shown. Blue:
Wþ

R with jyW j < 0.25, red: Wþ
R with 0.50 < jyW j < 0.75, and

green: Wþ
L with 2.00 < jyW j < 2.25.
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boson show sizeable overlap, albeit with contrasting shapes
as a function of the observable lepton kinematics.
A consequence of the large overlaps in general, and in
neighboring bins in rapidity in particular, are large (anti-)
correlations in the fitted differential cross sections in
helicity and rapidity.
The 2D templates in the observable lepton kinematics

extend from the minimum pl
T requirement of 26 (30) GeV

for muons (electrons) to a maximum value of 45 GeV in
bins with width of 1 GeV. In the observable ηl, the width of
the bins is 0.1, extending from −2.4 (−2.5) to 2.4 (2.5) for
muons (electrons).
To extract the differential cross sections in W boson

rapidity for the three helicity states, the full sample of
simulated W boson events is divided using the method
described earlier into the three helicity components and 10
bins of jyW j of width 0.25 up to jyW j ¼ 2.5. These separate
signal processes are left freely floating in a maximum
likelihood (ML) fit to the observed 2D distribution for pl

T
versus ηl. All events above the threshold jyW j ¼ 2.5 are
fixed to the prediction from simulation and are treated as
background because of the rapid loss in acceptance for
certain charge and helicity combinations at higher rapidity.
Additionally, the longitudinally polarized states are fixed to
the MC prediction. This results in 40 freely floating cross
sections in the fit, corresponding to the 10 bins inW boson
rapidity for each charge and for the left- and right-handed
polarizations.

C. Fitting strategy for the double-differential W
boson cross section

The double-differential W boson production cross sec-
tions, as functions of pl

T and jηlj, are measured with an
analogous technique. The double-differential cross section
for each charge of the W boson is denoted by

σ� ¼ dσ
djηljdpl

T

ðpp → W� þ X → l�νþ XÞ; ð4Þ

and can be measured in very fine bins of ηl and pl
T. Current

theoretical calculations predict these cross sections with
next-to-NLO (NNLO) accuracy in perturbative QCD, and
such a measurement is a more rigorous test of these
calculations than the previous studies performed by the
CDF and D0 Collaborations at the Fermilab Tevatron pp
collider [10,11], or by the ATLAS, CMS, and LHCb
Collaborations at the LHC [12–18], which all measured
the cross section as a function of reconstructed ηl only. The
CDF Collaboration has also inferred the charge asymmetry
as a function of jyW j in Ref. [10]. When integrating either
over the jηlj or in the pl

T dimension, the usual one-
dimensional differential cross section measurement can
be recovered.

This measurement is performed by fitting the same 2D
distributions of pl

T versus ηl, with different freely floating
signal processes. As opposed to the rapidity-helicity
measurement, where each signal template corresponds to
one bin in the underlying jyW j and helicity state of the
generated W boson, each signal process in the double-
differential measurement corresponds to a bin in the
underlying generated lepton pT and lepton jηj. The gen-
erated leptons in this measurement are subject to a so-called
“dressing” procedure, where electroweak radiation is added
back to the charged-lepton momentum within a cone
of ΔR < 0.1. The unfolding corrects for bin-by-bin
differences in generated versus reconstructed pl

T and ηl.
The resulting number of underlying signal processes
increases from the 40 processes in the helicity/rapidity
fit to a total of 324, corresponding to 18 bins in the pl

T times
18 bins in jηlj. The generated pl

T ranges from 26 to 56 GeV.
The bin widths in pl

T are 2 GeV from 26 to 30 GeV,
1.5 GeV from 30 to 48 GeV, and 2 GeV above. The bin
width in jηlj is 0.1 up to jηlj ¼ 1.3, followed by 4 bins of
width 0.2, and a final bin ranging from jηlj ¼ 2.1 to 2.4.
Events in which the generated leptons are outside of the
reconstructed acceptances are treated as a background
component in this fit. The treatment of the backgrounds
and the systematic uncertainties remains the same as for the
rapidity/helicity fit.

D. Likelihood construction and fitting

A ML fit is performed to extract the parameters of
interest. The construction and calculation of the likelihood,
as well as the minimization are implemented using the
TensorFlow software package originally developed for
machine learning applications [50]. The benefit of such
an implementation is that the gradients required for
minimization are computed automatically by backpropa-
gation, which is both faster and more numerically accurate
and stable than finite difference approaches used in existing
tools. The calculation of the likelihood, and the additional
linear algebra associated with the minimization algorithm,
can also be parallelized on vector processing units and/or
multiple threads, as well as using graphics processing units,
for a further improvement in the speed of the fit. The
implementation is also optimized to keep memory usage
acceptable, given the large number of measurement bins
and parameters, with a sparse tensor representation used
where appropriate.
The negative log-likelihood function can be written as

L¼− lnðLðdatajμ⃗; θ⃗ÞÞ

¼
X

i

ð−nobsi lnnexpi ðμ⃗; θ⃗Þþnexpi ðμ⃗; θ⃗ÞÞþ1

2

X

k

ðθk−θ0kÞ2;

ð5Þ
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with

nexpi ðμ⃗; θ⃗Þ ¼
X

p

μpn
exp
i;p

Y

k

κθki;p;k; ð6Þ

where: nobsi is the observed number of events in each bin,
assumed to be independently Poisson-distributed; nexpi;p is
the expected yield per bin per process; μp is the freely
floating signal strength multiplier per signal process fixed
to unity for background processes; θk are the nuisance
parameters associated with each systematic uncertainty;
and κi;p;k is the size of the systematic effect per bin, per
process, and per nuisance parameter. The systematic
uncertainties are implemented with a unit Gaussian con-
straint on the nuisance parameter θk such that the factor
κθki;p;k multiplying the yield corresponds to a log-normal
distribution with the mean equal to 0 and the width equal to
ln κi;p;k. All nuisance parameters are fully profiled in the fit.
This parametrization corresponds to the one used by the
LHC Higgs Combination Working Group [51].
The signal strength modifiers and nuisance parameters

are extracted directly from the ML fit with the correspond-
ing covariance matrix computed from the Hessian of the
likelihood at the minimum, which can also be calculated to
high numerical accuracy using backpropagation. The
unfolded cross sections are extracted simultaneously in
the ML fit by including the dependence of the predicted
cross section on the nuisance parameters associated with
the theoretical uncertainties. The cross sections and corre-
sponding covariance matrix are extracted based on the
postfit values of the signal strength modifiers and nuisance
parameters and their covariance.
While the cross section vectors σ⃗ are left freely floating

when fitting for the rapidity/helicity or the double-
differential cross sections, it is also possible to fix these
parameters to their expected values. Performing the fit in
such a way allows for the direct measurement of the
constraints set by the data on every nuisance parameter.
This is especially interesting for the case of the PDF
uncertainties, as the large and quite pure selected sample of
W bosons can place strong constraints on the PDF
uncertainties by using the charged lepton kinematics.

E. Measurement of the charge asymmetry and
unpolarized cross sections

The fit to the data is performed simultaneously for the two
charge categories and to the three helicity states. Therefore,
the minimization can yield combinations of the measured
cross sections with the proper propagation of the uncertain-
ties through the fit covariance matrix, either differentially in
rapidity or double-differentially in pl

T and jηlj.
One of the additional quantities considered is the

polarized W boson charge asymmetry, defined as follows:

ApolðjyW jÞ

¼ dσpol=djyW jðWþ → lþνÞ−dσpol=djyW jðW− → l−ν̄Þ
dσpol=djyW jðWþ → lþνÞþdσpol=djyW jðW− → l−ν̄Þ ;

ð7Þ

where pol represents the W polarization state. The charge
asymmetry, as a function of jyW j as extracted from the ML
fit, differentially in the three polarizations, provides a more
direct constraint on the PDF than the previous measure-
ments at the LHC, which are performed differentially in the
reconstructed lepton pseudorapidity [12,16]. In the CDF
Collaboration measurement [10], the W boson charge
asymmetry was extracted as a function of jyW j, but not
separately in the W boson helicity state.
The charge asymmetry of W bosons, which is also

determined from the double-differential cross section
measurement, is written as follows:

Aðjηlj; pl
TÞ ¼

d2σþ=djηljdpl
T − d2σ−=djηljdpl

T

d2σþ=djηljdpl
T þ d2σ−=djηljdpl

T

: ð8Þ

When the distribution is integrated over pl
T, the results may

be compared directly with previous measurements of
AðjηljÞ at hadron colliders. Similarly, when integrating
over jηlj, Aðpl

TÞ is obtained. These one-dimensional (1D)
distributions as functions of pl

T and ηl are obtained by
integrating over the other variable after performing the fully
differential 2D fit. Associated uncertainties are included
properly from the full 2D covariance matrix of the fit.

