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A set of measurements for the production of a 𝑊-boson in association with high-transverse-
momentum jets is presented using 140 fb−1 of proton–proton collision data at a centre-of-mass
energy of

√
𝑠 = 13 TeV collected by the ATLAS detector at the LHC. The measurements

are performed in final states in which the 𝑊-boson decays into an electron or muon plus
a neutrino and is produced in association with jets with 𝑝T > 30 GeV, where the leading
jet has 𝑝T > 500 GeV. The angular separation between the lepton and the closest jet with
𝑝T > 100 GeV is measured and used to define a collinear phase space, wherein measurements of
kinematic properties of the 𝑊-boson and the associated jet are performed. The collinear phase
space is populated by dijet events radiating a 𝑊-boson and events with a 𝑊-boson produced in
association with several jets and it serves as an excellent data sample to probe higher-order
theoretical predictions. Measured differential distributions are compared with predictions
from state-of-the-art next-to-leading order multi-leg merged Monte Carlo event generators and
a fixed-order calculation of the 𝑊 + 1-jet process computed at next-to-next-to-leading order in
the strong coupling constant.
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1 Introduction

Measurements of electroweak (EW) bosons in the electron or muon decay modes provide a clean
experimental signature to test the EW sector of the Standard Model (SM) and perturbative quantum
chromodynamics (QCD) in high jet-multiplicity final states. The large production cross-section for a single
𝑊-boson provides a very large data sample with which to explore the modelling of kinematic variables
in the high momentum phase space. Moreover, the 𝑊+ jets process represents a significant irreducible
background to a wide range of analyses within the Large Hadron Collider (LHC) physics programme, such
as Higgs boson [1–4] and top quark measurements [5–8], and searches for new physics phenomena beyond
the Standard Model (BSM) [9–14]. Therefore, an accurate description of this process across a large energy
range is critical to the success of the LHC physics programme.

For the energy scales being explored at the LHC, the production of a 𝑊-boson in association with jets is a
complex process. For 𝑊+1-jet production, at leading order (LO) in the strong coupling constant 𝛼s the
𝑊-boson recoils against a quark or gluon, resulting in an experimental signature of a single high-momentum
jet balancing the 𝑊-boson decay products (Figure 1(a)). At next-to-leading order (NLO) in 𝛼s, new
partonic scattering topologies emerge that can contribute very large enhancements to the overall production
rate (Figure 1(b)). Of particular importance are diagrams where dijet production is accompanied by
the emission of a real 𝑊-boson from the incoming or outgoing quarks, as shown in Figure 1. These
contributions lead to large enhancements in the production rate that are proportional to 𝛼s ln2 𝑝

jet
T /𝑚𝑊 ,

where 𝑝
jet
T is the transverse momentum of the closest jet, and 𝑚𝑊 is the 𝑊-boson mass. This results in an

overall collinear enhancement in the distribution of the angular separation between the 𝑊-boson and the
closest jet in events with high-𝑝T jets. The collinear region also contains contributions where the 𝑊-boson
is produced in association with larger numbers of jets. An accurate description of 𝑊-bosons produced in
association with many jets demands theoretical predictions computed at the highest possible order in both
the strong and electroweak couplings.

Measurements of 𝑊-bosons emitted from high-momentum jets in the muon channel only were reported
in proton–proton collisions at a centre-of-mass energy of 8 TeV by the ATLAS Collaboration using a
data sample with 20.3 fb−1 [15] of integrated luminosity, and a more-inclusive measurement by the
CMS Collaboration using a data sample with 19.6 fb−1 [16]. This paper presents an extension of those
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Figure 1: Representative Feynman diagrams for the production of a 𝑊-boson in association with jets. The 𝑡-channel
diagram shown in (a) typically leads to large angular separation between the recoiling jet and the lepton, while the
𝑠-channel diagram shown in (b) can lead to small angular separations between the lepton and the outgoing quark.
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measurements using the full Run 2 data sample corresponding to 140 fb−1 of proton–proton collision
data at a centre-of-mass energy of 13 TeV, via a combination of the cross-section measurements from
the electron and muon channels. The large data sample allows the measurement of kinematic variables
typically probed in searches for new phenomena beyond the 1 TeV energy scale. ATLAS also performed a
measurement of 𝑍+ jets events in the high-momentum region with the full Run 2 data sample [17]. The
measurement presented here is complementary to the 𝑍+ jets measurement, and is able to probe higher
energy regimes due to the nearly ten times larger production cross-section.

This paper presents inclusive and differential cross-section measurements of a 𝑊-boson produced in
association with high-𝑝T jets. It targets events where the 𝑊-boson decays into a lepton (electron or
muon) in association with central jets with 𝑝T > 30 GeV, where the leading jet has 𝑝T > 500 GeV. This
phase space is referred to as the inclusive region, and measurements of the differential cross-section for
observables sensitive to collinear enhancement in the production rate are performed:

• Δ𝑅min(ℓ, jet100
𝑖 ): angular separation1 between the lepton and closest jet with transverse momentum

greater than 100 GeV. Events with Δ𝑅min(ℓ, jet100
𝑖 ) > 2.6 are expected to be dominated by leading-

order 𝑊 + 1-jet production and referred to as the back-to-back region. The opposing selection
Δ𝑅min(ℓ, jet100

𝑖 ) < 2.6, expected to be dominated by 𝑊+≥ 2-jet processes, is referred to as the
collinear region.

• 𝑝ℓ𝜈T /𝑝closest jet
T : the ratio of the transverse momentum of the lepton–neutrino system (𝑝ℓ𝜈T ) to the

transverse momentum of the jet that is closest to the lepton. Values around one represent events where
the 𝑊-boson and closest jet have similar momentum, and therefore are expected to be dominated
by leading-order 𝑊 + 1-jet production. Values away from one are expected to be dominated by
𝑊+≥ 2-jets production.

• 𝑚jj: the invariant mass of the highest momentum pair of jets. This observable is measured in the
inclusive 2-jet region where at least two jets are required. This is an observable often explored in
EW induced measurements [18] or BSM searches [19–21], but is difficult to model in the multi-TeV
kinematic range.

In addition, differential measurements are performed of observables sensitive to 𝑊-boson production in
association with many jets in the collinear region. These observables are:

• the transverse momentum of the leading jet,

• the transverse momentum of the lepton–neutrino system (𝑝ℓ𝜈T ),

• the jet multiplicity for jets with 𝑝T > 30 GeV, and

• the total scalar sum of the transverse momentum of all jets (𝑆T).

State-of-the-art event generator programs that are multi-leg matrix element accurate to NLO in 𝛼s merged
with parton-shower models to emulate the higher missing orders are compared with the measured data.
In addition, fixed-order predictions for 𝑊 + 1-jet production computed at next-to-next-to-leading order

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the 𝑧-axis along the beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis points upwards.
Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is
defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2) and is equal to the rapidity 𝑦 = 1

2 ln
(
𝐸+𝑝𝑧
𝐸−𝑝𝑧

)
in the relativistic limit.

Angular distance is measured in units of Δ𝑅 ≡
√︁
(Δ𝑦)2 + (Δ𝜙)2.
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(NNLO) in 𝛼s using the MCFM program [22], are compared with the measured data. The data from this
publication will be publicly provided through both HEPData [23] and Rivet [24] and can be used to
improve the theoretical description of these high-energy events.

The paper is organised as follows. The ATLAS detector is described in Section 2. Section 3 presents the
data sample and simulated samples used in the measurement, while Section 4 details the reconstruction of
leptons, jets, and the missing transverse momentum. The event selection is described in Section 5, and
the estimation of background processes to the measurement are explained in Section 6. The unfolding of
detector effects is described in Section 7, and systematic uncertainties in Section 8. The final results are
presented in Section 9, with concluding remarks in Section 10.

2 ATLAS detector

The ATLAS detector [25] at the LHC covers nearly the entire solid angle around the collision point. It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core
toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |𝜂 | < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit generally being in the insertable B-layer (IBL)
installed before Run 2 [26, 27]. It is followed by the SemiConductor Tracker (SCT), which usually provides
eight measurements per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to |𝜂 | = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |𝜂 | < 4.9. Within the region |𝜂 | < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering |𝜂 | < 1.8 to correct for energy loss in material
upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,
segmented into three barrel structures within |𝜂 | < 1.7, and two copper/LAr hadronic endcap calorimeters.
The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers
of precision chambers, each consisting of layers of monitored drift tubes, cover the region |𝜂 | < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is highest. The
muon trigger system covers the range |𝜂 | < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions.