VII. SYSTEMATIC UNCERTAINTIES

This section describes the treatment of systematic
uncertainties from experimental sources, as well as from
modeling and theoretical uncertainties. In general, system-
atic uncertainties are divided into two types: those affecting
only the normalization of the templates and those affecting
their shape.
Normalization uncertainties are treated as log-normal

nuisance parameters acting on a given source of back-
ground or signal. They change the overall normalization of
the process by the given value, while retaining the relative
contributions of the process in each of the pl

T and ηl bins.
Shape uncertainties do the exact opposite. While the

integral of a background or signal component is kept
constant at the central value, the relative shape of the
2D template is allowed to float. This necessitates both an up
and down variation of each shape nuisance parameter.
These uncertainties are incorporated by means of vertical
interpolation of the event count in each bin of the template.
Uncertainties can also be a combination of the two, i.e.,

change the normalization, as well as the shape of the 2D
templates simultaneously.
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A. Experimental uncertainties

1. QCD multijet background

The QCD multijet background is estimated from data
sidebands in the lepton identification and isolation varia-
bles, as described in Sec. V.
The uncertainty in the method itself is estimated from

closure tests in a background-dominated region obtained by
inverting the mT requirement, i.e., mT < 40 (30) GeV for
the μ (e) channel. The level of agreement in this back-
ground-dominated region is an estimate of the uncertainty
in the normalization of this process. The agreement in the
2D ðpl

T; η
lÞ plane is rather good for both muons and

electrons and varies with lepton η and pT. In the case of
electrons, where this background is larger than in the muon
case, the central value of the QCD background is also
rescaled by the values derived in this closure test.
The nonclosure amounts to about 5% in the muon final

state for all the jηlj bins and 0.5 to 5.0% in the electron final
state, with larger uncertainties at higher jηlj. The smaller
uncertainty for electrons is related to the increased size of
the misidentified-lepton dominated control sample used for
closure. Each of these normalization uncertainties is treated
as uncorrelated with the others.
A systematic uncertainty in the normalization of the

QCDmultijet background is also estimated by a closure test
in the background-dominated region in bins of pl

T 3
(5) GeV wide for the muon (electron) final state. The
uncertainties range from 30 to 15% (10 to 20%), depending
on the pl

T region for the muon (electron) final state.
Although the uncertainty is related to differences in the
composition of misidentified leptons in the control and
signal regions, which are common across the whole pl

T
range, the fraction of real leptons from jets and random
combinations of tracks and ECAL deposits within jets
might change across the phase space. Thus, conservatively,
these normalization uncertainties are also considered
uncorrelated among each other.
The closure test is also evaluated for the two charges

separately, weighting the events with the charge-
independent ϵpass misidentification efficiency. The two
estimates are consistent within the uncertainties, with a
similar dependency on pl

T and ηl. A further check was
carried out by computing a charge-dependent ϵ�pass. Based
on these checks, an additional charge-dependent uncertainty
of 2% is introduced in the muon case, in the same coarse
bins of jηlj, to include possible charge asymmetries in the
production of true muons from decays in flight of heavy
quarks. No additional uncertainty for electrons is added
since the dominating source of misidentified electrons is
random geometric association of energy deposits in the
ECAL with tracks within jets, which is charge-symmetric.
The uncertainty in the extraction of the QCD

multijet efficiency ϵpass is evaluated as follows. This lepton

misidentification rate, ϵpass, is extracted through a linear fit
to pl

T, which has an uncertainty associated with it. While a
variation of the offset parameter of this fit is absorbed by
the normalization uncertainty, the linear parameter of the fit
is varied, which therefore varies the QCD multijet back-
ground as a function of pl

T. This uncertainty is applied in
the same uncorrelated bins of jηlj as the normalization
uncertainty.
In total, 46 (55) nuisance parameters that affect the QCD

multijet background estimation are considered for each
charge of the muon (electron) final state. The larger number
of parameters for the electrons is due to a more granular
binning and the larger acceptance in ηl.

2. Lepton momentum scale

The lepton momentum scales are calibrated and cor-
rected using events from Z boson decays. Closure tests are
performed by fitting the invariant mass spectrum in data
and simulation with a Breit–Wigner line shape, convolved
with a Crystal Ball function. The data-to-MC difference in
the fitted mass of the Z boson is taken as the nonclosure.
Small values of nonclosure may arise because the lepton
selection, fitting model, and invariant mass range are
different in the derivation of the lepton momentum scale
calibrations, as compared to the analysis. This nonclosure is
of the order of 10−4 in the muon case. For such a precision,
a detailed nuisance model was implemented to cover
residual effects [52] that can remain after the calibration
procedure is applied.
Systematic uncertainties in the derivation of the muon

momentum scale corrections are included. These uncer-
tainties are related to: the modeling of pZ

T, electroweak
effects on the Z boson line shape, and the effect of the
acceptance on the dimuon invariant mass. Hence, they are
finely grained in muon η and pT. Furthermore, the
uncertainty in the limited data and simulated Z sample
is estimated from 100 statistical replicas of the two data
sets. Every such replica is constructed from a subset of the
total event ensemble through a case resampling using a
replacement method [53]. Each of them is also finely
binned in muon η and pT. The 99 independent statistical
uncertainties are diagonalized with the procedure of
Ref. [54], and their independent contributions are included
as shape nuisance effects.
For electron candidates, the observed residual

differences in the energy scales for the data and the
simulated Z sample are of the order of 10−3. A procedure
similar to that used for the muon momentum scale is
adopted. Two systematic effects are included in fine bins of
ηe and pe

T. The first is the difference in the Z boson mass
value obtained by fitting the mass peak for Z → eþe−
events in two different ways. The first fit uses a MC
template convolved with a Gaussian resolution function
and the second with a functional form consisting of a Breit–
Wigner line shape for a Z boson, convolved with a Crystal
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Ball function, with floating mean and width parameters
[55,56]. The effect is the main contribution to the system-
atic uncertainty and ranges from 0.1 to 0.2% for pe

T <
45 GeV and 0.2–0.3% at higher values. The second smaller
systematic effect comes from the modeling of pZ

T. In the
muon case, the limited size of the samples used to derive
the energy scale corrections is accounted for by the means
of 100 replicas of the data andMC samples, diagonalized to
get 99 independent nuisance parameters.
For both lepton flavors, the precision in the estimate of the

momentum scale decreases when increasing jηlj. The W
boson samplewith a lepton in themore forward regions of the
detector still has sufficient statistical power to allow the fit to
constrain the momentum scale nuisance parameters. If the
systematic effect related to the momentum scale is fully
correlated across the full ηl acceptance, then its constraint in
the profiling procedure, driven by the large effect on the
templates at high jηlj, may result in an unphysical constraint
in the central region. This is avoided by decorrelating the
nuisance parameters related to the various momentum scale
systematics in wide bins of ηl, for bothmuons and electrons.
In contrast, the parameters relating to the statistical part of
this uncertainty are kept fully correlated across ηl.
Since the systematic uncertainty in the momentum scale

of the leptons allows the pT of a lepton to be changed and,
therefore, for bin-to-bin migration, it is applied as a shape
uncertainty.

3. Lepton efficiency scale factors

Data-to-simulation efficiency scale factors are derived
through the tag-and-probe method, also using Z → ll
events. Two types of systematic uncertainties are consid-
ered for the tag-and-probe method.
The first uncertainty comes from the scale factors

themselves and depends on the functional forms used to
describe the background and signal components when
fitting the efficiencies in each bin of ηl as a function of
pl
T of the probe lepton. In order to estimate it, alternative

fits are performed by using different models for the dilepton
invariant mass line shape for either the Z boson events or
for the combinatorial background events, resulting in
different efficiencies. The alternative signal shape is a
Breit–Wigner function with the nominal Z boson mass
and width, convolved with an asymmetric resolution
function (Crystal Ball function) with floating parameters.
The alternative background description is done with a
function modeling the invariant mass of random combina-
tions of two leptons satisfying the minimum pT criteria.
Overall, this alternative signal and background systematic
uncertainty is assumed to be correlated among all bins in
ηl, and the size of it ranges from a few per mill at low jηlj,
to around 1–2% in the very forward region.
The second type of systematic uncertainty in the lepton

efficiency scale factors arises from the statistical

uncertainties in the event count in each ηl bin in which
the efficiencies are measured. These statistical uncertainties
are derived by varying the parameters of the error function
that is used to interpolate between the measured efficiency
values as a function of pl

T, described in Sec. IVA, by their
uncertainties. These statistical uncertainties are uncorre-
lated between each bin in ηl. In total, this procedure of
estimating the statistical uncertainty introduces three nui-
sance parameters for each bin in ηl, resulting in a total of
144 (150) nuisance parameters per charge in the muon
(electron) final state. The larger number of parameters for
the electrons is due to the larger acceptance in ηl. These
systematic uncertainties are considered uncorrelated for the
two charges since they are measured independently, and the
statistical uncertainty of the data and MC sample in each
bin is large.
One additional uncertainty in the trigger efficiency is

included for events with electrons in the end cap sections of
the detector. This uncertainty is due to a radiation-induced
shift in the ECAL timing in the 2016 data-taking period,
which led to an early event readout (referred to as prefiring)
in the L1 trigger and a resulting reduction in the efficiency
for events with significant energy deposits in the ECAL end
cap sections. The correction is estimated using a set of the
Z → eþe− events collected in collisions where, because of
L1 trigger rules, the event is saved regardless of the L1
trigger decision for the in-time bunch crossing (BX). This
sample is composed of events where the L1 decision is
positive for the third BX before the in-time BX: this records
only about 0.1% of the total Z → eþe− events and is thus
statistically limited. The uncertainty ranges from 0.5% for
jηj ≈ 1.5 to 10% at jηj ≈ 2.5 for electrons from W boson
decays.

4. Extra lepton veto

To reduce multilepton backgrounds, especially Z → ll,
a veto on additional leptons is implemented. The efficiency
of this veto depends on the differences in the lepton
selection efficiencies between the data and MC simulation.
Since more background survives the selection at higher
jηlj, where the uncertainties in the lepton efficiencies are
larger, a normalization uncertainty is applied, equal to
2 (3)% for the muon (electron) channel. In the electron
channel, an additional uncertainty is included to account for
the L1 trigger prefiring effect, described previously in
Sec. VII A 3, in Z → eþe− events in which one electron is
in one of the ECAL end cap sections. This uncertainty
ranges from 2% at low electron pT to 10% in the highest
jηlj and pl

T bins.

5. Charge misidentification

The probability of mistakenly assigning the incorrect
charge to a muon in the pl

T range considered is negligible
(10−5) [57], thus no uncertainty is introduced for this effect.
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For the electrons, the statistical uncertainty in the estimate
of wrong charge assignment in Z → eþe− events recon-
structed with same-sign or opposite-sign events is used. It is
dominated by the limited sample of same-sign events in
the 2016 dataset. The uncertainty assigned to this small
background component, in the electron channel only, is
30% [44].

6. Integrated luminosity

Because of the imperfect knowledge of the integrated
luminosity, a fully correlated normalization uncertainty is
assigned to all processes estimated from a MC simulation.
Its value is set to 2.5% [58].

B. Modeling and theoretical uncertainties

1. pWT modeling and missing higher orders in QCD

Imperfect knowledge of the pW
T spectrum results in

an uncertainty that affects the pl
T spectrum. It is most

important in the region of low pW
T , where fixed-order

perturbative calculations lead to divergent cross sections
as pW

T approaches zero, which can be fixed by using
resummation. The nominal templates are evaluated from
the MadGraph5_aMC@NLO simulated sample with the pW

T
spectrum reweighted by the measured data versus MC
corrections in the pZ

T distribution obtained in data, as
described in Sec. III.
The theoretical uncertainties resulting from missing

higher orders in the QCD calculations, associated with
the pW

T modeling, are implemented in such a way as to
reduce the sensitivity to the theoretical prediction, at the
cost of increasing the statistical uncertainty of the results.
They are implemented in the following way.
Renormalization and factorization scales, μR and μF,

respectively, are changed to half and twice their original
value. This change is propagated to the resulting weight for
each simulated event in three variations: the uncorrelated
ones in which either μR or μF is varied, and the correlated
one in which both are varied simultaneously but in the same
direction, i.e., both up or down by a factor of two. This
uncertainty is applied to all signal processes, as well as to
the simulated Z → ll background. For the signal proc-
esses, these variations lead to a normalization shift that is
largely independent of ηl. The impact on the shape of the
pl
T distribution is within 0.5% up to pl

T < 35 GeV; how-
ever, for pl

T > 35 GeV a significant modification of the
predicted pl

T distribution is seen. These uncertainties
change both the normalization and the shape of the overall
2D templates. In the case of the signal, they are split into
several components. The uncertainties in μR and μF are
divided into ten bins of pW

T : [0.0, 2.9, 4.7, 6.7, 9.0, 11.8,
15.3, 20.1, 27.2, 40.2, and 13 000] GeV. These nuisance
parameters are uncorrelated for each charge. In the case of
the polarized cross section measurement, an uncorrelated

uncertainty is used for each helicity state to account for the
different production mechanisms of the longitudinally, left,
and right polarized W bosons. The μR and μF uncertainties
in the W → τν process are binned in the same pW

T bins,
albeit integrated in polarization, and so are uncorrelated
with the signal processes.

2. Parton distribution functions

Event weights in a MC simulation derived from 100
variations of the NNPDF3.0 PDF set, referred to as replica sets,
are used to evaluate the PDF uncertainty in the predictions.
These 100 replicas are transformed to a Hessian representa-
tion to facilitate the treatment of PDF uncertainties in the
analysis via the procedure described in Ref. [54] with 60
eigenvectors and a starting scale of 1 GeV. Because the PDFs
determine the kinematics and the differential polarization of
the W boson, variations of the PDFs alter the relative
contribution of the W boson helicity states in pW

T and
jyW j. Thus, the alternative weighting of the signal templates
described in Sec. VI A is repeated independently for each of
the 60 Hessian variations. Each signal process is reweighted
once for each of the 60 independent variations as the up
variation, corresponding to one positive standard deviation.
The corresponding down variation is obtained by mirroring
the up variation with respect to the nominal template. Since
the underlying PDF uncertainties also affect the DY and
W → τν backgrounds, the same procedure is applied to the
simulated events for these backgrounds, and the uncertainties
are treated as fully correlated between the signal and these
two background processes. This procedure changes the
overall normalization of the templates, as well as their
shapes. The magnitudes of the Hessian variations are 1%
or lower for the normalization but show significantly differ-
ent behavior in the pl

T versus ηl plane, from which a
constraint on these PDF uncertainties is expected.

3. Choice of αS value

The 100 PDF replicas of the NNPDF3.0 set are accom-
panied by two variations of the strong coupling. The central
value of αS at the mass of the Z boson of 0.1180 is varied
from 0.1195 to 0.1165. Both normalization and shape are
affected by this variation.

4. Simulated background cross sections

The backgrounds derived from simulation, namely DY,
diboson, and W → τν production, and all top quark back-
grounds are subject to an overall normalization-only
uncertainty. The main contributions to the theoretical
uncertainty in the Z and W boson production cross section
arise from the PDF uncertainties, αS, μR, and μF. These are
included as shape nuisance parameters affecting the tem-
plates of such processes, and they are fully correlated with
the same parameters affecting the signal. For the W → τν
process, a further 4% normalization uncertainty is assigned
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to address the residual uncertainty because of the much
lower pT of the decay lepton.
For the top quark and diboson backgrounds, the kin-

ematic distributions are well modeled by the higher-order
MC generators. The uncertainties assigned to the normali-
zation are 6 and 16%, respectively, motivated by the large
theoretical cross section uncertainty for each of the con-
tributing processes. Because these processes make a small
contribution to the selected sample of events, the effect of
these relatively large uncertainties is small.

5. Choice of the mW value

Events are reweighted to two alternative values of mW
with values�50 MeV, with respect to the defaultmW value
in the generator of 80.419 GeV, using a Breit–Wigner

assumption for the invariant mass distribution at the
generator level. Since the central value of mW does not
significantly influence the W boson cross sections, the
impact of this uncertainty is very small.

6. Modeling of QED radiation

The simulation of the signal processes models the lepton
FSR through the quantum electrodynamic (QED) shower-
ing in PYTHIA within the MadGraph5_aMC@NLO MC gener-
ator. An uncertainty in this modeling is assessed by
considering an alternative showering program, PHOTOS

3.56 [59]. A large sample of W → lν (l ¼ eþ; e−; μþ; μ−
separately) events is produced at the generator level only at
NLO in QCD and is interfaced to either PYTHIA or PHOTOS.
The variable sensitive to FSR, which accounts for the

TABLE II. Systematic uncertainties for each source and process. Quoted numbers correspond to the size of log-normal nuisance
parameters applied in the fit, while a “yes” in a given cell corresponds to the given systematic uncertainty being applied as a shape
variation over the full 2D template space.