The luminosity is measured mainly by the LUCID–2 [28] detector that records Cherenkov light produced
in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-level trigger [29]. The first-level trigger accepts
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events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger further
reduces in order to record complete events to disk at about 1 kHz.

A software suite [30] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated event samples

The data used in this analysis were recorded with the ATLAS detector from 2015 to 2018 in proton–proton
collisions at

√
𝑠 = 13 TeV and correspond to a total integrated luminosity of 140 fb−1. The uncertainty

in the combined 2015–2018 integrated luminosity is 0.83% [31], obtained using the LUCID-2 detector
for the primary luminosity measurements, complemented by measurements using the inner detector and
calorimeters. The mean number of proton–proton interactions per bunch crossing, including hard scattering
events and other interactions in the same and neighbouring bunch crossings (pile-up), was ⟨𝜇⟩ = 34.

Monte Carlo (MC) simulated samples are used to estimate various background processes, to unfold the
data to particle level, to estimate systematic uncertainties and for the comparison with the unfolded data
distributions. Generated events were processed using a full detector simulation [32] based on Geant4 [33]
for the detector response to final-state particles. Simulated events were processed and then reconstructed
with the same reconstruction algorithms as used for the data. To account for pile-up, multiple overlaid
inelastic 𝑝𝑝 collisions were simulated with Pythia 8.186 [34] using the A3 set of tuned parameters
(tune) [35] and the NNPDF2.3lo set of parton distribution functions (PDFs) [36]. The simulated events are
reweighted so that the mean number of proton–proton interactions in simulation matches that observed in
each of the data-taking periods. A summary of the simulated samples is provided in Table 1. All simulated
samples are normalised to the cross-section predicted by the generator unless otherwise specified.

The nominal 𝑊+ jets signal process was modelled using the Sherpa 2.2.11 event generator [37–39]. Matrix
elements accurate to NLO in both the strong and EW couplings (virtual corrections only, denoted NLO
EWvirt) for up to two jets were computed by OpenLoops [40, 41], while LO-accurate matrix elements for
up to five jets were calculated with the Comix [42] library. The NNPDF3.0nnlo set of PDFs [43] was used.
The default Sherpa parton shower [44] based on Catani–Seymour dipoles and the cluster hadronisation
model [45] was used. The phase space was statistically enhanced using the max(𝑆T, 𝑝

𝑉
T ) variable using an

analytic enhancement technique, where 𝑆T is the scalar sum of the transverse momenta of all outgoing
particles and 𝑝𝑉T is the transverse momentum of the vector boson. The NLO EWvirt corrections are available
as alternative generator weights in three different schemes for the combination with the QCD matrix
elements: additive, multiplicative and exponentiated [39]. Nominal predictions were obtained without
the NLO EWvirt corrections, but results are also presented with these corrections using the multiplicative
scheme as default and an uncertainty computed from the envelope of all other combination schemes. Scale
and PDF uncertainties were evaluated on-the-fly [46] using 7-point variations of the factorisation and
renormalisation scales in the matrix elements and parton shower and using the Hessian PDF eigenvector
variations for the NNPDF3.0nnlo set of PDFs. The scales were varied coherently in the matrix element
and parton shower by factors of 0.5 and 2 relative to the nominal scale, but avoiding combinations where
renormalisation and factorisation scales are varied in opposite directions.

A second multijet merged set-up with NLO accuracy in 𝛼s was provided using MadGraph5_aMC@NLO
interfaced with Pythia8. Samples were produced using the MadGraph5_aMC@NLO v2.6.5 [47]
program to generate matrix elements for vector-boson production with up to three additional jets in the
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final state to NLO accuracy in 𝛼s. The showering and subsequent hadronisation were performed using
Pythia 8.240 [48] with the A14 tune [49], using the NNPDF2.3lo PDF set with 𝛼s = 0.130. The different
jet multiplicities were merged using the FxFx prescription [50]. The PDF set used for event generation
was NNPDF3.1luxQED [51] computed at NNLO with 𝛼s = 0.118. The samples were generated with
additional weights for the PDF eigenvector variations as well as scale variations of the renormalisation and
the factorisation scales [52].

Electroweak production of 𝑊+jj (with 𝑊 → ℓ𝜈) and 𝑍+jj (with 𝑍 → ℓℓ or 𝜈𝜈) final states was simulated
with Sherpa 2.2.11 using LO matrix elements with up to two additional parton emissions. The matrix
elements were merged with the Sherpa parton shower following the MEPS@LO prescription [53] and
used the tune developed by the Sherpa authors. The NNPDF3.0nnlo set of PDFs was employed. The
samples were produced using the VBF approximation, which avoids overlap with semileptonic diboson
topologies by requiring a 𝑡-channel colour-singlet exchange. The EW production of ℓ𝜈jj is treated as a
background and is subtracted from the data before unfolding. Interference between EW and QCD induced
vector-boson processes was neglected.

The production of 𝑡𝑡+jets events was modelled using the Sherpa 2.2.12 event generator. In the Sherpa 2.2.12
samples NLO-accurate matrix elements, for up to one additional jet and LO-accurate matrix elements, for
up to four additional jets, were calculated with the Comix and OpenLoops libraries. Aside from this, the
same general configuration as the signal W+jets described above was used. Single-top quark production
(single-top) included 𝑠- and 𝑡-channel diagrams and the associated production of a single top quark with
a 𝑊-boson (𝑡𝑊). All single-top processes were modelled using the Powheg Box v2 [54–57] generator
that provides matrix elements at NLO in 𝛼s. The NNPDF3.0nlo PDF set was used in the matrix element
and events were interfaced with Pythia 8.230 using the A14 tune and the NNPDF2.3lo set of PDFs. The
inclusive cross-section for single-top was normalised to the theory prediction calculated at NNLO in QCD
with next-to-leading logarithmic (NNLL) soft-gluon corrections [58–61].

The Powheg Box v2 [55–57] generator was used to simulate diboson (𝑊𝑊 , 𝑊𝑍 and 𝑍𝑍) production
at NLO accuracy in 𝛼s [62]. The effect of singly resonant amplitudes and interference effects due to
𝑍/𝛾∗ and same-flavour lepton combinations in the final state were included, where appropriate. Events
were interfaced with Pythia 8.210 for the modelling of the parton shower, hadronisation, and underlying
event, with parameters set according to the AZNLO tune [63]. The CT10 PDF set [64] was used for
the hard-scattering processes, whereas the CTEQ6L1 PDF set [65] was used for the parton shower.
The EvtGen 1.2.0 program [66] was used to decay bottom and charm hadrons. The factorisation and
renormalisation scales were set to the invariant mass of the boson pair. An invariant mass of 𝑚ℓℓ > 4 GeV
was required at matrix element level for any pair of same-flavour charged leptons.

Multijet production was simulated using Pythia 8.230 with LO matrix elements matched to the parton
shower. The renormalisation and factorisation scales were set to the geometric mean of the squared
transverse masses of the two outgoing particles in the matrix element. The NNPDF2.3lo PDF set was used
in the matrix element generation, the parton shower, and the simulation of the multi-parton interactions.
The A14 set of tuned parameters was used. Perturbative uncertainties were estimated through event
weights [67] that encompass variations of the scales at which 𝛼s is evaluated in the initial- and final-state
shower as well as the PDF uncertainty in the shower and the non-singular part of the splitting functions.

All simulated event samples are corrected to compensate for small efficiency differences between data and
simulation. These include correction factors relating to the efficiency of 𝑏-tagging for 𝑏-, 𝑐- and light-jets,
lepton trigger, reconstruction, identification, and isolation, and the efficiency for jet-to-vertex association
requirements. Further details on the event reconstruction can be found in Section 4.
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Table 1: Overview of Monte Carlo simulated samples used to model signal and background processes. The
perturbative accuracy of the QCD calculation in the matrix element is given in the last column.