Source=process Signal DY W → τν QCD Top Dibosons Charge flips

Normalization uncertainty for W → lν (l ¼ μ, e)
Integrated luminosity 2.5% 2.5% 2.5% � � � 2.5% 2.5% � � �
DY cross section � � � 3.8% � � � � � � � � � � � � � � �
tt̄, single-t cross section � � � � � � � � � � � � 6% � � � � � �
Diboson cross section � � � � � � � � � � � � � � � 16% � � �

Normalization uncertainty for W → μν
QCD normalization vs ηl � � � � � � � � � 5% � � � � � � � � �
QCD charge asymmetry vs ηl � � � � � � � � � 2% � � � � � � � � �
QCD normalization vs pl

T � � � � � � � � � 15–30% � � � � � � � � �
Lepton veto � � � 2% � � � � � � � � � � � � � � �

Normalization uncertainty for W → eν
QCD normalization vs ηl � � � � � � � � � 1–6% � � � � � � � � �
QCD normalization vs pl

T � � � � � � � � � 10–30% � � � � � � � � �
Charge-flip normalization � � � � � � � � � � � � � � � � � � 30%
Lepton veto � � � 3% � � � � � � � � � � � � � � �

Shape uncertainty for W → lν (l ¼ μ, e)
Lepton efficiency (syst) yes yes yes � � � � � � � � � � � �
Lepton efficiency (stat) yes yes yes � � � � � � � � � � � �
L1 trigger prefiring yes yes yes � � � � � � � � � � � �
60 PDF variations yes yes yes � � � � � � � � � � � �
αS yes yes yes � � � � � � � � � � � �
μF (binned in pW

T ) yes � � � yes � � � � � � � � � � � �
μR (binned in pW

T ) yes � � � yes � � � � � � � � � � � �
μFþR (binned in pW

T ) yes � � � yes � � � � � � � � � � � �
W boson mass yes � � � � � � � � � � � � � � � � � �
μF � � � yes � � � � � � � � � � � � � � �
μR � � � yes � � � � � � � � � � � � � � �
μFþR � � � yes � � � � � � � � � � � � � � �
μ momentum scale (syst) yes yes yes � � � � � � � � � � � �
μ momentum scale (stat) yes yes yes � � � � � � � � � � � �
e momentum scale (syst) yes yes yes � � � � � � � � � � � �
e momentum scale (stat) yes yes yes � � � � � � � � � � � �
Lepton misidentification vs pl

T � � � � � � � � � yes � � � � � � � � �
QED radiation yes � � � � � � � � � � � � � � � � � �
Simulated sample size yes yes yes � � � yes yes yes
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different radiation rate and, in case of radiation, for the
harder FSR photon spectrum produced by PHOTOS with
respect to PYTHIA, is the ratio rFSR ¼ pdress

T =pbare
T between

the dressed lepton pT and the bare lepton pT (after
radiation). Alternative templates are built by reweighting
the nominal MadGraph5_aMC@NLO events by the ratio
between PHOTOS and PYTHIA, as a function of rFSR.
The effect of QED FSR is largely different for the two

lepton flavors because of the differences in the leptonmasses
and the estimate of the lepton momentum. For the muons,
only the track is used, and there is no explicit recovery of the
FSR. For these reasons, the nuisance parameters related to
this effect are kept uncorrelated between the two lepton
flavors. For the electrons, the effect is derived from a
combination of the measurements using the track and the
ECAL supercluster. The latter dominates the estimate for the
energy range exploited in this analysis, and its reconstruction
algorithm, optimized to gather the bremsstrahlung photons,
also efficiently collects the FSR photons.

7. Statistical uncertainty in the W simulation

An uncertainty is assigned to reflect the limited size of
the MC sample used to build the signal templates. The
sample size, when considering the negative weights of the
NLO corrections, corresponds to approximatively one fifth

of the data sample. This is included in the likelihood with
the Barlow–Beeston Lite approach [60] and represents one
of the dominant contributions to the systematic uncertainty.
A summary of the systematic uncertainties is shown in

Table II. They amount to 1176 nuisance parameters for the
helicity fit.

C. Impact of uncertainties in the
measured quantities

The effects of the systematic uncertainties on the mea-
sured quantities (signal strength modifiers for one process,
μp in Eq. (5), absolute cross sections σp, or normalized cross
sections σp=σtot) are presented as the impact of an uncer-
tainty in the parameter of interest. The impact on a given
measured parameter μp from a single nuisance parameter,
θk in Eq. (5), is defined as Cpk=σðθkÞ, where Cpk is the
covariance for the nuisance parameter and the parameter of
interest, and σðθkÞ is the postfit uncertainty on the nuisance
parameter. In the limit of Gaussian uncertainties, this is
equivalent to the shift that is induced as the nuisance
parameter θk is fixed and brought to its þ1σ or −1σ postfit
values, with all other parameters profiled as normal. The
procedure is generalized to groups of uncertainties, gathered
such that each group includes conceptually related and/or
strongly correlated sources. Groups are defined for:
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FIG. 3. Upper: relative impact of groups of uncertainties (as
defined in the text) on the normalized signal cross sections as
functions of the W boson rapidity for the W−

L case. Lower:
absolute impact of uncertainties on the charge asymmetry of the
WL boson. All impacts are shown for the combination of the
muon and electron channels in the helicity fit. The groups of
uncertainties subleading to the ones shown are suppressed for
simplicity.
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FIG. 4. Upper: relative impact of groups of systematic un-
certainties (as defined in the text) on the normalized cross
sections for the Wþ case as functions of jηlj. Lower: relative
impact of uncertainties on charge asymmetry. All impacts are
shown for the combination of the muon and electron channels in
the double-differential cross section fit. The groups of uncer-
tainties subleading to the ones shown are suppressed for
simplicity.
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(i) luminosity.—uncertainty in integrated luminosity,
(ii) efficiency stat.—uncorrelated part (in ηl) of the

lepton efficiency systematics,
(iii) efficiency syst.—correlated part (in ηl) of the lepton

efficiency systematics (coming from the tag-and-
probe method), L1 prefiring uncertainty for the
signal electron or the second electron from Z →
eþe− events,

(iv) QCD bkg.—includes both the normalization and
shape uncertainties related to the misidentified
lepton background from QCD multijet events,

(v) lepton scale.—uncertainty in the lepton momen-
tum scale,

(vi) other experimental.—systematic uncertainties esti-
mated from simulation and the extra-lepton veto,

(vii) other bkg.—normalization uncertainties for all back-
grounds, except for the nonprompt background,

(viii) PDFs ⊕ αS.—60 Hessian variations of the
NNPDF3.0 PDF set and αS,

(ix) μF, μR, μFþR.—separate μR and μF variations, plus
the correlated variation of both μR and μF,

(x) FSR.—modeling of final state radiation,
(xi) MC sample size.—statistical uncertainty per bin of

the template for all the samples,
(xii) statistical.—the statistical uncertainty in the data

sample.
The impact of each group is the effect of the combined
variation of all the parameters included in it. It is evaluated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vTC−1v

p
, where v (vT) is (the transpose of) thematrix of the

correlations between the measured parameter and the
nuisance parameters within the group, and C is the subset
of the covariance matrix corresponding to the nuisance
parameters in the group. This is equivalent to computing
the combined impact of the eigenvectors for the postfit
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nuisances within a group. These groups cover all the
nuisance parameters included in the likelihood and are
mutually exclusive. Figure 3 summarizes the relative impact
of groups of systematic uncertainties for two illustrative
measurements: the normalized cross sections and the charge
asymmetry forWL, and for the combination of themuon and
electron final states. The total uncertainty is not expected to
be exactly equal to the sum in quadrature of the impacts due
to remaining correlations between groups. The impact of
uncertainties that are strongly correlated among all the
rapidity bins mostly cancel when considering either the
cross section normalized to the total cross section or in
the charge asymmetry. In these plots, the groups of sub-
leading uncertainties, with respect to the ones shown, are
suppressed for simplicity.
In a similar manner, the effect of the statistical and

systematic uncertainties is shown for the normalized

double-differential cross section and for its charge asym-
metry. For simplicity, the distribution is integrated over pl

T,
and it is shown as a function of jηlj in Fig. 4.
The two most dominant sources of uncertainties are the

uncertainty in the integrated luminosity and the uncertainty
due to the limited size of the MC sample compared with the
size of the recorded data set. The latter dominates for all
normalized quantities, while the former is the largest
contribution to the total uncertainty in most regions of
the phase space for absolute quantities.

VIII. RESULTS AND INTERPRETATIONS

The template fit to the ðpl
T; η

lÞ distribution is performed
on the four independent channels:Wþ → μþν,W− → μ−ν̄,
Wþ → eþν, and W− → e−ν̄. The observed events as a
function of lepton η and pT are shown in Figs. 5 (6) for the
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muon final state and Figs. 7 (8) for the electron final state
for the positive (negative) charge. The upper distributions
in these figures show the 1D projections in ηl and pl

T. The
lower distributions represent the 2D templates “unrolled”
into one dimension, such that the integer bin number
binunrolled ¼ 1þ binη þ 48ð50ÞbinpT

, with the integers
binη ∈ ½0; 48ð50Þ� and binpT

∈ ½0; 18ð14Þ� for the muon
(electron) channel. In the projections, the sum in quadrature
of the uncertainties in the 2D distribution is shown,
neglecting any correlations. Therefore, these uncertainties
are for illustration purposes only.

A. Cross section measurements

The W� → lν cross section measurements are per-
formed in both the muon and electron channels by using
the negative log likelihood minimization in Eq. (5). This

provides a cross-check of experimental consistency of the
two decay modes and provides a method of reducing the
impact of the statistical and systematic uncertainties when
combining the measurements in the two channels and
accounting for correlated and uncorrelated uncertainties.

1. Combination procedure

Measurements in different channels are combined by
simultaneously minimizing the likelihood across channels
with common signal strengths and nuisance parameters as
appropriate. Uncertainties that are correlated among chan-
nels are those corresponding to the integrated luminosity,
the knowledge of specific process cross sections in the
background normalizations when the process is estimated
from simulation, and effects that are common to multiple
processes. Uncertainties related to the estimate of the QCD
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background are considered uncorrelated between muon and
electron channels since they originate from the closure test
of the estimate in the background-dominated regions,
which are independent of each other. The estimate of the
lepton misidentification probability ϵpass is also performed
independently. The systematic uncertainty on ϵpass is 100%
correlated between the two charges for each lepton flavor.
The statistical uncertainties in the efficiency correction

factors are assumed as uncorrelated among positive and
negative charges, and among the channels, since they are
derived from independent samples. The fully correlated
part of the systematic uncertainty in the efficiency within a
channel is assumed uncorrelated between muons and
electrons since the dominant effects from the Z → ll line
shape and the background sources are very different.
Most of the theoretical uncertainties are assumed 100%

correlated among the four channels. They are uncertainties

in the boson pT spectrum modeling because of μF and μR
uncertainties and the uncertainty in the knowledge of αS.
Another large group of nuisance parameters that are
correlated among all the channels represent the effects
of the PDF variations within the NNPDF3.0 set used on both
the shape of the templates used and their normalization.
The 60 nuisance parameters associated with the Hessian
representation of the 100 PDF replicas, as well as the
uncertainty in αS, are 100% correlated among all the four
lepton flavor and charge channels. These 60þ 1 systematic
uncertainties are also fully correlated with the respective
uncertainties considered for the Z and W → τν processes.

2. Differential cross sections in jyW j
The measured jyW j -dependent cross section, for the left-

and right-handed polarizations, is extracted from the fit in
10 bins of jyW j with a constant width of ΔyW ¼ 0.25 in a
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range jyW j < 2.5. The cross sections in the two additional
bins, 2.5 < jyW j < 2.75 and 2.75 < jyW j < 10, that inte-
grate over the kinematic region in which the detector
acceptance is small, are fixed to the expectation from
MadGraph5_aMC@NLO with a large 30% normalization

uncertainty. To achieve a partial cancellation of uncertain-
ties that are largely correlated among all jyW j bins, the cross
sections are normalized to the fitted total W boson cross
section integrating over all the rapidity bins within the
acceptance. As stated before, the longitudinally polarized
component is fixed to the MadGraph5_aMC@NLO prediction
with a 30% normalization uncertainty. Therefore, it is not a
freely floating parameter in the fit, and hence only the WL
and WR components are shown in the following.
The measured W boson production cross sections, split

into the left- and right-handed helicity states for the combi-
nation of themuon and the electron channels, are presented in
Fig. 9, normalized to the total cross section in the whole
rapidity range. The experimental distributions are compared
with the theoretical prediction from MadGraph5_aMC@NLO.
The central value from the MadGraph5_aMC@NLO prediction,
where thepW

T spectrum in simulation is weighted by the ratio
of measured and predicted spectrum for DY production as
described in Sec. III, is also shown as a line within the error
bands and denoted as MadGraph5_aMC@NLO �. It is evident that
this weighting has a small impact on the rapidity spectrum,
and the alternative expected distributions are well within the
other theoretical uncertainties. The uncertainty shown in
the theoretical prediction includes the contribution from the
PDFs (NNPDF3.0 set), the envelope of theμF andμR variations,
and the αS.
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FIG. 9. Measured normalized Wþ → lþν (left plot) or W− →
l−ν̄ (right plot) cross section as functions of jyW j for the left-
handed and right-handed helicity states from the combination
of the muon and electron channels, normalized to the total
cross section. Also shown is the ratio of the prediction from
MadGraph5_aMC@NLO to the data. The MadGraph5_aMC@NLO �

spectrum stands for the prediction with the pW
T weighting applied.

The lightly filled band corresponds to the expected uncertainty
from the PDF variations, μF and μR scales, and αS.
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FIG. 10. Measured W boson charge asymmetry as functions of
jyW j for the left-handed and right-handed helicity states from the
combination of the muon and electron channels. Also shown is
the ratio of the prediction from MadGraph5_aMC@NLO to the data.
The MadGraph5_aMC@NLO � spectrum stands for the prediction
with the pW

T weighting applied. The lightly filled band corre-
sponds to the expected uncertainty from the PDF variations, μF
and μR scales, and αS.
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The main systematic uncertainty in the signal cross
section, the 2.5% uncertainty in the integrated luminosity
[58], is fully correlated across all the rapidity bins, thus it
cancels out when taking the ratio to the total W cross
section. The ratio of the expected normalized cross section

using the nominal MadGraph5_aMC@NLO simulation to the
measured one in data is also presented. As described in
Sec. VI E, the fitted jyW j -dependent cross sections are used
to simultaneously derive the differential charge asymmetry.
This is presented, differentially in jyW j and polarization,
in Fig. 10.
There are significant correlated uncertainties between

neighboringW boson rapidity bins. The correlations arising
only from the overlap of the signal templates in the ðpl

T; η
lÞ

plane, i.e., of a purely statistical nature, are in the range
50–80% for adjacent W boson rapidity bins (ΔjyW j ¼ 1),
raising with jyW j, about 20% for ΔjyW j ¼ 2, about 10% or
less for ΔjyW j ¼ 3, and negligible otherwise. An overall
correlation sums up to these statistical correlations, origi-
nating from systematic uncertainties common to all the
signal processes, such as the uncertainty in the integrated
luminosity.
The cross section results differential inW boson rapidity

are tested for statistical compatibility with a smooth func-
tional shape, taking these correlations into account.
Monte Carlo pseudoexperiments show that the results are
quantitatively consistent with smooth third-order polyno-
mial functions of jyW j. This test is performed simultaneously
in both helicity states, both charges, and all jyW j bins, taking
into account the full covariance matrix of the fit.
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FIG. 11. Measured normalizedWþ→lþν (left plot) andW− →
l−ν̄ (right plot) cross sections as a function of jyW j from the
combination of the muon and electron channels, normalized to the
total cross section, and integrated over the W polarization states.
Also shown is the ratio of the prediction fromMadGraph5_aMC@NLO

to the data. The MadGraph5_aMC@NLO � spectrum stands for the
prediction with the pW

T weighting applied. The lightly filled band
corresponds to the expected uncertainty from the PDF variations,
μF and μR scales, and αS.
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Results are also shown as an unpolarized normalized
cross section, i.e., by summing over all helicity states as a
function of jyW j in Fig. 11. The unpolarized charge
asymmetry as a function of jyW j is shown in Fig. 12.
In addition to these normalized and unpolarized cross

sections, the results of the fits are also presented as absolute
cross sections in Fig. 13, where the absolute unpolarized

cross sections are shown for the combined flavor fit.
Generally, good agreement is observed in the shape of
the measured distribution with respect to the expectation,
albeit with an offset of the order of a few percent.
After the fitwith floating cross sections is performed, only

a few nuisance parameters are significantly constrained.
Mainly the nuisance parameters related to the normalization
of the nonprompt-lepton background and its shape in ηl and
pl
T are constrained by the fit. Because of the large data

sample, this effect is expected.

3. Double-differential cross sections in plT and jηlj
Double-differential cross sections in pl

T and jηlj are
measured from a fit to the observed data in the ðpl

T; η
lÞ

plane. The underlying generated templates are unfolded to
the dressed lepton definition in 18 bins of pl

T and 18 bins
of jηlj, as described in Sec. VI C. These cross sections
are shown in Fig. 14, normalized to the total cross
section. These results come from the combination of
the muon and electron final states, divided into two
categories of the lepton charge. From the measured cross
sections, the double-differential charge asymmetry is
computed, where the uncertainty is computed from the
full covariance matrix from the fit, and it is shown
in Fig. 15.
The agreement of the measured normalized W boson

cross sections and charge asymmetry with the prediction of
MadGraph5_aMC@NLO is at the level of 1% in the central part
of the lepton acceptance (jηlj < 1). In the outer end cap
sections of the detector, especially for lower pl

T, the
agreement with the prediction becomes worse.
Although these normalized cross sections of the com-

bined flavor fit represent the result with the smallest total
uncertainty because of the cancellation of the fully corre-
lated components, the absolute cross sections are also of
interest. In particular, the agreement of the absolute cross
sections measured in each flavor channel separately high-
lights the understanding of the experimental systematic
uncertainties, which are largely uncorrelated between the
two flavors. These plots are displayed in Fig. 16, where the
measured absolute cross sections are shown separately for
the muon, electron, and combined fits. Good agreement is
found within the uncertainties in the regions with sufficient
event count. Uncertainties become large in the high-jηlj
region for the electron-only fit, rendering a precise com-
parison difficult.
From the results of this fit, the single-differential cross

section is measured by integrating in one of the two
dimensions, as a function of the other variable. Along
with these cross sections, the charge asymmetry differential
in one dimension is extracted. This approach has the
added value, with respect to a single-differential measure-
ment, that it is independent of the modeling of the
lepton kinematics in the variable that is integrated over.
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The resulting absolute cross sections for the combination of
the two lepton flavors is shown as a function of ηl for both
Wþ and W− in Fig. 17. The corresponding W charge
asymmetry is shown in Fig. 18. This result can be directly
compared with previous measurements of the W boson
differential cross section and charge asymmetry as func-
tions of ηl performed at 7 and 8 TeV by the CMS and
ATLAS Collaborations [12,57].
As a further summary of this fit, the total W boson

production cross section, integrated over the fiducial
region, 26 < pl

T < 56 GeV and jηlj < 2.4, is measured.
The fiducial charge-integrated cross section is 8.47�
0.10 nb, which agrees well with the NLO prediction.
The values for each charge, and their ratio to the theoretical
prediction, are also shown in Fig. 19, as well as the ratio of
the two charges to the prediction from MadGraph5_aMC@NLO.