Process Matrix element
Parton shower Ref. PDF set

Tune Ref. pQCD

𝑊+ jets Sherpa 2.2.11 [40, 42, 68]
[44, 69]

NNPDF30NNLO
Sherpa default

[43] 0-2j@NLO+3-5j@LO

𝑊+ jets MadGraph v2.6.5
Pythia 8.240

[47]
[48]

NNPDF3.1luxQED
A14+FxFx

[51] 0-3j@NLO

𝑍/𝛾∗ + jets Sherpa 2.2.11 [40, 42, 68]
[44, 69]

NNPDF30NNLO
Sherpa default

[43] 0-2j@NLO+3-5j@LO

Diboson Powheg v2
Pythia 8.210

[55–57, 70]
[48]

NLO CT10
AZNLO

[64]
[63] 0j@NLO

𝑡𝑡+jets Sherpa 2.2.12 [40, 42, 68]
[44, 69]

NNPDF30NNLO
Sherpa default

[43] 0-1j@NLO+2-3j@LO

𝑡 (𝑠-channel) Powheg v2
Pythia 8.230

[55–57, 70]
[48]

NLO CT10
Perugia2012

[64]
[71] 0j@NLO

𝑡 (𝑡-channel) Powheg v2
Pythia 8.230

[55–57, 70]
[48]

NLO CT10f4
Perugia2012

[64]
[71] 0j@NLO

𝑡 +𝑊
Powheg v2
Pythia 8.230

[55–57, 70]
[48]

NLO CT10
Perugia2012

[64]
[71] 0j@NLO

EW 𝑊+jj Sherpa 2.2.11 [40, 42, 68]
[44, 69]

NNPDF30NNLO
Sherpa default

[43] 2j@LO

Multijet Pythia 8.230 [48] NNPDF2.3lo
A14

[36] 2j@LO

4 Event reconstruction

Events are required to satisfy a set of quality requirements that ensures the detector was in good operating
condition [72]. In addition, events are required to have a reconstructed primary vertex with two or more
associated tracks, where the primary vertex is chosen as the vertex with the highest scalar sum of the 𝑝2

T
of associated tracks [73]. The data sample was collected using either a single-electron or single-muon
trigger with different transverse momentum, isolation and identification criteria, which depended on the
data-taking periods, each characterised by a different instantaneous luminosity [74–76].

Baseline electrons are reconstructed by algorithms that combine ID tracks and clusters of energy deposits
in the electromagnetic calorimeter. The track associated to the electron candidate is required to have a
longitudinal impact parameter (|𝑧0 sin 𝜃 |) less than 0.5 mm and the significance of the transverse impact
parameter (|𝑑0/𝜎𝑑0 |) is required to be less then 5.0 to ensure the electron candidate originates from
the primary vertex. Baseline electron candidates are required to have 𝑝T > 10 GeV and |𝜂 | < 2.47.
Additionally, electrons reconstructed in the transition region between the calorimeter barrel and endcap
regions, which contains a relatively large amount of inactive material, are removed by excluding electrons
with 1.37 < |𝜂 | < 1.52. Baseline electron candidates are identified using the electromagnetic shower
shape, calorimeter energy to tracker momentum ratio, and other discriminating variables that are combined
into likelihood-based parameters; they are selected if they satisfy the TightLLH quality criterium [77]. The
signal electron candidates must additionally satisfy the Tight_VarRad isolation requirement [77], which
uses the calorimeter isolation and track-based isolation cones around the electron candidate. Unlike muon
candidates defined below, the isolation cones for electrons are variable-radius. The electron energy scale
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and resolution is determined using electrons from 𝑍-boson decays in data and applied to simulation [78].

Baseline muon candidates are reconstructed by combining tracks from the ID and MS sub-detectors via a
global refit. Baseline muons are required to be of at least Medium quality [79] with transverse momentum
greater than 10 GeV and |𝜂 | < 2.4. To ensure signal muon candidates are well isolated from other tracks,
they are required to satisfy a combination of calorimeter and track-based isolation criteria implemented
into the Loose_FixedRad isolation working point [79]. The associated ID track is required to satisfy
|𝑧0 sin 𝜃 | < 0.5 mm and |𝑑0/𝜎𝑑0 | < 3.0 to be consistent with the primary vertex. The muon energy scale
and resolution is determined using muons from 𝑍-boson decays in data and applied to simulation [80].

Jets are clustered using the anti-𝑘𝑡 algorithm [81] implemented in the FastJet package [82] with a radius
parameter of 𝑅 = 0.4. The jets are clustered from particle flow objects [83], which are charged-particle
tracks matched to the hard-scatter vertex and calorimeter energy clusters following an energy subtraction
algorithm that removes the calorimeter deposits associated with good-quality tracks from any vertex.
Different MC-based calibration steps are applied to the reconstructed jets [84], including an area-based
correction to account for energy contributions from pile-up interactions, a 𝑝T- and 𝜂-dependent calibration
to match the generator-level energy scale of the jets, and the ‘global sequential calibration’ to minimize
energy calibration differences between quark- and gluon-initiated jets. Finally, an in situ calibration is
applied to jets in data to match the energy scale in simulation. All calibrated jets are required to have
𝑝T > 30 GeV and |𝑦 | < 2.5. Jets with 𝑝T < 60 GeV and |𝑦 | < 2.4 must also satisfy a requirement based
on the output of the multivariate ‘jet vertex tagger’ (JVT) algorithm, which is used to identify and reject
jets from pile-up vertices [85]. The Tight (default) working point is used and jets failing to satisfy the JVT
requirements are discarded. These remaining jets are categorised as baseline jets.

Baseline jets originating from 𝑏-quarks need to be rejected to suppress background contributions from
processes involving top quarks. Jets containing a 𝑏-hadron (𝑏-jets) are identified using the DL1r 𝑏-tagging
procedure [86], a deep learning multivariate algorithm trained using information on tracks and secondary
vertices. Jets are rejected if they satisfy the DL1r working points tuned to have a 60% efficiency on
average for jets associated with generated 𝑏-hadrons in simulated 𝑡𝑡 events. This working point is chosen
to improve the purity of the 𝑡𝑡 control region described in Section 6. At the chosen working point, the
light-jet (charm-jet) rejection measured in 𝑡𝑡 MC simulation is about a factor of 1155 (29) on average.

The missing transverse momentum (with magnitude 𝐸miss
T ) is estimated as the negative vector sum of the

transverse momentum of all identified hard physics objects (electrons, photons, jets and muons) [87]. All
electrons, muons and jets described above are used as input to the reconstruction. Tracks not associated
with any such object are included in the so-called soft term.

An overlap-removal procedure is applied to uniquely identify signal lepton candidates and signal jet
candidates in an event. Baseline electrons are removed if they share an ID track with a baseline muon.
Baseline jets within Δ𝑅 < 0.2 of a baseline electron are removed, then any remaining baseline electrons
with 0.2 < Δ𝑅 < 0.4 of a baseline jet are removed. Finally, baseline muons closer than Δ𝑅 = 0.4 to any
remaining baseline jets are removed.

5 Event selection

Events are required to contain a single electron or muon satisfying the criteria described in Section 4 and
summarised in the first section of Table 2. The leading (highest 𝑝T) lepton is required to be matched to
the single lepton that triggered the event and have transverse momentum 𝑝T> 30 GeV. In addition, the
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angular separation between the lepton and any selected jet is required to be Δ𝑅(ℓ, jet) > 0.4. To enrich the
selected data sample in events where the 𝑊-boson is produced in association with many jets, events are
required to contain at least one jet with transverse momentum 𝑝T> 500 GeV. Contributions from 𝑍+ jets
and di-leptonic 𝑡𝑡 processes are suppressed by imposing a veto on any additional leptons in the event. To
further suppress the contribution of top-quark backgrounds to the measurement region, a 𝑏-jet veto is
applied. The event selection is summarised in the second section of Table 2.

The selection described above forms the inclusive region. Three additional regions that are subsets of the
inclusive selection are defined. The first is the inclusive-2 jets region, where a requirement of at least two
jets is applied. The second region is the collinear region, where the angular separation between the lepton
and the closest jet with 𝑝T > 100 GeV is required to be Δ𝑅min(ℓ, jet100

𝑖 ) < 2.6. The final region is the
back-to-back region, where the angular separation requirement is inverted relative to the collinear region
and so that Δ𝑅min(ℓ, jet100

𝑖 ) > 2.6. A summary of the region selection criteria can be found at the bottom
section of Table 2.

Table 2: Detector-level selections used to define the signal regions at reconstruction level (see text for details).

Object selection

Lepton momentum 𝑝ℓT > 10 GeV
Electron pseudorapidity |𝜂 | < 1.37, 1.52 < |𝜂 | < 2.47
Muon pseudorapidity |𝜂 | < 2.4

Jet transverse momentum 𝑝
jet
T > 30 GeV

Jet rapidity |𝑦 | < 2.5

Event selection

Leading lepton 𝑝ℓT > 30 GeV, trigger matched
Number of leptons 𝑛ℓ = 1

Angular separation of leptons and jets Δ𝑅(ℓ, jet) > 0.4
Number of jets 𝑛jet ≥ 1

Leading jet transverse momentum 𝑝
jet
T > 500 GeV

𝑏-jet veto 𝑛𝑏-jet = 0

Signal regions

Inclusive All requirements above
Inclusive 2-jet Inclusive plus 𝑛jet ≥ 2

Collinear Inclusive plus Δ𝑅min(ℓ, jet100
𝑖 ) < 2.6

Back-to-back Inclusive plus Δ𝑅min(ℓ, jet100
𝑖 ) > 2.6

6 Background estimation

Several SM processes can give rise to a signature similar to the 𝑊+ jets signal process. These background
processes need to be estimated and subtracted from data before performing the unfolding procedure. The
dominant prompt-lepton backgrounds arise from processes involving the decay of an EW boson to final
states with leptons, and are therefore primarily associated with 𝑡𝑡 and 𝑍+ jets processes. The 𝑡𝑡 and 𝑍+ jets
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backgrounds contribute up to 8% of the total expected event yield across the four regions. They contribute
equally to both the electron and muon channels. Backgrounds can also arise from multijet events for which
the leptons are either non-prompt (i.e. arising from heavy-quark decays), or jets mis-identified as leptons,
collectively referred to as ‘fake leptons’. The latter contribution represents a significant background in
the back-to-back region of the electron selection (up to 20%), while the contribution of fake leptons in
the muon channel is a sub-dominant background. Multijet backgrounds in all other regions contribute up
to 8% (3%) for electrons (muons), respectively. The single-top-quark and diboson processes represent
sub-dominant backgrounds and their contributions are estimated directly from simulation, and are expected
to account for up to 2% (3%) for electrons (muons). The EW production of 𝑉+jj contributes up to 10% of
the total expected event yield for large invariant jet mass in the inclusive-2 jets region.

The dominant backgrounds, namely 𝑡𝑡, 𝑍+ jets, and multijet are estimated by using a semi-data-driven
technique separately for each background. The normalisation of these background contributions is extracted
from data in dedicated control regions enriched in their respective processes. The goal of this method is to
extract normalisation factors for each of the backgrounds without introducing a bias from the contributions
of other backgrounds that are known to be mis-modelled in the high momentum region of phase space.
The control regions are constructed such that they are kinematically similar to the inclusive measurement
region, except for a few selections that allow the control region to be enriched in the targeted background
process. These factors are statistically compatible with normalisation factors derived within each individual
signal region. Since the perturbative accuracy of the 𝑡𝑡 and 𝑍+ jets samples varies with additional QCD
emissions, the normalisation factors are parameterised as a function of the number of jets (𝑛jet). The
multijet normalisation factor is parameterised as a function of lepton 𝑝T and |𝜂 | to capture the variations of
the fake-lepton composition as a function of detector geometry and momentum of the fake leptons. The
𝑡𝑡 and 𝑍+ jets normalisation factors are determined first using the MC predictions for multijets, and then
applied to the multijets control region where the multijet normalisation factor is subsequently derived. This
approach is valid because of the small contribution of the multijets process in the 𝑡𝑡 and 𝑍+ jets control
regions.

The 𝑡𝑡 control region is defined in the same way as the inclusive region, except the 𝑏-jet veto is replaced
with the requirement of at least two 𝑏-tagged jets. The purity of this region in terms of 𝑡𝑡 events is more
than 80%, with small contributions from single-top and 𝑊+ jets processes. In both the electron and muon
channels, the extracted normalisation factors are 0.8 ± 0.1 for the 2-jet and 3-jet bins and close to unity for
the higher jet multiplicities. The normalisation factor for the 1-jet bin is set equal to unity with a 10%
uncertainty calculated as an average across the other jet multiplicity bins. The background contribution to
the 1-jet bin is less than 1% of the total expected event yield for all samples. Good agreement between
the background model with the normalisation factors applied and data is observed as a function of all
observables measured. The only exception is the 𝑚jj distribution, where the expected event yield is 1𝜎
higher than the data for 𝑚jj > 1 TeV, where 𝜎 is the total uncertainty. An additional 𝑚jj modelling
uncertainty is applied to account for this mis-modelling as described in Section 8.

Most of the 𝑍+ jets contribution in the signal region consists of events where one of the two leptons
fails the kinematic or geometric requirements, resulting in a single-lepton event. The remaining 𝑍+ jets
contributions arise from one of the leptons being mis-identified as a jet. The 𝑍+ jets control region is
defined in the same way as the inclusive region, except the single-lepton requirement is replaced by requiring
exactly two same-flavour opposite-sign leptons with an invariant mass between 60 < 𝑚ℓℓ < 120 GeV.
In the 𝑍+ jets control region, the purity of the 𝑍+ jets process is approximately 90% with the remaining
contributions arising primarily from diboson production. The average normalisation factor for 𝑍+ jets
events with up to three jets is approximately 1.05 ± 0.05 and decreases to 0.80 ± 0.05 for events with
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greater than five jets. Mis-identified jets that are matched to generator-level electrons from the 𝑍-boson
decay are excluded from the jet multiplicity dependent normalisation factor in the signal region to match
the jet counting in the control region, where both electrons are reconstructed. The corrected background
model provides an excellent description of the data in the control region as a function of all measurement
observables, except for 𝑚jj. As for the 𝑡𝑡 process, an additional modelling uncertainty is applied to the
𝑍+ jets of the 𝑚jj distribution in the signal region.

The multijet control region is defined in the same phase space as each of the signal regions, but the lepton
is instead required to fail to satisfy the impact parameter or the isolation lepton criteria. The purity of
this region in terms of multijet events is more than 80%, with small contributions from single-top and
𝑊+ jets processes. In these multijet control regions, the multijet production is the dominant process.
The normalisation factor is roughly independent of lepton 𝑝T for the electron and muon channels, but
ranges from 0.3 ± 0.1 to 0.8 ± 0.1 for high to low electron |𝜂 |. After the application of the lepton 𝑝T and
|𝜂 | correction factors to the multijet MC sample, an excellent description of the data is observed for all
observables measured. The modelling of the multijet estimate is additionally checked in a region where the
lepton signal criteria are satisfied, but the missing transverse momentum is below 100 GeV. This validation
region has a small 8% overlap with the measurement signal region while the multijet background accounts
for more than half of the total event yield. Good agreement is found between the simulated events and
observed data in the validation region for the full set of measured observables; therefore, no additional
uncertainties are assigned to the multijet normalisation factors.

The event yields in each measured signal region, after the corrections extracted from the control regions
as described above, are summarised in Table 3 with signal theory uncertainties included. The 𝑊+ jets
signal prediction is obtained from the Sherpa 2.2.11 simulation. The large 𝑝T requirement on the leading
jet selects high jet multiplicity events, so the total uncertainty in the number of 𝑊+ jets is dominated by
LO matrix elements for Sherpa 2.2.11. Overall, the total signal-plus-background predictions are in good
agreement with the observed data across all regions for both the electron and muon channels. Differential
distributions in the electron and muon channels are shown in Figure 2 for Δ𝑅min(ℓ, jet100

𝑖 ), 𝑝ℓ𝜈T /𝑝closest jet
T ,

𝑝ℓ𝜈T , and leading jet 𝑝T. The combined signal plus background predictions are in good agreement with the
observed data for the full set of observables, except for the 𝑚jj distribution where the combined signal
plus background prediction is about 1–2𝜎 higher than the data including all signal and all background
uncertainties, similar to that observed in the 𝑡𝑡 and 𝑍+ jets control regions.

7 Unfolding

The cross-section measurements unfolded to particle level using an iterative Bayesian unfolding tech-
nique [88] to account for object and selection inefficiencies, small acceptance corrections, and resolution
effects. The data are unfolded to particle-level regions that closely match the reconstruction-level object
and phase-space selections shown in Table 2. Final-state photons radiated from the leptons are added to
the lepton four-momentum within a cone of Δ𝑅 = 0.1. These leptons are referred to as ‘dressed leptons’.
The anti-𝑘𝑡 jet clustering algorithm is used to cluster all final state particles with a lifetime greater than
30 ps into jets, excluding the neutrino and the electron or muon from the 𝑊-boson decay and any photon
included in the dressed lepton. The missing transverse momentum is computed from the final-state neutrino
from the 𝑊-boson decay. Events are then selected to contain at least one particle-level jet with transverse
momentum greater than 500 GeV and exactly one dressed lepton with transverse momentum greater than
30 GeV and |𝜂 | < 2.5. The lepton 𝜂 requirements are harmonised between the electron and muon channels
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Figure 2: Differential distributions at reconstruction level in the (a, c) electron or (b, d) muon channel for (a, b)
inclusive and (c, d) collinear signal regions after the application of the background normalisation factors. The
signal process is stacked above all background predictions. The bottom panel shows the ratio of the data to the total
signal plus background prediction. The shaded band includes statistical and systematic uncertainties from signal and
background processes added in quadrature.
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Table 3: Event yields in the electron and muon channels for the different signal regions after the application of the
background normalisation factors. The uncertainties in the predictions include statistical and systematic uncertainties
added in quadrature. The nominal Sherpa 2.2.11 signal prediction is used to compare with the data. Theoretical
uncertainties are also included for signal.