B. Constraining the PDF nuisances
through likelihood profiling

When the cross section parameters in the likelihood
function of Eq. (5) are fixed to their expected values

(μp ¼ 1) within their uncertainties, the fit has the statistical
power to constrain the PDF nuisance parameters. This
procedure corresponds to the PDF profiling method
described in Ref. [12], with associated caveats about the
interpretation of constraints far from the initial predictions.
The constraints in this case are derived directly from the
detector-level measurements rather than passing through an
intermediate step of unfolded cross sections.
The input PDF and MC predictions are both accurate to

NLO in QCD, with the MC prediction implicitly including
resummation corrections through the parton shower. The
theoretical uncertainties included in this procedure for
missing higher orders in QCD correspond to the full model
used for the measurement as described in Sec. VII B. This
is in contrast to typical global PDF fits or QCD analyses
that are performed at NNLO accuracy, though at fixed order
without resummation, and with the inclusion of missing
higher order uncertainties only in dedicated studies at NLO
so far [61,62].
For each variation, the fit input value (prefit) is trivially

represented by a parameter with mean zero and width one.
The expected postfit values of these parameters all have
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FIG. 16. Absolute double-differential cross section as a function of pl
T and jηlj, unrolled in a 1D histogram along pl

T in bins of jηlj for
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in blue markers, and the electron-only fit in red markers. The error bars correspond to the total uncertainty from the respective fits. The
filled gray band in the lower panel represents the total uncertainty from the combined fit.
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mean zero, but a reduced uncertainty after the likelihood
profiling procedure, i.e., width smaller than unity. Finally,
the points representing the observed postfit values of the
parameters may have a mean different from zero, indicating
a pull of the associated systematic uncertainty, and a width
smaller than 1.

Such a result can be obtained in both the helicity and the
double-differential cross section fits, and they indeed
provide a consistent set of PDF nuisance parameter values.
The ones reported in this section, shown in Fig. 20, come
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FIG. 17. Absolute differential cross section as a function of jηlj
for the Wþ → lþν (left) and W− → l−ν̄ channel (right). The
measurement is the result of the combination of the muon and
electron channels. The lower panel in each plot shows the ratio of
observed and expected cross sections. The colored bands re-
present the prediction from MadGraph5_aMC@NLO with the ex-
pected uncertainty from the quadrature sum of the PDF ⊕ αS
variations (blue) and the μF and μR scales (bordeaux).

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

C
ha

rg
e 

as
ym

m
et

ry

Measured

MadGraph5_aMC@NLO

SPDFs

 lW

 [26,  56] GeVl
T

p

 (13 TeV)-135.9 fbCMS

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

|Dressed lepton |

0.010−

0.005−

0.000

0.005

0.010

O
bs

.-
ex

p.

FIG. 18. Absolute differential W boson charge asymmetry as a
function of jηlj. The measurement is the result of the combination
of the muon and electron channels. The lower panel shows the
difference of observed and expected charge asymmetry. The
colored bands represent the prediction from MadGraph5_aMC@NLO

with the expected uncertainty from the quadrature sum of the
PDF ⊕ αS variations (blue) and the μF and μR scales (bordeaux).

0.9 0.95 1 1.05 1.1 1.15 1.2

Ratio (measured/prediction) of fiducial cross sections

 - / W + W
 0.00191.3166

 -0.0044
 +0.00481.3277

 -  l -W
 0.08 nb3.65

 nb -0.19
 +0.123.52

 +  l +W
 0.11 nb4.81

 nb -0.25
 +0.164.67

 lW
 0.20 nb8.47

 nb -0.44
 +0.288.18

Observable
 total uncertaintyMeasured

Theoretical prediction

Measured
MadGraph5_aMC@NLO

SPDFs

Fiducial region:

| < 2.4l [26,  56] GeV, |l
T

p

CMS  (13 TeV)-135.9 fb

FIG. 19. Ratio of the measured over predicted absolute in-
clusive cross section in the fiducial region 26 < pl

T < 56 GeV
and jηlj < 2.5, charge-integrated, charge-dependent, and the
ratio for Wþ and W−. The measurement is the result of the
combination of the muon and electron channels. The colored
bands represent the prediction from MadGraph5_aMC@NLO

with the expected uncertainty from the quadrature sum of the
PDF ⊕ αS variations (blue) and the μF and μR scales (bordeaux).

MEASUREMENTS OF THE W BOSON RAPIDITY, HELICITY, … PHYS. REV. D 102, 092012 (2020)

092012-23



from the former fit. These parameters correspond to the 60
orthogonalized Hessian PDF variations corresponding to
the NNPDF3.0 replicas, plus αS. All of the variants, i.e.,
prefit, postfit expected, and postfit observed, are shown.
Postfit constraints of ≃70% of the prefit values are
observed in some of the PDF nuisance parameters,
Whereas the mean constraint is closer to ≃90%. The postfit
nuisance parameter values, with respect to the prefit values
and uncertainties, give a χ2 value of 117 for 61 degrees of
freedom. This suggests that the PDF set used here at NLO
QCD plus parton shower accuracy may not be sufficient to
describe the data. It is possible that NNLO QCD accuracy
combined with additional developments in fitting method-
ology incorporated in more recent PDF fits may improve
the situation, and this can be studied in detail on the basis of
the unfolded cross sections measured here.

C. Additional plots

Additional plots on the helicity and rapidity analysis
are presented in the Appendix A 1, and additional plots
on the two-dimensional cross sections are presented in
Appendix A 2.

IX. SUMMARY

The differential W boson cross sections as functions of
the W boson rapidity, jyW j, and for the two charges
separately, Wþ → lþν and W− → l−ν̄, are measured in
the W boson helicity states. Double-differential cross
sections of the W boson are measured as a function of
the charged-lepton transverse momentum pl

T and absolute

pseudorapidity jηlj. For both Wþ and W− bosons, the
differential charge asymmetry is also extracted.
The measurement is based on data taken in proton-

proton collisions at the LHC at a center-of-mass energy offfiffiffi
s

p ¼ 13 TeV, corresponding to an integrated luminosity
of 35.9 fb−1. Differential cross sections are presented, both
absolute and normalized to the total production cross
section within a given acceptance. For the helicity meas-
urement, the range jyW j < 2.5 is presented, whereas for the
double-differential cross section the range jηlj < 2.4 and
26 < pl

T < 56 GeV is used. The measurement is per-
formed using both the muon and electron channels,
combined together considering all sources of correlated
and uncorrelated uncertainties.
The precision in the measurement as a function of jyW j,

using a combination of the two channels, is about 2% in
central jyW j bins and 5 to 20%, depending on the charge-
polarization combination, in the outermost acceptance bins.
The precision of the double-differential cross section,
relative to the total, is about 1% in the central part of
the detector jηlj < 1 and better than 2.5% up to jηlj < 2 for
each of the two W boson charges.
Charge asymmetries are also measured, differentially in

jyW j and polarization, as well as in pl
T and jηlj. The

uncertainties in these asymmetries range from 0.1% in
high-acceptance bins to roughly 2.5% in regions of phase
space with lower detector acceptance. Furthermore, fiducial
cross sections are presented by integrating the two-
dimensional differential cross sections over the full accep-
tance of the analysis.
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The measurement of the W boson polarized cross
sections as functions of jyW j is used to constrain the
parameters related to parton distribution functions in a
simultaneous fit of the two channels and the two W boson
charges. The constraints are derived at the detector level on
60 uncorrelated eigenvalues of the NNPDF3.0 set of PDFs
within the MadGraph5_aMC@NLO event generator and show a
total constraint down to ≃70% of the prefit uncertainties for
certain variations of the PDF nuisance parameters.
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APPENDIX: ADDITIONAL MATERIAL

This Appendix includes the plots and figures that shall be
provided as additional material in addition to those already
featured in the body of the text.

1. Helicity and rapidity analysis

Figure 21 shows the absolute polarized cross sections as
functions of jyW j from the combined muon and electron fit
for both charges of the W boson.
Figures 22 and 23 show again the absolute unpolarized

cross sections as functions of the W boson rapidity for the
positively and negatively charged W bosons. These figures,
however, also show the comparison between the two lepton
flavors, i.e., performing the fits separately, once in themuon-
only, once in the electron-only, and once in the flavor
combination, and shows the experimental agreement of
the different flavor channels. We show that the single-flavor
fits agree within their uncertainty with each other, as well as
with the combined-flavor fit. The correlation structure of the
three different fits cannot be trivially displayed in the ratios of
the flavors shown in the lower panels of Figs. 22 and 23.
The comparison of the measured unpolarized W boson

charge asymmetry as a function of jyW j with the prediction
from another matrix-element generator, FEWZ 2.0 [63], is
shown in Fig. 24. The calculation is coupled with either the
NNPDF3.1 NNLO PDF set or the CT18 [64] NNLO PDF set.