Process Inclusive Collinear Inclusive 2-jet Back-to-back

Electron channel

𝑡𝑡 7 200 ± 1 700 5 800 ± 1 200 7 100 ± 1 600 1 400 ± 400
Multijet 14 600 ± 1 900 6 300 ± 1 300 11 600 ± 1 700 8 300 ± 700
Single top 2 100 ± 600 1 600 ± 500 2 100 ± 600 540 ± 140
EW 𝑉+jj 4 200 ± 800 3 000 ± 600 3 700 ± 700 1 150 ± 220
𝑍+ jets 6 350 ± 210 5 110 ± 200 5 990 ± 200 1 241 ± 68
𝑊 (→ 𝜏𝜈)+jets 6 500 ± 1 000 4 000 ± 500 5 600 ± 800 2 500 ± 400
Diboson 3 440 ± 340 2 220 ± 240 3 070 ± 320 1 220 ± 110

𝑊+ jets 77 000 ± 25 000 54 000 ± 21 000 68 000 ± 24 000 23 000 ± 4 000

SM Total 122 000 ± 25 000 82 000 ± 21 000 108 000 ± 25 000 40 000 ± 4 000
Data 119 880 79 890 105 740 39 990

Muon channel

𝑡𝑡 5 500 ± 1 200 4 800 ± 1 000 5 500 ± 1 200 690 ± 200
Multijet 3 640 ± 150 2 460 ± 130 3 250 ± 160 1 176 ± 56
Single top 1 700 ± 500 1 400 ± 400 1 700 ± 500 373 ± 89
EW 𝑉+jj 3 600 ± 700 2 600 ± 500 3 200 ± 600 940 ± 180
𝑍+ jets 4 330 ± 150 3 590 ± 140 4 150 ± 140 743 ± 44
𝑊 (→ 𝜏𝜈)+jets 5 100 ± 800 3 300 ± 500 4 500 ± 700 1 780 ± 320
Diboson 2 880 ± 300 1 930 ± 210 2 590 ± 280 953 ± 90

𝑊+ jets 72 000 ± 24 000 52 000 ± 20 000 65 000 ± 23 000 20 000 ± 3 500

SM Total 99 000 ± 24 000 72 000 ± 20 000 90 000 ± 23 000 27 000 ± 3 500
Data 94 230 67 970 85 130 26 260

to unfold to a common fiducial region. All other requirements are applied that define the regions in Table 2,
except for the 𝑏-jet veto requirement to keep the particle-level measurement inclusive in jet flavour. The
unfolding algorithm implemented in the RooUnfold toolkit [89] is used with two iterations. The electron
and muon channels are unfolded separately and then combined as discussed in Section 9.

The signal event yields are determined by subtracting the estimated background contributions from the
data satisfying the detector-level selection. The resulting distributions are corrected for detector-level
effects to the fiducial phase space at particle level. The Sherpa 2.2.11 generator is used as the nominal
signal prediction in the unfolding procedure. Simulated signal events, satisfying both the detector-level and
particle-level selections, are used to generate a response matrix for each distribution and the particle-level
distribution is used as the initial prior to determine the first estimate of the unfolded data distribution. For
the second iteration, the new estimate of unfolded data is obtained using the background-subtracted data
and an unfolding matrix, which is derived using Bayes’ theorem, from the response matrix and the current
prior. Before entering the iterative unfolding, the background-subtracted data are corrected for the expected
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fraction of events that satisfy the detector-level selection, but not the particle-level one (unmatched-events).
For each bin of each differential distribution, the unfolded event yields are divided by the integrated
luminosity of the data sample and by the bin width, to obtain the measured cross-section.

A Δ𝑅-matching procedure is applied to fill the matrices and the unmatched-events fraction is defined
accordingly. The lepton and highest 𝑝T jet at reconstruction and generator level are required to be matched
within an angular cone of Δ𝑅 = 0.4. Moreover the reconstructed jet that is found to be closest to the lepton
is required to be matched to the closest particle-level jet within an angular cone of Δ𝑅 = 0.4. In the case of
the inclusive-2 jets region, the sub-leading jet at reconstruction level is also required to be matched to the
sub-leading jet at particle level. If the matching criteria fail, the corresponding event does not enter the
response matrix calculation and is considered as an unmatched fake object that is subtracted from the data
alongside other backgrounds before unfolding.

Jets that satisfy the generator-level selection on the leading jet of 𝑝T> 500 GeV may fail this requirement
at reconstruction level due to the a finite jet energy resolution. To account for these migration effects,
an additional underflow bin is added for all observables, where the selection on the reconstruction level
leading jet transverse momentum is relaxed to 400 < 𝑝T < 500 GeV. These migrations account for less
than 10% of the total events in the fiducial region.

8 Systematic uncertainties

Several sources of experimental and theoretical uncertainties are considered during the unfolding process.
Systematic uncertainties are derived for each observable by propagating changes from each systematic
source through the MC unfolding inputs and the subtracted background in the unfolded data. For all sources
of uncertainty that affect the background model, the background estimate is recalculated with the modified
background model and propagated to the subtracted background before unfolding. For experimental
uncertainties affecting the reconstructed signal and background in a similar way, the unfolding response
matrices, reconstruction efficiencies and the unmatched events corrections are adjusted alongside the
subtracted background in the unfolded data. Uncertainties are assessed separately for the electron and
muon channels, with correlations taken into account as necessary.

Systematic uncertainties relating to the lepton triggering, reconstruction, identification, and isolation are
included [77, 79, 90]. Muon reconstruction uncertainties include variations in muon momentum scale, the
ID and MS resolution, and the sagitta-bias corrections [80]. Variations of the electron energy scale and
resolution are included and arise from material interactions, in situ calibrations, shower shapes, and pile-up
modelling [91]. Electron and muon identification uncertainties account for variations of the efficiency
scale factors by varying the statistical and systematic components of the scale factors.

The jet energy scale (JES) and resolution (JER) uncertainties are derived as a function of the jet transverse
momentum, rapidity, and flavour [84]. A reduction scheme is applied resulting in 29 nuisance parameters
for the JES and 13 nuisance parameters for the JER. Aspects of the JES/JER uncertainty that rely on the
relative fraction of quark- to gluon-initiated jets are estimated as a function of the jet momentum and
rapidity from simulation. The uncertainty in the efficiency corrections for the JVT requirement that is
used to mitigate the impact of pile-up jets is evaluated by shifting the scale factors by the corresponding
uncertainties. Uncertainties in the correction factors for the 𝑏-tagging efficiency are applied to the MC
samples using dedicated flavour-enriched samples in data and an additional term is included to extrapolate
the measured uncertainties to the very high-𝑝T phase space using MC-based uncertainties [92–94].
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Variations in the energy scale and resolution of all physics objects are also propagated to the reconstruction
of the missing transverse momentum.

Sources of uncertainty relating to the background estimation include statistical uncertainties in the
background normalisation factors, theoretical uncertainties including variations of the renormalisation
and factorisation scales and PDF eigenvector variations for each background. Additional uncertainties
are applied to the 𝑚jj background model for 𝑡𝑡 and 𝑍+ jets processes. Residual mis-modelling of the 𝑚jj
distribution in the control regions persists at the 1–2𝜎 level for 𝑚jj > 1 TeV. No additional uncertainties
are added to the multijet process as described in Section 6 given the good modelling observed in the
corresponding multijet validation region. The difference between the nominal prediction and the data is
symmetrised and taken as a conservative uncertainty. Due to the small contributions of these backgrounds
in the 𝑚jj > 1 TeV measurement regions, this uncertainty has a very small impact on the final results.

The uncertainty in the combined 2015–2018 integrated luminosity is 0.83% [31]. The uncertainty in
pile-up effects is assessed by varying the average number of pile-up interactions.

Several additional sources of uncertainties are assigned to the unfolding procedure, which account for
possible simulation or theoretical biases:

• Prior-related unfolding bias: These assess the sensitivity of the unfolded data to the choice of the
initial prior from the nominal Sherpa 2.2.11 signal model. The Sherpa 2.2.11 sample is reweighted
at generator level such that it matches the background-subtracted data at reconstruction level for each
measured observable. This pseudo-data sample is unfolded with the nominal response matrix, and
the basic unfolding bias uncertainty is obtained from the difference between the unfolded distribution
and the reweighted generator-level distribution.

• Uncertainty in migrations, efficiencies and fakes modelling: The alternative MadGraph5_aMC@NLO
+Pythia8 sample is used to assess the uncertainty due to the mis-modelling of the migrations, the
reconstruction efficiency and the fake corrections. In this procedure, first the alternative signal sample
is reweighted to match the nominal Sherpa 2.2.11 sample at generator level to avoid double-counting
with the prior-related uncertainty. Then the reweighted sample is used to unfold the data and the
difference between that and the nominal unfolding result is taken as the systematic error.

• Signal modelling uncertainty: An uncertainty in the measured cross-section is assessed from signal
theory uncertainties. The scale and PDF variations in the nominal Sherpa 2.2.11 prediction are
varied in the unfolding MC inputs, and the unfolded data are compared with the nominal unfolded
cross-section in data to derive an uncertainty. This uncertainty is negligible compared to the two
other uncertainties.

The statistical uncertainty in the unfolded measurement and its bin-by-bin correlations are assessed using
the bootstrap method [95] with an ensemble of 10k replicas of the original data sample for each measured
observable.

Measurements in the electron and muon channels are combined and an average value is reported, as
described in Section 9. During the combination, common sources of uncertainties are correlated across the
channels, while those uniquely affecting the electron or muon channel are treated as uncorrelated. The
statistical and systematic uncertainties in the unfolded inclusive cross-sections after the combination are
shown in Table 4. Uncertainties in the inclusive cross-sections across all regions are approximately 3%–4%
and dominated by systematic uncertainties, while statistical uncertainties constitute less than 0.5% of the
uncertainty in the measured cross-section. The dominant sources of systematic uncertainty arise from the
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Table 4: Relative uncertainties (in %) in the measured integrated cross-sections. Statistical uncertainties from the
data and sources of systematic uncertainties are shown separately. The ‘Others’ category contains sub-dominant
uncertainties arising from missing transverse momentum reconstruction and the jet-to-vertex fraction uncertainties.

Regions
Uncertainty source Inclusive Inclusive 2-jet Collinear Back-to-back

Background modelling 2.0 2.1 2.0 2.3
JES/JER 1.3 1.2 1.1 1.6
𝑏-tagging 1.2 1.4 1.5 0.7
Lepton 0.8 0.8 0.7 1.2
Unfolding 0.34 0.4 0.6 0.05
Luminosity 0.8 0.8 0.8 0.8
Pile-up 0.19 0.15 0.22 0.18
Others 0.14 0.19 0.20 0.03

Data statistical 0.4 0.5 0.5 0.8

Total uncertainty 3.3 3.4 3.4 4

background modelling driven by the statistical uncertainty in the normalisation factors, JES/JER, 𝑏-tagging,
and unfolding uncertainties. The ‘Others’ category contains sub-dominant sources of uncertainties arising
from missing transverse momentum reconstruction and the jet-to-vertex fraction uncertainties.

Differential distributions of the relative statistical and systematic uncertainties in the unfolded cross-section
for Δ𝑅min(ℓ, jet100

𝑖 ) and 𝑝ℓ𝜈T in the inclusive region; 𝑝ℓ𝜈T /𝑝closest jet
T and leading jet 𝑝T in the collinear region

are shown in Figure 3. The total uncertainty is up to 10% in the inclusive region and up to 15% in the
collinear region. The background modelling uncertainties are the dominant source of uncertainty and
contribute at a similar level to the statistical uncertainty across most distributions. In the back-to-back
region and highest energy bins of the leading jet 𝑝T and the 𝑊-boson 𝑝T the statistical uncertainties are one
of the leading sources of uncertainty and are around 10%–15%. All other sources of uncertainty contribute
at the few percent level across all distributions.

9 Results

The cross-sections in the electron and muon channels are measured separately and an average cross-section
is obtained using a 𝜒2 likelihood fit with the Combiner [96] package. In this method, all systematic
uncertainties are treated as correlated between the electron and muon channels, except for statistical
uncertainties and lepton-specific uncertainties such as unfolding uncertainties, lepton triggering, and the
lepton energy and momentum resolution. Additionally, uncertainties in the multijet backgrounds are
considered uncorrelated since the two channels are dominated by different fake-lepton processes. All
systematic uncertainties are symmetrised before the combination. The combined cross-section is found to
be consistent with the individual electron and muon channels for the full set of regions and observables.

The measured data is compared with several state-of-the-art theoretical predictions, including two NLO
multijet merged generator predictions: the Sherpa 2.2.11 and MadGraph5_aMC@NLO+Pythia8 samples
described in Section 3. The Sherpa 2.2.11 predictions are shown with and without NLO EWvirt corrections
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Figure 3: Relative systematic uncertainties in the averaged cross-section for various differential distributions in the
(a, b) inclusive and (c, d) collinear phase spaces. The upper solid line shows the total uncertainty in the measured
cross-section in data, and includes correlations between the systematic components. The ‘Others’ category contains
sub-dominant uncertainties arising from missing transverse momentum reconstruction and the jet-to-vertex fraction
uncertainties.
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to demonstrate their impact on the measured distributions. Additionally, a fixed-order prediction of
𝑊 + 1-jet was generated at NNLO in 𝛼s using the MCFM program [22, 97, 98] and is compared with the
data. The NNLO calculation relies on the 𝑁-jettiness subtraction formalism and the event shape variable
𝑁-jettiness 𝜏 [99]. For all results presented in this paper, a requirement of 𝜏cut = 10−4 is used and found
to impact the final results at the sub-percent level for all differential distributions measured. A dynamic
scale choice is used where 𝜇 =

√︃
𝑚2

ℓ𝜈
+∑

jets 𝑝
2
T, where 𝑚ℓ𝜈 is the invariant mass of the lepton–neutrino

system and the second term contains the scalar sum of the transverse momentum squared of all jets with
𝑝T > 30 GeV. The NNPDF3.0nnlo set of PDFs was used. The PDF uncertainties from the MCFM
calculation are expected to be similar in size to Sherpa 2.2.11 NLO calculations and shown in Table 5.
The renormalisation and factorisation scales are varied coherently by a factor of two, avoiding asymmetric
variations. Non-perturbative effects in the high-momentum phase space of this analysis were found to
be negligible for all measured observables. The effects of higher-order EW corrections on the MCFM
prediction are assessed by extrapolating from the Sherpa prediction. A bin-by-bin correction factor
computed from the ratio of the Sherpa QCD with EWvirt prediction to the QCD-only prediction is applied
to the MCFM prediction and displayed separately throughout all results.

The combined inclusive cross-sections in the inclusive, inclusive 2-jet, collinear, and back-to-back regions
are shown in Figure 4 and tabulated in Table 5. For results showing predictions accurate to QCD,
uncertainties include scale and PDF uncertainties added in quadrature, while the results reported with
EW virtual corrections display uncertainties arising from the different EW combination schemes only.
The measurement uncertainties are significantly smaller than the uncertainties in the signal predictions
from the Sherpa 2.2.11 and MadGraph5_aMC@NLO+Pythia8 event generators, which are dominated
by variations in the renormalisation and factorisation scale uncertainties. In particular, Sherpa 2.2.11
uncertainties are larger than the MadGraph5_aMC@NLO uncertainties due to the 3-5j@LO calculations
of the matrix element for Sherpa. The uncertainty shown in Figure 4 is the total uncertainty in the prediction
which is very large in comparison to the EW corrections and scale uncertainties in the QCD predictions.
The fixed-order MCFM 𝑊 + 1-jet prediction computed at NNLO accuracy is found to be in good agreement
with the data across all regions with a precision comparable to that of the measured cross-sections from data.
The NLO EWvirt corrections lead to an overall decrease in the inclusive cross-section by 10%–12%, in
agreement with fixed-order calculations computed for𝑉+2-jet in Ref. [100]. This improves the agreement of
the Sherpa prediction with the data in the collinear region, but leads to an approximate 10% underestimate
of the cross-sections for the MCFM prediction.