Figures 25 and 26 show the distribution of the A4

coefficient extracted as a function of jyW j from the
combined fit to the muon and electron channels for the
positively and negatively charged W bosons, respectively.
Figure 27 shows the correlation coefficients between the

different signal processes split into their helicity compo-
nents from the combined muon and electron channel fit for
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FIG. 21. Measured absolute Wþ → lþν (left) and W− → l−ν̄
(right) cross sections as a function of jyW j for the left-handed
and right-handed helicity states from the combination of
muon and electron channels. The ratio of the prediction from
MadGraph5_aMC@NLO to the data is also shown. The lightly filled
band corresponds to the expected uncertainty from the PDF
variations, μF and μR scales, and αS.
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the two charges of the W boson. The numbering corre-
sponds to the bins in jyW j of width 0.25 starting at zero. It is
worthwhile to note here that the correlations of neighboring
bins in rapidity are large, especially for each helicity. There
are also nontrivial correlations across the helicity states.
Figure 28 shows the correlation coefficients between the

different PDF nuisance parameters in the combined muon
and electron channel fit. The numbering of the PDF
nuisances derives from the conversion of the NNPDF3.0
replicas to 60 orthogonal Hessian nuisance parameters and
carries no physical meaning.
Figure 29 shows the postfit pulls and their postfit

constraints of the nuisance parameters associated with
the μF and μR scale systematic uncertainties. The number-
ing corresponds to the bins in the pW

T spectrum in
increasing order. The numbers result from the combined
fit to the muon and electron channels.

Figure 30 shows the impacts of the nuisance parameter
groups on the normalized polarized cross sections for Wþ

R,
Wþ

L , and W−
R.

Figure 31 shows the impacts of the nuisance parameter
groups on the absolute polarized cross sections for left- and
right-handedW bosons of positive charge. Figure 32 shows
the same impacts for negatively charged W bosons.
Figure 33 shows the impacts of the nuisance parameter

groups on the charge asymmetry for WR bosons.
Figure 34 shows the impacts of the nuisance parameter

groups on the unpolarized absoluteW boson cross sections
as a function of jyW j for both charges and the charge
asymmetry. Figure 35 shows the same impacts for the
normalized W production cross sections.
Figure 36 shows the impacts of the nuisance parameter

groups on the A4 coefficient as a function of jyW j for both
charges of the W boson.
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FIG. 22. Measured absolute Wþ → lþν cross section as a
function of jyW j from three distinct fits: the combination of muon
and electron channels (green), the muon-only fit (blue), and the
electron-only fit (red). The ratio of the prediction from MadGra-

ph5_aMC@NLO to the data is also shown. The lightly filled band
corresponds to the expected uncertainty from the PDF variations,
μF and μR scales, and αS.
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FIG. 23. Measured absolute W− → l−ν̄ cross section as a
function of jyW j from three distinct fits: the combination of
muon and electron channels (green), the muon-only fit (blue), and
the electron-only fit (red). The ratio of the prediction from
MadGraph5_aMC@NLO to the data is also shown. The lightly filled
band corresponds to the expected uncertainty from the PDF
variations, μF and μR scales, and αS.
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2. 2D differential cross section

Figure 37 shows the absolute cross sections for the
combined muon and electron channel fit unrolled along pl

T,
in bins of jηlj for both charges of the W boson. Figures 38
and 40 show these same absolute cross sections and charge
asymmetry but are integrated over all the bins in jηlj.
Figures 39 and 41 show the normalized differential cross

sections for both charges of theW boson as a function of pl
T

and jηlj, respectively. The charge asymmetry as a function
of pl

T is also shown in Fig. 39.
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from MadGraph5_aMC@NLO and the measured values is also
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FIG. 24. MeasuredW boson charge asymmetry as a function of
jyW j from the combination of the muon and electron channels
(black dots), compared with different theoretical predictions. The
yellow band represents the default generator used in this analysis,
the MadGraph5_aMC@NLO with NNPDF3.0 PDF set, the pink band
represents the FEWZ generator with NNPDF3.1 PDF set, and the
cyan band represents the FEWZ generator with CT18 PDF set. The
uncertainty bands of the prediction include PDF uncertainties
only, which are dominant with respect to αS or QCD scale
variations for this quantity.
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Figures 42–45 show the remaining impacts of the 2D
differential cross sections analysis, which were omitted in
the main paper: the impacts on the normalized W cross
sections as a function of jηlj for W bosons with negative
charge in Fig. 42; the impacts on the absolute cross sections
for both charges as a function of pl

T in Fig. 43; the impacts
on the normalized W boson production cross sections as a
function of pl

T for both charges, along with the impacts on
the charge asymmetry, in Fig. 44; and, finally, the impacts
on the absolute W boson production cross sections as a
function of pl

T for both charges of the W boson in Fig. 45.
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FIG. 27. Correlation coefficients between the helicity-depen-
dent signal cross sections for Wþ → lþν (left) and W− → l−ν̄
(right) extracted from the fit to the combined muon and electron
channel fit.
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FIG. 29. Postfit pulls and constraints of the nuisance parameters associated with the μF and μR scale systematic uncertainties. The
numbering refers to bins in the pW

T spectrum in increasing order. The nuisance parameters applied to the “left” polarization are shown on
the upper panel while the ones associated with the “right” polarization are shown on the lower panel.
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FIG. 30. Remaining impacts on the normalized polarized cross
sections as functions of the W boson rapidity. Shown are the
impacts of the nuisance groups forWþ

R (upper),Wþ
L (middle), and

W−
R (lower) bosons in the helicity fit. The groups of uncertainties

subleading to the ones shown are suppressed for simplicity.
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FIG. 31. Impacts on the absolute polarized cross sections as
functions of the W boson rapidity. Shown are the impacts of the
nuisance groups for Wþ

L (upper) and Wþ
R (lower) in the helicity

fit. The groups of uncertainties subleading to the ones shown are
suppressed for simplicity.
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FIG. 32. Impacts on the absolute polarized cross sections as
functions of the W boson rapidity. Shown are the impacts of the
nuisance groups for W−

L (upper) and W−
R (lower) bosons in the

helicity fit. The groups of uncertainties subleading to the ones
shown are suppressed for simplicity.
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FIG. 33. Impacts on the charge asymmetry as functions of the
W boson rapidity for WR bosons in the helicity fit. The groups of
uncertainties subleading to the ones shown are suppressed for
simplicity.
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FIG. 34. Impacts on the unpolarized absolute cross sections as
functions of the W boson rapidity for Wþ (upper), W− (middle),
and the unpolarized charge asymmetry (lower) bosons in the
helicity fit. The groups of uncertainties subleading to the ones
shown are suppressed for simplicity.

0 0.5 1 1.5 2 2.5
|W|y

1−10

1

10

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
(%

)

+ l+Uncertainties in unpolarized normalized cross section for W

Efficiency stat. QCD bkg.
F+R

,
R

,
F SPDFs

Statistical MC statistical Total uncertainty

CMS  (13 TeV)-135.9 fb

0 0.5 1 1.5 2 2.5
|W|y

1−10

1

10

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
(%

)

 -  l -Uncertainties in unpolarized normalized cross section for W

Efficiency stat. QCD bkg.
F+R

,
R

,
F SPDFs

Statistical MC statistical Total uncertainty

CMS  (13 TeV)-135.9 fb

FIG. 35. Impacts on the unpolarized normalized cross sections
as functions of the W boson rapidity for Wþ (upper) and
W− (lower) bosons in the helicity fit. The groups of uncertainties
subleading to the ones shown are suppressed for simplicity.
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FIG. 36. Impacts on the A4 coefficient as functions of the
W boson rapidity for Wþ (upper) and W− (lower) bosons in the
helicity fit. The groups of uncertainties subleading to the ones
shown are suppressed for simplicity.
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FIG. 37. Unrolled cross sections for the combined muon and electron channel fit unrolled along pl
T in bins of jηlj forWþ (upper) and

W− (lower) bosons. The colored bands represent the prediction from MadGraph5_aMC@NLO with the expected uncertainty from the
quadrature sum of the PDF ⊕ αS variations (blue) and the μF and μR scales (bordeaux).
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over jηlj for Wþ (upper) and W− (lower) bosons. The colored
bands represent the prediction fromMadGraph5_aMC@NLO with the
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FIG. 39. Normalized cross sections as functions of pl
T, inte-

grated over jηlj for Wþ (upper) and W− (lower) bosons. The
colored bands represent the prediction from MadGraph5_aMC@NLO

with the expected uncertainty from the quadrature sum of the
PDF ⊕ αS variations (blue) and the μF and μR scales (bordeaux).
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FIG. 41. Normalized cross sections as functions of jηlj, inte-
grated over pl