Measurements of the differential cross-section for all observables are shown in Figures 5 to 7. The
measured differential distributions are compared with the same three signal predictions as described above.
For all figures, the main panel shows the various theoretical predictions that do not include NLO EW
corrections, while the two lower panels additionally show the effect of NLO EWvirt as computed from
Sherpa 2.2.11. The uncertainties in the QCD accurate predictions contain uncertainties due to scale and
PDF uncertainties added in quadrature, while the predictions including NLO EWvirt corrections display
only the uncertainty due to different EW correction combination schemes. The measured cross-sections in
data and their statistical uncertainty are shown by the solid dots and error bars, while the shaded band
shows the systematic and statistical uncertainties added in quadrature.

Figure 5 shows the differential cross-sections as a function of Δ𝑅min(ℓ, jet100
𝑖 ) and 𝑝ℓ𝜈T /𝑝closest jet

T in the
inclusive phase space. These observables can be used to distinguish 𝑊-boson emission from a high-
momentum jet, referred to as the collinear events, from events where the 𝑊-boson recoils against a
single initial-state-radiation jet, referred to as back-to-back events. Due to the leading jet 𝑝T > 500 GeV
requirement, these back-to-back topologies typically lead to high-momentum 𝑊-boson events containing a
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Table 5: Measured fiducial cross-section (𝜎fid) in each signal region with theoretical predictions from Sherpa 2.2.11,
MadGraph5_aMC@NLO+Pythia8, and MCFM W+1-jet@NNLO. Systematic uncertainties in the measured
cross-sections are separated into statistical and non-statistical sources, while theoretical predictions show uncertainties
arising from scale and PDF variations separately. For results showing predictions accurate to QCD, uncertainties
include scale and PDF uncertainties added in quadrature, while the results reported with EW virtual corrections
display uncertainties arising from the different EW combination schemes only.

Inclusive 𝜎fid (fb) Total Δ𝜎fid (fb)

Data 778 ±3 (stat.) ±25 (syst.+stat.)

Sherpa 2.2.11 823 +8
−10 (PDF) +360

−210 (scale) +360
−210

Sherpa 2.2.11 QCD+EW 733 +32
−32 (EW virt) +360

−210

MadGraph5_aMC@NLO+Pythia8 851 +6
−6 (PDF) +90

−130 (scale) +90
−130

MCFM 765 +26
−26 (scale)

MCFM QCD+EW 680 +30
−30 (EW virt) +40

−40

Inclusive 2-jet 𝜎fid (fb) Total Δ𝜎fid (fb)

Data 684 ±3 (stat.) ±23 (syst.+stat.)

Sherpa 2.2.11 728 +7
−10 (PDF) +340

−200 (scale) +350
−200

Sherpa 2.2.11 QCD+EW 649 +28
−28 (EW virt) +350

−200

MadGraph5_aMC@NLO+Pythia8 754 +5
−5 (PDF) +76

−110 (scale) +76
−110

MCFM 693 +28
−28 (scale)

MCFM QCD+EW 620 +30
−30 (EW virt) +40

−40

Collinear 𝜎fid (fb) Total Δ𝜎fid (fb)

Data 532 ±3 (stat.) ±18 (syst.+stat.)

Sherpa 2.2.11 574 +6
−8 (PDF) +290

−170 (scale) +300
−170

Sherpa 2.2.11 QCD+EW 521 +18
−18 (EW virt) +300

−170

MadGraph5_aMC@NLO+Pythia8 578 +4
−4 (PDF) +50

−90 (scale) +50
−90

MCFM 530 +31
−31 (scale)

MCFM QCD+EW 480 +17
−17 (EW virt) +35

−35

Back-to-back 𝜎fid (fb) Total Δ𝜎fid (fb)

Data 247 ±2 (stat.) ±9 (syst.+stat.)

Sherpa 2.2.11 249 +2
−3 (PDF) +60

−40 (scale) +60
−40

Sherpa 2.2.11 QCD+EW 210 +10
−10 (EW virt) +60

−40

MadGraph5_aMC@NLO+Pythia8 273 +2
−2 (PDF) +40

−40 (scale) +40
−40

MCFM 235 +5
−5 (scale)

MCFM QCD+EW 200 +13
−13 (EW virt) +14

−14
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Figure 4: Measured fiducial cross-sections in each signal region. The measured cross-sections in data and their total
uncertainty are shown by the solid dots and error band. Various theoretical predictions are overlaid and compared
with the data in the lower panel. Uncertainties in predictions accurate to NLO precision include QCD scale and
PDF uncertainties, while predictions that add NLO EWvirt (electroweak) corrections show uncertainties only due to
different electroweak combination schemes. Uncertainties in predictions accurate at fixed-order NNLO precision are
derived primarily from MCFM, do not include PDF variations, with an additional extrapolation from the Sherpa
QCD with EWvirt prediction to assess the effects of higher-order electroweak corrections. On predictions with EWvirt
corrections, the total uncertainty is shown as a shaded region, while the electroweak correction is overlaid with an
error bar line.

lepton whose angular separation with the leading jet is Δ𝑅(ℓ, jetleading) ∼ 𝜋. Furthermore, these single-jet
events contain a 𝑊-boson with momentum that balances the leading jet in the transverse plane, leading
to 𝑝ℓ𝜈T /𝑝closest jet

T close to one. In contrast, events where the 𝑊-boson is emitted from a high-momentum
jet receive an overall collinear enhancement in the distribution of the angular distance between the
𝑊-boson and the closest jet. Moreover, the largest contribution occurs when the 𝑊-boson momentum
is relatively soft and leads to 𝑝ℓ𝜈T /𝑝closest jet

T close to zero. For larger 𝑝ℓ𝜈T /𝑝closest jet
T where the 𝑊-boson

is not quite as soft, this disagreement with the MCFM prediction is more noticeable in light of the
smaller uncertainties. These features can be clearly seen in Figure 5. The multijet merged Sherpa
and MadGraph5_aMC@NLO+Pythia8 event generators provide an excellent description of the data
across both variables. The inclusion of NLO EW corrections in the Sherpa prediction generally improve
the agreement with the data in the collinear regions, but lead to an underestimate of the cross-sections
in the back-to-back region while remaining consistent within uncertainties of the Sherpa prediction.
The fixed-order MCFM 𝑊 + 1-jet NNLO prediction provides a good description of the data, except for
back-to-back regions with Δ𝑅min(ℓ, jet100

𝑖 ) > 𝜋. In these regions, the MCFM prediction undershoots the
data well beyond measurement and prediction uncertainties.
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Figure 5: Differential cross-section measurement in the inclusive phase space as function of (a) the minimum angular
separation between the lepton and any jet with transverse momentum greater than 100 GeV (Δ𝑅min (ℓ, jet100

𝑖 )), and
(b) the ratio of 𝑊-boson 𝑝T to the closest-jet 𝑝T (𝑝ℓ𝜈T /𝑝closest jet

T ). The measured cross-sections in data and their
statistical uncertainty are shown by the solid dots and error bars, while the shaded band shows the systematic and
statistical uncertainties added in quadrature. Errors bars on the theory prediction include theoretical uncertainties as
discussed in the text. The bins around 𝑝ℓ𝜈T /𝑝closest jet

T equal to 1 are merged to be insensitive to the singularity that
exists in the fixed-order MCFM calculation. Additionally, in (b), the central two bins from the MCFM prediction are
merged due to a singularity in fixed-order calculations, which requires 𝑝T resummation of the 𝑊+ jets system. The
two lower panels show the effect of NLO EWvirt as computed from Sherpa 2.2.11.

Figure 6 shows the differential cross-section as a function of the invariant mass of the leading two jets (𝑚jj)
in the inclusive 2-jet region. As discussed above, the cross-section due to a relatively soft 𝑊-boson emitted
from an outgoing quark contributes significantly to the overall production rate in the inclusive phase space.
Due to the leading jet 𝑝T > 500 GeV requirement, this leads to an overall enhancement in the rate for 𝑚jj
around 1 TeV since the 𝑊-boson carries only a small amount of the momentum. Events with large 𝑚jj are
dominated by extremely high momentum jets with large opening angles. This variable is an important
observable for a range of BSM searches and EW-induced measurements that have historically been difficult
to model [18–21]. Since the MCFM prediction is computed at NNLO precision for the process 𝑊 + 1-jet,
it provides NLO precision for the 𝑚jj variable due to the two-jet requirement. All theoretical predictions
overestimate the cross-section around 𝑚jj > 2 TeV beyond their corresponding systematic uncertainties.

In the collinear selection, defined by the requirement of Δ𝑅min(ℓ, jet100
𝑖 ) < 2.6, the differential cross-section

as a function of the leading-jet transverse momentum, the inclusive jet multiplicity, the scalar sum of
jet momenta, and the 𝑊-boson candidate transverse momentum are measured. These measurements are
shown in Figure 7.

The leading jet 𝑝T distribution is shown in Figure 7(a) and probes jet momenta up to the 1.5 TeV scale. The
MadGraph5_aMC@NLO+Pythia8 and Sherpa predictions provide an excellent description of the data
across the entire measured range. There remain large uncertainties associated with the Sherpa predictions
even though the Sherpa NLO EWvirt corrections improve the agreement of the central value with the data.
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Figure 6: Differential cross-section as a function of the invariant mass of the leading two jets (𝑚jj) in the inclusive,
2-jet phase space. The measured cross-sections in data and their statistical uncertainty are shown by the solid dots
and error bars, while the shaded band shows the systematic and statistical uncertainties added in quadrature. Errors
bars on the theory prediction include theoretical uncertainties as discussed in the text. The two lower panels show the
effect of NLO EWvirt as computed from Sherpa 2.2.11.

The fixed-order MCFM provides an excellent description of the data with precision that matches or exceeds
that of the measured data in the highest measured bins. The application of the NLO EWvirt corrections
to the MCFM reduces the cross-section in all bins and generally leads to a ∼10% underestimate of the
cross-section.

Measurements of the differential cross-section as a function of the inclusive jet multiplicity and the scalar
sum of all the jet momenta are shown in Figures 7(b) and 7(c). Similar to the leading jet 𝑝T measurement,
the multijet merged predictions provide an excellent description of the data across all measured values.
For the most extreme 𝑆T bins, the scale uncertainties in the Sherpa prediction exceed 50% due to large
contributions from the leading-order matrix elements in this region of phase space. The fixed-order MCFM
provides a good description of the data for 𝑆T < 1.4 TeV but underestimates the cross-section for more
extreme values. For such extreme regions, the dominant contribution comes from events with three or
more jets, beyond the formal accuracy of the MCFM calculation.

The differential distribution of the measured cross-section as a function of 𝑝ℓ𝜈T is shown in Figure 7(d).
The QCD-only predictions agree well with the data at low 𝑝ℓ𝜈T values but lead to a small overestimate
in the high 𝑝ℓ𝜈T regime that is improved with inclusion of NLO EW corrections. At high 𝑝ℓ𝜈T , the NLO
EWvirt corrections show the standard Sudakov behaviour and lead to large negative corrections over the
QCD-only cross-section at high transverse momentum. The size of these corrections can be as large as
30% and exceed uncertainties in the fixed-order MCFM NNLO prediction in the highest momentum jet
bins. The application of the NLO EWvirt corrections significantly improves the agreement of the MCFM
prediction with data in the highest 𝑝ℓ𝜈T bins. Towards softer 𝑊-boson emissions, the Sherpa prediction is
dominated by many jet events that are described by its LO accurate matrix elements and leads to large
scale uncertainties for smaller 𝑝ℓ𝜈T values.

23



600 800 1000 1200 1400

2−10

1−10

1

10

210

) 
[f

b
/G

e
V

]
je

t

T
/d

(p
σ

d

Data, stat. unc.

 syst. unc.⊕Stat. 

Sherpa 2.2.11 NLO QCD

MG_aMC@NLO+Pythia8 FxFx

MCFM W+1j @NNLO

ATLAS

­1 = 13 TeV, 140 fbs

600 800 1000 1200 1400

 [GeV]
T

Leading jet p

0.5

1

1.5

Sherpa

virt
MCFM W+1j@NNLO QCD+NLO EW

600 800 1000 1200 1400

0.5

1

1.5

2

virt
Sherpa 2.2.11 NLO QCD+EW

P
re

d
./

D
a

ta

(a)

210

310

410

510

610

σ
(W

(→
ℓ
ν
)
+
N
 j
e
ts
) 
[f
b
]

Data, stat. unc.

 syst. unc.⊕Stat. 

Sherpa 2.2.11 NLO QCD

MG_aMC@NLO+Pythia8 FxFx

MCFM W+1j @NNLO

ATLAS

­1 = 13 TeV, 140 fbs

1≥ 2≥ 3≥ 4≥ 5≥

Inclusive jet multiplicity

0.5

1

1.5

Sherpa

virt
MCFM W+1j@NNLO QCD+NLO EW

1≥ 2≥ 3≥ 4≥ 5≥
0.5

1
1.5

2
2.5

virt
Sherpa 2.2.11 NLO QCD+EW

P
re

d
./

D
a

ta

(b)

500 1000 1500 2000 2500

2−10

1−10

1

10

210

) 
[f
b
/G

e
V

]
T

/d
(S

σ
d

Data, stat. unc.

 syst. unc.⊕Stat. 

Sherpa 2.2.11 NLO QCD

MG_aMC@NLO+Pythia8 FxFx

MCFM W+1j @NNLO

ATLAS

­1 = 13 TeV, 140 fbs

500 1000 1500 2000 2500

 [GeV]
T

S

0.5

1

1.5

Sherpa

virt
MCFM W+1j@NNLO QCD+NLO EW

500 1000 1500 2000 2500

0.5

1

1.5

2

virt
Sherpa 2.2.11 NLO QCD+EW

P
re

d
./

D
a

ta

(c)

0 200 400 600 800 1000 1200 1400

3−10

2−10

1−10

1

10

210

d
σ
/d
(p

ℓ
ν
T
)
[f
b
/G
e
V
]

Data, stat. unc.

 syst. unc.⊕Stat. 

Sherpa 2.2.11 NLO QCD

MG_aMC@NLO+Pythia8 FxFx

MCFM W+1j @NNLO

ATLAS

­1 = 13 TeV, 140 fbs

0 200 400 600 800 1000 1200 1400

pℓν
T
[GeV]

0.5

1

1.5

Sherpa

virt
MCFM W+1j@NNLO QCD+NLO EW

0 200 400 600 800 1000 1200 1400

0.5

1

1.5

virt
Sherpa 2.2.11 NLO QCD+EW

P
re

d
./

D
a

ta

(d)

Figure 7: Differential cross-section as a function of (a) the leading 𝑝
jet
T , (b) the inclusive jet multiplicity, (c) 𝑆T, and

(d) 𝑝ℓ𝜈T in the collinear phase-space. The measured cross-sections in data and their statistical uncertainty are shown
by the solid dots and error bars, while the shaded band shows the systematic and statistical uncertainties added in
quadrature. Errors bars on the theory prediction include theoretical uncertainties as discussed in the text. The two
lower panels show the effect of NLO EWvirt as computed from Sherpa 2.2.11.
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10 Conclusions

A measurement of cross-sections for a 𝑊-boson produced in association with at least one high-transverse-
momentum jet is presented. This measurement utilises 140 fb−1 of proton–proton collision data collected at
a centre-of-mass energy of

√
𝑠 = 13 TeV by the ATLAS detector at the LHC. Measurements are performed

on events containing a single electron or muon from the 𝑊 → ℓ𝜈 decay and at least one high-momentum
jet with 𝑝T> 500 GeV. This paper focuses on events where the angular separation between the lepton and
a high-momentum jet is small to define a collinear phase space. This region is populated either by dijet
events radiating a 𝑊-boson or events with a 𝑊-boson produced in association with several jets and it serves
as an excellent data sample to probe higher-order theoretical predictions. Measurements of the inclusive
and differential cross-sections in the collinear phase space as a function of a variety of observables sensitive
to the emission of 𝑊-bosons from high-momentum jets are presented. Measurements probe 𝑊-bosons
produced in association with jets with transverse momentum above the TeV scale.

The background-subtracted data distributions are unfolded to the particle level and compared with several
multijet generator predictions and to a fixed-order calculation. The Sherpa and MadGraph5_aMC@NLO
+Pythia8 multijet merged predictions, accurate to NLO in 𝛼s, provide an excellent description of the
data across all measured distributions. The scale uncertainties in the Sherpa predictions are found to
be significantly larger than those from MadGraph5_aMC@NLO, due to the extra leading-order matrix
elements in the Sherpa sample used to describe the high-jet-multiplicity final states. The fixed-order
calculation for 𝑊 + 1-jet from MCFM, computed to NNLO in 𝛼s, provides a good description of the data
with a precision that is comparable to the measurement uncertainties. In regions of phase space with
large angular separations between the lepton and leading jet, the MCFM prediction underestimates the
cross-section. The impact of NLO EW virtual corrections is assessed using the Sherpa event generator
and they are found to improve the modelling in regions of phase space with highly-boosted 𝑊-bosons. The
size of the corrections is found to be larger than the scale uncertainties in the MCFM prediction and leads
to a significantly improved agreement of the theory prediction with measured data.
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