T for Wþ (upper) and W− (lower) bosons. The
colored bands represent the prediction from MadGraph5_aMC@NLO

with the expected uncertainty from the quadrature sum of the
PDF ⊕ αS variations (blue) and the μF and μR scales (bordeaux).
The uncertainty band is almost entirely dominated by the
PDF ⊕ αS variations, while the missing higher order QCD
uncertainties almost perfectly cancel and are, therefore, invisible.
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pressed for simplicity.
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cross section fit. The groups of uncertainties subleading to the
ones shown are suppressed for simplicity.
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C. Collard,36 J.-C. Fontaine,36,p D. Gelé,36 U. Goerlach,36 C. Grimault,36 A.-C. Le Bihan,36 P. Van Hove,36 E. Asilar,37

S. Beauceron,37 C. Bernet,37 G. Boudoul,37 C. Camen,37 A. Carle,37 N. Chanon,37 R. Chierici,37 D. Contardo,37 P. Depasse,37

H. El Mamouni,37 J. Fay,37 S. Gascon,37 M. Gouzevitch,37 B. Ille,37 Sa. Jain,37 I. B. Laktineh,37 H. Lattaud,37

A. Lesauvage,37 M. Lethuillier,37 L. Mirabito,37 L. Torterotot,37 G. Touquet,37 M. Vander Donckt,37 S. Viret,37

T. Toriashvili,38,q Z. Tsamalaidze,39,k L. Feld,40 K. Klein,40 M. Lipinski,40 D. Meuser,40 A. Pauls,40 M. Preuten,40

M. P. Rauch,40 J. Schulz,40 M. Teroerde,40 D. Eliseev,41 M. Erdmann,41 P. Fackeldey,41 B. Fischer,41 S. Ghosh,41

T. Hebbeker,41 K. Hoepfner,41 H. Keller,41 L. Mastrolorenzo,41 M. Merschmeyer,41 A. Meyer,41 P. Millet,41 G. Mocellin,41

S. Mondal,41 S. Mukherjee,41 D. Noll,41 A. Novak,41 T. Pook,41 A. Pozdnyakov,41 T. Quast,41 M. Radziej,41 Y. Rath,41

H. Reithler,41 J. Roemer,41 A. Schmidt,41 S. C. Schuler,41 A. Sharma,41 S. Wiedenbeck,41 S. Zaleski,41 C. Dziwok,42

G. Flügge,42 W. Haj Ahmad,42,r O. Hlushchenko,42 T. Kress,42 A. Nowack,42 C. Pistone,42 O. Pooth,42 D. Roy,42 H. Sert,42

A. Stahl,42,s T. Ziemons,42 H. Aarup Petersen,43 M. Aldaya Martin,43 P. Asmuss,43 I. Babounikau,43 S. Baxter,43

K. Beernaert,43 O. Behnke,43 A. Bermúdez Martínez,43 A. A. Bin Anuar,43 K. Borras,43,t V. Botta,43 D. Brunner,43

A. Campbell,43 A. Cardini,43 P. Connor,43 S. Consuegra Rodríguez,43 C. Contreras-Campana,43 V. Danilov,43 A. De Wit,43

M.M. Defranchis,43 L. Didukh,43 C. Diez Pardos,43 D. Domínguez Damiani,43 G. Eckerlin,43 D. Eckstein,43 T. Eichhorn,43

A. Elwood,43 E. Eren,43 L. I. Estevez Banos,43 E. Gallo,43,u A. Geiser,43 A. Giraldi,43 A. Grohsjean,43 M. Guthoff,43

M. Haranko,43 A. Harb,43 A. Jafari,43 N. Z. Jomhari,43 H. Jung,43 A. Kasem,43,t M. Kasemann,43 H. Kaveh,43 J. Keaveney,43

C. Kleinwort,43 J. Knolle,43 D. Krücker,43 W. Lange,43 T. Lenz,43 J. Lidrych,43 K. Lipka,43 W. Lohmann,43,v R. Mankel,43

I.-A. Melzer-Pellmann,43 J. Metwally,43 A. B. Meyer,43 M. Meyer,43 M. Missiroli,43 J. Mnich,43 A. Mussgiller,43
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J. Puerta Pelayo,122 I. Redondo,122 L. Romero,122 S. Sánchez Navas,122 M. S. Soares,122 A. Triossi,122 C. Willmott,122

C. Albajar,123 J. F. de Trocóniz,123 R. Reyes-Almanza,123 B. Alvarez Gonzalez,124 J. Cuevas,124 C. Erice,124

J. Fernandez Menendez,124 S. Folgueras,124 I. Gonzalez Caballero,124 E. Palencia Cortezon,124 C. Ramón Álvarez,124

V. Rodríguez Bouza,124 S. Sanchez Cruz,124 I. J. Cabrillo,125 A. Calderon,125 B. Chazin Quero,125 J. Duarte Campderros,125

M. Fernandez,125 P. J. Fernández Manteca,125 A. García Alonso,125 G. Gomez,125 C. Martinez Rivero,125

P. Martinez Ruiz del Arbol,125 F. Matorras,125 J. Piedra Gomez,125 C. Prieels,125 F. Ricci-Tam,125 T. Rodrigo,125

A. Ruiz-Jimeno,125 L. Russo,125,yy L. Scodellaro,125 I. Vila,125 J. M. Vizan Garcia,125 MK Jayananda,126 B. Kailasapathy,126

D. U. J. Sonnadara,126 DDCWickramarathna,126 W. G. D. Dharmaratna,127 K. Liyanage,127 N. Perera,127 N. Wickramage,127

T. K. Aarrestad,128 D. Abbaneo,128 B. Akgun,128 E. Auffray,128 G. Auzinger,128 J. Baechler,128 P. Baillon,128 A. H. Ball,128

A. M. SIRUNYAN et al. PHYS. REV. D 102, 092012 (2020)

092012-42



D. Barney,128 J. Bendavid,128 M. Bianco,128 A. Bocci,128 P. Bortignon,128 E. Bossini,128 E. Brondolin,128 T. Camporesi,128

G. Cerminara,128 D. d’Enterria,128 A. Dabrowski,128 N. Daci,128 V. Daponte,128 A. David,128 O. Davignon,128

A. De Roeck,128 M. Deile,128 R. Di Maria,128 M. Dobson,128 M. Dünser,128 N. Dupont,128 A. Elliott-Peisert,128

N. Emriskova,128 F. Fallavollita,128,zz D. Fasanella,128 S. Fiorendi,128 G. Franzoni,128 J. Fulcher,128 W. Funk,128 S. Giani,128

D. Gigi,128 K. Gill,128 F. Glege,128 L. Gouskos,128 M. Gruchala,128 M. Guilbaud,128 D. Gulhan,128 J. Hegeman,128

C. Heidegger,128 Y. Iiyama,128 V. Innocente,128 T. James,128 P. Janot,128 J. Kaspar,128 J. Kieseler,128 N. Kratochwil,128

C. Lange,128 P. Lecoq,128 K. Long,128 C. Lourenço,128 L. Malgeri,128 M. Mannelli,128 A. Massironi,128 F. Meijers,128

S. Mersi,128 E. Meschi,128 F. Moortgat,128 M. Mulders,128 J. Ngadiuba,128 J. Niedziela,128 S. Orfanelli,128 L. Orsini,128

F. Pantaleo,128,s L. Pape,128 E. Perez,128 M. Peruzzi,128 A. Petrilli,128 G. Petrucciani,128 A. Pfeiffer,128 M. Pierini,128

F. M. Pitters,128 D. Rabady,128 A. Racz,128 M. Rieger,128 M. Rovere,128 H. Sakulin,128 J. Salfeld-Nebgen,128 S. Scarfi,128

C. Schäfer,128 C. Schwick,128 M. Selvaggi,128 A. Sharma,128 P. Silva,128 W. Snoeys,128 P. Sphicas,128,aaa J. Steggemann,128

S. Summers,128 V. R. Tavolaro,128 D. Treille,128 A. Tsirou,128 G. P. Van Onsem,128 A. Vartak,128 M. Verzetti,128

K. A. Wozniak,128 W. D. Zeuner,128 L. Caminada,129,bbb K. Deiters,129 W. Erdmann,129 R. Horisberger,129 Q. Ingram,129

H. C. Kaestli,129 D. Kotlinski,129 U. Langenegger,129 T. Rohe,129 M. Backhaus,130 P. Berger,130 A. Calandri,130

N. Chernyavskaya,130 G. Dissertori,130 M. Dittmar,130 M. Donegà,130 C. Dorfer,130 T. Gadek,130 T. A. Gómez Espinosa,130
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75bUniversità di Napoli ‘Federico II’, Napoli, Italy
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80bSapienza Università di Roma, Rome, Italy
81aINFN Sezione di Torino, Torino, Italy
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